FIGURE 4. Neuropathologic staining of brain sections from AD patients. Neurofibrillary
tangles and neuropil threads were clearly stained with THK-5105 (A and C). These stainings
were consistent with tau immunostaining (B) and Gallyas-Braak staining (D) in same sec-
tions. Bar = 50 pm.

terest (the area of each region of interest was
~7 mm?) were placed on the gray matter of
the hippocampus, parahippocampal gyrus,
fusiform gyrus, temporal gyri (superior, mid-
dle, and inferior), insula, pre- and postcentral
gyri, superior frontal gyrus, paracentral lob-
ule, and cingulate gyrus. The percentage area
of positive signals in each region of interest
was calculated using Image] software (Na-
tional Institutes of Health). A correlational
analysis between percentage areas of tracer
binding and positive immunostaining was
performed using Pearson simple correlation.

Biodistribution in Mice

The experimental protocol of animal study
was approved by the Ethics Committee of
Tohoku University School of Medicine. '8F-
labeled tracers (1.1-6.3 MBq) were injected
into the tail vein of male ICR mice (n = 20;
mean weight, 28-32 g). Mice were then sac-
rificed by decapitation at 2, 10, 30, 60, and
120 min after injection. The brain, blood,
liver, kidney, and femur were removed and
weighed, and radioactivity was counted with
an automatic <y-counter. The percentage
injected dose per gram of tissue (%ID/g) was
calculated by comparing tissue counts to tis-
sue weight. Each %ID/g value is expressed
as amean = SD of 4 separate experiments.

using a modified Gallyas-Braak method or immunostained using the  Animal Toxicity Studies

ATS anti-tau monoclonal antibody (diluted 1:20; Innogenetics), the A 14-d toxicity study with intravenous administration of a single
4G8 AR antibody (diluted 1:100; Signet), or the 6F/3D AR antibody  dose of THK-5105 and THK-5117 was performed using Sprague—
(diluted 1:50; Dako). For correlational analysis of the autoradio- Dawley rats and ICR mice. Briefly, the study included 3 groups of
graphic and immunohistochemical images, 36 circular regions of in-  male and female rats and mice that were administered 0 (group 1), 0.1

A ["*FITHK-5105 ["®*FITHK-5117 ["CIPiB

FIGURE 5. (A) Autoradiographic images of '8F-THK-5105, '8F-THK-5117, and ''C-PiB
binding in mesial temporal section from AD patient. (B) Gallyas-Braak silver staining (left)
and immunostaining with anti-tau (center) and anti-AB (right) antibodies in adjacent brain
sections. Arrowheads = CA1 area of hippocampus; longer arrows = entorhinal cortex.

group 2), and 1 (group 3) mg/kg of test
article (10% dimethylsulfoxide/90% distilled
water) per rat or mouse by intravenous in-
jection on study day 1. The study included
clinical observations plus body weight mea-
surements for a 14-d observation period. He-
matology and pathologic examinations were
conducted on study days 2 and 15. Detailed
necropsies with external examinations were
also performed.

Receptor Binding Assays

Receptor binding screens were conducted
by Sekisui Medical Inc. Binding inhibition
effects of 1 wM THK-5105 and THK-5117
were evaluated in competitive radioligand
assays against 60 common neurotransmitter
receptors, ion channels, and transporters.
Percentage inhibition ratios were calculated
by the following equation: inhibition ratio
(%) = [1 -~ (B — N)YBy, — N)] x 100,
where N is the nonspecific bound radioac-
tivity, and B and Bg are the bound radio-
activity in the presence and absence of
tested compounds, respectively. Data are
expressed as the mean values of duplicate
samples.
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FIGURE 6. (A) Autoradiography of hemibrain sections from AD
patient with 18F-THK-5105 and tau immunostaining in neighboring
section. (B) Region-of-interest analysis indicated that percentage
areas of 18F-THK-5105 binding (line plots) were significantly corre-
lated with percentage areas of tau immunostaining (gray bars)
but not with that of AB immunostaining (white bars). CG = cingulate
gyrus; HIP = hippocampus; FUG = fusiform gyrus; IHC = immu-
nohistochemistry; INS = insula; ITG = inferior temporal gyrus; MTG
= middle temporal gyrus; PCL = paracentral lobule; PHG = para-
hippocampal gyrus; POG = postcentral gyrus; PRG = precentral
gyrus; SFG = superior frontal gyrus; STG = superior temporal

gyrus.

RESULTS

Radiosynthesis

All radiolabeled compounds were obtained in greater than 97%
radiochemical purities after HPLC purification. The decay-corrected
average radiochemical yields of 8F-THK-523, 8F-THK-5105,
18F-THK-5116, 8F-THK-5117, and '8F-FDDNP were 58%, 48%,
41%, 48%, and 22%, respectively. The specific activities of '8F-
labeded compounds ranged from 37 to 110 GBg/j.mol, corrected
at the end of synthesis. The mean specific activity of 1!C-PiB was 35
GBg/pmol.

In Vitro Binding Assays

The binding properties of phenylquinoline derivatives to tau
fibrils was investigated and compared with AB1-42 fibrils. Al-
though only a single class of '®F-THK-5105 binding sites was
identified on AB1-42 fibrils, 2 classes of ®F-THK-5105 binding
sites were identified on K18A280-tau fibrils. As shown in Table 2,
the Ky for the first class of K18A280-tau binding sites was 1.45
nM, indicating higher binding affinity to tau fibrils than to Ap1-42
fibrils (Kg = 35.9 nM). Further, competitive binding assays with
I8F-THK-5105 displayed high binding affinity of phenylquinoline
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derivatives to tau fibrils (Fig. 3). The K; for THK-5117 was 10.5
nM, indicating that THK-5117 has higher binding affinity for tau
fibrils than THK-523 (K; = 59.3 nM). In contrast, the K; for
FDDNP was 263 nM. In binding assays using mesial temporal
brain homogenates containing a high density of tau (1,075
pmol/g) and moderate density of AR (434 pmol/g), both 8F-
THK-5105 (K4 = 2.63 nM; Bpa.x = 358 pmol/g of tissue) and
ISE-THK-5117 (K4 = 5.19 nM; B., = 338 pmol/g of tissue)
showed higher affinity for mesial temporal brain homogenates
than 8F-THK-523 (Kq = 86.5 nM; B.x = 647.1 pmol/g of
tissue) (Supplemental Fig. 1; supplemental materials are available
online only at http://jnm.snmjournals.org).

Tissue Staining and Autoradiography

The selective binding ability of the compounds was further
examined using AD brain sections. The fluorescent compound
THK-5105 clearly stained NFTs and neuropil threads in the
hippocampal section of an AD patient (Fig. 4A). Selective bind-
ing of this compound with tau pathology was confirmed by com-
paring with the results of tau immunohistochemistry for the same
sections (Fig. 4B). In contrast, SPs were faintly stained with
THK-5105. Further, we compared findings of THK-5105 staining
with those of Gallyas—Braak silver staining, a conventional tech-
nique used to visualize tau pathology in the AD brain (Figs. 4C
and 4D), and the binding of THK-5105 to NFTs and neuropil
threads was confirmed. The images of staining with THK-5116
and THK-5117 were similar to those with THK-5105 (data not
shown).

To investigate the binding ability of '®F-THK-5105 and !8F-
THK-5117 to NFTs at tracer doses, in vitro autoradiography was
performed in postmortem AD brain sections, and the findings were
compared with Gallyas—Braak staining and immunohistochemis-
try. In the mesial temporal sections, laminar distributions of 18F-
THK-5105 and '3F-THK-5117 were observed in the deep layer of
gray matter (Fig. 5A). A high density of tracer accumulation was
observed in the CA1 area of the hippocampus, which is reported as
the most frequent site for NFTs in AD (3/). These tracer distri-
butions coincided with Gallyas—Braak staining and tau immunos-
taining (Fig. 5B) but not with the distribution of ''C-PiB (Fig. 5A)
and AP immunostaining (Fig. 5B). In contrast, no significant ac-
cumulation of '®F-THK-5105 and '8F-THK-5117 was observed
in the hippocampus of the healthy control subject (Supplemental
Fig. 2). '8F-THK-5116 failed to give a specific signal in the AD
brain sections (data not shown).

To further assess the regional differences of tracer binding in the
AD brain, 8F-THK-5105 autoradiography was conducted using
AD hemibrain sections and compared with the AB PET tracer
H1C-PiB (32). 8F-THK-5105 densely accumulated in the gray mat-
ter of the hippocampus, parahippocampal gyrus, fusiform gyrus,
inferior and middle temporal gyri, insula, and cingulate gyrus
(Fig. 6A), regions known for the abundance of tau pathology in
AD (33). In contrast, tracer binding in the parietal areas was mod-
est. The pattern of tracer distribution correlated with the known
distribution of tau pathology (Fig. 6A) but not with the known
distribution of AR or the binding of !'C-PiB (data not shown). In
addition, quantitative analyses of these images demonstrated a sig-
nificant correlation of 8F-THK-5105 binding with tau immunos-
tained areas but not with the areas of A immunostaining (Fig. 6B;
Supplemental Fig. 3). In contrast, !!C-PiB bindings showed a good
correlation with AP deposition but not with tau deposition (Supple-
mental Fig. 3).
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ogy in AD brain sections. Most amyloid
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structure. To ensure the binding specificity
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of these compounds as tau-selective PET
probes, the binding affinity to AR fibrils
should be below the in vivo detection

FIGURE 7. Time-activity curves after intravenous administration of "®F-THK-5105 (A) and

18F-THK-5117 (B) in mice.

Pharmacokinetics in Mice

All tested compounds exhibited sufficient amounts of tracer
uptake in the mouse brain immediately after intravenous admin-
istration. Compared with 1¥F-THK-523, new compounds showed
significantly higher brain uptake at 2 min after injection (Table 1).
18F.THK-5105 showed the highest brain uptake. In addition, clear-
ance of these derivatives from normal brain tissue was faster than
that of '$F-THK-523 and '8F-FDDNP (Table 1). The brain uptake
ratio at 2 versus 60 min was highest for '8F-THK-5117, followed
by E-THK-5105, ®F-THK-5116, *F-FDDNP, and !'8F-THK-
523. After injection of 'F-THK-5105 and '$F-THK-5117, the
regional tracer uptake in the liver was highest at 10 min after
injection, and the tracer was then slowly washed out from the
body (Fig. 7). Compared with '*F-THK-5105, '*F-THK-5117
tended to have faster clearance from the brain, blood, liver, and
kidney. No remarkable accumulation of "F-THK-5105 and '®F-
THK-5117 was observed in the bone.

Animal Toxicity Studies

A single intravenous administration of THK-5105 and THK-
5117 at 1 mg/kg, equivalent to 100,000-fold the intended clinical
dose for humans, caused no systemic toxicity in rats or mice.
There were no unscheduled deaths or morbidity detected in this
study. During the experimental period, the body weight of all
animals increased normally, and no treatment-related changes
were noted in any animals. There were no major clinical,
biochemical, or histopathologic findings associated with the
administration of THK-5105 and THK-5117.

Receptor Binding Assays

Binding inhibition of THK-5105 and THK-5117 was assessed
in competitive radioligand binding assays against 60 common
neurotransmitter receptors, ion channels, and transporters. As
a result, no remarkable inhibition (<50%) was observed for var-
ious receptors, ion channels, and transporters at 1-pM concentra-
tions of THK-5105 and THK-5117.

DISCUSSION

These findings suggest that 8F-THK-5105 and '8F-THK-5117
are promising candidates as tau imaging PET probes. Although
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threshold. In vitro binding assays indicated
that the binding affinity of *F-THK-5105
for AR fibrils (Kq = 35.9 nM) was 25
times lower than for tau fibrils (K3 =
1.45 nM). This K4 would allow selective detection of tau pathol-
ogy, because the usual required Ky values for imaging AR are
below 20 nM (34). However, the required Ky value for imaging
tau deposits is still unknown. Considering that the concentrations
of tau are about an order of magnitude lower than those of AB, the
Ky value for tau should be well below 20 nM, in the low nano-
molar range, to allow sensitive detection of tau pathology. In that
respect, the binding affinities of both 'SF-THK-5105 and 3F-
THK-5117 to tau fibrils may be sufficient for in vivo detection
of tau pathology in the brain. However, in vitro binding assay data
should be carefully interpreted, because the structural conforma-
tion of synthetic tau fibrils does not fully correlate with the struc-
ture of NFTs and neuropil threads in the human brain. Actually,
18- THK-523 showed substantially lower affinity for AD brain
homogenates (Kd = 86.5 nM) than for synthetic tau protein fibrils
(Kd = 1.67 nM) (/5). In the future, in vitro binding data should be
compared with in vivo PET data to determine the required Ky
value for in vivo tau detection.

In vitro assays using human brain samples are considered more
reliable for evaluating the binding selectivity of radiotracers to tau
and AP pathology at tracer doses. Autoradiography studies using
human brain sections demonstrated the preferential binding of !5F-
THK-5105 and '8F-THK-5117 to tau protein deposits in the AD
brain. We observed a high density of '®F-THK-5105 and !8F-
THK-5117 binding in the CA1 region of AD hippocampus, which
contained substantial amounts of NFTs and neuropil threads. In
addition, these tracers clearly visualized the laminar distribution
of tau in the pri-a layer of the transentorhinal and temporal cor-
tices, which is typically observed in the AD brain (5). The distri-
bution pattern of THK tracer binding in AD brains was different
from that of the AP imaging probe PiB and BF-227, which
showed diffuse punctate distribution in broad neocortical gray
matter and less tracer distribution in the mesial temporal region.
These findings strongly suggest that binding properties of 3F-
THK-5105 and 'SF-THK-5117 are different from those of cur-
rently available AR PET probes. Compared with SF-THK-523
(17), both 8F-THK-5105 and '8F-THK-5117 showed higher con-
trast of tau pathology in autoradiographic images. These findings
most likely reflect the increased binding affinity to tau by meth-
ylation of the amino group, as indicated by in vitro binding assays.
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Similar findings were previously reported in an arylbenzothiazole
derivative (35). Compared with 'SF-THK-5105, SF-THK-5117
showed lesser tracer binding in the gray matter containing high
density of AR plaques, suggesting low binding affinity to AB and
high selectivity to tau. I8F-THK-5105 tends to show higher signals
in the gray matter, and some of the images of '*F-THK-51035
binding showed the patchy pattern as observed for ''C-PiB bind-
ing. One possible reason for this is the binding of '*F-THK-5105
to tau protein in dystrophic neurites. Another possible reason is
binding of 'SF-THK-5105 to AR fibrils. However, the latter expla-
nation seems unlikely given that 'SF-THK-5105 binding, as
clearly shown in Figure 6, was correlated with tau, and not AB,
deposits.

In vitro binding assays using AD brain homogenates are
generally used to measure the binding affinity of AR imaging
radiotracers to SPs or NFTs and the number of binding sites in
real AD pathology (36). For most of the useful AP imaging radio-
tracers, the reported K4 or K; values for neocortical brain sam-
ples are below 10 nM (36,37). In this study, the K4 values for
high-affinity sites of AD mesial temporal homogenates were
2.63 nM for '8F-THK-5105 and 5.19 nM for 3F-THK-5117.
These binding affinities were higher than that for 'SF-THK-523
and appear to be sufficient for the in vivo detection of AD
pathology in the mesial temporal region at tracer doses. Further-
more, the B /Kq ratios of '8F-THK-5105 and '8F-THK-5117
for AD brain homogenates were 136.1 and 65.1, respectively,
which fulfills the criteria (Bp,x/Kq ratio > 10) for a good neuro-
imaging agent (35).

The optimization of pharmacokinetics is an important aspect in
the development of a PET tracer (38). '®F-THK-5105, '8F-THK-
5116, and '8F-THK-5117 fulfilled the criteria of appropriate log P
value (log P = 1-3) for brain entry (39). In mice, these tracers
showed sufficient brain uptake and rapid washout from normal
brain tissue. 8F-THK-5105 and 'SF-THK-5117 exhibited high ini-
tial brain uptake in normal mice (>6 %ID/g at 2 min). These
values, which are equivalent to over 100% injected dose index in
a 25-g mouse, meet the prerequisites for useful PET imaging
agents (34). The 2- to 60-min ratio of radioactivity concentrations
for 18F-THK-5117 was 23.1, indicating faster washout from nor-
mal brain for these compounds than for other currently available
18F.Jabeled tracers such as 'SF-FDDNP (2.91), !8F-florbetaben
(4.83) (40), and '8F-florbetapir (3.90) (37). Compared with 8F-
THK-523, 8F-THK-5116 washed out faster from normal brain
tissue of mice, indicating that the hydroxylation of the fluoroal-
koxy group improves pharmacokinetics in mice. However SF-
THK-5116 is not a suitable compound for clinical application,
because of its lower initial brain uptake and binding affinity than
the other 2 compounds.

CONCLUSION

I8SR-THK-5105 and 'SE-THK-5117 should be considered as
promising candidates for PET tau imaging radiotracers. Future
clinical studies will clarify the usefulness of these radiotracers
for the early detection of AD tau pathology.
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Summary

Deposition of intracellular tau fibrils has been the focus of research on the mechanisms of
neurodegeneration in Alzheimer’s disease (AD) and related tauopathies. Here, we developed a
new class of tau ligands, phenyl/pyridinyl-butadienyl-benzothiazoles/benzothiazoliums (PBBs),
for visualizing diverse tau inclusions in brains of living patients with AD or non-AD tauopathies
and animal models of these disorders. /n vivo optical and positron emission tomographic (PET)
imaging of a transgenic mouse model demonstrated sensitive detection of tau inclusions by PBBs.
A pyridinated PBB, [!!C]PBB3 was next applied in a clinical PET study, and its robust signal in

© 2013 Elsevier Inc. All rights reserved.

? orrespondence and requests for materials should be addressed to M. H. (mhiguchi@nirs.go.jp).
These authors contributed equally to this work.

Author Information

M. M., H. Shimada, T. S., M.-R. Z. and M. H. are named as inventors on a patent application 0749006 WO1, claiming subject matter
related to the results described in this paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



Maruyama et al. Page 2

the AD hippocampus wherein tau pathology is enriched contrasted strikingly with that of a senile
plaque radioligand, ['!C]Pittsburgh Compound-B ([!!C]PIB). [!!C]PBB3-PET data were also
consistent with the spreading of tau pathology with AD progression. Furthermore, increased
[M1C]PBB3 signals were found in a corticobasal syndrome patient negative for ['!C]PIB-PET.

INTRODUCTION

Hallmark pathologies of Alzheimer’s disease (AD) are extracellular senile plaques
consisting of aggregated amyloid Bpeptide (A 3 and intraneuronal neurofibrillary tangles
(NFTs) composed of pathological tau fibrils, while similar tau lesions in neurons and glia
are also characteristic of other neurodegenerative disorders such as progressive supranuclear
palsy (PSP) and corticobasal degeneration (CBD) that are collectively referred to as
tauopathies (Ballatore et al., 2007). The discovery of tau gene mutations in a familial form
of tauopathy, known as frontotemporal dementia and parkinsonism linked to chromosome
17 (FTDP-17), and subsequent studies of transgenic (Tg) mice expressing human tau with or
without these mutations clearly implicate pathological tau in mechanisms of
neurodegeneration in AD and related tauopathies (Ballatore et al., 2007). Thus, there is an
urgent need for tau imaging techniques to complement A famyloid imaging methods that
now are widely used.

In vivo imaging modalities, as exemplified by positron emission tomography (PET) (Klunk
et al., 2004; Small et al., 2006; Kudo et al., 2007; Maeda et al., 2007), optical scanning
(Bacskai et al., 2003; Hintersteiner et al., 2005) and magnetic resonance imaging (MRI)
(Higuchi et al., 2005), have enabled visualization of A Adeposits in humans with AD and/or
AD mouse models, and there has been a growing expectation that low-molecular-weight
ligands for Bpleated sheet structures would also serve as molecular probes for tau amyloids.
While the majority of plaque imaging agents used for clinical PET studies do not bind to tau
lesions (Klunk et al., 2003), at least one radiolabeled Bsheet ligand, ['*F]FDDNP, enables
PET imaging of AD NFTs (Small et al., 2006). However, a relatively low contrast of in vitro
autoradiographic and 7n vivo PET signals for [\8FJFDDNP putatively reflecting tau lesions
does not allow a simple visual inspection of images for the assessment of tau pathologies in
living subjects (Small et al., 2006; Thompson et al., 2009). Thus, better tau radioligands
with higher affinity for tau fibrils and/or less nonspecific binding to tissues are urgently
needed to complement high-contrast senile plaque imaging agents, including widely studied
[M1C)Pittsburgh Compound-B ([1'C]PIB) (Klunk et al., 2004) and United States Food and
Drug Administration-approved [!8F]florbetapir (Yang et al., 2012). In addition,
['8F]FDDNP and several other candidate tau probes do not bind to tau inclusions in non-AD
tauopathy brains without plaque deposition (Okamura et al., 2005), and therefore can be
clinically characterized only in AD patients with comingled A fand tau amyloids. Hence,
compounds that detect diverse tau aggregates, including tau inclusions in non-AD
neurodegenerative diseases and tau Tg models, could be used to interrogate in vivo
interactions between exogenous ligands and tau pathologies.

Here, we found that the lipophilicity of Bsheet ligands is associated with their selectivity for
tau versus A Sfibrils, and that the core dimensions of these chemicals are major determinants
of their reactivity with a broad spectrum of tau aggregates in diverse tauopathies and mouse
models of tau pathology. Building on these observations, we developed a novel series of
fluorescent compounds capable of detecting diverse tau lesions using optical and PET
imaging in living Tg mouse models of tauopathies. Finally, we identified a radiotracer that
produced the highest contrast for tau inclusions in animal PET and was then used
inexploratory in vivo imaging studies of AD patients, providing the first clear demonstration
of signal intensification in tau-rich regions, in sharp distinction from [!!C]PIB-PET data
reflecting plaque deposition.
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RESULTS
Identification of PBBs as ligands for diverse tau inclusions in human tauopathies

We screened an array of fluorescent chemicals capable of binding to Ssheet conformations
(see Compounds subsection in Experimental Procedures). Fluorescence labeling with these
compounds were examined in sections of AD brains bearing A Band tau amyloids (Figs. 1A
and 2A) and non-AD tauopathy brains characterized by tau inclusions and few or no A
plaques (Fig. 2). Amyloid PET tracers currently used for human PET studies, PIB (Klunk et
al., 2004) and BF-227 (Kudo et al., 2007), tightly bound to senile plaques, while they only
weakly reacted with AD NFTs (Figs. 1A and S1). PET probes reported to selectively label
tau aggregates, BF-158 (Okamura et al., 2005) and THK 523 (Fodero-Tavoletti et al., 2011),
detected AD NFTs (Fig. 2A and S1), but microscopically detectable fluorescence signals
produced by FDDNP, which are presumed to bind to both A Band tau fibrils (Small et al.,
2006), were consistent with dense cores of classic plaques and distinct from tau lesions
(Figs. 2A and S1). While all the above-mentioned PET ligands were not reactive with tau
inclusions in non-AD tauopathies, such as Pick bodies in Pick’s disease (Figs. 2A and S1)
and neuronal and glial fibrillary lesions in PSP and CBD (data not shown), these pathologies
were intensely labeled with a widely used amyloid dye, thioflavin-S, and a derivative of
another classic amyloid dye Congo red, (E, E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-
hydroxy)styrylbenzene (FSB) (Higuchi et al., 2005; Maeda et al., 2007) (Figs. 1, 2A and
S1), although these chemicals may not undergo efficient transfer through the blood-brain
barrier (BBB) (Zhuang et al., 2001). Since compounds possessing a zelectron-conjugated
backbone longer than 13A exhibited affinities for pathological inclusions in a broad range of
tauopathies, we examined binding of additional chemicals with a variety of structural
dimensions to tau aggregates, and found that affinity for non-AD tau inclusions could be
attributed to a core structure with a specific extent ranging from 13 to 19A (Fig. S1). Based
on this view and the known fact that chemicals with a flat and slender backbone could pass
through and attach to channel-like accesses in Bpleated sheets (Krebs et al., 2005), we
developed a new class of compounds, phenyl/pyridinyl-butadienyl-benzothiazoles/
benzothiazoliums (PBBs), by stretching the core structure of a prototypical fluorescent
amyloid dye, thioflavin-T, with two C=C double bond inserts between aniline (or
aminopyridine) and benzothiazole (or benzothiazolium) groups (Fig. 1B).

All PBB compounds intensely labeled NFTs, neuropil threads and plaque neurites in AD
brains (Fig. 1C). Interestingly, the affinity of these PBBs for A fiplaques lacking dense cores
was positively correlated with their lipophilicity (Fig. 1C), and thereby three potential
probes with relatively low logP (log of the octanol/water partition coefficient) values,
including PBB3, 2-[4-(4-methylaminophenyl)-1,3-butadienyl]-benzothiazol-5,6-diol (PBB4)
and PBBS5 (structurally identical to Styryl 7, CAS registry number 114720-33-1), appeared
suitable for visualizing tau pathologies in living organisms with reasonable selectivity. High
affinity of PBBs for tau lesionswas further demonstrated by fluorometric analyses using A f3
and tau filaments assembled in a test tube (Table S1; experimental procedures are given as
Supplemental Experimental Procedures online), but the most and least lipophilic PBB
members displayed similar selectivity for in vitro tau versus A fpathologies, implying a
methodological limitation in screening chemicals for tau-selective ligands based on binding
to synthetic peptides and recombinant proteins. PBBs and FSB were also shown to label tau
inclusions in non-AD tauopathies, such as Pick’s disease (Figs. 2A and S1), PSP and CBD
(Fig. 2B), all of which were immunodetected by an antibody specific for phosphorylated tau
proteins (ATS).
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In vitro and ex vivo fluorescence imaging of tau lesions in tau Tg mice by PBBs

To obtain in vivo evidence of direct interaction between PBBs and tau lesions, we employed
Tg mice expressing a single human four-repeat tau isoform with the P301S FTDP-17
mutation (PS19 line, see Fig. S2 for neuropathological features of this Tg strain)
(Yoshiyama et al., 2007). Similar to the findings in non-AD tauopathy brains, NFT-like
inclusions in the brain stem and spinal cord of PS19 mice were clearly recognized by PBBs
(Figs. 3A and S1). We then performed ex vivo labeling of tau lesions in PS19 mice with
intravenously administered, fluorescently labeled PBBs. Brains and spinal cords were
removed 60 min after tracer injection, and fluorescence microscopy revealed an intense
accumulation of these compounds in fibrillary tau inclusions abundantly seen throughout the
sections by staining with thioflavin-S, FSB and AT8 (Fig. 3B). On the other hand, no overt
in vitro (Fig. 3A) or ex vivo (data not shown) fluorescence of these ligands was noted in the
corresponding regions of non-Tg wild-type (WT) mice. Consistent with these observations,
two-photon laser scanning fluorescence microscopy of ex vivo samples demonstrated
somatic and neuritic staining of a subset of tangle-bearing neurons with intravenously
injected 2-[4-(4-methylaminophenyl)-1,3-butadienyl]-benzothiazol-6-ol (PBB2) and PBB4
in unsliced spinal cord blocks from PS19 mice (Fig. 3B).

In vivo macroscopic and mesoscopic optical detection of fibrillar tau pathologies in a
mouse model using PBB5

We next characterized PBBs with the use of in vivo fluorescence imaging modalities, which
permitted a quick assessment of candidate chemicals without the need for radiolabeling.
Because PBBS is fluorescent, with peak excitation and emission wavelengths in a near-
infrared range (Table S1), this compound is applicable to iz vivo optical imaging of tau
deposits in laboratory animals. To examine this possibility, fluorescence images were
obtained from living mice over a time course following intravenous PBBS5 injections using a
small animal-dedicated system permitting the intravital observation of fluorescence signals
at magnifications varying between macroscopic and microscopic levels. Tail vein
administration of PBBS5 in PS19 mice revealed strong fluorescence relative to non-Tg WT
mice in the CNS above the slit between the base of the skull and first vertebra, through the
skin and connective tissues overlaying the cisterna magna (Fig. S3A-D), suggesting a
concentration of this tracer in the PS19 spinal cord. In line with this 71 vivo observation, the
hindbrain and spinal cord of PS19 mice, which were dissected out at 2 hours after the
injection of PBBS5, exhibited increased retention of this compound compared to non-Tg WT
mice (Fig. S3E-G).

In vivo optical imaging of tau Tg mice was subsequently performed using a device equipped
with a pulsed diode laser and a photomultiplier tube to detect deep signals through the skull.
Elevated levels of fluorescence intensity were found in homogenized brain stem samples
collected from PS19 mice at 20 hours after the intravenous tracer administration (Fig. S4A),
indicating a long-lasting iz vivo binding of PBB5 to tau fibrils. To support the ex vivo
evidence, fluorescence intensity was noninvasively analyzed in living PS19 and non-Tg WT
mice treated with PBB5. The mice, with their heads shaved in advance, were prescanned,
and autofluorescence signals were detected at a relatively high level in an area
corresponding to the frontal forebrain. Using these baseline signals as landmarks, regions of
interest (ROIs) were defined in the frontal cortex, brain stem and spinal cord (Fig. 4A). The
near-infrared fluorescence was notably increased immediately after the intravenous injection
of PBBS5 (Fig. S4C), and the fluorescence in the brain stem and spinal cord ROIs of PS19
mice much exceeded that in WT mice at 30 min (Fig. 4B). Fluorescence intensity in the
frontal cortex ROI, normalized on the basis of integration time and laser power, was lower
in PS19 mice than in WT mice over 120 min after tracer injection (Fig. S4B), which may
reflect impaired CNS delivery of the tracer in Tg mice due to degenerative changes (see Fig.
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S4C-L for details), and thereafter this became almost equivalent between the two genotypes
(Fig. S4B). Meanwhile, persistent retention of the signals in the brain stem and spinal cord
ROIs of PS19 mice was observed beyond 240 min (Figs. 4B and S4B). A more quantitative
index comparable among different mice was determined by calculating the target-to-frontal-
cortex ratio of fluorescence intensity, and was shown to increase over time particularly in
PS19 mice (Fig. 4C, D). This ratio was significantly greater in PS19 mice than in WT mice
at 240 min (Fig. 4E), beyond which the difference between the two lines of mice became
nearly constant (Fig. 4C, D). The intensity ratio of the spinal cord ROI to the frontal cortex
in PS19 mice at 240 min was also significantly correlated with the abundance of NFTs
stained with FSB (Fig. 4F), but such correlations were not statistically significant in the
brain stem (Fig. 4F), implying limitations of the intensitometry in some brain regions below
the cerebellum and fourth ventricle.

Intravital imaging of individual tau inclusions by PBB3 and two-photon laser scanning
fluorescence microscopy

Two-photon excitation microscopy, which enables optical sectioning, potentially up to 1 mm
deep, in living tissues, could be utilized to visually demonstrate transfer of a fluorescent
probe from the plasma compartment into the cytoplasm of CNS neurons and its binding to
intraneuronal tau inclusions. We therefore captured fluorescence signals from intravenously
administered PBB3 by inn vivo two-photon laser scanning microscopic imaging of the spinal
cord of laminectomized PS19 mice. Within 3 sec of PBB3 injection, green fluorescence
signals emerged in blood vessels pre-labeled with red with intraperitoneal treatment using
Sulforhodamine 101, and subsequently diffused from the vasculatures to the spinal cord
parenchyma over the next few minutes (Fig. SA-F). These diffuse signals declined
thereafter due to the clearance of PBB3 from the tissue, while intense labeling of putative
tau inclusions with green fluorescence appeared in a subpopulation of large cells
morphologically identified as neurons at 3—5 min after PBB3 injection (Fig. 5G, H). These
intracellular PBB3 fluorescent signals were not found in the spinal cord of WT mice (Fig.
51). As the BBB of the brain and spinal cord are presumed to be identical, the two-photon
microscopic data obtained here provide compelling evidence that PBB3 rapidly transits the
BBB and neuronal plasma membranes, where it binds to intraneuronal tau inclusions.
Accumulation of injected PBB3 in ATS8-positive, NFT-like lesions of Tg mice was
postmortemly confirmed by ex vivo microscopy (Fig. 57, K).

Autoradiographic and PET imaging of tau lesions in PS19 mice by radiolabeled PBBs

We investigated the kinetic properties of PBBs by HPLC analyses of plasma and brain
samples collected from non-Tg WT mice treated with these ligands. Following intravenous
administration, PBB5 was rapidly converted into a major metabolite, which at 5 min was
found at high levels in both plasma and brain extracts. Subsequent liquid chromatography-
mass spectrometry (LC-MS) assays suggested that the major metabolite was likely a
reduced, electrically neutralized derivative of PBBS5 (Fig. S5A, B). Besides trans-ventricular
uptake of unmetabolized PBBS as implied above, this uncharged form incapable of emitting
near-infrared light could readily penetrate the BBB as well as cell membranes, and thereafter
could be reoxidized into its original form, thereby enabling it to bind to tau fibrils, and
particularly at sites exposed to oxidative stress in pathological conditions. In addition, PBB4
was promptly converted to metabolites capable of entering the brain. Finally, studies of
PBB2 and PBB3 showed that they exhibited reasonable biostability and sufficient entry into
and clearance from the brain. Indeed, HPLC assays demonstrated that fractions of
unmetabolized PBB2 and PBB3 in mouse plasma were 23.5% and 16.3%, respectively, at 3
min after intravenous administration, and were 4.6% and 2.8%, respectively, at 30 min.
There were also no metabolites of PBB2 and PBB3 detectable in the mouse brain at 3 and 30
min.
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