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Pathological hallmark of Alzheimer’s disease (AD) is characterized by the accumulation and
aggregation of amyloid B (AB) peptides into extracellular plaques of the brain. Clarification of
the process of how soluble AR starts to assemble into amyloid fibrils is an essential step in
elucidating the pathogenesis of AD. In our previous study, AR proteoforms including full-
length AB40 and AB42/43 with N- and C-terminal truncated forms were visualized in post-
mortem brains from AD patients with matrix-assisted laser desorption/ionization-based mass
spectrometry imaging (MALDI-MSI). In this study, AR proteoforms were consistently visual-
ized by an updated protocol, and uncharacterized peptides such as AB1-29 and AB10-40 in
AD brains were also visualized. To decipher neurotoxic effects of AB in patients’ brains, here
we integrate liquid chromatography tandem mass spectrometry (LC-MS/MS) based shotgun
proteomics with laser microdissection (LMD) excised tissue samples as well as direct tissue
imaging with MALDI-MSI. With this approach, we have highlighted dynamic alterations of
microtubule associating proteins (MAPs) including MAP1A, MAP1B and MAP2 as well as
AD dominant proteins including APP, UCHL1, SNCA, and APOE. Of note, as lipid dysregula-
tion has been implicated with AD pathology, we have challenged to integrate proteomics and
lipid imaging for AD and control brain tissue. Spatial multi-omics is also valid to uncover
molecular pathology of white matter as well as grey matter and leptomeningeal area, for
example, by visualizing heme in patients’ postmortem brains.
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I. Introduction

Alzheimer’s disease (AD) is the most common devas-
tating neurodegenerative disorder characterized by the irre-
versible loss of memory and cognitive functions. The major
pathological hallmark of AD is the accumulation and depo-
sition of amyloid B (AP) peptides outside neurons, which
was followed by the formation of intra-neuronal tangles of
the protein tau. Several lines of evidence suggests that these
neuropathological alterations of AD probably begin much

Correspondence to: Masaya Ikegawa, Department of Life and Medical
Systems, Doshisha University, Tataramiyakodani 1-3, Kyotanabe 610-
0394, Japan. E-mail: mikegawa@mail.doshisha.ac.jp

earlier than the appearance of clinical symptoms and pro-
duction and elimination imbalance of AP peptides will ini-
tiate the neuropathology. Thus, “amyloid cascade
hypothesis” has become the major AD pathogenesis and is
guiding a potential treatment [14, 37]. Although some
recent success of anti-amyloid immunotherapies for AD in
early clinical trials were reported, the pathogenesis of AD
seems much more complex and still is not entirely under-
stood.

Amyloid plaques were found to primarily consist of
AP peptides that are produced upon sequential, proteolytic
processing of amyloid precursor protein (APP), which is an
integral membrane protein [26]. Amyloid plaques are found
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in cerebral parenchyma and deposited in vessels of AD
brains long before disease onset. Over the past 40 years
since their discovery [26], a high degree of AP heterogene-
ity besides full-length peptides have been clarified in both
brains of patients with sporadic or familial forms of AD,
that are commonly delineated using immunohistochemistry
that have distinct limitations with respect to specificity and
sensitivity of the antibodies. Recently, matrix assisted laser
desorption ionization mass spectrometry-based chemical
imaging (MALDI-MSI) has been successfully introduced to
comprehensively delineate spatial AP peptide- and neuronal
lipid-patterns associated with plaque pathology in brain tis-
sue in both AD mouse models [21, 22, 39, 40] and human
samples [17, 20]. This mass spectrometry-based imaging
approach enabled us to overcome major limitations of com-
monly used biochemical methods and opens for both static
and dynamic biochemical process of amyloid aggregation
in situ [19].

AP plaques were composed with highly ordered fibril-
lar aggregates of APs and AP oligomers. The formation of
AP fibrils take several steps as follows: 1) oligomerization
of monomeric AP, 2) formation of protofibrils from A
oligomers and 3) aggregation into AP fibrils. Although
AP42 is more neurotoxic than AP40, the production rate
and an interplay between these AP species might also be
important in AD pathology [18, 27, 43]. Recently, an inter-
mediate transition form of AP has been paid much attention
because of its more neurotoxic effects compared with Ap
fibrils [12, 45]. Of note, due to emerging technology of
cryo-electron microscopy (cryo-EM), brain-derived AP fib-
rils are much more polymorphic, and the property of these
AP fibrils differ sharply than expected from in vitro experi-
ments. The composition of these plaques revealed a high
amount of AP fibrils as well as a high concentration of
lipids [8, 9, 10, 11, 24, 42, 46].

Considering that AP fibrillization is modulated by
multiple factors including peptide mutations, metals, and
lipids in the pathogenesis of AD, spatial multi-omics study
for AD is a promising approach. In this study, MALDI-MSI
analysis of three AD brains and three control brains were
performed for 1) intact MSI for mapping AP proteoforms,
2) in-depth proteomics from laser micro-dissected tissue
samples, 3) direct protein imaging from on tissue digested
brain tissues and 4) lipid imaging to gain insights into Ap-
mediated lipidomic pathogenesis. Again, as lipid mem-
branes will promote AP fibrillization and aggregation on its
surface, and then followed by altered membrane integrity
and permeability as the consequences of Ap-mediated neu-
rotoxicity, here we dissect a variety of Ap proteoforms and
its related proteins and lipids in situ to shed new lights for
neuropathology of AD.

II. Materials and Methods

Ethics statement
The brain autopsy specimens were provided by the

Table 1.  Clinical and pathological data of AD with CAA cases and
controls
Patient Gender Age at death  Braak Stage CAA
1 M 84 \% 3
2 M 88 \% 1
3 F 87 VI 3
1 M 84 1 0
2 M 78 1 0
3 M 70 1 1

Braak stages I-II indicate early stages where neurofibrillary changes
appear in the entorhinal cortex or olfactory areas of the medial temporal
lobe. Subsequently, neurofibrillary changes progress to the hippocampal
region, classified as Braak Stages III-1V. Braak Stages V-VI are considered
final stages where neurofibrillary changes extend to associate cortices or
primary cortices of the neocortex. While cognitive impairment is nearly
absent in Braak Stages I-II, cases with mild cognitive impairment increase
in Stages III-1V, and cognitive impairment is evident in Braak Stages V-VI.

Tokyo Metropolitan Geriatric Hospital. These tissue sam-
ples have been registered with the Brain Bank for Aging
Research (BBAR). The autopsies were conducted with
informed consent obtained from the deceased’s relatives.
The operation of BBAR has received approval from the
ethics committee at the Tokyo Metropolitan Geriatric Hos-
pital and Institute of Gerontology. The bodies of the
patients were promptly transferred to a cold environment
(4°C) within two hr following their demise, aiming to mini-
mize postmortem tissue alterations. Brain tissue samples
were obtained from specimens that were removed and
stored at —80°C within 8 hr postmortem. All methods
described in this study have been approved by Doshisha
University and BBAR at the Tokyo Metropolitan Geriatric
Hospital and Institute of Gerontology. Clinical and patho-
logical data of human brains Brain samples were collected
from the occipital cortex of both sporadic AD patients (n =
3) and non-pathological controls (n = 3) of the same age
group. In AD brains, the occurrence and quantity of neu-
rofibrillary changes correlate with clinical symptoms, and
Braak staging is utilized as a classification system for AD
stages (Table 1). Braak staging was conducted through
pathological and histological examination performed dur-
ing autopsy. For the human brains obtained, the degree of
AP deposition was assessed based on the CAA score
(score: 0-3) in Table 1, and the severity of AD was deter-
mined based on Braak Stage (score: [-VI).

Sample preparation for MALDI-MSI
1) Preparation of frozen tissues for non-digested imaging

In a cryostat (CM 1950, Leica Microsystems, Wetzlar,
Germany), the frozen tissue sections were cut at 10-20 um
thickness and mounted onto indium tin oxide (ITO)-coated
glass slides (Bruker Daltonics, Bremen, Germany) for
MALDI-MSI. The tissue slice was thawed by placing a fin-
ger on the non-ITO-coated side of the slide at room temper-
ature and vacuum drying was performed for 20 min. The
samples were then sequentially immersed in 70% ethanol
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for 30 sec, 100% ethanol for 30 sec, and Carnoy’s solution
(six parts of 100% ethanol, three parts acetic acid and one
part chloroform) for 2 min to remove endogenous lipids
and inorganic salts. Then followed by 30 sec in 100%
ethanol, 1 min in 0.1% trifluoroacetic acid solution (TFA,
FUJIFILM Wako) and 30 sec in 100% ethanol. After the
washing process, the samples were vacuum dried for 30
min. Prior to matrix coating, the samples were treated with
100% formic acid vapor at 60°C for 6 min. This step is
applicable only for the detection of intact AB. The matrix
coating on the slides was performed using the TM-Sprayer
(HTX Technologies). For non-digested tissues, 15 mg/ml of
2,5-dihydroxybenzoic acid (DHB, Bruker Daltonics) in
90% acetonitrile with 0.1% TFA was used as matrix and
the spray temperature was set to 60°C.

2) Preparation of frozen tissues for protein imaging with
trypsin digestion

A set of two serial tissue sections were prepared for
each analysis, and one section from each set underwent
MALDI-MSI analysis and from the other section, proteins
and peptides were extracted for shotgun proteomics. After
vacuum drying, the samples were washed in 70% ethanol
for 30 sec, 100% ethanol for 30 sec, Carnoy’s solution for 2
min, 100% ethanol for 30 sec, and 0.1% TFA for 1 min.
After the washing process, the tissue sections were
immersed in a 20 mM ammonium bicarbonate solution
(FUJIFILM Wako) for 1 min. The samples were then
sprayed with trypsin (Promega) solution (25 mg/ml in 20
mM ammonium bicarbonate, pH 7.5-8.5). This step must
be done uniformly onto the tissue sections using the TM-
Sprayer. Then, the tissue sections were incubated at 50°C in
a 20 mM ammonium bicarbonate vapor for 120 min. After
incubation, 0.1% TFA was added to cover the entire tissue.
The section was incubated at room temperature for 15 min.
Only the extraction solution was collected. Matrix coating
was then performed using the TM-Sprayer. For trypsin-
digested tissues, 10 mg/ml of a-cyano-4-hydroxycinnamic
acid (CHCA, Nacalai tesque, Specially Prepared Regent) in
70% acetonitrile with 1% TFA was used as matrix and the
spray temperature was set to 75°C. After matrix coating,
the samples were treated with 10 mM acetic acid vapor at
37°C for 5 min.

3) Preparation of frozen tissues for lipids imaging

In a cryostat, the frozen tissue sections were cut at 10
pm thickness and mounted onto ITO-coated glass slides for
MALDI-MSI. The tissue slice was thawed at room temper-
ature and underwent vacuum drying for 20 min. The matrix
coating on the slides was performed using the TM-Sprayer.
For lipids imaging, 15 mg/ml DHB in 90% acetonitrile with
0.1% TFA was used as matrix and the spray temperature
was set to 60°C.

Measurement and data analysis for MALDI-MST
For intact protein imaging and lipids imaging, the

instrument was mass calibrated with red phosphorus. Also,
for digested MALDI-MSI, Peptide Calibration Standard I
(Bruker Daltonics), TA30 (3 parts of 100% acetonitrile and
7 parts of 0.1% TFA), and CHCA were mixed to prepare
the calibration solution. Several 1 pl droplets of the solu-
tion were dispensed onto the slide. Imaging analysis was
performed using the rapifleX and timsTOF fleX (both
Bruker Daltonics). For digested MSI, measurements were
conducted in positive reflector mode with a spatial resolu-
tion of 50 pm, covering the m/z range of 200—4,000 or
600—4,000. Conversely, for undigested MSI, measurements
were conducted in positive linear mode with a spatial reso-
lution of 50—70 pum, covering the m/z range of 200-5,000
or 600—-15,000. For lipid imaging, measurements were con-
ducted in positive mode with a spatial resolution of 70 pm,
covering the m/z range of 100-1,400. The obtained mass
spectra imaging data were visualized and analyzed using
fleximaging 5.0 and SCiLS Lab 2023b software (both
Bruker Daltonics).

Preparation of frozen samples for shotgun proteomics

Serial tissue sections were prepared, and one of the
sections was used for MALDI-MSImeasurement. The other
tissue section was used for shotgun proteomics as above-
mentioned. The TM-Sprayer and trypsin digestion treat-
ment by incubation were conducted for both slides. After
incubation, 0.1% TFA was added to cover the entire tissue
on the tissue section. The section was incubated at room
temperature for 15 min. Extraction solution was collected
in a tube.

Measurement and data analysis for shotgun proteomics

The collected peptide extraction solution was analyzed
for peptide fragments using Nano Elute and timsTOF Pro2
instruments (both from Bruker Daltonics). After centrifuga-
tion, the supernatant was diluted two-fold with a 2% ace-
tonitrile solution containing formic acid. One microliter of
the diluted solution was used for measurement. The mea-
surements were conducted using a 25 cm x 75 pm X 1.6 pm
C18 column (IonOptiks) at a flow rate of 400 nl/min for
120 min. Additionally, the sample solution obtained
through laser microdissection, as described later, was cen-
trifuged, and the supernatant was collected. Two microliters
(2 pl) of this sample were used for measurement, employ-
ing the same column, flow rate, and duration as previously
mentioned. For protein analysis, PEAKS Studio 8.5 (Bioin-
formatics Solutions Inc., Ontario, Canada), ProteinScape4
(Bruker Daltonics), and MASCOT software (Matrix Sci-
ence, London, UK) were utilized.

Preparation of tissue samples with laser microdissection
(LMD)

In a cryostat, the frozen tissue sections were cut at 10
pm thickness and mounted onto Membrane Slides (Carl
Zeiss Microscopy GmbH, Germany) for LMD. Consecutive
sections from samples subjected to intact imaging were
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employed. To distinguish between grey and white matter,
quick-toluidine blue staining was performed using the fol-
lowing procedure. The sections were immersed in 5%
acetic acid-containing ethanol for 3 min, followed by a 1-
min immersion in MilliQ water. Subsequently, they were
immersed in a 0.05% toluidine blue solution (206-14555,
Wako) for 45 sec, and then immersed twice for 1 min each
in MilliQ water.

Liquid Chromatography Tandem Mass Spectrometry (LC-
MS/MS)

Excision from human brain tissue was performed
using the PALM MicroBeam (Carl Zeiss Microscopy
GmbH, Germany). The matrix-coated slides used for intact
imaging were subjected to H&E staining. H&E staining
enables the visualization of amyloid plaques. The
H&Estained slides were positioned beneath the membrane
slides used for LMD. This alignment enabled matching
amyloid-deposit locations with the microscopically recog-
nized amyloid deposition on the LMD slides. The LMD
area for protein analysis within each tube was standardized
to 50 um x 50 um. Sections were collected onto the caps of
Eppendorf tubes filled with 20 mM ammonium bicarbon-
ate. After centrifugation, the sections were deposited at the
bottom of the Eppendorf tubes. A trypsin solution dissolved
in 20 mM ammonium bicarbonate was added and incubated
at 37°C for 8 hr.

Measurement and data analysis for shotgun proteomics

After digestion with trypsin, the peptide extraction
solution was subjected to peptide fragment measurement
using Nano Elute and timsTOF Pro2. The recovered solu-
tion was centrifuged, and the supernatant was collected.
The supernatant was then diluted twofold with a solution
containing 2% acetonitrile and formic acid (FujiFilm Wako
Pure Chemical Corporation). A 1 pl aliquot of this diluted
solution was used as the measurement sample.

Measurements were conducted using a 25 cm x 75 pm
x 1.6 um C18 column (IonOptiks) with a flow rate of 400
nl/min over a 120-min period. Samples recovered by LMD
were centrifuged, and the supernatant was collected. With-
out dilution, a 2 pl aliquot was used as the measurement
sample. For data analysis, PEAKS Studio 8.5 (Bioinformat-
ics Solutions Inc., Ontario, Canada), ProteinScape4 (Bruker
Daltonics), and MASCOT software (Matrix Science, Lon-
don, UK) were utilized.

Immunohistochemistry and histology Fresh frozen
sections of human brains were fixed with 4% paraformalde-
hyde in phosphate buffered saline (PBS) for 30 min. The
brain tissue slides were washed with PBS, 100% ethanol
for 5 min each. After washing, the tissues were dipped in
98% formic acid for 5 min to enhance the detection of Ap.
These tissues were blocked with 10% normal goat serum in
PBS and incubated with 1 pg/ml primary antibodies against
N-terminal of AP, 82E1 (IBL, Gunma, Japan). These sec-
tions were incubated in a humidified chamber at 4°C for 8

hr. After washing with 3 times PBS, the tissues were incu-
bated with a secondary antibody solution (anti rabbit IgG
antibody) for 2 hr in humidified chamber. After subsequent
washes with PBS, an Avidin—biotin complex solution
(prepared according to the kit manual from VECTOR Lab-
oratories) was added by dropping onto the tissue sections,
and the reaction was allowed to proceed for 30 min at room
temperature. Following washing step with PBS-Tween20
and PBS, the sections were treated with 3,3'-
diaminobenzidine (DAB) solutions. Imaging was con-
ducted using an Olympus BX51 optical microscope.

Hematoxylin and eosin staining

The fresh frozen sections were immersed in a solution
of 4% paraformaldehyde in PBS for 30 min to fix the tis-
sues. After conducting MSI, the tissue sections were
washed twice for 3 min each with 100% ethanol to remove
the matrix on the tissue before tissue fixation. After a 5-min
rinse with tap water, followed by a 5-min immersion in
hematoxylin solution. Subsequently, the sections were
rinsed with running water for 5 min. The sections were
briefly immersed in 70% ethanol containing hydrochloric
acid (Wako Pure Chemical Industries, Ltd.) for 2 sec to dif-
ferentiate between hematoxylin and eosin staining. They
were followed by another 5-min rinse in running water. The
sections were immersed in eosin solution for 5 min. After-
ward, the sections were sequentially washed with 3 times
100% ethanol and 3 times 100% xylene (Fuji film-wako,
Osaka, Japan) for 5 min each. Imaging was conducted
using an Olympus BX51 optical microscope.

III. Results

Visualization of Af proteoforms in AD brains by MALDI-MSI

To determine the accurate primary sequence of AP in
plaques has been a big challenge because of the hetero-
geneity within the terminal regions of AP. This was due to
the limitation of previously common protein sequencing by
Edman sequencing, due to an in accessible N-terminus that
hence resulted in inconsistent findings regarding the pri-
mary structure of plaque associated A peptides [26]. The
advent of biological mass spectrometry (BMS) techniques
has helped to significantly advance our understating of A
plaque chemistry [1, 4, 5]. By our previous protocol, single
ion images of the individual AP peptides observed with
MALDI-MSI were almost assigned to AP species [17, 20].
To assess the reproducibility of our previous findings, we
collected second cohort of patients that included 3 normal
controls and 3 AD cases (Table 1). In this study, we used
matrix-assisted laser desorption/ionization trapped ion
mobility spectrometry time-of-flight based mass spectrom-
etry imaging (MALDI timsTOF-fleX) in combination with
LC-MS/MS to probe both the proteomic and the lipidomic
microenvironment associated with structural polymorphism
of AP plaques in sporadic AD patients. This system is supe-
rior to obtain precise m/z number to discriminate between
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MALDI-MSI for frozen AD brain section (Case 1). Various C-terminal and N-terminal truncated A peptides in AD occipital lobe cortex. From

A) to 0): A) Ab 1-29, B) 1-38, C) 1-40, D) 1-42, E) 2-40, F) 3p-40, G) 10-40, H) 3-40, I) 2-42, J) 3p-42, K) 4-42, L) 4-40, M) Immunohistochemistry
of anti Ab antibody (82E1). N) HE staining, and O) Optic image of occipital lobe from AD Case 1. Bar = 7 mm.

crowded peptides coming from native AP peptides such as
AP11p—42, 1-29 and 1040 as described below.

In the present study, AB1-40 distributes mostly along
leptomeningeal large arterial vessels and parenchymal
small arterioles, which is consistent with our previous find-
ing. In addition, this topological pattern of AB1-40 is iden-
tical among most of shorter C-terminal truncated
proteoforms including AB1-37, 38, and 39 (Figs. 1, 2 and
Supplementary Fig. S1). By contrast, AB1-42 distributes in
both leptomeningeal and parenchymal vasculatures as well
as parenchymal plaque formation. In control brains, dis-
crete AP1—40 nor 1-42 peptides were not detectable in Sup-
plementary Fig. S3.

In the current study, N-terminally truncated Ap43,
AB2-43 and AB3p—43 was detected as native AP proteo-
forms which is shown in Supplementary Fig. S2, rarely
described so far. The removal of the first two residues (Asp
and Ala) from A followed by cyclization of the third
residue (Glu) to a pyroglutamate (forming N3pE-Ap) are
predominant N-terminal modifications of AP species [28].
These were primarily detected in AD cerebral cortex
extracts and were found to be localized in diffuse plaques
in AD and Down Syndrome (DS) brain tissues much earlier
than the standard AP bearing the first amino-terminal
residue. In this study, both peptide distribution is similar in

that mostly deposited in leptomeningeal vessels with
smaller vessels in parenchyma. However, there seems a
minor difference between distribution of these two pep-
tides: while AB3p—43 distribution is a little bit dominant in
parenchymal area than large leptomeningeal vasculatures
and AP2-43 distribution is vice versa.

Interestingly, with advanced accurate mass spectrome-
try, we have detected and differentiated AB1-29 and AB10—
40 as native AP proteoforms from AD patients’ brains and
their distributions were found to be quite similar with AB1—
42 (Figs. 1, 2 and Supplementary Fig. S1). As previously
reported, trypsinization of AP peptides yielded N-terminal
truncated AP includes AB1-28 theoretically. However, it is
also possible to obtain AP1-29 because elastase cuts
between G29 and A30 where a loose turn structure not
making intermolecular -sheet conformation. Furthermore,
one possible explanation for AB1-29, AB10-40, and AB1-
42 revealed similar distribution in AD brains is that they
shared toxic turn formation at positions 22 and 23 which
were deduced from the systematic proline replacement in
full-length AB40 and AB42, respectively [31]. The presence
of the toxic turn was also supported by the solid-phase
nuclear magnetic resonance (NMR) analyses of the AB42
aggregates in vitro and the cryo-EM analysis of the Ap42
aggregates from AD brain [11].
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(A) AB1-29

(D) AB10-40

(E) AB1-42
(C) AB2-40

(F) AB3p-42

Fig. 2.

(G) AB4-42

(DIHC

MALDI-MSI for frozen AD brain sections (Case 2). Various C-terminal and N-terminal truncated AP peptides in AD occipital lobe cortex. From

A) to J): A) Ap 1-29, B) 1-40, C) 2-40, D) 10-40, E) 1-42, F) 3p-42, G) 4-42, H) Segmentation data, Circled square was enlarged and showed (I)
Immunohistochemistry of anti Ab antibody (82E1), and J) HE staining, from AD Case 2, occipital lobe. Bar =2 mm.

Among the different N-truncated Ap forms, AB4-42
was found to be the major AP species in parenchymal AB-
plaques which is documented by our previous study [17,
20]. In Figs. 1, Fig. 2 and Supplemental Fig. S1, N-terminal
truncation of full-length AP between E3 and F4, as a natu-
rally occurring proteoforms of AB40 and AP42 was also
detected in the current study.

Localization of AP6-40 and AP6-42 has been
described in our previous study of MALDI-MSI for human
autopsied brain tissues [20]. Interestingly, distribution of
AB6-40/42 is remarkably wide-spread in grey matter of
AD patients’ brains with a sharp contrast with other N-
truncated form of AP including AP2-40/42, 3(p)-40/42,
4-40/42, and 5-40/42. Although the intensity of the signals
from AP6—40/42 of AD brains in the current study is not so
strong with our previous data as shown in Supplementary
Fig. S1, above-mentioned wide-spread tendency was
clearly reproduced.

Laser microdissection based spatial in-depth proteomics of
AD brains

Laser microdissection (LMD) is widely used method
to isolate minute amounts of tissue for subsequent pro-
teomics analysis. An advantage of this technique is that a
specific subset of tissue structures can be isolated and
enriched from surrounding material. Here, we adopt LMD-

based method for the isolation of human brain tissues from
the AD brain using nano liquid chromatography (nano LC)
mass spectrometry (MS) analysis. Using this approach, we
detected more than 103 proteins in amyloid plaques from
every LMD area from AD brains. In Fig. 3, results of
detailed overlapped and differentiated protein number
obtained with LMD-based in-depth proteomics were shown
by Venn diagram. Synaptic degeneration is a prominent
feature of AD both in humans and AD models of the dis-
ease. While many clinical trials are now focusing on the
interactions between immune responses and neurons in AD,
as opposed to focusing only on the reduction of A and tau
levels, new synaptic biomarkers are being developed with
the aim of aiding the earlier diagnosis of AD and distin-
guishing between people who will stay cognitively healthy
as they age and people who will develop AD.

A growing body of evidence supports those soluble
oligomeric forms of AP may be the potential effectors of
neuronal injuries and death in the early stages of AD. How-
ever, the molecular mechanisms associated with neuronal
loss induced by soluble AP remain to be elucidated.
Because microtubule-associated proteins (MAPs) are
responsible for the polymerization, stabilization, and
dynamics of the microtubule network, we investigated
whether MAPs might represent the intracellular targets that
would enable us to explain the microtubule perturbation
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Fig. 3. Outflow of in-depth proteomics with laser captured microdissection. Venn diagram shows annotated number of proteins from Ab 1-40 and 1-42
(left), AP 1-40, 2-40, and 10-40 (middle), and 1-42, 3p-42, and 4-42 (right).

Table 2. Result of detected peptide fragments obtained from AB40 and Af42 specific deposited area

(a) AP 1-40 deposition

(b) Ap1-42 deposition

Score Peptides

Sequence Coverage

Sequence Coverage

Score Peptides

(%) (%0)
SNCA 368.9 8 51.8 389.7 6 52.3
APOE 1047.9 38.7 1098.2 10 39.5
MAPIA 1722.4 51 60.9 619.4 24 45.7
MAP1B 2363.7 69 50.7 1397.2 54 37.8
MAP2 1034.8 7 17.8 3298.4 24 383
MAP4 670.4 9 329 1087.4 10 345
MAP6 287.9 8 30.6 439.9 11 39.7
Tau 604.5 13 379 704.4 15 36.8

Focused proteins are SNCA, APOE, MAP1A, MAP1B, MAP2, MAP4, MAPG6, and Tau. Ranking was performed with score reflecting detection sensitivity
and intensity of the ions, peptide fragment count of the protein listed, and percentage coverage of the full length.

involved in soluble AB-mediated neuronal cell death. While
AP and tau are the most well-studied contributors to synap-
tic degeneration in AD, we have focused on microtubule
binding proteins including MAP1A, MAPIB, MAP2,
MAP4, and MAP6 in addition to tau in Table 2. Interest-
ingly, dendritic markers such as MAP2 was dominantly and
stably co-localized with LMD samples from AB42 deposi-
tion and proteomic profiles representative of AB40 deposi-
tion is characterized with increased MAP1A and MAP1B
fragments, possibly representing A mediated synaptic dis-

organization process [41]. The current strategy of targeting
AP proteoforms together with in-depth proteomics from
postmortem brain tissues may expand key molecules to
unravel neurotoxicity of AP and its toxic conformer state,
for example, MAP1A, MAP1B and MAP2.

Integrating shotgun proteomics and MALDI-MSI with on
tissue digestion

Shotgun analysis for trypsin digested tissue extracts
was further introduced for human autopsy brain samples
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(D) SNCA (E) APOE

Protein Sequence Range m/z

(A) APP K.VESLEQEAANER.Q 439-450 | 1373.6423
(B) UCHL-1 R.VDDKVNFHFILFNNVDGHLYELDGR.M 154-178 | 2975.4566
(C) MAP2 K.MEFHDQQELTPSTAEPSDQKEK.E 159-180 | 2574.1544
(D) SNCA K.TVEGAGSIAAATGFVK.K 81-96 1477.777
(E) APOE R.AATVGSLAGQPLQER.A 210-224 | 1496.7947

Fig. 4.

Integrated MALDI-MSI and shotgun proteomics with LC-MS/MS. Visualization of APP, APOE, SNCA, UCHLI, and MAP2 proteins were

differentially visualized with AD (Case 2; lower panel) and Control (Case 1; upper panel) brain. Visualization of the peptides derived from each protein
are (A) APP: K. VESLEQEAANER.Q, m/z 1373.6423, (B) UCHL-1: R. VDDKVNFHFILFNNVDGHLYELDGR.M, m/z 2975.4566, (C) MAP2: K.
MEFHDQQELTPSTAEPSDQKEK.E, m/z 2574.1544, (D) SNCA: K. TVEGAGSIAAATGFVK.K, (E) APOE: R. AATVGSLAGQPLQER.A, m/z

1496.7947.

[32, 33]. A system equipped with Parallel Accumulation —
Serial Fragmentation (PASEF) for LC-MS/MS shotgun
analysis was applied to perform high-sensitivity and high-
speed mass analysis. As a result, proteins at the order of 103
and peptides at the order of 10* were detected per sample as
shown in Fig. 4. Fragments of proteins detected only in AD
brains were sorted from the raw data sets and ranking was
calculated based on a score value that comprehensively
reflected detection sensitivity, intensity, peptide fragment
count, coverage of the full length, error rate, and other fac-
tors.

Generally, molecules with higher score values are con-
sidered more reliable. Approximately 12,000 AD-specific
peptide fragments were identified. By integrating the patho-
logically specific peptide list obtained from shotgun analy-
sis with specific single peaks in sifu on imaging tissues, a
vast number of protein lists were effectively filtered.
Among these proteins annotated, the top 50 fragments were
extracted. Additionally, on tissue digestion was performed
for MALDI-MSI, and a receiver operating characteristic
(ROC) analysis was conducted on inter-sample peaks to
elect single peaks specific to AD brains. The m/z values of
AD-dominant peaks picked on imaging tissues and the m/z
values of fragments obtained from the extract were com-
pared, and visualization of each peptide fragment was con-
ducted. As a result, fragments of proteins known to be
related to AD, such as APP, ubiquitin C-terminal hydrolase-
L1 (UCHL1), MAP2, alpha-synuclein (SNCA), and

apolipoprotein E (APOE), were selected and visualized
from the top 50 AD-specific peptide fragments obtained
from abovementioned calculations. For example, peptide
fragments derived from APP were detected in white matter
dominant and cortical layer specific way in AD brains, sim-
ilar distribution pattern was noticeable in control brain with
much weaker intensity.

Lipid imaging of AD brains

Lipid imaging was performed on the serial sections of
abovementioned protein imaging of postmortem human
brains. As a result, clear and sharp demarcation between
white matter and grey matter as shown in Fig. 5 and Sup-
plementary data were obtained. Especially, phosphatidyl-
choline delineates underlying detailed layered structure of
cortices of occipital lobe. By contrast, cerebroside distribu-
tion is widely detected in white matter. Segmentation
method was applied for AD and control brains, and we
found that lipid profile in white matter from AD is discrim-
inative with that from control brain.

In this study, we have succeeded in visualizing heme
in both AD and control human brains. In both brains, heme
distribution is reflecting large vessels in leptomeningeal
areas and small vessels in parenchymal areas. In control
brain, heme distribution is sharply traced with vascular
structure, however, in AD brain, scattered dots derived
from heme were observed especially in white matter. This
can be a sign of microbleeds and or reflecting retarded



Spatial Multi-Omics Study of Alzheimer’s Disease 127

Control

AD/CAA

(©

(F) 4 [ Spectra: 116629, Distance: 0.0660141
4 X Spectra: 42565, Distance: 0.0926186
W 209
4 Spectra: 41756, Distance: 0.0423334
4 [ Spectra: 41498, Distance: 0.0109321
29929
11569
| 258
4 Spectra: 74064, Distance: 0.0094082
W 35413
W 37651
W 36

Fig. 5. Lipid imaging for frozen AD and control brains, occipital lobe with MALDIMSI. (A) to (D): Upper panel shows Control brain and lower panel
shows AD brain. (A) Potassiated phosphatidylcholine 32:0, m/z 772. (B) Potassiated cerebroside, m/z 851 (C) Distribution of Heme B, m/z 616 was
visualized with MALDI-MSI. (D) Merged figure. Red shows cerebroside, blue shows phosphatidylcholine, and green shows Heme. (E) Segmentation
analysis for Control and AD brains. (F) Substructure of segmentation analysis shown in (E). Bar = 5 mm.

blood brain barriers. This needs further examination to be
validated in the future study.

IV. Discussion

AP has existed as various proteoforms in AD brains,
and the focus has been on AP40 and AP42 at the C-
terminus. AP42 aggregates rapidly and is highly toxic, and
that AB43 is also highly toxic like ApB42. As most of the
reports relied simply on the analysis of protein extracts
obtained from brain tissue and frozen brain using antibod-
ies [30], it has been difficult to accurately distinguish the
exact molecular weight and chemical modification of pep-
tide fragments in a spatially resolved manner. Using the
MALDI-MSI method, we explored AP to the difference of
one amino acid at a time and clarified the distribution of A
in the postmortem brain for each molecular species [17,
20]. With this technology, we have originally identified the
presence of APl-41 and uniquely identified an antibody
that specifically recognizes this molecule which was origi-
nally generated by us [17]. Most importantly, the MSI
method revealed that AB1-42/43 and shorter AB1-36, 37,
38, 39, 40, and 41 had dramatically different distributions
depending on the length of only one amino acid, such as
perivascular or senile plaques [17, 20].

N-truncated AP proteoforms of AB43 such as ApP2—43
and AP3p—43 have been rarely detected in the previous
studies. C-terminal variation of AP peptides have been
extensively discussed to hypothesize two alternative y-

secretase-dependent product lines. APP is processed by y-
secretase at two e-sites and therefore generating two
membranes bound AP fragments AB49 and AP48, respec-
tively. Then AB49 is converted into AB46 as the second cat-
alytic step, which is converted into AP43 as the third
catalytic step. According to this hypothesis, AB2-43 and
APB3p—43 can be produced in line with Ap1-43 production.
Considering that N3pE-AB showed faster aggregation
kinetics [28], higher stability and increased neurotoxicity
compared with full-length AP, a minor difference in the
distribution of two peptides observed in this study can be
derived from peptide sequence—autonomous kinetics man-
ner. Thus, N-terminally modified AP peptides such as
N3pE-A may represent better therapeutic targets than full-
length AP.

Af4-42 has been detected in postmortem brains from
aged controls, patients with vascular dementia and AD
patients by several groups [36, 44] and by us [17, 20]. By
contrast, cerebrovascular amyloid was reported by Miller et
al. [29] to contain mainly AP peptides starting with
residues 1 or 2. In this study, N-truncated proteoforms of
AR including AB2—40, 3(p)—40, 4-40, 5-40, 640, 740, 8—
40, 940, and 11p—40 was visualized. Interestingly, distri-
butions of AP4-40 was predominantly noticeable in
parenchymal arterioles in comparison to large meningeal
arterial vessels. In our previous study, above-mentioned
distribution characteristics of AB4—40 was also noticeable
in Supplementary Files [17]; AB4—40/42 species showed
preferential localization within cerebral amyloid angiopa-
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thy (CAA) and cored plaques, strongly suggesting poor
clearance characteristics and consistent with the reduced
solubility and enhanced oligomerization of their synthetic
homologues. Furthermore, in vivo clearance studies demon-
strated a fast brain efflux of N-terminally truncated and
full-length monomeric forms whereas their oligomeric
counterparts, particularly of Ap4-40/42, consistently exhib-
ited enhanced brain retention.

As for localization of AB6—40 and AB6-42, from the
clinical standpoint of view, it is important to know that the
N-terminal substitutions, KM670/67INL (Swedish), A2V,
H6R (English), D7N (Tottori), and D7H (Taiwanese), are
known as toxic mutations [15, 23]. These diseases are char-
acterized by both increased AP production and increased
fibril formation. This suggests the possibility that these
mutations appear not only to affect the total production but
also to have a profound effect on the biophysical and toxic
properties of the AP peptides. Notably, the levels of
protofibrils generated from D7N or H6R Ab were markedly
inhibited despite enhanced fibril formation, N-terminal A
mutations may accelerate amyloid fibril formation by a
unique mechanism causing structural changes of AP pep-
tides. This is also highlighted that the increase in cross f-
sheet structures of AP correlated with cytotoxicity rather
than the ability to form stable oligomers [6]. Furthermore,
naturally occurring N-truncated or N-terminal mutated Ap
peptide will have a profound effect on the biophysical and
toxic properties in relation to metal binding property of
Hiso.

Extensive studies of blood biomarkers reflecting Ap,
tau, neurodegeneration and astrogliosis, have been devel-
oped and validated [2]. These markers, in particular, differ-
ent variants of phosphorylated tau (p-tau), exhibit high
performance in identifying AD pathology in the differential
diagnosis of cognitive decline and demonstrate excellent
prognostic performance to predict progression to AD
dementia [2]. In addition, p-tau variants in blood have been
validated against neuropathology exhibited at postmortem.
As changes of plasma AB42/40 and p-tau are elevated in
preclinical disease and might act as an integral enrichment
aid for AD trials, it is not known which of several recently
developed high-performing blood biomarkers has the best
performance for clinical trial selection and monitoring in
future clinical practice. The current strategy of targeting A
proteoforms together with in-depth proteomics from post-
mortem brain tissues may expand key molecules to unravel
neurotoxicity of Ab and its toxic conformer state, for exam-
ple, MAP1A, MAP1B and MAP2.

According to integrated MALDI-MSI and LC-
MS/MS, APP distribution is visualized widely in white
matter of AD brain as well as specific layer of grey matter
where AP proteoforms was noticeable in our intact MSI
results above-mentioned. Together with AD dominant APP
distribution, UCHL-1 distribution in grey matter of both
control and AD brains were quite specific to the layer
where AP depositions is most prevailing in AD samples

(Fig. 4). The current observation described herein may indi-
cate that altered ubiquitin signaling is an important compo-
nent of AD pathogenesis through processing APP into Ap.
As the current observation for APP and UCHL-1 were
quite limiting in number and space, reproducibility trial
will be necessary as the future experiments to be prepared
[7,25].

Under certain conditions, SNCA shows a marked
alteration in its membrane-binding capacity. Following a
conformational change, it tends to self-aggregate with other
similarly pathologically misfolded SNCA molecules and
with additional proteins, including ubiquitin [3]. This
pathological shift seems to be the initial event in a certain
neurodegenerative disease such as Parkinson Disease (PD)
and asking how nerve cells rapidly eliminate the abnormal
protein via ubiquitination and or proteasomal recycling is
common feature shared with current A neurotoxicity.

As for microtubule-associated proteins, relatively
macroscopic observation shown here by MAP2 distribution
in grey matter as well as leptomeningeal vessel walls were
significantly prominent in AD brains. This profile is quite
similar with APOE distribution. Although there are argu-
ments that integrating these two data sets obtained from
MALDI-MSI and LC-MS/MS need to be integrated, sev-
eral lines of evidence including our previous study [35] and
others [34, 38] will convince pathological relevance of the
current study.

Lipid metabolism is dysregulated in AD pathophysiol-
ogy, but the connections between AD and lipid metabolic
pathways are not fully understood. Mass spectrometry
imaging (MSI)-based approach has been extensively intro-
duced by Hanrieder et al. [13, 19, 21, 22, 28] to understand
lipidomic alterations associated with A plaque pathology
in genetic AD mouse models [19, 21, 22, 28] and post-
mortem human brain [13]. Recently, Huang et al. has suc-
ceeded in visualizing spatial lipid patterns in human AD
brain and genetic mouse models using desorption electro-
spray ionization (DESI)-based MSI integrated with imaging
mass cytometry of correlative protein signatures [16].
Those spatial multi-omics experiments identify plaque-
associated lipid metabolism that are dependent on progress-
ing plaque pathology in both mouse models and the human
brain.

Most importantly, we have succeeded in integrating
multi-omics evidence to unravel molecular pathology of
white matter in human postmortem brains. For example, we
have succeeded in visualizing heme distribution in
meningeal large vessels as well as parenchymal small ves-
sels for both AD and normal brains. Of note, in white mat-
ter of AD, there is a scattered heme distribution possibly
reflecting cerebral microbleeds. Heme has been proposed to
interact with AP and the formed AP-heme complex
exhibits peroxidase activity. Together with essential ele-
ments such as copper, zinc, and iron, heme bound to AP
may cause an enhanced cytotoxicity, which is emerging as
a promising cytopathology in AD. This also motivated us to
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develop multi-omics study including metallomics imaging
by LA-ICP-MS and TOF-SIMS targeting essential ele-
ments of iron, copper and zinc in relation to AP proteo-
forms in the future experiments.
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