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Abstract: Two of the main pathological hallmarks of Alzheimer’s disease (AD) are neuritic plaques and neurofibrillary 
tangles. Significant evidence supports a critical and probable causative role of  amyloid (A ) plaque formation. Since 
neuroprotective treatments are typically most effective at early stages of injury, the detection and measurement of A  load 
in living brain should be performed at early and perhaps even presymptomatic stages of AD. Two primary targets of mo-
lecular imaging research with positron emission tomography (PET) are to develop surrogate markers (radioligands) for as-
sessing disease progression and for monitoring the efficacy of developmental therapeutics. Here, we review the current 
status of radioligand development for PET imaging of A  aggregates. General structure-activity relationships have 
emerged, including the identification of at least three different ligand binding sites in various A  aggregates and recogni-
tion of the general structural requirements for ligand binding at each site. Also a few radioligands applicable to imaging 
A  plaques in living human brain with positron emission tomography (PET) have emerged, including [11C]PIB, [11C]SB-
13 and [18F]FDDNP. 
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1. INTRODUCTION TO ALZHEIMER’S DISEASE 

(AD) 

 Alzheimer’s disease (AD) is a major cause of dementia 
and currently afflicts about four million Americans [1] and 
more than thirty million people worldwide [2]. The most 
significant risk factor is age, with about 5% prevalence at 65 
and 20-30% at 85 years [3]. Histopathologically, AD is char-
acterized by neuronal loss and also the presence of senile 
plaques (SP), diffuse plaques (DP), neurofibrillary tangles 
(NFT), neuropil threads (NT), and dystrophic neurites (DN) 
[4]. Clinical treatments mainly control symptoms by provid-
ing temporary improvement and reducing the rate of cogni-
tive decline. Agents useful for reducing the signs of demen-
tia include cholinesterase inhibitors, such as donepezil, rivas-
tigmine and galantamine, and the NMDA receptor antago-
nist, memantine [5]. Other psychotropic agents useful for the 
treatment of associated neuropsychiatric symptoms and be-
havioral disturbances are also available [6]. 

 AD is a genetically complex and heterogeneous disorder. 
Mutations in three genes (APP, PSEN1 and PSEN2) are 
known to cause familial early-onset AD [7-9]. Although 
there is no evidence that autosomal dominant inheritance of 
mutated genes causes late-onset AD, genetics does appear to 
play a role in the development of this more common form. 
Thus, in the early 1990s, Corder et al. found increased risk 
for late-onset AD with inheritance of one or two copies of 
the apolipoprotein E epsilon4 (APOE 4) allele on chromo-
some 19 [10,11]. Different alleles of particular genes pro-
duce variations in inherited characteristics, such as for eye 
color or blood type. In this case, variations are in the gene  
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that directs the manufacture of the APOE protein. This pro-
tein helps carry blood cholesterol throughout the body [12], 
among other functions [13]. It is found in glial cells and neu-
rons of healthy brains [14-16], but is also associated in ex-
cess amount with plaques found in brains of people with AD 
[17]. Three common alleles of the APOE gene are 2, 3 and 
4. The finding that an increased risk of AD is linked with 

inheritance of the 4 allele has helped explain some of the 
variation in age of onset of AD based on whether people 
have inherited zero, one, or two copies of this allele [18,19]. 
The more 4 alleles that are inherited, the lower the age of 
AD onset. The relatively rare 2 allele may protect some 
people against the disease; it seems to be associated with a 
lower risk for AD and a later age of onset. The 3 allele is 
the most common version found in the general population 
and may play a neutral role in AD. 

 -Amyloid (A ) peptides (e.g. A 40 and A 42) mainly 
constitute the various deposits (e.g. plaques and their precur-
sors) appearing in brains of AD subjects. These peptides are 
cleaved from amyloid precursor protein (APP) by three types 
of enzymes, -, - and -secretases (Fig. 1). Both - and 
-secretases are involved in cleaving APP while the function 

of -secretases, such as BACE1 and BACE2, appears to be 
only involved in the production of A . 

 Previous studies in transgenic (Tg) mice with a mutated 
human APP gene, suggested that an interaction between 
APOE and A  is somehow linked to plaque formation. In 
newer studies, Tg mice with the mutated APP gene were 
used to create mice in which their APOE gene had been re-
moved and replaced either with the human 3 or 4 allele 
[20-22]. Mice with the APP mutation and no mouse APOE 
genes had fewer A  deposits and no neuritic plaques. When 
either of the human APOE genes ( 2, 3) was present, the 
pattern of A  deposition changed. There was A  deposition 
in the hippocampus but few neuritic plaques appeared until 
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late age. In mice with the human 4 risk-factor gene, there 
was more A  deposited as well as a large increase in the 
amount of fibrillar A  compared to mice with the human 3 
allele. Thus, the 4 allele may be critical for the formation of 
plaques and consequent nerve cell damage and death [23]. It 
was shown that the neurotoxic effects of the 4 allele are 
mediated via dysregulation of calcium homeostasis. The 
search for other genetic factors in AD continues [7,24,25]. 

 Although the pathology of AD clearly remains unknown, 
a number of hypotheses have arisen, based on amyloid cas-
cade (Fig. 1) [5], tau-tangle [26], inflammatory re-
sponse/microglial activation [27,28], oxidative stress [29-31] 
or stroke infarct phenomena [32]. Correlation between ele-
vated levels of A  peptides in brain and cognitive decline 
has been established [33]. The leading ‘amyloid cascade 
hypothesis’ states that over-accumulation of A  initiates a 
sequence of events that lead to neuron death and precipita-
tion of protein aggregates, at first A  plaques and then 
NFTs. A  precipitation is considered to result from either its 
over-production or its slow digestion. The accumulation of 
A  in the AD brain reduces secretion of APP [34]. Since 
secreted APP has been proposed to have a neuroprotective 
function, A  deposits may thereby indirectly increase A  

toxicity. 

 Post modification of A  peptides has also been reported 
to have significant effect on the pathology of AD disease. 
Metalloelements coordination of Cu and Fe have been dem-
onstrated to co-localize with some of amyloid plaques [35]. 
Their potential role in the plaque formation and oxidative 
stress has been studied in vitro [36,37]. The Cu-adducts 
show catecholase activity, catechol oxidase activity, or ty-
rosinase activity ascribed to a binuclear form of the 
CuII

2μ
1: 1-peroxo, CuII

2μ
2: 2-peroxo, or CuII

2-bis-μ-oxo 
intermediates [38,39]. In a similar sense, the Cu bonding 
domain is know on the extracellular surface region of APP 
protein other than A -sequence, which favors Cu(I) coordi-
nation [40]. It is also suggested that AD is a Cu deficiency 
disease [41]. This Cu deficiency may lead to a microglial 
mediated inflammatory disease which is neurodegenerative 
[42]. 

 The evidence that links A  peptides to the pathogenesis 
of AD is substantial, but the means by which these peptides 
exert their toxic effects, and where in neuronal cells they act, 
is far from clear [43]. It should be noted that, in view of ac-
cumulating evidence, a recent refinement of the amyloid 
cascade hypothesis switches the postulated cause of lesion 
from mature A  plaques to precursor A  oligomers, referred 
to as A -derived diffusible ligands, ADDLs [44]. Thus, 
McLean et al. [45] found that soluble A , but not A  plaque, 
was significantly correlated with the density of tau-reactive 
neuritic plaques and with NFTs in the cortex and putamen of 
post mortem AD brain. Also, Lue et al. [46] showed that 
soluble A 40, but not A  plaque or NFT, was significantly 
correlated with synaptic loss in post mortem brain specimens 
from patients with AD. Mucke et al. [47] found that Tg mice 
carrying a wild type version of the human gene for APP had 
decreasing presynaptic terminals with age in the absence of 
A  plaques, which correlated with levels of soluble A . Cur-
rent development of small molecule ligands has not yet gen-
erated any promising leads for ADDLs. Therefore, they will 
not be discussed here. 

2. MOTIVATION FOR IMAGING A  AGGREGATES 
WITH POSITRON EMISSION TOMOGRAPHY (PET) 

 Currently the diagnosis of AD is based on clinical 
evaluation and patient history [5], combined with structural 
imaging of the brain, such as magnetic resonance imaging 
(MRI) [5,48-50]. This clinical and structural imaging as-
sessment is typically sufficient for diagnosis in patients with 
moderate or sever symptoms but is often inadequate for pa-
tients in early stages of AD [3]. Functional imaging using 
fluorine-18-fluorodeoxyglucose-positron emission tomogra-
phy (FDG-PET), shows that patients with mild cognitive 
impairment (MCI) patients have substantial changes in corti-
cal metabolism [6,51-53]. The prospects for a reliable 
method for assessing A  burden in vivo at an earlier stage of 
the disease, especially at a pre-symptomatic stage, is just 
emerging, based on the application of positron emission to-
mography (PET) [54-60] with radioligands for binding sites 
in A  aggregates, mainly plaques [54]. Understanding the 
pathological significance of A  plaques and monitoring the 
effect of anti-A  therapy are the primary goals of developing 
PET radioligands for A  aggreagtes. The monitoring will be 
critical for accurate differential diagnosis and treatment fol-
low-up [61,62]. Some therapeutic treatments based on the 
amyloid cascade hypothesis are already in development [3]. 

 In principle, the development of PET radioligands for 
A -containing targets is similar to the development of PET 
radioligands for other protein targets (e.g. neurotransmitter 
receptors) in terms of the properties sought in candidate ra-
dioligands. Key properties are high affinity for a binding site 
in the protein, selectivity of binding for the target versus 
binding to other proteins, moderate lipophilicity for good 
brain entry, low non-specific binding and fast pharmacoki-
netics, limited molecular mass (< 500 Da) for brain entry, 
and finally amenability to labeling with a positron-emitter, 
usually carbon-11 (t1/2 = 20.4 min) or fluorine-18 (t1/2 = 
109.7 min), which emit measurable positrons when they ra-
dio-decay. The most popular methods for labeling are by N-
alkylation reactions, especially 11C-methylation and 
18F-fluoroethylation. Furthermore, radioligands should not 
give rise to radioactive metabolites in brain so that bio-
mathematical models may be applied to derive quatititative 
information on the relative regional densities of the target 
protein [63]. 

3. LIGAND BINDING SITES IN A  PLAQUES 

 There are three types of binding sites that are firmly es-
tablished as existing in A  plaques for PET radioligands. We 
differentiate them by their typical ligands. They are Congo-
Red (CR; 1, Scheme 1), Thioflavin-T (Th-T; 30, Scheme 4) 
and FDDNP (215, Scheme 14) binding sites. Since there is 
no method available to synthesize or isolate A  aggregates 
with a certain profile of binding sites, the characterization of 
new ligands for A  plaques is a challenging task. The nature 
and amount of any particular binding site depends on the 
plaque source, which may be from synthetic aggregation, a 
Tg rodent or human AD brain. Even for a single source, 
other sometimes difficult to control factors, such as plaque 
age, environment and metalloelements, may contribute to 
differences in the nature and concentration of ligand binding 
sites. This will become clearer when we discuss the binding 
of ligands to A  aggregates. 
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 The clearest differentiation between CR and Th-T type 
binding sites came from the study of Kung et al. [64]. CR 
and Th-T type ligands showed mutually exclusive behavior; 
when one type of radioligand bound with the A  plaque the 
other kind could not displace it. That is, the binding of these 

two ligands is non-competitive and presumably caused by 
each ligand binding to distinct, non-overlapping sites on the 
A  aggregate. The exact nature of this phenomenon is un-
known. Such mutual exclusivity has not been demonstrated 
for FDDNP-type ligands [65,66]. Since A  plaques have 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Amyloid cascade hypothesis. This hypothesis, which progresses from the generation of A  from APP, through multiple secondary 
steps, to cell death, forms the main foundation for current and emerging options for the treatment of AD. Adapted with permission [5]. 
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multiple binding sites and those with only one binding site 
cannot be isolated or synthesized, binding affinities meas-
ured for new ligands depend on the protein source, reference 
radioligand and method of measurement. More details on 
this aspect will be found in later discussion. Since passage 
through the blood-brain-barrier (BBB) is an important issue 
for radioligands to be used in brain, only the Th-T and 
FDDNP types have been used with PET in human subjects. 

 Recently, researchers from the Pharma company, Glaxo 
SmithKline (GSK), have identified more binding sites [67]. 
Our work has also shown that there are more binding site 
types in A  plaques, since the binding affinities differ ac-
cording to the selected reference radioligand (Cai et al., un-
published results). 

4. IN VITRO BINDING ASSAYS 

 There are essentially three kinds of A  aggregates that 
can be used for the evaluation of new ligands in vitro: syn-
thetic aggregates of A 40 and A 42; Tg rodent brain; human 
brain homogenate or isolated AD A . There are two catego-
ries of method for performing binding assays, differing in the 
radiation detected, either light from fluorescence or radioac-
tivity. The fluorescence method is based on the observation 
that some ligands change fluorescence properties signifi-
cantly upon binding with A  plaques. A fluorescence titra-
tion experiment generates an equilibrium protein-ligand dis-
sociation constant (Kd), such as that reported for FDDNP 
[68]. Kd is inversely proportional to binding affinity (the 
association constant). Fluorescence ligand displacement may 
also be used to measure the binding affinities of competing 
ligands [66]. Thus, Th-T, upon binding with A  aggregate 
changes its fluorescence properties dramatically and pro-
vides a unique monitoring tool. Binding inhibition constants 
(Ki values), which are also inversely proportional to binding 
affinity, may be readily determined for ligands that compete 
with the binding of Th-T. However, in vitro binding assays 
based on radioligand titration and displacement have greater 
scope and constitute the most common approach for deter-
mining binding affinities. A variety of reference radioligands 
has been used. The choice of reference radioligand for assay 
of a particular set of ligands depends on the properties of the 
radioligand, the source of A  to be used and the solvent ac-
ceptable for the assay and test compounds. [125I]TZDM 
(TZDM: 70, Scheme 5, Table 5), because of its high lipo-
philicity and extensive nonspecific binding in human brain 
tissue, is unsuitable for experiments using human AD tissue 
as protein source [65]. [3H]PIB (PIB: 32, Scheme 4, Table 3) 
(85% after one year at -70°C) and [125I]IMPY (IMPY: 199, 
Scheme 13, Table 20) are not very stable in solution, espe-
cially in open air and room temperature (Cai et al., unpub-
lished results). 

5. LIGAND BINDING CONSTANTS ACCORDING TO 
BINDING SITES 

5.1. Congo Red (CR) Type Ligands 

 The structures of ligands in this group of (1-29) are de-
fined in Schemes 1-3 with Table 1. Their binding and LogD 
parameters are given in Table 2. Two structural features are 
important for the binding of CR (1) to A  deposits. One is 
the separation of its two negative charges by a fixed distance  
 

and the other is the biaryl core organic framework. Titration 
of radiolabeled CR with A 40 aggregates gave Kd values 
ranging from 1,100 to 1,500 nM, which are lower than those 
from a radioligand assay (Ki around 8,000 nM) performed 
with slightly different A [34-42] aggregates. However, 
when the reference radioligand is changed to chrysamine G 
(CG; 18), the Ki value of CR changes to 48 nM, representing 
more than 20-fold higher affinity. However, CG is less ion-
ized at physiological pH than CR. When carboxylate groups 
in CG are replaced by phenolate groups, as in 29, the Ki 
value reduces to 12 nM when the reference radioligand is 
CG, so excluding, in this case, any necessity for a contribu-
tion to binding from di-anion charges. 

 A model for the interactions of CR and CG with A  fi-
brils has been proposed, which stresses the significance of 
ionic interaction between the fixed distance di-anions of CR 
and the repetitive layer structure of A  aggregates (Fig. 2). 
Consistent with this model, structural changes at the central 
portion of CR do not change the binding affinity signifi-
cantly (c.f. 2, 16, 17 and 18). Changing the distance between 
the di-anions changes the binding constant (c.f. 5, 8, 9 and 
10). If one ionizable group is removed (7) the binding affin-
ity reduces dramatically. However, other factors play impor-
tant roles that cannot be explained clearly by the ionic 
model. If the amino group in CR is replaced by a hydroxyl 
group, the binding affinity also reduces significantly, as in 6. 
Orthogonality is preferred for the central two phenyl rings, 
as reflected in the stronger binding of 2 compared to that of 
4. The effect of the methyl group in 3 is to weaken binding, 
suggesting that planarity around the diazo group in CR is 
important. This is also reflected in the weaker binding of 9 
compared to that of 10. Although the weaker binding of 12-
15 may be explained by the increased positive charge in the 
central portion of CR, the increase in binding affinity for 15 
comes from an unidentified source. In summary, compounds 
1-17 share a common binding site, where the primary inter-
action with A  is through di-anions, separated by a fixed 
distance. 

 A second binding site exists for CR-type ligands, primar-
ily for compounds 18-29, where ionic interactions are re-
duced significantly, but the binding affinity for A  is gener-
ally increased. The notable examples are 28 and 29, where 
no ionic form is expected at physiological pH. Compound 19 
did not show any binding affinity when competing for the 
CG binding site, showing that the salicyl carboxylic acid 
group does not yield an effective ligand. The overall flatness 
of compounds 18-29 suggests that the primary interaction is 
probably -  interaction with the -pleated sheet of A  ag-
gregate. Compared with CG and CR derivatives, compounds 
20-29 are shorter molecules (generally by the width of one 
phenyl ring). When ionic interaction is predominant, the dis-
tance between the two negative charges appears to be impor-
tant, as in the reduced binding affinity of 5. 

 Another manifestation of the second binding site is the 
dependence of binding affinity on molecular geometry. For 
compounds 20-23, all isomers of the two double bonds have 
been isolated [70]. These compounds show similar binding 
affinities with Ki values ranging from 0.11 to 0.27 nM. Thus, 
the distance between the two carboxylic acid groups changed 
significantly among the isomers, but without introducing 
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Fig. (2). A hypothetical model of CR (1) and CG (18) interaction with A  fibrils. Adapted with permission [69]. 
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ducing significant difference in binding affinity. This is quite 
different from the characteristics observed from the binding 
site with an ionic interaction. This reflects the lack of spe-

cific pharmacophore interaction in the second binding site, 
except for the -  interaction. 
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Table 1. Structures of Compounds 20-29 

 

Compound R
3
 R

4
 R

5
 R

6
 R

7
 

20, (E, E)-BSB  Br H H COOH COOH 

21, (E, Z)-BSB  Br H H COOH COOH 

22, (Z, E)-BSB  Br H H COOH COOH 

23, (Z, Z)-BSB  Br H H COOH COOH 

24, ISB I H H COOH COOH 

25, IMSB I Me Me COOH COOH 

26, X-34 H H H COOH COOH 

27, MeO-X04 OMe H H H H 

28  H H H OH OMe 

29  H H H OH OH 



PET -Amyloid Ligand Current Medicinal Chemistry,  2007, Vol. 14, No. 1     25 

 

Table 2. Binding and LogP Parameters for CR-Type Ligands 
 

Compound Ki (nM) Kd (nM) PS
a
 RR

b
 M

c
 LogD at pH=7.4 cLogD

d
 Ref. 

1, CR  1100 

1500 

A 40  RTe - 0.80 

- 0.49 

- 0.18 

- 0.28 

[71,72]  

 8000  A [34-42]  CR RDf   [73]  

 48  A 40 CG RD   [74]  

 infinite  A 40 FDDNP RD   [75]  

2 2300  A [34-42] CR RD  0.64 [73] 

3 2.29  105  A [34-42] CR RD  0.64 [73] 

4 1.3  104  A [34-42] CR RD  0.51 [73] 

5 1.19  105  A [34-42] CR RD  -1.54 [73] 

6 7.6  104  A [34-42] CR RD  - 2.63 [73] 

7 > 4  106  A [34-42] CR RD  - 0.86 [73] 

8 1.07  105  A [34-42] CR RD  - 3.29 [73] 

9 6.2  104  A [34-42] CR RD  - 8.21 [73] 

10 4.2  104  A [34-42] CR RD  - 9.13 [73] 

11 1.96  104  A [34-42] CR RD  - 2.17 [73] 

12 1.7  104  A [34-42] CR RD   [73] 

13 1.58  104  A [34-42]  CR RD   [73] 

14 2.03  104  A [34-42] CR RD   [73] 

15 1500  A [34-42] CR RD   [73] 

16  1100 A 40  RT - 0.92  [71] 

17  830 A 40  RT 0.66  [71]  

18, CG  350 AD  RT 0.57 

1.8 

2.55 
[64,69,72]  

 >1000  AD IMPY RD   [65] 

 >1000  AD SB-13 RD   [65]  

 0.14  A 40 IMSB RD   [70,76] 

 0.4  A 42 IMSB RD    

 25.3  A 40 MeO-X04 RD   [72]  

 >1000  A 40 TZDM RD   [76]  

 >2000  A 42 TZDM RD    

 3  A 40 CG RD   [74] 

19 >1800  A 40 IMSB RD  -1.43 [70]  

20, (E, E)-BSB  0.11  A 40 IMSB RD  4.21 [70] 

 >1000  AD IMPY RD   [65] 

21, (E, Z)-BSB  0.19  A 40 IMSB RD  4.21 [70] 

22, (Z, E)-BSB  0.27  A 40 IMSB RD  4.21 [70] 

23, (Z, Z)-BSB  0.13  A 40 IMSB RD  4.21 [70]  

24, ISB  0.08 A 40  RT 1.54 4.41 [64,77]  

  0.15 A 42  RT    

25, IMSB  0.13 A 40  RT 0.04 2.94 [64,77]  

  0.73 A 42  RT    

 0.17  A 40 IMSB RD   [76]  

 0.8  A 42 IMSB RD   [76]  

 >1000  A 40 TZDM RD   [76,77] 

 >1000  A 42  TZDM RD   [77] 

26, X-34 452  A 40 Th-T FD 0.477 3.38 [66] 

 6  A 40 CG RD   [74] 

27, MeO-X04 26.8  A 40 MeO-X04 RD 2.6 3.45 [72] 

28 38  A 40 CG RD  5.68 [74] 

29 12  A 40 CG RD  5.47 [74] 
Note: a) PS: protein source; b) RR: reference radioligand; c) M: method; d) cLogD at pH 7.4, calculated using ACD software package version 8.0; e) RT: radioligand titration; f) RD: 
radioligand displacement. 
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5.2. Thioflavin-T (Th-T) Type Ligands 

 Derivatives of Thioflavin-T (Th-T; 30, Scheme 4) have 
been extensively investigated in the search for PET radio-
ligands for A  aggregates. Interestingly, the binding affini-
ties reported for Th-T range widely from 120 to 2,400 nM 
(Table 4), even though the reference radioligands are sup-
posed to bind to the same site. Generally, synthetic A  ag-
gregates give higher binding affinities than human A  
plaques, although there is no strict comparison from use of 
the same reference radioligand. These data may reflect struc-
tural differences between the two protein sources, with the 
human A  plaques being more regular and uniform overall. 
Th-T has been in use for tissue staining for many years [78]. 
However, its positive charge prevents BBB penetration. Re-
moving the charge not only improves brain entry, but also 
increases binding affinity to A  plaques. The first series of 
ligands (31-62) to be considered are derivatives with elec-
tron-donating groups at the 6-position (R8 in Scheme 4). 
Structures of 31-62 are defined in Scheme 4 with Table 3, 
and their binding and LogD prameters in Table 4. 

 A number of factors influence the binding affinity. First, 
the methylation of the aromatic amino group plays an impor-
tant role. The first N-methyl group increases binding affinity 
significantly, but a second N-methyl group has either a lim-
ited or, in one case, an adverse effect (c.f. sets 31-33; 42, 43; 
44-46; 48, 49; 50-52; 53-55; 57, 58). The methyl group 
shows an “iso-steric” effect. Thus, placing a group of similar 
size to methyl in o-position to the aromatic amino group 
gives a binding affinity similar to the corresponding 
N-methyl compound (c.f. pairs 32, 42; 33, 43; 45, 48; 46, 49; 
54, 57; 55, 58). A second N-methyl group generally in-
creases the binding affinity, but normally by a factor of less 
than two. 6-Me-BTA-2 (52) is an exception. Its binding con-
stant (Ki) changes dramatically with the reference radio-
ligand. 

 Second, the influence of the substituent at 6-position is 
generally limited, except for 53. Substituents at this position 
have strong influence on lipophilicity, so indicating a lack of 
general correlation between binding affinity and lipophilic-
ity. By contrast, Wang et al. [79] found that the affinity for 
A 40 fibrils for several benzothiazole derivatives increases 
with ligand lipophilicity. However, the relationship holds 
only for limited variations of a given ligand. A general corre-
lation between binding constants and either the measured or 
calculated LogD value is not established. 

 The second series of Th-T type ligand (63-80) differs 
from the first in the electronic nature of the substituent at the 
6-position (Scheme 5, Table 5). Binding parameters and 
LogD values for this series of ligands are given in Table 6. 
Here, the substituents are electron-withdrawing and gener-
ally give these compounds higher lipophilicity. The influ-

ence of an N-methyl group persists, but with the mono N-
methyl compound as the strongest binder (c.f. sets 63-65 and 
74-76). So does the “iso-steric” effect of N-methyl and o-
methyl groups (c.f. pairs 64, 68; 65, 69; 78, 79). Generally, 
the second series of compounds has stronger binding affinity 
than the first, probably due to increased lipophilicity. 

Table 3. Structures of Compounds 31-62 

 

Compound R
8
 R

9
 R

10
 R

11
 

31 OH H H H 

32, PIB OH H Me H 

33 OH H Me Me 

34 OH H (CH2)2F H 

35 OH H (CH2)3F H 

36 OH H (CH2)4F H 

37 OH H CH2(C6H4)F H 

38 OH H (CH2) 2F Me 

39 OH H (CH2)3F Me 

40 OH F H H 

41 OH F Me H 

42 OH I H H 

43 OH I Me H 

44, BTA-0 H H H H 

45 H H Me H 

46 H H Me Me 

47 H H (CH2)3F H 

48 H I H H 

49 H I Me H 

50, 6-Me-BTA-0 Me H H H 

51, 6-Me-BTA-1 Me H Me H 

52, 6-Me-BTA-2 Me H Me Me 

53 OMe H H H 

54 OMe H Me H 

55 OMe H Me Me 

56 OMe F H H 

57 OMe I H H 

58 OMe I Me H 

59 O(CH2) 2F H H H 

60 O(CH2) 2F H Me H 

61 OCH2OMe H H H 

62 OCH2OMe I H H 
 

N+

SH3C

N

CH3

CH3

CH3 N

SR8

N

R10

R11

R9

30, Thioflavin-T 31-62, Table 3
 

Scheme 4. Th-T ligand series I. 
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Table 4. The Binding and LogD Parameters of Th-T Ligand Series I 

 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogP Ref. 

30, Th-T 890  A 40 6-Me-BTA-1 RD 0.57 4.88 [64,77,80,81] 

 580  A 40 BTA-1 RD   [81] 

 116  A 40 TZDM RD   [76,77] 

 279  A 40 TZDM RD   [64,65] 

 294  A 42 TZDM RD   [64] 

 2310  AD IMPY RD   [65] 

 2379  AD SB-13 RD   [65] 

 >9000  A 40 IMSB RD   [64,76] 

 >4000  A 42 IMSB RD   [64] 

 infinite  A 40 FDDNP RD   [75] 

31 46  A 40 BTA-1 RD 0.66 2.74 [79,82] 

32, PIB 4.3  A 40 BTA-1 RD 1.2 3.31 [79,82,83] 

 7  A 40 PIB RD 2.0 3.99 [84] 

 2.8  AD IMPY RD   [85] 

  4.7 A 40  RT   [82] 

  1.4 AD  RT   [82] 

33 4.4  A 40 BTA-1 RD 2.0 3.92 [82] 

34 2 to 80  A 40 ? RD  3.43 [86] 

35, 6-OH-BTA-NP-F 2 to 80  A 40 ? RD  3.83 [86] 

36 2 to 80  A 40 ? RD  4.26 [86] 

37 2 to 80  A 40 ? RD  4.89 [86] 

38 2 to 80  A 40 ? RD  4.05 [86] 

39 2 to 80  A 40 ? RD  4.44 [86] 

40 2 to 80  A 40 ? RD  3.26 [86] 

41 2 to 80  A 40 ? RD  3.45 [86] 

42  16 A 40  RD 1.65 
2.4 

4.28 
[87] 

  25 AD  RT   [87] 

 11.1  A 40 BTA-1 RD   [79] 

43, 6-OH-BTA-1-3’-I 3.22  A 40 BTA-1 RD 2.35 4.44 [79] 

 7.1  A 40 6-OH-BTA-1-3’-I RD   [88] 

  1.33 (1) 
37 (2) 

A 40  RT   
[88] 

44, BTA-0 37  A 40 BTA-1 RD 2.0 3.50 [79,82] 

45, BTA-1 11  A 40 BTA-1 RD 2.7 4.07 [79,81,82] 

 7.6  AD IMPY RD   [65] 

 6.9  AD SB-13 RD   [65] 

  3.0 A 40  RT   [77] 

46, BTA-2 4.0  A 40 BTA-1 RD 3.4 4.68 [82] 

47 1.2 to 12  A 40 ??? RD  4.59 [83,86] 

48 8.32  A 40 BTA-1 RD 3.17 5.06 [79] 
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 Increasing the size and polarity of the substituent at the 
aromatic amino group has an intriguing influence on binding 
affinity. Changing from an N, N-dimethylamino (65) to a 1-
methylpiperazino group (66) changes binding affinity little. 
However, change from an N, N-dimethylamino to a mor-
pholino group (67) reduces the binding affinity more than 
20-fold. This suggests that this portion of the ligand is not 
involved in any specific interaction. In general, both elec-
tron-withdrawing ability and polarizability of the substituent 
at the 6-position, play an important role. The stronger is the 
electron-withdrawing ability and polarizability, the higher is 
the binding affinity, as in the group 65, 70, 72, 74 and 77. 
However, the binding affinity of 63 is higher than those of 
72, 74 and 77, suggesting electron-withdrawing ability and 
polarizability are two independent variables in determination 
of the binding constants. 

N

SR8

N

R10

R11

R9

63-80, Table 5  

Scheme 5. Th-T ligand series II. 

Table 5. Structures of Compounds 63-80 

 

Compound R
8
 R

9
 R

10
 R

11
 

63 Br H H H 

64 Br H Me H 

(Table 4) contd….. 

Compound R
8
 R

9
 R

10
 R

11
 

65 Br H Me Me 

66 Br H (CH2CH2) 2NMe (CH2CH2) 2NMe 

67 Br H (CH2CH2) 2O (CH2CH2) 2O 

68 Br I H H 

69 Br I Me H 

70, TZDM I H Me Me 

71, TZPI I H (CH2CH2) 2NMe (CH2CH2) 2NMe 

72 COOMe H H H 

73 COOMe I H H 

74 CN H H H 

75 CN H Me H 

76 CN H Me Me 

77 NO2 H H H 

78 NO2 H Me H 

79 NO2 I H H 

80 NO2 I Me H 

 

 

(Table 4) contd….. 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogP Ref. 

49 4.94  A 40 BTA-1 RD 3.90 5.21 [79] 

50, 6-Me-BTA-0 30.3  A 40 6-Me-BTA-1 RD  3.96 [89,90] 

 9.5  A 40 BTA-1 RD 2.4  [82] 

51, 6-Me-BTA-1 20.2  A 40 6-Me-BTA-1 RD 3.36 
3.1 

4.53 
[81,91] 

 10  A 40 BTA-1 RD   [81,82] 

52, 6-Me-BTA-2 143  A 40 6-Me-BTA-1 RD 3.8 5.14 [92] 

 64  A 40 BTA-1 RD   [82] 

 2.3  A 40 TZDM RD   [76,93] 

53 7.0  A 40 BTA-1 RD 1.9 3.42 [79,82] 

54 4.9  A 40 BTA-1 RD 2.7 3.98 [79,82] 

55 1.9  A 40 BTA-1 RD 3.3 4.59 [82] 

56 2 to 80  A 40 ??? RD  3.95 [86] 

57 4.4  A 40 BTA-1 RD 3.08 4.98 [79] 

58 1.93  A 40 BTA-1 RD 3.80 5.13 [79] 

59 1.2 to 12  A 40 ??? RD  3.64 [83,86] 

60 1.2 to 12  A 40 ??? RD  4.21 [83] 

61 53.6  A 40 BTA-1 RD 1.86 2.82 [79] 

62 15.1  A 40 BTA-1 RD 3.03 4.38 [79] 
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 The third series of Th-T type ligand are those with a phe-
nolate group instead of an aromatic amino group (81-94, 
Scheme 6 with Table 7). The binding and LogD parameters 

for these ligands are presented in Table 8. The most interest-
ing observation is the effect of an iodo group on Ki value. 
For any 6-substituent except for amino, the introduction of 

Table 6. The Binding and LogD Parameters of Th-T Ligand Series II 

 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogD Ref. 

63 7.2  A 40 BTA-1 RD 2.9 4.27 [79,82] 

64 1.7  A 40 BTA-1 RD 3.6 4.84 [79,82] 

65 2.9  A 40 BTA-1 RD 4.4 5.45 [82] 

 1.9  A 40 TZDM RD   [64] 

 0.8  A 42 TZDM RD   [41] 

 >2000  A 40 IMSB RD   [64,94] 

 >3000  A 42 IMSB RD   [64] 

66 1.6  A 40 TZDM RD  4.46 [64] 

 5.0  A 42 TZDM RD    

 >2000  A 40 IMSB RD    

 >2400  A 42 IMSB RD    

67 33.5  A 40 TZDM RD  4.48 [94,95] 

68 0.67  A 40 BTA-1 RD 4.11 5.83 [79] 

69 1.6  A 40 BTA-1 RD 4.86 5.99 [79] 

70, TZDM  0.06 A 40  RT 1.85 5.71 [64,77,94] 

  0.14 A 42  RT    

 1.9  A 40 TZDM RD   [77] 

 1.6  A 40 TZDM RD   [94] 

 0.9  A 40 TZDM RD   [64,76,96] 

 2.2  A 42 TZDM RD   [64] 

 >2000  A 40 IMSB RD   [64,76,94] 

 >5000  A 42 IMSB RD   [64] 

71, TZPI  0.13 A 40  RT 2.49 4.72 [64] 

  0.15 A 42  RT   [64] 

 5.4  A 40 TZDM RD   [64] 

 6.4  A 42 TZDM RD   [64] 

 >2000  A 40 IMSB RD   [64] 

 >2000  A 42 IMSB RD   [64] 

72 17.9  A 40 BTA-1 RD 2.07 3.48 [79] 

73 3.34  A 40 BTA-1 RD 3.29 5.04 [79] 

74 64  A 40 BTA-1 RD 1.8 2.94 [82] 

75, 6-CN-BTA-1 8.6  A 40 BTA-1 RD 2.5 3.51 [82] 

 14  A 40 6-CN-BTA-1 RD 3.95 3.43 [84] 

76 11  A 40 BTA-1 RD 3.2 4.11 [82] 

77 17.4  A 40 BTA-1 RD 2.21 3.23 [79] 

78 2.75  A 40 BTA-1 RD 2.96 3.80 [79] 

79 4.6  A 40 BTA-1 RD 3.33 4.79 [79] 

80 1  A 40 BTA-1 RD 4.08 4.94 [79] 
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iodo at either the 3’ or 5-position reduces binding affinity 
(c.f. pairs 81, 82; 83, 84; 83, 85; 86, 87; 88, 89). The reason 
for this is unclear. However, if the 6-substituent is an amino 
group, the introduction of iodo at the 5-position increases the 
binding affinity (c.f. pairs 91, 92; 93, 94). This is consistent 
with observations for introduction of an iodo substituent into 
other sub-groups of Th-T type ligands. 

N

SR15

O

R18

R17R16

81-94, Table 7  

Scheme 6. Th-T ligand series III. 

 The fourth group of Th-T type ligands comprise analo-
gous benzo[d]oxazole, 95-97, and benzofuran, 98-107, de-
rivatives (Scheme 7). Compared with the corresponding ben-
zothiazoles (51, 70, 90, Tables 4, 6 and 8), 95-97 have very 
similar or slightly lower binding affinities (Table 9). When 
substituents at the 6-position and the aromatic amino group 
are the same, changes in the central five-membered ring have 
limited influence on binding affinity (c.f. 65, Table 6 with 
99; 70, Table 6 with 96 and 98). This is similar to the influ-
ence of 6- and 7-position isomers (c.f. pairs 98, 101; 99, 
103). As always, there is little difference in the influence of 
iodo and bromo substituents. In the benzofuran series, the 
influence of the aromatic amino and phenolate groups is re-
versed compared with that in the benzothiazole series (c.f. 44 
(Ki = 37 nM) and 81 (Ki = 5.68 nM) with 100 (Ki = 1.1 nM) 
and 105 (Ki = 4.2 nM), repectively). However, the influence 
of a second N-methyl group varies and is generally small. 

 
 

Table 7. Structures of Compounds 81-94 

 

Compound R
15

 R
16

 R
17

 R
18

 

81 H H H H 

82 H H I H 

83 OH H H H 

84 OH H I H 

85 OH I H H 

86 OH H H Me 

87 OH I H Me 

88 OMe H H H 

89 OMe H I H 

90 O(CH2) 2F H H Me 

91 NH2 H H H 

92 NH2 I H H 

93 NH2 H H Me 

94 NH2 I H Me 

 

 The fifth group of Th-T type ligands (108-123, Scheme 8 

with Tables 10) are those derived from stilbene, SB-13 
(109). The binding affinities and LogD values of this group 
are shown in Table 11. The effect of an N-methyl group is 
the same as in previous groups. The first N-methyl group has 
a larger influence than the second and increases the binding 
affinity, except for 118. The binding site has substantial tol-
erance for the size of the substituent at the phenolate oxygen, 
up to a certain limit. Any group other than methyl at the  
 

Table 8. The Binding and LogD Paramters of Th-T Ligand Series III 

 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogD Ref. 

81 5.68  A 40 BTA-1 RD 1.86 3.86 [79] 

82 19.1  A 40 BTA-1 RD 2.22 4.80 [79] 

83 16.8  A 40 BTA-1 RD 0.39 3.11 [79] 

84 71.2  A 40 BTA-1 RD 1.09 4.01 [79] 

85 34.5  A 40 BTA-1 RD 1.01 3.44 [79] 

86 6.3  A 40 BTA-1 RD 1.75 3.66 [79] 

87 7.1  A 40 BTA-1 RD 2.49 4.00 [79] 

88 4.2  A 40 BTA-1 RD 1.8 3.78 [79] 

89 15.8  A 40 BTA-1 RD 2.31 4.70 [79] 

90 1.2 to 12  A 40 ??? RD  4.57 [83] 

91 52.6  A 40 BTA-1 RD 0.7 2.58 [79] 

92 26.3  A 40 BTA-1 RD 1.6 3.94 [79] 

93 6.9  A 40 BTA-1 RD 1.76 3.14 [79] 

94 3.6  A 40 BTA-1 RD 2.95 4.50 [79] 
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phenolate oxygen reduces binding affinity, as reflected by 
comparing the set 108-115 with 116-123. Those observations 
support the notion that the phenolate portion of the molecule 
is located outside the binding site. 

O

R26 N

R29

R28R27

108-123, Table 10  

Scheme 8. Th-T ligand series V. 

 

 The sixth group of thioflavin-T type ligand (124-146) 
includes more general versions of the styrene derivatives 
(Scheme 9 with Table 12). Binding and LogD parameters are 
shown in Table 13. Interestingly, stilbene itself shows quite 
strong binding with A  (Ki = 535 nM). Electron-Donating 
groups, such as an aromatic amino or phenolate group, have 
strong influence on the binding affinity as reflected in 125-
128 and 131-141. The thiolate group has an influence com-
parable to that of amino or phenolate groups, although thio-
late has much less electron-donating ability to the aryl sys-
tem. However, oxidation of the thioether to sulfone com-
pletely abolishes binding affinity (c.f. 129 with 130), either  
 

N

OR12

N

R13

R14

N

OO

O
F

OR19

N

O

N

R21

R22
R20

O

O

R24

R23

95, R12 = Me, R13 = H, R14 = Me

96, R12 = I, R13 = Me, R14 = Me 97
98, R19 = I

99, R19 = Br

100, R20 = I, R21 = H, R22 = Me

101, R20 = I, R21 = Me, R22 = Me

102, R20 = Br, R21 = H, R22 = Me

103, R20 = Br, R21 = Me, R22 = Me

104, R23 = I, R24 = H

105, R23 = I, R24 = Me

106, R23 = Br, R24 = H

107, R23 = Br, R24 = Me  
Scheme 7. Thioflavin-T ligand series IV. 

Table 9. The Binding LogD Parameters of Th-T Ligand Series IV 
 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogD Ref. 

95, 6-Me-BOA-1 37  A 40 6-Me-BOA-1 RD 4.21 3.70 
4.28 

[84] 

96, IBOX 0.8  A 40 TZDM RD 2.09 5.46 [77,96] 

97 1.2 to 12  A 40 ??? RD  4.32 [83] 

98 0.4  A 40 TZDM RD 2.12 5.72 [97,98] 

99 0.6  A 40 TZDM RD  5.46 [97,98] 

100 1.1  A 40 TZDM RD 2.04 5.29 [97,98] 

 >3000  A 40 IMSB RD   [97,98] 

101 7.7  A 40 TZDM RD 2.25 5.72 [97,98] 

 >3000  A 40 IMSB RD   [97,98] 

102 2.7  A 40 TZDM RD  5.03 [97,98] 

103 1.6  A 40 TZDM RD  5.46 [97,98] 

104 6.5  A 40 TZDM RD 2.97 4.83 [97,98] 

105 4.2  A 40 TZDM RD  5.42 [97,98] 

106 9.0  A 40 TZDM RD  4.57 [97,98] 

 >3000  A 40 IMSB RD   [97,98] 

107 1.3  A 40 TZDM RD  5.16 [97,98] 

 >3000  A 40 IMSB RD   [97,98] 
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Table 10. Structures of compounds 108-123 

 

Compound R
26

 R
27

 R
28

 R
29

 

108 H H H H 

109, SB-13 H H H Me 

110 H H Me Me 

111 H I Me Me 

112 Me H O O 

113 Me H H H 

114 Me H H Me 

115 Me H Me Me 

116 F

HO  

H H H 

117 F

HO  

H H Me 

118 F

HO  

H Me Me 

(Table 10) contd….. 

Compound R
26

 R
27

 R
28

 R
29

 

119 HO

HO  

H H Me 

120 HO

HO  

H Me Me 

121 O

O  

H Me Me 

122 TsO

HO  

H Me Me 

123 p-BrBz

HO  

H Me Me 

 

due to non-planar geometry or the electron-withdrawing na-
ture of the sulfone group. An electron-withdrawing group at 
the opposite end of the molecule increases the binding affin-

Table 11. The Binding and LogD Paprameters of Th-T Ligand Series V 

 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogP Ref. 

108 95  AD IMPY RD  3.01 [85] 

109, SB-13 6  A 40 SB-13 RD 3.17 
2.36 

2.98 
3.67 

[84,99]  

 1.2  AD IMPY RD   [65,85] 

  2.4 AD  RT   [65] 

110 2.2  A 40 TZDM RD  4.80 [99] 

 1.7  A 40 TZDM RD   [100] 

 1.1  AD IMPY RD   [85] 

111 2.0  A 40 TZDM RD  5.95 [100] 

112 151  A 40 TZDM RD  4.56 [99] 

113 36  A 40 TZDM RD  3.50 [99] 

114 1.2  A 40 TZDM RD  4.15 [99] 

115, Me-SB-13 1.3  A 40 TZDM RD  5.28 [99] 

 0.8  A 40 TZDM RD   [100] 

 1  A 40 Me-SB-13 RD 3.85 4.97 [84] 

116 15  AD IMPY RD  3.37 [85] 

117 5  AD IMPY RD 2.95 4.02 [85] 

118 15  AD IMPY RD 3.14 5.15 [85] 

119 32.5  AD IMPY RD  3.66 [85] 

120 38  AD IMPY RD  4.79 [85] 

121 59  AD IMPY RD  5.46 [85] 

122 150  AD IMPY RD  6.31 [85] 

123 80  AD IMPY RD  7.86 [85] 
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ity, as in 131-134, suggesting that elongated conjugation 
along the  system, enhanced by an electron-donating group 
at one end and an electron-withdrawing group at the other, 
plays an important role. The regioisomers of the iodo group 
in 133, 136 and 140 showed similar binding affinities with 
140 slightly lower. In 140, non-planarity arising from the 
o-iodo group may play a role in reducing binding affinity. 
The geometrical isomers, 133 and 135, also show similar 
binding affinity. When a methyl group is introduced at the 
central double bond of the stilbene derivatives (137, 138), 
the methyl group closer to the aromatic amino system re-
duces binding more strongly that a methyl close to the aro-
matic iodo system. This reflects the critical importance of a 
co-planar arrangement near the aromatic amino system. 
When two methyl groups are attached to the central double 
bond, binding affinity is completely lost (139). Use of a 
naphthalenyl group (141) instead of a styrenyl group has 
little effect on binding affinity. This is consistent with the 
proposed -  interaction of the ligands with A  plaques. The 
most intriguing results are those from substitution of one 
phenyl group by a pyridine ring. When the ring nitrogen is at 
o-position (142) binding affinity is lost. When the double 
bond attaches at the m-position, the ligands show stronger 
binding affinity (c.f. 143-146 with their phenyl counterparts, 
108, 132 and 133). 

 The seventh group of Th-T type ligands (147-163) results 
from insertion of a double bond into the benzo[d]thiazole 
and benzo[d]oxazole derivatives (Scheme 10 with Tables 
14). Binding parameters and LogD values are shown in Ta-
ble 15. When the extended benzo[d]thiazole derivatives 
(147-148) are compared with their counterparts (46 and 52) 
there is a general small increase in binding affinity. How-
ever, for this series, the binding site is tolerant to increasing 
size of substituent on the aromatic amino group, as in 149. 

 In the extended series of benzo[d]oxazole derivatives, 
150-161, the effect of an N-methyl group almost disappears. 
In some cases, the effect is even reversed, as in 150-152. The  
 

effect of a halogen substituent at either the 6- or 7-position is 
also small or even reversed, as in 150, 151, 154-157. The 
most striking observation is that compound 153 has binding 
affinity comparable to 152, showing the binding site has 
steric tolerance for a group larger than methyl at the aromatic 
amino group, the only example known at this time. However, 
for this series of compounds the binding site shows intoler-
ance to lack of aromatic amino group. Compounds 162 and 
163, with a halogen substituent in place of the amino group, 
do not show any binding affinity. 

Table 12. Structures of Compounds 124-130 

 

Compound R
32

 R
33

 R
34

 

124 H H H 

125 F H OH 

126 H H OMe 

127 H I OH 

128 H I OMe 

129 H I SMe 

130 H I SO 2Me 

 

 The eighth series of Th-T type ligands (164-173) arises 
from the elimination of the central five-membered ring, gen-
erating bi-aryl derivatives (Scheme 11 with Table 16). Bind-
ing parameters and LogD values are shown in Table 17. 
Only those ligands with at least one aromatic amino group 
have been evaluated. Generally, they have lower binding 
affinities than those with the central five-membered ring. 
Other peripheral groups modulate the binding affinity. 
Among five substituents (Me, Br, I, OH, NO2, NH2) at the 
opposite end of the amino group in the bi-phenyl series, the 
bromo substituent promotes strongest binding. It appears that 
both high electron polarizability and electron-withdrawing  
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R34
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R37
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141

N

R25
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135
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140

N N

142

137, R30 = Me, R31 = H

138, R30 = H, R31 = Me

139, R30 = Me, R31 = Me

124-130, Table 12

143, R35 = Br, R36 = H, R37 = H

144, R35 = Br, R36 = H, R37 = Me

145, R35 = Br, R36 = Me, R37 = Me

146, R35 = I, R36 = Me, R37 = Me

131, R25 = H

132, R25 = F

133, R25 = I

134, R25 = COOMe

 

Scheme 9. Th-T ligand series VI. 
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ability in these substituents play important roles. A methyl 
group at either the phenolate or aromatic amino groups in-
creases binding affinity. Interestingly, 173 with five- and six-
membered rings has quite strong binding affinity. 

 The ninth series of Th-T type ligands (174-196) comes 
from the bi-aryl system with a tether, and some other miscel-
laneous compounds related to the Th-T series (Scheme 12  

 

Table 13. The Binding and LogD Parameters of Th-T Ligand Series VI 

 

Compound Ki (nM) Kd (nM) PS RR M LogD at pH = 7.4 cLogD Ref. 

124 535  A 40 TZDM RD  4.83 [76] 

125 22  A 40 TZDM RD  4.30 [100] 

126 44  A 40 TZDM RD  4.78 [76,100] 

127 32  A 40 TZDM RD  5.33 [76,100] 

 >2000  A 40 IMSB RD   [76] 

128 22  A 40 TZDM RD  5.81 [76,100] 

 >1000  A 40 IMSB RD   [76] 

129 7  A 40 TZDM RD  6.35 [76,100] 

130 >2000  A 40 TZDM RD  4.15 [76,100] 

131 45  A 40 TZDM RD  5.34 [100] 

132 22  A 40 TZDM RD  5.35 [76] 

 >2000  A 40 IMSB RD   [76] 

133 2.0  A 40 TZDM RD  6.37 [76,100] 

 >2000  A 40 IMSB RD   [76] 

134, E-SB-13 1  A 40 E-SB-13 RD 3.15 4.98 
5.31 

[84] 

135 2.2  A 40 TZDM RD  6.37 [76,100] 

136 4.5  A 40 TZDM RD 2.63 6.37 [76,100] 

 >2000  A 40 IMSB RD   [76] 

137 17.1  A 40 TZDM RD  6.92 [100] 

138 61.3  A 40 TZDM RD  6.91 [100] 

139 >1000  A 40 TZDM RD  7.46 [100] 

140 7.7  A 40 TZDM RD  6.37 [76,100] 

 >3000  A 40 IMSB RD   [76] 

141 10.6  A 40 TZDM RD  6.57 [101] 

142 >3000  A 40 TZDM RD  3.98 [76] 

143 210  AD IMPY RD  3.23 [102] 

144 7.0  AD IMPY RD  3.89 [102] 

145 3.2  AD IMPY RD  5.02 [102] 

146 4.8  AD IMPY RD 1.92 5.19 [102] 
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Scheme 10. Th-T ligand series VII. 
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Table 14. Structures of Compounds 150-157 

 

Compound R
40

 R
41

 R
42

 

150 H H H 

151 H H Me 

152 H Me Me 

153 H Et Et 

154 F H H 

155 F H Me 

156 F Me Me 

157 I H Me 

 

with Table 18). Binding and LogD parameters are shown in 

Table 19. Among compounds 174-180, only a combination 
of N,N-dimethyl and p-bromo or p-iodo substituents (178-
179) gives high binding affinities. Geometrical isomers in 
174-184 do not show any significant variation in binding 
affinity. Introduction of a hydroxyl group into the tethering 
methylene group (185-188) gave no high affinity compound. 
When the tethering group was changed to carbonyl, only 190 
with N, N-dimethyl and p-bromo substituents, gave a signifi- 
 

cant binding affinity, but much weaker than that for the 
methylene-tethered analog, 178. No geometric isomerism 
can overcome the adverse effect manifested by the carbonyl 
group. The direct conjugation present in 191 did not result in 
any significant increase in binding affinity. This may suggest 
that the dipole moment of the carbonyl group is detrimental 
to binding. Acridine Orange derivatives (193-195) also show 
significant binding affinities, but they are generally low, 
partly from an unfavorable combination of functional 
groups, such as pyridinyl in the middle ring and two opposed 
aromatic amino groups. Interestingly, a new type of com-
pound, 196, has been identified showing strong binding af-
finity. Although the mode of interaction is unclear, it is pos-
sible that the phenol group occupies the same site as the 
aromatic amino group in other series of Th-T type ligands. 

R45 N

R46

173

N N

N

I

164-172, Table 16  

Scheme 11. Th-T ligand series VIII. 

 The tenth series of Th-T type ligands (197-213) is those 
of 2-phenyl-H-imidazo[1,2-a]pyridine derivatives, (Scheme  

 

Table 15. The Binding and LogD Parameters of Th-T Ligand Series VII 

 

Compound Ki (nM) Kd (nM) PS RR M cLogD at pH = 7.4 Ref. 

147 2.3  A 40 TZDM RD 5.64 [76] 

148 1.4  A 40 TZDM RD 6.10 [76] 

149, BF-124 10.9  A 42 BF-180 RD 6.69 [103] 

150, BF-164 0.38  A 42 BF-180 RD 3.27 [103] 

151, BF-169 7.1  A 42 BF-180 RD 3.93 [103] 

152, N-282 4.3  A 42 BF-180 RD 5.06 [103] 

153, BF-125 4.9  A 42 BF-180 RD 6.11 [103] 

154, BF-140 4.7  A 40 BF-180 RD 3.32 [104] 

 2.1  A 42 BF-180 RD  [104] 

155, BF-145 3.0  A 40 BF-180 RD 3.98 [104] 

 4.5  A 42 BF-180 RD  [104] 

156, BF-133 2.1  A 40 BF-180 RD 5.11 [104] 

 3.4  A 42 BF-180 RD  [104] 

157, BF-180  6.8 A 40  RT 4.96 [104] 

  10.6 A 42  RT  [104] 

158, BF-148 4.2  A 42 BF-180 RD 5.11 [103] 

159, BF-151 1.4  A 40 BF-180 RD 5.40 [104] 

 5.3  A 42 BF-180 RD  [104] 

160, BF-165 1.8  A 42 BF-180 RD 3.16 [103] 

161, BF-168 6.4  A 42 BF-180 RD 4.07 [103] 

162, BF-208 >5000  A 42 BF-180 RD 4.56 [103] 

163, BF-191 >5000  A 42 BF-180 RD 5.08 [103] 
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Table 16. Structures of compounds 164-172 

 

Compound R
45

 R
46

 

164 Me H 

165 Br H 

166 I H 

167 OH H 

168 OH I 

169 NO2 H 

170 NH2 H 

171 NHMe H 

172 NMe2 H 

13 with Table 20). Binding and LogD parameters are shown 
in Table 21. Binding affinity of this series of ligand depends 
critically on the presence of aromatic amino group. Com-
pounds with phenolate and halogen groups, such as 210-213, 
showed lower affinities. Even with an aromatic amino group, 
the location of the group is also quite critical. Compounds 
203 and 213 are isomers, with the amino and bromo subsitu-
ents in switched positions, but their binding affinities differ 
by a factor of 15. 

 Of the 2-phenyl-H-imidazo[1,2-a]pyridine derivatives 
with an aromatic amino group (197-209), only compounds 
with 6-halogen substituents showed high binding affinities. 
Of these compounds, those with a 3-substituent other than 
hydrogen gave low binding affinity, probably due to distor-
tion from planarity. In the 2-phenyl-H-imidazo[1,2-

Table 17. The Binding and LogD Parameters of Th-T Ligand Series VIII 

 

Compound Ki (nM) Kd (nM) PS RR M cLogD Ref. 

164 79  A 40 TZDM RD 4.54 [101] 

165 7.9  A 40 TZDM RD 4.99 [101] 

166 17.3  A 40 TZDM RD 5.09 [101] 

167 245  A 40 TZDM RD 3.30 [101] 

168 19.1  A 40 TZDM RD 4.40 [101] 

169 49  A 40 TZDM RD 3.70 [101] 

170 493  A 40 TZDM RD 2.87 [101] 

171 102  A 40 TZDM RD 3.75 [101] 

172 49  A 40 TZDM RD 4.17 [101] 

173 19.5  A 40 TZDM RD 4.07 [105] 
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Scheme 12. Th-T ligand series IX. 
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a]pyridine derivatives, the N-methyl group showed signifi-
cant influence on binding affinity, (c.f. pairs 197, 199; 198, 
200). Among the compounds with a 6-halogen substituent, 
bromo and iodo substituents gave similar binding affinities. 
Steric bulk at the aromatic amino group has great influence 
on binding (c.f. sets 197, 198; 199, 200, 201; 203, 204). For 
IMPY (199), and the difference in binding constants for syn-
thetic A  aggregates and A  plaques from AD reflects amy-
loid structural difference between the two sources. This con-
trasts with the observation in benzothiazole series of ligands 
where the binding constants correlate well between the two 
protein sources [108]. 

Table 18. Structures of Compounds 174-180 

 

Compound R
47

 R
48

 

174 H H 

175 Br H 

176 NH2 H 

177 H Me 

178 Br Me 

179 I Me 

180 NMe2 Me 

5.3. FDDNP Type Ligands 

 Only ligands 214-222 (Scheme 14) with a naphthalenyl 
moiety have affinity for the FDDNP binding site (Table 22). 
For these ligands, it appears that the end of the ligands is the 
electron-donating group on the naphthalenyl moiety. Proba-
bly, this group plays an important role; binding affinity de-
creases as this group is changed from aromatic amino, to an 
aryl ether or an alkyl group. The binding affinity of (S)-
Ibuprofen (220) reaches a Kd in micromolar range. Interest-
ingly, binding affinity depends on chirality at the -position 
of the acid. A similar dependence was also observed for 
Naproxen (c.f. 218, 219). Among compounds with an aro-
matic amino group, the electron-withdrawing ability at the 
other end of the molecule and the direct conjugation between 
the donor and acceptor groups play important roles. The best 
combination so far is found in compound 214, where the two 
cyano groups are held in the conformation for direct conju-
gation with the aromatic amino group by the six-membered 
ring. Comparison of the binding affinity between 215 and 
216 shows the importance of conjugation and co-planarity. 
Whether or not the steric bulk of substitutents at the aromatic 
amino group has any influence on binding affinity is unclear. 
This series of ligands also binds with NFTs [75]. 

 

Table 19. The Binding and LogD Parameters of Th-T Ligand Series IX 

 

Compound Ki (nM) PS RR M LogD cLogD at pH = 7.4 Ref. 

174 >1000 A 40 TZDM RD  2.88 [106] 

175 56 A 40 TZDM RD  3.65 [106] 

176 >1000 A 40 TZDM RD  1.60 [106] 

177 >1000 A 40 TZDM RD  4.27 [106] 

178 0.85 A 40 TZDM RD  5.04 [106] 

179 0.92 A 40 TZDM RD 2.47 5.30 [106] 

180 15.4 A 40 TZDM RD  4.36 [106] 

181 >1000 A 40 TZDM RD  2.88 [106] 

182 23.5 A 40 TZDM RD  4.27 [106] 

183 >1000 A 40 TZDM RD  2.88 [106] 

184 >1000 A 40 TZDM RD  4.27 [106] 

185 >1000 A 40 TZDM RD  2.61 [106] 

186 88 A 40 TZDM RD  3.39 [106] 

187 >1000 A 40 TZDM RD  3.75 [106] 

188 >1000 A 40 TZDM RD  2.61 [106] 

189 >1000 A 40 TZDM RD  3.79 [106] 

190 16.5 A 40 TZDM RD  4.76 [106] 

191 >1000 A 40 TZDM RD  3.92 [106] 

192 >1000 A 40 TZDM RD  3.79 [106] 

193, Acridine Orange 32 A 40 Th-T FD 1.77 2.39 [66] 

194, BF-009 167 A 40 Th-T FD 3.01 4.55 [66] 

195, BF-108 135 A 40 Th-T FD 2.56 4.20 [66] 

196 10 A 40 BTA-1 RD  4.87 [107] 
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Table 20. Structures of Compounds 197-209 
 

Compound R
57

 R
58

 R
59

 R
60

 

197 I H Me H 

198 I H (CH2) 2F H 

199, IMPY I H Me Me 

200 I H (CH2) 2F Me 

201 I H (CH2)3F Me 

202 I I Me Me 

203 Br H Me Me 

204 Br H (CH2CH2) 2O (CH2CH2) 2O 

205 Me H Me H 

206 Me H Me Me 

207 H H Me H 

208 H H Me Me 

209 H I Me Me 

6. PHARMACOKINETICS OF CANDIDATE PET RA-

DIOLIGANDS 

 The pharmacokinetics of candidate PET radioligands 
have been evaluated using normal animals, such as monkey, 
rat, and mouse. Promising PET radioligands should have 
rapid and high initial uptake followed by rapid washout from 
normal brain. The standard uptake value (SUV), defined as 
(I. D. /g  g body mass), at three time points (2, 30 and 60 
min after injection) were selected to compare the pharma-
cokinetics of the potential PET radioligands. A list of radio-
ligands evaluated in the literature is shown in Table 23. 

 From Table 23, it is clear that there is no correlation be-
tween ratios of the maximum radioactivity reaching brain to 
the residual radioactivity at 30 and 60 min with the binding 
constants of the radioligand. However, there is some correla-
tion between that ratios and lipophilicity (LogD). Given the  
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Scheme 13. Th-T ligand series X. 

Table 21. Binding and LogD Parameters of Th-T Ligand Series X 

 

Compound Ki (nM) Kd (nM) PS RR M LogD pH = 7.4 cLogD Ref. 

197 140  A 40 TZDM RD 4.41 4.10 [109] 

198 161  A 40 TZDM RD 4.41 4.26 [109] 

199, IMPY 15  A 40 TZDM RD 2.0 
3.58 

4.53 
[94,96,110] 

 5.0  AD IMPY RD   [65] 

 1.4  AD SB-13 RD   [65] 

 152  Tg mice IMPY RD   [111] 

200, FEM-IMPY 27  A 40 TZDM RD 4.41 4.68 [109] 

 83  AD FEM-IMPY RD   [109] 

201, FPM-IMPY 40  A 40 TZDM RD 4.60 5.07 [109] 

202 1000  A 40 TZDM RD  5.73 [94,110] 

 >2000  A 40 TZDM RD   [112] 

203, BMPY 10.3  A 40 TZDM RD  4.23 [94,110,112] 

 10  A 40 BMPY RD 3.47 4.653 [84] 

204 >280  A 40 TZDM RD  3.25 [94,110] 

205 >2000  A 40 TZDM RD  2.72 [112] 

206, IMPY/Me 242  A 40 TZDM RD  3.17 [96,112] 

207 >1000  A 40 TZDM RD  2.50 [112] 

208, IMPY/H 1242  A 40 TZDM RD  2.95 [96] 

 >2000  A 40 TZDM RD   [112] 

209 >2000  A 40 TZDM RD  4.67 [112] 

210 >1000  A 40 TZDM RD 4.60 3.66 [109] 

211 451  A 40 TZDM RD 4.60 4.27 [109] 

212 339  A 40 TZDM RD  4.75 [94,110] 

 638  A 40 TZDM RD   [112] 

213 339  A 40 TZDM RD  4.38 [112] 
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widely variable cLogD values reported in the literature for a 
given compound, values calculated from a single program 
are used here instead. Of the 14 compounds with the ratios 
R1 and R2 less than 1, only three compounds, [123/125I]71, 
[123/125I]104, and [18F]195 have cLogD values less than 5, but  
 

greater than 4.2. All compounds, which gave R1 and R2 val-
ues greater than 5, have cLogD values in the range 2.9 to 5.2. 
Only three compounds, [11C]PIB ([11C]32), [123/125I]42 and 
[123/125I]IMPY ([123/125I]99), have ratios greater than 10. Their 
cLogD values were 3.31, 4.28 and 4.53, respectively.  
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Scheme 14. FDDNP ligand series. 

Table 22. Binding and LogD Parameters for the FDDNP Ligand Series 

 

Compound Ki (nM) Kd (nM) PS RR M LogD cLogD Ref. 

214 0.0066  A 40 FDDNP RD 3.2 3.27 
4.52 

[75,113,114] 

215, FDDNP  Site 1: 0.12 
Site 2: 1.86 

A 40  FT 3.92 3.12 
4.0 

[68,75,114] 

 Site 1: 0.2 
Site 2: 234 

 A 40 FDDNP RD   [75,114] 

 293  AD SB-13 RD   [65] 

216 520  A 40 FDDNP RD  3.12 
5.23 

[75,113] 

 Site 1: 0.91 
Site 2: 521 

 A 40 FDDNP RD   [75] 

 457  A 40 Th-T FD 2.39  [66] 

217, FENE  Site 1: 0.16 
Site 2: 71.2 

A 40  FT 3.13 3.14 [68] 

218, (S)-Naproxen 5.70  A 40 FDDNP RD  0.47 [75,114] 

219, (R)-Naproxen 2.76  A 40 FDDNP RD  0.47 [75,114] 

220, (S)-Ibuprofen 11300  A 40 FDDNP RD  2.4 [75,114] 

221, (R) Ibuprofen 44400  A 40 FDDNP RD  2.4 [75,114] 

222, Diclofenac infinite  A 40 FDDNP RD  0.95 [75,114] 
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Table 23. Pharmacokinetics of PET Radioligands in Normal Animals 

 

Radioligand 2.0 min 30 min 60 min R1
a
 R2

 b
 Ki (nM)

c
 cLogD

d
 Ref. 

[123/125I]24, [123/125I]ISB 0.27 0.06 0.04 4.5 6.8 0.08 4.41 [64] 

 0.14 0.06 0.04 2.3 3.5   [64] 

[123/125I]25, [123/125I]IMSB 0.14 0.03 0.02 4.7 7 0.17 2.94 [64] 

[11C]27, [11C]MeO-X04 81 (IDI) 50  1.6  26.8 3.45 [72] 

[11C]28 2.25 0.71  3.2  38 5.68 [74] 

[11C]32, [11C]PIB 0.21 0.018  12  2.8 3.31 [82] 

[11C]33 0.32 0.10  3.0  4.4 3.92 [82] 

[123/125I]42 5.64 0.36  15.7  11.1 4.28 [79,87] 

[123/125I]43 7.76 2.66  2.91  3.22 4.44 [79] 

[11C]45 0.43 0.057  7.6  7.6 4.07 [82] 

[11C]46 0.19 0.078  2.5  4.0 4.68 [82] 

[123/125I]48 9.08 3.4  2.7  8.32 5.06 [79] 

[123/125I]49 4.40 2.68  1.6  4.94 5.21 [79] 

[11C]51 0.22 0.083 0.036 2.7 6.1 10 4.53 [82,115] 

[11C]52 0.078 0.15  0.52  2.3 5.14 [82] 

[11C]53 0.32 0.084  3.8  7.0 3.42 [82] 

[11C]54 0.33 0.10  3.2  4.9 3.98 [82] 

[11C]55 0.16 0.14  1.1  1.9 4.59 [82] 

[11C]64 0.12 0.12  1.0  1.7 4.84 [82] 

[11C]65 0.054 0.11  0.49  2.9 5.45 [82] 

[123/125I]70, TZDM 0.6 0.9 1.57 0.67 0.38 0.9 5.71 [64] 

 0.67 0.97 1.57 0.69 0.43   [94] 

[123/125I]71, TZPI 1.50 1.59 1.89 0.94 0.79 5.4 4.72 [64,94] 

[11C]75 0.32 0.063  5.0  8.6 3.51 [82] 

[11C]76 0.24 0.097  2.5  11 4.11 [82] 

[123/125I]96 1.43 2.08 1.26 0.69 1.1 0.8 5.46 [77] 

[123/125I]98 0.48 0.80 1.0 0.6 0.48 0.4 5.72 [77] 

[123/125I]100 0.78 1.19 1.20 0.66 0.65 1.1 5.29 [77] 

[123/125I]101 0.51 0.90 1.08 0.57 0.47 7.7 5.72 [98] 

[123/125I]104 1.40 1.83 1.51 0.77 0.93 6.5 4.83 [98] 

[11C]109, SB-13 1.15 0.42 0.30 2.7 3.8 1.2 3.67 [99] 

[18F]117 9.75 1.70 0.72   5 4.02 [85] 

[18F]118 5.55 5.21 2.97   15 5.15 [85] 

[123/125I]129 0.72 1.12 1.08 0.64 0.67 4.5 6.37 [100] 

[11C]145 1.68 0.36 0.22 4.7 7.6 4.8 5.19 [102] 

[18F]154, BF-140 5.5 1.1  5.0  4.7 3.32 [102] 

[18F]155, BF-145 4.4 1.6  2.8  3.0 3.98 [102] 

[18F]156, BF-133 5.5 3.8  1.4  2.1 5.11 [104] 

[18F]159, BF-151 1.1 1.6  0.67  1.4 5.40 [104] 

[18F]161, BF-168 3.9 1.6 1.3 2.4 3.0 6.4 4.07 [103] 

[123/125I]173 2.2  0.2  11 19.5 4.07 [105] 

[123/125I]179 1.13 1.26 0.72 0.90 1.6 0.92 5.30 [106] 

[18F]195, BF-108 0.42 1.53 1.39 0.27 0.30 135 4.20 [116] 

[123/125I]199, IMPY 2.88 0.26 0.2 11 14 5.0 4.53 [96,105] 

Note: aThe ratio of the radioactivity of the brain at 2 and 30 min. bThe ratio of the radioactivity of the brain at 2 and 60 min. cOnly those Ki values that approximate brain tissue were 
selected. dCalculated using ACD software package 8.0. 



PET -Amyloid Ligand Current Medicinal Chemistry,  2007, Vol. 14, No. 1     41 

Only [11C]PIB has been evaluated in human subjects. 
[11C]SB-13 ([11C]109) was selected for human trial based on 
different criteria [84]. Previously, it was established that the 
optimal LogD values for compounds to enter the brain were 
2 to 3 [82]. However, this range only applies to the specific 
method used to measure the LogD values. 

 If a radioligand has sufficient binding affinity, such that 
the empirical relationship of BP = Bmax/Kd > 6 holds (where 
BP is binding potential and Bmax is the concentration of tar-
get binding sites), and the dissociation of the radioligand 
from the target binding site is insignificant over a short pe-
riod of time (such as 60 min), ratios of R1 and R2 would be 
a measure of maximum attainable signal (specific to non-
specific binding) [117]. The pharmacokinetic evaluation 
described above for normal animals could be used for the 
selection of PET radioligands for further evaluation, such as 
in human trials. 

7. STRUCTURE OF A  PLAQUES AND SYNTHETIC 
A  AGGREGATES 

 The above survey demonstrates that ligands from differ-
ent structural classes bind to different binding sites in A  
aggregates, and that different aggregates present a different 
profile of binding sites for ligand binding. Ultimately, these 
observations may be rationalized in terms of the architecture 
and density of each binding site in each type of aggregate. 
Hence, it is pertinent with regard to PET radioligand devel-
opment to consider present knowledge of the structure of 
such aggregates. 

 Different levels of structures are describable for A  
plaques, except for the level of cross-linking due to oxidation 
such as super oxide, hydroxyl radical, hydroperoxyl radical 
and/or singlet oxygen species. The first is the primary se-
quence of A 40 and A 42, the second the -sheet, the third 
the interface among sheets to form a bundle called protofi-
bril, fourth the 3D arrangement of bundles called fibril. The 
full length A  peptides associated with AD were demon-
strated to be those with 39 to 43 amino acid residues derived 
from secretases, with the sequence: [1]DAEFR, HDSGY, 
EVHHQ, KLVFF, AEDVG, SNKGA, IIGLM, VGGVV, 
IA[42] (where 1 and 42 refer to the numbering of the poly-
peptide sequence) [118-121]. An X-ray crystal structure of 
A  plaques has not been obtained. In combination with other 
techniques, including X-ray fiber diffraction and solid state 
NMR, electron microscopy has revealed that the internal 
structure of the A  fibril is a ladder of -sheet structure ar-
ranged in a cross-  structural motif [122], with extended -
sheets where the -strand segments run almost perpendicular 
to, and the intermolecular hydrogen bonds run almost paral-
lel to, the long axis of the fibril [123-125]. Atomic force mi-
croscopic imaging showed that there is a family of A  oli-
gomers, of heterogeneous length, that differ from the much 
longer product fibrils in their length and morphology [126-
129]. These oligomers are collectively called protofibrils. It 
has been shown that the protofibril to fibril transition is nu-
cleation-dependent and that protofibril winding is involved 
in that transition [126]. The observation that both protofibril 
and fibril showed helical twist which depends on the chiral-
ity of A  monomer suggests the winding of -sheet in the 
formation of protofibril and fibril. 

 Only recently, the atomic structures of the aggregates 
from small synthetic peptides, GNNQQNY and NNQQNY, 
have been obtained (Fig. 3) [130]. The molecules in the 
structures are extended in conformation, and hydrogen 
bonded to each other in standard Pauling-Corey parallel -
sheets. The GNNQQNY -strands within each sheet are par-
allel and exactly in register (Fig. 3). The side chains extend-
ing from a strand in a sheet nestle between side chains ex-
tending from two strands of the mating sheet. Two distinctly 
different interfaces have been identified and termed dry and 
wet interface, depending on the number of water molecules 
involved. The dry interface comes from van der Waals inter-
action involving inter-digitating side chains, as a “steric zip-
per”, while the wet interface is formed by polar side chains 
hydrated by water. The wet interfaces are separated by 15 Å, 
and the dry interfaces by 8.5 Å. The separation between ad-
jacent -strands is 4.87 Å. 

 Similar parallel, in register arrangement is also seen for 
other A  molecules in their fibrils, but not through single 
crystal X-ray diffraction study. Solid state nuclear magnetic 
resonance (NMR) study of 13C-labeled poly peptide A [10-
35] [131-133] and A 40 [134] together with X-ray diffrac-
tion measurement showed that it had a parallel in register 
arrangement within the -sheet with the inter-strand distance 
of 5 Å. However, analogous study of the fibrils formed from 
A [16-22] [135] and A [34-42] [136] showed anti-parallel 
arrangement. It was proposed that the hydrophobic interac-
tion may favor the parallel, in register arrangement, and elec-
trostatic interaction may favor the anti-parallel structure 
[135]. “Polar zipper” interaction has also been proposed to 
rationalize some anti-parallel structures of A  fibrils [137]. 
Recent studies of fibrils with solid state NMR of fibrils 
formed by A  associated with AD [134,138-143], by various 
A  fragments [131-133,135,136,144-147] and by other A -
forming peptides indicates that the -sheets in A  fibrils 
have structures that tend to maximize contacts among hydro-
phobic residues when the component peptides contain con-
tinuous hydrophobic segments. 

 The fibril structure model of A 40 has been proposed 
based on experimental constraints from solid state NMR 
[139]. The basic structural feature is amazingly consistent 
with the X-ray single crystal study described above for 
GNNQQNY. However, there are additional features for this 
structure. Given that the sequences of A 40 and A 42 are as 
follows: [1]DAEFR, HDSGY, EVHHQ, KLVFF, AEDVG, 
SNKGA, IIGLM, VGGVV, IA[42] [118], the structure has 
two separate, parallel -sheets, created by residues 9-24 and 
30-40, separated by a 180° angle bend formed by residues 
25-29 (Figs. 4 and 5). Solid-state NMR using dipolar-
assisted rotational resonance (DARR) revealed the presence 
of a turn structure at positions 22 and 23 in E22K-A 42 
(Italian mutation) fibrils [148]. The formation of a salt bridge 
between Lys-22 and Asp-23 in the minor conformer might 
be a reason why E22K-A 42 is more pathogenic than wild-
type A 42. The prediction of the protofilaments as dimers 
and tetramers coincided with the molecular mass measure-
ment for ADDLs [149]. 

 Using sequence searches in the Protein Data-Bank (PDB, 
http://www.rcsb.org) and physicochemical profile matching, 
Mathura et al. [150] suggested a model of A  as an anti-
parallel -sheet similar to the -turn-  conformation of the 
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RNA binding protein AF-Sm1. IR absorption spectroscopy 
has also been applied to elucidate the amyloid fibril structure 
of the #21-31 fragment of 2-microglobulin [21NFLNCY 
VSGFH31]. Hiramatsu et al. [151] suggested parallel -sheet 
stacking instead of anti-parallel -sheet, since no band is 
seen around 1690 cm-1, but a two-residual displacement be-
tween molecules and the disulfide bridge have also been 

suggested. X-ray diffraction study of the fibril formed by the 
variants of the B1 domain of IgG binding protein G of strep-
tococcus suggested a model of four  sheets in a bundle with 
a diameter of 45 Å [152]. The fibril has an overall helical 
twist with a periodicity of about 154 Å. In all of these studies 
one must keep separate results obtained from peptides 
isolated from plaques and synthetic peptides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). X-ray crystal structure of A  aggregates from GNNQQNY. Unless otherwise noted, carbon atoms are coloured in purple or 
grey/white, oxygen in red, nitrogen in blue. a, The pair-of-sheets structure, showing the backbone of each -strand as an arrow, with side 
chains protruding. The dry interface is between the two sheets, with the wet interfaces on the outside surfaces. Side chains Asn 2, Gln 4, and 
Asn 6 point inwards, forming the dry interface. The 21 screw axis of the crystal is shown as the vertical line. It rotates one of these strands of 
the near sheet 180° about the axis and moves it up 4.87 Å/2 so that it is superimposed on one of the strands of the far sheet. b, The steric 
zipper viewed edge on down the a axis. Note the vertical shift of one sheet relative to the other, allowing interdigitation of the side chains 
emanating from each sheet. The amide stacks of the dry interface are shaded in grey at the centre, and those of the wet interface are shaded in 
pale red on either side. c, The GNNQQNY crystal viewed down the sheets from the top of panel a, along the b axis. Six rows of -sheets run 
horizontally. Peptide molecules are shown in black and water molecules are red plus signs. The atoms in the lower left unit cell are shown as 
spheres representing van der Waals radii. d, The steric zipper. This is a close-up view of a pair of GNNQQNY molecules from the same view 
as panel c, showing the remarkable shape complementarity of the Asn and Gln side chains protruding into the dry interface. 2Fo-Fc electron 
density is shown, and the position of the central screw axis is indicated. e, Views of the -sheets from the side down the c axis, showing three 

-strands with the inter-strand hydrogen bonds. Side-chain carbon atoms are yellow. Backbone hydrogen bonds are shown by purple or grey 
dots and side-chain hydrogen bonds by yellow dots. Hydrogen bond lengths are noted in Å. Views of these interfaces are close to views of 
panel a. The left-hand set is viewed from the centre of the dry interface; the right-hand set is viewed from the wet interface. Note the amide 
stacks in both interfaces. Adapted by permission from Macmillan Publishers Ltd: Nature (435: 773-778), copyright (2005) [130]. 
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 Although no atomic structure for aggregates of A  are 
known, we anticipate that possible positions for planar hy-
drophobic PET radioligands interaction should be around 
amino acids with aromatic side chains, such as F[4], Y[10] 
and FF[19-20], with the last two positions being the most 
probable. However, no detailed knowledge of this interaction 
is available at this time. 

8. PET IMAGING OF A  AGGREGATES IN TG ANI-
MALS 

 PET imaging in Tg mice models of AD has many aspects 
of significance for diagnostic and therapeutic developments. 
It may allow for the direct correlation of the imaging signal 
to the amount of A  deposit determined from in vitro meas-
urement and provides an animal model for therapeutic 
evaluation of new compounds targeting specific aspects of 
AD pathology [62]. Various Tg rodents have been devel-
oped, including APP23 [153], Tg2576 [154], PS/APP [155], 
CRND8 [156], and double and triple Tg rats [157]. A num-
ber of radioligands have been reported to show in vitro and 

ex vivo binding with A  plaques from Tg rodents [96,99]. 
Wang et al. [74] reported an NOR-  (normal A ) Tg mice 
(available from Aventis Pharmaceuticals, Inc.) study of 
compound 28 ex vivo, and observed up to about 2: 1 ratio of 
the radioactivity in the pancreas of Tg vs. control mice. 
Kung, et al. [111] reported the ex vivo study of IMPY on 
PS/APP Tg mice, and observed up to about 2:1 ratio of the 
radioactivity in the brain of Tg vs. control mice. Wilson, et 
al. [84] evaluated both [11C]PIB and [11C]SB-13 using 
CRND8 ex vivo, and obtained a radioactivty ratio of 1.7: 1 
between cerebrum and cerebellum. 

 Kepe et al. [157] used a triple Tg rat, developed by 
Cephalon, Inc. and Xenogen Bioscience, and [18F]FDDNP in 
brain PET imaging. They obtained a radiaoctivity ratio of up 
to 1.32 between different regions of gray matter and cerebel-
lum. In our initial effort, we evaluated [11C]PIB for imaging 
Tg2576 [158]. We did not observe any specific binding in 
cerebrum, only non-specific binding comparable to that in 
cerebellum; in vitro A  plaques are found to be abundant in 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Structural model for A 40 fibrils consistent with solid state NMR constraints on the molecular conformation and intermolecular 
distances and incorporating the cross-  motif common to all amyloid fibrils. Residues 1-8 are considered fully disordered and are omitted. 
(a) Schematic representation of a single molecular layer, or cross-  unit. The yellow arrow indicates the direction of the long axis of the fi-
bril, which coincides with the direction of intermolecular backbone hydrogen bonds. The cross-  unit is a double-layered structure, with in-
register parallel -sheets formed by residues 12-24 (orange ribbons) and 30-40 (blue ribbons). (b) Central A 40 molecule from the energy-
minimized, five-chain system, viewed down the long axis of the fibril. Residues are color-coded according to their side-chains as hydropho-
bic (green), polar (magenta), positive (blue), or negative (red). Adapted by permission (Copyright 2002 National Academy of Sciences, 
USA) [139]. 
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cerebrum but very much less prevalent in cerebellum. How-
ever, in three animals greater than 28 months of age, we 
found moderate levels of activity in neocortex compared to 
cerebellum, which was displaced by saturating doses of cold 
carrier (unpublished data). These preliminary data suggest 
that [11C]PIB can successfully image A  in transgenic ani-
mals only if excessive quantities are present. 

9. AMYLOID OF SYNTHETIC AGGREGATES, TG 
PLAQUES AND HUMAN AD PLAQUES 

 The most intriguing question about animal models of AD 
and in vitro experiments with synthetic A  aggregates is how 
these studies relate to human AD conditions. We are focus-
ing on the aspect of the binding of small molecules with A . 
Klunk et al. [108] compared the binding of ten structurally 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). (a) Cross section of an A 40 fibril with the minimal mass-per-length (MPL) indicated by scanning transmission electron micros-
copy (13, 29), formed by juxtaposing the hydrophobic faces of two cross-  units from Fig. 4. Residues 1-8 are included with randomly as-
signed conformations. (b) Possible mode of lateral association to generate fibrils with greater MPL and greater cross-sectional dimensions. 
Adapted by permission (Copyright 2002 National Academy of Sciences, USA) [139]. 
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related BTA derivatives (Tables 4 and 6) to synthetic A 40 
fibrils and to AD brain frontal gray matter. A good correla-
tion was found between the Ki values determined using 
[3H]BTA-1 as reference radioligand binding to synthetic 
A 40 fibrils and to the AD brain homogenate in a wide 
range of 1.8 to 3030 nM. This suggests that the synthetic 
fibrils and AD brain tissue shares a common structural motif. 
Genetic mutation of the APP gene in Tg mice and rats as 
described above generates significant amount of A  plaques 
in these animals. Here, we focus on the differences among 
those A  plaques which may create the difference in PET 
imaging. 

 The number of binding sites among the three sources of 
A  differs significantly. Mathis et al. [82] demonstrated that 
the Bmax value of BTA derivatives determined in homogen-
ates taken from post mortem AD brain were strikingly higher 
(~ 400-fold) than for synthetic A 40 fibrils and resulted in a 
ligand-to-A  peptide stoichiometry of about 1 to 1. We also 
measured the binding constants of [3H]PIB with A  plaques 
from TgCRND8 and Tg2576 mice and Tg rat, and showed 
less than 1 to 2 orders of magnitude in the number of binding 
sites and lower than 1 order of magnitude of the binding 
constant as compared with AD brain homogenates (unpub-
lished results). Klunk et al. [159] also evaluated PS1/APP 
transgenic mice, and showed much reduced binding of PIB 
as compared with human AD. Binding of the PET tracer PIB 
reflects the amount of amyloid-beta in Alzheimer's disease 
brain but not in transgenic mouse brain [160]. The physical 
and chemical properties of the A  plaques are also quite dif-
ferent. Prolonged incubation (< 20 h) at room temperature in 
each of the following reagents failed to solubilize quantita-
tively the A  fibers from AD brain: urea (9 M); guanidine 
HCl (6 M); guanidine HCl (5 M) in acetic acid (1 M); lith-
ium bromide (7 M); potassium thiocyanate (7 M); 2% SDS; 
chelating molecules (such as EDTA); and chloro-
form/methanol (2:1) [161]. In contrast, the A  cores from 
Tg2576 and APP23 Tg mice were completely soluble in 
SDS solutions containing EDTA [162]. In the APP Tg 
mice, EDTA increased the solubility of A  amyloid. APP23 
Tg mice produced high levels of water-soluble A , amount-
ing to over 50 μg/g of brain tissue, that was apparent at the 
age of 2 months and persisted during the entire life of these 
Tg mice. No appreciable amount of posttranslational modifi-
cation and N-terminal degradation has been measured in Tg 
mice and rats. Indeed, abundant structural alteration has been 
demonstrated in A  plaques from AD, especially the altera-
tion in aspartyl residue [163]. 

10. HUMAN PET IMAGING 

 Three radioligands, [11C]PIB, [11C]SB-13, and 
[18F]FDDNP, have reached clinical stage, and part of their 
PET imaging results have been reviewed recently [164]. 

 [
11

C]PIB. [11C]PIB is the most thoroughly investigated 
PET radioligand for human A  plaques. Klunk et al. [56] 
reported the human study of [11C]PIB in 16 patients with 
diagnosed mild AD and 9 controls (Fig. 6). For SUV 
[11C]PIB images summed over 40 to 60 min, the ratio of PIB 
retention in a number of brain areas of AD versus control 
were 1.94 fold (p = 0.0001) in frontal cortex, 1.71 fold in 
parietal cortex (p = 0.0002), 1.52 fold in temporal cortex (p =  
 

0.002), 1.54 fold in occipital cortex (p = 0.002), 1.76 fold in 
striatum (p = 0.0001), 1.08 fold in pons (p = 0.3563), 1.03 in 
subcortical white matter (p = 0.7238), and 1.17 fold in cere-
bellum (p = 0.0205). The [11C]PIB retention matches the 
distribution of A  deposits in post mortem studies of human 
AD brain [165-177], and correlates inversely with cerebral 
glucose metabolism determined with [18F]FDG, especially in 
parietal cortex area (r =-0.72, p = 0.0001) [178]. 

 The most comprehensive model that was applied to the 
[11C]PIB data was a 3-tissue 6-parameter (3T-6k) config-
uration [179]. For specific binding areas, a 2-tissue compart-
ment 4-parameter (2T-4k) model was applied assuming that 
free and nonspecific tracer kinetics were indistinguishable 
(Fig. 7). The distribution volume ratio (DVR) that is the regi-
onal DV value (DVROI) normalized by the nonspecific 
retention in the reference region (DVREF) was significant for 
the PCG (posterior cingulate gyrus), PAR (parietal), LTC 
(lateral temporal), and FRT (frontal) regions before and after 
CSF (MR-based partial volume correction) correction, but 
not after FDR (false discovery rate) correction (p = 0.08) 
[178]. The Logan graphical [180] and Ichise MA1 analyses 
[181] were also performed over the 35 to 90 min PET scan 
interval. The increase in [11C]PIB retention in AD subjects 
versus controls was evident in the tissue ratio data, the 
quantitative compartment modeling, and graphical analyses. 
This verifies that the specific binding differences were not 
likely results of plasma clearance or nonspecific effects. 

 [
11

C]SB-13. As shown above, SB-13 occupies the same 
binding site as PIB with comparable binding affinities (Kd of 
2.4 nM vs. 1.4 nM in AD brain homogenates). Verhoeff et 
al. [182] studied [11C]SB-13 in comparison with [11C]PIB in 
AD patients and controls. A significantly higher retention of 
radioactivity in the frontal cortex of AD patients versus 
comparative controls was observed for both [11C]SB-13 and 
[11C]PIB. As in PIB case, the two-tissue compartment model 
DV2T estimates were superior to the one-tissue compartment 
model DV1T estimates for both AD patients and comparison 
subjects. The non-invasive Ichise Rv values [181] were dra-
matically increased in the AD patients versus controls in 
association cortex regions and striatum but not in other sub-
cortical areas for both [11C]SB-13 and [11C]PIB. The signifi-
cance of difference for Rv between AD patients and controls 
was quantitatively evaluated using Cohen’s measure for ef-
fect size (the average value for AD patients minus the aver-
age value for comparison subjects divided by the pooled 
standard deviation) [183]. Effect sizes for Rv to discriminate 
AD patients from controls met heuristic “benchmark” crite-
ria: 3.0 for five ROIs with a maximum of 6.07 (SB-13), and 
nine ROIs with a mximum of 5.91 (PIB). 

 [
18

F]FDDNP. [18F]FDDNP was the first PET radioligand 
put into human trial. Its binding site on A  deposits differs 
from that of [11C]PIB or [11C]SB-13. [18F]FDDNP was also 
reported to bind to NFTs [75]. The brain regions with limited 
neuropathological lesions are pons, instead of cerebellum in 
A  PET imaging. Shoghi-Jadid et al. [184] used a modified 
Logan plot approach to measure [18F]FDDNP localization in 
brain regions. They measured the relative residence time 
(RRT) of the radioligand in a target region relative to that in 
pons. The MMSE (Mini-Mental State Exam) scores were 
plotted against RRT values of the hippocampus-amygdala- 
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entorhinal regions, the highest RRT values in brain. There is 
a strong correlation between RRT and MMSE scores with a 
Spearman correlation coefficient rs =-0.87 (exact p < 0.0001; 
n = 16), as shown in Fig. 8. 

 In summary, there are three PET radioligands for A  
plaques and tangles for AD. For the first time these patho-
logical lesions have been imaged in living brains. These ra-
dioligands are not optimal in any sense, but are a start for 
future development. 

 

11. PERSPECTIVE AND FUTURE DEVELOPMENTS 

 Recent findings suggest that ADDLs are the primary le-
sions in AD brain [44,185]. Relatively stable forms of 
ADDLs from synthetic A 42 have been produced and re-
ported [149]. Atomic force microscopy study of the A 42 
fibrillogenesis in vitro has generated a model for the process 
(Fig. 9) [186]. 

 Dimer, trimer, tetramer, and larger heterogeneous oli-
gomers have been identified as SDS insoluble species. A  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (6). [11C]PIB SUV images demonstrate a marked difference between PIB retention in AD patients and healthy control (HC) subjects. 
PET images of a 67-year-old HC subject (left) and a 79-year-old AD patient (AD6; MMSE = 21; right). (top) SUV [11C]PIB images summed 
over 40 to 60 min; (bottom) 18FDG rCMRglc images ( mol/min/100 ml). The left column shows lack of PIB retention in the entire gray mat-
ter of the HC subject (top left) and normal 18FDG uptake (bottom left). Nonspecific [11C]PIB retention is seen in the white matter (top left). 
The right column shows high [11C]PIB retention in the frontal and temporoparietal cortices of the AD patient (top right) and a typical pattern 
of 18FDG hypometabolism present in the temporoparietal cortex (arrows; bottom right) along with preserved metabolic rate in the frontal 
cortex. [11C]PIB and 18FDG scans were obtained within 3 days of each other. Adapted by permission [56]. 
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Fig. (7). Compartmental modeling results obtained using a 2-tissue compartment model (4 parameters, 2T-4k). The graph shows an example 
curve fit (solid line) to the posterior cingulate Pittsburgh Compound-B (PIB) data (gray circles) of an AD subject (AD-3, 15 mCi injection), 
along with the cerebellar data (white circles) for comparison. The kinetic parameters (standard errors) obtained for the posterior cingulate 
(specific binding: k3, k4) and cerebellar fits are listed in the text boxes. The regional data were generally well described by the 2T-4k model, 
across regions and subjects. Adapted by permission from Macmillan Publishers Ltd: J Cereb Blood Flow Metab (25: 1528-1547), copyright 
(2005) [178]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). Plot of Mini-Mental State Exam (MMSE) scores versus relative residence time (RRT) values. Note: the solid line represents the 
pseudo-saturation model fitted to these data. These data-points are plotted using the study numbers. RRT values of control subjects are local-
ized at the apex of the saturation model. With increasing RRT, MMSE scores decrease. The Spearman correlation coefficient is rs =-0.87 
(exact p < 0.0001; n = 16). When subjects diagnosed with possible AD are excluded from the analysis, the Spearman correlation value re-
mains the same (rs =-0.87; exact p = 0.0001; n = 14). It is widely accepted that MMSE scores below 25 are indicative of AD. The dashed 
lines represent hypothetical staging of a brain region afflicted early in the evolution of AD. Under this hypothetical model, during the early 
stages, there is a greater sensitivity to "binding capacity" compared with later stages, at which point the region's resources have been ex-
hausted. Note that both RRT and MMSE are functions of a continuous plaque density-distribution and that these values are samples from the 
joint distribution of Immediate Paragraph Recall (IPR), Delayed Figure Recall (DFR), relative residence time (RRT), and plaque density. 
The designations "AD" and "normal-control" are thus macro-labels used in the clinical setting. Adapted by permission [184]. 
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Fig. (9). Proposed model for A 42 fibrillogenesis in vitro. A) Cartoon illustrating two possible models for the formation of an A 42 protofi-
bril on graphite. The height of the protofibril (~1.5 nm) is provided by the thickness of the peptide adopting a hairpin (for each model, 4 pep-
tide molecules are represented), and the width of the protofibril (~5.5 nm) corresponds to the length of the hairpin. On the left scheme, both 
strands of the hairpin are in contact with the graphite, whereas on the right scheme only one strand of the hairpin is facing the surface. B) 
Schematic model proposal of the different stages in the amyloid fibril formation process: (i) monomeric A 42 associates to form protofibrils 
and globular oligomers; data presented here do not provide evidence for the incorporation of oligomers into growing protofibrils (ii); protofi-
brils that reach ~100 nm can form bundles (iii) that through end-to-end stacking (iv) generate the nodular type fibrils (v), which may be re-
lated to a helical structure formed by intertwined protofilaments (vi); finally, nodular fibrils might evolve further to yield smooth fibrils (vii). 
Adapted withpermission [186]. 
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new and highly stable A  oligomer species has been pre-
pared in vitro and is present in the brains of patients with AD 
and A  overproducing Tg mice [187]. Physicochemical 
characterization reveals a pure, highly water-soluble globular 
60 kDa oligomer named as “A 42 globulomer. ” The globu-
lomer was demonstrated to be a persistent structural entity 
formed independently of the fibrillar aggregation pathway, 
and binds specifically to dendritic processes of neurons but 
not glia in hippocampal cell cultures and completely blocks 
long-term potentiation in rat hippocampal slices. This pro-
vides the basis for in vitro assay to evaluate and select proper 
radioligands to detect such species. 
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