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TABLE 2
Regional SUV and Regional-to-Cerebellar SUV Ratio of 1'C-BF-227 in Normal Subjects and AD Patients

SuUvV

SUV ratio

Cohen’s d

Distribution All normal  Aged normal AD All normal Aged normal AD Aged normal vs. AD
Frontal 113 £ 023 1.11 =024 124 £0.27 099 =0.04 0.99 = 0.05 1.18 = 0.06" 2.54
Lateral temporal 1.16 £ 0.22 1.15+0.283 1.38 =0.30 1.03 = 0.05 1.02 = 0.04 1.25 = 0.06" 4,51
Parietal 122 * 024 119+ 024 136 =030 1.08+0.06 1.06 = 0.05 1.24 = 0.06" 3.26
Temporooccipital  1.22 = 0.23 1.21 = 0.24 1.35=0.27 1.08 =0.06 1.08 = 0.06 1.23 + 0.09* 1.96
Occipital 123+ 023 121024 132026 1.09+0.06 1.08 +0.06 1.20 + 0.07* 1.84
Anterior cingulate  1.19 = 0.26 1.16 = 0.26 1.27 = 0.26 1.04 = 0.04 1.03 = 0.04 1.16 * 0.06* 2.55
Posterior cingulate 1.28 = 0.26 124 £ 0.25 1.38 =0.26 1,13 +0.08 1.11 + 0.08 1.26 = 0.04* 2.37
Medial temporal 133 £0.24 1.31x025 1.31x0.27 1.18=0.07 117 =0.07 1.20 = 0.10 0.35
Striatum 157 = 0.34 152034 1.62*0.34 1.38 +0.08 1.35=0.06 1.47 = 0.06" 2.00
Thalamus 1.78 £ 044 1.70 £ 041 173 £ 036 1.56 = 0.12 1.51 =009 1.58 = 0.11 0.70
Pons 190 £ 034 187 x034 1.91x039 168008 1.67=0.08 1.74 = 0.09 0.82
White matter 1.64 =027 1.61 %028 1.69*0.33 1.45= 011 144 =011 155+ 0.12 0.96
Cerebellum 1.14 £0.23 1.13x0.24 1.10 = 0.23

*P << 0.05 vs. aged normal group.

vivo imaging of amyloid. FDDNP specifically binds to both
SPs and NFTs in AD brain sections (/9). After intravenous
injection of FDDNP, greater accumulation was observed
in SP- and NFT-rich areas of the human brain (20).
Thioflavin-T derivatives without any positive charge also
show high permeability of the BBB. One of these com-
pounds, PIB, was applied in a human PET study and
enabled successful differentiation between AD patients
and healthy normal individuals (5). Another amyloid-imag-
ing agent, SB-13, was also applied in a human PET study
and exhibited binding properties similar to those of PIB
(27). Several iodinated agents, IMPY and I-stilbene, have
also been explored for use as SPECT probes (22). Although
validation remains necessary to determine whether reten-
tion of these agents in the neocortex truly reflects the level
of amyloid deposition, such findings suggest the potential
usefulness of this technique for early diagnosis of AD.
The results of the in vitro binding experiment indicate
that binding of BF-227 reflects the amount of AB fibril
deposition. In neuropathologic staining of AD brain sec-
tions, the fluorescence intensity of BF-227 is highest in the
core region of mature amyloid deposits, which contain
dense fibrils of AB. Conversely, diffuse plaques containing
fewer AB fibrils are faintly stained by BF-227. SPs in the
cerebellum are predominantly of the nonfibrillar type

-(23.24), and BF-227 only faintly stained diffuse amyloid

plaques in the cerebellum, Thus, the absence of ''C-BF-227
accumulation in the cerebellum of AD patients suggests the
binding preference of this compound for fibrillar AB. This
finding also indicates that the cerebellum is suitable as a
reference region in the quantitative analysis of '"C-BF-227
PET data.

PIB is currently the most successful of several amyloid-
imaging agents. A clinical PET study in AD patients showed
higher uptake of PIB in cortical areas and striatum, partic-
ularly the frontal and parietal cortices (5-7). In contrast, the

current study demonstrated higher cortical retention of 'C-
BF-227 in the temporoparictal-occipital region rather than
that in the frontal cortex and the striatum in AD patients.
Both agents are considered to preferentially bind to the
B-sheet structure of AR fibrils. What other factors could
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FIGURE 6. ROl/cerebellar SUV ratio in young normal subjects
(O), aged normal subjects (), and AD patients (B). Vertical bar
represents average SUV ratio in all normal subjects (n = 11) and
AD patients (n = 10).
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FIGURE 4. Time-activity data for "'C-
BF-227 PET in humans. SUV time- 1
activity curves of ""C-BF-227 in frontal
cortex (A), temporal cortex (B), parietal
cortex (C), and cerebellum (D) are shown. 0 ,
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Each point represents mean = SEM of 0 20
data from 7 AD patients and 7 normal
control subjects.

pons, and white matter was nearly identical in AD patients
and normal subjects. The effect size value between AD
patients and aged normal subjects was highest in the lateral
temporal cortex, which was followed by the parietal,
anterior cingulated, and frontal cortices, and was lowest
in the medial temporal, thalamus, and pons (Table 2). No
significant difference was observed in any brain regions
between young normal and aged normal subjects, although
aged individuals tended to exhibit a higher SUV ratio in the
frontal cortex than young individuals (data not shown).

Voxel-by-Voxel Analysis of 11C-BF-227 PET Images

In comparison with aged normal subjects. AD patients
showed significantly higher uptake of ''C-BF-227 in the
bilateral temporoparietal region ([50, —56, 6], Z = 541,
k = 22,823), including the posterior cingulate cortex and
the left middle frontal gyrus ([—26, 24,40}, Z = 379, k =
1,401) in SPM analysis (Fig. 7). These areas corresponded
well with the region containing a high density of neuritic
plaques. In contrast, no significant region was detected
showing lower uptake of "C-BF-227 in the AD group than
that in the normal group.

DISCUSSION

BF-227 was designed to improve BBB penetration and
clearance from normal brain tissue, without deteriorating
the high binding affinity of benzoxazole derivatives to Af.

Time (min)

40 60

Time (min)

Several lipophilic compounds have been reported as potential
amyloid imaging probes. 2-(1-{6-[(2-Fluoroethyl)(methyl)
amino]}-2-naphthyl}ethylidene)malononitrile (FDDNP) was
introduced as the first BBB-permeable compound for in

Aged
normal

FIGURE 5. Mean SUV images between 20 and 40 min after
injection of ""C-BF-227 in aged normal subject (top, 70-y-old
woman) and AD patient (bottom, 68-y-old woman). Coregis-
tered MR images are shown below PET images.
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FIGURE 7. Brain regions show significantly elevated SUVs in
AD patients (left) compared with aged normal subjects (right)
(P < 0.001, uncorrected for multiple comparisons).

have caused the difference of tracer distribution between
previous PIB studies and the current BF-227 study? Gen-
erally, substantial individual variations exist in the amount
and spatial distribution of amyloid deposition in AD. Thus,
the discrepancy might be partially attributable to a differ-
ence in sample populations between studies.. To settle this
issue, a direct comparison study between PIB and BF-227
should be conducted using the same sample populations.
SP is a heterogeneous class of protein aggregates with a
B-pleated structure. Compact plaques consist of a dense
central core of amyloid fibrils, and noncompact plaques
contain less fibrillar AR (25). Therefore, it would be expected
that the lower-affinity compound would tend to detect only
SPs with dense A fibrils and that the higher-affinity com-
pound could bind SPs with both dense and moderately
fibrillar AB. In AD patients, the difference between cortical
and cerebellar SUV in ''C-BF-227 PET was less than that
in PIB PET (5-7), suggesting that the in vivo binding
affinity of BF-227 to AB deposits is relatively lower than
that of PIB. If so, BF-227 binds more preferentially to
dense amyloid deposits than PIB. Previous neuropathologic
studies have indicated that neuritic plaque densities are
highest in the neocortex, especially the temporoparieto—
occipital region, and lowest in the cerebellum (/8,26). Data
from SPM analysis are consistent with the postmortem
distribution of neuritic plaque deposition in AD patients.
Therefore, the difference in cortical distribution between

8 TrE JourNAL oF NUCLEAR MEDICINE = Vol. 48 + No.

BF-227 and PIB might be due to the difference in binding
affinity to AR fibrils. A PET probe binding selectively to
neuritic plaques would be less subject to AR pathology in
the normal aging process. Thus, use of ''C-BF-227 PET
will allow accurate diagnosis of AD and might reduce
false-positive findings in normal individuals. ''C-BF-227
PET might also be useful for tracking the progression of
fibrillar AR deposition in AD patients. Longitudinal PET
investigation of AD patients will elucidate the utility of this
imaging technique for monitoring disease progression in
AD.

NFTs stained faintly with BF-227, suggesting that BF-
227 has a relatively lower binding affinity to NFTs than
SPs, which might explain the lack of significant difference
in the medial temporal SUV of '!C-BF-227. However, 3 AD
patients (AD 1, AD 2, and AD 3 in Table 1) exhibiting high
BF-227 accumulation in the cerebral cortex showed higher
accumulation in the medial temporal cortex than the other
AD patients. This finding might reflect the increasing depo-
sition of amyloid plaques in the medial temporal cortex of
the 3 AD patients. Thalamic and white matter accumulation
of ''C-BF-227 was considerable in both AD patients and
normal subjects. Retention levels of '"C-BFE-227 in these
regions were nearly identical between normal and AD
groups. Theretore, these retentions are not likely to reflect
AD-specific pathology. BF-227 retention in these sites may
be related to the many myelinated fibers present in these
structures, because myelin basic protein—one of the major
myelin. proteins in the brain—partially shares the same
structure with amyloid fibrils, and some B-sheet binding
agents bind to this protein (27-29). Clearance of ''C-BF-
227 from normal brain tissue was slower than that of PIB.
This might be caused by the difference in lipophilicity
between BF-227 and PIB. BF-227 (log P = 1.75) is more
lipophilic than PIB (log P = 1.20) (30) because, unlike
PIB, BF-227 does not have a hydroxy group. Compounds
that are too lipophilic will be bound by plasma protein and
undergo rapid metabolism by the liver; therefore, they may
display reduced brain uptake. Moreover, lipophilic radioli-
gands display a higher nonspecific binding in the brain
and, thus, high nonspecific binding may explain the moder-
ate difference in BF-227 uptake between AD patients and
normal control subjects. In general, the introduction of a
hydroxy group into a molecule changes the partition coef-
ficient toward more hydrophilicity. Therefore, the hydrox-
ylated BF-227 derivative would be expected to show faster
clearance from normal brain tissue and a better signal-
to-noise ratio than BF-227. We are now implementing the
optimizing process to reduce white matter retention and
plan to apply the optimized compound to the candidate for
an '8F-labeled PET probe.

CONCLUSION

The present study demonstrated that the benzoxazole
derivative BF-227 displays high binding affinity to amyloid
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plaques and high BBB permeability. The current clinical
trial indicated that BF-227 has adequate safety to be used
clinically as a PET probe. '!C-BF-227 PET demonstrated
significant retention of this agent in sites with a preference
for the deposition of dense amyloid plaques and distinctly
differentiated between AD patients and normal individuals.
Collectively, these findings suggest that ''C-BF-227 is
useful for carly diagnosis of AD.
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An Introductioh and General Remarks for Molecular Imaging
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Hiroshi Fukuda?, Nobhuyuki Okamura?

Abstracf

Molecular imaging is a visualization of quantity and dynamics of molecules to understand the process
of gene regulation and physiological function of the proteins in living tissue or cells. Examples of the
research include the development and application of fluorescent proteins, quantum dots, nanoparticles for
optical imaging, micro bubbles for ultrasound, ferromagnetic compounds for MRI and radiophar-
maceuticals for positron emission tomography (PET). PET is most promising in this field, because of its
high sensitivity of the measurement and easy applicability to humans. In this general remark, the topics
will be concentrated on molecular imaging with PET for the diagnosis of Alzheimer’s disease (AD) in early
stage.

HC-MP4P (N-methlpiperidyl-4-propionate), is a probe for the measurement of acetylcholine esterase
(AchE) activity in the human brain by PET. The AchE activities (k3) in early onset AD measured with
PET was low in hippocampus, amygdale and wide spread neocortex including parietal and temporal cortex
compared to those in age-matched control. The results indicated that the decrease of AchE activities is
preceded by the decrease of blood flow. One of the topics in this research field is an imaging of aggregated
amyloid AS in the AD brain. Kudo et al, screened more than 2,600 compounds and found several good
probes for amyloid Af imaging, including BF-168 and BF-227. Okamura demonstrated that BF-168
specifically bind to the amyloid plaques in the brain of a transgenic mouse (PS1/APPsw). Furumoto et al
successfully labeled BF-227 with C-11, and clinical PET studies using **C-BF-227 is now ongoing at Tohoku
University. Preliminary clinical study revealed that the‘compound accumulated in the tempo-parietal
region of the brain in AD patient, although non-specific accumulation in the thalamus, basal ganglia and

white matter was observed. The goal of this project is to detect AD at pre-clinical stage.

© Key words * molecular imaging with PET, Alzheimer's disease, acetylcholine esterase, amyloid AS imaging
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ORIGINAL ARTICLE

Development of amyloid imaging PET probes for an early diagnosis of
Alzheimer’s disease

YUKITSUKA KUDO

Tohoku University Biomedical Engineering Research Organization (TUBERQO), Sendai, Fapan

Abstract

Progressive accumulation of senile plaques (SPs) is one of the major neuropathological features of Alzheimer’s Disease
(AD) that precedes cognitive decline. Noninvasive detection of SPs could, therefore, be a potential diagnostic test for early
or presymptomatic detection of AD patients. For this purpose, many attempts have been made to visualize AD-specific
pathological changes in the living brain. Currently, 2 most practical method for the 2 v1vo measurement of SP depositions is
using positron emission tomography (PET) and contrast agent that specifically label SPs. We have developed a novel
compound 2-[2-(2-dimethylaminothiazol-5-yl) ethenyl]-6-[2-(fluoro)ethoxy] benzoxazole (BF-227) as a candidate for an
amyloid imaging probe for PET. BF-227 displayed high affinity to synthetic amyloid f fibrils and clearly stained both SPs
and diffuse plaques in AD brain sections. Intravenous administration of [''C]BF-227 into normal mice indicated that this
labeled tracer readily penetrated the blood brain barrier (BBB) and was washed out quickly from brain tissue. Currently, we
have investigated the clinical trial of [*'!C)BF-227 in healthy subjects and AD patients.

Key words: Alzheimer’s disease, early diagnosts, amyloid imaging probes, senile plagues, positron emission tomography

Introduction SPs are composed of the amyloid-f protein (Af8),
which is proteolytically cleaved from amyloid
precursor proteins (1). NFTs, in contrast, are
composed of phosphorylated tau(2). Many attempts
have been made to visualize AD-specific pathologi-
cal changes in the living brain. Currently, a most
practical method for the m viwo measurement of SP
depositions uses PET and a contrast agent that
specifically labels SPs (3). The development of amyloid
imaging agents starts with Cong-red and thioflavin-T,
which have been commonly used for histochemical
staining of amyloid. However, these agents lack some
characteristics for suitable amyloid imaging probes as
shown in Table I. In the past 10 years many candidate
agents have been developed for amyloid imaging
probes with different chemical structures and proper-
ties (Figure 1). A Congo-red derivative, Chrysamine-G
was first inroduced as a candidate for an m wvive
probe of amyloid deposition (4). As a consequence of
compound optimization, (trans, trans)-l1-bromo-2,5-
bis-(3-hydroxycarbonyl-1,4-hydroxy) styrylbenzene

Alzheimer’s disease (AD) is the most prevalent cause
of dementia characterized by irreversible impairment
of the cognitive function with accumulation of senile
plaques (S8Ps) and neurofibrillary tangles (NFTs). It
is well known that the pathological features in AD
brains, especially accumulation of SPs, precede the
clinical symptoms by more than a decade. These
several lines of evidence indicate the existence of a
temporally wide dissociation between the clinical
and neuropthological features of AD. Direct imaging
of SPs in patients with AD m vivo would be very
useful for the early or presymptomatic diagnosis of
AD.

For early diagnosis of AD, several imaging
techniques have been developed that can noninva-
sively detect SPs in the brain using positron emission
tomography (PET), single photon emission com-
puted tomography (SPECT), and magnetic reso-
nance imaging (MRI).
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Table I. Requirements for amyloid imaging probes for clinical
application

High binding affinity to amyloid-f fibrils

Selective binding to amyloid plaques

High BBB permeability

Fast clearance from normal brain tissue
« Metabolic stability

Drug safety

(BSB) and methoxy-X04 have successfully visua-
lized the brain amyloid deposits of APP transgenic
mice after intravenous administration of these
compounds (5,6).

The first clinical amyloid imaging of the brain of
AD patients used ['®F] 2-(1-{ 6-[(2-fluoroethyl)-
methyl-amino]-2-naphythyl } ethylidene) malononi-
trile (['®F]JFDDNP) (7). The following second and
third imaging used N-methyl-[''C]2- (4 -methylami-
nophenyl)-6-hydroxybenzothiazole( [''C]PIB) and
[''C]4-N-methylamino-4-hydroxystilbene  (['*C]-
SB-13), respectively(8,9).

However, FDDNP has some weakness in practical
use due to their considerable amount of nonspecific
accumulation in normal brain tissue (10).

Compared with controls, AD patients typically
showed marked retention of [''C]PIB in areas of
association cortex known to contain large amounts
of amyloid deposits in AD. In the AD patient group,
PIB retention was increased most prominently in the
frontal cortex. Large increases were also observed in
parietal, temporal, and occipital cortices and the
striatum. [''C]PIB retention was equivalent in AD
patients and controls in areas known to be relatively
unaffected by amyloid deposition (such as subcor-
tical white matter, pons, and cerebellum) (8). The
high retention of [''CJPIB in the frontal cortex
conflicts with evidence from postmortem studies, in
which the amyloid load is rarely highest in the frontal
cortex (3).

Another amyloid imaging probe ['!C]SB-13 was
also applied in a human PET study and exhibited
binding properties similar to [**C]PIB (9).
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Figure 1. Chemical structures of imaging probes for in vivo detection of amyloid.
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Figure 2. Chemical structures of our benzoxazole derivatives.

In Japan, our team has developed amyloid imaging
probes since 1997 (Figure 2). We have previously
reported a novel series of compounds including 6-(2-
fluoroethoxy)-2-[2-(4-methylaminophenyl) ethenyl]-
benzoxazole (BF-168), [2-(4-methylaminophenyl)
ethenyl]-5-fluorobenzoxazole (BF-145) as promising
candidates for in wivo imaging probes of SPs(11-
13). These benzoxazole derivatives showed com-
paratively high permeability of blood-brain barrier
(BBB), high affinity for Af aggregates, and high
specificity for amyloid plaques including diffuse
plaques, which suggests potential merit for detec-
tion of AD-related pathology. However, for appli-
cation of these derivatives in a clinical PET study,
we need to optimize the pharmacokinetic and safety
of these molecules, and introduce an optimized
derivative 2-[2-(2-dimethylaminothiazol-5-yl) ethe-
nyl]-6-[2-(fluoro)ethoxy] benzoxazole (BF-227) as
a candidate probe for iz vivo imaging of amyloid in
humans.

Material and methods
Affiniry for synthetic AB1-42

Binding affinity of BF-227 for synthetic Af1-42
aggregates was examined as reported previously
(12). Briefly, the binding assay was performed by
mixing aliquot of aggregated Af1-42 with '*°I-
labeled BF-180 (Figure 2).

Neuropathological starming in AD brain section

Postmortem brain tissues from autopsy-conformed
AD cases were obtained from Fukushi-mura
Hospital ( Toyohashi, Japan). Experiments were
performed under regulations of the ethics committee
of the BF Research Institute. Brain sections were
immersed in 100 uM of BF-227 solution containing
50 % ethanol.

113

211

BBB permeability of [''CJBF-227 in normal mice

Brain uptakes of BF-227 were measured using ''C-
labeled compound. [''C}BF-227 was administerd
into the tail vein of normal mice. The mice were then
sacrificed by decapitation at 2 and 60 min post
injection (p.i.). The brains were removed and
weighted, and the radioactivity was counted with
an automatic y-counter.

Acute and subacute roxiciry of BF-227

Non-GLP toxicity study was carried out using
female and male mice.

Other actions of BF-227

Postmortem brain section from autopsy-conformed
AD cases was immersed in saline containing
[''C]BF-227, dipped in water, washed with EtOH,
dried, and an autoradiographic image of the dried
section was obtained using BAS-5000 phosphrima-
ging system (Fujifilm, Japan).

Ex vivo plaque labeling with BF-227 was eval-
uated using PS1/APPsw double transgenic mice. A
BF-227 solution was administered into the tail vein.

Results
Affinity for syntheric ABI1-42

The Ki value for Af1-42 fibrils in competitive
binding assay using ['*°I)BF-180 was 4.3+ 1.3 nM
in BF-227 (Kd value of ['*I|BF-180:
10.8 +1.5nM). This result suggests that BF-227
has a high binding affinity for Af1-42 fibrils.

Neuropathological staining in AD brain section

BF-227 clearly stained many SPs and diffuse
plaques. This staining pattern corresponded to that
of Af immunostaining in the adjacent section
(Figure 3).

BBB permeability of [''C]BF-227 in normal mice

Intravenous administration of [''C]BF-227 into
normal mice indicated that this labeled tracer readily
penetrated the BBB (7.9 %ID/g at 2 min p.i.) and
was washed out quickly (0.64 %ID/g at 60 min p.i.)
from brain tissue.

Acute and subacute roxicity of BF-227

In an acute toxicity study, the lethal dose of BF-227
was larger than 10mg/kg (i.v.) for male and female
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Figure 3. Neuropathological staining of amyloid plaques with BF-227 in AD brain sections. Sps and diffuse plaques (arrow head) were

clearly stained with BF-227.

mice. In a subacute study, intravenous administra-
tion of BF-227 in tested doses did not produce any
significant changes in general behavior and body
weight. After 14 days post-treatment period, the
mice did not show any microscopic alteration on
pathological examination.

Other actions of BF-227

In the autoradiographic image using [*'C]BF-227, a
specific binding pattern in the AD brain section was
observed in the grey matter including SPs,

In the brain sections of PS1/APP Tg mice after
intravenous injection of BF-227, numerous fluor-
escent spots were observed in the neocortex and
hippocampus of the brain. These fluorescent spots
corresponded to those of Aff immunostaining in the
same section.

Discussion and future prospects

BF-227 has high binding affinity to Af fibrils,
remarkable stainability for SPs, high permeability
of BBB, and fast clearance from normal brain tissue.
The toxicity study of BF-227 indicates the sufficient
safety margin of this compound for PET probe.
Currently, we have investigated the clinical trial of
[''C]BF-227 in healthy subjects and in AD patients.
This trial will elucidate the binding characteristics
vivo and the clinical usefulness of the probe in
humans, and the results will be published by this
summer or aufumn.

Recently, we have introduced three novel com-
pounds as candidate probes for i wivo imaging of
tau pathology in the AD brain; 4-[2-(2-benzoimida-
zolyl) ethenyl}-N, N-diethylbenzenamine (BF-126),
2-[(4-methylamino) phenyl] quinoline (BF-158),
and 2-(4-aminophenyl) quinoline (BF-170) (14)

(Figure 4). In neuropathological examination,
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Figure 4. Chemical structures of our tau specific probes.

BF-126, BF-158, and BF-170 clearly stained
NFTs, neuropil threads, and paired helical fila-
ment-type neuritis in the AD brain section. In
addition, NFTs was labeled by 11C-labeled BF-
158 with autoradiography. These findings suggest
the potential usefulness of quinoline and benzimi-
dazole derivatives for in wiwo imaging of tau
pathology in AD.

Several 11-C labeled probes for detecting SPs in
AD patients have been reported from some teams.
The short half-life (20 min) of 11-C, however, may
limit the usefulness of these probes for a widespread
application. Comparable 18-F labeled probes may
supplant the clinical need due to the longer half-life
of the isotope (109.7 min) (15). Further studies to
develop 18-F labeled PET probes for the imaging of
SPs are currently under way in some teams,
including ours.

Unlike Alois Alzheimer, we now have access to
instrumentation that allows visualization of the
human brain i vivo. Brain imaging has become a
part of the routine clinical assessment of dementia
disorder (16). Recently, anti-amyloid agents such as
Ap vaccine and selective secretase inhibitors have
been developed for the causal therapy of AD
patients. AD patients all over the world may be



Amyloid imaging PET probes for an early diagnosis of Alzheimer’s disease

effectively diagnosed and treated by a combination
of presymptomatic diagnosis and causal therapy.
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Abstract

Recent prevalence of acquired forms of transmissible spong-
iform encephalopathies (TSEs) has urged the development of
early diagnostic measures as well as therapeutic interventions.
To extend our previous findings on the value of amyloid ima-
ging probes for these purposes, styrylbenzoazole derivatives
with better permeability of blood-brain barrier (BBB) were
developed and analyzed in this study. The new styrylben-
zoazole compounds clearly labeled prion protein (PrP) plaques
in brain specimens from human TSE in a manner irrespective
of pathogen strain, and a representative compound BF-168
detected abnormal PrP aggregates in the brain of TSE-infec-
ted mice when the probe was injected intravenously. On the
other hand, most of the compounds inhibited abnormal PrP

formation in TSE-infected cells with IC5, values in the nano-
molar range, indicating that they represent one of the most
potent classes of inhibitor ever reported. BF-168 prolonged the
lives of mice infected intracerebrally with TSE when the com-
pound was given intravenously at the preclinical stage. The
new compounds, however, failed to detect synaptic PrP
deposition and to show pathogen-independent therapeutic
efficacy, similar to the amyloid imaging probes we previously
reported. The compounds were BBB permeable and non-toxic
at doses for imaging and treatment; therefore, they are
expected to be of practical use in human TSE.

Keywords: amyloid imaging, anti-prion activity, pathogen
strain, prion disease, styrylbenzoazole derivatives.

J. Neurochem. (2006) 99, 198-205.

The transmissible spongiform encephalopathies (TSEs) or
prion diseases form a group of neurodegenerative disorders
characterized by abnormal deposition of protease-resistant
isoforms of prion protein (PrP) in the CNS (Prusiner 1991).
TSEs are classified as sporadic, hereditary or environmen-
tally acquired, and have become a serious public health issue
because of the recent prevalence of acquired Creutzfeldt—-
Jakob disease (CJD), such as the variant form due to bovine
spongiform encephalopathy (Will et al. 1996) and the
iatrogenic form with cadaveric growth hormone or dura
grafts (Brown ef al. 2000). There is an urgent need to
develop prophylactic and therapeutic interventions as well as
diagnostic measures at the preclinical or early clinical stages
of these incurable diseases.

We have previously reported that some amyloid imaging
compounds, primarily derived from amyloid dyes such as

© 2006 The Authors

Received February 16, 2006; revised manuscript received May 25, 2006;
accepted May 30, 2006.

Address correspondence and reprint requests to Dr Kensuke Ishikawa,
Division of Prion Biology, Department of Prion Research, Tohoku
University Graduate School of Medicine, 2-1 Seiryo-machi, Aoba-ku,
Sendai 980-8575, Japan. E-mail: ishikawa@mail.tains.tohoku.ac.jp

Abbreviations used. AD, Alzheimer’s disease; BBB, blood-brain
barrier; BSB, (trans, trans)-l-bromo-2,5-bis-(3-hydroxycarbonyl-4-
hydroxy)styrylbenzene; CID, Creutzfeldt-Jakob disease; DMSO,
dimethylsulfoxide; FDDNP, 2-(1-{6-[(2-fluoroethyl)(methyl)amino}-2-
naphthyl]ethylidene)malononitrile; GSS, Gerstmann—Strissler~Schein-
ker syndrome; ICR, Institute of Cancer Research; ID, injected dose; NT,
not tested; PrP, prion protein; PrPres, protease-resistant PrP; PTA,
phosphotungstic acid; PVDEF, polyvinylidene difluoride; TSE, transmis-
sible spongiform encephalopathy.

198 Journal Compilation © 2006 International Society for Neurochemistry, J. Neurochem. (2006) 99, 198-205



Congo red and thioflavin T, are useful for detection of prion
plaques and treatment of TSE (Ishikawa et al. 2004). These
compounds, however, are limited in their ability because of
inefficient brain uptake. Here we describe new compounds,
styrylbenzoazole derivatives, which have been developed for
practical use and analyzed for their PrP imaging ability, anti-
prion activity, therapeutic efficacy, brain uptake and toxicity.

Materials and methods

Chemicals and experimental models

All of the test compounds were synthesized at Tanabe R & D
(Saitama, Japan) and used freshly after being dissolved in 100%
dimethylsulfoxide (DMSO).

Cultured cells were grown in Opti-MEM (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal calf serum. As cellular
models of TSE, we used mouse neuroblastoma (N2a) cells
persistently infected with the RML strain (ScN2a) (Race et al.
1988) and six other prion-infected cell lines: N2a58 cells individually
infected with the RML strain, the 22L strain (Nishida ez «/. 2000) and
Fukuoka-1 strain (Ishikawa et al. 2004); N2a cells infected with the
22L strain; mouse hypothalamic cells (GT1-7) infected with the 221
strain (Milhavet ef al. 2000); and mouse fibroblast cells (1.929)
infected with the RML strain (Vorberg et al. 2004).

Tg7 mice overexpressing hamster PrP (Race et al. 1995) and
Tga20 mice overexpressing mouse PrP (Fischer et al. 1996) were
also used. These mouse models were intracerebrally infected with
20 pL brain homogenate comprising 1% (w/v) of the 263K strain
and the RML strain respectively. The Tg7 mice showed plaque-type
PrP deposition between the cerebral cortex and hippocampus by
6 weeks after infection, followed by synaptic-type PrP deposition
in the thalamus. The Tga20 mice showed similar pathological
deposition, but plaques were not seen as frequently. Each mouse
weighed ~ 30 g, and was maintained under deep ether anesthesia
for minimum distress during all surgical procedures. Permission for
the animal study was obtained from either the Animal Experiment
Committee of Kyushu University or Tohoku University, Japan.

Brain uptake study

Test compounds were administered intravenously to Institute of
Cancer Research (ICR) mice under ether anesthesia to determine
initial brain uptakes. At 2 or 30 min after injection, the brains were
removed, weighed and homogenized with saline. After centrifuga-
tion of the homogenate at 21 900 g for 10 min, the supernatant was
applied to a conditioned C18 solid-phase extraction cartridge, and
the compounds were eluted with methyl alcohol. Fluorescence was
detected by high performance liquid chromatography with a
fluorescence detector as reported previously (Okamura et al.
2005), and the percentage of injected dose per gram (%ID/g) was
used as a measure of the level of the compounds in the brain.

In vitro PrP imaging in sections

Autopsy-diagnosed brain samples from cases of Gerstmann~
Strissler—Scheinker syndrome (GSS) (n = 2), sporadic CID (n =
5), iatrogenic dura CJD with synaptic PrP deposition (n = 1) and
non-TSE control cases with amyloid lesions [Alzheimer’s disease
(AD), n = 2] or without amyloid lesions (cerebral infarction, n = 1)

© 2006 The Authors
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were obtained from the Department of Neuropathology, Kyushu
University, Japan. After fixation in 10% buffered formalin for
2 weeks, each sample of TSE was immersed in 98% formic acid for
the reduction of prion infectivity, embedded in paraffin and cut into
sections 7 pm thick. Sections of a variant CJD case were kindly
provided by Dr James W. Ironside of the CJD Surveillance Unit,
Edinburgh, UK. For neuropathological staining, deparaffinized
sections were immersed in 1% Sudan black solution to quench
tissue autofluorescence. They were then incubated for 30 min in
1-pm solutions of the test compounds, rinsed with distilled water and
examined under a fluorescence microscope (DMRXA; Leica
Instruments, Wetzler, Germany) with a UV or FITC filter set.

For comparison, each section was subsequently immunoassayed
for PrP as described previously (Doh-ura ef al. 2000). Briefly, the
sections were treated with a hydrolytic autoclave and incubated with
a rabbit primary antibody, ¢-PrP, which was raised against a mouse
PrP fragment, amino acids 214-228 (I : 200; Immuno-Biological
Laboratories, Gunma, Japan), followed by incubation with a
horseradish peroxidase-conjugated secondary antibody (1 :200;
Vector Laboratories, Burlingame, CA, USA). The reaction product
was developed with 3,3’-diaminobenzidine tetrahydrochloride solu-
tion and counterstained with hematoxylin. Paraffin-embedded brains
of experimental animals were similarly investigated.

In vivo PrP imaging in model animals

BF-168 (molecular weight 312.34) dissolved in 10% DMSO was
administered intravenously (0.5-5 mg/kg body weight) into Tg7
mice at 67 weeks after injection when the mice showed no
apparent clinical signs of TSE. As controls, vehicle alone was
similarly injected into infected mice, and BF-168 was administered
into uninfected mice. The animals were killed at various time points,
and the brains were rapidly frozen and cut into coronal sections
10 pm thick using a cryostat (CM3050; Leica Instruments). The
sections were thaw-mounted on slides, dried and coverslipped. They
were examined under a fluorescence microscope and further
analyzed immunohistochemically as described above.

In vitro treatment in cell cultures

Abnormal PrP formation was assayed by the content of protease-
resistant PrP (PrPres) in cellular models of TSE as described
previously (Caughey and Raymond 1993). Each compound was
added at the designated concentrations when cells were passaged at
10% confluence, while maintaining the final concentration of
DMSO in the medium at < 0.5%. The cells were allowed to grow
to confluence and lysed with lysis buffer (0.5% sodium deox-
ycholate, 0.5% Nonidet P-40, phosphate-buffered saline). For
analysis of PrPres, samples were digested with 10 pg/mL proteinase
K for 30 min, and the digestion was stopped with 0.5 mm
phenylmethylsulfonyl fluoride. The samples were centrifuged at
100 000 g for 30 min, and pellets were resuspended in 1 X sample
loading buffer and boiled. For analysis of cellular PrP in N2a cells,
cell lysates were mixed directly with a quarter volume of 5 X sample
loading buffer and boiled. These samples were separated by
electrophoresis on a 15% Tris—glycine-sodium dodecyl sulfate
polyacrylamide gel and electroblotted on to a polyvinylidene
difiuoride (PVDF) filter (Millipore, Bedford, MA, USA). PrP was
detected using a monoclonal antibody, SAF83 (1 : 5000; SPI-BIO,
Massy, France), followed by an alkaline phosphatase-conjugated
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goat anti-mouse antibody (1 :20 000; Promega, Madison, WI,
USA). Immunoreactive blots were visualized with CDP-Star
detection reagent (Amersham, Piscataway, NJ, USA). More than
two independent assays were performed in each experiment and
signals were analyzed using image analysis sofiware. The approxi-
mate concentration of the compound giving 50% inhibition of
PrPres formation, relative to the vehicle-treated control (ICs,), was
estimated by signal intensity. To control for the detection limits of
western blotting, we performed additional experiments utilizing
sodium phosphotungstic acid (PTA) precipitation, which is the most
sensitive technique presently available to detect PrPres (Safar et al.
1998). The PTA precipitation was undertaken on cell lysates of
ScN2a treated with BF-168 at a designated concentration. The
resulting pellets were collected by centrifugation and then analyzed
by immunoblotting as described above.

In vivo treatment in model animals

BF-168 solution (4 mg/kg body weight) or vehicle alone was
injected intravenously to experimental animals (n = 5) once a week.
The treatment was started at 2 weeks after injection for Tg7 mice
and at 4 weeks after injection for Tga20 mice, and repeated for
4 weeks. A continuous subcutaneous infusion of BF-168 was also
given to Tga20 mice {n = 5) using an Alzet osmotic pump (Durect,
Cupertino, CA, USA). In accordance with the manufacturer’s
instructions, each pump was filled with BF-168 solution at the
designated doses and placed in a subcutaneous area of the back at
4 weeks after injection. The animals showed no apparent adverse
effects of the treatment and were monitored 5 days a week until
obvious clinical signs appeared. Statistical significance was ana-
lyzed by one-way anova followed by Scheffé’s method for multiple
comparisons.

Results

Brain uptake and toxicity

We designed and synthesized novel styrylbenzoxazole
derivatives (Table 1), styrylbenzothiazole and styrylbenzo-
imidazole derivatives (Table 2) with more efficient permeab-
ility of the BBB and less toxicity. Values for brain uptake at
2 min after intravenous injection of the compounds were in
the 2.4-17.0%ID/g range, indicating a satisfactory level for
imaging probes. Their washouts from the brain varied, with
the ratio of %ID/g at 2 min to that at 30 min afier injection
ranging from 1.0 to 56.9. Acute toxicity was tested by
administering each compound intravenously at ~10 mg/kg
body weight into normal ICR mice. No apparent toxic effect
was observed with any of the compounds tested.

PrP imaging ability

Imaging of abnormal PrP deposition by the compounds was
first performed in brain sections of human TSE. The
compounds fluorescently labeled most of the PrP plaques
in cerebellar cortices of both GSS cases (Fig. la, represen-
tative data). Among sections from the sporadic CID cases,
PrP deposition was labeled only in a case with plaques
(Fig. 1c). In the cerebral cortex from the variant CJD case,
large core plaques were detectable, whereas the majority of
immunopositive aggregates were not labeled (Fig. le). In
contrast, no fluorescence signal was identified in sections
from the dura CJD case or the other sporadic CJD cases that

Tablet Chemical structure, PrPres inhibition and brain uptake of styrylbenzoxazole derivatives including BF-168

R
2\
RZ 3
Brain uptake (%ID/g)° Ratio of 2 to 30 min
Compound Ry Ry R3 1ICs0 (NM)? 2 min 30 min brain uptake
BF-168 H O(CH,),F NH(CH,;) 0.4 3.9¢ 1.6 2.4
BF-125 H H N(C,Hs)2 10.2 3.0 3.0 1.0
BF-133 F H N(CHs), 1.6 5.5 3.8 1.4
BF-135 NO, H N(CH;), <1 NTd NT -
BF-140 F H NH2 <1 5.5 1.1 5.0
BF-145 F H NH(CHs) <1 4.4 1.6 2.8
BF-148 H F N(CH;), <1 NT NT -
BF-165 H H NH(CHs) 7.1 7.2 NT -
BF-169 H OH NH(CH3) 2.4 NT NT -
BF-173 I H NH, 2.2 NT NT -
BF-180 | H NH(CH;) 8.5 2.4 1.8 1.3
BF-191 H H Cl 1.8 12.0 1.7 7.1
BF-208 H H F <1 1.0 Q.53 20.8
N-282 H H N(CH3); 2.1 4.0 1.7 2.4
N-407 H H H <1 17.0 0.99 17.2

3Csq, approximate concentration of a compound giving 50% inhibition of PrPres formation relative to the control in ScN2a cells.
b9%ID/g, percentage of injected dose per gram in the brains of normal mice.

Calready reported in the previous work (Ckamura et al., 2004).
9NT, not tested.
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Table 2 Chemical structure, PrPres inhibition and brain uptake of styrylbenzothiazole and styrylbenzoimidazole derivatives

R O
SO
Brain uptake (%6iD/g)° Ratio of 2 to 30min
Compound X Ry R R ICs (nM)? 2 min 30 min brain uptake

BF-124 s H H N(CaHs), 18.1 2.4 2.5 1.0
BE-162 s F H N(CH3), 1.4 NTe NT -
N-276 S H H N(CH3), <1 NT NT -
N-438 S H H H <1 11.0 2.0 5.5
BF-126 NH H H N{CzHs)> 21 7.2 0.16 45
BF-166 NH F H N(CoHs)2 1.1 NT NT -
N-457 NH H H Cl <1 7.1 0.21 33.8
N-491 NH H H H 1.9 7.4 0.13 56.9

% Cs0, approximate concentration of a compound giving 50% inhibition of PrPres formation relative to the control in ScN2a cells.
Po%iD/g, percentage of injected dose per gram in the brains of normal mice.

°NT, not tested.

included perivacuolar and/or synaptic PrP deposition (data
not shown). Background staining was barely observed after
rinsing off the excess compound. Immunohistochemical
analysis of PrP revealed that the compounds achieved
high-specificity labeling (Figs 1b, d and f). The compounds
displayed no signal in control sections without amyloid
lesions (data not shown).

Similar results were observed in experimental mice. PrP
plaques were specifically labeled in brain sections of Tg7
mice infected with the 263K strain, and there was no PrP
immunopositive reaction or fluorescence signal in brain
sections of uninfected mice (data not shown). We performed
in vivo experiments using presymptomatic Tg7 mice at a later
stage of TSE. A typical image is shown in Fig. 1(g);
peripheral administration of BF-168 fluorescently labeled
plaques in the cerebral white matter, indicating that the
compound efficiently entered the brain and bound to coarse
PrP deposits. Subsequent immunostaining verified the spe-
cificity and sensitivity for PrP (Fig. 1h). Non-specific
staining, such as cerebrovascular labeling, was occasionally
observed at 4 h after injection of 5 mg/kg BF-168, but not
after 8 h or more. The stability of the fluorescence signals
was examined at various time points up to 24 h after
injection and the dye-PrP complex remained visible at the
latest time. In contrast, there was no significant labeling after
an injection of BF-168 into uninfected animals, or after an
injection of vehicle alone to terminally ill Tg7 mice. Similar
results were obtained for Tga20 mice infected with the RML
strain, although plaques were less frequently detected (data
not shown).

Anti-prion activity in vifro

The anti-prion activities of the compounds were investigated
using ScN2a cells, which are most commonly used for drug
screening for TSE treatment. Styrylbenzoxazole derivatives,

& 2006 The Authors

including BF-168, were evaluated and confirmed to inhibit
PrPres formation with ICs, values in the nanomolar or
subnanomolar range (Fig. 2a and Table 1). Styrylbenzothi-
azole and styrylbenzoimidazole derivatives were similarly
potent, in a dose-dependent manner, within a non-toxic dose
range (~10 pM) (Table 2). Treatment with vehicle alone
showed no inhibitory effect compared with untreated
controls (Fig. 2a). We utilized PTA precipitation, which
increases the sensitivity of western blotting, and confirmed
the potency of BF-168 at a concentration of 10 times the
ICso. Furthermore, radiographic film was exposed to the
blotted PVDF membranes for 10 times longer than usual
before developing. No significant signals were visualized,
whereas bands representing the vehicle-treated control were
s0 strong as to be already saturated (Fig. 2b). To determine
whether the efficacy was transient, ScN2a cells treated with
10 nm BF-168 were further cultured for 2 weeks in the
absence of BF-168. PrPres signals never reappeared, even
through four passages after discontinuation of the treatment
(Fig. 2¢). To exclude the possibility of interference with
immunodetection, BF-168 solution at a final concentration of
10 nm was added to a lysate of untreated ScN2a cells before
proteinase K digestion. PrP signals were not affected (data
not shown), Nor was any alteration observed in cellular PrP
level of N2a cells after treatment with 10 nv BF-168
(Fig. 2d).

To investigate whether the efficacy of the compounds
depends on pathogen strain, we tested BF-168 in three
N2a58 cell lines individually infected with different strains.
As shown in Table 3, BF-168 was only effective in N2a58
cells infected with the RML strain, although the inhibitory
activity was not as strong as in ScNZ2a cells (~1 um). In
contrast, BF-168 was ineffective in the same N2a58 cells
infected with the 221 or Fukuoka-1 strains up to 10 pm, a
dose at which the compound showed host cytotoxicity.
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