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Amyloid-f3 (AB3) plaques are a pathological hallmark of Alzheimer's disease and a current target for positron
emission tomography (PET) imaging agents. Whilst {"’C]-PiB is currently the most widely used PET ligand in

clinic, a novel family of benzoxazole compounds have shown promise as AR irnaging agents; particularly
Qccg}p:)eld 22]!”“’3} 201092009 BF227. We characterised the in vitro binding of ['®F]-BF227 toward a-synuclein to address its selectivity for
vailable online 1 July AR pathology, to establish whether |'*F]-BF227 binds to «-synuclein/Lewy bodies, in addition to AR plaques.
In vitro [*®F]-BF227 saturation studies were conducted with 200 nM a-synuclein or AR, _y; fibrils or 100 pg

Keywords: . o . . N . . g
BF227 of Alzheimer's disease, pure dementia with Lewy bodies or control brain homogenates, Non-specific binding
a-synuclein was established with PiB (1 pM). In vitro binding studies indicated that |"®F}-BF227 binds with high affinity
Positron emission tomography to two binding sites on AR, _4; fibrils (Kp; = 1.31 and Kp; = 80 nM, respectively) and to one class of binding
Dementia with Lewy bodies sites on a-synuclein fibrils (Kp = 9.63nM). ['®F)-BF227 bound to AR-containing Alzheimer’s disease brain

AR (amyloid-R)

(Kp = 25 + 0.5 nM), but failed to bind to ApR-free dementia with Lewy bodies or age-matched control
Imaging

homogenates. Moreover, BF227 labelled both AP plaques and Lewy bodies in immunohistochemical/
fluorescence analysis of human Alzheimer's disease and Parkinson's disease brain sections, respectively. This
study suggests that [®F]-BF227 is not AB-selective. Evaluation of BF227 as a potential bjomarker for
Parkinson's disease is warranted.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction tegies undergo clinical evaluation, considerable effort is now focused

on biomatkers for the early and accurate diagnosis of Alzheimer's
disease, as well as therapeutic monitoring. Modern molecular imaging
procedures such as positron emission tomography (PET), may provide
new insight into Alzheimer's disease by non-invasively identifying the
underlying pathology of these diseases in the living. Of late, Pittsburgh
compound B [PiB] has proven to be a successful biomarker for the in
vivo quantitation of Af3 burden (Klunk et al.,, 2004; Rowe et al., 2007).
Nonetheless, its widespread clinical use is impracticable due to the
20-minute decay half-life of carbon-11, limiting its use to centres
with an on-site cyclotron. { "®F]-FDDNP also highlights AR deposits in
the human brain; however, FDDNP also binds to neurofibrillary
tangles (Agdeppa et al., 2001), as well as PrP* (Boxer et al., 2007;
e G thor. Department of Nuclear Medicine. Austin Health. Centre for Bresjanac et al., 2003 ). Whilst labelling with a longer half-life isotope
PET 12?;53;‘&;?%%1i;‘;eidc:lvbefgp,awc, 3084 Australia. Tel: —613 9496 3321; fax: +613 | FJ Proves o be advantageous, FDDNP's lack of selectivity con-
9458 5023. siderably reduces its ability to provide differential diagnosis of

E-mail address: villemagne@petnm.unimelb.edu.au (V.L. Villemagne). neurodegenerative diseases. Hence, the development of a specific

Currently, there is no cure for Alzheimer's disease, an age-related
neurodegenerative disease, clinically characterised by dementia. The
Alzheimer's disease brain is pathologically characterised by the
presence of (i) extracellular amyloid plaques comprising amyloid-p
(AR); (ii) intraceltular neurofibrillary tangles composed of hyperpho-
sphorylated tau; (iii) synaptic loss and reactive gliosis; (iv) increased
oxidative damage to lipids, proteins and nucleic acids and (v) bio-
metal dyshomeostasis (Goedert and Spillantini, 2006).

Definitive diagnosis of Alzheimer's disease and related dementias
still relies upon postmortem examination. As new therapeutic stra-

0014-2999/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016.j.ejphar.2009.06.042
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and selective | '®F]-labelled imaging agent(s) for molecular AR imag-
ing is highly desirable to improve diagnostic accuracy and accelerate
discovery and monitoring of therapeutics.

Recently, a novel series of benzoxazole compounds have been
developed as PET imaging agents; namely BF227 [2-[2-(2-dimethylami-
nothiazol-5-yl)etheny! |-6-[2-(fluoro)ethoxy] benzoxazole] has been
demonstrated to bind to ABy.4; fibrils (with low nanomolar affinity)
and AP plaques in Alzheimer's disease brain sections (Kudo et al., 2007).
[1'C]-BF227-PET demonstrated retention in cerebral cortices of Alzhei-
mer's disease patients with very little retention in normal patients;
suggesting BF227 as a promising PET imaging agent for the in vivo
detection of AP pathology in Alzheimer's disease patients. Whilst the
specificity of BF227 binding to AP has been established, there is limited
knowledge regarding its selectivity; particularly since Alzheimer's disease
has been described as a ‘triple brain amyloidosis’ (Trojanowski, 2002),
comprising AP, tau and a-synuctein that when misfolded, comprise the
principal components of senite plaques, neurofibritlary tangles and Lewy
bodies. Furthermore, the majority of dementia with Lewy bodies cases
exhibit extensive cortical AR deposition along the pathognomonic Lewy
bodies (McKeith et al, 2005). Hence, critical assessment of new
radiotracers such as BF227 is warranted to avoid misinterpretation of
results and/or incorrect diagnosis. Whilst BF227 binding to neurofibrillary
tangles has previously been examined (Kudo et al., 2007), the potential of
BF227 binding to a-synuclein has not been assessed. The aim of this study
was to test the ability of BF227 to bind/recognise o-synuclein fibrils/Lewy
bodies to establish whether | ®F]-BF227 is selective for AR pathology.

2. Materials and methods
2.1. Materials

All reagents were purchased from Sigma (St. Louis, MO), unless
otherwise stated. Human AR_4; was purchased from the W. M. Keck
Laboratory (Yale University, New Haven, CT).

2.1.1. Tissue collection and characterisation

Brain tissue was collected at autopsy. The sourcing and preparation of
the human brain tissue were conducted by the National Neural Tissue
Resource Centre. Alzheimer's disease pathological diagnosis was made
according to standard NiA-Reagan Institute criteria (1997). Dementia
with Lewy bodies cases was diagnosed using consensus guidelines
(McKeith et al., 1996) and classified as either dementia with Lewy bodies-
Ap, being subjects with evidence of neuritic plaques and/or cerebral
vascular amyloid, as determined by IHC and ELISA, or pure dementia with
Lewy bodies (no significant evidence of neuritic plaques and/or cerebral
vascular amyloid). Parkinson's disease pathological diagnosis was made
following previously described criteria (Braak et al, 2003; Forno, 1996).
Determination of age-matched controls cases were also subject to the
above criteria. The number of subject cases utilised is indicated in the
figure/table texts. Overall, three Alzheimer's disease, three dementia
with Lewy bodies-AB, one pure Dementia with Lewy bodies, two
Parkinson's disease and three age-matched control subjects were utilised
in this study.

2.1.2. [*®F] labelling of BF227

Unlabelled BF227 and 2-[2-(2-dimethylaminothiazol-5-yl)ethe-
nyl]-6-[2-(tosyloxy)ethoxy] benzoxazole (BF-226; the precursor for
[ *®F]-BF-227) were custom synthesised by Tanabe R&D Service Co. and
confirmed for purity by reverse phase high performance liquid
chromatography, one dimensional NMR and mass spectrometry.
[**F]-BF227 was synthesised by nucleophilic substitution of the
tosylate precursor (BF-226) (see below). Following a 10 min reaction
at 110°C the crude reaction was partially purified on an activated Sep
Pak tC18 cartridge before undergoing semi preparative reverse phase
HPLC purification. Standard tC18 Sep-Pak reformulation produced
| "®F]-BF227 in >95% radiochemical purity. The radiochemical yield was

17% (non decay corrected) and at the end of the synthesis the average
specific activity was 1471 mCi/pumol/42 GBq/umol.
Schematic for the radiosynthesis of ['®F]-BF227.

N # ~N_\
0TS~ oJ‘ /[n’) \\_,;’/‘IN ME(K,00,) K222 "‘\/\o@cf NN
AL v T B - p—
\5/1\ cH y N s .cn
v " baso. 110°¢ 10min Ny
31
8F-226 ¢ |'F|BF-227 ?

2.1.3. Preparation of amyloid fibrils

Synthetic ABq_42 was dissolved in 1x PBS pH 7.7 to a final con-
centration of 200 uM. Recombinant human a-synuclein was expressed
and purified as previously described (Cappai et al., 2005) and dissolved
in 10 mM phosphate buffer pH 7.4, to a final concentration of 200 uM.
These solutions were incubated at 37°C for either 2 days for Ap 4z 0t 7
days for a-synuclein, with agitation (220 rpm, Orbital mixer incubator,
Ratek). After aggregation, approximately 5% of the protein remained in
the supernatant after centrifugation at 12,000xg for 20 minutes. Fibril
aggregation was confirmed through ThT fluorescence spectroscopy
and electron microscopy.

2.14. Preparation of human brain tissue for in vitro binding studies

Grey matter was isolated from the postmortem frontal cortex
tissue from the Alzheimer's disease, dementia with Lewy bodies-Ap,
pure dementia with Lewy bodies and age-matched control subjects.
Isolated tissue was then homogenised in 1x PBS (without calcium and
magnesium), utilising an ultrasonic cell disrupter (2 x 30 s, 24,000
rpm; Virsonic 600, Virtis). Protein concentration was determined
using the BCA protein assay (Pierce) and brain tissue homogenates
were aliquoted and frozen at —80 °C until used.

2.1.5. In vitro BF227 binding assays

Synthetic ARy_4 or a-synuclein fibrils (200 nM) were incubated
with increasing concentrations of |'®F}-BF227 (0.5-200 nM). To ac-
count for non-specific binding of |'®F]-BF227, the above mentioned
reactions were duplicated in the presence of unlabelled 1 yM PiB. The
binding reactions were incubated for 1 h at room temperature in 200
ul of assay buffer [PBS, minus Mg2* and Ca®* (JRH Biosciences,
Kansas, USA); 0.1% BSA]. Binding of ["®F]-BF227 to human brain
homogenates was assessed by incubating 100 ug brain homogenate
from Alzheimer's disease, pure dementia with Lewy bodies (AR-free)
and age-matched control subjects with increasing concentrations of
["E}-BF227 (0.1-250nM ['®F]-BF227 in the absence or presence of
unlabelled PiB (1 uM)), as described above. Bound from free radio-
activity was separated by filtration under reduced pressure (Multi-
Screen HTS Vacuum Manifold; MultiScreen HTS 96-well filtration
plates; 0.65 pum, Millipore). Filters were washed three times with 200 pi
assay buffer and incubated overnight in 3 ml scintillation fluid. Washed
filters were assayed for radioactivity in an automatic gamma counter
(Wallac 1480 Wizard 3”; Perkin Elmer). Binding data were analysed
with curve fitting software that calculates the Kp and By using
nonlinear regression according to the equation:

Y = Bax X
Kp + X

(GraphPad Prism Version 1.0, GraphPad Software, San Diego, CA).
All experiments were conducted in triplicate.

2.2, Immunohistochemistry (IHC) and Fluorescence Analysis

Brain tissue from Alzheimer's disease and Parkinson's disease
subjects was fixed in 10% formalin/PBS and embedded in paraffin.
For immunohistochemistry and fluorescerice analysis of BF227, 7 um
serial sections were assessed. Serial sections were deparaffinized and
treated with 80% formic acid for 5 min and endogenous peroxidase
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Fig. 1. Invitro binding studies indicate one class of | "®F}-BF227 binding sites on a-synuclein
fibrils. Scatchard plots of |"*F}-BF227 binding to synthetic (A} a-synuclein or (B) ARy
fibrils. (A) Scatchard analysis identified one class of BF227 binding sites on «-synuclein
fibrils (Kp of 9.63 nM and B,.x of 2.76 pmol BF227/nmo! «-synuclein). (B) Scatchard
analysis identified two classes of BF227 binding sites on AR _4z; a high affinity binding site
with Kp and By, of 1.31 nM and 0.171 pmol BF227/nmol AB_42, respectively and a low
affinity binding site with Kp and Bpnax of 80.0 nM and 2.96 pmol BF227/nmol AR,
respectively. Binding data were analysed using GraphPad Software (Version 1.0, San Diego,
CA). This figure is the average of at least three independent experiments.

activity was blocked utilising 3% hydrogen peroxide. Serial tissue
sections were stained in the following order: the first and third
sections were immunostained with 97/8 or 1e8 antibodies to identify
Lewy bodies or AP plaques, respectively and the second section was
incubated with BF227. For immunostaining, sections were treated
with blocking buffer (20% fetal calf serum, 50 mM Tris-HCl, 175 mM
NaCl pH 7.4) before immunostaining with primary antibodies to
a-synuclein {97/8; 1:2000 dilution (Culvenor et al., 1999)] or AR
(1e8; 1:50), for 1 h at room temperature, Visualisation of antibody
reactivity was achieved using the LSAB™ kit {labelled streptavidin-
biotin, DAKO) and sections were then incubated with hydrogen-
peroxidase~diaminobenzidine (H,0,-DAB) to visualise the a-synu-
clein or Ap-positive deposits. Sections were counterstained with
Mayer's hematoxylin. To assess BF227 fluorescence, quenching to
minimise autofluorescence was first performed on deparaffinized
tissue sections by treatment with 0.25% KMnQ,4/PBS for 20 min prior
to washing (PBS) and incubation with 1% potassium metabisulfite/ 1%
oxalic acid/PBS for 5 min. Following autofluorescence quenching,
sections were blocked in 2% BSA/PBS pH 7.0 for 10 min and stained
with 100 pM BE227 for 30 min. Washed (PBS) sections were then
mounted in non-fluorescent mounting media (DAKO). Epifiuores-
cence images were visualised using a Zeiss microscope (47CFP; filter
set 47 (EM BP 436/20, BS FT 455, EM BP480/40). Co-localisation of
the BF227 and antibody signals was assessed by overlaying images
from each of the stained serial tissue sections.

M.T. Fodero-Tavoletti et al. / European journal of Pharmacology 617 (2009) 54-58

3. Results

3.1. Characteristics of ['®F]-BF227 Binding to Recombinant c-Synuclein
and AB3;_4 Fibrils

To investigate the selectivity of BE227, we tested the ability of ['*F]-
BF227 to bind to synthetic o-synuclein and AP3,.4, fibrils; the major
component of Lewy bodies and senile plaques, respectively. The
successful formation of fibrils was determined by ThT fluorescence
and transmission electron microscopy, prior to conducting the binding
assays {data not shown).

Assessment of [ 'F]-BF227 binding was conducted using equimolar
concentrations (200 nM, ~4.0 x 10~ mol) of either a-synuclein or
APR1_4; fibrils, Scatchard analysis indicated that ['®F]-BF227 bound to
one site on oi-synuclein fibrils with high affinity (Kp 9.630M; Fig. 1A).
In contrast, two classes of binding sites exist for [ *®*F]-BF227 binding to
AR _4, fibrils (high affinity Kp; 1.31 and low affinity Kp2 80nM, respec-
tively;, Fig. 1B). Despite the two classes of binding sites identi-
fied for APy 4 fibrils, the total number of binding sites was similar
for both a-synuclein (Bay 2.76 pmol [F}-BF227/nmol a-synuclein)

and ARy _42 (Bmaxi 0.171 and By,.y2 2.96 pmal ['8F]-BF227/nmol AR, _4»)
fibrils.

3.2. In Vitro [*8F]-BF227 Binding Analysis of Human Alzheimer's Disease
and Dementia With Lewy Bodies Brain

In previous studies, postmortem human brain homogenates have
been extensively utilised to characterise amyloid imaging agents,
including PiB (Fodero-Tavoletti et al.,, 2007; Klunk et al., 1995; Klunk
et al., 2003; Klunk et al., 2005; Mathis et al., 2003). To further assess
the selectivity of BF227, we compared the in vitro binding properties
of [*F]-BF227 to ApP-containing brain homogenates (Alzheimer's
disease) versus Ap-free (non-detectable levels of AR) homogenates
(pure dementia with Lewy bodies and age-matched control). AR ELISA
analysis was utilised to establish the presence/absence (non-
detectable levels) of AR, prior to conducting binding studies (data
not shown). |"®F}-BF227 bound with high affinity to AB-containing
brain homogenates. Scatchard analysis identified one class of binding
sites within Alzheimer's disease homogenates with a Kp of 33 + 4.8
nM and a Bpax of 9353 pmol/|'®F]-BE227/g tissue (Fig. 2A).
In contrast, |*®F]-BF227 did not bind to the a-synuclein-containing
Ap-free dementia with Lewy bodies (dementia with Lewy bodies-
pure; Fig. 2B) or the Ap3-and o-synuclein-free age-matched control
subjects (Fig. 2C).
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Fig. 2. In vitro binding studies demonstrate that ['SF|-BF227 fails to bind to pure dementia with Lewy bodies brain homogenate. Scatchard plots of |'8F}-BF227 binding to (A) AD,
(B) age-matched control and (C) pure dementia with Lewy bodies brain homogenates. Scatchard analysis indicated that BF227 binds to Alzheimer's disease (Kp 33 + 4.8nM, By,
9353 pmol/{'®F]-BF227/g tissue). No significant binding of |'®F}-BF227/g to pure dementia with Lewy body or age-matched control subjects was observed. Binding data were
analysed using GraphPad Software (Version 1.0, San Diego, CA). This figure is the average of at least three independent experiments.
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Fig. 3. Immunohistochemistry analysis indicates that BF227 binds specifically to AR plaques and not o-synuclein-containing Lewy bodies within the substantia nigra.
Microscopy images of three serial sections (7 mm) from the frontal cortex of (A} Alzheimer's disease or (B) substantia nigra Parkinson's disease brain, immunostained with
antibodies to a-synuclein (97/8; 1:2000) and AP (1E8; 1:50), to identify Lewy bodies and AR plaques respectively; or stained with 100 mM BF227. Black arrows indicate the
location of AR plaques (top panel) and Lewy bodies (bottom panel), as determined by immunohistochemistry. White arrows indicate positive BF227 staining as detected by
fluorescence, co-localising with 1E8 immunostaining of AR plaques in Alzheimer's disease subjects and Lewy bodies in the substantia nigra of Parkinson's disease subjects.
Tissue sections were imaged using a Leica microscope and Axiocam digital camera. Scale bars, 50 mm.

3.3. BF227 and Immunohistochemical Staining of Human Alzheimer's
Disease and Parkinson’s Disease Subjects

As a qualitative measure of its potential binding to o-synuclein
deposits/Lewy bodies by fluorescence microscopy, untabelled BF227
was used to stain fixed serial sections from the substantia nigra of
Parkinson's disease subjects. Staining of the frontal cortex of Alzheimer's
disease subjects was also conducted. Parkinson's disease substantia
nigra sections were chosen for their rich source of Lewy bodies. BF227
staining of the substantia nigra co-localised with immuno-reactive
o-synuclein-containing Lewy bodies (Fig. 3). A comparison of the
a-synuclein staining Lewy bodies with BF227 staining suggested
that BF227 binds to Lewy bodies as well as AR stained plaques.

4, Discussion

The ongoing quest for specific and selective PET imaging agents is
imperative for the early diagnosis, treatment, development and moni-
toring of neurodegenerative diseases, such as Alzheimer's disease. To
date, the design and testing of PET imaging candidates have suggested
that compounds based on histological dyes whilst specific, are not
selective for Ap pathology. Benzoxazole compounds/derivatives repre-
sent a promising new family of imaging agents that may overcome some
of the limitations of current PET ligands.

In vitro binding studies indicated that |'8F}-BF227 bound signifi-
cantly to AP;_a fibrils; exhibiting two classes of binding sites. Previous
studies (Kudo et al., 2007) assessing the binding affinity of BF227 to
AP1_42 fbrils utilised a competition binding assay that was incapable
of detecting multiple classes of binding sites. This study is the first to
suggest the existence of two binding sites for benzoxazole com-
pounds on AP, _4; fibrils. Binding of [*®F}-BF227 to a-synuclein fibrils
was observed only at an equimolar concentration to AP,_4, fibrils
although, with a ~10-fold lower affinity when compared to AB;_42
fibrils (Fig. 1A). The lower affinity of |'®F]-BF227 for synthetic o-
synuclein fibrils as compared to AP_4; fibrils and the concentration
of ["®F]-BF227 (~1 nM) typically achieved during PET studies,
suggests that the binding of ["®F]-BF227 to a-synuclein-containing
Lewy bodies should not contribute significantly to the | '®*F]-BF227-
PET signal.

Despite the results obtained for synthetic APy_4o fibrils, in vitro
studies in brain homogenates failed to show two binding sites.
Nevertheless, a high affinity Kp value in the low nanomolar range was
observed. This distinction may reflect the fact that AR plaques are not

only composed of ARy 4y, but also APRqi_40 and other longer or
truncated species of AR (i.e. APi_3g and APy_s3) within the
Alzheimer's disease brain. Despite the binding of |'®F]-BF227 to a-
synuclein fibrils, no binding of ['®F]-BF227 was detected in pure
dementia with Lewy bodies homogenates, devoid of AP plaques. This
observation may indicate that the density of a-synuclein-containing
Lewy bodies present in the pure dementia with Lewy bodies
homogenates analysed may be low and therefore undetectable by
[ *F]-BF227. Our previous studies assessing PiB binding to a-synuclein
fibrils and pure dementia with Lewy bodies brain homogenates
yielded similar results and as remarked there, the concentration of o~
synuclein fibrils utilised for the in vitro studies may be physiologically
unattainable, explaining the discrepancy between fibril and dementia
with Lewy bodies brain homogenate results (Fodero-Tavoletti et al,
2007).

Consistent with previous reports, BF227 staining of A plaques
was clearly evident in the Alzheimer's disease brain sections exam-
ined. Fluorescence studies also demonstrated that BF227 bound to
Lewy bodies, as indicated by the co-localisation of BF227 staining
with a-synuclein-positive Lewy bodies (Fig. 3). Noteworthy, the con-
centration of BF227 used for the fluorescent studies was considerably
higher (100 puM) that the low nanomolar concentrations typically
achieved during in vivo PET studies (Kudo et al., 2007).

In conclusion this study supports the notion that |"®F}-BF227 is not
entirely selective for AR pathology. Whilst previous PET studies were
conducted using the carbon-11 labelled BF227, we anticipate that our
results would be applicable to both |''C]- and | "®F|-labelled BF227 PET
studies, as the chemical nature of BF227 is not altered using either
radioisotope, Therefore, taking into consideration the calculated Ky, for
a-synuclein fibrils and the size and cortical density of Lewy bodies, we
speculate that the potential contribution of Lewy bodies to |'C}-
BF227-PET retention in the brains of Alzheimer's disease and even
dementia with Lewy bodies patients (when assessed), should be
considered to be extremely low. Nevertheless, given the high affinity
for o-synuclein, added to the high density of Lewy bodies in the
substantia nigra of most Parkinson's disease patients, evaluation of
BF227 as a Parkinson's disease diagnostic biomarker, does warrant
further investigation.
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Prion protein oligomers in Creutzfeldt-Jakob
disease detected by gel-filtration
centrifuge columns
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Prion diseases are diagnosed by the detection of accumu-
lation of abnormal prion protein (PrP) using immuno-
histochemistry or the detection of protease-resistant
abnormal PrP (PrP™), Although the abnormal PrP is neu-
rotoxic by forming aggregates, recent studies suggest that
the most infectious units are smaller than the amyloid
fibrils. In the present study, we developed a simplified
method by applying size-exclusion gel-filtration chroma-
tography to examine PrP oligomers without proteinase K
digestion in Creutzfeldt-Jakob disease (CJD) samples,
and evaluated the correlation between disease severity and
the polymerization degree of PrP. Brain homogenates of
human CJD and non-CJD cases were applied to the gel-
filtration spin columns, and fractionated PrP molecules in
each fraction were detected by western blot. We observed
that PrP oligomers could be detected by the simple gel-
filtration method and distinctly separated from monomeric
cellular PrP (PrP). PrP oligomers were increased accord-
ing to the disease severity, accompanied by the depletion
of PrP’. The separated PrP oligomers were already
protease-resistant in the case with short disease duration.
In the cases with quite severe pathology the oligomeric
PrP reached a plateau, which may indicate that PrP mol-
ecules could mostly develop into amyloid fibrils in the
advanced stages, The increase of PrP oligomers correlated
with the degree of histopathological changes such as spon-
giosis and gliosis. The decrease of monomeric PrP< was
unexpectedly obvious in the diseased cases. Dynamic
changes of both oligomerization of the human PrP and
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depletion of normal PrP¢ require further elucidation to
develop a greater understanding of the pathogenesis of
human prion diseases.

Key words: centrifugation, Creutzteldt-Jakob disease, gel-
filtration chromatography, oligomers, prion proteins.

INTRODUCTION

Prion diseases or transmissible spongiform encephalopa-
thies (TSEs) are a group of fatal neurodegenerative
disorders which include scrapie and bovine spongiform
encephalopathy (BSE) in animals, and Creutzfeldt-Jakob
disease (CJD) in humans. Histopathological changes of the
brain are comprised of fine vacuolation, also termed spon-
giosis, reactive changes of astrocytes, and variable loss of
neurons.' TSEs are associated with abnormal deposition of
prion protein (PrP). The normal, cellular PrP (PrP¢) is con-
verted into abnormal PrP (PrP*) through a process of con-
formational change where a portion of its ¢-helical and coil
structure is refolded into a B-sheet.” PrP* consists of 254
amino acids, and is attached to the cell membrane via a
glycosyl-phosphatidylinositol anchor, a membrane glyco-
protein expressed in many normal tissues and at higher
levels in the brain.?

Under physiological conditions, PrP exists as 32-35 kDa
protein.* PrP* is soluble in detergent and degraded easily by
proteases. By contrast, PrP* is insoluble in detergent and
partially resistant to proteases.* The method for measure-
ment of PrP* was fundamentally changed with the devel-
opment of the conformation-dependent immunoassay
(CDI). The CDI uses anti-PrP antibodies that react with an
cpitope exposed in native PrP¢, but which do not bind to
native PrP*, which indicates the conformational change of
PrP*. Studies using the CDI method have demonstrated
that most PrP* is protease sensitive (sPrpPw)+* Prp

— 149 —



PrP oligomers in CJD

produces neurotoxicity by forming aggregates. and the
most infectious units are much smaller than the amyloid
fibrils that are often observed in TSE-infected tissues.” In
uninfected human brains, PrP is mainly present in mono-
meric. dimeric. trimeric, and tetrameric forms, while a small
amount of large PrP aggregates are present.” By contrast,
in prion-infected brains the levels of large PrP aggregates
are dramatically increased, although the monomers and
small oligomers are still detected.”""

Accumulation of misfolded proteins as insoluble aggre-
gates occurs in several neurodegenerative diseases includ-
ing dementia with Lewy bodies (DLB)." Huntington's
disease.”” Parkinson’s disease (PD).'"* and Alzheimer's
disease (AD)."*" and are associated with the formation
and accumulation of amyloid fibrils in specific brain areas.
In these fibrils and aggregates, the constituent molecules
are largely in the B-conformation." Recent studies suggest
that the soluble oligomers may be the principal neurotoxic
agents. Soluble AR oligomers are found in CSF of AD
patients; the soluble AP content of the human brain is
better correlated with the severity of disease than the clas-
sical amyloid plaqucs containing insoluble AP deposits,”
and fibril-free oligomers are toxic to cultured cells and
neurons.™" In DLB and PD, o-synuclein accumulates
in insoluble inclusions; however, a-synuclein promotes
the formation of highly soluble oligomers that precede
the insoluble o-synuclein aggregates associated with
neurodegeneration."'

Prion diseases are conventionally diagnosed by the
detection of accumulation of abnormal PrP using immuno-
histochemistry or the detection of the abnormal PrP with
protease resistance (PrP™*). Comparison between CDI and
western blotting of brain samples from sporadic CID and
variant CJD patients showed that the CDI was 50- to 100-
fold more sensitive.” [t would be highly recommended that
the abnormality of PrP molecules should be determined
from various perspectives more than protease resistance.
In the present study, we tested several spin columns to
detect PrP oligomers by a simplified method applying gel
filtration chromatography without protease treatment, in
CID patients with various degree of neuropathological
change. and evaluated the correlation between the disease
severity and the degree of PrP polymerization.

MATERIALS AND METHODS

Brain homogenate preparation

Human brains were collected at autopsy from six sporadic
CJD (methionine homozygote at the polymorphic codon
129 and the type 1 PrP™: MM1; one case had an unknown
genotype due to the refusal of genetic analyses) and three
non-CJID neurological control cases (Table 1). The speci-
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Table 1 Details of samples and the grading scores of spongiosis and gliosis
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mens were stored at —=80°C until used. Brain samples of
frontal cortex were homogenized to a final concentration
of 10% (w/v) in lysis buffer without sodium dodecyl sulfate
(SDS) (100 mmol Tris-HCL 100 mmol NaCl, 10 mmol
EDTA. 0.5% Nonidet P-40 (NP-40), 0.5% deoxycholate,
pH 7.6)"™ or in lysis buffer with SDS (100 mmol Tris-HCl,
100 mmol NaCl. {0 mmol EDTA, 1% SDS. pH 7.6).
Samples were homogenized at 3000 rpm for 30 s in a bead-
disrupter homogenizing system (MicroSmash MS-100;
Tomy Seiko Co., Ltd.. Tokvo, Japan). Homogenates were
then clarified by centrifugation at 250 g for S min and the
supcrnatant was stored at —80°C.

Spin-column gel filtration

The manufacturer’s instructions for the columns (BD
CHROMA SPIN™.200, 400: Clontech, San Francisco, CA,
USA) indicated that the CHROMA SPIN-200 was capable
of retrieving nucleic acids more than 350 bases and elimi-
nating proteins smaller than 1000 kDa. The columns were
pretreated by centrifuging at 200 ¢ for 3 min to discard
the storage buffer, and then 500 uL lysis buffer was added
and centrifuged at 200 g for 3 min twice for the buffer
exchange. To determine the protein shift, 0.01% bro-
mophenol blue was added and 75 pL. samples were then
added to the center of the gel bed. The first centrifugation
was made at 120 g for 2 min, and the first fraction was
collected in the collection tube. Another 40 puL of lysis
buffer was added, followed by centrifuging at 120 g for
2 min to collect the size-exclusion fractions sequentially. In
these operations, we used a centrifuge with a fixed-angle
rotor (RA-44; Kubota, Osaka, Japan) or swing-bucket
rotor (A-4-62; Eppendortf, Hamburg, Germany). The cen-
trifugal conditions described above were used for the
swing-rotor centrifuge, and a milder centrifugation of 120 g
to prepare the columns and 60 g to collect the fractions was
used for the fixed angle rotor. Additionally, the fractions
and pre-column brain homogenates were treated with
50 ug/mL proteinase-K (PK) to verify whether they con-
tained PrP™.

To evaluate the fractionation profiles we applied
western protein standards (MagicMark XP:; Invitrogen.
Carlsbad, CA, USA) to a spin column. Marker proteins
were prepared in sample buffer (NuPAGE LDS sample
bulfer: Invitrogen) and fractionated by the spin-column gel
filtration method. Each fraction was assessed by western
blot analysis.

Detection of fractionated prion proteins

Fractionated samples were boiled for 10 min in NuPAGE
LDS sample buffer. Proteins were separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) in 12%
Bis-Tris gels (Invitrogen). and proteins were transferred

H Minaki et al.

to  polyvinylidene difluoride (PVDF) membranes
(Immobilon-P: Millipore. Billerica, MA, USA). The mem-
branes were incubated for 1 h at room temperature with
EzBlock (ATTO. Tokyo, Japan) in Tris buffered saline with
Tween-20 (TTBS) (10 mmol Tris-HCI. 130 mmol NaCl,
0.05% Tween-20) to block the nonspecific binding of
antibodies. Membranes were then incubated for 1h at
room temperature with an anti-prion antibody (mouse
monoclonal 3F4. 1:10 000; Signet, Dedham, MA. USA),
followed by a peroxidasc-conjugated anti-mouse IgG sec-
ondary antibody (AP192P. 1:20 000: Chemicon, Temecula.
CA. USA). Immunoreaction was visualized using ECL
plus Western Blotting Detection System (GE Healthcare:
Chalfont St. Giles, Buckinghamshire, UK).

Histopathological grading

The spongiform change and gliosis in the frontal cortex
adjacent to the sampling site for brain homogenate prepa-
ration for each case were evaluated with HE staining and
GFAP immunostaining. The grading criteria of the spon-
giosis were: 0, none: 1, mild (scattered or focal state); 2,
moderate (patchy or laminar state); 3, severe (spread to the
whole cortex); and 4, (rarefaction, i.c. status spongiosus).
The grading criteria of the gliosis were: 0. none: 1, mild
(slightly increased number of astrocytes); 2, moderate
(prominent astrocytic cell processes): and 3, severe
(numerous hypertrophic astrocytes).

RESULTS

Results from the fractionated molecular weight marker
suggested thal fractions two to four contained protein mol-
ecules of at least 220 kDa or more (Fig. 1). Fraction one
consisted mostly of void volume, and was thus unsuitable

fraction number
2 3 4 5 6 7 8

(kDa) 9 10
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100
60
40
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Fig. 1 Western blot analysis for the fractionated molecular
markers (MagicMark XP, lane M). Fractions two to four consisted
of molecules greater than 220 kDa. Fractions six to nine consisted
of molecules of 20-40 kDa.
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for assessment. It is estimated that monomeric PrP (size
approximately 32-35 kDa) should be mainly collected in
fractions six to eight. The experiment with the fixed-angle
centrifuge showed a similar fraction pattern as that with
the swing-bucket rotor (data not shown).

Proteins were not well separated by CHROMA SPIN-
400, which had a pore size larger than CHROMA SPIN-
200. particularly in the late-phase fractions {(data not
shown). Potentially. the gels with the large pores may be
oo tender to maintain their filtration capacity under the
centrifugal conditions used in the present study. Some non-
CJD homogenates in the lysis buffer with 0.5% NP-40 and
(0.5% deoxycholate showed insoluble PrP aggregates in the
peak fractions four to six (Fig. 2a). Therefore, we added 1%
SDS in lysis buffer so that most of the PrP molecules were
solubilized and detected in fractions six to eight (Fig. 2b).
[n human CJD brain homogenates. PrP was mostly
detected in fractions two to four in an aggregated form
{Fig. 3d.). By contrast. PrP molecules in non-CJD brain
samples were detected in fractions six to eight in a mono-
meric form (Fig. 2b).

fraction number
Mpre 2 3 4 5 6 7 8 9

(kDa)

40
30

20

b

40—
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Fig. 2 The effect of buffer conditions on non-CJD homogenate
preparation. (a) Samples were prepared in lysis buffer with 0.5%
NP-40 and 0.5% deoxycholate, resulting in the detection of PrP
molecules in the peak fractions four to six. (b) Most of the PrP
molecules were solubilized in the lysis buffer with 1% SDS
and shifted into fractions six to eight. pre: Pre-column brain
homogenate.
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The comparisons of histopathological features between
the cases can be seen in Table 1. The findings in the repre-
sentative cases with short and long disease duration {case
2 and case S. respectively) can be seen in Figure 3. HE
staining (Fig. 3a.f) and GFAP immunostaining (Fig. 3¢.h)
revealed that spongiosis and gliosis were advanced accord-
ing to loss of brain weight. All of the CJD cases showed
varying degrees of synaptic PrP deposition by PrP immu-
nostaining (Fig. 3b,g). In the case with mild pathological
change. PrP molecules were detected as aggregates in frac-
tions two to four, and also as monomers in fractions six to
eight (Fig. 3d), whereas in the severe case most of the PrP
molecules were aggregated and detected in fractions two to
four (Fig. 3i). PrP oligomers retrieved using this method
had already developed PK resistance in both the mild and
the severe cases (Fig. 3e.j).

The ratio of oligomeric/total PrP was increased accord-
ing to the disease severity (Fig.4). PrP oligomers were
increased in inverse proportion to the brain weight;
however, the ratio plateaued in the very severe cases (cases
1 and 2: Table 1). The increasc of PrP oligomers correlated
with the grade of histopathological change such as spon-
giosis and gliosis (Table 1). Moreover, monomeric PrP
molecules were consistently decreased in the CJD cases
(Fig. 4). The cut-off value of the oligomer ratio was
approximately 0.05 between CJD and non-CJD cases.

DISCUSSION

The main difference between the spin-column gel filtration
method used in the present study and conventional methods
such as western blotting or ELISA is the removal of
the protease treatment step. Without protease freatment,
protease-sensitive PrP in samples should be retained, and
we demonstrated that the PrP molecules can be separated
by gel-filtration centrifuge columns using a suitable gel size.
The elution curve of each protein was rather broad due to
the low resolution of the column: however, the fractionation
pattern appeared to be sufficiently effective to distinguish
abnormally aggregated PrP oligomers from monomeric
PrPc by their size. Fractions two to four contained PrP
oligomers of more than 220 kDa, which were discriminated
from the monomeric PrP molecules mostly eluted in frac-
tions six to eight. Furthermore, the procedure is safe as the
gel filtration method can be performed in a closed system.
The CDI method also detects PK-sensitive PrP* without
protease treatment; however this is not based on the poly-
merization degrees but on the conformational changes of
PrP. Therefore, both the gel-filtration method and the CDI
method have the advantage of being able to determine PrP*
from different perspectives.

PrP oligomers were increased according to the disease
severity in the CJD cases, accompanied by the depletion of
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PrPe. In the cases with short disease duration, CID-specific
pathological changes such as spongiform change. gliosis,
and abnormal PrP deposition were less severely observed.
PrP oligomers were detected in fractions two to [our in
those cases, whereas monomeric PrP® was diminished com-
pared to non-CJD control cases but were still detected in
the brain. By contrast, PrP oligomers were more prominent
in association with distinctly decreased PrP¢ in the cases
with long disease duration showing severe rarefaction
(status spongiosus) and gliosis in the cerebral cortices.
Since human autopsy samples of prion diseases would not
exactly correlate with the progression of the disease, a
time-course investigation could only be performed using
serially collected samples of TSE animal models, However,
the relationship of the polymerization degree of PrP to

4

5

6 7 8 9

Fig.3 Comparison of histopathological
changes and fractionation patterns of PrP
in the CJD) cases with short disease dura-
tion (case 2 in Table |, a-e) and long
disease duration (case 5, f-i). (a. ) HE
staining. (b, g) Immunostaining for PrP. (c,
h) GFAP immunostaining. (d, i) Fraction-
ation pattern for PrP. (e, j) Western blot for
proteinase-K treated PrP in each fraction.
pre: Pre-column brain homogenate. Objec-
tive magnification: x 20 (a, f). x 40 (b. g).
and x 10 (¢, h).

pathological severity such as loss of brain weight, spongio-
sis and gliosis indicates that dynamic changes of both oli-
gomerization of the human PrP and depletion of normal
PrP¢ could be responsible for the pathogenesis of human
prion diseases.

Previous reports on the polymerization degree of PrP
determined by sucrose gradient sedimentation reveal that
the PrP monomers and small oligomers are still detected in
sporadic CJD samples’ and prion-infected mouse brains."
In this study we demonstrated the almost total depletion
of monomeric PrP in some cases with severe pathological
changes, which may be due to more intense life-sustaining
treatment in our cases. Furthermore, biochemical analyses
on animal models would mostly be performed by means of
whole brain materials including relatively intact regions,

© 2009 Japanese Society of Neuropathology
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Fig.4 Correlation between the oligomeric/monomeric PrP and
brain weight. Fraction three in this method was supposed to rep-
resent the oligomeric PrP and fraction seven corresponded to the
monomeric PrP. Pre-column samples were assumed as loading
controls of total PrP. The density of triplet PrP bands in each lane
was measured. and the oligomeric/total PrP or monomeric/total
PrP was calculated as [oligomer index] (gray bars) or [monomer
index] (open bars). respectively. The line graph shows the brain
weight of CJD cases. The left y-axis shows the index of PrP and the
right y-axis shows the brain weight (g).

whereas our biological data in this study were derived
exclusively from the relevant lesions. Correlation between
the disease progression and the degree of PrP polymeriza-
tion requires further elucidation by analyses of larger-scale
samples including serially collected samples of TSE animal
models and human TSE cases with different clinicopatho-
logical features such as prion protein gene codon 129 geno-
types. PrP* isoforms and PrP deposition pattern.

Although PrP oligomers were increased according to
the disease stages, the ratio of oligomeric/total PrP pla-
teaued in the very severe case. It must be noted that the
uppermost limit of the size of the retrieved proteins using
this method is unknown. and highly aggregated PrP fibrils
may remain stuck in the gel bed. It is possible that abnor-
mal PrP molecules would mostly form amyloid fibrils
with a long disease duration, which could not be retrieved
using this method. Sucrose gradient sedimentation was
previously shown to detect all the detergent-insoluble
PrP aggregates’" including amyloid fibrils, but the gel-
filtration column method used in the present study is a
suitable and more convenient method for retrieval of PrP
oligomers.

In conclusion, the simplified gel-filtration method can
detect PrP oligomers in human CJD cases. This method
would detect not only PK-resistant PrP™, but also
PK-sensitive PrP*. The increase of PrP oligomers corre-
Jated with the degree of brain pathology such as spongiosis
and gliosis. Further studies are required o confirm the
biochemical characteristics of these oligomers, including
the measurement of polymerization degree of PrP

© 2009 Japanese Society of Neuropathology
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detected in fractions two to four, and whether these frac-
tions arc ncurotoxic and/or infectious.
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In prion diseases the normal cellular isoform of prion protein (PrP), denoted PrPC,
is converted into an abnormal, pathogenic isoform of PrP (PrP%). Diagnostic tools for
prion diseases are conventionally based on the detection of protease-resistant PrP (PrPre)
after proteinase K digestion. However, recent studies have revealed that protease-sensitive
abnormal PrP (sPrP%) also exists in significant amounts in brains suffering from prion
diseases. Here, we designed a simplified size-exclusion gel chromatography assay, using
disposable spin columns to examine PrP aggregates in the course of the disease, without
proteinase K digestion. Brain homogenates of NZW mice, inoculated intracranially with
Fukuoka-1 strain, and which died at around 120 days post-inoculation, were assayed by
this gel-fractionation method and eluted PrP molecules in each fraction were detected by
western blot analysis. Oligomeric PrP molecules were well separated from monomers, as
predicted. A conventional protease-digestion assay was also performed to detect PrP™ and
revealed that the ratio of PrP™ to total PrP increased drastically from 105 days. However,
the increase of PrP oligomers became significant from 90 days. These PrP oligomers in
the early disease stage would, therefore, be sPrPS molecules that might affect the disease
pathology, such as spongiform change and abnormal PrP deposition. We also observed that
the resistance of PrP oligomers to proteinase K and insolubility in phosphotungstic acid
precipitation increased with disease progression, which suggests that PrP oligomers are not
clearly distinguished from cellular PrP or PrP™ but may overlap in a continuous spectrum.
Our study casts light on the ambiguity of the definition of PrPS¢ and indicates that the
abnormality of PrP molecules should be determined from various perspectives, more than
protease resistance,
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Introduction [2-5]. Due to the avoidance of protease digestion,

conformation-dependant immunoassay (CDI) has been

Transmissible spongiform encephalopathies (TSEs),
also termed prion diseases, are fatal neurodegenera-
tive diseases associated with abnormal deposition of
prion protein (PrP) in the central nervous system. The
normal cellular isoform of PrP, denoted PrP<, is con-
verted into an abnormal, protease-resistant, pathogenic
isoform of PrP (PrP5¢) by post-translational modifi-
cation. The conversion of PrP® into PrPS¢ involves
a conformational change of the protein, from an
a-helical to a B-sheet structure, and PrPS¢ forms
detergent-insoluble aggregates and is partially resis-
tant to proteinase K (PK) digestion [1]. Conventional
diagnostic tools for prion diseases are based on the
detection of protease-resistant abnormal PrP (PrP®s
or rPrPSC) after PK digestion. However, recent stud-
ies have revealed that protease-sensitive abnormal PrP
(sPrP5°) also exists at significant levels in TSE brains

recently developed to detect total PrPS¢, including
sPrPS¢ [3—-7]. Other novel methods for the detection of
PrPS¢ that do not require protease treatment have also
been developed, such as sucrose gradient sedimenta-
tion and size-exclusion gel chromatography to detect
abnormally aggregated PrP [8,9], fluorescence-based
conformational biosensor to detect B-folded conforma-
tion of PrP [10}, fluorescence correlation spectroscopy
to detect prion particles [11] or modified sandwich
ELISA to detect PrP oligomers [12].

It is well established that in many neurodegenera-
tive diseases, designated as ‘conformational diseases’,
the oligomeric form of disease-causing protein is more
lethally neurotoxic than the highly aggregated fib-
rillar form. Amyloid 8 protein in Alzheimer’s dis-
ease [13,14], a-synuclein in Lewy body disease [15]
and polyglutamine protein in poly glutamine diseases

Copyright © 2009 Pathological Society of Great Britain and ireland. Published by john Wiley & Sons, Ltd.
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[16] form pathogenic oligomers that give rise to
channel-forming structures, which lead to inappropri-
ate membrane permeabilization [17,18]. In this con-
text, protein aggregation into amyloid fibrils might
be a protective process for the nervous system [19].
PrPS¢ also aggregates into oligomers or fibrils, whose
minimal structures have recently been modelled as
B-helical PrP trimers [20,21] reminiscent of channel-
forming structures. Thus, toxic PrP peptide could form
ion-permeable channels in lipid bilayer membranes
[22]. Indeed, recent studies have indicated that PrP
oligomers have more intense infectivity [23] and neu-
rotoxicity [24,25] than highly aggregated amyloid fib-
rils, which corresponds to soluble amyloid 8 oligomers
in Alzheimer’s disease [13,14].

To explore the PrP molecules with intermediate
properties between PrP¢ and PrP's, such as sPrPS¢
or PrP oligomers, we developed a simplified size-
exclusion gel chromatography assay using disposable
gel-filtration spin columns. This method provides a
tool for measuring the aggregation status of total PrP
without PK digestion and to detect PrP oligomers in
an easy and safe way. We employed this method to
examine the time course for the development of PrP
aggregates in a TSE mouse model. We also determined
the characteristics of detected PrP oligomers to evalu-
ate their association with disease progression.

Materials and methods

TSE mouse model

NZW mice were inoculated intracranially with the
mouse-adopted Fukuoka-1 strain derived from a
human case with Gerstmann—Striussler—Scheinker
disease [26]. Brain samples were serially collected
twice a month until the mice died at around 120 days
post-inoculation. At each time point, three brains
were fixed in 10% formalin for pathological exami-
nation and three to four brains were frozen together
in a single test tube for biochemical analyses. Con-
trol samples were also collected from the mock-
treated mice, which had been inoculated with normal
brain homogenate. Formalin-fixed, paraffin-embedded
sections were stained with haematoxylin and eosin
(H&E) to examine spongiform change, neuronal loss
and gliosis. Spongiform change was assessed by
image-analysis software (ImagelJ, National Institutes of
Health, USA), in which the highlighted area of vac-
uoles was calculated and divided by the total area,
designated as a spongiform index [vacuolar/total area
(%)]. Data were compared between groups at each
time point using Tukey’s test. Immunohistochemistry
for PrP was performed using a polyclonal anti PrP
C-terminal antibody (1:200; IBL, Japan) in conjunc-
tion with the detergent autoclaving method for antigen
retrieval [27]. The procedures performed in this study
were approved by the Committee of Ethics on Ani-
mal Experiments of the Faculty of Medicine, Kyushu

] Pathol 2009; 219: 123~130 DOI: 10.1002/path
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University, and were in strict accordance with the
Guidelines for Animal Experiments of the Faculty of
Medicine, Kyushu University, and with Law No. 105
and Notification No. 6 of the Japanese Government,

Detection of PrP"s

Conventional procedures for the detection of PrPrs
were conducted as follows: 1% brain homogenate
was prepared in extraction buffer (100 mm Tris—HCI,
100 mm NaCl, 10 mm EDTA, 0.5% Nonidet P-40,
0.5% sodium deoxycholate, pH 7.6) and incubated
with 50 pg/ml PK at 37°C for 1 h. Protease activity
was then abolished by the addition of 1 mMm Pefabloc
SC (Roche, USA). Undigested PrP™® fragments were
separated by SDS-—polyacrylamide gel electrophore-
sis (SDS—PAGE) in 12% NuPAGE Bis-Tris gels
(Invitrogen, USA) and transferred onto polyvinilidene
difluoride membranes (Millipore, USA). Protein was
detected using anti-PrP mAb (clone SAF-83, raised
against scrapie-associated fibrils from infected ham-
ster brain, 1:10 000; Cayman, USA) as the primary
antibody and peroxidase-labelled donkey anti-mouse
IgG Ab (AP192P, 1:20 000; Chemicon, USA) as the
secondary antibody, and visualized by chemilumines-
cence with ECL-plus substrate (GE Healthcare, UK).
Another anti-PrP SAF-70 mAb (Cayman) recognizing
amino acid residues 142-160 was also used to deter-
mine the specificity.

Spin-column gel filtration

We tested the spin-column kit CHROMA SPIN-200
(Clontech, USA) for its ability to fractionate pro-
teins according to molecular size. The manufacturer’s
instructions refer to the size-selective separation and
purification of nucleic acids, which indicate the capa-
bility to retrieve nucleic acids of >350 bases and
eliminate proteins <1000 kDa; thus, we had to mod-
ify the procedures to enable the fractionation of pro-
teins. Briefly, low-speed centrifugation following addi-
tional loads of extraction buffer were repeated to col-
lect size-selected fractions. The modified protocol is
summarized in Figure 1A. Columns were pre-spun at
200 x g for 3 min to remove storage buffer. Buffer
exchange was made by the addition of 500 ul extrac-
tion buffer followed by centrifugation at 200 x g for
3 min. This step was then repeated. For easier sam-
ple loading, 0.01% bromophenol blue was added to
1% brain homogenates and then 75 pl sample was
applied on the gel bed. Elution fractions were gath-
ered into collection tubes by spinning at 120 x g for
2 min. Fractions were serially collected by repeated
addition of 40 pl extraction buffer followed by cen-
trifugation. Fractionated PrP was detected without PK
treatment by SDS-PAGE and western blot analysis,
as described above.

To evaluate fractionation profiles produced by this
method, we applied western protein standards, Magic-
Mark XP (Invitrogen, USA), to a spin column. Marker

Copyright © 2009 Pathological Society of Great Britain and lreland. Published by John Wiley & Sons, Ltd.
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Figure 1. The fractionation capability of spin columns.

(A) Protocol for the spin-column gel filtration method.
CHROMA SPIN TE-200 (Clontech) columns were used.
BPB, bromophenol blue. (B—D) Molecular-weight markers
[MagicMark XP, Invitrogen; lane M in (B)] were gel-fractionated.
The marker molecules eluted in each fraction were evaluated
by SDS—PAGE (B) and a chromatogram was obtained from grey
value measurements (C). Peak fractions of each molecule were
estimated and plotted against molecular weight (kDa) (D). A
log-linear relation was observed among 20-220 kDa molecules

proteins were prepared in sample buffer (NuPAGE
LDS sample buffer; Invitrogen), to mimic the molecu-
lar size in the condition of SDS—-PAGE, and fraction-
ated by the spin-column gel filtration method. Each
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fraction was assessed by western blot analysis, as
described above.

Biochemistry of fractionated PrP

PrP molecules in each fraction prepared by the gel-
filtration method were examined for protease resis-
tance using 50 pug/ml PK treatment to detect PrP™es,
as described above. Phosphotungstic acid (PTA) pre-
cipitation was also conducted on each fraction, without
PK treatment, to estimate the total disease-associated
PrP5¢, as described previously [28] except avoiding
the enrichment effect. Specifically, 10 ul fractions
were treated with PTA and the resulting pellets were
resuspended in 10 pl sample-loading buffer. Prepared
PrP molecules were detected by western blot analy-
sis, as described above. Deglycosylation by PNGase
F (peptide-N-glycosidase F; New England Biolabs,
USA) was also performed in accordance with the man-
ufacturer’s instructions to determine the PrP fragments
unambiguously.

To determine whether fractionated PrP molecules
have the form of oligomers, dot-blot analysis was
performed using 2 pl each fraction dotted onto a nitro-
cellulose membrane. Oligomers were detected using a
primary anti-oligomer antibody [29] (rabbit polyclonal
All, 1:5000, Invitrogen, USA) and peroxidase-
labelled donkey anti-rabbit IgG Ab (AP187P,
1:10000, Chemicon, USA) as the secondary antibody.
The oligomer-specific immunoreaction was detected
by a chemiluminescent assay.

Results

Fractionation capability of spin columns

The fractionation pattern of molecular weight markers,
as shown in Figure 1B-D, indicated that the elution
curve of each marker protein was rather broad, due
to the low resolution of the column; however, the
fractionation pattern appeared to be sufficiently effec-
tive to distinguish, by size, abnormally aggregated PrP
oligomers from monomer PrP®. Although fraction 1
consisted mostly of the void volume and contained
insufficient protein to be assessed, the size of eluted
protein molecules in fractions 2 and 3 was estimated
to be >200 kDa in reference to the chromatogram and
the standard curve of peak fractions (Figure 1C, D).
Proteins whose molecular weights were approximately
30 kDa, such as monomer PrP molecules, were col-
lected mainly in fractions 6—8.

Profiles of the NZW/Fukuoka-| mouse model

NZW mice, inoculated intracranially with Fukuoka-1
strain, died approximately 120 days post-inoculation.
Spongiform change in the thalamus was specifically
prominent from 90 days (Figure 2A—C), while fine
vacuolation and gliotic change in the cerebral cortex

J Pathol 2009; 219: 123 —130 DOI: 10.1002/path

Copyright © 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
— 159 —



126

LW T
A ".fk"#."- "'-;':Q

5.0

Spongiform change O
{Vacuolar/totat area) (%)

45 60 75 0 105 120
days past inoculation

Prr=
[Signal intensity] (%)

45 60 75 20 105 120
days post inoculation

was observed from 105 days (data not shown). Abnor-
mal PrP deposition, predominantly observed in a punc-
tate synaptic pattern, was first detected by immuno-
histochemistry from 60 days in the lateral thalamic
nucleus (Figure 2D, arrow heads), which became more
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intense with time (Figure 2E, arrow heads) and spread
into the cerebral cortex from 1035 days (Figure 2E,
arrows). Even though PrP™ was already detected
in 90 day samples, the ratio of PrP™ to total PrP
increased significantly from 105 days (Figure 2F, G),
which corresponded (o the time course of abnormal
PrP deposition spreading throughout the brain, includ-
ing to the cerebral cortex.

Time course of the development of PrP aggregates

The spin-column gel filtration method revealed that
PrP aggregates increased with respect to disease pro-
gression, and that the development of PrP oligomers
preceded the appearance of PrP™. Most of the PrP
molecules extracted from the control and 45 day sam-
ples were monomers that were collected mainly in
fractions 6—8 (Figure 3A, B). Meanwhile, PrP aggre-
gates collected in fractions 2-4 were significantly
increased from 90 days (Figure 3B, and the time-
course chart shown in Figure 3C), which preceded the
augmentation of PrP™ from 105 days. In the early
disease stage, fractionated PrP aggregates at 90 days
were not effectively retrieved by PTA precipitation
(Figure 4A), although these molecules were certainly
in the form of oligomers, as indicated by the dot-blot
analysis with anti-oligomer antibody (Figure 4B). In
the terminal disease stage, fractionated PrP oligomers
at 120 days acquired an unexpectedly high level of
PK resistance (Figure 5B) and were precipitated in
conjunction with PTA, even though the retrieved PrP
molecules were apparently less than those in original
fractions (Figure 5C).

Time course of the modification of PrP fragments

PNGase deglycosylation elucidated that total PrP con-
sisted of full-length molecules and smaller fragments
other than PrP™ (Figure 6), possibly derived from
endogenous proteolytic cleavage [30], which caused
complicated band patterns in western blot analyses.
Anti-PrP SAF-70 mAb, which recognizes amino acid
residues 142—160, also detected a similar fragment

Figure 2. Profiles of the NZW/Fukuoka-| mouse model. (A-C)
Assessment of the spongiform change in the lateral thalamic
region, Coarse or fine vacuoles were specifically observed
at 120 days post-inoculation. (A; H&E, magnification x200).
The area of vacuoles was highlighted (B)and calculated as
the spongiform index [vacuolar/total area (%)] at each time
point (C). Spongiform change in the thalamus was significantly
exacerbated from 90 days (*p = 0.0011, Tukey's test; three
mice were examined at each point). (D, E) Time course of
PrP deposition (immunohistochemistry for PrP, magnification
% 12.5). Representative sections prepared at 60 (D)and
105 days (E) are shown. Punctate synaptic deposition of PrP
was observed in the thalamus (arrowheads) and the cerebral
cortex (arrows). (F, G) Development of PrP™. The signal
intensity index was calculated as the percentage of the density
of PK-resistant PrP against total PrP without PK treatment
(G). The ratio of PrP™ was drastically increased from 105 days
(**p < 0.0001, Tukey's test; experiments were performed in
triplicate). PK, proteinase-K treatment; M, molecular weight
markers

Copyright ® 2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.
— 160 —



Development of PrP oligomers in prion disease

A Fraction nun}_ber

Mpre2 3 4 5 6 7 8 9

(kDa)
40 e

30 i

20

Control

B , Fractiorn number
Mpre 21314 5 6 7

8 9
{(kDa)

40

30

20
45 d.p.i.

40 ¥
30
20 ¢

90 d.p.i.

40
30

20

120 d.p.i.

(9]

30.0

20.0

PrP oligomers
{Signal intensity) (%)

10.0

0.0

45 60 75 90 105 120
Days post-inocutation

Figure 3. The development of PrP aggregates precedes the
appearance of PrP™ molecules. (A, B) The PrP molecules in
1% brain homogenates were fractionated by spin-columns and
detected by western blot analysis, Representative results of the
control sample collected at 120 days post mock-inoculation
(A), and the diseased samples at 45, 90 and 120 days
post-inoculation (d.p.i.) (B) are shown. (C) The signal intensity
index of PrP oligomers [fraction 3 in (B)] was calculated as the
percentage against total PrP. [pre in (B)]. PrP aggregates were
significantly increased from- 90 days (**p < 0.0001, Tukey’s
test; experiments were performed in triplicate). M, molecular
weight markers; pre, unfractionated 1% brain homogenates
were loaded to provide the index of total PrP

patitern (data not shown). PK-sensitive PrP in the
control and also PrP oligomers in the early disease
stage showed a prominent diglycosylated form, of
both full-length and endogenously truncated fragments
(Figures 3A, B, 6), whereas PrP™® in the terminal
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Figure 4. Characteristics of PrP oligomers at the early
disease stage. (A} The sample at 90 days post-inoculation (d.p.i.)
was fractionated and PTA precipitation was conducted for
the same amount of each fraction applied in Figure 3B. No
aggregated PrP molecule was precipitated in fractions 2 and
3, neither were monomers detected (fractions 7 and 8).
Note that retrieved PrP molecules from the unfractionated
sample (pre) were also far less than those in the original
sample shown in Figure 3B. (B) Fractionated PrP aggregates
were certainly oligomer molecules. Anti-oligomer antibody
(Invitrogen) detected PrP oligomers at 90 and 120 days by
dot-blot immunoassay. PrP molecules in fractions 8 and 9 should
be mostly monomers, which can be considered as negative
controls, PTA, phosphotungstic acid precipitation; M, molecular
weight markers; pre, unfractionated 1% brain homogenate

stage showed almost even quantities of three glyco-
form bands, of both full-length and PK-digested frag-
ments (Figures 5B, C, 6). Monomeric PrP in the ter-
minal stage was indeed PK-sensitive and PTA-soluble,
and still retained the prominent diglycosylated pattern
(Figure 5A). PrP oligomers in the terminal stage also
involved the PrP™S-like fragments, which would be
digested by endogenous proteases reminiscent of PK
(Figures 5A, 6).

Discussion

The spin-column gel filtration method was simple yet
effective for the separation of PrP aggregates and
monomeric PrPC. The method was confined to a closed
system, contributing to safe handling. Elution curves
were rather broad, due to the low resolution of the
column; however, monomer PrP molecules, retrieved
mainly in fractions 6-8, were well demarcated from
oligomers in fractions 2—4, in accordance with our
expectations. The reproducibility of the technique was
confirmed, as shown in Figure 3B, in which standard
deviations of the data at each time point were suf-
ficiently small to compare each group statistically.
The peak fraction of oligomers detected by dot-blot
was found in fraction 4, which was slightly later
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