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(Table 4) Contd....
Compound Frame Amyloid
No -work R R Ki@d Log Pou sample Ref
125 H NH, NH, 9.0°,375° - AD-BH [142]
126 H NHCH, NHCH; 7.5 122¢ - AD-BH [142]
127 H NH, NHCH,CH,F 12,217 - AD-BH [142]
128 (BF-108) I CH,CH,F - 135° 3.01 Ao [144}
129 J NHCH; - 22.6°,30.0 2.15 AP, AP [149]
130 J N(CH3), - 13.2%,15.6° 2.69 ABao, APz [149]
131 J OCH; - 29.0°, 38.3¢ 241 ABao, APa [149]
132 J OH - 72.5%,77.2° 1.92 ABso, AP {149]
133 K OH I 9.37 0.94 ABswo [151]
134 K OCH,CH,CH,F H 0.07 1.84 ABao f151]
135 L Br CO 16.5 - ABao [140]
136 L Br CH, 0.85 - ABswo [140]
137 L I CH, 0.92 246 ABso [140}

aggregates. ° ICs, value for Af., aggregates determined by fluorometric ThT method.

clearly indicated specific binding to amyloid plaques in AD brain
tissue sections [133]). These results suggest that [''C]BF-227 is a
promising radioligand for the imaging of AB plaques.

5.7. DDNP Derivatives

The compound 2-(1-(6-(dimethylamino)naphthalen-2-yl)ethy-
lidene)malononitrile (DDNP) is a neutral and lipophilic fluorescent
probe that is sensitive to solvent polarity and viscosity [134]. Barrio
and co-workers applied a fluorinated derivative of DDNP (98,
FDDNP, see Framework E in Fig. (4)) as a PET radioligand for
imaging AD brain pathology [135-137]. Fluorescent staining of AD
brain sections revealed that FDDNP intensely labels the dense core
and diffuse plaques, and faintly labels NFTs. Fluorescence titration
assays of FDDNP indicated a high binding affinity for AP
aggregates (Kd: 0.12 (high), 1.86 (low) nM) [136]. Competition
assays with ['®*FIFDDNP against CR and ThT indicated that the
binding site for FDDNP on A aggregates is different from those of
CR and ThT [138]. High binding affinity was also ascertained by a
radiobinding assay using {'"®*F]JFDDNP and AD brain homogenates
(Kd: 0.75 nM) [137). Data on the brain uptake of ['*F]JFDDNP in
small animals (mouse, rat) have not yet been reported.

5.8. Miscellaneous Derivatives

Currently, a variety of molecular frameworks have been applied
_ to the development of amyloid imaging agents. In addition to the
above-mentioned amyloid ligands, Kung and co-workers have
reported other types of amyloid ligands, including derivatives of
fluorene, biphenyl thiophene, and biphenyltriene, represented as
Frameworks L, G, and H, respectively, in Fig. (4). A preliminary
study of the structure-activity relationship of fluorene derivatives
(135-137) demonstrated that some derivatives had a high binding
affinity for AF aggregates [139,140]. However, a biodistribution
study using ['*°1]137 indicated moderate brain uptake and slow
brain clearance.

Based on the successful development of stilbene derivatives for
amyloid imaging, Kung and co-workers have focused on the highly

* Kd value (nM) for high-affinity binding site of AP., aggregates. ® Kd value (nM) for low-affinity binding site of AB., aggregates.® Ki value for APy aggregates. ¢ Ki value for AB,,

conjugated biphenyl derivatives as candidate amyloid imaging
agents. To build a highly conjugated structure between two phenyl
rings, they replaced the double bond in stilbene-based probes with
thiophene, which can be considered as a diene in an s-cis
conformation. These derivatives carrying at least one hydroxy or
primary/secondary amino group in the pheny! ring (114-123)
showed effective binding affinities for AD brain homogenates
[141]. Further study to develop PET amyloid imaging agents based
on these derivatives is currently under way. Another group of
highly conjugated derivatives, biphenyltrienes (124-127), exhibited
not only high affinities for the IMPY binding site on the AB
aggregates, but also moderate affinities for the IMSB binding site
[142].

Kudo and co-workers have reported that acridine orange and its
derivative (128, BF-108) show potent binding to A aggregates,
and fluorescently label NPs and NFTs in AD brain sections
[143,144]. However, a biodistribution study of ['*F|BF-108
displayed unfavorably slow and low brain uptake in normal mice.

As a new approach to the development of amyloid imaging
agents, natural product-based radioligands have been explored.
Flavones and curcumin have been demonstrated to inhibit the
formation and extension of A fibrils, and to destabilize preformed
Af fibrils [145-147]. These results imply that flavones and
curcumin could have potential for binding to AP fibrils. Indeed,
curcumin was recently shown to fluorescently label AB plaques in
AD brain sections [148], indicating its binding potency to Af
fibrils.

Ono and co-workers clarified that iodinated flavone derivatives
(('®11129-'®1]132) possess high binding affinities for AP
aggregates; stain NPs and NFTs in AD brain sections; and show
good brain uptake and clearance in mice [149]. A notable finding in
their study is that the flavone derivatives may have a unique
binding site on AP aggregates that is different from those of ThT
and CR. Since these binding profiles, including NFT staining, of the
flavone derivatives are fairly similar to those of FDDNP, it is of
particular interest whether their binding sites on AP aggregates are
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identical to each other or not. Ono and co-workers recently reported
a series of 2-styrylchromone derivatives, flavone-related deriva-
tives, in which the 2-phenyl substituent of the flavone backbone is
replaced with the 2-styryl substituent {150].

Ryu and co-workers synthesized and evaluated an F-18-labeled
curcumin derivative (['®F]134) [151]. Compound 134 exhibited
excellent binding affinity for the IMSB (CR) binding site (Ki: 0.07
nM). However, a biodistribution study elucidated that the brain
entry of ['®F]134 was inadequate (0.52 %ID/g at 2 min), probably
due to rapid metabolism in the liver (39 %ID/g at 2 min) and in the
intestinal wall, like curcumin. In an attempt to improve brain
uptake, co-administration of ['*F]134 with piperine, which is
known to increase the bioavailability of curcumin, was also
examined; however, the effect was limited.

6. HUMAN PET STUDIES OF AMYLOID IMAGING
AGENTS

Among the amyloid imaging agents described above, [''C]PIB,
['CISB-13, [''C]BF-227, and ["*F]JFDDNP have been evaluated in
preliminary clinical studies. Of these tracers, [''C]PIB is the most
widely evaluated in clinical PET studies all over the world. Despite
the small number of subjects, these studies have demonstrated
sufficiently promising results in amyloid imaging studies.

The initial human PET study of [''C]PIB was conducted in 9
healthy control subjects and 15 AD patients to provide a “proof of
concept” for imaging amyloid plaques in the brains of AD patients
[152]. In the healthy control group, time-activity data, expressed as
semiquantitative standardized uptake values (SUVS) of [''CJPIB,
indicated rapid brain entrance and clearance of [!'CJPIB in all
cortical areas including the cerebellar cortex. The time-activity
curves of [''CIPIB in AD patients exhibited relatively slower
clearances in the cortical regions found to contain significant levels
of AP plaques on postmortem examination, such as the parietal and
frontal cortices. In the cerebellum, an area lacking fibrillar amyloid
plaques, nearly identical time-activity curves were obtained in
healthy control subjects and AD patients. PIB-SUV images
summed over 40 to 60 min showed clear differences in the
topographical distribution pattem of [''CJPIB accumulation
between healthy control subjects and AD patients. In accordance
with the distribution pattern of A deposition [153,154], [''C]PIB
was markedly retained in the corresponding cortical areas of AD
patients, but there was little or no retention in these areas of healthy
control subjects, while white matter areas indicated some retention
to the same degree in both healthy control subjects and AD patients,
presumably due to non-specific binding. The [''C]PIB retentions
(SUVs) in the cortical areas of AD patients, including frontal,
parietal, temporal, and occipital cortices, were 1.5~1.9-fold higher
than those of healthy control subjects. These studies indicate that
{"'CIPIB has enough potential to visualize the degree and
distribution of AP deposits in the cortical regions of AD brain.

To use amyloid imaging for AD diagnosis and to assess anti-
amyloid therapy, it is necessary to establish a valid and reliable
quantitative method for the measurement of AP deposition. With
regard to the analysis of PIB-PET data, several quantitative
methods were evaluated in detail, and the Logan analysis was
proven to be the method-of-choice for stable and valid analytical
results [155]. In addition, non-invasive Logan analysis and SUV
ratio analysis, simplified methods that used cerebellum as a
reference region, were confirmed to be effective as well as
quantitative arterial-based analysis [156]. These methods would
contribute to studies with large subject populations (e.g. clinical
trials) or that are difficult to carry out (e.g. severe AD subjects, the
sampling of whose arterial blood is difficult). PIB analysis
according to a voxel-based method has also been reported to be
robust for the assessment of differences in [''C]PIB retention
between control subjects and mild-to-moderate AD patients [157].

Furumoto et al.

Recently, several research groups have reported the clinical
application of PIB-PET for the study of AD [158-161]. PiB
imaging in MCI subjects revealed that the degree of [''CJPIB
retention is bimodally distributed, with higher levels in AD patients
(PIB positive) and lower levels in healthy controls (PIB negative)
[156]; the proportion of PIB-positive subjects with MCI was 50%
to 60% [30]. Furthermore, elevated ['CJPIB retentions were
observed even in cognitively normal subjects [162,163]. These
results suggest that PIB amyloid imaging might be sufficiently
sensitive for the earlier identification of AD patients who have
amyloid plaques in their brains, in the early stages of MCI or even
in the presymptomatic disease state.

A human PET study of [”C]SB-13 was performed to evaluate
its potential as an amyloid imaging agent by comparing it with
[''CJPIB in AD patients and healthy control subjects [164]. In AD
patients, both radiotracers showed significantly higher retention in
cortical regions compared to healthy control subjects, and the
relative cortical uptakes were higher for ['C]SB-13 than for
[”C]PIB. In a comparative evaluation between AD and control
subjects, the binding potentials derived from SB-13 imaging were
highly discriminated in the frontal and occipital cortices, while the
potentials from PIB imaging showed higher discriminations not
only in those cortices, but also in the temporal cortex. Although
slight differences were found, [''C]SB-13 seems to be an effective
PET tracer for imaging AP deposits in AD brain, with similar
performance to [“C]PIB.

Fairly recently, amyloid imaging with [''C}JBF-227 has been
evaluated in AD patients and healthy control subjects [132]). In
control subjects, [''CJBF-227 showed rapid brain uptake and
clearance in cortical regions. However, AD patients showed slower-
than-normal clearances of[“C]BF-227 in the frontal, temporal, and
parietal cortices, while brain uptake was rapid in AD patients as
well as in control subjects. In contrast to the cortical regions, the
brain uptake and clearance in the cerebellum was nearly identical
between control subjects and AD patients. Compared to control
subjects, the SUV images summed over 20 to 40 min post injection
clearly demonstrated the cortical retention of [”C]BF-227,
especially in the basal portion of the frontal, temporal and parietal
regions, in AD patients. The voxel-by-voxel analysis of ("'CIBE-
227 showed significantly higher cortical retentions in the temporo-
parietal-occipital regions rather than the frontal region and striatum,
in AD patients compared with controls; these regions correspond to
the regions containing a high density of NPs, as indicated by
postmortem pathological studies [153]. All AD patients were
clearly distinguishable from control subjects using the SUV ratio in
the temporal cortex. These results suggest that [''C]BF-227 is a
potent PET probe for the in vivo detection of amyloid deposits in
AD patients.

["®F]FDDNP was the first PET probe reported to be effective in
the visualization of neuropatholo%g' in the living brains of AD
patients [165,166]. Administered [ "FJFDDNP showed good brain
penetration and specific retention in the hippocampus, amygdala
and entorhinal regions in AD patients. As expected from the in vitro
binding property of FDDNP, these brain regions matched the
distribution area of dense NPs and NFT depositions, as determined
by postmortem neuropathological studies of AD patients. The
greater degree of ['*FJFDDNP accumulation in these brain regions
correlated well with lower memory performance scores. Recent
research demonstrated that FDDNP-PET scanning can discriminate
between persons with MCI, those with AD and those with no.
cognitive impairment [167]. Although FDDNP-PET is not suited to
the specific evaluation of Af deposition in the AD brain, it could be
useful for assessing the neuropathological progression of the
disease.
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7. CONCLUDING REMARKS

During the last few years, remarkable progress has been made
in the development of radioligands or other candidates for in vivo
imaging of Af deposits in the AD brain. The concept of amyloid
imaging is currently being tested in human PET studies with some
of these radioligands, and its potential for clinical application is
now becoming apparent. To verify the validity of amyloid imaging
completely, it is necessary that a follow-up of subjects with or
without AD be performed after PET scanning for amyloid imaging,
including postmortem evaluation to confirm whether the extent and
distribution of A loads estimated by the amyloid imaging are in
accordance with the AP pathology in the brains of the same human
subjects. Further clinical evaluations of the utility of amyloid
imaging, in larger series of AD patients, are also required to
determine the usefulness of amyloid imaging in the early diagnosis
of AD, or in the assessment of the clinical efficacy of anti-amyloid
therapy. Additionally, in terms of the widespread availability and
use of amyloid imaging with PET, there is an urgent need to
promote the development of F-18-labeled agents suited to clinical
use.

Although a number of issues remain to be addressed, recent
promising results from human PET studies encourage the
development and refinement of amyloid imaging agents. We really
hope that, in the near future, in vivo PET imaging for assessing Af
deposits in the AD brain will greatly contribute to dramatic
progress in neuropathological studies of AD in living humans, the
early diagnosis of AD, and disease-modifying therapies based on
anti-amyloid agents.
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Abstract
Progressive accumulation of amyloid plaques in the brain is a characteristic pathological
change in Alzheimer’s disease (AD) and precedes the presentation of cognitive impairment.
In vivo detection of amyloid deposits using molecular imaging technique would thus prove

useful for early diagnosis of AD and tracking disease progression. Several imaging agents

have been developed that can noninvasively detect amyloid plaques in the brain and
successfully differentiated AD patients from healthy normal individuals using positron
emission tomography. Although validation remains required as to whether retention of

these agents in the neocortex truly reflects the level of amyloid deposition, such findings

suggest the potential usefulness of amyloid imaging technique for early diagnosis of AD.
Key words: Alzheimer’s disease, amyloid-f protein, senile plaque, positron emission

tomography (PET)
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