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2w, BE FHEZW, HETREZ,
MAZFFEER, HAFEESE REN.
The world's most magnificent sights are often hidden in remote and

perilous places, rarely visited by people—accessible only to those with
unwavering determination.
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ABSTRACT

The formation of beta-amyloid (AP) plaques and neurofibrillary tangles are
key pathological hallmarks of Alzheimer’s disease (AD), where amyloid has
been identified to precede and even initiate other neurodegenerative processes
including Tau. Consequently, studying beta-amyloid pathology has been a
central focus in AD research yet the molecular mechanisms underlying plaque
formation and its role in initiating AD remain poorly understood. AP plaque
pathology is characterized by significant heterogeneity in morphology,
including variations between cored and diffuse plaques, as well as structural
polymorphism in amyloid fibril formation. Moreover, A does not correlate
with cognitive performance and is even observed in elderly, cognitively normal
individuals. Recent evidence further suggests that neuronal lipids also play a
crucial role in amyloid plaque formation and progressing plaque pathology.
Together this poses a significant challenge and highlights the need for new,
biochemical tools that allow to disentangle the complex molecular interactions
associated with AD pathogenesis and plaque formation in particular.

To address this gap, we utilized advanced chemical imaging techniques to
probe the molecular events associated with diverse plaque pathologies in AD.

In this thesis, we developed a tetra-modal chemical imaging approach that
integrates matrix-assisted laser desorption/ionization mass spectrometry
imaging (MALDI-MSI) with fluorescence imaging. This allowed for detailed
mapping of lipid and amyloid peptide distributions in brain tissue of genetic
AD mouse models. Through the application of novel, multivariate tools for
multiblock analysis, we identified distinct lipid profiles linked to different



stages of plaque formation, highlighting the correlation of GM1 ganglioside
with both plaque seeding and growth. We further validated the relevance of
lipid-amyloid co-aggregation by developing a dynamic imaging approach
based on metabolic labeling of lipids and peptides with stable isotopes. This
allowed to dissect plaque and lipid coaggregation dynamics and identified the
sequence of ganglioside and amyloid deposition in precipitation plaque
pathology in AD mouse model.

Furthermore, we examined the co-existence of different AP peptides in novel
transgenic models harboring the Uppsala APP mutation, revealing its
significant impact on AP aggregation dynamics.

Finally, we applied these advanced imaging techniques to understand
heterogenous plaque pathology in the human brain. Here, we successfully
identified specific amyloid plaque signatures for distinct plaque types, such as
AP1-42(ox) and AP2-42 in neuritic plaques. Using a novel Al driven plaque
segmentation scheme, we identified that AB1-40 was found to be associated
with plaque maturation into cored deposits in AD patients. Further, Ap x-40 is
present in cored, coarse grain plaques and vascular plaques (CAA) in both sAD
and fAD.

Together these findings enhance our understanding of amyloid plaque
heterogeneity as well as underscore the importance of lipid-amyloid
interactions in AD pathology. This work lays the groundwork for future
investigations aimed at elucidating the complex interactions between lipids and
amyloid peptides in the context of AD.

Keywords: Alzheimer’s disease, amyloid plaque pathology, lipid, correlative
chemical imaging, MALDI-MSI, microscopy
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SAMMANFATTNING PA SVENSKA

Bildandet av beta-amyloid (AB)-plack och neurofibrillira nystan ar de
huvudsakliga patologiska kdnnetecknen for Alzheimers sjukdom (AD), dér
amyloid har identifierats som en faktor som foregar och till och med initierar
andra neurodegenerativa processer, inklusive Tau-patologi. Foljaktligen har
studier av beta-amyloidpatologi  varit ett centralt fokus inom
Alzheimerforskningen. Trots detta &r de bakomliggande molekylédra
mekanismerna som orsakar plackbildning och leder till initiering av AD
fortfarande daligt forstddda.

AB-plackpatologi kénnetecknas av betydande morfologisk heterogenitet,
inklusive variationer mellan kompakta och diffusa plack samt strukturell
polymorfism i bildandet av amyloidfibriller. Dessutom korrelerar A inte med
kognitiv forméga; AP-avlagringar observeras till och med hos dldre med
normal kognitiv funktion. Nya bevis visar att &ven neuronala lipider spelar en
avgorande roll i bildningen av amyloidplack och fortskridandet av
plackpatologi. Sammantaget utgér detta en betydande utmaning och belyser
behovet av nya biokemiska verktyg for att utreda de komplexa molekylira
interaktioner som &r forknippade med AD-patogenes och plackbildning.

For att adressera denna kunskapslucka anvidnde vi avancerade kemiska
avbildningstekniker for att undersoka de molekyldra héndelser som &r
associerade med olika plackpatologier i AD.

I denna avhandling har vi utvecklat en tetramodal kemisk avbildningsmetod
som integrerar matrixassisterad laserdesorption/jonisering-masspektrometri
(MALDI-MSI) med fluorescensavbildning. Denna unika metod anvindes for
att skapa en detaljerad kartliggning av lipid- och amyloidpeptidfordelningar i
hjairnvdvnad fran genetiska AD-musmodeller. Genom att tillimpa nya
multivariata verktyg for multiblockanalys identifierade vi distinkta
lipidprofiler associerade med olika stadier av plackbildning, vilket framhévde
korrelationer mellan GM 1-gangliosid och plackuppkomst samt placktillvaxt.

Vidare validerade vi relevansen av lipid-amyloid-samaggregation genom att
utveckla en dynamisk avbildningsmetod baserad pa metabolisk mirkning av
lipider och peptider med hjélp av stabila isotoper. Detta mojliggjorde en
noggrann granskning av koaggregationsdynamiken mellan plack och lipider
och resulterade i identifieringen av den sekvens av gangliosid- och
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amyloidavsittning som forekommer 1 utfdllningsplackpatologi i AD-
musmodeller.

Utover detta undersdkte vi samexistensen av olika AB-peptider i nya transgena
modeller med Uppsala APP-mutationen, vilket avsldjade dess betydande
inverkan pa AB-aggregationsdynamiken.

Slutligen tillimpade vi dessa avancerade avbildningstekniker for att forstd
heterogen plackpatologi i den ménskliga hjérnan. Hér identifierade vi
framgangsrikt specifika amyloidplacksignaturer for distinkta placktyper,
sdsom AP1-42(ox) och AP2-42 i neuritiska plack. Med hjélp av en ny Al-
driven placksegmenteringsmetod identifierade vi associationer mellan AB1-40
och plackmognad som resulterade i kompakta Ap-avlagringar hos AD-
patienter. AP x-40 aterfanns adven i kompakta och grovkorniga plack samt
vaskuldra plack (CAA) i bade sAD och fAD.

Sammanfattningsvis forbattrar dessa upptickter var forstéelse av
amyloidplackheterogenitet =~ och  understryker  vikten av  lipid-
amyloidinteraktioner i AD-patologi. Detta arbete lagger grunden for framtida
undersdkningar som syftar till att belysa de komplexa interaktionerna mellan
lipider och amyloidpeptider i samband med AD.
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1 INTRODUCTION

1.1 ALZHEIMER’S DISEASE
1.1.1 HISTORY AND EPIDEMIOLOGY

Alzheimer’s disease (AD) is the most common form of dementia, accounting
for almost 60% to 80% of all dementia cases'. It was first reported by Alois
Alzheimer, a German psychiatrist and neuropathologist. His discovery
originated from his evaluation of a 51-year-old female patient who exhibited
symptoms of presenile dementia. Upon conducting a postmortem examination
of her brain, Alzheimer identified two key pathological features—senile
plaques and neurofibrillary tangles—which he recognized as distinctive
markers of this new disorder, later named Alzheimer’s disease®. He recognized
that dementia is not an inevitable result of aging but a distinct neurocognitive
disorder, thus opening a new era for clinical research and treatment of
dementia.

Over time, research on AD has expanded significantly, broadening our
understanding of its pathology. AD is a chronic neurodegenerative disease
marked by a progressive decline in memory and cognitive abilities. Clinically,
AD is categorized into two main types: sporadic Alzheimer’s disease (sAD)
and familial Alzheimer’s disease (fAD). Sporadic AD, also known as late-
onset AD (LOAD), typically affects individuals over the age of 65 and
accounts for the majority of AD cases. In contrast, fAD, or early-onset AD
(EOAD), affects individuals younger than 65 and has a strong genetic basis.
Early-onset AD comprises only 4-5% of total cases, it is associated with
specific genetic mutations that increase disease susceptibility?.

Today, one in three elderly die from AD and other dementias, as there is
currently no cure. It is estimated that 50 million people suffer from dementia,
and the prevalence is predicted to triple by 2050%. This elevates the risk of
disability, increases the burden of illness, and drives up healthcare costs. The
current annual cost of AD and other dementias in the United States stands at
$305 billion, a figure projected to exceed $1.1 trillion by 2050'. This immense
economic burden encompasses not only healthcare and hospice expenses for
AD patients but also accounts for lost productivity among both patients and
caregivers. Moreover, the exact causes of the disease remain unknown, which
significantly hampers the development of effective treatment strategies.
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1.1.2 CLINICAL SYMPTOMS AND DIAGNOSIS

AD is estimated to begin 20—30 years prior to the onset of clinical symptoms,
initiating with a preclinical phase where individuals show no overt symptoms
but display measurable changes in brain biology®. During preclinical AD,
pathological hallmarks such as amyloid-beta (AB) and tau protein deposits
accumulate, and glucose metabolism in certain brain regions may decrease.
Despite these changes, patients maintain normal function, with no visible
cognitive decline.

As AD progresses, many patients transition to mild cognitive impairment
(MCI), characterized by subtle memory, language, or spatial skill deficits that
generally do not disrupt daily activities®. Symptoms at this stage usually
emerge gradually and become more pronounced over time.

In later stages, AD advances to dementia, where significant cognitive decline
is evident. Memory loss, confusion, and impaired reasoning and decision-
making interfere considerably with daily life. In the severe stages, patients
often experience profound cognitive impairment and ultimately lose the ability
to care for themselves, necessitating comprehensive support for basic
activities. This continuum from preclinical AD to severe dementia underscores
the critical importance of early detection and intervention in managing AD”%.

Over the decades, a range of clinical, imaging, and laboratory techniques has
been developed to improve the accuracy of AD diagnosis. For example,
biomarkers such as reduced AP levels, along with elevated tau and
phosphorylated tau (p-tau) in cerebrospinal fluid (CSF) and blood, serve as key
indicators for diagnosing AD*"3,

Additionally, magnetic resonance imaging (MRI) is capable of detecting
atrophy in the hippocampus and temporal cortex, which are critical regions
associated with memory and cognitive function. Alongside MRI, positron
emission tomography (PET) utilizes various tracers, such as Pittsburgh
compound B (PIB), to visualize the accumulation of A in the brains of AD
patients'* . PET imaging serves as a valuable tool not only for identifying A
accumulation but also for assessing disease-related alterations in cerebral
metabolism using '*F-fluorodeoxyglucose (FDG)'® 7. This combination of
imaging techniques provides comprehensive insights into the structural and
functional changes occurring in the brain during the progression of AD.
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1.2 AMYLOID PATHOLOGY
1.2.1 AMYLOID PEPTIDE GENERATION

The hallmark of AD is the progressive accumulation of Ap and
hyperphosphorylated-tau protein, into intra- and extracellular deposits (Ap
plaques and Tau tangles) (Figure 1)'®. Extracellular AB plaques are composed
of AP peptide, originated from sequential cleavage of amyloid precursor
protein (APP) by B- and y-secretase enzymes to a length of 38—43 amino acid

residues'®2!.
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Figure 1. The hallmarks of Alzheimer's disease: progressive accumulation of Af and
hyperphosphorylated-tau protein, into intra- and extracellular deposits (Af plaques
and Tau tangles)?.

1.2.1.1 AMYLOID PRECURSOR PROTEIN

Amyloid precursor protein (APP) is a type I single-pass transmembrane protein
encoded by a single gene located on chromosome 21. APP is known to have
three primary isoforms—APP695, APP751, and APP770—along with several
less common variants, including APP714, APP639, and four leukocyte-
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derived forms: APP677, APP696, APP733, and APP752?. These isoforms
arise from alternative splicing of the APP gene®.

The three main isoforms exhibit differences in protein structure and tissue
distribution. Specifically, APP695 lacks the Kunitz protease inhibitor (KPI)
domain, making it KPI negative (-), and is predominantly found in the brain.
In contrast, APP751 and APP770 contain the KPI domain, categorizing them
as KPI positive (+), and are expressed throughout a wider range of tissues® %°.

Proteins in the APP family serve a variety of critical functions essential for
neuronal development and function. These proteins play a pivotal role in
neurogenesis, influencing the proliferation and differentiation of neural stem
cells into mature neurons®”-2%, They also facilitate the growth and guidance of
axons, which is vital for establishing proper neuronal connections during brain
development®* 3,

Additionally, APP family proteins are crucial for maintaining the density and
dynamics of dendritic spines, which are essential for synaptic plasticity and
overall cognitive function. By regulating the formation and stability of these
spines, these proteins enhance synaptic transmission and communication
between neurons®'=3. Moreover, APP family proteins are implicated in
neuroprotective mechanisms and may help modulate responses to cellular
stress, underscoring their significance in maintaining neuronal health. The
diverse roles of APP family proteins highlight their importance in both normal
brain function and the pathophysiology of neurodegenerative diseases.

1.2.1.2 APP PROCESSING

The AP peptide is generated from the cleavage of the APP by the B-secretase
and y-secretase enzymes. There are two major different pathways for the
processing of APP, commonly referred to as the non-amyloidogenic and the
amyloidogenic pathways*. There are typically three different classes of
enzymes involved in these two pathways, the a- and B-secretase, and - and -
secretase.

In the amyloidogenic pathway of APP processing, APP is initially cleaved by
B-secretase (BACE), producing soluble APPJ (sAPPf) and a membrane-bound
fragment, APP-CTF (C99)*>%¢. The C99 fragment is subsequently cleaved by
y-secretase, resulting in the extracellular release of AP and the generation of
the APP intracellular domain (AICD), which may translocate to the nucleus?’.
In the non-amyloidogenic pathway, however, APP is first cleaved by o-
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secretase, generating soluble APPa (sAPPa) and a different membrane-bound
fragment, APP-CTF (C83). When y-secretase cleaves C83, it produces p3 and
AICD, thereby circumventing AB production altogether.

The o-secretases, which include ADAMY9, ADAMI10, and ADAMI17, are
plasma membrane-bound proteases that belong to the family of zinc
metalloproteases™ *°. These enzymes primarily cleave the APP at the neuronal
surface, with some activity occurring in the trans-Golgi network (TGN)*.
Their cleavage of APP typically leads to the formation of sAPPa and the a-
carboxy-terminal fragment (a-CTF) through the non-amyloidogenic pathway.
In addition to their role in APP processing, a-secretases also participate in the
cleavage of various other substrates, including interleukin-6 (IL-6), cadherins,
and Notch receptors*.

The p-site APP-cleaving enzymes 1 and 2 (BACEl and BACE2), are
transmembrane proteases that are responsible for B-secretase activity. BACE1
is primarily active in the TGN and endosomes, where its enzymatic activity
depends on an acidic environment. This enzyme is essential for the production

of Ap* 4,

In contrast, BACE2, while structurally similar to BACE1, does not participate
in amyloidogenesis and is primarily involved in the processing of other
substrates. In brain tissue, the expression of BACE2 is significantly lower than
that of BACEI, indicating that BACE]1 activity predominantly regulates APP
cleavage. Consequently, when BACE]1 cleaves APP, it generates A, whereas
the lower activity of BACE2 results in cleavage occurring within the A
sequence. This differential regulation of BACE1 and BACE2 underscores the
complexity of APP processing and highlights the significance of BACEI in the
pathogenesis of AD*>46,

The y-secretase is a multi-subunit protease complex that consists of four
individual proteins: presenilin (PSEN) 1 or 2, nicastrin (NCSTN), anterior
pharynx defective 1 (APH1) and presenilin enhancer 2 (PEN2)*"- %, Presenilin
(either PSEN1 or PSEN2) forms the catalytic core of the y-secretase complex,
and mutations in these genes have been linked to early-onset familial
Alzheimer’s disease. These four components are necessary and sufficient for
full y-secretase activity. When activated, y-secretase cleaves off the C-terminal
fragment of APP to generate AP. Cleavage by y-secretase has traditionally
been thought to yield either AP 1-40 or AP 1-42, along with AICD. However,
recent research has revealed that the y-secretase cleavage is more intricate,
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involving additional cleavage sites known as the y-site, {-site, and g-site >,

The y-site defines the final length of AP, ending at either AP 1-40 or AP 1-42,
while the e-site generates AICD, beginning at AP 1-49 or Af 1-50. The
identification of these sites has clarified sequence gaps and led to the discovery
of an intermediate (-cleavage at AP 1-46. AP peptides are then further
processed through sequential trimming along two main pathways. In the AP 1-
40 product line, tripeptide trimming occurs along AB 1-49 to 46, 43, 40, and
finally 37. In the AP 1-42 product line, tetrapeptide trimming follows the
sequence AB1-48to 45,42, and finally 38°"-32. Additionally, other AP peptides
of varying lengths emerge, reflecting multiple interactive cleavage pathways
and resulting in the release of tri-, tetra-, penta-, and hexapeptides. These
pathways are associated with the main AP 1-40 and AP 1-42 lines, highlighting
the complexity of AP generation and its relevance to neurodegenerative
diseases.

1.2.2 AMYLOID PEPTIDE AGGREGATION

AP peptide sequences contain regions with distinct structural propensities that
significantly contribute to their aggregation. Notably, the highly hydrophobic
core sequence, residues 17-21 (KLVFFA), is a key aggregation-prone segment
that promotes insoluble fibril formation® 3, The tendency for aggregation
increases with peptide length, making longer peptides (e.g., AP 1-42) more
prone to aggregation than shorter forms (e.g., AR 1-40)°> ¢, This variation in
aggregation behavior is believed to underlie the differing pathological effects
of these peptides in AD.

The aggregation process begins at the monomeric level. Misfolded AP
monomers often form B-hairpin structures through interactions between their
C-terminal and central regions, serving as initial seeds for aggregation. These
monomers first associate into lower-order aggregates, such as dimers and
trimers, which then self-assemble into higher-order oligomers. Oligomers are
considered highly toxic intermediates, potentially exerting neurotoxic effects
before forming larger aggregates. As aggregation advances, oligomers
transition into protofibrils, which eventually elongate and stabilize into mature
amyloid fibrils®” ¥,

The fibrillization of AP proceeds through three key steps: primary nucleation,
secondary nucleation, and elongation. In primary nucleation, monomers bind
together in a manner that enables their addition to occur more rapidly than their
dissociation. Secondary nucleation usually produces nuclei from monomers in
a reaction catalyzed by already existing aggregates of the same monomer type.
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Elongation expands fibrillary aggregates through monomer addition (Figure
2)%%¢1 1t is believed that toxic species are predominantly generated during
secondary nucleation.

Secondary nucleation

Monomer Dimer Oligomers Protofibrils Mature fibrils
0= & = = =
O
O
L Y J
Cytotoxic [

Figure 2. Amyloid-f} aggregation. Soluble Aff monomers aggregate progressively,
forming oligomers and protofibrils, which eventually assemble into insoluble fibrils.

Primary nucleation

Elongation

The mature amyloid fibrils further adopt a characteristic cross-p-sheet
structure—a hallmark of amyloid pathology—and exhibit substantial stability,
allowing them to persist in the brain for extended periods. These fibrils cluster
into larger plaque structures, where AP 1-40 and AP 1-42 peptides, along with
other cellular components, form thermodynamically stable "sinks" that
sequester A into highly insoluble deposits.

1.2.3 THE AMYLOID CASCADE HYPOTHESIS

Numerous theories have been proposed to explain the neurodegenerative
processes in AD, with the amyloid cascade hypothesis being the most widely
accepted, despite ongoing debate and potential contradictions.

The amyloid cascade hypothesis, now over 30 years old, states that the
accumulation of AP is the primary trigger for a cascade of molecular events
leading to neurodegeneration®®. According to this hypothesis, AB buildup
initiates processes that promote the formation of hyperphosphorylated tau
aggregates, activation of neuronal death pathways, and, ultimately, the
progression to dementia.

Over time, as AD research has progressed, the amyloid cascade hypothesis has
faced significant challenges. For example, multiple studies have shown that
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the accumulation of senile plaques does not consistently correlate with
cognitive decline®®°, Furthermore, AR pathology has been observed in
cognitively healthy older individuals® ¢’. Increased AP production is not a
characteristic associated with many fAD mutations. In fact, several fAD
mutations have been linked to a reduction in Ap production.

Consequently, research has shifted focus to other forms of A that may play a
more central role in disease progression. In particular, soluble AP oligomers
are now considered more cytotoxic than the fibrillar AB found in plaques® .
The selective toxicity of these oligomers in cellular models has provided
additional support for their potential role in AD pathogenesis.

Senile plaques, which consist of post-translationally modified, oxidized, and
truncated AP in fibrillar B-sheet conformations, likely represent a later stage of
aggregation that may occur over many years. These plaques accumulate well
before clinical symptoms appear and may be less directly involved in AD
pathogenesis than their precursor oligomers’ 2. This distinction emphasizes
the importance of early aggregation intermediates, which are now thought to
play a more active role in neuronal damage than the mature plaques
themselves.

In addition to the primary criticism regarding the lack of correlation between
cognitive function and amyloid deposition, further evidence from clinical trials
and epidemiological studies reveals that while many interventions have
successfully reduced amyloid levels as measured by PET imaging, this
reduction has not resulted in clinical benefits’”* 7. Moreover, anti-Af
interventions have demonstrated ineffectiveness in patients with fAD”>. These
findings highlight the need for a deeper understanding of amyloid pathology
and the molecular mechanisms underlying complex disorders, particularly in
relation to genetic mutations.

1.3 AB NEUROPATHOLOGY

Amyloid plaques deposited in the extracellular space of the brain parenchyma
exhibit diverse morphologies, including cored and diffuse plaques.

Cored plaques, formed by insoluble AP aggregates, are also known as
congophilic plaques. Their characteristic B-sheet structure allows them to be
stained with Congo red (CR)’® and thioflavin-S”’. These plaques are associated
with dystrophic neurites, inflammation, activated microglia and astrocytes, and
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a general loss of synapses and neurons’ 7. In contrast, diffuse plaques are not
detectable with these staining methods and require anti-Af antibodies for
visualization. Both cored plaques (CP) and diffuse plaques (DP) are present in
sAD. However, diffuse plaques are more common in cognitively unaffected
amyloid-positive (CU-AP) individuals, also referred to as pathological aging®.
Unlike cored plaques, diffuse plaques typically lack abnormal neurites.
Specific AP isoforms are associated with distinct plaque types. APx-40 is
found in the cores of amyloid plaques, while ABx-42 is primarily localized in
diffuse aggregates®!-*,

In addition to cored and diffuse plaques, other plaque subtypes have also been
identified: cotton wool plaques (CWP) and coarse grain plaques (CG). Cotton
wool plaques are large, lack amyloid cores, and are frequently observed in
certain presenilin-1 mutant cases of autosomal dominant AD and some non-
familial cases®>®’. A recently identified subtype is coarse grain plaque, which
contains multiple small cores and is rich in AB1-40. They are associated with
advanced AD, APOE4 homozygosity, and cerebral amyloid angiopathy (CAA)
(Figure 3)%,.
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Figure 3. Different types of amyloid plaques, including cored, diffuse, coarse grain
and cotton wool plaques, and CAA in AD brains. (Image from Paper VI)

Based on analysis of human brains with different degrees of plaque
accumulation, AP deposition and spread in AD are well characterized and
divided into five phases, which is known as Thal stages. In the first phase,
plaques first appear in the neo(iso)cortex. In phase II, the allocortex,
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hippocampus, and amygdala are affected. By phase 111, plaques develop in the
basal ganglia and diencephalon. In phase IV, the plaques spread to the midbrain
and medulla oblongata, and in the final phase, they extend to the cerebellar
cortex (Figure 4)*¥. However, the progression of the disease is not directly
linked to the spread or size of AP plaques.

Pre-clinical Stages

Phase2 Phase3 )

Clinical Stages

7.
Phase 4 \

Figure 4. The phases of Ap plaque distribution in the brain®’.

Phase 5

Apart from the parenchyma plaques, AP also deposits in the walls of arteries,
arterioles, and sometimes in capillaries and veins within the central nervous
system, which is identified as CAA. Recent studies revealed that almost 50%
of individuals diagnosed with AD exhibit moderate-to-severe CAA pathology.
Large-vessel CAA is considered severe, with arterioles more frequently
affected than veins in approximately 25% of end-stage AD patients. Capillary
CAA is less common, being severe in approximately 10% of cases. In
advanced large-vessel CAA, amyloid deposits often extend through the tunica
adventitia into the surrounding parenchyma, which contains tau-
immunoreactive abnormal neurites. The amyloid peptides in these CAAs also
exhibit heterogeneity. Early-stage large-vessel CAA is characterized by a
predominance of AB42, whereas AB40 becomes more dominant in later stages.

10
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In contrast, capillary CAA is more often associated with AB42 than AB40. This
distinction suggests that the deposition of A in capillaries occurs through a
mechanism different from that in large vessels or AP plaques (reviewed in °').

The characterization of amyloid plaques and CAAs highlights the complexity
of amyloid pathology in AD and raises important questions about the
underlying molecular mechanisms that drive plaque and CAA formation and
their subsequent development. Although significant progress has been made in
identifying the different types of plaques and CAAs, the precise molecular
events involved in their formation, the extent of their heterogeneity, and their
potential neurotoxic effects remain poorly understood. Further research is
essential to elucidate these aspects, as it may lead to a better understanding of
the relationship between amyloid pathology diversity and the clinical
manifestations of AD.

1.4 ALZHEIMER’S DISEASE RISK FACTORS

The primary risk factors for AD include advanced age, particularly in
individuals over 65 years old, although this age threshold is not universally
defined®®>. Another significant risk factor is the presence of at least one
apolipoprotein E (APOE) &4 allele, which is associated with a higher likelihood
of developing the disease® **. Interestingly, sex differences also play a role in
the risk of AD, as women are more prone to develop the condition than men,
especially after the age of 80%°.

Research indicates that women with Alzheimer's disease tend to exhibit a
higher tau burden, even when their levels of amyloid  are similar to those of
men®® 7. This suggests that gender may influence the underlying
pathophysiology of the disease and its progression.

Additionally, several modifiable risk factors contribute to an increased risk of
dementia. These include cardiovascular diseases, diabetes, and obesity, all of
which have been linked to cognitive decline. Furthermore, lifestyle factors
such as poor diet, physical inactivity, and smoking are also associated with a
heightened risk of developing AD?. Addressing these risk factors through
lifestyle modifications and early intervention may be crucial in mitigating the
incidence of AD and improving overall cognitive health. Understanding these
multifaceted risk factors is essential for developing targeted prevention
strategies and enhancing public health initiatives aimed at reducing the burden
of Alzheimer's disease in the aging population.

11
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1.4.1 GENETICS FACTORS IN AD

1.4.1.1 AUTOSOMAL DOMINANT GENES IN FAMILLIAL AD
Mutations in the APP and PSEN genes account for fewer than 2% of all AD
cases” 1%, However, the majority of genetically resolved cases of early-onset
fAD (EOFAD) are attributed to mutations in the PSEN genes, which are
responsible for up to 70% of EOFAD instances. These mutations alter the
enzymatic cleavage of y-secretase in the C-terminal region of AP, resulting in
an increased ratio of AB1-42 to AP1-40, a change that is critical in the
pathology of AD'?!-102,

In contrast, APP mutations are less common in EOFAD, accounting for only
10% to 15% of cases”. These mutations can occur both within and outside the
AP sequence, and they have been linked to abnormal synaptogenesis and
synaptic dysfunction!® 1% To date, over 65 APP mutations have been
documented (Figure 5); however, the pathogenicity of 36 of these mutations
remains uncertain. Understanding the mechanisms by which these genetic
alterations contribute to the onset and progression of AD is essential for
developing targeted therapeutic strategies.
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Figure 5. Schematic overview of the APP sequence with some of the mutations. The
cleavage sites are marked with green arrows.
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Of note, three distinct mutations of the APP, the Swedish (APPSwe), Arctic
(APPArc), and Uppsala (APPUpp) mutations, have been identified and
characterized by our collaborators at Uppsala University.

The APPSwe mutation is characterized as a double mutation occurring at
codons 670 and 671 of the APP gene'®. This mutation has been shown to
enhance B-secretase cleavage, resulting in an increased overall production of
AP peptides'®.

The APPArc mutation is a single point mutation located at codon 693, which
has been associated with early-onset AD. Peptides containing this mutation
tend to form protofibrils more rapidly and in greater quantities than wild-type
AP, although the rate of fibrilization remains unchanged'®’.

The APPUpp mutation is a newly identified alteration characterized by a six-
amino-acid deletion within the mid-region of AP. This mutation appears to
significantly reduce non-amyloidogenic o-secretase processing of APP,
leading to the generation of rapidly aggregating AP peptides that lack amino
acids 19 to 24'%. Understanding these mutations enhances our knowledge of
the mechanisms underlying AD pathology and could inform future therapeutic
approaches.

1.4.1.2 GENETICS RISKFACTORS FOR SPORADIC AD

Sporadic AD is characterized by the absence of a documented family history,
unlike familial AD'®. This form of AD is thought to be primarily caused by a
failure of the mechanisms responsible for clearing AP from the brain, leading
to its accumulation and subsequent neurotoxic effects. Studies have shown that
sporadic AD is influenced by multiple genetic factors, many of which have
been identified through genome-wide association studies (GWAS)'®.

These studies have highlighted several key genomic variants that play an
important role in the pathogenesis of sporadic AD. Of these, the APOE gene is
the best known and is considered the strongest genetic risk factor for late-onset
AD!"°, The presence of the APOE ¢4 allele significantly increases the risk of

disease and is associated with an earlier onset and more severe pathology'!'!.

Within the central nervous system (CNS), the APOE gene is expressed by
multiple cell types, each responding differently to various physiological and
pathological conditions. These investigations of APOE4 at a single-cell
resolution have demonstrated that APOE4 is generally produced by diverse

13
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CNS cell types, such as astrocytes, neurons, microglia, oligodendrocytes, and
vascular cells, and it plays multifaceted roles in AD pathology'!?. For instance,
in astrocytes, APOE4 has been shown to influence lipid metabolism and
neuroinflammation'!'3, while in microglia, it affects phagocytic activity and the
immune response to amyloid-beta plaques!'* !>, In neurons, APOE4 may alter
synaptic function and resilience to neurodegenerative processes''® 7. The
identification of these cell type-specific effects of APOE4 underscores the
complexity of its contributions to AD and highlights the need for targeted
therapeutic strategies that consider the diverse roles of APOE in the CNS.

Other notable genetic variants discovered through GWAS include TREM?2
(triggering receptor expressed on myeloid cells 2)''® and ABCA7 (ATP-binding
cassette subfamily A member 7). Variants in the TREM?2 gene are associated
with increased risk of AD, likely due to their role in immune responses and
inflammation in the central nervous system. TREM2 is a transmembrane
glycoprotein receptor located on the cell surface, and it plays a crucial role in
various biological processes, including phagocytosis, inflammatory signaling,
as well as myeloid cell proliferation, migration, and survival'?® 2!, The
activation of TREM2 can be triggered by a diverse array of ligands, including
lipids and proteins such as phospholipids, high-density lipoproteins (HDL),
low-density lipoproteins (LDL), as well as APOE and AB'?2. Notably, the
variants R47H and R62H in the TREM?2 gene have been associated with an
increased risk of AD'?*. These mutations are known to reduce the binding
affinity between TREM2 and APOE, which may impair the receptor's function
and contribute to the pathogenesis of the disease. Moreover, TREM2
deficiency has been shown to significantly impair the ability of microglia to
migrate toward apoptotic neurons, which is a critical aspect of the
neuroinflammatory response.

ABCA7 is identified to be involved in lipid metabolism and production and
clearance of AB'>* '3, further supporting the link between genetic factors and
amyloid clearance mechanisms.

The interplay between these genetic variants and environmental factors
contributes to the complex etiology of sporadic AD, highlighting the need for
a comprehensive understanding of how these factors interact to influence
disease development and progression. Future studies should focus on
elucidating the molecular pathways affected by these genomic variants and
exploring potential therapeutic strategies aimed at enhancing Af clearance and

14
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mitigating the impact of genetic risk factors on the development of Alzheimer's
disease.

1.4.2 ROLES OF LIPIDS IN AD PATHOLOGY

In 1907, the presence of ‘adipose inclusions’ or ‘lipoid granules’ in the brains
of patients with AD has been described as the third hallmark of AD by Alois
Alzheimer'?%. Over the decades, there is mounting evidence suggesting that
changes in the neuronal lipid biochemistry are essentially associated with
protein misfolding and amyloidogenic aggregation into mature, neurotoxic
plaques. It has been found that neuronal lipids are implicated in controlling
trafficking and activity of membrane-bound proteins in AP production and
processing, modulating the aggregation propensity of the peptide!?’. APOE4
has been identified as the most significant risk factor for developing AD'!!.
APOE is a lipid-binding protein that plays a crucial role in maintaining
cholesterol homeostasis'?®, suggesting a critical role of lipid in AD pathology.
This is further supported by the fact that TREM?2 is implicated in neuronal and
synaptic damage induced by microgliosis'®. Also, several potential loss-of-
function ABCA7 mutations and deletions have been identified to be linked to
AD'"’. This emphasizes the need for advanced research tools that feature the
necessary sensitivity and specificity to delineate molecular events on a
subcellular level.

1.4.2.1 CHOLESTEROL INVOLVED IN PATHOGENESIS OF AD

Cholesterol is a major component of cellular membranes. It is essential for
maintaining membrane fluidity, preventing fatty acid crystallization, and
reducing permeability to water-soluble molecules'!: 32, Cholesterol is
abundant in lipid rafts, which supports the anchoring of functional molecules,
including membrane receptors'*3-13, In neurons, cholesterol is particularly

abundant in myelin sheaths, facilitating saltatory nerve impulse propagation'3®
138

Neurons acquire cholesterol either by synthesizing it or by recapturing it from
the extracellular environment. Once synthesized, free cholesterol binds to
APOE and is transported across the cell membrane via the ABCA1 transporter.
It then binds to low-density lipoprotein receptor-related protein 1 (LRP1) on
the neuronal membrane, allowing internalization into the endolysosomal
compartment'*®. Here, APOE is degraded, and free cholesterol is released and
reintegrated into cholesterol-enriched membrane domains.
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Key proteins implicated in AD pathology, including APP, BACEI, and the y-
secretase complex, localize within lipid rafts, underscoring cholesterol’s
potential role in their processing activities.

1.4.2.2 SPHINGOLIPIDS INVOLVED IN PATHOGENESIS OF AD
Sphingolipids (SPLs) constitute a structurally intricate and diverse class of
lipids that include key compounds such as sphingosine (So), ceramide (Cer),
sphingomyelin (SM), sphingosine-1-phosphate (S1P), glucosylceramide, and
acidic glycosphingolipids, especially gangliosides and sulfatides'*’. Enriched
in the CNS, these SPL metabolites are essential for maintaining the structural
and functional integrity of neuronal cells'*!. Emerging evidence suggests that
SPLs play a pivotal role in the progression of neurodegenerative diseases,
including AD, where their dysregulation may contribute to pathological
processes.

The monosialylgangliosides (GM), a glycosphingolipid predominantly located
in CNS membrane fractions, have gained particular interest for their potential
role in AD. Analyses of human brain ganglioside content across individuals
aged 20 to 100 have shown that ganglioside patterns change with normal aging
and are further altered in neurodegenerative conditions such as AD'*,

Specifically, levels and expression patterns of GM1 are believed to modulate
AD pathology through interactions with AB peptides'®’. Research indicates that
GM1 may facilitate the aggregation of neurotoxic A fibrils on cell surfaces,
contributing to the pathological formation of amyloid plaques'*. Clustering of
GM1 within membrane microdomains, or "lipid rafts", appears essential for
this interaction. Within these domains, GM1 may drive the initial deposition
and nucleation of AP fibrils by stabilizing conformational changes in AP that
promote aggregation'®’, This pro-aggregative role of GM1 underscores the
intricate relationship between lipid metabolism and protein misfolding in AD,
positioning SPLs as mediators in these processes.

Since SPLs like GM1 are known to impact membrane fluidity, receptor
activity, and signal transduction, alterations in ganglioside composition may
disrupt neuronal signaling pathways, contributing to the synaptic dysfunction
observed in AD.

Besides GMs, ceramides are involved in AD pathology as well. Ceramide

activation of protein phosphatases 1 (PP1) and protein phosphatases 2A
(PP2A) has been reported to be involved in apoptosis induction'*6. Moreover,
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it was previously reported that both CerP and PE-Cer were suggested to
prevent ceramide-induced apoptosis and might indicate the mechanism of
cellular defense during AP seeding'¥’. Further, sphingomyelin, as a major
component of cell membranes and myelin, can interact with TREM2!48-150
and/or TAM receptors'! after their exposure on the cell surface for marking
the cells out for clearance.

Sulfatides (STs) are lipids found in the myelin sheath surrounding axons,
primarily synthesized by oligodendrocytes'>> 3, These lipids play crucial
roles in oligodendrocyte differentiation and survival, myelin maintenance,
glia-axon interactions, and the proper localization of axonal proteins'3*1%,
Alterations in sulfatide levels in human brain tissue have been linked to
neurodegenerative diseases, including AD, multiple sclerosis, and Parkinson's
disease!®-162, Notably, it has been reported that sulfatides are significantly
depleted in the earliest clinically recognizable stages of AD, as well as in
preclinical stages'®'%°. In addition, APOE is involved in the regulation of
sulfatide transport and turnover in the brain, and adult-onset sulfatide
deficiency has been shown to induce neuroinflammation and cognitive
impairment, resembling AD pathology!®*!'®®. Furthermore, our previous
studies have demonstrated that sulfatide deficiency is associated with plaque
pathology in transgenic AD mouse models!®® 170,

In recent years, growing evidence has highlighted the crucial role of
lactosylceramide (LacCer) in the progression of neurodegeneration'”". LacCer
is an important intermediate in sphingolipid synthesis. As a biologically active
sphingolipid, it participates directly in cell signaling and can be broken down
in ganglia, exerting significant effects in the body through the involvement of
active enzymes, glycosides, and lipid rafts!”> !, LacCer has been shown to
contribute to neurodegeneration by activating astrocytes, leading to
neuroinflammation. Induction by pro-inflammatory factors and toxic
substances promotes LacCer accumulation in cells, which activates the Ras-
MEK-ERK1/2 and IxB/NF-xB pathways, driving astrocyte proliferation and

neuronal apoptosis'’.

Furthermore, recent studies have linked plasma LacCer concentrations to
cognitive performance, and showed that genetically modified LacCer levels
being associated with AD risk!”. LacCer is a central intermediate in the
synthesis of complex sphingolipids and serves as the precursor for all
gangliosides!”®. Gangliosides have been reported to be associated with amyloid
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pathology. Therefore, as alterations in LacCer levels are implicated in changes
to gangliosides, this highlights its potential role in AD pathology.

Therefore, elucidating the roles of SPLs, particularly gangliosides like GM1,
ceramides and LacCer could yield critical insights into lipid-related
mechanisms underlying AD pathology and inspire new therapeutic approaches
aimed at modulating SPL metabolism and function in the brain.

1.4.2.3 PHOSPHOLIPIDS INVOLVED IN PATHOGENESIS OF AD
Phospholipids also play a crucial role in the progression of AD, and alterations
in their metabolism can significantly impact disease pathology.
Lysophosphatidylinositol (LPI) and phosphatidylinositol (PI) are frequently
associated with phosphoinositide bisphosphate (PIP2) species, which are
involved in signaling pathways relevant to AD. Acting as a second messenger,
PIP2 can participate in phospholipase C (PLC) signaling to generate
diacylglycerol (DAG) or engage in phosphoinositide 3-kinase (PI3K) signaling
to recruit protein complexes to the cell membrane'”’. Additionally, LPI serves
as an endogenous ligand for GPRS55, a receptor increasingly linked to
neurodegenerative diseases'’®. This evidence suggests that both LPI and PI
may contribute to AP plaque pathology and AD progression.

Research using MALDI-MSI has shown altered lipid profiles in transgenic AD
models, such as the 5xFAD mouse model with increased
lysophosphatidylcholine (LPC) and decreased phosphatidylcholine (PC)
levels'™. Elevated LPC levels are associated with enhanced AP oligomer
formation, contributing to AD pathology through mechanisms like focal
demyelination and disruption of myelin lipid integrity. LPC accumulation in
amyloid plaques may also amplify AP oligomerization and fibrillation,
potentially accelerating plaque formation and driving neuronal damage!®% '8!,

The effect of LPC on myelin integrity may further exacerbate
neurodegeneration in AD. By altering myelin lipid composition, LPC may
induce focal demyelination, impair neuronal function, and contribute to
cognitive decline'®. These findings underscore the potential roles of LPI, PI,
LPC, and PC in AD-related neurodegenerative processes and highlight the
importance of lipid metabolism in AD pathology. This area of research offers
promising insights into therapeutic strategies that target phospholipid signaling
and metabolism for AD prevention and treatment.
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1.4.2.4 OTHER LIPIDS INVOLVED IN AD PATHOGENESIS

Recent research has focused on the biology of lipid droplets (LDs) in the brain,
revealing their significant roles in cellular lipid turnover and stress response!®3,
LDs are dynamic organelles within the cell cytoplasm that contribute
substrates for energy metabolism, provide building blocks for biological
membranes, and produce signaling molecule precursors'®!. Additionally, they
act as a buffer against lipotoxicity. LDs are thought to originate de novo in the
endoplasmic reticulum (ER) '8 Structurally, LDs consist of a hydrophobic
core filled with neutral lipids—such as triacylglycerols (TAGs), sterol esters
(SEs), and acylceramides—encased in a phospholipid monolayer, which
contains various proteins on its surface and embedded within.

Under normal physiological conditions, LD levels in the brain are low;
however, their accumulation increases during development, aging, and various
pathological states, including neurodegenerative diseases, cancer, and
stroke'®, This accumulation is particularly prominent in neuroglia, such as
astrocytes and microglia, and is seldom observed in neurons.

In the aging brain, a novel state of microglia has been identified in which these
cells accumulate lipid droplets, termed ‘lipid-droplet-accumulating microglia’
(LDAM). LDAM displays a distinct transcriptional profile, exhibits impaired
phagocytic function, generates elevated levels of reactive oxygen species
(ROS), and releases increased amounts of proinflammatory cytokines. Specific
genes—including SLC3341, SNX17, VPS35, CLN3, NPC2, and GRN—have
been identified as genetic regulators of lipid-droplet formation in microglia,
with mutations in these genes associated with autosomal-dominant
neurodegenerative disorders. Furthermore, studies have validated the presence
of LDAM in Grn™~ mice, which model frontotemporal dementia (FTD),
supporting the link between lipid-droplet accumulation and
neurodegeneration'®’- 188,

1.5 MOUSE MODELS OF AD PATHOLOGY

Animal models that closely replicate disease pathology are crucial for studying
molecular mechanisms and disease progression, as well as for preclinical
testing of novel therapeutic approaches. In AD research, mouse models are
widely employed. Since the AP and tau pathologies are morphologically
similar in both sporadic and familial AD cases, genetically engineered mouse
models carrying fAD mutations have been developed to mimic the disease.
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However, it is important to recognize that these models do not fully capture
the complexity of AD pathology seen in humans.

1.5.1 TRANSGENIC MODELS

The first transgenic mouse model for AD research, PDAPP, introduced in
1995, carries the Indiana APP mutation'®. These mice exhibit hallmark AD
pathologies, including extracellular AB deposition, dystrophic neurites, gliosis,
and reduced synaptic and dendritic density in the hippocampus. Subsequently,
the Tg2576 model, which overexpresses the APP gene with the Swedish
mutation, was developed by Karen Hsiao Ashe'”’. Both PDAPP and Tg2576
have become foundational tools in AD research.

Over the past decades, numerous mouse models based on APP mutations have
been created to study AD pathology, including APP23"!, 3xTg!*?, and J20
(PDGF-APPSw,Ind)'**. Beyond APP mutations, many models have been
developed based on PSENI mutations, which are associated with familial AD.
Some models, such as APPswe/PS1A246E, APPswe/PSEN1dE9, and 5XFAD
mice, combine APP and PSENI mutations to mimic more complex aspects of
the disease!*+1%°.

Over the course of this thesis, two main transgenic models studied were tgSwe
and tgArcSwe, along with tgUppSwe and its cross with tgSwe
(tgUppSwe/Swe).

The transgenic mouse model with the Swedish APP mutation (tgSwe) is
derived from a C57BL/6-CBA-F1 genetic background. These mice were
created by inserting APP cDNA clones containing the Swedish APP mutation
under the control of the Thy-1323-promoter. TgSwe mice exhibit a late-onset
pathology, with senile plaques typically beginning to accumulate around
twelve months of age. CAA may start to manifest as early as seven months.
Amyloid plaques predominantly consist of AB1-40 and are typically round in
morphology, with a central core of variable size. Microgliosis and astrogliosis
are most pronounced in the hippocampus but are also observed around deposits
in the cerebral cortex and thalamus, particularly by approximately 11-12
months of age'”’.

The transgenic mice carrying both Arctic and Swedish APP mutations is based
on a C57BL/6-CBA-F1 genetic background and exhibits early-onset
pathology. Intracellular AP deposition is evident as early as two months of age.
AParc peptides are highly aggregation-prone and demonstrate increased

20



Junyue Ge

resistance to proteolysis. Senile plaques, forming between five and six months
of age, are characterized by compact, patchy patterns with minimal diffuse
fibril regions surrounding multiple cores. These plaques predominantly consist
of AParc1-40 and are primarily localized in the cerebral cortex, hippocampus,
and thalamus. Their deposition increases progressively with age!”’.

Finally, upon the discovery of the 4PPUpp mutation'®, a tgSwe-based mouse
model carrying the APPUpp deletion was developed, referred to as tgUppSwe.
Here, the APPUpp deletion results in earlier deposition than in tgSwe showing
prominent deposition at 8months (as compared to 11-12months in tgSwe).
Plaques predominantly consist of ABupp1-42a1924. When crossed with tgSwe
(tgUppSwe/Swe), plaque deposition also starts at 8months, though showing
co-deposition with Apwt1-40.

Together, transgenic mouse models provide a convenient model system to
study basic features of amyloid plaque pathology. However, while these
transgenic models successfully replicate certain AD features, they also have
notable limitations. Most exhibit minimal neuronal death, lack tau pathology,
and develop AP deposition in ectopic brain regions not typically affected in
human AD brains.

1.5.2 APP KNOCK-IN MODELS

Transgenic AD mouse models are widely used even though there are some
concerns. The main issue is that overexpression of the transgene may lead to
additional phenotypes unrelated to AD pathology. To address this issue,
second generation mouse models employing APP knock-in strategies have
been developed to produce the AP which more closely resembles that found in
human AD. The APP"*" and APP"“* mouse models are the most commonly
used. Recently, the App®* knock-in mouse model was introduced,
characterized by amyloid deposition beginning at four months of age and the
presence of AT8-positive dystrophic neurites from eight months onward.

The APPM* knock-in mouse models effectively replicate several AD-
associated pathologies'®®. These include the formation of amyloid plaques in
the cortex and hippocampus, as well as synaptic loss, microgliosis, and
astrocytosis, particularly around the plaques. Amyloid plaque development
begins at six months of age, with cognitive impairment becoming evident by
18 months. The amyloid plaques are around 40-80 um, and mainly consist of
AB1-42.
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In APP"-F model, potential artifacts introduced by APP overexpression are
avoided by using a knock-in approach to express APP at wild-type levels and
with appropriate cell-type and temporal specificity. However, the presence of
three mutations linked to fAD results in elevated levels of pathogenic AB. In
homozygous mice, amyloid plaques begin to develop at two months of age,
reaching near saturation by seven months. The predominant peptide in these
plaques is AB1-42'.
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Figure 6. Schematic overview of the neuropathology observed in the transgenic and
knock-in mouse models mentioned above. Various pathologies, including plaques,
cognitive impairment, and gliosis, emerge at different time points in these models.
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2 AIMS

2.1 GENERAL AIMS

The primary objective of this research is to investigate the molecular events at
the subcellular level within amyloid plaques in Alzheimer’s disease (AD). The
mechanisms underlying AD pathogenesis remain poorly understood,
particularly regarding the relationship between amyloid and lipids. Thus, we
focused on the interactions between lipids and amyloid peptides that contribute
to amyloid aggregation and deposition in both AD mouse models and post-
mortem human brain tissue. Additionally, we aimed to examine the
biochemical factors that may underlie amyloid plaque polymorphism.

Current chemical imaging techniques lack the specificity and sensitivity
necessary to fully capture the dynamics of proteinopathy in AD. To overcome
these challenges, the study aims to explore the molecular architecture of the
complex pathology associated with AD using a range of advanced correlative
chemical imaging tools including MALDI-MSI and microscopy.

2.2 SPECIFIC AIMS

Paper 1

To develop a spatial chemometrics strategy for comprehensive analysis of
multimodal MSI, including lipid and peptide imaging and microscopy data to
interrogate molecular histopathology in complex biological tissues.

Paper I

To delineate lipid/amyloid patterns at the single plaque level using advanced
multimodal chemical imaging, including tri-modal MALDI-MSI and
fluorescence amyloid imaging.

Paper I1I

To investigate the dynamic interactions between lipid and AP in amyloid
plaque pathology over time, utilizing stable isotope labeling in conjunction
with advanced correlative chemical imaging techniques.
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Paper IV

To study the potential co-deposition of ABwt and ABUpp by in vitro co-
aggregation studies with synthetic peptides and to examine the aggregation
process and the evolution of plaque pathology in vivo by IHC and MALDI-
MSI analysis.

Paper V

To characterize chemical traits of neuritic and cored plaques in post-mortem
human brain tissue of sporadic AD wusing correlative MSI and
immunohistochemistry.

Paper VI

To investigate the amyloid peptide signatures present in morphologically
diverse plaque populations in brain tissue from sporadic and familial
Alzheimer’s disease.
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3 MATERIALS AND METHODS

3.1 ETHICAL STATEMENTS

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) in Paper I and II. Animal experiments in Paper III
on APP knock-in mice are performed at UCL together with Prof Frances
Edwards in agreement with the Animals (Scientific Procedures) Act 1986, with
local ethical approval at UCL (06/05/2016). All experimental procedures and
protocols were performed in accordance with the relevant guidelines and
regulations and the study protocol was approved by the Uppsala Animal
Experimental Ethical Committee (#5.8.18-13350/2017) in Paper IV.

All human cases in Paper V and VI were obtained through the brain donation
program of the Queen Square Brain Bank for Neurological Disorders (QSBB),
Department of Clinical and Movement Neurosciences, UCL Queen Square
Institute of Neurology. The standard diagnostic criteria were used for the
neuropathological diagnosis of AD. Ethical approval for the study was
obtained from the Local Research Ethics Committee of the National Hospital
for Neurology and Neurosurgery, as well as the Ethics Review Board at the
University of Gothenburg (Gothenburg, 04/16/2015; DNr 012-15). All studies
abide by the principles of the Declaration of Helsinki.

3.2 SAMPLE COLLECTION

The animals were anesthetized with isoflurane and sacrificed by decapitation.
Brains were rapidly dissected within a 3-minute post-mortem interval and
immediately frozen using dry ice/liquid nitrogen.

Fresh brain tissue samples were collected from the temporal cortex of clinically
and pathologically confirmed sAD cases, and fAD cases.

All brain tissues were stored at -80°C until analysis.
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3.3 METHODS
3.3.1 MALDI MASS SPECTROMETRY IMAGING

Mass spectrometry imaging (MSI), well-known for its label-free, in situ,
untargeted and imaging properties, has become a unique and robust tool to
obtain and characterize the spatial distribution of individual molecules from
tissues in the past decades. MSI adds critical spatial-chemical dimension which
is usually lost in homogenization-based analysis. In the field of MSI, matrix-
assisted laser desorption/ionization (MALDI), secondary ion MS (SIMS), and
desorption electrospray ionization (DESI) are the most commonly used
techniques.

Of these, MALDI-MSI is currently the most widely used technology. In
MALDI-MSI, a UV laser is typically used to desorb and ionize molecules from
tissue sections pre-coated with a UV-absorbing matrix (Figure 7)**. In 1988,
Karas et al. and Tanaka et al. successfully demonstrated the laser ionization of
macromolecular compounds with molecular weights of up to 10 kDa and 34
kDa, respectively, marking the birth of MALDI technology®”": 2. This
breakthrough enabled the mass spectrometric detection of biomacromolecules,
opening a new frontier in analytical detection for life sciences. With the
continued advancement of MALDI technology, it has been successfully
applied to molecular imaging, allowing for the visualization of multiple
molecular components on tissue surfaces. MALDI-MSI was first introduced
by Spengler et al. and Caprioli et al. in the 1990s*** 2%, With a wide variety of
available matrices, MALDI-MSI can probe diverse molecular species. This
technology has since gained significant attention in research areas such as
disease marker discovery, tumor tissue pathology, and the tissue distribution
of drugs and their metabolites.
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Figure 7. Principle of MALDI technique. (Created in BioRender)

However, this technology has certain limitations. For instance, commonly used
small molecule matrices often produce interference peaks in the low molecular
weight region and can cause significant ion suppression. Additionally, the
acquisition speed of MALDI mass spectrometry data is influenced by factors
such as laser frequency and mass spectrometer resolution. When analyzing a
large number of samples at high spatial and mass resolution, the process can
be time-consuming. Furthermore, the cost of MALDI-MSI remains relatively
high.

3.3.1.1 SAMPLE COLLECTION FOR MALDI MSI

Biological samples commonly analyzed by MALDI-MSI typically consist of
tissues from laboratory animals or humans, as well as plants, microorganisms,
and cells, etc. These samples can be formalin-fixed, paraffin-embedded
(FFPE) and fresh frozen tissues. FFPE tissue samples can be conveniently and
cost-effectively stored at room temperature for extended periods due to their
high stability and limited degradation processes, making them routinely used
in both clinical diagnostics and research. However, MALDI-MSI analysis on
FFPE tissues poses some obstacles that are challenging to overcome. These
include modification of biomolecules of interest caused by chemical fixation
of the tissue, and lipid and small metabolite depletion due to paraffin wax and
organic solvent use during the process of deparaffinization.

To date, fresh frozen tissue remains the most widely utilized sample type in
MALDI-MSI. The process involves rapidly cooling freshly dissected tissue by
immersing it in liquid nitrogen or dry ice, commonly known as "snap-freezing"
or "flash-freezing." This procedure must be completed within three minutes of
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tissue isolation to effectively reduce degradation of proteins and peptides
caused by proteolytic enzymes. After snap-freezing, the tissues are stored at -
80°C.

For MALDI-MSI, 5-20 um tissue sections are usually cut using cryostat.
Thinner sections are prone to tearing, while thicker sections, although easier to
handle, may lack electrical conductivity and take longer to dry, leading to
potential cracking and warping. As a result, tissues are typically sliced to a
thickness of 10—20 um, roughly the diameter of a mammalian cell, to ensure
that most cells are cut open, exposing intracellular contents for analysis.

After preparing the frozen sections, they need to be melt-mounted onto a target
plate that is compatible with the ion source. The most commonly used target
plate is indium tin oxide (ITO) conductive glass, which effectively prevents
the accumulation of surface charges on the sample. It is important to note that
for atmospheric pressure MALDI (AP-MALDI) mass spectrometry, the choice
of target plate material is more flexible. Melt-mounting is the most common
method for transferring tissue sections. This technique directly adheres the
frozen tissue sections to the target plate, offering simplicity and reduced
contamination risk. However, an improper melting and mounting process can
cause analyte displacement due to the condensation of excess water from the
sample and surrounding air.

Prior to matrix application, tissue sections may be washed depending on the
goals of the MALDI-MSI analysis and the analytes of interest. Excess lipids
and salts can interfere with matrix crystallization and suppress peptide and
protein ionization. To address this, tissue washing with solutions such as 70%
ethanol, ammonium formate, or ammonium acetate can be used to remove
salts, while organic solvents like chloroform or xylene are typically employed
to eliminate excess lipids®®. Optimizing the washing process is crucial for
various MALDI-MSI applications.

3.3.1.2 MATRIX APPLICATION

In MALDI-MSI, selecting a suitable matrix and deposition method is a crucial
step in sample preparation. Currently, commonly used organic small molecule
matrices  include  2,5-dihydroxybenzoic acid (DHB), a-cyano-4-
hydroxycinnamic acid (CHCA), 9-aminoacridine (9-AA), N-(1-
naphthyl)ethylenediamine dihydrochloride (NEDC), and 1,5-
diaminonaphthalene (1,5-DAN), among others?®. DHB and CHCA are
suitable for detecting lipids, peptides, and other small metabolites in positive
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mode in tissues. 9-AA, NEDC, and 1,5-DAN are commonly used in negative
ion mode for analyzing lipids, organic acids and related compounds. However,
matrices like DHB and CHCA tend to produce significant interference peaks
in the low molecular weight region (m/z < 500), leading to peak overlap and
ion suppression for analytes within this range. As a result, the search for
organic matrices that offer less background interference, higher
desorption/ionization efficiency, and stronger specificity is an active area of
MALDI-MSI research.

Additionally, several new organic small molecule matrices have been reported,
including 2,4,6-trihydroxyacetophenone (THAP), 3,4-dimethoxycinnamic
acid (DMCA), and 3-aminophthalhydrazide (3-APH)*"". Ayorinde et al. also
developed the porphyrin compound meso-
tetrakis(pentafluorophenyl)porphyrin as a high molecular weight matrix,
which reduces matrix peaks in the low molecular weight region, making it

well-suited for detecting small metabolites such as organic acids®®.
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Table 1. Common organic matrices and their applications.
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Nanomaterials have also shown promise as new MALDI matrices. These
include nanomaterials such as gold and silver, metal oxides like iron oxide and
titanium dioxide, and composite materials modified with organic small
molecules. Nano matrices typically produce low background noise and exhibit
stable chemical properties, offering a highly sensitive MALDI-MSI method
for analyzing small molecule compounds. Most recent developments in matrix
technology also focus on analyzing endogenous substances in animal tissues.

Matrix coating methods also play a significant role in MALDI-MSI analysis.
The size of the matrix crystals affects spatial resolution, while the application
method can influence molecular extraction and delocalization within tissues.
Therefore, optimizing the matrix application method is essential to maximize
analyte extraction while minimizing molecular delocalization within tissues.

The two primary coating methods are gas-assisted spraying and sublimation
(Figure 8). Automated sprayers, such as M3+ sprayer (HTX Technologies, NC,
USA) and SunCollect MALDI sprayer (SunChrom, Friedrischsdorf, Germany)
are commonly used, and they provide uniform atomization of the matrix
solution, producing smaller, more uniform droplets. By optimizing the
parameters of the spraying method, such as matrix concentration, solvent, flow
rate, velocity, and nozzle temperature, matrix deposition uniformity and
adsorption are improved, ultimately enhancing the repeatability and
reproducibility of imaging results.

In contrast, the sublimation method is a fast and uniform "dry" matrix coating
technique that does not involve solvents, eliminating the risk of analyte
displacement. However, without a solvent, the interaction between the matrix
and analyte is reduced, potentially leading to a weaker mass spectrometric
response for some analytes. This issue can be addressed by "hydration-
recrystallization," where solvent vapors are used to recrystallize the sublimated
matrix on the sample surface, significantly enhancing the mass spectrometric
response.
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Figure 8. Automated sprayers (left), HTX M3+ Sprayer and SunCollect MALDI
sprayer and matrix sublimation setup (rvight). (Created in BioRender)
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3.3.1.3. MASS SPECTROMETRY IMAGING DATA ACQUISITION

In MALDI-MS]I, the ion source can be paired with various mass analyzers,
including time-of-flight (TOF), quadrupole time-of-flight (Q-TOF), ion trap
(IT), and Fourier transform ion cyclotron resonance (FTICR) analyzers.
MALDI combined with TOF offers fast data acquisition and high throughput,
but its mass resolution is relatively low, making it insufficient for precise
molecule identification. In contrast, MALDI FTICR provides excellent
resolution and accuracy for clear molecular identification, but its slow
scanning speed is a drawback. Orbitrap, however, has become increasingly
popular due to its distinct advantages over FTICR, such as lower instrument
and maintenance costs, comparable mass resolution, acceptable isotope ratios,
better mass distribution at the lower mass range, and faster signal acquisition.
Among the above analyzers, the MALDI-TOF combination is the most
commonly used.
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Figure 9. Schematic of TOF analyzer showing reflectron and linear mode. (Created in
BioRender)

In MALDI-TOF-MS, two primary modes of operation are available: linear and
reflectron (Figure 9). Initially, linear mode is often preferred for peptide and
protein analysis, as it provides straightforward data acquisition and higher
intensity. However, if enhanced resolution and mass accuracy are required,
reflectron mode can be employed. Reflectron mode uses an ion mirror to
correct the flight paths of ions, leading to improved accuracy and resolution.
Although reflectron mode is less sensitive than linear mode and requires higher
laser power to obtain quality spectra, it ultimately delivers more precise
measurements, which is especially beneficial for lipid analysis. Standard
parameters can be applied initially in both modes and adjusted as needed to
achieve the best spectrum quality.

Therefore, we conducted lipid analysis in reflectron mode to achieve better
mass resolution, while peptide analysis was performed in linear mode to obtain
higher signal intensity.

3.3.1.4 MSI DATA PROCESSING AND ANALYSIS

There are currently many commercial and open-source software tools available
for processing MSI data. These tools enhance MSI image quality by removing
noise, correcting m/z peak deviations, and applying normalization. The
primary goal of normalization is to minimize signal variations between pixels,
which may result from uneven matrix coating, surface ion suppression, and
other factors. Total ion count (TIC) normalization is the most commonly used
method for improving image quality in MSI. However, for compounds that are
highly concentrated in small areas, TIC normalization can lead to data
distortion, necessitating the use of alternative normalization methods.
Additionally, in targeted MSI analysis, normalization can be achieved by
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applying an appropriate internal standard, enabling semi-quantitative and
quantitative MALDI-MSI analysis.

Given the large volume of data generated by MALDI-MSI, processing and
analyzing the data can be challenging. To address this, we have developed the
following workflow for data processing and analysis. All lipid MS imaging
data were externally calibrated using batch-processing function in Flex
Analysis (v 4.0 Bruker Daltonics). Image analysis of MSI data was first
performed in SCiLS (v 2021c, Bruker Daltonics, Bremen, Germany). For the
image segmentation, the lipid and peptide imaging data were evaluated in
SCiLS using corresponding pipeline. Regions of interest (ROIs) were
identified by bisecting k-mean clustering-based image segmentation. Total ion
current normalized average spectra of the annotated ROIs were exported as csv
file in SCILS. This was followed by binning analysis for data reduction. Here,
all ROI data were imported into Origin (v 8.1 OriginLab, Northampton, MA,
USA) and peak widths 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. The bin borders were used
for area under curve peak integration within each bin (peak-bin) of all
individual ROI average spectra using an in-house developed R script. The bin
data generated by R script was used for further analysis to extract relevant
information from these large datasets.

Univariate statistics were performed in GraphPad Prism (v.9, GraphPad, San
Diego, CA, USA).

Multivariate analyses of MSI data were performed in MetaboAnalyst 5.0
(https://www.metaboanalyst.ca/) and comprised Pearson correlation analysis,
principal components analysis (PCA), and orthogonal projections to latent
structures Discriminant Analysis (OPLS-DA).

3.3.2 APPLICATIONS OF MALDI-MSI IN
NEURODEGENERATIVE DISEASE

MALDI-MSI enables the detection and characterization of a broad spectrum
of molecules, including proteins, peptides, lipids, and small metabolites, within
tissue samples. In neurodegenerative diseases, lipids dysregulation and
protein/peptide misfolding play a crucial role in disease pathogenesis.
MALDI-MSTI’s capability to detect intact lipids, peptides, and proteins directly
in situ makes it particularly valuable for analyzing these molecular changes in
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the context of neurodegenerative diseases. For different categories of
biomolecules, MALDI-MSI analysis typically requires various sample
preparation procedures.

3.3.2.1 PROTEINS AND PEPTIDES

Proteins and peptides are of great importance in biology, and considerable
effort has been dedicated to their study. Professor Caprioli pioneered the
exploration of protein distribution in biological tissues using MALDI-MSI?*.
Detecting proteins and peptides in brain tissues, however, requires optimized
sample preparation due to the high presence of lipids and other small molecules
that often interfere with protein and peptide signals. Techniques such as serial
washing, acid treatment, on-tissue digestion and nanosecond photochemical
reactions can enhance these signals, allowing for more accurate analysis of
protein and peptide distribution in situ. To date, MALDI-MSI has been
successfully utilized for robust in situ neuroproteomics and neuropeptidomics
in single nerve cells*', as well as in invertebrate tissues and both rodent and
human CNS tissues in the context of neurological diseases®"- 7°.

3.3.2.2 LIPIDS

Lipids are essential components of biological membranes and widely
distributed in various tissues. Dysregulated lipid metabolism has been linked
to neurodegenerative diseases, including Alzheimer's disease, Parkinson's
disease, and amyotrophic lateral sclerosis.

By carefully selecting an appropriate matrix to minimize interference in the
low mass range, researchers can achieve robust detection of lipid signals in
tissue samples. Additionally, washing tissue sections with solvents such as
ammonium formate has been shown to enhance lipid signals, particularly for
lipids with a polar head group like gangliosides. Furthermore, various
derivatization methods have been employed to facilitate the analysis of non-
polar lipids, such as cholesterol, improving the sensitivity and specificity of
lipid detection in complex biological matrices. These strategies collectively
contribute to a more accurate characterization of lipid profiles in tissue,
providing valuable insights into their roles in neurodegenerative disease.

3.3.2.3 OTHER METABOLITES

Neurotransmitters (NTs) are small molecule signaling messengers that
facilitate or modulate synaptic transmission between neurons in the brain.
Dysregulation of the NT system is characteristic of various neurological and
psychiatric disorders. Understanding the abundance and spatial distribution of
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these messengers in the brain is crucial for elucidating the mechanisms
underlying neurological processes and diseases. Therefore, quantifying and
imaging imbalances in different classes of NTs is essential for enhancing our
understanding of these disorders. Recent advancements in derivatization
methods (i.e. on-tissue chemoselective derivatization)’!! and novel matrices
(i.e. fluoromethylpyridinium-based reactive matrices)*'? have enhanced the
detection of NTs through MALDI-MSI analysis. By utilizing these innovative
methods, researchers can achieve more precise imaging and quantification of
neurotransmitters, further advancing our understanding of their dynamics in
various neurological contexts.

In this thesis, amyloid peptide imaging was performed across all studies.
Building on methods previously established by our group, sample preparation,
including tissue section washing, hydrolysis, and matrix application for mouse
and human samples was further optimized. MALDI-MSI analysis of lipids was
performed in Paper I, II and III. 1,5-DAN was employed as the matrix in all
three studies. Details are provided in the respective papers.

3.3.3 STABLE ISOTOPE LABELING IN MALDI-MSI

Stable isotope labeling by amino acids in cell culture (SILAC) is a widely used
technique in MS-based quantitative proteomics. It involves incorporating non-
radioactive, stable isotope-containing amino acids into proteins during normal
metabolic processes. Cells grown in media containing "heavy" SILAC amino
acids replace natural "light" amino acids, and after multiple rounds of cell
division, proteins are labeled. SILAC allows for accurate protein quantification
by comparing MS signal intensities of heavy and light amino acids, without
requiring chemical modification. It also enables functional assays in
proteomics?!3.

In addition to SILAC, stable isotope labeling kinetics (SILK) studies use
isotopes that are fractionally heavier but chemically identical to natural
elements. These isotopes participate in normal reactions and are incorporated
into proteins and other organic molecules. Mass spectrometry can distinguish
isotope-labeled compounds by their mass difference, allowing researchers to
measure dynamic processes like protein synthesis, release, and clearance®'*.
Therefore, SILK is widely combined with mass spectrometry to study protein
kinetics in vivo. This approach provides real-time insights into protein
dynamics in clinical trials, delivering immediate evidence of target
engagement and supporting therapeutic development.
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Furthermore, chemical imaging technologies such as mass spectrometry
imaging can make it possible to delineate the spatial changes of isotope
incorporation in proteins. The combination of protein isotope labeling with
nanoscale secondary ion imaging (NanoSIMS), called multi-isotope imaging,
enables measurement of spatial protein turnover kinetics in cells and tissues.
Notably, this technique, also known as SILK-SIMS, has demonstrated isotope
incorporation in plaques in a hospice study of AD patients and in transgenic
APP mice?!> 216,

Although NanoSIMS imaging provides high-resolution data on isotopic
enrichment at the nanoscale, it remains limited in its ability to retrieve detailed
molecular information, thereby restricting analysis of intact peptides and
proteins. MALDI-MSI overcomes this limitation and has been effectively used
to monitor spatial enrichment and metabolism of stable isotope-labeled drug
candidates administered intraperitoneally, as well as phospholipids delivered
intranasally or intraperitoneally. = Notably, MALDI-MSI enables
comprehensive and chemically specific imaging of AP peptides, supporting
detailed studies of A pathology in AD mouse models and postmortem human
AD brain tissue.

In this thesis, metabolic SILs were applied to a recently developed knock-in
mouse model of AD with familial APP mutations. SN was supplemented to
the diet of 6-10-week-old APP"-“" mice, coinciding with the time frame prior
to plaque deposition (which begins at 8 weeks). Tissue sections were analyzed
by MALDI-MSI to analyze spatial lipid and peptide patterns and to quantify
lipid turnover kinetics encoded in the isotope pattern of distinct lipid species
related to amyloid plaque pathology (Figure 10).
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Figure 10. Schematic of imaging stable isotope labeling kinetics workflow. (A) Isotope
labeling schemes. (B) MALDI-MSI analysis of labeled samples and (C) Isotope
incorporation into amyloid peptide in two groups revealed by MS. (Created in
BioRender)

3.3.4 LCO-BASED AMYLOID STANING

Conformation sensitive, fluorescent amyloid probes (luminescent
oligothiophenes, LCO) could be employed to validate and characterize the
identity of amyloid plaques. These molecules exhibit differential binding
properties towards varying degrees of amyloid maturity. Moreover, different
thiophene oligomers have different electrooptic properties, i.e.,
absorption/emission. This in turn allows for double staining strategies with
differently binding LCO probes that can be delineated upon hyperspectral
fluorescent microscopy. In detail, we used tetra (q) and heptameric formyl
thiophene acetic acid (h-FTAA) for LCO double staining. Here, h-FTAA binds
to immature pre-fibrilla amyloid aggregates. In contrast, g-FTAA binds solely
to mature amyloid fibrils. Further, both probes have distinct emission profiles
(Figure 11) that enable delineation of mature and immature/pre-fibrillar
structures within single plaque?!’-21%.,
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Figure 11. Structural amyloid staining using conformation-sensitive LCO probes (q/h-
FTAA) with different emission properties that can be delineated with microscopy.

3.3.5 FLUORESCENCE MICROSCOPY

Fluorescence microscopy, developed in the early 20th century, has become an
essential tool in biological and medical research for visualizing cellular
structures and processes. It works by transmitting light through microscope
components to produce high-resolution images. Wide-field fluorescence
microscopy (WFFM), also known as epi-fluorescence microscopy, is a basic
form of this technique. It uses a light source, excitation and emission filters,
and a microscope to elicit and capture fluorescent light from samples. The
emitted light, at a longer wavelength, is collected through the objective lens
and viewed either through the eyepiece or digitized by a camera.

A key advancement in fluorescence microscopy has been the incorporation of
Light Amplification by Stimulated Emission of Radiation (laser), which
provides an efficient source of excitation energy. The advent of pulsed lasers
has further enhanced fluorescence microscopy capabilities, particularly in
techniques such as two-photon excitation microscopy. This method allows for
deeper tissue penetration and reduced photodamage, making it invaluable for
studying live cells and tissues in real-time.

Furthermore, the ability to measure fluorescent lifetimes in two- and three-
dimensional contexts has opened new avenues for understanding dynamic
biological processes. The fluorescence microscope functions similarly to a
filter fluorometer, necessitating the development of various wavelength
selection devices that can precisely select excitation and emission
wavelengths.
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Fluorescence microscopy detectors have also diversified, ranging from
photomultiplier tubes that facilitate quantitative measurements to advanced
imaging detectors that enable the acquisition of two-dimensional fluorescence
images. As a result, fluorescence microscopy continues to be an essential
technique for elucidating complex biological systems, providing insights into
molecular interactions, cellular dynamics, and disease mechanisms.

3.3.6 IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) is a widely used method for detecting and
visualizing specific proteins within tissue samples by leveraging the specificity
of antigen-antibody binding interactions. The technique relies on the binding
of antibodies tagged with detectable labels to their corresponding antigens in
tissues, allowing researchers to visualize both the localization and distribution
of specific antigens. Antibodies used in IHC can be monoclonal or polyclonal,
binding to distinct epitopes on the target antigen. Common detection labels
include fluorescent compounds, enzymes, and metals (Figure 12). This
technique can be applied to FFPE or fresh frozen tissue samples, making it
highly adaptable across sample types. Additionally, IHC can be multiplexed or
applied sequentially to detect multiple targets within the same tissue section,
offering flexibility to study complex protein interactions and expression
patterns within intricate tissue structures.

Due to its precision and adaptability, IHC is indispensable in diagnostic
pathology, supporting not only diagnostic accuracy but also patient staging,
treatment planning, and prognostic assessment. IHC is particularly effective
for visualizing tissue morphology, facilitating assessment of cellularity and
tissue architecture alongside specific protein expression.

Despite its widespread utility, IHC does have certain limitations. Challenges
include difficulties in studying multiple targets simultaneously, subjectivity in
visual assessments leading to intra- and inter-observer variability, the risk of
false-negative results, and issues with protocol standardization and quality
control. Additionally, cross-reactivity and reproducibility concerns remain. To
address these limitations, combining IHC with other robust imaging
technologies presents a promising approach for enhancing pathological studies
and achieving more comprehensive tissue analysis.
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Figure 12. Schematic overview of IHC using light microscopy for plaque visualization
in tissue sections. Antibodies tagged with detectable labels bind to specific epitopes on
the target antigen in the tissue, enabling imaging through light microscopy. (Image

from Paper V)
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4 RESULTS AND DISCUSSION

4.1 PAPER |

Correlative Chemical Imaging and Spatial Chemometrics
Delineate Alzheimer Plaque Heterogeneity at High Spatial
Resolution

Amyloid plaque formation is a key feature of AD, with the prevailing
hypothesis suggesting that AP aggregation initiates a cascade of neurotoxic
events??’. While the precise mechanisms remain unclear, recent phase 3 results
for the amyloid-targeting antibody lecanemab provide strong support for this
hypothesis®*!. Various AP aggregation intermediates (monomers, oligomers,
protofibrils, fibrils) are implicated in AD pathogenesis to differing degrees.
Both intrinsic factors (e.g., AP truncation) and extrinsic factors, such as
neuronal lipids, influence AP pathology. Notably, the APOE &4 allele, a lipid
transporter gene, significantly raises the risk of sporadic AD, while genome-
wide studies link AD risk to lipid-related genes like ABCA7 and TREM2'"- 12
130 These insights underscore the need for analytical tools with high chemical
specificity and sensitivity to map plaque-associated biochemical species and
explore AP aggregation dynamics in sifu.

MALDI-MSI has proven to be a powerful technique for examining amyloid
plaque pathology in AD brain tissue. Our group has developed robust MSI
methods for analyzing lipids and intact amyloid peptides alongside (immuno-
) fluorescence imaging, allowing us to investigate biochemical changes
associated with amyloid plaques in AD patients and mouse models®!> 6% 222,
However, challenges related to matrix application, formic acid treatment, and
laser ablation have prevented the simultaneous use of lipid and peptide MSI
with fluorescence analysis on a single tissue section.

To address these challenges, we have developed a novel correlative chemical
imaging system that, for the first time, combines trimodal MALDI-MSI with
fluorescence microscopy. This innovative approach allows us to probe amyloid
plaque-associated lipid patterns on a single brain section from a transgenic AD
mouse, enabling a comprehensive analysis of biochemical changes within a
unified workflow.
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Cryo-sections from a transgenic mouse model carrying the APPSwe mutation
(tgSwe) were prepared. To integrate trimodal MALDI-MSI with fluorescence
imaging on a single section, we implemented the following workflow: (1)
lipid-negative MSI, (2) lipid-positive MSI, (3) fluorescence imaging, and (4)
amyloid peptide MSI. Based on prior research, we found that lipid analysis in
negative mode requires minimal laser shots and power, thus preserving tissue
morphology. Therefore, lipid-negative MSI was conducted first, followed by
lipid-positive MSI. For lipid analysis, we used 1,5-DAN as the matrix, which
is suitable for dual-polarity lipid imaging.

Plaque morphology was then visualized using g- and h-FTAA LCO probes.
Moreover, a coverslip was used during hyperspectral fluorescence microscopy
to enhance signal detection. To ensure that the coverslip and mounting medium
did not interfere with peptide MSI, we also optimized the coverslip removal
procedure. Since formic acid is commonly used in peptide MSI to enhance
peptide signals but can alter tissue histology, we performed fluorescence
imaging before peptide MSI to preserve tissue integrity. This workflow enables
comprehensive, high-resolution analysis of AD-associated biochemical
changes within a single tissue section.

Following multimodal imaging data acquisition, several challenges arise.
Registering MSI images can be particularly difficult due to image noise and
low contrast. Additionally, a major bottleneck lies in the comprehensive
statistical analysis required to evaluate multimodal imaging data effectively.

Hence, we introduced an innovative computational workflow that facilitates
efficient data processing and automated image alignment, allowing for the
incorporation of multivariate statistical analysis of chemical data across
diverse imaging modalities while minimizing human bias.

PCA was employed to capture the variance in the MSI datasets while isolating
noise, following a previously presented approach where magnetic resonance
imaging (MRI) and MSI data were aligned??>. We chose reference images that
highlighted key anatomical or pathological features and were also the best
match across the modalities. Next, we applied an intensity-based, automated
image registration technique to determine the geometric transformation needed
to align the corresponding pixels between the two reference images and the
MSI modalities. Further, we implemented 1+1-evolutionary image registration
for precise geometric alignment of multimodal imaging data. Spatial
chemometrics using OnPLS modeling reveals covariation of multi-modal
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chemical signatures in pathological features. Analytes that were increased or
decreased within plaque structures compared to non-plaque regions were
identified. The strongest global joint correlations were observed for LPE (18:0)
(m/z 480.3, negative ion mode lipids), LPC (16:0) (m/z 496.3, positive ion
mode lipids), and AB1—40 (m/z 4331, average mass, peptides), all of which
have been previously noted to localize within AP plaques'’* ?*%. In contrast,
several lipid species showed a general depletion pattern specific to plaques,
including sulfatides ST(d18:1 24:1) (m/z 888.6) and ST(d18:1 24:0(20H))
(m/z 906.6) in negative ion mode, as well as PC (38:2) (m/z 852.6) in positive
ion mode. Also, the core and peripheral localizing analytes are identified.
Increased core localization levels were identified for PE-Cer (38:1) (m/z 715.6)
and CerP(d36:1) (m/z 644.5) in negative ion mode, and PE(P-34:3) (m/z 720.5)
in positive ion mode. In contrast, depletion at the plaque core was observed for
LPI 18:0 (m/z 599.3), ST(d18:1_22:0) (m/z 862.6), and ST(d18:1 22:0(20H))
(m/z 878.6). Additionally, multiblock component analysis indicated peripheral
localization patterns for PI 38:4 (m/z 885.5) and PI 36:4 (m/z 857.5)
surrounding plaque structures (Figure 13).
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Figure 13. Spatial chemometrics analysis of multimodal MALDI MSI data of AD
pathology. (a) Brain sections from tgSwe mouse were analyzed by MALDI MSI.
Negative ion mode lipid-, positive ion mode lipid-, and peptide imaging data were
acquired on the same brain section. (b) Unsupervised modeling using OnPLS was
performed for the analysis of relationships across all modalities. The Venn diagram
illustrates the partition of variation within the three datasets, with numbers
indicating OnPLS components of globally joint, locally joint, and unique variation.
(c) Globally joint component score image and loadings describing the covariance
among all three modalities. (d, e) Locally joint component of negative- and positive
ion mode lipid data. (f) Locally joint component of positive ion mode lipid- and
peptide data. (g) Unique variation in the negative ion mode lipid modality.
Normalization: root mean square; scale bar = 100 um. (Image from Paper I)

This workflow also incorporated image data fusion to predict MSI ion
distributions at microscopy image resolution (300 nm) from MSI data with a
spatial resolution of 10 um. This enabled high-resolution prediction of
correlative, multimodal MSI signatures associated with distinct amyloid
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structures within individual plaque features, which are crucially involved in
AP pathogenicity. Microscopy-resolution predictions from individual MSI ion
images and their fusion, supported by hyperspectral LCO microscopy,
provided detailed insights into lipids and peptides associated with amyloid
polymorphisms. Notably, the phosphoinositide species PI (18:0 20:4) (m/z
885.5) and PI (16:0 20:4) (m/z 857.5) achieved high reconstruction scores,
accurately predicting their localization at the periphery of diffuse plaques. In
contrast, AB1-38 and AB1-40 showed strong prediction scores throughout the
entire plaque region (Figure 14b). Consistent with the OnPLS model described
above, a plaque-specific depletion of the sulfatide ST(d18:1 24:1) (m/z 888.6)
and its oxidized form, ST(d18:1 24:1(20H)) (m/z 904.6), was observed.
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Figure 14. The workflow of data-driven image fusion to predict molecular
distribution at microscopy resolution. (a) Image fusion utilizing multimodal MALDI
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MSI and hyperspectral fluorescence imaging, integrating the high chemical
specificity of MSI with the fine spatial resolution of microscopy. (b) Single ion
images and their predicted fusion at microscopy resolution. Reconstruction score in
%. Scale bar: 100 um. (Image from Paper I)

In this study, a newly established imaging technique for transgenic AD mouse
brains, combined with an enhanced data registration and image fusion
approach for correlative MSI and functional fluorescence microscopy, enabled
us to precisely map the co-localization of lipids and A peptides associated
with AP plaques. The specific distribution of lipids such as LPI and sulfatides
in plaques aligns with previous findings'®® 7% 225 Additionally, our analysis
revealed distinct patterns of lysophospholipids, including LPE and LPC, as
well as ceramides. Together, the multimodal imaging and spatial chemometrics
strategy presented here provides a powerful framework for integrating
molecular information from diverse imaging modalities, paving the way for
deeper biological insights and maximizing the potential of multimodal imaging
studies.
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4.2 PAPERII

Tetramodal Chemical Imaging Delineates the Lipid-Amyloid
Peptide Interplay at Single Plaques in Transgenic Alzheimer's
Disease Models

In Paper I, we developed a tetramodal correlative chemical imaging approach
combining trimodal MALDI-MSI with hyperspectral fluorescence amyloid
microscopy. In this work, we applied this method to two AD mouse models,
tgSwe and tgArcSwe, to investigate the molecular architecture of single
plaques at microscale resolution. The Arctic mutation in tgArcSwe mice
modifies the chemical properties of AP, leading to accelerated aggregation. We
hypothesize that comparing these models will provide insight into how lipid—
amyloid interactions influence plaque formation, growth, and fibrillation rates.

Our tetramodal correlative imaging workflow includes (1) lipid-negative MSI,
(2) lipid-positive MSI, (3) fluorescence imaging, and (4) amyloid peptide MSI.
Based on samples from the two AD models, we optimized and validated
sample preparation (e.g., matrix application) and imaging parameters,
including laser shot adjustments in MSI and wide-field fluorescence
microscopy. To analyze the tetramodal data without bias, we developed new
methods for examining multimodal imaging signatures from single plaques
using multivariate statistical approaches.

First, hierarchical clustering analysis (HCA, bisecting k-means) on MSI data
enabled segmentation, identifying plaque-like features in tgArcSwe and tgSwe
brain tissue. Fluorescence imaging validated these segmented regions, as the
clustering maps showed strong colocalization with amyloid plaques detected
using LCO probes. These ROIs allowed us to conduct further targeted analyses
(Figure 15A-D).

Both tgArcSwe and tgSwe plaques showed ST depletion, consistent with
previous findings'®??2, while numerous lipid species were enriched at plaques
in both models. To further delineate lipid and peptide accumulation patterns,
we performed multivariate statistical analyses, including PCA and OPLS-DA,
on MSI data at the single-plaque level.
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Figure 15. Multivariate image analysis was conducted on trimodal MSI data, aligned
with LCO-stained fluorescence data, yielding the following results: A) Tetramodal
images derived from tgArcSwe and tgSwe mice. (B) Segmentation images, generated
through hierarchical clustering analysis (HCA), showing plaque features in both lipid
and peptide data in tgArcSwe and tgSwe AD mouse models. Scale bar: 80 um. (C, D)
Overlay of LCO-based microscopy images and MSI segmentation images in tgArcSwe
(C) and tgSwe (D) mice. (E) The Venn diagram reveals the top 15 lipids that correlate
with Af1-40 within the whole plaque, core and periphery of the plaque in these two
mouse models. Scale bars: 60 um and 80 um, respectively. (Image adapted from Paper
1)

These analyses revealed distinct enrichment levels of specific lipid and peptide
species in plaques across the two genotypes. AB1-42 and AB1-39 showed
higher enrichment across plaques in tgSwe mice, whereas certain
phospholipids, including phosphoethanolamines (PE) and phosphatidic acids
(PA), were more enriched in tgArcSwe mice, potentially accounting for the
more prolonged plaque deposition in tgArcSwe.

The APPArc mutation drives the morphological differences in plaque structure
between the two models. Plaques in tgArcSwe mice begin to deposit earlier
and exhibit a more compact, homogeneous structure, while tgSwe plaques
display a heterogeneous morphology, with dense cores and diffuse peripheral
fibrils. Additionally, we observed distinct lipid distribution patterns at plaque
centers in both models, underscoring the variability in lipid and amyloid
deposition between tgArcSwe and tgSwe mice. These results also highlight the
significance of lipid and amyloid deposition polymorphisms.

We also conducted a correlation analysis of lipid and amyloid peptide data to
investigate lipid—amyloid interactions in these two mouse models. AB1-40 is
the predominant peptide in both models, so our analysis primarily focused on
its correlation with lipid species. Specifically, we examined the top 15 lipid
species correlated with AB1-40 at three levels: whole plaque, plaque center,
and plaque periphery.

Interestingly, in tgArcSwe mice, the top 15 lipid species correlated with AP 1-
40 were identical across the whole plaque, center, and periphery. In contrast,
tgSwe mice showed variations in the lipid species associated with A 1-40
across these regions, suggesting distinct lipid involvement in different stages
of amyloid fibril deposition. Our analysis revealed that ceramides,
sphingomyelin, and phosphatidylserine (PS) were linked to AP seeding, while
LPI and PI were specifically correlated with plaque growth. Ganglioside GM1
and LPC showed continuous association with plaque maturation, indicating co-
deposition through later stages (Figure 15E).
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Numerous studies have implicated GM1 and LPC in amyloid pathology
and this study further corroborates those findings. Additionally, through
correlative chemical imaging of two transgenic mouse models with distinct
amyloid plaque pathologies, our results highlight the diverse roles of various
lipid species in amyloid aggregation.

It has been shown that AP can recognize a GM1 "cluster" in membranes, which
promotes the seeding of AP fibrils. Additionally, the formation of this cluster
is facilitated by cholesterol. Increases in intramembrane cholesterol content,
which are likely to occur with aging, may act as a risk factor for the formation
of amyloid fibril??®. Our results in this study further support the fact that GM1
is implicated in AP fibrillation and plaque formation. Further, TREM2 is
involved in detecting anionic and zwitterionic lipids, which associate with
fibrillar A in lipid membranes and are exposed on damaged neurons, playing
a key role in microglia activation and plaque clearance'*®. The specific
distribution of LPI and PI further supports the idea that anionic lipids, as
TREM?2 ligands, are associated with amyloid plaque pathology. In addition,
lipid-droplet-accumulating microglia has been reported to represent a
dysfunctional and proinflammatory state in the aging brain and further
contribute to neurodegeneration’”® . Taken together, this supports the
multifaceted roles of lipids in plaque pathology, including their contributions
to AP plaque growth, formation, fibrillation, and ongoing plaque maturation.

Notably, our tetramodal correlative chemical imaging puts these lipid—amyloid
interactions into a spatial context. This delivers valuable insights into the
molecular mechanisms underlying amyloid plaque pathology and the regio-
specific molecular and cellular response that would otherwise be truncated in
whole-tissue analysis.
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4.3 PAPER I

Delineating AP Plaque Associated Lipid Co-Aggregation
Dynamics Using Pulse-Chase Spatial Multiomics

In Paper 11, we identified various lipid species associated with distinct plaque
pathologies. Ceramides, sphingomyelin, and PS were linked to AP seeding,
while LPI and PI showed specific correlations with plaque growth.
Additionally, ganglioside GM1 and LPC demonstrated a continuous
association with plaque maturation, indicating co-deposition throughout the
later stages®!. Understanding the dynamics of lipid-amyloid interactions is
crucial for further elucidating amyloid plaque pathology. One effective method
for investigating biomolecule dynamics is stable isotope labeling, which
involves incorporating non-radioactive isotopes, such as N and '*C, into
specific biomolecules. In AD research, feeding experimental cells and animals
a diet enriched with 'N- or '*C-labeled precursors allows for the metabolic
incorporation of these isotopes into newly synthesized lipids and peptides,
including A, providing a means to track these molecules within brain tissue.

To explore lipid-amyloid co-aggregation dynamics further, we utilized stable
isotope labeling combined with advanced multimodal correlative chemical
imaging. Our group has demonstrated the robustness of stable isotope labeling
and chemical imaging for revealing AP peptide-specific aggregation dynamics
in an AD mouse model?'®.

For this study, we designed two pulse-chase labeling schemes in APP knock-
in mice (APP""“). These mice were fed a '"N-labeled diet starting at 6 weeks
of age, prior to plaque deposition, until 10 weeks. This was followed by a
washout (CHASE) period of 4 weeks in Scheme A and 7 weeks in Scheme B.

Cryo-sections were collected from both groups, and lipid and peptide MSI
analyses were performed on the same brain tissue section. Additionally, LCO
staining was conducted to validate the presence of amyloid plaques (Figure
16A-D).

With the 'N-labeled diet, MALDI-MSI data revealed distinct isotopic patterns
for lipids, particularly gangliosides GM1 (d36:1), GM2 (d36:1), and GM3
(d36:1) in both schemes, indicating successful incorporation of '°N into these
lipid molecules. Furthermore, MALDI-MSI peptide analysis showed a mass
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shift in AB 1-42 peptide within the plaques, confirming '*N incorporation into
the AP peptide (Figure 16E-F).

The MALDI-MSI data indicated that GM2 (d36:1) and GM3 (d36:1) were
exclusively present in the plaques, while GM1 (d36:1) was enriched in the
plaques in both Scheme A and Scheme B. To investigate lipid-amyloid co-
aggregation dynamics, we calculated the enrichment of "N incorporation in
both GM species and A (primarily AB1-42). Between Schemes A and B, GM1
(d36:1), GM2 (d36:1) and GM3 (d36:1) exhibited a higher level of >N
enrichment in Scheme A, which had a shorter washout period. This suggests
that more unlabeled gangliosides accumulated in the plaques during the longer
washout period in Scheme B (Figure 16G).
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Figure 16. (A-C) Isotope labeling schemes in APPN-9F mice, along with MALDI-
MSI analysis of lipids and peptides in brain sections, were used to depict amyloid
plaque pathology. (D-F) Gangliosides and amyloid peptides with °N incorporation
were detected by MALDI-MSI. (G) Isotopic patterns of GM1(d36:1) and group
comparison of N enrichment in GM1 (d36:1), GM2 (d36:1), and GM3 (d36:1)
within the whole plaque between Scheme A and Scheme B. (H) MALDI-MSI image of
AP 1-42 reveals its aggregation in the plaque, while the mass shift of Ap 1-42
indicates the N enrichment. (I) The >N enrichment in GM1 (d36:1) positively
correlates with N enrichment in A 1-42 within the whole plaque and core,
periphery of the plaque in Scheme A and Scheme B. (Image from paper 111)
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To investigate lipid—Ap interactions during plaque deposition, we conducted a
correlation analysis of '’N enrichment in gangliosides and AB1-42. Notably,
the >N enrichment of GM1 (d36:1) showed a positive correlation with the >N
enrichment of AB1-42 across the core, periphery, and whole plaque in both
Scheme A and Scheme B. These findings suggest that GM1 (d36:1)
exclusively interacts with AP1-42 throughout the entire plaque deposition
process (Figure 16H-I).

In summary, we established a novel correlative chemical imaging method
combined with stable isotope labeling, allowing us to elucidate the dynamic
interactions between lipids and AP peptides at the subcellular level. The
constant interactions between GM1 (d36:1) and AP1-42 during the plaque
deposition process were revealed. This finding further supports the notion that
GM1 plays a role in plaque formation, growth, and ongoing maturation as
proposed in Paper II and indicated by other previous interaction studies??%4,
Additionally, this study demonstrated the potential of correlative imaging
techniques to deepen our understanding of the inter- and intracellular
molecular events involved in the pathology of AD.
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4.4 PAPER IV

The Uppsala APP mutation promotes wildtype AB aggregation
and deposition in vivo

The Uppsala APP (APPUpp) mutation (690-695A), identified and
characterized by our collaborators at Uppsala University, results in a six-amino
acid deletion within the AP sequence. This mutation increases AB production
by enhancing B-secretase activity and altering anti-amyloidogenic a-secretase
activity, while also making AP highly prone to rapid fibril formation. In
patients with the Uppsala APP mutation, ABUpp1-42a19.24 is the predominant
species, although wild-type AP (APwt) peptides are also found in deposits.

Transgenic mouse models with 4PP mutations have been crucial in advancing
our understanding of AD mechanisms and assessing potential treatments. To
examine AP plaque pathology specific to the Uppsala APP mutation, the tg-
UppSwe model was developed. This model combines the Uppsala and Swedish
APP mutations, leading to human ABUppais-24 production, though it does not
fully replicate the amyloid pathology seen in human APPUpp mutation
carriers.

To explore the co-deposition potential of ABwt and ABUpp, we performed in
vitro co-aggregation studies with synthetic peptides in varying proportions to
simulate the brain environment of an APPUpp mutation carrier. To further
investigate aggregation dynamics and plaque evolution in vivo, we crossed the
tg-UppSwe line with the tg-Swe line, creating a tg-UppSwe/Swe model. This
combined approach allowed us to study AP aggregation and pathology in a
controlled, translatable model.

Using a ThT assay, we found that ABUpp peptides promote ARwt aggregation
in vitro. Immunostaining results revealed plaque formation starting at 8 months
in both tg-UppSwe and tg-UppSwe/Swe, while no plaques were observed in
tgSwe at this age. All plaques in tg-UppSwe resembled the diffuse plaques
typical of tgSwe mice, whereas tg-UppSwe/Swe mice developed cored plaques
similar to those in tg-Swe. Notably, CAA, stained primarily by the Ap40
antibody, was prevalent in both tg-Swe and tg-UppSwe/Swe mice at 18 months
but was absent in tg-UppSwe at all ages (Figure 17).
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Figure 17. Immunostaining images of Ap40 and Ap42 in tg-Swe(A4-C), tg-UppSwe
(D-F) and tg-UppSwe/Swe mice (G-1) at 8, 12 and 18 months of age. (J) Whole brain
section immunostaining images of Ap40 and Ap42 from tg-Swe, tg-UppSwe and tg-
UppSwe/Swe mice at 18-month-old. (K) Ap plaques stained by q-/h-FTAA from tg-
UppSwe, tg-Swe and tg-UppSwe/Swe mice. (L) Cross-sectional emission profiles of
the plaques obtained through line scan analysis across Ap plaques, as marked by the
red double-headed arrows. (M) LCO spectral statistics of the emission profiles from
different mouse lines, comparing core and diffuse plaques. The data points in the
graph are individual plaques (N=2-4) sampled across n=3 animals per mouse
model. (Image from Paper IV)

To analyze the AP species in these models, we conducted ELISA, which
confirmed the presence of both AB1-40 and AB1-42 across the models but
could not differentiate between ABUppais-2+ and APwt. For more detailed
insights into AP composition and pathology progression, we applied
correlative chemical imaging on 8-, 12-, and 18-month-old samples from each
model.

In tg-Swe mice, amyloid plaques and CAA consisting solely of Afwt peptides
were detected from 12 months of age. APpwt1-40 is the predominant species in
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CAA, while both Apwt1-40 and APwt1-42 show similar levels of enrichment
in plaques at 12 months. In 18-month-old mice, Apwt1-40 is the primary
peptide in large, round plaques.

In tg-UppSwe mice, only ABUpp peptides were observed, with ABUpp1-42a10-
24 as the main peptide; age-related increases in N-terminally truncated peptides
were also noted.

In tg-UppSwe/Swe mice, both APwt and ABUpp peptides coexisted. At 8 and
12 months, plaques were small and compact, primarily composed of ABUpp1-
42 19-24, while at 18 months, larger round plaques developed with Apwt1-40 as
the main component. Another type of plaque was identified in the HCA
segmentation map of 18-month-old tg-UppSwe/Swe mice. This type of plaque
is generally small and primarily composed of ABUpp1-42419.24. Furthermore,
CAA began to appear at 8 months, primarily consisting of APwt1-40 and
APwt1-42 in tg-UppSwe/Swe mice (Figure 18).
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Figure 18. MALDI-MSI results reveals amyloid peptide evolution patterns in tg-
UppSwe/Swe mice from 8 to 18 months. (4) Plaque and CAA were identified in LCO
(i) and HCA-based segmentation map (ii). MALDI-MSI images (iii and iv), heatmap
of amyloid peptides (v) and representative spectra of plaque and CAA (vi) in 8-
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month-old mice. (B) Plaque and CAA were identified in LCO (i and v) and HCA-
based segmentation map (ii and vi). MALDI-MSI images (iii to iv and vii to viii),
heatmap of amyloid peptides (ix) and representative spectra of plaque and CAA (x)
in 12-month-old mice. (C) Two types of plaques were identified in LCO (i) and HCA-
based segmentation map (ii). MALDI-MSI images (iii and iv), heatmap of amyloid
peptides (v) and representative spectra of two types of plaque (vi) in 18-month-old
mice. In the heatmap, the amyloid peptides are arranged as follows: 1: APuppl-
42419-24; 2: APupp1-420x419-24; 3: APuppl-43419.24; 4. APwitd4-40; 5: Apwtl-37; 6:
Apwti-370x; 7: Apwtl-38; 8: Apwtl-38ox; 9: Apwt1-39; 10: Apwti-390x; 11:
Apwil-40; 12: Apwtl-400x; 13: Apwtl-42; 14: Apwti-420x. (Image from Paper IV)

The recently identified Uppsala APP mutation leads to the production of
APBUppais-24 in the human brain. To investigate the associated AD pathology,
the established tg-UppSwe mouse model was utilized. However, this model
lacks APwt, differing from the amyloid profile observed in AD patients with
the Uppsala APP mutation. Based on the hypothesis that the co-existence of
ABUppais24 and APwt influences aggregation dynamics and parenchymal
plaque deposition, this study utilized a combination of in vitro and in vivo
experiments, along with a new bitransgenic mouse model.

Our findings confirmed the impact of ABUppais-24 on amyloid aggregation in
the presence of APwt. Specifically, MALDI-MSI analysis of three transgenic
mouse models revealed the evolution of amyloid peptides from 8 to 18 months
of age, providing robust support for our hypothesis. This discovery enhances
our understanding of how the Uppsala APP mutation contributes to AD
pathology.
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4.5 PAPER YV

Correlative chemical imaging identifies amyloid peptide
signatures of neuritic plaques and dystrophy in human sporadic
Alzheimer's disease

The diversity of AP aggregates, linked to specific AP peptide species, is
thought to drive various pathological changes in AD. Numerous types of
amyloid deposits have been identified, each with distinct clinical
correlations®’. These deposits are typically categorized into dense-cored
plaques, coarse grain plaques, diffuse plaques, and cotton wool plaques.
Dense-cored plaques are a more prevalent form of AP pathology in AD
patients, while diffuse plaques are more commonly observed in CU-AP
individuals. Despite the identification of these plaque types, the specific
components of these diverse amyloid aggregates remain poorly understood.

Building on our studies of plaque pathology in AD mouse models, we aimed
to expand our techniques, using multimodal chemical imaging (including
fluorescence imaging and MALDI-MSI), to characterize senile and neuritic
plaques in human AD brains. Neuritic plaques (NPs), a subset of plaques
positive for tau, are characterized by neurites that can be visualized using [HC
with an anti-paired helical filament (PHF)-1 antibody, which marks tau
species. These plaques are often associated with dystrophic neurites (DN)—
aberrant axons scattered throughout the grey matter in AD brains.
Understanding the specific AP species within NPs could be crucial for
elucidating the relationship between AP pathology and neurodegenerative
processes.

In this study, we used correlative imaging with MALDI-MSI and IHC to
characterize AP species in NPs. Mirrored brain sections from sAD cases were
used, with one set stained with PHF-1 and anti-RTN3 antibodies alongside g-
and h-FTAA fluorophores. While gq- and h-FTAA identified amyloid
morphologies, PHF-1 marked neuritic plaques, and RTN3 labeled dystrophic
neurites. Using these stains, we distinguished plaques as either PHF-1 positive
or PHF-1 negative.

MALDI-MSI analysis of peptides was then conducted on the corresponding
mirrored sections, with immunostained sections serving as navigation tools to
extract MALDI spectra from identical plaques, allowing us to examine peptide
signatures from the same plaques (Figure 19a).
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Our analysis identified two plaque subtypes: LCO+PHF+ (neuritic plaques)
and LCO+PHF- (non-neuritic plaques). LCO+PHF+ plaques were associated
with RTN3+ dystrophic neurites, whereas LCO+PHF- plaques were RTN3
negative. This allowed us to categorize the plaques into neuritic (LCO+PHF+)
and non-neuritic (LCO+PHF-) types (Figure 19b).

Using MALDI-MSI data, we compared AP signatures between NPs and non-
NPs. Notably, AB1-42(ox) and AB2-42 showed significantly higher abundance
in NPs compared to non-NPs. Additionally, we examined the correlation
between the intensity of the neuritic marker’s immunofluorescence (IF) and
the levels of different AP species within each plaque. Our findings revealed a
significant correlation between AB1-42(ox) levels and RTN3, suggesting a link
between oxidized AB1-42 and neuritic pathology (Figure 19¢). These findings
further underscore the inherently neurotoxic nature of neuritic plaques.
Notably, AP2-42 has been identified as a more robust indicator of
neurodegeneration compared to AB1-40/AB1-42 in diagnostic contexts*.
Collectively, our results suggest that elevated levels of Af2-42 may be closely
linked to neurodegeneration-associated amyloid plaque pathology.

These findings highlight the utility of correlative chemical imaging to explore
AP signatures and provide insights into amyloid plaque pathology at a detailed
biochemical level in AD patients.
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Figure 19. (a) Workflow of correlative chemical imaging of amyloid plaques in
human brain tissues. (b) Overlay of light microscopy image reveals two types of
plaque: PHF+ and PHF- plaques. (c) MALDI-MSI images of two types of plaque and
box plots indicate signal intensity of different Af from PHF+ and PHF- plaques. The
correlation analysis reveals that Ap1-42(ox) intensity from PHF+ plaques correlates
with the intensity of RTN3. Scale bar: 50 um (Image adapted from Paper V)
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4.6 PAPER VI

Chemical imaging delineates AB plaque polymorphism across the
Alzheimer’s disease spectrum

AD plaque pathology precedes other pathological events and cognitive
symptoms, exhibiting a wide polymorphic variety that includes plaques at
various stages of amyloid fibrillization, from diffuse to fibrillar, mature
forms*¢. The relationship between these polymorphic A plaques and AD
pathogenesis, clinical symptoms, and disease progression remains unclear.
Understanding this connection is especially important given the development
of new amyloid-targeting therapies.

In paper V, we focused on the distinctions between neuritic and non-neuritic
plaques in sAD brain tissue. We then expanded our study to characterize
additional forms of AP aggregation in AD brains using advanced multimodal
chemical imaging combined with machine learning. LCO staining was applied
to AD brain tissue sections, followed by MALDI-MSI peptide analysis.

This correlative imaging approach allowed us to identify distinct plaque
populations across different clinical cases. The LCO/MSI method revealed
distinct clusters of plaques. Diffuse plaques (DP), cored plaques (CP) and
coarse grain plaques (CG) were found in sAD cases. In fAD cases, we
identified primarily two plaque clusters, including CP and CG, with an
additional cotton wool plaque (CWP) type observed in one fAD patient (Figure
20). To minimize bias in plaque classification, we utilized a deep learning (DL)
model for automatic plaque identification.
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Following DL-based classification, we analyzed peptide signatures associated
with different plaque morphologies across AD types. In sAD, OPLS-DA-
derived VIP scores identified Ap1-40, AB1-42, and N-terminally truncated,
pyroglutamated forms of ABx-42 (such as AB3pE-42 and AB11pE-42), as key
peptides distinguishing diffuse from cored plaques. Univariate analysis of
individual plaque data further demonstrated that AB1-40 deposition is linked
to plaque maturation and fibrillization in sAD, with increased accumulation of
AP1-42 and its pyroglutamated forms AB3pE-42 and AB11pE-42 indicating
advanced plaque development.

Interestingly, the multivariate HCA analysis identified a distinctive subtype of
fibrillar plaques with a unique morphology, closely resembling what has been
previously described as CG plaques®. OPLS-DA and univariate statistical
analysis showed that coarse grain plaques in both SAD and fAD exhibit
elevated levels of APx-40 species, including Ap4-40, AB3pE-40, and AB1-40.
In contrast, ABx-42 species, such as AB1 1pE-42, AB5-42, AB3pE-42, and AB1-
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42, were found at higher levels in cored plaques compared to coarse grain
plaques in both sAD and fAD (Figure 21).
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Figure 21. Multivariate and univariate analysis results reveal distinct amyloid
peptide signatures across various types of plaques in sSAD and fAD cases. (a I)

66



Junyue Ge

OPLS-DA of fAD-CP sAD-CP plaques reveals the partial separation of fAD CP and
sAD CP with (OPLS model characteristics: R2X-0.319; R2Y-0.624,; 02-0.609). (all)
VIP scores. (b 1) OPLS-DA of sAD-CP and sAD-CG plaques show strong separation
(OPLS model characteristics: R2X-0.737; R2Y-0.948; 02-0.947). (bIl) VIP scores.
(¢c) MALDI-MSI images of different amyloidf (Af) peptides in various types of
plaques. (d) Corresponding box plots showing univariate comparison of single ion
intensities with respective plaque types. (e) Pearson’s correlation matrix of Ap
peptides in (el) fAD-CP, (ell) fAD-CG, (elll) sAD-CP (elV) sAD-CG plaques. (Image
from paper VI)

The MS signatures for coarse grain plaques were predominantly composed of
APB1-40 species. Previous studies, including our own, have shown that vascular
deposits in CAA also exhibit an AB1-40-dominant profile?*” 2%, To further
investigate, we compared the AP patterns between CAA and CG plaques in
MALDI-MSI results via OPLS-DA. The results revealed that CG plaques had
lower levels of AB1-40 and AB3pE-40 compared to CAA. Conversely, APx-
42 species, such as AB1-42, AB5-42, AB3pE-42, and AB11pE-42, were more
abundant in CG plaques compared to CAA. This result reconfirms the findings
of CG plaques reported by Boon in 2020%. The greater diameter of these CG
plaques can be a result of the dense deposition of ABx-40, as Af1-40, a key
component of CG plaques, has a natural tendency to form thick, large fibrils.
Additionally, our findings indicate that AB3pE-40 is highly enriched in CG
plaques. This further supports the fact that the pyroglutamation of APx-40
species enhances seeding ability, accelerates aggregation kinetics, and
increases neurotoxic effects?.

In summary, our findings suggest that fibrillar plaques, particularly coarse
grain plaques, represent a pathological hallmark associated with both advanced
and rapidly progressing AD. The multimodal chemical imaging approach used
in this study enabled detailed molecular investigation of amyloid plaque
pathology across different AD pathologies. This approach could provide
valuable insights that could support future advancements in AD drug
development.
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5 CONCLUSION AND FUTURE
PERSPECTIVES

Understanding amyloidogenic protein pathology has been central in dementia
research since amyloid plaques and neurofibrillary tangles were identified as
key hallmarks of AD over a century ago. The molecular mechanisms
underlying plaque morphology, fibril polymorphism, and lipid-amyloid
interactions remain poorly understood. Advanced chemical imaging
techniques are thus essential for probing these molecular events to gain deeper
insights into diverse plaque pathologies in AD.

Building on previously established multimodal imaging techniques, I
expanded to correlative chemical imaging on single tissue sections to provide
amore detailed view of molecular events. With this newly established imaging
system, lipid and amyloid peptide distributions can be revealed in the mouse
models. Together with advanced, chemometric methods we identified
biochemical covariation patterns across imaging modalities at single pixel
resolution.

The potential of this correlative chemical imaging system was also put to work
to understand the link of lipid-amyloid interaction in heterogenous plaque
pathology across different plaque types and mouse models of amyloid
pathology. Distinct lipid profiles have been reported to be associated with
different stages of plaque formation, including seeding, growth, and
continuous deposition. Notably, GM1 ganglioside was found to correlate with
both plaque seeding and growth. This is important as GM 1 has previously been
implicated in AD pathology as both a CSF biomarker candidate as well as a
key interaction partner in amyloid seeding at the subcellular level*** ¥, The
sequence of ganglioside amyloid co-aggregation and interaction prior or during
plaque formation and growth is however difficult to discern using steady
state/static imaging tools.

To further explore lipid-amyloid co-aggregation dynamics, advanced stable
isotope labeling combined with correlative chemical imaging allowed us to
reveal that GM1 is continuously deposited into plaques along with Af
peptides. Therefore, all these findings support the idea that the role of GM-AP
interactions are critical to AD pathology.
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Leveraging this correlative chemical imaging approach, we also examined A}
peptide progression in newly developed transgenic mouse models. Combining
in vitro and in vivo experiments with MALDI-MSI analysis of brain tissue, we
successfully revealed the amyloid peptide evolution patterns in new mouse
models. Additionally, examining different AD cases with correlative chemical
imaging systems allowed us to delineate distinct AP peptide signatures across
plaque types in both sAD and fAD cases. This further highlights the potential
of advanced correlative chemical imaging techniques in enhancing our
understanding of amyloid plaque heterogeneity and its implications for AD
pathology.

However, some limitations remain in these studies. Although we utilized in
situ MALDI-TOF MS for molecular identification, challenges persist,
especially regarding lipid characterization. Additional techniques, such as
trapped ion mobility mass spectrometry imaging and in situ MS/MS on our
transgenic models, have expanded the number of identifiable lipids, but the
range is still limited. Given the growing evidence that neutral lipids, such as
those in lipid droplets, play a role in the microglia-mediated inflammatory
response associated with amyloid pathology, future studies should expand to
neutral lipids in microglia. Techniques such as chemical derivatization to
enhance cholesterol signals from tissue**?, or the use of silicon nanopost array-
assisted laser desorption ionization’*, could improve mass spectrometry
imaging of these lipids. Furthermore, techniques like MALDI-2, with higher
sensitivity, and AP-MALDI, combined with high-resolution MS (e.g., Orbitrap
and FTMS), could also be employed?*+%,

Another critical area for future investigation is the complexity of amyloid
plaque pathology in human brains. Although the methods used in this thesis
provide valuable information, the sample size was limited, underscoring the
need for larger studies to validate these findings and broaden their
applicability.

Future studies are essential to expand the scope of our research, and we need
to examine a larger number of human samples to thoroughly investigate the
molecular events, particularly the interactions between lipids and amyloid
peptides in AD pathology.

Analyzing a more diverse set of human samples will not only enhance the

robustness of our findings but also provide insights into the variations in lipid-
amyloid interactions across individuals and disease stages. This is especially
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important given the growing evidence that lipid composition can significantly
influence the formation and progression of amyloid plaques.

In addition, improving the spatial resolution of MSI is crucial for targeting
specific cell types, such as astrocytes and microglia, which play key roles in
the pathogenesis of AD. Higher spatial resolution imaging techniques, such as
MALDI-2, significantly enhance the signal of low abundant compounds. This
could enable precisely locating amyloid plaques and lipid deposits towards
single cells within the brain’s complex cellular architecture. By focusing on
these specific cell types, we can gain a deeper understanding of how astrocytes
and microglia interact with amyloid pathology, including their roles in
inflammation, plaque clearance, and the regulation of neurodegenerative
processes.
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