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Neurobiology of Disease
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Nobuyuki Okamura,'* Takahiro Suemoto,' Hiroshi Shimadzu,' Masako Suzuki,' Tsuyoshi Shiomitsu,'

Hiroyasu Akatsu,? Takayuki Yamamoto,> Matthias Staufenbiel,’ Kazuhiko Yanai,* Hiroyuki Arai,” Hidetada Sasaki,’
Yukitsuka Kudo,' and Tohru Sawada!

'BF Research Institute, Suita 565-0873, Japan, 2Choju Medical Institute, Fukushimura Hospital, Toyohashi 441-8124, Japan, *Nervous System Department,
Novartis Institutes for Biomedical Research, CH-4002 Basel, Switzerland, and Departments of 4Pharmacology and >Geriatric and Respiratory Medicine,
Tohoku University School of Medicine, Sendai 980-8575, Japan

Progressive deposition 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 detection of AD patients. For
imaging SPs in the living brain, we have developed a series of styrylbenzoxazole derivatives that achieve high binding affinity for
amyloid-f3 (AB) fibrils. One of these compounds, 6-(2-Fluoroethoxy)-2-[2-(4-methylaminophenil) ethenyl]benzoxazole (BF-168), selec-
tively binds SPs in AD brain sections and recognizes A31-42-positive diffuse plaques as well as neuritic plaques in AD brain sections.
Intravenous injection of BF-168 in PS1/APP and APP23 transgenic mice resulted in specific in vivo labeling to both compact and diffuse
amyloid deposits in the brain. In addition, '*F-radiolabeled BF-168 demonstrated abundant initial brain uptake (3.9% injected dose/gm
at 2 min after injection) and fast clearance (¢,,, = 24.7 min) after intravenous administration in normal mice. Furthermore, autoradio-
grams of brain sections from APP23 transgenic mice at 180 min after intravenous injection of [ "*F]BF-168 showed selective labeling of
brain amyloid deposits with little nonspecific binding. These findings strongly suggest that styrylbenzoxazole derivatives are promising
candidate probes for positron emission tomography and single-photon emission computed tomography imaging for early detection of

amyloid plaque formation.
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Introduction

Alzheimer’s disease (AD) is the commonest cause of dementia in
the elderly. Currently, clinical diagnosis of AD is based on clinical
criteria that require the presence of memory impairment and at
least one of several other cognitive dysfunctions (McKhann et al.,
1984; American Psychiatric Association, 1994). Although these
criteria have been well accepted by many clinicians, detection of
AD patients in early, or at least mild, stage of the disease is still
problematic. To overcome this problem, many kinds of diagnos-
tic tests have been proposed for early detection of AD (Okamura
et al., 2002; Riemenschneider et al., 2002). Nevertheless, it is still
impossible to detect individuals with no clinical symptom who
are destined to progress AD.

The pathological hallmark of AD is a substantial neuronal loss
accompanied by deposition of senile plaques (SPs) and neurofi-
brillary tangles (NFTs) (Esiri, 2001). SPs are composed of the
amyloid-B (AB) peptide, which is proteolytically cleaved from
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amyloid precursor proteins (Shoji et al., 1992). It has been shown
that in early dementia brain levels of AB are elevated and correlate
with cognitive decline (Naslund et al., 2000). In addition, exten-
sive deposition of extracellular amyloid plaques has been re-
garded as a critical event for the pathogenesis of AD (Hardy and
Selkoe, 2002). NFTs, in contrast, are composed of hyperphos-
phorylated tau (Lee et al., 1991). Early formation of NFTs in the
entorhinal cortex has been reported to be closely related to neu-
ronal loss in patients with very mild AD (Gomez-Isla et al., 1996).
From the evidence above, it is suggested that noninvasive detec-
tion of SPs and NFTs has a potential merit in early and accurate
diagnosis of AD.

For in vivo detection of brain amyloid deposits, compounds
that have high binding affinity for amyloid fibrils and adequate
permeability of blood brain barrier (BBB) are required for the
probe of positron emission tomography (PET) and single-
photon emission computed tomography (SPECT) (Bacskai et al.,
2002). Accordingly, several promising agents have recently been
developed for the imaging probe of SPs and NFT's (Skovronsky et
al., 2000; Agdeppa et al., 2001; Klunk et al., 2002, 2003; Kung et
al., 2002; Shimadzu et al., 2003). Previous neuropathological
studies have suggested that substantial deposition of diffuse
plaques is considered to be the initial pathological change in AD
that precedes cognitive deterioration (Morris et al., 1996; Price
and Morris, 1999). Thus, in vivo imaging probes that can detect
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Figure 1.  Chemical structure and radiolabeling of BF-168 and BF-180.
diffuse plaques may be ideal for presymptomatic detection of AD
patients.

To develop such unique probes for PET and SPECT imaging,
we have synthesized a series of promising styrylbenzoxazole de-
rivatives that target SPs, including diffuse plaques. One of these
compounds, 6-(2-Fluoroethoxy)-2-[2-(4-methylaminophenil)
ethenyl]benzoxazole (BF-168), was found to specifically recog-
nize both neuritic and diffuse plaques in vivo and, thus, was se-
lected as a candidate probe for PET imaging. Here, we report the
in vitro and in vivo properties of this compound.

Materials and Methods
Radiolabeling. [ '**1|BF-180 was synthesized by reacting a tributylstannyl
derivative with sodium [ '*I]iodide and 3% H,0O,, followed by HPLC
purification (Fig. 1). [ '®F]BF-168 was also synthesized by reacting 2-(4-
methylaminophenyl)-6-(2-tosyloxyethoxy)benzoxazole (Tanabe R&D
Service, Osaka, Japan) with [ **F]KF and Kryptofix 222 (Merck, White-
house Station, NJ) in acetonitrile at 80°C for 20 min, followed by HPLC
purification (Fig. 1). The fraction containing the desired product was
collected, concentrated, and transferred into an injection vial. The radio-
chemical yield was 30—40%, and the radiochemical purity was >95%.
The maximum specific activity of [ '*F]BF-168 was 106 TBq/mmol at the
end of synthesis.

In vitro binding assays. Styrylbenzoxazole derivatives (Table 1) were
purchased from Tanabe R&D Service. A solid form of AB1-42 and

Table 1. Chemical structures and inhibition constsnts of styrylbenzoxazole and
styrylbenzothiazole derivatives on ligand binding to aggregates of AB1-42

g s
R X'\ R

Compounds X R, R, Ki (nM)
BF-208 (6] H F >5000
BF-191 (o] H Cl >5000
BF-164 (o] NH, 0.381+0.40
BF-169 0 H NH(CH;) 71+1.2
BF-165 [¢] OH NH(CH,) 1.8£0.2
BF-168 0 O(CH,),F NH(CH,) 6.4+1.0

N-282 0 H N(CH,), 43+14
BF-148 o) F N(CH,), 42425
BF-125 0 N(C,Hy), 49%19
BF-124 S N(C,Hs), 10.9£22

Ki values are means =+ SD of three experiments.
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AB1-40 (Peptide Institute, Osaka, Japan) was dissolved in 10 mm potas-
sium phosphate buffer (pH 7.4; 60 um) containing 1 mm EDTA and
incubated at 37°C for 40 hr with gentle shaking. For saturation studies, a
solution of [ '2’T|BF-180 (final concentration, 0.15-25.6 nM) was pre-
pared by mixing 0.05 nm [ ***I]BF-180 and nonradioactive BF-180. The
binding assay was performed by mixing 100 ul of aggregated A31-42 or
AB1-40 fibrils (100 n™ in the final assay mixture), the appropriate con-
centration of 100 ul of ['**I]BE-180, and 800 ul of 8% ethanol. After
incubation for 4 hr at room temperature, the binding mixture was fil-
tered through GF/B filters (Whatman, Kent, UK) using a M-24 cell har-
vester (Brandel, Gaithersburg, MD). Filters containing the bound 1251
ligand were counted in a gamma counter. The dissociation constant (Kj)
and maximum specific binding (B,,,,) of BF-180 were determined by
Scatchard analysis using GraphPad Prism (GraphPad Software, San
Diego, CA). Data are the average + SD of the results from three indepen-
dent experiments. For inhibition studies, binding studies were per-
formed using synthetic AB1-42 aggregates, because our probe was tar-
geted at the detection of diffuse plaques that were mainly composed of
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Figure 2.  Scatchard plots of [ "**I]BF-180 binding to aggregates of A31-40 and A31-42. A

K, value of 6.8 nm (AB1-40) and 10.6 nm (A31-42) indicate high binding affinity for A3
aggregates.
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Figure 3.

Neuropathological staining of 6 um AD brain sections from the temporal cortex (A—G, M, N) and hippocampus ( H-L) and an aged normal temporal brain section ( 0). A—D are frozen

sections, and £—0 are paraffin-embedded sections. Many neuritic plaques are clearly stained with BF-168 ( A). Intense fluorescence can be seen in the core of neuritic plaques. A3 immunostaining
with antibodies 6F/3D (B) in the adjacent section show an identical staining pattern of plaques. The brain section stained with BF-168 ( () and the adjacent section immunostained with a mAb
against A3 (D) demonstrate specific binding of BF-168 to diffuse amyloid plaques. AB1-40 ( £) and A31-42 ( G) immunostaining and BF-168 staining ( F) in serial sections reveal specific binding of
BF-168 to not only A31-40-positive plaques (arrows) but also A31-42-positive diffuse plaques (arrowheads). H, BF-168-stained NFTs, and this staining correlated well with tau immunostaining (/)
inthe adjacent section. Clear staining of cerebrovascular amyloid (/) can also be observed. There is no obvious difference in the BF-168 staining ability in ethanol solution ( ) and in the PBS solution
(L) in the serial sections. BF-168 could not stain any plaques and tangles after the treatment with formic acid (), in contrast to the staining without pretreatment with formicacid (M). Finally, no

apparent staining was observed in aged normal brain sections ( 0). Scale bars: A-D, 50 m; £-0, 100 m.

APB1-42. A mixture containing 50 ul of test compounds (0.1-25.6 nm in
40% ethanol), 50 ul of 0.05 nm [ '*°1]BF-180, 100 ul of 100 nm AB1-42
and 800 ul of 8% ethanol was incubated at room temperature for 4 hr.
The mixture was then filtered through Whatman GEF/B filters using a
Brandel M-24 cell harvester, and the filters containing the bound '*’I
ligand were counted in a gamma counter. Values for half-maximal in-
hibitory concentration (IC5,) were determined from displacement
curves of three independent experiments using GraphPad Prism, and
those for the inhibition constant (K;) were determined using the Cheng—
Prusoff equation (Cheng and Prusoft, 1973): K; = 1C5,/(1 + [L]/Ky),
where [L] is the concentration of [ **I]BF-180 used in the assay, and K,
is the dissociation constant of BF-180.

Neuropathological staining. Postmortem brain tissues from four
autopsy-confirmed AD cases (67-, 78-, and 79-year-old females and a
69-year-old male) and one physiological aging case (81-year-old male)
were obtained from Fukushimura Hospital (Aichi, Japan). Experiments
were performed under regulations of the ethics committee of BF Re-
search Institute. Six-micrometer-thick serial sections of frozen or
paraffin-embedded blocks of hippocampus and temporal cortex were
used for staining. Paraffin sections were first taken through two 10 min
washes in xylene, two 5 min washes in 100% ethanol, two 5 min washes in
95% ethanol/H,0, and a 10 min wash under running tap water. Before

the staining of BF-168, quenching of autofluorescence was performed by
the following method: after immersing in 10% formalin neutral buffer
solution for 60 min and washing in PBS, the sections were blanched in
0.25% potassium permanganate solution for 20 min. The sections were
then washed in PBS and treated with 0.1% potassium metabisulfite and
0.1% oxalic acid, followed by washing in PBS. Quenched tissue sections
were immersed in 100 uM BF-168 solution containing 50% ethanol or
PBS for 10 min. Finally, the sections were dipped briefly into water,
rinsed in PBS for 60 min, coverslipped with FluorSave reagent (Calbio-
chem, Darmstadt, Germany), and examined using an Eclipse E800 mi-
croscope (Nikon, Tokyo, Japan) equipped with a V-2A filter set (excita-
tion, 380—420 nm; dichroic mirror, 430 nm; longpass filter, 450 nm).
BF-168 staining was also performed in AD brain sections pretreated with
90% formic acid for 5 min. Immunostaining was performed using
monoclonal antibodies (mAbs) against AB (6F/3D; Dako, Glostrup,
Denmark) at a dilution of 1:50: AB1-40 (BA27; Wako, Osaka, Japan),
AB1-42 (BCO5; Wako), and Tau (pSer422; Wako). Sections were placed
in blocking buffer for 30 min. After incubation at 37°C in the primary
antibodies for 60 min, sections were processed by the avidin—biotin
method using a Pathostain ABC-POD(M) kit (Wako) and DAB as a
chromogen.
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Fluorescent labeling of AP deposits in living transgenic mice. In vivo
plaque labeling with BF-168 was evaluated using PS1/APPsw double
transgenic mice (n = 2) and one wild-type mouse (male; 32 weeks of age)
(Holcomb et al., 1998). The experiments were also performed using
young APP23 single transgenic mice (n = 2) and one wild-type mouse
(female; 13 months of age) (Sturchler-Pierrat et al., 1997). A BF-168
solution containing 10% polyethylenglycol 400 and 0.1 m HCI was ad-
ministered into the tail vein in a dose of 4 mg/kg. Two hours after injec-
tion of BF-168, the mice were anesthetized with sodium pentobarbital,
perfused transcardially with ice-cold saline, followed by 4% paraformal-
dehydein 0.1 M PBS, and their brains were removed. After cryoprotection
in 30% sucrose/0.1 M PBS, 6 um frozen sections were cut by an OTF
cryostat (Bright Instruments, Huntingdon, UK) and imaged with no
additional staining for fluorescent microscopy using a V-2A filter set.
The same sections were immunostained with a mAb against AB (6F/3D),
as described above.

Biodistribution of ['*F]BE-168. [ "*F]BEF-168 (0.24—0.38 MBq) was ad-
ministered into the tail vein of ICR mice (n = 23; males; average weight,
28-32 gm). The mice were then killed by decapitation at 2, 10, 30, 60,
120, and 180 min after injection. The brain and blood were removed
and weighed, and the radioactivity was counted with an automatic
gamma counter (Wizard 1480; Wallac, Turku, Finland). The percent-
age of injected dose per gram (%ID/g) was calculated by comparison
of tissue count to tissue weight. Each %ID/g value is an average = SD
of three or four separate experiments. The half-clearance time in the
brain was defined as the time required for the %ID/g value to decline
by 50%.

Autoradiography of AB deposits in living transgenic mice. APP23 trans-
genic mice (n = 3; females; 22 months of age) (Sturchler-Pierrat et al.,
1997) and one age-matched control mouse (female; 22 months of age)
were used for the autoradiographic study. [ "*F]BE-168 (2 MBq) in 200 ul
of saline was administered into the tail vein. The mice were killed by
decapitation at 180 min after injection, and their brains were removed
and frozen. Frozen sections were cut (30 um) using an OTF cryostat
(Bright Instruments), dried, and exposed to a BAS-III imaging plate (Fuji
Film, Tokyo, Japan) for 18 hr. Autoradiographic images were obtained
using a BAS2000 scanner system (Fuji Film). After autoradiographic
examination, the same sections were stained with thioflavin-S to con-
firm the presence of amyloid plaques. For the staining with thiofla-

Figure 4.
tration of 4 mg/kg BF-168, showing specific binding of BF-168 to amyloid deposits (4, () and no nonspecific binding in the brain of
the wild-type mouse (B). The same brain section from the transgenic mouse was subsequently immunostained with A 3-specific
mAb 6F/3D (D), revealing specific binding of BF-168 to amyloid deposits in vivo. Both compact amyloid deposits (arrows) and
diffuse deposits (arrowhead) were labeled with intravenously administered BF-168. Scale bar, 50 um.

Brain sections from a PS1/APPsw transgenic mouse (4, C, D) and a wild-type mouse ( B) after intravenous adminis-
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vin-S, sections were immersed in 0.125% thioflavin-S solution con-
taining 50% ethanol for 3 min and dipped briefly five times in tap
water, followed by differentiation in 50% ethanol for 2 min. The
sections were then placed in PBS for 60 min, coverslipped with Flu-
orSave reagent (Calbiochem), and examined using an Eclipse E800
microscope (Nikon) equipped with a BV-2A filter set (excitation,
400-440 nm; dichroic mirror, 455 nm; longpass filter, 470 nm). To
confirm whether the amount of BF-168 uptake correlates with the
amount of AB deposition, the areas of [ "*F]BF-168 accumulation and
positive staining with thioflavin-S were measured in nine coronal
brain sections of an APP23 mouse. First, the images of autoradiogra-
phy and thioflavin-S staining were digitized. The percentage of areas
of positive accumulation and staining were then automatically mea-
sured using Scion Image software (Scion, Frederick, MD). Correla-
tion of the areas of [ '®F]BF-168 uptake with the areas of positive
thioflavin-S staining wasassessed by Pearson’s simple correlation
methods.

Results

In vitro binding affinity for A fibrils

[ **T]BF-180 showed excellent binding affinity for both AB1-40
(Kg=6.8* 1.4nM; B, = 3.2 = 0.55 pmol/mg) and AB1-42 (K4
=10.6 = 1.5nM; B,,,,, = 4.1 = 1.3 pmol/mg) aggregates (Fig. 2).
As shown in Table 1, most styrylbenzoxazole derivatives also
showed high binding affinity for AB1-42 aggregates, except for
BF-208 and BF-191, which displayed low binding affinity, indi-
cating that an amino group in the R, site is necessary for binding
to AP aggregates. Furthermore, the styrylbenzothiazole deriva-
tive (BF-124) displayed equipotent binding affinity for AB1-42
aggregates (Table 1).

Neuropathological staining of SPs and NFTs in AD
brain sections
Because BF-168 showed high binding affinity for AB aggregates
and could easily be '®F-radiolabelled (Fig. 1), we selected this
compound for additional studies and assessed its neuropathological
staining of SPs and NFTs in AD brain sec-
tions. BF-168 clearly stained both neuritic
(Fig. 3A) and diffuse (Fig. 3C) amyloid
plaques in AD temporal brain sections. No-
tably, high-intensity fluorescence was ob-
served in the core region of the neuritic
plaques. These staining patterns corre-
sponded well to those of A immunostain-
ing in the serial sections (Fig. 3 B, D). A com-
parison of serial sections with AB1-40 and
AB1-42 immunostaining (Fig. 3E-G) dem-
onstrated that BF-168 bound both A1-40-
positive and AB1-42-positive plaques.
Moreover, BF-168 stained NFTs (Fig. 3H)
and cerebrovascular amyloids (Fig. 3]). The
distribution of BF-168 staining corre-
sponded well to those of tau immunostain-
ing in the serial sections (Fig. 3I). Other
styrylbenzoxazole and styrylbenzothiazole
- derivatives, except for BF-191 and BF-208
X (Table 1), showed nearly the same staining
s pattern of SPs and NFT's as BF-168 (data not
=  shown). To assess whether the solvent of BF-
168 solution affects BF-168 staining of SPs in
AD brain sections, staining with BF-168 in
ethanol was compared with that in PBS. As
shown in Fig. 3, K and L, no apparent differ-
ence was observed in the BF-168 staining
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ability of AD brain amyloid plaques. This result indicates that BF-
168 high-contrast staining of SPs is not attributable to the reduction
of nonspecific binding by ethanol. Furthermore, BF-168 staining of
SPs and NFTs was eliminated by pretreatment with 90% formic acid
for 5 min (Fig. 3M,N). Because pretreatment with formic acid is
considered to disrupt the B-pleated sheet structure of AB (Kitamoto
etal,, 1987), our result from pretreatment with formic acid suggests
that BF-168 recognizes 3-pleated sheet structure of SPs and NFT's
but not nonfibrillar forms of AB and tau. Finally, no apparent stain-
ing of BF-168 was observed in aged normal brain sections (Fig. 30),
indicating little nonspecific binding of BF-168 in the brain.

In vivo binding to A deposits in transgenic mice brain

To test the in vivo binding of BF-168 to amyloid plaques, brain
sections were examined after intravenous injection of 4 mg/kg
BF-168 solution to PS1/APPsw double transgenic mice. In brain
sections of the transgenic mice, numerous fluorescent spots with
very low background fluorescence were observed in the neocor-
tex and hippocampus of the brain (Fig. 4A). In contrast, no flu-
orescence was observed in the brains of the wild-type mouse (Fig.
4B). To confirm whether these fluorescent spots reflect specific
binding of BF-168 to amyloid deposits, the same brain sections
were immunostained with anti-Af antibodies. As shown in Fig.
4, C and D, the distribution of fluorescent spots corresponded
well to that in AB immunostaining. More noteworthy is the fact
that AB deposits labeled with intravenously administered BF-168
comprised not only compact AS deposits but also diffuse AB
deposits. The same experiments were performed using young
APP23 single transgenic mice (13 months of age) that develop
only mild depositions of amyloid plaques in the neocortex. Even
in these young transgenic mice, BF-168 successfully detected
early plaque formation in the entorhinal cortex and hippocam-
pus (Fig. 5A4). No fluorescence was detected in the brain slices of
the wild-type mouse (data not shown). The fluorescent spots of
BF-168 in the entorhinal cortex (Fig. 5B) corresponded well to
AB immunostaining (Fig. 5C) in the same brain section. These
findings are in agreement with the neuropathological data of
BF-168 staining in the AD brain sections described above.

Brain uptake of [ '*F]|BF-168 in normal mice

Next, we examined iz vivo brain uptake of '*F-radiolabeled BF-
168 using normal (ICR) mice. Brain uptake at 2 min after intra-
venous injection of ['®F]BF-168 (0.24—0.38 MBq) was 3.9 *
0.22%ID/g, indicating a level sufficient for imaging probe of the
brain. In addition, [ '®*F]BF-168 displayed good clearance from
normal brain with 3.2 = 0.35, 1.6 = 0.0071, 1.3 = 0.040, 0.93 =
0.12,and 0.76 = 0.13%ID/g remaining at 10, 30, 60, 120, and 180
min after injection, respectively (Fig. 6). ['®*F]BF-168 half-
clearance time in the brain was sufficient for the PET imaging
probe (24.7 min), and its brain/blood ratio dropped rapidly from
2.0 at 10 min to 0.72 at 60 min after injection in normal mice.
These results indicate that [ '*F]BF-168 has ideal kinetic proper-
ties, including substantial brain uptake and fast brain washout.

In vivo plaque labeling with [ '*F]BF-168 in transgenic mice

[ '®F]BF-168 in vivo labeling ability of amyloid plaques was fur-
ther evaluated using 22-month-old APP23 transgenic mice. Au-
toradiographic images of APP23 mice brains 180 min after intra-
venous injection of [ '®*F]BF-168 displayed high uptakes of this
labeling compound in the cerebral cortex, hippocampus, and
entorhinal cortex (Fig. 7A). In addition, nonspecific accumula-
tion of [ "®F]BF-168 in the white matter areas of the brain was
unremarkable. In contrast, wild-type mouse brain showed no
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Figure 5.  Brain sections from an APP23 transgenic mouse (13 months of age) after intra-
venous administration of 4 mg/kg BF-168, showing specific binding of BF-168 to early amyloid
deposits in the entorhinal cortex and hippocampus (A). The fluorescence of BF-168 in the
entorhinal cortex ( B) showed identical distribution to immunostaining with A 3-specific mAb
6F/3D ( () in the same section. Scale bar, 100 wm.
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Brain/Blood Ratio

0 s T T T T T T 0
0 30 60 90 120 150 180

Time after injection (min)

Figure6. Brain uptake and brain/ blood ratio of [ "®FIBF-168in normal mice. Fach data point
was obtained from three or four separate experiments and plotted as value of mean = SD.

remarkable accumulation of [ '*F]BF-168 in the brain (Fig. 7B).
Furthermore, the hot spots of [ '*F]BF-168 in APP23 mice brains
(Fig. 7A) closely corresponded with those of in vitro thioflavin-S
staining in the same brain section (Fig. 7C), indicating that intra-
venously administered [ '*F]BF-168 specifically labels amyloid
deposits in transgenic mice brains. Finally, the areas of [ '*F]BF-
168 uptake in autoradiographic images were significantly corre-
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high background activity and low-
contrast images of target structures, re-
sulting in difficult early detection of
plaque deposits. In contrast to these com-
pounds, [ '*F|BE-168 showed short clear-
ance half-life (24.7 min) in normal mouse
brain and mild nonspecific accumulation
in the white matter of transgenic mice
brains. In addition, BF-168 could be la-

r=0923

4 - p<0.001

% Area of thioflavin-S staining

2 25

Figure7.

[ "®F]BF-168 to amyloid plaques.

lated with the areas of in vitro thioflavin-S staining in the same
sections (r = 0.923; p < 0.001) (Fig. 7D), suggesting little non-
specific binding of [ '*F]BF-168.

Discussion

The results of the present study indicate that BF-168, a styrylben-
zoxazole derivative, is a potent agent that selectively recognizes
SPs and NFTs in AD brain. Indeed, BF-168 and other benzox-
azole derivatives showed high binding affinity for synthetic AB
aggregates. In addition, [ '®F]BF-168 exhibited high initial brain
uptake in normal mice (3.9%ID/g at 2 min). This value, which is
equivalent to a 117% injected dose index in a 30 gm mouse,
clearly meets the prerequisites for useful PET imaging agents
(Klunk et al., 2002). Moreover, both autoradiography and fluo-
rescent microscopy of brain sections from two different trans-
genic mouse models demonstrated that BF-168 specifically labels
brain amyloid deposits in vivo. These findings strongly suggest
that styrylbenzoxazole derivatives are potentially useful for in
vivo imaging of amyloid plaques.

It is especially noteworthy that BF-168 binds not only neuritic
plaques but also diffuse plaques that were predominantly positive
for AB1-42 immunostaining. Because diffuse plaques are exclu-
sively positive for AB1-42 (Iwatsubo et al., 1994) and considered
to be the initial pathological lesion of AD (Morris et al., 1996),
probes that can detect A31-42-positive diffuse plaques are better
suited for presymptomatic detection of AD-related pathology.
Several compounds, such as [ '"*F]JFDDNP and [ '*°I]TZDM, have
been reported to have affinity for diffuse plaques or ApB1-42-
positive plaques (Agdeppa et al., 2001; Kung et al., 2003). How-
ever, these compounds have some limitations in their practical
use as probes for in vivo imaging, because of their delayed wash-
out and nonspecific accumulation in the brain white matter (Bac-
skai et al., 2002). Nonspecific binding of imaging probes leads to

% Area of ['*F]BF-168 uptakes

Invivo labeling of amyloid deposits in brain sections from an APP23 transgenic mouse (A) and a wild-type mouse ( B)
with [ "8FIBF-168. An autoradiographic study was performed using brain sections at 180 min after intravenous injection of
[ "®F]BF-168. Numerous hot spots of [ '®FJBF-168 can be detected in the cerebral cortex, hippocampus, and entorhinal cortex of
transgenic mouse brain (A), in contrast to no apparent uptake in wild-type mouse brain (B). Fluorescences of amyloid deposits
appeared after in vitro staining with thioflavin-S in the same section (). Arrows show amyloid deposits labeled with both
[ "®F]BF-168 and thioflavin-S, indicating specific labeling of amyloid plaques with intravenously administered [ "®F]BF-168. The
percentage of areas of [ '8FIBF-168 uptake in nine autoradiographic images were significantly correlated with the percentage of
areas of in vitro thioflavin-S staining in the same sections (r = 0.923; p << 0.001) (D), suggesting high binding specificity of

beled with '®F, which shows longer half-
life (109.0 min) than ''C (20.3 min). It is
advantageous when it takes longer time to
reach the binding equilibrium. Its longer
half-life also permits the shipment of this
tracer to multiple PET centers. These
characteristics are the advantage of '*F-
labeled compounds. Therefore, it is be-
lieved that [ '®F]BF-168 is a practical im-
aging probe for amyloid plaques and may
be useful for early detection of AD-related
brain changes.

It must be noted that the deposition of
diffuse plaques is frequently observed in
nondemented normal brain. This fact calls
in the question whether BF-168 can dis-
tinguish normal aging from the AD patho-
logical process. As Morris et al. (1996)
pointed out, the neuropathological char-
acteristics that distinguish cases with AD
from nondemented aging are the deposi-
tion of widespread neocortical diffuse
plaques and the presence of neuritic plaques (Morris et al., 1996).
Our neuropathological staining data and in vivo experiment us-
ing PS1/APP and APP23 transgenic mice indicate that BF-168 can
visualize early amyloid formation in the brain. In addition, the
fluorescence intensity of BF-168 was higher in mature plaques,
especially in the fibril-rich core region, than in diffuse plaques,
suggesting that the amount of BF-168 binding reflects the density
of AP fibrils. Thus, an increase in the deposition of fibril-rich
neuritic plaques in the course of AD progression would be re-
flected by a drastic increase in the total binding ability of BF-168
in the neocortex and limbic regions.

In addition, BF-168 labeled not only SPs but also NFTs in AD
brain sections. This finding indicates that BF-168 recognizes the
B-pleated sheet structure of SPs and NFTs. This speculation is
supported by the finding that neuropathological staining of SPs
and NFTs with BF-168 was eliminated by pretreatment with for-
mic acid. A marked increase in the amount of NFT accumulation
has also been observed in preclinical AD stage, although deposi-
tion of NFTs in the hippocampus and entorhinal cortex is known
to gradually increase with age (Price and Morris, 1999). Thus,
because BF-168 can detect NFT accumulation, an increased up-
take of ['®F]BF-168 in the hippocampus and entorhinal cortex
would discriminate between normal aging and AD. Considering
all these various factors together, quantitative evaluation of BF-
168 binding in the whole brain may provide useful information
on A and tau pathology and discriminate progression to AD
from normal aging, although additional studies are required to
determine the watershed between normal aging and AD. More-
over, BF-168 specificity for SPs and NFTs should be investigated
further to determine whether [ '*F]BF-168 binding truly reflects
the amount of SPs and NFTs.

In our autoradiographic study, [ '*F]BF-168 succeeded in la-
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beling amyloid deposits in transgenic mouse brain, suggesting
that BBB permeability of [ '®F]BF-168 is sufficient for in vivo
imaging of amyloid deposits. However, it must be noted that the
injected dose of [ '®F]BF-168 in our autoradiographic study was
~20-fold higher than that usually used in clinical PET studies.
Thus, whether the pharmacokinetics of BF-168 is sufficient for
PET imaging remains to be determined using either in vivo
micro-PET in a transgenic mouse model or in vivo PET in aged
dogs or humans. [ '®*F]BF-168 clearance from normal brain was
0.93%ID/g remaining at 120 min after injection. This value was
equal to a 24% peak brain uptake at 2 min. This is speculated to be
attributable to the persistence of [ '*F]BF-168 or its metabolites in
the plasma, because the brain/blood ratio is stable over 1 hr after
injection. To overcome this issue, our compound should be op-
timized for future clinical application.

In conclusion, we introduced here novel styrylbenzoxazole
derivatives that have high in vitro binding affinity for AB fibrils as
candidate probes for imaging amyloid deposits. BF-168, one of
these compounds, specifically binds both neuritic and diffuse
plaques in AD brain sections in vitro and in two different trans-
genic mouse brains in vivo. In addition, '*F-labeled BF-168 dis-
played excellent BBB permeability and specific in vivo labeling of
amyloid deposits. Although recently, amyloid-lowering agents
such as +y-secretase inhibitors and AB vaccine have been devel-
oped for the treatment of AD, these agents are subjected to pre-
ventive trials in presymptomatic subjects who have a high risk of
progression to AD. Thus, sensitive and accurate methods to de-
tect and monitor the progression of Af deposition are desper-
ately needed. The styrylbenzoxazole derivatives described here
are promising candidate probes for PET and SPECT imaging that
can detect high-risk AD patients in their presymptomatic stage
and monitor the formation of amyloid fibrils in vivo.
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