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ABSTRACT: It is generally accepted that neurofibrillary tangles consisting of tau proteins are involved in the pathogenesis of
Alzheimer’s disease (AD). For selective detection of tau pathology, we synthesized and evaluated radioiodinated
benzoimidazopyridine (BIP) derivatives with an alkylamino group as tau imaging probes. In vitro selectivity to tau aggregates
and in vivo pharmacokinetics of BIP derivatives varied markedly, being strongly dependent on the alkylamino group. In in vitro
autoradiography with AD brain sections, the BIP derivative with a dimethylamino group (BIP-NMe2) showed the highest
selectivity to tau aggregates. Regarding the biodistribution using normal mice, the BIP derivative with an ethylamino group (BIP-
NHEt) showed the highest uptake (6.04% ID/g at 2 min postinjection) into and rapid washout (0.12% ID/g at 60 min
postinjection) from the brain. These results suggest that the introduction of an optimal alkylamino group into the BIP scaffold
may lead to the development of more potential tau imaging probes.
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Alzheimer’s disease (AD), the most common cause of
dementia, is a chronic neurodegenerative disorder

characterized by memory loss, spatial disorientation, and
cognitive impairment.1 According to the World Alzheimer
Report 2016, the global population has been growing rapidly,
and it is a concern that more and more elderly people
throughout the world will suffer from AD, necessitating the
urgent development of imaging techniques for the early
diagnosis and treatment of AD.2 The typical neuropathological
hallmarks in AD brains are senile plaques (SPs) and
neurofibrillary tangles (NFTs), which are formed by amyloid
β peptides (Aβ) and hyperphosphorylated tau aggregates,
respectively.3 Those abnormal deposits are known to be
principal biomarkers in AD brains, and they are major targets of
both basic and clinical studies of AD. In the past, various Aβ
imaging studies were developed in order to diagnose AD at an
early stage;4 however, a lot of recent Aβ imaging studies in

clinical stages show that there are numerous false-positive
subjects who show the deposition of Aβ plaques in the brain
but do not have AD.5

It is well-known that the accumulation of tau proteins
correlates with clinical conditions of AD more precisely than
that of Aβ plaques, and it is considered to be a more important
and attractive imaging target for the diagnosis and treatment of
AD.6 From these clinical viewpoints, a series of first-generation
tau-selective imaging tracers for positron emission tomography
(PET) such as [11C]PBB3, [18F]AV1451 (flortaucipir or T807),
and [18F]THK5351 has recently been developed and energeti-
cally studied regarding the utility in clinical stages.7−9 Despite
several promising clinical data on these tau PET tracers, the
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limitation of the number of facilities for PET throughout the
world and the relatively short half-life of radionuclides for PET
are disadvantages, which restrict its use. In addition, recent
studies reported that some tau PET tracers displayed
nonspecific accumulation in subcortical white matter or high
“off-target” binding; in other words, tracer retention occurs in
brain areas considered not to have tau deposits, such as the
choroid plexus, basal ganglia, and midbrain.10 This is a crucial
problem in the development of first-generation tau tracers.
Second-generation tau radiotracers for PET including [18F]-
RO6958948, [18F]MK6240, and [18F]PI2620, which are less or
not affected by “off-target” binding, have recently been
reported.11−13

Single photon emission computed tomography (SPECT) is
known as another nuclear medical modality capable of the
invasive imaging of a living body as well as PET. Since there are
numerous facilities for SPECT throughout the world and the
half-life of radionuclides used for SPECT is relatively long, it is
generally accepted that SPECT is the convenient imaging
modality for preclinical and clinical use. Nevertheless, most tau
tracers under clinical studies are for PET,14 and no clinically
useful SPECT tracer has been reported.15−17

Over the past few years, we have developed original tau
SPECT tracers with a radioiodinated benzoimidazopyridine
(BIP) scaffold and studied their structure−activity relationships
(SARs) by the introduction of various kinds of groups into a
BIP scaffold (Figure 1).18 The BIP derivative with a

dimethylamino group (BIP-NMe2) most notably displayed
high in vitro selective affinity for tau aggregates against Aβ
plaques and preferable in vivo pharmacokinetics in the brain of
normal mice as compared to other BIP derivatives with a
methyl and methoxy group.18 Some tau PET radiotracers
including [11C]PBB3 and [18F]THK5351 also have an
alkylamino group. These findings suggested that an alkylamino
group with a BIP scaffold might have beneficial effects on the
characteristics as a tau targeting probe.
In this study, we designed and synthesized novel six

radioiodinated BIP derivatives with amino, methylamino,
ethylamino, diethylamino, propylamino, and dipropylamino
groups (abbreviated as BIP-NH2, BIP-NHMe, BIP-NHEt, BIP-
NEt2, BIP-NHPr, and BIP-NPr2, respectively) in order to
evaluate how the alkyl chain on the amino group introduced
into the 3-position of the BIP scaffold affects the in vitro
selectivity to tau aggregates and in vivo pharmacokinetics in the
brain. Here, we report a SAR study of radioiodinated BIP
derivatives as tau imaging probes.
We synthesized BIP derivatives according to Scheme 1. 2-

Bromopyridine derivatives (1, 9, 10, 11, 24, and 25) for BIP-
NH2, BIP-NHMe, BIP-NHEt, BIP-NHPr, BIP-NEt2, and BIP-
NPr2 were synthesized by alkylation and introduction of the
protecting group on the amino group of 4-amino-2-
bromopyridine. The formation of the BIP scaffold was achieved
by the reaction of 2-bromopyridine derivatives with 2,5-
dibromoaniline, 1,10-phenanthroline, and cesium carbonate
by following the method reported previously19 to obtain bromo

compounds (2, 12, 13, 14, 26, and 27). Thereafter, the
tributyltin derivatives (3, 15, 16, 17, 28, and 29) were prepared
from the corresponding bromo compounds in the presence of
catalyst, Pd(0). The iodo compounds (4, 18, 19, 20, 30, and
31) were obtained from the tributyltin derivatives by the

Figure 1. 125I-labeled BIP derivatives reported as tau imaging probes.

Scheme 1a

aReagent and conditions: (a) Boc2O, DMAP, Et3N, THF, 80 °C; (b)
2,5-dibromoaniline, CuI(I), 1,10-phenanthroline, Cs2CO3, xylene, 120
°C; (c) (SnBu3)2, Pd(PPh3)4, Et3N, dioxane, 95 °C; (d) I2, CHCl3, rt;
(e) TFA, CH2Cl2, rt; (f) CH3I, NaH, 0 °C; (g) CH3CH2I, NaH, 0 °C;
(h) CH3CH2CH2I, NaH, 0 °C.
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reaction with I2 in chloroform at room temperature. The final
compounds with amino or mono alkyl amino group (5, 21, 22,
and 23) were obtained through removing the protecting group
by trifluoroacetic acid.
In this study, 125I was used as a radioiodine instead of 123I as

it is readily available and has longer half-life. 125I-labeled BIP
derivatives were obtained from the corresponding tributyltin
derivatives by the iododestannylation reaction with the oxidant,
hydrogen peroxide (Scheme 2). Radiochemical yields of 125I-
labeling reaction were 25.1−64.6%, and radiochemical purities
were over 95% after purification using HPLC.

In order to evaluate selective binding affinity for tau
aggregates against Aβ plaques, we carried out in vitro
autoradiography (ARG) using AD brain sections. Before this
experiment, we conducted immunohistochemical staining of
AD brain sections from frontal and temporal lobes with anti-Aβ
antibody and antiphosphorylated tau antibody according to the
method reported previously (Figure S1).20 Desirable tau tracers
should selectively accumulate only in the gray matter of the
temporal lobe without marked accumulation in the gray matter
of the frontal lobe, which is the tau accumulation pattern in
immunohistochemical staining.
The in vitro autoradiograms of [125I]BIP-NMe2 and novel

[125I]BIP derivatives are shown in Figure 2. When optimal
adjustment of the autoradiograms for each probe was
performed, almost all [125I]BIP derivatives ([125I]BIP-NH2,
[125I]BIP-NHMe, [125I]BIP-NMe2, [

125I]BIP-NHEt, [125I]BIP-
NEt2, and [125I]BIP-NHPr) markedly accumulated in the gray
matter of the temporal lobe, suggesting that these novel BIP
derivatives with the alkylamino group selectively bound to tau
aggregates, similarly to [125I]BIP-NMe2.

18 Conversely, these
BIP derivatives did not markedly accumulate at all in the gray
matter of the frontal lobe. Surprisingly, [125I]BIP-NPr2
accumulated in neither the gray matter of the frontal lobe
nor the gray matter of the temporal lobe, mainly owing to the
lipophilicity of [125I]BIP-NPr2, which resulted in relatively high
nonspecific accumulation in the white matter of the frontal and
temporal lobes.

Then, we compared a high-magnification image of an in vitro
autoradiogram of [125I]BIP-NHMe with that of immunohis-
tochemical staining (Figure S1). Radioactivity accumulation of
[125I]BIP-NHMe (Figure S1A) was laminar along the gray
matter of the temporal lobe, which is characteristic of tau
accumulation stained with antiphosphorylated tau antibody
(Figure S1B) and did not match with the pattern of Aβ
accumulation stained with anti-Aβ antibody (Figure S1C). The
coincidence of the radioactivity accumulation pattern with
immunohistochemical staining confirmed that [125I]BIP-NH2,
[125I]BIP-NHMe, [125I]BIP-NHEt, [125I]BIP-NEt2, and
[125I]BIP-NHPr selectively recognized tau aggregates, indicat-
ing that they may detect tau pathology in AD brains.
Thereafter, the quantitative analysis of the in vitro autoradio-

grams mentioned above was performed. We set four areas in
AD brain sections (the gray matter of the frontal lobe, white
matter of the frontal lobe, gray matter of the temporal lobe, and
white matter of the temporal lobe) as the regions of interest
(ROIs) and analyzed the accumulation of the radioactivity
(counts per minute per square millimeter, abbreviated as cpm/
mm2) for each ROI and each probe (n = 3−4) (Figure 3).
Then, the selectivity of binding to tau aggregates against Aβ
plaques was evaluated by calculating the ratio of the
radioactivity accumulation in the gray matter of the temporal
lobe (Aβ plaques (+), tau aggregates (+)) against the gray

Scheme 2a

aReagent and conditions: (a) (1) [125I]NaI, H2O2, 1 N HCl, rt; (2)
TFA, CHCl3; (b) [

125I]NaI, H2O2, 1 N HCl, rt. Figure 2. Comparison of in vitro autoradiograms with 125I-labeled BIP
derivatives in AD brain sections from the frontal (A) and temporal (B)
lobes.
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matter of the frontal lobe (Aβ plaques (+), tau aggregates (−))
(Table 1).

Compared with [125I]BIP-NMe2 (32.8), reported as a highly
selective tau imaging probe,18 [125I]BIP-NHEt, [125I]BIP-NEt2,
and [125I]BIP-NHPr showed high ratios (26.2, 30.5, and 29.2,
respectively) at the same level, meaning that they may function
as tau-selective imaging probes. [125I]BIP-NPr2 displayed a very
low ratio (1.2) because [125I]BIP-NPr2 accumulated evenly in
the gray matter of the temporal and frontal lobes, which
demonstrated that [125I]BIP-NPr2 did not show selectivity to
tau aggregates at all. Although a wide variation in the ratio of
each [125I]BIP derivative (1.2−32.8) was observed, the
dimethylamino group had the most favorable effect on in
vitro tau selectivity among all alkylamino groups used in this
study.
To evaluate the radioactivity pharmacokinetics after the

injection of BIP derivatives into normal mice, we performed a
biodistribution study with each compound (Figure 4 and Table
2). In order to specifically detect tau aggregates in the brain,
preferable probes targeting tau aggregates are desired to be
highly taken at an early time point after injection and rapidly
washed out from the brain because normal mice have no tau
deposits in the brain.21 The radioactivity accumulation of
[125I]BIP derivatives in the brain was 2.01−6.04 percentage
injected dose per gram (% ID/g) at 2 min postinjection.
Thereafter, it was dispersed with time, decreasing to 0.38−
0.66% ID/g and 0.12−0.28% ID/g at 30 and 60 min
postinjection, respectively.
In order to evaluate the utility as a tau imaging probe, the

initial brain uptake of each [125I]BIP derivative was compared.
Highly hydrophilic [125I]BIP-NH2 and highly lipophilic
[125I]BIP-NPr2 exhibited lower initial brain uptakes (2.01 and
2.79% ID/g at 2 min postinjection, respectively) than [125I]BIP-

NMe2 (3.98% ID/g),18 revealing that in comparison of
[125I]BIP-NMe2 (log P-value = 2.40 ± 0.05),18 [125I]BIP-NH2
may be too hydrophilic (log P-value = 2.08 ± 0.01) and
[125I]BIP-NPr2 may be too lipophilic (log P-value = 3.40 ±
0.02) to sufficiently penetrate the blood−brain barrier (BBB) of
mice at an initial time point. Conversely, among [125I]BIP
derivatives with an alkylamino group, [125I]BIP-NHMe and
[125I]BIP-NHEt showed notably higher brain uptakes at 2 min
postinjection (5.51 and 6.04% ID/g, respectively) than
[125I]BIP-NMe2, due to the moderate lipophilicity and a
molecular size permitting optimal passive brain uptake in vivo.
Moreover, they showed higher initial brain uptakes than
[11C]PBB3,22 [18F]T807,8 and [18F]THK53519 reported
previously as tau imaging tracers undergoing clinical research
(1.92, 4.43, and 4.35% ID/g, respectively). In addition, the
brain uptake of [125I]BIP-NHMe, [125I]BIP-NHEt, and
[125I]BIP-NHPr at 2 min postinjection was higher than that
of [125I]BIP-NMe2, [125I]BIP-NEt2, and [125I]BIP-NPr2,
respectively, which suggested that BIP derivatives with a
monoalkylamino group penetrated the BBB more easily than
the corresponding BIP derivatives with a dialkylamino group.
These results were consistent with previous reports that the
lipophilicity and molecular size of a compound affect its ability
to permeate the brain.20,23

Then, clearance from the brain was evaluated by calculating
the ratio of radioactivity accumulation. The values were 4.0−
15.5 for 2 min/30 min and 7.2−47.2 for 2 min/60 min,
respectively. [125I]BIP-NHMe and [125I]BIP-NHEt displayed
higher 2 min/60 min ratios (28.5 and 47.2, respectively) than
[125I]BIP-NMe2 (24.9)18 and 2 min/30 min ratios (11.6 and
15.5, respectively) as high as [11C]PBB3,7 [18F]T807,8 and
[18F]THK53519 (17.5, 20.7, and 7.15 for the initial time point/
30 min, respectively), indicating that they showed rapid
washout from the brain due to their low nonspecific binding.
These findings suggest that [123I]BIP-NHMe and [123I]BIP-
NHEt may meet the standards of the pharmacokinetics in the
brain for clinical evaluations.24,25

[125I]BIP-NHMe and [125I]BIP-NHEt accumulated initially
in the liver (liver2 min = 9.9 and 13.5% ID/g, respectively) and
subsequently in the intestine (intestine60 min = 27.6 and 21.3%
ID/g, respectively) (Table S1) as well as other [125I]BIP
derivatives, which may be attributable to their lipophilicity. It
was reported that the lipophilic compounds showed similar
accumulation patterns to [125I]BIP derivatives in mice.18 Their
accumulations in the thyroid were negligible (thyroid60 min =

Figure 3. Quantitative analysis of in vitro autoradiography with AD
brain sections. Data are presented as the mean ± SEM (n = 3−4).

Table 1. Ratio of Radioactivity Accumulation in the Gray
Matter of the Temporal Lobe (a) against the Gray Matter of
the Frontal Lobe (b)

compd a/b ratio

[125I]BIP-NH2 2.9
[125I]BIP-NHMe 14.7
[125I]BIP-NMe2 32.8
[125I]BIP-NHEt 26.2
[125I]BIP-NEt2 30.5
[125I]BIP-NHPr 29.2
[125I]BIP-NPr2 1.2

Figure 4. Comparison of uptake into and clearance from the brain
after the intravenous injection of 125I-labeled BIP derivatives into
normal mice (n = 5). aData were reported previously.18
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0.08 and 0.30% ID, respectively), indicating that they may
remain stable toward deiodination in vivo until 60 min
postinjection. On the basis of the biodistribution experiment
with normal mice, it was clarified that the ethylamino group, in
particular, contributed to preferable in vivo pharmacokinetics in
the brain.
In conclusion, this study revealed for the first time that the

alkyl chain on the amino group introduced into the 3-position
of the BIP scaffold has a critically important impact on the in
vitro binding selectivity to tau aggregates and in vivo
pharmacokinetics. Among alkylamino groups evaluated in the
present study, the dimethylamino and ethylamino groups had
beneficial effects on in vitro tau selectivity and in vivo uptake
into and washout from the brain, respectively, based on the
radioiodinated BIP scaffold. These results suggest that a
radioiodinated BIP derivative with an ideal alkylamino group
may function as a potentially useful SPECT probe for imaging
tau aggregates in the brain.
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