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1. ABSTRACT

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by a progressive loss of neurotransmitters, as
well as acetylcholinesterase and nicotinic acetylcholine
receptors in the central nervous system that leads to
learning and memory deficits, among other problems. The
disease is associated with increased production and
accumulation  extracellular amyloid plaques and
neurofibrillary tangles in aging human brain, shown in
postmortem exams. New methods for reliable in vivo
measurement of brain therefore would be much more ideal.
PET and SPECT imaging are sensitive methods for the
quantitation of AD biomarkers. The development of
molecular imaging agents for AD is critically important in
the early diagnosis, neuropathogenesis studies and
treatment of AD. A number of potential diagnostic PET and
SPECT imaging agents targeting AD have been
synthesized and evaluated. Although many agents showed
excellent results for in vitro monitoring of the disease, there
are only several radioligands with high selectivity and
specificity to  binding sites and  appropriate
pharmacokinetics, such as [''CIMP4A, [''C]PMP,
["'C]nicotine, 2- or 6-['*F]fluoro-A-85380, ['!C]SB-13,
[''C]PIB, and ["®*F]FDDNP, that have been tested in AD
patients. Here we review some recent progress and
development of AD imaging agents using PET and SPECT
in human clinical studies.
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2. INTRODUCTION

Alzheimer’s disease (AD) was defined by Dr.
Alois Alzheimer, a Bavarian psychiatrist, in 1906. It is a
progressive neurodegenerative brain disorder of the central
nervous system (CNS) and the most common cause of
dementia in elderly individuals. The primary risk factor for
AD is age. It is characterized by gradual impairments in
important cognitive functions, including thinking, memory,
learning, and language. Eventually, even the patient’s the
ability to perform such basic normal daily activities as
feeding and dressing oneself will be lost. Although the
pathological hallmarks for the disease have long been
studied, the precise mechanisms causing the disease remain
largely unknown and even controversial. Currently, there
are several proposed causes for the disease such as the loss
of cholinergic function, and the formation of amyloid
plaques and neurofibrillary tangles. In the mid 1970s and
1980s, dementia symptoms associated with malfunctioning
neurons synthesizing and releasing acetylcholine (ACh) in
the brain emerged as the first clear neurochemical indicia
of AD. Researchers noticed that the activity of
acetylcholinesterase (AChE) and nicotinic acetylcholine
receptors (nAChR) levels are markedly reduced in the
cerebral cortex of postmortem brain tissues of AD patients
(1, 2). Advances in biochemical pathology later led to the
discoveries that with age, amyloid senile plaques and
neurofibrillary tangles are abnormally accumulated in the
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Figure 1. Some representative N-methylpiperidyl ester
analogs.

cortical regions, especially in the Alzheimer brain. In vivo
imaging of these biomarkers lent support to the hypothesis
that effective noninvasive method of determining of these
lesions would help make possible not only the early
diagnosis of AD, but also the timely monitoring of
treatment efficacy. This is particularly important in light of
the dramatic increases in the number of people who suffer
from AD worldwide, in part due to growing longevity of
the population. The obvious limitations of postmortem
brain studies have already prompted several attempts to
develop agents for in vivo imaging. More recently,
sensitive diagnostic tools to recognize early stages of the
disease have been developed (3). Positron emission
tomography (PET) and single-photon emission computed
tomography (SPECT), for instance, are powerful methods
that hold the promise to help researchers understand the
structural and behavioral foundations of AD. Although
many methods to detect AD by staining postmortem brain
tissue exist, PET and SPECT are better modalities with the
required selectivity and sensitivity (pico- to nanomolar
range) to measure the density and interactions of specific
binding sites in vivo. These techniques can also be used in
kinetic studies that monitor the distribution of radionuclides
and map biochemical and physiological processes in the
brain. The next advances in diagnosing and treating AD
will therefore depend significantly on the use of novel
neuronuclear imaging techniques under development and
evaluation, some of which are described in this paper.

For a PET or SPECT probe to be successfully
employed for brain imaging in the AD patients, several
criteria. must be met. First, the probe must have high
specificity and selectivity for the relevant binding sites and
low rates of binding to brain tissue not containing the
receptor of interest. Second, the candidate radioligand
should be capable of rapidly crossing the blood-brain
barrier (BBB) in adequate concentrations to permit access
for tracers, as well as allowing high initial brain uptake and
fast clearance of the activity from the brain. Neutral
molecules with small size (m.w. < 650) and reasonable
lipophilicity (log P = 0.1 — 3.5) tend to cross BBB readily.
Third, the probe should be able to distinguish AD brain
tissue from brain tissue of an age-matched, cognitively
normal individual. Lastly, the ligand should be readily
labeled with appropriate radionuclides and the labeled
probe should be stable in vivo and nontoxic. AChE,
nAChR, and A plaque imaging have proven useful in the
early diagnosis of AD and the monitoring of its treatment,
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including the determination of appropriate clinical doses
for newly developed agents (4-7). This review summarizes
some of the recent progress and development of AD
imaging agents.

3. DETECTION OF CHOLINERGIC SYSTEMS FOR
IN VIVO MAPPING OF AD

3.1. Imaging of acetylcholinesterase (AChE)

At the cellular level, there is a marked reduction
in the levels of neurotransmitters in the cortex and
hippocampus of AD patients due to the loss of neurons (8).
The associated decrease in levels of cholinergic
neurotransmission has been associated with the cognitive
impairment seen in AD patients (9). Particularly important
is the depletion of ACh, of which there are two cholinergic
marker enzymes, choline acetyltransferase (ChAT) and
AChE. ChAT, the enzyme that synthesizes the
neurotransmitter ACh, is found in the presynaptic axons.
AChE, the enzyme that hydrolyzes ACh, is found in both
the cholinergic axons and the cholinoceptive neurons.
Significantly, ChAT and AChE activities are greatly
reduced in the cortical regions in AD (10-12), and this
decreased activity is correlated with the extent of cognitive
impairment seen in AD patients (13). Moreover, AChE
tends to deposit within the neurofibrillary tangles and
amyloid plaques of AD (14). As a result, substantial
amount of pharmacological research has involved using
AChE inhibitor drugs to attempt to enhance cholinergic
neurotransmission level in the synaptic cleft.

There are two different approaches for in vivo
imaging of AChE. One is to monitor the enzyme activity
with radiolabeled AChE substrate; alternatively, one can
measure the enzyme density by using radiolabeled AChE
inhibitor (15).

Designed to be a radioligand of the metabolic
trapping type (16-19), the radiolabeled N-methylpiperidyl
esters can also serve as in vivo AChE substrates. For
example, N-[''C]methylpiperidin-4-yl acetate (MP4A or
AMP) and N-['!'C]methylpiperidin-4-y] propionate (MP4P
or PMP) (Figure 1), are two ACh analogs that are selective,
irreversible substrates for AChE and lipophilic ACh
ligands. They readily enter the brain by diffusion (K;) and
are selectively hydrolyzed by AChE into the hydrophilic
metabolites (k;), and are then trapped completely in the
brain according to the distribution of enzyme activity
(Figure 2) (20). [''CIMP4A and [''C]PMP have been
studied in AD patients (21, 22). When [''C]MP4A or
[''CJPMP was intravenously injected into healthy controls and
patients with AD, they showed an average reduction rate of 11-
38% in cortical lesions and a reduced estimated AChE activity
in comparison with control participants. Moreover, inhibitory
effects of donepezil on AChE activity were also seen in the
brain of AD patients (Figure 3) (22, 23).

A number of studies have indicated that AChE
inhibitors can interfere with the progression of AD. This
property has led to the proposed treatments based on the
idea that an increase in cholinergic neurotransmission may
improve cognition. To evaluate this possibility, many
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Table 1. Inhibitory effects of donepezil, physostigmine
and tacrine on AChE and BuChE activity
Activity ICsy, nM
AChE BuChE
5.7+£0.2 7138 +£133 1252
Physostigmine 0.68 +0.02 8.1+0.3 11.9
Tacrine 80.6+2.5 73.0+0.9 0.9

Adapted with permission from ref. 30.
[M'CIMP4A

[CIMPAA
[11C]PMP [1'C]PMP
I l

[M'C]Metabolites

Ratio of ICs,

Compound (BuChE/AChE)

Donepezil

Figure 2. Schematic representation of the three-
compartment model of [''C]MP4A and [''C]PMP kinetics
in the brain. The entire process is described by three
functional parameters: K, representing the rate constant of
radioligand for transport from blood to brain; &,
representing the rate constant of radioligand for transport
from brain to blood; and k3, representing the rate constant
of radioligand for hydrolysis by AChE.

""C-MP4A PET in mild-to-moderate AD
demonstrates reduction in cortex and amygdala but
preserved activity in basal forebrain, which suggests a
dying-off of cholinergic neurons rather than initial loss of
cell bodies. AChE = acetylcholinesterase; nbM = nucleus
basalis of Meynert. Adapted with permission from ref. 23.

Figure 3.

ACHE inhibitor drugs have been radiolabeled with ''C or
'8F for PET imaging studies (Figure 4).
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Physostigmine, developed by Pfizer, was known
to be a potent anti-AChE inhibitor. Physostigmine has
higher binding affinity for AChE than AMP or PMP. In
primate and rat brains, [''C]physostigmine was found to
have a rapid uptake in AChE-rich regions (24). After
intravenous injection of [''CJphysostigmine (Figure 4) in
healthy human volunteers, radioactivity was rapidly taken
up in brain tissue and accumulated more in regions rich in
AChE, such as the striatum, than in regions poor in AChE,
with a target tissue to non-target tissue ratio of about 2
(25). However, it also showed a short biological half-
life, which means that the ligand has poor
pharmacokinetic parameters for AChE imaging (25). In
addition, the radioligand showed lower selectivity of
AChHE than butyrylcholinesterase (BuChE), and its high
lipophilicity led to nonspecific binding in the brain
regions (Table 1).

1,2,3,4-Tetrahydro-9-aminoacridine (tacrine,
THA/Cognex) was the first drug approved by the US Food
and Drug Administration (FDA) for the treatment of AD.
Tacrine is a centrally active aminoacridine compound and
has been shown to increase brain ACh levels, thereby
acting as a reversible AChE inhibitor. Oral administration
of tacrine is useful in the long-term palliative
treatment of AD patients (26). However, tacrine
appears to have lower binding affinity than donepezil
and physostigmine for AChE (Table 1). In order to
study the localization and pharmacology of AChE
binding sites in the brain, tacrine was labeled with C-
11 for PET imaging (Figure 4). Even though tacrine
is known to be a potent therapeutic agent for patients
suffering from AD, the regional distribution of the
[11C]methyl-tacrine showed low selectivity in the
brain of rats and baboons (14). Tacrine was also
reported to have side effects on the peripheral
nervous system and hepatotoxicity (27, 28), which
may further limit its use.

Donepezil hydrochloride, the second drug
approved by the FDA, was developed and is currently used
worldwide for the treatment of AD. This agent has emerged
as a new class of reversible AChE inhibitor with an N-
benzylpiperidine and an indanone moiety that exhibits a
high affinity and selectivity for AChE (ICso = 5.7 nM)
(Table 1) (29-32). However, '*F-labeled donepezil and 5-
or 6-[''C-methoxy]donepezil did not have significantly
different regional distributions of AChE in the animal
brains (33-35), probably because these ligands have no
specific binding to the AChE or specific binding sites in
vivo in the brain.

Recent studies have also shown that N-
benzylpiperidine lactam benzisoxazoles are potent,
selective AChE inhibitors (ICsy = 0.33-3.6 nM) and are
selective for AChE over BuChE (> 1,000-fold) (36). In
particular, AChE activities of 5,7-dihydro-3-[2-[1-
(phenylmethyl]-4-piperidinyl]ethyl]-6 H-pyrrolo[3,2-f]-1,2-
benzisoxazol-6-one) (CP-118,954) and 5,7-dihydro-7-
methyl-3-[2-[1-(phenylmethyl]-4-piperidinyl]ethyl]-6 H-
pyrrolo[3,2-f]-1,2-benzisoxazol-6-
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Figure 4. Some representative radiolabeled AChE inhibitors.

one (CP-126,998) displayed high anti-AChE activity
(ICso=0.33 and 0.48 nM, respectively), and low binding
affinity for BuChE (ICso = 7200 and 4500 nM,
respectively). [''C]JCP-126,998 was obtained by the N-
alkylation ''C-labeling of lactam nitrogen of CP-
118,954 with good radiochemical yield and high specific
radioactivity (Figure 4). In vivo mouse biodistribution
studies revealed that [''C]JCP-126,998 was localized
most prominently in the striatum (6.1 % ID/g at 5 min),
a region known to be rich in AChE, and declined by
approximately 50% at 120 min (3.14 % ID/g).
Competitive blocking studies using a variety of AChE
inhibitors (diisopropylfluorophosphate, tacrine, and CP-
118,954) significantly inhibited the uptake in a dose-
dependent manner, verifying the specificity of the PET
radiotracer for brain AChE (35, 37). When [''C]CP-
126,998 was investigated in healthy human subjects,
PET study showed that the radioligand readily crosses
the BBB and there is a good correlation between the
radioligand and AChE brain concentration of the
postmortem data from AD patients (38, 39). However, in
the blocking studies with donepezil, the radioactivity
was reduced in all brain regions, which suggests that the
radioligand provided nonspecific binding in the brain
(40).

Taken together, the numerous studies described
above amply demonstrate that the changes in cholinergic
neurotransmission such as AChE binding sites due to the
progression of AD can be monitored using radiolabeled
ACHhE substrates or inhibitors.

3.2. Examination of nicotinic acetylcholine receptors
(nAChRs) for AD

Receptors, usually proteins, have a prominent
role in brain function, as they are the binding sites for
neurotransmission, ~ where  presynaptically  released
neurotransmitters interact with their postsynaptic receptors,
which is the basis for all cognitive and sensory processes.
Also, the receptors located on the presynaptic membrane
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are important for negative feedback and for reuptake of
transmitters and on cell bodies. Receptors can be
characterized by their affinity and density in specific
brain areas and affected by many pathologic conditions.
Imaging of the regional distribution of receptors may
provide a relevant insight into the organization of
functional networks in the brain. nAChRs, which
mediate excitatory neurotransmission in brain, are
known to participate in various neurophysiological
functions (41). For example, nAChR subtypes provide
information useful in designing selective nAChR ligands
targeting a variety of CNS disorders (2) and are
involved in tobacco dependence (42, 43). The nAChRs
are known to have nine o and three f subunits in the
central and peripheral nervous systems (44). The high
affinity nicotinic receptors were identified as a4p2 (45).
The a4B2 nAChR plays an important physiological role
in the brain, including neurodegenerative disorders (46).
The severe loss of nAChRs, for instance, is a
histopathological hallmarks of AD noted in patients
(47). Early in the course of AD, a reduced uptake of
radioligands to nicotinic receptors in frontal and
temporal cortex has been observed relative to age-
matched healthy control subjects (48). Therefore,
noninvasive and quantitative imaging of nAChRs would
provide a better understanding on the pathology of AD.
A number of radioligands have been developed as PET
agents for imaging nAChRs (Figure 5). So far, only
11C-nicotine has been tested in AD patients. 2-
[18F]fluoro-A-85380 and 6-[18F]fluoro-A-85380 have
been tested in healthy subjects.

Nicotine, an agonist of nicotinic receptors, was
the first labeled with ''C for PET imaging of nAChRs for
carly diagnosis of AD (49, 50). In vitro autoradiography
studies with [*H]nicotine showed that nAChRs were
significantly reduced in caudate and putamen in AD
compared to age-matched controls (51). PET imaging
further demonstrated significantly lower binding of
[''C]nicotine in the frontal cortex, temporal cortex and
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Figure 6. Two-dimensional standardized regions of interest
are placed on 3 representative transverse images of 5-
['®I]iodo-A-85380 using SPECT. FC = frontal cortex; PC
= parietal cortex; mFC = medial frontal cortex; TIC =
temporoinsular cortex; AC = anterior cingulate; OC =
occipital cortex; Cd = caudate; Th = thalamus; Pt
putamen; CB = cerebellum. Adapted with permission from
ref. 69.

hippocampus of AD patients compared with controls (48).
high level of nonspecific binding, rapid metabolism and
clearance (50, 52, 53). A search for more specific nAChR
radioligand is thus needed.

Epibatidine  ((+)-exo-2-(2-chloro-5-pyridyl)-7-
azabicyclo[2.2.1]heptane), an alkaloid extracted from the
skin of the Ecuadorian poisonous frog Epipedobates
tricolor, was found to inhibit the binding of [*H]nicotine
and [*H]cytisine (54-57). A highly potent '‘®F-labeled
analog of epibatidine, (+/-)-ex0-2-(2-[ *F]fluoro-5-pyridyl)-
7-azabicyclo[2.2.1]heptane (["®F]FPH) has subnanomolar
affinity for nAChR. The distribution of ['*F]FPH in the
mouse brain matched with nAChR densities determined in
postmortem autoradiographic studies and showed slow
clearance from the brain (58, 59). Pretreatment of nAChR
inhibitors significantly inhibited ['*F]FPH binding in the
thalamus and superior colliculus but not in cerebellum,
whereas drugs that interact with binding sites other than
ACh recognition sites of nAChR had no effect on ['*F]FPH
accumulation in any of the brain regions examined (58).
Although the radioligand showed high brain uptake and
high specificity, the radioligand would not be worthwhile
for PET studies in human because of the high toxicity (60).

The derivatives of 3-[2(S)-2-
azetidinylmethoxy|pyridine (A-85380) have also been
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reported to have subnanomolar affinity for nAChRs (Table
2) and lower toxicity than epibatidine (61-64). Several
radiohalogenated A-85380 derivatives have been identified
as potent probes for studying nAChRs (65-69). The
["*F]fluoro, ["®Br]bromo, and [*IJiodo derivatives have
been examined to have high binding and high specificity
for the nAChRs-rich thalamus in monkey and healthy
nonsmoker subjects (Figure 6) (61, 68, 69). Especially, 2-
or 6-["*F]fluoro-A-85380 displayed reasonable kinetics and
higher specific binding for PET studies in baboon (ratio of
thalamus to cerebellum = 2.5 - 3.5 at 180 min) (70). In
human subjects for imaging nAChR, these include the high
affinity and selectivity for the a4p2 nicotinic receptors, fast
binding kinetics, and high specific binding (68, 71, 72).

4. IN VIVO IMAGING OF AMYLOID PLAQUES FOR
EARLY DIAGNOSIS OF AD

Although the cause of AD is still unclear, it is
well established that abnormal overproduction and
deposition of extracellular B-amyloid plaques (73-75) and
neurofibrillary tangles within nerve cell bodies are pathological
hallmarks of AD. Glenner et al. (73) originally identified
amyloid deposits from Alzheimer brain and the AP peptide
was recognized as the subunit of the plaque amyloid. The AB
plaques are composed of a 39-43 amino acid-long B-
amyloid peptide (76-79) generated from a larger f-amyloid
precursor protein (80). Neurofibrillary tangles are
aggregates of the abnormal hyperphosphorylated tau protein
(81). The highly hydrophobic peptides are spontaneously
aggregated and are neurotoxic (82-84). The development of B-
amyloid plaques in the brain may cause physical damage to
axons, and the abnormally prolonged stimulation of the
neuronal response to this kind of injury ultimately results in the
profound cytoskeletal alterations that underlie neurofibrillary
pathology and neurodegeneration. Therapeutically, inhibition
of the neuronal reaction to physical trauma may be a useful
neuroprotective strategy in the early stages of AD (85).
Therefore, in vivo imaging of amyloid plaques may be
useful for diagnosis and evaluation of progression of AD
patients. A number of research groups have worked to
develop radiolabeled B-amyloid plaque imaging agents
(Figure 7). Although most of the ligands showed excellent
in vitro properties for AP aggregates, they were limited by
penetration of BBB, poor brain uptake, high non-specific
binding and low specific binding. Among these, [''C]SB-
13, [''CIPIB and ["*FJFDDNP have been applied to AD
patients using PET (86-88).

It is known that fluorescent dyes can be used to
stain senile plaques and neurofibrillary tangles in
postmortem AD brain sections (89, 90). For instance,
Chrysamine G (CG) and Congo red (CR), which have
highly conjugated symmetric structures, can cross the
BBB in normal mice and display low toxicity (91). The
K; values to AP aggregates of CG and CR are 370 and
2800 nM, respectively (92). **"Tc-labeled CG and CR
derivatives (93) were found to bind AB amyloid fibrils
produced in vitro and capable of labeling amyloid
plaques in AD brain sections.(94) However, these
radioligands did not cross BBB and had very poor brain
uptake.
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Table 2. The binding (+)-epibatidine and A-85380
derivatives of for nAChR [from ref. 61 with permission].

Compound K (pM)
(+)-Epibatidine 84 + 0.2
A-85380 (R = H) 17 = 1
R=2-F 46 =+ 57

R =2-Cl 84 =+ 0.6)x10°°
R =2-Br (240 + 10)x10°
R=2-1 > x 10°
R=5-F 25 o+ 1
R=5-Cl 30 + 3
R=5-Br 21 = 1

R=51 11 = 1
R=6-F 25 + 3

R =61 150 + 8

" Values represent mean + SEM obtained from #n

independent experiments where n = 6-9, except for
compound of R = 2-I where n = 3.? K; = 150 pM against
[3H]cytosine. SK;=2.5nM against [3H]cyt0sine.

Recently, the radioiodinated styrylbenzene
derivatives were shown to selectively bind to AP
aggregates and readily cross the intact BBB. (E,E)-1-lodo-
2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene (ISB),
and (E,E)-1-i0do-2,5-bis(3-hydroxycarbonyl-4-
methoxy)styrylbenzene, (IMSB) were designed by
replacing the diazo group of CG with a simple vinyl group
and substituting phenyl for the diphenyl group, which
decreases the molecular size and increases the brain uptake.
In vitro binding studies of these ligands showed excellent
binding affinities with Ky values of 0.08 and 0.13 nM for
aggregates of AP(1-40) and 0.15 and 0.73 nM for
aggregates of  AP(1-42), respectively. However,
biodistribution studies in normal mice after intravenous
injection showed that these radioligands do not cross BBB,
either (95).

The 4-N-methylamino-4’-hydroxystilbene (SB-
13) is also derived from CR and has been used to examine
AP plaques in postmortem AD brain sections (86). In vitro
binding studies using [*H]SB-13 as radioligand showed a
Ky value of 2.4 nM for AD cortical homogenates.
Autoradiography also showed specific binding of the
radioligand in the cortical gray matter, which is correlated
with the distribution of amyloid plaques in these brain
specimens, as confirmed by thioflavin-S staining. Contrary
to expectation, low specific binding in cortical tissue
homogenates of age-matched control brain was found (96).
SB-13 can be readily labeled with ''C and '"®F for PET
imaging studies (97, 98). Initial human studies showed that
[''C]SB-13 accumulates more in the frontal cortex of AD
patients as compare to age-matched healthy controls. The
relative cortical uptake pattern of [''C]SB-13 is similar to
[''CIPIB (86).

Highly conjugated thioflavin-T, based on
benzothiazole and relatively small in molecular size, is also
commonly used as a dye for staining the AP aggregates in
the AD brain. However, the thioflavins contain an ionic
quaternary amine that prohibits the penetration of BBB.
Therefore, neutral derivatives of thioflavin-T have been
developed for in vivo imaging of AP plaques (99, 100).
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Benzothiazole aniline (BTA) analogues are
series of neutral derivatives of thioflavin-T with
reported high affinity for aggregated amyloid and
reasonable lipophilicities for crossing the BBB (99,
101). In particular, [N-methyl-''C]-2-(4’-
methylaminophenyl)-6-hydroxylbenzothiazole ([''C]6-
OH-BTA-1) has been studied extensively in both
preclinical and clinical settings (99-103). Scientists at
the University of Pittsburgh and the Uppsala University
co-developed this compound. It was given the Uppsala
University PET center code of “Pittsburgh Compound-
B’ or simply, PIB (Figure 8).

[''C]PIB had high binding affinity for
homogenates of postmortem AD frontal cortex and
synthetic AB(1-40) fibrils (K4 = 1.4 nM and 4.7 nM,
respectively). The radioligand had high initial uptake in
normal mouse brain and rapid clearance from the non-
binding sites. It also indicated specific binding of
amyloid plaques in transgenic mouse model of AD and
cleared rapidly from the normal brain tissue (99). PET
imaging studies of baboons also showed similar pattern
(100). The radioligand was then used to image amyloid
plaques in patients and showed significantly greater
cortical uptake of amyloid deposits in AD patients than
in control healthy volunteers. High accumulations in
parietal, temporal and occipital cortices and striatum
were also observed (Figure 9) (88). Amyloid deposits in
these regions were confirmed by postmortem studies
using silver stains, antibodies to AP, or thioflavin-S
(104, 105). Polar metabolites appeared rapidly in the
plasma, but the metabolites are unlikely to enter the
human brain, which is consistent with findings in the
rodents (100).

A few other neutral and lipophilic thioflavin
derivatives, such as 2-[4’-(dimethylamino)phenyl]-6-
iodobenzothiazole (TZDM) and 2-[4-(4-
methylpiperazin-1-yl)phenyl]-6-iodobenzothiazole (TZPI),
have been labeled with '*I. These radioligands showed
good AP plaque binding in vitro (K4 values of 0.06, and
0.13 nM for aggregates of AB(1-40) for ['*’I]TZDM and
['IITZPI, respectively). However, these two
radioligands showed low brain uptake in vivo (0.67 and
1.50 %ID/organ at 2 min post injection, respectively) (95).
2-(4’-Dimethylaminophenyl)-6-[**Iliodobenzoxazole
(["*1]IBOX) was synthesized as an improved version of
['®I]TZDM. The molecular weight of IBOX is reduced
while the lipophilicity is increased by replacement of a
sulfur atom of TZDM by an oxygen atom to improve in
vivo kinetics (log P = 1.85 versus 2.09 for TZDM and
IBOX, respectively). In vitro binding study showed that
they have similar potency for AB(1-40) aggregates (K; =
1.9 nM and 0.8 nM for TZDM and IBOX, respectively).
['*I]IBOX displayed slightly higher initial brain uptake in
normal mice brain and faster washout from the brain as
compared to ['**I]TZDM (106).

Another thioflavin derivative, 6-iodo-2-(4’-
dimethylamino-)phenyl-imidazo[1,2-a]pyridine, IMPY, has
been labeled with '*I/'**I for SPECT imaging studies.
IMPY displayed a good binding affinity for synthetic Ap
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Figure 7. Some representative radiolabeled AP plaque specific ligands.

aggregates (K; = 15 nM) and selective plaque labeling of
postmortem AD brain sections (107). ['*IJIMPY was also
able to label AP plaques in transgenic mouse brain sections
in the cortical and cerebellar regions and the uptake
correlated well with fluorescent staining using Ap-specific
antibody (108).

The neutral and highly lipophilic F-18
radiolabeled fluorescent molecular imaging probes, 2-(1-(6-
[(2-fluoroethyl)(methyl)amino]-2-naphthyl)ethylidene)-
malononitrile (FDDNP) and 1-(6-[(2-
fluoroethyl)(methyl)amino]-naphthalene-2-yl)ethanone
(FENE) (log P =3.92 and 3.13, respectively) had K4 values
for the high-affinity binding sites of 0.12 and 0.16 nM, and
1.86 and 71.2 nM for the low-affinity binding sites,
respectively. ['*FJFDDNP is highly diffusible through the
BBB in proportion to blood flow due to its high
lipophilicity and localizes to senile plaques and
neurofibriallary tangles in the brain of living patients with
AD (87, 109, 110). ['®*FJFDDNP has higher accumulation
and slower clearance in the hippocampus of AD patients
than normal controls (105, 111). The presence of amyloid
plaques and neurofibriallary tangles in this region was also
correlated with lower memory performance scores than
normal. In a recent study, ['*FJFDDNP-PET was also found
to be able to differentiate persons with mild cognitive
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impairment from those with AD and those with no
cognitive impairment (112).

5. SUMMARY AND PERSPECTIVE

A large number of radioligands have been developed
for AD-specific imaging, most of which showed excellent
in vitro binding but inferior in vivo binding due to the poor
penetration of these compounds through intact BBB. Only
a few of the compounds have shown promise and been
tested in healthy volunteers and AD patients.

To map brain AChE, the lipophilic N-methylpiperidyl
ester substrates [''C]JAMP and [''C]PMP were shown to
readily cross the BBB and hydrolyze in the brain. The
metabolites were thus trapped and distributed in the brain
according to the distribution of enzyme activity.
Radiolabeled AChE inhibitors such as N-benzylpiperidine
lactam benzisoxazole derivatives have excellent anti-AChE
activity at sub-nanomolar range and radioactivity
distribution corresponding to the regional distribution of
AChE activity measured in postmortem human brains.
["'C]Nicotine is a specific a4p2 nAChR agonist with low
uptake in the frontal cortex, temporal cortex and
hippocampus of AD patients compared with controls. The
main problems with [''C]nicotine PET imaging lie in the
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NaH/DMF
e,

Figure 9. PIB standardized uptake value (SUV) images
demonstrate a marked difference between PIB retention in

Alzheimer's disease (AD) patients and healthy control (HC)
subjects. PET images of a 67-year-old HC subject (left) and
a 79-year-old AD patient (MMSE = 21; right). (top) SUV
PIB images summed over 40 to 60 minutes; (bottom)
BEDG rCMRglc images (pmol/min/100ml). The left
column shows lack of PIB retention in the entire gray
matter of the HC subject (top left) and normal "*FDG
uptake (bottom left). Nonspecific PIB retention is seen in
the white matter (top left). The right column shows high
PIB retention in the frontal and temporoparietal cortices of
the AD patient (top right) and a typical pattern of 'FDG
hypometabolism present in the temporoparietal cortex
(arrows; bottom right) along with preserved metabolic rate
in the frontal cortex. PIB and "*FDG scans were obtained
within 3 days of each other. Adapted with permission from
ref. 88.

relatively high level of nonspecific binding, rapid
metabolism, and clearance of the tracer. The goal of finding
alternative nAChR probes has had only limited success.
The Ap-imaging agents remaining to be developed in
clinical studies include [''C]SB-13, [''CJPIB and
['"®F]FDDNP, all of which can provide in vivo brain
mapping of human AP plaques and are promising for the
study of changes in AP plaques levels associated with
neurodegenerative disease.

AD is difficult to diagnose in its early stages.
However, imaging modalities such as PET and SPECT
have the potential to help solve this critical problem and
thus stimulate the development of novel drugs targeting
AD. A number of AD-related biomarkers are being
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developed and evaluated. The AChE, nAChR and A
plaques described in

this review seem to be close to ideal biomarkers, if they can
be safely and successfully applied in additional human
trials. There are other biomarkers relevant to the diagnosis
of AD. For example, apolipoprotein E (ApoE) is well
known as a genetic risk factor for AD (113-115). Several
studies also indicate that the overexpression of
cyclooxygenase can lead to AD (116, 117). These may be
potential targets for noninvasive imaging of AD at early
stages. Identifying the molecular events and signaling
pathways unique for the very early stages of AD
development and progression (before the amyloid plaques
have deposited) is crucial for AD to be successfully treated.
The continuing development of techniques capable of
capturing the molecular events earlier than those currently
feasible, as described in this paper, is a highly promising
avenue to overcome the challenges that remain ahead in the
fight against AD.
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