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Abstract
Purpose Extensive deposition of senile plaques and neuro-
fibrillary tangles in the brain is a pathological hallmark of
Alzheimer’s disease (AD). Although several PET imaging
agents have been developed for in vivo detection of senile
plaques, no PET probe is currently available for selective
detection of neurofibrillary tangles in the living human

brain. Recently, [18F]THK-523 was developed as a potential
in vivo imaging probe for tau pathology. The purpose of this
study was to compare the binding properties of [18F]THK-
523 and other amyloid imaging agents, including PiB, BF-
227 and FDDNP, to synthetic protein fibrils and human
brain tissue.
Methods In vitro radioligand binding assays were con-
ducted using synthetic amyloid β42 and K18ΔK280-tau
fibrils. Nonspecific binding was determined by the addition
of unlabelled compounds at a concentration of 2 μM. To
examine radioligand binding to neuropathological lesions,
in vitro autoradiography was conducted using sections of
AD brain.
Results [18F]THK-523 showed higher affinity for tau fibrils
than for Aβ fibrils, whereas the other probes showed a
higher affinity for Aβ fibrils. The autoradiographic analysis
indicated that [18F]THK-523 accumulated in the regions
containing a high density of tau protein deposits. Converse-
ly, PiB and BF-227 accumulated in the regions containing a
high density of Aβ plaques.
Conclusion These findings suggest that the unique binding
profile of [18F]THK-523 can be used to identify tau deposits
in AD brain.

Keywords PET probes . Tau . Amyloid . Alzheimer’s
disease

Introduction

Senile plaques and neurofibrillary tangles (NFTs) com-
posed of amyloid-β (Aβ) peptides and aggregated tau
proteins, respectively, are the pathological hallmarks of
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Alzheimer’s disease (AD). In vivo amyloid imaging
techniques have received a lot of attention for their
promise in presymptomatic detection of Aβ pathology
[1]. Recently, several β-sheet binding radiotracers have
been developed as PET amyloid imaging agents [2]. Among
them, 18F-labelled 2-(1-{6-[(2-fluoroethyl(methyl)amino)-2-
naphthyl)ethylidene)malononitrile ([18F]FDDNP) was the first
PET probe to be applied to clinical PET imaging in patients
with AD [3]. This tracer demonstrated higher regional uptake
in the medial temporal lobe and neocortex, and was claimed to
bind to Aβ and tau pathological lesions [3]. Subsequently, 11C-
labelled 2-[4′-(methylamino)phenyl]-6-hydroxybenzothiazole
([11C]PiB) and 2-(2-[dimethylaminothiazole-5-yl]ethenyl)-6-
(2-[fluoro]ethoxy)benzoxazole ([11C]BF-227) were also devel-
oped as amyloid imaging radiotracers. These tracers bind to Aβ
fibrils with high affinity [4] and have demonstrated a signifi-
cantly higher retention in the neocortical areas of brains of AD
patients than of healthy controls [5, 6]. Furthermore, post-
mortem analysis of AD patients who had undergone [11C]PiB
PET imaging before death suggested a strong correlation be-
tween in vivo PiB binding and regional distribution of Aβ
plaques [7].

Amyloid imaging with PET can detect AD pathology
in its preclinical stage [8]. However, amyloid deposition
as assessed by [11C]PiB PET correlates poorly with
cognitive impairment in AD [9, 10], whereas deposition
of tau in the medial temporal cortex is closely associ-
ated with neuronal death in this region. Selective tau
imaging would provide important information about the
tau pathophysiological features in AD, allowing correla-
tion of brain tau load with cognitive decline, monitoring
of disease progression and evaluation of therapeutic efficacy
of newly developed therapies. Potential candidates for in vivo
tau imaging agents include quinoline derivatives [11], and in a
recent study, we found that one quinoline derivative, [18F]
THK-523, showed higher affinity for tau rather than amyloid
fibrils. Furthermore, an autoradiography analysis indicated
that this tracer binds specifically to tau deposits but not Aβ
burden at tracer concentrations usually achieved during a PET
scan [12].

The binding profiles of PiB, BF-227 and FDDNP to Aβ
fibrils have beenwell described. Because tau,α-synuclein and
prion fibrils, as well as Aβ fibrils, share a common β-sheet
secondary structure, these compounds can potentially bind all
these misfolded proteins. A previous study indicated that PiB
binds to both Aβ and PHF tau pathology in vitro [13].
However, the binding occurs at higher concentrations
than usually achieved in vivo during a PETscan. Furthermore,
PET–pathology correlation studies have demonstrated that
PiB binding reflects Aβ pathology [7, 14]. Newly developed
18F-labelled amyloid PET tracers have similarly shown good
correlation with Aβ plaque density [15, 16]. However, the
binding affinity of these radiotracers for tau fibrils remains
unknown and the binding properties of [18F]THK-523 have
not been directly compared with those of other amyloid PET
agents. Here, we compared the binding affinity of [18F]THK-
523 to synthetic Aβ and tau protein fibrils as well as to senile
plaques and NFTs in human brain samples with those of PiB,
BF-227 and FDDNP, to characterize the binding properties of
THK-523 and to obtain a better understanding of current and
future PET data.

Materials and methods

Materials

The nonlabelled compounds PiB, BF-227, FDDNP, THK-
523 (Fig. 1) and their precursors were custom-synthesized
by Tanabe R&D Service (Osaka, Japan). Human Aβ42 was
purchased from Peptide Institute Inc. (Mino, Japan). Re-
combinant K18ΔK280-tau protein was obtained from Invi-
trogen (Tokyo, Japan).

Radiolabelling of PiB, BF-227, THK-523 and FDDNP

[3H]PiB (specific activity 2.96 GBq/μmol) was purchased from
American Radiolabeled Chemicals (St. Louis, MO). [11C]PiB
was radiolabelled using its precursor (2-(4-aminophenyl)-6-
methoxymethoxybenzothiazole) and [11C]methyl triflate, as

Fig. 1 Chemical structures of
[11C]PiB, [18F]FDDNP, [11C]
BF-227 and [18F]THK-523
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previously described [17, 18]. The mean specific activity of
[11C]PiB was 34.6 GBq/μmol.

[18F]BF-227 was synthesized by nucleophilic substitution of
the tosylate precursor (2-[2-(2-dimethylaminothiazol-5-yl)e-
thenyl]-6-[2-(tosyloxy)ethoxy]benzoxazole. After a 10-min re-
action at 110 °C, the crude mixture was partially purified on an
activated Sep-Pak tC18 cartridge before being purified by semi-
preparative reverse-phase HPLC. Standard tC18 Sep-Pak refor-
mulation produced [18F]BF-227 in >95 % purity. The
radiochemical yield was 12–19 % (non-decay-corrected), and
the mean specific activity of [18F]BF-227 was 163GBq/μmol at
the end of the synthesis. [11C]BF-227 was synthesized using N-
desmethylated derivatives as its precursor and [11C]methyl tri-
flate, as previously described [6]. The mean specific activity of
[11C]BF-227 was 136 GBq/μmol.

[18F]THK-523 was synthesized by nucleophilic sub-
stitution of the tosylate precursor (2-(4-aminophenyl)-6-
(2-tosyloxyethoxy)quinolone) as previously described
[12]. The standard tC18 Sep-Pak reformulation produced
[18F]THK-523 in >95 % purity. The radiochemical yield
was 38–49 % (non-decay-corrected), and the mean spe-
cific activity of [18F]THK-523 was 68 GBq/μmol at the
end of the synthesis.

[18F]FDDNP was radiolabelled by the nucleophilic
substitution of the tosylate precursor (2-{[6-(2,2-
dicyano-1-methylvinyl)-2-naphthyl](methyl)amino}ethyl-
4-methylbenzenesulphonate) as previously described
[19]. After a 15-min reaction at 95 °C, the crude mix-
ture was partially purified on an activated Sep-Pak tC18
cartridge before being purified by semipreparative
reverse-phase HPLC. Standard tC18 Sep-Pak reformula-
tion produced [18F]FDDNP in >95 % purity. The radio-
chemical yield was 12–19 % (non-decay-corrected), and
the mean specific activity of [18F]FDDNP was 27 GBq/
μmol at the end of the synthesis. All analysis HPLC
chromatograms are shown in the Supplementary figure.

In vitro radioligand binding assays

Synthetic Aβ42 fibrils and K18ΔK280-tau fibrils were pre-
pared as previously described [12]. For in vitro binding
assays, synthetic Aβ42 or K18ΔK280 fibrils (200 nM) were
incubated with increasing concentrations of [3H]PiB and 18F-
labelled compounds (0.5–200 nM). To account for nonspecif-
ic binding of [3H]PiB and 18F-labelled compounds, the above-
mentioned reactions were performed in triplicate in the pres-
ence of each unlabelled compound at a concentration of 2 μM.

The binding reactions were incubated for 1 h for the 18F-
labelled compounds and 3 h for [3H]PiB at room tempera-
ture, in 200 μL of assay buffer (Dulbecco’s PBS, 0.1 %
BSA). Separation of bound from free radioactivity was
achieved by filtration under reduced pressure (MultiScreen
HTS Vacuum Manifold, MultiScreen HTS 96-well 0.65-μm

filtration plate; Millipore, Billerica, MA). The filters were
washed three times with 200-μL assay buffer, and the filters
containing the bound 18F-labelled compounds were then
assayed for radioactivity in a γ counter (AccuFLEX
γ7000, Aloka, Tokyo, Japan). The filters containing [3H]
PiB were incubated in 2 mL of scintillation fluid (Aquasol-
2; PerkinElmer, Boston, MA), and the radioactivity of 3H
was counted using a β counter (LS6500 liquid scintillation
counter; Beckman Coulter, Brea, CA). The binding data
were analysed with curve-fitting software that calculated
the KD and Bmax using nonlinear regression (GraphPad
Prism version 5.0; GraphPad Software, San Diego, CA).

Autoradiography, immunohistochemistry and Gallyas silver
staining

Demographics of post-mortem brain samples are shown in
Table 1. The frontal and medial temporal brain sections
(6 μm thick) of three AD patients were incubated with
1.0 MBq/mL 11C-labelled and 18F-labelled compounds at
room temperature for 10 min and then washed briefly with
water and 50 % ethanol. After drying, the labelled sections
were exposed to a BAS-III imaging plate (Fuji Film, Tokyo,
Japan) overnight. The autoradiographic images were
obtained using a BAS-5000 phosphoimaging instrument
(Fuji Film) with a spatial resolution of 25×25 μm. The
adjacent sections were immunostained using AT8 anti-tau
monoclonal antibody (diluted 1:20; Innogenetics, Ghent,
Belgium) and 6F/3D (diluted 1:50; Dako, Glostrup, Den-
mark). The adjacent sections were also stained by the
Gallyas-Braak method, which has been reported to be
NFT-specific [20].

Results

Binding affinity for synthetic Aβ and tau fibrils

To characterize the binding properties of THK-523, PiB,
BF-227 and FDDNP, in vitro radioligand binding assays for
synthetic Aβ42 and truncated tau construct (K18ΔK280)
fibrils were performed under the same experimental condi-
tions. Truncated tau construct (K18ΔK280) consists of the
four repeat regions (244–372) but lacking lysine 280
(ΔK280) observed in FTLD-17 familial mutation.

Table 1 Demographics
of brain samples used in
this study

Brain no. Age
(years)

Sex Post-mortem
interval (h)

AD1 76 F 16

AD2 82 F 17

AD3 92 F 8.5
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K18ΔK280 tau aggregates exhibit the similar characteristic as
PHF-tau from AD brain [21]. In addition, K18ΔK280 tau
forms aggregates quickly without cofactor such as heparin
[22]. Thus, we used K18ΔK280 fibrils for the in vitro binding
assays. Our analysis indicated that [18F]THK-523 had a higher
binding affinity for tau fibrils (KD1 0 1.99 ± 0.21 nM,
Bmax1 0 1.22 ± 0.24 pmol THK-523/nmol K18ΔK280-tau)
than for Aβ42 f ib r i l s (KD1 0 30.3 ± 3.91 nM,
Bmax1 0 12.6 ± 0.45 pmol THK-523/nmol Aβ42), which was
similar to previously published data [12]. On the other hand,
[3H]PiB bound to Aβ42 fibrils with high affinity
(KD1 0 0.84 ± 0.18 nM, Bmax1 0 0.44 ± 0.07 pmol PiB/nmol
Aβ42). [3H]PiB also showed two binding sites for
K18ΔK280-tau fibri ls, but with a lower affinity
(KD1 0 6.39 ± 1.63 nM, Bmax1 0 1.38 ± 0.48 pmol PiB/nmol
K18ΔK280) than [18F]THK-523. [18F]BF-227 showed a high
binding affinity for Aβ42 fibrils (KD1 0 1.72 ± 0.83 nM,
Bmax1 0 0.50 ± 0.14 pmol BF-227/nmol Aβ42), similar to
our previous report [23], but showed a lower affinity for tau
fibrils (KD 0 30.2 ± 2.29 nM, Bmax 0 10.7 ± 0.24 pmol BF-
227/nmol K18ΔK280-tau). [18F]BF-227 had an approximate-
ly 20-fold higher affinity for the first class of Aβ42 binding
sites compared with tau fibrils. Only one class of [18F]FDDNP
binding site was identified on the Aβ42 (KD 0 5.52 ± 1.97 nM,
Bmax 0 0.277 ± 0.06 pmol FDDNP/nmol Aβ42) and
K18ΔK280 tau f ib r i l s (KD 0 36.7 ± 11.6 nM,
Bmax 0 2.14 ± 0.46 pmol FDDNP/nmol K18ΔK280-tau).
These results suggest that [18F]FDDNP binds Aβ42 fibrils
with lower affinity than [3H]PiB and [18F]BF-227. Further-
more, [18F]FDDNP had an approximately sevenfold higher
affinity for Aβ42 fibrils than for tau fibrils. These binding
profiles are significantly different from that of [18F]THK-
523 (Table 2).

In vitro autoradiography of human brain sections

To further assess the binding selectivity of [18F]THK-523,
autoradiographic images of the frontal (Fig. 2) and medial
temporal (Fig. 3) brain sections from three AD patients,
using [18F]THK-523, [11C]PiB and [11C]BF-227, were com-
pared. While Aβ plaques in the frontal grey matter were

labelled with [11C]PiB (Fig. 2a–c) and [11C]BF-227
(Fig. 2g–i), the binding of [18F]THK-523 in the frontal grey
matter (Fig. 2m–o) was considerably lower. In the medial
temporal brain sections, [11C]PiB (Fig. 3a–c) and [11C]BF-
227 (Fig. 3g–i) did not accumulate in the hippocampal CA1
area, whereas [18F]THK-523 (Fig. 3m–o) did accumulate in
this area (Fig. 3m–o). The presence of a high density of tau
and a low density of Aβ in this area was confirmed by
immunohistochemistry (Fig. 3d–f, j–l). Furthermore, the
band-like distribution of [18F]THK-523 in the inner layer
of the temporal grey matter was similar to the distribution of
tau (Fig. 3j–l). In the high-magnification images of case
AD3 (Fig. 3p–v), the distribution of [18F]THK-523 closely
resembled Gallyas silver staining and tau immunostaining.
[18F]THK-523 binding was observed in the areas showing a
high density of NFTs in the hippocampal CA1, the layer pre-
α and pri-α in the entorhinal cortex (ERC) (Fig. 3p, q, r, t).
Intriguingly, [18F]THK-523 labelling in the layer pre-α of
the ERC corresponded to Gallyas silver staining better than
tau immunostaining, suggesting the preferential binding of
[18F]THK-523 to extracellular tau deposits that were clearly
visualized by Gallyas silver staining [25]. In contrast to
[18F]THK-523, the distribution of [11C]PiB was similar to
that of Aβ immunohistochemistry (Fig 3q, u, v). [11C]PiB
binding corresponded to the formation of amyloid in the
parvopyramidal layer of the presubicular area and in the
layers pre-β and pre-γ of the ERC (Fig. 3s, v) [26].

Discussion

In the study reported here, we for the first time directly
compared the binding properties of the novel quinoline
derivative THK-523 and other amyloid PET probes. Our
data suggest the potential utility of THK-523 for the selec-
tive detection of PHF-tau in the living human brain, which
has not previously been achieved. The autoradiographic
images of sections from AD brains revealed that [18F]
THK-523 successfully labelled PHF-tau deposits but did
not label Aβ deposits in the frontal and temporal cortices.
These findings suggest that [18F]THK-523 is a promising

Table 2 KD and Bmax values of [
3H]PiB, [18F]BF-227, [18F]FDDNP and [18F]THK-523 for K18ΔK280-tau and Aβ42 fibrils

Compound K18ΔK280 fibrils Aβ42 fibrils

KD1 Bmax1 KD2 Bmax2 KD1 Bmax1 KD2 Bmax2

[18F]THK-523 1.99±0.21 1.22±0.24 50.7±2.73 4.55±0.74 30.3±3.91 12.6±0.45 – –

[18F]BF-227 30.2±2.29 10.7±0.24 – – 1.72±0.83 0.50±0.14 56.1±25.1 13.4±4.37

[18F]FDDNP 36.7±11.6 2.14±0.46 – – 5.52±1.97 0.277±0.06 – –

[3H]PiB 6.39±1.63 1.38±0.48 304±77.4 20.6±11.2 0.84±0.18 0.44±0.07 60.6±8.32 26.1±8.57

KD values are in nanomoles, and Bmax values are in picomoles compound per nanomole fibrils (n03).
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candidate as a tau imaging tracer, and could also be a lead
compound for future development of tau-selective radio-
tracers. We speculate that [18F]THK-523 would show reten-
tion in tau-rich brain regions if administered to AD patients.
However, the specific signal of [18F]THK-523 might be
lower than those of PiB and BF-227 owing to the lower
amount of tau deposits in the neocortex of AD patients [27].
Further compound optimization may be required to achieve
higher contrast imaging of PHF-tau deposits.

In in vitro saturation binding studies [18F]THK-523 bound
with higher affinity to tau fibrils (KD1 1.99 nM) than to Aβ42

fibrils (KD1 30.3 nM), whereas PiB and BF-227 showed the

opposite binding characteristics. [3H]PiB bound with higher
affinity to Aβ42 fibrils (KD1 0.84 nM) than to tau fibrils (KD1

6.39 nM), similar to previous reports [7, 28, 29], and [18F]BF-
227 had more than a tenfold higher affinity for Aβ42 fibrils
(KD1 1.72 nM) than for tau fibrils (K18ΔK280;KD1 30.2 nM).
Autoradiographic images of sections of AD brain revealed
that [11C]PiB and [11C]BF-227 accumulated in the greymatter
of the neocortex, which closely resembled the staining pattern
of Aβ immunohistochemistry. A previous study suggested
that [3H]PiB labelled NFTs at tracer concentrations usually
achieved during a PET scan [13]. However, another study
showed no binding of the PiB derivative [3H]BTA-1 to

Fig. 2 Comparison of [11C]
PiB, [11C]BF-227 and [18F]
THK-523 autoradiography with
the Aβ and tau immunostaining
in sections of the frontal brain
from three patients with AD
(AD1, AD2, AD3). Both [11C]
PiB (a–c) and [11C]BF-227 (g–
i) showed dense accumulation
in the grey matter, closely
resembling the pattern of Aβ
immunohistochemistry using
the 6F/3D antibody (d–f). [18F]
THK-523 (m–o) did not
accumulate in the grey matter,
which was correlated with no
marked staining with anti-tau
antibody AT8 (j–l)
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Fig. 3 Comparison of [11C]PiB, [11C]BF-227 and [18F]THK-523 au-
toradiography with Aβ and tau immunostaining images in sections of
the medial temporal brain from three patients with AD (AD1, AD2,
AD3). [11C]PiB (a–c) and [11C]BF-227 (g–i) do not accumulate in the
hippocampal CA1 area which contains a low density of Aβ (d–f). In
contrast, accumulation of [18F]THK-523 is observed in the hippocam-
pal CA1 area (m–o, arrowheads), which closely resembles AT8 im-
munoreactivity (j–l, arrowheads). In addition, the band-like labelling
pattern of [18F]THK-523 in the inner layer of temporal cortex (m–o) is
closely similar to that of AT8 immunostaining (j–l). p–v High magni-
fication images of the medial temporal sections from patient AD3.
Many clusters of [18F]THK-523 binding in the ERC are consistent

with Gallyas silver staining (p, q, arrows). r Close-up image from p.
Numerous NFTs are located in the layer pre-α of the ERC (r inset).
The band-like distribution of [18F]THK-523 in the layer pri-α of the
ERC also resembles the labelling pattern of Gallyas silver staining (p,
filled arrowhead) as well as AT8 immunoreactivity (t, filled arrow-
head). [11C]PiB binding (u) is also present in the ERC, but obviously
different from [18F]THK-523 binding (q) and similar to the 6F/3D
immunostaining pattern (v). Lake-like amyloid in the presubicular
region (v) is labelled with [11C]PiB, but not with [18F]THK-523. s
Close-up image from v. Aβ plaques (s inset) located in the layer pre-β
and pre-γ are intensely labelled with [11C]PiB (u). Asterisks in r and s
denote the same large blood vessel. Scale bar 100 μm

130 Eur J Nucl Med Mol Imaging (2013) 40:125–132



plaque-free and NFT-rich ERC homogenates, despite the high
amount of [3H]BTA-1 binding to frontal cortex homogenates
containing high levels of neuritic plaques [30]. Autoradio-
graphic and immunohistochemical analyses indicated that
PiB predominantly binds to senile plaques but not to NFTs.
These findings are consistent with the findings from clinical
PiB-PET studies showing no remarkable PiB retention in the
medial temporal cortex of AD patients [7].

Another radiotracer, [18F]FDDNP, has been reported to
detect Aβ and tau pathological lesions in AD patients [3].
Previous clinical PET studies have shown higher cortical
uptake of [18F]FDDNP in the lateral and medial temporal
lobes of AD subjects [3, 5]. Furthermore, a multitracer PET
study of [11C]PiB and [18F]FDDNP has shown significant
retention of FDDNP in the medial temporal cortex, albeit no
remarkable retention of PiB in the same region [31]. How-
ever, in vitro binding studies have shown the limited binding
affinity of [3H]FDDNP to AD pathological lesions [24], and
a previous autoradiographic analysis has suggested that [3H]
FDDNP does not significantly label any region in AD brain
[24]. Previous in vitro binding studies additionally showed
the binding affinity of FDDNP for Aβ40 fibrils (KD 0.12, 85
nM) [19, 24], but the binding affinity for tau fibrils was not
reported. Here, we showed that the binding affinity of [18F]
FDDNP for tau fibrils (KD1 36.7 nM) was similar to that of
[18F]BF-227 (KD1 30.2 nM), but much higher than that of
[18F]THK-523 (KD1 1.99 nM).

In conclusion, the binding profiles of [18F]THK-523,
[11C]PiB, [18F]BF-227, and [18F]FDDNP were compared
using in vitro saturation binding assays and autoradiography
of sections of AD brain. These data suggest that [18F]THK-
523 shows a binding preference for tau protein fibrils.
Therefore, [18F]THK-523 is a candidate as a radiotracer to
identify tau protein deposits and a lead compound for future
tracer development. Ongoing clinical trials will clarify the
clinical utility of this tracer and its derivatives for tau imag-
ing in vivo.
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