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Binding and safety profile of
novel benzoxazole derivative for
in vivo imaging of amyloid
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Background: In vivo detection of amyloid deposits in the brain is potentially useful for
early diagnosis of Alzheimer’s disease (AD) and tracking the efficacy of anti-amyloid
therapy.

Methods: To develop an amyloid-binding agent for positron emission tomography, we
screened over 2600 compounds.

Results: We found benzoxazole derivatives as candidate compounds for in vivo amyloid
imaging probes. One of these agents, 2-(2-[2-dimethylaminothiazol-5-ylJethenyl)-6-(2-
[fluoro]ethoxy)benzoxazole (BF-227), displays high binding affinity to A fibrils. BF-227
binding increased linearly with increasing A fibril formation. In temporal and hippocam-
pal AD brain sections, BF-227 selectively bound to amyloid plaques. In contrast, no
staining was evident in the cerebellum. Compared with the previously reported compound
BF-168, *F-labeled BF-227 displayed selective in vivo labeling of amyloid fibrils and rapid
washout from white matter areas in an AfB-injected rat model. An acute and subacute
toxicity study of BF-227 indicated sufficient safety for clinical use as a positron emission
tomography probe.

Conclusions: These findings suggest that BF-227 is feasible as an in vivo imaging probe
of amyloid deposits in AD patients.
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Progressive deposition of senile plaques (SP) and neu-
rofibrillary tangles (NFT) is a critical event in the patho-
genesis of Alzheimer's discase (AD). These lesions
precede the presentation of clinical symptoms of
dementia.! For early or presymptomatic diagnosis of
AD, non-invasive detection of these lesions using
positron emission tomography (PET) is a potentially
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useful technique.? To achieve successful in vive imaging
using PET, sensitive and selective contrast agents to
these lesions are needed. Congo red and thioflavin T
have represented attractive lead compounds as develop-
ing amyloid-imaging agents, because these compounds
selectively bind to P-pleated sheet structures and are
commonly used for histochemical staining of SP.
However, the permeability of these compounds through
the blood-brain barrier (BBB) is extremely limited.? The
chemical structure must thus be optimized to provide
appropriate lipophilicity without changing the binding
properties to amyloid. Thioflavin T derivatives with-
out any positive charge show high permeability of the
BBB. One of these compounds, 60H-BTA-1 (PIB), has
been applied in a human PET study and enabled suc-
cessful detection of early AD patients.* Another
compound, 2-(1-[6-{<2-fluoroethyl><methyl>amino}-
2-naphthyllethylidene) malononitrile (FDDNP), is
extremely lipophilic and can easily penetrate the BBB,
and specifically binds to both SP and NFT in AD brain
sections.® After i.v. injection of FDDNP, greater accu-
mulation was observed in SP- and NFT-rich areas of
the human brain.* Although validation is still required
as to whether retention of these agents in the neocortex
truly reflects levels of amyloid deposition, such findings
suggest the potential usefulness of this technique for
early diagnosis of AD. ,

We have previously demonstrated a novel series
of compounds including 6-(2-fluoroethoxy)-2-(2-[4-
methylaminophenyljethenyl)benzoxazole (BF-168)
and  (2-[4-methylaminophenyl]ethenyl)-5-fluoroben-
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zoxazole (BF-145) as promising candidates for in vivo
imaging probes of SP.”” These benzoxazole derivatives
demonstrate high binding affinity for AP aggregates
and high BBB permeability, suggesting potential utility
as in vivo amyloid-binding agents. However, for the
application of these compounds to clinical PET
studies, the pharmacokinetic properties and pharma-
cological safety of these molecules requires improve-
ment. This study describes the characterization of
an optimized benzoxazole derivative, 2-(2-[2-dime-
thylaminothiazol - § - yllethenyl) - 6 - (2 - [fluorolethoxy)
benzoxazole (BF-227), as a candidate in vivo amyloid-
imaging agent in humans.

Methods

Preparation of the compounds

BF-168, BF-227 (Fig. 1) and the precursor compounds
for '"F-labeled agents were custom-synthesized by
Tanabe R & D Service (Osaka, Japan). Synthesis of
('8F)BF-168 was performed by reacting 2-(4-
methylaminophenyl)-6-(2-tosyloxyethoxy) benzoxazole
(Tanabe R & D Service) with (**F)KF and Kryptofix 222
(Merck, Darmstadt, Germany) in acetonitrile at 80°C
for 20 min, as described previously.® Radiosynthesis of
(*F)BF-227 was performed using the same method.
After subsequent high-performance liquid chromatog-
raphy (HPLC) purification, **F-labeled compounds were
obtained (Fig. 1). Details of the radiosynthetic methods
will be described elsewhere.
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Figure 1 Chemical structures and radiosynthesis of BF-168 and BF-227.
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In vitro binding assays

Binding affinities of the compounds for synthetic AB
aggregates were examined as described previously.’
Briefly, solid-form AB1-40 (Peptide Institute, Osaka,
Japan) was dissolved in 10 mmol/L potassium phos-
phate buffer (pH 7.4) and incubated at 37°C for 72 h.
The binding assay was performed by mixing aggregated
AB1-40 with the appropriate concentration of 'F-
labeled BF-227, unlabeled BF-227 and dimethyl sulfox-
ide. After incubation for 10 min at room temperature,
the binding mixture was filtered using a cell harvester
(Model M-24; Brandel, Gaithersburg, MD, USA) and
filters containing bound "*F ligand were counted using a
v-counter. The dissociation constant (K;) of BF-227 was
determined by Scatchard analysis.

Fluorometric analysis of BF-227 binding with AB
fibrils was performed using the following method. A
total of 20 pmol/L of AB1-40 or AB1-42 (Peptide Insti-
tute) in S0 mmol/L of potassium phosphate buffer
(pH 7.4) was incubated at 37°C on a Vibrax VXR shaker
(IKA, Cincinnati, OH, USA) at 0.56 g. Before fluoro-
metric analysis, AP solutions were sonicated for 3 min at
45 kHz using a VS-100I11 ultrasonic cleaner (Iuchi,
Osaka, Japan). In fluorometry, AB1-40 and AP1-42
solutions at 0, 4, 8 and 24 h after the start of incubation
were mixed with the same volume of BF-227 solution
(S umol/L final concentration). After determination of
the optimal excitation wavelength for the mixture of
BF-227 and AB, fluorescence spectra were measured
using a Gemini XS microplate spectrofluorometer
(Molecular Devices, Sunnyvale, CA, USA). In addition,
fluorescence spectra for the mixture of 5SpuM BF-227
and different concentrations of AP1-40 or AP1-42
(0.15, 0.5 1.5, 2.5, 5 and 10 umol/L final concentra-
tions) at 96 h after incubation (fibrillar AB) were mea-
sured using the microplate spectrofluorometer. The
same measurements were also performed using A§1-40
and AP1-42 with no incubation {non-fibrillar AB). All
measurements were performed in triplicate.

Neuropathological staining

Postmortem brain tissues from an autopsy-confirmed
AD case (69-year-old man) were obtained from Fuku-
shimura Hospital (Toyohashi, Japan). Experiments
were performed under the regulations of the Ethics
Committee of BF Research Institute. Serial sections
(6-um thick) from paraffin-embedded blocks of tem-
poral cortex and cerebellum were prepared in xylene
and ethanol. Before staining, quenching of autofluo-
rescence was performed as described previously.
Quenched tissue sections were immersed in
100 umol/L. of BF-227 solution for 10 min or 0.01%
1-bromo-2,5 - bis(3 - carboxy - 4 - hydroxystyryl)benzene
(BSB) solution containing 50% ethanol for 30 min.
Sections stained with BF-227 were then dipped briefly

© 2007 Japan Geriatrics Society

into water and rinsed in phosphate-buffered saline
(PBS) for 60 min before coverslipping with Fluor Save
Reagent (Calbiochem, La jolla, CA, USA), and exam-
ined using an Eclipse E800 microscope (Nikon,
Tokyo, Japan) equipped with a V-2A filter set (excita~
tion 380420 nm, dichroic mirror 430 nm, longpass
filter 450 nm). Sections stained with BSB were dipped
briefly in tap water and then in 50% ethanol, then
washed in PBS for 60 min before coverslipping, fol-
lowed by fluorescent microscopy using a BV-2A filter
set (excitation 400440 nm, dichroic mirror 455 nm,
longpass filter 470 nm). In addition, adjacent sections
were immunostained using monoclonal antibody
(mAb) against AR (6F/3D; Dako A/S, Glostrup,
Denmark). After pretreatment with 90% formic acid
for S min, sections were immersed in blocking solu-~
tion for 30 min and then incubated for 60 min at 37°C
with 6F/3D at a dilution of 1:50. Following incubation,
sections were processed by the avidin-biotin method
using a Pathostain ABC-POD(M) Kit (Wako, Osaka,
Japan) and diaminobenzidine tetrahydrochloride. Fluo-
rescence intensity of three different brain slices stained
with BF-227 was analyzed by defining regions of inter-
est (ROI) and measuring the intensity of fluorescence
within gray and white matter using Lumina Vision
software (Mitani, Fukui, Japan). Ratios of gray matter
ROI to white matter ROl were calculated as an indi-
cator of stainability and statistical comparisons were
performed using ANOVA and Scheffe post-hoc tests.

Labeling of amyloid deposits in AB-injected
rat model

AB1-40 (Peptide Institute) was dissolved at S00 pmol/LL
in 50 mmol/L potassium phosphate buffer and incu-
bated at 37°C for 4 days. An AB-injected rat model was
created as described previously."” Briefly, Wistar rats
(male, 200-250 g, SLC, Shizuoka, Japan) were injected
with AB peptides unilaterally and potassium phosphate
buffer contralaterally into each amygdala using a stereo-
taxic instrument (Model 5000, David Kopf, Tujunga,
CA, USA). Injection coordinates measured from the
bregma and skull surface (anteroposterior, 3.0 mm;
mediolateral, +5.0 mm; dorsoventral, —8.8 mm) were
determined based on a stereotaxic atlas."" A volume of
1.0 pL was administered over 2 min using a microsyringe
and glass cannula (tip diameter, 170-250 um). At 3 days
after injection of AB and vehicle, ("*F)BF-168 (72.8 MBq)
or ("F)BF-227 (58.9 MBq) were administered into the
temoral vein of anesthetized rats. Rats were killed by
decapitation at 180 min postinjection and the brains
were removed and frozen. An OTF cryostat (Bright
Instruments, Huntingdon, UK) was used to cut 30-pum
thick frozen sections, which were then dried and exposed
to a BAS-III imaging plate for 18 h. Autoradiographic
images were obtained using a BAS2000 scanner system
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(Fuji Film, Tokyo, Japan). After autoradiographic exami-
nation, the same sections were stained with thioflavin-S
to confirm the presence of amyloid plaques.

Toxicity study in mice

A non-GLP (good laboratory practice) toxicity study was
performed using female and male ICR mice (weight,
22-32 g). The Ethics Committee of BF Research Insti-
tute approved the protocol for these experiments.
Animals were kept in a temperature-controlled environ-
ment (21.2-23.5°C) with a 12-h light—dark cycle and ad
libitum access to food and water. In the acute toxicity
study, animals were divided into one control group and
three treated groups, with 10 animals (five males, five
females) in each group. The control group received
injection of vehicle alone, while each treated group
received i.v. injection of BF-227 solution in doses of 0.1,
1 or 10 mg/kg. Animals were observed for 8 days after
administration to identify any changes in general behav-
ior or bodyweight. In the subacute toxicity study,
animals were divided into one control group and two
treated groups (2.5 and 25 pg/kg), with 10 animals (five
females, five males) in each group. The control group
received injection of vehicle alone and each treated
group received iv. injection of BF-227 solution for
14 days (once daily). Animals were weighed at 3, 7, 9
and 14 days after administration. At the end of the
experiment, animals were sacrificed and examined at
autopsy. Selected organs (brain, heart, liver, lung and
kidney) were removed, weighed and examined micro-
scopically by a pathologist.

Results

Binding characteristics of BF-227 for AP fibrils

In vitro binding assay indicated that BF-227 shows high
binding affinity for AP fibrils. Ky for AB1—40 fibrils was
1.0 + 1.4 nmol/L, comparable to previously reported
levels for amyloid imaging agents' (Fig.2). Binding
ability of BF-227 to AP was also examined by fluoro-
metric analysis, as BF-227 is highly fluorescent. In the
mixture of BF-227 and AP peptides, fluorescence inten-
sity of BF-227 increased as AB1-40 (Fig. 3a) and Ap1-42
(data not shown) incubation time advanced. BF-227
fluorescence also increased in a linear manner with
increasing concentrations of fibrillar AB1-42 (Fig. 3b) or
AP1-40 (data not shown), but did not increase in
mixture with non-fibrillar AB. These results suggest that
degree of BF-227 binding reflects the amount of AB
fibril formation.

Neuropathological staining in AD brain sections

Neuropathological examination using BF-227 indicated
that amyloid plaques were clearly stained with BF-227
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Figure2 Scatchard plots of (*F)BF-227 binding to
synthetic AP fibrils.

in AD brain sections (Fig. 4a). In particular, cored
plaques stained brightly with this compound. This.
staining pattern correlated well with AB immunostain-
ing in adjacent sections (Fig. 4b). BF-227 staining was
further compared to staining using BSB, a Congo red
derivative. In contrast to clear staining of SP and NFT
with BSB (Fig. 4c), BF-227 primarily stained SP, with
faint staining of NFT. Preferential binding of BF-227 to
SP rather than NFT represents a similar characteristic
to the previously reported compound BF-145. BF-227
staining was subsequently performed in three different
regions (temporal lobe, hippocampus and cerebellum)
of an AD brain. In temporal (Fig. 5a) and hippocampal
(Fig. 5b) sections, cored plaques stained: brightly with
BF-227. In contrast, no staining was evident in the cer-
ebellum (Fig. 5¢). Fluorometric measurement of these
brain sections indicated that overall level of stainability
in the cerebellum differed significantly from that in the
temporal cortex and hippocampus (Fig. 5d), suggest-
ing the binding specificity of this compound to AD
pathology.

Intravenous administration of *F-labeled agents in
ApB-injected rat model '

In vivo binding ability of (*F)BF-168 and ('"*F)BF-227 to
AB fibrils was further evaluated by the autoradiographic
experiment in the AB-injected rat model. In an image of
the brain section at 180 min postinjection of '*F-labeled
agents (Fig. 6), AB aggregates were clearly labeled with
both agents, suggesting the usefulness of these agents as
in vivo amyloid-imaging probes. However, non-specific
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Figure 3 In vitro binding of BF-227 with A peptides. Fluorescence intensity of BF-227 increased with AP incubation time (A).
BF-227 fluorescence also increased linearly with concentrations of fibrillar AB, but did not increase in mixture with non-fibrillar
AB (B).

Figure 4 Neuropathological staining of Alzheimer’s disease (AD) temporal brain sections by BF-227. Senile plaques are clearly
stained with BF-227 (A). This staining correlates well with Ap immunostaining in adjacent sections (B). BSB stains both senile
plaques and neurofibrillary tangles (C). Bar, 200 um.

retention of ("F)BF-227 in the white matter was much Toxicity study of BF-227

less than that of (* F)BF-168. This resulted in better hot

spot-to-background contrast for ("F)BF-227 (Fig. 6b) In the acute toxicity study, i.v. administration of BF-227
compared to (""F)BF-168 (Fig. 6a). in doses 0.1-10 mg/kg did not produce any significant
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Gray-to white-matter fluorescence ratio
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Figure S BF-227 staining in the temporal cortex (A), hippocampus (B) and cerebellum (C) of AD brain. In temporal and
hippocampal brain sections, large numbers of amyloid plaques stained with BF-227. In contrast, no apparent staining was
observed in the cerebellum. The stainability of BF-227 in the temporal cortex and hippocampus differed significantly from that
in the cerebellum (D). *P < 0.05, one-way ANOVA followed by Scheffe’s test.

changes in general behavior or bodyweight in male or
female mice. During the 8 days of the experiment, no
deaths occurred in any of the groups. This indicates that
the dose for 50% lethality (LDso) of i.v. administered
BF-227 is higher than 10 mg/kg for male and female
mice. In the subacute toxicity study, i.v. administration
of BF-227 in tested doses did not produce any signifi-
cant changes in general behavior or bodyweight in male
or female mice. No significant differences in organ
weight were observed between control and BF-227-
administered groups. After the 14-day post-treatment
period, mice did not show any microscopic alterations
on pathological examination.

Discussion

Several research groups have worked to develop
amyloid-imaging agents for use with PET. PIB is cur-
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rently the most successful of these agents, showing high
binding affinity for AP fibrils and fast clearance from
normal brain tissue.” In the clinical trial, PIB-PET dis-
tinctly differentiated AD patients from normal individu-
als.* Other amyloid-imaging agents, such as SB-13,"
IMPY" and benzofuran derivatives,'® have also been
explored for use as PET and single-photon emission
computed tomography (SPECT) imaging probes. These
agents display high binding affinity to AB fibrils. The key
chemical structure common to these imaging agents is
an aminophenyl group, which is considered essential for
binding to the B-pleated sheet structure of AP fibrils.
The present study, however, demonstrated that BF-227,
a derivative of BF-168 with an aminothiazol group in
place of the aminophenyl group, also binds strongly to
amyloid-B fibrils. Furthermore, an autoradiographic
study comparing BF-227 to BF-168 suggested that the
aminothiazol group might contribute in a large way to
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Figure 6 In vivo labeling of AB fibrils in brain sections from
the AB-injected rat model! with (*F)BF-168 (A) and
(*F)BF-227 (B). Arrows indicate sites of Af injection.

decreased non-specific retention in normal brain tissue,
particularly in white matter. This possibility should be
examined in further studies, as this finding would be
helpful in the design or modification of further series of
amyloid-imaging agents.

Findings from the in vitro binding experiment indi-
cated that the amount of BF-227 binding is proportional
to the concentration of AP fibrils. Neuropathological
findings also indicated that BF-227 preferentially binds
to lesions containing dense AP fibrils. Densities of neu-
ritic plaques are higher in the temporal, parietal and
occipital lobes, moderate in the limbic lobe and lowest
in the cerebellum.'” Our results for BF-227 stainability
in different brain regions were consistent with this neu-
ropathological pattern of AB deposition in AD patients.
Brains from patients with AD are characterized by an
anatomically widespread process of amyloid deposition.
Presence of neuritic or cored plaques is considered the
best indication of the presence of the disease process
underlying AD."™ Quantitative measurement of AP fibril
formation using BF-227 will thus allow discrimination
of the disease process from normal aging processes. SP
in the cerebellum are predominantly of the non-fibrillar
type. The lack of obvious staining by BF-227 in the
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cerebellum thus suggests the binding preference of this
compound to fibrillar AB.

The present study demonstrated high binding affinity
of BF-227 to fibrillar AP and preferential binding to SP
in AD brain sections. i.v. administration of this com-
pound into an AB-injected rat model demonstrated
selective binding to amyloid fibrils in the brain and
faster clearance from white matter than BF-168. The
toxicity study indicated that BF-227 is safe for clinical
use as a PET probe, with a very wide margin between
the lethal dose of BF-227 (>10 mg/kg) and clinical dose
in human PET studies (<100 ng/kg). Considering all
these findings together, BF-227 appears applicable for
use as an in vivo amyloid-imaging agent. We are cur-
rently engaging in a clinical PET trial using *'C-labeled
BF-227 in AD patients.” This trial will elucidate the
clinical utility of BF-227 in humans.
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Abstract

Background: It has been reported that nonsteroidal anti-in-
flammatory drugs may delay the onset of Alzheimer’s dis-
ease (AD). Since nonsteroidal anti-inflammatory drugs in-
hibit cyclooxygenase (COX), COX-2, an inducible form of
COX, may be involved in the pathology of AD in association
with the arachidonic acid cascade. In addition, it has been
suggested that alterations in the balance of polyunsaturated
fatty acids are associated with brain dysfunctions such as
neurodegerative pathologies of the aging brain. Method: To
explore COX-2 expression in the hippocampus, we analyzed
45 consecutive autopsy subjects without dementia and 25
AD patients derived from the town of Hisayama, Japan. Re-
sults: The neuronal expression of COX-2 in the CA3 subdivi-
sion of the hippocampus, subiculum, entorhinal cortex and
transentorhinal cortex were consistently observed in both
nondemented and AD brains, and COX-2 immunoreactivity
correlated with age in nondemented brains. In AD patients,
neurons of CA1 exhibited increased COX-2 immunoreactivity
which correlated with the severity of AD pathology. This cor-
relation was not apparent in nondemented subjects. Con-
clusion: These results suggest that COX-2 expression may be

differentially regulated among subdivisions of the hippo-
campus and that elevated COX-2 expression in the CA1 of AD
brains may be associated with AD pathology and thus cogni-

tive dysfunction. Copyright © 2007 5. Karger AG, Basel

Introduction

Many epidemiological studies suggest that the use of
nonsteroidal anti-inflammatory drugs delays or slows the
clinical expression of Alzheimer’s disease (AD) [1, 2]. The
mechanism by which these drugs might affect pathophys-
iological processes relevant to AD remains unclear. Most
nonsteroidal anti-inflammatory drugs have an inhibitory
effect on cyclooxygenase (COX), an enzyme involved in
the metabolism of arachidonic acid into prostanoids.
There are two major known COX isoforms, the constitu-
tively expressed COX-1 and the mitogen-inducible COX-2
[3]. While COX-1 is mainly expressed in microglia and
some neuronal cells throughout the brain, COX-2 is ex-
pressed in neurons [4, 5). It has been suggested that al-
terations in the balance of polyunsaturated fatty acids, in-
cluding arachidonic acid and its metabolites, in the cen-
tral nervous system are associated with brain dysfunction,
such as in neurodegenerative pathologies of the aging
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brain [6]. Following on these epidemiological reports,
several histological analyses of COX-2 expression in AD
brains have been conducted [4, 7-11], but have produced
conflicting results. Several studies reported increased
neuronal COX-2 immunoreactivity compared to control
brain tissues [5, 7]. However, in other studies, in which
COX-2 expression was related to specific hallmarks of the
disease, such as clinical dementia rating and Braak stage
of disease, the number of COX-2-positive neurons de-
creased with the severity of dementia, and in the end-
stage AD, COX-2-positive neurons were significantly few-
er than in nondemented controls [4, 11].

Although many studies have been conducted concern-
ing COX-2 expression not only in AD brains, but also in
Parkinson disease model mice brains [12], amyotrophic
lateral sclerosis brains [13] and schizophrenia brains [14],
the histological analyses concerning COX-2 expression in
nondemented brains are few. Now that we know that
COX-2 expresses constitutively in the brain even under
normal conditions [15], it is important to explore the nor-
mal COX-2 expression pattern in the brain. Without this
basic knowledge, it is difficult to interpret the conflicting
results of COX-2 expression in AD brains.

In this study, we investigated the neuronal expression
of COX-2 in some subdivisions of hippocampi of con-
secutive autopsy cases without dementia. In addition, we
quantified senile plaque (SP) and neurofibrillary tangle
(NFT) density to assess the influence of AD pathology on
neuronal COX-2 expression, and explored any differenc-
es in the pattern of COX-2 expression in these regions
between nondemented subjects and AD patients.

Materials and Methods

Subjects

To minimize the selection bias of the nondemented subjects,
we collected the nondemented subjects from the series of con-
secutive autopsy cases in the Hisayama study. The Hisayama
study is a prospective population-based study in the subrural
community of Hisayama, which is adjacent to the metropolitan
area of Fukuoka on Kyushu Island, Japan, and it started in 1961
[16-19]. We have carried out autopsies on most deceased subjects
from this region in order to confirm the cause of death and to ex-
amine brain pathology. This paradigm has allowed a reliable re-
cruitment of nondemented subjects in which to analyze the neu-
ronal expression of COX-2. The diagnosis of dementia was based
on the guidelines of the Diagnostic and Statistical Manual of
Mental Disorders, Revised Third Edition [20]. For the clinical di-
agnosis of AD, we used the guidelines of the National Institute of
Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association [21].
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From October 1, 1998, to March 31, 2001, 148 Hisayama resi-
dents of varying initial ages died, 105 of whom (70.5%) underwent
apostmortem examination. Consent to autopsy was unobtainable
from 29.5% of the residents due to refusal, mainly on religious
grounds. Of those 105 cases, 103 subjects received autopsies at the
Departments of Pathophysiological and Experimental Pathology,
Anatomic Pathology and Neuropathology of Kyushu University.
In order to collect consecutive autopsy cases without dementia,
we excluded 58 cases that were clinically diagnosed as exhibiting
dementia or had some disease or condition that might influence
the expression of COX-2 in the brain, such as severe chronic he-
patic failure, autoimmune disease, disseminated intravascular
coagulation, systemic inflammatory response syndrome, acute
brain infarction, brain infection or a brain tumor. In total, 45
cases were analyzed in study A as nondemented subjects. In study
B, in order to compare the nondemented subjects with AD pa-
tients, we examined all of the nondemented subjects aged 76 years
or more at death of the nondemented subjects of study A and age-
and sex-matched AD autopsy cases derived from Hisayama Town
as the comparison group. In total, 25 nondemented subjects and
25 AD patients were analyzed in study B. We examined only cas-
es aged 76 or more because there were few AD patients younger
than 75 in the Hisayama study.

Neuropathological Assessment

Brains were weighed, evaluated for gross detectable lesions,
abnormalities of the blood vessels and were fixed with 10% buff-
ered formalin for at least 2 weeks. Brain specimens were taken
following the Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD) guidelines and the consensus guidelines for
dementia with Lewy bodies [22, 23]. Thus, the specimens in each
case included the middle frontal gyrus, superior and middle tem-
poral gyri, inferior parietal lobule, anterior cingulate gyrus, hip-
pocampus with entorhinal cortex and transentorhinal cortex (at
the level of the lateral geniculate body), calcarine cortex, basal
ganglia, thalamus, substantia nigra, locus coeruleus and dorsal
vagal nucleus. Samples were embedded in paraffin and cut into
sections which were routinely stained using hematoxylin-eosin
and a modified Bielschowsky method. Each case was also immu-
nostained with anti-tau (polyclonal, rabbit, 1:200, Dako, Den-
mark), anti-ubiquitin (polyclonal, rabbit, 1:100, Dako) and anti-
a-synuclein (LB509: monoclonal, mouse, 1:100, provided by Dr.
Iwatubo) [24]. Immunolabeling was detected using a standard in-
direct immunoperoxidase method and visualized with diamino-
benzidine (Dojindo, Japan). The sections were lightly counter-
stained with hematoxylin.

Assessment of AD Pathology

The presence of SPs was estimated by a modified Bielschowsky
method. NFT presence was assessed by tau immunohistochemis-
try. In each case, the frequency of SPs and NFTs were evaluated
and converted to a plaque score according to CERAD criteria and
Braak stage for tau pathology as established by Braak and Braak
[22, 25]. The CERAD score and Braak stage were combined to
estimate the likelihood of AD according to the NIA-RI criteria
[26]. A diagnosis of AD was made when ‘definite AD’ as defined
by the CERAD criteria and/or a ‘high-likelihood” as defined by
the NIA-RI criteria were found.

In addition, SP and NFT levels in the CAl subdivision of the
hippocampus were assessed. The semiquantitative density of SPs in
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CA1 was determined as being either none, sparse, moderate, or fre-
quent, according to the guidelines established by CERAD. NFTs in
CA1 were counted in 100X fields at each of three locations and the
average was expressed as the NFT number per 100X field.

Immunohistochemistry and Assessment of COX-2

Immunohistochemistry was performed on 7-pm paraffin-

embedded sections encompassing the hippocampus, entorhinal
cortex and transentorhinal cortex (at the level of the lateral ge-
niculate body). Sections were deparaffinized in xylene, hydrated
in an ascending ethanol series and incubated in 0.3% hydrogen
peroxide in absolute methanol for 30 min at room temperature to
inhibit endogenous peroxidase activity. After rinsing with tap wa-
ter, the sections were pretreated with 90% formic acid for 10 min
and autoclaved at 121°C for 10 min in 0.01 M citrate buffer, pH
6.0, in order to enhance immunoreactivity. After washing with
Tris-HCl buffer (50 mM Tris-HCl, pH 7.6), an anti-human COX-2
(polyclonal, rabbit, 1:100, Cayman Chemical Co.) was applied.
The slides were incubated overnight at 4°C and then sequentially
incubated for 1 h with a biotinylated secondary antibody diluted
1:200, and a peroxidase-conjugated streptavidin-biotin complex
diluted 1:100 sequentially (Amersham, UK). The colored reaction
product was developed with 3,3'-diaminobenzidine tetrahydro-
chloride solution. The sections were then lightly counterstained
with hematoxylin.

For analysis of neuronal COX-2 immunoreactivity, the mean
gray values of a random-selected 5 neurons and 5 neuropil back-
grounds were quantified using Image] 1.36b (National Institute
of Health, USA) and the average was calculated. Then, we con-
verted the mean gray value into a density using the following
equation; uncalibrated density = log;o (255/the mean gray value).
Finally, we calculated the index that the neuronal density was di-
vided by the neuropil background density, and we considered this
index as the neuronal immunostaining density of COX-2. This
index was calculated in CAl, CA3, subiculum entorhinal cortex
and transentorhinal cortex.

The investigator was blind to the diagnosis of each case until
analysis was completed and values were assigned to each speci-
men.

Statistical Methods

The quantitative data obtained were compared between the
groups by Mann-Whitney’s U test. Statistical significance was de-
fined as p < 0.05. Correlation analysis was done using the Pearson
parametric and Spearman nonparametric methods.

Results

Study A

Clinico-Neuropathological Information of

Nondemented Subjects

The number of the nondemented subjects was 45 (M/
F:28/17). The ages at death were between 40 and 95 years
and mean age at death was 76.4 & 12.1 years. The brain
weight was 1,264.0 * 166.8 g (mean * SD) and postmor-
tem time was 13.1 * 9.3 h (mean * SD).

COX-2 Expression in the Hippocampus
during Agingand in AD
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Fig. 1. Degrees of COX-2 immunoreactivity in different hippo-
campal subdivisions of nondemented subjects. Immunoreactivity
is weak in CA1 as compared to all of the other fields examined
with high statistical significance (Mann-Whitney U test, p <
0.001). Bars represent the mean density of neurons in each area.
Sub = Subiculum; Ent = entorhinal cortex; TE = transentorhinal
cortex.

COX-2 Immunoreactivity in the Hippocampus

The degree of COX-2 immunoreactivity in different
hippocampal subdivisions of nondemented subjects is
shown in figure 1. In nondemented subjects, the neuronal
COX-2 immunoreactivity in CA3, subiculum, entorhinal
cortex and transentorhinal cortex were strong (fig. 2a, d).
On the other hand, the neuronal COX-2 immunoreactiv-
ity in CAl was weak (fig. 2a, ¢) compared to all of the
other fields examined, with high statistical significance
(Mann-Whitney U test, p<0.001). From these results, the
constitutive expressions of COX-2 in CA3, subiculum,
entorhinal cortex and transentorhinal cortex were
thought to be strong, while weak in CAl.

COX-2 Immunoreactivity Correlates with Age in

Nondemented Subjects

The correlation between neuronal COX-2 immunore-
activity and age is shown in figure 3. In the CA3 subdivi-
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Fig. 2. COX-2 immunostaining in pyramidal neurons of the hippocampal formation in the brains of nonde-
mented subjects (a, ¢, d) and in AD patients (b, e, f). a, b CA1-CA4 fields under low power. ¢, e Inmunostain-
ing within the CAl field. d, f Immunostaining within CA3. Neuronal expression of COX-2 in CA3 is widely
seen among both nondemented subjects and AD patients. Although neuronal expression of COX-2 in CA1l is
widespread in AD patients, it is less detectable among nondemented subjects. c—f Bars are 30 um.
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Fig. 3. A significant correlation exists between aging and COX-2 immunoreactivity in CA3 and the subiculum
of nondemented subjects. In nondemented subjects, aging correlates with COX-2 immunoreactivity in CA3 and
the subiculum (Pearson’s correlation coefficient test, r = 0.399, p = 0.007; r = 0.380, p = 0.010, respectively).

sion of the hippocampus and subiculum of nondemented
subjects, COX-2 immunoreactivity correlated with age
(Pearson’s correlation coefficient test, r = 0.399, p = 0.007;
r =0.380, p = 0.010, respectively) and this correlation was
not evident in the CA1 subdivision of the hippocampus,
entorhinal cortex or transentorhinal cortex (Pearson’s
correlation coefficient test, r = 0.268, p = 0.078; r = 0.220,
p=0.147;r = 0.194, p = 0.202, respectively).

Study B

Information of Nondemented Subjects and AD

Patients

In study B, in order to compare the nondemented sub-
jects with AD patients, we examined 25 nondemented
subjects aged 76 years or more from study A and we col-

COX-2 Expression in the Hippocampus
during Aging and in AD

lected another 25 age- and sex-matched AD autopsy cas-
es derived from Hisayama Town (table 1). All of the AD
patients were free of other types of dementia.

COX-2 Immunoreactivity in the Hippocampus

The degrees of COX-2 immunoreactivity in different
hippocampal subdivisions of nondemented subjects and
AD patients are shown in figure 4. The immunoreactiv-
ity in CA1 was increased in AD patients as compared to
nondemented subjects with high statistical significance
(Mann-Whitney U test, p = 0.001; fig. 2¢, e). On the oth-
er hand, the differences between the nondemented sub-
jects and AD patients were small in CA3, subiculum, en-
torhinal cortex and transentorhinal cortex (Mann-Whit-
ney U test, p = 0.171, p = 0.467, p = 0.712, p = 0.621,
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Table 1. Subjects of study B

Nondeméﬂted .subjects Age- and sex-matched AD patients

ID Sex Age 1D Sex Age
22735 E 76 23297 F 77
22907¢ F 77 21363 F 78
22880 F 78 22598 F 79
22939€ M 78 23373 M 79
22739 F 79 23114 F 79
22910¢ F 79 23392 F 79
22819 M 79 20565 M 80
22803 M 80 23185 M 81
22933 M 82 20189 M 83
22828€ F 82 20617 F 82
22892 M 82 20316 M 83
22772C F 84 20461 F 84
23015€ F 84 22502 F 84
23061 M 85 20706 M 85
22906 F 85 23018 F 84
22950 F 86 20240 F 87
22795 M 87 21501 M 86
22976% F 88 23334 F 88
22798 M 89 22156 M 90
22767 F 90 20748 F 90
22992 F 90 23289 F 90
23021¢ M 91 23028 M 92
22955¢ F 93 23377 F 93
23055€ F 94 22661 F 94
22896C F 95 23269 F 95

We studied all subjects aged >76 years of the 45 nondemented
subjects of study A. Asa comparison, we collected 25 age- and sex-
matched AD patients. The subjects whose IDs are marked with ‘C’
are nondemented subjects with AD pathology (CERAD: moder-
ate or frequent, with Braak and Braak stage 4, 5 or 6) and are the
subjects of study C.

respectively). From these results, COX-2 immunoreactiv-
ity in CAl has presumably been induced along with the
development of AD; therefore, we assessed the influence
of AD pathology on neuronal COX-2 expression in
CAL

COX-2 Immunoreactivity in CA1l Correlates with SP

and NFT Density in AD Patients

In the CA1 subdivision of the hippocampi of AD pa-
tients, COX-2 immunoreactivity correlated with the
semiquantification of SPs (Spearman’s rank correlation
test, p = 0.500, p = 0.001; fig. 5a) and with the number of
NFTs (Pearson’s correlation coefficient test, r = 0.536,
p = 0.003; fig. 5b). On the other hand, in the CA1 sub-
division of the hippocampi of nondemented subjects,
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Fig. 4. Degrees of COX-2 immunoreactivity in different hippo-
campal subdivisions of nondemented subjects and AD patients.
Immunoreactivity is increased in AD patients as compared to
nondemented subjects, and the increase is observed in almost all
hippocampal fields and reached statistical significance in the
CAI1 field (Mann-Whitney U test, p = 0.001). Bars represent the
mean density of neurons in each area.

COX-2 immunoreactivity did not correlate with either
the semiquantification of SPs (Spearman’s rank correla-
tion test, p = 0.013, p = 0.949) or the number of NFTs
(Pearson’s correlation coefficient test, r = -0.141, p =
0.501).

Study C

In the Hisayama study, we sometimes encountered au-
topsy cases that were cognitively normal though exhib-
ited severe Alzheimer type pathology in their brains.
Therefore, in study C, we compared the immunoreactiv-
ity of COX-2 in CAl of 11 nondemented subjects with AD
pathology (CERAD: moderate or frequent, with Braak
and Braak stage 4, 5 or 6; table 1) with that of 11 age- and
sex-matched AD patients. Theimmunoreactivity of COX-
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COX-2 immunoreactivity in CA3, subiculum, entorhinal 14 5 ”
cortex and transentorhinal cortex was widespread, sug- S A
gesting that COX-2 is constitutively expressed in these 12 300
subdivisions of the hippocampus, whilst weak immuno- °
reactivity was observed in CAl. In addition, in the CA3 10 ; "
ND

subdivision of the hippocampi and subiculum of nonde-
mented subjects, COX-2 .immunoreactivity correlated
with age, suggesting that the COX-2 expression in this re-
gion was augmented with aging in the normal condition.

Strong expression of COX-2 in the CA3 subdivision of
the hippocampus and expression of COX-2 in the subicu-
lum was reported previously in the normal rat brain [27)].
Also, an immunohistochemical study of the human hip-
pocampus showed more COX-2 positive neurons to be
present in the CA3 thanin the CAl or CA2 field, and this
difference became clearer when analysis was limited to
dense staining [11]. These results are compatible with our
data and indicate that our staining and assessment of
COX-2 are reasonable and also suggest the constitutive
expression of COX-2 in these subdivisions of the hippo-
campus.

COX-2 Expression in the Hippocampus
during Aging and in AD

Fig. 6. Degrees of COX-2 immunoreactivity in the CAl subdivi-
sion of the hippocampus of nondemented subjects with AD pa-
thology and AD patients. COX-2 immunoreactivity is increased
in AD patients as compared to nondemented subjects (Mann-
Whitney U test, p < 0.001). Bars represent the mean density of
neurons in each area.

The enhanced expression of COX-2 with age was re-
ported in a study examining aged mouse macrophages
[28), but little is known about changes in COX-2 expres-
sion in the human brain during aging. Now that several
inflammatory processes are thought to play a critical role
in brain aging and to be associated with an increased vul-
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nerability to neurodegeneration [29], we think that our
finding provides a new point of view in regard to the ag-
ing brain. For example, a COX inhibitor was reported to
protect mice from age-associated cognitive impairment
under normal conditions [30]. These studies may illus-
trate a new ‘anti-aging’ treatment for the human brain.

Inaddition, we assessed neuropathologically confirmed
AD patients in order to appreciate the influence of AD pa-
thology on COX-2 expression within the hippocampus.
We found that COX-2 immunoreactivity was increased in
AD patients as compared to nondemented subjects and
this change was observed in almost all hippocampal fields,
reaching statistical significance in the CA1 field. This dif-
ference remained statistically significant even when we
limited the nondemented subjects to those with AD pa-
thology. In other words, the upregulation of COX-2 in the
CAL1 field in conjunction with AD pathology may be one
of the important factors for developing AD. Over the last
10 years, several studies have examined the expression of
COX-2 in postmortem AD brain tissues but have yielded
conflicting results. One of the problems in these studies is
in the method of selecting the nondemented group used
for comparison with the AD group. As we mentioned,
there is a possibility that COX-2 expression may be aug-
mented with age; therefore, in a study of aged subjects, the
difference of COX-2 expression between the AD and the
nondemented group may become small and the opposite
may also be true. Making the matter complicated, the de-
gree of this augmentation may differ in each area.

We found that COX-2 immunoreactivity in CA1 cor-
relates with AD pathology in AD patients. A previous
immunohistochemical study reported a similar result
[8], and recently the possibility of a direct interaction be-
tween human AB and COX-2 being mediated by peroxi-
dase activity was reported [31]. Why the correlation be-
tween COX-2 immunoreactivity in the CA1 field and AD
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Fig.1 Potential drug targets for the treatment of prion diseases

Inhibition of abnormal prion protein synthesis (D), activation of abnormal prion protein degradation (@), and inhibi-
tion of brain damage caused by abnormal prion protein ((®) are potential drug targets.
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