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Abstract

Alzheimer’s disease is an insidious neurodegenerative disease that affects
millions of people worldwide. Currently, there are no determinants that can
accurately predict the onset cognitive decline in AD. This thesis investigates and
defines changes in the lipidome that are linked to symptomatic onset and cognitive
impairment in mouse models of AD. Using a targeted lipidomic approach
employing high performance liquid chromatography electrospray ionization
tandom mass spectrometry, direct biochemical assessments, and behavioural
evaluation, | was able to (a) profile and quantify cortical and hippocampal
glycerophosphocholine and glycerophosphoethanolamine metabolites and
signaling molecules in the ABPPSY¢/PS19° and the N5 TJCRND8 murine models
of AD and (b) associate changes in lipid metabolism with learning and memory
impairment. | demonstrate that glycerophosphocholine metabolism in the cortex
but not the hippocampus is altered at symptomatic onset in both mouse models.
These same metabolic changes were seen in younger animals exposed to chronic
intermittent hypoxia, an environmental risk factor that accelerates their
phenoconversion. In fully impaired transgenic mice, | defined metabolic changes
associated with disease progression. To further assess the impact of sex, another
risk factor of Alzheimer’s disease cognitive decline, | characterized an AD model
of sex-specific cognitive resistance. | demonstrated that transgenic males but not
females exhibit behavioural indices of cognitive reserve when tested in the Morris
Water Maze. Using this mouse line, | then investigated how measures of learning

and memory associated with glycerophosphocholine and



glycerophosphoethanolamine metabolism. | identified increases in critical
glycerophosphoethanolamine metabolites linked to spatial learning and memory
impairment in the cortex of N5 TJCNRD8 mice and demonstrated that these
changes could be predicted by profiling the plasma glycerophosphoethanolamine
lipidome. Taken together, this thesis links glycerophospholipid metabolism to the
onset and progression of learning and memory impairment in experimental models
of AD and provides the first evidence that changes in cortical lipid metabolism can

be predicted by changes in the plasma lipidome.
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Chapter 1. General Introduction

1.1 Glycerophospholipids

Lipids are an incredibly diverse and exciting class of organic molecules
comprising 50% of human brain dry weight (Sastry, 1985). The most lipid-rich organ in
the human body is the brain (Xiang et al., 2015). Brains also have the most diverse
molecular lipid composition than any other organ (Bozek et al., 2015; Lauwers et al.,
2016). An appreciation of the importance of lipids at the molecular level has only recently
emerged. Early canonical perspectives identified glycerophospholipids, the primary
structural units of all cell membranes, as ubiquitous masses of identical species
distinguished only by hydrophilic head groups and two hydrophobic hydrocarbon chains.
Accordingly, the plethora of glycerophospholipid classes, subclasses, and species were
considered to be simply packaged as a membranous bilayer with the sole purpose of
supporting transmembrane and integral proteins. This underappreciation of the
significance of lipid diversity did not acknowledge the structural complexity of various lipid
species, or how essential lipids are in signalling and metabolic pathways. In part, this
was due to the lack of available technologies capable of identifying and quantifying such
diverse yet structurally similar molecules. Fifty year ago, renowned biochemist Albert
Lehninger commented on the untapped resource of what would be known as lipidomics
when he argued that “Although considerable information is available on the electrical
behavior of the neuronal membrane, very little is yet known of its molecular composition
and structure because of the severe difficulties in separating lipid species....
Developments in the study of natural membranes promises to open the door to a

molecular biology of neuronal transmission” (Lehninger, 1968). This remark was



predicated on answering two seemingly simple questions: How many lipid species are

there? What effect does lipid diversity have on cellular function?

1.1.1 Structure and nomenclature

There are eight overarching lipid classes: fatty acyls, glycerolipids,
glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccarolipids, and
polyketides (Fahy et al., 2005; Fahy et al., 2009). Neural membranes are enriched in
glycerophospholipids, sphingolipids, and cholesterols (sterol lipids) (Frisardi et al., 2011).
Glycerophospholipids are the most common lipid class found in the neural membrane
(Frisardi et al., 2011). They account for 20-25% of the entire brain dry weight, thus
comprising half of the brain lipidome (Farooqui et al., 2000). When structural membrane
glycerophospholipids are metabolized through a variety of enzymatic and non-enzymatic
pathways (reviewed below), hydrolysis alters membrane curvature (reviewed in (Bennett
et al., 2013)) and produces bioactive metabolites and lipid second messengers capable
of signal transduction (Bennett et al., 2013; Frisardi et al., 2011; Lauwers et al., 2016;
Ryan et al., 2009). These processes are specific to the structural composition of each
glycerophospholipid thus requiring illustrative nomenclature to accurately represent these
molecules.

Glycerophospholipids are characterized by three components: (1) a glycerol
backbone, (2) a phosphate-linked head group at the stereospecific number-3 position (sn-
3), and (3) one or two hydrocarbon chains at the sn-1 and/or sn-2 carbon positions of the
glycerol backbone (Fig. 1.1A). Glycerophospholipids are divided into 20 different classes

defined by differential phospho-head groups (Fahy et al., 2005; Fahy et al., 2009). The



Figure 1.1 — Glycerophospholipid structure and nomenclature. (A) Left panel
schematic depicts glycerophospholipid structure with sn-1 hydrocarbons of various
lengths (R’, blue) and sn-2 hydrocarbons (R”, green) linked to the glycerol backbone
(black) with a phospho-head group (red) at the sn-3 position. X denotes the phospho-
head group molecule that defines the glycerophospholipid class. Right panel indicates
the two head group molecules found at the X position (focus of this thesis): choline and
ethanolamine. (B) Schematic of acyl, alkyl, and alkenyl linkages of the hydrocarbon
chains at either the sn-1 or sn-2 positions. In the event that one of the hydrocarbon chains
is hydrolyzed, the residual sn-1 or sn-2 positions are hydroxylated thus making a lyso-
glycerophospholipid. (C) Nomenclature of six main subclasses of the metabolites and
second messengers that are the focus of this thesis. (D) An example of the molecular
structure of a PC(O) denoting the nomenclature. PC(O-16:1/2:0) defines a molecular
species belonging to the glycerophosphocholine class of lipids with a polar
phosphocholine head group (PC) at the sn-3 position of the glyceride backbone, a
hydrocarbon chain of 16 carbons with 1 double bond at the sn-1 position via an alkyl
(ether) linkage (O-), and a saturated fatty acyl chain of 2 carbons at the sn-2 position via

an ester linkage.
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most abundant phospho-moieties contain either a choline or ethanolamine which identify
the lipid classes of glycerophosphocholine (GPC) and glycerophosphoethanolamine
(GPE) respectively (Fig. 1.1A). The hydrocarbon chains found at either the sn-1 or sn-2
glycerol carbons are conjugated to the glycerol back bone by: (a) an acyl linkage denoted
by an ester bond, (b) an alkyl linkage denoted by an ether bond (O-), or (c) an alkenyl
linkage denoted by a vinyl ether bond (P-) (Fig. 1.1B). If the hydrocarbon chain is
replaced by a hydroxyl moiety at either the sn-1 or sn-2 positon, the molecule is
designated as a lyso-glycerophospholipid. These linkages dictate, in part, the signalling
and metabolic properties of GPCs and GPEs.  Therefore, these linkage-specific
subclasses each have their own hierarchical subclassifications. In GPCs, for example,
when a hydrocarbon chain is present at both the sn-1 and sn-2 positions, individual
species are first defined as diacylglycerophosphocholines (PC); 1-alkyl,2-
acylglycerophosphocholines (PC(O)); or 1-alkenyl,2-acylglycerophosphocholine (PC(P))
wherein the hydrocarbon chain at the sn-1 position is linked by acyl, alkyl, or alkenyl bond,
respectively, and the hydrocarbon chain at the sn-2 position is linked by an acyl linkage.
While consideration has been given to alkyl and alkenyl-linked hydrocarbon chains at the
sn-2 position, dialkylglycerophosphocholines are exceedingly rare (Pugh et al., 1977;
Witzke and Bittman, 1986) and to our knowledge, dialkenylglycerophosphocholines have
not been identified in mammals. Thus, these two latter subclasses will not be discussed
in this thesis. While the majority of PC, PC(O) and PC(P) molecules make up the inherent
structure of the glycerophospholipid bilayers that compartmentalize membranes and are,
therefore, structural in nature, there are bioactive subgroups of PC, PC(O)s, and PC(P)s

denoted by shorter hydrocarbon chains at the sn-2 position that can act as signalling



molecules (discussed below). These molecules are smaller in nature (~450-650 Da) and
for the purposes of this thesis, only PC, PC(O) and PC(P) signalling molecules (and GPE
counterparts) will be discussed (Fig. 1.1C). Both signaling and structural membrane
glycerophospholipids can be further metabolized into monoacylglycerophosphocholines
(LPO), monoalkylglycerophosphocholines (LPC(QO)), or
monoalkenylglycerophosphocholines (LPC(P)) by hydrolysis of either the sn-1 or sn-2
hydrocarbons (Fig 1.1C). GPEs are metabolized in a similar manner albeit using different
enzymes (reviewed below) and will be similarly examined in this thesis.

These structural differences are fully represented by recently standardized lipid
nomenclature (Fahy et al., 2009). As an example (Fig. 1.1D), the PC(0O-16:1/2:0)
molecule is defined by the presence of a phosphocholine headgroup (PC) at the sn-3
position of the glycerol backbone, a hydrocarbon chain composed of 16 carbons with one
unsaturation (i.e., one double bond, 16:1) linked to the sn-1 position of the glycerol
backbone by an alkyl linkage (O-16:1), and an acyl-linked (no prefix) fully saturated two-
carbon acetyl group (2:0) at the sn-2 position. This precision allows the diversity in lipid

structure to be easily described.

1.1.2 Alkyl and alkenyl glycerophospholipid signalling molecules

PC(O) lipids with short sn-2 hydrocarbon chains represent a group of particularly
bioactive molecules called platelet-activating factors (PAFs). The most potent species
are defined as having the alkyl linkage at the sn-1 position and an acetyl group at the sn-
2 position (Liu et al., 2016). This subclass also includes PAF-like molecules,

characterized by a longer hydrocarbon chain at the sn-2 (between 4-10 carbons), that



can result from the oxidation of longer sn-2 hydrocarbons (Marathe et al., 2002). Activity
is, in part, dictated by binding to a single G-protein coupled PAF receptor (PAFR),
primarily implicated in regulating pro-inflammatory processes (Ryan et al., 2008; Smiley
et al, 1991). PAFR can also bind to 1-alkyl,2-acylglycerophosphoethanolamines
(PE(O)s) with a similar response albeit with lower binding affinity (O'Flaherty et al., 1994).
PAFR-dependent pathways are involved in platelet aggregation, leukocyte activation,
chemotaxis and reactive oxygen species (ROS) generation as well as inducing the
expression of proinflammatory molecules such as IL-6 and iINOS (reviewed in (Liu et al.,
2016)). PAFs can also operate through PAFR-independent pathways and will activate
differential mechanisms based on the length of the sn-1 hydrocarbon chain which our lab
has shown mediates chain-specific pro- or anti-apoptotic effects (Ryan et al., 2008).
Lyso-PAFs, (i.e. LPC(O)s), are usually considered the inactive metabolite of PAF but may
also modulate PAF signalling cascades, particularly by reducing the production of
superoxides and inhibiting platelet aggregation (Welch et al., 2009). In the brain, PAFs
play a dual role. As in the circulation, they act as inflammatory mediators and are involved
in inflammation, ischemic injury, and stroke (Bozlu et al., 2007; Hostettler and Carlson,
2002; Row et al., 2004). However, they have also been linked to cognition, likely through
modulation of long-term potentiation (LTP) via actions as retrograde neurotransmitters
released by the post-synaptic cell in response to glutaminergic stimulation that activate
pre-synaptic PAFR to potentiate further glutamate release (Kato et al., 1994). When PAF
analogs are injected into the hippocampus, entorhinal cortex, amygdala or striatum,
memory retention is enhanced in avoidance and spatial habituation tasks corresponding

with a lower escape latency in the Morris Water Maze (MWM) (Izquierdo et al., 1995;



Packard et al., 1996). Interestingly, in PAFR-/- mice, there is an amelioration of hypoxic
impairment suggesting that PAFR signalling can mediate the cognitive response to
hypoxic exposure (Row et al., 2004).

Alkenyl-linked glycerophospholipids are also known as plasmalogens. These
species are considered antioxidants due to the cis-double bond defining the vinyl ether
(alkenyl) group at the sn-1 position. This double bond makes plasmalogens more
susceptible to oxidative attacks by ROS therefore protecting cells from the deleterious
effects of ROS on the cell (Braverman and Moser, 2012; Broniec et al., 2011). This could
be in part why plasmalogens are thought to be anti-apoptotic in the central nervous
system (CNS) (Hossain et al., 2013; Hossain et al., 2016). Plasmalogens may also be
involved through the activation of the protein kinase B (Akt) and extracellular signal-
regulated kinase (ERK) pathways (Hossain et al., 2013). Similar to alkyl-linked
glycerophospholipids, these pathways may be activated through the actions of plasmanyl-
specific G protein-coupled receptors (GPCRs). Five neuron-specific GPCRs with
previously unknown functions demonstrate enhance plasmanyl-dependent
phosphorylation of ERK and Akt when overexpressed. Furthermore, this effect can be

inhibited when these GPCRs are knocked down (Hossain et al., 2016).

1.1.3 Synthesis, remodeling, and oxidation

PC(O)s, PCs, PE(O)s, and diacylglycerophosphoethanolamines (PEs) can be
synthesized via the Kennedy (de novo) pathway. Subsequent desaturation of PE(O) to
PE(P) or conversion of 1-alkenyl,2-acylglycerophosphoethanolamine (PE(P)) to PC(P)

generates the plasmalogens (Fig 1.2.A). All subclasses can be remodelled via the Lands’



Figure 1.2 — Pathways of GPC and GPE synthesis and remodeling. (A) The
Kennedy pathway of de novo GPE and GPC synthesis. (B) The Lands’ cycle of
enzymatic remodeling of GPCs and GPEs into bioactive metabolites and second
messengers. (C) Non-enzymatic oxidation of glycerophospholipids into GPC and GPE
with truncated carbon chains. Abbreviations: ATP — adenosine triphosphate; ADP —
adenosine diphosphate; CK — choline kinase; EK — ethanolamine kinase; CTP — cytidine
triphosphate; PPi — pyrophosphate; CCT — CTP:phosphocholine cytidylyltransferase;
ECT — CTP:phosphoethanolamine cytidylyltransferase; CDP — cytidine diphosphate;
DAG - diacyl glycerol — AAG — alkyl-acyl glycerol; CMP — cytidine monophosphate;
CPT - cholinephosphotransferase; EPT — ethanolamine phosphotransferase; PEMT —
phosphatidylethanolamine  methyltransferase; PED -  plasmenylethanolamine
desaturase. sPLA, — secreted phospholipase A; cPLA,; — cytosolic phospholipase Ay;
iPLA; — Ca®*-independent phospholipase A;; PAFAH — platelet-activating factor acetyl
hydrolase; LPLA, — lysosomal PLA,; LPCAT — lysophosphocholine acyltransferase;

LPEAT - lysophosphoethanolamine acyltransferase; ROS — reactive oxygen species.
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cycle remodelling pathway (Gibellini and Smith, 2010; Kennedy and Weiss, 1956;
Moessinger et al., 2014; Shindou et al., 2009) (Fig. 1.2). The initiating reaction in the
Kennedy pathway is the phosphorylation of a choline or ethanolamine molecule by
choline or ethanolamine kinase (CK or EK) respectively (Gibellini and Smith, 2010)
however some CKs can also phosphorylate ethanolamine (Kent, 1995). In the rate-
limiting second step, cytidine triphosphate (CTP):phosphocholine cytidylyltransferase
(CCT) or the phosphoethanolamine equivalent (ECT) will use CTP to form cytidine
diphosphate (CDP)-choline or CDP-ethanolamine, releasing a pyrophosphate (Gibellini
and Smith, 2010). In the final step of GPC de novo synthesis, cholinephosphotransferase
(CPT) transfers CDP-choline to either diacylglycerol (DAG) or alkyl-acylglycerol (AAG) to
form a GPC molecule releasing cytidine monophosphate (CMP). The final step in GPE
synthesis is equivalent with the ethanolamine-specific enzyme (EPT) (Gibellini and Smith,
2010). Additionally, GPEs can be transformed into GPCs via the action of
phosphatidylethanolamine methyltransferase (PEMT) that methylates the amine of the
ethanolamine headgroup to convert it to a choline (Guan et al., 1999b). Once PE(O)s are
formed, the proximal carbon of the sn-1 moiety can be desaturated by
plasmenylethanolamine desaturase (PED) to form PE(P). Since there is no
plasmenylcholine desaturase to form PC(P)s (Braverman and Moser, 2012), PE(P) must
be converted to PC(P) either by methylation through PEMT or through the actions of
phospholipase C which will cleave the PE(P) head group, allowing CPT to transfer a PC
as the sn-3 moiety, thus forming PC(P) (Braverman and Moser, 2012).

The Lands’ cycle reversibly remodels GPCs and GPEs from structural membrane

components to (and from) bioactive metabolites and signalling molecules (Fig. 1.2B).
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GPCs and GPEs with hydrocarbon chains between 12 and 30 carbons at both the sn-1
and sn-2 positions are defined as structural glycerophospholipids commonly found as the
central component of the membrane. These molecules can be hydrolyzed at the sn-2
position through the actions of phospholipase A2 (PLAz) enzymes to yield lyso-GPCs and
lyso-GPEs and a free fatty acid (Burke and Dennis, 2009; Richmond and Smith, 2011).
There are also phospholipase A1 enzymes that hydrolyze hydrocarbons at the sn-1
position of glycerophospholipids not directly related to the Lands’ cycle pathway (Imae et
al., 2010; Richmond and Smith, 2011).

The PLA:2 superfamily is composed of five specific categories of enzymes
subdivided into 15 groups and multiple subgroups (Fig 1.2B). This hierarchy is defined,
in part, by their molecular weights, Ca?* activity dependency, and hydrocarbon chain
affinity (reviewed in (Burke and Dennis, 2009; Schaloske and Dennis, 2006)). The five
categories of the PLA2 superfamily are: i) secreted PLAz, ii) cytosolic PLA2 (cPLA2), iii)
Ca?*-independent PLA2 (iPLA2), iv) PAF acetylhydrolase (PAFAH), and v) lysosomal
PLA2 (LPLA2) (Burke and Dennis, 2009; Schaloske and Dennis, 2006). sPLA:zs are
primarily distinguished by their low molecular weight (13-18 kDa), although there has
recently been a 55 kDa sPLAz found in humans (Valentin et al., 2000). Humans express
group (G) I, II, IV, X and Xl sPLAz, though more isoforms of sPLA2 be found in other
organisms (Schaloske and Dennis, 2006; Valentin and Lambeau, 2000). Individual
groups of sPLA2s show preferential cleavage of specific hydrocarbon chains from the sn-
2 position (Murakami et al., 2015; Pruzanski et al., 2005). For example, GV has a low
preference for polyunsaturated fatty acid (PUFA)-linked sn-2 chains but GX does show

preference, particularly for linoleic acid (LA, 18:2) and arachidonic acid (AA, 20:4)

12



(Pruzanski et al., 2005). AA can form a group of lipids called eicosanoids involved in pro-
inflammatory pathways but can also be p-oxidized and converted to ROS (Rapoport,
2014; Schaloske and Dennis, 2006).

While some subgroups of cPLA:2 also exhibit preferential cleavage for AA, the
cPLA2 family of proteins are larger, ranging from 61-114 kDa defining GIV of PLA2
isoforms (Burke and Dennis, 2009). Of this group, there are six subgroups (GIVA-F)
which have differing affinities for sn-2 moieties (Burke and Dennis, 2009). All of these
subgroups are Ca?*-dependent except for GIVC however its homology with other GIV
PLA:zs phylogenetically justified its inclusion as a GIV phospholipase (Burke and Dennis,
2009; Underwood et al., 1998). The primary subgroup related to cleavage of AA is group
IVA (Clark et al., 1991). Group IVD has a specificity for LA (18:2). GIVB and GIVC have
no specificity. GIVE and GIVF have specificity for both AA and LA (Burke and Dennis,
2009; Ohto et al., 2005). Interestingly, GIVF also shows substrate specificity for
glycerophospholipid headgroups, preferring GPEs to GPCs. (Ohto et al., 2005).

Similar to cPLAzs, iPLA2 are larger (28-146 kDa) and are comprised of six
subgroups encompassing GVI PLAzs (Burke and Dennis, 2009). It was originally believed
that unlike other PLA2 categories, iPLA2s have no known fatty acyl specificity (Schaloske
and Dennis, 2006). However, recent discoveries suggest this untrue. iPLA2 exhibits both
head group and hydrocarbon chain composition specificity. It has a mild preference for
GPEs and prefers LA substrate binding (Mouchlis et al., 2018).

PAFAHSs are PLA2 enzymes that specifically hydrolyze the acetyl group from PAF
molecules to produce lyso-PAFs (i.e. LPC(O)) (Schaloske and Dennis, 2006). They

range from 26-46 kDa and include GVII and GVIII PLAzs. Both GVII and GVIII PAFAHs
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incorporate two subgroups (A and B) respectively. GVIIA PAFAHSs are a secreted form of
the enzyme released into circulation whereas GVIIB, GVIIIA and GVIIB all are
intracellular. GVIIIA and GVIIIB PLA2s each have a catalytic subunit (el and a2
respectively) and a regulatory subunit (). The catalytic subunits dimerize to affect
substrate specificity of PAFAH activity. For instance, a2/a2 homodimer shows higher
specificity for PC(O) and PE(O) molecules whereas al/a2 and al/al dimers prefer
glycerophosphatidic acids (GPAs) (Manya et al., 1999; Schaloske and Dennis, 2006).

The final PLA2, LPLA2zs, encompass GXV PLA2s with both PLA2 activity and
transacylase activity. They are responsible for acylating the hydroxyl groups on
ceramides (the building block of sphingolipids) and hydrolyze the sn-2 fatty acyl groups
from glycerophospholipids to use as donors (Abe and Shayman, 1998). There is only
one known isoform (45 kDa) currently known of (Schaloske and Dennis, 2006). The
complexity in substrate specificity in the hydrolysis of sn-2 hydrocarbon chains coupled
with the advanced nomenclature of PLA2 enzymes is a prime example of the diversity and
depth of lipid metabolism.

Once PLA2 enzymes act on GPCs and GPEs, they produce lyso-GPCs such as
LPCs, LPC(O)s, LPC(P)s, as well as lyso-GPEs including
monoacylglycerophosphoethanolamines (LPEs),
monoalkylglycerophosphoethanolamines (LPE(O)s), and
monoalkenylglycerophosphoethanolamines (LPE(P)s) (Fig. 1.2B). These metabolites
can either be remodeled back into their respective structural precursors via the actions of
lysophospholipid acyl transferases (LPLATS) or further modified into bioactive second

messengers. In order for LPLATS to operate, fatty acids are first conjugated to coenzyme
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A (CoA). LPLATs will bind the fatty acyl-CoA and transfer it to the hydroxyl-bound sn-1
or sn-2 position of the lyso-glycerophoshopholipid (Shindou et al., 2009). There are at
least 15 known LPLAT isoforms with various specificities for the type of hydrocarbon
chain, the linkages, and the headgroup of its lyso lipid substrate (Hishikawa et al., 2008;
Shindou et al., 2009). There are five LPLATs with LPC specificity: lysophosphocholine
acyltransferase 1 (LPCAT1), LPCAT2, LPCAT3, LPCAT4 and lysophosphoethanolamine
acyltransferase 2 (LPEATZ2). Evidenced by LPC-active LPEATZ2, there is cross-reactivity
with LPEs as well. LPLATSs active with LPEs are LPCAT3, LPCAT4, LPEAT1 and LPEAT2
(Shindou et al., 2009). LPLATs also have selectivity for specific hydrocarbon chains
(Shindou et al., 2009). LPCAT1 and LPCAT2 have PAF acetyl transferase activity and
will preferentially bind an acetyl group to PAF (Harayama et al., 2008). However, LPCAT1
also has affinity for saturated hydrocarbon chains ranging from 6-16 carbons (Chen et al.,
2006; Nakanishi et al., 2006). This is very different than LPCAT2 which will also transfer
an arachidonyl group (20:4) (Shindou et al., 2009). LPCAT3, LPCAT4, LPEAT1 and
LPEATZ2 all will preferentially transfer an oleoyl group (18:1) (Hishikawa et al., 2008).
LPCAT3 will also selectively transfer linoleoyl and arachidonyl groups while LPEAT2
selects for arachidonyl, palmitoyl (16:0) and stearoyl (18:0) groups (Cao et al., 2008;
Hishikawa et al., 2008).

Finally, as summarized in Fig 1.2C, enzymatic pathways are not the only process
involved in the remodelling of glycerophospholipids. In the presence of oxidative stress,
unsaturated hydrocarbon chains become targets for ROS and will be oxidatively
fragmented at the site of their double bond (Bochkov et al., 2010; Chen et al., 2008; Solis-

Calero et al., 2015). This makes PUFA-linked GPCs and GPEs more susceptible to
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oxidative fragmentation. The result of this fragmentation can be the production of
bioactive PAF-like molecules (Mcintyre, 2012). Oxidative fragmentation can also occur at
1-alkenyl and 1-acyl-linkages to glycerophospholipid backbone (Reis and Spickett, 2012;
Wynalda and Murphy, 2010). The remaining truncated glycerophospholipid hydrocarbon
chain is composed of a methyl, aldehyde, hydroxyl, or carboxylic acid group (Reis and

Spickett, 2012; Spickett and Pitt, 2015) (Fig. 1.2C).

1.2 Methodologies in neurolipidomics

Recent advances in high performance liquid chromatography (HPLC),
electrospray ionization (ESI), and mass spectrometry (MS), coupled with new membrane
separation and extraction methodologies, have provided us with the means to quantify
the diversity of lipid species (Bou Khalil et al., 2010; Brown and Murphy, 2009; Piomelli
et al., 2007; Xu et al., 2013). This new “omics” field, lipidomics, considered a sub-field of
metabolomics, is defined by the comprehensive and quantitative analysis of specific lipid
categories, classes, and species present in different cell organelles, cells, tissues, and
organisms. Neurolipidomics, in particular, focuses on the lipid composition of the CNS
and peripheral nervous systems (PNS). This focus encompasses not only the profiling
and quantification of lipid composition but also the exploration of the regulatory enzymes
altering lipid metabolism, the protein effectors of lipid signalling, and the impact of lipid

composition on the function of membrane proteins.
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1.2.1 — Technical considerations when isolating glycerophospholipids for lipidomic
analysis

The diversity of glycerophospholipids reviewed above is also reflected in their
abundance; concentrations of different species are estimated to range between amol to
nmol/mg protein, a 10°-fold difference (Yang and Han, 2016). Thus, as with all ‘omic’
technologies, sample preparation is crucial, as it dictates which lipid classes, subclasses
and species will be enriched for in a given extract. Not surprisingly, individual classes
and subclasses are extracted with different degrees of efficiency depending on the
protocol employed. There are four primary methods of lipid extraction, each with different
lipid-specific extraction efficiencies: (1) the methyl tert-butyl ether (MTBE) method, (2) the
butanol/methanol (BUME) method, (3) the Folch method, and (4) the Bligh and Dyer
method. In the case of neurolipidomics, each method begins with dissection, flash-
freezing, and subsequent homogenization of different brain regions in extraction solvents
along with necessary standards. Internal standards allow for the accurate quantification
of lipid abundances by considering sample-to-sample variations in extraction efficiency.
Each class of lipid under investigation must be normalized to an internal standard of the
same class with the inherent assumption of an identical MS response.

The MTBE method uses a mixture of MTBE, methanol and water that separates
the MTBE organic phase as the top layer after phase separation. While this method allows
for rapid automated sampling from the upper phase, itis also considered somewhat “dirty”
as considerable agueous contaminants are retained in the MTBE phase (Yang and Han,
2016). The BUME method solves some of these problems combining BUME (3:1,

butanol:methanol) with an aqueous solution followed by the addition of heptane/ethyl
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acetate (3:1) with acetic acid for phase separation (Lofgren et al., 2016; Yang and Han,
2016). This method specifically recovers sterols, glycerolipids, sphingolipids, and
glycerophospholipids (Lofgren et al., 2016). Of the glycerophospholipids, it is particularly
efficient at recovering glycerophosphoserines (GPSs), GPAs,
glycerophosphatidylglycerols (GPGs) and glycerophospholinsositals (GPIs) but not
GPCs or GPEs (Lofgren et al., 2016). Present adaptations of classic lipid extraction
methods include the modified Folch method (Folch et al., 1957) and the modified Bligh
and Dyer method (Bligh and Dyer, 1959). Both include chloroform as the organic phase
used to isolate lipids. Technical considerations for these widely-used methods are the
chloroform toxicity and the challenge of recovering the solvent extract from the bottom
phase. Both use a combination of chloroform/methanol/aqueous solution that only vary
in ratio (Yang and Han, 2016). They are ideal for small tissue samples such as specific
anatomical regions in the rodent brain. The modified Folch method is optimal for 100 mg
of tissue while the modified Bligh and Dyer methods are used for even smaller tissue
samples under 50 mg tissue weight (Yang and Han, 2016). Additionally, the modified
Bligh and Dyer method, particularly using acidified conditions, is more efficient in the
recovery of GPCs and GPEs, particularly LPC metabolites and signalling molecules, than
either the Folch or MTBE methods (Reis et al., 2013). Our laboratory has shown that
adding acetic acid to the methanol phase at time of homogenization both improves
recovery of acidic glycerophospholipids without compromising extraction of neutral
phospholipids and indeed enriches extracted GPCs for species with labile alkyl (PC(O))

and alkenyl (PC(P)) linkages (Xu et al., 2013).
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In any type of lipid extraction, there are certain experimental caveats that must be
considered to avoid contaminating results. As mentioned above, glycerophospholipids
are susceptible to oxidation (Furse et al., 2015). Thus, care must be taken to limit
exposure to oxygen during an extraction. Even once lipids are extracted, they should be
stored in an environment to reduce any oxidative reactions. One way to accomplish this
is by replacing the air in the storage vials with pure nitrogen gas. Another consideration
is to avoid exposure to ultraviolet light which can form acylating agents that will target
nucleophilic groups such as the GPE headgroup (Cone et al., 1982; Furse et al., 2015).
Therefore samples must be stored in the dark, preferably opaque storage vials that
reduce light exposure during transport and use. A final consideration in lipid extractions
often overlooked by many teams, is the degradation of plastics by organic solvents that
extracts are stored in. Organic solvents even as weak as ethanol cause degradation of
plastics such as polypropylene found in the common Eppendorf tube which will
contaminate biological extracts (McDonald et al., 2008). Our laboratory has unpublished
data indicating that the extraction of cerebrospinal fluid (CSF) in plastic Eppendorf tube
or glass kimble tubes yields vastly different profiles with additional contaminants found in
the Eppendorf extraction that were absent from the kimble extraction. Indeed, in a recent
Keystone Symposia presentation, Dr. Walt Shaw, the chief scientific officer of Avanti Polar
Lipids, the leader in synthesis of MS-grade lipid standards, emphasized requirement to
extract in acid-washed glass and store samples in SCHOTT FIOLAX® glass vials (Shaw
et al., 2017). While a seemingly inconsequential decision, it is suggested that the
attention paid to extraction procedures will fundamentally dictate results and inter-lab

reproducibility.
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1.2.2 — Direct infusion and HPLC-ESI-MS

Profiling the lipidome primarily relies on MS technologies that are capable of
distinguishing between species based on subtle structural differences. There are two
main ESI-MS based approaches used to profile glycerophospholipids: (1) direct-infusion
MS (also known as shotgun lipidomics) and (2) HPLC-ESI-MS.  Shotgun lipidomics
directly infuses samples into the mass spectrometer without prior LC separation. Itis a
high throughput method that requires minimal sample manipulation. This approach
enables rapid simultaneous analysis of all glycerophospholipids with bias for the most
abundant species, yet is unable to separate molecular species with equivalent mass
(isobaric species). For example, PC(18:0/0:0) and PC(0-16:0/2:0) have the same exact
mass (523.3638 Da) but with considerably different signalling and metabolic properties
(Gazos-Lopes et al.,, 2014). These species will not be separated by direct-infusion
methods and are therefore unable to be appropriately quantified.

The most common technique for the separation of isobaric species is the use of
specific liquid chromatography methods prior to MS analysis. HPLC is a highly accurate,
reproducible and sensitive method of species separation, particularly for
glycerophospholipids and sphingolipids (Sethi and Brietzke, 2017). It is ideal for the
detection of lower abundant species such as metabolites and signalling molecules (Han,
2016). Normal-phase and reverse-phase HPLC are the two commonly used LC in
lipidomics research (Kofeler et al., 2012). In normal-phase HPLC, lipids are separated
by their differences in hydrophilicity that is primarily determined by the polar head groups,
thus allowing lipid classes to be separated. In contrast, reverse-phase HPLC separates

molecules based on hydrophobicity (Fig. 1.3A). For glycerophospholipids, hydrophobicity
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is mainly determined by the length and degree of unsaturation of the hydrophobic
hydrocarbon chains at the sn-1 and/or sn-2 positions. Thus, reverse-phase HPLC allows
for the separation of glycerophospholipid molecular species including most isobaric
species (Sethi and Brietzke, 2017; Zhao et al., 2015). Isobaric species with the same
exact mass (e.g. PC(0-16:0/2:0) and PC(18:0/0:0)), but different hydrophobicities (e.qg.
differing hydrocarbon chain lengths), will be separated (Fig. 1.3A). Due to this separation,
these molecules will elute from the column at different times, this is known as “elution
time” or “retention time” (Sethi and Brietzke, 2017; Zhao et al., 2015). Thus, separated
isobaric species will be injected into the mass spectrometer at different times.

Once sample molecules are separated by reverse phase HPLC, they flow through
a capillary to be injected into the mass spectrometer (now in order of hydrophobicity).
Two requirements to remember when injecting lipids into a mass spectrometer are a)
analytes must be detected in gaseous form and b) MS will only detect charged analytes,
thus analytes must be detected as a mass-to-charge (m/z) ratio (Dass, 2000). In order to
accomplish both of these criteria using a lipid extraction solubilized in liquid solvent, lipids
must be desolvated and ionized before entering the spectrometer. However, lipids are
relatively labile and they tend to undergo unwanted fragmentation in the ionization source
using conventional ionization techniques (Banerjee and Mazumdar, 2012). The
introduction of the “soft ionization” techniques such as ESI has greatly facilitated
lipidomics research by minimizing intrasource fragmentation. ESI is particularly sensitive
in processing GPCs and GPEs, thus making it one of the most used soft ionization

techniques in lipidomics (Li et al., 2014; Tian et al., 2013). In ESI, a strong electric field is
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Figure 1.3 - HPLC-ESI-MS/MS methodologies on a triple quadrupole mass
spectrometer. (A) A schematic of reverse-phase HPLC wherein lipid molecules are
separated by hydrophobicity prior to ESI. Coloured dots indicate lipid molecules of varying
hydrophobicities separated along the HPLC column (red is the most hydrophobic and
violet the least hydrophobic). (B) A schematic of ESI as lipid molecules are transferred
from the capillary to the mass spectrometer. Adapted from (Banerjee and Mazumdar,
2012). (C) Alist of detection and quantification methods used with triple quadrupole mass
spectrometers using tandem mass spectrometry (MS/MS). The top panel represents the
flow-through of each quadrupole while the bottom table differentiates between different
detection methods. ProlS, NLS and PIS are used to scan across a range of m/z values
before and/or after fragmentation in Q2 for detection of all analytes within that range.
SRM/MRM select for specific values within those ranges to enhance resolution of

detection. Adapted from (Lam and Shui, 2013).
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produced at the ion source by the application of high voltages. Heated gas is also applied
once lipid extract is sprayed from capillary to facilitate evaporation. lonized molecules
generated in the liquid solvent (with either a positive or negative charge) will be
concentrated near the capillary tip by the electric field. These molecules will then be
sprayed from the capillary tip in the form of liquid droplets. In positive ion mode (Fig. 1.3B,
adapted from (Banerjee and Mazumdar, 2012)), the high voltage applies a net positive
charge to solvated lipid droplets as they spray from the tip of the capillary. The spray is
the result of an accumulation of positive charges at the end of the capillary that emerge
from the capillary tip in the form of an inverted cone. This phenomenon is called a “Taylor
cone” and immediately initiates the spraying of a fine mist composed of lipid-containing
liquid droplets with a net positive charge from the tip (Banerjee and Mazumdar, 2012). As
the liquid droplets are sprayed, there is a progressive evaporation of liquid solvent
enhanced by the application of heated gas which concentrates the charge in the droplet.
As the like charges become more concentrated, the electrostatic repulsion forces
(Coulomb’s forces) in the droplet grows until the charge exceeds the surface tension of
the droplet (Rayleigh limit). Once this occurs, there is an explosive dissociation (Coulomb
fission) of the droplet, completely desolvating the lipid ions. This creates a steady spray
of gaseous lipid ions into the mass spectrometer while maintaining their structural integrity
(Fig. 1.3B) (Banerjee and Mazumdar, 2012; Bruins, 1998; Ho et al., 2003; Yang and Han,
2016).

Desolvated lipid ions entering the mass spectrometer are filtered by a mass
analyzer. A very common mass analyzer utilized in lipidomics is the quadrupole (Kofeler

et al., 2012). Quadrupole mass analyzers are an essential tool when directing lipidomic
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profiling to a specific class of lipids. A quadrupole mass analyzer is composed of four
parallel metal rods. A direct current (DC) is applied to two opposing rods and alternating
radio frequency (RF) to the other two rods. These regulate the flight of ions between the
four rods. Specific DC and RF dictate which ions are allowed to pass through based on
m/z (Di Girolamo et al., 2013). This permits experimenters to mass-select for specific
analytes or to profile across a broad mass range of analytes thus allowing for the specific
profiling of a myriad of lipid molecules of varying sizes.

One of the most utilized mass spectrometers in lipidomics is a triple quadrupole
mass spectrometer (Kofeler et al., 2012). Triple quadrupoles offer specific methods for
detection of lipid classes, subclasses and species. They possess three sequential
guadrupoles (Q1, Q2, Q3) that analytes must pass through to be detected. Q1 and Q3
are true mass analyzers while Q2 is a collision cell responsible for fragmenting analytes
by bombarding them with inert gas molecules. Q1 can be programmed to scan for
“precursor” ions found in the sample. Once the desired precursor ions enter Q2, they
undergo collision-induced dissociation (CID) and are fragmented into product fragments.
Q3 then scans for “product” fragment ions created by the fragmentation of the precursor
ions. The fragment ions allowed through Q3 are then detected by a detector. Through
these basic concepts, triple quadrupole mass spectrometers enable researchers to
profile, detect and quantify both targeted and non-targeted lipid profiles.

In lipidomics, there are three main scans performed on a triple quadrupole for
directed detection of lipid molecules: product ion scans (ProlSs), precursor ion scan
(P1Ss), and neutral loss scans (NLSs) (Fig. 1.3C, adapted from (Lam and Shui, 2013)).

ProlSs are used for directed analyses to determine the specific molecular structure of a
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precursor ion (Lam and Shui, 2013). In ProlS mode, Q1 is programmed to filter through
the m/z of the precursor ion of interest. The precursor ion enters Q2 to undergo CID, and
the resulting product ions will be scanned in Q3 and all ion current recorded. The
information collected from the detected m/z of the product ions is indicative of the
structural and molecular composition of the precursor ion. In PIS, a specific product ion
is selected in Q3 and the precursor ions are scanned across a range in Q1. This method
is selective for ions with a common functional group. For example, GPCs all have a
common phosphocholine head group. Q1 is programmed to scan a m/z range of
precursor ions (e.g. 450-650 m/z for metabolites and signalling molecules), after CID in
Q2, fragment ions at 184.1 m/z corresponding to the phosphocholine head group from
the precursor ions are scanned in Q3. This provides a viable method where only lipid
species that possess a phosphocholine molecule will be detected by the mass
spectrometer. However, not all glycerophospholipid head groups will be charged when
fragmented and are therefore undetectable by the mass spectrometer. GPEs are an
example of a lipid class that upon fragmentation, lose a common neutral fragment (i.e.
the phosphoethanolamine head group). This makes NLSs essential in lipidomics. In a
NLS, both Q1 and Q3 scan across a m/z range but with a constant mass offset. This will
lead to the selective detection of all ions that, when fragmented, will lose a common
neutral fragment (e.g. the phosphoethanolamine head group). This allows for the
detection of glycerophospholipids with neutral head groups. Both PIS and NLS allow the
experimenter to detect and profile all specific lipid molecules within a set range. Though
powerful in profiling, these types of scan modes waste time scanning in m/z regions where

there are no analytes present. Selected or multiple reaction monitoring systems (SRM
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and MRM respectively) is the method of choice for selective and sensitive quantification.
In these methods, neither Q1 nor Q3 scan across a m/z range but instead are
programmed for known precursor and product ions. Based on the discovery of specific
precursors found in a sample through PIS or NLS, a precursor transition list of m/z values
representing all the detected precursor ions in a sample is generated. Q1 is programmed
to exclusively select for the m/z of one or multiple precursor ions. Q3 will be similarly set
to select for either a single common product ion fragment or multiple product ion
fragments. This allows the mass spectrometer to focus specifically on the selected m/z
values of the transition lists which provides better resolution by reducing baseline noise
and allowing for more accurate and sensitive detection of specific lipid molecules. These
reaction monitoring systems drastically improve the accuracy and reproducibility of
lipidomic quantification (Lam and Shui, 2013). Applying these technologies to biomarker
discovery and the search for therapeutic targets in neurological diseases offers a new
neurolipidomic perspective on the effects that changes in glycerophospholipids have on

the brain and how these impact cognition.

1.3 — Applying a neurolipidomic approach to provide new insight into Alzheimer’s
disease (AD) cognitive decline

Of all neurodegenerative diseases, AD is the most prevalent and results in
impaired cognition and dementia with defined pathological criteria (Ferri et al., 2005;
Plassman et al., 2007; Qiu et al., 2009; Reitz et al., 2011). Cognitive decline in AD is an
insidious process which current biomarkers are currently unable to predict with

confidence. Furthermore, treatment options are limited and are not curative nor disease-

27



altering. In this thesis | demonstrate that using tools such as HPLC-ESI-MS/MS,
neurolipidomics offers a critical avenue of investigation to determine metabolic changes
indicative of cognitive decline and to provide earlier detection and prevention of cognitive

impairment in AD.

1.3.1 — The characteristics of AD pathology

In the original discovery of AD pathology by Dr. Alzheimer in 1907, two primary AD
pathologies were described. Both of these pathologies are still used in diagnosis today
(Alzheimer et al., 1995; Hippius and Neundorfer, 2003). They are (1) the accumulation
and deposition of amyloid-beta (AB) peptides in the form of extracellular plaques, and (2)
the intraneuronal aggregation of hyperphosphorylated tau into neurofibrillary tangles
(Kang et al., 2017).

AB is processed from amyloid precursor protein (ABPP), a type | transmembrane
protein (Matsui et al., 2007). ABPP is transcribed from the APP gene on chromosome 21
and is composed of 18 exons; A is processed from exon 16 and 17 (Rademakers et al.,
2003; Tanzi et al., 1987). There are three principal isoforms of ABPP in the human CNS.
ABPP 770 and 751 are found in glia, whereas the much more predominant ABPP 695 is
localized to neurons (Matsui et al., 2007). ABPP 770 is the longest form of the protein;
ABPP 751 and 695 are formed through alternative splicing of exons 7 and 8 (Panegyres,
1997). Post-translational ABPP processing is dependent on a family of secretases and is
divided into non-amyloidogenic and amyloidogenic pathways (Haass et al., 2012; Wilkins
and Swerdlow, 2016; Zhang et al., 2011) (Fig. 1.4A). The non-amyloidogenic pathway

involves sequential cleavage by a-, and y-secretase. The a-secretase cleavage site is
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Figure 1.4 - Production of neuropathological AB peptides from ABPP. (A) Processing
of ABPP through the non-amyloidogenic (left) pathway via the actions of a- and y-
secretases and the amyloidogenic (right) pathway via B- and y-secretase activity
generating AP peptides. Adapted from (Pajak et al., 2016). (B) The specific amino acid
sequence of the AB peptide identifying specific cleavage sites of a- and -secretase along
with the multiple cleavage sites recognized by the y-secretase complex that generate A
peptides of different sizes. Mutations in ABPP (Swedish and Indiana) that promote the
amyloidogenic pathway are identified. Adapted from (Benilova et al., 2012). (C) After p-
secretase cleavage, the presenilin subunit of y-secretase cleaves Ap from AICD. The
most common AD-promoting mutation is found in this subunit with the deletion of exon 9
(dE9) that promotes cleavage at the neuropathological ABa2 site. Adapted from (Erez et

al., 2009).
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found in the middle of the Ap peptide. Cleavage by a- and y-secretase results in soluble
APPa (sAPPa), a short peptide (p3), and the ABPP intracellular domain (AICD). In the
pathological amyloidogenic pathway, ABPP is cleaved by B-, then y-secretase; this
produces sAPPf, AICD and AB (Fig. 1.4A). The y secretase complex is composed of
four subunits: (a) the catalytic subunit--a presenilin (PS) heterodimer composed of PS1
and PS2 proteins, (b) nicastrin, (c) anterior pharynx defective 1, and (d) PS enhancer 2
(PEN-2). The PS subunit is an aspartic protease with diverse substrate binding that
promotes non-specific cleavage by y—secretase along transmembrane proteins such as
ABPP (Nalivaeva and Turner, 2013; Zhang et al., 2014). Due to this diverse binding, the
size of Ap fragments can range anywhere from 39-43 amino acids (Qiu et al., 2015) (Fig.
1.4B). The most common lengths are AB4o and AB42 (Qiu et al., 2015). A4z is the more
toxic isoform and is the main component of dense core amyloid plaques found in AD
patients. ApPao is also a contributor to AD pathology in that its aggregates are found in
cerebral amyloid angiopathy, a prominent characteristic of AD (Qiu et al., 2015).

Tau is a microtubule-associated protein found primarily in the axons of neurons
and is responsible for microtubule stability and neurite growth. There are six main
isoforms of tau in the human brain with over 40 phosphorylation sites collectively (Duan
et al., 2012; Gong and Igbal, 2008). Hyperphosphorylation of tau occurs when the ratio
of phosphorylated/dephosphorylated sites exceeds homeostasis (i.e. 1/1), thus leading
to the aberrant detachment of tau from microtubules, particularly when Ser262, Thr231
and Ser235 are phosphorylated (Duan et al., 2012; Sengupta et al., 1998). Furthermore,
the phosphorylation of Thr231 along with Ser396 and Ser422 has been shown to promote

the aggregation of tau into paired helical filaments and subsequently the neurofibrillary
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tangles that define AD pathology (Gong and Igbal, 2008). Both amyloid plaque
aggregation and neurofibrillary tangles must exceed clinical standards for an individual to

be diagnosed with AD.

1.3.2 — Early- and late-onset AD

The diagnosis of AD is subdivided into two specific groups based on the age of
onset (x 65 years): early-onset (EOAD) and late-onset (LOAD) (Bateman et al., 2012;
Koedam et al., 2010). In both cases, AD pathophysiology must be present post-mortem
to confirm an antemortem AD diagnosis and include clinical diagnosis of cognitive decline
and dementia (McKhann et al., 2011). EOAD is a familial form of the disease manifested
by inherited autosomal dominant mutations in genes involved in AB processing (Puzzo et
al., 2015; Selkoe and Hardy, 2016). In EOAD, familial mutations in the APP gene
promoting the amyloidogenic pathway all occur at exons 16 and 17, the site of
amyloidogenic cleavage (Tanzi et al., 1987). Other autosomal dominant mutations are
found in genes PSEN1 and PSEN2 that encode for the PS1 and PS2 proteins of the PS
heterodimer, the catalytic subunit of y-secretase (Haass et al., 2012; Wilkins and
Swerdlow, 2016; Zhang et al., 2011). Many of these genetic mutations are used to
produce transgenic mouse models of AD (reviewed in (Webster et al., 2014)). Specific
to this thesis, Swedish (KM670/671NL) and Indiana (V717F) point mutations in the APP
gene along with the deletion of exon 9 (291T-319S) in the PSEN1 gene are used in many
murine models of AD (Fig. 1.4B,C). Mutations promoting the amyloidgenic pathway
accelerate dementia onset in AD whereby patients will experience symptoms before the

65 years of age. However, not all mutations promote the amyloidogenic pathway; some
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mutations can be protective. Individuals with a mutation at the p-secretase cleavage site
(A673T) in the ABPP gene renders the protein resistant to hydrolysis by B-secretase, thus
decreasing AP formation and conferring resistance to AD (Jonsson et al., 2012).

The discovery of causative amyloidogenic mutations involved in EOAD led to
the development of the amyloid cascade hypothesis (Bateman et al., 2012; Herrup, 2010).
Here, increased levels of AB in the brain resulting from aberrant ABPP processing is
proposed to lead to a cascade of events that lead to synaptic dysfunction and neuronal
loss, culminating in cognitive impairment (Hardy and Selkoe, 2002; Herrup, 2010).

The amyloid cascade hypothesis was originally applied to describe cognitive
decline in LOAD as well. In LOAD specifically, it is suggested that increased amyloid
deposition in the brain is the result of an impaired balance between AB production and
clearance in the brain that is increasingly impaired with age. (Hardy and Selkoe, 2002;
Herrup, 2010). While compelling in that this hypothesis links the defining AD
neuropathology to AD symptoms, a disconnect exists between levels of AB deposition
and the manifestation (and severity) of cognitive decline in LOAD (Katzman et al., 1988;
Morris et al., 1996; Snowdon and Nun, 2003). Moreover, Ap pathologies detected post-
mortem at levels that meet the Consortium to Establish A Registry for Alzheimer's
Disease (CERAD) criteria for AD in persons of advanced age at time of death have been
found in individuals that were devoid of any antemortem dementia symptoms (Delaere et
al., 1993; Katzman et al., 1988; Morris et al., 1996; Snowdon and Nun, 2003). Thus,
while AB plague deposition is a unique neuropathological feature of AD and likely
increases the risk of developing cognitive impairment (Dubois et al., 2016; Nelson et al.,

2009), biogenesis does not necessarily equate to the onset or progression of clinical
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symptoms. This has led to a “reimagining” of the amyloid cascade hypothesis whereby
in the presence of amyloid pathology, additional triggers or insults are required that initiate
a “change-of-state” in the physiology of the brain, thus promoting degeneration at the
expense of resiliency (Herrup, 2010). This altered physiology is hypothesized to be
necessary to initiate the onset and progression of cognitive decline in the face of pre-

existing Ap accumulation in LOAD (Herrup, 2010).

1.3.3 — Preclinical to clinical AD: from an asymptomatic diagnosis to progressive cognitive
decline

As a result of this “reimagining” of the amyloid cascade hypothesis, cognitive
decline in AD is subdivided into two phases: (1) a “preclinical” stage defined by the
presence of specific biomarkers indicative of AD neuropathology but a lack of any
behavioural symptoms; and (2) a “clinical” stage defined as the presence of behavioural
symptoms in persons with the AD pathological hallmarks (Dubois et al., 2016). A
preclinical AD diagnosis is dependent on longitudinal in vivo assessments of AD
pathology. In vivo biomarkers of amyloid pathology measure amyloidosis in two ways:
lower levels of ABaz in the cerebrospinal fluid (CSF), and advanced amyloid positron
emission tomography (PET) imaging (Dubois et al., 2016; Jack et al., 2013; Jack et al.,
2010). These techniques measure two different aspects of amyloid processing.
Decreased AB42 levels in the CSF reflect a depression in AB42 clearance from brain and
is associated with a pathological accumulation of AB42 in brain parenchyma. Amyloid
PET directly visualizes and localizes amyloid plaque deposition in the brain. Both of these

biomarkers are valid for preclinical AD diagnosis, but must also be paired with a biomarker
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of tau pathology (Dubois et al., 2016).

Tau pathology can similarly be monitored in vivo through both CSF
guantification and neuroimaging. In the CSF, increased levels of phosphorylated and
total tau are indicative of neurofibrillary tangles and cortical neuronal loss, respectively.
However, tau pathology in the CSF is not specific to AD and thus cannot be used to
diagnose preclinical AD (Dubois et al., 2016; Jack et al., 2013; Jack et al., 2010; van
Harten et al., 2011). However, spatial progression of tau pathology in the brain is specific
to AD and in vivo imaging is used to elicit the differences between preclinical AD and
normal aging. In normal aging, there is evidence of tau pathology in the medial temporal
lobe (Scholl et al., 2016). However, in AD, the propagation of neurofibrillary tangles
extends laterally and then dorsally. This progression has been classified into six stages
described by Braak and Braak (Braak et al., 2006; Braak and Braak, 1991, 1995).
Although Braak staging is performed post-mortem, PET imaging of tau pathology in vivo
emulates this staging of tau progression in living AD patients (Scholl et al., 2016), which
allows clinicians to use the in vivo progression of tau pathology as a preclinical AD-
specific biomarker. It is important to note that a diagnosis of preclinical AD is predicated
exclusively on the combined positivity of amyloid and tau pathologies in the absence of
cognitive decline. There are currently no biomarkers that can be used to predict when (or
if) a person with pre-existing AD pathology will undergo cognitive decline.

An antemortem diagnosis of clinical AD requires evidence of cognitive decline,
which includes both prodromal and dementia stages of AD (Dubois et al., 2016; McKhann
et al., 1984; McKhann et al., 2011). The progression of clinical decline in AD can begin

with an initial diagnosis of mild cognitive impairment (MCI). MCI has been considered a

35



prodromal form of various clinical dementias including AD (Petersen, 2004, Petersen et
al., 2013). There are two types of MCI: amnestic MCI (aMCI) and non-amnestic MCI
(naMClI). Advancement to dementia in clinical AD is more associated with aMCI
(Petersen et al., 2013). The diagnostic criteria for aMCI requires evidence of objective
memory impairment, although the individual maintains general cognitive function
(Petersen, 2004). AD pathology is not a requirement in an aMCI diagnosis. In fact, only
57% of individuals diagnosed with aMCI present with amyloid pathology, suggesting that
not all aMCI patients are at risk of AD dementia (Petersen et al., 2013). In fact, MCl is
reversible, meaning that some patients are able to revert back to a healthy cognitive state.
Other resistant patients will remain static in aMCI and not progress to AD dementia,
remaining in a cognitively functional, albeit impaired, state (Petersen et al., 2013).
However, aMCI still infers risk of progressive cognitive decline. Rate of conversion from
aMCI to AD dementia can rise to over 50% within five years following an aMCI diagnosis
(Petersen et al., 2010a; Rountree et al., 2007; Ward et al., 2013). Taken together, these
data suggest that evidence of AD pathology and/or evidence of cognitive decline are, in
and of themselves, not sufficient to predict conversion to AD dementia.

What is AD dementia? Dementia is a more advanced form of cognitive impairment
than MCI (McKhann et al., 2011; Petersen, 2004; Petersen et al., 2013). It is classified
as an impairment that causes significant interference in the ability of an individual to
function on a daily basis (McKhann et al., 1984; McKhann et al., 2011). Clinical diagnosis
of AD dementia was first defined by a joint effort of the National Institute of Neurological
and Communicative Disorders and Stroke (NINCDS) and the Alzheimer’s Disease and

Related Disorders Association (ADRDA) in 1984 (McKhann et al., 1984), and has been
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updated since its inception (McKhann et al., 2011). Currently, AD dementia diagnoses
are subdivided into three classifications: 1) probable AD dementia, 2) possible AD
dementia, and 3) probable/possible AD dementia with evidence of AD pathology
(McKhann et al., 2011).

Both probable and possible AD dementia diagnoses require an initial diagnosis of
general (i.e. “all cause”) dementia (McKhann et al., 2011). This is an umbrella term that
includes declining cognitive impairment not attributed to any other neuropsychiatric
disorder that is acknowledged by both the subjective observations of the patient or
caregiver and the objective results of a professional cognitive assessment (McKhann et
al., 2011). Two of five clinical symptoms must be present on neuropsychological testing:
(i) impaired acquisition and retention of information, (ii) impaired reasoning and poor
judgement, (iii) impaired visuospatial abilities, (iv) impaired language functions, and (v)
changes in behaviour and personality (McKhann et al., 2011).

For a diagnosis of probable AD dementia, symptomatic onset must be gradual and
occur over months to years. Initial presentation can include both amnestic and non-
amnestic qualities, but the most distinguishing criteria is that patients must be lacking
features of other neurologically-determined dementias, including concomitant
cerebrovascular disease, Dementia with Lewy Bodies, frontotemporal dementia, primary
progressive aphasia, or any other neurological co-morbidities that may impact on
cognition (McKhann et al., 1984; McKhann et al., 2011).

Conversely, a possible AD dementia diagnosis requires the consideration of
comorbid and aberrant processes that may accompany AD dementia. For instance,

individuals with a less gradual onset of cognitive symptoms or with comorbidities

37



implicating other dementias or neurological diseases are diagnosed with possible AD
dementia (McKhann et al., 2011). Note that neither probable nor possible AD dementia
take AD pathological biomarkers into consideration.

A separate diagnosis, however, of either probable or possible AD dementia with
evidence of AD pathology can be given to individuals with AD-specific biomarkers that
represent three pathological features of AD: amyloid deposition, neurofibrillary tangles,
and brain atrophy (Jack et al., 2011; McKhann et al., 2011). These biomarkers increase
the confidence that an in vivo diagnosis of AD dementia (whether probable or possible)
is, in fact, AD because of the presence of AD-specific pathological processes (Jack et al.,

2011; McKhann et al., 2011).

1.3.4 — Alternative biomarkers are required to predict the onset of cognitive decline in
preclinical AD patients

Current biomarkers of AD pathology are not yet predictive of cognitive impairment.
In addition to measures of amyloid and tau pathology (Jack et al., 2013; Jack et al., 2010),
imaging methods including hypometabolism in fluorodeoxyglucose-PET (FDG-PET)
scans and decreased brain volume in structural magnetic resonance imaging (MRI) are
also potential AD biomarkers, specifically used to measure brain atrophy (Jack et al.,
2013; Jack et al., 2010). While biomarkers indicative of amyloid deposition, tau
phosphorylation, and brain atrophy are certainly of use in monitoring the pathophysiology
of AD, they are not accurately representative or predictive of the onset or severity of AD
cognitive impairment (Davis et al., 1999; Jack et al., 2011; Jack et al., 2013; Jack et al.,

2010; Knopman et al., 2003; Price and Morris, 1999). All of these biomarkers are found
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to precede the definitive cognitive decline of clinical AD but are not directly associated
with the prognosis or severity of clinical AD onset and progression. (Jack et al., 2013;
Jack et al., 2010; Snowdon and Nun, 2003). In healthy aging, approximately 30% of
cognitively intact individuals present with these pathological hallmarks and should be
diagnosed with preclinical AD (Jack et al., 2011; Knopman et al., 2003; Price and Morris,
1999). The preclinical AD stage can last up to decades with no evidence of cognitive
impairment. It is inherently believed that individuals diagnosed with preclinical AD will
eventually experience the onset of cognitive symptoms, although some are more resistant
than others. Many patients expire before ever showing any signs of cognitive impairment
(Fiandaca et al., 2014; Pietrzak et al., 2015; Snowdon and Nun, 2003; Sperling et al.,
2011).

The variable latency between preclinical and clinical AD indicates that current
diagnostic biomarkers of AD pathophysiology are not efficient prognostic biomarkers of
cognitive decline (Fiandaca et al., 2014; Sperling et al., 2011). In fact, there is so much
temporal discrepancy between AD cognitive decline and the progression of AD pathology,
they have been deemed separate entities by the National Institute of Aging (NIA) and the
Alzheimer’s Association (Jack et al., 2011). There is a critical window between preclinical
and clinical AD for therapeutic strategies but biomarkers are needed to predict the onset

of cognitive symptoms so treatment can be provided to at-risk populations.
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1.3.5 — Current therapeutic options in AD are ineffective a halting the progression of
cognitive decline

Presently there are only four main therapeutic drugs offered to AD patients. None
of these treatment options are curative or disease-altering, but each temporarily reduces
symptomatic burden. All four drugs target neurotransmitter disturbances that accompany
AD pathology. Three of these medications, donepezil, rivastigmine, and galantamine,
were developed based on AD-specific changes in the cholinergic system, particularly in
the basal forebrain, associated with cognitive decline (Bartus et al., 1982). In AD brains,
there is evidence of reduced activity in choline acetyltransferase, an enzyme involved in
acetylcholine synthesis, as well as a loss of cholinergic neurons (Bartus et al., 1982).
These three drugs inhibit acetylcholinesterase, the enzyme responsible for the
degradation of acetylcholine at the synaptic cleft; inhibition of acetylcholinesterase
increases the half-life and reuptake of acetylcholine at the synapse (Bartus et al., 1982).
Typically these drugs are the most effective when given early in cognitive decline (Farlow
et al., 2000; Yiannopoulou and Papageorgiou, 2013). Unfortunately, they improve
cognitive status for only a limited time, do not alter the pathological progression of AD,
and are only effective for 30-40% of AD patients (Douchamps and Mathis, 2017).

The fourth drug available to treat AD symptoms, memantine, is an N-methyl-D-
aspartic acid (NMDA) antagonist. It targets NMDA receptors that contribute to
excitotoxicity during AD by reducing sustained activation of the receptor. When there is
sustained activation of the NMDA receptor, there is continual influx if Ca2* into the neuron,
thus leading to neurotoxicity. Memantine inhibits the sustained activation of NMDA

receptors, thus having no impact on glutamate transmission but reducing sustained Ca?*
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influx (Lipton, 2005; Rogawski and Wenk, 2003). Neither memantine nor the
acetylcholinesterase inhibitors affect any change on encroaching AD pathology, and they
only mask cognitive decline in AD (if they are effective at all). Therefore it is necessary to
employ new avenues of investigation in the search for curative, disease-altering drugs in
AD that will target the “change-of-state” hypothesized to be upstream of phenoconversion

in AD (Herrup, 2010).

1.3.6 — AD risk is age-dependent and sexually dimorphic

Between 2011 and 2012, reports estimated that the global prevalence of AD was
approximately 24 million (Mayeux and Stern, 2012; Reitz et al., 2011). By 2017, AD
prevalence had increased to a staggering 40 million individuals worldwide (Selkoe and
Hardy, 2016) and is expected to further double every 20 years (Reitz et al., 2011). North
America has the highest prevalence and progressively increasing incidence rates
worldwide with an overall prevalence of 6.5% and incidence rate of 1% (Reitz and
Mayeux, 2014). These statistics increase if one exclusively considers only persons over
the age of 65 (Ferri et al., 2005; Reitz et al., 2011; Reitz and Mayeux, 2014). Between the
ages of 65 and 85, the incidence rate of AD increases by over 12-fold and prevalence
rates increase by 15-fold (Evans et al., 1989; Mayeux and Stern, 2012; Reitz et al., 2011).
Taken together, these results indicate that age is the greatest risk factor for AD.

Women are more susceptible to the onset of AD dementia than men (Brundtland,
2002; Rizzi et al., 2014). Two-thirds of AD patients are women (Lin and Doraiswamy,
2014; Mielke et al., 2014). In persons 65 and over, the risk of being diagnosed with AD

dementia in men is 6.3%, while in women it is 12% (Seshadri et al., 1997). It is
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hypothesized that since onset of AD is age-dependent, that these differences may be due
to lifespan in that women live longer than men (Luy and Minagawa, 2014). Yet even with
an AD diagnosis, women still survive 1.5 years longer than men (Larson et al., 2004)
demonstrating that sex differences in longevity are present in AD patients regardless of
onset. Interestingly, while more females have AD dementia, there is a higher prevalence
of MCI in North American males (Petersen, 2011; Petersen et al., 2010b). This suggests
that men are more resistant to the advancement of cognitive decline in AD which is
supported by the observation that women are more cognitively susceptible to AD
pathology than men (Barnes et al., 2005). Women are therefore more likely to experience
cognitive decline, lose their independence more rapidly, and become unable to care for
themselves faster than men in the presence of AD pathology (Sinforiani et al., 2010).
Slower cognitive decline in men has been attributed to a higher “reserve’
(Okonkwo and Vemuri, 2017; Stern, 2012). Reserve in AD is subdivided into two main
models: brain reserve and cognitive reserve (Stern, 2012). For the purposes of this
thesis, brain reserve is defined as differences in brain structure and/or synaptic density
that enable individuals to compensate for the progressive “change-of-state” that renders
persons susceptible to AB toxicity (Jicha and Rentz, 2013; Stern, 2002, 2006, 2012).
Brain reserve is the passive model of reserve based on the assumption that more
pathological insults are needed to provoke cognitive decline in persons with greater brain
volume or synaptic number (Sole-Padulles et al., 2009; Stern, 2002). It can be measured
in vivo via imaging methods designed to quantitatively assess brain structure and volume.
Cognitive reserve is the active model of reserve, defined as the ability to cognitively

adapt to progressive neuropathology by using alternative networks and strategies to
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accomplish a task (Jicha and Rentz, 2013; Sole-Padulles et al., 2009; Stern, 2002, 2006,
2012). Often associate with enriched life experiences, it is argued that higher education
levels and higher occupational attainment predispose cognitive networks to be more
flexible when challenged with neuropathology, therefore enhancing cognitive reserve
(Mielke et al., 2014; Stern, 2006, 2012). Indeed, cognitive reserve could contribute to the
disconnect between AD pathology and cognitive decline. Individuals with higher cognitive
reserve will have a longer preclinical AD stage because they are able to adopt alternative
cognitive strategies to cope with advancing pathology (Fig. 1.5, adapted from (Stern,
2012)) (Stern, 2006, 2012). Metabolic correlates of cognitive reserve have only begun to
be identified (Bauckneht et al., 2018) and are a focus of this thesis.

Interestingly, it has been postulated that brain and cognitive reserve are
contributing factors to the sex differences in AD cognitive decline. Men are theorized to
have greater brain and cognitive reserve than women (Laws et al., 2016; Mielke et al.,
2014). In fact, it is one of the most accepted theories explaining why the prevalence for
MCIl is higher in men than women. Men are more resistant to further cognitive impairments
associa