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ABSTRACT

Amyloid plaque formation constitutes one of the main
pathological hallmarks of Alzheimer's disease (AD)
and is suggested to be a critical factor driving disease
pathogenesis. Interestingly, in patients that display
amyloid pathology but remain cognitively normal, AP
deposits are predominantly of diffuse morphology
suggesting that cored plaque formation is primarily
associated with cognitive deterioration and AD
pathogenesis. Little is known about the molecular
mechanism responsible for conversion of monomeric
AP into neurotoxic aggregates and the predominantly
cored deposits observed in AD. The structural diversity
among AP plaques, including cored/compact- and
diffuse, may be linked to their distinct Ap profile and
other chemical species including neuronal lipids. We
developed a novel, chemical imaging paradigm
combining matrix assisted laser desorption/ionization
imaging mass spectrometry (MALDI IMS) and
fluorescent amyloid staining. This multimodal imaging
approach was used to probe the lipid chemistry
associated with structural plaque heterogeneity in

transgenic AD mice (tgAPPSwe) and was correlated to
AP profiles determined by subsequent laser
microdissection and  immunoprecipitation-mass
spectrometry. Multivariate image analysis revealed an
inverse localization of ceramides and their matching
metabolites to diffuse and cored structures within
single plaques, respectively. Moreover,
phosphatidylinositols implicated in AD pathogenesis,
were found to localize to the diffuse AP structures and
correlate with AP1-42. Further, lysophospholipids
implicated in neuroinflammation were increased in all
AP deposits. The results support previous clinical
findings on the importance of lipid disturbances in AD
pathophysiology and  associated  sphingolipid
processing. These data highlight the potential of
multimodal imaging as a powerful technology to probe
neuropathological mechanisms.

Alzheimer's disease (AD) pathology is characterized
by morphologically heterogeneous extracellular
aggregates consisting of amyloid-p (Ap) peptides
together with intracellular neurofibrillary tangles
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formed by aggregated truncated and hyper-
phosphorylated tau protein (1). Several lines of
evidence suggest that AP aggregation is the key
pathogenic event in AD, which is the central tenet of
the amyloid cascade hypothesis (2). Hence, the main
focus in AD research and drug development has been
on AP plaque pathology (2). The structural diversity,
especially the main types cored and diffuse plaques,
among these deposits has been linked to their AR
isoform composition, as well as A orientation during
the formation of cross B-sheet rich fibrils (3). Here
soluble, prefibrillar oligomers and protofibrils with
distinct B-sheet structures that act as intermediates of
mature fibrils are suggested to play the key role in
synaptic dysfunction and neurodegeneration (3,4).
However, little is known about the molecular
mechanism responsible for the conversion of the
monomeric AP peptide into these neurotoxic
aggregates. In addition to ApB isoform composition, the
morphological heterogeneity among AP plaques may
be related to differences in plaque associated lipids
(5,6). Indeed, neuronal lipids have been implicated in
AP plaque pathology by controlling trafficking and
activity of membrane-bound proteins involved in AB
production, as well as by modulating the aggregation
propensity of AP peptides (7). In addition, the &4
variant of the apolipoprotein E (APOE) gene that
encodes the E4 isoform of apoE, a lipid transporter
protein, was identified as the major genetic risk factor
for sporadic AD (8). These observations strongly
suggest that aberrant lipid homeostasis is tightly linked
to AP pathogenesis in AD.

For probing in situ pathochemical changes, including
spatial lipid alterations, advanced chemical imaging
techniques, such as imaging mass spectrometry (IMS)
are required (9,10). Using IMS allows to generate
spatial intensity distribution maps of molecular species
in complex biological tissues (10). In particular, matrix
assisted laser desorption/ionization (MALDI)-based
IMS has been repeatedly demonstrated to be well
suited for imaging neuronal lipids, including both
sphingolipids and phospholipids, as well as
neuropeptides, in mammalian brain tissue (9). Here,
MALDI-IMS has e.g. been used to measure plaque
specific lipid localizations (6,11,12), and AP peptide
truncation patterns (13) in transgenic AD mouse
models. Transgenic AD mice carrying the Swedish
mutation (K670N, M671L) under the Thyrl promoter
(tgAPPswe) are a suitable candidate for probing
structural plaque heterogeneity as these mice display
both compact cored and diffuse plaques at 18 months
(14). Differences in AP fibril tertiary structures can be

elucidated using luminescent conjugated
oligothiophenes (LCOs) (15). These fluorescent
amyloid probes, have been shown and verified through
antibody staining to differentially recognize mature
fibrillar and immature protofibrillar AP aggregates.
(16,17) Moreover, these probes vary in their
spectroscopic, electro-optic properties, allowing for
hyperspectral fluorescent imaging for annotation of
structural heterogenic AP pathology (16-18).

In the current study, we report a novel multimodal
chemical imaging paradigm based on histology-
compatible MALDI imaging mass spectrometry of
neuronal lipids (12) along with hyperspectral
fluorescent amyloid imaging using differential LCO
staining. The methodology facilitated the investigation
of spatially confined lipid changes associated with
morphologically heterogeneous amyloid plaque
pathology in 18 months old tgAPPswe mice.

Results
Histology-compatible ~ MALDI  IMS  enables
subsequent hyperspectral imaging for Af plaque
structural heterogeneity delineation

MALDI-IMS  was  multiplexed  with
differential ~ fluorescent amyloid staining for
hyperspectral imaging of mature AP fibrils, revealed by
g-FTAA staining, and immature protofibrillar AP
intermediates as visualized by h-FTAA (16,19).
Indeed, the acquired IMS data showed very good co-
localization of lipid signal with AP pathology as
visualized by LCO staining (Figure 1A-F) and verified
by immunohistochemistry (Supplemental Figure S-1).
Here, acquisition of hyperspectral emission profiles at
different excitation wavelengths, and linear un-mixing
revealed structure specific emission profiles based on
the respective LCO binding (Figure 1G). In alignment
with previous results, the here observed Ap pathology
exhibited distinct LCO encoded optical properties as
revealed by spectral delineation of plaque area cross-
sections (16,17,20). Specifically, two major sub
populations of plagues were identified and annotated.
Here, one subpopulation of plaques exhibited spatial
spectral variation with a blue shift (q-FTAA) in the
center of the plaque and a diffuse fibrillary corona that
exhibited red emission profile (h-FTAA) and was
hence referred to as cored plaques (Figure 1H,1). The
other plague subpopulation that was morphologically
predominantly diffuse fibrillary in nature, maintained
mostly unchanged red emission profile (h-FTAA) in
their line scan profile, and were collectively classified
as diffuse AP deposits (Figure 1J,K). A preferential
binding of either g- or h-FTAA is dependent on the size
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of available binding pockets within the plaques fibrils,
where h-FTAA also binds diffuse amyloid aggregates
including diffuse plaques and well as the diffuse
periphery of compact cored deposits. Such distinct
spectral properties have been attributed to the
conjugated polymer backbone of the LCOs, which
allows a high degree of conformational freedom (15).
Due to the hydrophobic nature of the AP aggregation
intermediates, differences in lipid species localizing to
structurally heterogeneous AP deposits should be
expected.

Cortical AP plaques display distinct hyperspectral
profiles that reflect unique neuronal lipid
composition

Given the multivariate nature of the IMS data
that co-localize with fluorescent imaging data (Figure
1F), spatial segmentation using hierarchical clustering
(bisecting k-means, Figure 1L) and Principal
Component Analysis (PCA) (Figure 1M,N) was
performed, in order to reveal histologically relevant
localization patterns of distinct lipid species. In detail,
multivariate analysis revealed the presence of typical
spectral pseudo clusters that might outline chemical
similarities across histological features and more
specifically structurally heterogeneous A aggregation
features. While PCA, extracts the highest variance in
the IMS dataset and provides a variable representation
that directly reflects sample representation, it does not
directly maximize the separation between groups of
samples and often omits weak signals unless
normalized and centered. Further, due to the
bidirectional loading values, interpretation of PCA
score images is not always straight forwards. In
contrast, spatial segmentation using hierarchical
clustering, pairs the variables based on their degree of
similarity. The resultant pseudo-objects, i.e. clusters,
reflect homogenous groups of variables, with
dominating within-group similarities that can be
interpreted with help of hierarchical cluster tree.
Inspection of the individual PCA score images and
their corresponding loading plots (Figure 1M,N;
Supplementary Figures S-2) allowed for identification
of four distinct lipid distribution patterns in both
imaging mode. In negative ion mode, PCA revealed
lipid localizations to either the center of cored plaques
(Figure 1M) or localization to diffuse plaques and the
diffuse periphery of cored plaques, respectively
(Figure 1N). Further, two distinct pattern of plaque
associated lipid decrease were observed, including a
general decrease for all plagues (Supplementary Figure
S-2A, PC2) as well as with selective depletion at the

center of cored plagues (Supplementary Figure S-2C,
PC6).

Further, image analysis using hierarchical
clustering revealed distinct lipid pseudo-clusters
corresponding to prominent AP pathology. In negative
ion mode, this identified the diffuse periphery of cored-
plaques as well as entirely diffuse plaques belong to the
same cluster and coincide with the histological
annotation visualized by the g-/h-FTAA staining
(Figure 1L). The MALDI-IMS spectral data of
individual plaque ROI were categorized based on these
hyperspectral emission profiles into either diffuse or
cored plaques, as well as centers of cored deposits. The
ROI data from cortex were extracted for each of the
biological replicates (n=3, 10-15 diffuse- and 10-15
cored plaques per animal). ROI spectral data were
processed by means of peak picking and data binning
and analyzed with OPLS-DA and two class, paired t-
statistics (p<0.05) in order to identity lipid species in
between the different plague ROI. Here models for
diffuse plagues and the centers of the cored plaques, as
well as diffuse plagues and whole cored plagues
allowed separation, with strong cross validation
matrices as indicated in the corresponding score plots
(Supplementary Figure S-3A,B). The associated S-plot
(Supplementary Figure S-3C,D) and loading vector
plot (Supplementary Figure S-3E,F) for each of the
models revealed significant underlying neurochemical
differences. Inspection of the loading data and
subsequent univariate statistics revealed distinct AP
plague morphology dependent patterns of both
phospholipids and sphingolipids. Interestingly,
comparison of entire cored deposit ROIs against
diffuse plaque regions, and core plaque centers against
diffuse coronal structures of cored deposits, revealed
similar variables to be responsible for the separation in
both cases.

monosialo-
sulfatide

Plaque morphology-independent
ganglioside (GM) accumulation and
depletion

Inspection of the loading data and subsequent
univariate statistics revealed a general plaque
associated distribution of monosialo-gangliosides
(GM) with C18:0 and C20:0 fatty acid (FA) moieties,
irrespective of plaque morphology. Here, a particularly
pronounced localization to plaques was observed for
GM2, and GM3, though no differences were observed
between diffuse regions and centers of cored deposits
(Figure 2A-E).
For various, a-series gangliosides (GD1a, GM1, GM2,
and GM3) that are most prominent in the CNS,



Hyperspectral Chemical Imaging of Amyloid Plaque Pathology

alternating concentration changes have been linked to
AD pathology. (21) Here tissue levels of GM2 and
GM3 species were generally found to be increased in
multiple brain regions in both human AD and tgAPPswe
mice. (22-24) which is well in line with the present
data.

GM2 and GM3 accumulations were found in
lysosomal storage disorders (25), suggesting impaired
ganglioside hydrolysis and lysosomal degradation to be
associated with the AD plaque pathology. Indeed, such
AD-associated defects in endolysosomal pathways
have been shown in gene expression studies of
postmortem human brains (26) and genome-wide
association studies (GWAS) (27), further reinforcing
this hypothesis.

This suggests that while GMs might be involved in the
AP pathology, their role appears to be general and
independent of the AP plaques morphology. In the
present study, MALDI and LCO imaging further
identified a general decrease of sulfatides (ST, Figure
2F-1) and their hydroxylated isoforms (ST-OH,
Supplementary Figure S-4) at AP plaques. The
majority of sulfatides in the central nervous system
(CNS) are present in myelinating oligodendrocytes.
(28) The observed ST depletion pattern likely reflects
general sulfatide catabolism and demyelination
associated with AP plaque pathology.

Phospho-ceramides and ceramide monohexosides
display a plaque core-specific accumulation pattern

Similar to gangliosides and sulfatides, a plaque
pathology associated increase irrespective of plaque
phenotype was observed for ceramide species (Figure
3AB,F). In contrast, a morphology-dependent
localization pattern selectively to the center region of
cored plaques as outlined by complementary
hyperspectral LCO emission profiles was observed for
corresponding ceramide metabolite species. These
compounds included ceramide  monohexoside
(HexCer, Figure 3C) as well as ceramide-1-phosphate
(CerP, Figure 3D) and ceramide phospholipid
conjugates including phosphoethanolamines (PE-Cer,
Figure 3E) (Supplementary Figure S-5). The observed
selective localization of these ceramide derivatives to
the core region indicates an association of ceramide
metabolism with plaque maturation from diffuse- to
cored plaques.

Poly unsaturated fatty acid (PUFA)-conjugated
phospholipids localize to Ap pathology in a
morphology dependent fashion

Anionic phospholipid species have previously
been implicated in AD plaque pathology. In the present
IMS study, plaque-specific accumulations of Pl and PA
phospholipids with distinct localization patterns were
observed (Figure 4). We found that different anionic
phospholipids and lysophospholipid species, including
anionic Pls and PAs as well as LPI and LPA species
displayed a characteristic accumulation to Ap plague
pathology. This plaque associated PL localization
pattern was predominantly observed for palmitic and
stearic acid conjugates with either polyunsaturated
arachidonic acid (AA) or docosahexaenoic acid (DHA)
residues (Figure 4A-J). Here, anionic AA- and DHA-
conjugated Pls, including P1(16:0/20:4), P1(18:0/20:4)
as well as P1(16:0/22:6) and PC(18:0/22:6), showed a
high degree of accumulation to the corona of the cored
deposits and the diffuse plaques, which was more
pronounced for the AA conjugates (Figure 4A,B,E,F).

Further, AA containing PA conjugates,
including PA(16:0/20:4) and PA(18:0/20:4), were
found to localize to plaques (Figure 41,J,L). This
strongly suggests that both the respective conjugated
FA moiety as well as the backbone structure of the
respective phospholipid species affect the distribution
pattern around A deposits. In addition to the observed
Pl and PA species, corresponding C16 and C18 fatty
acid containing lysophosphatidylinositols (LPI) and
lysophosphatidic acids (LPA) species exhibited a
plaque associated distribution pattern. Here LPI 16:0
(Figure 4C), LPA 18:0 (Figure 4K) and LPA 16:0
(Supplementary Figure 7) exhibited a distinct
localization pattern to AP plaque pathology,
independent of morphology. In contrast, LPI C18:0
was found increased in diffuse A fibrils (Figure 4G,
H).

Amyloid beta 40/42 ratio changes associated with
plaque morphology

To correlate the here observed lipid changes to
amyloid plaque peptide chemistry, we performed
Multiplexed, fluorescent staining with g-FTAA, h-
FTAA and Anti- AB1-16 (6E10) was performed to
confirm AP identity of LCO stained deposits in tgSwe
animals. Plaque specific AP isoforms within each
hyperspectrally delineated plaque population were
characterized using laser microdissection and Ap
immunoprecipitation followed by MALDI mass
spectrometry (IP-MS). Here, cored plaques that
exhibited more g-FTAA staining showed significantly
increases AP1-40 levels relative to AB1-42 as
compared to diffuse plaques stained solely by h-FTAA
(Figure 5).
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Discussion

Amyloid pathology has been identified as the
critical inducer of AD pathogenesis. AB plaques consist
of B-sheet rich fibrils formed by differentially truncated
AP peptide isoforms  (29).  Consequently,
morphological heterogeneity, such as diffuse and
cored, mature plaques have been linked to structural
transitions of different AP isoforms during the
aggregation process (30,31). However, plaque
annotation and characterization as done by pathologists
is a biased procedure with discrete output values. It is
therefore of central relevance to probe and annotate the
chemical composition and structure of a plaque in a
guantitative way with high spatial resolution.

The here employed a hyperspectral fluorescent

amyloid staining paradigm based on LCOs was used to
generate  plaque  structure  specific  values
corresponding to the degree of AP aggregation. We
further set out to identify chemical correlates
associated with AR plaque polymorphism. Here, the
first experiments included LCO based hyperspectral
annotation and IP-MS analysis of subsequently laser
microdissected plaque species that identified a
decrease in AB42/40 ratio for cored plaques compared
to diffuse deposits (Figure 5). Cored plagues contain
relatively smaller levels of AB42, due to a significant
increase in AP40 deposition. This further suggests that
the increase in structural complexity as indicated by g-
FTAA staining is most prominently manifested in the
core and due to increased amount of AB1-40 at the core,
respectively.
Indeed, in line with these results, previous
immunohistochemical efforts for characterizing plaque
heterogeneity both in transgenic AD mice (32-34) and
in human AD (35) revealed prominent APx-40
immunoreactivity within the core structure of cored
plaques. In contrast Apx-42 was found to stain mostly
the corona as well as diffuse deposits, which is also
well in line with our observations. Given that AB1-42
has been shown to rapidly form oligomers and
subsequently fibrils, as compared to other C-terminally
truncated peptides (36), the higher levels of AB1-42 in
diffuse deposits as observed here likely reflect an
essential role of these peptide species in the initial
seeding of AP aggregation and early stages of plaque
formation.

While AP peptide dynamics are central to
plague formation, a large focus in current AD research
lies on identifying other plaque associated chemical
correlates that might be essentially relevant in
understanding AP aggregation and Af plaque

polymorphism. Indeed, lipid species have been
implicated in AP plaque pathology by controlling
trafficking and activity of membrane-bound proteins
involved in AP production, as well as by modulating
the aggregation propensity of AP peptides (7).
Therefore, in addition to Ap isoform composition, AP
plague polymorphism may be related to differences in
plague associated lipids (5,6).

In present study, a novel multimodal imaging
paradigm was established combining orthogonal
chemical imaging techniques for probing chemical
(MALDI-IMS of lipids) and structural properties (LCO
staining) in situ with respect to spatial and
histopathological context (Figure 1). Previously,
combination of MALDI imaging and fluorescent
imaging was demonstrated to be challenging
particularly for peptide imaging due to laser ablation
induced tissue distortion effects (12,13). These
limitations were however successfully overcome for
MALDI  imaging of lipid species and
immunofluorescent staining on the same tissue array
(12).

The pathochemical data observed in the
current study, argue for morphology specific
sphinogolipid and anionic phospholipid alterations.
Among sphingolipids, a general localization of GM2
and GM3 gangliosides as well as a general depletion of
sulfatides was observed for all AP plaques irrespective
of their morphology (Figure 2, Supplementary Figure
S-4).  Interestingly, sulfatide depletion was
accompanied by a localized increase in the
corresponding ceramide backbone species (Figure 5).
AD implicated sulfatide deficiency has been attributed
to neurodegeneration and demyelination, respectively.
Mechanistically, plaque associated ST degradation has
been suggested to involve low density lipoprotein
(LDL) receptor-mediated endocytosis of ST containing
ApoE associated lipoproteins, which become target to
lysosomal degradation. (5,37) Indeed, the increased
production of AP in transgenic mice has been shown to
require an increase in apoE-mediated clearance (38),
which further implicates an interplay of apoE,
sulfatides and AP for both amyloid aggregation and
clearance.

Along with sulfatide depletion, we observed an
increase in ceramide species that localized
characteristically to all Ap plaques (Figure 5). For a
majority of neurodegenerative diseases, dysregulated
apoptosis associated with elevated ceramide levels has
been described, including for AD (39,40), where
several ceramide species were found increased in
vulnerable regions of post mortem AD brain (39-41),
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as well as in transgenic AD mice (tgAPParcswe and
tgAPPswe) (6,12). Elevated ceramide levels have been
tied to changes in sphingolipid metabolism controlling
enzymes, including neutral- and acid
sphingomyelinase (nSMase, aSMase) (40-43) Indeed,
partial inhibition of aSMase was shown to result in
reduced A plaque deposition (43) as well as reduced
ceramide production and neurotoxicity (40), which
further suggests that sphingomyelin degradation to
ceramides plays a pivotal role in AD pathology.

Similarly, elevated ceramide levels can also
originate  from  increased  galactocerebroside
metabolism as well as sulfatide depletion, respectively.
In line with this, a characteristic elevation of
galactocerebrosides  (GalCer) was  previously
demonstrated in tgAPPswe mice and the prefrontal
cortex in human AD brain (23).

Indeed, in the present study, along with a
general depletion of sulfatides in plaques, increased
HexCer levels were observed at the core of cored
plaques (Figure 3C). This indicates an altered ceramide
glycosphingolipid catabolism in the center of cored
deposits, associated with plaque maturation into cored
deposits. Further, a distinct phosphorylation of
ceramides to CerP and PE-Cer was observed at the core
structure (Figure 3D,E; Supplementary Figure S-5).
Both PE-Cer and CerP have been proposed to suppress
ceramide induced apoptosis (44). In mice, PE-Cer was
shown to be produced by all three isoforms of
bifunctional sphingomyelin synthesizing enzymes
(45), and has been suggested to prevent apoptosis due
to imbalance in ceramide homeostasis during
sphingolipid biosynthesis (46,47). CerP on the other
hand, produced through ceramide kinase (CERK)
mediated ceramide phosphorylation, displayed anti-
apoptotic properties and ensures cell survival (48).
Therefore, a presence of CerP and PE-Cer could
indicate cellular defense mechanisms that prevent
apoptosis at the site of AP plaque maturation and core
formation.

Along with the observed sphingolipid
alterations, the present study revealed an AP plaque
specific accumulation of AA and DHA PUFA-
conjugated, anionic phospholipids. DHA and
particularly AA are essential precursors in eicosanoid
synthesis underlying microglial and astroglial
mediated inflammatory response mechanisms (49).
The observed A pathology specific accumulation of
AA and DHA containing Pl and PA species to likely
reflects their involvement in immune response at the
site of plaque formation. Similarly, to PUFA-
containing phospholipids, a characteristic localization

of corresponding anionic lysophospholipids (LPA,
LPI) that are also implicated in neuroinflammation was
observed. Lysophospholipids are degradation products
of phospholipids by cytosolic phospholipase A2
(PLA2), which has been shown to regulate
neuroinflammation and neurodegeneration in AD,
where PLA; hyperactivity was most prominent in the
vicinity of Ap plaques (50,51).

While PA and LPA displayed a general plague
associated increase irrespective of plaque morphology,
some Pl and LPI species were found to localize
specifically to the diffuse aggregates. Interestingly, the
here observed PI1(18:0/20:4) species (Figure 5E) as
well as the corresponding lysophosphoinositol (LPI
18:0, Figure 5G) are display the same fatty acid
configuration as the most common form of the
associated phosphoinositolbiphosphate (P1P2) species.
PIP2 is a prominent secondary messenger integral to
maintain neuronal and synaptic functions (52). PIP2
has been implicated in proteopathy by being decreased
upon AP oligomerization via reduced phosphatase
activity, yielding more Pl or increased phospholipase
C (PLC) activity vyielding the corresponding
diacylglyceride (DAG) (53,54). Indeed, a previously
described specific increase in AD brain tissue levels of
the corresponding DAG 38:4 species, resulting from
PIP2(38:4) cleavage (23), suggests a critical
involvement of these particular inositol species in
neuroinflammatory processes and plaque pathology,
respectively. The relevance of Pl and LPI species is
further highlighted as serum levels of LPI 18:0 were
recently found as prognostic markers for AD,
identifying patients with mild cognitive impairment
(MCI) that will convert to AD (55) similar to Ap42
(and AP42/40) levels in CSF, as commonly used in
clinical practice (56). This further supports the
hypothesis that the here observed lipid species do
indeed reflect AD specific brain pathology and
indicates a prominent role in neurotoxic aggregation
AP mechanisms.

Furthermore, the relevance of anionic,
neuronal phospholipids including PAs and Pls in
particular, has gained great attention in AD research as
recent genome-wide association studies (GWAS) have
identified a several risk genes for developing sporadic
AD that encode various proteins associated with
functional lipid biomechanisms including triggering
receptor expressed on myeloid cells 2 (TREM2), ATP-
binding cassette, subfamily A, member 7 (ABCA7)
and phosphatidylinositol ~ 3,4,5-trisphosphate  5-
phosphatase 1 (SHIP1) (57). TREM2 is a lipid-sensing
microglia surface receptor that recognizes anionic- and
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zwitterionic lipid species (58) and was functionally
implicated in AD pathology as it was shown to mediate
early microglia response and limits neuritic damage of
AP since TREM2 knock-out mice were found to
display accelerated AP accumulation, plaque
pathology, and defects in microglia activity (59).

Interestingly, the here observed PA and PI

lipids were found to be potent TREMZ2 ligands, which
ties the present observations to previous data on
TREM2’s role in AD pathology as TREM2 lipid
sensing was found to sustain the microglial response in
AD (58).
The observed differences in plague morphology
associated anionic phospholipid and lysophospholipid
distributions can therefore be attributed to highly
complex mechanism, mediated through TREM2
signaling based microglial activation induced
neuroinflammatory processes associated with AP
plague formation.

In summary, the here presented results
highlight the potential of high resolution MALDI-IMS
when combined with complementary chemical
imaging methods such as fluorescent LCO imaging
based differentiation of the structural amyloid
aggregation state. This allowed to elucidate chemical
differences in structurally heterogenic plaque
populations in AD pathology. This approach revealed
a clear involvement of phospholipids and ceramide
metabolites in formation of morphologically
heterogeneous plaque morphology. Such
morphological difference in plaque pathology as
outlined by differential lipid distribution, emphasize
the need for chemical analysis of AP pathology in order
to shine further light on neurotoxic plaque formation
and maturation that are critical to AD pathogenesis.

Experimental Procedures
Chemicals and Reagents

All  chemicals for matrix and solvent
preparation were pro-analysis grade and obtained from
Sigma-Aldrich/Merck  (St. Louis, MO), unless
otherwise specified. TissueTek optimal cutting
temperature (OCT) compound was purchased from
Sakura Finetek (AJ Alphen aan den Rijn, The
Netherlands).

Tissue Preparation

18 months old tgAPPswe mice (n=3, 3 male),
were investigated (DNr #C17/ 14 at Uppsala
University). The brains were dissected (<3min post-
mortem) and snap frozen. Frozen tissue sections

(12pum) were thaw mounted onto indium thin oxide
(ITO) coated, conductive glass slides. 1,5-diamino
naphthalene (1,5-DAN) MALDI matrix was deposited
via sublimation as described elsewhere. (6,12)

MALDI-Imaging

IMS was performed on an UltrafleXtreme
MALDI TOF/TOF (Bruker Daltonics, Bremen,
Germany) as described previously. (12) Briefly, a
mass range of 300—2000 Da was analyzed in negative
ion mode at 10 um (n=1) and 30 um (n=2) spatial
resolution. MALDI- MS/MS (LIFT) was performed
directly in situ (Supporting Figure S-8) (6,12) and
lipids were identified by database listed fragment ions
(www.lipidmaps.org).

Immunohistochemistry

Following MALDI analysis, sections were
fixed in EtOH and rehydrated in PBS, and
simultaneously stained with g- and h-FTAA (3 uM,
1.5uM). Stained sections were washed in PBS, milliQ
water, and finally dried. For antibody labeling, 6E10
diluted (1:500) in dilution buffer was incubated
overnight at 4°C, and secondary antibody (Alexa
Fluoro 647) was used for visualization. Hyperspectral
imaging was performed using LSM 710 NLO laser-
scanning microscope equipped with a 34-channel
QUASAR detector (Zeiss, Gottingen, Germany). The
images were processed with Zen 2011 (Zeiss) and
ImagelJ. The 500nm/540nm emission ratio was used for
correlation analysis as described before (16), in-house
developed macro for ImageJ was used for assignment
on plaque population.

Data Processing and Analysis

All MALDI were calibrated externally using
batch processing. Image analysis of the IMS data was
performed in SciLS (v2014, Bruker). LCO images
were aligned with the imaging data followed by
Principal component analysis (PCA) and hierarchical
clustering based spatial segmentation (bisecting k-
means) to identify characteristic lipid distributions and
for region of interest (ROI) annotation based on the
hyperspectral emission profiles assigned into to diffuse
plaques, cored plaques, and centers of the cored
plaques. ROI average spectra were exported, baseline
subtracted followed by peak binning. Orthogonal
Projection to Latent Structures by Partial Least
Squares—Discriminant Analysis (OPLS-DA) was
performed on the binned ROI data using SIMCA (v.
14.0, Umetrics, Umed, Sweden) followed by univariate
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comparisons between the groups using paired, two
tailed t-test. (p<0.05).
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Capsule

Background: Lipid dyshomeostasis has been linked to amyloid polymorphism and Alzheimer disease (AD)
pathology.

Results: Hyperspectral imaging of tgAPPSwe mice revealed plague morphology-specific changes in multiple
bioactive lipids, some of which are phenocopied in AD mouse models.

Conclusion: Lipid anomalies observed in Abeta plaque pathology may be linked to AD pathogenesis, including
endolysosomal dysfunction, microglial activation and neuroinflammation.

Significance: This study highlights the hypothesis-generating potential of multimodal hyperspectral amyloid and
MALDI and its applicability to other diseases.
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