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ABSTRACT: The accumulation of hyperphosphorylated tau protein in
the brain is regarded as one of the hallmarks of Alzheimer’s disease (AD).
In vivo imaging of tau aggregates is helpful for diagnosis and monitoring
of the progression of AD. In this study, we designed and synthesized
novel radioiodinated benzimidazopyrimidine (BIPM) and pyridoimida-
zopyridine (PIP) derivatives with a monomethylamino, monoethylamino,
monopropylamino, or diethylamino group as tau imaging probes for
single-photon-emission computed tomography (SPECT). On in vitro
autoradiography with AD brain sections, [125I]PIP-NHMe showed the
highest selective binding affinity for tau aggregates among the
radioiodinated BIPM and PIP derivatives. In a biodistribution study
using normal mice, [125I]PIP-NHMe and [125I]PIP-NHEt displayed high
initial uptake (6.62 and 6.86% ID/g, respectively, at 2 min postinjection)
into and rapid clearance from the brain, with brain2 min/brain30 min ratios
of 38.9 and 28.6, respectively. These results suggest that [123I]PIP-NHMe
may be a novel SPECT probe that is useful for detecting tau aggregates in
the AD brain.
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Alzheimer’s disease (AD) is the most common neuro-
cognitive disorder, and the number of patients worldwide

has been projected to increase from 47 million in 2015 to more
than 132 million in 2050.1,2 However, methods for the diagnosis
and treatment of AD have not been established. The
accumulation of hyperphosphorylated tau protein in the brain
is the main feature of AD and tauopathies such as progressive
supranuclear palsy, corticobasal degeneration, and pick disease3

and is closely associated with cognitive impairment. Nuclear
medicine techniques, such as positron emission tomography
(PET) and single-photon-emission computed tomography
(SPECT) can provide pathophysiological information on a
living subject noninvasively. Therefore, over the past few years,
various PET probes targeting tau aggregates have been
developed and evaluated with regard to their utility for diagnosis
and monitoring of the progression of AD.4−7 Among them,
[18F]AV-1451 (flortaucipir or T807), which is a first-generation
tau-PET probe, and the second-generation tau-PET probes
[18F]MK-6240, [18F]RO-948, [18F]PI-2620, [18F]GTP1, and
[18F]PM−PBB3 showed potential for imaging of tau aggregates
in AD brains.8−13 Compared with PET, SPECT is more
convenient because of the number of facilities and its use of
radionuclides with a longer half-life than PET. However, no

SPECT probes that target tau aggregates have been tested
clinically.
In our exploratory research for the development of novel tau

imaging probes, we found that benzimidazopyridine (BIP),
which is a fused nitrogen tricyclic scaffold, shows potential as a
backbone for useful tau imaging probes for SPECT.14

Structure−affinity and brain kinetics relationship studies
revealed that BIP derivatives with an alkylamino group showed
favorable binding affinity for tau aggregates and brain
pharmacokinetics in the murine brain.15,16 Additionally, we
recently reported that benzimidazopyrimidine (BIPM) and
pyridoimidazopyridine (PIP), which are also categorized as
fused nitrogen tricyclic scaffolds, are novel scaffolds for the
development of tau imaging probes.17 The radioiodinated BIPM
and PIP derivatives with a dimethylamino group ([125I]BIPM-
NMe2 and [

125I]PIP-NMe2) displayed selective in vitro binding
affinity for tau against β-amyloid (Aβ) aggregates and favorable
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pharmacokinetics in the murine brain. However, we have not
evaluated BIPM and PIP derivatives with other alkylamino
groups. Both the binding affinity for tau aggregates and brain
pharmacokinetics of low-molecular-weight compounds such as

BIPM and PIP may be influenced by their subtle structural
changes. In order to characterize and optimize BIPM and PIP
derivatives as SPECT probes that target tau aggregates, we
designed and synthesized novel radioiodinated BIPM and PIP

Figure 1. Chemical structures of radioiodinated BIPM and PIP derivatives.

Scheme 1. Synthetic Route to BIPM and PIP Derivativesa

aReagents: (a) di-tert-butyl dicarbonate, N,N-dimethylpyridine-4-amine, Et3N, THF; (b) CH3I, NaH, DMF; (c) CH3CH2I, NaH, DMF; (d)
CH3CH2CH2I, NaH, DMF; (e) 2,5-dibromoaniline, CuI, Cs2CO3, 1,10-phenanthroline, xylene; (f) 2,5-dibromopyridine-3-amine, CuI, Cs2CO3,
1,10-phenanthroline, xylene; (g) bis(tributyltin), Pd(PPh3)4, dioxane, Et3N; (h) I2, CHCl3, (i) TFA, CH2Cl2.
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derivatives with monomethylamino, monoethylamino, monop-
ropylamino, and diethylamino groups (Figure 1) and evaluated

their affinity for tau aggregates and in vivo pharmacokinetics in
the murine brain.

Scheme 2. Radioiodination Reactions of BIPM and PIP Derivativesa

aReagents: (a) (1) [125I]NaI, H2O2, 1 N HCl, EtOH; (2) TFA, CHCl3; (b) (1) [
125I]NaI, acetic acid, N-chlorosuccinimide, MeOH; (2) TFA,

CHCl3; (c) [
125I]NaI, H2O2, 1 N HCl, EtOH.

Figure 2. Comparison of in vitro autoradiography of (A, B) [125I]27 ([125I]BIPM-NHMe), (C, D) [125I]28 ([125I]BIPM-NHEt), (E, F) [125I]29
([125I]BIPM-NHPr), and (G, H) [125I]39 ([125I]BIPM-NEt2) in brain sections from an AD patient. A, C, E, andG show results in Aβ(+)/tau(−) brain
sections. B, D, F, and H show results in Aβ(+)/tau(+) brain sections.
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The synthetic methods used to produce BIPM and PIP
derivatives are outlined in Scheme 1. The BIPM and PIP
scaffolds were obtained by reaction with 3−8, 33, and 34 in the
presence of 1,10-phenanthroline and cesium carbonate
according to a method reported previously.17 The tributyltin
derivatives (15−20, 37, and 38) were obtained from the
corresponding bromo compounds (9−14, 35, and 36) by the
exchange reaction of bromine to tributyltin. The iodo
compounds (21−26, 39 (BIPM-NEt2), and 40 (PIP-NEt2))
were obtained by the reaction of the tributyltin derivatives with
I2. Then 21−26 were reacted with trifluoroacetic acid (TFA) to
obtain the final compounds (27 (BIPM-NHMe), 28 (BIPM-
NHEt), 29 (BIPM-NHPr), 30 (PIP-NHMe), 31 (PIP-NHEt),
and 32 (PIP-NHPr)).
The radioiodinated BIPM and PIP derivatives were

synthesized from the corresponding tributyltin derivatives by
the iododestannylation reaction using [125I]NaI and hydrogen
peroxide or N-chlorosuccinimide (Scheme 2). As with non-
radioactive compounds, [125I]27−[125I]32were obtained by the
deprotection reaction with TFA. The radiochemical identities of
these compounds were confirmed by comparison with the
retention times of the corresponding nonradioactive com-
pounds in coinjection and coelution on high-performance liquid
chromatography. The radioiodinated products were obtained in
radiochemical yields of 11−84% with a radiochemical purity of
over 95%.
First, an in vitro autoradiographic study with two different

types of AD brain sections (Aβ(+)/tau(−) and Aβ(+)/tau(+))
was carried out to evaluate the selective binding affinity to tau

against Aβ aggregates according to the same method as reported
in our previous studies (Figures 2 and 3).14−17 As shown in
Figure S1, Aβ aggregates were observed in the gray matter of
both brain sections, whereas tau aggregates accumulated only in
the gray matter of Aβ(+)/tau(+) brain sections. Accordingly,
the radioactivity of ideal tau imaging probes should be
specifically observed in the gray matter of Aβ(+)/tau(+) brain
sections. We did not observe marked radioactivity accumulation
of [125I]BIPM-NHPr, [125I]BIPM-NEt2, and [125I]PIP-NEt2 in
the gray matter of either Aβ(+)/tau(−) or Aβ(+)/tau(+) brain
sections (Figure 2E−H and 3G,H), indicating that these
compounds do not show binding affinity for either tau or Aβ
aggregates. In contrast, the radioactivity of [125I]PIP-NHPr
slightly accumulated in the gray matter of Aβ(+)/tau(+) brain
sections (Figure 3F). In addition, compared with Aβ(+)/tau(−)
brain sections, [125I]BIPM-NHMe, [125I]BIPM-NHEt,
[125I]PIP-NHMe, and [125I]PIP-NHEt showed higher radio-
activity accumulation in the gray matter of Aβ(+)/tau(+) brain
sections (Figures 2A−D and 3A−D). The accumulation pattern
of [125I]BIPM-NHMe, [125I]BIPM-NHEt, [125I]PIP-NHMe,
[125I]PIP-NHEt, and [125I]PIP-NHPr was similar to the positive
region of immunohistochemical staining with tau antibody but
did not correspond with the result of immunohistochemical
staining with Aβ antibody (Figure S1). The results suggested
that these compounds selectively bind to tau aggregates in the
AD brain sections.
Additionally, we set the regions of interest (ROIs) in the gray

and white matter of both Aβ(+)/tau(−) and Aβ(+)/tau(+)
brain sections and calculated the radioactivity accumulation (in

Figure 3. Comparison of in vitro autoradiography of (A, B) [125I]30 ([125I]PIP-NHMe), (C, D) [125I]31 ([125I]PIP-NHEt), (E, F) [125I]32
([125I]PIP-NHPr), and (G, H) [125I]40 ([125I]PIP-NEt2) in brain sections from an AD patient. A, C, E, and G show results in Aβ(+)/tau(−) brain
sections. B, D, F, and H show results in Aβ(+)/tau(+) brain sections.
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cpm/mm2) in each region (Figure 4). Since tau and Aβ
aggregates deposited on the gray matter of brain sections, the
ratio of radioactivity accumulation in the gray matter of the
Aβ(+)/tau(+) brain sections against the gray matter of Aβ(+)/
tau(−) brain sections was determined to quantitatively compare
the selective binding affinity for tau against Aβ aggregates (Table
1). In PIP derivatives, the radioactivity in the gray matter of

Aβ(+)/tau(+) brain section and the ratio for [125I]PIP-NHMe
(772± 37 cpm/mm2 and 8.2, respectively) and [125I]PIP-NHEt
(736 ± 93 cpm/mm2 and 5.6, respectively) were higher than
those for [125I]PIP-NHPr (216 ± 1.6 cpm/mm2 and 1.3,
respectively) and [125I]PIP-NEt2 (152 ± 64 cpm/mm2 and 0.7,
respectively). The same tendency was observed in BIPM
derivatives, but these derivatives ([125I]BIPM-NHMe and
[125I]BIPM-NHEt) showed lower radioactivity accumulation
in the gray matter of the Aβ(+)/tau(+) brain section and a lower
ratio than PIP derivatives ([125I]PIP-NHMe and [125I]PIP-
NHEt). On the other hand, our previous study showed that

radioactivity accumulation and the ratio for [125I]BIPM-NMe2
were higher than those for [125I]PIP-NMe2.

17 In addition, the
ratio for [125I]PIP-NHMe was higher than that of the parent
dimethylamino compound ([125I]PIP-NMe2), but [

125I]BIPM-
NHMe showed a lower ratio than [125I]BIPM-NMe2. The data
for the parent compounds ([125I]BIPM-NMe2 and [125I]PIP-
NMe2) were not obtained in parallel with those of the novel
compounds, but these results suggest that suitable substituent
groups are different between BIPM and PIP scaffolds and that
optimization of the substituted group in these scaffolds may
improve the selective binding affinity to tau aggregates.
Finally, we evaluated the uptake into and washout from the

brain after the injection of radioiodinated BIPM and PIP
derivatives by performing a biodistribution study using normal
mice. As for [125I]BIPM-NMe2 and [125I]PIP-NMe2, previous
data were used.17 As shown in Table 2, all of the probes showed
initial brain uptake (3.85−6.86% ID/g at 2 min postinjection)
and rapid clearance (0.17−0.29% ID/g at 30 min postinjection
and 0.08−0.13% ID/g at 60 min postinjection). Useful tau
imaging probes should show high initial uptake into (>4% ID/g
at 2 min postinjection) and rapid clearance from (<1% ID/g at
30 min postinjection) the murine brain.18,19 [125I]BIPM-NHMe
and all of the PIP derivatives satisfied these criteria; especially,
the brain uptakes at 2 min postinjection and the 2 min/30 min
ratios for [125I]PIP-NHMe (6.62% ID/g and 38.9, respectively)
and [125I]PIP-NHEt (6.86% ID/g and 28.6, respectively) were
superior to those for [125I]PIP-NMe2 (5.73% ID/g and 27.3,
respectively).17 In addition, these values were higher than those
for [125I]BIP-NMe2 (3.98% ID/g and 10.5, respectively) and
[125I]BIP-NHEt (6.04% ID/g and 15.5, respectively).14,15 These
results suggest that [125I]PIP-NHMe and [125I]PIP-NHEt have
promising brain pharmacokinetics as tau imaging probes.
The same as with [125I]PIP-NMe2, all of the PIP derivatives

showed high accumulation of radioactivity in the stomach at 60
min postinjection (13.9−18.8% ID) (Table S1). One of the

Figure 4. Quantitative analysis of [125I]27 ([125I]BIPM-NHMe) (A), [125I]28 ([125I]BIPM-NHEt) (B), [125I]29 ([125I]BIPM-NHPr) (C), [125I]39
([125I]BIPM-NEt2) (D), [

125I]30 ([125I]PIP-NHMe) (E), [125I]31 ([125I]PIP-NHEt) (F), [125I]32 ([125I]PIP-NHPr) (G), and [125I]40 ([125I]PIP-
NEt2) (H) on in vitro autoradiography of AD brain sections. a: gray matter of Aβ(+)/tau(−) brain section, b: white matter of Aβ(+)/tau(−) brain
section, c: gray matter of Aβ(+)/tau(+)brain section, d: white matter of Aβ(+)/tau(+) brain section.

Table 1. Ratio of Radioactivity Accumulation in the Gray
Matter of Aβ(+)/tau(+) against Aβ(+)/tau(−) Brain Sections

compound Aβ(+)/tau(+)/Aβ(+)/tau(−) ratio
[125I]27 ([125I]BIPM-NHMe) 3.4
[125I]28 ([125I]BIPM-NHEt) 2.8
[125I]29 ([125I]BIPM-NHPr) 1.2
[125I]39 ([125I]BIPM-NEt2) 1.6
[125I]BIPM-NMe2

a 6.2
[125I]30 ([125I]PIP-NHMe) 8.2
[125I]31 ([125I]PIP-NHEt) 5.6
[125I]32 ([125I]PIP-NHPr) 1.3
[125I]40 ([125I]PIP-NEt2) 0.7
[125I]PIP-NMe2

a 3.2
aThe data were reported previously.17
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reasons for the radioactivity accumulation in the stomach is
considered to be in vivo deiodination. However, these
compounds displayed low accumulation in the thyroid (0.02−
0.76% ID, respectively) at all time points, indicating that they are
stable against in vivo deiodination until 60 min postinjection
(Table S1). Therefore, the high accumulation in the stomach
may be due to the character of the PIP scaffold.
In conclusion, we newly designed, synthesized, and evaluated

radioiodinated BIPM and PIP derivatives bearing various
alkylamino groups as tau imaging probes. Among the eight
compounds, [125I]PIP-NHMe showed the highest radioactivity
accumulation in the gray matter of Aβ(+)/tau(+) brain sections
and selective binding affinity for tau aggregates. In addition,
favorable pharmacokinetics in the murine brain was observed.
These results suggest that [123I]PIP-NHMe has potential as a
novel tau imaging probe for SPECT.
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b 5.66 ± 0.34 1.00 ± 0.09 0.19 ± 0.04 0.10 ± 0.01 29.7
[125I]30 ([125I]PIP-NHMe) 6.62 ± 0.84 1.73 ± 0.13 0.17 ± 0.01 0.10 ± 0.02 38.9
[125I]31 ([125I]PIP-NHEt) 6.86 ± 0.96 1.97 ± 0.17 0.24 ± 0.03 0.08 ± 0.01 28.6
[125I]32 ([125I]PIP-NHPr) 4.84 ± 0.39 1.10 ± 0.13 0.21 ± 0.00 0.10 ± 0.01 23.0
[125I]40 ([125I]PIP-NEt2) 4.54 ± 0.48 1.55 ± 0.26 0.23 ± 0.01 0.13 ± 0.01 19.7
[125I]PIP-NMe2

b 5.73 ± 0.66 1.40 ± 0.32 0.21 ± 0.01 0.14 ± 0.02 27.3
aEach value represents the mean ± SD of five animals. bThe data were reported previously.17
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