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

Suv

SUV ratio

Cohen’s d,

Distribution All normal  Aged normal AD All normal  Aged normal AD Aged normal vs. AD
Frontal 113 +023 111024 124 *027 099 *004 099 =0.05 1.13* 0.06 2.54
Lateral temporal 116 £ 022 115*023 138+030 1.03x0.05 1.02*0.04 1.25=* 0.06* 4.51
Parietal 122 024 119+024 136*030 1.08*0.06 1.06 *0.05 1.24 * 0.06* 3.26
Temporooccipital  1.22 + 0.23 121 £ 024 135+ 027 1.08*0.06 1.08 *x 0.06 1.23 + 0.09" 1.96
Occipital 123 023 121+024 132+026 1.09=*0.06 1.08= 006 1.20* 0.07* 1.84
Anterior cingulate 1.19 = 026 1.16 026 1.27 =026 1.04 =004 1.03 = 0.04 1.16 = 0.06* 2.55
Posterior cingulate 1.28 + 0.25 124 +025 138+ 0.26 1.13+ 008 1.11+0.08 1.26 + 0.04* 237
Medial temporal 133024 131025 131027 118+ 007 117 x0.07 120+ 0.10 0.35
Striatum 1.57 + 034 152x034 162034 138=*=008 135+ 0.06 1.47 * 0.06* 2.00
Thalamus 1.78 £ 044 170+ 041 173*036 156 *=0.12 151 +0.09 1.58 = 0.11 0.70
Pons 190+ 034 187 +034 191 +039 168008 167 +0.08 1.74 * 0.09 0.82
White matter 164 =027 161028 169+033 145011 144+ 011 1.55= 012 0.96
Cerebellum 114+ 023 113024 1.10 = 0.23

‘P < 0.05 vs. aged normal group.

vivo imaging of amyloid. FDDNP specifically binds to both
SPs and NFTs in AD brain sections (/9). After intravenous
injection of FDDNP, greater accumulation was observed
in SP- and NFT-rich areas of the human brain (20).
Thioflavin-T derivatives without any positive charge also
show high permeability of the BBB. One of these com-
pounds, PIB, was applied in a human PET study and
enabled successful differentiation between AD patients and
healthy normal individuals (5). Another amyloid-imaging
agent, SB-13, was also applied in a human PET study and
exhibited binding properties similar to those of PIB (2/).
Several iodinated agents, 6-iodo-2-(4'-dimethylamino-)
phenyl-imidazo[1,2-a)-pyridine (IMPY) and I-stilbene, have
also been explored for use as SPECT probes (22). Although
validation remains necessary to determine whether retention
of these agents in the neocortex truly reflects the level of
amyloid deposition, such findings suggest the potential use-
fulness of this technique for early diagnosis of AD.

The results of the in vitro binding experiment indicate
that binding of BF-227 reflects the amount of AR fibril
deposition. In neuropathologic staining of AD brain sec-
tions, the fluorescence intensity of BF-227 is highest in the
core region of mature amyloid deposits, which contain
dense fibrils of AB. Conversely, diffuse plaques containing
fewer AP fibrils are faintly stained by BF-227. SPs in the
cerebellum are predominantly of the nonfibrillar type (23,24),
and BF-227 only faintly stained diffuse amyloid plaques in
the cerebellum. Thus, the absence of ''C-BF-227 accumu-
lation in the cerebellum of AD patients suggests the binding
preference of this compound for fibrillar AB. This finding
also indicates that the cerebellum is suitable as a reference
region in the quantitative analysis of ''C-BF-227 PET data.

PIB is currently the most successful of several amyloid-
imaging agents. A clinical PET study in AD patients showed
higher uptake of PIB in cortical areas and striatum, partic-
ularly the frontal and parietal cortices (5~7). In contrast, the
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current study demonstrated higher cortical retention of ''C-
BF-227 in the temporoparietal-occipital region rather than
that in the frontal cortex and the striatum in AD patients.
Both agents are considered to preferentially bind to the
B-sheet structure of AR fibrils. What other factors could
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(O), aged normal subjects (), and AD patients (H). Vertical bar
represents average SUV ratio in all normal subjects (n = 11) and
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FIGURE 7. Brain regions show significantly elevated SUVs in
AD patients compared with data from aged healthy subjects
(P < 0.001, uncorrected for multiple comparisons).

have caused the difference of tracer distribution between
previous PIB studies and the current BF-227 study? Gen-
erally, substantial individual variations exist in the amount
and spatial distribution of amyloid deposition in AD. Thus,
the discrepancy might be partially attributable to a differ-
ence in sample populations between studies. To settle this
issue, a direct comparison study between PIB and BF-227
should be conducted using the same sample populations.
SP is a heterogeneous class of protein aggregates with a
B-pleated structure. Compact plaques consist of a dense
central core of amyloid fibrils, and noncompact plaques
contain less fibrillar AR (25). Therefore, it would be expected
that the lower-affinity compound would tend to detect only
SPs with dense AP fibrils and that the higher-affinity com-
pound could bind SPs with both dense and moderately
fibriltar AB. In AD patients, the difference between cortical
and cerebellar SUV in ''C-BF-227 PET was less than that
in PIB PET (5-7), suggesting that the in vivo binding
affinity of BF-227 to AP deposits is relatively lower than
that of PIB. If so, BF-227 binds more preferentially to
dense amyloid deposits than PTB. Previous neuropathologic
studies have indicated that neuritic plaque densities are
highest in the necocortex, especially the temporoparieto—
occipital region, and lowest in the cerebellum (/8,26). Data
from SPM analysis are consistent with the postmortem
distribution of neuritic plaque deposition in AD patients.
Therefore, the difference in cortical distribution between
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BF-227 and PIB might be due to the difference in binding
affinity to AR fibrils. A PET probe binding selectively to
neuritic plaques would be less subject to Af pathology in
the normal aging process. Thus, use of ''C-BF-227 PET
will allow accurate diagnosis of AD and might reduce
false-positive findings in normal individuals. ''C-BF-227
PET might also be useful for tracking the progression of
fibrillar AP deposition in AD patients. Longitudinal PET
investigation of AD patients will elucidate the utility of this
imaging technique for monitoring disease progression in
AD.

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

CONCLUSION

The present study demonstrated that the benzoxazole
derivative BF-227 displays high binding affinity to amyloid
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Abstract: Excessive amyloid-f (AB) deposition in the brain is one of the most crucial events in the early pathological stage of
Alzheimer’s disease (AD). Therefore, AB deposits have enough potential to become a useful biomarker for not only an early diagnosis of
AD, but also for the assessment of the clinical efficacy of anti-Ap therapies, if they can be measured non-invasively and reliably in living
patients. As a potent candidate technique to measure this biomarker, PET amyloid imaging using a radioligand for AR deposits has
received much attention. A large number of A ligands have been synthesized and evaluated as candidates for amyloid imaging agents.
These can be classified into six categories of derivatives: Congo-red, Thioflavine T, stilbene, vinylbenzoxazole, DDNP, and
miscellaneous. Many of these derivatives exhibit high binding affinities to Ap fibrils (below 20 nM) and some of them also show
excellent brain pharmacokinetic profiles. The concept of amyloid imaging is currently being tested in human PET studies using
optimized amyloid imaging agents. Despite the small number of subjects, these studies have demonstrated sufficiently promising results.
This review article provides an overview of recent advances in the development of amyloid imaging agents, and includes: a summary of
the fundamental basis and clinical significance of amyloid imaging; lists of binding affinity data for 135 compounds classified into 12
molecular frameworks; a comprehensive discussion of the in vitro and in vivo features of representative Ap ligands; and a discussion of
the current state of clinical evaluation of these amyloid imaging agents (PIB, SB-13, BF-227, and FDDNP).

Keywords: Alzheimer’s disease, amyloid imaging, radioligand, PIB, SB-13, BF-227, FDDNP.

1. INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disorder
clinically characterized by a progressive impairment in cognitive
function and behavior, and .is the most common form of dementia
particularly in elderly [1-4]. It has been estimated that approxi-
mately 1% of those aged 60-64 years is affected by AD. The
prevalence of AD, however, shows an almost exponential increase
with age (doubling approximately every 5 years) after age 60,
reaching 20% to 40% of the population over the age 85 [5,6]. The
number of patients is predicted to rise in the future due to the
expected increase in life expectancy. In terms of social costs, AD is
one of the most expensive diseases because it requires not only
medication, but also caregiving over a long period [7].

Since the most consistent neurochemical abnormality associated
with AD is a severe loss of cholinergic neurons in the areas of the
brain related to memory and leaming, the cumrent therapeutic
approaches are mainly based on the use of acetylcholinesterase
nhibitors to preserve brain cholinergic nerve function [8). This
approach can help to prevent some symptoms from becoming worse
or to bring modest symptomatic improvements in some patients, but
it can not halt the pathological progress of AD. Accordingly,
without the advent of appropriate and effective therapies for AD,
serious public health problems and the social cost of the disease is
expected to increase substantially in the future. That is, there is an
enormous medical need for the development of novel therapeutic
strategies for AD.

In recent years, great efforts have been made to study the
underlying pathogenic mechanisms in AD and translate research
advances into the development of new classes of drugs and
biomarkers [9-11]. The most widely accepted theory regarding the
pathogenic process of AD is the amyloid cascade hypothesis [12-
14}, which explains that the accumulation and aggregation of
amyloid-f (Ap) peptide in the brain trigger a pathological cascade
ultimately leading to neuronal degeneration and dementia. Hence,
the major focus of drug development for AD treatment has been
directed toward modifying the pathology through lowering the AB
level in the brain [15-17].
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With the advances in drug development, new biomarkers that
can be used for the early diagnosis of AD and clinical evaluation of
the disease-modifying drugs targeting AP have become increasingly
important [18-20]. Based on the amyloid cascade theory, AB
deposits in the AD brain are probably the most relevant biomarker.
Currently, in vivo amyloid imaging techniques that can non-
invasively and reliably assess AP deposition using a tracer that
binds to AP fibrils have received much attention for their promise
in imaging this biomarker [21-25]. A large number of radiotracers
have been developed for positron emission tomography (PET) and
single-photon emission computed tomography (SPECT) during the
past decade [26-29], and some of these have entered into
preliminary clinical studies in recent years [29,30].

In this article, we first describe AD pathology, focusing on the
amyloid cascade hypothesis, and discuss anti-amyloid therapy for
the treatment of AD and the need for biomarkers for AD diagnosis
and therapy, leading to a deeper understanding of the fundamental
basis and clinical significance of amyloid imaging. We then review
amyloid imaging agents, discussing the requirements for tracer
development and the compounds that have been reported to date.
Finally, we provide an overview of the current state of clinical
evaluation of amyloid imaging agents.

2. AD PATHOLOGY AND THE AMYLOID CASCADE
HYPOTHESIS

The neuropathological hallmarks of AD are neuritic plaques
(NPs) and neurofibrillary tangles (NFTs) in the medial temporai
lobe structures and cortical areas of the brain together with selective
neuronal and synaptic loss [11,31,32). NPs, extracellular lesions,
consist of a central core of aggregated AP peptides [33] surrounded
by dystrophic neurites, reactive astrocytes and activated microglia.
NFTs represent intracellular bundles of paired helical filaments that
are composed of the microtubule-associated protein tau in an
abnormally hyperphosphorylated form [34]. Deposition of NPs
precedes NFT formation and is relatively specific for AD [13],
whereas NFTs are also found in other neurodegenerative disorders
[35,36]. While both lesions are indispensable prerequisites for a
definitive diagnosis of AD, more attention has focused on the role
of AP in the pathogenesis of AD. Although the exact mechanisms
leading to the development of AD have not been elucidated
completely, AB is assumed to fulfill a causal role in the pathology
of AD (Fig. (1)). This so-called amyloid cascade hypothesis is

© 2007 Bentham Science Publishers Ltd.
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Fig. (1). Schematic illustration of the Ap amyloid cascade from APP cleavage by secretases to generate AP monomers, to plaque formation, via oligomers,
protofibrils, and fibrils. Causative factors for neuronal injury are indicated in italic letters under the AB pathway. Anti-amyloid agents are also shown in solid-

white letters above the therapeutic targets in the Af pathway.

widely accepted as the most plausible theory for understanding the
pathogenesis of AD.

AB is produced from a large membrane-spanning glycoprotein,
termed B-Amyloid Precursor Protein (APP) {37], through abnormal
sequential cleavages made by proteinases referred to as secretases
[38,39]. During the normal processing of APP, namely the non-
amyloidogenic pathway, a-secretase first cleaves within the Af
domain of APP to generate soluble carboxyl-truncated forms of
APP, and y-secretase cleaves the remnant C-terminal proteolytic
products further to yield non-amyloidogenic fragments. In the
alternative, amyloidogenic pathway, P-secretase instead of a-
secretase cleaves APP at the N-terminal site of AB, and then y-
secretase cleaves the C-terminal site to release AB [40-42).
Although the resulting Af peptide varies from 39 to 43 amino acids
in length, the main forms of AP involved in AD pathology are the
shorter 40 amino acid form (AP40) and the longer 42 amino acid
form (AB42). In particular, ApP42 is the predominant AP species
found in amyloid plaques in patients with AD, while AB40 is the
main species of Af secreted normally from cells. AB42 ténds to
polymerize and subsequently aggregates more rapidly than AB40
[43]; these properties are thought to be associated with both an
carly onset of AD and an increased risk for AD.

AB is produced continuously in the brains of both healthy
individuals and AD patients. Under physiological conditions, the
AB level is tightly controlled by efflux to blood [44] and
cerebrospinal fluid (CSF) and proteolytic degradation by amyloid-
degrading enzymes, such as insulin-degrading enzyme and
neprilysin [45]. The amyloid cascade hypothesis holds that certain
pathogenic factors cause an imbalance between the production and
clearance of AP, leading to a progressive accumulation of AP, in
particular of AB42 peptide [46], in the brain, triggering a cascade of
amyloidogenic events as follows. Soluble AP excessively accumu-
lated in the brain undergoes a conformational change to acquire a
high B-sheet content, stimulating the aggregation of AB peptides
into soluble oligomers, which have been implicated to impair
neuronal and synaptic function by altering membrane permeability
[47-49]. These oligomers aggregate further into insoluble fibrils and
eventually into immature and amorphous forms of plagues termed
diffuse plaques, which are belicved to represent the initial phase of

plaque formation. These aggregations cause neuronal injury
through the induction of oxidative stress [50], inflammatory
responses (imicroglial and astrocytic activation) [51], and abnormal
tau hyperphosphorylation, resulting in" selective neuronal - loss,
neurotransmitter deficits, and cognitive symptoms.

The strong evidence for the amyloid cascade hypothesis derives
from studies of gene mutations in APP [52] and presenilin-1 and -2
[53], proteins that form the catalytic unit of the y-secretase protein
complex [40]. These various gene mutations all lead to increased
levels of AB42 and plaque formation in the brain, and all represent
a similar clinical entity recognized as an early-onset form of
familial Alzheimer’s disease (FAD). People with Down’s synd-
rome, who carry an extra copy of the APP gene, also produce
higher levels of AB from birth, and almost invariably develop
amyloid deposits after the age of 30 years [54]. In addition, several
studies using transgenic animal models afford convincing
supportive evidence for the amyloid cascade theory [55,56]. In one
of the most successful models of AD, triple transgenic model mice
(3xTg-AD: PSIM146V, APPswe and TauP301L) develop AR
plagues prior to NFT pathology with a temporal and regional
specific profile that closely resembles pathological development in
the human brain, including synaptic dysfunction, induction of
inflammatory processes, and neurodegeneration [57,58).

Taken together, considerable evidence from a variety of
pathological, biochemical, and genetic studies points to A and the
process of amyloid deposition, even if not the amyloid deposits
themselves, as the upstream causative factor of the pathogenesis of
AD.

3. ANTI-AMYLOID THERAPY

According to the amyloid cascade theory, disease-modifying
therapy for AD is expected to be performed through lowering the
level of AB in the brain. Thus, many of the current therapeutic
approaches are directed at reducing Af accumulation in the brain
by modifying different points in the AP pathway (amyloid cascade),
such as AB/APP proteolytic processing, Ap aggregation, and AB
clearance.

Because AP originates from APP through sequential proteolytic
cleavages by 8- and y-secretases, inhibition or modulation of these
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enzymes have been prime therapies used to lower the Ap level [59-
61]. y-Secretase inhibitors such as LY450139 reduce the production
of both AB40 and AB42 [62], while y-secretase modulators such as
Flurizan™ lower AB42 production by selectively modulating, but
not inhibiting, y-secretase activity, to shift the cleavage of APP
away from AP42 production [63]. At present, LY450139 and
Flurizan™ are being evaluated in human clinical Phase 11 and 111
trials, respectively.

Preventing the formation and deposition of AP fibrils represents
another promising approach to developing disease-modifying drugs.
Alzhemed™, a glycosaminoglycan mimic that binds to soluble AB,
is one of the most advanced drugs that inhibits AP fibrilization, and
is currently under clinical evaluation in Phase 111 trials [64].

As an alternative strategy that targets AP directly, antibody-
mediated Af clearance or removal from the brain also has potential
for reducing AP accumulation in the brain. Active immunization
with the AR immuno-conjugate ACC-001, which is composed of an
N-terminal fragment of Af and a carrier protein, and passive
immunization with the humanized monoclonal antibody AAB-001
are now undergoing clinical trials [65].

Collectively, several drug candidates designed to modify
amyloidogenic processes in the early stages of Alzheimer’s amyloid
pathology are currently under clinical evaluation. For the appro-
priate evaluation of drug efficacy, there is an essential need for
biomarkers that indicate whether drugs are actually altering the
underlying degenerative process. In addition, appropriate biomar-
kers for the early diagnosis of AD are also required, because anti-
amyloid therapy should be started as early as -possible after the
initiation of amyloid pathology to obtain an optimum therapeutic
effect and to delay or halt the clinical outcomes.

4. AMYLOID IMAGING

Since AD is a progressive neurodegenerative disorder leading
to the death of neurons that cannot be replaced once lost, an early
diagnosis is critical for physicians, patients and their families to
make early social, legal, and medical decisions about treatment and
care. Early treatment with even current medications, starting before
neurodegeneration becomes too severe and widespread, may
provide greater benefits over the long term [66,67]. Moreover, early
diagnosis and treatment of AD are expected to contribute substan-
tially to social and financial savings. Consequently, a considerable
effort has been made in the last decade to identify reliable
biomarkers of AD for disease detection at an early stage [18,68].

At present, clinical diagnosis of AD is generally performed by
evaluation of the progressive impairment of cognitive functions and
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exclusion of other causes of dementia. A definitive diagnosis of AD
can only be made by postmortem observation of NPs and NFTs in
brain sections; this is regarded as the gold standard [69,70]. This
mean that, according to current clinical diagnostic criteria, AD can
not be diagnosed before the discase has progressed so far that
clinical outcomes have appeared. Recent studies have demonstrated
that PET imaging of glucose metabolism and CSF biomarkers (total
tau, phosphorylated tau, and AB42) show preliminary promise for
the identification of AD traits [68,71]. Both methods indicate a high
predictive value for the identification of preclinical AD in patients
with mild cognitive impairment (MCI), which is suggestive of the
earliest symptomatic stage of AD but is insufficient to fulfill
traditional diagnostic criteria for AD [72]. However, postmortem
studies have revealed that some cognitively intact individuals and
many patients with MCI already carry a heavy burden of AD-like
neuropathology [73-75]. The pathogenic processes, especially the
formation of NPs, arc estimated to start a few decades before
clinical symptoms become evident (Fig. (2)). Considering this fact
along with the amyloid cascade hypothesis, AB deposits in the brain
are a reasonable and promising biomarker for the early diagnosis of
AD.

To detect AP burden in the brain, much attention has been
directed ‘toward amyloid imaging, which enables the spatial
distribution and degree of deposition of AB in the brain to be
visualized non-invasively using a ligand that binds to AR fibrils.
This in vivo imaging measurement would have great value as a
diagnostic marker for identifying individuals with incipient AD in
the MCI stage, and even those in the presymptomatic phase of the
disease. Amyloid imaging would allow us to investigate the
pathogenic role of AB in AD pathology by following and relating
directly the pathological progression and cognitive decline in the
same individuals over time.

In addition, amyloid imaging is expected to serve as a usefiil
tool for the clinical assessment of disease-modifying therapeutics
targeting the AP pathway, making it possible to evaluate whether
the level of A deposits in the brain is lowered by the drug; namely,
whether the drugs actually exert their action against their targets
[22,76,77]. Such in vivo evaluation of drug influences on disease
targets would provide convincing proof of the mechanism. Further-
more, selection of appropriate subjects who have AB deposits in
their brains, but intact cognition, using amyloid imaging, would be
a rational strategy for clinical trials of such disease-modifying
therapeutics. Measurement of Af deposition by amyloid imaging
may be more reliable than measurement of standard clinical or
cognitive outcomes in large clinical trials, thereby increasing the
power to detect a small effect and reducing sample size.
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Fig. (2). Hypothetical model of the neuropathological progression (Af and NFT depositions) and clinical outcomes in Alzheimer’s disease.
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Development of amyloid imaging agents, including probes for
PET, SPECT, Magnetic Resonance Imaging [78-80], and necar-
infrared fluorescence imaging {81], have advanced rapidly during
the last decade. Among these, PET radioligands have been the most
extensively studied, and a significant number of candidates have
been reported to date. Some of these have proceeded to exploratory
clinical evaluations and promising results have been achieved in
amyloid imaging studies.

5. AMYLOID IMAGING AGENTS

5.1. Requirements for Amyloid Imaging Agents

In general, development of PET radioligands starts with finding
a “seed” compound, which binds to the target molecule. The
chemical structure is then optimized to have appropriate features for
imaging the target. With regard to amyloid imaging, the radioligand
requires several criteria for optimization, including that it shows:
high binding affinity for A fibrils; high blood-brain barrier (BBB)
permeability with appropriate lipophilicity; and excellent brain
pharmacokinetics with rapid brain uptake and fast clearance from
the normal brain without non-specific binding.

The binding affinity required for radioligands is generally
considered in relation to the total concentration of the target
molecule. The concentrations of Af in the AD brain have been
reported to be 1-10 pM [82], and these levels are considerably
higher than those of typical neuroreceptors or transporters (1-200
nM) [83). Therefore, the requisite binding affinities (Kd; the
equilibrium dissociation constant) for amyloid imaging agents have
been set as below 20 nM [84], which is relatively higher than those
of neuroreceptors or transporters in the range between 10 pM and 1
nM [83]. As an alternative indicator, inhibition constant (Ki) is also
often used for evaluating binding affinities due to its utility in the
efficient screening of a number of non-radiolabeled candidates; this
value is required to achieve the same level as the Kd.

Showing a high BBB permeability via passive diffusion, a
radioligand for amyloid imaging should be a small molecule with a
molecular weight (MW) of less than 400-500 {85]. In addition, the
radioligand should be lipophilic enough to cross the BBB easily,
but not so lipophilic as to cause unacceptable binding to plasma
proteins and non-specific binding to normal brain tissue. A
parabolic relationship has been demonstrated between radiotracer
brain uptake and its Log P value, an octanol-water partition
coefficient used as a parameter of lipophilicity, showing the uptake
peak between a Log P of 2 and 3 [86,87]. The appropriate Log P
value for brain entry has been suggested to be in the range between
1 and 3 [88].

Because of the short half-lives of positron emitters (''C, 20.4
min; '*F, 109.8 min), intravenously injected radioligand should be
incorporated rapidly into the brain and, after reaching the peak level
of uptake, non-specific bound or free radioligand should be cleared
fast in the half-life time equal to or less than that of the radioactive
decay of the radionuclide [27,89]. For this purpose, binding affinity,
MW, and lipophilicity of radioligands are comprehensively
optimized to afford desirable pharmacokinetic properties leading to
adequate images with a high signal-to-noise ratio suitable for
quantitative analysis of ligand binding potency.

5.2. Biomolecules

Some biomolecules such as antibodies or Af peptide itself were
explored in the search of amyloid imaging agents, because they
bind specifically to AP amyloid and plaques in vitro {90-94].
However, these molecules do not possess the appropriate properties
for brain amyloid imaging in in vivo studies. One of the most
serious problems is their low BBB permeability due to their large
MW. Although many attempts have been made to improve their
BBB permeability (brain uptake) by modifying their structure or
applying a drug delivery system, no promising results have yet been
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achieved. Therefore, over the past decade, an alternative approach
for developing amyloid imaging agents, based on small organic
compounds, has been taken.

5.3. Congo Red Analogues

Congo red (CR) is an organic dye molecule widely used for the
histological stairing of amyloid especially in postmortem
pathological studies of AD. Klunk and coworkers evaluated
quantitatively CR binding to amyloid-like proteins with a p-sheet
conformation [95]. They speculated that the key structural feature
of CR is the two acidic functional groups and the space between
them. Since CR possesses low lipophilicity (Log P = -0.18) owing
to two highly charged amino-naphthalene sulfonic acid groups in
the structure, Klunk and coworkers investigated the binding
potential of Chrysamine G (CG), a lipophilic analogue of CR,
which also has two acidic functional groups with the same amount
of space between them as seen in CR.

CG showed high binding affinity to synthetic AP aggregates
(Ki= 2.7 nM), and total binding of ['*C]CG to homogenates of AD
brains was nearly three times as high as that of age-matched control
brains [27,96,97). However, brain uptake of ['*C]CG in mice was
limited. Thus, considerable efforts to develop CG derivatives with
high BBB permeability were expended through modifying the
structure to afford a low MW and relatively high lipophilicity,
resulting in a new series of CG analogues (1-8) with a new
pharmacophore, bis-styryl benzene (styrylbenzene), indicated as
Framework A in Fig. (4).

Methoxy-X04 (8; Me-X04), an optimized CG derivative, has a
lower MW (344), lacking the carboxylic acid groups, is moderately
lipophilic (Log P = 2.6), and exhibits selective binding to Af
plaques in postmortem AD brain sections and PS1/APP Tg mouse
brain [27,98]. Interestingly, removing the carboxylic acid groups
had little effect on the binding affinity for Af aggregates and AB
plaques, indicating that the acidic functional group is not a
predominant factor in the binding mechanism. Moreover, removal
of the carboxylic acid groups leaving only the weakly acidic
phenols resulted in a neutral form of Me-X04 at physiologic pH
(pKa = 10.8), and thereby, the brain uptake of ["C]Me-X04 was
shown to be 7-fold higher than that of the related carboxylic acid
derivative Me-X34 (7) [98]. Nevertheless, the level of brain uptake
of the optimized compound was still insufficient for using in human
PET studies.

The styrylbenzene framework was also used by other resear-
chers for the development of amyloid imaging agents such as ISB,
IMSB, and so on [99-101]. Although ['*1]ISB (10) and ['*I}IMSB
(11) showed high binding affinity to A§ aggregates, their BBB
permeabilities were very low, probably due to their carboxylic acid
groups. If the carboxylic acid groups were removed from ISB and
IMSB, the brain uptake of the resultant derivatives would be
expected to increase, but not to exceed the level of Me-X04 uptake,
because of their relatively high MW.

Since the framework of styrylbenzene is so rigid that further
optimization of the derivatives is limited, recent rescarch has
shifted to the usage of different types of molecular framework for
developing amyloid imaging agents.

5.4. Thioflavin-T Analogues

Thioflavin T (ThT) and Thioflavin S (ThS) are other organic
dyes often used for histopathological staining of amyloid plaques
(Fig. (3)). Although ThS is more widely used in in vitro histological
staining studies, ThT is a more attractive seed compound for
developing amyloid imaging agents, because of its relatively low
MW and well-defined chemical structure [102]. However, ThT
contains a positively charged benzothiazolinm unit, whose ionic
charge is unfavorable for brain uptake. Therefore, the development
of amyloid imaging agents based on ThT requires chemical
modification of the charged structure to generate a neutral form.
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Fig. (3). Organic dye molecules widely used for the histological staining of amyloid.

Klunk and co-coworkers developed a series of neutral ThT
derivatives (13-25, 30-32) containing uncharged benzothiazole
instead of benzothiazolium for PET imaging [84,103-105]. That is,
the molecular framework in the derivatives can be represented as
Framework B in Fig. (4), where X and Y are “S” and “N”,
respectively. They systematically evaluated the binding affinities
and lipophilicities of the derivatives, and investigated the
relationship between the lipophilicity and brain entry or clearance
of the derivatives in detail [84]. As a result, all of the neutral
derivatives showed higher binding affinities (Ki: 2-64 nM) for
APB40 aggregates than the charged parent compound, ThT (Ki: 580
nM). Additionally, an interesting correlation was observed between
log Pcis and the clearance as expressed by the 2 min-to-30 min
ratio, indicating that the least lipophilic compounds tended to be
cleared from the brain the fastest, while the most lipophilic ones
were retained for over 30 min [84]. Based on the brain clearance
property, compound 20 (PIB), which showed rapid clearance from
normal mouse (2 min-to-30 min ratio = 11.6) and baboon brain,
was finally selected as a promising candidate for further biological
evaluation. An in vitro binding study using [*H]PIB and AD brain
homogenates indicated a high binding affinity with Kd value of 2.5
nM [106].

Kung and co-workers also independently developed 2- -

arylbenzothiazole derivatives as neutral ThT derivatives (35,
TZDM; 36, TZPI) for SPECT imaging [100]. These derivatives
showed specific binding to Ap40 and AR42 aggre%atcs at sub-
nanomolar concentrations. Using ['PIITZDM and ['®IJIMSB in a
competitive binding assay, these authors clearly demonstrated that
there are distinctive and mutually exclusive binding sites on AB40
and AP42 aggregates for 2-arylbenzothiazole derivatives and
styrylbenzene derivatives. Kung and co-workers have continued to
develop a variety of ThT derivatives containing benzoxazole (37,
IBOX) [107], benzofuran (47-54) [108,109] or imidazopyridine
(100-104), in the place of benzothiazolium. Among them, a
benzofuran derivative {''C]50 showed potential for in vive amyloid
tmaging: high binding affinity (Ki: 0.7 nM) for Af and good brain
clearance (2 min-to-30 min ratio = 13.6). An imidazopyridine
derivative ['1]100 known as IMPY also demonstrated desirable
characteristics for in vive imaging of A plaques [110-114].

As related F-18-labeled compounds, 2-(4-fluorophenyl)benzo-
thiazole derivatives (33, 34) [115,116] and ThT derivatives con-
taining benzothiophene (38-46) [117] or imidazopyridine (105-108)
[118,119] instead of benzothiazolium were also reported by other
research groups. The benzothiophene derivatives exhibited
excellent binding affinities for AB aggregates (Ki: 0.2-4.3 nM) and
high initial brain uptake, but very slow clearances from normal
brain tissue relative to PIB and 50. However, their slow clearances
would be improved by introducing a hydroxy group into the
benzene ring of benzothiophene to reduce their lipophilicities, as in

the case of PIB and 50. For F-18-labeled IMPY analogues
(['**F1105, ['*F]106, ['*F]108), PET studies of brain pharmaco-
kinetics in mice and rhesus monkeys showed moderately favorable
profiles; however, further improvements are needed to reduce
radioactive metabolites and/or increase binding affinity.

5.5. Stilbene and Related Derivatives

Stilbene, represented as Framework C in Fig. (4), where X is
“C”, is a simple but potent pharmacophore belonging to AP binding
ligands that were found by Kung and co-workers in a search for a
new AP probe [120,121]. While the stilbene skeleton is a partial
structure of styrylbenzene, an in vitro binding assay revealed that
the binding affinities of stilbene derivatives toward styrylbenzene
binding sites were very low. By contrast, stilbene derivatives
showed high binding affinities to the binding sites of TZDM (35), a
ThT denvative, especially in the case of aromatic rings containing
an electron-donating group, such as p-amino, p-methoxy, or p-
hydroxy groups [120]). Consequently, a series of simple stilbene
derivatives with 4-amino and 4’-hydroxy substitution groups (58-
63) were screened as possible PET imaging agents [122]. Although
all of the stilbenes displayed high binding affinities (Ki: 1-6 nM),
compound 61 (SB-13) was selected as a lead compound for C-11
labeling and further biological evaluation because of its moderate
lipophilicity. As expected, ['C]SB-13 showed very good brain
penetration and clearance from normal rat brain after i.v. injection.
In addition, in vitro autoradiography demonstrated specific binding
of [''CAH]SB-13 to AP deposits in the tissue sections from
transgenic AD model mouse brain and AD brain [114]. [PH]SB-13
displayed high-affinity binding to AD brain homogenates with a Kd
value of 2.4 nM. These results suggested that simple stilbene
derivatives like [''C]SB-13 might have potential for visualizing AP
deposits in the brain using PET.

Kung and co-workers then designed and synthesized stilbene
derivatives (69, 71, 73) containing a 2-fluoromethylpropan-1-ol
structure aiming at F-18-labeled amyloid imaging agents [123].
These compounds exhibited high binding affinities in a competitive
binding assay using ['PIJIMPY and AD brain homogenates.
Biolo§icaj evaluations using their F-18-labeled compounds clarified
that [*F]73 ({"*FIFMAPO) shows the most preferable features:
excellent brain penetration (9.75 %ID/g at 2 min); rapid brain
washout (0.72 %ID/g at 60 min); and specific binding to amyloid
plaques in AD brain homogenates and sections. However, the
increasing bone uptake of radioactivity with time, reaching 7.8
%ID/g at 2 hr postinjection, indicates that the defluorination of
['®FIFMAPO is likely to oceur in vive [123).

Another series of F-18 labeled stilbene derivatives ([”F]64-
['*F]67) was also developed by Kung and co-workers [124].
Fluorinated polyethylene glycol (PEG) units (n=2-5) were attached
to stilbene derivatives on the 4’-hydroxy group of SB-13 to lower



1778 Current Topics in Medicinal Chemistry, 2007, Vol. 7, No. 18

R3
R, R,

Framework A

CHs

Framework D

Framework G

Rg

Rg O OH
o O H3;CO S N OCH3
28 C C o
I Rg OH Ry N\
0 R9

Framework J

Framework E

Ro
\\\

Framework H

Framework K

Furumoto et al.
Ry v m
5.V Rs R
2 : 7
L e
6 = X
v =

Framework B Framework C

Rg

~y OO J—Q Ro
I

. _ N
Ry

Framework F

- Rg
N N~

Framework 1

J

Ry

Framework L

Fig. (4). Molecular frameworks of A ligands that have been reported to date. Each substitution (R,-Ry) is indicated in Tables 1 ~ 4.

the lipophilicity and improve bioavailability. The addition of a
fluorinated PEG group had little effect on the high binding affinity
and the moderate lipophilicity of the parent stilbene derivative.
Consequently, these fluorinated PEG stilbene derivatives indicated
high binding affinitics for amyloid plaques and good pharmaco-
kinetic properties. While defluorination of these derivatives was
also detected in the biodistribution studies, the bone u?take values
were relatively low (1.5-2.8 %ID/g) in comparison to [ *FIFMAPO
and related derivatives.

These fluorinated PEG units were introduced to other types of
amyloid ligands including PIB, IMPY, BF-168 (89) and styryl-
pyridine derivatives (80-82) [125]. These derivatives (26-29, 77-79,
95-97, 109-113), containing fluorinated PEG, displayed the same
degree of binding affinities as the corresponding parent compounds
[126,127]. PIB derivatives (26-29) showed moderately favorable
brain pharmacokinetics in the case of shorter PEG length (n=2), but
high bone uptake was simultaneously observed. IMPY derivatives
(109-113) exhibited low brain uptake and slow brain clearance.
Styrylpyridine derivatives (77-79) [127], having the same frame-
work of stilbene, displayed high binding affinities for amyloid
plaques and preferable brain kinetics, similar to FMAPO.

5.6. Vinylbezoxazole Derivatives

The vinylbezoxazole derivatives, indicated as Framework D in
Fig. (4), were recently reported by Kudo and co-workers as
promising candidate amyloid imaging agents (83-94) [128-131].
These derivatives contain not only a benzoazole and an aromatic
ring in their structures, like ThT derivatives, but also a double bond
between them, like stilbene derivatives. A competitive binding

assay using ['*’I}93 (BF-180) and synthetic AP aggregates
indicated sufficiently high binding affinities for use as A ligands.
Although the molecular size of the 2-vinylbenzoxazole derivatives
is slightly larger than that of ThT and stilbene derivatives, these
three types of derivatives appear to share a common binding site on
AP aggregates, because the 2-vinylbenzoxazole derivative 89 (BF-
168) and the related analogue 2-(4-dimethylaminostyryl)benzothia-
zole inhibit the binding to AP of ['*IIMPY and ['*’1TZDM,
respectively, at nanomolar concentrations [120,126].

Kudo and co-workers first evaluated a series of 2-styryl-
benzoazole derivatives on the basis of their binding affinities for
AP aggregates, binding selectivity to amyloid plaques (fluorescent
staining), and brain uptake in vivo, and then selected 89 (BF-168) as
a lead oomyound for amyloid imaging studies. A biodistribution
study of ["*F]BF-168 in normal mice showed good initial brain
uptake and moderately favorable clearance [130]. However, ex vivo
autoradiography of ['*F)JBF-168 in normal rat indicated slight
residual radioactivity in the white matter [128]. Thus, these authors
further synthesized and evaluated several derivatives related to BF-
168, and then developed an optimal compound, 94 (BF-227), with
regard to brain pharmacokinetics.

Replacement of the phenyl ring of BF-168 with a thiazole ring
resulted in no change in the binding affinity of this compound for
AR aggregates; namely, compound BF-227 exhibited high binding
affinities for AB40 (Ki: 1.5 nM) and AB42 (Ki: 4.9 nM) [132]. A
brain uptake study of [''C]BF-227 demonstrated excellent brain
penetration (7.9 %ID/g at 2 min) and rapid clearance from the brain
(0.72 %ID/g at 60 min). /n vitro autoradiography of [''C]BF-227
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Table 1. Binding affinities (Ki, nM) of the Ligands with Framework A for A Aggregates (ABsy and/or AB,,) or AD Brain
Homogenates (AD-BH) and the Log Pg, Values

C°m::""d Framew R R, Rs Ki (aM) Log Pox t;"ny‘ :’: Ref
1 (X-34) A COH OH H 18 0.42 ABao [27]
2 A COH OCH, H 47 095 AP (271
3 A COH H H 135 039 ABw 27]
4 A COCH, OH H 19 34 ABuo 27
5 A H OH OH 9 ; ABw 27
6 A OH/OCH, OH H 18 . ABo 27
7 (Me-X34)" A COH OH/OCH, H . ; ABe (98]
8 (MeX04) A H OH OCH, 268", 19.5° 26 ABuo (98, 27]
9 BSB) A COH OH Br 400 ; AB [99]
10 (ISB) A COH OH 1 0.08%,0.15° 1.54 ABu, A | [100]
1 (MSB) A COH OCH; I 0.13%,0.73° 0.04 ABu, ABez | [100]
12 (FESBY' A H OCH, OCH,CHF ; ; ; [o1)

* Ki values were not reported in the references. ® Ki value for Ao aggregates. © Ki value for Af,; aggregates.

Table 2. Binding Affinities (Ki, nM) of the Ligands with Framework B for Af Aggregates (ABs and/or Af,;) or AD Brain
Homogenates (AD-BH) and the Log Po Values

el el ] e ] [ [ [ ]
13 (BTA-0) B s N H NH, 37 2.0° ABso [84]
14 (BTA-1) B s N H NHCH, 1 27" ABao [103, 84]
15 (BTA-2) B s N H N(CH:), 4.0 3.4 ABa (84]
16 B S N 6-CH, NHCH, 10 31 ABao {103, 84]
17 B S N 6-CH, N(CH), 64 38 ABso [103, 84]
18 B s N 6-OCH, NHCH; 49 26° ABso [84]
19 _ B s N 6-OCH; N(CH;), 1.9 33 ABawo [84]
20 (PIB) B s N 6-OH NHCH; 43 12° ABuo [84]
21 ' B s N 6-OH N(CHs), 44 20° ABao [84]
22 B s N 6-Br NHCH, 17 36" ABuo (84)
23 B S N 6-Br N(CHs), 29 44 ABa (84]
24 B s N 6-CN NHCH, 8.6 25° ABxo [84]
25 B s N 6-CN N(CH,), 1 32 ABaw (84]
26 B S N | 6-(OCH,CHy)F NHCH, 22 3.04 AD-BH [126]
27 B s N | 6<(OCH,CH,)F NHCH; 28 3.04 AD-BH [126]
28 B S N | 6-(OCH,CH,)F NHCH, 47 2.99 AD-BH (126]
29 B S N | 6-(OCH,.CHy)F NHCH; 9.0 - AD-BH (126)
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(Table 2) Contd....
eI R
30 B S N 6-OCH; OH 42 1.8 ABaso [105]
31 B N N 6-NO, NHCH, 275 296 ABuo [105]
32 B S N 6-NH,. OCH, 6.9 1.76 ABso [105])
33 B S N H F 9 2.76 AD-BH [115]
34 B S N 6-CHs F 57 - AD-BH [116]
35 (TZDM) B S N 6-1 N(CH;), 0.06",0.14° 1.84 ABao, ABaz [100]
36 (TZP1) B S N 6-1 4-methylpiperazin-1-yl | 0.13%0.15° 2.49 ABao, ABa2 [100]
37 (IBOX) B (0] N 6-1 N(CH;), 08 2.09 ABso [107}
38 B S C OCH; 0.40°%,0.52° 3.07 ABao, ABaz {1171
39 B S C H OH 3.04%,3.72° 2.99 ABao, ABay [117]
40 B S C H OCH,CH;F 0.67°,0.87° 2.83 ABao, ABsz [117]
41 B S C H OCH,CH,CH,F " 0.65°,0.73° 2.88 ABao, ABaz [117}
42 B S C H NH, 4314, 6.50° 2.87 ABao, ABe 17
43 B » S C H NHCH; 0.28°,0.72° 320 ABa, ABaz [117]
4 B S C H N(CHs), 1.06°, 0.63° 344 ABa, ABsz [117]
45 B S C H NHCH,CH,F 156,098 | 3.46 ABuo, ABaz mn
46 B S C H NHCH,CH,CH,F 0.73%,0.77° 3.56 AP, ABs [117]
47 B (o] o} 5-OCH; NH, 23 - AD-BH [108]
48 B o} C 5-OH NH, iLs - AD-BH [108]
49 B ] C 5-OCH,3 NHCH; 13 - AD-BH [108}
50 B (0] C 5-OH NHCH, 0.7 2.36 AD-BH {108}
51 B 0 C 5-OCH; N(CH;), 12.0 - AD-BH [108]
52 B o C 5-OH N(CH;), 2.8 - AD-BH [108]
53 B (o} C 5-Br NHCH;, 2.7 - ABao [109]
54 B o C 5-Br OCH; 1.3 - ABao [109]

* Log P values determined by reverse phase HPLC methods [84]. ® Kd (uM) for AB,, aggregates. © Kd value (nM) for AB,; aggregates. ° Ki value for AB. aggregates. © Ki value for

AP, aggregates.

Table 3. Binding Affinities (Ki, nM) of the Ligands with Framework C and D for AB Aggregates (AB4, and/or AB,;) or AD Brain
Homogenates (AD-BH), and the Log Po Values

Compound Frame X y R R, Ki (M) Log Amyloid Ref
No -work Pou sample
55 C C m-1 N(CHs), 45 - Ay [120]
56 C C p1 N(CH3), 2.0 - Ao {120]
57 C C p-F N(CHs), 22 - ABao {120]
58 C C p-OCH3 NO;, 151 - ABso {122]




Recent Advances in the Development of Amyloid Imaging Agents

Current Topics in Medicinal Chemistry, 2007, Vol 7, No. 18 1781

(Table 3) Contd....
el ] o e | [
59 C C - p-OCH; NH, 36 - Ao [122}
60 C C - p-OCH; NHCH; 12 - ABs [122]
61 (SB-13) C C - p-OH NHCH; 6.0 2.36 ABaw [122]
62 C C - p-OCH3 N(CH3), 1.3 - AP [122]
63 C C - p-OH N(CHs), 1.2 - Ao [122]
64 C C - Pp-(OCH:CH,).F NHCH; 29 2.52 AD-BH [124]
65 C C - p-(OCHCH,)sF NHCH; 6.7 241 AD-BH [124])
66 C C - P-(OCH,CH,),F NHCH, 44 2.05 AD-BH [124]
67 C C - p-(OCHCH,)sF NHCH; 6.0 228 AD-BH (124}
68 C C - p-OH NH; 95 - AD-BH {123]
69 C C - p-OCH,CH(CH,OH)CH,F NH; 15 - AD-BH {123]
70 C C - p-OH N(CHs), 1.1 - AD-BH [123]
71 C C - p-OCH,CH(CH,OH)CH,F N(CHs). 15 3.13 AD-BH [123])
72 C C - p-OCH,CH(CHOH), N(CHs), 38 - AD-BH [123)
73 (FMAPO) C C - p-OCH,CH(CH,OH)CH,F NHCH; 50 294 AD-BH [123]
74 C C - p-OCHCH(CH,OH), NHCH;, 325 - AD-BH [123]
75 C N - p-(OCH,CH);OH NH; 91.2 - AD-BH [127]
76 C N - p-(OCH,CH,);0H N(CHs), 22 - AD-BH [127]
77 C N - P-(OCHCHy)sF NH; 150 - AD-BH [127]
78 C N - Pp-(OCH,CH,)sF NHCH,; 10 - AD-BH [127)
79 C N - Pp-(OCH,CH,)sF N(CHs). 25 322 AD-BH [127)
80 C N - p-Br NHCH,; 70 - AD-BH [125
81 C N - p-Br N(CHs). 3.2 - AD-BH [125}
82 C N - p-l N(CH3). 4.8 1.92 AD-BH 125}
83 (BF-133) D c=C C S-F N(CH;), 2.1°,34° - ABao, ABsz [129]
84 (BF-145) D c=C C 5-F NHCH, 3.044.5° - ABao, ABaz [129]
85 (BF-140) D c=C C 5-F NH, 47, 2.1° - ABw, ABa [129])
86 (BF-164) D c=C C 6-H NH; 0.38 - ABaz [130}
87 (BF-169) D Cc=C C 6-H NHCH; 7.1 - Ay [130}
88 (BF-165) D =C C 6-OH NHCH; 1.8 - ABs [130]
89 (BF-168) D c=C C 6-OCH,CH,F NHCH; 25, 64" 1.79 ABa, ABaz [130]
90 (N-282) D c=C C 6-H N(CHs). 43 - ABa [130]
91 (BF-148) D c=C C 6-F N(CH;). 42 - ABsz [130]
92 (BF-125) D c=C C 6-H N(CH,CHj3), 15%49"° - ABao, APz [130]
93 (BF-180) D c=C C 5-1 N(CHs). 6.7, 106" - ABu, APaz {130]
94 (BF-227) D S N 6-OCH,CH,F N(CHs), 1.8°,43" 1.75 ABao, APaz [132]
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(Table 3) Contd....
SRR IR EE
95 D c=Cj) C 6-(OCH,CH)sF N(CHs), 14.5 293 AD-BH [126]
96 D Cc=C| C 6-(OCH,CH,)eF N(CH;), 10.0 - AD-BH 126}
97 D Cc=C| C 6-(OCH,CH,)sF N(CH3), 6.0 - AD-BH [126]

* Ki value for A, aggregates. ® Ki value for AB,; aggregates.

Table 4. Binding Affinities (Ki, nM) of the Ligands with Framework E~L for AB Aggregates (ABy and/or ABy) or AD Brain
Homogenates (AD-BH) and the Log Py Values

Compound Frame Amyloid
No -work ke Ro 1 () Log Pou sample Ref
98 (FDDNP) E C(CN), - 0.12(H)", 1.86(L)° - ABaso [136]
99 (FENE) E 0 - 0.16(H)", 71.2(L)° - AP [136]
100 (IMPY) F I N(CH;), 15 2.18 Ao [110}
101 F CH; N(CHs), 242 - ABa {111]
102 F Br N(CH,), 103 - Ay [1n
103 F CH;, Br 638 . ABao [t
- 104 F N(CH;), Br 339 - ABao (111}
105 (FEM-IMPY) F I N(CH3)CH,CH,F 27 4.41 ABuo [118]
106 (FPM-IMPY) F 1 N(CH3)CHCH,CH,F 40 4.60 ABao [118]
107 (FEPIP) F CH,CH,F N(CHs), 177 242 ABso [119]
108 (FPPIP) F CH,CH,CH,F N(CH;), 483 2.84 ABaso [119]
109 F (OCH,CH)F N(CHs), 16 - AD-BH [126]
110 F (OCHCH2,,F N(CHs). 31 - AD-BH [126]
111 F (OCH,CH,»:F N(CH3), 30 2.69 AD-BH [126]
12 F (OCH,CH,)F N(CHs), 96 - AD-BH [126]
113 F (OCH,CH2)sF N(CHs), 387 - AD-BH [126]
114 G OH OH 4.0 - AD-BH [141]
115 G OH OCH, 6.1 - AD-BH [141]
116 G NH. NH, 6.1 - AD-BH [141]
117 G OCH; NO. 185 - AD-BH [141]
118 G OCH; NH, 5.6 - AD-BH [141]
119 G OH NH; 9.6 - AD-BH [141]
120 G OH N(CH;). 75 - AD-BH [141]
121 G OCH; NHCH,CHF 215 - AD-BH [141]
122 G OH NHCH,CH,F 3.9 - AD-BH [141]
123 G OH NHCH; 312 - AD-BH [141]
124 H OH OH 9.0°, 150° - AD-BH [142]
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(Table 4) Contd....
Compound Frame Amyloid
No -work Ra R Ki(nM) Log Poa 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,CHF 125,217 - AD-BH [142]
128 (BF-108) I CH,CH,F - 135° 3.01 ABao {144}
129 J NHCH; - 22.6%,30.0 215 Afu, AP [149}
130 J N(CH;), - 13.2°,15.6° 2.69 Ao, APaz [149]
131 J OCH; - 29.0°, 38.3¢ 241 ABuo, ABaz [149]
132 J OH- - 72.5°,77.2¢ 1.92 AP, APaz -[149)
133 K OH I 937 0.94 ABao [151]
134 K OCH,CH,CH,F H 0.07 1.84 ABso {151]
135 L Br co 16.5 - ABao [140]
136 L Br CH; 0.85 - ABao [140]
137 L 1 CH; 0.92 2.46 Ay {140}

* 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 AB,, aggregates. ¢ Ki value for A,

aggregates. ° ICso value for AP, 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 A 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 Af
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]. ngh binding affinity was also ascertained by a
radiobinding assay using ["*FIFDDNP and AD brain homogenatcs
(Kd: 0.75 nM) [137]. Data on the brain uptake of ['8F]FDDNP 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 [2°J137 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

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 canymg at least one hydroxy or
primary/secondary amino group in the phenyl 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 affinitics 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 AP 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 demonsirated to inhibit the
formation and extension of A@ fibrils, and to destabilize preformed
AR 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 A plaques in
AD brain sections [148], indicating its binding potency to AP
ﬁbri]s

no and co-workers clarified that iodinated flavone derivatives
([1251]129 ['Z11132) possess hlgh 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 Af 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 ["*FJFDDNP have been evaluated in
preliminary clinical studies. Of these tracers, [''CJPIB 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 [''CJPIB 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 [ ICIPIB in all
cortical areas including the cerebellar cortex. The time-activity
curves of [''CJPIB 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 pattern of [!'CIPIB accumulation
between healthy control subjects and AD patients. In accordance
with the distribution pattern of AP deposition [153,154], [''C]PIB
was markedly retained in the comresponding 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 {''CJPIB retentions
(SUVs) in the cortical areas of AD patients, including frontal,
parictal, 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 A 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 Af 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-]611]. 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 ['C]PIB 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 [''CISB-13 was performed to evaluate
its potential as an amyloid imaging agent by comparing it with
{"'CIPIB 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
["'CIPIB. 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 scems to be an effective
PET tracer for imaging AP deposits in AD brain, with similar
performance to (!!cIPIB.

Fairly recently, amyloid imaging with [''C]BF-227 has been
evaluated in AD patients and healthy control subjects [132]. In
control subjects, [''C]BF-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
parictal 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 [''CJBF-227,
especially in the basal portion of the frontal, temporal and ?arictal
regions, in AD patients. The voxel-by-voxel analysis of [''C]BF-
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.

["®FIFDDNP was the first PET probe reported to be effective in
the visualization of neuropatholo%' 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 ['*FIFDDNP 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 AP 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 AP loads estimated by the amyloid imaging are in
accordance with the Af pathology in the brains of the same human
subjects. Further clinical evaluations of the utility of amyloid
imaging, in larger serics 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 A
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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