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In this study, six novel benzothiazole derivatives based on the bithiophene structure were developed as
potential b-amyloid probes. In vitro binding studies using Ab aggregates showed that all of them demon-
strated high binding affinities with Ki values ranged from 0.11 to 4.64 nM. In vitro fluorescent staining
results showed that these compounds can intensely stained Ab plaques within brain sections of APP/
PS1 transgenic mice, animal model for AD. Two radioiodinated compounds [125I]-2-(50-iodo-2,20-bithio-
phen-5-yl)-6-methoxybenzo[d]thiazole [125I]10 and [125I]-2-(2,20-bithiophen-5-yl)-6-iodobenzo[d]thia-
zole [125I]13 were successfully prepared through an iododestannylation reaction. Furthermore, in vitro
autoradiography of the AD model mice brain sections showed that both [125I]10 and [125I]13 labeled
the Ab plaques specifically with low background. In vivo biodistribution studies in normal mice indicated
that [125I]13 exhibited high brain uptake (3.42% ID/g at 2 min) and rapid clearance from the brain (0.53%
ID/g at 60 min), while [125I]10 showed lower brain uptake (0.87% ID/g at 2 min). In conclusion, these
preliminary results of this study suggest that the novel radioiodinated benzothiazole derivative
[125I]13 may be a candidate as an in vivo imaging agent for detecting b-amyloid plaques in the brain
of AD patients.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Alzheimer0s disease (AD) is an age-related, irreversible, progres-
sive brain disease which slowly destroys the cognitive functions of
the brain by causing memory loss, disorientation and language
impairment, etc.1 Several studies indicate that the accumulation
of senile plaques (SPs) composed of misfolded b-amyloid (Ab) pep-
tides and neurofibrillary tangles (NFTs) made of hyperphosphoryl-
ated tau aggregates are two of the pathological hallmarks of AD
which begins 10–20 years before any symptoms are obvious.2–4

Development of imaging probes that target Ab plaques or neurofi-
brillary tangles for positron emission tomography (PET) or single
photon emission computed tomography (SPECT) will be important
for early diagnosis of AD, and it will also provide significant infor-
mation to evaluate the efficacy of therapies of AD.5–8

In the past 10 years a large number of radiolabeled ligands tar-
geting Ab plaques have been reported. Some of them have so far
reached the clinical stage, such as [18F]-2-(1-(2-(N-(2-fluoroeth-
yl)-N-methylamino)-naphthalene-6-yl)ethylidene)malononitrile
([18F]FDDNP),9–11 2-(40-[11C]methylaminophenyl)-6-hydroxybenzo-
thiazole ([11C]PIB),12,13 4-N-[11C]methylamino-40-hydroxystilbene
ll rights reserved.

1.
([11C]SB-13),14,15 [11C]-2-(2-[2-dimethylaminothiazol-5-yl]ethenyl)-
6-(2-[fluoro]ethoxy)benzoxazole ([11C]BF-227),16 [18F]-4-(N-methyl-
amino)-40-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)-stilbene ([18F]BAY
94-9172)17 for PET imaging (Fig. 1). However, SPECT scanners are
widely equipped in hospitals. It is more practical for routine clinical
diagnostic. Development of SPECT imaging probes for Ab plaques
will benefit a large number of AD patients. Several groups have re-
ported a lot of radioiodinated ligands for Ab plaques.18–20 But most
of these ligands had unfavorable in vivo pharmacokinetics which
preventing their further development as potential in vivo imaging
agents. Up to now, [123I]-6-iodo-2-(40-dimethylamino-)phenyl-imi-
dazo[1,2]pyridine ([123I]IMPY) is the first SPECT imaging probe
tested in human and the results are encouraging.21–23

As one of the known Ab probes, (E)-2-((50-(4-hydroxystyryl)-
2,20-bithiophen-5-yl)methylene)malononitrile (NIAD-4) is a near
infrared fluorescent contrast agent for in vivo optical imaging Ab
plaques ( Fig. 2). This compound contains a highly hydrophobic
bithiophene structure and exhibits high binding affinity to Ab
aggregates (Ki = 10 nM) in the same binding site as ThT. In addition,
this agent readily crosses the blood–brain barrier (BBB) and specif-
ically labels the Ab plaques in the living brain of AD model mice.24

Recently, Nilsson and his co-workers identified a class of
luminescent conjugated polythiophenes (LCPs) as novel conforma-
tion sensitive optical probes for selective staining of protein

http://dx.doi.org/10.1016/j.bmc.2010.02.002
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Figure 1. Chemical structure of Ab imaging probes clinically tested.

Figure 2. Chemical structure of NIAD-4.
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aggregates.25–27 Under physiological conditions, the pentameric
thiophene LCPs showed a striking specificity for both Ab plaques
and NFTs. Two of them also crossed the BBB to a sufficient degree.28

Thus, we conclude that the polythiophene moiety may play an
important role in maintaining the specific binding ability to Ab pla-
ques. This prompted us to apply it as a core structure for Ab imag-
ing agents. Herein we report the synthesis and the initial biological
characterizations of the novel benzothiazole derivatives containing
the bithiophene structure as probes for Ab plaques in the brain. To
our knowledge, this is the first time bithiophene structures have
been introduced to radiotracers for b-amyloid plaques in AD.

2. Results and discussion

2.1. Chemistry

The benzothiazole derivatives (6–10) were prepared by a con-
densation reaction with the chemical yields ranged from 42.5% to
66.3% as depicted in Scheme 1. The 5-substituted-o-aminothiophe-
nols (1, 2) and 50-substituted-2,20-bithiophene-5-carbaldehyde (3–
5) were prepared according to the reported procedures.29,30 The
Scheme 1. Reagents and conditions: (a) KOH, H2O, reflux; (b) POCl3, DMF, 60 �C; (c) AcOH
(g) I2, CHCl3.
tributyltin precursors (11, 12) were prepared from the correspond-
ing bromo compounds (7, 9) under a bromo to tributyltin exchange
reaction catalyzed by Pd(PPh3)4 with yields of 14.7%, 21.7%, respec-
tively. The tributyltin derivatives can be readily used as starting
materials for preparing [125I]10 and [125I]13. Moreover, the tribu-
tyltin precursor 11 was also served as an intermediate in iododest-
annylation reaction to produce the corresponding iodinated
compound 13 with the yield of 30.2%.

2.2. Radiolabeling

The two radioiodinated ligands [125I]10 and [125I]13 were pre-
pared from the corresponding tributyltin precursors through an
iododestannylation reaction using hydrogen peroxide as oxidant
with the radiochemical yields of 53.7% and 66.3%, respectively
(Scheme 2). After purification by HPLC, the radio-chemical purities
of [125I]10 and [125I]13 were both greater than 98%. The specific
activity of the no-carrier-added preparation was comparable to
that of Na125I, 2200 Ci/mmol. Finally, the radiochemical identities
of the radioiodinated ligands were verified by co-injection with
nonradioactive compounds by HPLC profiles (Fig. 3).

2.3. Biological studies

2.3.1. Binding assays using the aggregated Ab(1–40) or Ab(1–42)
peptide in solution

[125I]-4-(6-Iodobenzo[d]thiazol-2-yl)-N,N-dimethylaniline ([125I]-
TZDM) was reported to be a selective ligand for in vitro binding of
, Br2; (d) HgO, I2, toluene; (e) DMSO, 160 �C; (f) (Bu3Sn)2, (Ph3P)4Pd, toluene, reflux;



Scheme 2. Reagents: (a) [125I]NaI, HCl (1 M), H2O2 (3%).
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Figure 3. HPLC profiles of 13 (A, top), [125I]13 (A, bottom) and 10 (B, top), [125I]10 (B, bottom). HPLC conditions: Agilent TC-C18(2) column (Analytical 4.6 � 150 mm) CH3CN/
H2O = 9/1, 1 mL/min, 254 nm, 13tR (UV) = 6.59 min, [125I]13tR (c) = 7.00 min and 10tR (UV) = 6.38 min, [125I]10tR (c) = 6.77 min. The slight difference in retention time
between the radioactive peak and the UV peak is due to the configuration of the detector system.
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Ab aggregates with high affinities.18 So the binding affinities of these
benzothiazole derivatives were evaluated by inhibition assays
against [125I]TZDM using Ab(1–40) and Ab(1–42) aggregates as de-
scribed in the literatures.18,19,31

The saturation binding of [125I]TZDM to Ab(1–40) and Ab(1–42)
showed almost the same Kd values as previously reported
[Kd = 0.13 nM for Ab(1–42), Kd = 0.09 nM for Ab(1–40), see in Sup-
plementary data]. The Ki values shown in Table 1 suggest that
these new compounds share the same binding site as ThT and have
excellent binding affinities for both Ab(1–40) and Ab(1–42) aggre-
gates. The Ki values of compounds 6, 7, 8, 9, 10 and 13 were 4.64,
0.60, 2.09, 0.21, 0.11 and 0.25 nM for Ab(1–40) aggregates and
3.94, 0.57, 0.60, 1.28, 0.61 and 0.31 nM for Ab(1–42) aggregates,
respectively. After analyzing the structures and the corresponding
Ki values, we primarily concluded that functional groups may exert
moderate effects on the binding affinity. Halogenations at the 5 po-
sition (Br or I) on the benzothiazole moiety enhanced the binding
affinity (compounds 7 and 13), while replacing the 5-halogen with
a methoxy group also improved the binding affinity (compound 8).
Compounds 9 and 10 with the halogen at 2 position of the bithi-
Table 1
Inhibition constants (Ki) of compounds on ligand binding to aggregates of Ab(1–40)
and Ab(1–42) versus [125I]TZDM

Compounds Ki (nM)

Ab(1–42) Ab(1–40)

6 3.94 ± 0.06 4.64 ± 0.10
7 0.57 ± 0.08 0.60 ± 0.06
8 0.60 ± 0.06 2.09 ± 0.09
9 1.28 ± 0.08 0.21 ± 0.01
10 0.61 ± 0.09 0.11 ± 0.01
13 0.31 ± 0.05 0.25 ± 0.07
TZDMa 2.2 ± 0.4 0.9 ± 0.2
PIBb 0.77 —
IMPYc — 15.0 ± 5.0

a–c Data from Refs. 18,30,21.
ophene moiety also displayed high binding affinity. Compared with
[125I]TZDM [0.9 nM for Ab(1–40), 2.2 nM for Ab(1–42)],18 [11C]PIB
[0.77 nM for Ab(1–42)]32 and [123I]IMPY [15 nM for Ab(1–40)],21

the Ki values of compounds 10 and 13 were superior. In addition,
there is no significant difference in the binding affinities between
Ab(1–40) and Ab(1–42) aggregates.

2.3.2. In vitro fluorescent staining of Ab plaques in transgenic
mouse brain sections

Since the in vitro binding assays demonstrated high binding
affinities of these compounds for Ab(1–40) and Ab(1–42) aggre-
gates, the affinities of compounds 6, 7, 8, 9, 10 and 13 for Ab pla-
ques were investigated by neuropathological staining with the
brain sections of a 12-month-old transgenic model mouse, Tg-
C57, which encoded a double mutant form of APP and PS1. Many
Ab plaques were clearly stained by these compounds with low
background (Fig. 4A, C, E, G, I and K). The similar pattern of Ab pla-
ques was consistent with that stained with thioflavin-S using the
adjacent brain section (Fig. 4B, D, F, H, J and L). Such results indicate
that these derivatives displayed specific binding affinity for Ab pla-
ques as supported by the binding assay (Table 1), and may be ap-
plied as radiotracers to in vivo amyloid imaging.

2.3.3. In vitro labeling of brain sections from transgenic mouse
by autoradiography

To further characterize the specific nature of Ab plaques bind-
ing, in vitro autoradiography was performed by incubating
[125I]10 and [125I]13, with the APP/PS1 transgenic mice brain sec-
tions in the absence or presence of thioflavin-T (10 mM). Both
[125I]10 and [125I]13 showed excellent binding to Ab plaques in
the brain sections with a lot of spots of plaque signals in the cortex
region and minimal background signals were observed (Fig. 5A and
B). The same sections were also stained with thioflavin-S and the
localizations of Ab plaques were accordance with the results of
autoradiography (Fig. 5C and D red arrow). In order to confirm that
[125I]10 and [125I]13 had specific binding to Ab plaques, blocking



Figure 4. Fluorescence staining of compounds 6, 7, 8, 9, 10 and 13 (A, C, E, G, I and K) on the sections from a Tg-C57 (APP/PS1) mouse (25 lm thick) with the filter set of DAPI.
The labeled plaques were confirmed by staining of the adjacent sections by thioflavin-S (B, D, F, H, J and L) with the filter set of GFP.

Figure 5. In vitro labeling of brain sections from Tg-C57(APP/PS1) mice (6 lm
thick) by autoradiography. [125I]10 and [125I]13 strongly labeled the Ab plaques in
the cortex of the brain (A, B). The same sections were also stained with thioflavin-S
(C, D) and the localizations of Ab plaques were accordance with the results of
autoradiography (red arrows). The brain sections were pretreated with thioflavin-T
(10 mM) (E, F).
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study was performed in the presence of thioflavin-T (10 mM) as a
blocking agent. The results showed that there was no notable Ab
plaques observed (Fig. 5E and F). In conclusion, [125I]10 and
[125I]13 were specific for Ab plaques, which were consistent with
the observation that compounds 10 and 13 do bind to Ab(1–40)
and Ab(1–42) aggregates with high affinity.

2.3.4. In vivo biodistribution in normal mice
The ability to cross the intact BBB is one of the key qualifications

for brain imaging agents. The log D values of [125I]10 and [125I]13
were 3.27, 3.65, respectively (measured by a partition between
1-octanol and pH 7.4 phosphate buffer) which indicate a better
BBB penetration. To evaluate brain uptake of the two radioiodin-
ated ligands, [125I]10 and [125I]13 were injected intravenously into
normal mice for biodistribution experiments. As shown in Table 2,
[125I]13 displayed rapid brain entry at early time intervals. The ini-
tial brain uptake was 3.42 ± 0.45% ID/g at 2 min post-injection,
which is favorable for potential clinical imaging studies. The brain
radioactivity concentration decreased rapidly to 1.08 ± 0.07% ID/g
at 30 min and 0.53 ± 0.08% ID/g at 60 min for there is no Ab plaques
in normal mice. These results indicate that [125I]13 possess favor-
able pharmacokinetics in brain. However, the initial brain uptake
of [125I]10 was 0.87 ± 0.16% ID/g at 2 min and displayed a slow
washout rate from the brain with 0.77 ± 0.16% ID/g at 60 min,
which is unfavorable for an Ab imaging agent.

[123I]IMPY is the most promising SPECT imaging probe which
display high binding affinity for Ab plaques (Ki = 15 nM), excellent
brain uptake (2.88% ID/organ at 2 min) and fast washout (0.21% ID/
organ at 60 min). In comparison with [123I]IMPY, [125I]13 displayed
superior binding affinity and also illustrated suitable in vivo phar-
macokinetic properties for Ab imaging.

Another noteworthy feature of the radioiodinated imaging
agent is the stability in vivo. As shown in Table 2, for both of the



Table 2
Biodistribution in normal mice after iv injection of [125I]13, [125I]10 and the lipophilicity (log D) of the ligandsa

Organ 2 min 30 min 60 min 120 min 240 min

[125I]13 (log D = 3.65 ± 0.04)
Blood 9.02 ± 2.33 2.12 ± 0.30 1.96 ± 0.16 1.76 ± 0.20 1.36 ± 0.29
Brain 3.42 ± 0.45 1.08 ± 0.07 0.53 ± 0.08 0.51 ± 0.09 0.50 ± 0.11
Heart 4.39 ± 0.72 2.49 ± 0.77 2.65 ± 0.26 1.50 ± 0.21 1.31 ± 0.27
Liver 53.64 ± 5.24 39.81 ± 3.51 29.12 ± 2.24 22.47 ± 4.10 13.82 ± 1.43
Spleen 12.75 ± 4.82 6.78 ± 0.89 8.61 ± 2.02 3.50 ± 0.99 2.07 ± 0.57
Lung 17.51 ± 2.44 8.04 ± 0.35 8.01 ± 2.22 5.76 ± 1.35 3.72 ± 0.62
Kidney 4.00 ± 0.29 7.22 ± 0.39 8.52 ± 1.52 7.33 ± 1.59 5.76 ± 1.09
Stomachb 0.39 ± 0.09 2.47 ± 0.74 4.05 ± 1.11 4.39 ± 1.25 3.24 ± 1.15
Muscle 0.65 ± 0.14 1.01 ± 0.02 1.47 ± 0.21 1.23 ± 0.27 0.87 ± 0.15

[125I]10 (log D = 3.27 ± 0.01)
Blood 23.34 ± 2.79 6.55 ± 0.34 6.58 ± 0.54 6.62 ± 1.19 5.05 ± 0.73
Brain 0.87 ± 0.16 0.64 ± 0.09 0.77 ± 0.16 0.68 ± 0.11 0.53 ± 0.08
Heart 16.13 ± 2.86 5.94 ± 0.46 4.74 ± 0.83 3.48 ± 1.35 2.50 ± 0.69
Liver 35.25 ± 1.78 6.98 ± 0.51 5.76 ± 0.56 4.33 ± 0.83 3.23 ± 0.37
Spleen 19.04 ± 3.73 7.11 ± 0.83 6.24 ± 0.71 4.92 ± 0.80 4.49 ± 0.91
Lung 43.6 ± 2.51 10.28 ± 1.13 8.64 ± 0.75 7.7 ± 1.02 6.12 ± 1.12
Kidney 14.3 ± 1.09 6.49 ± 0.61 6.28 ± 0.67 5.67 ± 1.15 4.53 ± 0.58
Stomachb 1.31 ± 0.22 15.84 ± 2.80 20.24 ± 1.57 33.95 ± 5.73 19.37 ± 3.31
Muscle 2.73 ± 0.44 3.42 ± 0.18 3.56 ± 0.30 2.46 ± 0.60 1.95 ± 0.38

a Expressed as % injected dose per gram. Average of 5 mice ± standard deviation.
b Expressed as % injected dose per organ.
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radioiodinated ligands [125I]10 and [125I]13, accumulations of
radioactivity in stomach were low, 1.31 ± 0.22% ID/organ and
0.39 ± 0.09% ID/organ at 2 min, however [125I]10 exhibited a signif-
icant increase to 20.24 ± 1.57% ID/organ at 1 hour and
33.95 ± 5.73% ID/organ at 2 hours. This observation demonstrated
that [125I]10 is not stable in vivo, which may result from deiodin-
ation caused by oxidation of the sulfur atom in a metabolically ac-
tive organ.33 To further illustrate this observation, we performed
the stability study of [125I]10 in plasma and liver homogenate from
mouse. The results indicate that [125I]10 is very stable in plasma,
for two hours it does not show any decomposition (Fig. 6E). But
in liver homogenate, [125I]10 quickly deiodinated. After two hours
incubation, about 71% of [125I]10 transformed to free iodine
Figure 6. HPLC profiles of [125I]10 in 10% ethanol (A, F), and after incubation in mice
(Fig. 6J). From several published articles, the uptake of free iodine
in the glandular stomach was described for mice, rats, hamsters
and cats.34–36 So we can conclude that [125I]10 first undergoes a
deiodination process in liver then accumulated in stomach.

3. Conclusions

In conclusion, we successfully designed and synthesized a series
of novel benzothiazole derivatives containing the bithiophene moi-
ety as Ab imaging agents. These derivatives displayed high in vitro
binding affinities for Ab aggregates. When labeled with 125I,
[125I]10 and [125I]13 showed specific labeling of Ab plaques in the
brain sections of AD model mice. In addition, [125I]13 displayed
plasma (B–E) and liver homogenate (G–J) at 37 �C for 2 min, 30 min, 1 h and 2 h.
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excellent brain uptake and rapid washout from the brain after
injection in normal mice. Taken together, [125I]13 may be a prom-
ising candidate Ab imaging agent for SPECT.
4. Experimental section

4.1. General information

All chemicals used in synthesis were commercial products and
were used without further purification unless otherwise indicated.
Na125I (2200 Ci/mmol) was obtained from PerkinElmer Life and Ana-
lytical Sciences, USA. The double transgenic (APP/PS1) AD model
mouse was obtained from Institute of Laboratory Animal Science,
Chinese Academy of Medical Sciences and Comparative Medicine
Center of Peking Union Medical College, China. 1H NMR spectra were
obtained at 400 MHz on Bruker NMR spectrometers in CDCl3 solu-
tion at room temperature with TMS as an internal standard. Chemi-
cal shifts are reported as d values relative to internal TMS. Coupling
constants are reported in hertz. The multiplicity is defined by s
(singlet), d (doublet), t (triplet), and m (multiplet). Mass spectra
were acquired under SurveyorMSQ Plus (ESI) instrument. Elemental
analyses were obtained on a Elementar Vario EI. HPLC analysis was
performed on a Shimadzu SCL-10 AVP equipped with a Packard
500 TR series flow scintillation analyzer, conditions: Agilent
TC-C18 reverse-phase analytical column (5 l, ID = 4.6 mm, length =
150 mm), 90:10 CH3CN/H2O, 1.0 mL/min, UV 254 nm. Separations
were achieved on a Alltech HPLC pump Model 626 equipped with
LINEAR UVIS-201 and BIOSCAN flow-counter, conditions: Alltech
C18 reverse-phase column (5 l, ID = 4.6 mm, length = 250 mm)
eluted with acetonitrile at a 2.0 mL/min flow rate.

4.2. Synthesis of 2-amino-5-bromobenzenethiol (1)

2-Amino-5-bromobenzenethiol was synthesized according to
the literature.29 Briefly 2-amino-5-bromobenzothiazole (9.16 g,
40 mmol) was suspended in 50% KOH (80 g KOH dissolved in
80 mL water). The suspension was heated to reflux for 24 h, and
was cooled to room temperature. After that, the residue was fil-
tered and the filtrate was neutralized with acetic acid (30% in
water, 100 mL) to give the crude product which was used without
further purification (66.7% yield).

4.3. Synthesis of 2-amino-5-methoxybenzenethiol (2)

The same reaction as described above for preparing 1 was em-
ployed, and a yellow solid 2 was obtained (51.3% yield).

4.4. Synthesis of 2,20-bithiophene-5-carbaldehyde (3)

According to the literature,30 POCl3 (2.30 g 15.0 mmol) was
added to DMF (1.10 g 15.0 mmol) at 0 �C and the mixture was stir-
red for 15 min at 0 �C. After that 2,20-bithiophene (2.00 g
12.0 mmol) dissolved in 1,2-dichloroethane (40 mL) were added
dropwise with stirring. The reaction mixture was then heated 2 h
at 60 �C. The organic layer was washed with saturated NaHCO3

aqueous solution, and was dried with anhydrous Na2SO4. After
the solvent was removed, the residue was purified by column chro-
matography (petroleum ether/AcOEt, 8:1) to give 1.47 g of 3 as a
yellow solid (63.1% yield). MS (ESI): m/z calcd for C9H6OS2

193.99; found 194.9 (M+H+).

4.5. Synthesis of 50-bromo-2,20-bithiophene-5-carbaldehyde (4)

To a stirring solution of 2,20-bithiophene-5-carboxaldehyde
(1.94 g, 10.00 mmol) in CHCl3 (20 mL) at 0 �C, was added bromine
(1.60 g, 10.00 mmol) dissolved in CHCl3 (20 mL). The mixture was
stirred at room temperature for 2 h. The organic layer was washed
with saturated NaHCO3 aqueous solution, and was dried with
anhydrous Na2SO4. Evaporation of the solvent under reduced pres-
sure gave 4 as a yellow solid (86.3% yield). MS (ESI): m/z calcd for
C9H5BrOS2 271.90; found 272.9 (M+H+).

4.6. Synthesis of 50-iodo-2,20-bithiophene-5-carbaldehyde (5)

To a solution of 2,20-bithiophene-5-carboxaldehyde (1.94 g,
10.00 mmol) in toluene (20 mL) at 0 �C, was added small portions
of mercury(II) oxide (2.23 g, 10.29 mmol, yellow powder) and io-
dine (2.87 g, 11.32 mmol). The mixture was stirred at room temper-
ature for 8 h, and the orange precipitate was filtered off and washed
with ethyl acetate. The filtrate and washings were combined and
washed with aqueous sodium thiosulfate and dried over magne-
sium sulfate. Solvent was removed by rotary evaporation and the so-
lid residue was recrystallized from ethanol to give 2.37 g of 5 (72%
yield). MS (ESI): m/z calcd for C9H5IOS2 319.88; found 320.8 (M+H+).

4.7. Synthesis of 2-(2,20-bithiophen-5-yl)benzo[d]thiazole (6)

A mixture of 2-aminobenzenethiol (125 mg, 1 mmol) and 2,20-
bithiophene-5-carbaldehyde (194 mg, 1 mmol) in DMSO was
heated at 160 �C for 25 min. Ice water (10 mL) was added after
the mixture was cooled. The solid was filtered and recrystallized
in ethanol to give 168 mg of 6 (56.2% yield). 1H NMR (400 MHz,
CDCl3) d 8.05 (d, J = 8.1 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.61 (d,
J = 3.7 Hz, 1H), 7.50 (t, J = 7.1 Hz, 1H), 7.39 (t, J = 7.1 Hz, 1H), 7.31
(d, J = 4.4 Hz, 2H), 7.21 (d, J = 3.9 Hz, 1H), 7.08 (t, J = 4.4 Hz, 1H).
MS (ESI): m/z calcd for C15H9NS3 298.99; found 300.3 (M+H+). Anal.
Calcd: C, 60.17; H, 3.03; N, 4.68. Found: C, 59.63; H, 3.41; N, 4.72.
Mp 165.3–167.0 �C.

4.8. Synthesis of 2-(2,20-bithiophen-5-yl)-6-bromobenzo[d]-
thiazole (7)

The same reaction as described above for preparing 6 was em-
ployed, a yellow solid 7 was obtained (66.3% yield). 1H NMR
(400 MHz, CDCl3) d 7.98 (d, J = 1.7 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H),
7.57 (dd, J = 8.7, 1.8 Hz, 1H), 7.54 (d, J = 3.9 Hz, 1H), 7.31 (d,
J = 5.4 Hz, 2H), 7.19 (d, J = 3.9 Hz, 1H), 7.07 (t, J = 4.2 Hz, 1H). MS
(ESI): m/z calcd for C15H8BrNS3 376.90; found 378.2 (M+H+). Anal.
Calcd: C, 47.62; H, 2.13; N, 3.70. Found: C, 47.56; H, 2.38; N, 3.61.
Mp 205.6–207.0 �C.

4.9. Synthesis of 2-(2,20-bithiophen-5-yl)-6-iodobenzo[d]-
thiazole (13)

To a solution of 11 (59 mg, 0.1 mmol) in CHCl3 (10 mL) was
added a solution of iodine (127 mg dissolved in 10 mL CHCl3) drop-
wise at room temperature. The resulting mixture was stirred at
room temperature for 30 min and quenched by addition of 2 mL
saturated NaHSO3 solution. The organic phase was separated, dried
over MgSO4, filtered, and concentrated to give the crude product
which was recrystallized in AcOEt to give 13 mg of 13 (30.2% yield).
1H NMR (400 MHz, CDCl3) d 8.18 (s, 1H), 7.77 (s, 2H), 7.64 (d,
J = 3.9 Hz, 2H), 7.31–7.32 (m, 2H), 7.20 (d, J = 3.9 Hz, 1H), 7.07
(dd, J = 5.0, 3.9 Hz, 1H). MS (ESI): m/z calcd for C15H8INS3 424.89;
found 425.9 (M+H+). Anal. Calcd: C, 42.36; H, 1.90; N, 3.29. Found:
C, 42.31; H, 1.78; N, 3.33. Mp 216.0–217.2 �C.

4.10. Synthesis of 2-(2,20-bithiophen-5-yl)-6-methoxybenzo[d]-
thiazole (8)

The same reaction as described above for preparing 6 was em-
ployed, and a yellow solid 8 was obtained (42.5% yield). 1H NMR
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(400 MHz, CDCl3) d 7.95 (d, J = 8.9 Hz, 1H), 7.58 (d, J = 3.9 Hz, 1H),
7.31 (dd, J = 6.2, 3.0 Hz, 3H), 7.20 (d, J = 3.9 Hz, 1H), 7.10 (dd,
J = 9.0, 2.5 Hz, 1H), 7.07 (d, J = 4.6 Hz, 1H), 3.90 (s, 3H). MS (ESI):
m/z calcd for C16H11NOS3 329.00; found 330.3 (M+H+). Anal. Calcd:
C, 58.33; H, 3.37; N, 4.25. Found: C, 58.21; H, 3.69; N, 4.21. Mp
166.6–167.2 �C.

4.11. Synthesis of 2-(50-bromo-2,20-bithiophen-5-yl)-6-methoxy-
benzo[d]thiazole (9)

The same reaction as described above for preparing 6 was em-
ployed, and a brown solid 9 was obtained (52.1% yield). 1H NMR
(400 MHz, CDCl3) d 7.94 (d, J = 8.8 Hz, 1H), 7.55 (s, 1H), 7.30 (s,
1H), 7.09 (d, J = 10.5 Hz, 2H), 7.02 (s, 2H), 3.89 (s, 3H). MS (ESI):
m/z calcd for C16H10BrNOS3 406.91; found 408.3 (M+H+). Anal.
Calcd: C, 47.06; H, 2.47; N, 3.43. Found: C, 47.16; H, 2.39; N,
3.61. Mp 208.0–209.6 �C.

4.12. Synthesis of 2-(50-iodo-2,20-bithiophen-5-yl)-6-methoxy-
benzo[d]thiazole (10)

The same reaction as described above for preparing 6 was em-
ployed, and a yellow solid 10 was obtained (47.2% yield). 1H NMR
(400 MHz, CDCl3) d 7.94 (d, J = 9.0 Hz, 1H), 7.56 (d, J = 3.3 Hz, 1H),
7.31 (s, 1H), 7.20 (d, J = 3.0 Hz, 1H), 7.12 (d, J = 3.0 Hz, 1H), 7.09
(d, J = 8.8 Hz, 1H), 6.95 (s, 1H), 3.90 (s, 3H). MS (ESI): m/z calcd
for C16H10INOS3 454.90 found 456.3 (M+H+). Anal. Calcd: C,
42.20; H, 2.21; N, 3.08. Found: C, 42.27; H, 2.46; N, 2.91. Mp
262.1–263.2 �C.

4.13. Synthesis of 2-(2,20-bithiophen-5-yl)-6-(tributylstannyl)-
benzo[d]thiazole (11)

A mixture of 7 (189 mg, 0.5 mmol), bis(tributyltin) (580 mg,
1.0 mmol), and Pd(Ph3P)4 (12.0 mg, 0.01 mmol) in toluene was stir-
red at 110 �C for 12 h. The solvent was removed, and the residue
was purified by column chromatography (petroleum ether/AcOEt,
10:1) to give 86.5 mg of 11 as a yellow solid (14.7% yield). 1H
NMR (400 MHz, CDCl3) d 7.90 (d, J = 7.9 Hz, 1H), 7.85 (s, 1H), 7.48
(d, J = 3.9 Hz, 1H), 7.46 (d, J = 4.7 Hz, 1H), 7.21 (d, J = 4.4 Hz, 1H),
7.11 (d, J = 3.9 Hz, 1H), 7.00–6.98 (m, 1H), 1.53–1.45 (m, 6H),
1.33–1.23 (m, 6H), 1.07–1.04 (m, 6H), 0.83 (t, J = 8.4 Hz, 9H). MS
(ESI): m/z calcd for C27H35NS3Sn 589.10; found 590.0 (M+H+).

4.14. Synthesis of 6-methoxy-2-(50-(tributylstannyl)-2,20-bithio-
phen-5-yl)benzo[d]thiazole (12)

The same reaction as described above for preparing 11 was em-
ployed, and a yellow solid 12 was obtained from 9 (21.7% yield). 1H
NMR (400 MHz, CDCl3) d 7.89 (d, J = 8.9 Hz, 1H), 7.47 (d, J = 3.9 Hz,
1H), 7.39 (d, J = 3.4 Hz, 1H), 7.31 (d, J = 2.5 Hz, 1H), 7.17 (d,
J = 3.9 Hz, 1H), 7.10 (d, J = 3.4 Hz, 1H), 7.07 (dd, J = 9.0, 2.6 Hz,
1H), 3.89 (s, 3H), 1.64–1.54 (m, 6H), 1.41–1.31 (m, 6H), 1.17–
1.08 (m, 6H), 0.91 (t, J = 7.3 Hz, 9H). MS (ESI): m/z calcd for
C28H37NOS3Sn 619.11; found 620.2 (M+H+).

4.15. Preparation of radioiodinated ligands

The radioiodinated compounds [125I]10 and [125I]13 were
prepared from the corresponding tributyltin derivatives by an
iododestannylation according to the procedure described
previously with some modifications. Briefly, 100 lL of H2O2 (3%)
was added to a mixture of a tributyltin derivative (0.1 mg/100 lL
in ethanol), 240 lCi sodium [125I]iodide (specific activity 2200 Ci/
mmol), and 100 lL of 1 M HCl in a sealed vial. The reaction was al-
lowed to proceed at room temperature for 15 min and then
quenched by addition of 50 lL saturated NaHSO3 solution. The
reaction mixture, after neutralization with 1 M NaOH was purified
by HPLC on a Alltech C18 reverse-phase column (5 l, ID = 4.6 mm,
length = 250 mm) with the solvent of acetonitrile (100%) at a flow
rate of 2.0 mL/min. The desired fractions containing the product
were evaporated to dryness and redissolved in 100% ethanol. The
final product was stored at �20 �C for in autoradiography and bio-
distribution studies.

4.16. Binding assays using the aggregated Ab(1–40) or Ab(1–42)
peptide in solution

The trifluoroacetic acid salt forms of peptides Ab(1–40) and
Ab(1–42) were purchased from GL biochem (Shanghai, China).
Aggregation of peptides was carried out by gently dissolving the
peptide [0.25 mg/mL for Ab(1–40) and Ab(1–42)] in a buffer solu-
tion (pH 7.4) containing 10 mM sodium phosphate and 1 mM
EDTA. The solutions were incubated at 37 �C for 42 h with gentle
and constant shaking. Inhibition studies were carried out in
12 � 75 mm borosilicate glass tubes according to the procedure
described previously with some modifications.18,31 Fifty microli-
ters of aggregated Ab fibrils (28 nM in the final assay mixture) were
added to the mixture containing 100 lL of radioligands
([125I]TZDM) with appropriate concentration, 10 lL of inhibitors
(10�5 � 10�10 M in ethanol) and 840 lL PBS (0.2 M, pH 7.4) in a fi-
nal volume of 1 mL. Nonspecific binding was defined in the pres-
ence of 100 nM TZDM. The mixture was incubated for 2 h at
37 �C, then the bound and free radioactivities were separated by
vacuum filtration through borosilicate glass fiber filters (0.1 lm,
JiuDing, China) using a ZT-II cell harvester (Shaoxing, China) fol-
lowed by 3 � 4 mL washes of cold PBS (0.2 M, pH 7.4) containing
10% ethanol at room temperature. Filters containing the bound
125I ligand were counted in a c-counter (WALLAC/Wizard 1470,
USA) with 71% counting efficiency. Under the assay conditions,
the percent of the specifically bound fraction was about 20% of
the total radioactivity. The half maximal inhibitory concentration
(IC50) values were determined using GraphPad Prism 4.0, and those
for the inhibition constant (Ki) were calculated using the Cheng–
Prusoff equation: Ki = IC50/(1 + [L]/Kd).37

4.17. In vitro fluorescent staining of Ab plaques in transgenic
mouse brain sections

The transgenic model mice, Tg-C57, which encodes a double
mutant form of APP and PS1 was used for the studies. Mice were
sacrificed by cervical dislocation and brains were rapidly removed
and frozen. Coronal 25 lm sections were cut in a Leica-CM1900
cryostat from frozen (�25 �C), unfixed brains, and thaw mounted
onto poly-L-lysine coated microscope slides (Ultra-Lab, China).
The brain sections were incubated with 10% ethanol solution
(100 nM) of 6, 7, 8, 9, 10 and 13 for 10 min. The localization of pla-
ques was confirmed by staining with thioflavin-S (1 lm) on the
adjacent sections. Finally, the sections were washed with 50% eth-
anol and PBS (0.2 M, pH 7.4) for 10 min. Fluorescent observation
was performed by the LSM 510 META (Zeiss, Germany) equipped
with DAPI (excitation, 405 nm) and GFP filter sets (excitation,
505 nm).

4.18. In vitro labeling of brain sections from transgenic mouse
by autoradiography

Paraffin-embedded brain sections of Tg-C57 mouse (6 lm)
which were from Chinese Academy of Medical Sciences were used
for the autoradiography. The brain sections were deparaffinized
with 2 � 20 min washes in xylene; 2 � 5 min washes in 100%
ethanol; 5 min washes in 90% ethanol/H2O; 5 min washes in 80%
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ethanol/H2O; 5 min wash in 60% ethanol/H2O; running tap water
for 10 min, and then incubated in PBS (0.2 M, pH 7.4) for 30 min.
The sections were incubated with [125I]10 and [125I]13 in the ab-
sence or in the presence of thioflavin-T (10 mM) for 30 min at room
temperature. The sections were then washed with saturated Li2CO3

in 40% ethanol for 3 min and washed with 40% ethanol for 3 min,
followed by rinsing with water for 30 s. After drying, the 125I-la-
beled sections were exposed to phosphorus film for 2 h then
scanned with the phosphor imaging system (Cyclone, Packard) at
the resolution of 600 dpi. The presence and localization of plaques
were confirmed by the fluorescent staining with thioflavin-S
(1 lm) on the same sections using Stereo Discovery V12, excita-
tion: 450–490 nm, emission: 500–550 nm, (Zeiss, Germany).

4.19. In vivo biodistribution in normal mice

In vivo biodistribution Studies were performed in female Kun-
ming normal mice (average weight about 20 g) and was approved
by the animal care committee of Beijing Normal University. A sal-
ine solution (100 lL) containing [125I]10 or [125I]13 (1 lCi) was in-
jected directly into the tail vein of mice. The mice were sacrificed at
various time points post-injection. The organs of interest were re-
moved and weighed, and the radioactivity was counted with an
automatic c-counter (WALLAC/Wizard 1470, USA). The percentage
dose per gram of wet tissue was calculated by a comparison of the
tissue counts to suitably diluted aliquots of the injected material.

4.20. Partition coefficient determination

The determination of partition coefficient of [125I]10 and
[125I]13 were performed according to the procedure previously re-
ported with some modifications.38 Five lCi of [125I]10 or [125I]13
was added to the premixed suspensions containing 3� of n-octanol
and 3 g of PBS (0.05 M, pH 7.4) in a test tube. The test tube was vor-
texed for 3 min at room temperature, followed by centrifugation
for 5 min at 3500 rpm. Two weighted samples from the n-octanol
(50 lL) and buffer (800 lL) layers were counted. The partition
coefficient was expressed as the logarithm of the ratio of the
counts per gram from n-octanol versus that of PBS. Samples from
n-octanol layer were repartitioned until consistent partitions of
coefficient values were obtained. The measurement was done in
triplicate and repeated three times.

4.21. Stability study

The stability in mouse plasma and liver homogenate was deter-
mined by incubating 10 lCi purified [125I]10 in the solution of
100 lL mouse plasma or mouse liver homogenate at 37 �C for
2 min, 30 min, 60 min and 120 min. Proteins were precipitated by
adding 200 lL acetonitrile, after centrifugation at 5000 rpm for
15 min at �4 �C. The radiochemical purity was analyzed by HPLC.
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