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Abstract

One of the major hallmarks of Alzheimer’s disease (AD) pathology is the formation of extracellular
amyloid B (AB) plaques. While AR has been suggested to be critical in inducing and, potentially,
driving the disease, the molecular basis of AD pathogenesis is still under debate. Extracellular AB
plaque pathology manifests itself upon aggregation of distinct AR peptides, resulting in
morphologically different plaque morphotypes, including mainly diffuse and cored senile plaques. As
plague pathology precipitates long before any clinical symptoms occur, targeting the Ap aggregation
processes provides a promising target for early interventions. However, the chain of events of when,
where and what AB species aggregate and form plaques remains unclear. The aim of the current
study was to investigate the potential of MALDI-IMS as a tool to study the evolving pathology in
transgenic mouse models for AD. To that end, we used an emerging, chemical imaging modality —
MALDI imaging mass spectrometry — that allows for delineating AR aggregation with specificity at the
single plaque level. We identified that plaque formation occurs first in cortical regions and that these
younger plagues contain higher levels of 42 amino acid-long AR (AB1-42). Plaque maturation was
found to be characterized by a relative increase in deposition of AB1-40, which was associated with
the appearance of a cored morphology of the plaques. Finally, other C-terminally truncated AR
species (AB1-38 and ABR1-39) exhibited a similar aggregation pattern as AR1-40, suggesting that
these species have similar aggregation characteristics. These results suggest that initial plaque
formation is seeded by AB1-42; a process that is followed by plague maturation upon deposition of

AB1-40 as well as deposition by other C-terminally modified AB species.

Keywords: MALDI imaging, Alzheimer’s disease, beta-amyloid, plaque pathology, transgenics,

Introduction

The molecular basis of Alzheimer's disease (AD) pathology is still under debate. Formation of
extracellular amyloid 3 (AB) plaque pathology is the major pathological hallmark of AD and has been
identified to be critical in inducing and, potentially, driving AD pathogenesis (Hardy & Higgins 1992).
Amyloid plaque pathology develops upon aggregation of distinct AR peptides long before any clinical

symptoms occur (Braak & Braak 1991, Thal et al. 2002). Delineating the earliest events of evolving
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AB plaque pathology may therefore reveal the most decisive chemical factors that lead to toxic AR
build up and plaque pathology, respectively that in turn are promising targets for early intervention.
As in situ characterization of early plaque pathology in AD is not possible in living, young patients,
initial clues on early plaque formation have been deduced from Down syndrome (DS) patients that
exhibit AR plaque pathology resembling early plaque pathology in AD (Lemere et al. 1996, |keda et
al. 1989, Masters et al. 1985). Further, significant work has been presented to identify how plaque
formation is initiated by developing genetic mouse models that resemble human plaque pathology
(Quon et al. 1991, Higgins et al. 1994, Games et al. 1995, Hsiao et al. 1995, Hsiao et al. 1996,
Sturchler-Pierrat et al. 1997). However, it is still under debate what distinct, individual AB peptide
isoforms, including C- and N-terminal truncations, are involved in early accumulation and seed of AB
aggregation and plaque formation (McGowan et al. 2005, Page et al. 2008). into plaques. It is further
not fully understood, how the different AR species are involved in plaque maturation over age.
Theories suggest that seeding and maturation is primary driven by accumulation, aggregation,
deposition and N-terminal processing of Ap42, while AB40 has been identified in cored plaques
(lwatsubo et al. 1994, Saido et al. 1995). It remains however unclear what Ap peptides influence the
structural evolution of the plaque over time, leading to formation of, e.g., diffuse or more densely
packed, cored plaques (Nystrom et al. 2013, Rasmussen et al. 2017, Tycko 2015, Bitan et al. 2003)
and how this relates to associated neurodegeneration and cognitive deficits (Kuo et al. 2001,
Kawarabayashi et al. 2001).

Delineating the early steps in plaque formation at the scale of individual AB peptide species has been
limited by the analytical sensitivity and specificity of current biochemical tools used for AR imaging,
mainly immunohistochemistry (IHC). The advent of novel chemical imaging techniques such as
imaging mass spectrometry (IMS) greatly increases the resolution of these events (McDonnell &
Heeren 2007, Seeley & Caprioli 2008). In particular, matrix-assisted laser desorption/ionization
imaging mass spectrometry (MALDI IMS) is a powerful, emerging technology for comprehensively
delineating lipid, peptide and protein localizations in situ, while maintaining high chemical specificity
(Hanrieder et al. 2015, Hanrieder et al. 2013, Michno et al. 2018b). In the context of AD, MALDI IMS
has been demonstrated to be a powerful tool to measure AR peptide pattern in situ at single plaque
resolution (Carlred et al. 2016, Kaya et al. 2017, Michno et al. 2018a, Michno et al. 2019, Michno et
al. 2018b, Kakuda et al. 2017, Rohner et al. 2005, Stoeckli et al. 2006, Seeley & Caprioli 2008).
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In the present study, we set out to employ MALDI IMS to follow aggregation for individual A peptide
species on a single plaque level in a transgenic mouse model of AD (tgAPPsy.) that exhibited
evolving, heterogenous plaque pathology with age (Lord et al. 2006, Lord et al. 2011).

The aim of the current study was to investigate the potential of MALDI-IMS as a tool to study the
evolving heterogenous plaque pathology in transgenic mouse models for AD. The results show that
early plaques at 12 months are more diffuse in nature and contain higher levels of AR 1-42. With age,
cored plaques are formed upon deposition of AR 1-40 and other C-terminal AB species, while diffuse

plaques at later ages still contain higher levels of AR 1-42.

Methods

Chemicals and reagents

All chemicals for matrix and solvent preparation were pro-analysis grade and obtained from Sigma-
Aldrich (St. Louis, MO, USA). TissueTek optimal cutting temperature compound was purchased from
Sakura Finetek (Cat.#: 4583, AJ Alphen aan den Rijn, The Netherlands). The ddH,O was obtained
from a milliQ purification system (Merck Millipore, Billerica, MA, USA).

Animals and Tissue Collection

Male, transgenic mice with a C57BL/6-CBA-F1 background harboring the Swedish APP mutation
(tgAPPs,e) (Lord et al. 2006, Lord et al. 2011) were reared in an animal facility at the Swedish
Veterinary Institute, Uppsala. This exploratory animal study was not pre-registered. No
randomization, blinding and sample calculation was performed. No exclusion criteria were pre-
determined and no animals were excluded. Mice at age: 6, 9 months (n=1/group), as well as 12, 18
and 23 months of age (n=3/group) were analyzed in the current study (Figure 1A). A number of with
N=3 technical replicates per mouse were analyzed to determine the technical variability.

The animals were reared ad libitum in an under a 12/12-hlight/dark cycle (Lord et al. 2006). The
animals were anesthetized with isoflurane to minimize suffering and killed by decapitation. The
brains were dissected quickly (3 min. postmortem delay) and snap-frozen by immerging the brains in
dry ice. All animal procedures were approved by an ethical committee and performed in compliance
with national and local animal care and use guidelines (DNr #C17/14 at Uppsala University). Frozen
sagittal tissue sections (12um thick) were collected at lateral 1.1-1.35mm using a cryostat microtome
(Leica CM 1520, Leica Biosystems, Nussloch, Germany) operating at -18°C. The sections were

collected on indium tin oxide (ITO) coated, conducting glass slides (Cat.#: 237001, Bruker Daltonics,

This article is protected by copyright. All rights reserved



Bremen, Germany), and stored at -80°C. Prior analysis, tissue sections were thawed under vacuum
for 1 hour (Figure 1Bl).

MALDI IMS Sample Preparation and Matrix Application

For protein imaging, we employed a previously validated protocol for robust peptide and protein
imaging (Seeley et al. 2008). In detail, tissue sections were subjected to sequential washes of 99.9%
EtOH (Cat # V002075; Sigma Aldrich) (60 s), 70% EtOH (30 s), Carnoy’s fluid (6:3:1
EtOH/CHCly/acetic acid) (90 s), 99.9% EtOH (15 s), H,O with 0.2% TFA (Cat #T6508; Sigma Aldrich)
(60 s), and 99.9% EtOH (15 s). As previously reported, tissue was exposed to concentrated formic
acid (FA) vapor in order to enhance AB peptide signal (Kakuda et al. 2017), which however
compromises detection of other intact protein signals. 2,5-Dihydroxy-acetophenone (2,5-DHA) was
used as matrix compound (Cat.#: D107603, Sigma Aldrich) and applied using a TM Sprayer (HTX
Technologies, Chapel Hill, NC, USA) (Figure 1BIl). A matrix solution of 15 mg/mL 2,5-DHA in 70%
ACN/2%CH3;COOH/2%TFA was sprayed onto the tissue sections using the following instrumental
parameters: nitrogen flow (10 psi), spray temperature (75°C), nozzle height (40 mm), eight passes
with offsets and rotations, and spray velocity (1000 mm/min), and isocratic flow of 100uL/min using
70% ACN as pushing solvent. Following matrix deposition, the preparations were recrystallized as
described previously (Yang & Caprioli 2011). Here, the slides were mounted with copper tape on the
inner side of the top lid of a Petri dish (100 mm diameterx15 mm deep, Cat # 75845-546, VWR,
Radnor, PA) with a filter paper pipetted with 5% methanol and placed on the lower part of the dish.

The glasses were closed and placed in an oven at 85°C for 3 min.

MALDI imaging MS

MALDI-IMS was performed on a MALDI TOF/TOF UltrafleXtreme mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with SmartBeam Il Nd:YAG/355 nm laser. Protein MS data
were acquired over a mass range of 2-20 kDa, running in linear positive mode (Figure 1BlIl). The
apparent mass resolution was m/Am=1000 (FWHM) at m/z 4515, which was well in line with the
reference values for this mass range provided by the manufacturer. A number of 50 laser
shots/raster spot were acquired at 1 kHz laser repetition rate. The laser beam focus was set to
‘small’, resulting in a lateral resolution of 25 um. Image data were reconstructed; total ion current

(TIC) normalized and visualized using the Flex Imaging software (v.3.0, Bruker Daltonics). External
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calibration was performed from calibrant solution spots (Protein Calibration Mix 1, Bruker Daltonics)

that were placed adjacent to the tissue slides.

Statistical Analysis: Data Processing and Image Data Segmentation

Prior to analysis, all spectra were calibrated externally using the batch-processing function in Flex
Analysis (v 3.0, Bruker Daltonics). Image analysis of the IMS data was performed in SciLS (v2015,
Bruker Daltonics). Spatial segmentation using bisecting k-mean clustering was performed in order to
identify characteristic proteins distribution patterns and to aid in region of interest (ROI) identification
yielding clusters also annotated as pseudo-objects that localized to plaque feature. ROls in aligned
imaging MS data were annotated, based on the pseudo-objects, i.e. clusters, obtained through
segmentation, the average MS spectra of the annotated ROIs were exported as *.csv files from
Flexlmaging. All ROI data (10-15 plaques per subtype per region) were imported into Origin (v. 8.1,
OriginLab, Northhampton, MA, USA) and peaks were detected on average spectra of each ROI
using the implemented peak analyzer function. The determined bin borders for peak integration were
exported as tab-delimited text file followed by binning of all ROl average spectra using an in-house-
developed R script (peak-bin), as described previously (Hanrieder et al. 2011). The extracted
average peak data from the different plaque-ROI were subjected to log2 transformation to make
variation similar across orders of magnitude and to achieve a more normal distribution of the data.
This was followed by univariate statistical comparisons of the respective plaque subtypes (diffuse
and cored) for each animal, for a given age and region by means of paired, two tailed t-test (p<0.05)
using Prism (v.7, GraphPad, San Diego, CA, USA). The technical variation as a consequence of
sample preparation was determined by evaluating N=3 replicate sections obtained from the same
animal and prepared and analyzed individually. Here spectral data of cortical plaque ROl were
compared and gave an RSD of 11%. Further, Stability of Sample Preparation was determined
through cross evaluation of plaque free control areas by plotting all intensity values for each mass
signal in between two consecutive experiments on technical replicates from the same mouse brain.
Plots for experiment pairs show linearity of the relation between experiments verifying the stability

and reproducibility of measurements (Supplemental Figure 1).
AB plaque isolation, AB immunoprecipitation and MS/MS verification

Laser microdissection pressure catapulting (LMPC) was done using a PALM Microbeam LMPC

microscope (Zeiss) equipped with a 355 nm pulsed UV-laser. The isolated amyloid aggregates were
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extracted with 50uL of 99% formic acid. The samples were then neutralized to pH 7 using 0.5M Tris
and AR peptides were then purified through immunoprecipitation using AB-specific antibodies AB 1-
16 (6E10, RRID: AB_2564652) and AB 17.24 (4G8, RRID: AB_662812; both Signet Laboratories,
BioLegend, San Diego, CA, USA)], coupled to magnetic Dynabeads M-280 Sheep Anti-Mouse
(RRID:AB_2783009, Thermo Fisher, Carlsbad, CA, USA) as described previously (Rasmussen et al.
2017, Portelius et al. 2007). The supernatant was collected and dried through lyophilization. Mass
spectrometric comparison of the samples was performed using a MALDI TOF/TOF UltraFleXtreme
instrument (Bruker Daltonics) as described previously using a-Cyano-4-hydroxycinnamic acid
(CHCA) as matrix (Cat.#: C8982, Sigma Aldrich). Further, to verify the identity of the observed
peptides, an LC-MS/MS analysis, was carried out using a Q Exactive quadrupole-orbitrap hybrid
mass spectrometer equipped with a heated electrospray ionization source (HESI-II) (Thermo
Scientific, Waltham, MA, USA) and UltiMate 3000 binary pump, column oven, and autosampler
(Thermo Scientific), as previously described (Pannee et al. 2016), but with the Q Exactive operated
in data dependent mode. Briefly, the resolution settings were 70,000 and target values were 1x106
both for MS and MS/MS acquisitions. Acquisitions were performed with 1 micro scan/acquisition.
Precursor isolation width was 3 m/z units and ions were fragmented by so-called higher energy
collision induced dissociation (HCD) at a normalized collision energy (NCE) of 25. Spectra were
deconvoluted using Mascot Distiller before submission to database search using the Mascot search
engine (both Matrix Science) as described previously (Brinkmalm et al. 2012). The MS/MS spectra
were searched toward the SwissProt database containing the mutant human APP sequence using
the following search parameters: taxonomy; Homo sapiens, precursor mass + 20 ppm; fragment
mass + 0.05 Da; no enzyme; no fixed modifications; variable modifications including deamidated
(NQ), Glu->pyro-Glu (N-term E), oxidation (M); instrument default.

Fluorescent amyloid staining

Following MALDI analysis, fluorescent plaque imaging was performed using luminescent conjugated
oligothiophene (LCO) amyloid probes (Klingstedt et al. 2011) as previously described, with few
modifications (Michno et al. 2018a). Shortly, sections were rinsed in absolute EtOH for 60s, fixed in
99.9%EtOH at -20°C for 8 min, 70%EtOH at -20°C for 30sec, 70%EtOH at RT for 30sec, and stored
in PBS prior to staining. For amyloid staining, 30 minutes incubation with heptamer-formyl thiophene
acetic acid (h-FTAA) (1.5uM) was used (Klingstedt et al. 2011, Nystrom et al. 2013). Following
staining tissue was washed three times 1 min in PBS (Cat.#: P9416, Sigma Aldrich) , and dried at
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RT. Overview imaging was performed using a wide-field microscope (Axio Observer Z1, Zeiss, Jena,
Germany) with a Plan-Apochromat 10x/0.3 DIC objective and a 38 HE-AF488 filter (Ex: BP 479/40;
Em: BP 525/50). Fluorescent images were imported into the SciLS software and aligned with the

imaging data.

Immunohistochemistry

For antibody-based staining, tissue was fixated with 4% PFA in PBS for 20 min. Sections underwent
antigen retrieval in citrate buffer (25mM, pH 7.3) at 86°C for 20 min followed by treatment with 70%
formic acid for 5min at RT. Endogenous peroxidase activity was blocked with peroxidase blocking
reagent (Cat.#: S202386-2, DAKO, Agilent, Santa Clara, CAQ, USA)) for 20min followed by 3%
hydrogen peroxide (Cat.#: 7722-84-1, Sigma Aldrich) in PBS for 20min. Sections were permeabilized
with 0.4% Triton X-100 (Cat.#: T8787, Sigma Aldrich) in PBS for 30 minutes. Unspecific binding was
blocked with 5% normal goat serum (Cat.#: S-1000, Vector Laboratories Inc, Burlingame, CA, USA.)
for 1h. The sections were incubated with custom-made primary polyclonal anti-AB40 and anti-Ap42
antibodies (Agrisera AB, Vannas, Sweden) in PBS-TWEEN® 20 (0,1%) (Cat.#: P9416, Sigma
Aldrich) at 4°C overnight. The secondary biotinylated goat anti-rabbit antibody (Cat.#: BA-1000,
Vector Laboratories) was applied for 2h at RT followed by 1h incubation with avidin/biotin complex
(Cat.#: PK-7100, Vector Laboratories). The visualization of the staining was performed with the SK-
4800 peroxidase substrate kit (Cat.#: SK-4800, Vector Laboratories) for 20 seconds and mounted
with DPX mounting media (Cat.#: 06522, Sigma Aldrich).

Results

MALDI IMS and Multivariate Image Data Analysis Reveal Chemical Heterogeneity of Amyloid
Plaque Pathology

We here set out to follow aggregation for AB peptide species on a single plaque level in a transgenic
tgAPPswe mice. For this we analyzed the AB composition of single plaques, in relation to plaque
morphology, at different time points. Here the aim was to identify the relation of distinct AR signatures
associated with heterogeneous plaque formation.

We employed MALDI imaging to probe the distinct AB peptide composition of evolving amyloid
plague pathology in 6-, 9-, 12-, 18-, and 23-month-old tgAPPswe mice. Following data acquisition,
spatial segmentation using bisecting k-means cluster analysis of the multivariate IMS data was

performed in order to reveal a histologically relevant localization pattern associated with plaque
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pathology. For 6- and 9-month-old mice, no plaque pathology was observed in general
(Supplemental Figure 2). For 12-month old mice, plaque-like features were detected in the
somatomotor cortex of all animals but not in the somatosensory cortex and hippocampus (Figure
2A.1-D.1). The associated chemical species was contained in the derived pseudo-objects.

For 18-month-old (Figure 2A.II-D-1l) and 23-month-old (Figure 2A.1II-D.III, Supplemental Figure 2)
animals, pronounced plaque deposition was observed in the somatomotor cortex, somatosensory
cortex and the hippocampus. Interestingly, for all mice at 18 and 23 months, spatial segmentation
revealed two prominent clusters associated with these plaque features, suggesting both a distinct
chemical but possibly also structural heterogeneity among these deposits. Therefore, to verify the
identity of the pseudo-objects identified through spatial segmentation as amyloid plaques,
subsequent fluorescent amyloid staining of the MALDI IMS-analyzed tissue was performed. Careful
alignment of brightfield tissue scans with the fluorescent images, and thereafter the cluster images
obtained through spatial segmentation, revealed the pseudo-objects that matched the amyloid-
positive deposits (Figure 3A.I-AlV). Further inspection of the individual pseudo-objects in respective
anatomical regions, including somatomotor cortex (Figure 3B.I-BIV), somatosensory cortex (Figure
3C.I-C.1V) and hippocampus (Figure 3D.I-DIV), revealed the presence of a core to be associated
with one of the plaque pseudo-objects (green), while no core but rather diffuse fibrillary structures to
underlie the other (yellow). Finally, spatial correlation analysis of the m/z peaks with the clusters
present in 12-, 18-, and 23-month old animals (Figure 4A.I-A.lll) displayed predominant localization
of different individual mass peaks at m/z 4000-4600 across the anatomical regions. Putative
assignment based on intact mass identified these peaks to corresponding to differentially C-
terminally truncated AR peptides (Figure 4B.1-B.1lI).

None of the detected peptides were post-translationally modified, which are generally low abundant
in this mouse model and could not be detected due to limited sensitivity of IMS over analysis of
whole tissue extract (Wittham et al. 2012).

To further validate the peptide identities, we performed laser microdissection of amyloid positive
plaque features followed by immunoprecipitation and peptide identification using liquid
chromatography hyphenated to high resolution mass spectrometry (LC-MS). Here we identified AB1-
42 (Figure 4C.I-C.III) and AB1-40 (Figure 4D.I-D.1II), but also AB1-39 (Figure 4E.I-E.III), AB1-38
(Figure 4.FI-F.lIII), and Ap1-37 (Figure 4G.I-G.lll), to underlie the diverse pseudo-objects
(Supplemental Table 1, Supplemental Figure 3A-E).
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Evolving Amyloid Plaque pathology is reflected by an increased AB1-40/AB1-42 ratio

In order to identify the chemical difference between the individual pseudo-objects identified in k-
means cluster analysis that were corresponding to AR plaques, those objects, were annotated as
plaque type specific regions of interests (ROI) followed by evaluating ROI deduced IMS spectral data
through univariate statistical analysis.

Here, plaques with a primarily diffuse structure present in the somatomotor cortex of 12-month-old
mice (Figure 5A.1), show equal amounts of AB1-42 (Figure 5B.l) and AB1-40 peptides (Figure 5C.1) in
equivalent amounts, clearly seen in the overlay image (Figure 5D.I). In contrast, for the 18-, and 23-
month-old mice, we identified the AB1-42 peptide (Figure 5B.II-B.V) primarily in plaques belonging to
the pseudo-object that appeared to be associated with the diffuse plaques (Figure 5A.lll, A.V). In
contrast, AB1-40 peptide (Figure 5C.1I-C.V) was found to be associated with a pseudo-object that
corresponded to the cored plaques (Figure 5A.11, A.l1V).

Investigation of the overlay images (Figure 5D.II-D.V) revealed the AB1-42 to also be present in the
periphery of the cored plaques. These data were further validated through IHC, showing similar
distribution patterns of AB1-42 and AB1-40 for the different plaque morphologies and the different
ages (Supplemental Figure 4).

Further, given this characteristic deposition pattern of AB1-42 and AB1-40, we compared the AB1-
40/1-42 across the diffuse and cored plaque populations in somatomotor cortex, hippocampus, and
somatosensory cortex, for the respective ages.

Here, plaques in the somatomotor cortex of 12-month old animals displayed an intermediate peptide
profile. Specifically, at 12 months, AB1-40/1-42 was two-fold higher in these plaques as compared to
diffuse plaques at 18-, and 23-months. Further, at 18-, and 23-months, the AB1-40/1-42 ratio was
four-fold higher in cored plaques as compared to diffuse plaques (Figure 5E.1). This relative increase
of AB1-40/1-42 in cored plaques at 18-, and 23-months was based on a 2-fold increase of AB1-40 in
cored plaques at this age and a 2-fold decrease in AB1-42 peptide. The relative decrease in AB1-
40/1-42 as compared to the diffuse plaques at 18-, and 23-months was based on a 2-fold increase of
AB1-42 in diffuse plaques. For plaques in the hippocampus and somatosensory cortex, AR1-40/1-42
peptide ratio was also four times higher in cored plaques than in diffuse plaques both in both 18-,
and 23-month-old animals (Figure SE.II-E.III).

For the individual signal intensites of AB1-42 and AB1-40, the results show that the levels of AB1-42
in diffuse plagques were two times higher than in cored plaques for both 18-, and 23-month-old

animals (Supplemental Figure 5A). In contrast, the ion signal of AB1-40 was more than two times
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higher, in cored plaques for both 18-, and 23-month-old animals and across all regions
(Supplemental Figure 5B). No significant differences were found in either AB1-42, AB1-40 or the
AB1-40/1-42 peptide ratios between regions and between 18-, and 23-month-old animals. Further,
AB1-42 did not correlate with the AB1-40 in neither the diffuse, nor cored deposits (Supplemental
Figure 5C). As both IMS and IHC analyses could represent solely the surface peptide distribution of
the various AR species we performed laser microdissection of individual plaque morphotypes with
subsequent immunoprecipitation (IP) and MALDI MS analysis. Here, similar trends of relative A 1-
40 deposition in cored plaques were observed with an relative higher ratio of AB1-40/1-42 in cored

plagues thereby further validating the IMS data (Supplemental Figure 6).

C-terminally Truncated AR Peptides are Associated with Heterogeneous Plaque Morphology
Following image analysis, the spatial correlation analysis of the m/z peaks with the pseudo-objects,
revealed AR plaques to consist of several shorter AR peptides with C-terminal truncations. Here, an
intermediate mix of both AB1-40 and AB1-42 was observed in early, cortical, plaques at 12 months
(Figure 6A.1, Supplemental 4A,B), while at 18 and 23 months, a predominance of AB1-40 was
observed for cored plaques (Figure 6A.1l, A.lV, Supplemental Figure 4C,E) along with higher levels
of AB1-42 in diffuse plaques (Figure 6A.lllI, A.V, Supplemental Figure 4D,F).

In addition to the full length peptides, the shorter C-terminally truncated AR species (AB1-39, Figure
6C.I-V; AB1-38, Figure 6D.I-V; and AB1-37, Figure 6E.I-V) displayed distinct distribution patterns in
diffuse and cored plaques. AB1-39 (Figure 6C.V), AB1-38 (Figure 6D.V), and AB1-37 (Figure 6E.V)
were consistently observed in early plaques in somatomotor cortex of the 12-month-old animals. In
contrast, in the older mice (particularly so in 23-month old mice), AB1-39 appeared to localize mainly
to the cored plaques (Figure 6C.II, C.IV), not to diffuse (Figure 6C.1II, C.V). AB1-38, exhibited a
similar pattern, but localization to cored plaques (Figure 6D.II, D.IV) was much more pronounced; the
peptide was not detectable in diffuse plaques (Figure 6D.lll, D.V). This pattern was very similar to
that of AB1-40 (Figure 6B.I-V), described earlier. Finally, AB1-37 was not reliably detected in plaques
from older animals (Figure 6E.II-V).

Given the characteristic single ion distributions for these peptides, we evaluated the corresponding
ion signal from individual regions of interests (ROI), which were previously outlined based on the
pseudo-objects. In 23-month old mice, AB1-39 was consistently higher in cored as compared to

diffuse deposits in all of the somatomotor cortex (Figure 6F.l), hippocampus (Figure 6F.II) and
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somatosensory cortex (Figure 6F.lll). Further the difference between cored and diffuse plaques was
also present in the somatomotor cortex for the 18-month old animals.

In agreement with the single ion images, the AB1-38 was significantly more abundant in cored as
compared to diffuse plaques, for both the 18-, and 23-month-old animals, also in all of the
somatomotor cortex (Figure 6G.I), hippocampus (Figure 6GF.lIl) and somatosensory cortex (Figure
6G.lll). In contrast, the signal intensity of AB1-37 did not appear to differ between diffuse and cored
plaques in 18-, and 23-month-old animals, for either of the anatomical regions (Figure 6H.I-H.III).
Finally, we evaluated the similarities in localization patterns between the shorter C-terminally
truncated peptides and AB1-40, respective AB1-42 for cored and diffuse plaques across regions.
Here, regression analysis revealed a positive correlation between AB1-39 and ABR1-40 for the cored
plaques (Figure 6F.1V), but not among the diffuse ones (Figure 6F.V). Further, AB1-38 had strong
correlation with the signal of AB1-40, across both the cored (Figure 6G.IV) and diffuse (Figure 6G.V)
plaques. In contrast, no correlation was found between ABR1-37 and AB1-40 for either of the plaque
populations (Figure 6H.1V, H.V). None of the peptides correlated significantly with AB1-42, although a

clear positive trend was observed for AB1-38 and AB1-42 in cored plaques.

Discussion

In the present study, we set out to employ MALDI Imaging mass spectrometry to follow aggregation
for individual AB peptide species on a single plaque level in a transgenic mouse model of AD
(tgAPPswe). The aim was to investigate the potential of MALDI-IMS as a tool to study the evolving
pathology in transgenic mouse models for AD. This is important as heterogenous plaque pathology is
both characteristic for sporadic and familial AD as well as for Downs syndrome (lkeda et al. 1989,
Lemere et al. 1996). The here used tgAPPsywe mouse model was chosen to study evolving AB plaque
pathology, as these displays heterogenous plaque pathology with an initial formation of smaller
cored AR deposits at 10-12 months, followed by further exponential deposition of cored, and some
diffuse plaques until full-blown pathology is reached at 18 months, (Philipson et al. 2009, lwatsubo et
al. 1994, Kuo et al. 2001). Our results show that for this mouse model plaque pathology precipitates
in cortical regions where earlier formed plaques contain higher levels of AB1-42. This changes
gradually upon plaque maturation over time; more mature plaques were found to be characterized by

increased abundance of AB1-40. These data suggest that initial plaque formation is seeded by ApR1-
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42 and followed by plaque maturation upon deposition of AB1-40, as well as other C-terminally
modified AB species i.e. AB1-38, AB1-39.

In line with these data, plaque pathology associated deposition of multiple C-terminally truncated
peptides (AB1-37, AR1-38, AB1-39 and AB1-40) was previously described for familial AD (FAD)
cases with the Swedish APP mutation (Reinert et al. 2014, Reinert et al. 2016) as well as in various
transgenic mouse models carrying this mutation (Reinert et al. 2016, Hsiao et al. 1996,
Kawarabayashi et al. 2001, Kuo et al. 2001).

IHC studies did not identify any AR plaque pathology in young 6-, and 9-month- old mice in AD
models based on the Swedish mutation (Philipson et al. 2009, Iwatsubo et al. 1994, Kuo et al.
2001). Therefore, we did not expect to find any AR plaque pathology at these ages, and
consequently analyzed only one animal for each of those ages. Indeed, in agreement with other
studies, no AB signal was observed in these mice (Philipson et al. 2009, lwatsubo et al. 1994, Kuo et
al. 2001). AP plaque deposition, although sparse, was first observed in 12-month-old mice (primarily
in the somatomotor cortex). This is consistent with previous studies on tgAPPswe mice, where the
first signs of cored AR plaque pathology did develop in the neocortical regions (Sturchler-Pierrat et al.
1997, Kawarabayashi et al. 2001, Kuo et al. 2001, Philipson et al. 2009). This is also consistent with
the tissue specificity of the promoter giving the highest expression of human APP in the cortical brain
region (Howlett 2011, Lord et al. 2006).

Spatial image segmentation, based on the chemical signature present in the MALDI IMS data sets,
also revealed two key pseudo-objects being present in the 12-, 18-, and 23-month-old animals.
Subsequent fluorescent amyloid staining of the MALDI IMS analyzed tissue identified these pseudo-
objects to correspond to AB plaque, which either possessed a prominent core, or were diffuse in
nature. Surprisingly, the presence of only two pseudo-objects across the three analyzed anatomical
regions, (MO-ctx, SS-ctx, HIP), suggested that except differences between these plaque types, only
minor differences were present between the AR plaques in these regions. The primary chemical
differences was therefore attributed to morphology i.e. cored and diffuse plaques and not the area of
plaque formation.

The tgAPPswe mouse model appeared to exhibit primarily C-terminally truncated peptides. Here, as
previously shown through IHC, AB1-40, AB1-39, AB1-38, and AB1-37 were observed along besides
the commonly recognized AB1-42 (Reinert et al. 2016). In agreement with the previous
observations in tgAPPacswe Mice, AR1-40 was found to be the primary peptide (Carlred et al. 2016).
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No consistent changes of N-terminally truncated AR peptide were detected across all the mice,
presumably due to their very low abundance.

With respect to the associated chemistry, the two pseudo-objects corresponding to the cored and
diffuse plaques differed primarily by the dominant presence of the AB1-40 in the cored plaques, and
that of AB1-42 in the diffuse AB deposits. Interestingly, while the ratio of the Ap1-40/1-42 peptide
ratio was roughly four-fold higher in cored as compared to diffuse plaques in 18-, and 23-month-old
animals, plaques present in the 12-month-old mice displayed an AB1-40/1-42 peptide ratio that was
intermediate to that of those two plaque subtypes in older animals. This suggests that while the
plagues in the 12-month-old mice might be sparse and not exhibit an as dense center as cored
plagues in 18-, and 23-month old mice, they are more mature than the diffuse plaques in the older
animals.

This could be a result of a localized “sink effect”, where plaque growth is based on the presence of
the AB peptides available in the proximity of the plaque seed. In the presence of only few plaque
seeds, AB1-40 and other peptides aggregate quickly into the newly formed plaques. In older mice,
however, where the pathology is far more developed, new plaque seeds are formed at a higher rate,
resulting in local regions that may be AR1-42-saturated, leading to a more heterogeneous AR plaque
population with more diffuse plaques. Along this line, in the 18-month-old animals the significant
difference in the AB1-40/1-42 ratio can be attributed primarily to the increased abundance of AB1-40
in cored plaques, as AB1-42, even though more abundant in diffuse plaques, is not significantly
different. In contrast, in the 23-month-old animals, not only AB1-40, but also ABR1-42 differed
significantly between the cored and diffuse plaques. Overall, this would suggest that the process of
an individual plaque maturation, as represented by core formation, is accompanied by deposition of
C-terminally truncated peptides, with AB1-40 being the key peptide. Indeed, previous conventional
immunohistological assessment of transgenic APP mice showed prominent ABx-40 immunoreactivity
for plaque cores, whilst ABx-42 was found to stain mostly the periphery, as well as diffuse deposits
(Kuo et al. 2001, Philipson et al. 2009, Kawarabayashi et al. 2001). Our study corroborates these
findings, while adding further support with respect to molecular specificity and resolution.

The differential localization pattern and aggregation dynamics of AB1-42 and AB1-40 can be
attributed to the propensity of AB1-42 to rapidly convert from monomers to form oligomers and then
fibrils (Ahmed et al. 2010, Esbjorner et al. 2014). The higher levels of AB1-42 in diffuse hippocampal
deposits could therefore reflect an essential role of these peptide species in the initial seeding of AR

aggregation and plaque formation.
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In further support of this, we observed shorter AR peptides (AB1-37, 1-38, 1-39) to be primarily
present in cored but not diffuse deposits in older mice. Interestingly, similar to AB1-40, AR1-38
differed between cored and diffuse plaques, across all the three regions, for both 18-, and 23-month-
old mice. The longer AB1-39 peptide, while clearly elevated in all cored plaques, was found to be
changed in 23-month-old mice, as well as in the somatomotor cortex of 18-month-old mice. Both
AB1-38 and AB1-39 correlated with AB1-40, and with one another, across all cored deposits. Further,
AB1-38 was found to correlate with AB1-40 in diffuse plaques, while no correlation was found
between AB1-37 and any of the other peptides.

Mechanistically, formation of the shorter C-terminally peptides: AB1-37, Ap1-38, and AB1-39, is
considered a result of sequential processing of the APP C-terminal fragment (3-CTF) by y-secretase
(Nunan & Small 2000). Recent studies have shown that prior to this processing, -CTF is initially
subject to e-cleavage either at Thr-48 or Leu-49, with consecutive loss of tripeptides, resulting in
preferential production of AB1-40 from Leu-49, or AB1-42 from the Leu-49 cleavage (Chen et al.
2014, Funamoto et al. 2004). However, cleavages at every fourth, fifth and sixth amino acid have
also been proposed (Matsumura et al. 2014). Yet, while differential processing is possible, formation
of AB1-38 has been shown to be independent of AB1-42 (Czirr et al. 2008, Page et al. 2008), which
is also in line with our observation. Overall, this suggests that these shorter C-terminally truncated AR
variants co-aggregate with AB1-40 within a plaque upon plaque maturation rather than being formed
on site from pre seeded 1-42.

It is important to highlight that the Swedish mutation in the mouse model for AD studied here, is a
rather unique mutation that is outside of the N-terminus of the AB peptide. Therefore, it results in an
increase of total AB. In difference, the majority of AD associated APP mutations are present either
within the AB-sequence, or C-terminally. This leads to either increase in aggregation propensity of
the peptides, or an altered AB42/40 ratio. Therefore, while outside of the scope of this study, it would
be highly relevant to perform similar analysis in other mouse models with intra AB or C-terminal
mutations (e.g. Arctic and London). Yet, the majority of the AD cases are sporadic, and are believed
to be caused by a misbalance in the general AB production or clearance. Therefore, in terms of APP
mutations the Swedish mutation could be argued to actually be the most suited mutation to model
sporadic AD.

In addition to AB plaques, human AD pathology is associated with presence of neurofibrillary tangles

composed of hyperphosphorylated tau protein. Therefore, analysis of a mouse model that
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recapitulates both of these pathologies (e.g. 3xTg, also including a presenilin-1 mutation) could
potentially be more relevant due to the potential interplay between AR and tau (Nisbet et al. 2015).

In summary, we used MALDI imaging MS in tgAPPswe mice of different ages to delineate evolving
amyloid pathology at the peptide scale on the single plaque level. We identified that plaque formation
occurs first in cortical regions and that these newly formed plaques contain higher levels of AB1-42.
Plaque maturation over time was found to be characterized by increased deposition of ApR1-40.
These data suggest that initial plaque formation is seeded by AB1-42 and followed by plaque
maturation upon deposition of AB1-40, as well as other C-terminally truncated AB species through

secondary nucleation.
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Abbreviations

AD — Alzheimer’s Disease

AB - Amyloid-8

APP - Amyloid precursor protein

hFTAA - heptamer-formyl thiophene acetic acid
HIP — hippocampus

IHC — immunohistochemistry

IP - immunoprecipitation

LC-MS - liquid chromatography mass spectrometry
LCO - luminescent conjugated oligothiophenes
LMPC laser microdissection pressure catapulting

MALDI IMS - matrix-assisted laser desorption/ionization imaging mass spectrometry

This article is protected by copyright. All rights reserved



MO — somatomotor cortex

ROI — region of interest

RRID, Research Resource Identifier (see scicrunch.org)

SS - somatosensory cortex

tgAPPs,e — transgenic mice harboring the Swedish APP mutation
TIC — total ion current

TOF — time of flight

Figure Legends

Figure 1. Schematic outline of the study. (A) Transgenic mice (tgAPPswe) at age: 6, 9 months
(n=1/group), as well as 12, 18 and 23 months of age (n=3/group) were analyzed in the current study.
Animals were anesthetized with isoflurane and killed by decapitation followed by brain isolation and
snap freezing. (B.I) Cryosections were collected followed by matrix application (B.Il) and MALDI

imaging analysis (B.III).

Figure 2. Spatial segmentation for ROl Annotation of MALDI-MS imaging data from tgSwe animals of
different ages. Hippocampus (HIP), somatosensory cortex (SS) and somatomotor cortex (MO) of (A.lI) 12-
month-, (A.Il) 18-month-, and (A.lll) 23-month-old APP transgenic mice harboring the Swedish APP mutation
were chosen for the MALDI-MS imaging analysis. Follow-up spatial segmentation of imaging MALDI-MS data,
and its partial overlay with the anatomical regions revealed, (B.I) rare in 12-month-old, but prominent in (B.II)
18-month, and (B.IIl) 23-month-old mice, plaque-like features being present in the those regions for respective
ages. (C) Investigation of (C.I-lll) spatial segmentation images and corresponding (D.I-Ill) dendrograms for

respective ages, revealed presence of two prominent plaque-like clustering features. Scalebar: 1mm.

Figure 3. Localization of plaque-like pseudo-objects to distinct AR stained structures. Sample AR plaque
rich anatomical brain region as seen in (A.l) partial overlay of tissue scan and amyloid postive stained image,
(A.Il) amyloid staining, (A.lll) partial overlay of segmentation image and amyloid staining, and (A.IV) image
segmentation, demonstrate co-localization of green pseudo-objects to more aggregated (cored) and yellow to
less aggregated (diffuse) AR plaque structures. Zoom of (B.I-IV) ROI 1 - cored (left arrow) and diffuse (right

arrow) plaques in somatomotor cortex, (C.I-IV) ROI 2 - cored plaques (arrows) in somatosensory cortex, and
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(D.1-IV) diffuse plaques (arrows) in hippocampus, as seen in above described image setup. Scalebar A: 1Tmm,
B-D: 100um.

Figure 4. Single ion images of different AR peptides present in plaques across different ages. (A.I-1ll)
Segmentation of sample IMS data from (A.l) 12-, (A.ll) 18-, and (A.Ill) 23-month-old animals display localization
of AR plaque corresponding pseudo-objects. (B.I-Ill) Partial overlay of tissue scan and the overall major AR1-40
peptide signal underlying the plaque pseudo-objects for animals of respective ages. Single ion images for (C.I-
) Ap1-42, (D.I-IIl) AB1-40, (E.I-lIl) AB1-39, (F.I-IlI) AR1-38, (G.I-1ll) AB1-37 peptides across ages. Scalebar

1mm.

Figure 5. Single plaque analysis suggests AB1-40/AB1-42 ratio to be a critical factor associated with
formation of highly aggregated (cored) AB deposits. Fluorescent amyloid staining from MO cortex
demonstrating (A.l) an intermediate plaque in 12-month-old mouse, (A.ll) a cored plaque in 18-month-old
mouse, (A.lll) a diffuse plaque in 18-month-old mouse, (A.IV) a cored plaque in 23-month-old mouse, and (A.V)
a diffuse plaque in 23-month-old mouse. Plaques in the 12-month-old mice appeared structurally similar to the
diffuse plaques in older mice. Single ion images of (B.l-V) AB1-42 peptide and (C.I-V) AB1-40 for the respective
plaques types and mice ages listed above. Overlay images of the AB1-40 and AB1-42 peptide signal showed
clear predominance of AB1-40 peptide in (D.ll, D.IV) cored plagques and of AB1-42 in (D.lll, D.V) diffuse
plaques of the 18- and 23-month-old mice. The (D.l) plaque of a 12-month-old mouse displayed a much more
mixed peptide profile, as seen in the composite yellow color. Scatter plot of the average AR1-40/AB1-42 signal
ratio for individual animals visualized as superimposed plaque subtyped (diffuse and cored), grouped by age,
demonstrated (E.I) the ApP1-40/AB1-42 signal ratio in 12-month-old MO cortical plaques (orange) to be
intermediate to that of diffuse plaques (yellow) and cored (green) plaques, respectively, in 18- and 23-month-
old mice. As shown in the sample single ion images, the AB1-40/AB1-42 signal ratio was significantly higher for
cored (green) as compared to diffuse (yellow) for all ages in all of (E.I) MO cortex, (E.IlI) HIP, and (E.III) SS
cortex (p<0.01). No plagues were consistently found in HIP and SS cortex of 12-month-old animals. Nr of
animals per group at 18, 23mo.: n=3/timepoint. Nr of plaques for each subtype, and animal: 10-15 plaques.
Univariate comparisons of the peak data between the groups was performed using paired, two tailed t-

test..Errorbars indicate SD. Scale bars A-D: 50 um
Figure 6. Aggregation of C-terminal A truncations.

Overlay images of the AB1-40 and AB1-42 peptide signal (as shown in Figure 4D) showed and intermediate

mix of both peptides in plaque of a (A.I) 12-month-old mice.
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A clear predominance of AB1-40 peptide was seen in (A.ll, A.IV) cored plaques and for AB1-42 in (A.lll, A.V)
diffuse plaques in 18- and 23-month-old mice. Single ion images of (B.I-V) AB1-40, (C.I-V) AB1-39, (D.I-V) AB1-
38, and (E.I-V) AB1-37 for the respective plaque types and mice ages listed above.

The different species displayed a varied colocalization of (B.I, C.I, D.I, E.l) in MO cortex plaques of 12-month-
old mice, as well as (B.1V, C.IV, D.IV, E.IV) cored plaques in 23-month-old mice. Interestingly, in difference to
the AB1-39 and AB1-37, AB1-38 peptide showed consistent colocalization with AB1-40, as in the cored plaques
both in 18 months (B.II, D.Il) and 23-month-old animals (B.IV, D.IV).

Bar plots for (F.I-IIl) AB1-39, (G.I-lll) and AB1-38 relative signal intensity, showed a clearly higher signal of
these peptides in the (green) cored plaques as compared to (yellow) diffuse plaque subtype. For the (F.I-III)
AB1-39 this difference was significant for all regions in 23-month-old animals, as well as in the MO cortex of the
18-month-old mice (p<0.05).

(G.I-111) AB1-38 was consistently, significantly higher in cored plaques in all regions for both the 18-, and 23-
month old animals (p<0.05). In contrast, AB1-37 (H.I-lll) was not significantly different between plaque
subpopulation across ages and regions, even though a higher relative signal intensity was observed in the
cored deposits.

Correlation plots of (F.IV, V) AB1-39 vs AB1-40, (G.IV, V) AB1-38 vs AB1-40, (H.IV, V) AB1-37 vs AB1-40,
among (green-left) cored plaques, and (yellow-right) diffuse plaques. Here, a clear correlation was observed
between (F.IV) AB1-39 and AB1-40 among cored plaques (R?=0.4007, p < 0.005), as well as between AB1-38
and AB1-40 among both (G.IV) cored plagues (R2=0.4978, p < 0.005), and diffuse plaques (R2=0.3449, p
<0.05). Nr of animals per group at 18, 23mo.: n=3/timepoint. Nr of plaques for each subtype, and animal: 10-15
plaques. Univariate comparisons of the peak data between the groups was performed using paired, two tailed
t-test. Errorbars indicate SD. Scale bars A-E: 50um
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