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ABSTRACT

Mass spectrometry is an indispensable tool in lipidomics research. Current advances and
progress in the technology of mass spectrometry have allowed for the identification, quantification
and characterization of lipid molecular species to further our understanding of their biological
roles. In this thesis, I assessed the influence post-mortem times have on quantitative lipidomics.
Using liquid chromatography - electrospray ionization tandem mass spectrometry (LC-ESI-
MS/MS) on a triple-quadrupole mass spectrometer and multiple-reaction-monitoring (MRM)
mode, the glycerophosphocholine (GPC) metabolites and second messengers in the hippocampus
of N3 & N4 C57BL/6 x 129/SV were profiled at various post-mortem interval (PMI). I found that
disruption to the GPC metabolite and second messengers lipidome occured as early as 1 hour post-
mortem and fluctuate up till at least 12 hours post-mortem. Therefore, PMI is a variable in
lipidomic studies that must be controlled for, and brain samples which are collected with PMI
variations must be matched to avoid misinterpretation. Subsequently, I developed a working
protocol to visualize the location and distribution of different classes of glycerophospholipids,
ceramides, and sphingomyelin in whole mouse brain sections. This visualization technique is novel
because it does not require tissue staining or immunohistochemistry; instead, it was performed
using an atmospheric-pressure matrix-assisted laser desorption/ionization (AP-MALDI) source
coupled to an orbitrap mass spectrometer. As part of this lipid visualization technique, I also
developed a protocol for sublimation as a simple, effective and reproducible matrix application
method for brain tissue. The lipid-compatible matrix, 2,5-dihydroxybenzoic acid (DHB), was
assessed and optimized for imaging lipid targets. The high mass-resolution and accuracy
characteristics of the orbitrap mass spectrometer and its capability to perform tandem mass
spectrometry via high-collision dissociation allowed for the identification of approximately 200

different lipid species directly from brain tissue using the visualization technique I developed.
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Altogether, the work in this thesis has showed that post-mortem changes in the lipidome are
quantifiable and has provided a novel avenue to further assess these changes by means of imaging

mass spectrometry.
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PREFACE

Lipids are forgotten molecules in biochemistry. When lipids are introduced in biochemistry
textbooks, they are often limited to their roles in membranes (namely, the phospholipid bilayer)
and as an energy source for cellular function (such as triacylglycerols). Little emphasis is placed
on the fact that, besides being structural building blocks of cell membranes, lipids also actively
serve as bioactive autacoids and second messengers transducing signals initiated at membrane
boundaries'. The seemingly dull role of lipids could be blamed on the central dogma of
biochemistry, which reads that (almost) all of life is coded by the nucleic acids that make up our
genes, which produce the proteins required to catalyze all biochemical pathways, and ultimately
carry out, maintain and repair all cellular processes. This dogma relegates lipids to function as a
gate, or a boundary against intruders, for the more important machinery is coded in our genome
and translated into our proteome.

Another part of the reasons why lipids have not gained sufficient appreciation and recognition
for their role, frankly, is because we do not understand them well enough. Subtle structural
differences, defined, for example, by a single acetyl group or the presence or absence of a double
bond in a hydrocarbon chain, confers lipid identity at the molecular level>. Hence, individual
species are difficult to separate and identify. The role this structural diversity has on function is
not as intuitive as is the structural underpinning of protein conferring a lock-and-key model of
enzyme’s activity, or the mis-folding of a protein as a result of an upstream missense mutation’.
This diversity begs the question: Why do we have so many different lipid species? If one was to
extrapolate the area of a single cell’s plasma and intracellular membranes, the extended bilayer
would cover an area of over tens of thousands of square meters’. Perhaps, when there is so much
of something, we tend to fail to appreciate it fully. To quote Sir Arthur Conan Doyles’ character,

Sherlock Holmes: “There is nothing more deceptive than an obvious fact.” The precise yet diverse
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lipid composition of membranes of cellular and subcellular compartments co-exists with the tightly
regulated biochemical processes of lipid remodelling that regenerates structural lipids while
transiently producing bioactive second messengers. Clearly, one cannot fully grasp the insights
into how living systems work without understanding the functions and roles of membranes and
their lipid constituents.

The life sciences have just witnessed the past era of genomics, is witnessing the current era of
proteomics rapidly revealed, and has begun to witness the emerging era of lipidomics starting to
unfold. Within the last decade, lipidomics has separated itself from the realm of metabolomics.
As an emerging field, lipidomics seeks to better understand the lipid composition at the molecular
level, map changes in diseased states, and extrapolate function to establish how lipid composition
regulates cell function. Hence, the motivation of this thesis is to participate in further
understanding the complexity of biological lipidome by exploiting different lipid-centric

developments in mass spectrometry (MS) as the analytical tool.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 THE METABOLISM OF GLYCEROPHOSPHOCHOLINES (GPCS)

This thesis focuses primarily on exploring new methods of imaging glycerophospholipids
(GPs), and to a lesser extent sphingolipids and cholesterol, in brain and addressing critical changes
in lipid metabolism post-mortem that could impact on lipidomic assessment of lipid signatures of
human disease using post-mortem tissue. As such, I begin first with reviewing the metabolism of
the primary lipid subclass of interest, GPCs. GPCs are a subclass of GPs, the major lipid
constituent of cellular membranes in all organisms”°. GPs are chemically defined as the derivative
of a phosphorylated glycerol molecule”®. The position of the phosphate group is stereospecifically
numbered (sn) at position 3 on the naturally occurring L-glycerol’. Hence GPs are a family of
lipids derived from sn-glycero-3-phosphoric acid, which assumes the replacement of the two
remaining hydroxyl groups at position sn-1 and sn-2 on the glycerol by two fatty acids’®. The
head-group substituent that is esterified to the phosphate group at the sn-3 position determines the
subclass: a choline head group signifies glycerophosphocholines (GPC), an ethanolamine head
group signifies glycerophosphoethanolamines (GPE), a serine head group signifies
glycerophosphoserines (GPS) and an inositol head group signifies glycerophosphoinositols (GPI).
At the sn-2 position, the fatty acid is most commonly esterified to the glycerol, and this linkage is
known as O-acyl'’. Ether linkage at sn-2 is also possible although much less observed'''>. On the
other hand, the fatty acid residue at the sn-1 position could contain the O-acyl, or O-alkyl (ether)
or O-alk-1'"-enyl (vinyl ether or alkenyl) linkage (Figure 1.1)''""°. The alkyl-acyl GPC with the O-
alkyl linkage at the sn-1 position comprises the precursor for the powerful ether lipid platelet-
activating-factor (PAF, 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine), a pro-inflammatory

molecule that can cause platelet aggregation'*. The alkenyl-acyl GPC with the O-alk-1'-enyl



Figure 1. 1. Structure of glycerophosphocholines (GPC).

GPs are derived from glycerol. Fatty acids (hydrocarbons, R1 and R2) are linked to the glycerol
backbone at the stereospecifically-numbered (sn) position 1 and 2, while a phosphate group is
esterified to the glycerol at position sn-3. The phosphate group carries functional group moiety
that determines the class of glycerophospholipid, such as a hydrogen atom (glycerophosphatidic
acid, GPA), a  choline (glycerophosphocholine, GPC), an ethanolamine
(glycerophosphoethanolamine, GPE), an inositol (glycophosphoinositol, GPI), a glycerol
(phosphoglycerol, PG), a serine (glycerophosphoserine, GPS). Hydrocarbons are commonly
esterified to the glycerol at sn-2 (with rare exceptions), whereas three types of linkage are possible
at sn-1 position. These are ester, alkyl ether, alkenyl ether linkages dividing GPs into three
subclasses known as O-acyl, O-alkyl ether, O-vinyl ether GP, respectively. Hydrocarbon chains
(R1 and R2) that dictate molecular identity of individual species within subclasses are defined by
their number of carbons and degrees of unsaturation in addition to linkage to the glycerol

backbone.
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linkage at the sn-1 position defines the lipid class of plasmalogens (1-alkenyl-2-acyl-sn-
glycero-3-phosphocholine), which are very abundant in the neuronal membrane'’. The alkyl ether
and vinyl ether linkages are usually abbreviated as O- or P-, respectively, followed by the notation
of fatty acyl chain (number of carbons : number of unsaturation), as described in most literatures
as well as in the database of the LIPIDS Metabolites and Pathways Strategy (LIPID MAPS)
consortium".

In this thesis, the nomenclature for GPCs is as follows: the 1-acyl-2-acyl linkage is referred to
as PC (phosphatidylcholine); 1-alkyl ether-2-acyl linkage is referred to as PC(O); and 1-alkenyl-
2-acyl linkage is referred to as PC(P) or plasmalogen PC. When these lipids undergo sn-2
hydrolysis (where the sn-2 fatty acyl chain is removed from the glycerol backbone), the ester
linkage is reduced to an alcohol group, converting the molecule into a lyso-GP. The notation for
these hydrolyzed structures will only indicate the one O-acyl linkage in position sn-1 and written
as LPC, LPC(0), and LPC(P) for lysophosphatidylcholines, 1-alkyl-sn-glycero-3-phosphocholine
(or [lyso-PAF), and 1-alkenyl-sn-glycero-3-phosphocholine (or /yso-plasmalogen PCs),
respectively. Following the above notation, the number of carbon present in each fatty acyl chain
at the sn-1 and sn-2 position and the number of unsaturation units at each position are further
indicated. This is indicated by (carbon number at sn-/ : unsaturation unit / carbon number at sn-2
: unsaturation unit). In cases where the exact molecular structure of each fatty acyl chain is not
known but the GP mass is known, the total number of carbons and unsaturation units is predicted
and written as (total carbon number : total unsaturation unit). For example, PC(16:2/16:0) can also
be referred to as PC(32:2) if exact sn-1 and sn-2 structure was not identified.

Among all the GPs that make up the membrane, GPCs are the most abundant'®'®. Within the
GPC subclass, PCs alone comprise 70% of membrane phospholipids in mammalian cells'*’. The

GPC component of cell membrane is the reservoir of free fatty acids (FFA) and second metabolites



that are bioactive mediators and important for many cellular processes” . Accumulating evidence
has shown that in patients with Alzheimer's disease (AD), break-down of neuronal membrane as
a result of extensive metabolism of GPC decreases PC content in both the cerebrospinal fluid
(CSF)* and post-mortem  brain®> *?*  Within the brain, both PC and
diacyglycerophosphoethanolines (PE) showed a significant decrease in the parietal and frontal
cortex of AD patients compared to healthy controls®. Breakdown products of PC, such as LPC
and FFA, in turn, increase following these degradation events. Hence, the profiles of not only
GPCs but also their metabolites reflect different physiological states in diseased versus healthy

metabolism.

Although the cell membrane is often represented as a well-structured "wall" of phospholipids,
this wall is anything but rigid. Instead, the cell membrane is very dynamic and undergoes constant
remodeling®®. The most abundant components of this wall, GPCs, are continuously catabolized to
LPCs, LPC(O)s, and LPC(P)s (where the specific metabolite produced depends on type of linkage
between the GPC backbone and the fatty acid). These metabolites can then be anabolized
enzymatically to PCs, PC(O)s or LPC(P)s, respectively, depending on the availability of FFA
conjugated to co-enzyme A (CoA) in the membrane. The LPCs, LPC(O)s and LPC(P)s are
important molecules in cell signaling. LPC specifically is synthesized enzymatically from PC by
phospholipase A1 (PLA,) and phospholipase A2 (PLA,)*’. These enzymes hydrolyze the acyl ester
bond at the sn-1 or sn-2 position, respectively. The lack of a hydrophobic fatty acyl chain causes
LPCs to have less amphipathic character than their parent PCs and hence unfavorable for
membrane-forming>®. Consequently, the presence of LPCs in the plasma membrane disturbs its
structure and increases its permeability. LPCs have been suggested to participate in cell membrane
fusion, and consequently mediates intercellular communication and signalling”°. The role of
LPCs have also been extended to regulate the activity of membrane-bound receptors and
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enzymes® . In the brain, it was proposed to be an effective carrier of docosahexaenoic acid

through the blood-brain barrier and may also participate in neurotransmitter release™. Under
normal physiological condition, LPCs appear to be active molecules that are constantly involved
in metabolic processes and are found at low concentrations’*. However, in pathological conditions,
LPCs tends to accumulate and are known to cause neuron demyelination and break-down of the
blood-brain barrier’”.

A constant remodelling cycle of de-acylation and re-acylation known as the Land’s Cycle is
absolutely critical for maintaining the homeostasis of cellular phospholipids and FFA (Figure
1.2)**°. Remodeling is mediated by PLA,; there is little known, however, about the role of
PLA,”’. Polyunsaturated FAs (PUFA) are commonly found at the sn-2 position of most GPs. One
particular PUFA, arachidonic acid (AA), is of particular interest due to the preference of
cytoplasmic PLA, (cPLA;) for GPs with AA at the sn-2 position. Upon hydrolysis, AA is released
and can be further metabolized into another class of molecules known as eicosanoids, which

. . . . 17, 37-38
participate in many important cellular processes' >’

. If conjugated to CoA, AA can be re-
incorporated into the Land’s cycle to generate new GP species through the actions of acyl-CoA
lysophospholipid transferases®. There are four lysophosphatidylcholine acyl transferases
(LPCATSs)*, all of which are involved in PCs and PAFs remodelling pathways*'** . Two of the
LPCAT enzymes, specifically LPCAT1* and LPCAT2%, are capable of transferring acyl-CoA
chains to both ester- and ether-linked PCs. When LPC(O)s, are generated from an O-alkyl-ether-

linked PC(O) at the sn-1 position they become precursors for PAFs®. The addition of an acetyl

group at the sn-2 position of an LPC(O) by LPCAT1 or LPCAT?2 converts lyso-PAFs to



Figure 1. 2. Land's cycle of GPC remodelling

Land's cycle GPC remodeling. Structural GPCs found in membranes are constantly used to
generate enzymatically important signaling molecules and second messengers that are, in turn,
remodeled back to structural membrane lipids. The phospholipase 2 (PLA,) family of enzymes is
responsible for hydrolyzing GPC at the sn-2 position, yielding a FFA and an LPC. These enzymes
can also hydrolyze PC(O) and PC(P) generating LPC(O) and LPC(P) respectively. The reverse
reaction of this process is carried out by the LPCATSs using acyl-CoA to re-acylate a FFA at the
sn-2 position. LPCATS can also convert LPC(O) to PAFs via acetylation at the sn-2 position using
acetyl-CoA as well as PAF-like “acyl-PAFs” and alkenyl-PAFs. The three PAF-AH enzymes
carry out the reverse reaction by removing the acetyl group and re-forming LPC(O). PAF-AH 1b
specifically hydrolyzes ether-linked PAFs. Secreted PAF-AH and PAF-AH II are more
promiscuous and can hydrolyze acyl-PAFs and alkenyl-PAFs. In addition, PAF-AH II has acetyl-

transferase activity and can acetylate nearby lipid substrates.



Diacyl PC (PC)

LPCAT PLA2
(acylation)

Acyl-lyso PC (LPC)

PAF-AH
LPCAT

or
PAF-AH IT (acetylation)

Acyl PAF

o]
o NHg
R\/\ U/ ~
o o \s
o, o
R
Alkyl-acyl PC ( PC(0) )
LPCAT PLA2
9 +
o NH
H\/\ /U< ~
o -
/\/\0 5
OH
Alkyl-Iyso PC ( LPC(0) )
PAF-AH 1b LPCAT
(acetylation)
T .
0. NHg
/P/ \/
o N

PAF

o
.
0. NH,
R\/\ U/ ~
o/\(\o/ \0
0, (o]
R
Alkenyl-acyl PC ( PC(P))
LPCAT PLA2
Q +
NH;

[ o
“\/\O/Y\O/P\/, ~
OH

Alkenyl-lyso PC ( LPC(P) )

PAF-AH

or LPCAT
PAF-AH II (acetylation)

Alkenyl PAF



PAFs* % Likewise, LPCs and LPC(P)s can be converted to acyl-PAFs and plasmenyl-PAFs,
respectively. The reconversion of PAFs back to lyso-PAFs involves the deacetylation of the acetyl
group at the sn-2 position by one of three PAF-acetylhydrolases (PAF-AH1b, PAF-AHII and
secreted PAF-AH)"'. Interestingly, PAF-AHII also has transferase activity such that it can transfer
the acetyl directly from PAF to another lyso-GPC, thus generating acyl-PAFs or alkenyl-PAFs™.
The lyso-PAF metabolite can in turn be remodelled back to an O-alkyl-ether linked PC(O) by

LPCAT using acyl-CoA as a substrate' " **'.

1.2 MASS SPECTROMETRY (MS) IN LIPID ANALYSIS

1.2.1 Ionization techniques

Lipidomics depends upon MS. In MS, ionization should be considered the most important step.
To be detected and analyzed by the mass spectrometer, a molecule must carry one or more charges.
At first, MS was not possible for the analysis of biomolecules. It was designed to study more
volatile molecules that can transit into the gas phase easily, such as small organic compounds. The
analysis of biological macromolecules was made possible by the introduction of soft ionization
techniques, such as electrospray ionization (ESI) in the 1960s-1980s’* and matrix-assisted laser
desorption ionization (MALDI) in the 1990s>. Unlike earlier ionization methods such as electron
impact, ionization methods such as ESI and MALDI do not require molecules to be in the gas
phase for ionization. Furthermore, molecules ionized by ESI or MALDI may be kept intact before
entering the mass spectrometer for further analysis. This is especially useful for separating and
analyzing biomolecules from complex matrices, when their structural identities correspond to their
mass-to-charge (m/z) ratio, or the molecular peaks, and not peaks that are of their fragments. Soft
ionization is also able to minimize in-source decay/fragmentation (ISD), an event where the
analytes are activated to fragment after receiving excess energy during ionization™*. This event

occurs in the source, which can lead to complications in interpretation of ion signals in the mass
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spectra. ISD is not very common in ESI, although the two can be coupled to work together in
specific sophisticated experiments. More commonly, ISD is coupled with MALDI. In MALDI,
laser energy can be controlled in order to reduce ISD events. Alternatively, the technology of
atmospheric-pressure (AP) MALDI can also be adapted, which has been reported to be a softer
ionization method than vacuum MALDI’,

Lipid molecules are non-volatile and thermal-labile; given that lipids are comprised mostly of
carbon, hydrogen, oxygen, nitrogen and phosphate, their structures are best analyzed intact, before
fragmentation is performed by a mass spectrometer. This way, the molecular and structural
information necessary for identification of molecular identity is retained, and reliable species
quantification is also possible. Hence, the ability to ionize intact lipids using soft-ionization
methods without ISD and fragmentation is important for lipid analysis. There are many different
ways to ionize lipids*®>’; however, only ESI, MALDI and AP-MALDI will be discussed, as per

the scope of the research presented in this thesis.
i. ESI

(a) Principles of ESI
MS analyzes molecules in their gaseous state. ESI efficiently produces these gas phase ions
from lipid molecules. The electrospray phenomenon generally consists of three events™*, beginning
from the moment sample is sprayed from the ESI capillary to when it is transferred into the mass
spectrometer at the sample cone (stage 1 — 3 in Figure 1.3).
Stage 1. Production of charged droplets (nebulisation)
This is the event at which ions of either positive or negative polarity accumulate at the tip of

the ESI capillary. To generate charged droplets from a solution eluting from either a syringe pump
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Figure 1. 3. Schematic diagram of the ionization event by electrospray ionization (ESI)

Samples are introduced to the ESI source via direct infusion (by a syringe pump) or following LC.
Samples are then sprayed from the ESI capillary going through 3 stages to form gaseous ions
before entering the mass spectrometer. At stage 1, charged droplets are formed. At stage 2, the
charged droplets start shrinking due to application of desolvation gas, leading to accumulation of
charges and surface tension on the shrinking droplet. At stage 3, the droplet bursts when these
charged repulsion approaches Rayleigh's limit and produce gas-phase ions. As samples are sprayed
from the ESI capillary and form charged droplets, a constant electric field is applied between the
capillary and the mass spectrometer inlet, effectively rendering the ESI source an electrophoretic

apparatus.
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or HPLC, an electric field is first applied to the solution flowing in the capillary. This electric
field is produced by the generation of a potential difference between the capillary and the MS inlet
opposite from it”’. In positive-ion mode, the capillary is an anode while the sample cone is a
cathode. As sample flows through the capillary, electrons are drawn from the solution; positive
ions then repel from the capillary wall, concentrate, and accumulate at the tip of the ESI capillary.
In negative-ion mode, the reverse occurs. These electrophoretic phenomena characterize the ESI
source as an electrochemical cell. Oxidation occurs at the capillary tip and reduction occurs at the
MS inlet in positive-ion mode.

Stage 2. Shrinkage of charged droplets

By combining several optical diagnostic techniques, Gomez and Tang® were able to capture
an image of the droplet as it develops at the tip of the ESI capillary. Generally, the first step is the
formation of a spherical drop in the last few micrometers of the capillary. As more ions accumulate,
charge density increases due to Coulombic repulsion and these pressures elongate the drop at the
capillary tip. Finally, when enough charge accumulates and the increased Coulombic repulsion
matches the surface tension of the sample's solvent, the drop reaches what is known as the
Rayleigh's limit and breaks, forming a cone-like shape at the tip of the capillary. This is known as
Taylor's cone. and is the point at which spraying occurs® >,

Stage 3. Production of gas-phase ions

In order to explain the transition from Coulombic repulsion of charges to release of gas-phase
ions, there are two accepted theories: the charged residue theory® and the "evaporation" theory of
ions from small droplets®. In the first theory, Dole et al propose that after Taylor's cone is formed,
droplet fission occurs. This allows offspring droplets of smaller size to form from the parent
droplets at the beginning of the spray. These offspring droplets get smaller and smaller, until each

one carries only a single ion. Finally, the ion is released into the gas-phase when desolvation
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occurs. In the second theory, based on an ion mobility experiment, Iribarne and Thomson suggest
that ions within droplets whose radii are less than 10 nm can "evaporate" and escape into gas phase.
This theory was based on the finding that there were a significant number of gas phase ions existing
when the droplet was still considerably larger than an ion and was carrying multiple charges.
Although the two ideas do not support one another, together they could explain how ESI is able to
form both single-charged and multiple-charged ions.

Two other factors that occur during the ESI event that should be mentioned are nebulisation
and desolvation. During nebulisation (stage 1), a stream of gas is applied outside of the capillary,
coaxially to the outcoming flow of samples, to assist with droplet formation. At stage 2, after
Taylor's cone is formed, the droplets encounter a stream of heated, inert gas (usually nitrogen) that
causes desolvation to remove solvent from samples™.

The development of ESI has allowed lipids to be analyzed intact, in solution, and away from
oxygen (thus avoiding any secondary oxidation reactions due to extensive exposure to air)**. ESI
further enables the analysis of numerous lipid species from a complex matrix at the same time.
ESI, either by itself or coupled to a separation technique such as HPLC, is a powerful technique
for lipidomic research.

(b) Direct infusion - shotgun lipidomics

Application of ESI in lipidomics is very diverse due to its effective ionization ability and the
ability to easily couple ESI to other devices. Shotgun lipidomics was termed by Han and Gross®
and Ejsing et al in 2004, and it refers to the direct introduction of lipid extracts to the mass
spectrometer without prior separation®. As the name implies, the purpose of this approach is to
analyze lipids from biological samples on a large scale by maximally exploiting all characters of
all lipid classes and species®’. Shotgun lipidomics allows the discovery of novel lipid species

because there are no complications by chromatographic separation. Furthermore, the molecular
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ions of all lipid species are displayed in one mass spectrum, allowing for easy, direct spectra
comparisons from different samples. This feature is also beneficial for quantification by direct
infusion/ESI of lipids. In this kind of shotgun analysis, lipid extracts are introduced into the ESI
source at one specific flow rate via a syringe pump (flow rate of pL / min),*® after which they are
sprayed into the mass spectrometer. The lipid extracts could also be introduced directly into the
mass spectrometer via a static nano-ESI-source without a syringe pump, at a much lower flow rate
of nL/min®’. Because there is no pre-mass spectrometer separation, all lipid species are analyzed
at a constant concentration and at the same time. As a result, integration of peak intensity is also
uniform among all ions’’. By manually adding an internal standard for each lipid class present in
the extract, quantitation of endogenous lipid species can be performed effectively in direct-
infusion. Post-source analyses of lipids, such as tandem MS-approaches or high-mass accuracy
analysis that are usually done with liquid chromatography-based lipidomics, are also compatible
with direct infusion methodologies.
(c) Lipid analysis with separation — liquid chromatography-based lipidomics

In lipid analysis, ESI can also act as the interface between chemical and mass-to-charge
separation. Chemical separation is carried out by HPLC, in which different lipid species are
separated by differences in their hydrophobicity. The eluted analytes are then introduced to the
mass spectrometer and further separated by a mass-to-charge ratio (m/z). The separation by HPLC
operates based on the principle of attraction between molecules with similar chemical properties,
i.e., polarity”'. Compounds within a mixture are separated as they elute from a tightly packed
column with just a few micrometers in diameter. The column support is usually silica, but other
polymers, such as polystyrene, may also be used. The silica surface contains an acidic, hydrophilic
silanol functional group (Si-OH), which can react with other functional groups and results in an

increased hydrophobicity of the column (Figure 1.4A, B and C). Altogether, this constitutes the
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stationary phase of the column. Differences in hydrophobic interactions between biomolecules and
the stationary phase leads to biomolecules exiting the column at different times, which in turn
results in differences in retention times (RT) among the biomolecules. This resolution between
biomolecules can be enhanced by the choice of solvent system; the solvent system is also known
as the mobile phase.

In general, there are two types of HPLC: normal-phase (NP) and reverse-phase (RP). Each
method is useful for different purposes in lipid separation. NP-HPLC is commonly used to separate
different classes of lipids, while RP-HPLC resolves individual species within a lipid class’". In
NP-HPLC, the stationary phase is polar; hence, the silica support may retain the silanol group, or
it may be slightly modified by the addition of less hydrophobic groups, such as a cyano group or
a short hydrocarbon chain. The mobile phase is non-polar and highly hydrophobic. Common
choices include hexane and tetrahydrofuran. By contrast, RP-HPLC requires modifications to the
silica support by addition of hydrophobic groups, such as long chain hydrocarbons (e.g. C18), to
create a non-polar stationary phase. The mobile phase is polar and the most common choices are
water, alcohol and acetonitrile’'. In terms of choosing the type of hydrophobic alkyl chain for the
stationary phase, the chain length is important and depends on the size of the analyte’>. For
example, a larger molecule with many hydrophobic moieties on its structure would be able to
interact with the polar stationary phase well; hence, a choice of C4 would be a more appropriate

choice over C18.
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Figure 1. 4. Schematic illustration of the silica network formed by Si-O-Si bridges.

(A) The silanol -OH groups are on the surface of the silica bead. This group can chemically react
with other less polar groups, such as the C4 chain, to form the butyl silyl-moiety on silica as in
(B). Other common choices for R-groups to create the stationary phase with a desired polarity are
depicted in (C) with hydrophobicity characters indicated. Figures were adapted from Harris 2007

(Reference 71).
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The selection of HPLC method to be applied for lipid separation heavily depends on the focus
of the study. GPs are the major class of membrane lipids™'”. They are amphipathic in nature due
to their polar head-group and non-polar fatty acid chains at the sn-/ and sn-2 linkages. Because
the head-group is polar, they can interact with the stationary phase during NP-HPLC separation.
Hence, NP-HPLC is used to separate lipid classes based on the differences in head-groups’®. The
polarity and acidity of a functional group are strongly related; therefore, the relative polarity of
each phospholipid class can be predicted based on its pKa. The elution conditions of the HPLC
column commonly contain a small addition of trifluoroacetic acid (TFA) or formic acid (FA),
keeping the mobile phase pH around 1.5-2.2"%. At this pH, only the phosphoric acid functional
group becomes deprotonated. The presence of additional functional groups in the phosphate affects
this pKa, therefore changing the polarity of the head-group. Phosphatidic acid (PA) contains only
a phosphate head-group, with two ionizable protons. The pKa of the first proton is 3.0, while the
pKa of the second proton is 8.0. The first proton on the phosphate group is compared to other
ionizable protons on other head-groups. In increasing order, the pKa of GPC, GPE, GPS, GPI, and
phosphatidylgylcerol (PG) are 1.0, 1.7, 2.5, 2.5, and 2.9 respectively””*. Increasing pKa
corresponds to a decreased acidity and polarity. Hence, the hydrophobicity of all head-groups
(hence the resulting phospholipid) can be ranked as follows: choline (PC) < ethanolamine (PE) <
serine (PS) = inositol (PI) < glycerol (PG) < hydrogen (PA). Therefore, in NP-HPLC, GPCs would
spend the most time interacting with the polar column, while GPA would elute from the system
first (Figure 1.5). Overall, NP-HPLC is a useful method to separate different classes of lipids in
biological extracts.

On the other hand, RP-HPLC operates under reverse conditions compared to NP-HPLC; RP-

HPLC has a non-polar stationary phase and a polar mobile phase. The silica base of the column is
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Figure 1. 5. Normal-phase high-performance liquid chromatography (NP-HPLC).

In NP-HPLC, lipids are separated based on the interaction of their head-groups with the polar
column. Each head-group (showed above as hydrogen, glycerol, inositol, serine, choline,
ethanolamine) contains different functional groups and it is the phosphoric acid proton (-HPO,)
that becomes deprotonated during the separation condition (mobile phase contains 0.1% TFA,
giving pH of 1.8-2.0). Examining the pKa of each head-group, GPC would interact most with the
polar column while GPA elutes very quickly due to its lower polarity at this pH. Predicted eluting

sequence of different lipid classes is: GPA, GPG, GPS=GPI, GPE, GPC.
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usually modified to reduce polarity by covalently bonding it to a nonpolar functional group.
Long hydrocarbon chains are often used to accomplish this reduction in polarity, as shown in
Figure 1.5C. The mobile phase in RP-HPLC contains two solvents, A and B, which are by
convention aqueous (water) and organic, respectively. Most often, the mobile phase contains a
small addition of acid such as TFA or FA; the acids act as a proton source as well as to improve
signal’?. In RP-HPLC, lipid molecules are separated based on the hydrophobic interaction between
the fatty acyl chains with both the non-polar stationary phase and the polar mobile phase. The
hydrophobicity of fatty acyl chains depends on the length, number, and configuration of
unsaturation of the chain. An increasing chain length corresponds to a higher hydrophobicity,
while multiple unsaturations decrease hydrophobicity®’. Because lipids from different classes can
have similar molecular weights and degrees of hydrophobicity, using RP-HPLC to resolve lipid
molecules in a mixture of different classes can be quite complicated. Thus RP-HPLC is more useful
when separating individual lipid species within a pre-isolated lipid class of interest.

There are several advantages to performing HPLC separation prior to MS analysis of lipid
extracts. First and foremost, separation simplifies the analysis step, which usually involves samples
containing numerous classes of lipids, and a large number of species within each class.
Modification and optimization of the separation technique would lead to better resolution and
detection of individual lipid species. One issue in direct-infusion MS is that the more abundant
lipid species can suppress signals from low-abundance species, as direct infusion is performed on
complex lipid extracts. HPLC separation reduces this effect of ion suppression and allows low-
abundance species to be detected'”. Furthermore, HPLC is also very powerful for the identification
of lipid molecules by providing an extra parameter, RT, to each detected species in addition to the
m/z signal found by MS*®. The RT of each lipid molecule is tied to its hydrophobicity character.

Lipids with similar masses can still be separated by using their different RTs. Correct identification
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of lipid species is very important, especially when quantification is desired to enhance the
understanding of lipidomic changes in different disease states. Using a combination of NP-HPLC
and RP-HPLC to create a two-dimensional separation setup would make separating lipid classes
and species possible and enrich the analysis of lipids in biological extracts’. Overall, LC, coupled
to ESI-MS, plays an essential role in discovering novel lipid species and is the gold standard in
lipidomics.
ii. MALDI
(a) Principle of MALDI-MS

MALDI is a method of ionizing molecules for mass spectrometric analysis by, as the name
implies, desorption with the assistance of a matrix compound. Hence, the principle of ionization
by MALDI relies strongly on the ability of the analytes to desorb’. This characteristic of MALDI
involves two main contributors: a laser light source and a laser light-absorbing compound - the
matrix’°.

Common MALDI laser sources includes both an infrared (IR) and an ultraviolet (UV) lamp;
the latter, however, being more popular. The main difference between the two laser sources lies in
the duration of the radiation pulse: an IR source produces a longer pulse that lasts from 6 - 200 ns,
while a UV-based pulse is very short, approximately 3-10 ns’®. A shorter pulse duration is
preferred for ionization, as it is able to effectively cause fast ablation of the sample with little or
no thermal degradation’’. In addition to duration of the pulse, another parameter known as "laser
fluence" is also important in sample ablation and ion generation. Laser fluence is the amount of
energy, in this case optical energy, delivered per unit of area in one laser pulse’®. The commonly-
seen unit of laser fluence in MALDI-MS is W/cm®and it varies based on the laser light source and
combination of analyte and matrix system. This is due to the fact that different matrix compounds

absorb laser light differently, and that each is able to assist in the ionization of the analyte with
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different efficiency’®. Generally, ion formation occurs at or above the threshold laser fluence,
which is approximately 10° (W/cm?®)'®. Laser sources that are capable of short pulse-duration
paired with a suitable matrix and analyte combination can lower this threshold, leading to effective
analyte ablation and ion formation. Figure 1.6A represents a schematic diagram of the MALDI
process at the interface of the source and the mass spectrometer inlet, where desorption, ionization,

extraction and transmission of ions occur.

(b) Matrices in MALDI of lipids

The core principle of MALDI lies in the ability of the chemical matrix compounds to form
microcrystals in a homogeneous distribution among the analytes, to absorb laser energy
effectively, and to transfer this energy to the surrounding analyte molecules, leading to
desorption”. These are probably the only processes in the MALDI method that are understood
with certainty. In contrast, the ionization mechanism of the analyte following the event of energy
transfer is still not thoroughly understood, and very few successful efforts have been made to
deduce the molecular processes behind this™.

During the sample preparation step in MALDI, care is taken to maximize the matrix's
effectiveness at desorption and ionization. The concentration ratio of matrix to analyte sample is
determined experimentally, and usually differs between high-molecular weight molecules and
small molecules (for example, proteins versus lipids). In proteomics, peptide or protein analytes
are highly saturated by the matrix; thus matrix to protein ratios of 500:1 or even 1000:1 are very
common®'. In lipidomics, depending on the abundance of the particular lipid species of interest,
the molar ratio of matrix to lipid is often much less than 500:1. Adjustment of matrix to analyte
ratio is based on the signal to background noise ratio. Lipid concentrations that are too low produce
very poor ion signal, whereas high lipid concentrations lead to complete suppression of the

signal®'. The same holds true for matrix concentration®”. Therefore, the proper molar ratio of
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matrix to lipid is often solved empirically. Generally, the amount of matrix applied needs to be
abundant enough to prevent the analyte molecules from forming clusters with one another®, and
to absorb the laser wavelength strongly and sufficiently enough to, upon evaporation, generate
molecular ions of the analytes™.

In general, most matrices used in positive ion mode are weak acids, which often have aromatic
compounds with carboxylic acid functional group(s) attached. These acids are capable of giving
off an H' for subsequent ionization of the analytes, while basic compounds are used in negative
ion mode for efficient abstraction of protons from the analytes’ ®. Several matrices have been
demonstrated to be effective for lipid analysis. These include 2,5 dihydroxybenzoic acid (DHB)™
% and 1,5-diaminonapthalene (DAN)*" for both positive and negative ion mode, and 9-
aminoacridine (9-AA)*, p-nitroaniline (PNA)¥’, and (DMAN)***! for negative ion mode. These
matrices are preferred due to their ability to incorporate well into lipid analytes to generate a
homogeneous co-crystal™, to produce simple matrix-compound spectra in which only few matrix
background signals are observed®, and to enhance the ion signal of the lipid analytes.

(c) Ionization mechanism in MALDI

There are multiple separated events that occur and make up the entire process of MALDI.
These are (1) the ionization of the matrix’*, (2a) the desorption of the matrix, leading to (2b) the
desorption of the analyte’’, and (3) the ionization of the analyte’>. Within this set of events, (2a)
and (2b) are probably the best understood. The ionization event of the matrix in (1) is straight-
forward, while there are multiple competing theories proposed to explain the ionization of the
analyte in (3). In this section, I will summarize the generally-accepted explanation for the
desorption events of (2a) and (2b), and I will briefly discuss the two most popular theories that

explain the ionization events of the matrix (1) and of the analyte (3) (Figure 1.6B).
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The most important role of the matrix compound in MALDI is to absorb the energy at the
specific wavelength emitted by the laser. This is the reason why most MALDI matrices are
aromatic compounds™. Following absorption, the laser energy is quickly converted into thermal
energy by the matrix solid crystals, causing a partial sublimation of these crystals). As mentioned
earlier, matrix and analytes are mixed so as to form homogenous co-crystals. Hence, as the crystals
desorb, they also pull some of the intact analyte into the vapor phase of the expanding plume. The
next step, which is ionization of the analyte, requires the matrix to first be charged. The matrix,

either a weak acid (used in positive ion mode) or a base (used in negative ion mode), is charged

using photoionization. This event is summarized by the following set of equations™*’* 2, in which
m 1is the matrix, e represents electrons, while H represents a hydrogen atom (proton):

hv ot .
m —» mFt m. o+ e (Equation 1.1)
m e — m (Equation 1.2)
mt + m — [m+H]*+[m-H] (Equation 1.3)
m~ + m —» [m+H+[m+H] (Equation 1.4)

Following photoionization, the matrix molecules are excited and receive enough energy for the
photoelectric effect to occur, which results in the release of an electron (likely the delocalized ©
electrons of the aromatic ring) to produce positive matrix ions (Equation 1.1). This photoelectron
collides with another neutral matrix molecule, giving rise to a negative matrix ion (Equation 1.2).

Hence, both positive and negative matrix ions, as well as their derivatives, are produced; however,
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Figure 1. 6. The process of matrix-assisted laser desorption/ionization (MALDI) and

formation of ions.

The process of MALDI and formation of ions are illustrated in (A) and (B) respectively. (A)
Nitrogen laser source emits light at 337 nm focused at a lens and an angled mirror such as reflected
light intersects the mobile X-Y stage which holds the sample stainless steel plate. Sample (red)
and matrix (cyan) compounds are deposited onto the plate such that both co-crystallize on the
plate. Upon laser firing, matrix absorbs laser energy and releases an electron due to the
photoelectric effect. Subsequent collision with other neutral matrix leads to formation of
protonated matrix (Event 1, 2a and 2b). Desorption of the matrix brings with it the co-crystallized
neutral sample molecules. Gas-phase proton-transfer between the protonated matrix ion and the
neutral sample, leads to formation of protonated sample ions (Event 3). Schematic depicts gas-

phase ionization model that explains the ionization mechanism by MALDI.
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the operating polarity of the mass spectrometer determines which one is detected. Further
products are derived from the collision of the positively-charged or negatively-charged ions and
other neutral matrix molecules, leading to proton transfers between molecules and giving rise to
protonated or deprotonated matrix ions (Equation 1.3 and 1.4).

Success of photoionizing the matrix is important for subsequent ionization of the analyte.
Reports have shown that a good yield of matrix ions (approximately 10 or 10 ions to neutral
molecules)” ™ leads to high intensity of analyte ions (up to 10% higher than that of the matrix
signals)”. The signals of these two entities are dependent on each other; hence, it is strongly
believed that a charge transfer event occurs after photoionization of the matrix’>. There are
currently two competing theories that explain how analyte molecules receive their charges: the
gas-phase ionization theory and the Lucky Survivor model®.

In the gas-phase ionization theory, it is argued that as analytes and matrix ions are vaporizing
in the expanding plume post-photoionization, protons from protonated matrix ions (generated as
shown in Equation 1.1-1.4) are transferred from the matrix to the neutral analytes in positive-ion

92,96-99
mode™™

. In contrast, proton abstraction occurs in negative-ion mode. This model relies on gas-
phase collision and gas-phase proton affinity or basicity of both the matrix and the analytes.
In the Lucky Survivor model, ions are theorized to be pre-charged in the matrix crystal before

100-101

desorption . This model applies to MALDI experiments in which the analyte solution is

prepared with the typical addition of TFA to induce protonation’® ™

. For example, in traditional
MALDI (spot-MALDI), the analyte solution is usually mixed with the matrix solution before
spotting on the MALDI plate, followed by solvent evaporation and matrix-analyte co-

crystallization. A similar procedure is applied in MALDI-imaging MS, in which the matrix

solution is sprayed to coat the tissue sample.
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In this thesis, sublimation, a dry and solvent-free method of matrix application, is used. Thus,
it is more likely that the event of analyte protonation occurs according to the gas-phase protonation
theory than the Lucky Survivor model. Regardless, both models assist in explaining different
aspects of MALDI desorption and ionization. Jaskolla and Karas have showed that both theories
contribute greatly to elucidation of the overall mechanism of MALDI, and both theories
successfully highlight the important fact that following ionization, singly-charged ions dominate

the MALDI mass spectra' .

(d) Atmospheric-pressure MALDI

Atmospheric-pressured (AP) MALDI operates at atmospheric pressure, outside of the vacuum
environment of the mass spectrometer. The nature of vacuum MALDI requires that it is built inside
the mass spectrometer, such as in the popular incorporation of a MALDI source in a time-of-flight
instrument. AP-MALDI, however, allows for the easy installation and removal of the source from
any mass spectrometer that has an atmospheric pressure interface™. For this reason, it is possible
to couple AP-MALDI with AP ionization sources such as ESI.

One of the main advantages of AP-MALDI over traditional vacuum MALDI is its ability to
reduce in-source decay, which affects labile molecules such as lipids and peptides. This is a
phenomenon commonly observed with vacuum MALDI. Generally after desorption in vacuum
MALDI, ions emerge from the matrix embedment, and their internal temperature is raised due to
1) the energy the matrix absorbs from the laser, 2) the collision of ions with matrix molecules and
the subsequent transfer of the very efficiently-absorbed laser energy, and 3) the effect by the
electric field at the interface between the MALDI plate and the capillary inlet that is meant for
transfering ions’> '®*. All of these factors contribute to increasing the temperature of the ions,
which makes them prone to fragmentation before entering the mass spectrometer. In AP-MALDI,

thermalization of the matrix and of analytes takes place more easily and efficiently after laser

30



irradiation, leading to very few fragmentations in the source®. Indeed, AP-MALDI is considered
to be a softer method of ionization than traditionally MALDI.
In the past, the efficiency of ion transfer in AP-MALDI was a concern due to its ambient-

104" the transmission of ion into

pressure operation. When it was first introduced in 2000 by Laiko
the vacuum of the mass spectrometer required the assistance of a continuously applied electric
field and by a flow of dry nitrogen gas. Even so, transmission efficiency was still poor and this
diminished the usefulness of AP-MALDI when compared to vacuum MALDI. lons formed in an
atmospheric environment disperse more easily and tend to get lost before being transmitted into
the mass spectrometer. The most recent version of AP-MALDI has been improved by adding the
technology of pulsed dynamic focusing (PDF) into the source to enhance ion transmission. The
PDF setup converted the continuous ion-extraction by electric field into pulsed-extraction, in
which the high-voltage electric field between the MALDI target plate and the mass spectrometer
inlet is removed temporarily for a very short amount of time (less than 1 ms). This removal period
is known as hold time, and is meant to allow ions to travel into the mass spectrometer by following
the intake flow field of the instrument's inlet. Hence, PDF technology allows the user to manipulate
the guiding of ions into the instrument by controlling the amount of time before the removal of the
electric field (known as "delayed time"). To summarize, following the event of laser firing and
ion generation, ions are faced with a high-voltage electric field that is removed after a set delayed
time. By the time the electric field is removed, the ions are sufficiently close to the MS inlet to be
drawn into the mass spectrometer by the intake flow field, which is believed to be more efficient
in transmitting ions than the pre-MS-inlet electric field. A benefit of the availability of PDF is that
it allows the user to have better control over ion transmission, as well as the ability to tune the

source and instrument to achieve an optimized condition for ionization.
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AP-MALDI offers a flexible option for the ionization source as it is easy to switch with other
AP sources. It is also very convenient for optimization; the source and the instrument are two
separate entities, and changing parameters in one does not affect the other. The much softer
ionization ability of AP-MALDI, compared to traditional MALDI, makes AP-MALDI an ideal
ionizer for labile biomolecules such as lipids, with the additional possibility of imaging the

distribution of biomolecules on tissue surfaces.

1.2.2 Mass analyzers

After ionization, ions are transferred into the mass analyzer so they can be separated based on
their m/z. An analyte may carry a single or multiple charges depending on the nature of the
molecules, the sample preparation, and the mode of ionization. Currently available mass
spectrometers commonly contain more than one fundamental mass analyzer. In this thesis, lipids
were analyzed and quantified on a triple-quadrupole mass analyzer and imaged on a quadrupole-
orbitrap mass spectrometer.

i. Quadrupole and triple quadrupole (QqQ)

A quadrupole is a mass-analyzer itself, able to filter ions based on their m/z. The quadrupole
contains two pairs of hyperbolic rods; each pair carries a polarity (positive or negative). The two
rods in each pair are positioned parallel to each other, and the two polarities are anti-parallel,
forming a structure as per Figure 1.7. One pair carries positive potential energy (Equation 1.5),
105-106,

while the other carries negative potential energy (Equation 1.6)

o=+ (U-Vcos wt) (Equation 1.5)
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Figure 1. 7. Schematic diagram of a 2D-quadrupole mass analyzer

Ions are trapped and separated in a three-dimensional radio frequency quadrupole, which is made
up of four cylindrical electrode rods. Opposite rods carry the same potential. As ions enter the
quadrupole, they are selected based on their trajectories, which are affected by the voltage

applied to the rods. The trajectories, ultimately are directly associated to their m/z.
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d=-(U-Vcos ot) (Equation 1.6)

In the above equations, U is the direct-current (DC) potential applied in the rod, V cos wt
represents the alternating-current (AC) potential, V' is the amplitude of the radio-frequency (RF)
voltage, and o is the angular frequency of the RF field'°'"”. The total electric field resulting from
the applied voltage interferes with the trajectories of the ions travelling through it. By changing
the applied DC and AC, only ions whose m/z match the resulting offset voltage survive the trip
through the quadrupole and are then observed by the detector' "',

The invention of the quadrupole revolutionized the trapping and detecting of ions by MS. Prior
to this advancement, mass analyzers were magnet-based. lons were isolated using a device with a
fixed magnetic field and alternating voltage'®’. It is difficulty to generate a stable magnetic field
in practice; thus, detecting ions using this approach resulted in complications when the resolution
of the instrument resolution was low. Quadrupole design eliminated the use of magnetic fields
altogether and replaced them with electric fields. Using these electric fields, ion trajectories are
more stable and convenient for detection.

The QqQ mass analyzer, as the name implies, consists of three quadrupoles. In a QqQ, the first
and third quadrupoles (Q) operate as analyzers, scanning for ions of selected mass. The second
quadrupole (q) functions as a collisional cell and only has RF applied on it. Either an inert or a
reactive gas may be used for the collision event inside the second quadrupole to induce
fragmentation; this fragmentation occurs by transferring internal energy from the collision gas
molecules to the ions or by reactions between ion and gas molecules, respectively'”®. The practical
application of QqQ to lipidomics will be discussed in section 1.3: Practical aspects of MS to lipid

analysis.
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ii. Orbitrap
(a) Principles of orbitrap

The orbitrap analyzer was first introduced in 2000 by Makarov''”. Its design was adapted from
the original Kingdon design in 1923'"", which found a way to trap ions via the principle of
electrostatiscity. Since then, the Kingdon trap has been combined with several mass spectrometer
set-ups. For example, Knight in 1981 coupled this trap to a Nd:YAG laser source which ionized
solid samples''?, and Oksman combined the Kingdon trap with a time-of-flight mass
spectrometer' . The Kingdon trap, also known as the core of the orbitrap design, is composed of
two electrodes: a cylindrical anode and a wire cathode in the centre of the anode. When a DC
voltage is applied between the two electrodes, a radial potential is generated that will interfere with
the motion of any charged particle travelling through''*. In the 1981 study done by Knight, the
Kingdon trap was modified to also measure the frequency of oscillizations of ions in the confined
space (axial movement along the central electrode) of the trap, in addition to the frequency of
rotations of the ions (radial/orbital movement around the central electrode). This was very close to
the orbitrap model we see today. The overall electrostatic potentials generated in the mass analyzer

. 110-112, 115-116
are described as ’ :

r2

U(r,z)= S (z2 — ?) + g (Rp)? In [é] + C (Equation 1.7)

where the first term describes the electrical potential in the symmetrically cylindrical inner
space of the orbitrap, and the second term is the logarithmic function of the radial potential between
the two electrodes. In this equation,  and z are the radial coordinates, while £ is the axial restoring
force and strictly depends on the shape of both electrodes and the voltage applied on them. Ry, is
the spherical radius of the orbitrap, while C is a constant. In other words, in the setup of a Kingdon

trap or orbitrap, a stable ion is one that orbits around the central electrode and also moves axially
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along the z-axis at the same time. The orbitrap mass analyzer that was created by Makarov derived
the m/z ratio based on the frequency of the previouly-mentioned axial movement. He argued that,
when m/z ratio is determined by the radial oscillation of ions orbitting the electrode, it heavily
depends on the initial velocity and radius of orbitting of ions as they are injected into the trap.
Consequently, this leads to poor mass resolution. By eliminating this dependence and replacing it
with the axial motion of the ions along the electrode, the orbitrap design was created. The most
advantageous feature of this design is the ability to derive the m/z of ions with very high resolution

110, 116

and accuracy . The frequency of axial oscillation of the ion is closely associated to its m/z:

w = |= (Equation 1.8)

where m and g are mass and charge of the ion, respectively.

As ions oscillate their way through the orbitrap, radially or axially, the resulting currents are
recorded, amplified and undergo Fourrier transform to produce the mass spectra.

(b) Ion storage and injection - automatic gain control (AGC)

The orbitrap mass analyzer is commonly preceded by a linear ion trap (LIT). LIT is essentially
a quadrupole ion trap, with the addition of electrodes at both ends of the quadrupole to generate
trapping fields. Hence ions are effectively trapped by LIT both radially (as in the classic
quadrupole) and axially. LIT is known for its high ion storage capacity, and for its ability to eject
ions efficiently either via the axial axis of the quadrupole or radially through an ion exit
perpendicular to its axis''’. The orbitrap operates under extremely high vacuum (10™'° mbar) and
the quadrupoles and/or LIT are usually arranged before the orbitrap to ramp down the pressure and
create differential pumping for ion injection into the orbitrap.

The Q-Exactive Plus instrument that is used in this thesis (Chapter 3) contains a quadrupole,

and a curved linear ion trap, known as a C-trap, leading to the orbitrap. The C-trap traps ions in
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the same manner as the LIT; however, with the curved area inside the trap, ions become more
concentrated in this confined space, which allows for injection into the orbitrap as a pack of ions''*
"% Hence, the C-trap is useful for storing ions and injecting them into the orbitrap. This ion storage
is controlled by the development of AGC, which is set up to minimize the accumulation of the

space charge effect but could negatively influence mass accuracy'>

. AGC was first invented by
Schwartz, Zhou and Bier in 1995 for the Paul ion trap, which was later adapted by others for the
orbitrap mass analyzer'*'. The main purpose of AGC is to control the number of ions that enter the
ion trap in order to avoid ion saturation, which lead to loss of accurate detection by space-charge
effect. In an orbitrap instrument, AGC occurs in the C-trap and controls the number of ions that
are injected into the mass analyzer. The role of AGC is important in this thesis because its operation

directly affects the construction of images by the AP-MALDI source. This will be explained

further in section 1.3.2.1v.

iii. Collision-induced dissociation

Lipidomics studies benefit from applying different MS methodologies to comprehensively
profile lipid composition. Chromatography allows for separation of different lipid classes and
species; high-resolution mass spectrometer (HR-MS) resolves lipid species with very close
monoisotopic masses; and desorption and imaging techniques offer the opportunity to visualize
and localize different lipid species at the same time'*>. However, lipids that possess similar
elemental component but are structurally different cannot be resolved by HR-MS'®. In this kind
of situation, tandem MS (MS/MS) offers another level of experimentation to fully elucidate the
structural make-up of lipid molecules. Conveniently, MS/MS spectra of most lipid classes, such
as phospholipids, ceramides and sphingomyelins, yield signature peaks useful for identification of

different lipid classes in one matrix'**,
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Tandem MS experiment is commonly carried out via the mechanism of collision, known as
collision-activated-decomposition (CAD) or collision-induced-dissociation (CID). The general
principle of CID operates around the interaction between the ion beam and a stream of collision
gas (usually applied perpendicular to the ion beam) in a collision cell'**. The collision cell is
usually a quadrupole, and placed between two mass analyzers as in the case of a triple-quadrupole
mass spectrometer. In this kind of instrument, the first quadrupole (Q1) performs precursor ion
selection, the second quadrupole is the CID cell, and the third quadrupole (Q3) analyzes all the
fragments produced. Tandem MS with a triple-quadrupole mass spectrometer allows for
quantification and is very useful in targeted lipidomics (Chapter 1.5.1 and Chapter 2). Due to the
introduction of the collision gas, the pressure in the collision cell is significantly higher than the
usual pressure inside a regular quadrupole'”.

In an orbitrap mass spectrometer, the orbitrap itself does not have the capability to perform
fragmentation. Instead, in such instrument, either the curved trap (C-trap) responsible for ion
trapping and injection acts as a collision cell, or an additional RF-only collision cell adjacent to
the C-trap performs this task'*. In both cases, nitrogen gas is used for collision and the method is
considered as a higher-energy (high-energy C-trap dissociation, HCD) event than traditional CID.
In the orbitrap instrument used in this thesis (Chapter 3), an RF-only octapole acting as a collision
cell was attached at the end of the C-trap. lons that are meant to undergo MS/MS are selected in
the quadrupole, passed through the C-trap, and fragmented in HCD cell. The collection of fragment
ions is then transferred back to the C-trap and get injected into the orbitrap for m/z detection'*’,

The difference between CID in a quadrupole or linear-ion-trap (LIT) and HCD in an orbitrap
is the potential used to accelerate the ion beam through the collision cell (collision voltage)'*’.

Low-energy CID is usually performed at up to 100 or 200 eV, with the participation of heavier

gases such as argon, xenon, krypton or nitrogen as the collision gas to ensure energy transfer
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efficiency to ions upon collision. High-energy collision, on the other hand, utilizes helium (He)
gas, which is not as effective as the other gases in transferring internal energy but it is sufficient
for high-energy processes (up to a few kilovolts in collision energy). In addition, He does not
produce excess dissociation reactions and hence is effective in focusing the product ions beam to
the mass analyzer. HCD is sometime considered to be harsher'*” than traditional CID and thus has

been found to be more compatible in orbitrap instruments.

iv. High-resolution and precise mass measurement

The resolving power of a mass spectrometer is understood as the ability of the instrument to
separate two peaks on a mass spectrum that are proximal to each other'**. Resolving power may
be characterized by the distance between two peaks of equal magnitude at a specific fraction (5%,
10% or 50%, for example,) of their height. The resolving power for one single peak is commonly
defined by the width of the peak, also at a specific fraction of the peak maximum height. Mass
resolution, R, describes a mass spectrometer's resolving power, and Amsgy, is defined in
mathematical terms as the ratio of the mass m of a single peak to its full width at 50% of the peak
height (Equation 1.9). Accordingly, for two peaks, the resolving power is defined by Equation
1.10'*. In both cases, the value for z is assumed to be 1, as we mainly use singly-charged ions in

this thesis:

REYH = = (Equation 1.9)

Amsoy,

R (% and % = T2 (Equation 1.10)

mpy—my

When two peaks m; and m; with the same magnitude are resolved, Equation 1.10 is

simplified to Equation 1.11:

my mp

R (% and .

(Equation 1.11)

Amsgy,
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This is known as the widely-accepted full-width at half-maximum peak height (FWHM)
definition of mass spectrometry resolution'*’. Resolving power relies on the distance between two
peaks m; and my; as this distance gets smaller, the resolving power becomes stronger and the
resolution of the instrument is higher (i.e., two very close peaks can be quantifiably separated).
Some sources defines mass resolving power as the peak width expressed as a function of mass'',
for example Amgqo,. To put this into perspective, if signals between m/z 500.1 and m/z 501.1 are

to be resolved, the mass spectrometer needs to have resolving power for Ams, of 1 atomic mass

_ 5011

unit (amu), which means the resolution needs to be at least ——2— ~ 500 to resolve these

Ms50%
two peaks
Conversely, if one knows the resolving power of the instrument, the minimum distance
between two peaks that allows them to be resolved may be calculated. For example, in this thesis,

the orbitrap was operating at resolution of 70 000 in its full scan. Equation 1.11 defines the

. . . . Amsgy
™2 for this instrument. The reciprocal of the resolution ratio, —50%

Ms0% mp

resolution by the ratio of

provides information regarding how far apart two peaks must be in order to be resolved; in other

words, it tells us the resolving power of the instrument at that specific mass. Hence, % = Wloo‘
2
As an example, we will pick the peak at m/z 746.5996 to examine. The peak signal that could be

resolved from this peak at resolution of 70 000 is:

Amsoy, _ Amsgy, 1

m,  746.5996 70000
& Amgge, = 0.0107
Thus, signals need be at least 0.0107 amu far apart from m/z 746.5996 to be resolved.
Chapter 3 of this thesis demonstrates the power of high-resolution mass spectrometry when
successfully resolving two different lipid species at m/z 746.5696 and m/z 746.5996 (Am = 0.03

amu).
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It is generally assumed that "low-resolution mass spectrometers" (LRMS) are instruments that

are capable of producing ion signals with typical peak-width of 0.6 amu'**

(le AmSO% = 06)
Such broad peaks render these instruments incapable of separating isotopic peaks, especially at

higher charge states. This means that one single peak will be present at a particular m/z

corresponding to a charge state instead of multiple peaks representing isotopic contribution at that

m

charge state. By the definition of resolution, R = , low-resolution implies an R of less than

Ms50%
10 000, while high-resolution mass spectrometry (HRMS) involves instruments that can produce
an R of 10 000 or more.

As high-resolution mass spectrometers can produce R > 10 000, the separation of peaks must
come from the ability to measure ion mass at high accuracy'>>. While LRMS gives unit resolution
and can separate ions of m/z 731.5 from 731.0 for example, HRMS resolves peaks with similar
nominal mass by measuring their exact mass and distinguishing them despite how small the mass
difference is. The high accuracy does not only separate and differentiate one molecular ion from
another, it also helps to reduce the uncertainty in identifying the detected ion. Mass accuracy and
mass resolution are two distinct properties of a mass spectrometer; however they go hand-in-hand
with one another. High-resolution produces very sharp molecular peaks on the mass spectrum,
allowing separation of one ion from another. This directly leads to better mass accuracy'*’.
Resolution of a mass spectrometer depends on how the mass analyzer filters and detects ions'>.
As explained above, the quadrupole applies DC and RF voltages onto the parallel rods that
correspond to a specific set of m/z values to select and filter the ions that pass through it. The mass
measurement of a quadrupole therefore relies on ion stability within the electric and magnetic field
of the quadrupole rods. The orbitrap, on the other hand, does not depend on ion energy and

110

stability . Instead, it measures the axial oscillation frequency of the ion around an electrode,

which linearly corresponds only to its m/z (Equation 1.8). The detection duration also directly
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affects the resolving power of the orbitrap *°. A typical experiment performed by the orbitrap may

achieve up to about 60 000 resolving power at an m/z of 400 within 750 ms'*®

. High-resolving-
power mass spectrometers such as the orbitrap allow for accurate measurement and determination
of elemental compositions of thousands of molecular ions at the same time. Lower-resolving-

power mass spectrometers, such as the triple quadrupole, allow for targeted experiments with high

sensitivity in which specific precursor and/or product ions are monitored and profiled.

1.3 PRACTICAL ASPECTS OF MS TO LIPID ANALYSIS

Combining the above technologies and methodologies in concert with innovative experimental
design, a multiple-dimensional mass spectrometric approach is born, one which not only enriches
the search for novel lipids, but also facilitates identification of lipids and allows for monitoring of
changes in the lipidome across different biological states.

1.3.1 Targeted lipidomics

A triple-quadrupole (QqQ) coupled to HPLC-ESI and operating in targeted-lipidomic mode is
an efficient way to maximize the sensitivity of chromatography and MS for the detection and
quantification of one particular class of lipids™®. After being separated by HPLC and introduced
into the mass spectrometer, a sample containing a mixture of lipid species can be separated into
each specific species based on pre-defined precursor-product ion parameters. There are several
different scanning modes by the QqQ in this manner; the most common ones are precursor-ion
scan (PIS), product-ion scan, and neutral-loss scan'?’ (Figure 1.8). PIS is the most popular mode

of scanning, and is usually combined with multiple-reaction monitoring (MRM) for lipid
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Figure 1. 8. Common types of tandem mass spectrometry analysis by a triple-quadrupole

mass spectrometer (QqQ).

(A) Product-ion scan, (B) Precursor-ion scan, (C) Neutral loss scan. In (A), a specific lipid
species with known m/z is selected in Q1, fragmented in q (the second quadrupole) by collision-
induced-dissociation, and all fragment ions are detected in Q3. (B) is the most popular mode of
scanning, in which a lipid complex is introduced into the mass spectrometer and scanned for all
masses in Q1. Each species is then fragmented in q and only one particular fragment with known
m/z is selected for detection. Any species that produces this fragment is seen in Q3 are thus
detected. In (C), again a mixture of lipids is introduced and fragmented and species are then
detected when they form a fragment with a pre-defined offset (neutral-loss) from the original

mass.
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quantification. PIS first scans for all precursor ions that can produce a specific fragment ion,
which is detected in Q3. The m/z of lipid species that produce the target fragment ion are known

as transitions and are selected for MRM quantification'**

. In the MRM quantification method, the
transition list obtained by PIS is used as the mass window for scanning in Q1. Fragmentation
occurs in g2 and the signals of product ion(s) obtained from q2 are used for quantification'*>. MRM
relies heavily on strong efficiency of both ionization and fragmentation; hence, optimization of
LC, ESI, and collision methods is very important for a reproducible and sensitive MRM
experiments. MRM quantification methods have been used extensively in lipidomic research to

138-141

. T .. . 136 13 . . .
monitor changes in lipid composition in cells'*°, plasma'’” and tissues across various diseases

and biological states.

1.3.2 Spatial distribution of lipid molecules (MALDI-Imaging mass spectrometry)

MALDI mass spectrometry was first introduced in 1987°°. However, its application for
imaging biological samples was not introduced until ten year later'*>. Figure 1.9 presents a
schematic of the MALDI-imaging mass spectrometry (MALDI-IMS) method. At first, MALDI-
IMS was mainly used to localize peptides and proteins in different tissues'*'*. Subsequent
developments were also limited to the field of proteomics, in which protein-based biomarkers and
their expression were analyzed and imaged to study different diseased states'**'*’. The first
imaging lipid analysis study was published in 2007, when Shimma et al'*® localized abnormal
distribution of sphingomyelin SM(16:0) in colon cancer.

This section will describe both the principle and applications of the past 10 years of MALDI-
IMS in lipidomics as well as important parameters in method development of this technique. The
focus will be on the operation of MALDI-IMS with an AP-MALDI source coupled to an orbitrap

mass analyzer. This section will also highlight current research and significant contributions in
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Figure 1. 9. Schematic of the MALDI-Imaging process.

(A) A sample solution or tissue sample is coated in matrix (either in-solution or by dry method of
sublimation). Desorption and ionization occur after sample is irradiated by a pulsed laser beam.
Sample ions are then transferred into the mass spectrometer for analysis. (B) Mass spectrum
displays detected sample ions and, after image processing, a molecular ion image of the sample

is generated, as shown in (C).
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this area, while Chapter 3 of this thesis describes a proof-of-principle study of a newly
developed method for lipidomic imaging. More specifically, the goal was to develop MALDI-
imaging analysis of lipids on mouse brain tissue. The motivation for this aim was based on the
powerful and useful application of imaging MS: the ability to combine molecular mass of analytes

and their spatial distribution to generate label-free high-resolution biomolecular images.

i. Sample preparation for MALDI-IMS

As with any technique, the sample preparation step is extremely important to ensure tissue
integrity, minimize any amounts of modification to endogenous biomolecules, and provide reliable
and meaningful biological information. Until recently, flash-frozen tissues were used exclusively
in MALDI-IMS'*. Here, tissue is immediately “snap-frozen” either in liquid nitrogen or CO,, and
thus protected against chemical modifications by oxygen in the air as well as biomolecular
delocalization'™. Another option for preserving tissue is to fix it. Tissue fixation preserves
biological structure and morphology, as well prevents enzymatic degradation of proteins.
Specifically for MS analysis, flash-frozen tissue is preferred, as para-formaldehyde (formalin)—
the most common reagent used in tissue fixation, notably in clinical samples—is known to affect
ionization"".

Although the ideal tissue choice is flash-frozen, it is not the most practical nor feasible option
due to sample availability and difficulty with sample handling. Flash-frozen tissues are not always
available, especially for clinical specimens. On the other hand, most laboratories and hospitals
have tissues and specimens that have been fixed and stored. Fixed samples can be used for multiple
histology and immunohistochemistry purposes and are also easy to store; therefore, they are more
readily available than flash-frozen tissues. Another advantage of fixed tissue is sample handling;
handling of non-fixed tissue is exceedingly difficult and can lead to loss of morphological

resolution'**. During tissue sectioning, both flash-frozen and fixed tissues are usually embedded
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in an optimal cutting temperature compound (OCT), a polymer which freezes with the tissue at
sectioning temperature (-20°C) and adheres tissue to a cutting “chuck,” thus enabling sectioning.
However, reports have shown that addition of an OCT strongly suppresses other molecular signals
and creates high background during mass spectrometric analysis'*>'**"'**. Several research groups
are dedicated to the discovery and investigation of novel embedding materials that are MS
compatible, such as cellulose'>, gelatin154, and other polymers155 as an alternative to OCT. Thus
if fixed tissue is used in an experiment due to practicality and feasibility, extra caution needs to be
exercised during tissue preparation to obtain optimal MS results. .

Within the realm of fixed tissues, there are several fixation options. The most popular is
formalin-fixed tissue with (FFPE) or without (FF) paraffin-embedment. Formalin fixation involves
immersion of tissues in a formalin solution such that amine-containing biomolecules are
crosslinked together via formation of methylene bridges'" °*'*"_ In the case of FFPE treatment,
the formalin-fixed tissues are dehydrated by alcohol to remove excess formalin and water, and
embedded in molten paraffin. The tissue can then be used for sectioning and further analysis'>®.
FFPE offers the best preservation for tissue morphology. Although FFPE-treated tissues are easier
to handle and section compared to the flash-frozen tissues, there are technical issues associated
with FF and FFPE samples. Because proteins and nucleic acids are crosslinked in formalin-fixed
tissues, they are difficult to ionize. Some have argued that this crosslinked network prevents
ionization and MS detection of other non-crosslinked molecules, such as lipids and

B! However, recently, Pietrowska et al found that there is little difference between

carbohydrates
spectra collected from FF and flash-frozen tissues by MALDI-IMS for lipid imaging'*®. The case
is somewhat different for FFPE, due to the presence of paraffin. Before proceeding to MS analysis,

FFPE samples must go through a dewaxing process to remove paraffin'>’. After paraffin removal,

samples could be used for protein and peptide analysis and imaging. However, the dewaxing step
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involves the use of xylene and alcohol, which removes not only the paraffin wax (which are lipids),
but also effectively depletes all endogenous lipids from the tissue. Hence FFPE and deparaffined-
FFPE are not a viable choice for lipid imaging. Chapter 3 of this thesis demonstrates that FF
tissues are compatible for lipid imaging, but that treatment of brain tissue with xylene efficiently
strips the tissue of all lipid content.
ii. Matrix application

There are multiple ways to apply matrix onto tissue samples for MALDI-IMS analysis. All
methodologies aim to spread matrix over a large area of the tissue (several millimeters squared),
while also ensuring that the matrix layer is uniform in thickness, that it co-crystallizes with the
analyte, and, finally, that the crystal size is within a reasonable range such that the spatial resolution
of the image is appropriate to the analysis. Traditionally, the matrix is applied onto tissue using an
automatic robotic sprayer with a specified spraying speed and flow rate, and it is placed at a set
distance from the tissue to ensure uniformity” '**. Alternatively, manual matrix application can
also be done using a thin-layer-chromatography (TLC) sprayer or an artistic airbrush. These
manual sprayer techniques are ideal for manipulating the spraying process for a specific
experimental design. However, they require skillful and experienced handling, and commonly
pose technical challenges to the operator' ™.

Analyzing lipids using a spraying technique to apply the matrix also poses a problem. Spraying
a matrix requires that the matrix be in solution form. Common solvents for matrix preparation are
ethanol, methanol and acetonitrile, which are the very solvents used to dissolve and extract lipids.
Thus, a legitimate concern is that the application of matrix solution in the "wet" spraying methods
may dissolve the lipids and cause migration of lipid molecules on the surface of tissues'*> '**'¢".
The introduction of solvent-free matrix application by Hankin®*, the sublimation method, has

shown to be comparable to the spraying method in terms of uniformity, and exhibited superiority
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over spraying methods in crystal size and enhanced spatial resolutions®”” '°*'%*. Sublimation is a
physical transition of substance from solid directly to gas phase, without going through the liquid
phase. Certain substances possess vapor pressures, which allows the solid form to be vaporized

upon heating'®

. After reaching gas phase, these substances can be converted back to the solid
phase upon cooling. These sublimation events are incredibly useful for isolating a particular
substance from other contaminants, as different substances have characteristic sublimation points.
At atmospheric pressure, substances that can sublime often require very high temperatures to do
so. The application of a vacuum during the sublimation process will lower this required
temperature, as spaces between particles become larger and their intermolecular forces also
decrease, shortening the amount of time required to carry out the sublimation process'®.

Sublimation performed at a low pressure of 50 mTorr is used in this thesis for the application of

matrix to brain tissue for lipid analysis.

iii. Laser beam, energy and spot size

After matrix deposition, the MALDI plate containing the tissue sample is mounted for the
application of laser irradiation. The laser source is positioned on the XY-stage of the MALDI
source such that it applies the laser beam onto the MALDI plate indirectly via two lenses and a
mirror. The size of the laser beam is controlled by means of the focusing distance from the lenses
to the object. The size of the laser beam produces the spot size, which corresponds to the area each
laser fire will burn on the sample. Hence, it is important to adjust the spot size according to the
desired spatial resolution and step size of the experiment. Another parameter that is also important
in the determination of the sample spot size and effectively influences the resolution of the analyte
signal is the laser energy. Laser energy settings differ from instrument to instrument. In the AP-
MALDI source that is used in this thesis (MassTech Inc.), the maximum energy produced is 8 pJ

er laser pulse'®’. The appropriate amount of energy for an experiment is determined by the analyte
p p pprop gy p y
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signal intensity that is produced. Higher energy corresponds to higher signal intensity; however, it
may cause an area of ablation larger than the desired spatial resolution. As a result, the image
generated based on this signal intensity could reveal incorrect distribution and position of the
analytes.

The laser beam size, energy and sample spot size are especially important in imaging mass
spectrometry. In such experiments, the laser beam rasters continuously across the tissue sample
and the collected spatial information is used for the generation of an image. The IMS experiment
performed in this thesis utilized laser energy in the range of 70-100% of the maximum energy,
with adjusted elliptical laser spot size of 70 um in the horizontal dimension. All experiments were
done at a 50 pum spatial resolution. Hence, images were generated by the "oversampling"
method'®®, in which the distance between two laser spots (or two ablation events) is smaller than
the laser spot size. This is another feature that was invented for the adoption of imaging by
MALDI-MS: the ability for the XY-stage to move with raster increments that are less than the size
of the laser beam. This feature allows for complete ablation and overcomes the limitation posed
by laser beam size on resolution. Altogether, these different parameters of the laser source need to
be taken into account when performing a MALDI-IMS experiment so that the resulting analyte

ions that are introduced into the mass spectrometer can convey the correct message for true images.

iv. Coupling AP-MALDI to orbitrap: role of AGC
As mentioned above, the orbitrap is characteristic for trapping ions by electrostaticity instead

"% This ability increases the instrument's space-

of depending on trapping potential based on m/z
charge capacity, leading to its greater sensitivity. However, the very same high space-charge
operation also poses the risk for decreased mass accuracy due to accummulation of ion clouds
within the trap. AGC is also incredibly useful in the case of an orbitrap coupled to a MALDI

source, as its purpose fits perfectly to a non-continous and non-uniform ion source'?'. The nature
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of ionization by MALDI source is by pulse, which is triggered by laser shots to produce packets
of ions. In the past, MALDI was commonly coupled to a time-of-flight (TOF) mass analyzer
because its operational principle requires all ions to fill the flying tube simultaneously'®, which
can be achieved easily after one laser pulse. The orbitrap design is compatible with a pulsed source,

as ions get injected inside in packets'”’

. The presence of AGC makes this injection step more
efficient and, at the same time, protects ion saturation to be introduced into the orbitrap. In
MALDI-imaging, it is required that every unit (i.e. pixel) of the image is recorded as at least one
mass spectrum so that ultimately, an image is generated based on the masses of the analytes. In
order to achieve this, the rate of scanning by the mass analyzer needs to be constant. In the case of
the orbitrap, the mass analyzer scanning rate relies on injection rate, which in turns depends on ion
trapping by the C-trap.

MALDI ion generation depends on many factors including laser beam size, laser energy level,
the type of matrix, and the amount of matrix applied (which affects ion supression). Unlike ESI,
in which analytes are introduced into the mass spectrometer based on flow rate, MALDI may not
be as constant in terms of analyte amount per unit of time or per ionization event; this is due to the
use of laser shots to ionize analytes. For this reason, the AGC target in all MALDI imaging
experiments needs to be set to lower than desired, from 6E4 to 5E5 ions. Another important
parameter is the maximum ion injection time (maximum ion IT), which controls the amount of
time allowed for ions to accumulate in the C-trap before being injected into the orbitrap. Scanning
events are controlled by either AGC target or maximum ion IT, depending on which parameter is
achieved first'*’. Hence, both parameters need to be adjusted to balance each other, taking into
consideration the ion influx by MALDI. For example, if the AGC target is set too high, such as
6E6, the maximum ion IT will be inadequately set to 50 ms; this will generate very few ions. After

50 ms, whichever amount of ions being generated will be ejected into the obitrap. Scan rate is
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highly dependent on maximum ion IT, reported as scan/second by the instrument. Extremely long
scans are not ideal for imaging because the mass analyzer spends too long on the one scan before
moving to another, which could result in empty pixels. In full MS scan, AGC and maximum ion
IT parameters are not as important; however, these parameters are crucial when imaging is
performed concurrently, especially when the imaging source is external to the mass analyzing
portion of the MS.

Because the MALDI source is coupled externally to the orbitrap mass spectrometer,
communication between the two is extremely critical and manual adjustment of settings is
required. On the MALDI source, laser energy and laser beam size determine the ion levels, while
movement speed of the plate-holder stage controls position for image generation. Stage speed
needs to reflect the current scan rate, set by AGC target and maximum ion IT. All of these
parameters require optimization in order to construct a good "bridge" between the AP-MALDI

source and the mass spectrometer for reliable imaging experiments.

1.3.3 Role of high-resolution MS in imaging lipids

One of the biggest hurdles in lipidomics is the presence of isobars. Isobars are molecular ions
that have the same nominal mass (nominal mass is defined as the integer representing the mass
calculated from the most abundant, stable and naturally-occurring isotope of all atoms contributing
to that molecule'’") and thus are unable to be distinguished by low-resolution MS (< 50,000

resolution unit)'"* 7

. Isobars may have different fatty acid components, different types of linkages
at the sn-1 or sn-2 position, or different double bond positions. For example, PC(16:0/18:1) and
PC(20:1/14:0) are isobars with very different fatty acyl chains. Identification of isobars such as
this pair is most effectively achieved by an extra level of differentiation additional to their m/z

given by the mass analyzer; these additional levels of structural elucidation can be accomplished

using pre-source chromatography or post-source ion-mobility, time-of-flight separation, or tandem
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mass MS"’. High-resolution MS (HR-MS) alone is not sufficient to separate PC(16:0/18:1) and
PC(20:1/14:0) because these two isobars contain similar elemental composition. However, when
two lipid species share the same nominal mass but possess completely different elemental
compositions, HR-MS can separate the very slight difference in their monoisotopic mass (the exact
mass based on the most abundant, stable and naturally-occurring isotope of all atoms in the

114, 123, 170
molecule)''* 1217

. For instance, PC(33:1) and CerP(t42:1) have the same nominal mass of m/z
746, but different monoisotopic masses of m/z 746.5696 and 746.5996 respectively (mass
difference is 0.03 Da). A low-resolution mass spectrometer would likely report these values as m/z
746.5 and 746.6, respectively; this lacks accuracy. HR mass spectrometers are able to resolve these
two peaks, and the increased mass accuracy in these instruments allows for the identification of
each of these isobars. Furthermore, this ability becomes invaluable in MALDI-IMS, where
localization information could be tremendously important for understanding disease
pathophysiology. During imaging acquisition, several peaks could be present at the same nominal
mass; these peaks may be lipid species, other endogenous non-lipid metabolites, or matrix-derived

: 123
101ns

. High-resolving power and good mass accuracy allows the correct localization of true lipid
ion species. In cases where two completely different lipid species or classes have a very similar
nominal mass, HR-MS and good mass accuracy could provide correct distributions of the
corresponding molecular ions"’. The inability to resolve mass peaks properly here could be
problematic for lipidomic studies, especially if changes in a particular lipid species or class are
ascribed to a disease by the incorrect identification of its presence/absence in tissues of interest.
The orbitrap mass analyzer offers high-resolving power, good mass accuracy measurement and
sensitivity, and is considerably less expensive compared to the less commonly used Fourier

Transform-Ion Cyclotron Resolution (FT-ICR) mass spectrometer, which utilizes an expensive,

large cryogenic magnet' . Hence, by combining MALDI-IMS and an orbitrap mass analyzer, the
ge Cryog g y g P y
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information obtained from imaging experiment is maximized to ensure its reliability for lipidomics

studies.

1.4 SCOPE OF THE THESIS

The advances of MS in recent years have revolutionized lipidomics by allowing different
approaches to profile, analyze and visualize the membrane lipid compositions, and identify their
roles in different biological states. As the field expands, the presence and functional roles of lipids
in the cell are receiving more recognition. This thesis in particular focuses on applying two
different MS-based lipidomic approaches to analyze lipids in murine brain tissue. The two mass
spectrometry techniques used are ESI/MS and MALDI-IMS. The ESI/MS is coupled to LC for
efficient separation of different lipid classes and species, after which MRM application is
performed to quantify different lipid species within tissue extracts. The MALDI-MS was used to
obtain localization information regarding different lipid species.

Specifically, I profile the post-mortem changes in GPC metabolite composition in the murine
hippocampus (Chapter 2), while Chapter 3 provides a proof-of-principle project visualizing
different lipid species across multiple lipid families. Hence, this thesis is divided into two parts,
which aims to answer the following questions:

1) Are there significant changes in the hippocampal lipidome post-mortem? (Chapter Two: The
Death Study: A lipidomic assessment of post-mortem GPC membrane breakdown in murine
hippocampus)

2) What method can be developed to visualize the lipidome in neural tissues? (Chapter Three:
Simultaneous imaging of lipids in murine brain with atmospheric-pressure matrix-assisted

laser desorption/ionization coupled to an Orbitrap mass spectrometer)
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CHAPTER 2 - THE DEATH STUDY: A LIPIDOMIC ASSESSMENT OF POST-
MORTEM GPC MEMBRANE BREAKDOWN IN MURINE HIPPOCAMPUS

"In showing how a person died, an autopsy often indicates how that person lived." (Yann Martel)
2.1 OBJECTIVE OF THE STUDY

The present study sought to determine whether the GPC lipidome is affected by post-mortem
delay in tissue collection.
2.2 AUTHOR CONTRIBUTIONS

Thao Nguyen, Andrew Syrett, and Steffany Bennett conceived and designed the experiments.
Thao Nguyen and Andrew Syrett performed all animal manipulations, dissections, and lipid
extractions. Thao Nguyen performed all ESI-LC-MS/MS analyses and wrote the paper under the

supervision of Drs Hongbin Xu, Maxim Berezovski, and Steffany Bennett.
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The Death Study: A lipidomic assessment of post-mortem GPC membrane

metabolism in murine hippocampus

Thao T. Nguyen-Tran'?, Andrew Syrett', Hongbin Xu', Maxim Berezovski®, Steffany A.L.
Bennett'

'Neural Regeneration Laboratory, India Taylor Lipidomic Research Platform, Ottawa Institute of
System Biology, Brain and Mind Research Institute, Department of Biochemistry, Microbiology,
and Immunology, University of Ottawa, Ottawa, Ontario, Canada;

*Centre for Catalysis Research and Innovation, Department of Chemistry and Biomolecular

Sciences, University of Ottawa, Ottawa, Ontario, Canada

2.3 ABSTRACT

Cerebral lipid abnormalities are commonly assessed post-mortem. Few studies, however, have
examined the impact of post-mortem time on quantitative lipidomics. To address this issue, we
used LC-ESI-MS to profile glycerophosphocholine metabolite and second messengers in the
hippocampus at various time post-mortem in the commonly used mouse strain C57B1/6 x 129/SV.
We report that prolonged post-mortem interval (PMI; time elapsed from death till tissue collection)
disrupt GPC metabolism and lead to significant fluctuations in GPC metabolites LPC, LPC(O),
LPC(P) and second messenger PC(O) PAF levels. Our results show that clinical brain samples
which cannot be collected and preserved immediately after death, may be combined for lipid
profiling if they are flash-frozen after 6-12 hours post-mortem. Dramatic changes in GPC
metabolites and second messengers occur during early PMI of up to 3-hour and are difficult to
control for. Hence tissues collected within this time frame must be handled with care to avoid

misinterpretations.
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2.4 INTRODUCTION

Post-mortem tissue is required to study molecular changes in human brain associated with
neurodegenerative and neuropsychiatric disease. Little, however, is known about how neural
membrane composition is altered after death. The advances in LC-ESI-MS and MALDI-IMS
described in Chapter One are enabling neural lipid compositions to be defined at the regional and
cellular level in brain tissue. While immediately applicable to acute experimental studies, it is not
clear how neural membrane metabolism will be affected by post-mortem delay requisite in clinical
samples. Without this knowledge, researchers cannot appropriately match post-mortem delay
intervals between study groups to ensure changes in lipid composition are, in fact, associated with
disease.

The act of dying and the state of death result in dramatic metabolic changes in body tissues.
For example, immediately prior to death, agonal anoxia, referring to as acute peri-mortem oxygen
depletion as respiration becomes increasing impaired, has significant impact on RNA integrity' ™.
Immediately after death, circulating oxygen level terminally deplete, causing the body to enter
anoxia'°. At the cellular level, oxygen deprivation triggers cellular acidification, increases
production of reactive oxygen species, and elicits cell swelling (edema) as a result of intracellular
accumulation of Na', inorganic phosphates, and metabolites. Once osmolarity is compromised,
membrane integrity is compromised'’®. Few studies, however, have examined effect of non-
enzymatic autolysis on neural lipid composition. Furthermore, previous studies suggest that under
conditions of oxygen shortage, phospholipases are activated leading to an accelerated degradation
of membrane phospholipids post-mortem'”’"”. As reviewed in Chapter One, GPCs are both
enzymatically remodelled via the Land’s cycle and non-enzymatically remodelled via oxidation.
When neural membrane integrity is lost, such as in the case of death, GPCs in the membrane are

expected to decrease dramatically as PLA, activity increases as has been shown ex-vivo in anoxic
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cardiac tissue'”” and in vivo post-mortem in muscle tissue'’°. These studies predict that LPC,
LPC(O), and LPC(P) concentrations will increase post-mortem. As these lipid subclasses are also
inflammatory signalling molecules, changes in abundance due to death could be interpreted as a
disease-associated inflammatory state if PMI is not considered.

Here, I assessed post-mortem changes in GPC metabolism in the murine hippocampus. In the
present study, the overall GPC metabolite and second-messenger profile including LPCs, LPC(O)s
or lyso-PAFs, PC(O)s limited to species with acetyl sn-2 chains remodelled from LPC(O) are also
known and will be referred to as PAFs, and LPC(P)s were profiled in murine hippocampi at 0, 1,
3, 6, 12 hours post-mortem. To date, no other study has utilized the same methodology for a similar
purpose. Furthermore, the results of this study may raise concerns in past, present, and future
studies involving sacrificed mice tissues regarding sample integrity due to drastic changes in the

tissues’ lipidome following death.
2.5 MATERIALS & METHODS

2.5.1. Animals

Six-month-old male N3 and N4 C57BL/6 x 129/SV mice were sacrificed by lethal injection
with 0.15 mL euthanyl (#1EUS001, Bimeda-MTC Animal Health Ins., ON, Canada at
concentration of 65 mg/ml), followed by decapitation. This mixed hybrid strain and number of
back-crosses to a C57BL/6 lineage represents a commonly used genetic background in transgenic
mouse models of human disease'®’. Hippocampi were dissected immediately, resulting in a 0.4-
0.5 h (25-30 min) PMI. To approximate human PMI, mice were maintained for 1, 3, 6, or 12 hours
after injection at room temperature before removal of hippocampi. All tissues were weighed, tissue
wet weight recorded, and flash-frozen by immersion in liquid nitrogen. Tissues were stored in -

80°C until extraction. All of these steps were carried out according to the strict ethical regulations
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and guidelines for animal experimentation of the Canadian Council on Animal Care and were

approved by the University of Ottawa Animal Care Committee.

2.5.2. Phospholipid Extraction

Hippocampi were extracted using our modified Bligh and Dyer method'?>. Exogenous
standards PC(13:0/0:0) (187.5 ng, #855476, Avanti Polar Lipids, Alabaster, Alabama) and
PC(12:0/13:0) (500 ng, #LM-1300, Avanti Polar Lipids), PS(12:0/13:0) (200 ng Avanti Polar
Lipids, LM-1100), and PE(12:0/13:0) (500 ng Avanti Polar Lipids, LM-1000) were added at time
of extraction in 4 mL of acidified methanol (2% v/v acetic acid in methanol) (#351271-212 and
#A412P-4 respectively, Fisher Scientific, Ottawa, Ontario). Subsequently, 3.2 mL of 0.1 M sodium
acetate (#SAA304, Bioshop, Burlington, Ontario) and 3.8 mL of chloroform (#C298-4, Fisher
Chemical, Fair Lawn, New Jersey) were added into the homogenate to generate aqueous-organic
phase partition. The lipid-containing organic layer was collected, and back extraction was repeated
three times by adding 2 mL of chloroform onto the aqueous phase. Finally, the collected
chloroform phases were dried under nitrogen gas. Dried lipids were dissolved in 300 pL of 100%
MS-grade ethanol (#PO16EAAN, Commercial Alcohols) and stored in amber vials (BioLynx
C779100AW) under nitrogen gas, at -80°C.

2.5.3. LC-ESI-MS/MS

LC-ESI-MS/MS was performed on an Agilent 1100 system (Agilent Technologies, Santa
Clara, California) coupled to a QTRAPS5500 mass spectrometry (AB Sciex, Concord, Ontario).
Chromatography column was made from capillary (Polymicro Technologies, Phoenix, AZ, USA)
composed of fused silica with inner diameter of 250.6 um were cut to a length of 15 cm. Frit was
made on one end of the capillary by dipping the cut capillary into a solution composed of 3:1 Kasil
1624 potassium silicate (PQ Corporation, Malvern, PA, USA) and formamide (OmniPur,

Millipore Sigma, 4610-OP, Etobicoke, ON, Canada). Fritted capillaries were placed in an oven,
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heated at 100°C for 24 hours. Afterwards, they were cut to 12 cm and packed with 10 cm of
ReproSil-Pur C;s size 3 um stationary phase in acetone using a nitrogen pressure injection cell.
In the LC procedure, a gradient elution was used with a mobile phase A (solvent A) (0.1%
formic acid (Sigma-Aldrich, 56302, St. Louis, Missouri) and 10 mM ammonium acetate (NH4AC)
EMD Millipore, 2145-OP, Etobicoke, Ontario) in MS-grade water (J.T. Baker, Avantor, 9831-03
Center Valley, Pennsylvania)) and mobile phase B (solvent B) (0.1% formic acid, 10mM NH4AC
in 5:2 acetonitrile (ACN, J.T. Baker, Avantor, 9839-03) to isopropanol (IPA, Fisher Scientific,
A416-4). A solution containing the following was loaded onto an Agilent 96-well sampling plate:
5 L of the extracted lipid sample, 2.5 pL of Splash™ standards (0.5 ng/uL of each LPC(18:1-
d7/0:0) (#791643, Avanti Polar Lipids), LPE(18:1-d7/0:0) (#791644, Avanti Polar Lipids),
PC(15:0/18:1-d7) (#791637, Avanti Polar Lipids), PE(15:0/18:1-d7) (#791638, Avanti Polar
Lipids), PC (P-16:0/0:0) (#852464, Avanti Polar Lipids)), 2.5 uL of deuterated lipid standards (2.5
ng of d4 PC(0-16:0/0:0 (lyso-PAF C-16-d4, #360906, Cayman Chemical Company, Ann Arbor,
Michigan), 1.25 ng of d4 PC(0O-16:0/2:0) (PAF C-16-d4, #360900, Cayman Chemical Company,
Ann Arbor, Michigan), 2.5 ng of d4 PC(O-18:0/0:0) (lyso-PAF C-18-d4, #10010228, Cayman
Chemical Company, Ann Arbor, Michigan), 1.25 ng of d4 PC(O-18:0/2:0) (PAF-C18-d4,
#10010229, Cayman Chemical Company, Ann Arbor, Michigan), 13.5 pL of solvent A. The
sample plate was then covered and placed in the auto-sampler that was set at 4°C. Injection volume
from the plate was 3 pL. Each run containing the separating and mass analyzing steps of lipids
was 60 minutes in length, and the mobile phase's gradient was as followed: 30% solvent B from 0
to 5 minutes, 100% solvent B from 5 to 45 minutes and 30% from 46 to 60 minutes. After each
lipid sample was a blank run, composed of only solvent A using the same gradient protocol as with

the lipid sample.

63



After separation, analytes entered the mass spectrometer via electrospray ionization (spray
voltage at 4.5 kV and curtain gas was at 20 V), which was operating in positive ion mode and
scanning of mass range at m/z 450-650 (GPC range). The ionized analytes were sent through the
three quadrupoles where the GPC species were detected by multiple reaction monitoring (MRM).
The [M+H]" precursor ions were selected in the first quadrupole (Q1), collided with nitrogen gas
in the second quadrupole (Q2) with a collision energy of 47 eV, and the product ions were detected
in the third quadrupole (Q3) at m/z 184.1 — the diagnostic fragment of PC and sphingomyelin.
Because sphingomyelins also fragment with a diagnostic m/z 184.1 ion, Dr Hongbin Xu, in our
laboratory, used differential ion mobility as an orthogonal separation to LC to confirm that none
of the species detected in this study were sphingomyelins. Differential ion mobility separates
molecules at the interface between the source and orifice based on the difference in their

181
structures

. The confirmatory data of separating GPC from SM are not presented in this thesis as
the analysis was not done by TN.

GPC quantification was performed on Multiquant (MQ) software (version 3.0.2, AB Sciex).
All programmed mass transitions containing the product ion of m/z 184.1 were analyzed and their
peak areas were integrated. Spectra were aligned using RT-STAR (v1.0), an in-house algorithm
that standardizes retention times to align lipid species across lipidome. Molecular identities were
assigned using VaLID v3.0'®* and the LIPID MAPS Structural Database'®’. Raw peak areas were
corrected for extraction efficiency and instrument response by normalization to the internal
standard PC(12:0/13:0), added at time of extraction. Lipid abundances were expressed as pmol

equivalent of PC(12:0/13:0) per mg of tissue wet weight (pmol/mg;issue) Or as log, fold change of

these abundances relative to control.
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2.5.4. Statistical Analysis

Multivariate partial least square discriminant analysis (PLS-DA) was performed using
MetaboAnalyst 3.0'%'% Average linkage hierarchical clustering using city-block similarity
metrics (autoscaled pmol equivalents per mg tissue wet weight) were performed using Cluster 3.0

189 _ - . . . 190
software "~ , visualized using Java TreeView v1.1.6 software

. GPC abundances were compared
using univariate one-way analysis of variance (ANOVA) with alpha set to 0.05. We then controlled
for multiple comparisons by setting the false detection rate (FDR) to Q=0.05 according to the

method of Benjamin, Kreiger, and Yekutieli''

. We controlled for between-group multiple
comparisons for GPC differences that met these criteria using post-hoc Tukey’s tests with familye-
wise corrected alpha set to p=0.05. All values are presented as mean = SEM (n = 3-5 animals per
group).
2.6 RESULTS
2.6.1. There were 46 GPC metabolite and second messenger species detected in the
hippocampus, 16 of which showed significant changes in their composition to
overall GPC content.
A total of 46 GPC metabolites belonging to four GPC sub-classes were identified: 17 LPCs,
21 PC(0), 5 LPC(O)s, 3 LPC(P) (Figure 2.1). All PC(O) that were identified and profiled contain
an acetyl group at the sn-2 position, making them 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine,
or PAF. Composition (mol%) was calculated for each sample. We compared control (tissue

dissected and flash-frozen within 0.4 h of lethal injection) to tissue harvested after a 12-hour PMI.
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Figure 2. 1. GPC metabolite composition is different in murine hippocampal dissected and

flash-frozen at time of death compared to tissue harvested at 12-hour post-mortem.

Mol% distribution of the 46 GPC metabolites and second messengers detected in murine
hippocampus, where mol% of 17 LPC species showed in A), of 5 LPC(P) species showed in B),
of 21 PAF species showed in C) and of 3 LPC(P) species showed in D). Statistically significant
assessed by multiple Student's t-test followed by FDR with Q=0.05 are indicated. * indicates p <

0.05; ** indicates p < 0.01 and *** indicates p < 0.0001.
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A significant increase in lipid abundance of the majority of LPC species (7 out of 17 species)
was observed with post-mortem delay (figure 2.1A). Decreases in the mol% composition of 2 LPC
species were also detected (Figure 2.1A). No statistically significant change was seen in mol%
composition of LPC(O) (Figure 2.1B). Alterations, both increases and decreases, were evident in
the downstream 7 PAF metabolite species within 12 h of death (Figure 2.1C). Meanwhile, out of
3 detected LPC(P) species, only mol% of LPC(P-16:0/0:0) increased significantly whereas
LPC(P-18:1/0:0) and LPC(P-18:0/0:0) decreased significantly. These data clearly demonstrated

that GPC metabolite and second messenger composition was affected by post-mortem delay.

2.6.2. GPC metabolite and second messenger compositional change in different PMI

We examined kinetics in more detail comparing the overall changes of all four detected GPC
metabolites and second messenger sub-families over time (Figure 2.2). At 0-hour (control group),
21 species of PAF made up the majority of the detected GPC metabolite and second messenger
species, 56.5 %. The 17 species of LPC made up 42.9 % of the total detected GPC content; LPC(O)
makes up of 0.26 % and LPC(P) contributed 0.29 %. These compositions changed over post-
mortem times. A rapid enrichment in LPC metabolites and decrease in PAF second messengers
were observed within the first post-mortem hour, followed by gradual decrease in the LPC content
and increase in the PAF content up to 6-hour post-mortem. By 12-hour post-mortem, hippocampal
LPC content increased by 11% while PAF content decreased by similar amount. The LPC(O)
content in the hippocampus appeared to have no change at this time point while LPC(P) showed a

significant change of about 3-fold compared to the control (Figure 2.2).
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Figure 2. 2. GPC composition fluctuates with post-mortem time interval.

Subclass composition (mol%) and molecular identities are presented. The composition of GPC
metabolite and second messengers is presented by the mol% of the four-detected lipid sub-
families. LPC and PC(O) PAF contribute to the majority of GPC composition and the fluctuation
in their abundance is observed overtime. Notably, although only contributing a small portion to
the total detected GPC content, LPC(P) mol% increased almost 3-folds by 12-hour post-mortem

compared to the control (0-hour).
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2.6.3. Compared to the control, 24 GPC metabolite and second messenger species were
found to fluctuate significantly during the progression of post-mortem delay

To identify the species-specific changes that altered total GPC composition in the hippocampus
at 1, 3, 6, 12-hour post-mortem, changes in abundance at the molecular level were assessed using
univariate one-way ANOVA and compared to the control at 0-hour post-mortem by Dunnett's
post-hoc (Figure 2.3). Twenty-four GPC metabolite and second messenger species whose
abundances showed statistical significance (p < 0.05) over post-mortem time were identified and
assessed using partial least square-discriminant analysis (PLS-DA) to identify metabolic patterns.
PLS-DA is used to identify latent variables (i.e., the principal components) that discriminate
between conditions in high-dimensional data. Using the first two components, shown in Figure
2.4A, the two-dimensional score plots of PLS-DA revealed that the statistically significant GPC
species in the control group were clearly separated from those at 1-hour post-mortem, and from
those at 3, 6, 12-hour post-mortem. Notably, GPC species at 1-hour post-mortem were clearly
separated from the rest of PMIs, whereas 3, 6, and 12-hour post-mortem were not. This suggests a
component of GPC metabolism disruption that was unique to 1-hour PMI. Figure 2.4B revealed
the top 20 GPC metabolite and second messenger species whose variable importance plot (VIP)
values were higher than 0.6. These are the ones whose contribute the most to the entire PLS-DA

model by separating different PMIs.

2.6.4. The GPC lipidome is altered dramatically within the first hour post-mortem and
more gradually three to twelve hours post-mortem

Hierarchical cluster analysis was performed on all GPC species and each sub-family was

clustered separately. Figure 2.5 displays a heat-map showing each GPC family clustered based on

similar changes in lipid abundance at each PMI compared to the control. It was revealed that there
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Figure 2. 3. Post-mortem delay affected individual GPC second messenger and metabolite

species in the hippocampus.

All GPC species belonging to LPC, PAF, LPC(O) and LPC(P) sub-families shown in A), B), C)
and D) respectively. The pmol per mg tissue wet weight for each lipid species was analyzed using
one-way ANOVA (p-value < 0.05), an FDR (Q = 0.05) and a Dunnett's post-hoc where every
species at each post-mortem interval was compared to the control group (0-hour). Data are

represented as mean = SEM. * indicates p < 0.05; ** indicates p < 0.01 and *** indicates p <

0.0001.
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Figure 2. 4. PLS-DA score plot of GPC metabolites and second messengers detected in

hippocampal tissues at 0, 1, 3, 6, and 12-hour post-mortem.

A) PLS-DA analysis of 25 statistically significant GPC metabolite and second messenger species
(p <0.05) at different post-mortem interval clearly showed separations of all time groups from the
control. B) Significantly changed abundances of top 15 GPC metabolite and second messenger
species with the VIP value of > 0.6 which contributed to the distinct segregation of 1-hour and 3,

6, 12-hour post-mortem (as a group) from the control (0-hour post-mortem).
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Figure 2. 5. Post-mortem delay disrupts GPC metabolism in the hippocampus.

All 46 species that were detected and profiled are displayed using hierarchical clustering with city-
block distance metrics and average linkage. Data are represented as the log,fold-change values
compared to the control at 0-hour post-mortem, calculated based on the geometric mean at each
post-mortem time group. GPC species are listed on the y-axis and post-mortem delay intervals are
on the upper x-axis. The increase and decrease features are color-coded in each row by yellow and

blue, respectively, compared to the control. Black indicates no change compared to the control.
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is an overall increase in LPC species and LPC(O) in post-mortem delays, with exceptions of
LPC(21:0/0:0), LPC(22:4/0:0) and LPC(0O-25:6/0:0) whose abundances showed gradual decreases
overtime. PC(O) PAF and LPC(P) species showed a species-specific fluctuation pattern in lipid
abundance. (PC(0-16:0/2:0) with a saturated fatty acyl chain at the sn-1 position showed
significant increase at 1 hour post-mortem while those with a PUFA at the sn-1 displayed a slower
increase and only showed significance at later post-mortem time between 3 and 6 hours (PC(O-
16:2/2:0), PC(0-18:5/2:0), PC(0-18:2/2:0), PC(0-20:6/2:0), PC(0-20:4/2:0). Two [lyso-
plasmalogen species, LPC(P-18:1/0:0) and LPC(P-18:0/0:0) showed a decrease in abundances at
1 and 3 hours post-mortem, after which they remained unchanged till the end of the experiment.
Some decreases in specific LPC, LPC(O) and PC(O) PAF metabolites were observed as early as
1 hour post-mortem, followed by incremental changes in abundance at 3-12 hours post-mortem.
These hierarchical clustering analyses suggest that not only does post-mortem delay disrupts GPC
metabolism by resulting in significant changes in lipid abundances, the disruption is not linear and
fluctuates at different PMI.
2.7 DISCUSSION

In this study, we showed for the first time that the composition of bioactive GPC membrane
metabolites in the hippocampus is affected by post-mortem delay in tissue collection. A significant
(p <0.05) decrease in five GPC species (LPC(21:0/0:0, PC(0O-18:4/2:0), PC(0-20:1/2:0), LPC(O-
25:6/0:0), LPC(P-18:1/0:0)) defines the first hour post-mortem disruption. These species were also
accountable for the differentiation of 1 hour post-mortem from the control, and from the rest of
PMI groups. We found that post-mortem disruption in LPC and LPC(O) lyso-PAF metabolism
brought about a dramatic increase in the majority of LPC metabolites between 1 and 3 hours post-
mortem. In PAF metabolism, it was revealed that dramatic increases between 0 hour and 1 hour,

and between 0 hour and later post-mortem time groups occurred in a species-specific manner,
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namely, chain-length-specific. Specifically, a significant increase of about 2-fold at 1 hour
compared to the control group only occurred to PC(0O-16:0/2:0). Meanwhile, the PUF A-containing
PAF species PC(0-16:2/2:0), PC(0O-18:5/2:0), PC(0O-18:2/2:0) and PC(0-20:4/2:0), PC(O-
20:6/2:0) increased significantly at 3hours post-mortem and at 6 hours post-mortem, respectively.
A more gradual incremental increase in all significantly-changing metabolites was detected from
6-12 hours post-mortem, suggesting that it will be beneficial to combine clinical samples flash-
frozen within a 6-12 hours post-mortem delay to avoid post-mortem artifacts.

The majority of studies profiling metabolites from brain tissues are done posthumously. It is
therefore critical to understand and recognize underlying signatures of biochemical degradative
processes in order to differentiate between artifacts due to post-mortem changes and true
pathological alterations. In this study, sodium pentobarbital, more commonly known as Euthanyl,
was used in an overdose manner to euthanize mice. Intraperitoneal (IP) injection of Euthanyl at a
toxic dose caused the animal to enter unconsciousness within two minutes, cease to perform proper
respiration after six minutes, lose heartbeat in about eight minutes causing disruption in blood
circulation ("medically death") and reach the state of "clinically death" at approximately 10
minutes'*?. Our protocol started the decapitation process for brain tissue collection after 15 minutes
when all signs of life had been confirmed to be absent. Hence, all animals were confirmed to die
due to respiratory failure, a consequence of Euthanyl'”. As this is the primary cause of death,
findings in this study do not only reflect the changes occurring over PMI but are also associated to
the consequences of a depressed respiratory system. It has been noted previously in literature that
during the two minutes elapsed between medical and clinical death, the animal may go through an
agonal period in which its heart fibrillates and there are involuntary signs of gasping for air'**.

This two-minute agonal period may contribute to the GPC profiling in post-mortem tissues.
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I showed uniquely that the early post-mortem time (up to 1 hour post-mortem) depletes the
brain of the bioactive PAFs, PC(0O-18:4/0:0) and PC(0O-20:1/0:0). These data suggest a disruption
in the remodelling pathway (Land's cycle) of forming PAF from its immediate /yso-PAF precursor
(LPC(0)) via the acetylation activity of LPCAT'**. Subsequently, my data indicated that metabolic
breakdown products of structural phospholipids (LPC, LPC(P)) dramatically increase 3 hours
post-mortem and the elevated levels remain relatively stable up to 12 hours post-mortem. These
data are consistent with previous results indicating that hypoxia and anoxia result in activation and
over-release of PLA,'”>"”7. PLA, is responsible for the hydrolysis of sn-2 fatty acyl chains from
GPCs'®. In neural membranes, PLA; acts in concert with LPCAT to control the GPC composition
of the lipid membrane and ensure proper release of PUFA, such as arachidonic acid and
docohexaenoic acid. PLA; carries out the deacylation of GPC at the sn-2 position, where PUFA

10. 199200 \while LPCAT performs the re-acylation by incorporating any free fatty

usually occupies
acid available to regenerate GPC**'. LPCAT is also able to reacetylate a lyso-GPC species; when
the GPC has an ether linkage at the sn-1 (i.e. lyso-PAF or LPC(O)), the reacetylation by LPCAT
forms PAFs. Impairment of LPCAT likely occurs early as indicated by a reduction in re-acetylated
PAFs from LPC(O) in the first hour post-mortem. Previous studies have shown that anoxia stalls
ATP production and thereby decreases LPCAT activity’”'?” given that regulation of
deacylation/reacylation in neural membranes is sensitive to changes in ATP/ADP ratio.

While specific PAF species PC(0O-18:4/2:0) and PC(0O-20:1/2:0) were impaired at 1-hour post-
mortem and mainly contributed to the overall reduction in PAF mol% of total GPC composition,
35% of PAF species showed significant increases in abundance between 3 and 12 hours post-
mortem. Interestingly, all of these PAF species were PUFA-containing species. Only one PAF

species, PC(0-16:0/2:0) was found to increase within the first hour post-mortem. The increase of

PC(0-16:0/2:0) was not accompanied by a significant change of its immediate /yso-PAF precursor,
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LPC(0-16:0/0:0), suggesting that LPCAT acetylation likely did not play a role in this observation.
This, again, confirms the impairment of LPCAT as observed above. The marked increase in
PUFA-containing PAF at later PMI is intriguing as cessation of blood flow and oxygen to the brain

(i.e. hypoxic/anoxic condition) is not suitable for enhanced activity of fatty-acid desaturases>". I

n
addition, PUFA-containing species possess very high oxidative potential due to the double bonds,
which have low C-H bond energy, in the hydrocarbon chain®**. This usually leads to a reduction
of PUFA-containing species as a consequence of phospholipid oxidation, which is not observed
here. One possible cause is the impaired catabolism of PAF by PAF-AH. The production of PAF
may have been overstimulated during the agonal period as a pro-inflammatory response to the
cessation of blood flow and oxygen to the brain. This would lead to a rise in PAF production,
however, PAF-AH may still have been active and metabolized PAF during the first hour post-
mortem. Up to 3 hours post-mortem, the hydrolysis activity of PAF-AH finally got impaired due
to post-mortem conditions, leaving accumulating PAF species at later PMI. This explanation will
also account for species whose abundances remained unchanged, or decreased during the first hour
post-mortem, and then changed dramatically by two- to three-fold increase at 3 hours post-mortem
(PC(0-16:2/2:0), PC(0O-18:5/2:0), PC(0O-18:2/2:0), PC(0O-20:6/2:0)). Further enzymatic assays
would be useful in confirming this speculation. Overall, the results of PAF profiling in this study
highlight the fact that care must be taken in interpreting levels of these GPC second messengers in
post-mortem human tissue given these unpredictable fluctuations.

Plasmalogens, or 1-O-(1Z-alkenyl), belong to a family of phospholipids that contains a vinyl
ether bond linkage at the sn-1 position®”. The major role of plasmalogens in the lipid plasma
membrane is to maintain its structure and other physical properties®”’. In this study, we profiled
the metabolite of plasmalogen PC (PC(P)), namely lyso-plasmalogen, LPC(P). We identified three

LPC(P) species, LPC(P-16:0), (P-18:0), and (P-18:1), within the profiled mass range. These are
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the most common fatty alcohols found at the sn-1 position of plasmalogens®’**"’. It was observed
that total LPC(P) abundance increased significantly in the post-mortem hippocampal tissue and
this is due to the dramatic rise in the concentration of LPC(P-16:0). Similar to LPC, lyso-

plasmalogens are also the product of phospholipases including PLA,*”

, and the exponential
increase of LPC(P-16:0) may be explained by the PLA, over-stimulation in post-mortem tissues.
The decrease in the other two /yso-plasmalogen species is likely due to plasmalogen's high
oxidative potential. The vinyl ether linkage on the fatty alcohol at the sn-1 position is very prone

209210 FEree radicals and ROS are

to oxidation by free radicals and reactive oxygen species (ROS)
ubiquitous in the body, including the brain. In fact, they are part of normal physiological
processes”'. Free radicals are generated and consumed in multiple different biochemical
pathways. In the brain, they could come from excitatory amino acids and neurotransmitters>'>. Due
to the constant exposure to oxidative species, the body and the brain require defense mechanisms
such as readily available antioxidants and ROS scavengers to eliminate the harmful oxidative
reactions. Plasmalogens have been proposed to be ROS scavengers due to their preference for

209

vinyl ether over other linkages found in GPCs™". Death likely leads to an excess production of

ROS due to disruptions in all biochemical processes®' >

, resulting in oxidative reactions with the
identified LPC(P). Although plasmalogen-PCs and the metabolite /yso-plasmalogen PCs are not
very abundant in the brain (versus plasmalogen PEs), the dramatic rise in LPC(P-16:0/0:0) by
three-fold and the depression of LPC(P-18:1/0:0) and LPC(P-18:0/0:0) occurring early in post-
mortem times strongly suggest that different plasmalogen species may be more vulnerable to
disruption by post-mortem delay than others.

The fluctuation in different components of GPC content in mouse hippocampus at different

post-mortem time suggested that disruption of the lipidome metabolism exists and is complicated

by a broad range of post-mortem biological changes. The species-specific decreasing pattern found
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in PAF and LPC(P) abundance suggests that these species may play a role in the lipidome that has
not been identified before. This role may be vital, since their abundances dropped as life cessation
occurred. Further investigation in these species will reveal information that is helpful to further

the understanding of the lipidome.

2.8 FUTURE DIRECTION

This study has showed that death is a process and results to a cascade of cellular events which
are reflected in the lipidome at different PMI. There are still ambiguities about the underlying
mechanisms leading to different patterns observed in the GPC metabolite and second messengers.
Future work should focus on expanding the profiled mass range to also cover the diacyl-, alkyl-
acyl, alkenyl-acyl GPC (plasmalogen-PC), which usually exist in the plasma lipid membrane'®.
Linking these changes to those that were found in GPC metabolite and second messengers in this
study will complete the picture of how the overall GPC metabolism is disturbed after death. Studies
looking into post-mortem enzymatic activities of important enzymes in membrane lipid
metabolism such as PLA,, LPCAT, PAF-AH and desaturases will confirm their roles in the
degrading neural membrane. Furthermore, collecting total GPC contents in other part of the brain
such as the temporal-posterior-entorhinal cortex will allow a fair comparison and detection of
region-specific metabolic processes. A collection of oxidative fragments and products will support
the hypothesis that degradation of LPC(P) or PC(P) species is due to oxidation processes. In
addition to the GPC contents, glycerophosphoethanolamine (GPE), glycerophosphoserine (GPS)
and glycerophosphoinositol (GPI) are also important phospholipids in the brain. GPE is the second
most abundant phospholipids in brain cells and modulate the assembly of cellular plasma
membrane®’. Meanwhile, GPS is enriched in the intracellular leaflet of the neural plasma

215-216

membrane and GPI is more abundant in neural than any other tissues®'">'®. All of these

glycerophospholipids, combining with GPC are important membrane constituents and take part in
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essential metabolic regulation. In order to obtain a better understanding of and to draw a complete
the picture of membrane breakdown in post-mortem state, future profiling of these other

glycerophospholipid families and the long-chain lipid species must be performed.

2.9 CONCLUSION

The profiling of GPC metabolites and second messengers in this study has generated two
speculations: GPC metabolism is significantly disrupted by post-mortem delay in the hippocampus
and this disruption results in fluctuating GPC metabolite abundances at different PMI in a species-
specific manner. The compositional changes in total GPC and the levels of the majority of LPC
and PAF species changed within the first hour post-mortem. There were species-specific patterns
in the fluctuation of PAF and /yso-plasmalogen PC levels, which may be due to agonal factors.
Generally, the hippocampal GPC metabolite lipidome appears to be most stable during 3-6 hours
post-mortem, suggesting that tissues collected at this PMI may be collected together for reliable
profiling. Finally, it is important to note that the altered GPC metabolite profiles found here are
consistent with the reports from previous studies on the changing levels of LPCs, PAFs, and /yso-
plasmalogen PCs in neurodegenerative subjects. This emphasizes the importance of strictly
monitoring the post-mortem delay in future research, by ensuring the time period between death
and autopsy is consistent amongst all subjects and tissues to avoid post-mortem artifacts that will

interfere with studying the lipidome.
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CHAPTER 3 - SIMULTANEOUS IMAGING OF LIPIDS IN MURINE BRAIN USING

AP-MALDI IMS COUPLED TO AN ORBITRAP MS

3.1 OBJECTIVE OF THE STUDY

As shown in Chapter 2, the hippocampal GPC lipidome changes in post-mortem. These
changes were hypothesized to be due, in part, to anoxia. This hypothesis also suggested that post-
mortem changes may be regionally specific depending upon the timing of anoxia in differentially
vascularly perfused brain tissue. Rather than profile all regions by LC-ESI MS, I sought to develop
IMS methodology capable of locating and visualizing post-mortem and disease specific changes
in multiple lipid classes in situ.
3.2 AUTHOR CONTRIBUTIONS

Thao Nguyen, Steffany Bennett, and Maxim Berezovski conceived and designed the
experiments. Mark Akins was responsible for the perfusions and sectioning of brains. We
gratefully acknowledge the expertise of David Lamelin from Dr. Jean-Claude Beique’s lab
(uOttawa) who provided us with the hydrogel monomer solution for the CLARITY procedure, as
well as the optimized protocol for this technique. Thao Nguyen performed all of the methodology
development and analyses and wrote the paper under the supervision of Drs Hongbin Xu, Maxim

Berezovski, and Steffany Bennett.
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3.3 ABSTRACT

Post-mortem changes of the glycerophosphocholine (GPC) lipidome in mouse hippocampus
were reported in Chapter 2. Mapping these changes in comparison to other regions within the brain
in situ will reveal essential information about localization and metabolism of lipids in the brain
after death critical for any and all post-mortem analysis of human brain. Here, a novel mass
spectrometry approach was optimized and utilized establishing a new reliable, method for
assessing the distribution of lipids in brain tissues. I focused on developing a matrix-assisted laser

desorption/ionization (MALDI) MS methods to map distribution of PCs, ceramides, and
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sphingomyelins in situ exploiting high resolution/high mass accuracy analysis to identify species
at the molecular level.
3.4 INTRODUCTION

MALDI-imaging mass spectrometry (MALDI-IMS) is a valuable analytical tool for mapping
the distribution of biomolecules in tissues. As reviewed in Chapter 1, this technique, especially
when performed at atmospheric pressure, is useful for lipid analysis. In Chapter 2, the hippocampal
GPC lipidome was scrutinized in post-mortem tissues using the “gold-standard” of quantitative
mass spectrometry, LC/ESI-MS/MS. This involved extraction of lipids from brain tissues and thus
destruction of tissue architecture. To further document the kinetics of lipidome changes attributed
to post-mortem delay and assess whether different brain regions exhibit different temporal
changes, a rapid method of profiling multiple lipid species is required. MALDI-IMS is the only
method that is able to generate high-resolution molecular images of tissues and molecular mass
analysis of target molecules simultaneously’” *'’. Thus, MALDI-IMS enables the analysis of
distributional changes of lipid species via MS/MS, in order to reveal fluctuations in the lipidome
due to different biochemical states. Here, I sought to develop such a method that could be applied
to post-mortem assessment and disease-specific interrogation of lipidomic changes in brain tissue.

The conventional set-up of MALDI-IMS includes a vacuum MALDI source coupled to a TOF
mass analyzer. The traditional TOF mass analyzer, as described in Chapter 1, is limited by vacuum-
related complication such as in-source decay, and inability to perform fragmentation post analysis
in the time-of-flight tube. These limitations challenge the identification of lipids and lipid
metabolites'">. In shotgun lipidomic analyses, reliable lipid identification requires good peak
separation, low-ppm (< 1 ppm) mass accuracy measurement, and interpretable MS/MS data from
selected precursor ion to distinguish between species from different families with similar m/z**.

The introduction of high-resolution (maximum 140,000 resolving power at m/z 200) mass
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spectrometers, such as the Orbitrap, provides a powerful approach to visualizing lipids in tissue
sections, especially when it is coupled to AP-MALDI to perform IMS. With highly accurate mass
measurement, MALDI-IMS on an Orbitrap instrument, in combination with the higher-energy
collisional dissociation (HCD) collision cell for MS/MS, would theoretically allow for a more
precise detection of lipid distribution and characterization of structures.

In MALDI-MSI experiments, identification of a target compound (or a class of compounds)
based on mass accuracy can be verified by the comparison of images from tissues from which the
target compounds have been depleted (for example, tissue from a null-mutant animal in the case
of proteins). Such genetic controls are not available for lipids. However, new tissue delipidation
processes developed for deep-tissue fluorescent imaging commonly employ different tissue
washing protocols which solubilize most of the lipid contents in order to reduce light scattering
and enhance tissue transparency”> >>>. A new protocol known as CLARITY has emerged as an
efficient method to clear tissues chemically by dissolving lipid membranes without disrupting the

structural framework provided by proteins15 7,224

. This method relies on hydrogel infusion to
provide a support for the tissue structure, after which lipid contents are cleared by immersing the
hydrogel containing the tissue in an ionic/hydrophilic solvent. CLARITY has been used in whole
brain imaging, to visualize neuronal circuits in the spinal cord®*’, whole embyro**, as well as other
organ imaging®”’.

Here, I sought to exploit this and other standard tissue delipidation protocols to develop a new
methodology, combining AP-MALDI and high resolution/accurate mass measurement, that would
unambiguously profile, identify, and localize GPCs, ceramides, and sphingomyelins in sifu in
formalin-fixed (FF) brain tissue. It had been shown previously that FF tissue samples revealed

similar mass spectrometry peak profiles to those that were freshly frozen'>* ***. Hence, FF brain

tissues are suitable for lipid imaging by MALDI-MS. In addition to utilizing MS/MS for the
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identification of lipid species, two chemical clearing methods, CLARITY and the traditional
approach that uses a xylene/Citrasolv clearing agent, were also employed to validate the lipid
identity of the species found by mass spectral data. This study represents the first lipid-IMS work
unambiguously confirmed by delipidation methods. Furthermore, CLARITY has used for high-
resolution microscopy processing. Thus, this study represents the first time, MALDI-IMS has been

combined with CLARITY to produce lipid-specific image analysis in FF brain tissue.
3.5 MATERIALS & METHODS

3.5.1. Animals

For this study, a 4-month-old wild-type mouse with an N4 C57BL/6J x 129/SV genetic
background was lethally anesthetized with 65 mg/ml euthanyl (#1 EUS001, Bimeda-MTC Animal
Health Ins., ON, Canada) and perfused transcardially with 10 mM phosphate buffered saline (PBS;
10 mM phosphate at pH 7.2, 154 mM NaCl, followed by 4% (v/v) paraformaldehyde (PFA,
#F1635, Sigma-Aldrich, ON, Canada) in 10 mM PBS.

3.5.2. Tissue sectioning

Following euthanization, the intact brain was removed and post-fixed for 24 hrs in the same
perfusion media described above. It was subsequently cryoprotected in 20% sucrose (20% (w/v)
sucrose, #SUC507.5, BioShop, ON, Canada; 0.001% (w/v) sodium azide (NaNs, #S2002, Sigma-
Aldrich, ON, Canada), in 10 mM PBS. Serial 20 um coronal cryosections were cut in a 1 to 10
series from bregma -1.10 to -3.10 mm at -20°C on a Leica Microsystems CM 1900 cryostat
(Wetzlar, Germany). Sections were stored in 10 mM phosphate buffer (PB) with 0.1% NaNj at

4°C until delipidation or preparation for MALDI-Imaging.
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3.5.3. Lipid Clearing

i. CLARITY

Brain sections were incubated individually in the hydrogel monomer solution (1% acrylamide,
0.0125% bisacrylamide, 4% PFA, 0.25% VA-044 initiator (w/v) in 1X PBS) (#161-0140, #161-
0142, Bio-Rad, ON, Canada; VA-044 from Wako, Richmond, VA, USA) in a 24-well plate for 65
hours at 4°C. The gel was polymerized at 37°C for 5 hours. The brain slices were then removed
from the hydrogel monomer solution and transferred to another 24-well plate prefilled with 200
mM NaOH-boric buffer pH 8.5 (NaOH #B10252 BDH Inc., Toronto, ON, Canada; Boric Acid
#A74, Fisher, Fair Lawn, New Jersey, USA) containing 8% SDS (sodium dodecyl sulfate, #15525-
017, Invitrogen, Carlsbad, CA, USA) for 20 hours. After washing, in order to remove residual
paraformaldehyde and hydrogel monomers, the brain slices were passively cleared by incubating
in 100 mM Tris-Boric Buffer pH 8.5 (Tris-base #T-1503, Sigma-Aldrich, ON, Canada) containing
8% SDS at 40°C for 171 hours (~7 days). Over the 7 days, the buffer was replaced with fresh
portions daily. After clearing, the brain slices were washed in 10 mM PB containing 0.2% (v/v)
Triton-X100 (#T8787, Sigma-Aldrich, ON, Canada) for 24 hours at 37°C to remove SDS. The
brain slices were then stored in 10 mM PB containing 0.1% sodium azide w/v (without Triton-
X100).

ii. CITRISOLYV (Xylene substitute)

Mouse brain slices were first washed in double-distilled water (ddH,O) for 2 minutes. They
were then dehydrated by incubating in a gradually increasing concentration of ethanol (10%, 25%,
45%, 60%, 75%, 95%, 100%) (#PO16EAAN, GreenField Ethanol, ON, Canada). The slices were
incubated in each of the first five concentrations for 3 minutes and in 95% and 100% for 5 minutes.
They were then placed in CitriSolv solution (#22-143975, Fisher Scientific, USA) for 171 hrs (~7

days) before being stored in 10 mM PB containing 0.1% sodium azide w/v until further analysis.
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3.5.4. Matrix sublimation

The sublimation apparatus was purchased from Chemglass Life Sciences (Sublimation
apparatus, # CG-3038, Vineland, NJ, USA). The apparatus contained 2 pieces, as shown in Figure
3.1A. The inner piece was a flat round-bottom condenser with a diameter of 75 mm and fitted with
a 44 mm x 44 mm MALDI stainless-steel plate (ABI Opti-TOF 192, AB SCIEX, Framingham,
MA, USA). The MALDI plate with brain slices mounted was affixed on the underside of the
condenser using double-sided tape and regular tape (# 7000126636, #700136846, 3M-Scotch, St.
Paul, MN, USA), as seen in Figure 3.1B. Depending on the kind of tissue used — frozen (stored at
-20°C) or cold (stored at 4°C) — a mixture of ethanol (#BP28184, Fisher Scientific, ON, Canada)
and dry-ice or of water and ice was used as a coolant, respectively. The coolant was added to the
inside of the inner condenser (Figure 3.1C).

Matrix compound 2,5-dihydroxybenzoic acid (DHB, # 85707, Sigma-Aldrich, ON, Canada)
was used for all MALDI experiments. Approximately 50 mg of 2,5-DHB was weighed out and
added to the bottom of the outer flask. The two pieces of the sublimation apparatus were then
assembled together with a rubber O-ring for sealing. The entire apparatus was then brought to
vacuum condition, to approximately 50 mTorr pressure.

A trapping set-up was done by using a 2 m long tube (0.5 inches inner diameter), coiled into 2
circles to trap any vapors created during sublimation by the vacuum flow. Since this sublimation
procedure was a dry method, contamination by volatile reagents was not of concern. After
connecting the system, the pump (Fischer technical high vacuum pump, LV-3, Fischer Technical

Company, Roselle, IL, USA) was started and the entire system was allowed to equilibrate under
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Figure 3. 1. Schematic set-up of sublimation apparatus and matrix application process on

MALDI plate.

(A) The sublimation apparatus glassware consisted of two-pieces: the inner condenser and the
outer flask. Both were connected and sealed by a rubber O-ring. (B) The MALDI-plate was
affixed onto the outside of the bottom of the inner condenser by tape. (C) Assembly of the
apparatus once ready for sublimation with matrix power and coolant liquid (EtOH & dry ice or

ice-water bath) added.
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vacuum for about 15 minutes. Meanwhile, a sand bath was heated up to 100°C. When
temperature reached this point, sublimation was initiated by placing the bottom of the sublimation
apparatus in contact with the sand bath, and allowing it to heat up to 120°C. This took
approximately 5 minutes, after which matrix could be seen collected around the walls of the outer
flask, as high as where the inner condenser is. Sublimation was then stopped, first by removing
the system from heat and coolant, allowing it to return to room temperature, for 2-3 minutes. Next,
the vacuum pump was shut off, and the system slowly returned to atmospheric pressure. Finally,
the apparatus was dissembled and the MALDI plate was removed. The plate was then placed in a
small and closed chamber with desiccators to dry and to avoid water vapors in the air until ready

to be analyzed by mass spectrometry. Figure 3.2 presents the complete setup of the apparatus.

3.5.5. Matrix coating thickness measurement

The MALDI plate was weighed before and after matrix deposition (without tissue) to
determine the actual amount of matrix deposited onto plate. The plate coated with matrix-only was
then used to assess coating thickness by 3D z-stack measurement using an Olympus confocal
microscope (BX-60, Olympus America Inc., Center Valley, PA). DHB matrix was excited at 405
nm, while the MALDI plate’s stainless steel area was excited at 488 nm. Using both lasers
simultaneously, the depth of the matrix layer could be determined by taking z-stack images from
the surface of the matrix layer to the surface of the plate (where matrix layer emission was no
longer observed).

3.5.6. MS and data analysis

MALDI-IMS analysis of lipids were performed on an AP-MALDI source (MassTech Inc.,

Columbia, Maryland, USA) coupled to a hybrid quadrupole - Orbitrap mass spectrometer, Thermo

96



Figure 3. 2. Complete set-up of sublimation apparatus.

The sublimation glassware contained two condensers which were tight-sealed and brought down
to a vacuum by being connected to vacuum pump. The connecting hose acted as a cold-trap to
collect impurities during the sublimation process. The hotplate was equipped with a sand bath to
provide an even heating interface around the bottom glass condenser of the sublimation glassware,

where matrix solids had been placed.
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Scientific™ Q Exactive™ Plus (Thermo Fisher Scientific, San Jose, USA). The XY stage
(MALDI plate holder) was installed at a distance of 1.75 mm from the inlet leading into the mass
spectrometer. The all-solid-state Nd:YAG laser operated at 355 nm, at 8 puJ per pulse with
repetition rate of 10 kHz. The AP-MALDI source was set to create position information in
constant-speed raster motion (CSR) mode, a feature of the Target software (version 7.1, MassTech
Inc.) accompanying the source. This mode allows the x,y-stage to move in a pre-defined direction
and speed while the laser constantly fires. The laser only stops during transition between rastered
lines. With this mode, a pixel is defined by the number of resulting spectra from the defined mm
per each minute (ie. speed of stage). The speed of the stage was calculated based on the scan rate
to ensure each pixel contained at least a spectrum. The laser beam size was adjustable and was set
at 70 x 100 um (x by y elliptical dimension) for all experiments. Spatial resolution was at 50 pm
for all recorded images.

The Q Exactive Orbitrap instrument operated in the positive ion reflectron mode for all lipid
analysis, in the mass range of m/z 100-1100 at mass resolution of R = 70,000 at m/z 200. The
parameters set for the interface between the MALDI source and the capillary leading into the mass
spectrometer were as followed: “spray” (or plate) voltage: 2.00 kV; capillary temperature: 350°C,
S-lens RF level: 100.0; all of sheath gas, aux gas and sweep gas were off. At first, all mass spectra
were acquired in full scan mode for image generation. Afterward, a region within the brain was
selected for lipid species detection by data-dependent MS/MS (ddMS?). MALDI mode at this point
switched from rastering mode to spiral mode for efficient collection of ions for fragmentation
experiment in the HCD cell. This method involves first a full-MS scan at same mass resolution as
in the imaging experiment; with AGC target of 1 x 10’ ions and maximum injection time (IT) of

300 ms. The ddMS? scan that follows was acquired at mass resolution of R = 17,500 at m/z 200
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and scan range of 200-1100. Isolation window was set at 4.0 m/z and AGC target was set to 5 x
10* with maximum IT was at 200 ms. Normalized collision energy was set at 47 eV.

Lipid identification required four steps: 1) determine the ions that were found to be present in
brain (and not in the matrix only area); 2) examine the fragmentation pattern and check for
presence of product ions m/z 184, 263.4 or both diagnostic of glycerophosphocholines, ceramides,
or sphingomyelin’s respectively'>® **’; 3) search for lipid identity using the exact mass of “found”

species in the LIPID MAPS library (www.lipidmaps.org/tools/index.html) and VALID database

(www.neurolipidomics.ca/valid.html) with mass accuracy of +/- Sppm and 4) compare the
presence of identified ions in non-delipidated slices (Intact) and in delipidated slices (CLARITY-
Delipidated and Citrisolv-Delipidated brain slices). Target lipids in this study were identified to
be [M+H]", [M+Na]". Species that were common in all brain slices but did not have recognizable
fragment patterns or have their mass matched by LIPID MAPS and VALID database were

excluded as non-lipid species.

3.6 RESULTS
As a proof-of-principle study, the work presented here investigated 1) the potential of
sublimation as an effective matrix application for MALDI-IMS of lipids, and 2) the ability of the

developed protocol to detect and identify lipids in brain tissue.

3.6.1. Sublimation of DHB matrix yields pure, uniform layer of microcrystals coating

tissue sample.

The DHB matrix layer generated by sublimation was visually observed as a smooth and
uniform coating on top of the MALDI plate (control) or the tissue. Control examples of this are
shown in Figure 3.3A and 3.3B, where DHB matrix was applied onto a MALDI plate and observed
using both charged-coupled device (CCD) camera installed in the MALDI source (Figure 3.3A)

and by confocal microscopy (Figure 3.3B). It was found that optimal DHB matrix coating was
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achieved using 8.5 mg of matrix compound, resulting in approximately 0.7 mg/cm® of coating.
This gave rise to an average thickness of 8.4 £ 0.5 um (n = 4) (Figure 3.4). In pilot experiments,
21.1 mg of matrix yielded a coating of 1.8 mg/cm” with a thickness of approximately 30 um that
was a very thick yet fragile matrix.

Measurement of the matrix crystal size was done by capturing an image of the matrix surface
through a 40x objective and magnifying digitally to view individual crystals. Each crystal observed
was then selected for size measurement (Figure 3.5). Under optimized conditions for sublimation
(5 min of heating at 50 mTorr), the DHB matrix crystal sizes ranged from 1.6 pm to 3.0 um in
width, with an average area of 4.0 = 1.4 um”. As crystal sizes were significantly smaller than the
laser spot size (90 x 45 um), they were considered sufficient for these imaging experiments in
which spatial resolution was 50 x 50 um. Hence, although the crystal sizes varied, their size
differences were insignificant relatively to the lateral distribution that was examined. The optimal
coating of DHB matrix (8.4 - 9.0 um) was found to be thick enough to induce ionization of lipid
molecules on the tissue surface, yet thin enough to not suppress signals from non-matrix ions.

3.6.2. Comparison of profiling spectra between Intact and CLARITY- or Citrisolv-

delipidated brain slices in the m/z 100-350 mass range of matrix and small
metabolite ions

Representative mass spectra of intact, CLARITY- and Citrisolv-delipidated brain slices at
mass range m/z 100-350, in which matrix ions dominate are shown in Figure 3.6. These spectra
were generated by averaging the same number of mass spectra across one same rastered region
from each slice for comparison. In Figure 3.6, these spectra present the low mass range m/z 100-

350, presumably dominated by matrix ions, detected by MALDI-IMS in positive ion mode as
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Figure 3. 3. Optical and confocal microscopy images of sublimed DHB matrix on MALDI

stainless steel plate.

(A) Optical image of matrix coating on MALDI plate, imaged using a CCD camera attached to

the MALDI source. (B) Confocal microscopic image of the same sublimated matrix.
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Figure 3. 4. Thickness measurement of the sublimed matrix coating on the MALDI stainless

steel plate.

Matrix thickness was measured from randomly selected crystals. Crystals indicated by numbers
were measured as follows: (1) length of 8.3 um, (2) length of 9.3 um, (3) length of 8.1 um, (4)
length of 8.2 um. (5) indicates the interface between matrix and the MALDI plate where tape

was applied.
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Figure 3. 5. Matrix crystal size measurement by confocal microscopy.

Confocal microscopic image of sublimated DHB matrix and measurement of crystal size: (1)
size of 2.1 x 1.6 um, (2) size of 2.0 x 1.4 um, (3) size of 1.7 x 1.7 um, (4) size of 3.0 x 2.0 um

and (5) size of 2.8 x 1.7 um. Scale bar, 2 um.
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Figure 3. 6. MALDI-MS mass spectra of dorsal hippocampus in the positive ion mode of

Intact, Citrisolv- and CLARITY-delipidated sections within mass range of m/z 100-350.

Analytes were notably enriched within the mass range m/z 350-900. Data for each hippocampus
and condition represented the average of 1840 spectra collected from the selected region, by AP-
MALDI, using ImageQuest imaging software. Shaded area indicated the signature of 2,5-DHB

matrix ions.
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protonated ions or clusters of ions. The ion profiles of three samples in this mass range
resemble each other strongly with similar abundance of matrix ions. Matrix ions were
distinguished from tissue biomolecules by comparing the spectra with those from outside of the
brain region. They were identified based on their exact m/z, corresponding to the 2,5-DHB matrix

230
k

standard mass spectrum from MassBan or in literature®'. Within this mass range, all three

samples display strong signals of 2,5-DHB matrix species, including m/z 136.0143 of [DHB -
H,0]", 137.0215 of [DHB — H,O + H]", m/z 154.0240 of the radical [DHB] ", m/z 155.0318 of the

protonated [DHB + H]" m/z 173.0574 of [DHB + H,0 + H,]", m/z 177.0134 of [DHB + Na]", m/z
273.0356 of the dimer [2DHB — H,O + H]", m/z 290. 0385 of [2DHB - H,0]", and m/z 291.0464
of [2DHB - H,O + H]".

Within this same region, the nucleobase-derived metabolite, adenine, at m/z 136.0606 + 1.5
ppm was also found at detectable amounts in all intact, Citrisolv-delipidated and CLARITY-
delipidated sections as expected, since this molecule is not affected by the delipidation process
(Figure 3.7A). This ion was identified by comparing its accurate mass to that reported in previous
literature™ and the Human Metabolome Database (HMDB)>****. Another peak was detected
nearby, at m/z 136.0143, and was identified as a derivative of DHB matrix. This ion appeared in
all rastered areas, including regions outside of the brain section (Figure 3.7B). Figure 3.7C displays
the mass range, m/z 136.0-136.1, in which high-resolution mass spectrometry (HRMS) was
performed using the Orbitrap instrument to resolve the signal derived from the matrix (m/z
136.0143) and adenine (m/z 136.0606). This demonstrates the powerful ability of the Orbitrap

mass analyzer to resolve species with proximal masses.
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Figure 3. 7. MALDI-IMS distinguished adenine at m/z 136.0606 and DHB-matrix-derived-

ion at m/z 136.0143 in Intact, Citrisolv- and CLARITY-delipidated brain slices.

MALDI-IMS distinguished two-closely matched ions, A) adenine at m/z 136.0606 as detected in
Intact, Citrisolv-delipidated and CLARITY-delipidated slices. B) the 2,5-DHB-matrix-derived ion
at m/z 136.0143 as detected in Intact, Citrisolv-delipidated and CLARITY -delipidated slices. C)
showed the isolated spectral window in mass range m/z 136.0-136.1, resolved by HRMS Orbitrap

mass spectrometer. Scale bar represents a heat map of ion counts.
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3.6.3. CLARITY-delipidation introduces hydrogel network into the MS spectra
Comparing the mass spectra of the three brain sections in the mass range m/z 400-900, the
CLARITY-delipidated sections displayed de novo ions not detected in intact or Citrosolv-
delipidated sections. These peaks were separated by increments of exactly 44 m/z (Figure 3.8).
This observation reflects repeating units of ions indicative of concatenations of the structure, in
other words, the presence of polymers®. Alternatively, a m/z difference of 44 between peaks is
also commonly seen in mass spectra that is contaminated with polyethylene glycol (PEG) sources

including triton-X present in the CLARITY delipidation buffer™°.

3.6.4. MALDI-IMS reveals 101 molecular ions absent from Citrisolv- and CLARITY-

delipidated sections and thus bona fide lipid species

MALDI-IMS revealed different spectral profiles within the mass range of m/z 350-900 in intact
brain sections compared to Citrisolv- and CLARITY-delipidated sections. By comparing the
spectra and mass images obtained from the delipidated hippocampi (Citrisolv- and CLARITY-
treated) to that of intact sections, it was possible to distinguish unambiguously lipid from non-lipid
metabolites with the same m/z. We defined this level of validation as validation level 1. Signal
intensity of every m/z in each of the brain sections was examined and compared to determine its
presence or absence following both delipidiation protocols.

Within the mass range of m/z 350-900, cholesterol ions are found between m/z 350 to 400,
while structural phospholipids and sphingolipids are usually found between m/z 700 and 850'*>
> Lipids found in intact brain section, validated by their absence in delipidated sections from the
same animal, were then identified by querying their accurate mass given in both the LIPID MAPS"
and VALID>*® databases. We defined this level of validation as validation level 2. Finally, a subset

of species was subjected to tandem mass spectrometry (MALDI-MS/MS) characterization
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Figure 3. 8. Mass spectrum and representative MALDI image of CLARITY-delipidated

brain slice at m/z 600.48.

This ion was only found inside the brain, and in tissue slice treated CLARITY only. lon intensity

(count) on image was indicated by the corresponding scale bar.
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(validation level 3) to verify unambiguously the lipid identities predicted by high resolution
mass accuracies (validation level 2) and established to be generated from bona fide lipids following
delipidiation (validation level 1).

MALDI-IMS confirmed that the dehydrated form of cholesterol [M - H,O + H]" at m/z
369.3485 was predominant across all regions in the brain (Figure 3.9A). Indeed, the signal at m/z
369.3485 is the base peak in all averaged spectra of intact brain sections. MS/MS experiment on
this ion yielded a similar pattern to that found in literature™”, in which a cholesterol standard was
used for fragmentation (Figure 3.9C). The deprotonated and positively-charged form of cholesterol
[M + H]" at m/z 385.3433 was also found, although in much less abundance. Both are completely
absent in the delipidated sections (Figure 3.9B). Hence, cholesterol was fully identified and
validated (level 3).

Similarly, lipid ions found in the mass range m/z 400-900 underwent MS/MS experiment to
validate their identities. In positive ion mode, characteristic product ions can be used to identify
the lipid family of the parent ions. For example, GPCs and sphingomyelin fragmentation give rise
to the same product ion at m/z 184.07, representing the phosphocholine head-group, while the
common fragment of ceramides with a d18:1 sphingosine backbone is found at m/z 264.26.
Protonated or sodiated forms of lipid ions can be determined by appearance of m/z 124.99 or
146.98 product ions, respectively, which corresponds to cyclic O,0’-dimethylenephosphate
fragment with one H' or one Na" attached'****’. Using this approach, it was possible to distinguish
ions with very similar nominal masses. Examples of MS/MS experiment are depicted in Figure
3.10. By combining exact mass search and tandem mass spectrometry, 101 lipid molecular ions
were found by comparing intact sections to the delipidated sections (level 1 validation, Table 3.1).

Ten of these ions could not be validated further, while the rest were matched to 194 lipid species
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Figure 3. 9. MALDI-IMS found cholesterol predominated in the Intact brain section but not

in delipidated brain sections.

A) MALDI images of dehydrated cholesterol ion [Cholesterol - H,O + H]" at m/z 369.3467 found
only in Intact brain section and not in delipidated sections. Scale bar represents the ion counts as
found and displayed in each image. B) Spectral data show cholesterol ions were found at m/z
369.35 and 385.34 in Intact section but not in the delipidated ones. C) MS/MS experiment of m/z
369.35 reveals similar patterns to that done by Paglia ef a/ on cholesterol standard (Reprinted from

Paglia et al, 2010 with permission from the Royal Society of Chemistry).
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Figure 3. 10. MS/MS spectra of ceramide and phosphocholine-containing lipids (GPC or

sphingomyelin).

MS/MS spectrum of three ions belong to different lipid classes from PB-brain slice. The product
ion revealed the lipid class of each ion. A) MS/MS spectrum resulted to the only product ion at
m/z 264.26, characteristic fragment of ceramide. B) MS/MS spectrum gave rise to most abundant
fragment at m/z 184.07, the signature phosphocholine group of PCs or sphingomyelin. The
presence of ion 124.99 was assigned to the protonated form of the cyclic O,0’-
dimethylenephosphate fragment, indicating that the parent ion at m/z 734.56 was a protonated ion.
C) MS/MS spectrum of m/z 810.59 yielded both m/z 184.07 and 264.26. This could be due to the
co-presence of both a phospholipid and a ceramide with very close nominal mass to each other.
The presence of both m/z 124.99 and m/z 146.98 (cyclic O,0’-dimethylenephosphate fragment)

meant the fragmentation involved ions in both protonated and sodiated form.
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in the GPC, GPE, GPS, GPI, GPA, ceramides (Cers) and Cer subclasses, ceramide-1-
phosphates  (CerPs), phosphoinositol-ceramides (PI-Cers), lactosylceramides (LacCers),
monohexosylceramides, combined glucosyl- and galactosyl-ceramides (HexCers), sulfatides
(SHexCers), and sphingomyelins (SMs) based on accurate mass measurement (level 2 validation).
Within these lipid ions, 53 underwent MS/MS for full validation (level 3 validation). Their
characteristic product ions allowed their identities to be revealed and matched to 97 lipid species.
This highlights the strength of combining MALDI-IMS and MS/MS in identifying and
distinguishing isobars — lipid species with identical m/z and exact mass. Glycerophospholipid
identities were also divided into the sub-classes based on the fatty acid-glycerol linkages at the sn-
1 and sn-2 positions as defined in Chapter 1. In total, using MALDI-IMS and MS/MS, we found
74 GPC species (51 level 3 species and 23 level 2 species), 21 GPE species (level 2), 24 GPS
species (level 2), 5 GPA species (level 2), 4 GPI species (level 2), 51 ceramide species (35 level 3
species and 16 level 2 species), 12 sphingomyelin species (10 level 3 species and 2 level 2 species)
and 3 cholesterol species (1 level 3 species and 2 level 2 species).

All of the lipids found in intact brain sections with their corresponding validation levels are
listed in Table 3.1. Representative images of GPCs, ceramides, sphingomyelins generated by
MALDI-IMS are shown in Figure 3.11A, with a merged image of the distinctively localization of

Cer(d33:0), SM(d36:1), and SM(d42:2) in Figure 3.11B.

3.7 DISCUSSION
We report here a new protocol to detect and visualize glycerophospholipids and sphingolipids
in formalin-fixed mouse brain sections using MALDI-IMS. As proof of principle, we were able to

identify 194 lipid species, including GPA, GPC, GPE, GPI, GPS, ceramides, and sphingomyelins
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Figure 3. 11. Representative MALDI images of GPCs, ceramides, and sphingomyelin species

found in PB brain section at bregma -2.00 mm.

(A) Representative MALDI images of GPCs, ceramides and sphingomyelin species found in PB
brain section (bregma -2.00 mm). Scale bar represents the ion counts as found and displayed in
each image (B) Merged image of Cer(d33:0) - , SM(d36:1) — Red and SM(d42:2) —

Ion intensity (count) on image was indicated by the corresponding scale bar.
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in positive ion mode and validate their identities using exact mass measurements and MS/MS

experiments.

3.7.1. Sublimation is an effective way to apply matrix on tissue for lipid imaging by
MALDI.

Our method demonstrates the viability of sublimation as a mean to infuse matrix into brain
tissue for lipid imaging while retaining morphology and tissue structure. The differences in matrix
deposition methodologies was discussed extensively in Chapter 1. Here, we applied a novel
sublimation method and verified this as a simple, cost-efficient, and effective way to introduce a
uniform coat of 2,3-DHB matrix to brain sections. Optical and confocal microscopic quantification
confirmed an even and finely dispersed surface of 2,3-DHB matrix after sublimation, consistent
with previous reports of that random Brownian motion of gaseous molecules when transitioning
from solid to vapor phase can be exploited to produce uniform matrices compatible with AP-
MALDI IMS™. The visualization and measurement of matrix crystal size and its thickness allowed
us to establish the amount of matrix required and the exact condition for reproducible sublimation.
We determined that the optimized amount of 2,3-DHB matrix solids (~ 8 mg) produced a
reproducible thickness (~ 8 um) across experiments. Furthermore, we confirmed that this protocol
produced crystal sizes significantly smaller than the laser spot size (90 x 45 um), and thus sufficient
for the imaging at a spatial resolution of 50 um. It is essential that matrix crystal sizes are the same
as or smaller than the laser diameter else matrix becomes the is limiting factor during laser
rastering. Matrix crystals that are too large ablate pixel resolution at single laser spots, leading to
a decrease in lateral resolution. Taken together, our data confirm that optimized sublimation is
effective in matrix deposition and allow the generation of high-quality molecular images of lipid

species.
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TABLE 3.1 Cholesterol, glycerophosphocholines (GPC), glycerophosphoserine (GPS),
ceramides (Cer) and sphingomyelins (SM) identified by MALDI-IMS directly from Intact
mouse brain tissue. Lipid ions were identified ( ) by comparing Intact and delipidated
slices. They were subsequently validated by exact mass search on LIPID MAPS database

(partial-validated | ) and/or MALDI-MS/MS fragmentation (fully-validated [Ji).
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) delta Validation Literature or
m/z* Identity” Ton MS/MS*
m/z° level® Database
136.0606 Adenine [M+H] 0.0061 - (19), (20), (21), (22)
136.0143 DHB matrix ion [M - H,0] 0.0008 - u (18)
137.0215 DHB matrix ion [M-H,0+H]" -0.0012 - u (17), (18)
154.0240 DHB matrix ion M) " 0.0054 - u (17), (18)
155.0318 DHB matrix ion [M+H] 0.0077 - u (17), (18)
173.0574 DHB matrix ion [M + H,0 + H]" 0.0151 - u (18)
177.0134 DHB matrix ion [M + NaJ* -0.0004 - u (18)
o [2(M - H,0) +
273.0356 DHB matrix ion Hy -0.0004 - u a7
290.0385 DHB matrix ion [2M-H,0]" 0.0055 - u (18)
o [2M - H,0 +
291.0464 DHB matrix ion Hy 0.0054 - u (18)
57.07, 69.07,
. 81.07, 95.08, (23), 35), (36),
Cholesterol [M - OH] -0.00356 u
109.10, 131.12, (37),(3%)
147.11,161.13
Cholesterol [M-H]" -0.0036 - (35), (36), (37), (38)
o . (38), Hamilton
Cholesterol (oxidative) [MO - H] -0.0057 -
(1998)
GalSo(d18:1) [M+H] -0.0019 264.26,282.92 u (26); (28)
- - - 282.92
LPC(16:0), PC(O-16:0) [M+H]" -0.0032 184.07, 124.99 u (26)
PC(0-16:4); LPC(0O-16:4); .
[M + Na] 0.0567 146.97, 184.07 u (26)
LPC(P-16:3)
LysoSM(t18:0) [M + Na]"* 0.02305 184.07, 146.98 u (25)
LPA(24:4); PA(0O-24:4); PA(P- .
[M+H] -0.00042 - (25), (26)
24:4)
LPA(24:3); PA(O-24:3); PA(P- .
[M+H] -0.0003 - (25), (26)
24:3)
LysoSM(d20:0) [M + Na]"* -0.0455 146.98, 184.07 u (25)
LPA(24:2); PA(O-24:2); PA(P- .
[M+H] -0.00027 146.98 u (25), (26)
24:2)
LPC(18:2); PC(O-18:2), PC(P- .
[M+H] 0.00577 184.07 u (25)
18:1)
LPA(24:1); PA(O-24:1); PA(P- .
[M+H] -0.00011 - (25), (26)
24:0)
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TABLE 3.1 (cont.)

LPC(18:1); PC(0-18:1); PC(P-18:0) [M+H]' 0.00854 184 25)
PC(O-18:0); LPC(18:0) [M +H]' -0.00703 - 25)
PE(0-21:0); LPE(21:0) [M +H]' -0.00703 - 25)

CerP(126:0) [M+H]' -0.00653 - 25)
PC(18:1) [M+H]' 0.0044 - (26)
PE(21:1) [M+H]' 0.0044 - (26)
LPS(0-20:2); PS(0-20:2); LPS(P-20:1) [M+H]' 0.0044 - (26)
PA(24:0) [M+H]' -0.0052 - (25), (26)
PC(18:0) [M+H]' 0.0031 - (26)
PE(21:0) [M+H]' 0.0031 - (26)
LPS(0-20:1); PS(0-20:1); PS(P-20:0) [M+H]' 0.0031 - (25), (26)
CerP(d29:2) [M+H]' -0.04329 264.26 25)
124.99, 146.89,
Cer(d33:0) [M + Na] 0.03732 25)
264.26,282.83
Cer(d36:1) [M +H]' -0.0047 264.26 25)
Cer(d40:2) [M+H]' -0.0053 264.26,282.28
PS(25:3) [M+H]' -0.00846 - (25), (26)
PS(23:0) [M + NaJ’ -0.00616 - (25), (26)
Cer(d42:2) [M+H]' -0.0058 264.26 25)
LPS(27:1); PS(0-27:1); PS(P-27:0) [M +H]' -0.00971 - (25), (26)
PC(29:11) [M+H]' -0.01466 184 (25), (26)
PC(27:8) [M + NaJ’ -0.01226 184 (25), (26)
PC(0-30:10); PC(P-30:9) M +H]" 0.01259 184.07 (26)
PC(0-28:7); PC(P-28:6) [M + Na] 0.01499 146.98, 184.07 (26)
PC(0-29:7) [M + Na]" -0.02141 146.98, 184.07 (26)
LPS(29:1); PS(P-29:0); PS(0-29:1) [M +H]' -0.00927 - (25), (26)
PS(0-31:10); PS(P-31:9) [M+H]' -0.00904 - (26)
PS(0-29:7); PS(P-29:6) [M + Na] -0.00674 - (26)
PC(0-32:10); PC(P-32:9) M +H]" 0.00806 184.07 (26)
SM(d34:1) [M +H]' -0.0028 184.07 25)
PC(31:0) M +H]' -0.00688 124.94, 184.07 (25), (26)
SM(d34:1) [M + NaJ’ -0.00603 -
PE-Cer(d37:1) [M + NaJ’ -0.00603 -
SM(d36:1) [M +H]' 0.0002 184.07, 124.99 25)
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TABLE 3.1 (cont.)

PC(32:1) M +H] -0.0055 (25), (26)
PE(35:1) M +H] -0.0055 (25), (26)
PS(0-34:2) M +H] -0.0055 (26)
PC(32:0) [M+H] -0.0099 184.07, 124.99 (25), (26)
PC(33:1) M +H] -0.0004 (25), (26)
PE(36:1) M +H] -0.0004 (25), (26)
PS(0-35:2) M +H] -0.0004 (26)
PC(0-34:1); PC(P-34:0) [M+H] -0.0067 (25), (26)
PE(O-37:1); PE(P-37:0) [M+H] -0.0067 (25), (26)
CerP(t42:1) M +H] -0.0062 (25)
PC(0-36:6) M +H] -0.0002 (26)
PE(0-39:6) M +H] -0.0002 (26)
PC(0-34:3) [M + Na]* 0.0021 (26)
PE(0O-37:3) [M + Na]* 0.0021 (26)
CerP(d42:2) [M + Na]" 0.0027 (25)
HexCer(d36:1) [M + Na]* -0.0055 (25)
SM(d36:1) [M + Na]" -0.00638 146.98, 184.07 (25)
PC(34:4) [M+H] 0.0002 184.07 (25), (26)
PC(0-37:10) [M+H] 0.00775 (26)
PE(0-40:10) [M+H] 0.00775 (26)
PC(0-35:7) [M + Na]* 0.01015 (26)
PC(32:0) [M + Na]* -0.01105 (25), (26)
PC(0-37:9) M +H] 0.00332 (26)
PE(0-40:9) M +H] 0.00332 (26)
PC(0-35:6) [M + Na]* 0.00562 (26)
PE(0O-38:6) [M + Na]* 0.00562 (26)
PE-Cer(d41:1) M +H] -0.0013 (25)
SM(d38:1) M +H] -0.0013 (25)
PC(34:1) [M+H] -0.0005 184, 124.99 (25), (26)
PC(34:0) [M+H] -0.00989 184.07, 124.99 (25), (26)
PC(0-36:5); PC(P-36:4) [M+H] -0.00019 184.07 (25), (26)
SM(t36:1) [M + Na]* -0.03439 184 (25)
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TABLE 3.1 (cont.)

PC(0-37:8); PC(P-37:7) [M + HJ 0.006 - (26)
PE(0-40:8); PE(P-40:7) [M + HJ 0.006 - (26)
PC(0-35:5); PC(P-35:4) [M + NaJ* 0.0083 - (26)
PE(0-38:5); PE(P-38:4) [M + NaJ* 0.0083 - (25), (26)
PC(0-36:1); PC(P-36:0) [M + HJ -0.0019 - (25), (26)
PE(0-39:1); PE(P-39:0) [M + HJ -0.0019 - (25), (26)
CerP(t44:1) [M + HJ -0.0014 - 25)
LacCer(d28:0) [M + HJ -0.00228 -
(25)
PI-Cer(d34:1) [M + HJ 0.00592 -
PC(36:5) M +H]' -0.00978 -
(25), (26)
PE(39:5) M +H]' -0.00978 -

PS(0-38:6) M +H]' -0.00978 - (26)
PC(34:2) [M + Na]' -0.00748 - (25), (26)
PE(37:1) [M + Na]' -0.00748 - (25), (26)

PS(0-36:3) [M + Na]' -0.00748 - (26)

PC(0-39:11) M +H]' 0.0078 124.99, 184.07 (26)
PI-Cer(d34:0) [M + HJ 0.0024 264.26 25)
SHexCer(d34:0) [M + HJ 0.0119 264.26 25)

PC(0-37:8) [M + Na]' 0.0101 146.97, 184.07 (26)
PC(34:1) [M + Na]' -0.011 146.97, 184.07 (26)

CerP(d46:3) M +H]' -0.0037 264.26 25)

PC(0-39:10) M +H]' 0.00362 184.07 (26)

PC(0-37:7) [M + Na]* 0.00602 146.98, 184.07 (26)
PC(34:0) [M + Na]' -0.01518 146.98, 184.07

PC(0-39:9) M +HJ 0.0092 124.99, 184 (26)

SM(d40:1) M +H]' -0.00565 184.07 25)

PE-Cer(d43:1) [M + HJ -0.00565 -

PC(0-39:8) M +H]' 0.01016 124.99, 184 (26)
PC(36:1) M +H]' -0.01044 124.99, 184 (25), (26)

PC(0-39:7) M +HJ 0.00773 124.99, 184.07 (26)

PC(0-37:3) [M + Na]' 0.04209 146.98, 184.07 (26)

HexCer(d41:2) [M + HJ -0.0066 264.3 25)
PC(0-38:2); PC(P-38:1) M +H]' 0.0009 184.07 (25), (26)

CerP(d47:1) [M + HJ -0.0350 264.26 25)

HexCer(d41:0) [M + HJ -0.0432 264.26 25)
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TABLE 3.1 (cont.)

PC(0-38:1); PC(P-38:0) [M + HJ -0.0026 - (25), (26)
PE(0-41:1); PE(P-41:0) [M + HJ -0.0026 - (25), (26)
CerP(t46:1) [M + HJ -0.0021 - 25)
HexCer(t40:0) [M + HJ -0.0104 - 25)
LacCer(d30:2) [M + HJ -0.0023 264.26 25)
PI-Cer(d36:3) M +H]' 0.0059 264.26 25)
SHexCer(d36:3) [M + HJ 0.0155 264.26 25)
PC(38:7) M +HJ -0.0093 184.07 (25), (26)
PC(0-39:11) [M + Na]' 0.0137 146.98, 184.07 (26)
PC(36:4) [M + Na]' -0.0069 146.98, 184.07 (25), (26)
PC(38:6) M +H]' -0.01182 184.07 (25), (26)
PI-Cer(d36:2) [M + HJ 0.00348 264.26 25)
LacCer(d30:1) M +H]' -0.00472 264.26 25)
PC(0-39:10) [M + Na]' 0.01118 146.98, 184.07 (26)
PC(36:3) [M + Na]' -0.00992 146.98, 184.07 (25), (26)
PC(0-41:12) M +H]' -0.00365 184.07 (26)
SHexCer(d36:1) [M + HJ 0.00055 264.26 25)
LacCer(d30:0) M +H]' -0.01725 264.26 25)
HexCer(d42:3) [M + HJ -0.00461 264.26 25)
PI-Cer(d36:1) [M + HJ 0.09159 264.26 25)
SM(d40:1) [M + Na]' -0.00154 184.07 25)
PC(0-41:11) M +H]' 0.0087 124.99, 184.07 (26)
PI-Cer(d36:0) [M + HJ 0.0033 264.26 25)
SHexCer(d36:0) [M + HJ 0.0128 264.26 25)
PC(0-39:8) [M + Na]' 0.011 146.98, 184.07 (26)
PC(36:1) [M + Na]' -0.0101 146.98, 184.07 (25), (26)
PC(0-40:4) M +H]' 0.0005 184.07 (26)
GalCer(d18:1/24:1) M +H]' -0.0072 264.26 25)
PC(0-38:1) [M + Na]' 0.0028 146.98, 184.07 (26)
PC(0-40:3) M +H]' -0.0023 184.07 (26)
CerP(d48:2) [M + HJ -0.0018 264.26 25)
HexCer(d42:1) [M + HJ -0.0100 264.26 25)
PC(0-38:0) [M + Na]' 0.0000 146.98, 184.07 (26)
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TABLE 3.1 (cont.)

PE-Cer(d45:2) [M +H] -0.0018 282.73 (25)
SM(d42:2) [M +H]" -0.0018 124.80, 184.07 (25)
SM(t39:0) [M + Na]" 0.037 146.98, 184.07 (25)

PC(0-39:2); PC(P-39:1) [M +H] 0.00232 184.07 (26)
PC(38:1) [M +H] -0.0023 - (25), (26)
PE(41:1) [M +H] -0.0023 - (25), (26)

PS(0-40:2) [M +H] -0.0023 - (26)

LacCer(d31:0) [M +H] 0.0423 264.26 (25)

PC(0-40:3); PC(P-40:2) [M +H] 0.0006 - (25), (26)

PE(0-43:3); PE(P-43:2) [M +H] 0.0006 - (25), (26)

CerP(d49:2) [M +H] -0.0353 266.298 (25)

HexCer(d43:1) [M +H] -0.0436 266.298 (25)

PC(0-40:2); PC(P-40:1) [M +H] 0.0000 184.07 (25), (26)

CerP(d49:1) [M +H] -0.0359 282.28,264.26 (25)

PI-Cer(d38:3) [M +H] 0.00218 - (25)

LacCer(d32:2) [M +H] -0.00602 - (25)
PC(40:7) [M +H]" -0.01352 184.07 (25), (26)

LacCer(d32:1) [M +H]" -0.00367 - (25)

PI-Cer(d38:2) [M +H] 0.00453 - (25)
PS(0-40:4) [M + Na]" -0.00887 - (26)

PC(0-41:5); PC(P-41:4) [M +H]" -0.0018 124.99, 184.07 (26)
PC(40:2) [M +H] -0.0026 - (25), (26)
PE(43:2) [M +H] -0.0026 - (25), (26)

PS(0-42:3) [M +H] -0.0026 - (26)

PS(0-40:0) [M + Na]" -0.0002 - (26)
PC(40:1) [M+H] -0.0021 - (25), (26)
PE(43:1) [M +H] -0.0021 - (25), (26)

PS(0-42:2) [M +H] -0.0021 - (26)

PC(0-42:6); PC(P-42:5) [M +H]" -0.00189 184.07 (25), (26)

LacCer(d33:1) [M +H] 0.04201 282.28 (25)

PI-Cer(d39:2) [M +H] 0.05021 282.28 (25)

PC(P-40:2); PC(0-40:3); [M + Na]" 0.00051 146.98, 184.07 (26)

LacCer(d33:0) [M +H]" 0.0417 282.28 (25)

PI-Cer(d39:1) [M +H]" 0.0499 282.28 (25)
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TABLE 3.1 (cont.)

PC(42:9) M +H] -0.0182 184.07 (25), (26)
PC(40:6) [M + NaJ* -0.0159 146.98, 184.07 (25), (26)
- - - 146.98, 184.07
PC(43:9) M +H] -0.0275 124.99, 184.07 (26)
PS(44:9) [M + H]' 0.0077 - (25), (26)
PS(0-46:11); PS(P-46:10) [M + H] 0.0088 - 26)
PS(46:10) [M + H]' 0.0073 - (25), (26)
PS(44:7) [M + NaJ* 0.0091 - (26)
PI(0-42:6); PI(P-42:5) [M +H]" -0.0005 - (25), (26)
PI(0-40:3); PI(P-40:2) [M + Na]’ 0.002 - (25), (26)
- - - 146.98, 184.07
PS(46:11) [M + Na]’ 0.0061 146.98 (25), (26)
PI(42:8) [M + H] 0.0033 - (25), (26)
PI(40:5) [M + Na]’ 0.0056 - (25), (26)
PS(48:10) [M + H]' 0.0091 - (25), (26)
PS(48:12) [M + Na]’ 0.0063 146.98 (25), (26)
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
Hydrogel network ion M1 - -
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* Molecular ions found in  all tissues (intact, Citrisolv- and CLARITY-delipidated), in M intact
tissue only, and in W CLARITY -delipidated tissue only

® Acronyms: PC, PC(0), or PC(P) for diacyl-, alkyl ether-acyl or alkyl ether-akyl ether, or alkenyl
ether-acyl glycerophosphocholine, respectively; LPC, LPC(O), LPC(P) corresponds to 1-acyl-sn-
glycero-3-phosphocholine, 1-alkyl-sn-glycero-3-phosphocholine or 1-alkenyl-sn-glycero-3-
phosphocholine. Where molecular identities are indicated, LPC(P-20:0) defines a molecular
species belonging to the PC class lipids with a polar head group (PC) at the sn-3 position of the
glycerol backbone, a hydrocarbon chain of 20 carbons with 0 double bonds at the sn-1 position via
an vinyl ether linkage (P-), and a hydroxyl group at the sn-2 position (/yso).

¢ A m/z: Difference between observed m/z and actual m/z.

d Fragment ions observed following MS/MS analysis verifying identity.

¢ Validation level: Level 1( Not validated) Bona fide lipids detected in intact samples but absent

from Clarity and Citrisolv-delipdated tissue; Hydrogel network detected Clarity tissue only; Level

2 (" Partially-validated) Lipids identified by accurate mass search using the LIPID MAPS

Structural Database and VaLID v3.0; Bona fide peptides detected in intact samples, Clarity, and
Citrisolv-delipdated tissue and identified by accurate mass search using Human Metabolome

Database; Sublimination matrix ions detected in sublimation layer and tissue and identified by

literature; Level 3 (M Fully Validated) Lipid identities confirmed by MALDI-MS/MS

fragmentation.
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3.7.2. Validation of AP-MALDI-IMS imaging of lipids in FF brain section

AP-MALDI MS of m/z 100-350 profiles regions enriched in small metabolites,
neurotransmitter peptides, and fatty acids. Some examples of non-lipid neural molecules expected
to be present in abundance in this scan range are choline (theoretical m/z 104.1075), acetylcholine
(m/z 146.1181), several amino acids such as glutamine (m/z 147.0691), lysine (m/z 147.1055),
histidine (m/z 156.0695), carnitine (m/z 162.1052), and arginine (m/z 175.1117), nucleobase-
derived metabolites such as adenine (m/z 136.0545), guanine (m/z 152.0494), adenosine-mono-
phosphate (AMP) (m/z 348. 0631), and guanidine-mono-phosphate (GMP) (m/z 364.0579)*>%*°,
These molecules are not expected to be affected by delipidation process and their presences in all
tissues (intact and delipidated) can be used to confirm the utility of assignation in delipdated
samples. Thus, we used this m/z range to verify that non-lipid metabolites are not lost following
delipidation comparing with previous literature the abundances of small metabolites analysis by
imaging mass spectrometry””.

Surprisingly, among all metabolites that were examined, we found that only adenine was
present in detectable amounts in intact FF tissue sections and, as expected, signal was not changed
following delipidation. The lack of other metabolites and peptides could be due to the fact that all
sections had been fixed chemically by formalin before mass spectrometric analysis. Fixation with
formalin preserves the tissue integrity and cellular morphology via the formation of methylene
cross-bridges between proteins, peptides and nucleic acids, owing to the presence of the amine
groups. Fixed biomolecules, however, notably proteins and peptides, present a problem to MS
analysis. Upon fixation, they resemble a complex, or a network, rather than individual molecules.
This leads to difficulties in ionization and detection'', posing challenges in detecting discrete
metabolites. While we were able to detect multiple small metabolites in intact and delipidated brain

sections, unlike adenine, these were present only in trace amounts. Previous studies with interests
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in detecting and imaging small metabolites and neurotransmitters have exercised the use of flash
frozen tissues and advised against using FF tissue'’> ** **. Our analysis confirms this waring
indicating that the presence of small metabolites and neurotransmitters in fixed tissues is
complicated due to difficulties in ionization and their low concentration at physiological

condition?*?*?

. Excitingly, the robust lipid signals, verified by delipidation negative controls
sustaining adenine in both intact and delipidated, provides converging evidence to indicate that FF
tissue may be advantageous for lipidomic imaging studies as neural peptide ionization will be
suppressed favouring enrichment and resolution of lipid imaging.

In support of this interpretation, formalin fixation did not affect the detection and visualization
of lipids in intact brain section. We were able to detect cholesterol at high abundance, as well as
other lipid species as listed in Table 3.1. Lipid species were only found in the intact brain sections
and were completely absent in the delipidated brain sections (Citrisolv and CLARITY). Absence
was defined as ion counts below limit of detection as assessed using ImageQuest
(ThermoScientific). This was determined by examining the signal intensity of peaks at every m/z
in each brain section (intact and both negative controls). For example, Figure 3.8 A illustrated the
image of the dehydrated form of cholesterol ion*”2* at m/z 369.3467 (at bregma -2.00 mm)
present in high abundance in the intact section (ion intensity of 10° ions, as displayed) and absent
in the delipidated ones (completely absent in Citrisolv-delipidated slice and faintly present below
10% jon in CLARITY -delipidated sections).

We further show that the cost-effective, simple procedure of Citrosolv-delipidation is superior
to the more labour-intensive CLARITY protocol. CLARITY introduced new ions into delipidated
mass spectra used to validate lipid identities. These ions were defined by concatenations of m/z of
44 matching that of a primary amide ion in the backbone of peptides and proteins. One possible

explanation for this observation is that these signals belong to biomolecules crosslinked to each
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other and to the hydrogel polymers of CLARITY. An m/z difference of 44 is also indicative of the
presence of PEG, including the triton-X present in the CLARITY delipidation buffer°. Despite
best attempts to remove Triton-X following delipidation, recent reports indicate that even trace
amounts of Triton-X are problematic for MALDI-IMS®®. Thus, the signals that we observed in
CLARITY slice may have also been due to the use of Triton-X in the CLARITY protocol (Figure
3.11).

All lipid ions were identified with high-resolution mass accuracy (< 5 ppm) with no detectable
degradation of signal at a spatial resolution of 50 um across the entire murine brain (coronal
section), allowing for reliable localization. Multiple ions of the same nominal mass were
distinguished by the characteristic high resolution of the Orbitrap mass analyzer and identities
assigned for proximal lipids, with respect to m/z. These included the pair of ions at m/z 808.5609
and m/z 808.6615 which were distinctively identified as [PC(O-41:12) + H]" and [HexCer(d42:3)
+H]", respectively, revealing different distributions in intact brain (Figure 3.10A). Other pairs of
1ons with similar nominal m/z included those at m/z 746.5696 and m/z 746.5996, m/z 774.5497
and m/z 774.6357, m/z 782.5566 and m/z 782.6385, and the pair at m/z 810.5888 and m/z
810.6745. The molecular ions in each pair were distinguished from each other and located by
MALDI-IMS on the brain slices unambiguously by their accurate mass and their identities were
determined with or without the assistance of MS/MS and listed in Table 3.1.

Validation levels were assigned to each lipid species identified in intact brain. Species present
in intact but not delipidated sections were verified as lipids and assigned a level one validation.
Ions verified at a level one assignation and matched to a lipid by high mass accuracy within a +/-
0.005 m/z difference were considered as partially validated and assigned a level two validation.

Tandem mass spectrometry proved to be an invaluable tool in further validating structural identity.
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The signature product ions produced from target lipid ions in the HCD cell facilitated
determination and validation of the lipid identity at a level three validation. In this proof-of-
principle study, we only performed a non-targeted data-dependent MS/MS experiment to test the
efficiency of performing fragmentation directly from the tissue. It must be noted that not all lipid
ions were successfully fragmented according to this protocol. Thus, in future studies, MS/MS will
be optimized to target specific classes and subclasses of lipids unidentified in this study. Direct
imaging of the signature fragments present in the tissue by MS/MS is also possible and will

facilitate the visualization of particular lipid classes®*’.

3.8 CONCLUSION

In this work, multiple approaches were combined to produce a working protocol for the
analysis of lipids in FF brain tissue. AP-MALDI-IMS was used to determine the presence and
location of lipids in coronal murine brain section. We show that the orbitrap mass analyzer of the
Q-Exactive Plus mass spectrometer effectively identified lipid species based on their m/z using
high-resolution mass accuracy. Finally, the presence of the higher-collision dissociation cell in the
Q-Exactive Plus allowed an additional level of validation for the identity of lipid species via

tandem mass spectrometry.
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CHAPTER 4 - GENERAL DISCUSSION & CONCLUSION

4.1 SUMMARY OF FINDINGS

In this thesis, I utilized mass spectrometry to profile lipid metabolism post-mortem and assess
localization in the brain. Data presented in this thesis identify fingerprints of GPC metabolic
changes post-mortem indicative of a decrease in enzymatic activity associated with remodelling
of PAF second messengers acutely following peri-mortem agonal respiration and early post-
mortem anoxia followed by an increase in membrane metabolism at longer post-mortem intervals.
Data presented in Chapter Two suggest that, for analyses of GPCs in post-mortem hippocampus,
tissue harvested between 6 to 12 h after death can be combined to produce reproducible lipidomic
analyses but that earlier post-mortem times <3 h should not be compared to tissue subjected to >3
h post-mortem interval. In Chapter Three, I elaborated the usefulness of mass spectrometry as a
technology to further study lipids by visualization. Coupling an AP-MALDI source to an Orbitrap
mass analyzer, I developed a method and protocol for IMS. This method was developed and
optimized for GPC, Cer, and SM species, enhancing signals for and producing specific signature
fragments of these lipids. This latter methodology will enable us to localize changes in lipid

metabolism to sub-regions within given anatomical brain structures.

4.2 POST-MORTEM EFFECTS ON "OMIC" DISCOVERY

While this study represents, to my knowledge, the first post-mortem assessment of lipidomic
changes, this research fits into a larger body of work focused on enabling researchers to
appropriately match post-mortem tissue and ensure results are indicative of disease and not death-
induced alterations. The useful information that RNA provides is directly derived from the genome
makes it an invaluable source for post-mortem profiling. However, the fragility of RNA is a
concern due its ability to self-attack that is inherent in its own structure (i.e., the hydrolysis reaction

248

occurring between the 2'-hydroxyl group and the adjacent phosphodiester bond)™™. In addition,
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endogenous factors such as cellular RNAses and exogenous factors such as pH, presence of
oxygen, metal ions, and water are also causes of RNA degradation. Studies on the stability and
status of RNA in post-mortem tissues, from both human and non-human brain samples, are
extensive. It has been reported that mRNA stability is variably affected during the agonal period

2% This observation also

by different factors, but remains relatively stable in post-mortem states
correlates with brain acidosis, which occurs very quickly during the agonal stages and slows down
after death®’. Interestingly, there are conflicting reports on the post-mortem stability of total RNA
in brain tissue. Some have found that global RNA level is stable over prolonged PMI and arrived
at the conclusion that post-mortem tissues are still reliable for RNA profiling as long as agonal
factors are minimized'’* **'**. Others have reported contradicting findings with loss of RNA

integrity over post-mortem time*>*

. A time-course study examining the effects post-mortem delays
have on RNA subclasses such as mRNA and miRNA reveals that these RNAs do remain stable
even up to 48-96 hours post-mortem in rat brain®. Nevertheless, it appears that there are variations
in the stability of RNAs globally and specifically; it is the selection of tissues with similar pre-
mortem influences and minimizing agonal factors that will result in the most reliable profiling of
data. On the contrary, post-mortem degradation of brain proteins has been found to produce
different patterns, with some still exhibiting high expression even days after death (up to 72

>3 while others did not change their expression until 48 hours post-mortem®°,

hours)
Consequently, it has been suggested that post-mortem stability of proteins is species-specific
where one may be degraded at a different rate and with different patterns than another given the
same post-mortem factor™ . Similarly, I found that there are variations in post-mortem disruptions
to the GPC lipidome. Sub-family such as LPC showed global increase; however, certain species

showed a decrease during the first-hour post-mortem and then increase while a couple of others

specifically decreased during the entire course of PMI. On the contrary, PC(O) PAF showed great
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fluctuations in its metabolism after-death. More than 50% of the detected PAF species showed no
change due to post-mortem delay, the remaining species showed the most fluctuations within the
first hour post-mortem. Some increases were observed to start at 3-hour post-mortem and these
seemed to favor the species with a higher number of unsaturation in their sn-/ fatty acyl chain.
Changes in PAF species in post-mortem brain tissue did not seem to be due to a stimulated
remodelling of their immediate precursor /yso-PAF (LPC(O)) because there was no significant
disruption found in this sub-family. The lyso-plasmalogen PC metabolites also exhibit species-
specific disruption in which increase in LPC(P-16:0/0:0) led to a three-fold increase in the overall
abundance of LPC(P) content while the rest showed a significant decrease. Hence, my observation
dictates that lipids, specifically GPC as being studied in this thesis, are vulnerable to post-mortem
delay. Certain species, such as most of the detected LPCs and some of the PAFs, may be collected
between 6 and 12 hours, if not immediately after death, where their changes are minimal.
Altogether, the results of this study are 1) first to examine the effects post-mortem delays have on
the lipidome, and 2) highlight the importance of collecting tissue samples at the time when their

lipidome are least disrupted due to post-mortem delays.

4.3 MALDI-IMAGING MASS SPECTROMETRY AS A LIPIDOMIC APPROACH
The methodology for lipid imaging in situ expands on previous work. Previous IMS studies
have been based mainly on the popular platform of vacuum-MALDI coupled to a TOF mass

spectrometer, since 1997+ 146-1% quring the early days of MALDI-imaging up until recently*®

261 While this method is very robust and well-documented, it has limitations. As discussed in
Chapter One, vacuum-MALDI encounters the challenge of in-source decay which may complicate
the mass spectrum and produce high background noise. The work in Chapter Three of this thesis

explores the utility of AP-MALDI source with added PDF technology for improved electron

emission and reduced S/N. I also showed that it was possible and beneficial to couple a source
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such as AP-MALDI to an Orbitrap mass analyzer due to its ease to install without compromising
the vacuum environment of the instrument and to handle tissue samples for IMS work. Utilizing
the AP-MALDI-Orbitrap platform, I developed an IMS protocol in which high spatial resolution
(50 pm), high mass resolution and accuracy and tandem mass spectrometry were combined for the
characterization and localization of phospholipids and sphingolipids in mouse brain. Few studies
have explored the advantages of this platform®****. Coupling MALDI to TOF originally answered
the quest for analyzing intact, large biomolecules such as polypeptide or proteins of thousands to
tens of thousands Dalton. A TOF mass analyzer is known for its extremely large mass range, hence,
traditionally, it was not necessary to look for a tandem-mass-spectrometry option in an MALDI-
TOF apparatus. Tandem-mass-spectrometry, on the other hand, is extremely useful for the
identification of lipids due to the signature fragments that are associated with certain lipid families
(discussed in Chapter One and Three). Thus, the work presented here highlighted the extremely
robust performance of AP-MALDI-Orbitrap IMS as a lipidomic approach.

In this thesis, I also took advantage of sublimation, a less popular but more cost-efficient and

simpler approach than the commonly-utilized robotic sprayer® ***

, to perform matrix application
on brain tissue for MALDI-IMS. I found that sublimation, as a dry method is compatible for the
localization analysis of lipids, as suggested by Hankins**. The main limitation of the sublimation
method is the time it takes for one process of matrix coating (slower than a robotic sprayer);
however, the matrix layer that this method produces is uniform and sufficient for lipid analysis on
brain tissue, as confirmed by microscopy in Chapter Three.

Finally, it is to my knowledge that it is the first time, an in situ delipidation process was carried
out and used as a negative control for a mass-spectrometry-based lipid identification approach. All

other previous MALDI-IMS work relied on lipid signal enrichment by the matrix, high mass

accuracy and/or fragmentation for assigning peaks as belonging to lipids and not another
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biomolecule class. I utilized the commonly-used histology method of clearing lipids with xylene,
a hydrophobic reagent to dissolve most lipids from fixed brain slices. This method showed to be
useful as it effectively removed the majority of lipids while still retained non-lipid metabolites on
brain tissue such as adenine. By comparing between delipidated and non-delipidated (intact) brain
slices, lipids were identified and further validated by their exact mass and fragmentation patterns
by mass spectrometry. Altogether, these steps helped to confirm the reliability of the IMS

methodology developed.

4.4 COMBINING MS METHODOLOGIES IS ESSENTIAL TO REALIZE THE

POTENTIAL OF A LIPIDOMIC APPROACH

No MS methodology provides all of the information necessary to explore the impact of lipid
abnormalities in neurodegenerative diseases. In Chapter Two of this thesis, the separation ability
of LC and technology of triple-quadrupole MS were combined to target, identify and quantify
individual lipid species within the GPC lipid class. This character of LC-ESI-MS/MS is powerful,
since it allows for: 1) the separation of different lipid classes and isobaric lipid species with
identical m/z, and 2) the relative quantification of each of these targeted lipid species. However,
the necessity to extract lipid species to enable separation destroys all spatial information of lipid
distribution. This limitation was the motivation for the work presented in Chapter Three, in which
a MALDI-IMS protocol was developed and optimized on an AP-MALDI-Orbitrap MS platform.
The technique proved to be extremely useful in retaining the distribution information of different
lipid species occupying different regions in the brain at the same time. The protocol developed in
Chapter Three of this thesis has also shown to effectively identify different lipid classes
simultaneously, and with the imaging ability of MALDI, it was able to show the different locations

of individual species.
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The findings and methods developed in this thesis showcase the power of mass spectrometry-
based lipidomic approaches and open new avenues to lipidomic analysis. I look forward to
applying the IMS methodology developed in Chapter Three to further explain the findings in
Chapter Two for a better understanding of the post-mortem disruption to the lipidome. This will
aid in deducing any delocalization effects that are associated with the changes in GPC levels. In
addition, as I have shown that the developed IMS method was also fit for detecting and identifying
other lipid classes such as SM, Cers and other phospholipid sub-classes such as PS, PE, P, it will
be possible to examine post-mortem disruptions in a broader range of the lipidome. Future work
that will further the IMS methodology such as a normalization program will be useful for the
removal of 1) background noises and interferences that affect signal intensity on the tissue slice,
and 2) systematic errors to only reveal biological variations in the generated images. Current
operating programs of the Orbitrap mass analyzer are not effective in performing proper
normalization for IMS data. Improving this shortcoming would allow the powers of AP-MALDI-
Orbitrap platform to be fully exploited when applying it to compare tissue sections which represent
different physiological or pathological states. In the context of this thesis, it will allow me to fully
explore the post-mortem lipidome, qualitatively and quantitatively, by incorporating multiple
different methods. Since the dawn of MALDI mass spectrometry, its use for aboslute

quantification has always been a controversial topic*®’

. The main reason lies in the ambiguous
nature of MALDI ionization mechanism. The reproducibility of each laser shot is not
guaranteed”®. Previous and current efforts that have been spent on quantification by imaging mass
spectrometry admitted the fundamental challenges posed by MALDI**%. While it is not the
focus of this Master's thesis or my future directions to focus on constructing an absolute

quantification method for MALDI-IMS, it is important for MALDI-IMS methods and protocols to

contain a stringent processing and normalization step, so that biologically-relevant information
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from the molecular images can be revealed and fully appreciated, and comparable with other mass-

spectrometry quantification approaches in lipidomics.
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"A hundred times every day I remind myself that my inner and outer life depend on the labours of
other men, living and dead, and that I must exert myself in order to give in the same measure as [
have received and am still receiving.”

Albert Einstein
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