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Regional distribution of synaptic markers and APP
correlate with distinct clinicopathological features
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Recent studies suggest that subcortical structures, including striatum, are vulnerable to amyloid-p accumulation and other neuropatho-
logical features in familial Alzheimer’'s disease due to autosomal dominant mutations. We explored differences between familial and
sporadic Alzheimer's disease that might shed light on their respective pathogenic mechanisms. To this end, we analysed 12 brain
regions, including neocortical, limbic and subcortical areas, from post-mortem brains of familial Alzheimer's disease (n = 10; age at
death: 50.0 + 8.6 years) with mutations in amyloid precursor protein (APP) or presenilin 1 (PSEN1), sporadic Alzheimer's disease
(n=19; age at death: 84.7 + 7.8 years), neurologically normal elderly without amyloid-p accumulation (normal ageing; n =13, age
at death: 82.9 + 10.8 years) and neurologically normal elderly with extensive cortical amyloid-p deposits (pathological ageing; n = 15;
age at death: 92.7 + 5.9 years). The levels of amyloid-B,o, amyloid-p4,, APP, apolipoprotein E, the synaptic marker PSD95 (now known
as DLG4), the astrocyte marker GFAP, other molecules related to amyloid-p metabolism, and tau were determined by enzyme-linked
immunosorbent assays. We observed that familial Alzheimer's disease had disproportionate amyloid-B,, accumulation in subcortical
areas compared with sporadic Alzheimer's disease, whereas sporadic Alzheimer's disease had disproportionate amyloid-p,, accumu-
lation in cortical areas compared to familial Alzheimer's disease. Compared with normal ageing, the levels of several proteins involved
in amyloid-f metabolism were significantly altered in both sporadic and familial Alzheimer's disease; however, such changes were not
present in pathological ageing. Among molecules related to amyloid-f metabolism, the regional distribution of PSD95 strongly
correlated with the regional pattern of amyloid-B,, accumulation in sporadic Alzheimer's disease and pathological ageing, whereas
the regional distribution of APP as well as p-C-terminal fragment of APP were strongly associated with the regional pattern of amyloid-
B42 accumulation in familial Alzheimer's disease. Apolipoprotein E and GFAP showed negative regional association with amyloid-p
(especially amyloid-f40) accumulation in both sporadic and familial Alzheimer's disease. Familial Alzheimer's disease had greater
striatal tau pathology than sporadic Alzheimer's disease. In a retrospective medical record review, atypical signs and symptoms
were more frequent in familial Alzheimer's disease compared with sporadic Alzheimer’s disease. These results suggest that dispropor-
tionate amyloid-f4, accumulation in cortical areas in sporadic Alzheimer's disease may be mediated by synaptic processes, whereas
disproportionate amyloid-B4, accumulation in subcortical areas in familial Alzheimer’s disease may be driven by APP and its processing.
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Region-specific amyloid-f4, accumulation might account for differences in the relative amounts of tau pathology and clinical symptoms

in familial and sporadic Alzheimer's disease.
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Abbreviation: GuHCI = guanidine hydrochloride

Introduction

Neuropathological hallmarks of Alzheimer's disease, the most
common form of dementia in elderly, include amyloid-f and tau
accumulation, which appear as senile plaques and neurofibrillary
tangles or dystrophic neuritis, respectively. Although most cases of
Alzheimer's disease are the sporadic, late-onset form (so-called
‘sporadic Alzheimer's disease’), a small proportion (~1%) are
characterized as autosomal dominant, early-onset Alzheimer's dis-
ease (so-called ‘familial Alzheimer's disease') (Thies and Bleiler,
2013). It is well known that almost all familial Alzheimer's dis-
ease-linked genetic mutations upregulate the cellular production
of amyloid-B4;, or increase the ratio of amyloid-B4, to amyloid-
B4o (Citron et al., 1992; Duff et al., 1996, Scheuner et al., 1996).
Moreover, increased ratio of production of amyloid-B4, to amyl-
oid-B4o is associated with an earlier age of onset in familial
Alzheimer's disease as a result of presenilin mutations (Duering
et al., 2005; Kumar-Singh et al., 2006). These findings strongly
support the amyloid cascade hypothesis in the pathogenesis of
Alzheimer's disease (Karran et al., 2011).

Although familial Alzheimer's disease is known to be caused by
mutations in the genes of amyloid precursor protein (APP) prese-
nilin 1 (PSENT) or presenlin 2 (PSEN2), it remains unclear how
disturbances in amyloid- metabolism—overproduction or ineffi-
cient clearance of amyloid-p leading to its accumulation—are
involved in the pathogenesis of sporadic Alzheimer's disease.
Proteolytic cleavage of APP by pB-site cleaving enzymes and sub-
sequent cleavage of B-C-terminal fragment of APP (APP-CTFf) by
y-secretase produce amyloid-f (Thinakaran and Koo, 2008). Upon
production, much of amyloid-p is efficiently cleared by amyloid-f
degrading enzymes, cellular uptake to lysosomes, or brain vascu-
lature. Cellular clearance of amyloid-f by various cell types in brain
parenchyma and vasculature is mediated by cell surface amyloid-
B-binding receptors and is regulated by apolipoprotein E (apoE)
(Bu, 2009). Synapses are thought to be involved in both produc-
tion and clearance of amyloid-p (Shigematsu et al., 1992;
Takahashi et al., 2002; Cirrito et al., 2005; Koffie et al., 2009;
Wu et al., 2011).

An analysis of region-specific amyloid-p accumulation can pro-
vide important insights into the pathomechanisms of Alzheimer's
disease (Buckner et al., 2005; Bero et al., 2011; Shinohara et al.,
2013). Neuropathological staging suggests that amyloid- depos-
ition occurs first in neocortical areas, followed by limbic areas, and
then subcortical areas and the cerebellum (Thal et al., 2002; Rowe
et al., 2007). On the other hand, emerging evidence from recent
amyloid imaging studies indicates that subcortical areas, such as
the striatum and thalamus, are more vulnerable to amyloid-p ac-
cumulation during early stages of familial Alzheimer's disease

(Klunk et al., 2007; Koivunen et al., 2008; Remes et al., 2008;
Villemagne et al., 2009; Knight et al., 2011). Though it is not yet
clear whether such differences in region-specific amyloid-p accu-
mulation impact neuropathological processes and clinical symp-
toms, recent functional MRI studies provide evidence of
neurodegeneration in subcortical areas in presymptomatic stages
of familial Alzheimer's disease due to PSEN7T mutations (Lee et al.,
2013; Ryan et al., 2013). Of note, several case studies of familial
Alzheimer's disease had noted frequent atypical clinical signs and
symptoms, some of which could be associated with subcortical
dysfunction (Rossor et al., 1993; Cabrejo et al., 2006; Larner
and Doran, 2006, 2009).

We aimed to elucidate the mechanism underlying such distinct
region-specific clinicopathological features in sporadic and familial
Alzheimer's disease. Based on our previous studies in the biochem-
ical analysis of regional differences in levels of amyloid-p and
molecules related to amyloid-p metabolism in non-demented indi-
viduals (Shinohara et al., 2013), we hypothesized that there were
similarities and differences in the neuroanatomical relationship be-
tween amyloid-f and molecules related to amyloid- metabolism
in sporadic Alzheimer's disease, familial Alzheimer's disease, and
non-demented individuals. In particular, when considering the
pathological relationship between amyloid-p accumulation and
neurodegeneration (Jack et al., 2013), comparisons among differ-
ent disease states related to the degree of amyloid-B accumulation
[i.e. (i) non-disease state, neurologically normal without amyloid-f
accumulation; (ii) prodromal disease state, neurologically normal
with amyloid-B accumulation; and (iii) disease state] would be
critical to understanding pathogenic mechanisms involved in amyl-
oid-B accumulation during disease development (Shinohara and
Bu, 2013). Therefore, in this study, we assessed regional distribu-
tion of amyloid-f accumulation, and molecules related to amyloid-
B metabolism, in post-mortem brains from individuals who were
neurologically normal with or without amyloid-p accumulation and
those with sporadic Alzheimer's disease or familial Alzheimer's dis-
ease as a result of APP or PSENT mutations. We also evaluated tau
accumulation using biochemical and digital imaging microscopy
and compiled ante-mortem clinical symptoms in sporadic and
familial Alzheimer's disease by retrospective review of medical
records.

Materials and methods

Sample material

Post-mortem tissues were obtained through the Mayo Clinic Brain
Bank for neurodegenerative diseases, whose operating procedures
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Table 1 Demographic characteristics of cohorts
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Cohort n  Age at death Male:female  Braak NFT Disease duration Post-mortem Cortical AB40  Cortical Ap42
(years) stage (years) interval (h) level in GuHCI level in GuHCI
(ng/mg) (ng/mg)
Normal ageing 13 82.9+10.8 (57-97) 4:9 11 (0-1V) = 12.7 £4.2 (5-18) 1.1+£0.2 20+05
Pathological ageing 15 92.7 +5.9 (82-101) 2:13 1 (1-1v) o 10.5 £ 6.2 (2-23) 14.0 +85*" 106.1 + 18.4**
SAD 19 84.7 +£7.8 (62-95) 5:14 VI*#* (V=VI)  10.4£3.7 (6-17) 10.7£7.7 2-24) 99.4+52.2** 102.5+ 8.9**
FAD 10 50 + 8.6*"5 (37-64) 55 VI*# (VI-VI) 6.443.0° (4-13) 14.4+14.0 (3-36) 70.8422.3** 82.4 + 15.4**

Values are mean + SD (range) for age at death, disease duration and post-mortem interval.
Values are mean =+ SE for cortical amyloid-PB4 level in GuHCI and cortical amyloid-f4; level in GuHCI.

Values are median (range) for Braak NFT stage, and number of subjects.
*P < 0.05, **P < 0.01; compared with normal ageing by post hoc Dunn'’s test.

P < 0.05, "P < 0.01; compared with pathological ageing by post hoc Dunn's test.

SP < 0.05; compared with sporadic Alzheimer's disease by post hoc Dunn's test.

TP = 0.063; compared with sporadic Alzheimer's disease, P = 0.077; compared with familial Alzheimer's disease by post hoc Dunn's test.
AP = amyloid-pB; FAD = familial Alzheimer's disease; NFT = neurofibrillary tangles; SAD = sporadic Alzheimer's disease.

are approved by the Mayo Institutional Review Board. In addition to
sporadic and familial Alzheimer's disease, we also evaluated neuro-
logically normal elderly subjects without amyloid-p accumulation
(normal ageing) and neurologically normal elderly subjects with exten-
sive cortical amyloid-p deposits (pathological ageing) (Dickson et al.,
1992). All normal ageing, pathological ageing and sporadic
Alzheimer's disease cases were from the Mayo Clinic Alzheimer
Disease Research Centre (ADRC; P50 AG016574) or Mayo Clinic
Study of Ageing (MCSA; U01 AG006786), whereas cases with familial
Alzheimer's disease were from a range of referral sources. The normal
ageing, pathological ageing and sporadic Alzheimer's disease cases had
standardized neurological and neuropsychological assessment through
the Mayo Clinic Alzheimer Disease Research Centre and Mayo Clinic
Study of Ageing, but cases with familial Alzheimer's disease did not
have systematic evaluations. Sequencing of APP, PSENT and PSEN2
was performed in all cases with early-onset Alzheimer's disease using
methods as previously described (Wojtas et al., 2012). Genomic APP
copy-number analysis was performed using real-time PCR and con-
firmed by QMPSF (quantitative multiplex PCR of short fluorescent
fragments) analysis (Rovelet-Lecrux et al., 2006). Demographic char-
acteristics of the cases and individual genetic mutations in cases with
familial Alzheimer's disease are shown in Tables 1 and 2, respectively.

Sample preparation

Grey matter of 12 brain areas (Table 3) was dissected and kept frozen
until extraction. Brain lysates were prepared by the three-step extrac-
tion method based upon differential solubility in detergents (Triton™
X-100) and chaotropic agents [guanidine hydrochloride (GuHCI)] as
previously described (Shinohara et al., 2013). In brief, after removal
of meninges and blood vessels, 100-200 mg of frozen brain tissue were
homogenized in ice-cold TBS containing a protease inhibitor cocktail
(Roche Diagnostics) by Polytron homogenizer (KINEMATICA). After
centrifugation at 100000g for 60min at 4°C, the supernatant was
aliquoted and stored at —80°C (referred to as TBS fraction or TBS).
The residual pellet was rehomogenized in TBS plus 1% Triton™ X-100
with protease inhibitor cocktail, incubated with mild agitation for 1h at
4°C and centrifuged as above. The resultant supernatant was ali-
quoted and stored at —80°C (referred to as TX fraction or TX). The
residual pellet was rehomogenized in TBS plus 5M GuHCI, pH 7.6,
and incubated with mild agitation for 12-6h at 22°C. After centrifu-
gation as above, the resultant supernatant (referred to as the GuHCI
fraction) was diluted with nine volumes of TBS, aliquoted and stored
at —80°C.

Quantification of proteins

Levels of total proteins, amyloid-B4_4, amyloid-B4_4>, APP, APP-CTFB,
B-site cleaving enzyme 1 (BACE1), presenilin 1 (PSEN1), APOE, insulin
degrading enzyme (IDE), neprilysin (NEP, now known as MME), low-
density lipoprotein receptor (LDLR), LDLR-related protein 1 (LRP1),
glial fibrillary acidic protein (GFAP), synaptophysin (SYP), and postsy-
naptic density 95 (PSD95, now known as DLG4) were determined by
ELISAs as previously described (Shinohara et al., 2013). Levels of tau
were determined by ELISA using a rabbit anti-C-terminus of tau cap-
ture antibody (Osenses) and biotin-conjugated mouse monoclonal HT7
detector antibody (epitope between amino acids 159-163, Thermo
scientific). Recombinant human tau proteins (Millipore) were used as
standards. Colorimetric quantification was performed on a Synergy HT
plate reader (BioTek) using horseradish peroxidase (HRP)-linked strep-
tavidin (Vector) or Poly-HRP 40 streptavidin (Fitzgerald) and 3,3',5,5'-
tetramethylbenzidine substrate (Sigma). Levels of specific proteins
were determined on one of the three fractions, based on their abun-
dance among these fractions, by using small samples derived from
both normal controls and cases with Alzheimer's disease. Specifically,
the TBS fraction was used to measure levels of cytosolic/secreted pro-
teins and molecules (i.e. IDE, GFAP, and PSD95). The TX fraction was
used to measure levels of membrane proteins (i.e. APP, APP-CTFB,
BACE1, PSEN1, NEP, LDLR, LRP1, and SYP). The GuHCI fraction
was used to measure levels of pathological aggregated proteins amyl-
0id-B4_40, amyloid-B1_s2, and tau. ApoE levels were determined in all
fractions, as we found the abundance of this protein in each fraction
differs between normal control subjects and cases with Alzheimer's
disease.

Immunohistochemistry and image
analysis of tau

Striata of sporadic and familial Alzheimer's disease were immunos-
tained with two phosphorylated tau antibodies, CP13 (pSer202) and
PHF1 (pSer396-pSer404) (both from Peter Davies, Albert Einstein
College of Medicine). CP13 recognizes early pretangles and intracel-
lular tangles, whereas PHF1 recognizes more advanced neurofibrillary
degeneration, including some extracellular tangles in addition to pre-
tangles and intracellular tangles. Immunostained slides were scanned
on an Aperio ScanScope XT slide scanner (Aperio Technologies) pro-
ducing high-resolution digital images. Annotation of regions of interest
was performed using Aperio ImageScope software. Two colour decon-
volution algorithms were designed to detect the optical density and
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Table 2 Individual genetic mutation of cases with familial Alzheimer's disease
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Carrier Mutation Age at Gender Braak Cortical amyloid-Bso Cortical amyloid-p4,
death NFT stage level in GuHCI level in GuHCI
(year) fraction (ng/mg) fraction (ng/mg)
APP Duplication 50 [F \Y| 197.4 £ 445 52.2 + 31
PSEN1 1143T 38 F VI 9.8+£29 1959 £ 6.5
PSEN1 Y288F 51 M \Y/| 134.6 £43.3 55.5+9.8
PSEN1 L392v 50 M \Y| 137.9 £ 62.5 121.0 £ 184
PSEN1 N135S 44 M VI 256+ 65 33.9+3.0
PSEN1 N135S 37 E \Y/| 17.0 £ 8.9 39.1+34
PSEN1 N135S 57 [F \Y| 478 £11.4 52.1+4.8
PSEN1 G378V 51 F VI 121 +2.9 90.2 £20.3
PSEN1 G206A 64 M \Y| 123.3 £33.7 86.8 +8.7
APP V717F 58 M \Y| 26+£05 979 £10.2

Values are mean =+ SE for cortical amyloid-B,o level in GuHCI fraction and cortical amyloid-pa; level in GuHCI fraction.

NFT = neurofibrillary tangles; F = female; M = male.

intensity threshold of the diaminobenzidene chromogen in the striatum
for both CP13 and PHF1 (Janocko et al., 2012). The output variable
was percentage of strong positive staining (based on area of the
region of interest).

Data analysis

All measured values by ELISAs were first normalized by total protein
levels in the sample. Comparisons of demographic features as well as
cortical protein levels (averaged value of cortical areas) among multiple
cohorts were performed by Kruskal-Wallis one-way ANOVA on ranks,
with all pairwise comparisons using Dunn's test (SigmaPlot, version
11.0; Systat Software Inc). To assess region-specific difference, each
measured value normalized by total protein levels was then normalized
by the average value within an individual to adjust for the influence of
difference between individuals. Comparisons of such normalized values
between two cohorts were performed by Wilcoxon rank-sum test
(JMP Pro, version 9; SAS). The non-parametric Spearman rank correl-
ation coefficient (JMP) was used to summarize the degree of correl-
ation between median levels of each protein (normalized value within
individual) across 12 brain regions (Shinohara et al., 2013).
P-values < 0.05 were considered significant.

Results

Comparison of regional distribution of
amyloid-p between sporadic and famil-
ial Alzheimer's disease

In this study, we focused on analysing insoluble amyloid-p (i.e.
amyloid-B in the GuHCI fraction) rather than soluble amyloid-$
(i.e. amyloid-B in the TBS and TX fractions), as amyloid-f in
the insoluble fraction represents the vast majority of all accumu-
lated amyloid-B in sporadic and familial Alzheimer's disease
(Supplementary Table 1). In comparing levels of accumulated
amyloid-B in sporadic and familial Alzheimer's disease, we found
no significant differences in the absolute amounts as shown by the
average values across cortical regions (Table 1). However, when
we compared absolute amounts of accumulated amyloid-p in each

Table 3 Brain regions used for the analysis

Cortical areas Subcortical
Neocortical areas Limbic areas areas
Dorsolateral Posterior Striatum
prefrontal (BA9) cingulate (BA31) (caudate)

Orbitofrontal (BA12) Entorhinal (BA28) Thalamus
Inferior temporal (BA20) Amygdala* Hypothalamus
Inferior parietal (BA39/40) Cerebellum
Primary visual (BA17)

*Amygdala can also be defined as subcortical areas.

BA = Brodmann area.

region, we found differences in specific brain regions

(Supplementary Fig. 1). As these differences could include both
interindividual variability and regional variability, we used regional
values normalized within each individual to assess whether spor-
adic and familial Alzheimer's disease exhibit region-specific neuro-
anatomical differences in amyloid-p accumulation. Indeed, familial
Alzheimer's disease had disproportionate accumulation of amyloid-
B40, compared to sporadic Alzheimer's disease, in the cerebellum
(Fig. 1A). Moreover, several neocortical areas (dorsolateral
prefrontal cortex, inferior temporal cortex and inferior parietal
cortex) and one limbic area (posterior cingulate) had dispropor-
tionate amyloid-B4, accumulation in sporadic Alzheimer's disease
compared with familial Alzheimer's disease. In contrast, all subcor-
tical areas and one limbic area (amygdala) showed disproportion-
ate accumulation of amyloid-B4, in familial Alzheimer's disease
compared to sporadic Alzheimer's disease (Fig. 1B). Although
amyloid-B in soluble fractions had more outliers with increased
variability, partly because of technical difficulties in quantifying
low levels of amyloid-B, these fractions also showed similar cortical
and subcortical trends between sporadic and familial Alzheimer's
disease (Supplementary Fig. 2 and data not shown). Comparison
by regions within sporadic or familial Alzheimer's disease also
support region-specific differences in amyloid-B accumulation
(Supplementary Fig. 3). Of note, amyloid-Bs> accumulation
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Figure 1 Comparison of accumulated amyloid-f in sporadic and familial Alzheimer's disease in different brain areas. After normalization
within each individual, amyloid-B4o (AB4o) levels (A) and amyloid-B4, (AB4y) levels (B) in the GuHCI fraction from cases with sporadic or
familial Alzheimer's disease are plotted for 12 brain areas with a box-and-whisker diagram. In this and subsequent figures, blue

areas = neocortical areas; purple areas = limbic areas; and orange areas = subcortical areas. *P < 0.05, **P < 0.01, ***P < 0.001;
Wilcoxon rank-sum test. AM = amygdala; CB = cerebellum; DF = dorsolateral prefrontal cortex; EC = entorhinal cortex; FA = familial
Alzheimer's disease; HT = hypothalamus; IP = inferior parietal cortex; IT = inferior temporal cortex; OF = orbitofrontal cortex;

PC = posterior cingulate cortex; SA = sporadic Alzheimer's disease; ST = striatum; TL = thalamus; VC = primary visual cortex.

showed a positive regional association with amyloid-B4o accumu-
lation in sporadic Alzheimer's disease (Fig. 2A), but not in familial
Alzheimer's disease (Fig. 2B).

Regional distribution of molecules
related to amyloid-p metabolism
in sporadic and familial
Alzheimer's disease

We compared the regional distribution of molecules involved in
amyloid-p metabolism between sporadic and familial Alzheimer's
disease, with the expectation that similar cortical and subcortical
changes might be observed. Among these molecules, the regional
distribution of apoE in the TX and GuHClI fractions showed cortical
to subcortical preference; however, some exceptions were
observed for the apoE GuHCI fraction [e.g. temporal cortices (in-
ferior temporal cortex and entorhinal cortex), which exhibited a

trend opposite to that of other cortical areas, Fig. 3A and BI.
Other molecules did not show a constant cortical to subcortical
preference (Supplementary Fig. 4). We also examined regional
associations between accumulated amyloid-f and molecules
related to amyloid-B metabolism within sporadic and familial
Alzheimer's disease (Table 4), as we did previously to assess re-
gional relationships between these molecules in non-demented
individuals (Shinohara et al., 2013). PSD95, a post-synaptic
marker, showed a strong, positive association with amyloid-B4;
accumulation in sporadic Alzheimer's disease (also depicted in
Fig. 4A), and moderate, positive association with amyloid-f4,
accumulation in familial Alzheimer's disease (also depicted in
Fig. 4B). ApoE in the TX fraction showed a moderate-to-strong
inverse association with amyloid-B4o and amyloid-B4, accumula-
tion in sporadic Alzheimer's disease (also depicted in Fig. 4C) as
well as in familial Alzheimer's disease (also depicted in Fig. 4D).
On the other hand, apoE in the GuHCI fraction exhibited mild-
(though not significant) to-moderate positive association with
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P-value were acquired by Spearman rank correlation test. AM = amygdala; CB = cerebellum; DF = dorsolateral prefrontal cortex;
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Table 4 Regional associations between accumulated amyloid-p and molecules related to amyloid-p metabolism within

sporadic or familial Alzheimer's disease

Sporadic Alzheimer's disease

Familial Alzheimer's disease

Amyloid-B4o GuHCI

Amyloid-B;, GuHCI

Amyloid-B40 GuHCI Amyloid-B4, GuHCI

r P-value r P-value r P-value r P-value
ApoE TBS —0.762 0.004 —0.490 0.106 —0.294 0.354 —0.266 0.404
ApoE TX —-0.741 0.006 —0.811 0.001 0.140 0.665 —0.874 <0.001
ApoE GuHCI 0.546 0.067 0.112 0.729 0.671 0.017 —0.126 0.697
APP —0.091 0.779 0.546 0.067 —0.084 0.795 0.406 0.191
APP-CTFp —0.441 0.152 0.000 1.000 —0.007 0.983 0.371 0.236
BACE1 0.280 0.379 —0.014 0.966 0.566 0.055 —0.203 0.527
PSEN1 —0.021 0.948 0.245 0.443 0.021 0.948 0.042 0.897
NEP —0.189 0.557 0.000 1.000 —0.357 0.255 0.049 0.880
IDE 0.343 0.276 0.525 0.080 0.182 0.572 0.497 0.101
LRP1 —0.014 0.966 0.301 0.342 0.091 0.779 0.636 0.026
LDLR -0.273 0.391 —0.385 0.217 —0.056 0.863 —0.455 0.138
GFAP —0.601 0.039 —0.434 0.159 —0.217 0.499 0.098 0.762
SYP 0.497 0.101 0.573 0.051 0.245 0.443 0.259 0.417
PSD95 0.532 0.075 0.860 <0.001 0.378 0.226 0.657 0.020

Correlation coefficient (r) and P-value were acquired by the non-parametric Spearman rank test comparing median value of normalized levels of amyloid-p in the GuHCI
fraction with median value of normalized levels of molecules related to amyloid-B metabolism in 19 cases (sporadic Alzheimer's disease) or 10 cases (familial Alzheimer's

disease) across 12 brain regions. Significant correlations are shown as bold text.

amyloid-B4o accumulation in  both familial
Alzheimer's disease, as shown in Table 4.

We also compared absolute levels of these proteins in cortical
areas (average value across cortical areas) among cases with
Alzheimer's disease and neurologically normal control subjects,
as summarized in Table 5. ApoE in the TX and GuHCI fractions
was significantly increased in familial Alzheimer's disease com-
pared to normal ageing and pathological ageing. Specifically, we
observed variable levels of apoE in the GuHCI fraction, with fa-
milial Alzheimer's disease being the highest, followed by sporadic
Alzheimer's disease, pathological ageing and then normal ageing,
though there was not a significant difference between sporadic
Alzheimer's disease and pathological ageing. Of note, absolute
levels of APP, APP-CTF, IDE, LRP1, SYP and PSD95 were signifi-
cantly decreased in both sporadic and familial Alzheimer's disease,
compared with normal ageing or pathological ageing. Levels
of BACE1, PSEN1 and NEP were also decreased in sporadic
Alzheimer's disease, compared with pathological ageing.
However, levels of all these proteins, including APP, APP-CTF,
IDE, LRP1, SYP, PSD95, BACE1, PSEN1 and NEP were not chan-
ged in pathological ageing compared to normal ageing. GFAP
levels tended to be increased in sporadic and familial Alzheimer's
disease, compared with normal or pathological ageing, though
these were not significant (Table 5). Significant positive/inverse
correlations were also observed among levels of these molecules
across all cases (some examples are shown in Supplementary
Fig. 5 and summarized in Supplementary Table 2). As some mol-
ecules are more abundant in subcortical than cortical areas, we
also compared absolute levels of these proteins in subcortical areas
among sporadic Alzheimer's disease, familial Alzheimer's disease
and neurologically normal controls, and confirmed a similar trend
with that of cortical areas (Supplementary Table 3).

sporadic and

Regional associations between
accumulated amyloid-p in sporadic or
familial Alzheimer's disease and normal
distribution of molecules involved in
amyloid-p metabolism

The presence of significant neurodegeneration in Alzheimer's dis-
ease determines that it is difficult to study a causal relationship
between amyloid-B and molecules related to amyloid-B metabol-
ism as the regional pattern of amyloid-B accumulation in
Alzheimer's disease is likely formed during the non-demented
state (Thal et al., 2002; Jack et al., 2013). Thus, we next exam-
ined the associations between regional distribution of molecules
related to amyloid-B metabolism in neurologically normal control
subjects without amyloid-f accumulation (i.e. normal ageing) and
the pattern of amyloid-p accumulation in sporadic and familial
Alzheimer's disease. The regional distribution of molecules related
to amyloid-B metabolism in normal controls was similar to that
previously reported (Shinohara et al., 2013); in brief, although
there were a few exceptions, the levels of synapse-related proteins
(PSD95, SYP and LRP1 etc.) in neocortical areas were generally
higher, followed by limbic areas, and then subcortical areas,
whereas the distribution of astrocyte-related proteins (GFAP and
apoE) showed opposite trends (Supplementary Fig. 6). The results
of the correlation analysis using these molecular distributions are
summarized in Table 6. The regional pattern of amyloid-f4 accu-
mulation in sporadic Alzheimer's disease showed the strongest
(and inverse) association with the normal regional distribution of
GFAP (also depicted in Fig. 5A). On the other hand, amyloid-B4;
accumulation in sporadic Alzheimer's disease showed the strongest

(and positive) regional association with normal regional
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Figure 4 Regional associations between accumulated amyloid-p and PSD95 or apoE in sporadic or familial Alzheimer's disease. (A) PSD95
levels in each brain area of cases with sporadic Alzheimer's disease (SAD) are plotted against amyloid-B4, (AB42) levels in the GuHCI
fraction in each brain area of cases with sporadic Alzheimer's disease. (B) PSD95 levels in each brain area of cases with familial Alzheimer's
disease (FAD) are plotted against amyloid-B4, levels in the GuHCI fraction in each brain area of cases with familial Alzheimer's disease.
(C) ApoE levels in the TX fraction in each brain area of cases with sporadic Alzheimer's disease are plotted against amyloid-f4; levels in the
GuHCl fraction in each brain area of sporadic Alzheimer's disease cases. (D) APOE levels in the TX fraction in each brain area of cases with
familial Alzheimer's disease are plotted against amyloid-pB4, levels in the GuHCI fraction in each brain area of familial Alzheimer's disease
cases. Values are median with 25 and 75 percentiles. Correlation coefficient (r) and P-value were acquired by Spearman rank correlation
test. AM = amygdala; CB = cerebellum; DF = dorsolateral prefrontal cortex; EC = entorhinal cortex; HT = hypothalamus; IP = inferior
parietal cortex; IT = inferior temporal cortex; OF = orbitofrontal cortex; PC = posterior cingulate cortex; ST = striatum; TL = thalamus

VC = primary visual cortex.

Table 5 Comparison of cortical levels of molecules related to amyloid-$ metabolism among four studied cohorts

Normal ageing Pathological Sporadic Alzheimer's Familial Alzheimer's

(n=13) ageing (n=15) disease (n=19) disease (n=10)
Cortical apoE TBS (ng/mg) 1157 + 64 1231+ 65 1171 4+ 53 1225 + 112
Cortical apoE TX (ng/mg) 1287 + 104 1291 + 75 1154 + 68 2047 + 170%**#58
Cortical apoE GuHCI (ng/mg) 28.6+5.0 148 + 24* 440 + 188** 2274 + 468* *##58
Cortical APP (ng/mg) 51.7+55 584 +3.5 32.9 +1.9¢* 33.6 +1.7**
Cortical APP-CTFp (ng/mg) 0.53 £ 0.03 0.56 + 0.04 0.34 £ 0.01**## 0.33 £ 0.02**##
Cortical BACE1 (ng/mg) 12.9+0.8 147 +1.0 11.6 + 0.4" 14.7 £ 0.5°
Cortical PSEN1 (ng/mg) 6.56 + 0.40 7.80 + 0.47 5.62 4+ 0.33%* 6.77 +0.43
Cortical NEP (ng/mg) 1.32 £0.08 1.36 +0.10 1.07 + 0.06" 1.21 £ 0.07
Cortical IDE (ng/mg) 625+7.7 53.1+24 30.9 £5.1*** 17.8 + 4.4 %
Cortical LRP1 (ng/mg) 453 +33 55.1 + 4.6 30.2 £ 2.4%* 29.9 +3.1**
Cortical LDLR (ng/mg) 0.98 + 0.06 1.01 £ 0.07 1.02 +0.07 1.03 £0.12
Cortical GFAP (pg/mg) 822 + 111 1186 + 156 1434 + 168 1546 + 367
Cortical SYP (ng/mg) 211410 215+ 11 167 + 6**# 164 £ 7%
Cortical PSD95 (ng/mg) 415 + 40 499 + 69 194 + 31*## 89 + 18**##

Values are mean + SE.

*P < 0.05, **P < 0.01; compared with normal ageing by post hoc Dunn's test.
P < 0.05, ¥P < 0.01; compared with pathological ageing by post hoc Dunn's test.
5P < 0.05, 5P < 0.01; compared with sporadic Alzheimer's disease by post hoc Dunn's test.
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Table 6 Regional associations between accumulated amyloid-f in sporadic or familial Alzheimer's disease and molecules

related to amyloid-p metabolism in normal ageing

Sporadic Alzheimer's disease

Familial Alzheimer's disease

Amyloid-B4o GuHCI

Amyloid-B;, GuHCI

Amyloid-B40 GuHCI

Amyloid-p4, GuHCI

r P-value r P-value r P-value r P-value
ApoE TBS —0.783 0.003 —0.532 0.075 —0.580 0.048 —0.007 0.983
ApoE TX —0.811 0.001 —0.720 0.008 —0.671 0.017 —0.294 0.354
ApoE GuHCI —-0.713 0.009 —0.657 0.020 —0.518 0.085 —0.140 0.665
APP 0.217 0.499 0.664 0.019 —0.014 0.966 0.832 <0.001
APP-CTFp —-0.126 0.697 0.406 0.191 —0.322 0.308 0.783 0.003
BACE1 —0.273 0.391 —0.189 0.557 —0.084 0.795 0.098 0.762
PSEN1 0.601 0.039 0.811 0.001 0.112 0.729 0.580 0.048
NEP —0.245 0.443 0.028 0.931 —0.469 0.125 0.035 0.914
IDE 0.888 <0.001 0.811 0.001 0.511 0.090 0.343 0.276
LRP1 0.622 0.031 0.804 0.002 0.315 0.319 0.692 0.013
LDLR —0.266 0.404 —0.357 0.255 0.084 0.795 —0.266 0.404
GFAP —0.951 <0.001 —0.615 0.033 —0.608 0.036 —0.028 0.931
SYP 0.462 0.131 0.601 0.039 0.021 0.948 0.539 0.071
PSD95 0.755 0.005 0.923 <0.001 0.350 0.265 0.706 0.010

Correlation coefficient (r) and P-value were acquired by the non-parametric Spearman rank test comparing median value of normalized levels of amyloid-p in the GuHCI
fraction in cases with sporadic or familial Alzheimer's disease with median value of normalized levels of molecules related to amyloid-B metabolism in normal ageing cases

across 12 brain regions. Significant correlations are shown as bold text.

distribution of PSD95 (also depicted in Fig. 5B). Compared to this
association, the regional association between accumulated amyl-
oid-P4; in sporadic Alzheimer's disease and the normal distribution
of APP was weaker (also depicted in Fig. 5C). Amyloid-B40 accu-
mulation in sporadic Alzheimer's disease showed moderate-to-
strong negative correlations with normal distribution of apoE in
the TBS, TX and GuHCI fractions. The normal regional distributions
of GFAP and apoE were inversely associated with amyloid-B40
accumulation in familial Alzheimer's disease, as shown in Table 6
and Fig. 5D. These regional associations were also observed within
pathological ageing or when comparing amyloid-f accumulation in
sporadic Alzheimer's disease with the regional distribution of these
molecules in pathological ageing, except for apoE in the GuHCI
fraction, which showed a trend of positive (but not significant)
regional association with amyloid-p accumulation (Supplementary
Table 4). Of note, the regional pattern of amyloid-B4, accumula-
tion in familial Alzheimer's disease showed the strongest (and
positive) association with the normal regional distribution of
APP, whereas the regional association between accumulated amyl-
oid-B4, in familial Alzheimer's disease and normal distribution of
PSD95 was moderate (also depicted in Fig. 5E and F). Amyloid-f4;
accumulation in familial Alzheimer's disease also showed simi-
lar strong association with normal regional distribution of
APP-CTFB, as shown in Table 6.

Tau accumulation in sporadic and
familial Alzheimer's disease

We assessed the regional pattern of tau accumulation. To validate
that our tau ELISA was detecting predominantly pathological
forms of tau and not normal neuronal tau, we compared the re-
activity in the GuHCI fraction between normal controls and spor-
adic Alzheimer's disease (Supplementary Fig. 7). Tau levels in

normal ageing were highest in the entorhinal cortex and amygdala
compared to other areas, whereas tau levels in sporadic
Alzheimer's disease involved other areas in addition to the entorh-
inal cortex and amygdala. Indeed, in all brain areas except for the
entorhinal cortex and cerebellum, levels of tau in the GuHCI frac-
tion were significantly higher in sporadic Alzheimer's disease than
normal ageing. Of note, we observed significant variation in tau
levels in the GuHCI fraction in the entorhinal cortex of normal
ageing and no significant difference in levels between normal
ageing and sporadic Alzheimer's disease, which reflects sensitivity
of the ELISA assay to a wide range of tau pathology in the entorh-
inal cortex of normal ageing as assessed by the Braak neurofibril-
lary tangles stage (Table 1) (Braak and Braak, 1991). There was a
positive correlation between tau levels and Braak stage in the
entorhinal and neocortical areas (data not shown). These data
demonstrate that tau levels in the GuHCI fraction reflect patho-
logical tau accumulation in the brain.

We then compared tau levels in sporadic and familial
Alzheimer's disease. Absolute levels of tau in the GuHCI fraction
in familial Alzheimer's disease showed a trend to be higher than
sporadic Alzheimer's disease in several areas (Fig. 6A). We also
examined whether tau preferentially accumulated in certain re-
gions by comparing individually normalized values, and observed
that in familial Alzheimer's disease, tau accumulated more in the
orbitofrontal cortex and striatum compared with sporadic
Alzheimer's disease, whereas in sporadic Alzheimer's disease, tau
accumulated more in the inferior cortex, and with an increased
trend in the entorhinal cortex, compared with familial Alzheimer's
disease (Fig. 6B). As all familial Alzheimer's disease had Braak
stage VI, we compared only sporadic Alzheimer's disease having
Braak stage VI with familial Alzheimer's disease (Supplementary
Table 5) and found such region-specific tau accumulation persisted
(Supplementary Fig. 8).
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Figure 5 Regional associations between accumulated amyloid-f in sporadic or familial Alzheimer's disease and normal distributions of
GFAP, PSD95 or APP. GFAP levels in each brain area of normal ageing (NA) cases are plotted against amyloid-B4o (AB40) levels in the
GuHCl fraction in each brain area of cases with sporadic Alzheimer's disease (SAD; A) and cases with familial Alzheimer's disease (FAD; D).
PSD95 levels in each brain area of normal ageing cases are plotted against amyloid-B4, (AB42) levels in the GuHCI fraction in each brain
area of cases with sporadic Alzheimer's disease (B) and cases with familial Alzheimer's disease (E). APP levels in each brain area of normal
ageing cases are plotted against amyloid-f,4; levels in the GuHCI fraction in each brain area of cases with sporadic Alzheimer's disease (C)
and cases with familial Alzheimer's disease (F). Values are median with 25 and 75 percentiles. Correlation coefficient (r) and P-value were
acquired by Spearman rank correlation test. AM = amygdala; CB = cerebellum; DF = dorsolateral prefrontal cortex; EC = entorhinal cortex;
HT = hypothalamus; IP = inferior parietal cortex; IT = inferior temporal cortex; OF = orbitofrontal cortex; PC = posterior cingulate cortex;

ST = striatum; TL = thalamus; VC = primary visual cortex.

We also investigated the relationship of tau in the GuHCI
fraction with digital image analysis of tau immunohistochemistry
in the striatum with CP13 and PHF1 antibodies, which detect
early and late tangle pathology, respectively. Tau levels in the
GuHCI fraction of striatum showed a greater correlation with

CP13, than PHF1 burden (Fig. 7A and B). When limited to
Braak stage VI cases, familial Alzheimer's disease showed higher
levels of tau accumulation with CP13 in the striatum, compared
with sporadic Alzheimer's disease (Fig. 7C). On the other hand,
levels of tau accumulation detected by PHF1 were not statistically
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Figure 6 Comparison of accumulated tau in sporadic and familial Alzheimer's disease in different brain areas. (A) Tau levels (as absolute
value) in the GuHCl fraction from cases with sporadic or familial Alzheimer's disease are plotted for 12 brain areas with a box-and-whisker
diagram. (B) After normalization within each individual, levels of tau in the GuHCI fraction from cases with sporadic or familial Alzheimer's
disease are plotted for 12 brain areas with a box-and-whisker diagram. *P < 0.05, **P < 0.01, ***P < 0.001; Wilcoxon rank-sum test.
AM = amygdala; CB = cerebellum; DF = dorsolateral prefrontal cortex; EC = entorhinal cortex; FA = familial Alzheimer's disease;

HT = hypothalamus; IP = inferior parietal cortex; IT = inferior temporal cortex; OF = orbitofrontal cortex; PC = posterior cingulate cortex;
SA = sporadic Alzheimer's disease; ST = striatum; TL = thalamus; VC = primary visual cortex.

different between familial and sporadic Alzheimer's disease
(Fig. 7D).

Ante-mortem clinical symptoms

As atypical symptoms, such as pyramidal signs, extrapyramidal
signs, dysarthria, myoclonus or seizures, may be more frequent
in familial Alzheimer's disease (Rossor et al., 1993; Cabrejo
et al., 2006; Larner and Doran, 2006, 2009), we also retrospect-
ively compared ante-mortem clinical symptoms of familial and
sporadic Alzheimer's disease from ante-mortem medical records
(Supplementary material). We found that familial Alzheimer's dis-
ease showed a significantly increased incidence of pyramidal signs
and dysarthria as well as a potentially higher incidence of seizures
and myoclonus, but not extrapyramidal signs, compared with
sporadic Alzheimer's disease with Braak stage VI (Supplementary
Table 6).

Discussion

Mounting evidence indicates that sporadic and familial Alzheimer's
disease with autosomal dominant mutations present different clin-
icopathological features regarding region-specific amyloid-p accu-
mulation, pattern of neurodegeneration, and clinical symptoms. To
elucidate the underlying mechanisms that differ between sporadic
and familial Alzheimer's disease, we biochemically evaluated amyl-
oid-B accumulation, tau accumulation and molecules related to
amyloid-B metabolism across 12 brain regions in post-mortem
tissue from sporadic Alzheimer's disease, familial Alzheimer's dis-
ease, from neurologically normal control subjects with or without
amyloid-B accumulation. We especially focused on the relationship
between the normal distribution of key molecules as determined
by analyses in normal control subjects and the regional pattern of
amyloid-B accumulation in sporadic and familial Alzheimer's dis-
ease (Table 6). The rationale for such a comparison is that changes
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Figure 7 Immunohistochemical analysis of tau in the striatum. Tau levels in the GuHCI fraction in the striatum (caudate) area of cases
with total Alzheimer's disease are plotted against CP13 burden (A) or PHF1 burden (B) in the striatum (putamen) area of cases with total
Alzheimer's disease with a 95% probability ellipse (red line). Correlation coefficient (r) and P-value were acquired by Pearson correlation
test. Tau accumulation detected by CP13 (C) or PHF1 (D) from sporadic Alzheimer's disease (SAD) cases with Braak neurofibrillary tangles
VI stage or familial Alzheimer's disease (FAD) cases are plotted with a box-and-whisker diagram. P-values were acquired by Wilcoxon

rank-sum test.

related to neurodegeneration may mask regional variations when
compared to values from cases with only sporadic or familial
Alzheimer's disease, as observed in this study. The assumption is
that regional differences observed in normal control subjects
reflect underlying conditions that contribute to pathology as the
disease progresses in the preclinical stages to eventually overtly
manifest disease (Thal et al., 2002; Buckner et al., 2005; Jack
et al., 2013). In sporadic Alzheimer's disease, amyloid-B4> was
found to disproportionately accumulate in cortical regions, com-
pared with familial Alzheimer's disease, and to strongly correlate
with the normal regional distribution of PSD95. Such a strong
regional association between amyloid-f and PSD95 was also
observed in our previous study analysing non-demented individ-
uals (Shinohara et al., 2013), suggesting that certain forms of
synaptic process are strongly involved in the regional specificity
of amyloid-B levels (Buckner et al., 2005; Vlassenko et al.,
2010). In contrast, in familial Alzheimer's disease, amyloid-PBa4;
was found to disproportionately accumulate in subcortical regions,
compared with sporadic Alzheimer's disease, and to correlate

strongly with the normal regional distribution of APP and APP-
CTFB. Of note, the regional pattern of amyloid-B4o accumulation
in cases with both sporadic and familial Alzheimer's disease nega-
tively correlated with the normal regional distribution of apoE (TBS
and TX fractions) and GFAP, supporting the protective effects of
apoE and astrocytes on amyloid-B accumulation, as previously
proposed (Shinohara et al., 2013). Interestingly, the striatum
showed disproportionate tau accumulation in familial compared
to sporadic Alzheimer's disease, which might correlate with striatal
dysfunction that underlies some of the atypical neurological fea-
tures of familial Alzheimer's disease. Taken together with other
findings in this study and previous reports, these results suggest
that disproportionate cortical amyloid-f4, accumulation in sporadic
Alzheimer's disease may be related to synapse-mediated effects,
while disproportionate subcortical amyloid-f4, accumulation in fa-
milial Alzheimer's disease may be driven by effects of APP and its
processing. We speculate that if tau pathology is downstream of
APP/amyloid-B, then the region-specific differences in amyloid-pa4,
accumulation might drive relative differences in tau pathology in
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Figure 8 Hypothetical model of pathogenic processes underlying sporadic and familial Alzheimer's disease. In sporadic Alzheimer's
disease (A), disproportionate amyloid-B4> (AB42) accumulation in cortical areas is driven by synapse-mediated effects, whereas APOE or
astrocytes is involved in preventing amyloid-B (especially amyloid-B4o (AB4o)) accumulation. In familial Alzheimer's disease (B), dispro-
portionate amyloid-B4, accumulation in subcortical areas is driven by the effects of APP and its processing, whereas APOE or astrocytes
are involved in preventing amyloid-p (especially amyloid-B40) accumulation. The region-specific amyloid-B4, accumulation differences
drive relative differences in tau pathology in subcortical and cortical areas: typical limbic-neocortical pattern of tau accumulation in
sporadic Alzheimer's disease, and atypical neocortical-striatal-limbic pattern of tau accumulation in familial Alzheimer's disease. This
difference of tau pathology leads to differences in clinical symptoms, such as extrapyramidal signs, dysarthria, myoclonus or seizures, in

familial Alzheimer's disease compared to sporadic Alzheimer's disease.

subcortical and cortical areas, leading to partially distinct clinical
symptoms in familial compared to sporadic Alzheimer's disease
(Fig. 8).

Despite the widespread knowledge of regional vulnerability to
Alzheimer's disease pathology, the underlying mechanism is
not fully elucidated, especially in terms of clinicopathological char-
acteristics. Although we previously assessed the regional relation-
ships between amyloid-B and related molecules in non-demented
individuals (Shinohara et al., 2013), the present study provides the
first evidence regarding the strong neuroanatomical associations
between amyloid-p and PSD95, APP, apoE and GFAP in
Alzheimer's disease brains. Moreover, we observed differences in
their neuroanatomical relationships between sporadic and familial
Alzheimer's disease. Thus, this study does not only complement
our previous study suggesting the pathomechanism of amyloid-$
accumulation during the development of sporadic Alzheimer's dis-
ease, but provides novel insights into the pathomechanisms under-
lying distinct clinicopathological features between sporadic and
familial Alzheimer's disease.

Recent amyloid imaging studies from several independent
groups have demonstrated striatal and thalamic vulnerability to
amyloid-B accumulation in familial Alzheimer's disease with vari-
ous genetic mutations of APP or PSEN7T (Klunk et al., 2007,

Koivunen et al., 2008; Remes et al., 2008; Villemagne et al.,
2009; Knight et al., 2011). However, few studies have quantita-
tively assessed region-specific amyloid-B accumulation in post-
mortem brains of familial Alzheimer's disease. To our knowledge,
this is the first study to biochemically demonstrate striatal and
thalamic vulnerability to amyloid-B accumulation in familial, com-
pared to sporadic Alzheimer's disease. In addition, we found
disproportionate amyloid-f4, accumulation in the amygdala, hypo-
thalamus and cerebellum in familial Alzheimer's disease (Fig. 1).
Higher amyloid-B accumulation in the cerebellum of familial
Alzheimer's disease was previously observed by an amyloid ima-
ging study (Knight et al., 2011). Interestingly, compared to amyl-
0id-B4>, amyloid-Bso did not show a constant tendency of
disproportionate subcortical accumulation in familial Alzheimer's
disease, except for the cerebellum (Fig. 1). This result might
correspond with a previous study assessing the histopathology of
cases with a deletion of exon 9 of PSEN7 (Koivunen et al., 2008).
Moreover, regional correlations exist between accumulated amyl-
0id-B4o and amyloid-B4, in sporadic Alzheimer's disease, but not
familial Alzheimer's disease (Fig. 2). These results suggest that
different mechanisms exist regarding the accumulation of amyl-
oid-B4o and amyloid-B4,, at least in familial Alzheimer's disease.
Previous studies indicate that amyloid-Bso deposition occurs
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following the initial deposition of aggregatable amyloid-B,,, and
thus, amyloid-B4o deposition per se could be more easily affected
by other factors, including APOE and astrocyte-regulated pro-
cesses (lwatsubo et al., 1994; Gearing et al., 1996; Mann et al.,
1997; Koistinaho et al., 2004; Chakrabarty et al., 2010). Taken
together with other observations in this study, we propose that
two opposing effects underlie the respective accumulation of
amyloid-B,4> and amyloid-B4o (Fig. 8).

Although an increase in production of amyloid-B4, or increased
ratio of amyloid-B4, to amyloid-B4o is clearly implicated in the
pathogenesis of familial Alzheimer's disease (Karran et al.,
2011), it remains unknown how amyloid-B metabolism is dis-
turbed and thus involved in sporadic Alzheimer's disease.
Previous clinical imaging studies showed regional overlap between
certain forms of neuronal or synaptic activity in neurologically
normal subjects and the pattern of amyloid-f accumulation in
Alzheimer's disease or cognitively normal elderly subjects with ele-
vated amyloid-B, suggesting synaptic involvement in amyloid-f
accumulation (Buckner et al., 2005; Vlassenko et al., 2010). Our
findings would provide additional neuroanatomical evidence of the
involvement of such synaptic processes in amyloid-f3 accumulation
in the pathogenesis of sporadic Alzheimer's disease. Moreover, our
data suggest that synaptic processes are much more involved in
amyloid-B accumulation in sporadic Alzheimer's disease than fa-
milial Alzheimer's disease. Previous studies have shown that syn-
apses could regulate amyloid-B production as well as amyloid-p
clearance (Shigematsu et al., 1992; Takahashi et al., 2002; Cirrito
et al., 2005; Koffie et al., 2009; Wu et al., 2011). Our data do not
exclude either possibility, but suggest that if the same pathway to
amyloid-B accumulation is involved as in familial Alzheimer's dis-
ease, there should be disproportionate subcortical amyloid-p accu-
mulation. Of note, one sporadic Alzheimer's disease outlier in our
study had disproportionate striatal accumulation of amyloid-Ba4;
(Fig. 1B). As pathogenic mechanisms could be heterogeneous in
sporadic Alzheimer's disease, further characterization of cases with
sporadic Alzheimer's disease that have disproportionate subcortical
amyloid-p accumulation might provide important insights into het-
erogeneity of the pathogenic mechanism in sporadic Alzheimer's
disease.

Mounting evidence from imaging and CSF biomarker studies
suggest that neurodegeneration and neuroinflammation occur
after amyloid-f accumulates (Jack et al., 2013). We observed a
significant change in the absolute levels of several molecules
related to amyloid-B metabolism in sporadic and familial
Alzheimer's disease compared to normal ageing (Table 5). These
changes would be mediated by neurodegeneration or neuroin-
flammation, as strong correlations were observed among these
molecular changes (Supplementary Fig. 5 and Supplementary
Table 2) as well as between levels of these molecules and a neur-
onal marker, neuron-specific enolase (Supplementary Fig. 9).
Importantly, these molecular changes would not act as primary
mediators of amyloid-p accumulation because pathological
ageing did not show such changes, except for APOE (Table 5).
Thus, some of the correlations between accumulated amyloid-f3
and levels of molecules related to amyloid-B metabolism observed
in sporadic and familial Alzheimer's disease (Table 4) would
include secondary effects due to neurodegeneration or
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neuroinflammation. In this regard, the results of these correlations
should be carefully interpreted considering the degree of neuro-
degeneration in each cohort. Further analysis comparing cases
with Alzheimer's disease at different disease severity might give
further clues to understanding the respective mechanisms of neu-
rodegeneration following amyloid-B accumulation. Alternatively,
these correlations might also provide insights into the molecular
mechanism by which amyloid-p accumulation displays a plateau at
the symptomatic phase of Alzheimer's disease (Jack et al., 2013).
Accordingly, the strong inverse regional correlations between
amyloid-p and apoE or GFAP in sporadic/familial Alzheimer's dis-
ease cases (Table 4) as well as the opposite cortical and subcortical
preference of apoE distribution to that of amyloid-p accumulation
(Fig. 3) suggest important roles of apoE or astrocytes in preventing
further amyloid-p accumulation at the symptomatic phase of
Alzheimer's disease (Akiyama and McGeer, 2004; Shinohara and
Bu, 2013).

Of note, apoE in the GuHCI fraction of cases with Alzheimer's
disease showed positive regional associations with amyloid-B40
accumulation in both sporadic and familial Alzheimer's disease
(Table 4). Moreover, the levels of apoE in the TX and GuHCI
fractions tended to be higher in sporadic and familial Alzheimer's
disease (Table 5). It is well known that apoE co-deposits with
various type of amyloid-B plaques, including neuritic plaques, dif-
fuse plaques as well as newly formed plaques (Namba et al.,
1991; Dickson et al., 1997; Nishiyama et al., 1997; Thal et al.,
2002). Such codeposition of apoE with amyloid-p might suggest
that apoE promotes amyloid-p accumulation, which is supported
by previous in vitro and animal experiments (Strittmatter et al.,
1993; Holtzman et al., 2000). However, in addition to amyloid
plaques, apoE has been shown to co-deposit with extracellular
neurofibrillary tangles, Pick bodies, and prion plaques (Namba
et al., 1991; Yamaguchi et al., 1994; Hayashi et al., 1998;
Nakamura et al., 2000), which suggests that apoE has a strong
affinity to amyloid aggregates in general, leading to the accumu-
lation of apoE. Moreover, if the former idea is true, one might
expect that sporadic Alzheimer's disease would have more
apoE accumulation than familial Alzheimer's disease, as apoE is
thought to play an important role in the pathogenesis of sporadic
Alzheimer's disease (Bu, 2009). On the other hand, familial
Alzheimer's disease often has more prominent co-deposition of
apoE with amyloid-p than sporadic Alzheimer's disease (Hesse
et al., 1999), which is consistent with our finding that patients
with familial Alzheimer's disease have higher levels of apoE in the
GuHCl fraction than sporadic Alzheimer's disease (Table 5). Taken
together, these observations would suggest that apoE prevents
amyloid-p accumulation, and during this process, amyloid-f
aggregation induces apoE accumulation.

We observed higher levels of tau accumulation in the striatum of
familial Alzheimer's disease (Fig. 6A), which is consistent with a
previous immunohistochemical study demonstrating higher tau
accumulation in the striatum of familial Alzheimer's disease than spor-
adic Alzheimer's disease (Ringman et al., 2011). Disproportionate tau
accumulation in the striatum was confirmed after normalization of
tau levels within the individual (Fig. 6B) or by comparing familial
Alzheimer's disease to sporadic Alzheimer's disease with Braak VI
stage (Supplementary Fig. 8). Interestingly, such preferential
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accumulation of tau in the striatum reflects CP13 burden more than
PHF1 burden (Fig. 7). Tau pathology recognized by CP13 includes
early stages of tau accumulation, such as neuritic and pre-tangle
pathology, but not extracellular neurofibrillary tangles (Espinoza
et al., 2008). Recent studies have suggested that early stages of
tau accumulation may be more toxic on synaptic function than late
stages (Ren and Sahara, 2013; Spillantini and Goedert, 2013). Thus,
preferential accumulation of tau in the striatum of familial Alzheimer's
disease detected by ELISA in this study may suggest evidence of
increased striatal vulnerability to neuronal dysfunction and degener-
ation in familial Alzheimer's disease, compared to sporadic
Alzheimer's disease. Of note, a recent MRI study reported volume
loss in the striatum, but not hippocampus, in the presymptomatic
stage of familial Alzheimer's disease with various PSENT mutations
(Ryan et al., 2013). This finding also supports the notion that striatum
is a preferential site of neuronal dysfunction and degeneration in
familial Alzheimer's disease, accompanied with tau accumulation in
the same area.

With regard to the pathophysiological role of tau in Alzheimer's
disease, tau accumulation could occur independently of amyloid-f
accumulation and dominate neurodegenerative processes in sub-
jects who will develop sporadic Alzheimer's disease (Small and
Duff, 2008; Jack et al., 2013). Although it is still widely accepted
that amyloid-B accumulation would accelerate tau accumulation in
Alzheimer's disease, the hypothetical scheme depicted in Fig. 8
thus may be further improved in the future to reflect a potential
pathophysiological role of tau accumulation in sporadic
Alzheimer's disease. Therefore, further understanding of how tau
starts to accumulate in a region-specific manner, as we observed
in normal elderly subjects (Supplementary Fig. 7), and then
spreads to cortical areas, would be warranted to better understand
the pathophysiological processes of Alzheimer's disease.

In addition to typical memory impairment, it is widely known
that atypical symptoms such as behaviour disturbance, movement
disorders, pyramidal tract signs, myoclonus or seizures frequently
occur in familial Alzheimer's disease with PSENT or APP mutations
(Rossor et al., 1993; Cabrejo et al., 2006; Larner and Doran,
2006, 2009). We observed a significantly higher frequency of
pyramidal signs and dysarthria as well as potentially increased
incidence of seizures and myoclonus, but not extrapyramidal
signs, during their disease course, compared to sporadic
Alzheimer's disease adjusted by Braak neurofibrillary tangles
stage (Supplementary material and Supplementary Table 6).
Although it would be difficult to draw a conclusion from this
observation because of several limitations, including small
number of cases and the retrospective nature of medical record
review, it is of note that some atypical symptoms, including extra-
pyramidal signs, dysarthria, myoclonus and seizure, could be
caused by striatal dysfunction (Vercueil and Hirsch, 2002; Chase,
2004; Lalonde and Strazielle, 2012; Pellizzaro Venti et al., 2012).
Further ante-mortem studies uniformly assessing neurological and
psychological features combined with MRI and amyloid and tau
PET imaging techniques in a larger cohort of patients with familial
Alzheimer's disease is necessary to support the notion that clinical
symptoms more frequently observed in familial Alzheimer's disease
are a result of disproportionate striatal amyloid and tau accumu-
lation (Fig. 8).
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Other potential limitations associated with this study include
differences in some demographic characteristics between
cases with sporadic and familial Alzheimer's disease, as shown in
Table 1. It is well known that such features are very different
between sporadic and familial Alzheimer's disease. We also
found that it is difficult to choose demographically-matched
cases. At least, after matching sporadic and familial Alzheimer's
disease cases by disease duration or pathological disease severity
(both Braak neurofibrillary tangles stage and synaptic loss), the
resulting pattern of amyloid-f accumulation, regional correlations
with the normal distribution of other molecules, and the regional
pattern of tau accumulation were consistent with our original
findings (Supplementary Figs 10 and 11 and Supplementary
Tables 7-9). As it is highly possible that heterogenic pathogenic
mechanisms in Alzheimer's disease could be confounded by
specific genetic mutation, age and APOE genotypes, future
studies aimed at exploring how these factors affect the observed
differences between sporadic and familial Alzheimer's disease
would further improve our understanding on the underlying
mechanisms.

In summary, the present study provides strong neuropatho-
logical evidence for disproportionate cortical amyloid-B,4, accumu-
lation in sporadic Alzheimer's disease and subcortical amyloid-Ba4>
accumulation in familial Alzheimer's disease, which were asso-
ciated with synaptic markers and APP, respectively. If region-
specific amyloid-B4, accumulation is mediated by different
pathways, it would suggest that underlying aetiologies should be
considered in developing more specific therapies to intervene at
early stages of the disease processes in Alzheimer's disease.
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