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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 (Ab) peptides and highly
phosphorylated tau proteins.1,2) 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 Ab deposits in
the brain. Therefore Ab plaques in the brain may be useful as
a biomarker for the differential diagnosis of AD, and the de-
tection of individual Ab 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.3,4)

A number of groups have worked to develop PET/SPECT
imaging probes including [11C]-2-4�-(methylaminophenyl)-6-
hydroxybenzothiazole ([11C]PIB),5—8) [11C]-4-N-methyl-
amino-4�-hydroxystilbene ([11C]SB-13),9,10) [18F]-4-(N-
methylamino)-4�-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)-
stilbene ([18F]BAY94-9172),11,12) [11C]-2-(2-(2-dimethyl-
aminothiazol-5-yl)ethenyl)-6-(2-(fluoro)ethoxy)benzoxazole
([11C]BF-227),13) [18F]-2-(1-(2-(N-(2-fluoroethy)-N-methyl-

amino)naphthalene-6-yl)ethylidene)malononitrile ([18F]-
FDDNP),14—17) and [123I]-6-iodo-2-(4�-dimethylamino)phenyl-
imidazo[1,2-a]pyridine ([123I]IMPY)18—21) (Fig. 1). This
paper reviews research on the development of PET/SPECT
imaging agents for the in vivo detection of Ab plaques in
Alzheimer’s brains.

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

As part of efforts to develop 11C-labeled tracers for PET
imaging of Ab 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 Ab Imaging Probes Clinically Tested
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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 Ab 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 Ab aggregates is associated with the essential substitution
groups at the 4- and 4�-positions of the two phenol rings on
the stilbene.22) 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 [125I]TZDM, binding to Ab(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 (Ki�1—6 nM). 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, (Ki�6 nM) was selected as a compromise choice for
11C labeling and further testing (Table 1).

In vitro autoradiography was performed by incubating
[11C]4 with brain sections from control and double-mutation
mice (TgCRDN8).23,24) Using brain sections from these mice,
Ab plaque labeling by [11C]4 was tested. The labeled stilbene
derivative, [11C]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 [11C]4, and cortex and cerebellar regional brain
tissue uptakes were determined at different time points

(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 [11C]4 in the brain was low
(0.3% dose/g, 60 min 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 Ab imaging
probe. Taken together, the data strongly suggest that the new
11C-labeled stilbene compound, [11C]4, may be a useful PET
tracer for imaging Ab plaques in the brain of patients with
AD.9)

In an attempt to develop more useful Ab-specific imaging
agents, we investigated a novel series of benzofuran deriva-
tives, designed to be isosteric analogues of thioflavin-T
(ThT) (Fig. 3).25) We reported previously that iodinated ben-
zofuran derivatives displayed excellent binding affinities for
Ab(1—40) aggregates (Ki�0.4—9.0 nM) 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 Ab

Table 1. Inhibition Constants of Stilbene Derivatives on [125I]TZDM
Binding to Ab(1—40) Aggregates

Compound R1 R2 Ki (nM)a)

1 NO2 OCH3 151�30
2 NH2 OCH3 36�5
3 NHCH3 OCH3 1.2�0.5
4 NHCH3 OH 6.0�1.5
5 N(CH3)2 OCH3 1.3�0.4
6 N(CH3)2 OH 2.2�0.6

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

Fig. 2. In Vitro Autoradiographic Detection of Ab Plaques with [11C]4 in
TgCRND8 Mouse Brain Sections

Clear differences between histochemically characterized Tg Ab(�) (left panel) and
Tg Ab(�) (right panel) brains are readily observable.

Table 2. Biodistribution of [11C]4 in Normal Rats after Intravenous Injec-
tion (% ID/g)a)

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 0.30�0.03 0.31�0.01 0.24�0.02

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

Fig. 3. Chemical Structure of Benzofuran Derivatives

Compounds here include the following: R1�OCH3, OH; R2�NH2, NHCH3,
N(CH3)2.
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plaque imaging.26) 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
[125I]IMPY binding to Ab 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 Ki values. The results of the binding
study strongly support our previous report that benzofuran
derivatives have considerable tolerance for structural modifi-
cation.26) Some reports showed that preserving the binding
affinity for Ab plaques and providing compounds with mod-
erate lipophilicity are prerequisites for successful Ab imag-
ing agents. Thus we selected compound 10, with moderate
lipophilicity and the highest binding affinity for Ab plaques
in AD brain homogenates, for 11C-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,27,28) clear staining of Ab plaques with compound 10
demonstrates that it is a promising compound and deserves

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.29) 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 Ab plaques and
NFTs with almost the same pattern of FDDNP14) or X-3430)

previously reported, and quantitative evaluation of radiola-
beled compound 10 in the brain may provide useful informa-
tion on Ab 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 [11C]10 was examined. The log P value of [11C]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 log P values between 1 and 3.31) 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 Ab plaques follow-
ing systemic injection.

A biodistribution study in normal mice after intravenous
injection showed that [11C]10 exhibited excellent brain up-
take (4.8% ID/g of the brain at 2 min) and rapid washout (0.4
and 0.2% ID/g of the brain at 30 and 60 min, respectively),
while the blood levels were relatively low at all time points
measured (Table 4).

[11C]PIB is currently the most widely utilized for detecting
Ab plaques in AD patients.6,32,33) More recently, it has been
reported that [11C]4 ([11C]SB-13) also showed performance
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Fig. 4. Neuropathological Staining of Compound 10 on 5 mm AD Brain Sections from the Temporal Cortex

(A) Ab plaques are clearly stained with compound 10 (�40 magnification). (B) Many cerebrovascular amyloids are intensely stained with compound 10 (�40 magnification).
(C) Compound 10 also stained neurofibrillary tangles (NFTs) (�40 magnification).

Table 3. Inhibition Constants of Benzofuran Derivatives Using [125I]IMPY
as the Ligand in AD Brain Gray Matter Homogenates

Compound Ki (nM)a)

7 2.3�0.1
8 11.5�2.5
9 1.3�0.2

10 0.7�0.2
11 12.0�2.0
12 2.8�0.5

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

Table 4. Biodistribution of Radioactivity after Intravenous Injection of
[11C]10 in Micea)

Time (min) Brain Blood

2 4.78 (1.10) 3.86 (0.36)
5 2.80 (0.63) 4.04 (1.14)

15 0.80 (0.31) 2.49 (0.67)
30 0.35 (0.08) 1.32 (0.41)
60 0.19 (0.04) 1.17 (0.14)

a) Expressed as % injected dose per gram. Each value represents the mean�S.D. for
4 animals at each interval.
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similar to that of the more established tracer, [11C]PIB.10)

Both tracers display appropriate properties for Ab imaging
agents: high binding affinity for Ab plaques with Ki values of
4.3 and 6.0 nM 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. [11C]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
[11C]10 was 0.07, which is comparable to that of [11C]PIB,
[11C]10 is also expected to have suitable in vivo pharmaco-
kinetic properties for Ab imaging in AD patients, similar to
[11C]PIB.

To confirm the in vivo labeling of Ab plaques in the living
mouse brain, we evaluated [11C]10 using a model mouse of
AD, Tg2576 mice, which are specifically engineered to over-
produce Ab plaques in the brain. Autoradiographic images
of Tg2576 mouse brain at 30 min after injection of [11C]10
showed high radioactivity accumulation in the cerebral cor-
tex and hippocampus (Fig. 5A). In contrast, wild-type mouse
brain displayed no marked accumulation of [11C]10 in the
brain (Fig. 5A). Furthermore, we confirmed that the hot spots
of [11C]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 Ab
plaques demonstrates the feasibility of using it as an in vivo
PET imaging agent for detecting Ab plaques in the brains of
AD patients.

SPECT Probes for Imaging of Abb Plaques Derived from
Flavonoid Compounds

Flavone-Based Abb 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 Ab imaging agents
for SPECT has been highly anticipated. In an attempt to de-
velop 123I tracers for SPECT imaging, many radioiodinated
probes based on various core structures have been studied.
Among the radioiodinated ligands, [123I]IMPY (Fig. 1) has
been characterized as a potential SPECT imaging agent for
Ab plaques.18,19) IMPY displayed selective Ab plaque label-
ing in ex vivo autoradiography using double-transgenic mice
(PSAPP) as a model of AD.20) In addition, 2-(3�-iodo-4�-
aminophenyl)-6-hydroxybenzothiazole (6-OH-BTA-O-3�-I)
also showed desirable in vitro and in vivo properties.34) 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 Ab aggregates have
been studied in vitro.35) These flavones dose dependently in-
hibited the formation of Ab aggregates, as well as destabiliz-
ing preformed Ab aggregates, indicating that they could in-
teract directly with Ab aggregates. The findings in that previ-
ous report prompted us to apply flavones as a novel core
structure of Ab 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 Ab aggre-
gates.5,9,19,22,26,36) With these considerations in mind, we de-

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 Ab imaging
agents.37)

Binding studies of [125I]14 to aggregates of Ab(1—
40) and Ab(1—42) were carried out. Transformation of the
saturation binding of [125I]14 to Scatchard plots gave linear
plots, suggesting one binding site. [125I]14 showed excellent 
binding affinity for both Ab(1—40) (Kd�12.4�2.3 nM) and
Ab(1—42) (Kd�17.4�5.7 nM) aggregates (Fig. 7). Binding
affinities of nonradioactive flavone derivatives (compounds
13, 14, 15, 16) were evaluated in inhibition studies against
[125I]14 binding on Ab(1—40) and Ab(1—42) aggregates.
As shown in Table 5, all flavone derivatives competed well
with [125I]14 binding on Ab(1—40) and Ab(1—42) aggre-
gates. The Ki values estimated for 13, 14, 15, and 16 were 23,
13, 29, and 73 nM for Ab(1—40) aggregates and 30, 16, 38,
and 77 nM for Ab(1—42) aggregates, respectively. These Ki

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 Ab(1—40) and Ab(1—42) aggregates was observed
in the Ki values. It is especially noteworthy that compounds
13, 14, 15, and 16 bound not only Ab(1—40) aggregates but
also Ab(1—42) aggregates, as we aim to develop novel
probes that can detect diffuse plaque deposits mainly com-
posed of Ab(1—42). More interestingly, when ThT and
Congo Red (CR) were evaluated for their competition against
[125I]14 binding on Ab(1—40) and Ab(1—42) aggregates,

Fig. 5. Ex Vivo Plaque Labeling in Brain Sections from an APP Trans-
genic Mouse (A, B) and a Wild Type Mouse with [11C]10 (A)

Amyloid plaques were confirmed by in vitro staining of the same section with
thioflavin-S (C). Arrows show amyloid plaques labeled by both [11C]10 and thioflavin-
S.

Fig. 6. Chemical Structure of Radioiodinated Flavone Derivatives

Compounds reported here include the following: R�NHMe (13), NMe2 (14), OMe
(15), OH (16).



high Ki values (�1000 nM) were observed (Table 5), indicat-
ing poor binding competition. This finding suggests that
these flavones may have a binding site on Ab aggregates dif-
ferent from that of ThT and CR, although additional studies
regarding the selectivity of binding affinity for Ab aggre-
gates are required.

Since the in vitro binding assays demonstrated the high
binding affinity of the flavone derivatives for Ab(1—40) and
Ab(1—42) aggregates, compounds 13, 14, 15, and 16 were
investigated for their neuropathologic staining of Ab plaques
and NFTs in human AD brain sections (Fig. 8). Compounds
13, 14, 15, and 16 intensely stained Ab 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 Ab 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 Ab plaques in human AD
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Fig. 8. Neuropathological Staining of Compounds 13 (A, E, I, M), 14 (B, F, J, N), 15 (C, G, K, O) and 16 (D, H, L, P) on 5 mm AD Brain Sections from the
Temporal Cortex

(A) Ab plaques (A—D) are clearly stained with compounds 13, 14, 15 and 16 (�40 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 (�40 magnification).

Fig. 7. Scatchard Plots of [125I]14 Binding to Aggregates of Ab(1—40)
and Ab(1—42)

[125I]14 displayed one-site binding. High-affinity binding with Kd values in a
nanomolar range was obtained (Kd�12.3 and 17.6 nM for Ab(1—40) and Ab(1—42)
aggregates, respectively).

Table 5. Inhibition Constants (Ki, nM) of Compounds on Ligand Binding
to Aggregates of Ab(1—40) and Ab(1—42)

Compound Ab(1—40) Ab(1—42)

13 22.6�3.4 30.0�3.4
14 13.2�0.2 15.6�2.4
15 29.0�3.2 38.3�8.1
16 72.5�8.2 77.2�9.2

ThT �1000 �1000
CR �1000 �1000
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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 Ab
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.38) However, this issue
regarding the binding property of flavone derivatives remains
unresolved. These flavone derivatives appear to stain not only
neuritic amyloid plaque but also diffuse amyloid plaque de-
posits, which are known to be mainly composed of Ab(1—
42)39) and to be the initial pathologic change in AD.40) Thus
flavone derivatives with high binding affinity for Ab(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
Ab and tau pathology.

Four radioiodinated flavone ligands ([125I]13, [125I]14,
[125I]15, and [125I]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
log P values of 1.94, 2.69, 2.41, and 1.92 for [125I]13,
[125I]14, [125I]15, and [125I]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 60 min postinjection for
[125I]13, [125I]14, [125I]15, and [125I]16, respectively (Table 6).
These values were equal to 29%, 27%, 4.3%, and 2.4% of the
initial brain uptake peak for [125I]13, [125I]14, [125I]15, and
[125I]16, respectively. Radioiodinated amyloid imaging agents
such as [125I]TZDM,36) [125I]IBOX,41) [125I]m-I-stilbene,22)

and [125I]benzofuran26) 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 Ab 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 Ab imaging.

Chalcone-Based Abb 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 Ab imaging probes (Fig. 9).42,43) 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 Ab plaques after intravenous administra-
tion in Tg2576 transgenic mice.44,45) Recently, radiolabeled
curcumin derivatives have also been reported as Ab imaging
probes.46) In addition to the structural characteristics of chal-

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 Ab aggregates.9,22,26,36) 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 Ab aggregates and in vivo
biodistribution using a compound with high binding affinity.

(E)-4-Dimethylamino-4�-[125I]iodo-chalcone ([125I]DMIC)
was synthesized and used as the radioligand for competi-
tive binding experiments (the Kd value of [125I]DMIC is 
4.2 nM).42) Binding affinities of chalcone and chalcone-like
compounds were evaluated in inhibition assays against
[125I]DMIC binding on Ab(1—42) aggregates (Table 7). The
Ki values suggested that the new series of chalcone and chal-

Table 6. Biodistribution of Radioactivity after Intravenous Injection of
[125I]13, [125I]14, [125I]15, and [125I]16 in Micea)

Time after injection (min)
Tissue

2 10 30 60

[125I]13
Blood 1.89 (0.28) 1.39 (0.10) 1.34 (0.07) 1.50 (0.09)
Liver 16.28 (0.90) 25.28 (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) 21.48 (3.17)
Spleen 2.57 (1.54) 2.31 (0.01) 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)
Stomachb) 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)

[125I]14
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 (1.47) 4.31 (0.28) 3.40 (0.31) 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 (0.33) 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)
Stomachb) 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)

[125I]15
Blood 1.87 (0.21) 1.19 (0.17) 0.40 (0.01) 0.23 (0.09)
Liver 8.96 (1.48) 9.01 (0.97) 3.75 (0.47) 1.88 (0.61)
Kidney 7.99 (1.08) 6.30 (1.02) 4.51 (1.59) 1.46 (1.12)
Intestine 3.52 (0.29) 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)
Stomachb) 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) 0.51 (0.07) 0.17 (0.05)

[125I]16
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) 11.26 (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)
Stomachb) 0.89 (0.09) 0.59 (0.16) 1.56 (0.50) 0.81 (0.36)
Brain 3.31 (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.

Fig. 9. Chemical Structure of Radioiodinated Chalcones



cone-like compounds had high binding affinity for Ab(1—
42) aggregates in the order of N,N-dimethylated derivatives
(19, 20)�N-monomethylated derivatives (18, 37)�primary
amino derivatives (17, 35) when comparing similar core
structures. Compounds 17, 18, and 19 with a substituted
group at the 4�-position and iodine at the 4-position dis-
played higher Ki values (lower binding affinities) as com-
pared with compounds 4-amino-4�-iodo-chalcone (AIC), 4�-
iodo-4-methylamino-chalcone (IMC), and DMIC, which
have a substituted group and iodine at the inverse position
against compounds 17, 18, and 19. The Ki values of 36, 38,
and 39 with a thienyl group at the R-position and phenyl
group at the R�-position were higher than those of 35, 37,
and 20 with a phenyl group at the R-position and thienyl
group at the R�-position, indicating that the binding affinities
depend on the combination of heterocycles introduced at the
R- and R�-positions and not on the position of the substituted
group or iodine (bromine) group. When comparing the Ki

values of heterocyclic compounds with the same substituted
group, the binding affinities increased in the order of
phenyl�thienyl�furanyl at the R-position and phenyl�
thienyl�furanyl at the R�-position. The Ki values of com-
pounds without the substituted group on the ring at the R�-
position (21—27) were varied by altering the type of hetero-
cycle. Furthermore, to obtain information on the binding site
of the new chalcone-like compounds, inhibition studies were
carried out using CR and ThT, which are well-known proto-

types of Ab imaging probes. While compound 20 competed
for [125I]DMIC binding to Ab(1—42) aggregates, CR and
ThT did not exhibit a dose-dependent decrease in the specific
binding of [125I]DMIC (Fig. 10).

To confirm the binding affinity to Ab plaques in the AD
brain, fluorescent staining of AD model mouse brain sections
was carried out using the fluorescence of compound 20 (Fig.
11). Compound 20 intensely stained Ab plaques in the brain
sections. Also, clear staining of cerebrovascular amyloid was
observed. This result suggests that compound 20 should de-
tect Ab plaques in AD brains.

The radioiodinated compound [125I]20 was evaluated for
its in vivo biodistribution in normal mice (Table 8). Initial
brain uptake of [125I]20 was 2.46% of injected dose/g at
2 min after intravenous injection, whereas the radioactivity
accumulated in the brain was rapidly eliminated (0.21% of
injected dose/g, 60 min postinjection), indicating highly de-
sirable properties for an Ab imaging agent. Taken together,
the data suggest that [125I]20 should be further investigated as
a potentially useful b-amyloid imaging probe.
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Table 7. Inhibition Constants of Chalcone and Chalcone-Like Derivatives
on Ligand Binding to Ab(1—42) Aggregates

Compd. R R� Ki (nM)a)

17 4-Aminophenyl 4-Iodophenyl 248�56
18 4-Methylaminophenyl 4-Iodophenyl 23.9�3.6
19 4-Dimethylaminophenyl 4-Iodophenyl 13.3�1.9
20 5-Iodo-2-thienyl 4-Aminophenyl 121�40
21 5-Iodo-2-thienyl 4-Methylaminophenyl 14.1�0.6
22 5-Iodo-2-thienyl 4-Dimethylaminophenyl 3.9�0.4
23 4-Aminophenyl 5-Bromo-2-thienyl 476�48
24 4-Methylaminophenyl 5-Bromo-2-thienyl 198�49
25 4-Dimethylaminophenyl 5-Bromo-2-thienyl 106�7.1
26 4-Iodophenyl Phenyl 151�16
27 4-Iodophenyl 2-Furanyl 908�212
28 4-Iodophenyl 3-Furanyl 125�9.2
29 4-Iodophenyl 2-Thienyl 102�16
30 4-Iodophenyl 3-Thienyl 93�11
31 4-Iodophenyl 2-Imidazoyl 797�316
32 4-Iodophenyl 2-Thiazoyl �10000
33 4-Iodophenyl 5-Dimethylamino-2-furanyl 1132�344
34 4-Iodophenyl 5-Dimethylamino-2-thienyl 113�10
35 5-Iodo-2-thienyl 5-Dimethylamino-2-thienyl 137�3.4
36 5-Iodo-2-thienyl 5-Dimethylamino-2-furanyl 1608�85
37 5-Bromo-2-furanyl 4-Dimethylaminophenyl 126�13
38 5-Bromo-2-furanyl 5-Dimethylamino-2-thienyl 2648�222
39 5-Bromo-2-furanyl 5-Dimethylamino-2-furanyl �10000
CR — — �10000
ThT — — �10000

AICb) 4-Iodophenyl 4-Aminophenyl 105�12
IMCc) 4-Iodophenyl 4-Methylaminophenyl 6.3�1.6

DMICd) 4-Iodophenyl 4-Dimethylaminophenyl 2.9�0.3

a) Values are means�S.E. of 3—6 independent experiments. b) 4-Amino-4�-
iodo-chalcone. c) 4�-Iodo-4-methylamino-chalcone. d) 4-Dimethylamino-4�-iodo-
chalcone. b, c, d) Our unpublished data.42)

Fig. 10. Competition Curves of [125I]DMIC against Compound 20 (Closed
Circle), CR (Closed Square), and ThT (Closed Triangle)

Fig. 11. Neuropathological Fluorescent Staining of Compound 20 on AD
Model Mouse Brain Sections

(A) Compound 20 intensely stained Ab plaques. (B) Clear staining of cerebrovascu-
lar amyloids was also observed.

Table 8. Brain Uptake of Radioactivity after Intravenous Injection of
[125I]20 in Micea)

Time after injection (min)

2 10 30 60

2.46 0.75 0.31 0.21
(0.30) (0.31) (0.04) (0.02)

a) Expressed as % injected dose per gram. Each value represents the mean�S.D. for
five mice at each interval.
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Aurone-Based Abb Imaging Probes To explore more
useful candidates for core structures of Ab imaging probes,
we selected one of the flavonoids, aurone, as a new core
structure. First, we synthesized a series of aurone derivatives,
which possess a radioiodine at the 5-position and a nucle-
ophilic group (NH2, NHMe, NMe2) at the 4�-position, and
evaluated their biological activities as in vivo Ab imaging
probes (Fig. 12).47) To evaluate the binding affinity of aurone
derivatives to Ab aggregates, a saturation assay with [125I]40
was carried out using Ab(1—42) aggregates. When the satu-
ration bindings of [125I]40 were transformed to Scatchard
plots, they showed linear plots, indicating that aurone deriva-
tives have one binding site on Ab aggregates (Fig. 13).
[125I]40 displayed excellent binding affinity for Ab(1—42)
aggregates with a Kd value of 7.9�1.3 nM. Binding affinities
of nonradioactive aurones (40, 41, 42) were also evaluated
with inhibition studies against [125I]40 binding on Ab(1—42)
aggregates (Table 9). The Ki values estimated for 40, 41, and
42 were 2.7, 1.2, and 6.8 nM for Ab(1—42) aggregates, re-
spectively. These Ki values suggested that the new series of
aurones had excellent binding affinity for Ab(1—42) aggre-
gates and showed considerable tolerance for structural modi-
fication. The Ki values of the radioiodinated aurones reported
previously were lower than those of the radioiodinated
flavones, indicating that the radioiodinated aurones have
higher binding affinities to Ab plaques than those of the cor-
responding radioiodinated flavones and chalcones.

To confirm the binding affinity of aurone derivatives to Ab
plaques in the brain, neuropathologic flurorescent staining
with compound 42 was carried out using double-transgenic
Alzheimer’s mouse brain sections (Fig. 14). Many Ab plaque
deposits were clearly stained with compound 42, as reflected
by the high binding affinity to Ab aggregates in in vitro com-
petition assays. The compound clearly stained not only core
plaques, but also typical senile plaques. The labeling pattern
was consistent with that observed with immunohistochemical
labeling with an antibody specific for Ab , indicating that au-
rone derivatives show specific binding to Ab plaques. Thus

the results suggest that aurone derivatives may be applicable
for in vivo imaging of Ab plaques in the brain.

To evaluate the brain uptake of the aurone derivatives, in
vivo biodistribution studies in normal mice were performed
with three radioiodinated aurones ([125I]40, [125I]41, and
[125I]42) (Table 10). The aurone derivatives displayed high
brain uptake rates ranging from 1.9—4.6% ID/g brain at
2 min postinjection, indicating a level sufficient for Ab imag-
ing of the brain. In addition, they displayed rapid clearance
from the normal brain with 0.49%, 0.32%, and 0.26% ID/g at
30 min postinjection for [125I]40, [125I]41, and [125I]42, re-
spectively. These values were equal to 10.7%, 10.1%, and
13.8% of the initial brain uptake peak for [125I]40, [125I]41,
and [125I]42, respectively. We reported that radioiodinated
flavones showed high brain uptake (3.2—4.1% ID/g at 2 min
postinjection) and good clearance from the brain (0.5—1.9%
ID/g at 30 min postinjection). However, the ratios of 2- to 30-
min mouse brain uptake of the radioiodinated flavones were
40.0%, 44.6%, and 57.8% for NH2, NHMe, and NMe2 deriv-
atives, respectively, which were higher than those of radioio-
dinated aurones. The result suggests that aurone derivatives
do not show high nonspecific binding in the brain in vivo.
These desirable pharmacokinetics demonstrated by radioiod-

Table 10. Biodistribution of Radioactivity after Intravenous Injection of
[125I]40, [125I]41, and [125I]42 in Micea)

Time after injection (min)
Compound

2 10 30 60

[125I]40 4.57 1.51 0.49 0.26
(0.27) (0.17) (0.06) (0.03)

[125I]41 3.17 1.22 0.32 0.24
(0.45) (0.09) (0.02) (0.03)

[125I]42 1.89 0.69 0.26 0.11
(0.38) (0.21) (0.04) (0.03)

a) Expressed as % injected dose per gram. Each value represents the mean�S.D. for
five mice at each interval.

Fig. 12. Chemical Structure of Aurone Derivatives

Fig. 13. Scatchard Plots of [125I]40 Binding to Ab(1—42) Aggregates

High binding affinity with a Kd value in a nanomolar range was obtained.

Table 9. Inhibition Constants of Aurone Derivatives on Ligand Binding to
Ab(1—42) Aggregates

Compound Ki (nM)a)

40 2.69�0.16
41 1.24�0.11
42 6.82�0.48

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

Fig. 14. Neuropathological Staining of Compound 42 on 5 mm AD Model
Mouse Sections from the Cortex

(A) Many Ab plaques are clearly stained with compound 42. (B) The same sections
were immunostained using an antibody against Ab .



inated aurones are critical to detect Ab plaques in the AD
brain. These biodistribution data suggest that novel radioiod-
inated aurones may have more suitable in vivo pharmacoki-
netic properties for Ab imaging in AD brains compared with
the radioiodinated flavones and chalcones. However, these
aurone derivatives appeared inferior to IMPY in pharmacoki-
netics, although their high affinity for Ab plaques is suffi-
cient for imaging in vivo. Therefore additional structural
changes are essential to improve the properties of aurone 
derivatives to make them suitable for the imaging of Ab
plaques in the brain.

To develop more promising aurones for SPECT-based im-
aging of Ab plaques, we designed a novel series of radioiodi-
nated derivatives with polyethylene glycol (PEG).48) PEG is
nontoxic, nonimmunogenic, highly soluble in water, and
FDA approved, and PEGylation has been used to change the
pharmacokinetics of various biologically interesting proteins
or peptides, leading to better therapeutics.49,50) Therefore PE-
Gylated aurone derivatives are worthy of further evaluation
as novel Ab imaging probes for SPECT.

We designed and synthesized a novel series of radioiodi-
nated aurone derivatives with not only 1 to 3 units of ethyl-
ene glycol at the 4� position, but also other nucleophilic
groups (–OCH3 and –OH) (Fig. 12) and evaluated their bio-
logical potential as probes for imaging Ab by testing their
affinity for Ab aggregates in vitro and their uptake by and
clearance from the brain in biodistribution experiments using
normal mice.

Our initial screening of the affinity of aurone derivatives
(43, 44, 45, 46, 47) was carried out with Ab(1—42) aggre-
gates, using [125I]AAU as the competing radioligand (Table
11). The Ki values estimated for 43, 44, 45, 46, and 47 were
2.9, 1.3, 1.1, 3.4, and 2.6 nM, respectively. These values sug-
gested that the new series of aurone derivatives had binding
affinity for Ab(1—42) aggregates despite their substituted
groups. The binding affinity is in the same range as that of
aurone derivatives possessing a nucleophilic group (NH2,
NHMe, NMe2).

47) These results clearly indicate that aurone
derivatives exhibit considerable tolerance to structural modi-
fications. The binding affinity of aurone derivatives is very
close to that of known Ab imaging probes such as SB-
13 (Ki�1.2 nM),51) PIB (Ki�2.8 nM),52) and IMPY (Ki�
1.4 nM),51) indicating that they have sufficient affinity to test
clinically.

To confirm the affinity of aurone derivatives for Ab
plaques in the mouse brain, neuropathologic fluorescent
staining with 43, 44, 45, 46, and 47 was carried out using
double-transgenic Alzheimer’s mouse brain sections (Fig.
15). Many Ab plaque deposits were clearly stained with the
derivatives, as reflected by the high binding affinity for Ab
aggregates in in vitro competition assays. The labeling pat-
tern was consistent with that observed with ThS. These 
results suggest that novel aurone derivatives show affinity for
Ab plaques in the mouse brain in addition to having binding
affinity for synthetic Ab42 aggregates.

To evaluate brain uptake of the aurone derivatives, bio-
distribution experiments were performed in normal mice
with five radioiodinated aurones ([125I]43, [125I]44, [125I]45,
[125I]46, and [125I]47) (Table 12). Radioactivity after injection
of the aurone derivatives penetrated the BBB and showed ex-
cellent uptake ranging from 1.7 to 4.5% ID/g brain at 2 min

postinjection, a level sufficient for imaging Ab plaques in the
brain. In addition, it displayed good clearance from the nor-
mal brain with 0.1—0.4% ID/g at 30 min postinjection. One
method to select a ligand with appropriate in vivo kinetics 
is to use brain2 min/brain30 min as an index to compare the
washout rate. The five radioiodinated aurone derivatives
[125I]43, [125I]44, [125I]45, [125I]46, and [125I]47 showed
brain2 min/brain30 min ratios of 15.4, 8.3, 18.8, 9.7, and 15.6, re-
spectively. [125I]45 had the best washout index. Previously re-
ported radioiodinated aurones showed high uptake (1.9—
4.6% ID/g at 2 min postinjection) and good clearance from
the brain (0.3—0.5% ID/g at 30 min postinjection).48) How-
ever, the brain2 min/brain30 min ratios of these compounds were
7.3—9.9, lower than that of [125I]45, indicating that [125I]45
could clear more rapidly from the normal mouse brain than
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Table 11. Inhibition Constants of Newly Synthesized Aurone Derivatives
for the Binding of Ligands to Ab(1—42) Aggregates

Compound Ki (nM)a)

43 2.89�0.42
44 1.28�0.29
45 1.05�0.06
46 3.36�0.29
47 2.56�0.31

a) Data are the mean�S.E. for two independent measurements done in triplicate.

Fig. 15. Neuropathlogical Staining of 43, 44, 45, 46, and 47 (a, c, e, g, i) in
10 mm Sections from a Mouse Model of AD

Labeled plaques were confirmed by staining of the adjacent sections with ThS
(b, d, f, h, j).
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aurones with amino groups. It has been reported that
[123I]IMPY enters the brain rapidly (2.88% ID at 2 min
postinjection) and was cleared from the normal brain (0.26%
ID at 30 min postinjection), indicating the brain2 min/brain30 min

ratio to be 11.1.19) The aurone derivatives reported in this
study appear superior to IMPY in pharmacokinetics, in addi-
tion to showing similar binding affinities sufficient for the
imaging of Ab plaques in vivo. The pharmacokinetics
demonstrated by [125I]45 are critical to the detection of Ab
plaques in the AD brain.

Next, [125I]45 was investigated for its binding affinity for
Ab plaques using in vitro autoradiography in human AD
brain sections (Fig. 16). Autoradiographic images of [125I]45
showed high levels of radioactivity in the brain sections 
(Fig. 16A). Furthermore, we confirmed that the hot spots of
[125I]45 corresponded with those of in vitro immunohisto-
chemical staining in the same brain sections (Fig. 16B). In
contrast, normal human brain displayed no remarkable accu-
mulation of [125I]45 (Fig. 16C), correlating well with the ab-
sence of Ab plaques (Fig. 16D). These results demonstrate
the feasibility of using [125I]45 as a probe for detecting Ab
plaques in the brains of AD patients with SPECT.

Conclusion
We successfully designed and synthesized several basic

structures that can function as useful Ab imaging probes. We
hope that the Ab imaging probes will contribute to improved
diagnosis and accelerate the discovery of effective therapeu-
tic agents for AD in the near future.
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Fig. 16. In Vitro Autoradiography of [125I]45 for Labeling of Ab Plaques
in AD Brain Sections

In vitro autoradiography of [125I]45 reveals a distinct labeling of Ab plaques in AD
brain sections (A). Under similar conditions, there is very little labeling of [125I]45 in
control brain section (C). The presence and localization of Ab plaques in the sections
were confirmed with immunohistochemical staining using a monoclonal Ab antibody
(B, D).
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