644 Oikawa et al.

Fig. 1. Pathological profiles of the brains. Representative images of immunohistochemical analysis of
the cortices of 62/€3 without amyloid (amyloid-free, AF; A), £3/63 (AF; B), and ¢3/¢3 with Alzhei-
mer’s disease pathology (ADD; C,D) are shown. Immunohistochemical analysis was performed with
an anti-APB 11-28 antibody (12B2; A~C) and antiphosphorylated tau antibody (ATS; D). Scale

bars = 100 pm in A=C; 50 pm in D.

were extensively homogenized by sonication and the num-
ber of fractions for discontinuous sucrose-density-gradient
centrifugation was ncreased (Fig. 2B). In comparison with
the conventional detergent method using Triton X~100, in
which the LDM marker protein and lipid (prion protein and
GM1 ganglioside, respectively) were clearly separated from a
non-LDM marker protein, the transferrin receptor (data not
shown), the present detergent-free method provided satisfac-
torily pure LDMs; the levels of the LDM markers are rela-
tively high in the upper phase (fractions 4-6) compared with
a low level of the transferrin receptor (Fig. 2C).

Cholesterol Levels in SPMs and LDMs

We analyzed the cholesterol levels in SPMs and
LDMs. The cholesterol levels in SPMs prepared from
amyloid-free €2/¢3 brains were significantly lower than
those prepared from amyloid-free 3/€3 brains (Fig. 3A).
The cholesterol levels in SPMs prepared from &3/€3
brains with AD pathology were significantly lower than
those prepared from amyloid-free £€3/¢3 brains (Fig. 3A).
Differences between amyloid-free ¢2/€3 brains and
amyloid-free €3/¢3 brains and between amyloid-free &3/
€3 brains and £3/¢3 brains with AD pathology were more
pronounced in LDMs (Fig. 3B).

Ganglioside Levels in SPMs and LDMs

We analyzed ganglioside levels in SPMs and
LDMs by quantitative LC-MS analysis. In SPMs, no

changes in the levels of gangliosides were detected (Fig.
4A). In LDMs, the levels of some species of gangliosides,
including GT1(d20:1-18:0) and OAc-GT1(d20:1-18:0),
decreased in the £3/¢3 brains with AD pathology in com-
parison with the amyloid-free £3/¢3 brains (Fig. 4B). Pre-
vious studies showed a decrease in the levels of major
gangliosides, including GM1, GD1, and GT1, in the cor-
tices of AD brains (Op Den Velde and Hooghwinkel,
1975; Crino et al., 1989; Kracun et al., 1991). In this
study, although the difference between amyloid-free €3/
€3 brains and £3/€3 bramns with AD pathology was not
statistically significant, the levels of GD1(d20:0-18:0)
tended to decrease in the presence of AD pathology.
However, the levels of GM1 were apparently unchanged.

DISCUSSION

It remains to be clarified how the APOE genotype
increases or decreases the risk of AD development. Despite
intensive efforts, it is poorly understood how the APOE
genotype is linked to the initiation of amyloid deposition, a
fundamental core of AD pathology, in the brain. Previous
studies suggested that, first, amyloidogenic proteins, includ-
ing AR, likely assemble into fibrils through interaction
with lipids (for review see Gorbenko and Kinnunen,
2006); second, microdomains or lipid rafts are deeply
involved in the pathogenesis of AD, including A3 assembly
(for review see Rushworth and Hooper, 2010; Hicks et al.,
2012); and, third, amyloid deposition in the brain starts at
presynaptic terminals (Bugiani et al., 1990; Probst et al,,
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1991). These lines of evidence prompted us to explore the
pathological significance of the APOE genotype in amy-
loid deposition by directly examining lipids of synaptic:
membranes and synaptic membrane microdomains of
autopsied brains. Our results suggest that the inhibitory
effect of €2 on amyloid deposition is attributed to keeping
cholesterol in synaptic membranes and/or synaptic mem-
brane microdomains under a certain level, which is prereg-
uisite for the initiation of AP assembly into fibrils.
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Fig. 3. Cholesterol levels in synaptic plasma membranes (SPMs) and
low-density membrane microdomains (LDMs). SPMs (A) and LDMs
(B) were prepared from the cortices of €2/€3 without amyloid (amy-
loid-free; AF), €3/e3 (AF), and €3/¢3 with Alzheimer’s disease pathol-
ogy (AD). The levels of cholesterol were determined by using an
Amplex-red cholesterol assay kit. Each column indicates mean = SEM
(n=28, *P<0.05, **P<0.01).

Fig. 2. Preparation and characterization of synaptosomes and low-
density membrane microdomains (LDMs). A: Collected whole
homogenates, postnuclear supernatant (PNS), crude mitochondrial
pellet (CMP), and synaptosomes were analyzed by Western blotting
using the antibodies to the following subcellular compartment
markers: synaptophysin and SNAP25 for synapses, Bip/GRP78 for the
endoplasmic reticulum, and LAMP-1 for lysosomes. B: Outline of
LDM preparation from synaptic plasma membrane (SPM). After cen-
trifugation, fractions (1 ml) were sequentially collected from top (frac-
tion 1) to bottom (fraction 12). C: Collected fractions and a sonicated
sample without fractionation (whole) were analyzed by Western blot-
ting using antibodies to the following compartment markers: transfer-
rin receptor (TfR) for non-LDMs and flotillin-1 (Flot-1), prion
protein (PrP), and choleratoxin B subunit (CTB) for LDMs. Fractions
4-6 (indicated by an asterisk) were collected as LDM samples.
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Fig. 4. Ganglioside levels in synaptic plasma membranes (SPMs) and  spectroscopy (LC-MS). The peak area of each ganglioside was deter-
low-density membrane microdomains (LDMs). SPMs (A) and LDMs  mined with GM1(d18:1-">C16:0; A) or GM3(d18:1-14:0; B) as an
(B) were prepared from the cortices of £2/&3 without amyloid (amy-  internal standard (ISD). Each bar represents the mean value in the

loid-free; AF), €3/¢3 (AF), and €3/e3 with Alzheimer’s disease pathol-  group (n = 8).
ogy (AD). Gangliosides were analyzed by liquid chromatograpy-mass
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In our early study, we quantitatively analyzed synap-
tic membrane lipids using human APOE knock-in mouse
brains (63 knock-in and &4 knock-in). In that study, the
levels of cholesterol significantly increased in the exofacial
leaflet of the synaptic membrane of &4 knock-in mouse
brains compared with &3 knock-in and wild-type mouse
brains (Hayashi et al., 2002), suggesting that the patholog-
ical significance of ¢4 1s linked to an increase in the levels
of cholesterol in synaptic membranes. Although the scope
of the current study is only the comparison between &2
and &3, note that 2 decreases the levels of cholesterol in
synaptic membranes and synaptic membrane microdo-
mains. Overall, the APOE genotype likely has an impact
on the regulation of cholesterol levels at presynaptic ter-
minals and thereby modulates amyloid deposition in the
brain.

Although it remains to be clarified how &2 decreases
the level of cholesterol in synaptic membranes and synap-
tic membrane microdomains, apolipoprotein  E-
dependent cholesterol regulation in neurons has been
studied in vitro by our group and other groups (Michi-
kawa et al., 2000; Rapp et al., 2006). Notably, cholesterol
efflux from neurons was found to be regulated by apoli-
poprotein in an isoform-dependent manner; the order of
potency was E2 > E3 > E4, i.e., apolipoproteins encoded
by €2, &3, and &4, respectively (Michikawa et al., 2000).
On the other hand, apparently there was no isoform-
dependent difference between E2 and E3 in the extent of
cholesterol supply to neurons (Rapp et al.,, 2006). Thus,
although further studies are needed, it may be possible to
conclude that €2 provides a negative balance of choles-
terol dynamics in neuronal membranes compared with €3
and &4.

In this study, the presence of AD pathology
decreased the level of cholesterol and some species of gan-
gliosides in synaptic membranes and/or synaptic mem-
brane microdomains. Elucidation of the mechanisms
underlying alterations in neuronal lipid levels under vari-
ous pathological conditions will be a challenging task.
Many studies of AD have been carried out concerning on
this subject (Molander-Melin et al., 2005; Gylys et al,,
2007); however, results reported to date are not consistent
but rather varied. The discrepancy probably is due to dif-
ferences in the method of preparing neuronal membranes
and, to a greater extent, to differences in the pathological
stages of brains or brain regions examined. In addition, as
shown in this study and another study (Bandaru et al,,
2009), the APOE genotype substantially aftects the levels
of lipids, or at least cholesterol, in neuronal membranes.
Thus, in lipid-chemical studies of autopsied brains, atten-
tion should be paid to the APOE genotype of the individ-
uals from whom specimens are obtained.

There are several implications of our findings from
the viewpoint of the roles of cholesterol in AD develop-
ment. First, cholesterol in membranes accelerates the for-
mation of GMI1 ganglioside-bound AP (GAB), an
endogenous seed for Alzheimer’s amyloid (Yanagisawa
et al., 1995; Hayashi et al., 2004), through facilitation of the
formation of GM1 ganglioside clusters, which are required

for GAP generation (Kakio et al., 2001), and through tun-
ing of GM1 ganglioside conformation (Fantini et al., 2013).
Second, cholesterol increases the activities of secretases,
which are involved in AB production in membrane micro-
domains or lipid rafts (for review see D1 Paolo and Kim,
2011). Third, cholesterol enhances intermalization of the
amyloid precursor protein, leading to increased AP secre-
tion (Cossec et al., 2010b) in association with the enlarge-
ment of early endosomes (Cossec et al., 2010a), which is
the earliest cellular pathologic feature of AD (Cataldo et al.,
2000). These findings strongly suggested that the decrease
in cholesterol level by &2 suppresses amyloid deposition. In
addition, the decrease in cholesterol levels can also be bene-
ficial in prevention of the clinical onset of AD, because
pathological processes of AD, such as amyloid pore forma-
tion by AP oligomers, result in cognitive dysfunction of
AD (Esparza et al., 2013), likely dependenijt on cholesterol
levels in membranes (Di Scala et al., 2013). Alternatively,
membrane microdomains or lipid rafts are critical for the
function and even survival of neurons; thus, alterations in
the levels of lipids in the presence of AD pathology, as
observed in this study, likely lead to the perturbation of
microdomains or lipid raft integrity, seriously and detrimen-
tally affecting neurons in AD (for review see Hicks et al.,
2012). In summary, this study, together with our previous
study of human APOE knock-in mouse brains (Hayashi
et al., 2002), suggests that the APOE-genotype-linked
modulation of AD development is attributed to the regula-
tion of cholesterol levels in synaptic membranes and/or
synaptic membrane microdomains.
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Clinical features of genetic
Creutzfeldt-Jakob disease with V1801
mutation in the prion protein gene
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Shigeo Murayama,® Hiroyuki Murai,®° Masahito Yamada,® Hidehiro Mizusawa'

ABSTRACT

Objectives: Genetic Creutzfeldt-Jakob disease (CJD)
due to V180!l mutation in the prion protein gene
(PRNP) is of great interest because of the differences
from sporadic CJD and other genetic prion diseases in
terms of clinical features, as well as pathological and
biochemical findings. However, few systematic
observations about the clinical features in patients with
this unique mutation have been published. Therefore,
the goal of this study was to relate this mutation to
other forms of CJD from a clinical perspective.
Design: We analysed clinical symptoms, prion protein
genetics, biomarkers in cerebrospinal fluid (CSF) and
MRI of patients.

Participants: 186 Japanese patients with the V180l
mutation in PRNP.

Results: Our results indicate that the V180l mutation
caused CJD at an older age, with a slower progression
and a lower possibility of developing myoclonus,
cerebellar, pyramidal signs and visual disturbance
compared with classical sporadic CJD with methionine
homozygosity at codon 129 of PRNP. Cognitive
impairment was the major symptom. Diffuse
hyperintensity of the cerebral cortex in diffusion-
weighted MRI might be helpful for diagnosis. Owing to
the low positivity of PrPS in the CSF, genetic analysis
was often required for a differential diagnosis from
slowly progressive dementia.

Conclusions: We conclude that the V1801 mutation in
PRNP produces a late-developing and slow-developing,
less severe form of CJD, whose lesions are uniguely
distributed compared with sporadic and other genetic
forms of CJD.

INTRODUCTION
Prion diseases are transmissible and lethal
neurodegenerative  diseases that affect

umans and animals.! In humans, prion
disease can be categorised into sporadic,
acquired and genetic forms.” The genetic
form of prion disease (gPrD) that is caused
by mutations in the prion protein gene

Strengths and limitations of this study

(PRNP) accounts for 10.2% of cases in
Europe and 16.7% in Japan.® *

The epidemiological distributions of
patients with gPrD were reported to be dif
ferent between European countries and
Japan. While the E200K mutation occurs
most frequently in Europe,’ the V180l muta-
tion is the most frequent mutation in Japan.’
Currently, several reports indicate that the
V180I mutation in PRNP accounts for spe-
cific clinical and pathological findings.”™
Because patients with VI180I rarely have a
family history of the disease, the question of
whether this mutation causes prion disease
persists. On the other hand, patients with
V180I show several specific clinical features
different  from  those of  sporadic
Creutzfeldt-Jakob disease (sCJD) or other
gPrDs.” We have previously reviewed clinical
symptoms and cerebrospinal fluid (CSF)
markers of several PRNP mutations, includ-
ing V180L° Patients with V180I are readily
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distinguishable from patients with other dementia
because they show specific hyperintensity in the cerebral
cortex in diffusion-weighted MRI. We present some clin-
ical features in genetic CJD (gCJD) with V1801 and
Alzheimer’s disease in table 1.

In the current study, in order to better elucidate the
clinical characteristics of the VI80I mutation, we ana-
Iysed the surveillance data of 186 patients with V180I,
including the occurrence rate of neurological symptoms,
the period of time between disease onset and the occur-
rence of these symptoms, biomarkers in the CSF, MRI
and EEG data, and codon 129 polymorphism in PRNP
Our study indicates that myoclonus and periodic sharp
wave complexes (PSWCs) in the EEG, which are
included in the diagnostic criteria of CJD, occur less fre-
quently in patients with V1801

METHODS

Patients

The Prion Disease Surveillance Committee in Japan
diagnosed gPrDs in accordance with the WHO Case
Definition Criteria for epidemiological surveillance.
Information on each patient was collected between April
1999 and September 2013, after the current Prion
Disease Surveillance Committee of Japan began the
comprehensive surveillance on prion diseases in Japan.
In the current study, we analysed the surveillance data of
186 patients with definite or probable gPrD with a V180I
mutation. In order to differentiate clinical features of
patients with V180I from sCJD, we compared the V180I
patient group with patients having sCJD with type-1
PrP% and methionine homozygosity at codon 129
(sCJD-MM1) of PRNE a classical type of prion disease.
In this study, 59 patients with sCJD-MM1 with definitive
diagnosis were included as a control.

Clinical analysis

We collected information on age of onset, sex, family
history, clinical duration of each sign or symptom (dur-
ation from onset to death, or to the point when we con-
firmed the condition of the patient if he or she was alive
and to the point when clinical signs were observed) and

the clinical signs themselves (first symptom, dementia,
psychological disturbance, cerebellar disturbance, visual
disturbance, pyramidal or extrapyramidal signs, myoclo-
nus and akinetic mutism). The appearance of PSWCs in
the EEG and hyperintensities in the MRI was examined
as previously described* The open reading frame and
polymorphisms of codons 129 and 219 of the PRNP
gene were analysed after genomic DNA was extracted
from the patients’ blood, as previously described.'’

CSF biomarkers

CSF analysis of all patients was performed at Nagasaki
University.'' We evaluated 14-3-3 and total t (t-1) protein
levels in the CSF by western blotting as previously
described.” PrP™ in the CSF was detected by real-time
quaking induced conversion (RT-QUIC), as previously
described.'? Briefly, CSF was incubated with recombin-
ant human prion protein (residues 23-231 of human
PrP with methionine at codon 129) at 37°C with inter-
mittent shaking. Four wells were tested twice for each
CSF sample and the sample was decided as positive
when two or more of the four wells showed more than
1000 reactive fluorescence units (thioflavin T) within
48 h. The kinetics of fibril formation was monitored by
reading the fluorescence intensity every 10 min.

Statistical analysis

The Mann-Whitney U test was used for the statistical
comparisons of age of onset, disease duration and the
level of © protein in the CSE Fisher’s exact probability
test was used for the comparisons of sex, the rate of
occurrence of each clinical sign, presence of PSWGCs in
the EEG, presence of hyperintensity in the MRI and rate
of positive detection of 14-3-3 and PrpSe proteins. For
analysis of the correlation between CSF markers and
each clinical parameter, analysis of variance or multiple
comparison  tests (x* and Kruskal-Wallis) were used.
Significance was defined as p<0.05. Analyses were per-
formed using GraphPad Prism 5 software (GraphPad
Software, La Jolla, California, USA) and IBM SPSS
Statistics (IBM, New York, New York, USA).

Ethical issues

Informed consent from the family of each patient was
obtained for the current study. The study was performed
in accordance with the ethical standards laid down by
the 2013 Declaration of Helsinki.

RESULTS

Comparison of clinical features between patients with
V1801-MM and sCJD-MM1

Since gCJD with V1801 mutation contains codon 129
methionine homozygosity (129MM) and methionine/
valine heterozygosity (129MV), we compared patients
with V180I and 129MM (V180I-MM) and sCJD-MM1 or
MM2 (table 2), and V180I-MV and sCJD-MV (there are
no pathologically defined MVI cases in Japan; table 3).
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