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MATERIALS AND METHODS

Subjects

Cerebrospinal fluid samples from 24 AD patiénts (mild to moderate
AD; 50-86 years old), 19 MCI patients (57-82 years old) and 21
control subjects (61-89 years old) were collected (see Table 1) at
Department of Neurology, Hirosaki University Hospital and at
Department of Geriatrics and Gerontology, Tohoku University Hospital,
and at Department of Neurology, Niigata University Hospital. The CSF
samples from (symptomatic) 5 FAD (mPS1) patients (T116N, L173F,
G209R, L286V and L381V) were from Niigata University Hospital.
Probable AD cases met the criteria of the National Institute of
Neurological and Communicative Disorders and Stroke—Alzheimer’s
Disease and Related Disorders (NINCDS-ADRDA) (Kuwano et al, 2006;
McKhann et al, 1984). Additional diagnostic procedures included
magnetic resonance imaging. Dementia severity was evaluated by the
Mini-Mental State Examination (MMSE). Diagnosis of MCl was made
according to the published criteria (Winblad et al, 2004). Diagnosis of
iNPH was made according to the guideline issued by the Japanese
Society of NPH {ishikawa et al, 2008). Controls who had no sign of
dementia and lived in an unassisted manner in the local community
were recruited. All individuals included in this study were Japanese
and 24 AD patients examined here were judged to have sporadic AD
because of negative family history. This study was approved by the
ethics committee at each hospital or institute.

Human cortical specimens for quantification of raft-associated v-
secretase activity were obtained from those brains that were removed,
processed and placed in —80°C within 12h postmortem [Patients
were placed in a cold (4°C) room within 2 h after death] at the Brain
Bank at Tokyo Metropolitan institute of Gerontology. For all the brains
registered at the bank we obtained written informed consents for their
use for medical research from patient or patient’s family. Each brain
specimen (~0.5 g) were taken from Brodmann areas 9-11 of 13 AD
patients {80+ 5.0 years of age, Braak NFT stage >V, SP stage=C

(retrospective) CDR > 1], 10 MCl patients (91 + 4.9 years of age, Braak -

NFT stage< IV, SP stage<C, CDR=0.5) and 16 controls (77 +6.5
years of age, Braak NFT stage < |, SP stage = 0/A, CDR=0) (Adachi et
al, 2010; Li et al, 1997).

Cerebrospinal fluid analysis

Cerebrospinal fluid (10-15ml) was collected in a polypropylene or
poiystyrene tube and gently inverted. After brief centrifugation CSF was
aliquotized to polypropylene tubes (0.25-0.5 ml), which were kept at
—80°C until use. In our experience, AB42 (possibly, other AB species too)
are readily absorbed even to polypropylene tubes (~20% per new
exposure, as shown by Luminex xMAP quantification), and repeated
aliquotization to new tubes may cause profoundly lower measures of
ABs (Tsukie and Kuwano, unpublished data, 2010). This may partly
explain why absolute levels of ABs in CSF greatly vary among
laboratories, whereas their relative ratios (eg. AB42/40) seem to be
roughly consistent. The CSF concentrations of AB38, 40 and 42 were
quantified using commercially available ELISA kits (Cat no. 27717,
27718 and 27712, respectively, I1BL, Gunma, Japan). To measure AR43,
anti-AB43 polyclonal antibody as a capture antibody was combined
with amino terminus-specific antibody (82E1) (Cat no. 10323, IBL,
Gunma, Japan) as a detector antibody. The detection limit of AB43
quantified by the ELISA was 0.78 pM (data not shown). Thus all ELISAs
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used here detect AB1-x, but not amino-terminally truncated ABs. The
specificities of ELISAs are provided in Supporting Information Fig S1.

CSF immunoprecipitation and Western blotting

When required, CSF ABs were immunoprecipitated with protein
G-sepharose conjugated with 82E1 at 4°C by keeping a container in
gentle rotation overnight. The mixture was centrifuged at 10,000xg
for 5min, and resultant pellets were then washed twice with
phosphate-buffered saline. The washed beads were suspended with
the Laemmli sample buffer for SDS—polyacrylamide gel electrophoresis
(SDS—PAGE). The immunoprecipitated ABs were separated on Tris/
Tricine/8 M urea gels (Kakuda et al, 2006), followed by Western
blotting using 82E1l. To immunodetect AB42 and AB43, AB42
monoclonal antibody (44A3, IBL) and AB43 polycional antibody (IBL)
were used (Supporting Information Fig S3).

Numerical simulation based on the stepwise processing
model of y-secretase

The temporal profiles for the ratios of AB40/43 and AB38/42 were
simulated based on the stepwise processing model. Parameters
including rate constants were set to fit maximally the temporal
profile of the cleaving activity in the reconstituted y-secretase system
(Takami et al, 2009).

We set the condition that BCTF substrate is supplied steadily from the
external source. When BCTF supply is balanced roughly in the order
with -y-secretase processing rate, the stepwise-processing model was
found to have the two successive steady states, with each
accompanying linear changes in [ES] or [S] concentrations. The first
steady state is just after the initial transition period that corresponds
to the acute saturation phase of y-secretase with BCTF. The second
steady state is associated with the constant concentrations of the
enzyme/substrate complex except ES38 and ES40. Because these
steady states kept the ratios of AB38/AB40 and AB42/AB43 constant,
the simulation was quite consistent with the CSF data.

Quantification of human brain raft-associated

y-secretase activity

Since -y-secretase is thought to be concentrated in rafts (Hur et al,
2008; Wada et al, 2003), we measured raft-associated +y-secretase
activity rather than CHAPSO-solubilized activity. Rafts were prepared
from human brains which were frozen within 12 h postmortem, as
previously described (Oshima et al, 2001; Wada et al, 2003) with
some modifications. We do not know exactly whether the y-secretase
activity depends upon the sampling site. In our hands, there appear no
large differences in the activity among the sampled sites in a given
prefrontal slice. No significant differences in the activity were noted
between outer and inner layer of the cortex. After carefully removing
leptomeninges and blood vessels, small (<0.5 g) blocks from prefrontal
cortices (Brodmann areas 9-11) were homogenized in ~10
volumes of 10% sucrose in MES-buffered saline (25 mM MES, pH
6.5, and 150 mM Nacl) containing 1% CHAPSO and various protease
inhibitors. The homogenate was adjusted to 40% sucrose by the
addition of an egual volume of 70% sucrose in MES-buffered
saline, placed at the bottom of an ultracentrifuge tube, and overlaid
with 4 ml of 35% sucrose and finally with 4 ml of 5% sucrose in MES-
buffered saline. The discontinuous gradient was centrifuged at
39,000 rpm for 20h at 4°C on a SW 41 Ti rotor (Beckman, Palo
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Alto, CA). An interface of 5%/35% sucrose (fraction 2) was carefuily
collected (referred to as raft fraction). Raft fractions were
recentrifuged after dilution with buffer C (20mM PIPES, pH 7.0,
250 mM sucrose and 1 mM EGTA). The resultant pellet was washed
twice and resuspended with buffer C, which was kept at —80°C
until use.

As the method of measuring the raft y-secretase activity was not yet
established, we first determined the assay conditions. The incubation of
raft fraction with BCTF generated exactly the same tri- and tetrapeptides
we previously observed in the detergent-soluble ~y-secretase assay
system (Takami et al, unpublished observation). This suggests that the
cleavage by raft-associated y-secretase proceeds in the identical manner
as by CHAPSO-reconstituted -y-secretase (Takami et al, 2009). In our
hands, preexisting BCTF bound in rafts generated only negligible
amounts of ABs, and their generation was dependent exclusively on
exogenously added BCTF. Thus, we concluded that the addition of BCTF
to raft fraction make possible to measure the raft-associated y-secretase
activity, ba(though we do not know how the exogenously added BCTF is
integrated into raft, gets access to and is degraded by raft-embedded
y-secretase. Using this assay method, the activities of raft-associated
y-secretase in human brains were found to be only a little affected
postmortem, when compared with that prepared from fresh rat brains. A
progressive decline in the activity was barely detectable from 4 to 17 h
postmortem. The discrepancy in the postmortem decay between our and
the previous data (Hur et al, 2008) would be ascribed to the assay
method: the latter are based on the activity measured by using
endogenous (raft-bound) substrate that is also susceptible to proteolytic
degradation (Hur et al, 2008).

Each raft fraction, adjusted to 100 wg/ml in protein concentration, was
incubated with 200 nM C99FLAG for 2 h at 37°C (Kakuda et al, 2006).
The produced ABs were separated on SDS-PACGE, and subjected to
quantitative Western blotting, using specific antibodies, 3B1 for AB38,
BA27 for ABAO, 44A3 for AB42 and anti-AB43 polycional for AB43.

Statistical analysis

All statistical analyses were performed using SPSS version 14.0. The
results were expressed as means &= standard deviations. Because data
transformations were required to achieve normally distributed data,
all analyses including AB38, AB40, AB42 and AB43 were performed
after a logarithmic transformation. Pearson’s correlation coefficients

www.embomolmed.org EMBO Mol Med 4, 344-352

were calculated to indicate the strength of the linear relationship
between two variables. An ANOVA was used to test the equality of
mean values of continuous variables among three groups, that is
control, MCl and AD. Multiple comparisons were done by Dunnett's
t-test, Bonferroni’s t-test and Welch’s t-test between control and MCl/
AD, and among three groups, respectively. A two-tailed p-value of
<0.05 was considered to be statistically significant.
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Reduced brain-derived neurotrophic factor
(BDNF) mRNA expression and presence of
BDNF-immunoreactive granules in the
spinocerebellar ataxia type 6 (SCA6) cerebellum
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Spinocerebellar ataxia type 6 (SCAG) is an autosomal-
dominant neurodegenerative disorder caused by a smail
expansion of fri-nucleotide (CAG) repeat encoding poly-
glutamine (polyQ) in the gene for oua voltage-dependent
calcium channel (Ca,2.1). Thus, this disease is one of the
nine neurodegenerative disorders called polyQ diseases.
The Purkinje cell predominant nenronal loss is the charac-
teristic neuropathology of SCAG6, and a 75-kDa carboxy-
terminal fragment (CTF) of Ca,2.1 comtaining polyQ,
which remains soluble in normal brains, becomes insoluble
in the cytoplasm of SCA6 Purkinje cells. Because the sup-
pression of the brain-derived neurotrophic factor (BDNF)
expression is a potentially momentous phemomenon in
many other polyQ diseases, we implemented BDNF
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expression amalysis in SCA6 human cerebellum using
quantitative RT-PCR for the BDNF mRNA, and by imumu-
nohistochemistry for the BDNF protein. We observed
significantly reduced BDNF mRNA Jevels in SCA6 cer-
ebellum (n=3) compared to controls (n=6) (Mann-
Whitney U-test, =0.0201). On immunohistochemistry,
BDNF protein was only weakly stained in control cerebel-
lem. On the other hand, we found numerous BDNF-
immunoreactive granules in dendrites of SCA6 Purkinje
cells. We did not observe similar BDNF-immunoreactive
granules in other polyQ diseases, such as Huntington’s
disease or SCAZ. As we often observed that the 1C2-
positive Ca,2.1 aggregates existed more proximally than
the BDNF-positive granules in the dendrites, we specu-
lated that the BDNF protein trafficking in dendrites may
be disturbed by Ca.2.1 aggregates in SCA6 Purkinje cells.
We conclude that the SCA6 pathogenic mechanism asso-
ciates with the BDNF mRNA expression reduction and
abnormal localization of BDNF protein.

Key words: brain—derived neurotrophic factor (BDNF),
immunohistochemistry, Purkinje cell, quantitative reverse
transcription PCR (qRT-PCR), spinocerebellar ataxia type
6 (SCAS).
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INTRODUCTION

Spinocerebellar ataxia type 6 (SCA6) is an autosomal-
dominant neurodegenerative disorder clinically character-
ized by progressive cerebellar ataxia and gaze-evoked
nystagmus with an average age of onset at 45.5 years."? The
disease is caused by an expansion of the tri-nucleotide
(CAG) repeat encoding polyglutamine (polyQ) in the gene
for the oua (P/Q-type) voltage-dependent calcium channel
protein (Ca\2.1).? Thus, SCAG is one of the polyQ diseases
which consist of nine inherited neurological disorders
caused by an expansion of the polyQ tract in the causative
protein. The polyQ expansion causing SCA6 exists in the
cytoplasmic carboxyl(C)-tail of the Ca,2.1.* The Purkinje
cell of the cerebellar cortex, which expresses Ca,2.1 most
abundantly in the brain, undergoes predominant degenera-
tion.>* Although it is not clear how the polyQ expansion in
Ca,2.1 causes the disease, Ca,2.1 aggregation specifically
observed in the SCA6 Purkinje cells is likely to harbor a
clue®”

SCA®6 has some unique features distinct from other
polyQ diseases. First, the length of the polyQ tract expan-
sion responsible for SCAG6 is remarkably short and falls
within the normal range of repeats for other polyQ dis-
eases. The lengths of CAG repeats/polyQ tract are 20-33
repeats in SCA6 patients,*” while they are required to be
larger than 35 repeats for being causative in other polyQ
diseases such as Huntington’s disease (HD).® Second,
microscopic Ca,2.1 aggregates can be seen mainly in the
cytoplasm (the cell body and cell processes) of SCA6
Purkinje cells, whereas in other polyQ diseases, aggregates
with expanded polyQ are prevalent in the nuclei rather
than in the cytoplasm of neurons expressing the respon-
sible proteins*'° These could indicate that the pathophysi-
ology underlying SCAG is quite different form that of other
polyQ diseases.

The brain-derived neurotrophic factor {BDNF) is a
multifunctional trophic factor expressed broadly in the
CNS." On the other hand, the brains affected with other
polyQ diseases show a reduction in the BDNF gene
expression. For example, the caudate nucleus and putamen
of HD brains show reduced BDNF gene expression.”” One
of the possible mechanisms underlying this reduction is
the sequestration of the cyclic-AMP responsive element
binding protein (CREB)-binding protein (CBP) by the
expanded polyQ in the neuronal nuclei, leading to the
suppression of the CREB transcription, resulting in
the reduction of BDNF transcription.” There may be
another mechanism in HD. The wild-type huntingtin acti-
vates BDNF transcription in cultured CNS neurons by a
pathway independent of CREB. However, the mutated
huntingtin with expanded polyQ does not activate this
pathway,* resulting in reduced BDNF transcription. Inter-
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estingly, overexpression of the BDNF in the striatum
mitigates symptoms of HD in mice,” suggesting that the
reduction of BDNF may be a substrate for therapy of
polyQ diseases.

From these backgrounds, we carried out quantitative
reverse transcription PCR (qRT-PCR) analysis to assess
BDNF mRNA expression levels, and immunohistochemis-
try for investigating BDNF protein localization, both to see
whether expression of BDNF is also altered in SCA6 cer-
ebellum. Given that the reduced BDNF mRNA expression
is determined by the sequestration of CBP in affected neu-
ronal nuclei,’*** SCA6 brains may not show BDNF reduc-
tion, since nuclear Ca,2.1 aggregates are very few in SCAG6.
However, we found that BDNF mRNA is also suppressed
in SCAG6 cerebellum. Interestingly, we also found that the
BDNF protein forms definable granules in the SCAG6
Purkinje cell dendrites. Here, we show that BDNF expres-
sion is abnormal in SCA6 human cerebellum.

MATERIALS AND METHODS

Specimens

Brain specimens obtained at autopsy with family consent
were investigated. For assessing mRNA levels by gqRT-PCR,
three SCA6 and six control cerebellar tissues were exam-
ined (Table 1). These six controls were from individuals
without obvious neurological diseases obtained from the
Research Network of Aging Brain Research, Tokyo Metro-
politan Geriatric Hospital and Institute of Gerontology. For
immunohistochemistry, we studied five SCA6 patients, nine
controls including three HD, one for each SCA2, SCA3/
Machado-Joseph disease (MID), dentatorubral and palli-
doluysian atrophy (DRPLA), one Parkinson’s disease, and
two SCA31 patients (Table 1), The brains were fixed in
formalin, and tissue sections were embedded in paraffin.
Six-micron-thick sections were used for staining.

The study was approved by the institutional review
boards of ethics of Tokyo Medical and Dental University
and Tokyo Metropolitan Geriatric Hospital and Institute
of Gerontology, and conformed to the tenets of the Decla-
ration of Helsinki.

RNA extraction and gRT-PCR

Human brain tissues of the cerebellar hemispheric cortices,
kept frozen at —80°C after autopsy, were dissected. Total
RNA was isolated from each individual by TRIzol (Invit-
rogen, Carlsbad, CA, USA) and RNeasy mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer’s pro-
tocol. Then the total RNA was treated with DNase (Invit-
rogen) and quantified on a nanodrop spectrophotometer
(Thermo Scientific, Wilmington, DE, USA). Reverse tran-

© 2012 Japanese Society of Neuropathology
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Table 1 Profiles of the investigated patients

Diagnosis Individual no. Age at death Repeat size Investigations

(years)/gender

SCA6 :
SCA6 Pl 75/female 13122 gRT-PCR, IHC
SCA6 Pt.2 76/female 13/22 gqRT-PCR, IHC
SCA6 Pt.3 66/male 1522 gRT-PCR, [HC
SCA6 Pt 4 79/female 13/22 IHC
SCA6 Pt.5 68/female 13/22 HC

Controls
Non-neurological Ct.1 57/male Not examined gRT-PCR
Non-neurological Ct.2 57/male Not examined gRT-PCR
Non-neurological Ct.3 62/male Not examined gRT-PCR
Non-neurological Ct. 4 62/male Not examined gRT-PCR
Non-neurological Ct.5 90/male Not examined gRT-PCR
Non-neurological Ct. 6 92/male Not examined qRT-PCR
Huntington’s disease Ct.7 48/female Not examined IHC
Huntington’s disease Ct.8 S52/male Not examined 1HC
Huntington’s disease Ct. 9 72ffemale Not examined IHC
SCA2 Ct.10 67/male Not examined IHC
Machado-Joseph disease Ct11 65/male Not examined IHC
Dentatorubral & pallidoluysian atrophy ’ Cu12 58/female Not examined IHC
Parkinson’s disease Ce13 88/male Not examined IHC
SCA31 Ct.14 74/male 11/13. IHC
SCA31 Ct15 79/male 11/14. IHC

IHC, immunohistochemistry; gRT-PCR, quantitative reverse-transcription polymerase chain reaction.

scription generating complementary DNA (cDNA) was
carried out with random hexmers and deoxy-thymidine
oligomers (oligo-dT) mixtures using a PrimeScript™
RT Master Mix (TaKaRa Bio, Tokyo, Japan). The
BDNF and glyceraldehyde-3-phophate degydrogenase
(GAPDH) mRNA TagMan® Gene Expression Assays
(|[BDNF] = Hs00380947 = m1, [GAPDH] = 4333764T)
(Applied Biosystems, Foster City, CA, USA) were pur-
chased, and gRT-PCR was performed by LightCycler 48011
(Roche, Basel, Switzerland). The BDNF mRNA levels
were calculated against the GAPDH mRNA expression
levels in each sample.

The BDNF mRNA/GAPDH mRNA expression ratios
were calculated using the delta-delta threshold cycle (Ct)
method, and were compared between controls and SCA6
group. A standard BDNF mRNA/GAPDH mRNA ratio in
one control subject was expressed as 1 (standard caliber)
while the rest of the samples were presented with relative
values to this standard. Each experiment was repeated
three times independently and was averaged (mean * SD).
Finally, the controls (n = 6) and SCA6 (n =3) groups were
compared using Mann—-Whitney U-test.

Immunohistochemistry of human brain tissues

Immunohistochemistry was carried out as described previ-
ously.** For antigen retrieval, tissue blocks were boiled by
exposing microwaves three times for 1 min in 10 mmol
citrate buffer (pH 7.4), rinsed in distilled water and then
immersed in folic acid for 5 min. Sections were incubated

© 2012 Japanese Society of Neuropathology

overnight at 4°C with one of the following three antibod-
ies: anti-BDNF antibody (rabbit polyclonal, sc546 [alterna-
tively named N-20},2 diluted at 1:100 with PBS ph7.4)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), 1C2
for the expanded polyQ tracts (mouse monoclonal,
5TF1-1C2, 1:4000) (Millipore, Temecula, CA, USA), and
A6RPT-#5803 for Ca,2.1 C-terminal region (rabbit poly-
clonal, 1:500).® The primary antibodies were serially
detected with the Vectastain ABC rabbit or mouse IgG kits
(Vector Laboratories, Burlingame, CA, USA), and visual-
ized by using Histofine Simple Stain DAB (Nichirei Bio-
science, Tokyo, Japan) according to the manufacturer’s
protocol.

For double immunofiuorescent labeling, sections were
similarly treated as above and incubated with primary
antibodies overnight at 4°C with anti-BDNF antibody
(rabbit polyclonal, 1:50) (Santa Cruz Biotechnology) and
1C2 antibody (mouse monoclonal, 5TF1-1C2, 1:2000;
Millipore). Sections were washed three times in PBS
and incubated with fluoresecein-labeled anti-mouse IgG
(heavy and light chains [H+ L]} (1:250) (Vector Labora-
tories) and Alexa-fluor 555 goat anti-rabbit IgG (H+1L)
(1:250) (Invitorogen) for 1h at room temperature.
Sections were washed three times in PBS, incubated with
1% Sudan black B in 70% methanol for 5 min to reduce
the autofluorescence, washed three times in PBS and
incubated with 3% 4'6-diamidino-2-phenylindole solu-
tion for 15 min at 37°C. Slides were observed under a
confocal microscope (LSM S10META; Carl Zeiss, Jena,
Germany).
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Relative mRNA expression level
(BDNF / GAPDH)
1.2 4 0.8212::0.2460 0.4294::0.1485

SCAB (n=3)

control (n=6)
* P<0.001

Fig.1 Brain-derived neurotrophic factor (BDNF) expression
level in spinocerebellar ataxia type 6 (SCA6) patients’ cerebella is
decreased in comparison with that in control patients’ cerebella.
Quantitative (q) RT-PCR reveals that the level of BDNF mRNA
against that of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) is significantly reduced in SCAG6 cerebellum (n=3) in
comparison with controls {(n = 6). (Control, (n = 6:0.8212 + 0.2460;
SCAG6, n=3:0.4294 + 0.1485; P = 0.0201).

RESULTS

The BDNF mRNA expression level is decreased
in SCA6 human cerebellum

The gRT-PCR analysis on each cDNA generated from
SCA6 (n=3) and control (n=6) cerebellar tissues
revealed that the level of BDNF mRNA against that of
GAPDH mRNA was significanily reduced in SCA6
human cerebellum compared to controls (controls n=6:
0.8212 +0.2460; SCA®6, n=13: 0.4294 £ 0.1485; P =0.0201)
(Fig. 1). This suggests that the BDNF mRNA expression
level is decreased in SCAG6 cerebellar cortex.

Observation of BDNF-immunoreactive granules
in the dendrites of SCA6 Purkinje cells

To investigate whether there is a change for quantity and
intracellular localization of BDNF protein in the SCA6
cerebellum, we undertook immunohistochemical analysis
of SCA6 and control human cerebella with the anti-
BDNF antibody. In control cerebellum, the BDNF-
immunoreactivity was only weakly seen in all neurons,
including the Purkinje cells and granule cells (Fig, 2a,b).
The BDNF immunoreactivity was also quiescent in the
SCA2 cerebellum (Fig. 2¢), whereas 1C2-positive polyQ
aggregates are seen in the Purkinje cell cytoplasm
(Fig. 2d). In contrast, numerous BDNF-immunopositive

M Takahashi et al.

granules were seen in the structures compatible with den-
dritic trees of SCA6 Purkinje cells (Fig. 2e.f, arrows). The
BDNF granules were not conspicuous in the cell bodies
(Fig. 2f, arrowhead) or axons of Purkinje cells. The anti-
body AGRPT-#5803 against the Ca,2.1 C-terminus detected
numerous Ca,2.1 aggregates in the proximal dendrite
(Fig. 2g, filled arrow) as well as in the cell body. Occasion-
ally, they were present even in the distal part of the
dendrites (Fig. 2g, open arrow), showing that the Ca,2.1
aggregates exist in a wide range of dendritic arbors. The
BDNF-positive structures similar to the ones seen in SCA6
Purkinje cells were sought in other areas of brains affected
with polyQ diseases. However, we did not see any similar
structures in as far as we investigated the cerebral cortex
and the striatum of HD brains (Fig. 2h) and the pons of
MID patients. The present observation indicates that
formation of BDNF-positive granules may be specific to
SCAG6 Purkinje cell dendrites.

BDNF-immunoreactive granules are observed in
the vicinity of Ca,2.1 aggregates

We next asked whether the presence of BDNF-
immunoreactive granules is related to the formation of
Ca,2.1 aggregates known to be specific to SCA6 cell bodies
and dendrites.* To address this question, we carried out a
double immunofluorescence study against BDNF (red)
and 1C2 (green).

We found that 1C2-positive polyQ aggregates often
existed in the proximal portion of dendrites, such as the
primary shaft (Fig. 3a, arrow) or the secondary shaft
(Fig. 3b, arrow), of the Purkinje cells. On the other hand,
the BDNF-immunoreactive structures were seen distal to
the 1C2-positive polyQ aggregates (Fig. 3a,b). Curiously,
we found that the BDNF-immunoreactive granules were
seen not only within the contour of Purkinje cell dendrites
(Fig. 3a,b), but also outside of the visible dendritic struc-
tures (Fig. 3c,d, arrowheads).

DISCUSSION

We made two fundamental observations in this study. One
is the reduced BDNF mRNA level in the SCAG6 cerebel-
fum. The BDNF is a member of the neurotrophic family
controlling many processes, including neurogenesis,
proliferation, survival, synaptic transmission and activity-
dependent synaptic plasticity."* The molecule is widely
distributed in the CNS and is abundantly expressed in the
cerebellar cortex, including Purkinje celis® The BDNF
appears to be involved in many polyQ diseases. In HD,
reduced BDNF gene expression has been found in cultured
cells,* an animal model,” and in patients’ brains.”*' In
addition, over-expression of BDNF gene in the striatum of

© 2012 Japanese Society of Neuropathology
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Fig.2 Numerous  brain-derived  neu-
rotrophic factor (BDNF)-immunoreactive
granules are present in the dendrites of
spinocerebellar ataxia type 6 (SCAO0)
Purkinje cells. (A, B) In control patients’ cer-
ebella, BDNF immunoreactivity is undetect-
able. Arrowheads indicate cell bodies of
the Purkinje cells. (A, Parkinson’s disease; B,
SCA31). (C, D) In SCA2 cerebellum, BDNF
immunoreactivity is also quiescent (C), but
1C2-positive granules are abundant in
the Purkinje cell cytoplasm (D). (E, F) In
a SCA6 Purkinje cell, numerous BDNF-
immunoreactive granules are seen in the
structures compatible with dendritic trees of
Purkinje cells (arrows). BDNF granules are
not conspicuous in the cell cytoplasm of
Purkinje cells (arrowhead). (G) A6RPT-
#5803 antibody, which is against o1 A voltage-
dependent calcium channel protein (Ca,2.1)
C-terminus, detects numerous Ca,2.1 aggre-
gates in the cell body of Purkinje cells and
often in the proximal dendrite (filled arrow).
Ca,2.1 aggregates occasionally present even
in the distal part of the dendrite (open
arrow). (H) BDNF immunoreactivity is not
seen in the striatum of Huntington’s disease
brains (large box), otherwise 1C2-positive
aggregate are seen in the nuclei of striatal
neurons (small box). (For A-G: scale bars;
50 pm).

HD mice compensates for reduced BDNF gene levels,
ameliorating disease phenotypes.”® The reduced BDNF
gene expressions are also observed in a DRPLA cell model
expressing mutant atrophin-1 and in SCAl mouse
models.?* Interestingly, the drug 3,4-diaminopyridine
improved motor behavior of mice by increasing BDNF
expression levels.” These lines of evidence seem to indicate
that BDNF has an important defence role in many polyQ
diseases. The BDNF gene expression was also found to be
reduced in affected areas of subjects with Alzheimer’s
disease® and Parkinson’s disease,” suggesting that BDNF
mRNA could be reduced in many neurodegenerative dis-
eases. Considering that the BDNF is also abundantly
expressed in Purkinje cells, it is possible to speculate that
reduced BDNF gene expression in SCAG6 cerebella may be

© 2012 Japanese Society of Neuropathology
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related to the pathogenic mechanism of SCA6. However,
the precise mechanism of BDNF mRNA reduction in
SCA® is not clear. While the presence of nuclear polyQ
aggregates is causally associated with BDNF suppression
in other polyQ diseases, such aggregates are extremely rare
in SCAG6 Purkinje cells.>* Therefore, the mechanism reduc-
ing the BDNF gene expression in SCA6 may be different
from other polyQ diseases. In cultured cell models, we
recently found that the “cytoplasmic” Ca,2.1 aggregates
caused the reduction of CREB and phosphorylated(p)-
CREB, the active CREB isoform, in the nuclei by seques-
tering them to the Ca,2.1 aggregates in the cytoplasm
(manuscript submitted). In SCA6 human brains, we also
confirmed that CREB also co-localizes with Ca,2.1 aggre-
gates in Purkinje cell bodies. Thus, we speculate that the
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BDNF

F’o! (’! C2) Nuc!e’us (DAPI) Merge

Fig.3 The brain-derived neurotrophic factor (BDNF)-immunoreactive granules are observed in the vicinity of alA voltage-dependent
calcium channel protein (Ca,2.1) aggregates. Double immunofluorescence with 1C2 antibody and anti-BDNF antibody in spinocerebellar
ataxia type 6 (SCAG6) patient cerebella. (A, B) 1C2-positive polyglutamine (polyQ) aggregates often existed in the proximal portion of
dendrites, such as the primary shaft (A; arrow) or the secondary shaft (B; arrow), of Purkinje cells. BDNF-immunoreactive structures were
seen distal to the 1C2-positive polyQ aggregates (A, B). (C, D) BDNF-immunoreactive granules were seen not only within the contour of
Purkinje cell dendrites, but also outside the visible dendritic structures (arrow head). (For A-D: scale bars: 20 pm).

. © 2012 Japanese Society of Neuropathology
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reduction of BDNF gene expression is due to reduced
amounts of CREB in the nuclei by sequestration of CREB
in the cytoplasm by Ca,2.1 aggregates. Further studies are
needed to elucidate how the cytoplasmic aggregates cause
the suppression of CREB-target transcription.

The other key finding in the present study is that there
are abundant BDNF-immunoreactive granules, mainly in
the dendrites of SCA6 Purkinje cells. Previous studies
indicate that these BDNF-immunoreactive granules are
not stained by ubiquitin antibodies, since SCA6 lacks
ubiquitin-positive structures.*? As far as we have investi-
gated in five SCA6 cerebellar specimens, the BDNF-
immunoreactive granules were restricted to the Purkinje
cells, similar to the Ca,2.1 aggregates. For example, we
did not observe any BDNF aggregates in the cerebellar
granule cells or in the neurons of the dentate nucleus.
Further studies using larger numbers of SCA6 patients
would be important to address whether the BDNF gran-
ules are also seen in other SCA6 brain regions. Although
we observed many BDNF-immunoreactive granules
within dendrites under light microscopy, we also suspected
that some of these granules appear to exist outside the
dendritic contour. It may be possible that they are still
inside the small dendritic sprouts, which were only invisible
due to degeneration. Alternatively, they may have been
secreted from the dendrites as previously postulated.”
Precise investigation using electron microscopes is needed.

Previous studies investigating the BDNF immunohis-
tochemistry in adult rat, guinea pig and Japanese macaque
cerebella have shown that BDNF is expressed diffusely in
the cell body and the dendrites of Purkinje cells.”*** One
previous study describes granular BDNF immunoreactiv-
ity in the control human Purkinje cell dendrites, although
detailed information is not available.” In the present study,
we observed that BDNF immunoreactivity was very weak
in human post mortem control specimens. This discrepancy
in the immunostaining intensities between previous studies
and the present one may be due to differences in tissue
preparation, such as fixation: paraformaldehyde” or
paraformaldehyde with picric acid”® may be more suitable
fixations for BDNF immunohistochemisiry than the for-
malin we employed. Nevertheless, the granular BDNF-
immunoreactive granules in Purkinje cells were specific to
SCAG in the present cohort, indicating that this finding is
meaningful.

It is remains unclear how BDNF-immunoractive
granules are formed in SCA6 Purkinje cells. The BDNF
protein, still translated from reduced BDNF mRNA,
needs to be subjected to many processes, such as post-
translational modification and needs to be transported
in cells to become functional. As we observed 1C2-
immunoreactive Ca,2.1 aggregates in the proximal
portion of the dendrites, such as the primary shaft, it is
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tempting to speculate that BDNF trafficking in the den-
drites may be disturbed, resulting in the formation of
visible BDNF-immunoreactive granules in dendrites of
SCA6 Purkinje cells. The Ca,2.1 aggregates, shown by
AG6RPT-#5803 immunohistochemistry (Fig. 2g), were seen
in the cell body through distal dendrites, suggesting
that the Ca,2.1 aggregates widely prevail in the somato-
dendritic cytoplasm. The BDNF normally moves in the
dendrites in both directions (anterc- and retro-grade
transports) between the post-synaptic button and cell
body,* as well as from the cell body to the presynaptic
terminal through anterograde axomal transport. There-
fore, it may be possible that Ca,2.1 aggregates disturbed
BDNF trafficking in the dendrites. Interestingly, SCAZ,
which also forms polyQ aggregates in the cytoplasm of
Purkinje cells (Fig. 2¢), did not show similar BDNF-
immunoreactive granules in the dendrites of Purkinje
cells. Therefore, it may be possible that a certain factor
specific to Ca,2.1 may underlic formation of BDNF-
positive granules. For example, the secretion of BDNF
from dendrites (post-synaptic secretion) is considered
regulated by intracellular Ca** concentration, which is in
turn regulated by N-methyl-D-aspartate receptors, inosi-
tol tri-phosphate receptor (IP3R) and voltage-dependent
calcium channels including Ca,2.1.” Further studies are
needed to address how Ca,2.1 formation leads to BDNF-
immunoreactive granules in the dendrites.

In conclusion, the decrease of BDNF gene expression
level and abnormal BDNF-immunoreactive granules were
seen in SCAG6 cerebellum. Precise understanding of the
implication of altered gene expressions, including BDNF,
and of the mechanism generating BDNF-immunoreactive
granules, may be important for establishing fundamental
therapies for SCAG6.
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Mild cognitive impairment and Alzheimer’s disease (AD) are associated with changes in y-secretase
activity in the brain, producing an amyloid B-protein-42-lowering y-modulator-like effect. We show here
that this modulation occurs at the stage of amyloid deposition, presumably decades earlier than the
onset of AD. In addition, y-secretase modulator-1, a y-modulator, altered y-secretase activity in the AD
brain but to a lesser extent than in the normal brain. These findings suggest that y-modulators have
limited efficacy against amyloid deposition and AD.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Amyloid B-protein (AB) is cleaved sequentially from amyloid
precursor protein by B- and y-secretases (for a review see Selkoe,
2001). The longer but minor species, Af42, predominates in
senile plaques (Iwatsubo et al., 1994). y-Secretase, a heterogeneous
complex (Takasugi et al., 2003; Serneels et al.,, 2009), governs the
intramembrane proteolysis of type I membrane proteins including
amyloid precursor protein (Sisodia and St George-Hyslop, 2002;
Wakabayashi and De Strooper, 2008). We found recently that
y-secretase activity is altered in brains affected by mild cognitive
impairment (MCl) or Alzheimer's disease (AD). The change
decreases the concentrations of both AB42 and AB43 in cerebro-
spinal fluid (CSF) in patients affected with MCI or AD. To compen-
sate for these decreases, the levels of AB38 and AB40 are increased
(Kakuda et al.,, 2012). We assume that AB42 and AB43 are enhanced
to be converted by stepwise processing to AB38 and AB40,
respectively, by altered y-secretase in the brain affected by MCI or
AD (Kakuda et al., 2012; Takami et al.,, 2009). Reciprocal changes in
the levels of AB42 and AB38 without a change in the total AB level
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0225, Japan. Tel.: +81 774 65 6058; fax: +81 3 5800 6852.

E-mail address: yihara@mail.doshisha.acjp (Y. hara).
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are an essential characteristic of y-secretase modulators, drugs
whose development receives intense attention.

2. Materials and methods
2.1. Subjects

Human cortical specimens for quantification of raft-associated
y-secretase activity were obtained from brains that had been
removed, processed, and stored at —80 °C within 12 hours post-
mortem,; the bodies had been placed in a cold (4 °C) room within
2 hours after death. The specimens were kept at the Brain Bank at
Tokyo Metropolitan Institute of Gerontology. For all the brains
registered at the bank we obtained written informed consent for
their use for medical research from the patient or the patient’s
family. Each brain specimen (approximately 0.5 g) was taken from
Brodmann areas 9—11 of 13 AD patients (80 £ 5.0 years of age;
Braak neurofibrillary tangle [NFT] stage >1V; senile plaque [SP]
stage = C; retrospective clinical dementia rating [CDR] >1), 10 SP
stage B patients (76 + 4.0 years of age; Braak NFT stage >1; retro-
spective CDR = 0), 10 SP stage A patients (76 =+ 4.7 years of age;
Braak NFT stage >0; retrospective CDR = 0), and 16 controls in SP
stage 0 (77 + 6.5 years of age; Braak NFT stage <I; retrospective
CDR = 0). SP stages were determined by modified methenamine
silver stain: stage A: A deposits in the basal portions of the iso-
cortex; stage B: AP deposits in virtually all isocortical association
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areas except primary centers; stage C (AD): AB deposits in all areas
of the isocortex including primary motor and sensory centers
(Braak and Braak, 1991).

2.2. Quantification of brain raft-associated y-secretase activity

A previously reported assay method was employed with some
modifications (Kakuda et al, 2012). Briefly, each raft fraction,
adjusted to 100 pg/mL in protein concentration, was incubated with
200 nM of BCTF-FLAG for 1 hour at 37 °C in the presence of 0, or
0.1-0.5 uM y-secretase modulator (GSM)-1 (kindly provided by Dr
M. Okochi, Osaka University). After incubation, all samples were
centrifuged at 265,000g on a TLA110 rotor (Beckman, Palo Alto, CA,
USA) for 20 minutes at 4 °C. The supernatants were separated on
sodium dodecyl! sulfate polyacylamide gel electrophoresis (SDS-
PAGE), and subjected to quantitative Western blot analysis, using
specific antibodies, 3B1 for AB38, BA27 for AB40, 44A3 for AB42,
and anti-AB43 polyclonal for AB43.

2.3. GSM-1-induced shift of In(A38/42)

Shifts of In(AB38/42) with GSM-1 were calculated as GSM-1-
induced In(AB38/42) minus the ratio measured in its absence.

2.4. Statistical analysis

All statistical analyses were performed using SPSS version 14.0.
Data transformation was required to achieve normal distributions;
all analyses were performed after logarithmic transformation of the
data for AB38, AP40, AB42, and AB43. Analysis of variance was used
to test the equality of mean values for continuous variables
between the 4 groups: control, SP stage A, SP stage B, and AD.
Multiple comparisons were made using Bonferroni ¢ test to test the
differences between controls, SP stage A, SP stage B, and AD. The
paired t test was used to examine the effect of GSM-1 treatment.
p values <0.05 were considered significant.

3. Results

We speculated that this modulation in the y-secretase activity
occurs much earlier than the onset of AD because lower AB42
concentrations in CSF appear to be associated with amyloid depo-
sition itself (Fagan et al., 2006). To confirm this, we measured the
activities of raft-associated y-secretase prepared from autopsied
brains using a previously established method (Kakuda et at., 2012).
Raft fractions were prepared from control and AD brains (Brod-
mann areas 9—11), which were judged histochemically to be in the
Braak SP stage O, stage A, stage B, or stage C (AD) (Braak and Braak,
1991). ABs produced by y-secretase from each brain specimen were
analyzed by quantitative Western blot, and the In(AB40/43) and
In(AB38/42) ratios were obtained. Stage A-plots nearly super-
imposed with control plots (Fig. 1; 0 vs. A: p = 1.000 for In(AB40/
43), p = 1.000 for In(AB38/42)). However, the y-secretase activities
differed between stage B specimens and O/A specimens (0 vs. B:
p = 0.005 for In(AB40/43) and p < 0.001 for In(AB38/42); A vs. B:
p = 0.002 for In{AB40/43) and p = 0.001 for In(AB38/42); Fig.1). AD
(stage C) plots were shifted the most (0 vs. C: p < 0.001 for In(AB40/
43)and p = 0.003 for In(AB38/42); Avs. C: p < 0.001 for In(AB40/43)
and p = 0.007 for In(AB38/42)). Most interestingly, although AD
plots were shifted to the same extent as stage B plots for AB38/42
(B vs. C: p = 1.000 for In(Ap38/42)), stage B and AD plots differ for
AB40/43 (B vs. C: p < 0.001 for In(Ap40/43); Fig. 1).

Although these data were obtained from a cross-sectional study,
one might assume that stage A develops through to stage B and
eventually to stage C over decades (Duyckaerts and Hauw, 1997).

Ln{AB40/43) vs In{AB38/42)
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Fig. 1. Ln(amyloid-§ protein [AB]40/43) versus In(AB38/42) plot of raft-associated
y-secretase prepared from the brains in various (Braak) senile plaque (SP) stages.
The raft-associated y-secretase prepared from Braak SP stages 0, A, B, and C (AD) brain
specimens were incubated with 200 nM of BCTF for 1 hour at 37 °C. After centrifu-
gation of the reaction mixtures, the supernatants were saved for quantitative Western
blot analysis of Afs using specific antibodies.

Thus, the AB42 product line of y-secretase appears to undergo
changes early and the AP42-lowering activity remains constant
through to development of AD. By contrast, the AB40 product line
gradually changes with increasing Ap40/43 ratio, as stage O/A
develops to stage B and finally to AD. Our previous observations
showed that AB42 levels in CSF parallel the AB38/42 ratio, and AB43
levels parallel the AB40/43 ratio (Kakuda et al.,, 2012). These find-
ings suggest that a decrease in the AB42 level would be the first
alteration observable in CSF and that the level does not change
throughout the disease course, whereas the AB43 level in CSF
would decrease progressively up to AD.

We noted previously that the effects of AP42-lowering
y-modulators could be minimal in sporadic MCI/AD patients
because modulation of y-secretase has already begun in their
brains. As mentioned above, the modulation of y-secretase is
evident in stage B. Accordingly, we investigated the response of
y-secretase to GSM-1, an AB42-lowering modulator, in control and
AD brains. We reasoned that a strong response of the altered
y-secretase to GSM-1 would indicate that the drug might still be
effective.

We quantified y-secretase activities in the absence or presence
of GSM-1 in control and AD specimens. This agent is known to
aggressively modulate only conversion from AB42 to AB38, but not
that from AB43 to AB40 (Crump et al,, 2011; Ebke et al., 2011; Ohki
et al., 2011). As expected, GSM-1 treatment significantly lowered
AP42 and increased AB38 in control (see Supplementary Fig. 1). By
contrast, in AD specimens, GSM-1 lowered AB42 and increased
APB38 but to a lesser extent (Supplementary Fig. 1). The generation
of AB40 and AP43, and the total production of Ap were unchanged
by the treatment of GSM-1 in all specimens (Supplementary Fig. 1).

In AD specimens, conversion of Ap43 to AB40 seems to be
altered compared with control (Kakuda et al., 2012), but this might
be due to high concentrations of GSM-1 (>0.5 pM), which sup-
pressed AB40 (and AP43) product line and total Ap production in
both control and AD specimens (data not shown). GSM-1 treatment
significantly elevated the ratio of AB38/42 in control (AB38/42 with
dimethyl sulfoxide vs. AB38/42 with GSM-1; p < 0.000, paired
t test; Fig. 2A). By contrast, the same treatment of AD specimens

— 205 —



N. Kakuda et al. / Neurobiology of Aging 34 (2013) 1101~1104

A Ln{AB40/43) vs In(AB38/42) in control

1103

B Ln{AB40/43} vs In(AB38/42) in AD

2 - ©Cantrol 2 ® AD
¢ GSM-1 Weated ¥ GSM-1 treated
-]
8
15 1 ag .“ @ 1.5 a ]
§ © ° & By
b 1 F = 4 F ]
2 .2 3 " g
5:( s SE e g ®
£ 05 Zo05} ®
- = 6 %40
o] o o 5 e
ot 2% o
® o°
o o
0.5 * : : ! 0.5 * : d
4] 1 2 3 4 4] i 2 3 4
In(AB40/43) In{AB40/43)

Fig. 2. Ln{amyloid- protein [AB]40/43) versus In{(Ap38/42) plot of y-secretase modulator (GSM)-1-treated raft-associated y-secretase activity. The raft-associated y-secretases
prepared from control (A) and AD (B) brains were incubated with 200 nM of BCTF for 1 hour at 37 °C in the presence of dimethyl sulfoxide or 0.3 uM GSM-1. ABs produced were

quantified by quantitative Western blot analysis using specific antibodies.

caused a much smaller increase in the AB38/42 ratio (p < 0.001 for
AD paired t test; Fig. 2B). There was no significant difference in the
AP40/43 ratio between control and AD specimens (Af40/43 with
dimethyl sulfoxide vs. AB40/43 with GSM-1; p = 0.814 for control;
p = 0.223 for AD, respectively; paired t test; Fig. 2A and B). The
modulating effect on the AB38/42 ratio can be interpreted as indi-
cating the extent of GSM-1-induced shift in the AB38/42 ratio
(Supplementary Table 1). y-Secretase was associated with signifi-
cantly lower ratios in AD specimens than in control specimens
(control vs. AD: p < 0.001), indicating a poor response to GSM-1 in
AD specimens.

4. Discussion

Modulation of y-secretase occurs in AD brains (Kakuda et al,,
2012), and to a significant extent already at the stage of amyloid
deposition, a decade or even decades before the onset of AD
(Duyckaerts and Hauw, 1997). Although y-secretase self-modulates
and produces less Ap42, it is likely that B-amyloid accumulation
slowly progresses and ultimately extends throughout the brain,
finally involving primary cortical centers (Duyckaerts and Hauw,
1997). A gradual decline in the rate of A accumulation curve
(Kawarabayashi et al., 2001) might be caused by self-modulation of
y-secretase, Currently, we do not know which comes first, Ap
deposition or y-self~modulation. However, the efficacy of GSM-1
and y-modulators in general would be limited when AB42 depo-
sition and self-modulation of y-secretase begins in the brain. To
date, the efficacy of y-modulators has been confirmed most often
using younger Tg2576 mice, which do not yet accumulate AR
(Borgegard et al,, 2012; Kounnas et al., 2010). In Tg2576 mice, AR
deposition starts at 9—12 months, and y-secretase activity changes
together with increasing AP deposition in the brain starting at
15—16 months of age (Kawarabayashi et al., 2001; data not shown).
Thus, the true effectiveness of y-modulators in Tg2576 mice should
be assessed after 15—16 months of age. It is unclear whether
y~modulators are effective in such amyloid-bearing aged mice.
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We analyzed the incidence and extent of Lewy-related
o~synucleinopathy (LBAS) in the olfactory mucosa, as
well as the central and peripheral nervous systems of con-
secutive autopsy cases from a general geriatric hospital. The
brain and olfactory mucesa were immunohistochemically
examined using antibodies raised against phosphorylated
o~synuclein. Thirty-nine out of 105 patients (37.1%) showed
LBAS in the central or peripheral nervous systems. Seven
patients presented LBAS (Lewy neurites) in the olfactory
lamina propria mucosa. One out of the seven cases also
showed a Lewy neurite in 2 burdle of axons in the cribriform
plate, but o-synuclein deposits were not detected in the
olfactory receptor neurons. In particular, high incidence of
o-synuclein immunopositive LBAS in the olfactory mucosa
was present in the individuals with clinically as well as
neuropathologically confirmed Parkinsom’s disease and
dementia with Lewy bodies (6/8 cases, 75%). However, this
pathologic alteration was rare in the cases with incidental or
subclinical Lewy body diseases (LBD) (one out of 31 cases,
3.2%). In the olfactory bulb, the LBAS was usually present
in the glomeruli and granular cells of most symptomatic and
asymptomatic cases with LBD. Our studies further con-
firmed importance of the olfactory emtry zone in propaga-
tion of LBAS in the human aging nervous system.

Key words: o-synuclein, Lewy body, neuropathology, olfac-
tory mucosa, Parkinson’s disease.
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INTRODUCTION

Sporadic Parkinson’s disease is a neurodegenerative disor-
der characterized clinically by resting tremor, rigidity,
bradykinesia and gait disturbance, as well as neuropatho-
logically by the loss of neurons in several brainstem nuclei
and the presence of Lewy bodies formed by abnormal
accumulation of o-synuclein.® Of the many types of
neurons in the central and peripheral nervous systems, a
specific subset of neurons is vulnerable to accamulation of
o-synuclein, which takes the form of aggregates such as
Lewy bodies and Lewy neurites (LBs/LNs).**

Based on studies of a large number of autopsy cases,
the initial sites involved in Lewy-related pathology are
reported to be the dorsal motor nucleus of the vagus,
the intermediate reticular zone in the lower brainstem
and olfactory bulb.*® We previously reported that in
the earliest stage of Lewy-related a-synucleinopathy
(LBAS), abnormal a-synuclein accumulation extends
from the peripheral part of the olfactory bulb to the ante-
rior olfactory nucleus as well as the amygdala.™ From a
clinical standpoint, impaired olfactory function constitutes
one of the carliest symptoms of sporadic Parkinson’s
disease.’*”? Therefore, the olfactory system may be one
of the vital regions in the development of Lewy body
disease (LBD).

In the olfactory bulb, o-synuclein accumulation is
observed in the anterior olfactory nucleus as well as the
mitral, tufted, and granular cells of individuals with clinical
Parkinson’s disease or dementia with Lewy bodies (DLB).
Evenin the early stages of these diseases, LNs, L.Bs or both,
can be seen in the olfactory bulbs.'445 Based on the results
of a neuropathologic study, Beach et al. suggested that the
olfactory bulb may be a candidate region of biopsy study to
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confirm the diagnosis of LBD."** However, the biopsy of
olfactory bulb is too invasive and difficult to carry out for
patients without risk."* ‘

The olfactory epithelium is composed of paraneurons
and neurites from which the glomeruli of the olfactory bulb
originate. However, a neuropathologic analysis of LBAS
has not been carried out adequately for LBD. Duda et al.
reported that normal a-synuclein is expressed in the basal
cells, olfactory receptor neuronms, supporting cells, and
Bowman’s glands of the olfactory epithelium in normal
controls, as well as patients with Parkinson’s disease,
Alzheimer disease and multiple system atrophy’®
However, pathologic o-synuclein accumulation is rare
(3.7%) among both normal controls and individuals
affected by DLB, Alzheimer disease or Parkinson’s dis-
ease.” According to a biopsy study of the olfactory epithe-
lium in individuals with Parkinson’s disease and younger
hyposmic controls, no specific pathologic alteration was
found ?

Therefore, it is still controversial whether abnormal
o-synuclein accumulation in the olfactory epithelium pre-
cedes the formation of LBs/LNs in the olfactory bulb and
contributes to olfactory dysfunction in sporadic Parkin-
son’s disease. The aim of this study was to clarify the neu-
ropathologic alterations of the olfactory mucosa in LBD by
immunohistochemical analysis of a series of autopsied
individuals.

MATERIALS AND METHODS

Tissue source

Tissue samples were obtained from autopsy materials that
were collected at the Tokyo Metropolitan Geriatric Hospi-
tal and Institute of Gerontology between October 2008
and August 2010. This hospital is located at the center of
Tokyo city and is a geriatric general emergency hospital
with 579 beds. This hospital provides community-based
medical service to the aged population 24 h/day in coop-
eration with local general practitioners. The number of
autopsy cases was 162 in the above duration. In addition to
the general organs, we could obtain the brains and spinal
cords from 105 cases in that period, that were registered to
the Brain Bank for Aging Research (BBAR) with the
deceased’s relatives’ informed consent. The BBAR is
approved by the ethics committee of the Tokyo Metropoli-
tan Geriatric Hospital and Institute of Gerontology to
carry out comprehensive research.

Clinical information

All clinical information, including the presence or absence
of Parkinsonism as well as dementia, was retrospectively

§ Funabe et al

obtained from medical charts and reviewed by two board-
certified neurologists.''”>? First, we evaluated Parkin-
sonism such as bradykinesia, resting tremor, rigidity and
postural instability. In this study, when individuals had two
or more of these four clinical symptoms, we deﬁned them
as having Parkinson’s disease-related symptoms.” Second,
we analyzed scores for the Mini-Mental State Examina-
tion® or the Hasegawa Dementia Scale (or its revised ver-
sion),® the Instrumental Activities of Daily Living* and
the Clinical Dementia Rating (CDR).*? When individuals
were not assigned to a category of CDR, we retrospectively
determined CDR using medical records, including the
battery of cognitive tests above, as well as interviews with
attending physicians and caregivers when necessary. Based
on these results, we assigned a clinical diagnosis to each
patient. The clinical diagnosis of Alzheimer disease was
carried out based on the criteria of the National Institute of
Neurological and Communication Disorders and Stroke-
Alzheimer Disease and Related Disorders Association.”
The diagnosis of DLB and Parkinson’s disease with
dementia conformed to the third report of the DLB
consortium.*

Histology

We examined the brain and offactory epithelium, olfactory
bulb, esophagogastiric mucosal junction, sympathetic
ganglia, thoracic spinal cord, adrenal glands, anterior wall
of the left ventricle of the heart, and abdominal skin. 2
The brains and spinal cords were examined as previously
reported.”** Briefly, the cerebral and cerebellar hemi-
spheres as well as brainstem were dissected in the sagittal
plane at the time of autopsy. In each case, half of the
brain was preserved at —80°C for further biochemical
and molecular analyses. The other half of the brain and
abdominal skin were fixed in 20% buffered formalin
(WAKO, Osaka, Japan) for 7-13 days and sliced in the
same manner as the contralateral hemisphere. The adrenal
gland and anterior wall of the left ventricle of the heart
were fixed in 20% formalin. The representative areas were
embedded in paraffin. Six-micrometer-thick serial sections
were cut and stained with HE and KB. Sections of the
amygdala, hippocampus, parahippocampal gyrus and tem-
poral cortex were stained with the modified Gallyas-Braak
method for senile plaques, NFTs and argyrophilic grains.*

Immunohistochemisiry

Sections were immunostained using the following antibod-
ies raised against phosphorylated tau protein (p-tau) (ATS,
monoclonal; Innogenetics, Temse, Belgium): synthetic
peptide corresponding to amino acids 11-28 of amyloid-
beta protein (12B2, monoclonal; IBL, Maebashi, Japan);
phosphorylated o-synuclein (pSyn#64, monoclonal® and

© 2012 Japanese Society of Neuropathology
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Table 1 Antibodies used for immunohistochemistry

Antibody Epitope Source Clone Dilution  Antigen method  Retrieval

ratio (min)

pSyn#64 o-synuclein phosphorylated ser 129 T. Iwatsubo Monoclonal ~ 1:20000  99% formic acid 5

PSer129 o-synuclein phosphorylated ser 128 T. Iwatsubo Polyclonal 1:100 None

PGP9.5 PGPI.5 Biomol Polyclonal 1:5000 microwave 30

SMI31 phosphorylated neurofilament Sternberger Monoclonal ~ 1:20000  None

Tyrosine Anti-tyrosine hydroxylase, rat CALBIOCHEM  Monoclonal  1:10 microwave 30
hydroxylase

ATS Phosphorylated tau protein Innogenetics Monoclonal  1:1000 None

12B2 AP11-28 IBL Monoclonal  1:50 99% formic acid 5

PSer129 polyclonal®), ubiquitin (polyclonal, Sigma-
Aldrich, St. Louis, MO), Protein Gene Product 935
(PGP9.5, polyclonal; ENZO Life Sciences International,
Farmingdale, NY USA); phosphorylated neurofilament
(SMI31, monoclonal; Sternberger Immunochemicals,
Bethesda, MA, USA); and tyrosine hydroxylase (Anti-
Tyrosine Hydroxylase, Rat, monoclonal; Calbiochem-
Novabiochem  Corporation, Darmstadt, Germany)
(Table 1). The signals from monoclonal and polyclonal
antibodies were detected by using the automatic system on
a VENTANA NX20 with the I-View DAB Universal Kit
(Roche, Basel, Switzerland) according to the manufac-
turer’s instructions. Sections were counter-stained with
hematoxylin.

LBAS
CNS

In order to analyze LBAS,”? we carried out immunohis-
tochemical analysis with phosphorylated a-synuclein anti-
bodies for the following sections: the medulla oblongata at
the level of the dorsal motor nucleus of the vagus, the
upper pons at the level of the locus coeruleus, and the
midbrain including the substantia nigra, amygdala, anterior
hippocampus and the peripheral nervous system from all
cases (described in the next section). When immunoposi-
tive deposits were observed in these anatomic regions, we
carried out additional immunohistochemical analysis for
sections of the basal nucleus of Meynert, anterior cingulate
gyrus, entorhinal cortex, the second frontal and temporal
gyri and the supramarginal gyrus, using antibodies raised
against phosphorylated o-synuclein.

Peripheral nervous system

To analyze LBAS of the peripheral nerve, tissue sections
from epicardium and epicardial fat of the left ventricle of
the heart, sympathetic ganglia, esophagogastric mucosal
junction, adrenal gland® and abdominal skin® were exam-
ined by using antibodies raised against phosphorylated
o-synuclein.
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Olfactory mucosa

At the time of autopsy, the olfactory mucosa, bony septae
and contiguous cribriform plate were removed en bloc
(Fig. 1). The cribriform plate was dissected in the sagittal
plane of the midline by using an electric jigsaw. The left
side was fixed for 24 h in 4% paraformaldehyde. After
fixation, the olfactory mucosa was removed, dehydrated in
a graded alcohol series, cleared in xylene and embedded in
paraffin. The right side was fixed for 24 h in 4% paraform-
aldehyde, decalcified with EDTA for 2 weeks, and
dehydrated and embedded in paraffin. Serial 6-pm-thick
sections were stained with HE and immunolabeled with
antibodies against phosphorylated o-synuclein, PGP9.5,
phosphorylated neurofilament, tyrosine hydroxylase, phos-
phorylated tau and amyloid p (Table 1). In particular, the
olfactory receptor neurons of the olfactory epithelium
were identified by using PGP9.5 immunohistochemistry.”
The normal anatomical appearance of the olfactory system
is shown in Figure 2.

Olfactory bulb

The olfactory bulbs were prepared for histologic sections
to analyze the presence of LBAS. By using HE stain and
o-synuclein antibodies, LBAS were identified in the glom-
eruli, mitral cells, tufted cells and granular cells as previ-
ously reported." Mitral and tufted cells were distinguished
by their specific shapes. Each neuron was identified when it
had an apparent nucleus containing a prominent nucleolus
and Nissl substance.

Semiquantitative scoring system of
Lewy-related pathology

For each section, we semi-quantitatively graded the
immunohistochemical staining with antibody raised
against phosphorylated a-synuciein. Our grading system
was modified based on the scoring system of the third
report of the DLB consortium™ because we used both the
HE stain and immunohistochemistry using monoclonal
antibody for phosphorylated o-synuclein to identify LBAS.
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Fig.1 (a) The anterior cranial fossa after
removal of the brain. In order to obtain the
olfactory mucosa, the bony septae and con-
tiguous cribriform plate (the rectangular
area) were dissected using an electric jigsaw.
(b) An inset shows the olfactory mucosa and
cribriform plate from the opposite side of the
rectangular area.

Fig.2 Scheme of the mnormal olfactory
pathway (a) and photomicrographs of repre-
sentative histologies of each region (b-e).
The olfactory epithelium is composed of
three cell types: the basal cells, olfactory
receptor neurons and supporting cells (a).
The basal cells are the progenitor of the
olfactory receptor neurons (a, ¢). In general,
the turnover rate of the olfactory receptor
neurons is approximately 30-90 days. Nerve
fibers are present in the lamina propria and
cribriform plate (¢ and d, respectively). They
consist of either the axons of the olfactory
receptor neurons or postganglionic sympa-
thetic nerve fibers. There are glomeruli in the
olfactory bulb (b). Glomeruli are the synap-
tically connected structures of the axons of
the olfactory receptor neurons and mitral/
tufted cells in the olfactory bulb. (b, e), scale
bar = 10 pm; (c), scale bar = 50 pm; (d), scale
bar =100 pm.
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