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ABSTRACT

Multiple system atrophy (MSA) is a rare neurodegenerative disease categorized as
a synucleinopathy characterized by the abnormal accumulation of a-synuclein.
Metabolite changes have been observed in MSA patients' biofluids, such as plasma and
cerebrospinal fluid. However, understanding the spatial distribution of these metabolites
in different brain regions is still limited.

Desorption electrospray ionization mass spectrometry imaging (DESI-MSI) is a soft
ionization technique that can identify and visualize the distribution of molecules in tissues.
Here, we applied DESI-MSI to 12 different regions of human brain tissues, including the
prefrontal cortex, orbitofrontal cortex, motor cortex, sensory cortex, occipital cortex,
corpus callosum, uncinate fascicle, thalamus, putamen, caudate, vermis, and
cerebrocerebellum, thus covering most of the affected brain regions in MSA patients. We
compared the lipid expression of fresh frozen samples and investigated the distribution
of the altered lipids. Additionally, we used immunohistochemistry (IHC) staining to
visualize the spatial distribution of a-synuclein. We performed image registration of
histological images and mass spectrometry images to explore the correlation between the
distribution of a-synuclein and the identified lipids.

Our findings demonstrated the utility of DESI-MSI in analyzing MSA-related lipid
disturbances in brain tissues with a simple sample preparation process and minimal tissue
damage. Moreover, our study provides insight into the spatial distribution of lipids in
different brain regions affected by MSA and their correlation with the distribution of a-

synuclein.
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Keywords: Desorption electrospray ionization mass spectrometry imaging (DESI-
MSI), lipid disturbances, molecular distribution, o-synuclein, multiple system
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Chapter 1 Introduction

1.1 Mass Spectrometry Imaging (MSI)

Mass Spectrometry Imaging (MSI) is a technique that utilizes mass spectrometry to
identify molecules, such as lipids, proteins, and other metabolites, and clarify their spatial
distribution in tissue samples. Although typical mass spectrometry is powerful enough to
accurately identify molecules in biological samples, it ionizes and detects them based on
the mass-to-charge ratio (m/z). During this process, all the ionized molecules are pooled
together, resulting in the loss of spatial information within the sample. MSI provides a
solution by setting a certain angle between the ion source and the sample, allowing the
detection of ionized molecules to reflect their respective location on the sample. As a
result, it can be used to identify the molecules in the sample while simultaneously
retaining spatial information. After defining the (x, y) grid on the tissue sample, the mass
spectrum of each pixel will be collected until the entire tissue sample is scanned
through.[1] Some software can select a specific m/z value, and the distribution of the
signal intensities over the tissue sample regarding the specified m/z value can be retrieved.
The intensities are presented in the form of a heatmap, allowing for clear visualization of
the spatial distribution of the candidate molecules contributing to that m/z value.

Until now, there have been several ionization methods. The most commonly used
ionization techniques include secondary ion mass spectrometry (SIMS), matrix-assisted
laser desorption ionization (MALDI), and desorption electrospray ionization (DESI).[2]
These methods are typically chosen based on the target analytes and their mass range.
They exhibit different efficiencies, sensitivities, and spatial resolutions, while the sample
preparation procedures vary. SIMS is highly sensitive for analyzing small molecules or
elemental ions. Additionally, it provides good spatial resolution on a small scale. All these

1
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advantages come at the cost of its limited mass range for analyzing the molecules. SIMS
has also been reported to be more destructive to the tissue due to the nature of ion
sputtering on the sample. MALDI allows for a broader range of analytes, detecting
everything from small metabolites to multiunit molecules, such as proteins or lipids. The
drawbacks include the time-consuming sample preparation step and the potential damage
to the tissue sample caused by ultraviolet lasers. DESI, by contrast, is less destructive to
the tissue. It is advantageous as it allows for a relatively simple sample preparation step.
Moreover, it can detect a mass range from small molecules to polypeptides, sufficient for
most metabolomic and proteomic studies. We applied DESI as the ion source of the
experiment in the study, as we wanted to preserve the structure of the tissues as much as

possible to compare the mass spectrometry images with histological images of the tissues.

1.2  Medical Applications of MSI

MSI is a label-free and on-tissue scanning technique for directly identifying
molecules on tissue samples without losing spatial information.[3] It allows the
visualization of molecular distribution in the tissues and mapping to other medical image
modalities. As a result, it has been widely used in the medical field. Xin Ma et al. reviewed
some recent studies on cancer metabolomics and lipidomics using MSI and elucidated the
correlation between lipid profiles and the progression of various types of cancer.[4] For
example, in 2019, Randall et al. performed MSI on ten prostate tissue specimens assigned
with Gleason Scores (GSs) in different tissue regions to indicate cancer invasiveness. The
authors found an overall increase in phosphatidylcholine in tumor regions regardless of
GS. Phosphatidic acid, phosphatidylserine, and ceremide-1-phosphate increased in the

areas with higher GS, which meant that the distribution of these elevated lipids conformed
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to that of the cell malignancy in the cancerous tissues.[5] In 2021, Tu et al. applied MSI
to six bladder tumors with adjacent normal tissues. The authors found increases in
phosphatidylcholine and phosphatidylethanolamine and decreases in sphingomyelin and
ceremide in the tumor regions compared to the levels in adjacent normal tissues.[6] In
2023, Aramaki et al. performed a lipidomic analysis with DESI-MSI on 12 invasive breast
cancer tissues. The authors identified that some lipid species, such as triglyceride,
phosphatidylcholine, phosphatidylethanolamine, sphingomyelin, and ceremide species
with a higher number of carbon atoms and double bonds, are positively correlated with
the malignancy of cancerous tissue by mapping the mass spectrometry images to the
histological images.[ 7] Other studies have also indicated disturbances in small molecules,
lipids, or proteins related to various diseases. In 2020, Zhang et al. identified lipid
abnormalities in diabetic renal proximal tubules using DESI-MSI and found that
increased levels of fatty acids, ceramides, phosphatidylethanolamine,
phosphatidylglycerol, phosphatidylinositol, and phosphatidylserine indicated the changes
in mitochondrial membrane components, as those lipids were mainly localized in the
mitochondria-rich tubules.[8] In 2017, Maccarrone ef al. performed a proteomic analysis
using MALDI-MSI on one human brain with multiple sclerosis; evaluated areas included
normal white matter, ordinary gray matter, and the lesion. The results were mapped to
histological images with immunostaining of the lesions, and they identified thymosin
beta-4 as a potential biomarker for multiple sclerosis.[9] In 2016, Hare et al. used laser
ablation-inductively coupled plasma-mass spectrometry imaging on four brain tissues
with Alzheimer’s disease to analyze iron distribution in the white and gray matter in the
frontal cortex. The authors indicated the neurotoxicity and neurodegeneration caused by
iron.[10] These studies provided examples of how different types of metabolites affect

the disease pathogenesis and progression. MSI can detect such alterations by visualizing

3
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molecular distribution and mapping to the traditional histological images. In addition to
discovering diagnostic biomarkers, MSI is useful in pharmaceutical research. Schulz et
al. listed several studies that demonstrated the application of MSI in drug distribution,
drug metabolism, drug-induced toxicity, and other related fields.[11] For example, Bonnel
et al. performed MALDI-MSI and quantitative penetration testing for topical medication,
roflumilast, tofacitinib, ruxolitinib, and LEO 29102 and screened for the molecules and
formulation that had the best penetration ability. Determining the drug concentration and
spatial distribution across layers of skin tissue can be used to evaluate whether the
concentration in the target lesion is high enough to be effective.[12] Blanc et al. used
MALDI-MSI to visualize the distribution of tuberculosis drugs, rifampicin, and
moxifloxacin and the metabolite changes to assess the drug-mediated response of
tuberculosis in rabbit lungs.[13] In 2015, Nilsson et al. used MALDI-MSI to visualize the
distribution of antibiotic accumulation in the rat kidney. The authors demonstrated the
utility of MSI for clarifying the more detailed mechanism for drug-induced renal
toxicity.[ 14] Overall, these studies have elucidated the connection between the molecular
distribution acquired by MSI and the other imaging modalities or various medical
interventions to provide detailed insight into molecular expression affected by disease
progression or the course of treatment.

Nevertheless, changes in metabolite expression can be profoundly affected by
proteins in the tissue. Additionally, some diseases etiologies include abnormal protein
expression. For instance, most neurodegenerative diseases are known for protein
deposition, which can lead to the loss of structure and function of neural cells. While the
metabolomic alterations of these diseases are being clarified, it is necessary to understand
how protein expression affects the distribution of metabolites. The combination of MSI

and tissue staining targeting a specific protein may be a solution to address this objective.

4
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1.3  Multiple System Atrophy (MSA)

Multiple System Atrophy (MSA) is a rare neurodegenerative disease that may affect
the autonomic, pyramidal, and cerebellar systems. Typically, MSA is divided into
Parkinsonian type (MSA-P) and cerebellar type (MSA-C) based on the symptoms
observed at diagnosis and the region of brain impairment. The symptoms of MSA-P, such
as limb stiffness and hypokinesia, are similar to those of Parkinson’s disease. In contrast,
MSA-C symptoms include an unsteady gait, loss of balance, and dysarthria. Moreover,
patients with MSA may experience common symptoms due to autonomic impairment,
such as postural hypotension, urinary and bowel dysfunction, sleep disorders, and sexual
dysfunction.[15]

Wenning et al. introduced the criteria for the diagnosis of MSA.[16] Possible
prodromal MSA is confirmed with at least one nonmotor feature (REM sleep behavior
disorder, neurogenic orthostatic hypertension, or urogenital failure) and one motor feature
(subtle parkinsonian or cerebellar signs). Clinically probable MSA requires at least two
of the following: autonomic dysfunction, parkinsonism, and cerebellar syndrome with at
least one supportive clinical feature. Clinically established MSA requires autonomic
dysfunction plus at least one symptom of poor-L-DOPA responsive Parkinsonism or
cerebellar syndrome with at least two supportive clinical features. Neuropathologically
established MSA requires finding widespread a-synuclein inclusion bodies in glial cells
in neural tissue and confirming striatonigral or olivopontocerebellar atrophy on brain
autopsy.

a-Synuclein is a well-known protein biomarker for MSA, and its accumulation
directly causes neuroinflammation and neurodegeneration, resulting in pathogenesis.

Normally, a-synuclein is a protein that regulates synaptic activity in neural cells. It can
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control the release of calcium ions, hence increasing ATP-inducing exocytosis. In addition,
it enhances vesicle priming and the fusion of exocytotic fusion pores. Overall, a-synuclein
plays several roles in regulating synaptic vesicle trafficking and thus affects downstream
neurotransmitter release. Structurally, the a-helix motifs in a-synuclein are similar to
those of the lipid-binding proteins[16], and the phospholipids in the cell membrane may
trigger a conformational change in a-synuclein and initiate the aggregation process.[18]
Typically, oligomeric o-synuclein aggregates can be cleared through lysosomal
degradation.[19] Once a-synuclein aggregation is enhanced or the clearing procedure is
somehow blocked, the accumulation of a-synuclein eventually occurs. Hence, we believe
that the accumulation of a-synuclein may correlate with the distribution of some lipids.
The abnormal accumulation of a-synuclein characterizes some neurodegenerative
diseases, and they are categorized as synucleinopathies, including Parkinson’s disease
(PD), dementia with Lewy bodies (DLB), and MSA[20] In MSA, one of the most
significant pathological features is the presence of a-synuclein-positive glial cytoplasmic
inclusions (GCls) in oligodendrocytes. Although generally widespread, the GCI can show

slightly different distributions in different subtypes of MSA.
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1.4 Known Metabolite Alterations in MSA patients in

Previous Works

1.4.1 Lipids

Some lipids have been proven to be alter in plasma, CSF, and some regions of
postmortem brain tissues from patients with MSA. In 2008, Phil Hyu Lee et al. conducted
a GC/MS experiment on CSF samples from 6 MSA patients and found an elevated level
of EPA in CSF. This might explain the compensatory response of EPA to inhibit apoptosis
and neuroinflammation during neurodegeneration.[21] In 2019, Mori A ef al. perfromed
a metabolome analysis of plasma samples from 16 MSA patients and 20 healthy controls
using LC-TOFMS. The authors found increased levels of several saturated and
unsaturated fatty acid species, such as FA(14:0), FA(14:1), and FA(18:0), and decreased
levels of lysophosphatidylcholine, LysoPC(16:0), confirming the diagnostic value of each
lipid biomarker for MSA. The findings also indicated abnormal lipid metabolism caused
by MSA.[22] Later in 2022, Hideki Oizumi et al. analyzed plasma from 13 MSA patients
and six controls using LC/MS-MS and found an elevated levels of lactosylceramide d18:1
and monohexylceramide d18:1 and a decreased levels of sphingosine-1-phosphate d16:1
and sphingosine-1-phosphate d18:1. The results were consistent with the current
understanding that elevated levels of cerebroside species could induce neuroinflammation
and cause neurodegeneration.[23] Previous studies also indicated that the abnormal
accumulation of a-synuclein downregulates the activity of sphingosine kinase which
synthesizes sphingosine-1-phosphate and results in the decrease level of sphingosine-1-
phosphate and elevation of ceramide, the material of S1P synthesis, in MSA patients.[24]
Although these studies have identified several potential lipid biomarkers and their effects
on disease progression, the expression of these lipids in the tissue can differ from those

7
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in CSF and plasma.

In 2014, Don et al. performed a lipid assay using LC-MS/MS on lipid extracts of
white matter under the motor cortex from 8 MSA patients and 10 controls, and the
presence of a-synuclein-positive GCIs in the MSA group was confirmed. The authors
identified a decreased levels of sphingomyelin, galactosylceramide, and sulfatide
species.[25] Similar experiments were conducted on lipid extracts of the amygdala from
8 MSA patients and 10 controls in the work of Fu et al. in 2022, indicating that the
accumulation of a-synuclein might be correlated with an increased level of
phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, and sphingomyelin
species.[26] These studies demonstrated altered lipid expression in tissue and confirmed
their correlation with a-synuclein by ensuring its expression and accumulation. However,
understanding the spatial distribution and the correlation between proteins and lipid
metabolites is still limited. Table 1.1 summarizes the above research findings on plasma,
CSF, and brain tissues from patients with MSA as well as the lipid changes observed,
sample types evaluated, and analysis methodologies used in the studies. The abnormal
expression of fatty acids, phospholipids, and sphingolipids are three main types of lipid
classes characterized by these studies. Unsaturated fatty acids, especially n-3 and n-6,
have inflammation-regulating activity.[27][28] Phospholipids and sphingolipids are
responsible for signal transduction in the neural system.[29][30] The imbalance of n-3
and n-6 fatty acids can reflect the inflammatory status of tissues, while the abnormal
expression of phospholipids and sphingolipids can affect brain development and function.
These lipid changes may explain the clinical manifestations of MSA, such as

neuroinflammation or neuronal loss.
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Table 1.1 Altered lipid levels found in human samples from previous studies related to

multiple system atrophy

Sample Lipid & Alteration Analysis Reference

CSF Increase: EPA GC-MS [21]
Increase: FA(14:0), FA(14:1), FA(18:0)
Pl LC-TOFM 22
asma Decrease: LPC(16:0) C-TOEMS [22]
Decrease: S1P(d16:1), S1P(d18:1)

Pl LC-MS/M 23
asma Increase: MonCer(d18:1), LacCer(d18:1) C-MS/MS [23]
Motor Cortex Decrease: SM, sulfatide, GalCer LC-MS/MS [25]
Amygdala Increase: PC, PE, PS, SM LC-MS [26]

CSF: cerebrospinal fluid; FA: fatty acid; LPC: lysophosphatidylcholine; S1P:

sphingosine-1-phosphate; MonCer: monohexylceramide; LacCer: lactosylceramide;

EPA: eicosapentaenoic acid; SM: sphingomyelin, GalCer: galactosylceramide; PC:

phosphatidylcholine; PE: phosphatidylethanolamine; PS: phosphatidylserine

1.4.2 Neurotransmitters

Some MSA patients may suffer from parkinsonism due to the loss of dopaminergic

neurons.[31] Dopamine is a catecholamine compound mostly synthesized in the brain and

kidneys. It is a neurotransmitter in the brain responsible for reward and motivation

mechanisms.[32] Other than dopamine, related metabolites involved in the dopamine

metabolism pathway have been reported to show significant alterations, mostly decreases,

in the CSF of patients with MSA compared to that of controls. These metabolites include

DOPA (3,4-dihydroxyphenylalanine), DOPAC (3,4-dihydroxyphenylacetic acid), DHPG

(3,5-dihydroxyphenylglycol)[33], HVA (homovanillic acid), and MHPG (3-methoxy-4-

hydroxyphenylglycol).[34]
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1.4.3 Other Metabolites

Vitamins are a group of organic compounds that play important roles in regulating
cell growth and metabolism. In a case-control study by Chen, et al., they found
significantly increased level of serum vitamin A and decreased levels of serum vitamin
B9 and C in MSA patients compared to the healthy control, indicating dysregulation of
vitamin homeostasis in MSA patients. They also found a potential diagnostic value of the
combination of these three vitamin levels in the patient serum.[35]

Polyamines are important regulators of cell growth and programmed cell death.[36]
In a study by Paik, et al., certain polyamines were associated with Parkinson’s disease
and MSA. Decreased levels of Nl-acetylputrescine, N1-acetylcadaverine, and NI1-
acetylspermidine, and increased levels of cadaverine and NS8-acetylspermidine were
noted in the CSF of patients with MSA.[37]

Nitric oxide (NO) has been discovered to exhibit neurotransmission activity. Kuiper
et al. demonstrated that the levels of citrulline, a material for nitric oxide synthesis, and
nitrate, a product of NO degradation, in the CSF are significantly elevated and decreased,
respectively.[38][39] Coenzyme Q10 participates in numerous biochemical pathways. It
has been found that the concentration of coenzyme Q10 in the CSF is reduced in MSA

patients.[40]
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1.5 Aims

This study aimed to discover lipid alterations in different brain regions caused by
MSA. Moreover, we wanted to clarify the correlation between the spatial distribution of
a well-known protein biomarker, a-synuclein, and that of the lipids. As MSA may affect
different brain regions and account for various clinical presentations, we used DESI-MSI
to quantify the alteration of lipids and uncover the underlying mechanism of these clinical
presentations. By utilizing the spatial information provided by MSI, we further mapped
the mass spectrometry images to immunohistochemical images targeting a-synuclein to
confirm the possible interaction between a-synuclein and the related lipids and to gain
detailed insight into how these lipids affected different brain regions. Overall, this study
aimed to investigate how abnormal protein and lipid expression play roles in the disease

progression of MSA.
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Chapter 2 Materials and Methods

2.1 Sample Preparation

We collected the postmortem brains from one MSA patient and one person who
served as a healthy control (HC) human; the patient with neuropathologically established
MSA was diagnosed by the Department of Pathology, National Taiwan University
Hospital. Cryosectioning was performed on 12 brain regions, including the prefrontal
cortex, orbitofrontal cortex, motor cortex, sensory cortex, occipital cortex, corpus
callosum, uncinate fascicles, thalamus, putamen, caudate, vermis, and cerebrocerebellum
(lateral hemisphere of the cerebellum), with a Leica CM 1950 cryostat. All sections were
cut into three 12-um-thick slices. Two are used for mass spectrometry imaging
experiments for metabolite identification; one is for immunohistochemistry (IHC)

staining targeting a-synuclein. After sectioning, all samples were stored in a -80°C ultra-

low-temperature freezer.[41]

2.2 DESI-MSI and Histological Staining

The ion source of DESI was in tandem with Orbitrap Elite for mass spectrometry
imaging. Table 2.1 shows the instrument settings for the experiment in negative ion mode.
The same sample slides underwent hematoxylin and eosin (H&E) staining for image
registration between mass spectrometry and histological images.

IHC staining was performed using the recombinant anti-a-synuclein (phospho S129)
antibody from Abcam, Inc. by Toson Technology Co., Ltd. As the aggregation particle of
a-synuclein is the size of a micrometer scale, the accumulation level cannot be observed

in the visual field of the whole tissue. We used Motic DSAssistant to check the
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morphology of the aggregation particles in a 10x magnifying visual field. We defined a
500 um*500 um grid on the tissue and counted the amount of the a-synuclein aggregation
particles in each grid using ImageJ.[42] For counting the aggregation particles, the images
of each grid were converted to 8-bit color, and the color threshold was set from 0 to 50 to
retain the most intensive aggregation particles. The particles whose area was under ten
pixel-squares were not further evaluated to avoid false discovery, and the particle
analyzing module counted the remaining particles. We presented the level of aggregation
in a heatmap form to visualize the level of a-synuclein accumulation over slides with the

whole tissue samples.

Table 2.1 Instrument settings for the negative ion mode of the mass spectrometry imaging

experiment
Parameter settings for the mass spectrometry imaging experiment
Ion mode Negative
Solvent Dimethylformamide / Acetonitrile (1:1)
Flow rate 2 ulL/min
Gas pressure 170 psi
Spatial resolution 200 pm
Spray Voltage -3.5kv
Capillary temperature 320°C
Mass range m/z 150-1000
Resolution 60,000

2.3 Image Registration

To determine the spatial correlation between a-synuclein and lipid distribution,
every pixel in mass spectrometry and histological images with a-synuclein staining must
be well aligned.[52] Image registration is essential in incorporating the complex spatial

information of tissues acquired by different methodologies. By integrating with
13
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histological images, we could visualize the spatial relationship between the protein and
lipids.

Lin et al. proposed an accurate image registration workflow to reduce
subjectivity.[53] First, Datacube Explorer was used to manually draw masks for the
region of interest (ROI).[54] Total ion count (TIC) normalization and peak picking were
then performed using the Python package “pyimzml” (version 1.1.0). Hyperspectral
visualization was carried out using uniform manifold approximation and projection
(UMAP) as an intensity-based method to reduce the dimensions corresponding to all the
detected peaks. The parameter settings for UMAP were as follows: n_components: 3,
random_state: 112. The resulting images showed spectral similarity among all the pixels
within the selected ROI. On the other hand, the contours of the histological images were
detected using the OpenCV library (version 4.7.0). Afterward, a similarity transform
method produced an affine transformation matrix to transform the contour of histological
images to fit the size and shape of mass spectrometry images using the Python package
ITKElastix (version 0.16.0).[55] The resulting binary masks, whose pixel values were 0
in the background area and 1 in the tissue area, were first used to filter out the background
signal in the mass spectrometry images and served as the references for resizing the
histological images. Afterward, the MS images can be mapped to histological images with

a more subjective pixel alignment.

2.4 Peak Annotation and Statistical Analysis

After the MSI experiment, peak annotation was performed to identify candidate
metabolites corresponding to each detected mass signal. Peak annotation was performed

on the METASPACE platform[43] against the Human Metabolome Database (HMDB,
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version 4) and manually validated against HMDB version 5.[44] METASPACE
introduced an FDR-controlled annotation algorithm for spatial metabolomics based on a
metabolite-signal match (MSM) score and a target-decoy FDR-estimation strategy to
avoid false positives produced by traditional methods.[45] The MSM score was
calculated based on three indexes: the measure of spatial chaos (pcraos), spectral isotope
measure (pgparial), and spatial isotope measure (pspecrrat). The measure of spatial chaos
defines how well-structured an ion image corresponding to a certain m/z value is.[46] The
spectral isotope measure represents the spectral similarity between the isotopic images,
and the spatial isotope measure calculates the closeness of the intensities between
theoretical and observed isotopic images. The MSM score is the product of all three
indexes and serves as the quantification of the possibility that the signal truly exists, as
shown in Equation 2.1.
Equation 2.1
MSM = pchaos * Pspatial * Pspectral

In addition, a target-decoy approach[47] was applied to calculate the MSM cutoff
for the specified FDR. Decoy data are prepared with the same chemical formulas as the
targets but with nearly improbable adducts, such as Ag", Ni', etc. As in Equation 2.2,
FDR is calculated as the decoy false positives (FPp) divided by the sum of the target
positives (TPt) and the target false positives (FPt). The METASPACE platform allows
users to specify an FDR value to choose the MSM cutoff. In this study, we dropped the
annotation with FDR > 10% to reduce false positives while maintaining the metabolite
annotation amount as much as possible.

Equation 2.2

FP,

FDR estimate = -————
estimate TP, + FP,
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The following statistical analysis was conducted on the MetaboAnalyst 5.0 platform
to find differentially expressed metabolites between the MSA and control groups.[48] The
missing values were imputed by K-nearest neighbor (KNN)-based missing value
estimation.[49] Data normalization was followed by autoscaling, in which the data were
mean-centered and divided by the standard deviation of each feature. The Mann-Whitney
U test detected differences in peak intensities between the MSA and HC groups.
Benjamini-Hochberg correction, an FDR-based significance adjustment, was used to

correct the strictness when multiple difference tests were performed simultaneously.

2.5 Pathway Analysis

To recognize the possible alteration of biological functions caused by MSA, the
pathway analysis was performed to characterize which biochemical pathways were most
affected by the disease. The input compound list for pathway analysis included candidate
molecules corresponding to the m/z signals with significant differences between the two
groups. The KEGG pathway library of Homo sapiens served as the reference
metabolome.[50]

Regarding lipid molecules, the KEGG pathway only contains information on lipid
classes. However, there can be various lipid species within one lipid class. The related
pathway information was downloaded from the PubChem pathway database in JSON
format to ensure that the detected lipid species can be found in the human metabolic
pathway.[51] MetaboAnalyst 5.0 provides a useful module for transferring molecular IDs
among databases such as HMDB, PubChem, and METLIN. After transferring the HMDB
ID to PubChem Compound ID (CID), we checked whether the detected lipids were

previously found to be involved in these pathways based on their PubChem CID and the
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number of annotated pathways related to the lipid species that belong to a certain lipid

class.

2.6 Dimensionality Reduction and Clustering Analysis

While different lipids can exert varying distributions on the tissue, there can be
certain spectral patterns that show biochemical relevance in different regions of the tissue.
Clustering analysis has been widely used in MSI data to extract metabolomic patterns in
different regions of tissues.[56] As the MSI data contain multiple dimensionalities
regarding all the detected signals of m/z values, dimensionality reduction is needed to
project all signals into a 2D plane with one additional RGB color space. First, all peaks
were grouped by UMAP, and then K-mean clustering was applied for nonhierarchical
clustering. The silhouette coefficient defines the performance of the clustering result with
the number of clusters, k. [57] The calculation of the silhouette coefficient is as follows:

Equation 2.3

N1 .
RPN
JECTi%]
Equation 2.4
o1 -
b(i) = min c] ;} d(i,j)
Equation 2.5
1- %, ifa(i) < b(i)
s(i) =40, if a(i) = b(i),
b(i)

E -1, lf a(l) > b(l)
SC = max 5(q)
In Equation 2.3, d(i, j) is the distance of the data i and j in the same cluster, and Cyis
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the number of the data points in cluster C. a(i) is calculated as the mean distance of data
i to all other data j in the same cluster C. The divisor is Ci-1 because the distance of one
data point to itself is not considered. In Equation 2.4, b(i) is calculated as the minimal
mean distance of data i to all other data j that do not belong to the same cluster. A
silhouette coefficient is defined in Equation 2.5, where a s(i) value closer to 1 represents
a shorter distance of data i to the other data in the same cluster and a larger distance to
those in the other clusters, suggesting an appropriate classification. A silhouette
coefficient, SC, is the maximum of the mean of s(i), represented as §(q), throughout the
entire dataset q. Therefore, a silhouette coefficient closer to 1 means better clustering
performance.

In this study, k was set between the values of two and nine, and the number of
clusters with the highest silhouette coefficient (Python package, scikit-learn v1.2.2) was
chosen as the final number of groups for the samples. The clustering results were then
mapped to the IHC staining results of a-synuclein to visualize the correlation between the

identified lipid changes and the accumulation of a-synuclein.
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Chapter 3 Results

3.1 Metabolite Annotation and Statistical Analysis

After the DESI-MSI experiment, all the detected peaks were annotated against
HMDB using the m/z values. The results revealed 283 annotations with unique m/z values
in 12 brain regions of the two groups. After data filtering, 251 annotations remained, and
most were associated with lipids. As the metabolite annotation of MSI was merely based
on the exact mass of the molecules, one m/z value can be referred to as multiple candidate
molecules. We manually filtered out the exogenous molecules labeled in HMDB and kept
the candidates that take part in the biochemical pathway in the human body. The
remaining candidates were considered tentative molecules of the m/z values, and most of
them belonged to the superclass of lipids and lipid-like molecules classified by HMDB.
The tentative lipid classes of the annotated m/z values are as follows: fatty acid (FA),
diacylglycerol (DG), phosphatidic acid (PA), phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylglycerol (PG),
lysophosphatidylcholine (LPC), lysophosphatidylethanolamine (LPE), cardiolipin (CL),
ceramide (Cer), sphingomyelin (SM), glucosylceramide (GluCer), galactosylceramide
(GalCer), lactosylceramide (LacCer), galabiosylceramide (Gb2), and sulfatide.

Statistical results uncovered 20 m/z values whose tentative molecules belonged to
lipids with significant changes in MSA groups. Table 3.1 shows the p value and the
adjusted p value (by Benjamini-Holchberg correction) of these m/z values, along with the
tentative lipid class. However, the 12 tissue samples in the two groups belonged to
different brain regions, and they executed various types of physiological tasks in the
human body, so the expression of lipids among the 12 brain regions might vary. Figure
3.1 demonstrates these differentially expressed lipids' different trends and levels across
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the 12 brain regions.

Table 3.1 Statistical results of lipid expression in the MSA and HC groups. As we wanted

to discover as many disease-related lipids as possible, the a value for hypothesis testing

was set to 0.05.

m/z Lipid P value Adjusted p value
301.22 EPA 0.00097656 0.01416008
760.51 PS 0.0048828 0.01416008
810.53 PS 0.0048828 0.01416008
478.29 LPE 0.0048828 0.01416008
886.63 Gb2, LacCer 0.0048828 0.01416008
922.65 PS 0.0048828 0.01416008
331.26 AdA 0.0068359 0.01416008
772.53 PE 0.0068359 0.01416008
786.53 PS 0.0068359 0.01416008
644.50 Cer 0.0068359 0.01416008
701.61 DG 0.0068359 0.01416008
804.53 Sulfatide 0.012207 0.02082371
866.59 PS 0.012207 0.02082371
283.26 STA 0.016113 0.02336385
945.51 CL 0.016113 0.02336385
816.58 PS 0.016113 0.02336385
687.51 SM 0.026855 0.02995365
742.54 PC, PE 0.026855 0.02995365
728.56 PC, PE 0.026855 0.02995365
835.62 PA 0.026855 0.02995365

EPA: eicosapentaenoic acid; PS: phosphatidylserine; LPE:
lysophosphatidylethanolamine; Gb2: galabiosylceramide; LacCer: lactosylceramide;
AdA: adrenic acid; PE: phosphatidylethanolamine; Cer: ceramide; DG: diacylglycerol;
STA: stearic acid; CL: cardiolipin; SM: sphingomyelin; PC: phosphatidylcholine; PA:
phosphatidic acid
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3.2 Related Pathways and Regional Differences

We then looked into the metabolic pathways mainly affected by the MSA and control
groups. The molecule list for pathway analysis included the candidate molecules with
significant differences in peak intensities, as listed in Table 3.1. The summary and the
detailed results of pathway analysis, annotated against the KEGG pathway, are shown in
Figure 3.2 and Table 3.2, respectively. The pathway impact is the centrality of the detected
metabolites in the pathway. A higher effect indicates a higher centrality, which means that

the differentially expressed metabolites can have a higher impact on the overall pathway.

. sphingolipid metabolism

glycerophospholipid metabolism
m i ’

biosynthesis of unsaturated fatty acid

-10g10(p)

@ : :
@ linoleic acid metabolism
alpha-lipolenic acid metabolism retinol metabolism

~1©O GPI-anchor biosynthesis

O arachidonic acid metabolism
| | | | | |
0.00 0.05 0.10 0.15 0.20 0.25

Pathway Impact
Figure 3.2 Pathway analysis overview.
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Table 3.2 The pathway analysis result corresponds to the detected lipids with significant

changes between the MSA and HC groups. The ‘Total’ column represents the number of

known molecules participating in the metabolic pathway. The ‘Hit’ column is the matched

lipids in the input molecule list.

Pathway Total | Hits Raw p Log10(p) FDR Impact
Sphingolipid 21 4 498E-6 | 53032 | 0.00041792 | 0.03854
metabolism
Glycerophospholipid | ;¢ 3 |0.0012358 | 2.9081 0.051902 | 0.24596
metabolism
Biosynthesis of 36 2 | 0020999 | 1.6778 0.58798 0
unsaturated fatty acids
Linoleic acid 5 1| 0031885 | 1.4964 0.66959 0
metabolism
alpha-Linolenic acid 13 1 0.081002 | 1.0915 1 0
metabolism
Glycosylphosphatidyl-
inositol (GPI)-anchor | 14 1| 0.086981 | 1.0606 1 0.00399
biosynthesis
Retinol metabolism 17 1 0.10471 | 0.98002 1 0.15464
Arachidonic acid 36 1 020998 | 0.67783 1 0
metabolism

For some lipids, the KEGG pathway only contains the information at the class level,

while the PubChem pathway database contains more specific pathway information for

lipid molecules down to the species level. This ensures that lipid species with a certain

number of carbon atoms or other chemical modifications can be found in the human

metabolic pathway. The related pathway information for the list above of molecules was

downloaded from the PubChem pathway database, and those with a taxonomy other than

Homo sapiens were excluded.

A total of 325 pathways were related to the detected lipids. Two hundred thirty-two

were related to the de novo biosynthesis of triacylglycerol species. However, Table 3.2

did not show any related pathway, indicating that there might be little difference in the

expression of triacylglycerol synthesis between the two groups. Among the three most
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affected pathways in Table 3.2, sphingolipid metabolism, glycerophospholipid
metabolism, and biosynthesis of unsaturated fatty acids, we detected 17, 87, and 11 lipids,
respectively. Overall, the results suggested that these three pathways (metabolism of
sphingolipid, glycerophospholipid, and unsaturated fatty acids) could be affected by MSA.

For the detected lipids belonging to the three pathways, we calculated the natural
logarithm of the relative fold changes (In-fold changes) of their averaged intensity in each
tissue sample. Figure 3.5 shows each lipid's In-fold change in the 12 brain regions as
clustered heatmaps for the pathways of sphingolipid metabolism, glycerophospholipid
metabolism, and biosynthesis of unsaturated fatty acids. To reduce the false discovery, an
absolute In-fold change > 1.5 value was considered to indicate differential expression
between the two groups. Since the clustered map of glycerophospholipid shows little
consistency among all species across brain regions, we further investigated the In-fold
change in each lipid class that belongs to glycerophospholipid and found a specific pattern
of alteration of some phosphatidylserine species, as shown in Figure 3.4(b). These figures
also demonstrate the different trends and levels of alteration in lipid expression across

other brain regions.
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Figure 3.3 The In-fold change of the averaged intensity of sphingolipid on the 12
brain regions. The x-axis represents the 12 brain regions, while the y-axis represents the

lipid names.
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Figure 3.4 The In-fold change of the averaged intensity of (a) phospholipid and (b)
phosphatidylserine on the 12 brain regions. The x-axis represents the 12 brain regions,

while the y-axis represents the lipid names.
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Figure 3.5 The In-fold change of the averaged intensity of unsaturated fatty acid on
the 12 brain regions. The x-axis represents the 12 brain regions, while the y-axis

represents the lipid names.
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3.3 Clustering Analysis and The Correlation with a-Synuclein

Distribution

3.3.1 Clustering

The clustering analysis aimed to find the spectral patterns and classify them into
different segments based on those patterns. UMAP and K-means clustering were
performed to reduce the dimensionality of mass spectrometry data, visualize the spectral
patterns of all detected signals, and group all pixels into a specified number of clusters, k.
The number of clusters was optimized by calculating the silhouette coefficient. Figure 3.6
shows the plots of the silhouette coefficient to validate the clustering results and
determine the number of clusters for the 12 brain regions in the MSA group. Based on the
silhouette evaluation, the number of clusters that yielded the highest silhouette coefficient
was selected for each brain region: three for the prefrontal cortex; four for the motor
cortex, uncinate fascicles, putamen, and caudate; five for the vermis; six for the occipital
cortex and thalamus; seven for the sensory cortex; eight for the orbitofrontal cortex and
cerebrocerebellum; and nine for the corpus callosum. The clustering results of the 12

samples from the MSA group are shown in Figure 3.7.
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Figure 3.7 The clustering results of mass spectrometry images (left) after

dimensionality reduction of the MSI data.
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3.3.2 The Distribution of a-Synuclein Accumulation across the 12 Brain
Regions

We applied IHC staining to assess the severity of a-synuclein accumulation. After
staining the tissues, we examined the level of a-synuclein aggregation particles in the 12
brain regions. Figure 3.8 shows the most intense visual field with the highest number of
a-synuclein aggregation particles. As the density of aggregation particles cannot be
directly visualized in the visual scale of the whole tissue, we applied a 500 pm*500 pm
grid on the tissue and calculated the number of aggregation particles in each visual field
to represent the level of o-synuclein accumulation. The severity of a-synuclein
accumulation in the 12 brain regions is visualized in Figure 3.9. The two regions of the
cerebellum and the two regions of the basal ganglia exhibited severe a-synuclein
accumulation, followed by the motor cortex and thalamus. Other areas of the cerebral

cortex only displayed a relatively slight accumulation of a-synuclein.
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Figure 3.8 The most intensive visual field with the most aggregation particles of a-

synuclein of the 12 brain regions in a 10x magnifying visual field.
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Figure 3.9 Summarizes the severity of a-synuclein accumulation in the 12 brain regions.
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3.3.3 The Spatial Correlation of a-Synuclein Accumulation and Lipid

Distribution

In addition to the different levels of accumulation in different brain regions, there
are also varying levels of a-synuclein accumulation in different areas of the tissue within
one brain region. To visualize such differences, we calculated the amount of aggregation
particles within each grid applied to the tissue and presented them in heatmap form. We
found that the level of a-synuclein accumulation is consistent with the spectral pattern of
mass spectrometry images of these MSA brain tissues, which indicated that the
distribution of some metabolites was spatially correlated with the distribution of a-
synuclein. Figure 3.10 shows the original staining results of the 11 MSA brain regions,
the heatmaps of the amount of a-synuclein aggregation, the clustering results of mass
spectrometry images, and the distribution of the lipids belonging to the cluster where the
a-synuclein aggregations are more intensive. The results do not show the a-synuclein and
lipid distribution in the prefrontal cortex, as there were few a-synuclein aggregation
particles detected in the IHC staining of the prefrontal cortex. The distribution was not
specific to a certain area of the tissue. In our findings, all the lipids that exhibited spatial
correlation with a-synuclein accumulation belonged to ceramide, cerebroside, sulfatide,
and phosphatidylserine species. On the other hand, no unsaturated fatty acids showed a
spatial correlation with a-synuclein accumulation. Table 3.3 summarizes the lipids

spatially correlated with a-synuclein accumulation in the 12 brain regions.
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Figure 3.10 The original staining results of the 12 MSA brain regions, the heatmaps of

the amount of a-synuclein aggregation, the clustering results of mass spectrometry images

after dimensionality reduction, and the distribution of the spatially correlated lipids.
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Table 3.3 Summary of the lipids that showed spatial correlation with a-synuclein

accumulation in the 12 brain regions in the MSA group.

Prefrontal cortex

Orbitofrontal cortex

Motor cortex

Sensory cortex

Occipital cortex
Corpus callosum

Uncinate fascicle

Thalamus
Putamen

Caudate

Vermis

Cerebrocerebellum

Ceramide

d42:2

d42:2

d42:2

d36:1,
d38:1

d38:1
d38:1

d42:2

Cerebroside
GluCer d42:2,
GalCer d42:2
GluCer d36:1,
GalCer d36:1
GluCer d42:2,
GalCer d42:2,
Gb2 d36:2,

LacCer d36:2
GluCer d36:1,
GalCer d36:1,
GluCer d42:2,
GalCer d42:2

GluCer d42:2,
GalCer d42:2

GluCer d42:2,
GalCer d42:2

GluCer d42:2,
GalCer d42:2,
Gb2 d36:2,
LacCer d36:2
GluCer d42:2,
GalCer d42:2,
Gb2 d36:2,
LacCer d36:2

41

Sulfatide
d36:1, d42:2,
d44:2

d36:1, d42:2,
d44:2

d36:2, d36:1,
d42:2, d44:2

d36:2, d36:1,

d42:2, d44:2

d36:1, d42:2,
d44:2

d44:2

d36:1, d42:2,
d44:2

d36:1, d42:2,
d44:2

Phosphatidylserine

44:4, 42:4, 42:5

38:1, 40:3, 42:4

40:3, 42:4, 44:4

34:1

44:4

38:1,42:4

42:4

44:4,38:1, 40:3,
42:4

44:4,38:1, 42:4
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We further observed the expression pattern of the lipids that spatially correlated with
a-synuclein and compared the expression pattern between the control and MSA groups.
We identified pattern changes in the orbitofrontal cortex, motor cortex, thalamus, caudate,
vermis, and cerebrocerebellum, as shown in Figure 3.11. The changes are not necessarily
correlated with the severity of a-synuclein accumulation. The putamen, for example,
underwent severe accumulation of a-synuclein, but the expression pattern of these lipids
did not change between the two groups. However, the brain regions with clear pattern
changes are all well-known as the most affected brain regions in the MSA disease
progression. In the orbitofrontal cortex, motor cortex, and thalamus, ceramide d36:1 was
the dominant lipid in the control group. At the same time, sulfatide d42:2 was dominant
lipid in the MSA group, indicating that ceramide d36:1 is relatively less abundant and
sulfatide d42:2 is relatively more abundant in the three brain regions. In contrast, the

caudate, vermis, and cerebrocerebellum showed the opposite lipid expression patterns.
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synuclein in the control (left) and MSA groups (right).
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Chapter 4 Discussion

4.1 Major Observations

4.1.1 DESI-MSI can be used to quickly construct and assess spatial

molecular changes in tissue

The utility of DESI-MSI for detecting MSA-related metabolites was the main goal,
as the instrument’s resolution is limited compared to traditional mass spectrometry. First,
we performed metabolite annotation and preliminary statistical analysis. As shown in
Table 3.1, we found differential expression of lipids that were previously investigated,
such as eicosapentaenoic acid in CSF[21], phospholipids[22][26], sphingomyelin,
ceramide, and sulfatide species in plasma, lipid extract of the motor cortex and
amygdala[23][25]. It is reasonable that the alteration of these lipids varied among
different types of specimens; therefore, as long as we can detect the significantly
expressed lipids found by more accurate methodologies, such as LC/MS-MS, the utility
of DESI-MSI for lipidomic analysis can be confirmed. By referencing the literature, we
demonstrated the effectiveness of DESI-MSI in analyzing changes in MSA-related lipids
in brain tissues with a simple sample preparation process and minimal tissue damage.

Although studies have shown that most human brain regions share a common feature
of lipid composition, there are still minor differences among brain regions.[58]
Additionally, MSA can have varying degrees of influence on structural atrophy and lipid
expression in different brain regions.[25] In this study, we used 12 brain regions as 12
samples in both the MSA and the control groups, so some of the minor changes across
these brain regions may need to be addressed within the scope of differential testing. This

discrepancy needs to be further clarified.
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4.1.2 Pathway Analysis Revealed Different Patterns of Lipid Changes

among Brain Regions

To investigate the actual biological functions that were affected by MSA, the
pathway analysis against the KEGG pathway and PubChem pathway databases was
performed with the input lists containing the differentially expressed lipids. The results
revealed the three most affected lipid metabolic pathways: sphingolipid metabolism,
glycerophospholipid metabolism, and unsaturated fatty acid biosynthesis, as shown in
Table 3.2. Then, we looked closer at the expression of all lipids involved in the three
pathways we detected. (Figure 3.3~Figure 3.5)

Sphingolipids are a group of lipid classes that contain a sphingoid base backbone in
their chemical structure. Ceramide is a relatively simple-structured class of sphingolipid.
Several chemical modifications to ceramide can form other complex sphingolipids. For
example, a ceramide with a phosphocholine or phosphoethanolamine structure forms a
sphingomyelin. Glycosylated ceramides are referred to as cerebrosides, including
glucosylceramide, galactosylceramide, and others; a sulfated cerebroside becomes a
sulfatide, also known as 3-O-sulfogalactosylceramide. Functionally, sphingolipids, such
as sphingomyelin, ceramides, and cerebrosides, regulate neuronal cell growth,
programmed death, and neuroinflammation.[59][60][61] Sulfatide is essential for myelin
maintenance[62]. In the work of Don et al., the level of sulfatide was 4-fold higher in
white matter under the motor cortex than in the visual cortex. In contrast, in the MSA
group, whose motor cortex is affected by MSA, the level of sulfatide is only 2.7-fold
higher. The MSA group also showed an overall decrease in sulfatide levels compared with
the control group. They assumed that lipid changes cause myelin instability and

degeneration.[25] However, the expression of sphingolipids is finely regulated in the
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healthy human brain. While decreased expression of ceramides may hinder the early
growth of neuronal cells, overexpression can also lead to neuroinflammation, neuronal
death, and abnormal myelination.[63] Additionally, other studies have indicated that
overexpression of sulfatide species may lead to an inhibition of oligodendrocyte
differentiation and axon growth despite the myelin-maintaining function of sulfatide in
the healthy human brain.[64] As shown in Figure 4.1, in our study, there were significant
increases in sulfatide species expression in the cerebral cortex, such as in the orbitofrontal
cortex, motor cortex, and sensory cortex, as well as in the thalamus, where the neural
fibers project out to connect to the cerebral cortex. This suggested a possible loss of motor
function due to oligodendrocyte differentiation inhibition caused by MSA. Our results
showed an opposite trend compared to that demonstrated in Don’s work, mainly due to
the specimen type, which was the white matter in Don’s work and the cerebral cortex in
our study. Therefore, the conflicting trends may be due to the rearrangement of lipid

distribution in neural cells, which needs to be further clarified.
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Figure 4.1 The expression trends of sulfatide species in the 12 brain regions from the

MSA group compared to the healthy control group.

Glycerophospholipids, including phosphatidic acid, phosphatidylcholine,
phosphatidylserine, and phosphatidylethanolamine, are essential components of
biological membranes, and they maintain the stability and fluidity of the membrane. They
also signal apoptosis and phagocytosis by translocating between inner and outer cell
membranes. Most glycerophospholipid species can bind with a-synuclein[16] and cause
subsequent aggregation on the lipid bilayer of the neural cell membrane, which may
contribute to neural death due to abnormal membrane permeability. In the work of Fu et
al., the authors found the overall elevation of several unsaturated glycerophospholipids,
such as PC, PE, and PC, regardless of the length of the acyl chain and the number of
double bonds, in the amygdala where abnormal a-synuclein accumulation was

identified.[26] In our findings, the alteration of different species with varying lengths of
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acyl chains within the lipid classes of phosphatidic acid, phosphatidylethanolamine, and
phosphatidylcholine were inconsistent. However, some phosphatidylserine species still
showed a specific alteration pattern across brain regions. In Figure 4.2, we found
significant elevation of PS 38:1, PS 40:3, PS 42:4, and PS 42:5 in the orbitofrontal cortex,
motor cortex, sensory cortex, and thalamus and minor elevation in the prefrontal cortex,
occipital cortex, corpus callosum, uncinate fascicles, and cerebellum. Typically, PS
species are more abundant in the inner layer of the cell membrane; the flipping of PS
species from the inner membrane to the outer membrane can trigger the initiation of the
apoptosis mechanism. As a result, the overexposure of PS species in the outer membrane
is considered an ‘eat-me’ signal that leads to downstream phagocytosis. Programmed
death has been implicated in the progressive loss of neurons and the pathogenesis of
neurodegenerative diseases.[65] Additionally, increased phosphatidylserine and o-
synuclein binding can impair cell membrane permeability. Our results showed the same
trends of alteration of PS species as in the work of Fu ef al. Although we did not include
the amygdala in any of the target brain regions in our study, some brain regions that
interact strongly with the amygdala, such as the corpus callosum and thalamus, still
showed consistent alteration of PS species with that exhibited by the amygdala in the
study by Fu et al. The putamen and caudate are also structurally and functionally
connected to the amygdala; however, our studies demonstrated that the alteration of PS
in these two regions changed in different species with varying acyl chain lengths and

numbers of double bonds.
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Figure 4.2 Phosphatidylserine species' expression trends in the 12 brain regions from

the MSA group compared to those of the healthy control.

Fatty acids are an essential lipid class found in the human brain, and many of them
are essential fatty acids, meaning that we require exogenous ingestion to keep the body
functioning normally. Most of these essential fatty acids are polyunsaturated fatty acids
(PUFAs), including ®—3 and o—6 fatty acids. These two types of fatty acids serve as
inflammatory mediators. Typically, ®—3 and ®—6 fatty acids share several fatty acyl-
CoAs as common upstream chemical materials. Hence, the expression of these two types
of fatty acids is in balance, and this relationship also reflects their roles in regulating
inflammation. ®—3 fatty acids, such as eicosapentaenoic acid (EPA), docosapentaenoic
acid 22n-3 (DPA 22n-3), docosahexaenoic acid (DHA), are known to have anti-
inflammation activity.[68] Some ®—6 fatty acids, on the other hand, can promote

inflammation, as they act as the precursors to proinflammatory mediators, such as linoleic
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acid (LA), arachidonic acid (ARA), adrenic acid (AdA), docosapentaenoic acid 22n-6
(DPA 22n-6), tetracosatetraenoic acid (TTA), and tetracosapentaenoic acid (TPA).[69]
Lee ef al. identified EPA as a marker that elevated CSF in MSA patients. In contrast, our
findings demonstrated an overall elevation of EPA among most brain regions. At the same
time, some other detected w—6 fatty acids, such as docosapentaenoic acid 22n-6,
tetracosapentaenoic acid 24:5n-6, and tetracosatetraenoic acid 24:4n-6, presented the
opposite trends. These results were consistent with the previous findings that the patients
with MSA might have a compensatory response to neuroinflammation, which caused the
elevated levels of ®—3 fatty acids and decreased levels of ®—6 fatty acids. For EPA, there
were varying degrees of the alteration, with the elevation being two to threefold in the
natural logarithm scale compared to the control level in the basal ganglia and cerebellum,
as shown in Figure 4.3; thus, among all MSA-affected brain regions, those in the basal
ganglia and cerebellum may suffer more severe neuroinflammation. The alterations in
these ®—3 and ©—6 fatty acids were different in the corpus callosum and thalamus. In the
corpus callosum, TPA was elevated, while there were significant decreases in the levels
of EPA, DPA, and TTA. In the thalamus, EPA and TTA were elevated, while DPA and

TPA were decreased.
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Figure 4.3 The trends of expression of unsaturated fatty acids in the 12 brain regions

in the MSA group compared to those in the healthy control group.

4.1.3 The IHC staining Confirmed the Presence of a-Synuclein

Accumulation in Different Brain Regions

In general, MSA can affect multiple brain regions such as the motor cortex, midbrain,

basal ganglia, and cerebellum; moreover, the severity of neuronal loss typically follows

the pathological hallmark of the aggregation of a-synuclein-positive GClIs in neural cells

and fibers.[70] The neuronal loss caused by MSA-C starts in the midbrain and cerebellum,

and then progresses to the basal ganglia, followed by the motor cortex over time. Disease

severity is related to the progression of neuronal loss. Most MSA-C patients may

experience mild motor cortex degeneration, moderate basal ganglia degeneration, and

more severe deterioration of the cerebellum. In this study, the vermis of the cerebellum,

the putamen, and the motor cortex demonstrated the most severe accumulation of o-
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synuclein (Figure 3.8 and Figure 3.9), which is consistent with the current understanding
of the brain regions most affected by a-synuclein accumulation and may induce the main
symptoms, such as unsteady gait, cognitive failure, and motor dysfunction. As the atrophy
of these brain regions presents a more intensive accumulation of a-synuclein, while some
of the neural-maintaining lipids, such as sphingolipid and glycerophospholipid, are
significantly altered in these brain regions, it is important to clarify the lipid disturbances
in these three brain regions, including the vermis of the cerebellum, putamen, and motor

cortex.

4.1.4 Lipid Alterations Are Hypothesized to Be Related to General Clinical
Presentations of MSA in Some Brain Regions

Our study included these most affected brain regions, and the results indicated
different patterns of lipid alteration across brain regions. Some lipid alterations in MSA
patients have been found to have relation with some general biochemical presentations of
MSA in different brain regions. Here we discussed these lipid alterations in three different
brain regions representing the brain regions in the cerebellum, basal ganglia, and cerebral
cortex, and generated hypothesis of the changes of the biochemical functions inducing by
the lipid alterations that we have detected in our study.

The cerebellum, which plays a vital role in motor control and coordination, is usually
the first region where neuronal loss is initiated in the brain in a patient with MSA. The
symptoms of cerebellar degeneration, such as unsteady gait and loss of balance, are the
most distinct features found in patients with MSA.[15] Figure 4.4 summarizes the lipid
alterations in the vermis of the cerebellum regarding the three lipid metabolic pathways:

sphingolipid metabolism and biosynthesis of unsaturated fatty acids, based on an absolute
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In-fold change > 1.5, which were considered differentially expressed between the two
groups. The results showed that in the cerebellar vermis, where the neuronal loss is
supposed to be the most severe, the EPA, ceramide, and cerebroside species are
significantly elevated in patients with MSA. At the same time, there is little difference in
the level of sulfatide species. As described in section 4.1.2, EPA regulates
neuroinflammation as compensation for the affected neural cells. At the same time,
elevation of ceramide species can induce neuroinflammation by excessively inhibiting
the Akt/mTOR pathway.[71] We hypothesize that the late stage of MSA progression has
causes severe neuroinflammation in the cerebellum.

Following the cerebellum, the basal ganglia, including the putamen, caudate, and
others, are usually the next group of brain regions affected by MSA progression. The basal
ganglia are located at the top of the midbrain and are structurally and functionally
interconnected with the cerebral cortex, thalamus, and brainstem. They control the
autonomic motor function and some advanced integrated consciousness, such as
conditional learning, cognition, and memory.[72] Figure 4.5 shows the lipid alterations in
the putamen, which is representative of the basal ganglia in this study, regarding the three
lipid metabolic pathways. In the putamen, there are significant elevations in EPA,
meaning that neuroinflammation has occurred in these two regions. Moreover, decreases
in the levels of cerebroside and sulfatide species can hinder neural growth.[59] The late
stage of MSA progression has induces neuroinflammation, and the inhibition of neural
growth still occurs in the caudate.

The motor cortex is the latest brain region most recently affected by MSA. Usually,
the motor cortex serves as the primary motor unit to generate the movement signal to the
body. In Figure 4.6, our results showed no significant difference in the level of EPA

between the two groups, suggesting a lower tendency of neuroinflammation happening
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in the motor cortex. Nevertheless, the levels of ceramide species are significantly
decreased, resulting in insufficient regulation of the Akt/mTOR pathway which can
induce the activation of some programmed cell death procedures such as apoptosis and
autophagy. The sulfatide species is elevated considerably in the MSA group, indicating
the inhibition of neural outgrowth in the motor cortex.

On the other hand, the alteration of glycerophospholipid, such as PA, PC, and PE
species, showed little consistency among different species within a lipid class. According
to Fu’s work[26], total PC, PE, and PS classed demonstrated elevated values, while the
alteration of each species was left uncleared; thus, comparing our results to those of their
study was difficult. Therefore, the alteration of different PA, PC, and PE species in other
brain regions may need thorough investigation to be further clarified. However, our
results (Figure 3.4b) showed that the PS class level is elevated in the motor cortex which
can also promote the phagocytosis events in the programmed cell death procedure.
Additionally, the elevation of PS species can enhance the abnormal accumulation of a-
synuclein. Compared to that in the control group, there was little difference in PS

expression in the cerebellum in the MSA group.
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Figure 4.4 The alteration of sphingolipid, unsaturated fatty acids, and
phosphatidylserine in the vermis of cerebellum. The arrows indicate an absolute In-fold

change > 1.5.
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Figure 4.5 The alteration of sphingolipid, unsaturated fatty acids, and
phosphatidylserine in the putamen. The arrows indicate an absolute In-fold change >

L.5.
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Figure 4.6 The alteration of sphingolipid, unsaturated fatty acids, and

phosphatidylserine in the motor cortex. The arrows indicate an absolute In-fold change

>1.5.

Overall, according to the initial statistical analysis, we identified elevated levels of
EPA, PS, and sulfatide species in the brains of MSA patients regardless of the brain
regions. As shown in Figure 4.7, elevated sulfatides induce impaired neural growth by
inhibiting oligodendrocyte outgrowth[64], and this effect mainly occurred in several
cerebral cortexes. Elevated PS species trigger the downstream phagocytosis in the
apoptotic process[65]. Moreover, PS enhances the aggregation of a-synuclein by directly
binding to its a-helix domain, impairing the membrane permeability of neural cells and
causing neuroinflammation.[16] In our results, these events also mainly affected the
cerebral cortex. Elevated EPA has been considered a lipid biomarker for MSA. Our results

showed an overall elevation of EPA in most brain regions, especially in the brain regions
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of the basal ganglia and cerebellum, which has been considered the compensatory effect
for neuroinflammation induced by the accumulation of a-synuclein. These lipid
alterations are consistent with the results of previous studies regarding MSA lipid
expression.[21][25][26] We also identified ceramide as a significantly altered lipid in the
cerebellum that has not been reported before, and the elevation can also induce

neuroinflammation and neuronal death.[63]
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Figure 4.7 The alteration of sphingolipid, unsaturated fatty acids, and
phosphatidylserine in the MSA group compared to that of the healthy control
regardless of the brain regions. The arrows indicate the initial statistical results with an

adjusted p value under 0.05.
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To our knowledge, there have been few metabolomic-based studies on metabolite
alterations of the cerebellum and the basal ganglia of MSA patients. These results could
represent pioneering findings on lipid disturbances in these brain regions of MSA patients.
Although some other brain regions, such as motor cortex and amygdala[25][26], have
been studied in previous works, the sample sizes were also limited (eight and eight,
respectively). The previous inferences in Section 4.1.4 about how lipid alterations affect
each brain region in MSA disease progression were only based on the tentative lipid
changes and the literature review. The actual lipid disturbances in different brain regions
caused by MSA still need more tissue samples and mass spectrometry data to verify the
key lipids that can act as the disease biomarkers. However, this study can serve as
introductory research to screen for possible disease-related metabolite alterations for
understanding the detailed disease mechanisms and their effects to different regions of

the tissues and organs.
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4.1.5 The Distribution of a-Synuclein is Spatially Correlated with the
Lipid Pattern Detected by MSI

Since the abnormal accumulation of a-synuclein and the alteration of lipids can
induce neural degeneration and neuroinflammation, we further demonstrated the spatial
correlation between a-synuclein and lipids by aligning a-synuclein staining and mass
spectrometry images. Figure 3.10 and Table 3.3 show that ceramide, cerebroside,
sulfatide, and phosphatidylserine are spatially correlated with a-synuclein accumulation.
In Section 4.1.2, ceramides and cerebrosides are described as important lipids for
neuronal growth. Sulfatide species maintain myelin stability, while the overexpression of
sulfatide can inhibit oligodendrocyte differentiation. Our results showed that ceramide
d36:1, d38:1, and d42:2, glucosylceramide d36:1, galactosylceramide d36:1,
glucosylceramide d42:2, galactosylceramide d42:2, galabiosylceramide d36:2, and
lactosylceramide d36:2, sulfatide d36:1, d36:2, d42:2 and d44:2 are spatially correlated
with a-synuclein. The expression of these lipids was significantly altered in the brains of
the MSA group. Expression is spatially correlated with a-synuclein accumulation,
indicating that a-synuclein accumulation can directly affect the expression and
distribution of these lipids, inducing downstream neural loss and inflammation.
Phosphatidylserine acts as a signal for programmed cell death. Although our results
showed little consistency in the alteration trends among different PS species, we found
that PS 40:3, PS 42:4, and PS 42:5 are elevated in some cerebral cortices, such as the
orbitofrontal cortex, motor cortex, and sensory cortex. Moreover, according to the data
shown in Table 3.3, there is a spatial correlation between these PS species and a-synuclein
accumulation, indicating that the accumulation has triggered events for programmed cell

death in these regions and has led to subsequent neural loss. Although the differential test
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and pathway analysis showed that the unsaturated fatty acids, especially EPA, were
significantly elevated in the MSA brain, they showed no spatial correlation with a-
synuclein accumulation, and their distribution is not limited to a specific area in the brain.
This suggests that the elevation of EPA may be a physiological consequence for regulating
neuroinflammation rather than directly affecting or being affected by a-synuclein.

This is the first study that explore the spatial distribution and correlation of the
protein biomarker, a-synuclein, and other potential lipid biomarkers in MSA patient brain
regions. However, we still need more tissue samples to investigate the detailed effects and
disease mechanisms of the spatial correlation of protein and lipid biomarkers in each brain

region.

4.2 Limitations

In this study, there was only one human brain tissue sample in MSA group and in
the control group. We used 12 brain regions as 12 samples within each group. As different
brain regions carry out different physiological functions, they can present other traits in
the lipid profile. Hence, there was a relatively sizeable within-group variation in our
statistical analysis. Although we could identify significant alterations in some previously
studied lipids, we cannot rule out the possibility that the difference might be caused by
another physiological or pathological status between the two individuals. Moreover, for
the alteration of lipid expression in different brain regions, the explanatory power could
be limited, as there was only one sample from each group for each brain region.

Second, for MSI data, the annotation was only based on the monoisotopic molecular
weight, so one m/z value can be mapped to various candidate molecules. Although we

ruled out some candidates not involved in human biochemical pathways, there were still
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some m/z values that could represent multiple candidate molecules. For example, m/z
742.54 represents the molecular formula of C41H78NOSP, which can be formed as PC
33:2 or PE 26:2, and these two lipid species can also be included as various lipid isomers
with different combinations of fatty acyl chains. Therefore, it was challenging to
distinguish between the PC and PE species only by MSI data.

We did not identify some reported lipid alterations in this study. For example, a-
synuclein has been reported to decrease sphingosine-1-phosphate in plasma[23] and
sphingomyelin[25] in the motor cortex, leading to impaired neuronal growth. Studies
have indicated that overexpression of a-synuclein can inhibit the synthesis of
sphingosine-1-phosphate in PD patients, resulting in the decrease level of sphingosine-1-
phosphate and increased level of its material, ceramide. Additionally, ceramide and
sphingosine-1-phosphate exerts antagonism effects in the regulation of Akt/mTOR
signaling pathway.[73] As the pathway both negatively regulates inflammation and
positively regulates neural death and apoptosis, the balance between ceramide and
sphingosine-1-phosphate level can be important factor to determine the dominant
pathological events in patients’ brain. Although we have identified varying alterations of
ceramide level in different brain regions, the mass signal of sphingosine-1-phosphate was
not detected in this study. Additionally, elevated levels of PC and PE have been found in
the amygdala in the MSA patients[26]. The elevation of PC and PE can also enhance the
aggregation of a-synuclein and affect cell membrane stability. Despite identifying
elevated levels of certain PC and PE species in most brain regions, the results displayed
inconsistencies across different species with varying carbon chain lengths and degrees of
unsaturation. Furthermore, EPA and docosahexaenoic acid (DHA) are both well-known
anti-inflammatory ®-3 unsaturated fatty acids. Previous studies have indicated that EPA

was elevated in CSF of the MSA patients[21], while the supplementation of DHA in
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oligodendroglial cell membrane can enhance the aggregation of a-synuclein.[74] In our
study, EPA and DHA were detected in most brain regions. EPA was elevated in most brain
regions of the MSA patients, while no significant alterations of DHA was found between

the MSA and control groups.
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Chapter S Conclusions

This study analyzed the 12 brain regions of postmortem brains from one MSA patient
and one HC by DESI-MSI and IHC. Through DESI-MSI, we acquired the average signal
intensity and spatial distribution of lipids in the 12 brain regions. We found that most
metabolites with significant alterations belong to the class of sphingolipids,
glycerophospholipids, and unsaturated fatty acids. Sphingolipids, such as ceramides,
cerebrosides, and sulfatides have been found to regulate neuroinflammation neuronal
growth and myelin stability. Glycerophospholipids maintain the stability of neural cell
membranes and regulate the programmed cell cycle. Unsaturated fatty acids are important
lipids for neuroinflammation. We investigated lipid disturbances in different brain regions
and found that varying lipid disturbances indicated different pathological statuses of the
different brain regions. IHC staining was used to visualize the distribution of a-synuclein
accumulation. We found that the distribution of a-synuclein accumulation was spatially
correlated with that of some ceramide, cerebroside, sulfatide, and phosphatidylserine
species. These results indicated that the abnormal accumulation of a-synuclein is
positively related to the distribution of the sphingolipids and glycerophospholipids.
However, no spatial correlation between a-synuclein accumulation and unsaturated fatty
acids was found, indicating that the abnormal accumulation of a-synuclein and the
alteration of unsaturated fatty acids has no direct mutual effect. Finally, although we did
not identify a few reported lipid alterations in the MSA patients, we demonstrated that
DESI-MSI is effective enough to detect some lipid alterations and their distributions in
MSA patients. This approach allows more detailed research on the disease mechanism

induced by these lipids in the different brain regions of MSA patients.
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