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Distinct spatiotemporal accumulation of
N-truncated and full-length amyloid-f4; in
Alzheimer’s disease

Mitsuru Shinohara,'”* Shunsuke Koga,I Takuya Konno,? Jeremy Nix,' Motoko Shinohara,’'
Naoya Aoki,I Pritam Das,I Joseph E. Parisi,3 Ronald C. Pet:ersen,4 Terrone L. Rosenber'ry,I
Dennis W. Dickson' and Guojun Bu'

Accumulation of amyloid-f peptides is a dominant feature in the pathogenesis of Alzheimer’s disease; however, it is not clear how
individual amyloid-§ species accumulate and affect other neuropathological and clinical features in the disease. Thus, we compared
the accumulation of N-terminally truncated amyloid-p and full-length amyloid-B, depending on disease stage as well as brain area, and
determined how these amyloid-B species respectively correlate with clinicopathological features of Alzheimer’s disease. To this end, the
amounts of amyloid-p species and other proteins related to amyloid-f metabolism or Alzheimer’s disease were quantified by enzyme-
linked immunosorbent assays (ELISA) or theoretically calculated in 12 brain regions, including neocortical, limbic and subcortical
areas from Alzheimer’s disease cases (# = 19), neurologically normal elderly without amyloid-f accumulation (normal ageing, # = 13),
and neurologically normal elderly with cortical amyloid-f accumulation (pathological ageing, 7 = 15). We observed that N-terminally
truncated amyloid-B4, and full-length amyloid-B4, accumulations distributed differently across disease stages and brain areas, while N-
terminally truncated amyloid-B4o and full-length amyloid-B4o accumulation showed an almost identical distribution pattern. Cortical
N-terminally truncated amyloid-B4, accumulation was increased in Alzheimer’s disease compared to pathological ageing, whereas
cortical full-length amyloid-B4, accumulation was comparable between Alzheimer’s disease and pathological ageing. Moreover, N-
terminally truncated amyloid-B4, were more likely to accumulate more in specific brain areas, especially some limbic areas, while full-
length amyloid-B,, tended to accumulate more in several neocortical areas, including frontal cortices. Immunoprecipitation followed
by mass spectrometry analysis showed that several N-terminally truncated amyloid-B,, species, represented by pyroglutamylated
amyloid-B11.4,, were enriched in these areas, consistent with ELISA results. N-terminally truncated amyloid-f4, accumulation
showed significant regional association with BACE1 and neprilysin, but not PSD95 that regionally associated with full-length amyl-
0id-B4> accumulation. Interestingly, accumulations of tau and to a greater extent apolipoprotein E (apoE, encoded by APOE) were
more strongly correlated with N-terminally truncated amyloid-B4, accumulation than those of other amyloid-p species across brain
areas and disease stages. Consistently, immunohistochemical staining and in vitro binding assays showed that apoE co-localized and
bound more strongly with pyroglutamylated amyloid-_, fibrils than full-length amyloid-p fibrils. Retrospective review of clinical
records showed that accumulation of N-terminally truncated amyloid-4; in cortical areas was associated with disease onset, duration
and cognitive scores. Collectively, N-terminally truncated amyloid-B,, species have spatiotemporal accumulation patterns distinct from
full-length amyloid-B4;, likely due to different mechanisms governing their accumulations in the brain. These truncated amyloid-f
species could play critical roles in the disease by linking other clinicopathological features of Alzheimer’s disease.
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Introduction

Alzheimer’s disease is neuropathologically characterized by
the accumulation of amyloid-B peptides mostly ending at
residues 40/42 and tau proteins, which respectively appear
as amyloid plaques and neurofibrillary tangles. Although
both neuropathological features contribute to the disease,
the widely accepted amyloid cascade hypothesis indicates
that it is the accumulation of amyloid-f, in particular amyl-
oid-B4p, that initiates Alzheimer’s disease pathogenesis
(Karran et al., 2011). Thus, it is critical to investigate
how individual amyloid-B species accumulate in the brain
in order to understand the pathogenic mechanisms involved
in Alzheimer’s disease.

Previous studies investigating the regional distribution of
amyloid-p accumulation in different stages of the disease
have provided important clues as to the mechanism
involved in amyloid-B accumulation or its associated fea-
tures in human brains (Klunk et al., 2004; Buckner et al.,
2005; Jack et al., 2008; Vlassenko et al., 2010). Most of
these spatiotemporal studies were based on amyloid PET
imaging. However, by uniquely addressing the regional dis-
tribution of amyloid-p accumulation and molecules related
to amyloid-p metabolism through quantitative biochemical
assays, we recently observed significant regional associations
among amyloid-f40s4> accumulation, synaptic markers, apo-
lipoprotein E (apoE, encoded by APOE) and amyloid pre-
cursor protein (APP) in the normal ageing, pathological
ageing (presumable early stage of disease) and Alzheimer’s
disease. Our findings not only complement previous studies,
but also provide further pathogenic insight into amyloid-
B40/42 accumulation in the brain during the development
of Alzheimer’s disease (Shinohara and Bu, 2013;
Shinohara et al., 2013, 2014).

Although our previous studies focused on the accumula-
tion of full-length amyloid-B4guz, it is also known that
N-terminally truncated (N-truncated) amyloid-B4pu42 accu-
mulates in Alzheimer’s disease brains (Masters et al., 1985;
Mori et al., 1992; Miller et al., 1993; Naslund et al., 1994;
Saido et al., 1996; Miravalle et al., 2005; Portelius et al.,
2010; Moore et al., 2012). In addition to the well-studied
pyroglutamylated amyloid-Byr3.40/42 and amyloid-Bog11-40/42,

many different species of N-truncated amyloid-B4s42 that
begin at residues 2 to 11 are found in Alzheimer’s disease
brains (Naslund et al., 1994; Miravalle et al., 2005; Portelius
et al., 2010; Moore et al., 2012). Although these N-trun-
cated amyloid-B species could be generated during matur-
ation processes of amyloid plaques, consisted of primarily
full-length amyloid-B, through enzymatic or non-enzymatic
pathways (Guntert et al., 2006; Portelius et al., 2015; Lyons
et al., 2016), such concepts have not been validated iz vivo
partly because N-truncated amyloid-p species are rare in
animal models (Kawarabayashi et al., 2001; Kalback et al.,
2002; Schieb et al., 2011). N-truncated amyloid-f3 species are
more likely to aggregate and be more neurotoxic than full-
length amyloid-B and thus might be good targets for therapy
(Pike et al., 1995; Demattos et al., 2012; Bayer and Wirths,
2014; Cynis et al., 2016). Several proteases were found to be
involved in the generation of each N-terminal truncation of
amyloid-B (Portelius et al., 2008; Bayer and Wirths, 2014;
Schonherr et al., 2016). However, despite these findings, N-
truncated amyloid-B accumulation in brains has not yet been
fully characterized for its relationships to spatiotemporal as-
pects of the disease as well as clinical outcome.

In this study, by examining 12 regions of post-mortem
brains from the normal ageing, pathological ageing and
Alzheimer’s disease cases, we compared N-truncated amyl-
0id-B4o42 species to full-length amyloid-B4o4, in their
accumulation and association with other Alzheimer’s dis-
ease-related molecules, and assessed their relationship with
other neuropathological changes and clinical features. Our
findings provide critical insights into the origins and roles
of N-truncated amyloid-p accumulation in the pathogenesis
of Alzheimer’s disease.

Materials and methods

Human brain tissue

Post-mortem brain tissues were obtained through the Mayo
Clinic Brain Bank, whose operating procedures were approved
by the Mayo Institutional Review Board. In this study, we
biochemically analysed the same cohorts of normal ageing
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(n =13, average age = 82.9 &+ 10.8 years), pathological ageing
(n=15, average age=92.7+ 5.9 years) and patients with
sporadic Alzheimer’s disease (=19, average age=84.7
+ 7.8 years) that we previously reported (Shinohara et al.,
2014). These subjects are also described in more detail in
Supplementary Table 1. For immunohistochemical analysis,
we examined six additional Alzheimer’s disease cases with
similar clinicopathological features from the Mayo Clinic
Brain Bank (Supplementary Table 1).

Sample preparation

Grey matter of five neocortical areas [dorsolateral prefrontal
(BA9), orbitofrontal (BA12), inferior temporal (BA20), inferior
parietal (BA39/40), and primary visual (BA17)], three limbic
areas [posterior cingulate (BA31), entorhinal (BA28), and
amygdala], and four subcortical areas [striatum (caudate), thal-
amus, hypothalamus, and cerebellum] were dissected and kept
frozen until protein extraction was performed. These 12 brain
areas are also described in Supplementary Table 2. Brain lys-
ates were prepared by a three-step extraction method based on
differential solubility in detergents (Triton " X-100) and chao-
tropic agents (guanidine hydrochloride) as previously described
(Shinohara et al., 2013). In brief, after removal of meninges
and blood vessels, 100-200mg of frozen brain tissue was
homogenized with a Polytron® homogenizer (KINEMATICA)
in an ice-cold Tris-buffered saline (TBS) containing protease
inhibitor cocktail (PIC; Roche Diagnostics). After centrifuga-
tion at 100 000g for 60 min at 4°C, the supernatant was ali-
quoted 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 PIC, incubated with mild agitation for 1h
at 4°C and centrifuged as above. The resultant supernatant
was aliquoted and stored at —80°C (referred to as TX fraction
or TX). The residual pellet was rehomogenized in TBS plus
5M guanidine hydrochloride, pH 7.6, and incubated with
mild agitation for 12-16h at room temperature. After centri-
fugation as above, the resultant supernatant (referred to as
GuHClI fraction or GuHCI) was diluted with nine volumes
of TBS, aliquoted and stored at —80°C.

Quantification of proteins

Levels of total protein, full-length amyloid-B4o (amyloid-B40)
and amyloid-B4, (amyloid-B;.45), APP, APP-CTFB (C99), B-site
cleaving enzyme 1 (BACE1), presenilin-1 (PS1), apoE, insulin
degrading enzyme (IDE), neprilysin, low-density lipoprotein re-
ceptor (LDLR), LDLR-related protein 1 (LRP1), glial fibrillary
acidic protein (GFAP), synaptophysin, postsynaptic density 95
(PSD95), and tau were determined by ELISA or enzymatic
assays as previously described (Shinohara et al., 2013, 2014).
Levels of total amyloid-B4o (amyloid-By40) and amyloid-B4s
(amyloid-B,4,) were determined by ELISA using an end-specific
monoclonal antibody for capture (13.1.1 for amyloid-B,.4¢ and
2.1.3 for amyloid-By.4>) and a biotin-conjugated 266 antibody for
detection (epitope: 16-23 amino acids of amyloid-f, kindly pro-
vided by Dr Ronald B. DeMattos, Lilly Research Laboratories,
Indianapolis, IN). Standard amyloid-B49 or amyloid-B,.4, pep-
tides (AnaSpec) were used with amyloid-B;.49 and amyloid-B, 4
ELISAs and with amyloid-B;4> and amyloid-B,.4, ELISAs, re-
spectively. Levels of N-truncated amyloid-B4o (amyloid-Be40)
and amyloid-B4, (amyloid-B.4,) were calculated by subtracting
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amyloid-B140 and amyloid-B.4, levels from total amyloid-B,.4o
and amyloid-By.4> levels, respectively. Levels of pyroglutamylated
amyloid-B,g3.4, were determined by ELISA using 2.1.3 capture
antibody and a biotin-conjugated anti-amyloid-P,g; detection
antibody  (Synaptic ~ Systems).  Amyloid-B,g34,  peptides
(AnaSpec) were used as standards. Levels of pyroglutamylated
amyloid-B,g11-42 were determined by ELISA using 2.1.3 capture
antibody and a biotin-conjugated anti- amyloid-B,g11.x detection
antibody (Synaptic Systems). Amyloid-B,g11-42 peptides (AnaSpec)
were used as standards. Colorimetric quantification was per-
formed on a Synergy HT plate reader (BioTek) using horseradish
peroxidase (HRP)-linked streptavidin (Vector) and 3,3,5,5'-tetra-
methylbenzidine substrate (Sigma). Levels of specific proteins
were determined on one of the three fractions, based on their
abundance among these fractions (Shinohara et al., 2014).
Specifically, the TBS fraction was used to measure levels of cyto-
solic/secreted proteins and molecules (i.e. IDE, GFAP, and
PSD95). The TX fraction was used to measure levels of mem-
brane proteins (i.e. APP, APP-CTFpB, BACE1, PS1, NEP, LDLR,
LRP1, and synaptophysin). GuHCI fraction was used to measure
levels of pathological aggregated tau proteins. amyloid-f and
apoE levels were determined in all fractions.

Immunoprecipitation followed by
mass spectrometry

Immunoprecipitation followed by mass spectrometry (IP/MS)
was performed according to the method of Moore et al. (2012)
with some modifications. In brief, magnetic protein A/G beads
(Thermo Fisher Scientific) were initially blocked by 4% Block
ACE solution (Bio-Rad) and then incubated with 2.1.3 anti-
body (for amyloid-B,.4,) for 1h at room temperature with
constant shaking. The beads were then washed with TBS
and incubated with appropriately diluted brain GuHCI frac-
tion for 12-16h at 4°C with constant shaking. Bound beads
were washed sequentially with 0.1% and 0.05% Triton  X-
100 in 20 mM KCI solution followed by water. Samples were
eluted with a mixture of 75% acetonitrile, 24.9% water and
0.1% formic acid, mixed in equal volume with saturated sina-
pinic acid in 50% acetonitrile, 49.5% water and 0.5% trifluor-
oacetic acid, and spotted (2pul) onto a ProteinChip® Gold
Array (Bio-Rad) for analysis with a Bio-Rad Protein Chip
System Series 4000 mass spectrometer (Enterprise Edition).

Immunohistochemistry and image
analysis

Double immunofluorescence staining with rabbit polyclonal
anti-amyloid-B,., antibody (IBL-America) or anti-amyloid-
Bpe11x antibody (Synaptic Systems) and mouse monoclonal
anti-apoE antibody (clone D6E10; Abcam) was performed
on amygdala sections from six Alzheimer’s disease cases
(Supplementary Table 1). The deparaffinized and rehydrated
sections were pretreated with 95% formic acid for 30 min
and then steamed in distilled water for 30 min. Next, sections
were blocked with Protein Block plus Serum Free (Dako) for
1h and incubated with either rabbit polyclonal anti-amyloid-
Bix or anti-amyloid-B,g11.x antibody, and mouse monoclonal
anti-apoE antibody (20 pg/ml) diluted by Antibody Diluent
containing  Background-Reducing ~ Components  (Dako)
overnight at 4°C. Sections were washed three times with PBS
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at room temperature and then incubated with Alexa Fluor®
568-conjugated goat anti-rabbit IgG and Alexa Fluor® 488-
conjugated goat anti-mouse IgG (1:500, Thermo Fisher
Scientific) diluted by Antibody Diluent with Background
Reducing Component (Dako) for 1.5h at room temperature
in a light protected chamber. Sections were again washed three
times with PBS at room temperature, incubated with 1%
Sudan Black for 2min, washed with distilled water, and
mounted with Vectashield mounting media with DAPI
(Vector Laboratories). Images were taken with a Zeiss Axio
Imager Z1 fluorescent microscope (Carl Zeiss Microlmaging)
under x 20 field. More than five areas in the amygdala section
of each case were randomly chosen based on apoE signal, and
co-localization between apoE and amyloid-f signals was ana-
lysed via Person’s correlation coefficient with Costes’s auto-
matic threshold by using the Image] Plug-in (Bolte and
Cordelieres, 2006) and averaged over all areas. The co-local-
izations between apoE and amyloid-B;_, signals and between
apoE and amyloid-B,g11-x signals across all cases were com-
pared by paired z-test.

In vitro amyloid-f fibrillization and
apoE binding assays

In vitro amyloid-B fibril formation assays were performed ac-
cording to the method of Hori et al. (2007) with some modifi-
cations. In brief, synthetic amyloid-p peptides (AnaSpec) were
fist solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol (Sigma) and
lyophilized (Freeze Dry System, Labconco). Amyloid-B peptides
were then resolubilized in PBS containing 2% dimethyl sulfox-
ide at 25 uM, filtered through a 0.22 -um pore filter (Millipore),
and incubated at 37°C for the indicated times. After incubation,
some aliquots were put immediately on ice to prevent further
fibril formation, followed by addition of thioflavin T (Sigma) at
20 uM. Fluorescence (Aex =450 nm and A, = 482 nm) was then
measured with a Synergy H1 plate reader (BioTek). For apoE
binding assay, a 50-pl aliquot of amyloid-f fibrils incubated for
72h was transferred to Nunc MaxiSorp® 96 well plates
(Thermo Fisher Scientific) and incubated overnight at 4°C.
Plates were then blocked by Block Ace (Bio-Rad) for 2h,
washed with PBS, and incubated with the indicated concentra-
tion of apoE3 recombinant proteins (Fitzgerald) overnight at
4°C. After washing with PBS, plates were incubated with
biotin-conjugated goat anti-apoE antibody (Meridian Life
Science) for 2h. Colorimetric quantification was performed on
a Synergy HT plate reader using HRP-linked streptavidin and
3,3’,5,5’-tetramethylbenzidine substrate.

Antemortem clinical symptoms

We reviewed autopsy case records from the brain bank data-
base at Mayo Clinic, Jacksonville. The data were obtained
retrospectively by medical record review. Demographic data
including age at onset, disease duration, Dementia Rating
Scale (DRS) and Kokmen Short Test of Mental Status were
retrieved from available medical records. Twelve of 19 patients
had DRS records at multiple time points. Annual changes of
DRS were calculated by averaging DRS changes between two
adjacent time points. Twelve of 19 patients were also assessed
by Kokmen Test within 6 years before death. The last score of
the Kokmen Test was used for analysis in this study.
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Data analysis of neuroanatomical distribution of
amyloid-f accumulation

All values measured by ELISAs were first normalized by total
protein levels in the sample. Comparisons of cortical amyloid-
B levels (averaged value across seven cortical areas) among
multiple cohorts were performed by Kruskal-Wallis one-way
ANOVA on ranks, with all pairwise comparisons using
Dunn’s test. To assess region-specific difference, protein levels
were normalized by the average value within an individual to
adjust for the influence of difference between individuals.
Comparisons of such normalized values between different
amyloid-B species in each brain area were performed by
Wilcoxon signed-rank test. The non-parametric Spearman
rank correlation coefficient was used to summarize the
degree of correlation between median levels of each protein
(normalized value within individual) across 12 brain regions
(Shinohara et al., 2013). All statistical analyses were per-
formed by JMP Pro (version 10.0.0; SAS, Cary, NC) or
Prism (version 6.05; GraphPad Software, Inc., La Jolla, CA).
P-values < 0.05 were considered significant.

Results

Distinct accumulation of N-truncated
and full-length amyloid-f4, across
disease stages and brain areas

First, we compared levels of accumulated (i.e. GuHCI frac-
tion) full-length amyloid-[340/42, total amyloid-B4o/42 and N-
truncated amyloid-B4os4, in the brain cortical areas among
normal ageing, pathological ageing and Alzheimer’s disease
cases. Compared to pathological ageing, Alzheimer’s dis-
ease had more accumulated amyloid-B4o irrespective of
full-length, total or N-truncated forms, as shown by large
differences in the accumulation of these amyloid-B4o be-
tween pathological ageing and Alzheimer’s disease (Fig.
1A). This observation is consistent with a previous study
(Wang et al., 1999). Interestingly, amyloid-B4, showed a
different pattern of accumulation that depended on the
class of amyloid-B4, forms. Although full-length amyloid-
Bar levels were comparable between pathological ageing
and Alzheimer’s disease, levels of N-truncated amyloid-
B42 were significantly increased in Alzheimer’s disease com-
pared to pathological ageing (Fig. 1B). These trends
persisted even after adjustment for age (Supplementary
Fig. 1). We also confirmed increased levels of N-truncated
amyloid-B4; in individual brain areas of Alzheimer’s disease
relative to pathological ageing, except for some subcortical
areas, where levels of N-truncated amyloid-4, were very
low compared to those in cortical areas. In contrast, full-
length amyloid-B4, levels in Alzheimer’s disease were
mostly comparable to those in pathological ageing in all
areas (Supplementary Fig. 2). These results suggest that
N-truncated amyloid-B4, increases with
advanced disease (Alzheimer’s disease), while full-length

accumulation
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Figure | Comparison of accumulated amyloid-p averaged across seven cortical areas in normal ageing, pathological ageing
and Alzheimer’s disease cases. (A) Levels of full-length amyloid-B4o (A 1-40), total amyloid-P4o (APx-40), and N-truncated amyloid-B4o (APt-
40) in GuHCI fraction are averaged across seven cortical areas within each individual and compared between normal ageing, pathological ageing
and Alzheimer’s disease. (B) Levels of full-length amyloid-B4, (AP1-42), total amyloid-PB4, (ABx-42), and N-truncated amyloid-f4, (APt-42) in
GuHCl fraction are averaged across seven cortical areas within each individual and compared between normal ageing, pathological ageing and
Alzheimer’s disease. Data represent mean =+ standard error (SE) *P < 0.05, *P < 0.01, **P < 0.001; Dunn’s test. AD = Alzheimer’s disease;

NA = normal ageing; PA = pathological ageing.

amyloid-B4, accumulation almost reaches a plateau in the
earlier stage of the disease (pathological ageing).

Next, we compared the regional distribution of full-
length amyloid-p and N-truncated amyloid-p accumulation
(i.e. GuHCI fraction) in Alzheimer’s disease cases by ana-
lysing normalized values within individuals, which enabled
us to address neuroanatomical aspects in Alzheimer’s dis-
ease (Shinohara et al., 2013, 2014). Although some areas,
especially subcortical areas, showed an imbalance between
full-length amyloid-B4o and N-truncated amyloid-B4o accu-
mulation (Fig. 2A), they generally showed a similar re-
gional distribution as shown by the strong correlation
between their regional distributions (Fig. 2C). On the
other hand, full-length amyloid-B4, and N-truncated amyl-
0id-B4» accumulation showed a significantly different
regional distribution. While several cortical areas (orbito-
frontal cortex, dorsolateral prefrontal cortex, inferior par-
ietal cortex and posterior cingulate cortex) and subcortical
areas (striatum, hypothalamus, and thalamus) were more
liable to accumulate full-length amyloid-B4, than N-trun-
cated amyloid-Bg4;,, other cortical areas (inferior temporal
cortex and primary visual cortex) and to a greater extent
some limbic areas (entorhinal cortex and amygdala) were
more liable to accumulate N-truncated amyloid-B4, than
full-length amyloid-B4, (Fig. 2B). This significantly different
regional distribution was confirmed by the weak correl-
ation between their regional distributions (Fig. 2D), and
the analysis comparing absolute value of these amyloid-B
species in each area (Supplementary Fig. 3). Though this
study did not focus on amyloid-B in soluble fractions (TBS
or TX), whose levels were very low and thus sometimes
difficult to measure (~0.1% of amyloid-B levels in the
GuHCI fraction) (Shinohara et al., 2013, 2014), similar
trends were observed between full-length and N-truncated

amyloid-B4, distributions in such fractions (data not
shown). In the pathological ageing, it was not clear
whether there was a difference in the regional distribution
of full-length amyloid-B4, accumulation and N-truncated
amyloid-B4, accumulation by analysing each area, probably
due to large variations between cases (Supplementary Fig.
4A and B). However, while there was a significant regional
association between full-length and N-truncated amyloid-
B4o accumulation, those of full-length and N-truncated
amyloid-B4, accumulation was very weak (Supplementary
Fig. 4C and D), as seen in Alzheimer’s disease cases. Taken
together, these results demonstrated that N-truncated amyl-
oid-B4> shows a distinct regional pattern of accumulation
that differs from full-length amyloid-B4,. This regional dif-
ference does not apply to amyloid-B4¢ accumulation, and it
could occur in the earlier disease stage (pathological
ageing), but is more prominent in the symptomatic stage
(Alzheimer’s disease).

We then further characterized the specific species of N-
truncated amyloid-B4, in the GuHCI fraction by using IP/
MS. Three regions, representing varying abundance of N-
truncated amyloid-B4, relative to full-length amyloid-B4,
(amygdala: higher amounts of N-truncated amyloid-f4,,
but lesser amounts of full-length amyloid-B4,; dorsolateral
prefrontal cortex: moderate amounts of N-truncated amyl-
0id-B4, despite higher amounts of full-length amyloid-B4;
and striatum: very low amounts of N-truncated amyloid-
B4> despite high amounts of full-length amyloid-B4,) were
analysed from five Alzheimer’s disease cases whose amyl-
oid-B levels were close to the median of the entire cohort.
We detected several species of N-truncated amyloid-Bg,,
including amyloid-B,g3.42, amyloid-B442, amyloid-Bpri1.42
with this technique, particularly in the amygdala
(Fig. 3A). When the relative abundance of N-truncated
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Figure 2 Regional distribution of full-length and N-truncated

AP 1-42 (%within individual)

amyloid-f4¢/42 in the neocortical, limbic and subcortical areas of

Alzheimer’s disease cases. After normalization within each individual of the Alzheimer’s disease group, full-length amyloid-$40 (1-40) levels
and N-truncated amyloid-340 (t-40) levels (A) or full-length amyloid-P4, (1-42) levels and N-truncated amyloid-f4; (t-42) levels (B) in GuHCI
fraction are plotted by |12 brain areas with a box-and-whisker diagram. *P < 0.05, **P < 0.01, **P < 0.001; Wilcoxon signed-rank test. (C)
Amyloid-, 49 levels are plotted against amyloid-f3| 40 levels in GuHCI fraction in each brain area of Alzheimer’s disease cases. (D) Amyloid-f, 4,
levels are plotted against amyloid-f3,_4; levels in GuHCI fraction in each brain area of Alzheimer’s disease cases. Values are medians with 25 and 75
percentiles. Correlation coefficient (r) and P-value were acquired by Spearman rank correlation test. Blue text = neocortical areas; purple
text = limbic areas; and orange text = subcortical areas. AR = amyloid-f3; 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.

amyloid-B4, to full-length amyloid-B4, in each area was
analysed, there were many species of N-truncated amyl-
0id-B4> that accumulated more in the amygdala than in
dorsolateral prefrontal cortex and striatum, consistent
with ELISA results. Of note, amyloid-Bygi1.42, which
might be the most abundant amyloid-B4, isoform in the
amygdala according to the intensity of the mass spectrom-
etry peak, showed more accumulation in dorsolateral pre-
frontal cortex than in striatum. In addition, some of the

other species (amyloid-Bg4, and amyloid-B;1.42) showed
similar differences (Fig. 3B). Consistently, a pilot study
using a few cases of pathological ageing showed a similar
trend in relative abundance of N-truncated amyloid-B4,
species across these areas (data not shown). These results
supported our initial findings regarding the relative abun-
dance of N-truncated amyloid-Bg4, in these areas.

Based on these results, we next determined the levels of
representative N-truncated amyloid-B4, species by using
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Figure 3 Accumulation of individual N-truncated amyloid-f4, species. (A) Representative IP-mass spectra of full-length and N-
truncated amyloid-f4; in the dorsolateral prefrontal cortex (DF), amygdala (AM), and striatum (ST) of an Alzheimer’s disease case. Note some
undefined peaks in addition to those predicted for amyloid-P.4, species. (B) Ratios of each N-truncated amyloid-f4; species to full-length amyloid-
B4 calculated from the peak intensity of IP-MS in the dorsolateral prefrontal cortex, amygdala, and striatum regions from five Alzheimer’s disease
cases. Data represent mean + SE *P < 0.05, **P < 0.01; paired t-tests with Holm-Sidak’s correction for multiple comparisons. (C) Levels of
amyloid-Bg3.42 and amyloid-fg; .42 in GUHCI fraction are averaged across seven cortical areas within each individual and compared between
normal ageing (NA), pathological ageing (PA) and Alzheimer’s disease (AD). *P < 0.05, **P < 0.0, **P < 0.001; Dunn’s test. (D) Amyloid-f 3.4
levels are plotted against amyloid-f3.4, levels in GuHCI fraction in each brain area of Alzheimer’s disease cases. (E) Amyloid-B,g |4, levels are

plotted against amyloid-f3;.4, levels in GUHCI fraction in each brain area of Alzheimer’s disease cases. Values are medians with 25 and 75

percentiles. Correlation coefficient (r) and P-value were acquired by

Spearman rank correlation test. Blue text = neocortical areas; purple

text = limbic areas; and orange text = subcortical areas. A = amyloid-; 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 =

ELISAs specific for amyloid-B,g3.42 and amyloid-Bye11.42
(Supplementary Fig. 5). Accumulated (i.e. GuHCI fraction)
amyloid-Byr34> and amyloid-Bpri1.42 levels in the cortical
areas tended to be both increased in pathological ageing,
compared to normal ageing, and significantly increased in
Alzheimer’s disease compared to both normal ageing and
pathological ageing (Fig. 3C). These trends persisted after
adjustment for age (Supplementary Fig. 6), and were similar
to that observed for total N-truncated amyloid-B4, in Fig.

primary visual cortex.

1B. We also confirmed such trends in individual brain areas,
except for some subcortical areas where levels of these trun-
cated amyloid-B4, species were lower compared to cortical
areas (Supplementary Fig. 7). Of note, while amyloid-B 3.4
accumulation showed moderate regional association with
total N-truncated amyloid-B4, accumulation in Alzheimer’s
disease cases (Fig. 3D), amyloid-Byr1142 accumulation
showed very strong regional association with total N-trun-
cated amyloid-B4, accumulation (Fig. 3E). The regional
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correlations between these pyroglutamylated amyloid-B4, ac-
cumulation and full-length or total N-truncated amyloid-B4,
accumulation are summarized in Supplementary Table 3.
The relatively similar distributions of amyloid-Byg11-42 and
total N-truncated amyloid-B4, accumulation were also con-
firmed by comparisons in each area (Supplementary Fig. 8).
Of note, after subtracting these pyroglutamylated amyloid-
B42 from total N-truncated amyloid-B4, levels, the remaining
N-truncated amyloid-B4, accumulations showed distribution
similar to those of total N-truncated amyloid-B4,
(Supplementary Table 3). In pathological ageing, the re-
gional distributions of total N-truncated amyloid-B4, accu-
mulation were also more similar to those of amyloid-Byg11-42
rather than those of amyloid-B,g3.42 (Supplementary Table
4). These results showed that amyloid-Byg1142, one of the
most abundant N-truncated amyloid-B4, species, as well as
other non-pyroglutamylated amyloid-B4, species reflect the
region-specific accumulations of total N-truncated amyloid-
B42, while amyloid-B,g3.4> showed less regional correlation
with total N-truncated amyloid-f4;.

Regional associations between
N-truncated amyloid-f4, accumula-
tion and molecules related to
amyloid- metabolism

By analysing the relationships between the regional distribu-
tion of full-length amyloid-B accumulation in Alzheimer’s
disease or the normal controls and those of molecules related
to amyloid-p metabolism in the normal controls, our

M. Shinohara et al.

previous study addressed the pathomechanism of amyloid-
B accumulation during the development of Alzheimer’s dis-
ease (Shinohara et al., 2013, 2014). However, our current
findings that (i) the levels of N-truncated amyloid-B4, accu-
mulation were increased in Alzheimer’s disease; and (ii) the
distinct regional accumulation of N-truncated amyloid-B4;
relative to full-length amyloid-B4, was more apparent in
Alzheimer’s disease, compared to the pathological ageing
cases, suggest that the mechanism contributing to the forma-
tion of such region-specific distribution of N-truncated amyl-
0id-B4, might be more apparent in the later stages of disease.
Thus, we analysed regional associations between N-trun-
cated amyloid-B4, accumulation and molecules related to
amyloid-B metabolism within Alzheimer’s disease cases.
The results are summarized in Table 1. While the regional
distribution of full-length amyloid-B4, accumulation showed
strong positive and negative associations with those of
PSD95 and apoE in the soluble TX fraction, respectively,
total N-truncated amyloid-B4, accumulation did not show
significant regional associations with PSD95 and apoE.
However, total N-truncated amyloid-B4, accumulation
showed significant positive and inverse associations with
BACE1 and neprilysin, respectively, as shown in Table 1
or Fig. 4A. The regional distribution of amyloid-B,e11-42
also showed similar significant associations with BACE1
and neprilysin, as shown in Table 1 or Fig. 4B. When com-
pared to the regional distribution in normal ageing, total N-
truncated amyloid-B4, or amyloid-Byr1142 accumulation in
Alzheimer’s disease also did not associate with PSD95 or
apoE, but negatively associated with  neprilysin
(Supplementary Table 5). These results at least suggest that

Table | Regional associations between full-length or N-truncated amyloid-f4, accumulation and proteins related to
amyloid-f metabolism, or accumulation of tau and apoE in Alzheimer’s disease

Amyloid-B,_42 Amyloid-B¢.42 Amyloid-fg3.42 Amyloid-B,g .42

r P-value r P-value r P-value r P-value
Soluble (TBS or TX) fractions
ApoE TBS —0.49 0.106 —0.52 0.082 -0.71 0.010 —0.55 0.065
ApoE TX —0.81 0.001 —0.33 0.302 —0.67 0.017 —0.37 0.236
APP 0.55 0.067 —0.51 0.092 —0.04 0914 —0.36 0.251
APP-CTFf 0.00 1.000 —0.20 0.541 —0.08 0.795 —0.19 0.565
BACEI —0.01 0.966 0.77 0.004 0.52 0.080 0.75 0.005
PSI 0.24 0.443 —0.23 0.463 —0.04 0.897 —0.28 0.370
Neprilysin 0.00 1.000 —0.62 0.030 —0.27 0.391 —0.61 0.036
IDE 0.52 0.080 —0.37 0.240 0.02 0.948 —0.33 0.293
LRPI 0.30 0.342 —0.18 0.571 —0.13 0.697 —0.10 0.758
LDLR —0.38 0217 —0.46 0.134 —0.54 0.071 —0.53 0.076
GFAP —0.62 0.031 0.12 0.712 —0.36 0.255 0.08 0.800
Synaptophysin 0.57 0.051 0.40 0.194 0.74 0.006 0.39 0.208
PSD95 0.86 <0.001 —0.20 0.541 0.36 0.245 —0.09 0.792
Insoluble (GuHCI) fraction
Tau GuHCI 0.39 0.208 0.69 0.012 0.57 0.051 0.79 0.002
ApoE GuHCI 0.11 0.729 0.97 <0.001 0.69 0.014 0.97 <0.001

Correlation coefficient (r) and P-values were acquired by the non-parametric Spearman rank test comparing the median value of normalized levels of the indicated amyloid-f species
in the GuHCI fraction with the median value of normalized levels of proteins related to amyloid-p metabolism in soluble fractions (TBS or TX), or tau and apoE in insoluble (GuHCI)
fraction in |9 Alzheimer’s disease cases across |12 brain regions. Significant correlations are highlighted in bold.
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Figure 4 Associations between N-truncated amyloid-B4, accumulation and proteins related to amyloid-p metabolism, or
accumulation of tau and apoE across brain areas or disease stages. Amyloid- 4, levels or amyloid-B,g .42 levels in GuHCI fraction are
plotted against neprilysin (NEP) levels (A) and BACEI levels (B) in each brain area of Alzheimer’s disease cases. Amyloid-f 4, levels or amyloid-
Bpe11-42 levels in GUHCI fraction are plotted against tau levels (C) or apoE levels (D) in GuUHCI fraction in each brain area of Alzheimer’s disease
cases. Values are median with 25 and 75 percentiles. Amyloid-f3_4; levels or amyloid-B,g) .4, levels in GUHCI fraction are plotted against tau levels
(E) or apoE levels (F) in GuHCI fraction averaged across seven cortical areas of individual pathological ageing or Alzheimer’s disease cases.
Correlation coefficient (r) and P-value were acquired by Spearman rank correlation test. PA = pathological ageing. Blue text = neocortical areas;
purple text = limbic areas; and orange text = subcortical areas. AB = amyloid-}; 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.

the mechanisms involving N-truncated amyloid-B4, accumu-
lation are different from those of full-length amyloid-B4,
accumulation.

Associations between N-truncated
amyloid-f4, accumulation and tau or
apoE accumulation across brain areas
and disease stages

In addition to tau accumulation in the form of neurofibril-
lary tangles, Alzheimer’s disease-related neuropathology

includes apoE accumulation, which co-deposits with amyl-
0id-B plaques (Namba et al., 1991; Nishiyama et al., 1997),
probably reflecting its pathogenic roles as the strongest risk
gene for Alzheimer’s disease (Kanekiyo er al., 2014).
Interestingly, previous neuropathological studies and our
recent biochemical study showed that there are regional dif-
ferences between amyloid-f deposits and tau accumulation
or apoE accumulation (Braak and Braak, 1991; Yamaguchi
et al., 1994; Thal et al., 2002; Shinohara et al., 2014).
However, as such previous studies neither fully distinguished
each amyloid- species nor considered atypical anatomical
accumulation of N-truncated amyloid-B4;, we analysed the
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regional associations between N-truncated amyloid-B4, ac-
cumulation and tau or apoE accumulation (GuHCI frac-
tion) within Alzheimer’s disease cases, as summarized in
Table 1 and Supplementary Table 6. Of note, tau accumu-
lation showed better regional associations with total N-
truncated amyloid-B4> and amyloid-B,e11.42 accumulation
among several amyloid-B species (also shown in Fig. 4C).
More interestingly, the regional distribution of apoE accu-
mulation strongly associated with the distribution of total
N-truncated amyloid-B4, and amyloid-B,g11.42 accumula-
tion (also shown in Fig. 4D). Stronger association between
tau or apoE accumulation and N-truncated amyloid-B4,
accumulation among several amyloid-f species were also
observed across different disease stages with or without
including normal ageing or pathological ageing in the
brain cortical areas (Supplementary Table 7, also shown
in Fig. 4E and F) as well as the amygdala (Supplementary
Table 8). These results suggest the existence of a specific

mechanism linking between N-truncated amyloid-B4»
accumulation and these Alzheimer’s disease-related
neuropathologies.

Absorbance (arbitary unit) o

BSA --AB142 -=AB pE11-42

0 0.01 0.1 1
ApoE concentration (ug/ml)
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Strong co-localization and binding
between N-truncated amyloid-f4;
and apoE

As the association between N-truncated amyloid-B4, and
apoE accumulation across brain areas and disease stages
was unexpectedly very strong, we next characterized the
morphological relationship between apoE and amyloid-p de-
posits detected by anti-amyloid-Bi and amyloid-Byg11-x
antibodies. The amygdala area of Alzheimer’s disease cases
was analysed. We first confirmed that most parenchymal
amyloid-like apoE deposits were positive for amyloid-B4,
(data not shown). While some portions of amyloid-B;_ sig-
nals overlapped with accumulated apoE signals, other por-
tions of amyloid-B;. signals existed in areas surrounding
apoE signals or without apoE signals (Fig. 5A). On the
other hand, major portions of amyloid-By11« signals over-
lapped with apoE signals (Fig. 5B). By comparing their co-
localization across six different cases, we confirmed that
apoE signals overlapped more strongly with amyloid-By11-x
signals than with amyloid-B;_, signals (Fig. SC), indicating
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Figure 5 Co-localization and in vitro binding assay of apoE with N-truncated amyloid-f. Amygdala sections of an Alzheimer’s disease
case were double-stained using anti-apoE antibody (green) and anti-amyloid-f_, antibody (red, A) or anti amyloid-B,g, .« antibody (red, B). (C)
Co-localization of apoE signal with each amyloid-f3 signal were compared across different Alzheimer’s disease cases (n = 6). ***P < 0.001; paired t-
test. Scale bar = 50 um. (D and E) In vitro binding assay of apoE with fibrillar amyloid-f3,_4; and amyloid-f,g| ;4. Bovine serum albumin (BSA) was
used as the negative control. (D) One representative experiment with three technical repeats. (E) Combined data from four independent
experiments with 6 pig/ml apoE. Data represent mean =+ SD. *P < 0.001; Tukey-Krammer test. Af} = amyloid-f.
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that their strong co-deposition underlies the strong spatio-
temporal associations between apoE and amyloid-B,g11-42,
and probably total N-truncated amyloid-B4,.

To test the hypothesis that apoE has higher binding affin-
ity to N-truncated amyloid-B4, rather than full-length amyl-
oid-B4, we performed in vitro binding assays. Synthetic
amyloid-B14> peptides and amyloid-Bpr11-42 peptides were
first incubated to form stable fibrils. Fibril formation mea-
sured by the thioflavin-T fluorescence assay revealed two
features: (i) the times to reach 50% of the maximum
fluorescence intensity of amyloid-B;.4> peptides and amyl-
oid-B,g1142 peptides were 6.9 = 1.4 and 14.0 &+ 1.8 h, re-
spectively; and (i) the fluorescence intensity of stable
amyloid-B4, fibrils was higher than that of stable amyl-
oid-Byp1142 fibrils (Supplementary Fig. 9). These results
suggest that amyloid-B,g11.4> aggregates less readily than
amyloid-B1.4> peptides. When both fibril incubations had
reached plateau values at 72h, we assessed their binding
to apoE. Interestingly, despite less apparent aggregation,
amyloid-Byg11.42 fibrils showed higher binding to apoE in
an apoE concentration-dependent manner, compared to
amyloid-B 4, fibrils (Fig. SD and E). These results indicate
that amyloid-B,g1142 aggregates are more likely than amyl-
oid-By.4> aggregates to recruit apoE into their deposits.

Associations with antemortem
clinical features

As our results indicate that N-truncated amyloid-B4, accu-
mulation could be closely related to several features of
Alzheimer’s disease neuropathology, we then analysed the
association of various amyloid-p species with antemortem
disease features as summarized in Table 2. Despite the limi-
tation of retrospective analysis, tau accumulation in cortical
areas significantly associated with rapid disease progres-
sion, measured by annual DRS change, while apoE
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accumulation significantly associated with a worse score
in the Kokmen Short Test of Mental Status, indicating
the potential relevance of these accumulations in
Alzheimer’s disease and also the utility of our retrospective
analysis. Interestingly, compared to the accumulation of
full-length amyloid-B4,, or full-length or total N-truncated
amyloid-B4o, amyloid-B,gi142 or total N-truncated amyl-
0id-B4» accumulation in cortical areas tended to show
more significant associations with earlier age of onset or
shorter disease duration, respectively. Of note, rapid disease
progression showed a trend (but not significant) toward
association with total N-truncated amyloid-B4, accumula-
tion in cortical areas, while its associations with full-length
amyloid-B4o42 were minimal. Amyloid-B,g11.42 accumula-
tion also associated with a worse score in the Kokmen
Short Test of Mental Status. These significant associations
are visualized in Supplementary Fig. 10. Subcortical,
including amygdala, accumulation of N-truncated amyl-
oid-B4> did not significantly associate with these clinical
features (Supplementary Table 9). Of note, after subtracting
levels of pyroglutamylated amyloid-B4, from total N-trun-
cated amyloid-B4;, the remaining N-truncated amyloid-B4,
accumulation still tended to show significant associations
with some of these clinical features (Table 2). This obser-
vation suggests important roles of cortical accumulation of
non-pyroglutamylated species of N-truncated amyloid-Ba4,,
in addition to pyroglutamylated amyloid-B.,, in the clinical
manifestation of Alzheimer’s disease.

Discussion

Although accumulating evidence indicates that N-truncated
amyloid-B could play important roles in Alzheimer’s disease
(Bayer and Wirths, 2014), information about how N-trun-
cated amyloid-B accumulates in the brain and associates

Table 2 Retrospective analysis for associations between full-length or N-truncated amyloid- accumulation in

cortical areas and antemortem clinical features

Age at onset Disease duration DRS change Kokmen Test

r P-value r P-value r P-value r P-value
Amyloid-f 40 —0.20 0.424 0.46 0.057 0.39 0.204 0.05 0.878
Amyloid-B, 40 —0.21 0.404 0.48 0.043 0.36 0.255 —0.07 0.819
Amyloid-B.40 —0.22 0.380 0.52 0.028 0.31 0.329 —0.23 0.479
Amyloid-f .4, 0.15 0.562 0.29 0.235 0.07 0.822 0.72 0.009
Amyloid-B, 4, —0.01 0.963 —0.26 0.288 —0.41 0.188 0.10 0.755
Amyloid-B.4, —0.12 0.627 —0.51 0.030 —0.49 0.103 —0.31 0.332
Amyloid-Bg3.42 —0.44 0.065 0.25 0.319 —0.37 0.235 —0.29 0.360
Amyloid-Bog ;142 —0.57 0.013 0.29 0.247 0.08 0816 —0.59 0.046
Amyloid-Bes — pEza2 — pEII-42 0.05 0.835 —0.55 0.018 —0.51 0.094 —0.14 0.657
Tau GuHCI —0.24 0.332 —0.02 0.932 —0.72 0.008 0.11 0.730
ApoE GuHCI —0.32 0.201 0.40 0.102 0.19 0.552 —0.64 0.025

Correlation coefficient (r) and P-value were acquired by the Pearson test comparing levels of indicated amyloid-3 species, tau or apoE in the GuHCI fraction averaged across seven
cortical areas with age at onset (n = 18), disease duration (n = 18), annual change of DRS (n = 12) and the last score of the Kokmen Short Test of Mental Status (n = 12) in Alzheimer’s

disease cases. Significant correlations are highlighted in bold.
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with other clinicopathological features of Alzheimer’s dis-
ease is limited. While biochemically analysing 12 different
brain regions as previously reported (Shinohara et al.,
2013, 2014), we unexpectedly noticed that the regional
distribution of N-terminally truncated amyloid-B4, and
full-length amyloid-B4, was markedly different; N-termin-
ally truncated amyloid-B4, species were likely to accumu-
late more in some brain areas, especially some limbic areas
(amygdala and entorhinal cortex), while full-length amyl-
oid-B4> tended to accumulate more in neocortical areas,
especially frontal cortices (Fig. 2). These results were con-
firmed by IP/MS analysis and a species-specific ELISA for
pyroglutamylated amyloid-f1;.4» (Fig. 3). Our findings are
significant given that regional distribution of amyloid-p
provides an important clue to understanding the pathome-
chanism of amyloid-B accumulation in the brain (Table 1)
(Buckner et al., 2005; Vlassenko et al., 2010; Shinohara
et al., 2013, 2014). Moreover, associations with several

DF, OF, (IP, PC)

Early stage
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clinicopathological features supports critical roles of
N-terminally truncated amyloid-p in the disease (Figs 4, 5
and Table 2). A model summarizes associations of accumu-
lating full-length and N-truncated amyloid-B4;, depending
on brain area and disease stage is shown in Fig. 6.
Previously reported studies analysed individual amyloid-f
species in different brain areas and led to some inconsisten-
cies among these studies, such as the relative abundance of
individual amyloid-B species or their changes across disease
stages. Portelius et al. (2010) characterized the accumula-
tion of individual amyloid-B species in three areas (cortex,
hippocampus, and cerebellum) by IP/MS, but did not ob-
serve significant differences in the regional pattern of each
amyloid-B species across these three areas. However, by
analysing 12 brain areas, the current study clearly demon-
strates the distinct regional pattern between N-truncated
amyloid-B4, and full-length amyloid-B4, accumulations.
Of note, this trend appears not to be simply attributed to

NEP

Late stage

Figure 6 Model depicting the changes of full-length and N-truncated amyloid-p4, accumulation depending on disease stage and
brain areas. In the early stage of disease, full-length amyloid-B4, (1-42) accumulates in a region-specific manner, where frontal cortices
[dorsolateral prefrontal (DF) and orbitofrontal (OF)], and some other cortical areas, including inferior parietal cortex (IP) and posterior cingulate
cortex (PC), tend to show more accumulation. The development of this region specificity may involve two factors: an enhancement by synaptic
processes and a suppression by astrocytes or their secreted apoE (Shinohara et al., 2013). During disease progression, N-truncated amyloid-4; (t-
42) accumulates in a distinct region-specific manner compared to full-length amyloid-f4, accumulation, where some limbic areas [amygdala (AM)
and entorhinal cortex (EC)] and other cortical areas, including inferior temporal cortex (IT) and primary visual cortex (VC), tend to show more
accumulation. Of note, in subcortical areas, such as striatum (ST), hypothalamus (HT) and thalamus (TL), N-truncated amyloid-f4, accumulation is
very low compared to the considerable amounts of full-length amyloid-f4,. Such spatiotemporal specificity might be formed by processes distinct
those involved in full-length amyloid-B4, accumulation. BACEI and neprilysin might contribute to spatiotemporal accumulation of N-truncated
amyloid-P4,, although additional or alternative factors are likely to exist. Tau and apoE accumulations associate with N-truncated amyloid-f4,
accumulation, and their cortical accumulation could reflect more advanced stage of disease, as manifested in several clinical outcomes.
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the brain anatomy, as one limbic area (posterior cingulate
cortex) and two neocortical areas (primary visual cortex
and inferior temporal cortex), respectively showed an op-
posite trend with other limbic or neocortical areas (Fig.
2B). Also, accumulations of amyloid-B,r11.42 and to a
lesser extent amyloid-B,p3.4> show regional distributions
distinct from that of full-length amyloid-B4,, though our
results suggest that other amyloid-B species truncated at
residues 4 to 11 might also follow such distinct pattern
of N-truncated amyloid-B4,. Thus, additional characteriza-
tion of individual amyloid-p species by specific ELISAs in
more brain areas will be useful to further define their re-
gional accumulation.

It is noteworthy that while full-length amyloid-B4, levels
were comparable between Alzheimer’s disease and the
pathological ageing, levels of N-truncated amyloid-Bg,,
including amyloid-B,g3.4> and amyloid-Bpgi1-42, were
increased in Alzheimer’s disease compared to the patho-
logical ageing (Figs 1 and 3). Such differences were observed
across neocortical and limbic areas (Supplementary Fig. 2).
By analysing the temporal cortex, Portelius et al. (2015) also
recently observed that levels of N-truncated amyloid-f were
increased in Alzheimer’s disease, while levels of full-length
amyloid-p were comparable to those in pathological ageing.
Though it is still debated whether pathological ageing is an
early phase of Alzheimer’s disease or a status resisting amyl-
oid-B toxicity (Murray and Dickson, 2014), these results
would highlight the role of N-truncated amyloid-p in the
development of Alzheimer’s disease. Moreover, given that
pathological ageing is an early phase of Alzheimer’s disease,
these results suggest that full-length amyloid-B4, accumula-
tion occurs in the earlier phase, while N-truncated amyloid-
B4 continues to accumulate until the later phase of the
disease. Our observation might be consistent with the
notion that diffuse plaques, an early form of amyloid-f ac-
cumulation consisting mostly of full-length amyloid-Ba,,
constitute a major part of amyloid plaques in the patho-
logical ageing, while N-truncated amyloid-f species exist
in more mature plaques that are more abundant in
Alzheimer’s disease (Iwatsubo et al., 1996; Dickson, 1997,
Guntert et al., 2006).

Although further clarification is needed of the biological
and pathological events that contribute to the spatiotem-
poral accumulation of N-truncated amyloid-Bs, in the
brain, its significant regional association with BACE1 and
inverse association with neprilysin, but no significant asso-
ciation with PSD935, provide some clues that specific mech-
anisms distinct from those involved in the accumulation of
the full-length amyloid- exist in the brain. Our results are
consistent with the possibilities that (i) increased BACE1
could lead to de movo production of amyloid-Bi1.40/42,
and also enhance truncation of amyloid-f through its deg-
radation (Liu et al., 2002; Saido and Leissring, 2012); and
(ii) lower neprilysin reduces degradation of amyloid-f prior
to or potentially after its aggregation, resulting in accumu-
lation of several N-truncated amyloid-p species (Wang
et al., 2006). Although it is still under debate regarding
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the levels and activities of these enzymes (Miners et al.,
2010), increased BACE1 levels/activities and decreased
neprilysin levels/activities were previously observed in
brains of patients with Alzheimer’s disease (Wang et al.,
2006; Vassar et al., 2009). These pathogenic events could
together promote the accumulation of N-truncated amyl-
oid-B species during disease progression. However, further
evidence suggests that additional or alternative processes
are also likely to be involved in spatiotemporal N-truncated
amyloid-B42 accumulation: (i) regional associations be-
tween N-truncated amyloid-B4> accumulation and BACE1
or neprilysin are relatively weak compared to those
observed between the accumulations of N-truncated amyl-
oid-p and apoE or between full-length amyloid- accumu-
lation and PSD95 or soluble apoE (Table 1) (Shinohara
et al., 2013, 2014); (ii) several N-truncated amyloid-p spe-
cies accumulate that are not direct products of BACE1-
cleaved APP or neprilysin-degraded amyloid-B; (iii) atypical
regional distribution is specific to amyloid-B4, but not
amyloid-B4o; and (iv) N-terminal truncation of amyloid-p
is likely to occur during maturation of initial amyloid de-
posits, consisting of full-length amyloid-f, probably exclud-
ing the possibility that de novo produced N-truncated
amyloid-B  accumulate during disease  progression.
Glutaminyl cyclase catalyses pyroglutamate modification
and may contribute to pyroglutamylated amyloid-f accu-
mulation in the brain (Hartlage-Rubsamen et al., 2011;
Becker et al., 2013). However, glutaminyl cyclase might
not be the sole enzyme responsible for the spatiotemporal
accumulation of N-truncated amyloid-B4; in the brain
based on the following observations: (i) non-pyroglutamy-
lated amyloid-B4, can also contribute to the N-truncated
amyloid-B that show a regional distribution distinct from
that of full-length amyloid-B4,; and (ii) the regional distri-
bution of amyloid-B,g3.4, is not entirely similar to that of
amleid'BpE11-4z-

We observed strong spatiotemporal associations of tau
and to a greater extent apoE with amyloid-B,g11.42, com-
pared to full-length amyloid-B4,. Although some previous
studies have observed that N-truncated (pyroglutamylated)
amyloid-p were associated with tau, emphasizing their role
in the disease (Nussbaum et al., 2012; Mandler et al.,
2014), few studies addressed their relationship with apoE.
Previously, Thal et al. (2005) observed weaker overlaps
between apoE and full-length amyloid-B4, accumulation,
but they concluded that apoE masks the N-terminal epitope
of amyloid-B. Although our study does not directly rule out
such a possibility, our in vitro assay indicates that apoE
likely binds to the accumulated N-truncated amyloid-B4,
more strongly than to the accumulated full-length amyl-
0id-B4;. Interestingly, the stronger binding was observed
despite lower aggregation propensity of amyloid-By11-42,
suggesting that some mechanism other than amyloid aggre-
gation determines the binding affinity between amyloido-
genic proteins and apoE. As the apoE-binding site may
exist in the residue 12-28 region of amyloid-p
(Strittmatter et al., 1993), removal of the N-terminal
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segment might facilitate binding with apoE. Alternatively,
pyroglutamylated amyloid-p is more hydrophobic and
hence more lipophilic, and thus more likely to recruit
apoE into its deposits (Schlenzig et al., 2009). Such atypical
properties of N-terminal truncated amyloid-p could result
in greater neurotoxicity, relative to full-length amyloid-p
(Bayer and Wirths, 2014). As apoE accumulation alone
associated with a worse score in the Kokmen Short Test
of Mental Status (Table 2), additional investigation is
needed into how the interaction between amyloid-B and
apoE accumulation affects the neurotoxicity of N-terminal
truncated amyloid-p and whether apoE accumulation itself
could be utilized as a clinical biomarker for disease severity.

Limited information is available regarding the effects N-
truncated amyloid-B4> accumulation on clinical outcomes.
In particular, to our knowledge, the effects of N-truncated
amyloid-B4, other than amyloid-B,g3.4042 have not previ-
ously been reported. Despite the limitations of retrospective
analysis, we observed that total N-truncated amyloid-B4; or
amyloid-B,r1142 accumulation in cortical areas is asso-
ciated with four important clinical features; earlier disease
onset, shorter disease duration until death, rapid disease
progression, and a worse cognitive score. Importantly, nei-
ther full-length amyloid-B40/4> nor N-truncated amyloid-B4o
is inversely associated with these clinical features, though
some positive associations exist (Table 2), possibly high-
lighting the critical role of N-truncated amyloid-B4, accu-
mulation in the disease. We also observed that earlier
disease onset is associated with a worse cognitive score
(Supplementary Fig. 11). These results are consistent with
a notion that earlier disease onset, severe cognitive impair-
ment and shorter disease duration are associated with each
other (Larson et al., 2004; Todd et al., 2013). Thus, al-
though additional studies are necessary to demonstrate the
causal link, our results suggest that Alzheimer’s disease-
related clinical outcomes are impacted to a greater extent
by N-truncated amyloid-B4, accumulation than other
amyloid-B accumulations. Of note, we observed (i) some
differences between total N-truncated amyloid-B4, and
amyloid-B,g11.42; and (ii) still significant associations after
subtracting pyroglutamylated amyloid-B4, levels from total
N-truncated amyloid-B4, levels, indicating the need to fur-
ther define the specific species of N-truncated amyloid-B4,
most strongly associated with each clinical feature in the
future study.

Several important implications for future studies can be
drawn from the current findings. First, neuropathological
amyloid- assessment does not necessarily differentiate
antibodies against the N-terminal epitope of amyloid-p
(Hyman et al., 2012). Such ambiguity should be carefully
considered, as it might produce variable results regarding
spatiotemporal amyloid-f accumulation as well as patho-
logical roles of amyloid-p accumulation in the disease.
Second, it would be useful to determine to what extent
amyloid-specific ligands used for clinical imaging can dis-
tinguish full-length amyloid-p and N-terminal truncated
amyloid-B accumulation in order to better interpret the
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results from current amyloid imaging studies. Third, few
studies to date assess how individual N-truncated amyl-
0id-B4o/42 levels change in CSF/plasma in different disease
stages and how they are associated with the levels of other
biomarkers and clinical outcomes, relative to full length
amyloid-B4o/42 levels. Finally, APP transgenic mouse
models accumulate much less N-truncated amyloid-B, espe-
cially amyloid-p that is truncated after residue 3
(Kawarabayashi er al., 2001; Kalback et al., 2002; Schieb
et al., 2011). New animal models accumulating N-trun-
cated amyloid-B species similar to those in human brains
may better recapitulate neuropathological disease features,
including apoE and tau accumulation. Such models will
also be valuable for developing and testing therapies.
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