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Abstract—The synthesis of a new lipophilic thioflavin-T analogue (2-[40-(methylamino)phenyl]benzothiazole, 6) with high affinity
for amyloid is reported. Intravenous injection of [11C]-labeled 6 in control mice resulted in high brain uptake. Amyloid deposits
were imaged with multiphoton microscopy in the brains of living transgenic mice following the systemic injection of unlabeled 6.
[11C]6 is a promising amyloid imaging agent for Alzheimer’s disease. # 2002 Elsevier Science Ltd. All rights reserved.

The development of small radiolabeled molecules for
use as biological markers of b-amyloid (Ab) deposits in
Alzheimer’s disease (AD) has been a goal of researchers
for several years.1 The advent of therapies that may
affect Ab deposition in AD brain2 has added new sig-
nificance to this pursuit.3 A variety of radiolabeled
Congo red, Chrysamine-G, and other analogues have
been synthesized and evaluated as potential in vivo
positron emission tomography (PET) and single photon
emission computed tomography (SPECT) imaging
probes of amyloid deposition in AD brain.4�9 While
many of these radiotracers displayed high affinity for
Ab, good brain uptake has been hindered by the pre-
sence of highly polar functional groups. We reported10

the synthesis and initial characterization of neutral
analogues of the amyloid dye thioflavin-T (ThT; Fig. 1),
and a neutral radioiodinated ThT analogue also has
been described.11

Removal of the methyl group from the heterocyclic
nitrogen of ThT eliminated the positive charge from the
benzothiazole ring and provided a series of lipophilic

dyes (1–3) with high affinity for Ab and good brain
uptake in rodents.10 Here, we report the results of struc-
ture-brain uptake studies that show [N-methyl-11C]2-[40-
(methylamino)phenyl]benzothiazole ([11C]6) has char-
acteristics more promising than previously reported
compounds.10,11 To demonstrate that systemically
administered, unlabeled, fluorescent 6 (Fig. 1) can
resolve individual Ab plaques and cerebrovascular
amyloid in living transgenic mice,12 we employed a
novel high-resolution imaging technique, multiphoton
microscopy. Future studies will include imaging
amyloid load in transgenic mice using newly developed
high-resolution microPET,13 a technology that will
provide a direct transition to PET imaging studies in
human subjects.
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Figure 1. Structural representations of the amyloid dyes thioflavin-T
and neutral ThT analogues 1–3 and 6.
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The syntheses of unlabeled14 and carbon-11-labeled15 6
are shown in Scheme 1 and were achieved using litera-
ture-based methods.10,16 Compound 6 was synthesized
by direct coupling of 4-(methylamino)benzoic acid (5)
with 2-aminothiophenol (4) in the presence of poly-
phosphoric acid at elevated temperature. The primary
amine precursor for [11C]-labeling (8) was synthesized
via reduction of the intermediate 2-(40-nitrophenyl)-
benzothiazole, which was prepared from the coupling of
4-nitrobenzoyl chloride (7) with 4.

The results of in vitro competition binding assays using
[N-methyl-3H]617 and synthetic aggregated Ab(1–40)
fibrils10 are shown in Table 1 and demonstrate that the
neutral analogues 2 and 6 possessed higher affinity for
Ab(1–40) than the charged parent compound, ThT.
Octanol–water partition coefficients (Poct) of 2 and 6
were determined10 at pH 7.4, and the logPoct values are
given in Table 1. The logPoct value of [11C]6 is near the
range of values predicted18,19 to result in optimal brain
uptake at early times following intravenous (iv) bolus
injection, while the logPoct value of [11C]2 is somewhat
beyond the optimum range of 1.5–2.5. Whole-brain
uptake values10 at 2 min post iv injection of [11C]2 and
[11C]6 in wild-type (control) female Swiss–Webster mice
are shown in Table 1, and the nearly 2-fold higher brain
uptake of [11C]6 over [11C]2 supported the logPoct-
based prediction. The egress of radioactivity from nor-
mal mouse brain tissue was also determined by
measurement of whole brain radioactivity at 30 min
following bolus iv injection (Table 1). Injection of the
less lipophilic compound, [11C]6, resulted in more rapid
clearance of radioactivity from the brain and provided a
2–30 min brain concentration ratio nearly 3-fold higher
than that of [11C]2, indicative of good clearance of free
and nonspecifically bound radioactivity from control
mouse brain tissue.

The peripheral metabolism of [11C]6 in control mice was
rapid, with unmetabolized [11C]6 representing 92% of
total plasma radioactivity at 2 min after injection and

12% at 30 min.20 All of the radiolabeled plasma meta-
bolites of [11C]6 were polar species and were not expec-
ted to enter brain. To confirm this, mice were injected
with [11C]6, and their brains were removed at 2 and 30
min after injection and homogenized.21 Radiolabeled
species were extracted and assayed, and >95% of the
radioactivity in the homogenates was found to be
unmetabolized [11C]6, indicating very low brain uptake
of radiolabeled metabolites of [11C]6.

In other experiments, three 17-month-old PS1/APP
transgenic mice12 were injected intraperitoneally (ip)
with a single dose of 10 mg/kg of compound 6 in a
solution of DMSO, propylene glycol, and pH 7.5 PBS
(10/45/45 v/v/v). Twenty-four hours later, multiphoton
fluorescence microscopy22,23 was employed to obtain
high-resolution images in the brains of these living mice
using a cranial window technique.24�26 Typical in vivo
images of compound 6 in a living PS1/APP mouse are
shown in Figure 2, and plaques and cerebrovascular
amyloid are clearly distinguishable. After imaging with

Scheme 1. Synthesis of compounds 6 and [11C]6.

Table 1. Comparison of the in vitro and in vivo properties of thioflavin-T and neutral thioflavin-T analogues 2 and 6

Compd ThT 2 6

Ki (nM)a Ab(1–40) fibrils 580 (�38) 10 (�0.5) 11 (�1)
logPoct (pH 7.4) 0.57b 3.4b 2.7
2 min mouse brain uptake (%ID/g)c — 7.6 (�0.3)b 12.9 (�4.2)
30 min mouse brain uptake (%ID/g)c — 2.8 (�0.1)b 1.7 (�0.3)
Ratio of 2-to-30 min mouse brain uptakes — 2.7 7.6

aValues are means (�SD) of three experiments.
bPreviously published values10 provided for reference.
cValues are means (�SD) of 3–5 measurements.

Figure 2. Multiphoton microscopic images of amyloid deposits in liv-
ing PS1/APP mouse brain 24 h after injection of compound 6 (10 mg/
kg). These cortical images were obtained slightly lateral to the sagittal
suture and just posterior to the coronal suture through a cranial win-
dow preparation. Fluorescence was excited at 750 nm and collected at
380–480 nm. The views are projections �300 mm deep. The image on
the left reveals several bright plaques (arrows) and the faint outlines of
cerebrovascular amyloid (upper left of panel). The image on the right
shows a distinct amyloid-laden vessel. Note the absence of fluores-
cence emanating from within the vessels 24 h after the injection of
compound 6. The scale bar is 100 mm.
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6, one of the mice also received an iv injection of Texas
Red-dextran (Mr 70,000, Molecular Probes), a red
fluorescent dye that does not cross an intact blood–
brain barrier (BBB).22,23 Subsequent imaging showed no
leakage of Texas Red-dextran across the cerebral vas-
culature, indicating that the BBB remained intact.

The multiphoton microscopy studies demonstrated the
in vivo specificity of compound 6 for Ab in the brains of
living PS1/APP transgenic mice and provided the first
reported in vivo images of amyloid deposits in the brain
of transgenic mice following systemic injection of an
amyloid imaging probe. This technique likely will pro-
vide a valuable experimental complement to future
microPET imaging studies of [11C]6 in PS1/APP trans-
genic mice and assist in the interpretation of the lower
resolution (2 mm FWHM) PET studies.

In summary, we report the synthesis of a new lipophilic
thioflavin-T analogue, compound 6, with high affinity
for Ab. Injection of [11C]6 in control mice resulted in
high brain uptake at early time points and relatively
rapid egress of radioactivity from normal brain tissue.
Injection of unlabeled 6 in PS1/APP mice resulted in the
visualization of both cerebral plaques and cere-
brovascular amyloid deposits. Thus, [11C]6 is a promis-
ing lead radioligand for further development as a PET
amyloid imaging agent.
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