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Abstract

We aimed to analyse the detailed distribution pattern of amyloid-p (AB) in the striatum, and to examine whether there is any cor-
relation between AP deposition levels in the striatum and cortical regions. Twenty patients with Alzheimer’'s disease underwent
positron emission tomography using ''C-Pittsburgh Compound B (*'C-PiB) to quantify the AP deposition. Volumes-of-interest
analyses were performed on the ventral striatum (VST), pre-commissural dorsal caudate (pre-DCA), post-commissural caudate
(post-CA), pre-commissural dorsal putamen (pre-DPU), and post-commissural putamen (post-PU), followed by exploratory voxel-
wise analyses. Volumes-of-interest analyses of ''C-PiB binding showed: VST > pre-DPU (P =0.004), VST > pre-DCA
(P < 0.0001), pre-DPU > post-PU (P < 0.0001), and pre-DCA > post-CA (P < 0.0001), consistent with visual inspection of the
C-PiB images. Exploratory voxel-wise analyses of ''C-PiB binding showed a positive correlation between the VST and the med-
ial part of the orbitofrontal area (P < 0.01 family-wise error corrected). This study confirmed that there were ventral > dorsal, and
anterior > posterior gradients of AB deposition in patients with Alzheimer’s disease, and provided the first evidence of a robust
correlation between A deposition levels in the VST and the medial part of the orbitofrontal area. There are well-known anatomi-
cal and functional links between these areas. These findings indicated that brain AR deposition was not randomly distributed, but

had characteristic patterns related to anatomical connectivity and/or functional networks.

Introduction

The positron emission tomography (PET) radioligand, e pitts-
burgh Compound B (*'C-PiB) has been shown to possess high affin-
ity and high specificity for fibrillar amyloid-f (AB) (Mathis et al.,
2002; Klunk et al., 2003; Lockhart ef al, 2005; Ye et al., 2005;
Rowe & Villemagne, 2013). Using ''C-PiB and PET enables us to
visualise and quantify the amount of Af deposition, which is a use-
ful biomarker for the diagnosis of Alzheimer’s disease (AD) (McKh-
ann et al., 2011; Sperling et al., 2011). The main brain regions
showing ''C-PiB binding are the frontal and posterior cingulate/
precuneus cortices and the striatum (Vallabhajosula, 2011), consistent
with known patterns of AP deposition, as described in post-mortem
studies (Braak & Braak, 1991, 1997). The correlations between '*C-
PiB binding across different regions, and region-matched post-mor-
tem measures of fibrillar AP deposition levels have previously been
confirmed (Bacskai et al., 2007; Ikonomovic et al., 2008).

The AP deposition begins well before the onset of cognitive
decline (Sperling er al., 2011; Villemagne et al., 2013), and the ear-
liest deposition appears to be in the frontal and cingulate/precuneus
regions (Mintun et al., 2006). Compared with the cortical regions,
detection of AP deposits in the striatum occurs at a later stage in
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AD progression (Braak & Braak, 1991; Thal er al., 2002; Mintun
et al., 2006; Beach et al., 2012). Some authors have indicated that
AP plaques in the striatum are largely restricted to individuals with
clinically-documented dementia (Braak & Braak, 1990; Thal ez al.,
2002), although others have found plaques in clinically non-demen-
ted individuals (Wolf er al., 1999). Moreover, recent studies have
shown that striatal A plaques correlate with the presence of demen-
tia in patients with Lewy body disease (Kalaitzakis er al., 2008,
2011). These findings indicate that AP deposition and neural circuits
in the striatum are important for the regulation of cognition. There
are, however, neither in vivo nor post-mortem studies that address
the distribution pattern of AP deposition in the striatum in detail.
Martinez et al. (2003) anatomically divided the striatum into five
subregions: ventral striatum (VST), dorsal caudate rostral to the
anterior commissure (AC) [pre-commissural dorsal caudate (pre-
DCA)], dorsal putamen rostral to the AC [pre-commissural dorsal
putamen (pre-DPU)], caudate caudal to the AC [post-commissural
caudate (post-CA)], and putamen caudal to the AC [post-commis-
sural putamen (post-PU)] (Mawlawi et al., 2001; Martinez et al.,
2003). The VST includes the nucleus accumbens, ventral caudate
rostral to the AC, and ventral putamen rostral to the AC. The post-
CA and post-PU include the caudate and putamen from the plane of
the AC to the plane through the most caudal part of these regions.
The first aim of this study was to analyse the distribution patterns
of AP deposition among the striatal subregions in patients with AD,
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using !C-PiB and PET. There is a concept that the molecular
pathology leading to A aggregation progresses through specific
anatomical connections and/or functional networks (Seeley et al.,
2009; Raj er al., 2012). Therefore, the second aim was to examine
whether there are correlations between ''C-PiB binding in cortical
regions and any of the striatal subregions, and to discuss the rela-
tionship between any two related regions in the light of anatomical
and functional connectivity. The associations between cognitive
measures and "'C-PiB binding were also assessed.

Materials and methods
Research participants

The present study was performed retrospectively. The subjects com-
prised 20 patients [§ men and 12 women; age 50-83 years (mean
age 67.6 years, SD 9.4)] and 14 age-matched control subjects [nine
men and five women; age 52-84 years (mean age 64.6 years, SD
9.8)]. All patients had no family history of early-onset dementia,
and were diagnosed with AD at or after the time of ''C-PiB PET
scanning on the basis of clinical criteria (American Psychiatric
Association, 1994). Apolipoprotein E genotype was measured in 13
of 20 patients. Five, six and two patients presented the 3/3, 3/4 and
4/4 apolipoprotein E genotype, respectively. For each patient, the
diagnosis of AD was supported by the findings from '®F-fluorode-
oxyglucose PET, which is used to estimate the cerebral metabolic
rates of glucose utilisation. Briefly, all patients showed decreased
18F_fluorodeoxyglucose uptake in the posterior cingulate, precuneus,
and temporoparietal cortices, as a typical pattern of AD (Sperling
et al., 2011). All patients also underwent magnetic resonance imag-
ing (MRI), and did not show any significant findings except for cor-
tical atrophy, presumably due to AD. All control subjects were
defined as healthy on the basis of their medical history, the results
of their physical and neurological examinations, and the MRI
findings.

All participants underwent ''C-PiB PET scanning at Tokyo
Metropolitan Institute of Gerontology for research purposes, during
the period from December 2006 to January 2013. At the time of
1C_PiB PET scanning, the Mini Mental State Examination (MMSE)
scores of the patients were 14-30 (mean 22, SD 5). The diagnosis
of AD in each patient with a relatively high MMSE score was con-
firmed by the clinical course after *C-PiB PET scanning. The Eth-
ics Committee of the Tokyo Metropolitan Institute of Gerontology
approved this study protocol, and written informed consent was
obtained from all of the patients. The study conformed to the World
Medical Association Declaration of Helsinki published on the web-
site of the Journal of American Medical Association in 2013.

Positron emission fomography scanning

The radioligand, *'C-PiB, was synthesised as described previously
(Wilson et al., 2004) with slight modifications. PET scanning was
performed on a scanner (SET-2400W; Shimadzu, Kyoto, Japan) in
three-dimensional mode. Images with 50 slices were obtained with a
2.054 x 2.054 x 3.125-mm’ voxel size and a 128 x 128 matrix
size. The transmission data were acquired using a rotating
8 Ga/%®Ge rod source for measured attenuation correction. Static
emission data were acquired for 40-70 min after intravenous bolus
injections of ''C-PiB. The injection doses were 462 = 102 MBaq,
and the specific activities were 56.7 £ 46.4 MBg/nmol at the time
of injection (mean + SD). Data were reconstructed after correction
for decay, attenuation, and scatter.

Magnetic resonance imaging acquisition and volumes of
interest

The MRI scanning was performed using a 1.5-Tesla Signa EXCITE
HD scanner (GE, Milwaukee, WI, USA) in three-dimensional mode
(3DSPGR; repetition time, 9.2 ms; echo time, 2.0 ms; matrix size,
256 x 256 x 124; voxel size, 0.94 x 0.94 x 1.3 mm), and was
processed using the FMRIB Software Library (FSL; Oxford Univer-
sity, Oxford, UK).

Volumes of interest (VOIs) included the striatal subregions as tar-
get regions, with the cerebellum as a reference region. A whole-stri-
atum VOI was created by combining the caudate, putamen, and
nucleus accumbens VOIs, anatomically defined in native space using
FSL FIRST. The whole striatum was divided into five anatomical
VOIs (Fig. 1A, C, and D): the VST, pre-DCA, post-CA, pre-DPU,
and post-PU, as described in the Introduction (Mawlawi et al.,
2001; Martinez et al., 2003). A cerebellum VOI (Fig. 1B and D)
was created by transforming a bilateral VOI, drawn manually on the
cerebellar cortex in Montreal Neurological Institute (MNI) 152
space, to native space using FSL FNIRT.

Positron emission tomography image processing

The static PET images were co-registered to the corresponding
structural MRI using FSL FLIRT. The VOIs placed on the MRI
were moved onto the PET images, and VOI-based analyses were
performed. Activity data within the anatomically defined VOIs (see
above) were extracted from co-registered PET images. 'C-PiB bind-
ing for each VOI was quantified, with the cerebellum used as a ref-
erence region (Lopresti et al., 2005; Tkonomovic et al., 2008). The
ratio (activity in the target region:activity in the cerebellum) was
described as the standardised uptake value ratio (SUVR).

Data analysis and statistical analysis

The VOI-based analyses were performed to test the difference in
SUVR values between the two striatal subregions using the paired

FI1G. 1. An example of VOIs. VOIs placed on the VST (blue), pre-DCA
(yellow), pre-DPU (red), post-CA (green), post-PU (light blue), and cerebel-
lum (orange) are displayed in the axial (A and B), coronal (C) and sagittal
(D) sections of a representative MRI image. One side of the VST, pre-DCA,
pre-DPU, and post-CA VOIs, and both sides of the cerebellum VOI are
shown.
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t-test with Bonferroni adjustment as a post-hoc test after one-way
repeated measures aNova in SPSS (IBM Corp., Armonk, NY, USA).
The differences in SUVR values between patient and control groups
were tested using the independent r-test. Relationships between
SUVR values and the MMSE scores in each striatal subregion were
tested using Pearson Correlation analysis. Statistical significance was
set at P < 0.01 (two-tailed).

Exploratory voxel-wise analyses were then performed to deter-
mine the cortical region where ''C-PiB binding was correlated with
SUVR values in each of the striatal subregions. The SUVR images
of M'C-PiB were transformed into MNI152 space from native space
using MRI-guided spatial normalisation (FSL FNIRT). After
smoothing with a Gaussian kernel of sigma 4 mm to improve the
signal-to-noise ratio, cortical areas on the smoothed images were
masked with a Harvard-Oxford cortical atlas (included in FSL). All
masked voxels were then subjected to linear regression analyses
with SUVR values in each of the five striatal subregions, which
were obtained by VOI-based analyses, using Statistical Parametric
Mapping 8 (Wellcome Trust Center for Neuroscience, London, UK)
implemented in MATLAB 7.0 (MathWorks Inc., Natick, MA,
USA). Statistical 1 maps of positive contrast were calculated using a
height threshold of P < 0.01 family-wise error (FWE) rate corrected
(T > 6.38), excluding clusters smaller than 200 voxels. The Statisti-
cal Parametric Mapping ¢ maps were transformed to FWE corrected
P maps.

Results

The VOI-based analyses showed that the SUVR values of ''C-PiB
in patients with AD were significantly greater than those in healthy
controls in each of the five subregions using the independent #-test
(Table 1). For patients with AD, there was a significant difference
in the SUVR values between the five subregions using one-way
repeated-measures aNova (P < 0.0001, Fig. 2). The SUVR values of
C-PiB decreased in the following order: VST > pre-DPU > pre-
DCA > post-PU > post-CA. A post-hoc paired #-test with Bonferroni
adjustment produced: VST > pre-DPU (P = 0.004), VST >
pre-DCA (P < 0.0001), pre-DPU > post-PU (P < 0.0001), and
pre-DCA > post-CA (P < 0.0001). There were no significant corre-
lations between MMSE scores and the SUVR values in each of the
five subregions: VST (r = —0.13, P = 0.58), pre-DCA (r = —0.05,
P =0.85), pre-DPU (r= —0.24, P =0.32), post-CA (r=0.19,
P =0.43), and post-PU (r =—0.23, P = 0.32).

The 20 transformed SUVR images of ''C-PiB were averaged in
MNI152 space and are displayed in Fig. 3A, visually confirming

TABLE 1. Comparison of ''C-PiB binding between the patients with AD and
healthy controls

VST Pre-DCA Pre-DPU Post-CA Post-PU
SUVR
AD (n =20)
Mean 2.14 1.76 2.03 1.42 1.73
SD 0.28 0.27 0.25 0.20 0.18
T-value* 13.6 9.1 11.6 4.7 7.2
P-value** <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Healthy controls (n = 14)
Mean 1.07 1.05 1.22 1.12 1.33
SD 0.09 0.13 0.10 0.15 0.12

*T-values and **P-values from independent #-test between patient and con-
trol groups in each subregion.
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FIG. 2. Comparison of ''C-PiB binding in the patients with AD and in
healthy controls. Open circles and x symbols represent SURV values in the
patients with AD and control subjects, respectively. Vertical bars represent
mean = SD.

that "'C-PiB binding was greatest in the ventral part of the striatum.
Exploratory voxel-wise analyses revealed positive correlations
between the SUVR values in the VST, which were obtained by
VOl-based analyses, and ''C-PiB binding in the medial part of the
orbitofrontal area at P < 0.01 FWE corrected (T > 6.38), and MNI
coordinates of the peak-level voxel were x = —2 mm, y = 40 mm
and z = —18 mm (Fig. 3B and C). There were no other cortical
regions where ''C-PiB binding was significantly correlated with the
SUVR values, for each of the other four subregions at P < 0.01
FWE corrected. There were no significant correlations between the
MMSE scores and 'C-PiB binding in cortical regions at P < 0.01
FWE corrected.

Discussion

Many figures in previous studies demonstrate that ''C-PiB binding
is relatively high in the anterior and ventral parts of the striatum in
patients with AD (Klunk et al., 2004, 2007; Nordberg, 2004; Min-
tun et al., 2006). To our knowledge, however, no authors have yet
addressed the distribution pattern of ''C-PiB binding in detail. This
is an initial study investigating the regional distribution of striatal
AP deposition levels, and we have confirmed that there are ventral—
dorsal and anterior—posterior gradients of '!C-PiB binding in
patients with AD, and that the binding of 'C-PiB is greater in the
ventral and anterior parts than in the dorsal and posterior parts. We
have also shown that *C-PiB binding in patients with AD was sig-
nificantly greater in each of the five striatal subregions compared
with control subjects, indicating that there can be AP deposition in
every area of the striatum. The striatum is actually known to contain
extensive fibrillar AP plaques in virtually all patients with AD
(Braak & Braak, 1990; Brilliant er al., 1997).

The AP deposition may present as either diffuse or dense plaques
(Duyckaerts et al., 2009; Rowe & Villemagne, 2013). Diffuse pla-
ques are assumed to be an early phase of plaque formation. Dense
plaques may be described as focal, spherical, or cored, and are
called neuritic when they are associated with local neuronal damage
and inflammation. Dense plaques are visible in sections stained with
hematoxylin and eosin, compared with diffuse plaques, which are
unstained and their apparent number depends on the quality of the
immunohistochemistry or other staining techniques (Duyckaerts
et al., 2009). Dense plaques are characteristic of AD, whereas dif-
fuse plaques have also been found in many normal subjects, contrib-
uting to the idea that they may not be directly toxic (Delaere ef al.,
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FIG. 3. "’C-PiB images in MNI space and the results of voxel-wise analyses. (A1-3) Averaged SUVR image of ''C-PiB in 20 patients with AD is superim-
posed on an MNI standard brain and is displayed in coronal sections. (B1-3) Voxel-wise analyses showed positive associations for !C-PiB binding between
the VST and medial part of the orbitofrontal area. Voxels with significant correlations (P < 0.01 FWE corrected) are overlaid on the MNI standard brain and
are displayed with MNI coordinates of the peak-level voxel (x = —2 mm, y = 40 mm, and z = —18 mm). (C1-3) The averaged SUVR image superimposed on
an MNI standard brain is displayed for the corresponding MNI coordinate. The yellow—red and rainbow scales represent the magnitude of P-values (B) and

SUVR values (A and C), respectively.

1990; Dickson et al., 1992). Histopathological studies have revealed
that there is a wide range of plaque morphology in the striatum,
including diffuse, dense, and neutritic types (Rudelli er al., 1984;
Bugiani ef al., 1989; Suenaga et al., 1990; Selden er al., 1994; Bril-
liant et al., 1997). Dense plaques have been reported more fre-
quently in the ventral part of the striatum than in the dorsal part
(Suenaga et al., 1990). However, a PET amyloid tracer, UCpiB,
can detect both diffuse and dense plaques, although its affinity for
dense plaques is much higher than that for diffuse plaques (Lockhart
et al., 2007; Ikonomovic et al., 2008). The intensity of in vivo 'C-
PiB binding presumably reflects the number of AB-immunoreactive
fibrils in plaques, from lightly labeled diffuse plaques to intensely
fluorescent dense plaques. Our findings may imply that the number
of dense plaques is greater in the ventral and anterior parts than in
the dorsal and posterior parts. Future histopathological studies are
required to determine the number and types of plaques that are
present in each of the five striatal subregions.

The present study showed that ''C-PiB binding in the VST is
highest within the striatum, and strongly correlates with that in the
medial part of the orbitofrontal area (Fig. 3). The anatomical loca-
tion of the peak-level voxel (MNI coordinate: x = —2 mm,
y =40 mm and z = —18 mm) is consistent with the location of the
frontal medial cortex, according to the Harvard—Oxford cortical atlas
(included in FSL). The frontal medial cortex corresponds to Brod-
mann areas 11 and 12 located in the medial part of the orbitofrontal
area (Rademacher et al., 1992). The VST consists of the nucleus
accumbens and ventral parts of the caudate nucleus and putamen
(Mawlawi et al., 2001; Martinez et al., 2003), and its associations
with cognition, as well as behavior, are well known (Diekhof et al.,

2012; de Jong et al., 2012; Li et al., 2012). Anatomically, the VST
receives both focal and diffuse projections from different prefrontal
subregions, predominantly from the medial part of the prefrontal
area (Ferry et al., 2000; Ongur & Price, 2000), and it is also func-
tionally linked to the medial part of the orbitofrontal area (Di Marti-
no et al., 2008; Jung ef al., 2010). Meanwhile, there is a concept
that brain AB deposition is not randomly distributed, but has charac-
teristic patterns through specific anatomical connections and/or func-
tional networks (Amold et al., 1991; Braak & Braak, 1991; Seeley
et al., 2009; Raj et al., 2012; Sepulcre et al., 2013). One example is
the region related to the default mode network that is preferentially
vulnerable to AP deposition (Klunk er al., 2004; Buckner er al.,
2009), and disruption of activity and metabolism (Lustig et al.,
2003; Greicius et al., 2004). The robust correlation between the
VST and medial part of the orbitofrontal area for AP deposition lev-
els in this study supports the idea described above. Future histopath-
ological studies are, however, required to confirm the phenomenon
observed in the study.

The density of AP deposition in the cortical regions has not con-
sistently been shown to correlate with the degree of cognitive
impairment in post-mortem studies (Parvathy ef al., 2001; Prohovnik
et al., 2006) or in vivo studies using ''C-PiB and PET (Edison
et al., 2007; Pike et al., 2007). This is probably because A deposi-
tion in some cortical regions begins in the early phase of AD
pathology, and almost plateaus by the onset of cognitive decline.
Compared with the cortical regions, the striatum is involved in AB
pathology in the later stages of AD (Braak & Braak, 1991; Thal
et al., 2002; Kemppainen et al., 2006; Mintun et al., 2006; Beach
et al., 2012). The presence of striatal plaques has reportedly been
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associated with measures of memory impairment in patients with
AD (Wolf et al., 1999), and the occurrence of dementia in patients
with Lewy body disease (Kalaitzakis er al., 2008, 2011). In addi-
tion, the striatum is known to play an important role in cognition
and behavior (Nakano er al., 2000; Kalaitzakis et al., 2008; Lee
et al., 2009). These findings collectively seem to indicate a relation-
ship between cognitive decline and the density of AP deposition in
the striatum. However, this has not previously been examined in
detail. As we could not find a significant correlation between ''C-
PiB binding in each of the five striatal subregions and the MMSE
scores, further detailed studies will be required to investigate the
relationships between Af deposition levels in the striatal subregions
and cognitive domains including memory.

Conclusions

The present study confirmed that the amount of AP deposition in the
VST is highest within the striatum, and provides the first evidence that
there is a positive correlation between the VST and the medial part of
the orbitofrontal area for AP deposition levels. Because the VST is
well known to have anatomical and functional links with the medial
part of the orbitofrontal area, our findings indicate that the brain Af
deposition is not randomly distributed, but has characteristic patterns
related to anatomical and/or functional networks.
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Abstract: In Lewy body disease, Lewy pathology (LP: the accumulation of a-synuclein in neuronal perikarya and pro-
cesses as Lewy bodies and Lewy neurites and dots, respectively) is observed in the central and peripheral nervous
systems. Previous autopsy or biopsy studies of individuals with Lewy body diseases (LBDs) indicated that LP could
be observed in the peripheral nerves of the gastrointestinal (Gl) systems. The aim of this study is to clarify whether
examination of Gl and biliary surgical specimens would be useful for diagnosing LBD. We analyzed eight patients
diagnosed clinically with LBD and with medical histories of Gl or biliary surgery at our hospital. LP was identified by
using a-synuclein immunohistochemistry in Gl and biliary surgical specimens obtained before, at or after the clini-
cal onset of LBD. LP was frequently observed in Auerbach’s plexus, Meissner’s plexus and the subserosal nerve
fascicles within the Gl and biliary surgical specimens. LP was observed in the specimens obtained 7 years before
the onset of LBD. Our approach does not require any invasive procedures for patients. The immunohistochemical
analysis of anti- a-synuclein antibody to archival G! or biliary surgical specimens from patients with clinically sus-
pected L.BD may contribute to clinical diagnosis of LBD.

Keywords: a-synuclein, gastrointestinal and biliary tract, Lewy body disease, Lewy pathology, surgical specimen

Introduction eral nervous systems. It is generally accepted
that the presence of LP in the peripheral auto-
nomic nervous system is associated with signs
of autonomic failure in LBD patients, such as
orthostatic hypotension and dysmotility of the
gastrointestinal (Gl) tract [6-11]. Therefore,
biopsy analyses of the peripheral autonomic
nervous system may help to diagnose LBD. In a
recent biopsy study of subjects with PD, a spe-
cific microdissection technique showed that LP
was present in the colonic mucosa and submu-
cosa [12]. However, this technique is difficult to
apply in routine surgical histopathology and it is
still difficult to confirm the diagnosis of LBD
pathologically by using biopsy materials [12-

The presence of Lewy pathology (LP: the accu-
mulation of a-synuclein in neuronal perikarya
and processes as Lewy bodies (LBs) and Lewy
neurites (LNs), respectively) is important for the
diagnosis of Lewy body diseases (LBDs) such
as Parkinson’s disease (PD), Parkinson's dis-
ease with dementia (PDD), dementia with LBs
(DLB), and pure autonomic failure. LBD is clini-
cally diagnosed on the basis of the patient’s
neurological presentation [1], biochemical exa-
mination [2], and imaging findings [3]. However,
the definitive diagnosis of LBD is made only by
postmortem study.

LP is usually observed in the brainstem, basal 16]. Because these biopsy studies were per-
ganglia, limbic system and cerebral neocortex formed on the colon and skin, it might be diffi-
of LBD individuals [4, 5]. LP is also present in cult to obtain enough tissue materials to iden-
the sympathetic and parasympathetic periph- tify LP in the nerve fibers.
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In contrast to use biopsy analyses, Minguez-
Castellanos et al. suggested that abdominopel-
vic surgical specimens might be useful to iden-
tify LP for the diagnosis of LBDs [17]. Our study
therefore focused on the usefulness of the Gl
and biliary surgical specimens for diagnosis of
LBDs. We investigated the presence of LP in
surgical specimens obtained from patients with
Gl or biliary disorders using conventional and
immunohistochemical staining.

Materials and methods
Tissue source

We selected eight patients who had been clini-
cally diagnosed with LBD (six DLB patients and
two PDD patients) and who had undergone sur-
gery for Gl or biliary problems at Tokyo Metro-
politan Geriatric Hospital and Institute of Ger-
ontology between 2007 and 2011 (Table 1).
Two patients had medical histories of Gl or bili-
ary surgery before they were clinically diag-
nosed with LBD. The other six were diagnosed
with LBD before their Gl or biliary surgery.

We also analyzed surgical specimens of Gl and
biliary systems from 10 autopsy subjects who
had no LP in the central and peripheral nervous
systems (Table 2). LP from these autopsy sub-
jects had also been analyzed in our published
paper [18].

Informed consent was obtained from the
patient or the patient’s relatives at the time of
surgery or autopsy. The study protocol was
approved by the ethical committee of the Tokyo
Metropolitan Geriatric Hospital and Institute of
Gerontology.

Clinical information

Clinical information, including the presence or
absence of parkinsonism and dementia, as
well as other clinical symptoms, Hoehn and
Yahr stage and Mini-Mental State Examination
was obtained from medical charts. Diagnoses
of DLB and PDD were confirmed in accordance
with the third report of the DLB consortium
[19]. PDD was differentiated from DLB by apply-
ing the “12-month” rule mentioned in the
Consensus Guidelines of the consortium on
DLB international workshop [1].

Histology

LP was analyzed in archival paraffin blocks
stored at our department of pathology. All
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materials had therefore been prepared by using
the same methodology, namely fixation in 20%
buffered formalin for at least 24 h and then
embedding in paraffin. The total numbers and
anatomic sites of the archival paraffin blocks
that were available for study were listed in
Table 3 (since LP was not detected in case 7
and 8, we avoided listing both patients in Table
3). Six-micron-thick sections were cut and
stained with H&E and immunohistochemical
methods.

Under microscopic examination, we identified
and analyzed nerve fibers in Meissner’s submu-
cosal nerve plexus, Auerbach’s myenteric nerve
plexus and the subserosal nerve fascicles.

Immunohistochemistry

The following antibodies were used: phosphory-
lated o-synuclein (pSyn#64, monoclonal [20],
and PSer129, polyclonal; both kind gifts from
Dr. T lwatsubo [21], pSyn#64 was available
from Wako, Osaka, Japan), phosphorylated
neurofilament (SMI31, monoclonal; Sternberger
Immunochemicals, Bethesda, MA, USA), and
tyrosine hydroxylase (anti-tyrosine hydroxylase,
monoclonal; Calbiochem-Novabiochem Corpo-
ration, Darmstadt, Germany). Immunohisto-
chemistry was performed with a Ventana
BenchMark GX autostainer (Ventana Medical
Systems, Tucson, AZ, USA) and an [-View
Universal DAB Detection Kit (Roche, Basel,
Switzerland) in accordance with the manufac-
turer's instructions. Sections were counter-
stained with hematoxylin.

We considered immunoreactivity for pSyn#64
in rounded and intracellular clear dots, intracy-
toplasmic inclusions, and threads in the nerve
fibers to be a positive indicator of LP. However,
one drawback with pSyn#64 is that intracyto-
plasmic granules of mast cells and perivascular
small particles may be immunoreactive. If we
suspect nonspecific immunoreactive deposits
in pSyn#64 immunohistochemistry, we evalu-
ated the results by additionally using polyclonal
PSer129 antibody, with which no nonspecific
immunoreactivity is detected. Therefore, the
immunohistochemistry results were routinely
based on those of pSyn#64 antibody unless
otherwise specified (e.g. Figure 1H, 4l).

Frequencies of LP-positive blocks

We obtained two slides from each archival sur-
gical block for H&E staining and immunohisto-
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Table 1. Lewy pathology in surgical specimens from eight LBD patients

Surgical specimens

. Age at diagnosis Hoehn
Patient . . . . . Age at surgery )
No Diagnosis  (years) mean, Gender MMSE & Yahr Parkinsonism  Autonomic symptoms ( /A " Sursical sit Pathological Lewy
' 83+4.0 [SD] stage yearsl/hge a urgical site diagnosis atholo,
diagnosis of LBD g P &
1 DbLB 85 M 10 v Postural instability Syncope, dysuria, 71/78 Stomach Adenocarcinoma + (LBs, LNs}
oligohidrosis
2 PDD 76 M 17 \ Bradykinesia Constipation, 72/74 Gallbladder Chronic cholecystitis + {LNs})
tremor postural orthostatic hypotension
instability
3 DLB 86 M 17 v Bradykinesia Constipation 86/86 Small intestine  Strangulated ileus,  + (LBs, LNs)
postural instability intussusception with
submucosal tumor
4 DLB 84 F 0 \ Bradykinesia Constipation, 84/84 Terminal ileum Ischemic colitis + {LNs)
postural instability ~ orthostatic hypotension to sigmoid colon
5 DLB 86 F 16 I Postural instability Oligohidrosis, 86/86 Stomach Adenocarcinoma +{LNs})
orthostatic hypotension
6 PDD 7 F 22 v Bradykinesia Constipation 77/77 Stomach Adenocarcinoma  + (LBs, LNs)
postural instability
7 DLB 85 M 14 i Bradykinesia Constipation 85/85 Sigmoid colon Adenocarcinoma -
postural instability
tremor
8 DLB 82 M 25 I\ Bradykinesia Syncope, oligohidrosis 88/85 Duodenum Duodenal ulcer, -
postural instability Gallbladder amyloidosis,
chronic cholecystitis
LBD, Lewy body disease; DLB, dementia with Lewy bodies; PDD, Parkinson’s disease with dementia; M, male; F, female; MMSE, Mini-Mental State Examination; LBs, Lewy bodies; LNs, Lewy neurites.
Table 2. Clinical and pathological data on 10 autopsy subjects
Age (years) Surgical specimens
Patient mean, Parkin- Autopsy diagnosis (No Lewy pathology was found in the central Age at death
Gender MMSE . g . . g ) . Pathological Lewy
No. 82+6.8 sonism nervous system or peripheral autonomic nervous system.) (years)/Age at  Surgical site N N
diagnosis pathology
[SD] surgery
1 76 M 30 - Lung cancer 76/75 Stomach Adenocarcinoma B
2 88 F 24 - Rupture of abdominal aortic aneurysm 88/88 Stomach Adenocarcinoma -
3 75 M 25 + Progressive supranuclear palsy, pneumonia 75/75 Small intestine  Perforation, ulcer -
4 83 M 30 - Systemic amyloidosis 83/83 Stomach Adenocarcinoma -
5 69 M 28 - Recurrence of rectal cancer, multiple metastasis 69/65 Rectum Adenocarcinoma -
6 86 F 24 - Acute exacerbation of chronic subdural hematoma, cerebral herniation 86/84 Sigmoid colon Adenocarcinoma -
7 91 F 8 - Lung cancer, pneumonia, dementia with grains 91/83 Stomach Adenocarcinoma -
8 79 M N/A - Malignant lymphoma, invasive pulmonary aspergillosis, lung cancer 79/79 Descending colon Adenocarcinoma -
9 86 F 9 - Alzheimer's disease, dementia with grains, pneumonia, primary biliary cirrhosis 86/77 Ascending colon  Adenocarcinoma -
10 83 F N/A N/A Diffuse alveolar damage 83/83 Sigmoid colon Diverticulitis -

MMSE, Mini-Mental State Examination; M, male; F, female; N/A, not available; +, present; -, absent.
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Table 3. Frequency of Lewy pathology in each nerve fiber area of the gastrointestinal and biliary surgj-

cal specimens

Patient Total number

Number of blocks having Lewy pathology/Total number of blocks

No. of blocks  Meissner's plexuses Auerbach’s plexuses Subserosal nerve fascicles Total

1 6 6/6 (100%) 6/6 (100%) 6/6 (100%) 6/6 (100%)
2 2 * * 1/2 (50%) 1/2 (50%)

3 13 11/13 (85%) 13/13 (100%) 7/13 (54%) 13/13 (100%)
4 21 t 8/21 (38%) 10/21 (48%) 13/21 (62%)
5 8 3/8 (38%) 5/8 (63%) 3/8 (38%) 5/8 (63%)
6 10 4/10 (40%) 10/10 (100%) 7/10 (70%) 10/10 (100%)
Total 60 24/37"1 (65%) 42/58" (72%) 34/60 (57%) 48/60 (80%)

*: Meissner’s and Auerbach’s plexuses were absent in the gallbladder in patient 2. : Meissner’s plexuses were not identified in
the terminal ileum to sigmoid colon in patient 4 because of severe submucosal ischemia with inflammatory cells infiltration.

chemistry. In addition, some sections were
inappropriate for identifying nerve fibers bec-
ause of the subjects’ disease conditions. In
fact, when the sections were heavily infiltrated
or where normal cells were replaced by tumor
cells, inflammatory cells or necrotic lesions, it
was difficult to detect nerve fibers in the GI
mucosa and submucosa. Therefore, we expect-
ed that analyzing all blocks prepared from each
subject would increase the possibility of identi-
fying LP. We counted the number of blocks in
which LP was found in the nerve fibers and cal-
culated the proportion of LP-positive blocks.

Statistical analysis

Statistical analysis was performed with Fisher’s
exact test for comparison of categorical data. A
P-value lower than 0.05 was considered statis-
tically as significant.

Results
Clinical information

Clinical information on each individual with LBD
is summarized in Table 1. Besides parkinson-
ism, the individuals showed dysfunctions of the
autonomic nervous system. Cognitive impair-
ment was evident in all patients.

Six out of eight LBD patients were clinically
diagnosed with DLB and the other two were
diagnosed with PDD on the basis of the
Consensus Guidelines [1]. There were no neu-
rological signs or symptoms at the time of sur-
gery in patients 1 and 2. Patients 3 to 7 were
known to have DLB or PDD at the time of sur-
gery. Patient 8 was diagnosed with LBD 3 years
after undergoing abdominal surgery.
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Histology of surgical specimens

Six out of eight LBD patients (75%; patients 1 to
6) had o-synuclein-immunoreactive LP in their
surgical specimens (Table 1). LBs were identi-
fied in patients 1, 3 and 6 with H&E staining
(Figure 1A, 1B, 1J). There was no LP in patients
7 and 8.

We observed a-synuclein-immunoreactive LNs
and small oval-shaped dots along the axons of
the nerve fibers in patients 1 to 6 (Figure 1C,
1F-1, 1K and 1L). In patient 1, a Lewy body-like
hyaline body was observed in a ganglion cell of
Meissner’s submucosal plexus (Figure 1A and
1B). The body was immunoreactive for o-sy-
nuclein (Figure 1C) and SMI-31 (Figure 1D). In
addition, the nerve fibers observed in patient 1
showed dot-like positivity for tyrosine hydroxy-
lase (Figure 1E). LP was observed in Meissner’s
submucosal plexus (Figure 1C), in Auerbach’s
myenteric plexus (Figure 1F) and in the subse-
rosal nerve fascicles (Figure 1G) in each of the
six patients. Patient 1 had LP in Meissner’s and
Auerbach’s plexuses and in the subserosal
nerve fibers of stomach tissue that had been
resected because of his stomach cancer 7
years before the onset of DLB, who also suf-
fered from severe autonomic dysfunction.
Patient 2 had LP in the gallbladder, which had
been resected because of chronic cholecystitis
2 years before the onset of PDD. In patients 3
to 7, the surgery and the diagnosis of LBD had
occurred simultaneously. Although the surgical
specimens were obtained from patient 8 three
years after the diagnosis of DLB, no LP was
found in the duodenum or gallbladder.

No LP was present in the surgical specimens of
Gl or biliary systems from 10 autopsy subjects
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Figure 1. Photomicrographs of Lewy pathology in surgical specimens of Lewy body disease. See Table 1 for the
clinical details of the patients. A-E: Photomicrographs from patient 1. F-I: Photomicrographs from patient 3. J-L: Pho-
tomicrographs from patient 6. A: Section of the stomach; mucosa (m), muscularis mucosae (mm), submucosa (sm)
and muscularis propria (mp). Rectangle corresponds to panel B, including Meissner’s submucosal nerve plexus. B:
An oval-shaped hyaline structure formed in the plexus. C: The hyaline structure shows reactivity against monoclonal
phosphorylated a-synuclein antibody (pSyn#64). D: The hyaline structure also shows reactivity against phosphory-
lated neurofilament (SMI31) antibody. In addition, the structure is apparently located in an SMI31-immunoreactive
ganglion cell. E: The plexus shows punctate anti-tyrosine hydroxylase immunoreactivity. F: pSyn#64-immunoreactive
neurites and small deposits in Auerbach’s myenteric nerve plexus in the small intestine. G: pSyn#64-immunore-
active long neurites in a subserosal nerve fascicle of the small intestine. H: pSyn#64-immunoreactive small de-
posits in Auerbach’s myenteric nerve plexus of the small intestine. |: A short and small polyclonal phosphorylated
a-synuclein (PSer129)-immunoreactive neurite (arrowhead) in the same plexus as shown in H. J: Arrowheads indi-
cate round hyaline bodies (Lewy bodies) in Auerbach’s myenteric nerve plexus of the surgically removed stomach.
K: A small pSyn#64 immunoreactive deposit in Auerbach’s myenteric nerve plexus of the stomach (arrowhead). L: A
PSer129 immunoreactive round region in the same plexus as shown in K (arrowhead). A: Scale bar = 500 um; B-L:
Scale bar =50 um. A, B, J: Hematoxylin and eosin staining. D: SMI31,; E: Tyrosine hydroxylase; C, F, G, H, K: pSyn#64;
I, L: PSer129.
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who had no LP in the central and peripheral
nervous systems (Table 2).

Frequencies of LP-positive blocks

The numbers and proportions of blocks in
which a-synuclein-immunoreactive deposits
were present in each patient are shown in Table
3. In three patients (1, 3 and 6), LP was identi-
fied in all available blocks. The percentage of
LP-positive blocks was 50% in patient 2, 62% in
patient 4 and 63% in patient 5. The distribu-
tions of LP in each layer of the Gl and biliary
tracts are summarized in Table 3. We focus
here on the six LBD patients in whose surgical
specimens we found LP. From these six
patients, a total of 60 blocks were available. LP
was identified in 48 blocks (80%). In patient 4,
there was no Meissner’s plexus in the terminal
ileum to sigmoid colon because of severe isch-
emic colitis, and in patient 2, this plexus was
absent in the gallbladder, so across all six
patients, the available number of blocks that
included Meissner’s plexus was reduced to 37.
Auerbach’s plexus and subserosal nerve fasci-
cles were identified in 58 and 60 blocks,
respectively. LP was seen in 24/37 (65%)
blocks with Meissner’s plexus, 42/58 (72%)
blocks with Auerbach’s plexus, and 34/60
(57%) blocks with subserosal nerve fascicles.

There were no statistical differences in the per-
centage occurrences of LP among the three
nerve regions.

Discussion

Our study vielded three important results:

1. LP was identified by using a-synuclein immu-
nohistochemistry in Gl and biliary surgical
specimens obtained before or at the same time
as the clinical onset of LBD.

2. LP was frequently observed in Auerbach’s
plexus, Meissner's plexus and the subserosal
nerve fascicles within the Gl and biliary surgical
specimens.

3. LP could be observed even if the specimens
had been obtained 7 years before the onset of
LBD.

Many researchers have reported that LP is
detectable at various anatomic sites in LBD
patients [7, 8, 22-30]. In addition, ideal biopsy
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sites have been intensely investigated in order
to reach a diagnosis of LBD [12-16, 27, 31-33].
Minguez-Castellanos et al., studying surgical
specimens, found o-synuclein aggregates in
26% of vesicoprostatic organs and 4% of diges-
tive tracts [17]. A recent autopsy study revealed
the presence of LP in multiple organs in indi-
viduals with LBD [22]. The same authors sug-
gested that there was a rostrocaudal gradient
of LP in the Gl tract, i.e., the lower esophagus
had the greatest LP involvement (33%) and the
colon and rectum the lowest (6%). Moreover, LP
is less likely to be detected in the Gl tract than
in organs such as the submandibular glands
[22, 25] and heart [29]. Kupsky et al. found LBs
in the surgically resected megacolon of a
patient with PD [34]. Sunwoo et al. reported
that patients with postoperative delirium after
total gastrectomy had a higher frequency of
phosphorylated a-synuclein pathology in their
gastric surgical specimens than those without
[35]. However, information about LP in surgical
specimens of Gl and biliary tracts obtained for
reasons not related to parkinsonism is not
enough. Our results suggest that whatever the
surgical specimen it must be analyzed by using
a-synuclein immunohistochemistry in patients
with suspected parkinsonism.

The tissue condition of collected Gl and biliary
specimens may affect the detection of LP. We
found LP in Meissner’s plexus, Auerbach’s plex-
us and the subserosal nerve fascicles (Table
3). Because the mucosa and submucosa are
vulnerable to the effects of tumor invasion,
ischemia and inflammation, we recommend
analyzing the subserosal nerve fascicles for LP
observation besides Meissner’'s and Auerbach’s
plexuses. One previous autopsy analysis rev-
ealed LP more frequently in Auerbach’s plexus
than in the other nerve plexuses of the Gl tract
[36]. Another investigator found LP less fre-
quently in the nerve fibers of the serosa than in
those of Meissner’'s and Auerbach’s plexuses
[37]. However, we found no significant differ-
ences in the frequency of LP among Meissner’s
plexus, Auerbach’s plexus and the subserosal
nerve fascicles of the Gl tract. In general, there
is more abundant mesenteric adipose tissue in
the lower Gl tract than in the upper Gl tract, and
it is easy to find nerve fascicles in subserosal
adipose tissue.

We found no LP in the mucosal layer of any
patients. Pouclet and Lebouvier et al. found
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that three out of nine PD patients had LNs in
the colonic mucosa with their microdissection
technique [12]. This discrepancy may be asso-
ciated with differences in the methodology
used to observe the nerve fibers. In fact, their
methodology is difficult to apply to surgical
specimens obtained for other medical reasons.
The Gastro 2009 International Working Group
for GI neuromuscular pathology reported that
tangential sections are rarely employed in diag-
nostic histopathologic practice and have no
well-established benefit except when examina-
tion of larger areas of a plexus is needed [38].
Because surgical pathologists usually cut surgi-
cal specimens of the Gl tract vertically against
the mucosal surface, they can evaluate only
small numbers of mucosal nerve fibers.
However, this method makes it easy to observe
Auerbach’s plexus because of the abundance
of its autonomic nerve fibers and ganglion cells
in the muscularis propria. Because most Gl and
biliary surgical specimens contain muscularis
propria, we were more easily able to observe
any LP present in Gl and biliary surgical speci-
mens than could other authors in biopsy
specimens.

It is important to know when LP in surgical
specimens has developed in relation to the
time of clinical onset of LBD. Shannon et al.
reported that biopsied colonic materials
obtained from three patients 2 to 5 years
before the first motor PD signs revealed
a-synuclein-immunoreactive deposits in nerve
fibers [16]. Recently, Hilton et al. reported that
a gastric biopsy taken 8 years before diagnosis
showed occasional linear deposits of phos-
phorylated o-synuclein [31]. In six of our
patients (75%) with LP, the surgical specimens
were obtained 7, 2 or O years before the onset
of LBD. Thus, it is possible to detect LP in surgi-
cal specimens obtained several years before
the onset of LBD.

Many investigators have reported a correlation
between severity of autonomic dysfunctions
and LPin the Gl tract [9, 10, 17, 24, 30, 39]. Our
results confirmed these previous studies. In
fact, our six patients whose surgical specimens
had LP showed autonomic dysfunction. Con-
stipation was a particularly common clinical
presentation in these patients.

Our study had some limitations. We had no
chance to analyze the appropriate surgical

1720

specimens from individuals who were neuro-
pathologically diagnosed as LBD. In addition,
we could not obtain autopsies of two deceased
individuals of the present study. Further stud-
ies are needed to verify and broaden our
results.

On the basis of our results, we would like to
emphasize the following approaches to support
the diagnosis of LBD using surgical speci-
mens:

1) Obtain a surgical history.

2) If surgical specimens are available, stain
them by using a-synuclein immunohistoche-
mistry.

3) All available blocks must be considered for
immunohistochemical analysis.

4) In particular, Auerbach’s and Meissner’s
plexuses and the subserosal nerve fascicles
must be intensely investigated to detect small
o-synuclein-immunoreactive deposits.

In conclusion, we demonstrated the clinical
usefulness of surgical specimens for finding LP
by using a-synuclein immunohistochemistry.
Detection of LP in Gl and biliary surgical speci-
mens may help us to support a clinical diagno-
sis of LBD. Our methodology does not require
any invasive procedures for patients. Further
analyses may enable early medical intervention
in individuals with LBD.
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The hallmark of Alzheimer’s disease (AD) pathology is an accumulation of amyloid g (A) and phosphorylated
tau, which are encoded by the amyloid precursor protein (APP) and microtubule-associated protein tau (WAPT)
genes, respectively. Less than 5% of all AD cases are familial in nature, i.e. caused by mutations in APP, PSEN1or
PSEN2. Almost all mutations found in them are related to an overproduction of AB{_45, which is prone to aggre-
gation. While these genes are mutation free, their function, or those of related genes, could be compromised in
sporadic AD as well. In this study, pyrosequencing analysis of post-mortem brains revealed aberrant CpG
methylation in APP, MAPT and GSK3B genes of the AD brain. These changes were further evaluated by a
newly developed in vitro-specific DNA methylation system, which in turn highlighted an enhanced expression
of APP and MAPT. Cell nucleus sorting of post-mortem brains revealed that the methylation changes of APP
and MAPT occurred in both neuronal and non-neuronal cells, whereas GSK3B was abnormally methylated in
non-neuronal cells. Further analysis revealed an association between abnormal APP CpG methylation and apo-
lipoprotein E ¢4 allele (APOE e4)-negative cases. The presence of a small number of highly methylated neurons
among normal neurons contribute to the methylation differencein APPand MAPT CpGs, thus abnormally methy-
lated cells could compromise the neural circuit and/or serve as ‘seed cells’ for abnormal protein propagation.
Ourresults provide alink between familial AD genes and sporadic neuropathology, thus emphasizing an epigen-
etic pathomechanism for sporadic AD.

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenera-
tive disease and is pathologically characterized by an accumula-
tion of amyloid 3 (AB) peptide and phosphorylated tau (1). Since
the discovery of the gene mutations responsible for familial AD
(FAD),namely PSEN!, PSEN2 and APP, which encode preseni-
lin 1, 2 and amyloid precursor protein (APP), respectively, huge

advances have been made in our understanding of the disease
pathomechanism. Pathologically, sporadic AD and FAD are
almost identical in terms of abnormal AP and phosphorylated
tau accumulation, which suggests that the same genes involved
in FAD may also play a role in the pathogenesis of sporadic
AD; however, no mutations in these genes have been noted in
sporadic cases. Indeed, the etiology of sporadic AD, which
accounts for >95% of all AD cases, remains largely unknown.
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Recently, it has been shown that an increase in APP gene
dosage is a rare cause of FAD (2); in these cases, a 1.5-fold in-
crease in the APP expression level resulted in early onset AD.
In addition, patients with Down syndrome have been known to
exhibit AD pathology in their fourth to fifth decades of life;
this is noteworthy because those individuals have an extra
copy of chromosome 21, where the APP gene is located (3).
Thus, APP expression in Down syndrome patients is also
1.5-fold higher than in normal controls (NCs). These findings
provide convincing evidence that AD can be caused by increased
APP translation due to increased gene dosage; however, whether
or not APP gene expression is increased in sporadic AD cases
remains controversial (4—7). One of the main reasons for this
discrepancy may be due to differences in the quality of post-
mortem brain samples. For example, RNA can be compromised
by a lengthy post-mortem interval and affected by long-term
storage conditions. Alternatively, since the brain is a mixture
of several different cell types, it may be difficult to extract
subtle expression changes that are occurring in only a limited
population of certain cells. We previously reported aberrant
CpG demethylation associated with alpha-synuclein (SNCA4)
over-expression in the substantia nigra of patients with Parkin-
son’s disease (8). In this study, we also found that the methyla-
tion status remained stable for 24 h post-mortem, which
provides good rational for studying DNA methylation instead
of RNA expression profiles in post-mortem brains.

Herein, we demonstrate that pyrosequencing analysis of post-
mortem brains revealed epigenetic changes in APP, MAPT and
GSK3B genes in sporadic cases of AD. Additionally, newly
developed in vitro experiments confirmed the effect of altered
methylation on gene expression. Moreover, the increased
methylation observed in sporadic AD brains was more promin-
ent in an apolipoprotein ¢4 (APOE4)-negative population. Our
results shed new light on sporadic AD pathogenesis by revealing
a missing link between genes involved in FAD and proteins
accumulated in sporadic AD.

RESULTS

We examined age-matched samples from three institutes in
Japan (Table 1). The cerebellum, anterior parietal lobe and infer-
ior temporal lobe cortices were analyzed since those areas were
available for the majority of cases (Table 2); also, they are
important regions for AD neuropathological diagnosis (9,10).
We then selected genes of interest related to sporadic AD or
FAD (11), including ACE, APOE, APP, BACEI, GSK3B,
MAPT and PSENI. CpG islands were located within those
genes using a software program (12). Multiple CpGs for each
gene were selected, and primer sets were designed for pyrose-
quencing (Supplementary Material, Table S1). After precise
primer calibration (Supplementary Material, Fig. S2) and selec-
tion of validated primer sets, small-scale analyses were per-
formed using 15-20 samples from NC and AD temporal lobe
samples (Figs 1A—-D and 2A—-C). Student’s #-tests revealed
several CpGs of interest (Fig. 2D~ E), after which we proceeded
with a full investigation of those CpGs using all the available
samples; this revealed 15 CpGs among 3 different genes that
were differentially methylated in AD brains compared with
NC brains (Table 3, Fig. 3). Interestingly, statistical significance
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Table 1. Demographics of the postmortem cases analyzed in this study
NC AD

Age at death (year old) 76.59 £ 4.506 78.68 + 7.987
Male% : 58 46.5
Brain weight (g) 1262 1185
Post mortem interval (h) 12 14.5
APOE4 (%) 18.84 53.5
AD, Alzheimer’s disease; NC, normal control. There were no statistical
differences with age at death.
Table 2. Number of samples per regions used in this study
Region Cerebellum Parietal Temporal
NC 71 76 74
AD 45 59 56
Total 126 135 130

was mainly observed in temporal lobe samples, while patterns of
methylation difference in parietal and cerebellum samples
showed at best some resemblance. To test whether these
observed differences were specific for AD, we also assessed tem-
poral lobe samples from 50 patients with dementia with Lewy
bodies (DLB); this produced similar results to NC, thus confirm-
ing that the higher 4PP 60-63 methylation level is an
AD-specific phenomenon (Supplementary Material, Fig. S3).

Our initial analysis was performed by bulk DNA samples from
the cortices, which was comprised of several different cell types,
including neuronal, glial and vascular cells. Thus observed
finding might be due to alteration of cellular composition, due
to selective loss of neurons in the AD brains. To address this,
we utilized an established fluorescence-activated cell sorting
(FACS) technique (13) in order to enrich neuronal and non-
neuronal nucleus separately. Six AD samples and nine NC
samples that were representative of high or low methylation
status, as determined by previous analyses, were subjected to
this procedure. Average NeuN+ events/NeuN- events ratio
was 0.593 4 0.096 in NC and 0.495 + 0.047 in AD (P =
0.4493 by Student’s #-test). After successful purification of neur-
onal and non-neuronal nuclei, DNA was extracted. Subsequent
pyrosequencing revealed that for 4 PP and MAPT CpGs, the dif-
ference was due to both neurons and non-neuronal cells. Con-
versely, the difference in GSK3B methylation was mainly
observed in non-neuronal cells (Fig. 4). These results suggest
that aberrant CpG methylation among these genes could play a
role in sporadic AD pathology.

Epigenetic alteration without transcriptional change is of little
pathomechanistic interest. However, transcriptome analyses
using post-mortem brains have inevitable RNA degradation pro-
blems that can compromise the result. Thus, we aimed to obtain
in vitro experimental data that could thoroughly determine the
effect of aberrant methylation. In cultured cells, the methylation
status of the four regions identified in this study and the expression
levels of corresponding genes showed some correlations, but they
were not conclusive (Supplementary Material, Fig. S4), possibly
because these cell lines are polyploids with huge numbers of
chromosomal rearrangements. To overcome this issue, we
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Figure 1. Overview of the methylation status of ACE, APOE, BACE] and PSEN! in a small sample group which were obtained before approval of choline esterase
inhibitors in Japan. CpG density is shown at the top of the graphs, and the methylation status at the analyzed positions is plotted below. Upper graph panels show normal
control (NC) plotted on Alzheimer’s disease (AD) average background and the lower panels vice versa. No statistically significant differences were found. (A) ACE,
(BYAPOE,(C)BACEL, (D) PSENI. Open squares: NC with SEM, closed circles: AD with SEM, dotted lines: connecting line of NC average, straight lines: connecting
line of AD average. Number of samples used for each groups were 15 in APP, MAPT, GSK3B and 20 in ACE, APOE, BACE] and PSEN].

established an in vitro sequence-specific methylation system
using a TAL (transcription activator-like) effector construct
fused to the DNA methylase domain of DNMT3a. TALSs can be
designed to bind specific DNA sequences according to their
protein subsequences (14—-16). As a control, we generated a
methylation-defective DNMT3a mutant V777G construct (17).
Among several TAL sequences tested, we found two APP CpG
60—63-specific sequences and one MAPT 58—62-specific se-
quence that were effective in altering the methylation level of
those two regions. There were no effective TAL sequences for
APP 88 and GSKB 78-82 despite rigorous screening. Although
the TAL binding effectiveness was relatively low and the fold
methylation change was at most four times compared with the
control vector when analyzed by the whole cultured cell popula-
tion, expression levels of APP and MAPT, as measured by
gPCR, were successfully altered along with specific CpG methy-
lation (Fig. 5A—C) and actual methylation level was similar to the
values obtained from human samples (Fig. 5D). This result clearly
shows that increased APP CpG 60—63 methylation was asso-
ciated with APP expression enhancement, whereas increased
MAPT 58—62 methylation was associated with MAPT expression

suppression, thus leading to the conclusion that epigenetic
changes in AD brains, as observed in our study, are associated
with an increased expression of both APP and MAPT.

Tounderstand the role of altered methylation in AD pathogen-
esis, we next tried to correlate other clinical information with
CpG methylation. We found that increased methylation of the
first half of the APP 60-63 CpG region was more prominently
observed in APOE e4-negative AD cases (Fig. 6). Moreover,
there was some correlation between the methylation status and
the APOE €4 gene dosage at APP CpGs 60 and 61, although
this was not statistically significant due to the small number of
APOE €4 homozygotes (Supplementary Material, Fig. S6).
Other clinical information such as age at death or sex had no cor-
relation with the methylation level of APP, MAPT and GSK3B
(Supplementary Material, Figs S6 and S7).

DISCUSSION

We have previously demonstrated that the methylation level was
conserved within 24 h of the post-mortem period (8,18). In
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Figure 2. Overview of methylation status of APP, MAPT and GSK3B in a small sample group. (A—C) CpG density is shown at the top of the graphs, and methylation
status at analyzed positions is plotted below. Upper graph panels show NC plotted on AD average background and the lower panels vice versa. Open squares: NC with
SEM, closed circles: AD with SEM, dotted lines: connecting line of NC average, straight lines: connecting line of AD average. In each plots, regions of interests that
showed statistically significant differences between AD and NC are shown with dotted lines and are magnified in (D—F). (A and D) 4PP; (B and E) MAPT; (C and F)

GSK3B.*P < 0.05,**P < 0.01

Table3. Analyzed genes and the number of CpG sites tested. Statistical analysis
revealed five CpG sites in three genes

Gene Tested CpGs NC/AD significant CpGs CpG position
ACE 35 0

APOE 11 0

APP 35 5 60-63, 88
BACE1 20 0

GSK3B 26 5 78-82
MAPT 43 5 58-62
PSENI 33 0

addition, since DNA is more stable then RNA, they could reflect
the disease process more precisely than transcriptome analysis
that can be affected by other factors such as end-stage complica-
tions. Thus, our rationale for employing epigenome rather than
transcriptome analysis of the post-mortem brain was to avoid
the possibility of post-mortem mRNA degradation and transcrip-
tome alterations induced at the agonal stage. Aberrant CpG

methylation in AD has been reported; however, there has been
no direct link to the pathogenesis of the disease (19). We chose
toanalyze CpG methylation by pyrosequencing rather than micro-
array analysis. This is because commercially available microar-
rays do not cover every single CpG on the genome, and we
were concerned with missing CpGs that were of significance.
Indeed, past reports on epigenome analysis in either APP CpG
island or in AD brains failed to detect significant alteration in
AD brains (18,20). In addition, we decided not to employ TA
cloning and bisulfite sequencing for large-scale analysis due to
its low throughput and cloning bias problems (21,22). However,
there were CpGs that could not be assessed in the regions depicted
inFigures 1 and 2 due to faulty pyrosequencing primer calibration,
there is still a chance that we missed other CpGs of importance.
The analyzed samples were age-matched (Table 1), and the
methylation level did not show any correlation with age at
death (Supplementary Material, Fig. S7). As usually observed
in the AD population, our AD cases were female dominant
(Table 1); however, the methylation levels were not affected
by sex (Supplementary Material, Fig. S8). Thus, we concluded



