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Figure 1. Neuropathological staining of 10 #m sections of a Tg2576 mouse brain (A and B) and aged normal brain (C). Fluorescent staining of
compound 7c¢ in the Tg2576 mouse brain (A). A immunostaining with antibody BCOS5 in the adjacent section (B). Fluorescent staining of

compound 7¢ in the age-matched control mouse brain (C).

derivatives was in the same range as that of the known
compound, 6-iodo-2-(4'-dimethylamino)phenyl-imidazo[1,2-
alpyridine (IMPY), which is commonly used for inhibition
assays.”> > We selected the dimethylamino derivatives
(7a, 7b, 7c, and 13), which showed the greatest affinity, for
additional studies.

To evaluate brain uptake of the FPEG chalcones, biodis-
tribution experiments were performed in normal mice with
four ''C-labeled FPEG chalcones ([''C]7a, [''C]7b, [''C]7c,
and [''C]13) (Table 2). Because normal mice were used for the
biodistribution experiments, no Af plaques were expected in
the young mice; therefore the washout of probes from the
brain should be rapid to obtain a higher signal-to-noise ratio
earlier in the AD brain. Radioactivity after injection of the
""C-labeled FPEG chalcones penetrated the blood—brain
barrier, showing excellent uptake ranging from 3.7 to 6.0%
ID/g brain at 2 min postinjection, a level sufficient for imaging
AP plaques in the brain. In addition, they displayed good
clearance from the normal brain with 2.3, 1.0, 0.35, and 1.0%
ID/g at 60 min postinjection for [''C]7a, [''C]7b, [''C]7¢, and
["'C]13, respectively. These values were equal to 37.6, 21.1,
8.1, and 28.3% of the initial uptake peak for [''C]7a, [''C]7b,
["'Cl7¢, and [''C]13, respectively. Compound 7¢ with the
fastest washout from the brain was labeled with 'SF and
evaluated for its biodistribution in normal mice (Table 3).
['8F]7c displayed high uptake (3.48%ID/g) at 2 min postinjec-
tion, a level sufficient for imaging like [''C]7¢, and was cleared
over the subsequent 10, 30, and 60 min. The radioactivity
in the brain at 60 min postinjection was 1.07%ID/g, indicat-
ing that this ['*F]7c has favorable pharmacokinetics in the
brain. Although we consider that a slight difference of the
radioactivity pharmacokinetics between [''C]7¢ and ['*F]7¢
could be attributable to the different physicochemical char-
acteristics of their radiometabolites produced in the brain, the
reason for this difference has remained unclear. Bone uptake
at 60 min was measurable (3.58%1D/g), suggesting defluori-
nation in vivo. Bone uptake has been observed for other '*F
tracers.'>?*7>* However, previous reports suggested that free
fluoride was not taken up by brain tissue; therefore, the
interference from free fluoride may be relatively low for brain
imaging. A previous paper regarding the most promising 'SF-
labeled agent 4 reported that it showed high uptake (7.77%
ID/g at 2 min postinjection) and rapid clearance from the
brain (1.61%ID/g at 60 min postinjection) with little accu-
mulation in bone (1.77%ID/g at 60 min postinjection) in
biodistribution experiments using normal mice.'? The phar-
macokinetics of 4 appear superior to that of ['*F]7¢, but the
good biological results obtained with ['®F]7¢ suggest that
further investigation is warranted.

To investigate the ability of the fluorinated chalcones to
bind to Af plaques in the AD model, fluorescent staining of

sections of mouse brain were carried out with compound 7¢
(Figure 1). We used Tg2576 transgenic mice as an animal
model of AB plaque deposition, which express human
APP695 with the K670N, M671L Swedish double mutation.?®
By 11—13 months of age, Tg2576 mice show prominent
AP deposition in the cingulated cortex, entorhinal cortex,
dentate gyrus, and CA1 hippocampal subfield and have been
frequently used for the evaluation of specific binding of
Ap plaques in in vitro and in vivo experiments,'?2+2773!
Many Af plaques were clearly stained with 7e¢, as reflected
by the affinity for the aggregates of synthetic AB(1—42) in in
vitro competition assays (Figure 1A). The labeling pattern
was consistent with that observed after immunohistochemical
labeling by BCO05, a specific antibody for AB (Figure 1B),
while wild-type mouse brain displayed no significant accumu-
lation of 7¢ (Figure 1C). The results indicated that 7¢ binds
specifically to Af plaques in Tg2576 mice brain. A previous
report suggested the configuration/folding of Af plaques in
Tg2576 mice to be different from the tertiary/quaternary
structure of Af plaques in AD brains.>**? In addition, the
studies reported with 1 further indicate that the binding of
1 reflects the amount of Af plaques in human AD brain but
not in Tg2576 mouse brain, and the detectability of AB
plaques by 1 is dependent on the accumulation of specific
AB subtypes.”®? Therefore, we considered that it should be
essential to evaluate the binding affinity for Af plaques in
human AD brains because our goal is to develop clinically
useful probes for in vivo imaging of Af3 plaques in humans.

Next, we investigated the binding affinity of ['*F]7¢ for
Ap plaques by in vitro autoradiography in a human AD brain
section (Figure 2A). The autoradiographic image of ['*F]7c¢
showed high levels of radioactivity in some specific areas of
the brain section. Furthermore, we confirmed that the hot
spots of ['®F]7c in an AD brain section corresponded with
those of in vitro thioflavin-S staining in the same brain section
(Figure 2B). In contrast, no significant accumulation of
['*F]7¢ was observed in the region without Af plaques
(Figure 2C). The results demonstrate the feasibility of using
["8F]7c as a probe for detecting Ap plaques in the brain of AD
patients with PET.

In conclusion, we reported novel FPEG chalcone deriva-
tives, containing an end-capped fluoropolyethylene glycol as
in vivo PET imaging agents for AS plaques in the brain. The
FPEG chalcones with a dimethylamino group displayed
greater affinity for synthetic Af aggregates than did the
monomethylamino and primary amino derivatives. In biodis-
tribution experiments using normal mice, ''C-labeled FPEG
chalcones displayed sufficient uptake for the imaging of Ap
plaques in the brain. [''C]7c showed the fastest clearance from
the brain, probably related to a low nonspecific binding.
['®F]7¢ also displayed high uptake in and good clearance from
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Figure 2. In vitro autoradiography of ['*F]7¢ using the human AD
brain section (A). Af plaques were confirmed by in vitro staining of
the same section with thioflavin-S (B and C).

the brain, although a slight difference was observed between
the ''C and 'SF tracers. When the labeling of plaques in vitro
was carried out using sections of brain tissue from an animal
model of AD and an AD patient, compound 7¢ intensely
labeled Af plaques existing in both brains. Taken together,
the results suggest the novel FPEG chalcone 7¢ to be poten-
tially useful for imaging Af plaques in the brain using PET.

Experimental Section

General. All reagents were obtained commercially and used
without further purification unless otherwise indicated. 'H
NMR spectra were obtained on a Varian Gemini 300 spectro-
meter with TMS as an internal standard. Coupling constants
are reported in hertz. Multiplicity was defined by s (singlet),
d (doublet), t (triplet) and m (multiplet). Mass spectra were
obtained on a JEOL IMS-DX instrument. HPLC analysis was
performed on a Shimadzu HPLC system (a LC-10AT pump
with a SPD-10A UV detector, A =254 nm) using a Cosmosil C,g
column (Nakalai Tesque, 5Cg-AR-1L, 4.6 mm x 150 mm) using
acetonitrile/water (50/50) as mobile phase at a flow rate of
1.0 mL/min. All key compounds were proven by this method
to show >95% purity.

Chemistry. (E)-3-(4-(Dimethylamino)phenyl)-1-(4-hydroxy-
phenyl)-2-propen-1-one (5). 4-Hydroxyacetophenone (1.36 g,
10 mmol) and 4-dimethylaminobenzaldehyde (1.86 g, 10.0 mmol
were dissolved in EtOH (15 mL). A 30 mL aliquot of a 10%
aqueous KOH solution was then slowly added dropwise to the
reaction mixture. The mixture was stirred for 24 h at 100 °C and
then extracted with ethyl acetate. After the organic layers were
combined and dried over Na,SO,, evaporation of the solvent
afforded 1.50 g of 5 (84.0%). 'H NMR (CD;OD) ¢: 3.04
(s, 6H), 6.76 (d, J = 8.7 Hz, 2H), 6.88 (d, J = 8.7 Hz, 2H), 7.50
(d, J=15.3Hz, 1H),7.59 (d, /=9.0 Hz, 2H), 7.72 (d, J=15.3 Hz,
1H), 7.98 (d, J=8.7 Hz, 2H). "H NMR (DMSO-dj) 6: 2.99 (s, 6H),
6.74 (d, J=8.7 Hz, 2H), 6.88 (d, J=8.4 Hz, 2H), 7.62 (s, 2H), 7.68
(d, J=8.7 Hz, 2H), 8.03 (d, /=8.7 Hz, 2H), 10.30 (s, IH). EI-MS:
mjz 267 (M™).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-hydroxyethoxy)phenyl)-
2-propen-1-one (6a). To a solution of 5 (500 mg, 1.87 mmol and
ethylene chlorohydrin (125 ¢L, 1.87 mmol) in DMSO (5 mL) was
added anhydrous K,CO; (775 mg, 5.61 mmol). The reaction
mixture was stirred for 18 h at 100 °C and then poured into water
and extracted with chloroform. The organic layers were combined
and dried over Na,SO,4. Evaporation of the solvent afforded a
residue, which was purified by silica gel chromatography (hexane:
ethyl acetate= 1:1) to give 422 mg of 6a (72.7%). "HNMR (CDCl3)
0:3.04 (s, 6H), 4.00—4.01 (m, 2H), 4.17 (t, J=4.8 Hz, 2H), 6.69 (d,

= 9.0 Hz, 2H), 699 (d, J = 69 Hz, 2H), 735 (d, J =
15.3 Hz, 1H), 7.55 (d, J=9.0 Hz, 2H), 7.79 (d, J=15.3 Hz, 1H),
8.02 (d, /=9.3 Hz, 2H).
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(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-(hydroxyethoxy)ethoxy)-
phenyl)-2-propen-1-one (6b). The reaction described above to prepare
6a was used, and 6b was obtained from 5 and ethylene glycol mono-
2-chloroethyl ether. '"H NMR (CDCl5) 6: 3.05 (s, 6H), 3.69 (t, J =

48 Hz, 2H), 3.78 (s, 2H), 391 (t, J = 48 Hz, 2H), 4.23
(t, J=4.8 Hz, 2H), 6.70 (d, J = 9.0 Hz, 2H), 6.99 (d, /= 9.0 Hz,
2H), 7.35(d, J=15.3 Hz, 1H), 7.55(d, J=8.7Hz,2H), 7.79 (d, /=
15.6 Hz, 1H), 8.02 (d, J=9.0 Hz, 2H).

(E)-3-4-(Dimethylamino)phenyl)-1-(4-(2-((hydroxyethoxy)ethoxy)-
ethoxy)phenyl)-2-propen-1-one (6¢c). The reaction described
above to prepare 6a was used, and 429 mg of 6c was obtained
in a yield of 82.6% from 5 and 2-[2-(2-chloroethoxy)-
ethoxylethanol. "H NMR (CDCl3) é: 3.04 (s, 6H), 3.62 (t, J =
5.1 Hz, 2H), 3.73—3.75 (m, 6H), 3.90 (t, /= 4.8 Hz, 2H), 4.22
(t, J=4.8 Hz, 2H), 6.70 (d, J=9.0 Hz, 2H), 6.99 (d, J=8.7 Hz,
2H), 7.35 (d, J = 15.3 Hz, 1H), 7.55 (d, /= 9.0 Hz, 2H), 7.78
(d, J=15.3 Hz, 1H), 8.02 (d, /=9.0 Hz, 2H).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-fluoroethoxy)phenyl)-
2-propen-1-one (7a). To a solution of 6a (100 mg, 0.32 mmol in
1,2-dimethoxyethane (DME) (5 mL) was added DAST (85uL,0.64
mmol) in a dry ice—acetone bath. The reaction mixture was stirred
for 1 h at room temperature and then poured into a saturated
NaHSOj; solution and extracted with chloroform. After the organic
phase was separated, dried over Na,SOy, and filtered, and the
residue was purified by preparative TLC (hexane:ethyl acetate =
3:1) to give 39 mg of 7a (38.9%). "H NMR (CDCl5) 6: 3.09 (s, 6H),
430(d,t,J,=27.6Hz, J,=4.2Hz,2H),4.79(d, t,J,=47.4 Hz, J,=
4.2 Hz, 2H), 6.70 (d, J=8.7 Hz, 2H), 7.00 (d, /=9.0 Hz, 2H), 7.35
(d, J=15.6 Hz, 1H), 7.55 (d, J=9.0 Hz, 2H), 7.79 (d, J=15.3 Hz,
1H), 8.03 (d, J= 9.0 Hz, 2H). EI-MS: m/z 313 (M ™).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-(fluoroethoxy)ethoxy)-
phenyl)-2-propen-1-one (7b). The reaction described above to pre-
pare 7a was used, and 28 mg of 7b was obtained in a yield of
28.0% from 6b. "H NMR (CDCls) 6: 3.04 (s, 6H), 3.77—3.94
(m, 4H), 4.21—4.24 (m, 3H), 4.61 (d, t, J; =474 Hz, J,=4.2 Hz
1H), 6.69 (d, /=9.3 Hz, 2H), 6.99 (d, J=8.7 Hz, 2H), 7.35 (d, /=
15.3 Hz, 2H), 7.55 (d, J=9.0 Hz, 2H), 7.78 (d, J=15.6 Hz, 2H),
8.02 (d, J=9.0 Hz, 2H). EI-MS: m/z 357 (M™).

(E)-3-(4-(Dimethylamino)phenyl)-1-(4-(2-((fluoroethoxy)ethoxy)-
ethoxy)phenyl)-2-propen-1-one (7c). The reaction described
above to prepare 7a was used, and 29 mg of 7¢ was obtained in a
yield of 14.4% from 6c¢ and 2-[2-(2-chloroethoxy)ethoxyletha-
nol. '"H NMR (CDCl3) o: 3.04 (s, 6H), 3.73—3.81 (m, 6H),
3.90 (t, J=5.1 Hz, 2H), 4.21 (t, J=5.1 Hz, 2H), 4.49 (t, J=4.5 Hz,
1H), 4.65 (t, J=4.5 Hz, 1H), 6.70 (d, J=8.7 Hz, 2H), 6.98 (d, /=
9.0 Hz, 2H), 7.35 (d, /= 15.3 Hz, 1H), 7.55 (d, J = 8.7 Hz, 2H),
7.78 (d, J =153 Hz, 1H), 8.02 (d, J = 9.0 Hz, 2H). EI-MS: m/z
401 (M™).

1-(4-(2-Hydroxyethoxy)phenyl)ethanone (8a). The reaction
described above to prepare 6a was used, and 1.79 g of 8a was
obtained in a yield of 99.4% from 4-hydroxyacetophenone and
ethylene chlorohydrin. "H NMR (CDCl;) 8: 2.75 (s, 3H), 4.20 (s,
2H),4.35(t,J=5.1 Hz,2H), 7.15(d, /=9.0 Hz, 2H), 8.13 (d, J=
9.0 Hz, 2H).

1-(4-(2-(2-Hydroxyethoxy)ethoxy)phenyl)ethanone (8b). The
reaction described above to prepare 6b was used, and 8b was
obtained from 4-hydroxyacetophenone and ethylene glycol
mono-2-chloroethyl ether. '"H NMR (CDCls) 6: 2.56 (s, 3H),
3.68 (t, /= 4.8 Hz 2H), 3.75—3.79 (m, 2H) 3.90 (t, /= 5.1 Hz,
2H), 4.21 (t,J=4.8 Hz, 2H), 6.96 (d, J=8.7 Hz, 2H), 7.94 (d, /=
8.7 Hz, 2H).

1-(4-(2-(2-(2-Hydroxyethoxy)ethoxy)ethoxy)phenyl)ethanone
(8c). The reaction described above to prepare 6a was used, and
8c was obtained from 4-hydr0xyacetophenone and 2-[2-(chloro-
ethoxy)ethoxyJethanol. '"H NMR (CDCly) 6: 2.50 (s, 3H),
3.72—3.83 (m, 6H), 3.92 (t, J=4.5 Hz, 2H), 4.22 (t, J=5.1 Hz,
2H), 4.49 (t,/J=4.2 Hz, 1H), 4.61 (t, J=4.2 Hz, |H), 6.86 (d, /=
8.7 Hz, 2H), 7.80 (d, J= 8.7 Hz, 2H).

1-(4-(2-Fluoroethoxy)phenyl)ethanone (9a). The reaction des-
cribed above to prepare 7a was used, and 1.02 g of 9a was obtained
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in a yield of 63.3% from 8a and DAST. '"H NMR (CDCl;) 6: 4.24
(d,t,/;=28.2Hz,J,=42Hz, 2H),4.75(d, t,J;=47.1 Hz, J,=3.9
Hz, 2H), 6.92 (d, J=9.0 Hz, 2H), 7.89 (d, J=9.3 Hz, 2H).
1-(4-(2-(2-Fluoroethoxy)ethoxy)phenyl)ethanone (9b). The re-
action described above to prepare 7h was used, and 9b was
obtained from 9a and DAST. '"H NMR (CDCl;) 8: 2.56 (s, 3H),
3.78 (t, J=3.3 Hz, 1H), 3.86—3.94 (m, 3H), 4.22 (t, /= 5.1 Hz,
2H),4.51 (t, J=3.0Hz, 1H), 4.67 (t, J=3.0.Hz, 1H), 6.96 (d, /=
8.7 Hz, 2H), 7.93 (d, J=8.7 Hz, 2H). EI-MS: m/z 226 (M™).
1-(4-(2-(2-(2-Fluoroethoxy)ethoxy)ethoxy)phenyl)ethanone
(9¢). The reaction described above to prepare 7c¢ was used, and
543 mg of 9¢ was obtained from 8c and DAST. 'H NMR
(CDCly) d: 2.56 (s, 3H), 3.69—3.81 (m, 6H), 390 (t, J =
4.5 Hz, 2H), 4.21 (t, /= 5.1 Hz, 2H), 4.49 (t, /= 4.2 Hz, 1H),
4.65(t,J=4.2Hz, 1H),6.95(d, /=9.3 Hz,2H), 7.92(d, /=9.0 Hz,
2H). EI-MS: m/z 270 (M ™).
(E)-1-(4-(2-Fluoroethoxy)phenyl)-3-(4-nitrophenyl)-2-propen-
1-one (10a). The reaction described above to prepare 5 was used,
and 856 mg of 10a was obtained in a yield of 56.6% from 9a and
4-nitrobenzaldehyde. '"H NMR (CDCl3) 6: 432 (d, t, J;, =
27.6 Hz, J,=4.2 Hz, 2H), 4.81 (d, t, J, =47.4 Hz, J, =4.2 Hz,
2H), 7.04 (d, /= 8.7 Hz, 2H), 7.65 (d, J = 15.6 Hz, 1H), 7.79
(d, /=8.7Hz, 2H), 7.82(d, J=12.6 Hz, 1H), 8.06 (d, J=9.0 Hz,
2H), 8.28 (d, /=8.7 Hz, 2H).
(E)-1-(4-(2-(Fluoroethoxy)ethoxy)phenyl)-3-(d-nitrophenyl)-
2-propen-1-one (10b). The reaction described above to prepare
5 was used, and 128 mg of 10b was obtained from 9b and
4-nitrobenzaldehyde. "H NMR (CDCl3) 8: 3.79 (t, J=4.2 Hz,
1H), 3.88—4.27 (m, 3H), 4.8 (t, / = 4.8 Hz, 2H), 4.53 (t, J =
4.2 Hz, 1H), 4.69 (t, J=4.2 Hz, |H), 7.03 (d, /= 8.7 Hz, 2H),
7.66 (d, J=15.6 Hz, 1H), 7.79 (d, J=9.0 Hz, 2H), 7.81 (d, J =
15.6 Hz, 1H), 8.05(d, /=8.7 Hz, 2H), 8.28 (d, /=9.0'Hz, 2H).
(E)-1-(4-(2~((Fluoroethoxy)ethoxy)ethoxy)phenyl)-3-(4-nitro-
phenyl)-2-propen-1-one (10c). The reaction described above to
prepare 5 was used, and 649 mg of 10¢ was obtained from 9¢. 'H
NMR (CDCls) 6: 3.71—3.82 (m, 6H), 3.92 (t, /= 4.5 Hz, 2H),
4.24(t,J=4.8Hz,2H),4.50 (t, /=4.2 Hz, 1H), 4.66 (t, J=4.5Hz,
1H), 7.03 (d, J = 9.3 Hz, 2H), 7.66 (d, J = 15.6 Hz, 1H), 7.79
(d, /=9.0Hz, 2H), 7.81 (d, J=15.6 Hz, 1H), 8.05(d, /=9.3 Hz,
2H), 8.28 (d, J=8.7 Hz, 2H).
(£)-3-(4-Aminophenyl)-1-(4-(2-fluoroethoxy)phenyl)-2-propen-
1-one (11a). A mixture of 10a (856 mg, 2.7 mmol), SnCl, (2.55 g,
13.5 mmol), and EtOH (10 mL) was stirred at 100 °C for 2 h. After
the mixture had cooled to room temperature, | M NaOH (10 mL)
was added. The mixture was then extracted with ethyl acetate
(10 mL). The organic phase was dried over Na,SO, and filtered.
The solvent was removed, and the residue was purified by silica gel
chromatography using chloroform as a mobile phase to give
333 mg of 11a (43.0%). '"H NMR (CDCly) é: 4.02 (s, broad,
2H),4.30 (d, t, J,=27.6 Hz, /,=4.2 Hz, 2H), 4.79 (d, t, J, = 47.4
Hz, J,=4.2 Hz, 2H), 6.68 (d, /=8.7 Hz, 2H), 7.00 (d, /= 8.7 Hz,
2H), 7.36 (d, J=15.3 Hz, 1H), 748 (d, /= 8.4 Hz, 2H), 7.75 (d, J=
153 Hz, IH), 8.03 (d, J = 6.9 Hz, 2H). EI-MS: m/z 285 (M™).
(E)-3-(4-Aminophenyl)-1-(4-(2-(fluoroethoxy)ethoxy)phenyl)-
2-propen-1-one (11b). The reaction described above to prepare
11a was used, and 85 mg of 11b was obtained from 10b. 'H
NMR (CDCl3) 6: 3.77—3.94 (m, 4H), 4.00 (s, broad, 2H), 4.23
(t, J=4.5 Hz, 2H), 4.53 (t, J=4.2 Hz, 1H), 4.69 (t, /=4.2 Hz,
1H), 6.68(d, /=8.4 Hz,2H), 6.99 (d, J=8.7 Hz,2H), 7.74 (d, J=
15.6 Hz, 1H), 7.48 (d, J=8.4 Hz, IH), 7.36 (d, /= 15.3 Hz, I H),
8.01 (d, /=9.0 Hz, 2H). EI-MS: m/z 329 (M™).
(£)-3-(4-Aminophenyl)-1-(4-(2-((fluoroethoxy)ethoxy)ethoxy)-
phenyl)-2-propen-1-one (11¢). The reaction described above to
prepare 11a was used, and 206 mg of 11¢ was obtained from 10c.
HNMR (CDCl3) 6: 3.70—3.83 (m, 6H), 3.89 (t, /=4.5 Hz, 2H),
4.12 (s, broad, 2H), 421 (t, J=4.8 Hz, 2H), 4.49 (t, /= 4.0 Hz,
1H), 4.65 (t, /=3.9 Hz, 1H), 6.67(d, J=8.7Hz, 2H), 6.98 (d, /=
8.7 Hz, 2H), 7.36 (d, /= 15.3 Hz, 1H), 747 (d, J= 8.4 Hz, 2H),
7.74 (d, /=159 Hz, 1H), 8.01 (d, J= 9.0 Hz, 2H). EI-MS: m/z
373 (M™).
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(E)-1-(4-(2-Fluoroethoxy)phenyl)-3-(4-(methylamino)phenyl)-
2-propen-1-one (12a). To a solution of 11a (290 mg, 1.02 mmol)
in DMSO (6 mL) were added CH;l (0.18 mL, 3.05 mmol) and
anhydrous K,CO; (691 mg, 5.08 mmol). The reaction mixture
was stirred at room temperature for 3 h and poured into water.
The mixture was extracted with ethyl acetate. The organic layers
were combined and dried over Na,SOy4. Evaporation of the
solvent afforded a residue, which was purified by silica gel
chromatography (hexane:ethyl acetate = 2:1) to give 90 mg of
12a (29.5%). '"H NMR (CDCly) 6: 2.89 (s, 3H), 4.23(d, t, J, =
219 Hz, J,=4.2Hz, 2H), 479 (d, t, J, =47.4 Hz, J, = 4.2 Hz,
2H), 6.59(d, J=8.7Hz, 2H), 6.99 (d, /=9.0 Hz, 2H), 7.34 (d, J=
153 Hz, 1H),7.51(d, J=8.4 Hz, 2H), 7.78 (d, J= 15.3 Hz, IH),
8.02 (d, /=9.3 Hz, 2H). EI-MS: m/z 299 (M ™).

(E)~1-(4-(2-(Fluoroethoxy)ethoxy)phenyl)-3-(4-(methylamino)-
phenyl)-2-propen-1-one (I12b). The reaction described above
to prepare 12a was used, and 22 mg of 12b was obtained from
11b. '"H NMR (CDCl;) 6: 2.90 (s, 3H), 3.78—3.95 (m, 4H), 3.99 (s,
broad, 1H), 4.23 (t, J=4.5Hz, 2H), 4.53 (t, J=4.5 Hz, 2H), 4.53
(t,/=4.2Hz, 1H),4.69 (t, J=4.2 Hz, 1H), 6.60 (d, J=8.7 Hz, 2H),
6.99 (d, J = 8.7 Hz, 2H), 7.35 (d, J = 15.3 Hz, 1H), 7.51
(d, J= 8.7 Hz, 2H), 7.77 (d, J = 15.3 Hz, 1H), 8.02 (d, J =
8.7 Hz, 2H). EI-MS: m/z 343 (M™).

(E)-1-(4-(2-((Fluoroethoxy)ethoxy)ethoxy)phenyl)-3-(4-(methy-
amino)phenyl)-2-propen-1-one (12¢). The reaction described above
to prepare 12a was used, and 53 mg of 12¢ was obtained from 11e.
"H NMR (CDCl;) 6: 2.89 (s, 3H), 3.69—3.83 (m, 6H), 3.90 (t, J=
4.8 Hz,2H),4.12(s, broad, 1H),4.22(t,J=5.1 Hz, 2H), 4.49(t, J=
4.2Hz, [H), 4.65 (t, J=4.1 Hz, IH), 6.60 (d, J=8.7 Hz, 2H), 6.98
(d, /=9.0Hz, 2H), 7.35 (d, /= 15.3 Hz, 1H), 7.51 (d, /=8.7 Hz,
2H), 7.76 (d, J = 15.3 Hz, 1H), 8.01 (d, /= 8.7 Hz, 2H). EI-MS:
mfz 387 (M™).

(E)-3-(4-Dimethylaminophenyl)-1-(4-fluorophenyl)-2-propen-
1-one (13). The reaction described above to prepare 5§ was used,
and 209 mg of 13 was obtained from 4-fluoroacetophenone and
4-dimethylbenzaldehyde. "H NMR (300 MHz, CDCl3) 6: 3.03
(s, 6H), 6.68 (d, J=8.7 Hz, 2H), 7.15 (t, J = 8.4 Hz, 2H), 7.30
(d,J=15.3Hz, IH),7.54(d,/=9.0Hz,2H), 7.78 (d, J=15.3 Hz,
1H), 8.02~-8.06 (m, 2H). EI-MS: m/z 269 (M ™).

(E)-1-(4-Fluorophenyl)-3-(4-nitrophenyl)-2-propen-1-one (14).
The reaction described above to prepare 5 was used, and 490 mg
of 14 was obtained from 4-fluoroacetophenone and 4-nitroben-
zaldehyde. 'H NMR (300 MHz, CDCl3) 6: 7.21 (t, J=8.7 Hz,
2H), 7.62 (d, J = 15.9 Hz, 1H), 7.80 (d, J = 8.7 Hz, 2H), 7.84
(d,/=15.9Hz, tH), 8.07—8.12 (m, 2H), 8.29 (d, J=8.7 Hz, 2H).
EI-MS: m/z 271 (M™).

(E)-3-(4-Aminophenyl)-1-(4-fluorophenyl)-2-propen-1-one (15).
The reaction described above to prepare 11(a—c) was used, and
150 mg of 15 was obtained from 14. '"H NMR (300 MHz,
CDCl3) o: 4.07 (s, broad, 2H), 6.67 (d, J = 8.7 Hz, 2H), 7.15
(t,J=8.7Hz,2H), 7.31 (d, J=15.6 Hz, 1H), 7.47 (d, /= 8.4 Hz,
2H), 7.75(d, J = 15.6 Hz, 1H), 8.03 (t, J= 8.7 Hz, 2H). EI-MS:
mfz 241 (M™).

(E)-1-(4-Fluorophenyl)-3-(4-methylaminophenyl)-2-propen-1-
one (16). The reaction described above to prepare 12(a—c¢) was
used, and 14 mg of 16 was obtained from 15, "H NMR (300 MHz,
CDCl3) 6: 2.90 (s, 3H), 4.20 (s, broad, 1H), 6.60 (d, J = 8.7 Hz,
2H), 7.17 (d, J = 8.7 Hz, 2H), 7.30 (d, J = 15.6 Hz, 1H), 7.50
(d,/=8.7Hz,2H), 7.78 (d, J=15.6 Hz, 1H), 8.04 (d, /=8.7 Hz,
2H). EI-MS: m/z 255 (M™).

(E)-2-(2-(2-(4-(3-(4-(Dimethylamino)phenyl)acryloyl)phenoxy)-
ethoxy)ethoxy)ethyl 4-methylbenzenesulfonate (17). To a solu-
tion of 6¢ (108 mg, 0.27 mmol) in pyridine (3 mL) was added
tosyl chloride (343.8 mg, 0.621 mmol). The reaction mixture was
stirred for 3 h at room temperature. After water was added, the
mixture was extracted with ethyl acetate. The organic layer was
dried over Na,SQOy, and evaporation of the solvent afforded a
residue, which was purified by preparative TLC (hexane:ethyl
acetate = 1:1) to give 44 mg of 17 (29.4%). '"H NMR (300 MHz,
CDCly) é: 2.43 (s, 3H), 3.04 (s, 6H), 3.62—3.72 (m, 6H),
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3.85—3.87 (n, 2H), 4.15—4.18 (m, 4H), 6.70 (d, J=8.7 Hz, 2H),
6.98 (d, /=9.0 Hz, 2H), 7.31-7.35 (m, 2H), 7.37 (d, J=9.0 Hz,
1H), 7.55(d, J=8.7 Hz, 2H), 7.80 (t, J=8.7 Hz, 3H), 8.02(d, /=
9.0 Hz, 2H). EI-MS m/z 553 (M™)

Radiolabeling. Procedure for Labeling of 7a, 7b, 7¢, and 13
with 1'C. ''C was produced via a MN(p,0)!'C reaction with 16
MeV protons on a target of nitrogen gas with an ultracompact
cyclotron SCYPRIS model 325R; Sumitomo Heavy Industry
Ltd.) The 'CO, produced was transported to an automated
system for the synthesis of HUC-methyl iodide (CUPID C-100;
Sumitomo Heavy Industry Ltd.) and converted sequentially to
[''C]MeOTf by the previously described method of Jewett.>?
{''C]Chalcones were produced by reacting [M'CIMeOTS with
the normethyl precursor, 7a, 7b, 7¢, and 13, (0.5 mg) in 500 uL
of methyl ethyl ketone (MEK). After the complete transfer of
{''CJMeOTH, !'C-methylation was carried out for S min and
the reaction solvent was then dried with a stream of nitrogen
gas. The residue taken up in 200 uL of acetonitrile was purified
by a reverse phase HPLC system (a Shimadzu LC-6A isocratic
pump, a Shimadzu SPD-6A UV detector, and a Aloka NDW-
351D scintillation detector) on a Cosmosil Cig column
(Nakalai Tesque, 5C;s-AR-II, 10 mm x 250 mm) with an
isocratic solvent of acetonitrile/water (55/45) at a flow rate of
6.0 mL/min. The desired fraction was collected in a flask
and evaporated dry. The radiochemical yield, purity, and
specific activity of [''Clchalcones were further confirmed by
analytical reverse phase HPLC on a 5C;3-AR-300 column
(Nakalai Tesque, 4.6 mm x 150 mm, acetonitrile/water (60/
40), 1.0 mL/min).

Procedure for Labeling 7c with '®F, ['®F]Fluoride was pro-
duced by the JSW typeBC3015 cyclotron via an B0(p,n)'*F
reaction and passed through a Sep-Pak Light QMA cartridge
(Waters) as an aqueous solution in 80-enriched water. The
cartridge was dried by airflow, and the BF activity was eluted
with 0.5 mL of a Kryptofix 222/K,CO; solution (11 mg of
Kryptofix 222 and 2.6 mg of K,COj; in acetonitrile/water (86/
14)). The solvent was removed at 120 °C under a stream of
argon gas. The residue was azeotropically dried with 1 mL
of anhydrous acetonitrile twice at 120 °C under a stream of
nitrogen gas and dissolved in DMSO (1 mL). A solution of
tosylate precursor 17 (1.0 mg) in DMSO (1 mL) was added to
the reaction vessel containing the 'SF activity in DMSO. The
mixture was heated at 160 °C for 5 min. Water (5 mL) was
added, and the mixture was passed through a preconditioned
Oasis HLB cartridge (3 cm®) (Waters). The cartridge was
washed with 10 mL of water, and the labeled compound was
eluted with 2 mL of acetonitrile. The eluted compound
was purified by preparative HPLC [YMC-Pack Pro Cyy
column (20 mm x 150 mm), acetonitrile/water (75/25), flow
rate 9.0 mL/min]. The retention time of the major byproduct of
hgydrolysis (tg = 2.7 min) was well-resolved from the desired
BF_labeled product (g = 10.7 min). The radiochemical purity
and specific activity were determined by analytical HPLC
[YMC-Pack Pro C;g column (4.6 mm x 150 mm), acetoni-
trile/water (60/40), flow rate 1.0 mL/min], and ["*F]7c was
obtained in a radiochemical purity of >99% with the specific
activity of 35 GBq/mmol. Specific activity was estimated by
comparing the UV peak intensity of the purified '8F-labeled
compound with a reference nonradioactive compound of
known concentration.

Binding Assays Using the Aggregated Af peptides in Solution.
AB(1—42) was purchased from Peptide Institute (Osaka,
Japan). Aggregation was carried out by gently dissolving the
peptide (0.25 mg/mL) in a buffer solution (pH 7.4) containing
10 mM sodium phosphate and I mM EDTA. The solution was
incubated at 37 °C for 42 h with gentle and constant shaking.
Binding exgeriments were carried out as described pre-
viously.'® [?*I]DMIC with 2200 Ci/mmol of specific activity
and radiochemical purity greater than 95% was prepared
using the standard iododestannylation reaction. A mixture
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containing 50 uL of test comgound (0.2 pM-400 uM in 10%
EtOH), 50 uL of 0.02 nM ['**IIDMIC, 50 uL of AB(1—42)
aggregates, and 850 uL of 10% EtOH was incubated at room
temperature for 3 h. The mixture was then filtered through
Whatman GF/B filters using a Brandel M-24 cell harvester,
and the radioactivity of the filters containing the bound 1251
ligand was measured in a y counter. Values for the half-
maximal inhibitory concentration (ICso) were determined
from displacement curves of three independent experiments
using GraphPad Prism 4.0, and those for the inhibition con-
stant (K;) were calculated using the Cheng~Prusoff equation:
Ki) = ICso/(1 + [L}/Kq4), where [L] is the concentration of
[**IIDMIC used in the assay and Ky is the dissociation
constant of DMIC (4.2 nM).'"> DMIC and IMPY used as test
compounds for the inhibition assay were synthesized as
reported previously. !>

Biodistribution in Normal Mice. Experiments with animals
were conducted in accordance with our institutional guidelines
and approved by the Nagasaki University Animal Care Com-
mittee and the Kyoto University Animal Care Committee.
A 100 uL amount of a saline solution containing the radiolabel-
ed agent (3.7 MBq), EtOH (10%), and ascorbic acid (1 mg/mL)
was injected directly into the tail vein of ddY mice (5-week-old,
2225 g). Groups of five mice were sacrificed at various post-
injection time points. The organs of interest were removed and
weighed, and the radioactivity was measured with an automatic
y counter (COBRAII, Packard).

Staining of A Plaques in Brain Sections of Tg2576 Transgenic
Mice. The Tg2576 transgenic mice (female, 20-month-old)
and wild-type (female, 20-month-old) mice were used as an
Alzheimer’s model and an age-matched control, respectively.
After the mice were sacrificed by decapitation, the brains were
immediately removed and frozen in powdered dry ice. The
frozen blocks were sliced into serial sections 10 g#m thick. Each
slide was incubated with a 50% EtOH solution (100 uM) of
compound 7Te for 10 min. The sections were washed with 50%
EtOH for 3 min two times. After drying, the sections were then
examined using a microscope (Nikon, Eclipse 80i) equipped
with a B-2A filter set (excitation, 450—490 nm; diachronic
mirror, 505 nm; long-pass filter, 520 nm). Thereafter, the serial
sections were also immunostained with 3,3'-diaminobenzidine
(DAB) as a chromogen using monoclonal antibodies against
AP (amyloid S-protein immunohistostain kit, WAKO).

In Vitro Autoradiography Using Human AD Brains. Postmor-
tem brain tissues from an autopsy-confirmed case of AD (73-
year-old male) were obtained from BioChain Institute Inc. The
presence and localization of plaques on the sections were con-
firmed with immunohistochemical staining using a monoclonal
Af antibody as described above. The sections were incubated
with ['®F}7c (54 #Cij200 uL) for 1 h at room temperature. They
were then washed in 50% EtOH (two | min wash), before being
rinsed with water for 30 s. After drying, the *F-labeled sections
were exposed to a BAS imaging plate (Fuji Film, Tokyo, Japan)
for 6 h. Ex vivo autoradiographic images were obtained using a
BASS5000 scanner system (Fuji Film). After autoradiographic
examination, the same sections were stained by thioflavin-S to
confirm the presence of Af plaques. For the staining of thioflavin-
S, sections were immersed in a 0.125% thioflavin-S solution
containing 50% EtOH for 3 min and washed in 50% EtOH. After
drying, the sections were then examined using a microscope
(Nikon, Eclipse 80i) equipped with a B-2A filter set (excitation,
450—490 nm; diachronic mirror, 505 nm; long-pass filter, 520 nm).
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Molecular imaging by PET/SPECT with radiopharmaceuticals enables noninvasively quantitative evaluation of
physiological function, gene expression, pharmacokinetics of proteins and peptides and distribution of receptors with
high sensitivity. Together with recent development of imaging equipments, molecular imaging by PET/SPECT is ex-
pected to contribute to elucidation of physiological and pathological functions, medical sciences and clinical diagnoses.
Molecular imaging with radiopharmaceuticals started from diagnosis of cancer with !8F-2-fluoro-2-deoxyglucose ([¥¢F]
FDG) . Currently, ['8F] FDG is commonly used in the field of clinical diagnosis, because it can provide qualitative infor-
mation on malignancy and metastasis of tumor. Since its achievement, much effort has been devoted to the development
of radiopharmaceuticals that bind or interact with the in vivo biomarkers. For example, a number of radiopharmaceuti-
cals based on proteins and peptides with high binding affinities to various biomarkers have been applied for the diagnosis
of tumor, arteriosclerosis, thrombus and so on. Furthermore, Alzheimer’s disease is also a major target for diagnosis by
PET/SPECT imaging. The development of low-molecular-weight radiolabeled probes for the quantitation of f-amyloid
plaques and neurofibrillary tangles in Alzheimer’s brains is a topic of current PET/SPECT imaging studies. Here, some
recent progress and development of radiopharmaceuticals for PET/SPECT imaging will be reviewed.

Key words——molecular imaging; radiopharmaceutical; tumor; positron emission tomography (PET); single photon

emission computed tomography (SPECT); f-amyloid
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T [BFIFDGE, MoV a— 2@ %2 KL
THD, BREICHERENTIERNI L, MADEET
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FlEzHLTHD, BE, [SFIFDG L0 EESGR
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%, INETIT, [BFIFDG LSz H, %< D PET/
SPECT HEB S F1 A= 770 -7 N#E
Table 1. Radioisotopes Used for PET/SPECT Imaging ENTHBD, 2BHEICKHENS (Table2), 1D
- A ﬁ%ﬁ &, BEMETIE L AR ER Lo —
3 R IIF— - - s~ g - X
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9Ga 78.3h 93, 185, 300 F=2ADAA=D 2 TH]L O BEMIICE < R
#nTe 6.01h 141 LIEYR MRS F LTy =BT L, L
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Fig. 1. Mechanism of Cellular Uptake of [BF]FDG
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Table 2. Tumor Imaging Probes for PET/SPECT
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67Ga, 9nTg, 1tlp -

Fig. 2. Bifuctional Chelating Agents to Label Proteins and
Peptides with Metal Radioiosotopes

BRIEG ZUNVHE - RTFREEBLEITHES
Uizni=s, TEREMERSHEER ORI, F—
DFRICY ONIHE - RTF REDHEETMEBR
RI EDF L — MERIMBO & &2 D, “EREME
FL— bAENBETH D (Fig. 2).

bihbhid, BEOAA—Y 7 2HNE L
JEIEHIE Fab 7 527 A > b @ P Te ik % fE &Y
% 7= 12, 6-hydrazinonicotinamide-3-carboxylic acid
(HYNIO) 2 —EhetEF L — Fl¥E & UTER L .
HYNIC 3, hydrazinopyridine %3 L — NE{7, 7
WIRVBEFERT ST AL DU D URELORS
ETHEEHTHD, MR TFELT, P>
ERVAINVEY P (BP) 2AWT, ik Fab
TS5 Ak nTe TR Lz, P Tc- (HYNIC-
Fab) (tricine) (BP) Z{ERL, MWEBEBHE< T AZH
WakRat 2o 7 (Fig. 3). “"Tc # Fab 7 57
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99mTc-(HYNIC-Fab)(tricine)(BP)

CEBHN- C@’
HYNIC
Nude Mouse

{2 wks post KT005) 3h

Tumor Model..

(o]
/ C
3-benzoylpyridine (BP)

Osteogenic sarcoma KT 005, Fab .................. OST7

Fig. 3. Tumor Imaging in a Model Mouse with **»Tc- (HYNIC-Fab) (tricine) (BP)
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Fab Fragment of a Monoclonal Antibody Carboxypeptidase M-sensitive Bond

against Osteogenic Sarcoma (OS77)

Fig. 4. Brush Border Strategy to Reduce Radioactivity Level in the Kidney
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&, RIEF#FAT ST A MaEEKIHEEL, &
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Fig. 5. Chemical Structures of S-Amyloid Imaging Probes Tested Clinically
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Fig. 6. ["'"C]PIB-PET in Healty Controls and Alzheimer’s
Disease (AD) Patients!®
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Fig. 7. Ex vivo Autoradiography of ["'C]HMBZF Using AD
Model Mice (A), Thioflavin S Staining in the Same Brain
Section (B)
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A=y Fn—7& L TOFME{T> /= (Fig.
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Fig. 8. Novel Pharmocophores for f-amyloid Imaging agents
(A): flavone, (B): styrylchromone, (C): chalcone, (D): aurone.
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Fig. 9. Fluorescent Labeling of the Aurone Derivative after Injection into AD Model Mice (A), Immunohistologocal Staining with

Anti f-Amyloid Antibodies in the Same Brain Section (B)
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Currently, the development of radiotracers for in vivo imaging of f-amyloid plaques in Alzheimer’s disease
(AD) brains is an important, active area of molecular imaging. Postmortem brains of AD patients reveal neu-
ropathologic features: the presence of S-amyloid plaques and neurofibrillary tangles, which contain f-amyloid
peptides and highly phosphorylated tau proteins. Increases in the concentration of B-amyloid in the course of the
disease lead to changes in AD brains, Thus, when used in combination with positron-emission tomography/sin-
gle-photon emission computed tomography (PET/SPECT), B-amyloid imaging agents could serve as surrogate
markers for the early diagnosis and neuropathogenetic studies of AD. Furthermore, quantitative evaluation of -
amyloid plaques in the brain could facilitate the evaluation of the efficacy of antiamyloid therapies that are cur-
rently being investigated. This paper reviews our research on the development of PET/SPECT imaging agents for
in vivo detection of S-amyloid plaques in Alzheimer’s brains.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
of the brain associated with irreversible cognitive decline,
memory impairment, and behavioral changes. Postmortem
brains of AD patients reveal neuropathologic features: the
presence of senile plaques (SPs) and neurofibrillary tangles
(NFTs), which contain B-amyloid (Af) peptides and highly
phosphorylated tau proteins.® Although the precise mecha-
nism of neuronal death in AD is still unknown, it is widely
accepted that SPs and NFTs play a central role in its develop-
ment. Currently, the only definitive confirmation of AD is by
postmortem histopathologic examination of A deposits in
the brain. Therefore Aff plaques in the brain may be useful as
a biomarker for the differential diagnosis of AD, and the de-
tection of individual A f plaques in vivo by positron-emission
tomography (PET) or single-photon emission computed to-
mography (SPECT) should improve diagnosis and also accel-
erate discovery of effective therapeutic agents for AD.>¥
A number of groups have worked to develop PET/SPECT
imaging probes including [''C]-2-4'-(methylaminophenyl)-6-
hydroxybenzothiazole  ([''CIPIB),>™®  [!!C]-4-N-methyl-
amino-4’-hydroxystilbene  ([''C]SB-13),>'9  ["®F]-4-(N-
methylamino)-4'-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)-
stilbene  (["*F]BAY94-9172),'"12  [''C]-2-(2-(2-dimethyl-
aminothiazol-5-yl)ethenyl)-6-(2-(fluoro)ethoxy)benzoxazole
(["'CIBF-227),"  ["®F]-2-(1-(2-(N-(2-fluoroethy)-N-methyl-
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amino)naphthalene-6-yl)ethylidene)malononitrile ([!*F]-
FDDNP),"*™'? and ['*[]-6-i0do-2-(4'-dimethylamino)phenyl-
imidazo[1,2-aJpyridine (['*IIIMPY)'®*~2 (Fig. 1). This
paper reviews research on the development of PET/SPECT
imaging agents for the in vivo detection of Af plaques in
Alzheimer’s brains.

PET Probes for Imaging of Af Plaques Derived from Stil-
bene and Benzofuran

As part of efforts to develop ''C-labeled tracers for PET
imaging of Af3 plaques in AD, we have evaluated a series of
simple molecular probes. The minimum requirements for a
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Fig. 1. Chemical Structure of A} Imaging Probes Clinically Tested
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Table 1. Inhibition Constants of Stilbene Derivatives on ['*I]TZDM
Binding to Af(1—40) Aggregates

Compound R, R, K, (nm)”
1 NO, OCH, 151%30
2 NH, OCH, 36+5
3 NHCH, OCH, 12205
4 NHCH, OH 6.0+1.5
5 N(CH;), OCH, 1.3+04
6 N(CH,), OH 22*0.6

a) Values are means*S.E. of three independent experiments.

successful AB-plaque-specific imaging agent include: small,
neutral molecules; sufficient but moderate lipophilicity, good
brain penetration; and low nonspecific binding in regions of
the brain with no Af plaques. To meet the challenges of de-
signing such molecules, we have investigated several series
of core structures. One of them is a stilbene derivative, which
is relatively simple and readily amenable to structural modifi-
cation. A previous report suggested that the binding affinity
to A aggregates is associated with the essential substitution
groups at the 4- and 4’-positions of the two phenol rings on
the stilbene.?? To balance the need to preserve the binding
affinity and provide compounds with moderate lipophilicity,
we have studied a series of simple stilbenes with 4-amino
and 4’-hydroxy substitution groups (Table 1).

An in vitro binding assay using preformed AB(1—40) ag-
gregates demonstrated that substituted stilbenes (1—6) com-
peted with ['*I]TZDM, binding to Af(1—40) aggregates
with excellent binding affinities. Among the stilbenes evalu-
ated, it is evident that N-mono-methylated (3, 4) or N,N-
dimethylated (5, 6) derivatives displayed higher binding af-
finities (K;=1—6nm). We are interested in selecting a com-
pound with moderate lipophilicity and high binding affinity.
To fulfill the need for opposing molecular properties, com-
pound 4, (K;=6nm) was selected as a compromise choice for
''C labeling and further testing (Table 1).

In vitro autoradiography was performed by incubating
[''C]4 with brain sections from control and double-mutation
mice (TgCRDNS).2?¥ Using brain sections from these mice,
Ap plaque labeling by [''C]4 was tested. The labeled stilbene
derivative, [''C]4, showed an excellent binding to plaques in
the mutant mouse brain sections, while only minimal label-
ing in control sections was observed (Fig. 2).

To examine the in vivo brain penetration, normal rats were
injected with [''C]4, and cortex and cerebellar regional brain
tissue uptakes were determined at different time points
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Fig. 2. In Vitro Autoradiographic Detection of Af Plaques with [''C]4 in
TgCRNDS8 Mouse Brain Sections

Clear differences between histochemically characterized Tg AfB(+) (left panel) and
Tg Af(—) (right panel) brains are readily observable.

Table 2. Biodistribution of [''C}4 in Normal Rats after Intravenous Injec-
tion (% ID/g)”

Time (min) Cortex Cerebellum Blood
2 1.15+0.08 1.15+0.08 0.61£0.07
15 0.74%+0.05 0.71+0.01 0.39+0.01
30 0.42:+0.03 0.41%+0.02 0.29+0.01
60 0.30x0.03 031%0.01 0.24x0.02

a) Expressed as % injected dose per gram. Each value represents the mean®8.D. for

3 animals at each interval.
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Fig. 3. Chemical Structure of Benzofuran Derivatives

Compounds here include the following: R,=OCH,, OH; R,=NH, NHCH,,
N(CH;),.

(Table 2). The initial brain uptake in the rat cortex was rela-
tively high (1.15% dose/g, 2 min after intravenous (i.v.) injec-
tion), whereas the retention of [''C]4 in the brain was low
(0.3% dose/g, 60min after i.v. injection). A rapid washout
rate suggests that the compound has low nonspecific binding
in the brain, a highly desirable property for an Af imaging
probe. Taken together, the data strongly suggest that the new
1C-labeled stilbene compound, [''C]4, may be a useful PET
tracegr for imaging Af plaques in the brain of patients with
AD.”

In an attempt to develop more useful Af-specific imaging
agents, we investigated a novel series of benzofuran deriva-
tives, designed to be isosteric analogues of thioflavin-T
(ThT) (Fig. 3).2 We reported previously that iodinated ben-
zofuran derivatives displayed excellent binding affinities for
AP(1—40) aggregates (K;=0.4—9.0nM) and good brain
penetration (>>1.1% injected dose (ID) after i.v. injection in
normal mice). However, the in vivo nonspecific binding of
these probes, as reflected by their slow washout from the
normal mouse brain, made them unsuitable for in vivo Af
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plaque imaging.?® These previous findings suggested that ad-
ditional structural changes to these benzofurans may lead to
the development of useful amyloid-specific imaging agents.
Then, we designed and synthesized a new series of benzo-
furan derivatives (7—12) with low lipophilicity. An in vitro
binding assay using AD brain homogenates demonstrated
that substituted benzofuran derivatives competed with
['®I]IMPY binding to Af plaques with excellent binding
affinities (Table 3). Comparing compounds 7, 9, and 11 with
compounds 8, 10, and 12, substitutions of the methoxy group
at the 5-position with the hydroxy group resulted in only
small changes in binding affinity. Compounds 9 and 10 with
a monomethylaminophenyl moiety on the phenylbenzofuran
molecule displayed slightly lower lipophilicity (higher bind-
ing affinity) as compared with compounds 7 and 8 with the
aminophenyl moiety or compounds 11 and 12 with the di-
methylaminophenyl moiety. However, all of the benzofuran
derivatives evaluated maintained good binding affinity in the
nanomolar range of K, values. The results of the binding
study strongly support our previous report that benzofuran
derivatives have considerable tolerance for structural modifi-
cation.”® Some reports showed that preserving the binding
affinity for A plaques and providing compounds with mod-
erate lipophilicity are prerequisites for successful Af imag-
ing agents. Thus we selected compound 10, with moderate
lipophilicity and the highest binding affinity for Af plaques
in AD brain homogenates, for “C—labeling and additional
studies.

Next, compound 10 was investigated for its neuropatho-
logic staining of SPs in human AD brain sections (Fig. 4).
Compound 10 stained neuritic plaques, as well as cerebrovas-
cular amyloid (Fig. 4, panels A and B). Since it is commonly
assumed that neuritic plaques are formed even in very mild
AD cases, and that the density of the neuritic plaques is asso-
ciated with the severity of dementia and the number of neu-
rons,””?*® clear staining of AB plaques with compound 10
demonstrates that it is a promising compound and deserves

Table 3. Inhibition Constants of Benzofuran Derivatives Using ['*IJIMPY
as the Ligand in AD Brain Gray Matter Homogenates
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further investigation as a potential tool for early diagnosis.
Furthermore, compound 10 also displayed high binding
affinity for NFTs in AD brain sections (Fig. 4C). A previous
study reported that a marked increase in the amount of NFT
accumulation in the hippocampus and entorhinal cortex was
observed in the preclinical AD stage.”” Because compound
10 intensely stained NFTs in human AD brain sections, it
could detect increased NFT accumulation in the hippocam-
pus and entorhinal cortex of the AD brain. These findings
from the neuropathologic staining of human AD brain sec-
tions suggest that compound 10 can bind to A plaques and
NFTs with almost the same pattern of FDDNP'¥ or X-34%9
previously reported, and quantitative evaluation of radiola-
beled compound 10 in the brain may provide useful informa-
tion on Af and tau pathology.

To predict the permeability of the blood-brain barrier
(BBB), a 1-octanol/phosphate buffer (pH 7.4) partition coef-
ficient of [''C]10 was examined. The logP value of [''C]10
was 2.36 at pH 7.4. Previous studies suggested that the opti-
mal lipophilicity range for brain entry is observed for com-
pounds with logP values between 1 and 3.3 Below that
range, passive diffusion through the BBB is poor; above that
range, binding of any radiotracers to blood components (e.g.,
red blood cells and albumin) is so great as to limit the
amount available for brain entry. Since this ligand displayed
moderate lipophilicity for BBB penetration, it was expected
to show adequate brain uptake to detect Af plaques follow-
ing systemic injection.

A biodistribution study in normal mice after intravenous
injection showed that [''C]10 exhibited excellent brain up-
take (4.8% ID/g of the brain at 2 min) and rapid washout (0.4
and 0.2%1D/g of the brain at 30 and 60 min, respectively),
while the blood levels were relatively low at all time points
measured (Table 4).

[''CIPIB is currently the most widely utilized for detecting
Ap plaques in AD patients.**>** More recently, it has been
reported that [''C}4 ([''C]SB-13) also showed performance

Table 4. Biodistribution of Radioactivity after Intravenous Injection of
["'C]10 in Mice™

Compound K; (nm)? Time (min) Brain Blood
7 2.3%0.1 2 4.78 (1.10) 3.86 (0.36)
8 11.5+2.5 5 2.80 (0.63) 4.04 (1.14)
9 1.3x0.2 15 0.80 (0.31) 2.49 (0.67)
10 0.7+0.2 30 0.35 (0.08) 1.32 (0.41)
i1 12.0x2.0 60 0.19 (0.04) 1.17 (0.14)
12 2.8+0.5

a) Values are means*+S.E. of three independent experiments.

a) Expressed as % injected dose per gram. Each value represents the mean=S.D. for
4 animals at each interval.

Fig. 4. Neuropathological Staining of Compound 16 on 5 gm AD Brain Sections from the Temporal Cortex
(A) AP plaques are clearly stained with compound 10 (X40 magnification). (B) Many cerebrovascular amyloids are intensely stained with compound 10 (X40 magnification).

(C) Compound 10 also stained neurofibrillary tangles (NFTs) (X 40 magnification).



1032

similar to that of the more established tracer, [''C]PIB.'?
Both tracers display appropriate properties for Af3 imaging
agents: high binding affinity for Af plaques with K| values of
4.3 and 6.0 nu for PIB and SB-13, respectively, in the in vitro
binding assay; and high brain uptake and rapid clearance
from the normal brain in animal studies. [''C]PIB entered the
brain rapidly (7.0% ID/g at 2 min after i.v. injection in mice)
and cleared rapidly from normal mice brains (0.6% ID/g at
30 min after i.v. injection in mice). Since the ratio of 2—30-
min mouse brain uptake after intravenous injection of
[''C]10 was 0.07, which is comparable to that of [''C]PIB,
[''C]10 is also expected to have suitable in vivo pharmaco-
kinetic properties for A imaging in AD patients, similar to
[''C]PIB.

To confirm the in vivo labeling of A plaques in the living
mouse brain, we evaluated [''C]10 using a model mouse of
AD, Tg2576 mice, which are specifically engineered to over-
produce A plaques in the brain. Autoradiographic images
of Tg2576 mouse brain at 30 min after injection of ["'ciio
showed high radioactivity accumulation in the cerebral cor-
tex and hippocampus (Fig. SA). In contrast, wild-type mouse
brain displayed no marked accumulation of [''C]10 in the
brain (Fig. 5A). Furthermore, we confirmed that the hot spots
of [''C]10 in Tg2576 brains corresponded with those of in
vitro thioflavin-S (ThS) staining in the same brain section
(Fig. 5, panels B and C). The specific in vivo labeling of A8
plaques demonstrates the feasibility of using it as an in vivo
PET imaging agent for detecting A3 plaques in the brains of
AD patients.

SPECT Probes for Imaging of A8 Plaques Derived from
Flavonoid Compounds

Flavone-Based Af Imaging Probes It is well known
that PET provides better functional information with higher
resolution and greater sensitivity than SPECT. However,
since SPECT imaging is more practical as a routine clinical
diagnostic procedure, the development of Af imaging agents
for SPECT has been highly anticipated. In an attempt to de-
velop '?I tracers for SPECT imaging, many radioiodinated
probes based on various core structures have been studied.
Among the radioiodinated ligands, ['ZI]IMPY (Fig. 1) has
been characterized as a potential SPECT imaging agent for
AP plaques.’®'” IMPY displayed selective Af plaque label-
ing in ex vivo autoradiography using double-transgenic mice
(PSAPP) as a model of AD2” In addition, 2-(3'-iodo-4'-
aminophenyl)-6-hydroxybenzothiazole (6-OH-BTA-O-3'-)
also showed desirable in vitro and in vivo properties.*” How-
ever, clinically useful SPECT imaging agents have not been
reported in humans.

Recently, the effects of polyhydroxyflavones on the forma-
tion, extension, and destabilization of A} aggregates have
been studied in vitro.>> These flavones dose dependently in-
hibited the formation of AJ3 aggregates, as well as destabiliz-
ing preformed Af} aggregates, indicating that they could in-
teract directly with A3 aggregates. The findings in that previ-
ous report prompted us to apply flavones as a novel core
structure of Af imaging agents. Furthermore, some recent
studies have shown that electron-donating groups such as
methylamino, dimethylamino, methoxy, and hydroxy groups
play a critical role in the binding affinity to Af aggre-
gates, 519722636 With these considerations in mind, we de-
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Fig. 5. Ex Vivo Plaque Labeling in Brain Sections from an APP Trans-
genic Mouse (A, B) and a Wild Type Mouse with ["Cl10 (A)

Amyloid plaques were confirmed by in vitro staining of the same section with
thioflavin-S (C). Arrows show amyloid plaques labeled by both {"'C]10 and thioflavin-
S.

o
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Fig. 6. Chemical Structure of Radioiodinated Flavone Derivatives

Compounds reported here include the following: R=NHMe (13), NMe, (14), OMe
(15), OH (16).

R

signed four radioiodinated flavones with a radioiodine at the
6-position and an electron-donating group at the 4’-position
(Fig. 6). Then we synthesized a series of flavone derivatives
and evaluated their usefulness as in vivo SPECT Af} imaging
agents.?” 4

Binding studies of ['*I]14 to aggregates of AS(1—
40) and Af(1—42) were carried out. Transformation of the
saturation binding of ['*1]14 to Scatchard plots gave linear
plots, suggesting one binding site. ['**I]14 showed excellent
binding affinity for both AS(1—40) (K;=12.4+2.3 nm) and
AP(1—42) (K,;=17.4x5.7nm) aggregates (Fig. 7). Binding
affinities of nonradioactive flavone derivatives (compounds
13, 14, 15, 16) were evaluated in inhibition studies against
['*1]14 binding on AB(1—40) and AP(1—42) aggregates.
As shown in Table 5, all flavone derivatives competed well
with ['°I]14 binding on Af(1-—40) and AB(1—42) aggre-
gates. The K; values estimated for 13, 14, 15, and 16 were 23,
13, 29, and 73 nm for Af(1—40) aggregates and 30, 16, 38,
and 77 nm for AB(1—42) aggregates, respectively. These K;
values suggest that the new series of flavones have high bind-
ing affinity for AB(1-—40) and AB(1-—42) aggregates in the
following order: 14>13>15>16. No marked difference be-
tween Af(1—40) and AS(1-—42) aggregates was observed
in the K, values. It is especially noteworthy that compounds
13, 14, 15, and 16 bound not only A(1—40) aggregates but
also AP(1—42) aggregates, as we aim to develop novel
probes that can detect diffuse plaque deposits mainly com-
posed of AP(1—42). More interestingly, when ThT and
Congo Red (CR) were evaluated for their competition against
['*1]14 binding on AB(1—40) and Af(1—42) aggregates,
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Fig. 7. Scatchard Plots of ['*I]14 Binding to Aggregates of AB(1—40)
and Af(1—42)

['®1]14 displayed one-site binding. High-affinity binding with K, values in a
nanomolar range was obtained (K;=12.3 and 17.6nm for AB(1—40) and AP(1—42)
aggregates, respectively).
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high K; values (>1000 nm) were observed (Table 5), indicat-
ing poor binding competition. This finding suggests that
these flavones may have a binding site on A aggregates dif-
ferent from that of ThT and CR, although additional studies
regarding the selectivity of binding affinity for A aggre-
gates are required.

Since the in vitro binding assays demonstrated the high
binding affinity of the flavone derivatives for Af(1—40) and
AB(1—42) aggregates, compounds 13, 14, 15, and 16 were
investigated for their neuropathologic staining of Af plaques
and NFTs in human AD brain sections (Fig. 8). Compounds
13, 14, 15, and 16 intensely stained Af plaques (Figs. 8A, E,
I, M), neuritic plaques (Figs. 8B, F, J, N), and cerebrovascular
amyloids (Figs. 8C, G, K, O) with nearly the same staining
pattern. However, as seen in Figs. 8A, E, I, and M, these
flavone compounds did not intensely stain the core region in
so-called classic amyloid plaques, unlike the ThT and CR de-
rivatives previously reported as A imaging probes, indicat-
ing that flavone derivatives may have somewhat distinct bind-
ing characteristics for amyloid fibrils. The binding character-
istics of the flavone derivatives for A plaques in human AD

Table 5. Inhibition Constants (K;, nm) of Compounds on Ligand Binding
to Aggregates of AfS(1-—40) and AS(1-—42)

Compound AP(1—40) AP(1—42)
13 22.6+3.4 30.0+34
14 13.2+0.2 15,624
15 29.0+3.2 38.3%8.1
16 72.5+8.2 77.2+9.2
ThT >1000 >1000
CR >1000 >1000

Fig. 8. Neuropathological Staining of Compounds 13 (A,E,I,M), 14 (B,E J,N), 15 (C,G,K,0) and 16 (D, H,L,P) on 5 um AD Brain Sections from the

Temporal Cortex

(A) AP plaques (A—D) are clearly stained with compounds 13, 14, 15 and 16 (X40 magnification). Clear staining of neuritic plaques (E—H) and cerebrovascular amyloid (I—
L) was also obtained. Many NFTs (M—P) are intensely stained with compounds 13, 14, 15 and 16 (X40 magnification).
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sections may be relevant to the phenomenon observed in the
in vitro binding assay: they may occupy a binding site on Af
aggregates different from that of ThT and CR. Such a bind-
ing characteristic of the present flavone derivatives is thought
to be related to the recent finding that a similar compound
with a flavone backbone structure has binding affinity with
amyloid fibrils and the APP sequence.*® However, this issue
regarding the binding property of flavone derivatives remains
unresolved. These flavone derivatives appear to stain not only
neuritic amyloid plague but also diffuse amyloid plaque de-
posits, which are known to be mainly composed of AB(1—
42)* and to be the initial pathologic change in AD.*” Thus
flavone derivatives with high binding affinity for Af(1—42)-
positive diffuse plaques may be more useful for presympto-
matic detection of AD pathology. Furthermore, compounds
13, 14, 15, and 16 also showed high binding affinity for
NFTs in AD brain sections (Figs. 8D, H, L, P). These find-
ings suggest that the flavone derivatives 13, 14, 15, and 16
can bind amyloid fibrils and NFTs without the backbone
structure of ThT or CR and that quantitative evaluation of
their cerebral localization may provide useful information on
A and tau pathology.

Four radioiodinated flavone ligands (['*1]13, ['*’1]14,
['%°1]15, and ['*°I]16) were evaluated for their in vivo biodis-
tribution in normal mice. All four ligands examined in this
study displayed optimal lipophilicity as reflected by their
logP values of 1.94, 2.69, 2.41, and 1.92 for ["*1]13,
['®1]14, ['*1]15, and ['*1]16, respectively. As expected,
these ligands displayed high brain uptakes ranging from 3.2
to 4.1% ID/g brain at 2 min postinjection, indicating a level
sufficient for brain imaging probes (Table 6). In addition,
they displayed good clearance from the normal brain with
1.2, 1.0, 0.17, and 0.08% ID/g at 60min postinjection for
['*1]13, ['#1]14, ['*1]15, and ['*1]16, respectively (Table 6).
These values were equal to 29%, 27%, 4.3%, and 2.4% of the
initial brain uptake peak for ['*°1]13, ['*1]14, ['*I]15, and
['%1]16, respectively. Radioiodinated amyloid imaging agents
such as ['PI]TZDM,*® ['"*IIBOX,*" ['®I]m-I-stilbene,?”
and ['*I]benzofuran®® reported previously showed high
brain uptakes, but the washout rates from the normal brain
were relatively slow. The slow washout rate from the brain
leads to high background activity and prevents the visualiza-
tion of A plaques in the AD brain. The appropriate in vivo
properties observed for radioiodinated flavones in the present
study (higher brain uptake and faster washout from the nor-
mal brain) make them useful candidates for SPECT tracers
for A imaging.

Chalcone-Based Af Imaging Probes To search for
more useful candidates in the development of in vivo AB im-
aging probes, we have designed a chemical modification of
the flavone structure and selected the chalcone structure as a
novel core for Af imaging probes (Fig. 9).** Chalcone is
categorized as a member of the flavonoids containing flavone
and has a chemical structure in which the ether linkage is re-
moved from the flavone structure. Chalcone also contains a
moiety structurally similar to curcumin (Fig. 9), which has
been reported to have good brain permeability and favorable
binding affinity to AJ plaques after intravenous administra-
tion in Tg2576 transgenic mice.*** Recently, radiolabeled
curcumin derivatives have also been reported as Af imaging
probes.*® In addition to the structural characteristics of chal-
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Table 6. Biodistribution of Radioactivity after Intravenous Injection of
(%013, 1114, ['®1]15, and ['*1]16 in Mice”

Time after injection (min)

Tissue
2 10 30 60
(15113
Blood 1.89 (0.28) 1.39(0.10)  1.34(0.07) 1.50(0.09)
Liver 16.28 (0.90) 2528 (0.31) 18.61(1.81) 15.14(0.89)
Kidney 8.13(1.28)  5.21(0.44) 3.85(0.33)  3.05(0.25)
Intestine 3.10(0.61)  7.91(1.05) 12.84(1.18) 2148(3.17)
Spleen 2.57(1.54)  231(001) 1.76(0.23) 1.52(0.29)
Heart 4.87 (0.66) 2.66(0.12) 1.67(0.14) 1.28(0.12)
Stomach” 0.78 (0.02) 0.87(0.22) 1.44(0.69) 1.80(0.84)
Brain 4.12(0.15)  3.68(0.18) 1.84(0.12)  1.19(0.04)
[1251114
Blood 1.87(0.18) 1.07 (0.08) 1.20(0.15)  1.15(0.16)
Liver 15.41(0.98) 21.85(2.14) 15.71(0.96) 12.40(2.38)
Kidney 8.33(147) 4.31(0.28) 3.40(031) 2.32(0.45)
Intestine 2.24 (0.24) 6.56 (0.83) 12.97(1.15) 18.64(2.05)
Spleen 2.72 (0.20) 1.92(033) 1.58(0.31) 1.18 (0.17)
Heart 5.63 (0.80) 2.47(0.14)  1.69(0.06) 1.07(0.17)
Stomach” 0.73(0.17)  0.63(0.16) 1.17(0.40) 1.06(0.27)
Brain 3.22(0.15) 3.61(0.60) 1.89(0.21) 0.99(0.10)
(5115
Blood 1.87(0.21) 1.19(0.17) 040 (0.01)  0.23(0.09)
Liver 8.96 (1.48) 9.01(097) 3.75(047) 1.88(0.61)
Kidney 7.99 (1.08) 6.30(1.02)  4.51(1.59) 1.46 (1.12)
Intestine 3.52(029) 14.39(0.80) 22.51(1.11) 30.05 (3.61)
Spleen 2.70 (0.08) 1.38(0.37) 0.55(0.30) 3.67(5.89)
Heart 4.98 (0.41) 2.25(0.40) 0.84 (0.14) 0.47(0.22)
Stomach”  0.68(0.06)  0.45(0.18)  0.55(0.33)  0.31(0.07)
Brain 4.00 (0.18) 2.36(0.33) 051(0.07)  0.17(0.05)
[l251116
Blood 2.77(0.43) 1.58(0.18)  0.66 (0.03)  0.20(0.02)
Liver 9.77 (1.89) 8.24 (0.50) 6.80(0.86) 4.78 (1.09)
Kidney 14.79 (2.59) 15.11(2.00) 6.45(0.84) 1.66 (0.62)
Intestine 3.12(0.37) 1126 (0.63) 22.01(1.34) 27.28(0.48)
Spleen 3.92(1.18) 1.55(0.15) 0.56(0.13)  0.17(0.06)
Heart 5.51(0.71) 1.60 (0.18) 0.53(0.04) 0.12(0.02)
Stomach”?  0.89 (0.09)  0.59(0.16) 1.56 (0.50)  0.81 (0.36)
Brain 331(0.32)  1.90(0.07) 0.52(0.03)  0.08(0.02)

a) Expressed as % injected dose per gram. Each value represents the mean*S.D. for
3-5 animals at each interval.  b) Expressed as % injected dose per organ.

[e]
I* R

Fig. 9. Chemical Structure of Radioiodinated Chalcones

cone as the pharmacophore, some recent studies have shown
that electron-donating groups such as amino, methylamino,
dimethylamino, methoxy, or hydroxy groups play a critical
role in the binding affinity to A aggregates.®**?6® We
therefore designed and synthesized novel chalcone deriva-
tives and related chalcone-like compounds (17—39) (Fig.
10), and evaluated the effect of their structure—activity rela-
tionships on the binding affinity to Af aggregates and in vivo
biodistribution using a compound with high binding affinity.
(E)-4-Dimethylamino-4'-['**I]iodo-chalcone (['**I]DMIC)
was synthesized and used as the radioligand for competi-
tive binding experiments (the K, value of ['*I]DMIC is
4.2 nm).*? Binding affinities of chalcone and chalcone-like
compounds were evaluated in inhibition assays against
['**1]DMIC binding on AB(1—42) aggregates (Table 7). The
K, values suggested that the new series of chalcone and chal-



