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ABSTRACT: This letter describes the synthesis, structure−
activity relationships, and in vivo evaluation of a new series of
2-phenylquinoxaline (PQ) derivatives for imaging β-amyloid
(Aβ) plaques in Alzheimer’s disease (AD). In experiments in
vitro, the affinity of the derivatives for Aβ aggregates varied,
with Ki values of 0.895 to 1180 nM. In brain sections from AD
patients, derivatives with a Ki of less than 111 nM intensely
labeled Aβ plaques, while those with values over 242 nM
showed no marked labeling. In biodistribution experiments
using normal mice, the derivatives showed good uptake into
(4.69−7.59 %ID/g at 2 or 10 min postinjection) and subsequent washout from (1.48−3.08 %ID/g at 60 min postinjection) the
brain. In addition, [18F]PQ-6 labeled Aβ plaques in vivo in APP transgenic mice, while it showed nonspecific binding in the white
matter. Further structural optimization based on [18F]PQ-6 may lead to more useful PET probes for imaging Aβ plaques.
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Alzheimer’s disease (AD) is a leading cause of dementia
with symptoms including progressive memory loss and an

inability to carry out normal daily functions. As populations
continue to age rapidly all over the world, the increase in the
number of AD patients constitutes a serious social issue.
However, no diagnostic or therapeutic methods have been
established for AD.1 Post-mortem brains of AD patients reveal
senile plaques (SPs) composed of β-amyloid (Aβ) peptides and
neurofibrillary tangles (NFTs) formed by hyperphosphorylated
tau proteins.2 Although the precise molecular mechanisms
causing AD remain unknown, the amyloid cascade hypothesis,
that SPs play an important role in its development, is widely
accepted.3,4 Consequently, the in vivo imaging of SPs
composed of Aβ plaques with noninvasive techniques such as
positron emission tomography (PET) or single photon
emission computed tomography (SPECT) could be useful for
the presymptomatic diagnosis of AD and new antiamyloid
therapies.
Toward this end, great efforts have been made to develop

PET and SPECT probes that can image Aβ plaques in vivo.
Several PET probes have undergone clinical studies. [11C]PIB
([11C]-2-(4′-methylaminophenyl)-6-hydroxybenzothiazole), a
neutral thioflavin T (ThT) analogue, has been widely used in

AD research because one can clearly distinguish between AD
patients and healthy controls from the high signal-to-noise
ratio.5−7 More recently, a stilbene analogue with fluorinated
polyethylene glycol (PEG) units, [18F]-(E)-4-(2-(6-(2-(2-(2-
fluoroethoxy)ethoxy)ethoxy)pyridin-3-yl)vinyl)-N-methylani-
line ([18F]AV-45, Florbetapir), has been approved by the US
Food and Drug Administration (FDA) for clinical AD diagnosis
by exclusion.8−10 Other 18F-labeled probes including [18F]-(E)-
4-(N-methylamino)-4′-(2-(2-(2-fluoroethoxy)ethoxy)ethoxy)-
stilbene ([18F]BAY94−9172, Florbetaben)11−13 and 2-(3-
[18F]fluoro-4-methylaminophenyl)benzothiazol-6-ol ([18F]GE-
067, Flutemetamol)14,15 are expected to obtain FDA approval
in the near future.
Recently, we have developed a new type of probe based on

the quinoxaline pharmacophore.16,17 These derivatives dis-
played high affinity for Aβ aggregates with Ki values in the nM
range (4.1−10.7 nM) and showed specific labeling of Aβ
plaques in sections of brain tissue from AD patients and
transgenic mice. In biodistribution experiments, these probes
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showed high initial uptake into the brain (2.49−8.17 %ID/g at
2 min) and subsequently washed out from the brain with time.
These previous results suggested that quinoxaline may serve as
a new scaffold for the development of more useful PET probes.
In the present study, to further examine structure−activity
relationships on affinity for Aβ aggregates and pharmacoki-
netics in vivo, we designed and synthesized new fluorinated PQ
derivatives which have a fluoropegylated group at position 6 or
7 of the PQ structure.

The synthesis of 7-fluoropegylated and 6-fluoropegylated PQ
derivatives is outlined in Schemes 1 and 2, respectively. The
details of the synthesis are described in the Supporting
Information.
The desired 18F-labeled PQ derivatives were prepared via a

nucleophilic displacement reaction with a fluoride anion as
shown in Scheme 3. To prepare the desired 18F-labeled
dimethylated PQ derivatives, the tosylate precursors (16 and
34) were reacted with [18F]fluoride/potassium carbonate and
Kryptofix 222 in acetonitrile. Radiolabeling with 18F was
successfully performed on the precursor to generate [18F]PQ-3
and [18F]PQ-6 with radiochemical yields of 31.3 ± 16.0% (n =
8) and 19.6 ± 11.4% (n = 5), respectively. To prepare the
desired 18F-labeled nonmethylated and monomethylated PQ
derivatives, the N-Boc-protected tosylates 21, 22, 35, and 36
were employed as the precursors. Each of the tosylates was
reacted with [18F]fluoride/potassium carbonate and Kryptofix
222 in acetonitrile. The mixture was then treated with aqueous
HCl to remove the N-Boc-protected group. Radiolabeling with
18F was successfully performed on the precursor to generate
[18F]PQ-1, [18F]PQ-2, [18F]PQ-4, and [18F]PQ-5 with radio-
chemical yields of 25.9 ± 12.5% (n = 3), 20.1 ± 8.9% (n = 3),
34.0 ± 9.5% (n = 3), and 22.7 ± 5.5% (n = 3), respectively.
Each radiolabeling was accomplished with a radiochemical
purity greater than 95%. The identity of radioactive PQ
derivatives was verified by a comparison of the retention time
with that of the nonradioactive compound.
In vitro binding experiments to evaluate the affinity of the 6

PQ derivatives for Aβ1−42 aggregates were carried out in
solutions with [125I]6-iodo-2-(4′-N,N-dimethylamino)-
phenylimidazo[1,2-a]pyridine ([125I]IMPY) as the competing
ligand. AV-45 was also tested using the same system for
comparison. The results are listed in Table 1. The affinity of PQ
derivatives for Aβ aggregates varied, with Ki values of 0.895 to
1180 nM. The 6-fluoropegylated as well as 7-fluoropegylated
PQ derivatives had affinity for Aβ aggregates in the following
order: dimethylamino derivatives > monomethylamino deriv-
atives > primary amino derivatives. The results of the binding
experiments were consistent with those of some previous
studies.18−20 Furthermore, the affinity of 6-fluoropegylated PQ
derivatives (Ki = 0.895−242 nM) was much higher than that of
the corresponding 7-fluoropegylated PQ derivatives (Ki = 111−
1180 nM), indicating that the substituted site of the
fluoropegylated group in the PQ scaffold plays an important
role in the binding to Aβ aggregates. Among the 6 PQ

derivatives, PQ-6 showed the highest affinity for Aβ aggregates
with a Ki of 0.895 nM. The binding of [18F]PQ-6 with the
fluoroethyleneoxy group at position 6 in the PQ scaffold was
over 100-fold that of [18F]PQ-3 with the fluoroethyleneoxy
group at position 7. Furthermore, in comparison with AV-45,
the only such compound approved by the FDA, the affinity of
PQ-6 increased about 10-fold, suggesting the potential utility of
[18F]PQ-6 for imaging Aβ plaques in AD brain.
The binding of six [18F]PQ-1−6 derivatives or [18F]AV-45 as

a positive control to Aβ plaques in brain sections from AD
patients was evaluated by autoradiography in vitro. As shown in
Figure 2, [18F]PQ-5 and [18F]PQ-6 with a Ki of 15.7 and 0.895
nM, respectively, intensively labeled Aβ plaques showing a
strong signal in the cortex region and a low background level in
the white matter. [18F]PQ-3 with a Ki of 111 nM showed
moderate binding and labeled only a few Aβ plaques.
Conversely, [18F]PQ-1, [18F]PQ-2, and [18F]PQ-4 with Ki
values above 242 nM did not display marked binding to Aβ
plaques although they showed high nonspecific binding in the
white matter region. The results of autoradiography in vitro
were consistent with those of binding assays in vitro, and also

Figure 1. Chemical structure of fluoropegylated PQ derivatives.

Scheme 1a

aReagents and conditions: (a) Br2, H2SO4, 0 °C to rt; (b) diethyl
phosphite, triethylamine, THF, 0 °C to rt; (c) TBSCl, imidazole, THF,
rt; (d) H2, Pd/C, MeOH, CH2Cl2, rt; (e) DMSO, rt; (f) TBAF, THF,
0 °C to rt; (g) 2-fluoroethyl 4-methylbenzenesulfonate, K2CO3, DMF,
105 °C; (h) (1) 2-fluoroethyl 4-methylbenzenesulfonate, K2CO3,
DMF, 105 °C, (2) H2, Pd/C, MeOH, CH2Cl2, rt; (i) (1)
paraformaldehyde, NaOMe, MeOH, 0 °C to reflux, (2) NaBH4,
reflux; (j) 2-bromoethanol, K2CO3, DMF, 105 °C; (k) (2-
bromoethoxy)-tert-butyldimethylsilane, K2CO3, DMF, 80 °C; (l)
TsCl, pyridine, 0 °C to rt; (m) Boc2O, DMAP, triethylamine, THF,
reflux; (o) TsCl, DMAP, pyridine, 0 °C to rt.
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suggested that the substituted site of the fluoroethylene group
in the PQ moiety may strongly affect the affinity of the PQ
derivatives for Aβ aggregates.
Next, all of the 18F-labeled PQ derivatives were evaluated for

their biodistribution in normal mice. We carried out the
biodistribution study using [18F]AV-45 as a control under
similar experimental conditions. To compare the uptake into
and washout from the brain, a combined plot is presented in
Figure 3. All PQ derivatives displayed a high uptake, 4.69−7.59
%ID/g, at 2 or 10 min postinjection, indicating that they,

except [18F]PQ-1, show a higher initial brain uptake than
[18F]AV-45. Subsequently, the radioactivity in the brain cleared
with time (1.48−3.08 %ID/g at 60 min postinjection). Since
there are no Aβ plaques in normal mice, a high initial uptake
and rapid washout in normal brain are highly desirable
properties for the imaging of Aβ plaques in vivo. When we
caluculated the brain2min/brain60min ratio (see Supporting
Information, Table S8) to compare the washout rate,

Scheme 2a

aReagents and conditions: (a) AlCl3, toluene, 0 to 80 °C; (b) 2-
fluoroethyl 4-methylbenzenesulfonate, K2CO3, DMF, 80 °C; (c) N,N-
dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline, Pd-
(PPh3)4, K2CO3 aq. (2 M), toluene, EtOH, reflux; (d) 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)aniline, Pd(PPh3)4, K2CO3 aq. (2
M), toluene, EtOH, reflux; (e) (1) paraformaldehyde, NaOMe,
MeOH, 0 °C to reflux, (2) NaBH4, reflux; (f) (2-bromoethoxy)-tert-
butyldimethylsilane, K2CO3, DMF, 80 °C; (g) Boc2O, DMAP,
triethylamine, THF, reflux; (h) (1) TBAF, THF, 0 °C to rt, (2)
TsCl, DMAP, pyridine, rt.

Scheme 3a

aReagents and conditions: (a) 18F−, K2CO3, Kryptofix222, acetonitrile,
100 °C; (b) (1) 18F−, K2CO3, Kryptofix222, acetonitrile, 100 °C, (2)
HCl (1 M), 100 °C.

Table 1. Inhibition Constants (Ki, nM) for the Binding of
[125I]IMPY to Aβ1‑42 Aggregates

compd Ki (nM)a

PQ-1 1180 ± 370
PQ-2 758 ± 83.8
PQ-3 111 ± 13.2
PQ-4 242 ± 29.0
PQ-5 15.7 ± 1.28
PQ-6 0.895 ± 0.141
AV-45 12.8 ± 2.10
IMPY 7.21 ± 1.23

aValues are the means ± standard errors of the mean of 6−13
independent determinations.

Figure 2. In vitro autoradiogram of AD brain sections (A−G) labeled
with [18F]PQ-1−6 and [18F]AV-45, respectively. In vitro autoradio-
gram of [18F]PQ-6 in a brain section from a healthy control (H). The
Aβ plaques were confirmed by immunostaining with an anti-Aβ1−42
antibody (I).

Figure 3. Comparison of brain uptake of [18F]PQ-1−6 and [18F]AV-
45 in normal mice.
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[18F]PQ-3 (3.91) showed faster clearance than [18F]AV-45
(3.80). Conversely, a slightly slower clearance than [18F]AV-45
was observed for the other derivatives (2.36−3.12). Consider-
ing the results of the binding to Aβ plaques in vitro together
with the biodistribution studies in vivo, we selected [18F]PQ-6
for further characterization in living brain tissue.
We carried out autoradiography ex vivo with [18F]PQ-6 in

Tg2576 and wild-type mice. Tg2576 mice show marked Aβ
deposition in the brain by 11−13 months of age and have been
frequently used to evaluate the specific binding of Aβ plaques in
experiments in vitro and in vivo.21−24 Ex vivo autoradiograms
after the injection of [18F]PQ-6 into a Tg2576 mouse showed
extensive labeling of Aβ plaques in the brain (Figure 4A). No

such labeling was observed in the wild-type mouse brain
(Figure 4B). However, both brains showed high nonspecific
radioactivity accumulation despite that [18F]PQ-6 displayed not
only washout with time from the normal mouse brain in
biodistribution studies but also low nonspecific radioactivity
accumulation in white matter in the AD brain in vitro. This
high nonspecific radioactivity accumulation was observed in the
corpus callosum, external capsule, anterior commissure, and
olfactory tract in the mouse brain. These areas are known to
have a high density of myelin sheaths, suggesting that [18F]PQ-
6 may bind to myelin fibers in the white matter. We also carried
out autoradiography ex vivo in Tg2576 and wild-type mice with
[18F]PQ-3. Different from [18F]PQ-6, [18F]PQ-3 exhibited no
marked specific binding to Aβ plaques in the autoradiograms
(see Supporting Information, Figure S1). These results
reflected the finding that the affinity of PQ-3 in the binding
assay was over 100-fold lower than that of PQ-6, in addition to
the marked difference in the autoradiographic experiments
using AD brain sections.
In conclusion, we designed and synthesized new 6 PQ

derivatives and evaluated their structure−activity relationship to
Aβ aggregates and their biodistribution in normal mice. In
binding assays, PQ-6 showed the highest affinity for Aβ
aggregates with a Ki of 0.895 nM. The affinity of PQ derivatives
to Aβ aggregates significantly differed with the substituted
position of the fluoroethoxy group in the PQ scaffold. As
reflected by the extremely high binding affinity, [18F]PQ-6 also

showed the clearest labeling of Aβ plaques in the brain sections
from AD patients. In biodistribution studies, PQ derivatives
displayed good uptake into and washout with time from the
brain. Their radioactivity profiles in the brain were comparable
to that of [18F]AV-45. In addition, ex vivo autoradiograms of
brain sections from Tg2576 mice after the injection of [18F]PQ-
6 showed the feasibility of imaging Aβ plaques, although
nonspecific binding was also observed. Further structural
optimization based on [18F]PQ-6 to reduce nonspecific binding
in the white matter may lead to more useful PET probes for
imaging Aβ plaques in the brain.
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