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Abstract. Fluorine-19 magnetic resonance imaging (‘°F MRI) could be a promising approach for imaging amyloid deposition
in the brain. However, the required features of a '°’F MRI probe for amyloid detection remain unclear. In the present study,
we investigated a series of compounds as potent '°F probes that could prevent the reduction in MR signal when bound to
amyloid plaques in the brain. Each compound consists of styrylbenzoxazole as a core structure linked by a different length of
polyethylene glycol (PEG) chain to one of three types of fluorine-labeled group: a trifluoroethoxy group, a hexafluoroisopropoxy
group, or a 3,5 -bis(trifluoromethyl)benzylamino group. Among these compounds, 6-(3',6",9’,15',18',21'-heptaoxa-23',23',23'-
trifluorotricosanyloxy)-2-(4'-dimethylaminostyryl)benzoxazole [compound 3b (m = 6)], which has a trifluoroethoxy group with
seven ethylene glycol groups in the PEG chain, showed significant '°F MR signals in the brains of ABPPswe/PS1dE9 double-
transgenic mice, but not wild-type mice. This suggested that compound 3b (m = 6) could be a useful '°F MRI probe for amyloid
detection. Furthermore, this study identified the most effective length of PEG chain between the fluorine-labeled group and the
core structure to ensure a strong MR signal when the probe is bound to amyloid plaques.

Keywords: Alzheimer’s disease, amyloid deposition, amyloid imaging, fluorine-19 MRI, magnetic resonance imaging

INTRODUCTION

Alzheimer’s disease (AD) is characterized by a
progression from episodic memory problems to a
slow global decline in cognitive function [1, 2]. The
pathological features of AD include the formation of
senile plaques composed of extracellular deposits of
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amyloid-3 (AB) and neurofibrillary tangles formed by
the intracellular accumulation of abnormally hyper-
phosphorylated tau. Recent evidence concerning the
progression of AD strongly supports the amyloid cas-
cade hypothesis in which a pathological change of A3
in the brain is an initiating event [3, 4]. Deposition
of AP occurs many years before clinical symptoms
appear. After a lag period, neurofibrillary tangle for-
mation and neuronal loss become abnormal, leading
to cognitive impairment. Accordingly, estimating the
level of A3 deposition in the brain would be informa-
tive for early diagnosis of AD and for evaluating AD
progression. Furthermore, such a measure could help to
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find asymptomatic individuals at the preclinical stage
of AD [5].

Noninvasive imaging methods to visualize A3 depo-
sition in the brain, such as positron emission tomog-
raphy (PET), have recently attracted much attention.
Magnetic resonance imaging (MRI) is another promis-
ing modality for amyloid imaging, and several novel
contrast agents and pulse sequences for the detection
of amyloid deposition using MRI have been reported
[6-17]. Indeed, we have developed novel fluorine-19
("9F)-labeled contrast agents for the detection of amy-
loid deposition using '°F MRI [18-20]. The advan-
tages of 'F MRI are as follows: MR sensitivity of '°F
is relatively high compared to the sensitivity of various
nuclei other than 'H ('H, 100%; °F, 83%: 3'P, 6.6%;
3¢, 1.6%); no I9F atoms exist in biological tissues,
thus producing low endogenous background noise;
and, the 1°F atom is a non-radioactive isotope, with
100% natural abundance. Accordingly, '°F MRI would
be a highly sensitive, easily available, low-background,
and cost-effective approach for detecting A deposi-
tion once a suitable high-quality probe is developed.
However, the preferred features of a probe used for
amyloid imaging with '°F MRI are still unclear. Our
previous study demonstrated that highly hydrophobic
probes might be trapped by the lipid components of the
brain such as myelin, thus inhibiting molecule mobil-
ity, causing shortening of T, and broadening of the MR
signal, and in turn a reduction in MR signal [18]. This
reduction in MR signal is induced when the probe binds
to amyloid plaques in the brain [18, 20]. Accordingly, a
method to regulate the hydrophilicity/hydrophobicity
of the probe and thus avoid the reduction in MR signal
when the probe is bound to amyloid plaques is a key
factor in the development of a high-quality '°F MRI
probe for amyloid imaging.

In the present study we investigated a series of com-
pounds as potent '°F probes that may generate strong
MR signals when bound to amyloid plaques in the
brain. The probes consist of a core structure linked to a
different fluorine-labeled group by a specific length of
polyethylene glycol (PEG) chain (from 2 to 12 ethy-
lene glycol units). The fluorine labels examined belong
to one of three types of trifluoromethyl groups: a single
trifluoromethyl group (3b, 5b), two equivalent trifluo-
romethyl groups attached to an aliphatic carbon atom
(3¢, 5¢), and two equivalent trifluoromethyl groups
attached to an aromatic ring carbon (3a, 5a). The aim
of the study was to determine the optimum length of
PEG chain to link with the appropriate fluorine-labeled
group to generate a probe capable of detecting amyloid
deposition in the brain with '°F MRI.

MATERIALS AND METHODS
Synthesis

We synthesized a series of compounds as potent
19F MRI probes. They were fluorescent chemicals,
and each compound consisted of styrylbenzoxazole as
a core structure linked to a different fluorine-labeled
group by a different length of PEG chain. The syn-
thetic pathways are depicted in the Supplementary
Materials and Methods, and Supplementary Table 1.
In brief, styrylbenzoxazoles with fluorine substituents
(compounds 3 and 5) were prepared according to a
previously reported procedure [18]. Thus, compound
2 probes (m =2~6) were made from 6-hydroxy-2-(4'-
dimethylaminostyryl)benzoxazole (compound 1) by a
Mitsunobu reaction. The preparation procedure for
compound 3 is summarized in Scheme 1A. Reac-
tion of compound 2 with benzylamine derivatives in
dimethyl sulfoxide produced the benzylamino deriva-
tive 3a with fluorine substituents. Compounds 3b
to 3d were made by substitution of the tosyloxy
group with alkoxides prepared from the appropri-
ate alcohol and sodium hydride in tetrahydrofuran
or N,N-dimethylformamide. The fluorine derivatives
with longer PEG chains (compound 5, m+n=7~12)
were prepared from compound 3d as shown in Scheme
1B. The deprotection of the tetrahydropyranyl group
of compound 3d with hydrochloric acid in ethanol
gave the corresponding alcohols, which were read-
ily tosylated to produce compound 4. For compounds
with a benzylamine derivative or alkoxide, a substi-
tution reaction of the tosyloxy group was performed
in a similar manner to that for compound 3. The val-
ues of molecular mass and ClogP of the compounds
synthesized in the present study are listed in Table 1.

Table 1
Molecular masses and ClogP values for the synthesized compounds
Name Molecular mass ClogP
3a(m=2) 637.61 6.77
3a(m=3) 681.66 6.61
3a (m=4) 725.72 6.46
3a(m=5) 769.77 6.30
3b (m=2) 494.50 4.39
3b (m=4) 582.61 4.08
3b (m=5) 626.66 393
3b (m=6) 670.71 3.77
5b (m+n=7) 714.77 3.62
5b (m+n=38) 758.82 3.46
5b (m+n=10) 846.92 3.15
5b (m+n=12) 935.03 2.84
3¢ (m=2) 518.45 5.51
3¢ (m=6) 694.66 4.89
5¢ (m+n=38) 782.76 4.58
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Scheme 1. Synthesis and structures of styrylbenzoxazole derivatives. The numbers ‘m’ and ‘m +n’ express the length of the polyethylene glycol
(PEG) chain. The compounds bearing shorter chains (m < 6) belong to ‘compound 3’ and those bearing longer ones (m+n > 7) belong to
‘compound 5. The groups ‘a’, ‘b’ and ‘c’ express the type of trifluoromethyl groups attached to the PEG chain. Compounds 3a and 5a contain
a 3,5-bis(trifluoromethyl)benzylamino group, compounds 3b and 5b contain a 2,2,2-trifluoroethoxy group, and compounds 3c and 5c contain a

hexafluoroisopropoxy group.

Animals

ABPPswe/PS1dE9 double-transgenic (ABPP/PS1)
mice with a C57BL/6 background were obtained
from Jackson Laboratory (Bar Harbor, ME). The
ABPP/PS1 mice express a chimeric mouse/human
amyloid-f protein precursor (ABPP) with mutations
K594N and M595L linked to Swedish familial AD
(Mo/HuARBPP695swe), and human presenilin 1 (PS1)
carrying the exon-9-deleted variant associated with
familial AD (PS1dE9) [21]. Two transgenes are

inserted at a single locus, and each is controlled by an
independent mouse prion promoter element, directing
transgene expression predominantly to central ner-
vous system neurons [21]. Heterozygous males were
bred with wild-type C57BL/6 females (purchased from
Jackson Laboratory). Offspring were ear punched and
genotyped using polymerase chain reaction. Mice not
expressing the transgene were used as wild-type con-
trols. Mice were maintained in standard laboratory
cages at 23°C under a 12-h light/dark cycle (lights on
at 08:00-20:00) with free access to water and food. All
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experimental procedures in this study were approved
by the Committee on Animal Care of Shiga University
of Medical Science.

Magnetic resonance imaging

We used a 7.0 T horizontal-bore MR scanner (Unity
Inova; Agilent Technologies, Santa Clara, CA) [18,
20]. A home-built circular-type surface coil measuring
1.6cm in diameter and tuned to both the 'H and '°F
frequencies (300 MHz and 282 MHz, respectively) was
used to collect the data. Compounds were dissolved
at 10 mg/ml in saline containing 10% Cremophor EL
or 10% Tween 80 before use. Mice, under anesthesia
with sodium pentobarbital (50 mg/kg, i.p.; Dainippon
Sumitomo Pharma, Osaka, Japan), were intravenously
injected with compounds at a dose of 200 mg/kg via
the tail vein over a 100-min period by continuous infu-
sion at a rate of 0.2 ml/kg/min. Immediately after the
injection, the mice were placed in the MR scanner and
general anesthesia was maintained with intermittent
infusion of sodium pentobarbital through a polyethy-
lene tube inserted intraperitoneally. Additional dosage
of sodium pentobarbital for maintaining anesthesia
was determined by monitoring respiratory rate. The
animals were warmed with an air drier and rectal
temperature was monitored throughout the experi-
ments. We also measured MR in mice that were killed
by an overdose of sodium pentobarbital (200 mg/kg,
i.p.) at indicated time periods after injection of the
compounds.

' H gradient-echo magnetic resonance imaging

'H gradient-echo MR images of the mouse brain
were obtained with 150-ms repetition time (TR),
3-ms echo time, 60° flip angle, 1.5-mm slice thick-
ness, 24 mm x 24 mm field of view, and 128 x 128
resolution.

19 F magnetic resonance measurement

A nonlocalized '°F nuclear magnetic resonance
(NMR) spectrum was obtained from the whole head
using a single pulse sequence with 8192 data points,
40,000-Hz spectral width, 1-s TR, and 600 acquisitions
(for 10 min).

Free induction decay data of '°F chemical shift
imaging ('°F CSI) were collected with a 40,000-Hz
spectral width, 24 mm x 24 mm field of view in the
horizontal and sagittal planes, 1-s TR, 200-us phase
encoding time, and 68 acquisitions for each central

44 phase-encoding step out of 8 x 8 steps. For the
residual 20 phase-encoding steps in the periphery of
k-space, zero data were used. The total acquisition
time for one data set was 50 min. A slice-selective
pulse was not used, but slice selection was achieved by
the sensitivity of the radio frequency (RF) coil in the
case of the horizontal plane. Whole signals covered by
the coil sensitivity were acquired. The raw data were
processed by 3D-Fourier transformation with 40-Hz
line broadening and zero filling, and then finally con-
verted to 32 x 32 spectral data sets. The '°F image
was constructed by integrating the '°F signal intensi-
ties of compound peaks in individual pixels. We did not
determine the flip angle of the excitation pulse for '°F.
The RF power was optimized to obtain the maximal
19F signal intensity with 1-s TR using a compound-
containing phantom and animals. The optimized RF
power was used for both the '°F single pulse and '°F
CSI sequences.

Semi-quantitative analysis of ' F MR signal
intensity in the brain region

The signal intensity of '°F MR images with matrix
size 256 x 256 pixels was quantified with image pro-
cessing software (Image J; National Institutes of
Health, Bethesda, MD). Sixteen regions of interest
(ROIs), with a square area of 64 pixels each, were
placed evenly over the forebrain region of the '°F MR
images. Then, mean density in the ROIs in the forebrain
was measured. At the same time, mean background
density was measured using 16 ROIs placed over a
region where there was no tissue. Finally, the values of
19F MR signal intensity for the forebrain region were
obtained by subtracting the background values from
the forebrain values in each image.

Immunohistochemistry

Mice were sacrificed under deep anesthesia with
sodium pentobarbital (50 mg/kg, i.p.). The brain was
removed quickly from each mouse, post-fixed in 4%
paraformaldehyde for 24 h at 4°C, and then immersed
in 0.1 M phosphate buffer (pH 7.4) containing 15%
sucrose and 0.1% sodium azide for at least 2 days for
cryoprotection. We did not perfuse the brain before
collection in the present study, unless otherwise spec-
ified. The brains were cut into 20-wm sections in a
cryostat. Free-floating sections were treated with 0.3%
hydrogen peroxide in 0.1 M phosphate-buffered saline
(PBS) containing 0.3% Triton X-100 (PBS-T, pH 7.4)
to eliminate endogenous peroxidase activity. After
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several washes, the sections were treated with 2%
bovine serum albumin (BSA) in PBS-T for 30 min at
room temperature to block non-specific protein bind-
ing. The sections were then incubated with rabbit poly-
clonal antibody against the N-terminal of human A
(1:500; Immuno-Biological Laboratories, Takasaki,
Japan) in PBS-T containing 0.2% BSA for 24h at
4°C, followed by biotinylated anti-rabbit IgG (1:1,000;
Vector Laboratories, Burlingame, CA) for 1 h at room
temperature. The sections were then incubated with
avidin-biotin-peroxidase complex (Vectastain ABC
Elite kit, 1:3,000; Vector Laboratories) for 1 h at room
temperature. All of the sections were washed several
times with PBS-T between steps, and labeling was then
revealed by 3,3'-diaminobenzidine (DAB; Dojindo
Laboratories, Kumamoto, Japan), with nickel ammo-
nium, which yielded a dark blue color. The sections
were then mounted on glass slides and coverslipped
with Entellan new (Merck Millipore, Billerica, MA).

For fluorescence microscopy, free-floating sections
were treated with 2% BSA in PBS-T for 30 min at
room temperature to block non-specific protein bind-
ing. The sections were then incubated overnight at 4°C
with rabbit polyclonal antibody against the N-terminal
of human A (1:500) in PBS-T containing 0.2% BSA,
followed by Alexa Fluor 555-conjugated anti-rabbit
IgG antibody (1:500; Invitrogen, Carlsbad, CA) in
PBS-T for approximately 4 h at room temperature. All
of the sections were washed several times with PBS-
T between steps. The sections were mounted on glass
slides and coverslipped with Immu-Mount (Thermo,
Pittsburgh, PA) for subsequent observation by fluores-
cence microscopy (BZ-8100; Keyence, Osaka, Japan)
using a DAPI-BP filter (excitation filter 340-380 nm;
dichroic mirror 400 nm; emission filter 435485 nm)
for fluorescence from the compounds and a Texas
Red filter (excitation filter 540-580 nm; dichroic mir-
ror 595 nm; emission filter 600-660 nm) to visualize
the anti-Af3 antibody binding.

Labeling with compound 3b (m = 6) in human AD
brain sections

All experiments using human materials were
approved by and performed in accordance with the
guidelines of the Ethics Committees of Shiga Univer-
sity of Medical Science, and informed consent was
obtained from the patients’ guardians. Postmortem dis-
sected brain blocks fixed with formalin were cut into
20-pm sections. Compound 3b (m =6) was dissolved
at 2 mg/ml in dimethyl sulfoxide and the solution was
then diluted to 50 pg/ml in PBS-T. The temporal lobe

sections of AD brain were immersed in 50 wg/ml of
compound 3b (m=6) for 1h at room temperature.
The sections were then incubated with mouse mono-
clonal antibodies against A3 (6E10; 1:1,000; Covance,
Princeton, NJ) or tau phosphorylated at S202 and T205
(ATS; 1:2,000; Thermo) overnight at 4°C, followed by
Alexa Fluor 647-conjugated anti-mouse IgG antibody
(1:500; Invitrogen) for 4h at room temperature. All
antibodies were diluted in PBS-T, and sections were
washed with PBS-T after each step. Stained sections
were observed by fluorescence microscopy (BZ-8100).

Statistical analysis

Data are presented as mean = standard error of the
mean (S.E.M.). The statistical significance between
two groups was analyzed by the Mann—Whitney test
(GraphPad Prism; GraphPad Software, La Jolla, CA).

RESULTS

Comparison of ' F MR signal of compounds in the
mouse brain

First of all, it was important for us to determine
the best length of PEG chain for linking the fluorine-
labeled group with the core structure. To compare '°F
MR signals between brains with and without amyloid
deposition, ABPP/PS1 and wild-type mice aged 16 to
18 months were injected intravenously with the dif-
ferent compounds at a dose of 200 mg/kg, and then
euthanized 3 h after the end of the injection. Subse-
quently, 'F MRI was measured in the mouse head in
the sagittal plane for 300 min. We used one wild-type
mouse and one ABPP/PS1 mouse in each cohort.

Initially, we investigated the '°F MR signals of the
compounds containing a single trifluoromethyl group
in the molecule (3 fluorine atoms; type b): compounds
3b (m=4), 3b (m=5), 3b (m=6), 5b (m+n=7), 5b
(m+n=38),5b (m+n=10), and 5b (m+n=12), all of
which have a trifluoroethoxy group with 5, 6, 7, 8, 9,
11, and 13 ethylene glycol groups in the PEG chain,
respectively. We generally used 10% Tween 80 to sol-
ubilize the compounds, but for compounds 3b (m=4)
and 3b (m=5), 10% Cremophor EL was used, because
these compounds did not dissolve in 10% Tween 80.

Compounds 3b (m=4) and 3b (m=5) showed a
moderate level of '°F MR signal in the forebrain
and a strong signal in the cerebellum of ABPP/PS1
mice, while no signal was detected in the forebrain
of wild-type mice (Fig. 1). Compound 3b (m=6)
showed a stronger 'F MR signal in the entire brain
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Fig. 1. Differences in fluorine-19 magnetic resonance ('°F MR) signals in 16- to 18-month-old wild-type (WT) and ABPPswe/PS1dE9 double-
transgenic (ABPP/PS1) mice that were injected with probes prepared in the present study. Mice were euthanized 3 h after the injection of probes.
Subsequently, '°F MR images were measured for 300 min in the sagittal plane.

of both ABPP/PS1 and wild-type mice when it was was detected in the brain of ABPP/PS1 mice, whereas
dissolved in 10% Cremophor EL (Fig. 1). On the the '°F MR signal became weak in wild-type mice
other hand, when compound 3b (m=6) was dis- (Fig. 2A; 3h). '9F MR data in mice injected with
solved in 10% Tween 80, a strong 'F MR signal compound 3b (m=7) and compound 3b (m=8) were
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Fig. 2. Time course of changes in fluorine-19 magnetic resonance (!°F MR) signals in compound 3b (m = 6)-injected 16- to 18-month-old
wild-type (WT) and ABPPswe/PS1dE9 double-transgenic (ABPP/PS1) mice. Mice were euthanized 2, 3, 4, or 6 h after the injection of probes.
Subsequently, '°F MR images were measured for 300 min in the sagittal plane (A) and horizontal plane (B). Relative signal intensities in the
brain in the sagittal plane (C) and the horizontal plane (D) were calculated and plotted. In the sagittal plane, n=1, 3, 3, and 1 WT mice and
n=1, 3,4, and 1 ABPP/PSI mice were imaged 2, 3, 4, and 6 h post-injection, respectively; in the horizontal plane, n=1, 3, 1, and 1 WT mice
andn=1, 3, 2, and 2 ABPP/PS1 mice were imaged 2, 3, 4, and 6 h post-injection, respectively. Data are presented as mean = standard error of
the mean (S.E.M.). Significance (Mann—Whitney test): *p <0.05 versus WT.

not obtained, because 3 out of 3 mice died within (data not shown), the '"F MR signal was hardly
1 h post-injection. In mice injected with compound 5b detectable in the brain. In addition, ex vivo labeling
(m+n=10) (Fig. 1) and compound 5b (m+n=12) with intravenously injected compound 5b (m +n=10)
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and compound 5b (m + n = 12) showed far weaker sig-
nals in ABPP/PS1 mice, although intense spots were
also detected in some of the plaques (Supplementary
Figure 1). Taken together, these results suggest that
the optimum number of ethylene glycol groups in the
PEG chain to link with the fluorine-labeled group is
seven.

Next, we tried to find out the best of the three types
of trifluoromethyl groups (a, b, or ¢). We measured
the '°F MR signals of the 3',5-bis(trifluoromethyl)
benzylamino derivatives (6 fluorine atoms; type a).
No remarkable differences were detected between
ABPP/PS1 mice and wild-type mice for compounds
3a (m=4) and 3a (m=5). These compounds could be
incorporated in adipose tissue in the orbit rather than
the brain. We further tested the hexafluoroisopropoxy
derivatives (6 fluorine atoms; type c). However, com-
pounds 3¢ (m=6) and 5S¢ (m+n=38) could not be
solubilized enough in the micelle of Tween 80 to be
intravenously injected, so '°F MR data could not be
obtained for these compounds.

We expected that the compounds containing two tri-
fluoromethyl groups (6 fluorine atoms; type a and c)
would give stronger '°F MR signals than those contain-
ing one trifluoromethyl group (3 fluorine atoms; type
b) in the brain of ABPP/PS1 mice. However, the above
results suggested that increasing the number of trifluo-
romethyl groups would not necessarily be an effective
way to make the '°F MR signal stronger. Based on
these observations, we selected compound 3b (m=6)
(Scheme 1C) as a candidate '°F MRI probe for amy-
loid detection, and investigated it in the next part of
the study. In addition, we chose 10% Tween 80 as the
solubilizing agent for compound 3b (m = 6) because of
the lower background level. The '°F MR signal results
of the probes we synthesized in the present study are
summarized in Table 2.

Time course of changes in '°F MR signal for
compound 3b (m=6)

We next investigated the time course of changes in
the '°F MR signals for compound 3b (m=6) in 16-
to 18-month-old ABPP/PS1 and wild-type mice. The
mice were euthanized at various time points (2, 3, 4,
and 6h) after the injection of compound 3b (m=06)
dissolved in 10% Tween 80. Subsequently, '°F MR
signals were measured in the mouse head in the hor-
izontal and sagittal planes for 300 min. In the sagittal
plane, n=1, 3, 3, and 1 wild-type mice and n=1, 3,
4, and 1 ABPP/PS1 mice were imaged 2, 3, 4, and
6 h post-injection, respectively; in the horizontal plane,

Table 2
Summary of the results of fluorine-19 magnetic resonance (‘°F MR)
imaging using the probes we synthesized in the present study

Length of PEG Type of
(m, m+n) trifluoromethyl group
3a, 5a 3b, 5b 3¢, 5¢
2
3
4 (1) (@)
5 (€] (@)
6 3 6
7 @
8 “ ©6)
9
10 5)
11
12 (5)

(1) No significant differences in the 9F MR signals between
ABPPswe/PS1dE9 double transgenic (ABPP/PS1) mice and wild-
type mice were detected. (2) There were strong '°F MR signals in
the brain of ABPP/PS1 mice, compared with wild-type mice. (3)
Intense '°F MR signal was detected in the brain of ABPP/PS1 mice
which was more prominent than (2). (4) Mice died after the injec-
tion. (5) No '°F MR signal was detected in either ABPP/PS1 mice or
wild-type mice. (6) There was difficulty dissolving the compounds
for intravenous injection.

n=1, 3, 1, and 1 wild-type mice and n=1, 3, 2, and
2 ABPP/PS1 mice were imaged 2, 3, 4, and 6 h post-
injection, respectively.

In the sagittal plane, strong '°F MR signals were
detected in the brain of both ABPP/PS1 mice and wild-
type mice 2 h after injection (Fig. 2A). Although the
19F MR signals in the wild-type mice readily decreased
in a time-dependent manner, sizeable '°F MR signals
were still detected in the forebrain of ABPP/PS1 mice 3
and 4 h after injection (Fig. 2A). In a semi-quantitative
analysis of the '”F MR signal in the sagittal plane,
19F MR signal intensity was significantly higher in the
forebrain of ABPP/PS1 mice 3 and 4 h post-injection,
compared to wild-type mice (p < 0.05; Fig. 2C). Signif-
icant 'F MR signals were also detected in the forebrain
of ABPP/PS1 mice in the horizontal plane 3 h post-
injection (p <0.05; Fig. 2B, D).

19 F MR measurement in living mice

We next measured the '°F MR signals in living mice.
ABPP/PS1 mice (n=3) and wild-type mice (n=23),
aged 16 to 20 months, were placed in the MR scanner
immediately after the end of the injection of compound
3b (m=6). Then, a 'F NMR spectrum was obtained
from the whole head using a single pulse sequence for
10 min. Subsequently, '°F CSI data for construction
of 'F MR images were collected from the head in the
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WT

ABPP/PS1

Fig. 3. Time course of changes in fluorine-19 nuclear magnetic resonance (°F NMR) spectra in living 17- to 20-month-old wild-type (WT) and
ABPPswe/PS1dE9 double-transgenic (ABPP/PS1) mice that were injected with compound 3b (m = 6). Panels show representative non-localized
I9F NMR spectra 0, 1, 2, 3, 4, and 8 h after intravenous injection of compound 3b (m =6).

sagittal plane for 50 min. This set of MR measurements
was repeated 7 times (a total of 8 sets).

In the '°F NMR spectra, higher peaks were observed
in ABPP/PS1 mice 1h after injection and later,
although there was no difference between wild-type
mice and ABPP/PS1 mice immediately after the injec-
tion (Fig. 3). Then, although peaks in the wild-type
mice were readily reduced by 3 h after injection, there
remained substantial peaks in the ABPP/PS1 mice even
at 8 h after injection.

In the '°F MR images at the first measurement
(10-60 min after injection of compound 3b [m=6]),
strong 'F MR signals were observed in the brain of
both wild-type mice and ABPP/PS1 mice (Fig. 4A).
However, the signals in the brain of wild-type mice
readily reduced with time. In contrast, strong '°F MR
signals were apparent in ABPP/PS1 mice 1-2 and 2-3 h
post-injection, and still remained 3-4 h post-injection,

at which time the signal in wild-type mice had almost
disappeared. We further compared '°F MR images that
were constructed by adding the data collected from 3 to
8 h after injection. The '°F MR images clearly showed
intense '°F MR signals accumulated in the brain of
ABPP/PS1 mice, while no signal was observed in wild-
type mice (Fig. 4B). In addition, we measured '°F MR
images in ABPP/PS1 mice at 14 to 15 months of age
(n=3); however, no significant I9F MR signals were
apparent, compared with wild-type mice (Supplemen-
tary Figure 2).

Distribution pattern of amyloid deposits and ex
vivo labeling with compound 3b (m = 6)

After the MR measurements, we prepared brain
sections to investigate the distribution pattern of amy-
loid deposits and ex vivo labeling of plaques with
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ABPP/PS1

0 255

Fig. 4. Time course of changes in fluorine-19 magnetic resonance ('°F MR) signals in living 16- to 20-month-old wild-type (WT) and
ABPPswe/PS1dE9 double transgenic (ABPP/PS1) mice that were injected with compound 3b (m=6). A) Representative '°F MR images
were obtained for 50 min at 0, 1, 2, 3, 4, and 7 h after the intravenous injection of compound 3b (m = 6). B) Representative F MR images were
constructed by adding the data collected from 3 h to 8 h after the intravenous injection of compound 3b (m =6).

intravenously injected compound 3b (m=6). Flu-
orescence microscopy revealed massive punctate
fluorescence for compound 3b (m=6) in the cerebral
cortex, hippocampus, and cerebellum in ABPP/PS1
mice (Fig. 5). In addition, most of the fluorescence
was colocalized with the A immunoreactivity. In con-
trast, no fluorescence for compound 3b (m=6) or AP
immunoreactivity was apparent in wild-type mice.

Labeling with compound 3b (m = 6) in human AD
brain sections

Fluorescence microscopic analysis showed intense
signal of compound 3b (m=6) that was colocalized
with consolidated AP plaques in the temporal lobe
(Fig. 6). In contrast, fluorescence signal of compound
3b (m=6) was not detected in AT8-immunoreactive
paired helical filament in human AD brain (Fig. 6).

DISCUSSION

In the present study, we compared '°F MR signals
of fluorine-labeled compounds with PEG chains of dif-

fering numbers of ethylene glycol groups in the mouse
brain. The results suggested that compound 3b (m = 6),
which bears a trifluoroethoxy group with seven ethy-
lene glycol groups in the PEG chain, could be a useful
19F MRI probe for amyloid detection in the brain.
The probes we synthesized in the present study con-
sisted of styrylbenzoxazole as a core structure linked
to the fluorine-labeled group by differing lengths of
PEG chain. Styrylbenzoxazole is known as an amy-
loidophilic group, and its derivatives, such as BF-168,
can bind to amyloid plaques in the living mouse brain
after intravenous injection [22, 23]. In addition, in
vitro fluorescence staining of compound 3b (m=6) in
human AD brain sections showed high binding activity
to senile plaques, and far less to neurofibrillary tangles.
We used a PEG chain as a linker between the core struc-
ture and the fluorine-labeled group, and increasing the
number of ethylene glycol groups in the PEG chain
increases the hydrophilicity of the probes. In addition,
using a PEG chain allows us to investigate the optimal
distance between the core structure and the fluorine-
labeled group, such that enough space is available to
avoid inhibiting molecular mobility in the '°F atoms
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Fig. 5. Distribution pattern of amyloid deposits and ex vivo labeling with compound 3b (m=6). Representative images show fluorescence
microscopic analysis in sagittal brain sections of ABPPswe/PS1dE9 double-transgenic mice (A, B, D, E, G, H) and wild-type mice (C, F, I) that
received an intravenous injection of compound 3b (m = 6). Fluorescence of compound 3b (m = 6) and immunoreactivity for amyloid- is shown
as green (A—C) and red (D-F), respectively. Merged images (G-I). Scale bars are 1 mm (A, B).

when they bind to amyloid plaques. Our results showed
that compound 3b (m = 6), which has a trifluoroethoxy
group with 7 ethylene glycol groups in the PEG chain,
provided a remarkable '°F MR signal in ABPP/PS1
mouse brains, but not in wild-type mouse brains. The
compounds bearing shorter PEG chains (m=2, 3 and
4) showed a weak level of '°F MR signal, suggesting a
PEG chain of insufficient length to avoid the reduction
in MR signal when bound to amyloid plaques in the
brain. The compounds bearing eight and nine ethylene
glycol groups in the PEG chain (m + n=7 and 8) proved
fatal, although the cause of death was unclear. The
compounds having longer PEG chains (m+n=10 and
12) showed no signals in the brain, probably because
they are too large to penetrate the blood-brain barrier,
which is supported by our findings of ex vivo label-
ing (Supplementary Figure 1). Based on these results,
we concluded that seven ethylene glycol groups is the
best length for the PEG chain to avoid the reduction in
MR signal when the probe is bound to amyloid plaques.

This indicates that at least seven ethylene glycol groups
are necessary for free mobility between the fluorinated
group and the core structure that binds to the senile
plaques in the brain.

In an in vitro study, increasing the number of flu-
orine atoms in the probe enabled us to detect higher
NMR signal. However the hydrophobicity of the fluo-
rine probe increases with the number of fluorine atoms,
inducing an interaction with the membrane lipid in the
brain [6, 20]. Thus, increasing the number of fluorine
atoms in the probe would be an inappropriate way
to develop a highly sensitive probe. Furthermore, to
achieve high-sensitivity detection, the optimal func-
tional group containing the fluorine atoms should be
selected carefully since that group would crucially
affect the level of '°F MR signal in the brain in vivo.
Taken together, these findings confirmed that com-
pound 3b (m=6), which has seven ethylene glycol
groups in the PEG chain as a linker with the tri-
fluoroethoxy group, would be the optimal probe for
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Fig. 6. Labeling with compound 3b (m=6) in human Alzheimer’s disease (AD) brain sections. Representative images show fluorescence
microscopic analysis in the temporal lobe sections of AD brain. Fluorescence of compound 3b (m=6) and immunoreactivity for amyloid-f3
(6E10) and phosphorylated tau (AT8) is shown as green (A, D) and red (B, E), respectively. Merged images (C, F). Scale bar: 100 pwm (A).

-

maintaining a robust MR signal when bound to amy-
loid plaques. This finding is supported by the result
that a strong '°F MR signal was detected in the brain
of compound 3b (m =6)-injected ABPP/PS1 mice that
were perfused with saline 3 h post-injection (Supple-
mentary Figure 3).

In the present study we used two surfactants, Tween
80 and Cremophor EL, to dissolve the probes for
intravenous injection. The results showed intense
19F MR signals in both the ABPP/PS1 and wild-type
mouse brains with compound 3b (m=6) dissolved
in 10% Cremophor EL. In contrast, compound 3b

(m = 6) dissolved in 10% Tween 80 showed strong '°F
MR signals only in ABPP/PS1 mice, and little signal
in wild-type mice, indicating a significant difference
between ABPP/PS1 mice and wild-type mice. There-
fore, we used 10% Tween 80 as a solubilizing agent
for compound 3b (m=6). In our preliminary study,
the decreasing rate of '°F MR signal from the head
became slower when the compounds were injected
in 10% Cremophor EL. Thus, the solubilizing agent
is another key factor, because it appears to change
the distribution or metabolism of the probe, and thus
affects '°F MR signals.
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We detected a remarkable '°F MR signal in the
brain of living ABPP/PS1 mice over 17 months of
age after injection of compound 3b (m =6). The brain
region in which !°F MR signals were detected was in
accordance with the distribution pattern of amyloid
deposits in the brain of ABPP/PS1 mice. In contrast, the
19F MR signal was slightly, but not obviously, appar-
ent in the brain of living 14-month-old ABPP/PS1 mice
that had already developed moderate amyloid deposits
in the brain (Supplementary Figure 4). Immunohisto-
chemical analysis of ABPP/PS1 mice at 20 months of
age showed high levels of amyloid deposition in the
brain, compared with that at 14 months of age (Sup-
plementary Figure 4). Thus, the level of '°F MR signal
detected by our method would depend on the level of
amyloid deposition in the brain, and sensitivity would
need to be improved to detect amyloid deposition in
younger ABPP/PS1 mice.

We did not determine the bioavailability and toxi-
city of the compounds in the present study. A study
by Okamura et al. showed that the '8F-radiolabeled
styrylbenzoxazole derivative, BF-168, displayed ideal
kinetic properties, including abundant initial brain
uptake (3.9% of the injected dose per gram at
2 min after injection) and a short clearance half-life
(24.7 min) in normal mouse brain, although some per-
sistence of BF-168 or its metabolites remained in the
plasma over 1h after the injection [23]. Thus, while
detailed investigations are still needed, we believe
that our styrylbenzoxazole compounds also show good
bioavailability to image amyloid deposition in the
brain. On the other hand, the toxicity of the compounds
has not been elucidated. Compounds 5b (m+n=7 and
8) bearing eight and nine ethylene glycol groups in the
PEG chain, respectively, proved fatal, implying that
the compounds used in the present study have potential
toxicity. However we found no obvious sign of toxic-
ity in the central nervous system or peripheral organs
in mice following injections of compound 3b (m =6)
and others, except for compounds 5b (m+n=7 and
8). Therefore although further study is still needed,
we consider that compound 3b (m = 6) shows very low
toxicity.

Currently, PET is used as a powerful imaging
modality to detect amyloid deposition. PET has great
advantages including excellent sensitivity, the very low
doses required, and high quantitative ability, compared
to other imaging modalities. However, it suffers from
some drawbacks, including limited spatial resolution,
the need to manipulate radioactive compounds, and
the high cost and the narrow availability of radioiso-
topes for PET probes as well as the low availability of

PET scanners for preclinical studies in animals. Thus,
alternative methods based on other imaging modalities,
such as MRI, are currently being developed to detect
amyloid plaques. MRI would offer several advantages
over PET because MRI provides better spatial resolu-
tion, is more widely available, is less costly, and lacks
radiation exposure as compared to PET.

Recent studies demonstrated that individual amy-
loid plaques in AD model mice are detectable as
hypointense spots in T2- and T2*-weighted '"H MR
images from a high field MR scanner [7, 8, 10, 11].
In this case, it is likely that the hypointense spots
based on the reduction in T2 are induced by accumu-
lation of metals such as iron in the amyloid plaques
and/or by other factors such as the dense structure
of the plaques. However, the number of spots visu-
alized by intrinsic MRI is far less than the number of
plaques seen in histological analysis. In addition, this
method is not specific for amyloid plaques because it
also detects other iron-containing structures such as
remnants of old hemorrhages and calcification. On the
other hand, several contrast agents are being developed
to enhance the detectability of plaques in 'H MRI, such
as Gd- or UPSIO-labeled amyloid binding agent [13,
17]. This imaging method is able to detect more amy-
loid plaques with increasing signal-to-noise ratio and
contrast-to-noise ratio. However, use of a technique to
induce transient blood-brain barrier opening to deliver
the contrast agent into the brain is needed to visualize
amyloid plaques in MRI, since these contrast agents do
not readily cross the blood-brain barrier. Therefore, in
this context and according to the advantages mentioned
in the Introduction, our '°F MRI technique could be a
potential alternative imaging technique for evaluating
amyloid deposition. For clinical applications, we need
to modify the methodology to overcome several prob-
lems, such as the high dose required for imaging and
the low sensitivity and resolution.

In the present study, we investigated the preferred
features of a '°F MRI probe for amyloid detection
in the brain, and found compound 3b (m=6) to be
the best candidate. This compound has seven ethylene
glycol groups in the PEG chain as a linker between
the core structure and the trifluoroethoxy group. Com-
pound 3b (m = 6) showed strong '°F MR signals in the
brain where massive amyloid deposition was detected,
suggesting that the probes could generate a high level
of 1F MR signal when bound to amyloid plaques in
the brain. Thus, this study has identified the optimum
length of PEG chain and appropriate fluorine-labeled
group for a probe to generate a strong MR signal for
amyloid imaging with '°F MRI.
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