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Amyloid tracers detect multiple binding sites in
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Imaging fibrillar amyloid-§ deposition in the human brain in vivo by positron emission tomography has improved our under-
standing of the time course of amyloid-p pathology in Alzheimer's disease. The most widely used amyloid-p imaging tracer so
far is "' C-Pittsburgh compound B, a thioflavin derivative but other 'C- and "®F-labelled amyloid-p tracers have been studied in
patients with Alzheimer's disease and cognitively normal control subjects. However, it has not yet been established whether
different amyloid tracers bind to identical sites on amyloid- fibrils, offering the same ability to detect the regional amyloid-p
burden in the brains. In this study, we characterized *H-Pittsburgh compound B binding in autopsied brain regions from 23
patients with Alzheimer's disease and 20 control subjects (aged 50 to 88 years). The binding properties of the amyloid tracers
FDDNP, AV-45, AV-1 and BF-227 were also compared with those of 3H-Pittsburgh compound B in the frontal cortices of
patients with Alzheimer's disease. Saturation binding studies revealed the presence of high- and low-affinity >H-Pittsburgh
compound B binding sites in the frontal cortex (K4q: 3.5 £+ 1.6 nM; Kg: 133 == 30 nM) and hippocampus (K44:5.6 £ 2.2 nM; Kg5:
181 £+ 132 nM) of Alzheimer's disease brains. The relative proportion of high-affinity to low-affinity sites was 6:1 in the frontal
cortex and 3:1 in the hippocampus. One control showed both high- and low-affinity 3H-Pittsburgh compound B binding sites
(K412 1.6 nM; Kgo: 330nM) in the cortex while the others only had a low-affinity site (Kgp: 191 £ 70 nM). 3H-Pittsburgh com-
pound B binding in Alzheimer's disease brains was higher in the frontal and parietal cortices than in the caudate nucleus and
hippocampus, and negligible in the cerebellum. Competitive binding studies with *H-Pittsburgh compound B in the frontal
cortices of Alzheimer's disease brains revealed high- and low-affinity binding sites for BTA-1 (K;: 0.2nM, 70 nM), florbetapir
(1.8nM, 53nM) and florbetaben (1.0nM, 65nM). BF-227 displaced 83% of 3H-Pittsburgh compound B binding, mainly at a
low-affinity site (311 nM), whereas FDDNP only partly displaced (40%). We propose a multiple binding site model for the
amyloid tracers (binding sites 1, 2 and 3), where AV-45 (florbetapir), AV-1 (florbetaben), and Pittsburgh compound B, all show
nanomolar affinity for the high-affinity site (binding site 1), as visualized by positron emission tomography. BF-227 shows
mainly binding to site 3 and FDDNP shows only some binding to site 2. Different amyloid tracers may provide new insight into
the pathophysiological mechanisms in the progression of Alzheimer's disease.
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Introduction

Alzheimer's disease is the most common neurodegenerative dis-
order. The accumulation of amyloid-B in the brain is one of the
earliest pathological hallmarks of the disease and is considered to
play a key role in Alzheimer's disease pathogenesis. Recent devel-
opments in molecular imaging have made it possible to visualize
the fibrillar amyloid-p plaques in the brains of living patients with
Alzheimer's disease, using PET (Nordberg et al., 2010; Reiman and
Jagust, 2012). New criteria for the early diagnosis of Alzheimer's
disease suggest the combined use of PET amyloid imaging and
CSF biomarkers (Dubois et al., 2010; McKhann et al., 2011,
Sperling et al., 2011).

"C-Pittsburgh compound B (PIB) is a widely studied amyloid
tracer that detects fibrillar amyloid-p with high accuracy (Klunk
et al., 2004; Nordberg et al., 2010; Rowe and Villemagne, 2011).
PET has demonstrated high PIB retention in cortical brain regions of
patients with Alzheimer's disease (Klunk et al., 2004; Engler et al.,
2006; Rowe et al., 2010) and patients with mild cognitive impair-
ment that later converted to Alzheimer's disease (Kemppainen
et al., 2007; Forsberg et al., 2008; Jack et al., 2009; Nordberg
et al., 2013). Moreover, 10-30% of cognitively normal adults dem-
onstrate a high presence of amyloid-p plaques in the brain accord-
ing to ""C-PIB measurements, and the prevalence increases with
age (Mintun et al., 2006; Pike et al., 2007; Rowe et al., 2007;
Aizenstein et al., 2008; Morris et al., 2010; Villemagne et al.,
2011, 2013; Nordberg et al., 2013). However, although amyloid
PET imaging has contributed to a better understanding of amyloid-f
processes in vivo, the molecular mechanisms and binding properties
of amyloid tracers in the brains of patients with Alzheimer's disease
and cognitively normal adults are not yet fully understood.

The amyloid PET tracers developed to date belong to various
chemical classes, including thioflavin T (*'C-PIB, Klunk et al.,
2004; '8F-flutemetamol, Nelissen et al., 2009; ''C-AZD2184,
Nyberg et al., 2009), stilbenes ('8F-AV-45, Clark et al., 2011;
"8E_AV-1, Rowe et al., 2008; and ''C-SB-13, Verhoeff et al.,
2004), benzoxazoles (''C-BF-227, Kudo et al., 2007; '®F-BF-
227, Harada et al., 2013), aminonaphthalenes ('®F-FDDNP,
Shoghi-Jadid et al., 2002) and benzofurans ('®F-AZD4694,
Cselenyi et al., 2012). The fact that different amyloid PET tracers
emanate from different chemical classes may suggest that in add-
ition to similarities, they may also show dissimilarities in binding
properties to fibrillar amyloid-B and also bind to other forms of
amyloid-Bs. The extent of possible differences between different
amyloid tracers in binding profiles and detection of fibrillar amyl-
oid-B deposits in the Alzheimer's disease brain has not been thor-
oughly investigated.

Several "8F-labelled amyloid tracers have been developed and
evaluated in clinical studies. These include '®F-FDDNP (Shoghi-
Jadid et al., 2002), '8F-AV-45 ('®F-florbetapir, Wong et al.,
2010; Clark et al, 2011), '®F-AV-1 ('®F-florbetaben, Rowe
et al., 2008; Barthel et al., 2011), 'S8F-flutemetamol
(Vandenberghe et al., 2010) and "8F-AZD4694 (Cselenyi et al.,
2012). Recent head to head comparison studies suggested a
strong association of cortical retention between ''C-PIB and "®F-
florbetapir (Landau et al., 2013), '8F-florbetaben (Villemagne
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et al., 2012b, Wolk et al., 2012) and '®F-flutemetamol
(Vandenberghe et al., 2010).

Owing to the short 20-min half-life of "'C-compounds, the use
of "C- is limited to research hospitals that are equipped with an
on-site cyclotron. The development of '®F-labelled amyloid tracers
with >5-fold longer half-life provides the possibility of transpor-
tation of the radiotracer from a cyclotron unit to hospitals at some
distance. The '8F-labelled amyloid tracers will thereby be more
suitable for clinical use. In addition, the 10-min scan period used
with the "8F tracers, instead of the 60-90 min scanning with "'C-
amyloid tracers offers wider application in clinical settings."®F-flor-
betapir was approved by the Food and Drug Administration (FDA)
in 2012 and by the European Medicines Agency (EMA) in 2013
for clinical assessment of memory disorders. A report on appropri-
ate use criteria for amyloid PET has recently been published
(Johnson et al., 2013).

In vivo PET evidence of '"C-PIB retention strongly correlates
with quantitatively measured amyloid-pB levels in Alzheimer's dis-
ease brains at autopsy (Ikonomovic et al., 2008; Kadir et al.,
2011). Similarly, a close relationship between in vivo amyloid
tracer retention and histopathological assessment of amyloid path-
ology has been reported in brain biopsies for ''C-PIB, 'SF-flute-
metamol (Leinonen et al., 2008, 2013) and at autopsy for ''C-PIB
(Driscoll et al., 2012), ("®F-florbetapir) (Clark et al., 2011, 2012),
18F-AV-1 ("8F-flutemetamol) (Wolk et al., 2011).

The aim of this study was to characterize the regional *H-PIB
binding properties in Alzheimer's disease and cognitively normal
control post-mortem brain tissues and to compare the correspond-
ing detection of fibrillar amyloid-B pathology with that of amyloid
PET tracers BTA-1, AV-1, AV-45, BF-227 and FDDNP in
Alzheimer's disease brain tissue.

Material and methods

Tracers

[N-methyl->H12-(4'-methylaminophenyl)-6-hydroxybenzothiazole
(H-PIB, specific activity 68-85Ci/mmol) was custom synthesized
by GE Healthcare. Benzenamine 4-[(1E)-2-[6-[2-[2-(2-fluoroethox-
y)ethoxylethoxyl-3-pyridinyllethenyll-N-methyl (AV-45), and ben-
zenamine 4-[(1E)-2-[4-[2-[2-(2-fluoroethoxy)ethoxylethoxylphenyl]
ethenyll-N-methyl  (AV-1) were kind gifts from Dr lan
M. Newington (GE Healthcare). 2-(4'-Methylaminophenyl) ben-
zothiazole (BTA-1) was purchased from Sigma Aldrich. 2-(1-(6-
[(2-fluoroethyl-(methyl)amino]-2-naphthyl)ethylidene) malononitrile
(FDDNP) was a kind gift from Dr Jorge R. Barrio (UCLA, USA)
and 2-(2-[2-dimethylaminothiazol-5-yl]lethenyl)-6-(2-[fluoro]ethoxy)
benzoxazole (BF-227) was a kind gift from Dr Nobuyuki Okamura
(Department of Pharmacology, Tohoku University School of
Medicine, Sendai, Japan).

Alzheimer's disease versus control
brain studies

Brain tissue from 23 patients with Alzheimer's disease (mean age
70.5 + 9.0 years; mean post-mortem delay 6.1 & 2.9h), clinically
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diagnosed and confirmed by pathological examination according
to NINCDS-ADRDA criteria, and 20 age-matched cognitively
normal control subjects (mean age 73.8 +11.6 years; mean
post-mortem delay 9.2 + 6.0h) was obtained at autopsy and pro-
vided by the Huddinge Brain Bank, Karolinska University Hospital
Huddinge, Sweden, and the Netherlands Brain Bank, Netherlands
Institute for Brain Research (Table 1). Thirteen of the patients with
Alzheimer's disease had been clinically diagnosed with early-onset
Alzheimer's disease before reaching 65 years of age (mean age
63.9 £ 5.0 years; mean post-mortem delay 5.9 + 3.4 h). The other
10 patients were diagnosed after 65 years of age with late-onset
Alzheimer's disease (mean age 79.1 £4.6 years; mean post-
mortem delay 6.2 + 0.4h). Detailed demographic information is
presented in Table 1. Permission to use autopsy brain material in
experimental procedures was granted by the Regional Human
Ethics committee in Stockholm and the Swedish Ministry of
Health.

Apolipoprotein E genotyping

Genomic DNA was extracted from frozen brain tissues using a
QlAamp® DNA mini kit (Qiagen). The apolipoprotein E (APOE)
genotype was determined using an INNO-LiPA ApoE kit
(Innogenetics) according to the manufacturer's instructions.

Homogenate tissue preparation

Frozen post-mortem tissue samples obtained from the superior
frontal gyri, superior parietal gyri, hippocampi, caudate nuclei
and cerebella of 23 Alzheimer's disease and 20 control brains
were homogenized in cold 0.32 M sucrose buffer containing phos-
phatase and protease inhibitors. The homogenates were aliquoted
and stored at —80°C until use in binding experiments.

3H-Pittsburgh compound B binding
assays

3H-PIB was chosen for the in vitro binding experiments due to the
stable properties and long-half-life of *H-compounds. In the
3H-PIB binding assays, brain homogenates were incubated with
1nM 3H-PIB (specific activity 85 Ci/mmol) for 2h at room tem-
perature in agreement with the filtration assay in Kadir et al.
(2011). Specific binding was expressed in pmol/g tissue, and
non-specific binding was determined in the presence of 1uM
BTA-1. Saturation binding assays were performed by incubating
3H-PIB (0.1 nM to 300nM) with frontal cortex and hippocampus
homogenates (50 ug tissue) from five Alzheimer's disease and five
control brains. Competition binding assays were carried out by
incubating frontal cortex homogenates (50ug tissue) from five
Alzheimer's disease brains with 1nM 3H-PIB and in the presence
of BTA-1, AV-45, AV-1, BF-227 and FDDNP at concentrations
ranging from 107" to 5 x 107"®M. The dissociation constant
(Kg), maximum number of binding sites (B.,,), affinity constant
(K) and percentage of displacement in the saturation and dis-
placement analyses were determined by using non-linear regres-
sion models in GraphPad Prism version 5.0 (GraphPad
Software, Inc.). The saturation data were fit to the equation
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Table 1 Demographic information for Alzheimer's disease
and control brains

AD Control
Number of brains: 23 20
Age (years, range) 70.5+9.0 (58-87) 73.8 £ 11.6 (50-88)
Sex (female/male) 13/10 9/11
APOE ¢4 (0/1/2) 7/7/9 20/0/0
Alzheimer's disease 6.6+25 -

duration (years)
Post-mortem delay (h) 6.1 +2.9
Braak stage (range) 5.1+ 0.7 (4-6)

9.2+6.0
1.6 £0.6 (1-3)

0/1/2 = number of alleles. Data are shown as mean =+ standard deviation.

Y =Bmax*X / (Kq+ X) for one-site binding model; and
Y = Bhax1*X 7/ (Kgq + X)] + [Bmax2*X / (Kgo + X)] for two-site
binding model. The displacement results were fit to one-site and
two-site binding models derived from the Cheng-Prusoff equation.
F-test was used to compare and select the one-site or two-site
binding models. Scatchard plots were performed using GraphPad
Prism to display the saturation data.

Total amyloid-B40 and amyloid-f4>
measurement

Total amyloid-B4o and amyloid-B4, level were quantified in the
post-mortem brain tissue from the frontal cortex and hippocampus
of five Alzheimer's disease and five control using commercial
ELISA kits (Invitrogen).

Statistical analysis

Data were analysed using GraphPad Prism version 5.0. The non-
parametric Mann-Whitney U test was used for comparison of
3H-PIB binding properties, amyloid-B40 and amyloid-f4; levels, be-
tween Alzheimer's disease and control brains, and the paired
Student t-test was used for comparison between brain regions.
All values are shown as means =+ standard deviation. Error bars
in the figures represent standard error values.

Results

Characterization of *H-Pittsburgh
compound B binding sites in
Alzheimer's disease frontal
cortex and hippocampus

To examine the high-affinity *H-PIB binding sites in the brain,
saturation binding studies using increasing concentrations of *H-
PIB (0.01-30nM) were performed in vitro on post-mortem tissue
from the frontal cortex and hippocampus of five patients with
Alzheimer's disease (aged 61-87 years). Figure 1 illustrates satur-
ation binding in three of these patients (aged 61, 68 and 87
years). Scatchard plots demonstrated high-affinity binding sites
in the frontal cortices (mean Kgqi: 3.5+ 1.6nM) and the
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Figure 1 Saturation binding of *H-PIB (0.01-30 nM) indicated a high-affinity binding site in the frontal cortices (A) and hippocampi (B) of
brains from patients with Alzheimer's disease (AD) (61 years; 68 years; 87 years). Binding data were analysed using GraphPad non-linear

regression fitting.

hippocampi (mean Kg4: 5.6 +2.2nM) of all five, with a signifi-
cantly (P < 0.01) greater number of 3H-PIB high-affinity binding
sites in the frontal cortex (mean Bpaxq: 1281 £ 423 pmol/g tissue)
than in the hippocampus (mean Bpax1: 530 £ 277 pmol/g tissue)
(Table 2). Analysis of total amyloid-Bso and amyloid-B4, levels
quantified by ELISA revealed significant higher amyloid-f levels
in the frontal cortex compared with hippocampus (P < 0.05)
(Table 3). *H-PIB binding performed in the same brain tissue sam-
ples as the amyloid-B ELISA measurements showed a 5-fold
difference in 3H-PIB binding whereas a 10-fold difference in
amyloid-B40. 42 levels in the frontal cortex compared with hippo-
campus (Table 3) was detected by ELISA. The amyloid-B4o, amyl-
oid-B4> and amyloid-B4o . 42 levels all showed a significant positive
correlation with 3H-PIB binding (1nM) (P < 0.05) in the corres-
ponding brain region.

To further characterize 3H-PIB binding sites in the Alzheimer's
disease brain, homogenates from the frontal cortices and hippo-
campi of five Alzheimer's disease brains were incubated with a
wider range of *H-PIB concentrations (0.01-300nM; Table 2).
Supplementary Fig. 1 shows the saturation binding curve
(0.01-300nM) in the frontal cortex of one Alzheimer's disease
brain (78 years). In addition to the high-affinity site described
above, the Scatchard plots revealed the presence of low-affinity
3H-PIB binding sites in the frontal cortices (mean Kgy:
133 £ 30nM) and the hippocampi (mean Kgy: 181 & 132 nM) of
the five Alzheimer's disease brains (Table 2). No significant

differences in dissociation constants for the high- and low-affinity
sites (Kg4q and Kgp) were observed between the frontal cortex and
the hippocampus (Table 2). The Bn.x value for the high-affinity
site (Bmax1), but not the low-affinity site (Bnax2), in the frontal
cortex was significantly higher than that in the hippocampus.

Characterization of *H-Pittsburgh
compound B binding sites in control
frontal cortex and hippocampus

Saturation binding studies with *H-PIB 0.1 to 300nM were also
performed in the frontal cortices and hippocampi of five control
brains (from patients aged 54-87 years). Analysis revealed 3H-PIB
high-affinity binding (similar to that seen in the Alzheimer's dis-
ease frontal cortex; Supplementary Fig. 2A and B) in the frontal
cortex of only one (87-year-old) control subject, with a Kg4q of
1.6nM and Byt of 309 pmol/g. All three control brains tissues
that incubated with wider range (0.1-300nM) of *H-PIB showed
evidence of a low-affinity site in the frontal cortex with compar-
able Kgy values (191 £70nM) to those in Alzheimer's disease
brains (133 +30nM) (Supplementary Fig. 2C and D). In the
hippocampus of the 87-year-old control subject, only a low-affin-
ity binding site was detected (Kg2: 136 nM; Braxz: 2788 pmol/g).
The presence of some amyloid-B4, plaques in the frontal cortex of

this  87-year-old  control  brain  was confirmed by
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Table 2 3H-PIB binding properties in the frontal cortex and hippocampus of brains from patients with Alzheimer's disease

Patient K41 nM Kg> nM B B % High % Low R?

age (years) (pmol/g tissue) (pmol/g tissue)
Frontal cortex AD 61 4.8 219.5 1771 7393 91.3 8.7 0.9282

AD 68 3.6 184.9 1022 4792 915 85 0.9656

AD 70 25 81.7 1677 8120 87.1 12.9 0.8744

AD 78 1.2 114.2 1137 17220 86.0 14.0 0.9840

AD 87 5.2 65.5 799 3530 74.0 26.0 0.9203

Mean £SD 35+1.6 133.24+29.8 1281 4+423** 8211 +£2403 86.0+32* 14.0+3.2* 09345+ 0.0191*
Hippocampus AD 61 9.2 210.4 853 7451 72.4 27.6 0.6936

AD 68 4.7 361.4 297 10774 67.8 32.2 0.9541

AD 70 3.5 59.3 621 2486 80.8 19.2 0.7968

AD 78 5.8 229.9 687 9074 75.0 25.0 0.7881

AD 87 4.8 43.0 190 761.2 69.1 30.9 0.7429

Mean+SD 56422 180.8+132.0 5304277 6109 + 4303 73.0+52 27.0+52 0.7951 + 0.0979

Bmax1 and Bmaxz = maximum number of high- and low-affinity binding sites; % High =

percentage of high-affinity binding sites; Kq4 and K4, = high- and low-affinity site

dissociation constants; % Low = percentage of low-affinity binding sites; R? = extent of the fit to the nonlinear regression two-binding-site model; SD = standard deviation.
Significant differences between frontal cortex and hippocampus (paired t-test; n = 5) are indicated by *P < 0.05 and **P < 0.01.

Table 3 Amyloid-B4o and amyloid-p, levels in the frontal cortices and hippocampi and *H-PIB binding in Alzheimer's

disease and control brains

Amyloid-B4o
(pmol/g tissue)

Amyloid-f4,
(pmol/g tissue)

Amyloid-p,o + amyloid-p4, 3H-PIB (1nM)
(pmol/g tissue) binding (pmol/g
tissue)

Alzheimer's disease 613.70 + 537.20**"
frontal cortex

Alzheimer's disease
hippocampus

Control frontal cortex

Control hippocampus

26.50 £+ 12.30*

0.06 £+ 0.02
0.16 £0.23

0.17 £0.13
0.09 £ 0.06

1328.00 + 459.80**"

140.70 £ 129.60*

1941.00 + 1913.00**" 524.63 + 113.82**"

167.10 £ 137.80* 89.71 £ 62.27*

0.22 £0.15
0.24 £0.34

73.89 £+ 30.85
19.10 £ 14.10

Data are shown as means + standard deviation. Significant differences between frontal cortex and hippocampus are indicated by 'P < 0.05. Significant differences between
Alzheimer's disease (n =5) and control (n = 5) groups (Mann-Whitney U-test) are indicated by *P < 0.05, **P < 0.01.

immunohistochemical staining (data not shown). Total amyloid-4o
and amyloid-B4, ELISA measurements showed low levels in the
frontal cortex as well as in the hippocampus (Table 3).

Regional distribution of H-Pittsburgh
compound B binding in Alzheimer's
disease and control brain tissue

The distribution of *H-PIB (1 nM) binding was studied in the fron-
tal and parietal cortices, caudate nuclei, hippocampi and cerebella
of 23 patients with Alzheimer's disease (mean age 70.5 £9.0
years) and 20 normal control subjects (mean age 73.8 +11.6
years). 2H-PIB binding in Alzheimer's disease brains was highest
in the frontal and parietal cortices, followed in order by the caud-
ate nucleus, hippocampus and cerebellum (Fig. 2). *H-PIB binding
was significantly higher in the frontal and parietal cortices
(P <0.001), hippocampi (P <0.01) and caudate nuclei
(P < 0.001) of Alzheimer's disease brains than in age-matched
controls (Fig. 2). Although a significant difference in 3H-PIB bind-
ing was observed between controls versus early-onset Alzheimer's

disease and control versus late-onset Alzheimer's disease, no sig-
nificant difference was found between early-onset and late-onset
Alzheimer's disease (Fig. 2). No significant difference in binding
was observed between Alzheimer's disease APOE ¢4 (n = 16) and
non-g4 (n =7) carriers (data not shown).

3H-Pittsburgh compound B competitive
binding assays with BTA-1, AV-45,
AV-1, BF-227 and FDDNP in
Alzheimer's disease frontal cortex

Displacement assays were carried out to compare the binding
properties of various amyloid ligands in Alzheimer's disease
brains. Increasing concentrations of unlabelled BTA-1, AV-45,
AV-1, BF-227 and FDDNP (1073~ 5 x 10"°M) were applied
with H-PIB (1nM) to frontal cortex homogenates from the
same five Alzheimer's disease brains used in the binding charac-
terization studies. BTA-1 was selected for displacement studies
with 3H-PIB in order to measure the displacement binding proper-
ties of PIB.
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Figure 2 3H-Pittsburgh compound B (PIB) binding (1 nM) in the frontal cortices (Fr ctx), parietal cortices (Par ctx), hippocampi (Hip),
caudate nuclei (Cau) and cerebella (Cb) of brains from patients with early-onset Alzheimer's disease (EOAD; n = 13), late-onset
Alzheimer's disease (LOAD, n = 10) and cognitively normal controls (CTRL; n = 12-20). Data are presented as means =+ standard error
of the mean. Significant differences between early-onset Alzheimer's disease, late-onset Alzheimer's disease and control groups
(Mann-Whitney U-test) are indicated by *P < 0.05, **P < 0.01 and ***P < 0.001.

Analysis of the displacement binding results demonstrated the
presence of two of three possible binding sites for all the unlabelled
amyloid ligands except FDDNP. The affinity for the sites (Kiy, Ki» or
Kiz) for these ligands followed the rank order BTA-1 (Ki;: 0.2nM,
Kiz: 70nM) >AV-45 (Ki1: 1.0nM, Kip: 65nM) > AV-1 (Kis: 1.8nM,
Kiz: 53nM) > BF-227 (Ki;: 0.3nM, Kiz: 311nM) (Fig. 3A-D). The
proportions of high-affinity binding sites were 88%, 90% and
84% for BTA-1, AV-45 and AV-1, respectively (summarized in
Fig. 3A-C). The proportion of high-affinity binding sites for
BF-227 was only 17% (Fig. 3D); most of the binding was to the
311 nM affinity site (83%). No K; value was obtained for FDDNP
because 3H-PIB binding was displaced by <50% (Fig. 3E).

Additional autoradiography binding assays were performed in
frontal cortex sections from four of the Alzheimer's disease and
four of the control brains that were evaluated in the homogenate
binding assays. These showed that *H-PIB binding was completely
blocked in the presence of 1uM BTA-1, AV-45 and AV-1,
whereas addition of 1uM BF-227 or 1uM FDDNP displaced
only 70% and 40% of 3H-PIB binding, respectively
(Supplementary Fig. 3).

Discussion

Advances in amyloid PET imaging have already had an impact on
the understanding of the time course of Alzheimer's disease
pathophysiology (Jack et al., 2013; Nordberg et al., 2010,
2011), as well as the development of biomarkers for early diag-
nosis, and their use in evaluation of anti-amyloid clinical trials.
Recent ongoing debate on amyloid PET imaging has raised ques-
tions with regard to the binding properties of different amyloid
ligands, their sensitivity and their specificity in reflecting amyloid-f

pathology in the Alzheimer's disease brain (Moghbel et al., 2012;
Villemagne et al., 2012a). This study provides detailed character-
ization of PIB binding in Alzheimer's disease and normal control
post-mortem brain tissue, as well as a comparison of current avail-
able amyloid ligands.

The study demonstrated a regional distribution of *H-PIB bind-
ing in the rank order frontal cortex, parietal cortex, caudate nu-
cleus and hippocampus, which is consistent with in vivo ''C-PIB
PET studies in patients with Alzheimer's disease (Klunk et al.,
2004; Mintun et al., 2006; Kemppainen et al., 2006; Rowe
et al., 2010; Nordberg et al., 2013). This was also our rationale
for focusing on one region as the frontal cortex with high amyloid
and hippocampus with low amyloid load in the characterization of
3H-PIB binding in the brain.

We demonstrated the presence of both high-and low-affinity
binding sites in the frontal cortex and hippocampus in patients
with Alzheimer's disease, and report the presence of a low-affinity
site in the cognitively normal control subjects. We also demon-
strated that PIB, AV-45 and AV-1 share a common high-affinity
binding site with amyloid-p in Alzheimer's disease brain, whereas
BF-227 shows lower affinity, and FDDNP has a different binding
profile.

The observation of two 3H-PIB binding sites in Alzheimer's dis-
ease frontal cortex in this study is in agreement with an earlier
report by Klunk et al. (2005). To the best of our knowledge, our
study is the first to identify the presence of both high- and low-
affinity PIB binding sites in the Alzheimer's disease hippocampus.
We measured a 30-fold difference in affinity between the two
binding sites in both the frontal cortex and the hippocampus,
but no difference in affinity for the two sites between these two
regions. The proportion of high-affinity to low-affinity sites was
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Figure 3 Displacement of *H-Pittsburgh compound B (PIB) binding by BTA-1, AV-1, AV-45, BF-227 and FDDNP. Competitive binding
with 3H-PIB (1 nM) and BTA-1, AV-1 and AV-45 indicated two analogous binding sites (high- and low-affinity; Ki; and Ki5; A-C), whereas
a different pattern was detected with BF-227 (K;3; D) and FDDNP (K; E) in the frontal cortices of brains from patients with Alzheimer's
disease (AD; n =5). (F) Summary of the percentage of displacement of H-PIB from binding sites 1, 2 and 3 by the tested unlabelled
ligands in the frontal cortices of brains from patients with Alzheimer's disease. Affinity constant (K;) and percentage displacement values
were determined by non-linear regression using GraphPrism. Data are presented as means =+ standard error of the mean.

6:1 in the frontal cortex and 3:1 in the hippocampus, with the
difference mainly attributable to a greater number of high-affinity
binding sites in the frontal cortex than in the hippocampus. The
greater difference in amyloid-B40 and amyloid-B4, ELISA levels
between the frontal cortex and hippocampus compared to the
3H-PIB binding in the same brain regions might reflect that *H-
PIB binds solely to fibrillar amyloid-p.

No high-affinity H-PIB binding sites were detected in the fron-
tal cortices of the controls, with the exception of one 87-year-old.
This observation might have relevance for in vivo PET studies with
"1C-PIB (Mintun et al., 2006; Aizenstein et al., 2008; Morris et al.,
2010; Rowe et al., 2010; Sojkova et al., 2011), '®F-florbetapir
(Rodrigue et al., 2012), '8F-florbetaben (Barthel et al., 2011)
and '8F-flutemetamol (Vandenberghe et al., 2010), in which a
small proportion of cognitively normal control subjects have
shown clear evidence of amyloid tracer retention in the brain.
This could be attributed to the time course of amyloid accumula-
tion, as it has been observed that the proportion of cognitively
normal control subjects demonstrating high amyloid levels in the
brain increases with age, and could have implications for anti-
amyloid-p clinical trials in cognitively normal adults (Selkoe, 2012).

Because in vivo PET imaging is performed at nanomolar tracer
concentrations, low-affinity PIB binding sites cannot be visualized

by this method and studies using other techniques are warranted
for further detection and characterization of these low-affinity
binding sites in the human brain. The presence of low-affinity
binding sites could be of mechanistic importance for aggregation
processes involving seeding and the progressive development of
amyloid-B pathology in the brain, including the occurrence of
other smaller forms of amyloid-f such as oligomer assemblies.

In vitro binding studies in fresh tissue brain homogenates have
higher sensitivity to detect multiple binding sites than in vivo stu-
dies since a much broader range of concentrations of both labelled
amyloid radiotracer as well a wider concentration range of com-
peting substances can be used in displacement studies. In vitro
binding studies thus allow detection of binding types with different
properties. As the concentration range is broader, high, intermedi-
ate and low affinity binding sites can be detected. The in vivo PET
technique uses amyloid tracer concentrations in a much narrow
concentrations range (1-10nM) and due to risk of toxicity reac-
tions displacement with increasing higher concentrations of un-
labelled amyloid tracers have not been able to be performed.
Thus so far no saturation studies demonstrating saturation of
labelled amyloid binding sites by unlabelled compounds have
been able to be performed by PET for any amyloid tracer in
humans with the exception of the in vivo displacement performed
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using non-steroidal anti-inflammatory drugs and ' F-FDDNP
(Agdeppa et al., 2003).

In the present study the competition assays in tissue homogen-
ates were performed in frontal cortical tissue since frontal cortex
shows high *H-PIB binding, which allows competing reduction in
the binding with different agents. The hippocampus was not
included in these experiments because the 3H-binding in this
brain region opposite to the frontal cortex is low and it is tech-
nically much more difficult to obtain reliable displacement values
due to larger variation in displacement data.

In vitro binding studies with thioflavin-derived compounds and
synthetic amyloid-B polymers have reported that these ligands
bind to three classes of binding sites on the amyloid-B fibrils
(Lockhart et al., 2005; Ye et al., 2005). This included binding
with very high affinity (K4 ~ low nM) to a low-capacity site
(BS3), as well as binding (K4 ~ 100nM) to either one of two
additional adjacent or partially overlapping high-capacity binding
sites (BS1, BS2) on the amyloid-B4_40 polymer (Lockhart et al.,
2005; Ye et al., 2005).

Based on the saturation and displacement assay results in our
study, we propose a multiple binding site model (binding sites 1, 2
and 3) for the tested amyloid ligands, as illustrated in Fig. 5F.
Competition studies with H-PIB revealed that AV-1, AV-45 and
BTA-1 bound mainly to the high-affinity (~1nM) PIB binding site
(binding site 1). This is in agreement with earlier saturation binding
studies on individual ligands in human brain tissues (Klunk et al.,
2003; Zhang et al., 2005; Choi et al., 2009; Kung et al., 2010;
Fodero-Tavoletti et al., 2012). Furthermore, these amyloid ligands
also displaced 3H-PIB from the low-affinity binding site 2
(K; < 100 nM).

From PET imaging studies in patients with Alzheimer's disease it
is known that "'C-BF-227 is less extensively retained in the cortex
in patients with Alzheimer's disease than "'C-PIB (Kudo et al.,
2007; Furukawa et al., 2010; Shao et al., 2010). These observa-
tions corroborate our finding that BF-227 binding was only 16%
to the high-affinity binding site 1, whereas PIB binding to this site
was >80%. Instead, a higher proportion of BF-227 binding was
with a different low-affinity site from binding sites 1 and 2 (Ki3
311 nM; binding site 3) (Fig. 3F).

The displacement of only 40% of *H-PIB binding by FDDNP
suggests that this ligand has a binding profile that differs from
that of the other amyloid ligands (Agdeppa et al., 2007;
Thompson et al., 2009). In earlier studies, FDDNP was reported
to bind to neurofibrillary tangles in addition to amyloid-f plaques,
and it has been suggested that it interacts with the binding of
non-steroidal anti-inflammatory drugs (Agdeppa et al., 2001;
Thompson et al., 2009; Petric et al., 2012) and also that it
binds to a different site on the amyloid-f fibrils from those of
PIB (Raman et al., 2009; Kung et al., 2010; Wu et al., 2011).
Moreover, a different regional distribution pattern and lower signal
range has been observed in vivo with "®F-FDDNP compared with
"C-PIB (Shoghi-Jadid et al., 2002; Shin et al., 2008; Tolboom
et al., 2009).

One limitation of our study is that only radiolabelled PIB was
used in the comparative studies of binding with other amyloid
ligands. There is a possibility that, if they had been radiolabelled,
these amyloid ligands may have enabled the detection of
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additional binding sites on amyloid-f fibrils that were not readily
recognized by *H-PIB, and could thus have shown different bind-
ing profiles. Additional studies in brain tissue homogenates from
carriers of autosomal dominant Alzheimer's disease may most
probably provide further insight into difference in amyloid binding
sites pattern. In the present study the frontal cortex was chosen as
region with high amyloid load. For further studies precuneus
would be of great interest with its early high binding of amyloid
tracers in course of disease and its correlation with cognitive func-
tion in normal subjects (Rosenberg et al., 2013).

It will be important in future studies to consider the elucidation
of possible binding interactions, other than those on amyloid-f
fibrils, between amyloid ligands and other endogenous proteins
or receptors. In support of this suggestion, we have recently re-
ported a relationship between high-affinity PIB binding sites and
«7 nicotinic receptors in post-mortem Alzheimer's disease brain
studies (Lilja et al., 2011; Ni et al., 2013). Interactions such as
these may be intrinsically linked to the neurodegenerative changes
in the Alzheimer's disease brain and could necessitate the devel-
opment of better imaging agents in the future to further advance
our understanding of the disease at the molecular level.

In summary, this study indicates the presence of multiple PIB
binding sites (high- and low-affinity) in Alzheimer's disease and
control brains with confirmed amyloid pathology. From competi-
tion studies we propose a multiple site model where PIB, AV-45
(florbetapir) and AV-1 (florbetaben) share similar binding to a
nanomolar high affinity site (site 1) and that these amyloid ligands
can be used in a comparable and reliable manner to assess brain
amyloid density. A somewhat different binding pattern is observed
for BF-227 and FDDNP with preference for sites 3 and 2, respect-
ively. Detailed studies of binding characteristics for amyloid PET
tracers may provide valuable information for a further understand-
ing of Alzheimer's disease pathology.
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