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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, I was able to (a) profile and quantify cortical and hippocampal 

glycerophosphocholine and glycerophosphoethanolamine metabolites and 

signaling molecules in the APPSwe/PS1dE9 and the N5 TgCRND8 murine models 

of AD and (b) associate changes in lipid metabolism with learning and memory 

impairment. I 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, I defined metabolic changes 

associated with disease progression. To further assess the impact of sex, another 

risk factor of Alzheimer’s disease cognitive decline, I characterized an AD model 

of sex-specific cognitive resistance. I demonstrated that transgenic males but not 

females exhibit behavioural indices of cognitive reserve when tested in the Morris 

Water Maze. Using this mouse line, I then investigated how measures of learning 

and memory associated with glycerophosphocholine and 
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glycerophosphoethanolamine metabolism. I identified increases in critical 

glycerophosphoethanolamine metabolites linked to spatial learning and memory 

impairment in the cortex of N5 TgCNRD8 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 
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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  
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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 
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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 

(LPC), monoalkylglycerophosphocholines (LPC(O)), 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(O-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 
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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 iNOS (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; 
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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’  
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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. sPLA2 – secreted phospholipase A2; cPLA2 – cytosolic phospholipase A2; 

iPLA2 – Ca2+-independent phospholipase A2; PAFAH – platelet-activating factor acetyl 

hydrolase; LPLA2 – lysosomal PLA2; 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 (PLA2) 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 PLA2 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, Ca2+ 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 PLA2, ii) cytosolic PLA2 (cPLA2), iii) 

Ca2+-independent PLA2 (iPLA2), iv) PAF acetylhydrolase (PAFAH), and v) lysosomal 

PLA2 (LPLA2) (Burke and Dennis, 2009; Schaloske and Dennis, 2006).  sPLA2s are 

primarily distinguished by their low molecular weight (13-18 kDa), although there has 

recently been a 55 kDa sPLA2 found in humans (Valentin et al., 2000).   Humans express 

group (G) I, II, III,V, X and XII sPLA2, 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) 
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(Pruzanski et al., 2005).  AA can form a group of lipids called eicosanoids involved in pro-

inflammatory pathways but can also be -oxidized and converted to ROS (Rapoport, 

2014; Schaloske and Dennis, 2006).  

While some subgroups of cPLA2 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 Ca2+-dependent except for GIVC however its homology with other GIV 

PLA2s 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 cPLA2s, iPLA2 are larger (28-146 kDa) and are comprised of six 

subgroups encompassing GVI PLA2s (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). 

PAFAHs 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 PLA2s. Both GVII and GVIII PAFAHs 
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incorporate two subgroups (A and B) respectively. GVIIA PAFAHs are a secreted form of 

the enzyme released into circulation whereas GVIIB, GVIIIA and GVIIIB all are 

intracellular.  GVIIIA and GVIIIB PLA2s each have a catalytic subunit (1 and 2 

respectively) and a regulatory subunit ().  The catalytic subunits dimerize to affect 

substrate specificity of PAFAH activity.  For instance, 2/2 homodimer shows higher 

specificity for PC(O) and PE(O) molecules whereas 1/2 and 1/1 dimers prefer 

glycerophosphatidic acids (GPAs) (Manya et al., 1999; Schaloske and Dennis, 2006).  

The final PLA2, LPLA2s, 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 (LPEAT2). Evidenced by LPC-active LPEAT2, there is cross-reactivity 

with LPEs as well. LPLATs 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 

LPEAT2 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 109-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, it is also considered somewhat “dirty” 

as considerable aqueous 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 



18 
 

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.  It is 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(O-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(O-16:0/2:0) and PC(18:0/0:0)), but different hydrophobicities (e.g. 

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) A list 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. ProIS, 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. Ionized 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 

quadrupoles (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 (ProISs), precursor ion scan 

(PISs), and neutral loss scans (NLSs) (Fig. 1.3C, adapted from (Lam and Shui, 2013)). 

ProISs are used for directed analyses to determine the specific molecular structure of a 
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precursor ion (Lam and Shui, 2013). In ProIS 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-
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altering. In this thesis I 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 (A) peptides in the form of extracellular plaques, and (2) 

the intraneuronal aggregation of hyperphosphorylated tau into neurofibrillary tangles 

(Kang et al., 2017).  

A is processed from amyloid precursor protein (APP), a type I transmembrane 

protein (Matsui et al., 2007).  APP 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 APP in the human CNS. 

APP 770 and 751 are found in glia, whereas the much more predominant APP 695 is 

localized to neurons (Matsui et al., 2007).  APP 770 is the longest form of the protein; 

APP 751 and 695 are formed through alternative splicing of exons 7 and 8 (Panegyres, 

1997).  Post-translational APP 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 -, and -secretase. The -secretase cleavage site is  
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Figure 1.4 – Production of neuropathological Apeptides from APP. (A) Processing 

of APP through the non-amyloidogenic (left) pathway via the actions of - and -

secretases and the amyloidogenic (right) pathway via - and -secretase activity 

generating A peptides. Adapted from (Pajak et al., 2016). (B) The specific amino acid 

sequence of the A peptide identifying specific cleavage sites of - and -secretase along 

with the multiple cleavage sites recognized by the -secretase complex that generate A 

peptides of different sizes. Mutations in APP (Swedish and Indiana) that promote the 

amyloidogenic pathway are identified. Adapted from (Benilova et al., 2012). (C) After -

secretase cleavage, the presenilin subunit of -secretase cleaves A 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 A42 site. Adapted from (Erez et 

al., 2009).  

 

 

 

 

 

 

 

 



N-KM  DAEFRHDSGYEVHHQK  LVFFAEDVGSNKGAIIGLMVGGV  V  IA  T  VIVITLVMLKK-C

γ-secretase
cleavage sites

α-secretase
cleavage

β-secretase
cleavage

Aβ

Aβ

39 40 42 43

Aβ

Aβ

α-secretase

β-secretase

γ-secretase γ-secretase

Transmembrane
domain

p3

APP

AICDAICD

sAPPα sAPPβ

Non-amyloidogenic

Extracellular

Intracellular

Aβ

Presenilin 

D D

N-terminus

C-terminus

dE9 

Swedish (NL) Indiana (F)

A

B

C

291T 
319S 

TM1 TM2 TM3 TM4 TM5 TM6 TM7 TM8 TM9

Extracellular

Intracellular

Amyloidogenic

Figure 1.4 30



31 
 

found in the middle of the A peptide.  Cleavage by - and -secretase results in soluble 

APP (sAPP), a short peptide (p3), and the APP intracellular domain (AICD).  In the 

pathological amyloidogenic pathway, APP is cleaved by -, then -secretase; this 

produces sAPP, AICD and A (Fig. 1.4A).  The  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 secretase along transmembrane proteins such as 

APP (Nalivaeva and Turner, 2013; Zhang et al., 2014).   Due to this diverse binding, the 

size of A fragments can range anywhere from 39-43 amino acids (Qiu et al., 2015) (Fig. 

1.4B).  The most common lengths are A40 and A42 (Qiu et al., 2015).  A42 is the more 

toxic isoform and is the main component of dense core amyloid plaques found in AD 

patients.  A40 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 Iqbal, 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 Iqbal, 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 (± 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 A 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 -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 -secretase cleavage site 

(A673T) in the APP gene renders the protein resistant to hydrolysis by -secretase, thus 

decreasing A 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 A in the brain resulting from aberrant APP 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 A 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 Adeposition 

and the manifestation (and severity) of cognitive decline in LOAD (Katzman et al., 1988; 

Morris et al., 1996; Snowdon and Nun, 2003).  Moreover, A 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 A plaque 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 



34 
 

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 A 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 A42 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 A42 levels in the CSF reflect a depression in A42 clearance from brain and 

is associated with a pathological accumulation of A42 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 

quantification 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 
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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 

(naMCI).  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, MCI 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 
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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 Ca2+ 
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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 A 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 

MCI is higher in men than women. Men are more resistant to further cognitive impairments 

associated with progressive dementia while women will more rapidly progress to AD 

dementia, possibly due to greater reserve in men (Mielke et al., 2014; Petersen et al., 

2010b). Imaging studies have shown that in men and women at the same stage of AD, 

men require more brain atrophy than women to achieve the same level of clinical severity 

(Perneczky et al., 2007). Likewise, when brain atrophy is equivalent, women experience 

greater cognitive impairment than men (Bai et al., 2009). This supports the idea that men 

have a higher brain reserve and must experience greater deterioration to achieve 

comparable cognitive decline to women. Additionally, an increase in AD pathology in the  
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Figure 1.5 – Symptomatic onset in AD is prolonged by high reserve. Individuals with 

higher reserve (blue line) exhibit greater AD pathology than individuals with lower reserve 

(red line) before transitioning to clinical AD. Adapted from (Stern, 2012). 
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female brain increases the odds of clinical AD by 20-fold, whereas in men there is only a 

3-fold risk increase (Barnes et al., 2005). This demonstrates that men are more 

cognitively resistant and thus more able to withstand AD pathology compared to women.   

Currently there is no sexually dimorphic AD model that recapitulates cognitive 

reserve in males when both sexes are challenged with comparable AD pathology. Is it 

possible that males have a metabolic shift corresponding with enhanced resistance to AD 

cognitive decline?  Perhaps males and females have different physiological responses to 

amyloid pathology which associate with a susceptibility or resistance to cognitive 

impairment. Therapeutic interventions to effect these “change in states” would be 

valuable in preventing the transition from preclinical to clinical AD.  

 

1.3.7 – Genetic alterations in lipid metabolism affect risk of AD 

Interestingly, lipid transport and lipid metabolism are affected in AD, suggesting 

that these metabolic defects may be part of the “change in state” that precipitates 

cognitive decline in preclinical AD patients. The most associated genetic risk factor for 

LOAD is the apolipoprotein E (APOE) gene, specifically the APOE4 variant (Andrews et 

al., 2017; Apostolova, 2017; Giri et al., 2016). The APOE gene is found on chromosome 

19 and has three possible alleles of different frequencies: APOE2 (5-10%), APOE3 (65-

70%), and APOE4 (15-20%). These alleles give rise to three homozygous and three 

heterozygous phenotypes that confer differing AD cognitive decline risk. Individuals 

carrying APOE2 are more resistant to AD cognitive decline, whereas carrying the APOE4 

allele enhances risk (Liu et al., 2013). Homozygous APOE3 is the most common 

genotype and has no impact on AD risk. Approximately 40% of patients with AD are 
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carriers of the APOE4 allele (Farrer et al., 1997; Liu et al., 2013). Carriers of APOE4 show 

a reduced age of symptomatic onset in AD (Corder et al., 1993; Davidson et al., 2007). 

In APOE4 homozygotes, mean age of onset is 68 years of age, while in heterozygous 

(APOE3/4) individuals it is 76 years of age. In comparison, the mean age of onset for 

non-carriers is 84 years of age (Corder et al., 1993).  

The APOE gene codes for the protein apoE. This protein is involved in the transport 

of lipids, particularly cholesterol, glycerophospholipids, and triglycerides, in the plasma 

and brain.  Lipids associated with apoE can be internalized into cells through interactions 

with endocytic lipoprotein receptors such as low density lipoprotein receptors (LDLRs) 

and LDLR-related proteins (LRPs) (Hauser et al., 2011; Huang and Mahley, 2014; Lane-

Donovan et al., 2014). In the brain, apoE is associated with high-density lipoprotein 

(HDL)-like lipoprotein particles containing cholesterol and glycerophospholipids.  

Structurally, apoE is 299 amino acids long and is composed of two major functional 

regions: a lipid-binding domain and a receptor-binding domain. The lipid-binding domain 

links apoE to lipoproteins and lipid molecules, while the receptor-binding domain bind to 

LDLRs and LRPs to internalization of apoE into the cell. ApoE is mostly synthesized by 

astrocytes but also by microglia. This protein maintains lipid homeostasis by binding to 

lipid molecules and transporting cholesterol and glycerophospholipids between glia and 

neurons (Kim et al., 2014; Lane-Donovan et al., 2014). The lipid-binding affinities of apoE 

are determined by three isoforms: apoE2, apoE3, and apoE4. Lipidation of apoE is 

modulated through the actions of ATP-binding cassette A1 (ABCA1), found in astrocytes 

(Wahrle et al., 2004). Polymorphisms in ABCA1 are also linked to a higher risk of AD 

(Rodriguez-Rodriguez et al., 2007). Structural differences in apoE4 limit lipid-binding 
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affinities to larger lipid molecules while apoE2 and apoE3 are able to bind lipids of various 

sizes (Bu, 2009). The limited lipid-binding affinity of apoE4 can affect the internalization 

of specific lipid molecules which contributes to irregular glycerophospholipid homeostasis 

(Bu, 2009; Zhu et al., 2015). In fact, LDLR binding requires specific interactions between 

apoE and glycerophospholipids for proper function and maintenance of a homeostatic 

lipid environment (Huang and Mahley, 2014; Igbavboa et al., 2002; Lomnitski et al., 1999).   

Altered lipid regulation and metabolism also affects susceptibility to cognitive 

impairment when exposed to risk factors of AD. APOE-/- mice are susceptible to cognitive 

decline when exposed to AD risk factors. Hypoxia is a known risk factor of AD (Nalivaevaa 

et al., 2004). While exposure to hypoxia will also induce cognitive decline in wildtype mice, 

APOE-/- mice experience a significantly greater impairment in learning and memory 

(Kheirandish et al., 2005). In humans, APOE4 carriers are particularly susceptible to 

hypoxic conditions such as sleep apnea (Gottlieb et al., 2004). When APOE4 carriers are 

exposed to such hypoxic insults, they are more vulnerable to cognitive impairment 

(Cosentino et al., 2008). This indicates that when lipid homeostasis is compromised, 

susceptibility to cognitive decline is enhanced. Conversely, genetic manipulation of lipid 

signalling can ameliorate the impairing effects of hypoxia. Knocking out PAFR in mice 

reduces cognitive impairments brought on by hypoxic conditions (Row et al., 2004), thus 

demonstrating that cognitive resistance to an AD risk factor can also be modulated 

through lipid homeostasis and signalling.  
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1.3.8 – Altered glycerophospholipid metabolism is associated with cognitive decline in AD 

Direct analysis of glycerophospholipids in the brain and biofluids of AD patients 

have also found several significant changes linking AD with lipidomics.  In the brain of 

fully symptomatic AD patients, increases in glycerophospholipid metabolites such as lyso-

glycerophospholipids are linked with cognitive impairment in patients with LOAD (Klein, 

2000; Wood, 2012).  Increases in lyso-glycerophospholipids indicate increases in PLA2 

during AD cognitive decline.  Indeed, increases in PLA2 activity and expression are found 

in the brains of AD patients (Frisardi et al., 2011).  This is indicative of a breakdown in the 

phospholipid bilayers of neurons and glia, a potential sign of neurodegeneration.  These 

findings correspond with decreased levels of PCs, PEs, PC(P)s, and PE(P)s in AD brains 

(Ginsberg et al., 1995; Guan et al., 1999a; Igarashi et al., 2011; Nitsch et al., 1992). PE(P) 

levels have actually been found reduced by 40% in white matter at early stages of AD, 

yet remain constant during disease progression.  In the grey matter, PE(P) levels also 

decrease but gradually with disease progression.  This indicates regionally specific 

changes that may not only be indicative of clinical AD onset, but also of progression of 

cognitive impairment (Han et al., 2001).  

At the molecular level, specific oleic acid (OA, 18:1)-containing, AA-containing, and 

docosahexanoic acid (DHA, 22:6)-containing PCs and PEs were reduced in the AD brain 

(Guan et al., 1999b; Igarashi et al., 2011).  However, total brain lipids were not altered in 

AD brain, demonstrating the necessity of profiling lipids at the subclass and species level 

(Igarashi et al., 2011).  In fact, our lab has identified changes in species-specific PC(O) 

metabolism in both post-mortem AD brain and the TgCRND8 mouse model of A 
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accumulation using a targeted lipidomic approach (Ryan et al., 2009).   We have found 

that the levels of a specific PAF, PC(O-16:0/2:0), is elevated in human and murine 

temporal cortex.  Further, we found that these changes are mediated by A accumulation 

and mechanistically signal an endoplasmic reticulum stress response leading to activation 

of cyclin-dependent kinase5 that phosphorylates tau on AD epitopes linking lipid 

signalling to AD pathology (Ryan et al., 2009).  These are very interesting changes 

occurring in the brain, but quantifying brain levels of glycerophospholipids in vivo is not 

feasible.  Researchers must look to biofluids such as CSF and blood to identify 

biomarkers of cognitive impairment onset and progression. 

In the CSF, changes in GPCs appear to occur early in cognitive decline. GPCs are 

unaltered in AD dementia patients when compared with undemented controls with 

memory complaints (Mulder et al., 2003).  However, there is an overall increase in CSF 

GPCs when comparing AD patients with cognitively intact controls (Walter et al., 2004).  

Therefore, any changes in CSF GPC levels must correspond with the onset of mild 

cognitive symtoms prior to an official diagnosis. Interestingly, a decrease in the LPC/GPC 

ratio was also found in the CSF of AD patients. Closer analysis indicated a decrease in 

LPC levels, particularly in species containing AA and LA (Mulder et al., 2003). This 

contrasts with findings in the brain, suggesting accumulation of LPCs in the brain may be 

the result of unbalanced/unregulated remodelling or clearance into the CSF.  

In the plasma of AD patients, there is a significant decrease in many GPE and 

GPC species (Yamashita et al., 2016). There are progressive decreases PUFA-

containing GPCs (PC(16:0/20:5), PC(16:0/22:6), and PC(18:0/22:6)), and GPEs (PE(P-

16:0/22:6) and PE(P-18:0/22:6)) indicating a potential role for oxidative fragmentation at 
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the sn-2 moiety as PUFAs are a notable target of ROS (Whiley et al., 2014; Wood et al., 

2016) but also an increase in PLA2 activity. The progressive nature of these decreases 

corresponds with declining levels of cognition in age-matched cognitively intact, MCI and 

AD patients (Whiley et al., 2014; Wood et al., 2016). These findings have been further 

supported with by reductions in other PUFA-linked GPC species in the serum of AD 

patients (Oresic et al., 2011). These data raise two main questions: i) is the decline in 

circulating glycerophospholipid levels indicative of an increase in abundances of smaller, 

bioactive signalling molecules and metabolites of glycerophospholipid metabolism? ii) Do 

these changes associate with impaired glycerpphospholipid metabolism in the CNS? 

What is missing in lipidomic research in the context of neurological disease is a direct link 

between the circulating and central lipidomes as they associate with cognition.  

 

1.4 – Rationale, Hypotheses, and Specific Aims 

In AD, the long latency between the presence of AD neuropathology (preclinical 

AD) and the onset of cognitive decline (clinical AD) suggests that other metabolic 

processes are likely required to trigger symptomatic onset.  Converging genetic and 

biochemical evidence implicating lipid metabolism in AD risk suggests that one of these 

metabolic defects may be dysregulation of glycerophospholipid homeostasis.  The 

overarching objective of this thesis is to address whether quantifiable changes in 

glycerophospholipid metabolism associates with risk of or resistance to phenoconversion 

in experimental models of preclinical AD. Specifically, I hypothesize that: (1) changes in 

GPC and/or GPE metabolism manifest when APP mouse models first exhibit 

behavioural indices of learning and memory impairment; (2) this aberrant metabolism is 
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accelerated by environmental risk factors associated with earlier symptomatic onset; (3) 

sexually dimorphic propensity to phenoconversion can be modelled in APP transgenics; 

(4) transgenic mice that exhibit behavioural indices of cognitive reserve can be 

distinguished from symptomatic mice by their central and circulating lipidomes. To test 

these hypotheses, I proposed three specific aims. 

 

AIMS 

I. Identify changes in glycerophosphocholine metabolism in APP transgenic mice 

that associate with phenoconversion and determine whether environmental insults 

(hypoxia) that accelerate symptomatic conversion also accelerate aberrant GPC 

metabolism 

 

II. Identify and characterize an APP mouse model of AD capable of modelling 

sexually dimorphic cognitive reserve.   

 

III. Identify the changes in circulating and brain-specific metabolism of GPCs and 

GPEs that discriminate between APP transgenic mice exhibiting behavioural indices of 

cognitive reserve and those susceptible to behavioural impairment.  
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Chapter 2: Distinct disruptions in Land’s cycle remodeling of 

glycerophosphocholines in murine cortex mark symptomatic onset and 

progression in two AD mouse models 

 

2.1 Objective of study 

 The objective of this chapter was to investigate how external risk factors of AD 

impact glycerophosphocholine metabolism in the brain of a mouse model of AD. Lipids 

were identified and quantified in two brain regions using HPLC-ESI-MS/MS and 

compared using a network analysis. 

 

2.2 Author contributions 

 MWG and SALB conceived and designed the experiments. Under the supervision 

of WL, HL administered hypoxic treatments and dissected brain tissue. 

Glycerophosphocholines were extracted and HPLC-ESI-MS/MS analysis of the 

APPSwe/PSIdE9 mouse model were performed by MWG and SPMS. HPLC-ESI-MS/MS 

analysis of the N5 TgCRND8 mouse model were performed by APB and HX. All HPLC-

ESI-MS/MS methods were developed by HX. Data was analyzed by CFF and MWG.  

PLA2 activity assays were performed by MT and PAFAH Western blots were performed 

by APB. MWG and SALB wrote the paper.  

 This chapter was under second review at the Journal of Neurochemistry at the time 

of thesis submission: Granger MW, Liu H, Fowler CF, Blanchard AP, Taylor MW, 

Sherman SPM, Xu H, Le W, Bennett SAL (2018). Distinct disruptions in Land’s cycle 

remodeling of glycerophosphocholines in murine cortex mark symptomatic onset and 
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progression in two AD mouse models. Journal of Neurochemistry, submitted. 
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2.3 Abstract 

Changes in glycerophosphocholine metabolism are observed in AD; however, it is not 

known whether critical metabolic disruptions are linked to AD cognitive decline. Here, 

using an unbiased lipidomic approach, we profiled the Land’s cycle 

glycerophosphocholine metabolome in the hippocampus, frontal cortex, and temporal-

parietal-entorhinal cortex of pre-symptomatic, symptomatic, and fully impaired human 

APP (hAPP) overexpressing mice.  We identified opposing changes in 

glycerophosphocholine metabolism initiated at symptomatic onset followed by metabolic 

changes that associated with progressive behavioural decline.  When APPSwe/PSIdE9 

and N5 TgCRND8 mice first show learning and memory impairment in the MWM, calcium-

sensitive cPLA2 activity declines in cortices but not hippocampus.  LPC and LPC(O)  

levels decrease.  Critical metabolic indicators of phenoconversion are decreases in 

LPC(18:0/0:0), LPC(16:0/0:0), LPC(24:6/0:0), LPC(25:6/0:0), LPC(O-18:0/0:0), and 

PC(O-22:6/2:0).  These same depletions are triggered in younger animals when 

APPSwe/PSIdE9 mice are challenged by chronic intermittent hypoxia, an environmental 

risk factor that accelerates onset of learning and memory deficits.  Conversely, in fully 

impaired animals, cPLA2 activity rises; LPC and LPC(O) levels increase; PC(O-18:1/2:0) 

PAF accumulate in cortex but not hippocampus.  An age-dependent shift in the 

expression of the PAFAH1b 1 and 2 catalytic subunits reduces the rate of PAF 

hydrolysis further favouring PAF accumulation in the presence of these rising LPC(O) 

substrate levels.  Together, these data identify two defining disruptions in Land’s cycle 

glycerophosphocholine metabolism that discriminate pre-symptomatic, from 

symptomatic, from fully impaired human APP overexpressing mice.  
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2.4 Introduction 

 Aberrant processing of the APP to toxic Aβ fragments and intraneuronal 

accumulation of neurofibrillary tangles composed of hyperphosphorylated tau are primary 

AD pathologies (Bierer et al., 1995; Haass and Selkoe, 2007).  Their presence can be 

detected in vivo using amyloid positron emission tomography imaging or tracked by 

monitoring cerebrospinal fluid levels of Aβ42, total tau, and phospho-tau (Bateman et al., 

2012; Buchhave et al., 2012; Fagan et al., 2014).   Longitudinal changes in these 

biomarkers indicate that AD neuropathology manifests decades before either autosomal-

dominant or sporadic AD patients exhibit any signs of dementia (Bateman et al., 2012; 

Buchhave et al., 2012; Dubois et al., 2016; Fagan et al., 2014).  This long latency, dubbed 

preclinical AD, suggests that additional metabolic dysfunctions are likely required to 

trigger symptomatic onset in patients with pre-existing AD pathology (Dubois et al., 2016; 

Herrup, 2010).  Identifying and targeting these critical metabolic changes (and their 

environmental causes) represents a novel, potentially transformative, means of reducing 

AD risk. 

 Previous lipidomic studies have reported that circulating glycerophosphocholine 

levels decline at symptomatic AD onset (Mapstone et al., 2014; Proitsi et al., 2017; Toledo 

et al., 2017). Metabolic determinants are unclear.  Glycerophosphocholine metabolism is, 

in part, regulated by the Land’s cycle.  Enzymatic remodelling by the PLA2 superfamily 

and LPCATs coordinate the hydrolysis and re-acylation of both structural membrane 

glycerophosphocholines and bioactive second messengers.  At least 35 distinct PLA2 

isoforms are capable of cleaving the sn-2 fatty acyl chain from the glycerophosphocholine 

backbone (Burke and Dennis, 2009).  Cleavage generates free fatty acids and lyso-GPCs 
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defined by their sn-1 ester, ether (O), or vinyl ether (P) linked hydrocarbon chains 

(Supplemental Fig. 2.1).  LPC, LPC(O) (lyso-PAFs), and LPC(P) metabolites can be 

subsequently remodeled by LPCATs.  Using acyl-CoA, LPCAT1-4 transfers a long-chain 

hydrocarbon to the sn-2 position of LPC, LPC(O), and LPC(P) regenerating structural 

diacylglycerophosphocholines, 1-alkyl,2-acylglycerophosphocholines, and 1-alkenyl,2-

acylglycerophosphocholines respectively (Shindou and Shimizu, 2009) (Supplemental 

Fig. 2.1). Using acetyl-CoA, LPCAT 1 and 2 transfers an acetyl group to LPC(O) 

producing pro-inflammatory PC(O)s (PAFs) (Shindou and Shimizu, 2009). LPCATs are 

also able to transfer short acyl- and acetyl-CoAs to LPCs and LPC(P)s to form PAF-like 

molecules with either an alkenyl (PC(P)) or acyl (PC) sn-1 linkage (Nakanishi et al., 2006) 

(Supplemental Fig. 2.1).  PC(O)s can also be remodelled back to LPC(O) by three 

different PAFAH isoforms (Prescott et al., 2000).  Thus, each glycerophosphocholine is 

both a product and precursor in the Land’s cycle.   

 Enzymatic dysregulation alters the GPC landscape over the course of AD.  

However, both increases (Chalbot et al., 2009; Doody et al., 2015; Farooqui and 

Horrocks, 2006) and decreases (Gattaz et al., 2004; Ross et al., 1998; Smesny et al., 

2008) in total PLA2 activity are reported in CSF, platelets, and post-mortem brain of AD 

patients (reviewed in (Bennett et al., 2013).  While LPC(O) levels are lower in patients 

diagnosed with “probable” AD compared to cognitively normal controls (Mulder et al., 

2003); LPC levels are higher in superior temporal and inferior parietal cortices of AD 

patients with severe end-state cognitive impairment and psychosis (Sweet et al., 2002).  

Total LPCAT activity is also elevated in post-mortem human AD brain (Ross et al., 1998) 

with a shift in substrate preference of  LPCAT2 from acyl- to acetyl-CoA upon exposure 
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to Aβ42 (Ryan et al., 2009). These changes effectively increase the remodelling of LPC(O) 

to PC(O)  in vitro with intraneuronal accumulation of  PC(O) shown to activate cyclin-

dependent kinase 5 resulting in the hyperphosphorylation of tau on AD-associated 

epitopes (Ryan et al., 2009).  Taken together, these data implicate changes in GPC 

metabolism in AD etiology.  It is not, however, clear whether distinct metabolic disruptions 

mark different stages of AD cognitive decline. 

 To address this question, we used an unbiased lipidomic approach and direct 

biochemical assessment of protein expression and enzymatic activity to profile GPC 

metabolism in the hippocampus, frontal cortex, and temporal-parietal-entorhinal cortex in 

two AD mouse models over the course of behavioural decline.  We show that GIV cPLA2 

activity decreases reducing levels of LPC and LPC(O) in cortices when APPSwe/PSIdE9 

and N5 TgCRND8 mice first exhibit learning and memory impairments.  Moreover, we 

show that chronic intermittent hypoxia, an environmental risk factor that accelerates the 

appearance of learning and memory deficits in APPSwe/PSIdE9 mice (Liu et al., 2016), 

triggers these same changes in younger mice.  We next asked whether deficits were 

maintained in fully impaired animals.  Surprisingly, we find that metabolic differences are 

reversed over the course of symptomatic progression.  Group IVa cPLA2 activity is 

elevated, LPC and LPC(O) levels rise, and remodelling of LPC(O) to PC(O) increases in 

the cortex of impaired N5 TgCRND8 mice. Changes are accompanied by an age-

dependent shift in the expression of PAFAH1b 1 and 2 catalytic subunits predicted to 

reduce further the hydrolysis of PC(O).  Taken together, these data identify two defining 

disruptions in Land’s cycle GPC metabolism in murine cortex linked to symptomatic onset 

and memory impairment in hAPP mice. 
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2.5 Materials and Methods 

2.5.1 Animals 

 APPSwe/PSIdE9 mice (Jackson Laboratories 004462, RRID:SCR_000708) on a F2 

C57BL/6J X C3H/HeJ background were bred to C57BL/6J (Jackson Laboratories 000664, 

RRID:SCR_000708) mice in the Le laboratory. A flow-chart of our experimental paradigm 

is presented in Fig. 2.1. A total of n=120 littermates (60 males and 60 females) were 

randomly assigned to control (normoxic) or hypoxic treatment at three months of age 

using a random number generator.  Because one of our prerequisites before 

randomization was that our experimental groups contained equal numbers of animals, 

this randomization process is referred to as pseudo-randomization. Full treatment details 

and all of the behavioural results for the mice profiled in this study (n=22 of n=120) can 

be found in (Liu et al., 2016).  Briefly, APPSwe/PSIdE9 and wild-type (WT) littermates were 

placed in a hypobaric chamber and exposed to either hypoxic or normoxic conditions for 

six hours/day for 30 consecutive days at three months of age.  Experimenters were 

blinded as to the genotype of the animals over the course of treatment.  In the hypoxic 

group, oxygen levels were reduced to 11.1% to simulate a high-altitude hypoxia of 

approximately 5000 meters high.  In the normoxic group, animals were handled and 

exposed to the same chambers for equivalent periods of time under normobaric 

conditions.  Water and food (Xietong Medical Biological Engineering, 1010009) were 

available ad libitum.  Following a one-month schedule of chronic intermittent hypoxia or 

sham (normoxic) treatment, mice were divided into three cohorts using the same pseudo-

randomization methodology described above (n=10/genotype/normoxic or hypoxic  
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Figure 2.1 – Flow-chart of our experimental paradigm. (A) In this study, 

APPSwe/PS1dE9 mice and WT littermate controls bred at the Institute of Neurology in the 

Shanghai Jiao Tong University of Medicine, were subjected to either hypoxic or normoxic 

(sham) treatment in a hypobaric chamber for six hours/day for 30 days between three 

and four months of age at the Institute of Neurology in the Shanghai Jiao Tong University 

of Medicine. Separate cohorts of mice subsequently underwent MWM testing for learning 

and memory at either 4 months or 6-9 months of age.  Their performance in this test has 

been published in (Liu et al., 2016). Mice were sacrificed after MWM testing, frontal 

cortices and hippocampi were dissected and transferred to the Neural Regeneration 

Laboratory at the University of Ottawa for glycerophospholipid extraction and lipidomic 

analyses.  (B) N5 TgCRND8 mice, bred in the Neural Regeneration Laboratory at the 

University of Ottawa were sacrificed at 2, 4, and 6-8 months of age whereupon 

temporal/parietal/entorhinal cortices were dissected and underwent the same 

glycerophospholipid and lipidomic analysis of glycerophosphocholine second 

messengers and metabolites as APPSwe/PS1dE9 mice.  
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conditions).  Mice were tested MWM at 4, 6, and 9 months of age by an experimenter 

blinded as to the genotype and treatment of each mouse.  Animals were sacrificed within 

3 days of testing.  At time of sacrifice, mice were again pseudo-randomly assigned using 

a random number generator for the biochemical assessments (n=98) reported in (Liu et 

al., 2016) or the lipidomic assessments described here (n=22).  A total of twelve 4-month 

old mice (n=3/genotype/normoxic or hypoxic condition) and ten 6 to 9-month old mice 

(n=5/genotype/normoxic manipulation only) were analyzed.  All lipidomic analyses were 

performed by an experimenter blinded to the genotype and performance of each mouse 

on the MWM.  Hippocampi and frontal cortices were dissected bilaterally, weighed, flash-

frozen in liquid nitrogen at time of sacrifice, and maintained at -80°C until lipid extraction 

in the Bennett laboratory.  Sample sizes indicate biological replicates (number of mice) of 

each brain region analyzed. All protocols were performed according to Laboratory Animal 

Care Guidelines and sanctioned by the Animal Committee of Shanghai Jiao Tong 

University School of Medicine.  We had no pre-determined inclusion or exclusion criteria 

for the behavioural experiments; all animals tested were included.  

 A total of 58 female N5 transgenic (Tg)CRND8 and non-transgenic (Non-Tg) 

littermates were randomly assigned using a random number generator at time of weaning 

for assessment at 2 (n=9 Tg; n=7 NonTg), 4 (n=10 Tg; n=7 NonTg), 6 (n=9 Tg; n=7 

NonTg), and 8 (n=6 Tg; n=3 NonTg) months of age.  Water and food (Harlan Laboratories, 

2018 Teklad Global 18% Protein Rodent Diet) were available ad libitum. N5 TgCRND8 

(RRID:SCR_000708) mice are a sub-line of the C57BL/6J X C3H/HeJ TgCRND8 mouse 

model (Chishti et al., 2001) back-crossed in the Bennett laboratory for 5 generations (N5) 

to a C57BL/6NCrL lineage and maintained by sibling crosses (Granger et al., 2016).   This 
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line does not carry the parental Pde6brd1 retinal degeneration mutation that renders 

homozygotes blind (Chang et al., 2002) or the NntC57BL/6J allele responsible for diminished 

insulin secretion and impaired glucose tolerance (Toye et al., 2005).  We have previously 

shown that female N5 Tg mice are pre-symptomatic at 2 months of age, start to show 

behavioural impairments in the MWM at 4 months of age, and are maximally impaired at 

6 months of age (Granger et al., 2016; Wang et al., 2013).  Learning and memory deficits 

are observed for at least 12 months of age (Granger et al., 2016; Wang et al., 2013).  

Temporal/parietal/entorhinal cortices were dissected bilaterally, weighed, flash-frozen in 

liquid nitrogen at time of sacrifice, and maintained at -80°C until extraction.  Quantification 

of lipid abundances was performed by experimenters blinded as to the genotype and age 

of the mice.  All procedures were approved by the Animal Care Committee of the 

University of Ottawa and performed in strict accordance with the ethical guidelines for 

experimentation of the Canadian Council for Animal Care.  These studies were not pre-

registered. 

 

2.5.2 Phospholipid Extractions 

 Dissected brain tissues were extracted using modified Bligh and Dyer protocol 

(Bligh and Dyer, 1959) previously described (Xu et al., 2013).  Briefly, tissues were 

homogenized using a tissue tearer (BioSpec 985370) in 4 mL acidified methanol (Fisher 

A412P-4, RRID:SCR_003374) containing 2% acetic acid (Fisher 351271-212, 

RRID:SCR_003374).  MS grade lipid standards, PC(13:0/0:0) [90.7 ng Avanti LM-1600] 

and PC(12:0/13:0) [100 ng, Avanti LM-1000], were added to the homogenate at time of 

extraction.  Chloroform (Fisher C298-500, RRID:SCR_003374) and 0.1 M sodium acetate 
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(Sigma S-2889, RRID:SCR_008988) were added to each sample at a final ratio of 

acidified methanol/chloroform/sodium acetate of 2:1.9:1.6. Samples were vortexed and 

centrifuged at 600 x g for 10 min at 4oC.  The organic phase was retained and the aqueous 

phase successively back-extracted three times using chloroform three times.  The four 

organic extracts were combined and evaporated at room temperature under a constant 

stream of nitrogen gas.  Final extracts were solubilized in 300 µl of anhydrous ethanol 

(Commercial Alcohols P016EAAN) and stored under nitrogen gas at -80°C in amber vials 

(BioLynx C779100AW).  

 

2.5.3 High-performance liquid chromatography electrospray ionization tandem mass 

spectrometry 

 HPLC was performed using an Agilent 1100 system with an autosampler 

maintained at 4°C. Samples were prepared for LC injection by mixing 5 l of lipid extract 

with 2.5 µl of an internal standard mixture consisting of PC(O-16:0-d4/0:0) [2.5 ng, 

Cayman 360906, RRID:SCR_008945], PC(O-18:0-d4/0:0) [2.5 ng, Cayman 10010228, 

RRID:SCR_008945], PC(O-16:0-d4/2:0) [1.25 ng, Cayman 360900, RRID:SCR_008945] 

and PC(O-18:0-d4/2:0) [1.25 ng Cayman, 10010229, RRID:SCR_008945] in EtOH, and 

16 µL of Solvent A (see below).  Chromatography was performed on a 12 cm x 75 µm 

(I.D.) column packed with ReproSil-Pur 120 C4 (particle size of 5 µm and pore size of 120 

Å, Dr. A. Maisch, Ammerbruch, Germany #r15.4e) with a binary solvent gradient of water 

with 0.1% formic acid and 10 mM ammonium acetate (Solvent A) and acetonitrile/ 

isopropanol (5:2 v/v) with 0.1% formic acid and 10 mM ammonium acetate (Solvent B).  

Solvents were pumped at a main flow of 20 µl/min and a split flow configuration was used 
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to achieve submicroliter/minute flow rate.  The gradient started at 5% B, held for 15 min, 

was then increased to 100% B over 5 min, and was maintained for 25 min for column re-

equilibration.  The solvent composition was brought back to 5% B within 1 min and 

maintained for 15 min.  Each sample injection was followed by a blank run to ensure no 

significant carryover.  MS acquisition was carried out using a QTRAP 5500 system 

equipped with a NanoSpray III ion source (SCIEX) with the following optimized instrument 

parameters: curtain gas was set to 20 µL/min; ion spray voltage to 2500 V, and source 

gas to 10 µL/min.  LC-MS protocols were optimized as follows to ensure sensitivity in the 

quantification of low abundant lipid metabolites and second messengers.  

 The complete GPC-containing metabolome (450-650 m/z) in the frontal cortex, 

temporal/parietal/entorhinal cortex, and hippocampus was profiled using PIS in positive 

ion mode monitoring the diagnostic product ion of the GPC headgroup at m/z 184.1. To 

differentiate lyso-sphingomyelins and sphingomyelins from GPCs with the same 

headgroup, we used differential mobility spectroscopy (DMS)-based experiments on a 

QTRAP 5500 mass spectrometer equipped with SelexION DMS technology (SCIEX) and 

a Turbo V ion source (SCIEX).  Operating conditions were optimized using a lipid standard 

mixture containing 1 μM PC(12:0/13:0) (LM-1000, Avanti Polar Lipids, Inc,) and porcine 

brain SM (860062, Avanti Polar Lipids, Inc) with 1-propanol as the DMS chemical 

modifier.  The lipid standards were T-infused with an integrated syringe pump set at 5 

μl/min into the flow of 10 μl/min of 100% Solvent B (ACN/IPA at 5:2 v/v ratio containing 

0.1% formic acid and 10 mM ammonium acetate) delivered by an Agilent Infinity II system 

(Agilent, RRID:SCR_013575).  The optimized DMS conditions were as follows: 

separation voltage = 3900 V, DMS cell temperature = 150°C (Low), modifier 
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concentration= 1.5 % v/v in the transport gas (Low), DMS resolution enhancement = 18 

psi (Low), and DMS offset = - 3.0 V.  The compensation voltage (COV) values were then 

optimized for each lipid class by ramping the COV at increments of 0.1 V and the optimal 

COV values for GPCs and sphingomyelins were determined to be -4.5 V and 1.5 V, 

respectively.  For the flow injection-DMS experiments, the species within each lipid class 

were monitored using (+) Prec184 for GPCs and sphingomyelins with the predetermined 

optimal COV values.  

 Quantitative analysis of validated GPC metabolites and second messengers 

detected in our profiles was achieved in SRM mode monitoring the transition from the 

protonated molecular ion of each of the lipid species detected to the headgroup specific 

product ion of m/z 184.1.  Collision gas was set to 10 µL/min with an entrance potential 

of 10 eV, a declustering potential of 100 eV, and a collision cell exit potential of 9 eV.  

Collision energy was 47 eV.  PIS and SRM spectra were analyzed using Analyst 1.6.2 

and MultiQuant 3.0.8664.0 (SCIEX), respectively. Analysis output was converted to .csv 

format for further bioinformatic processing.  Spectra were aligned using RT-STAR (v1.0), 

an in-house algorithm that standardizes retention times to align lipid species across 

lipidomes. Molecular identities were assigned using VaLID v3.0 (Blanchard et al., 2013) 

and the LIPID MAPS Structural Database (RRID:SCR_003817) (Sud et al., 2007).  

Molecular identities were confirmed in a single HPLC-selected reaction monitoring 

(SRM)- information dependent acquisition (IDA)- enhanced product ion (EPI) experiment 

in which SRM was used as a survey scan to identify target analytes and an IDA of EPI 

spectra were acquired in the linear ion trap.  After acquisition, the EPI spectra were 

examined for structural determination.  For quantification, raw peak areas were corrected 
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for extraction efficiency and instrument response by normalization to internal standards, 

PC(12:0/13:0) and PC(13:0/0:0), added at time of extraction.  Lipid abundances were 

expressed as pmol equivalent of internal standard per mg of tissue wet weight 

(pmol/mgtissue) or as log2 fold change of these abundances relative to control. 

 

2.5.4 Lipid nomenclature  

  We used the standard lipid nomenclature described by Fahy et al., to identify 

individual lipids (Fahy et al., 2011).  For example, PC(O-18:1/2:0) defines a molecular 

species belonging to the GPC class of lipids with a polar phosphocholine head group (PC) 

at the sn-3 position of the glycerol backbone, a hydrocarbon chain of 18 carbons with 1 

double bonds 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.  For other subclasses, 

the nomenclature P- refers to an alkenyl (vinyl ether) linkage at the sn-1 position.  Lack 

of linkage indicators refers to an acyl (ester) linkage.  PC(O) second messengers were 

defined by their acetyl group at the sn-2 position.  PAF-like lipids were defined as having 

an sn-1 acyl-group (PC) or alkenyl-group (PC(P)) and up to 2-6 carbons at the sn-2 

position. We profiled LPC, LPC(O), and LPC(P) as well as PC(O) and PAF-like PC and 

PC(P) metabolites and second messengers (Supplemental Fig. 2.1).   

 

2.5.5 Western analyses 

 Cortices were homogenized in Urea-Tris (8 M Urea, 50 mM Tris pH 8.2, 65 mM 

dithiothreitol (DTT) [#U5128, #T1503, and #43815, Sigma-Aldrich]) supplemented with 

ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor and phosphatase inhibitor 
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cocktail tablets [#04693124001 and #04906837001, Roche]) and sonicated 

(#Sonicator3000, QSonica) three times at 12 W for 20 s.  The samples were passed 

through a 26-gauge needle (#309625, BD Biosciences, ON, Canada) eight times and 

centrifuged at 22,000 g for 15 min. Protein concentrations were assessed using the Bio-

Rad DC protein assay kit (#500-0112, Bio-Rad). Protein was denaturated using the 

NuPAGE LDS sample buffer and reducing agent (#NP0007, and #NP0009, Life 

Technologies) in accordance to the manufacturer's guidelines. Thirty μg of protein per 

well were resolved on NuPAGE 4–12% SDS–PAGE gels (#NP0335, Life Technologies).  

Gels were transferred onto nitrocellulose membranes (#66485, Pall Life Sciences) and 

blocked for 30 min with phosphate buffered saline with tween (PBS-T) (10 mM phosphate 

pH 7.2, 154 mM NaCl [#SPD307, #SPM306, and #SOD001, BioShop], 0.1 % (v/v) Tween 

20 [#P1379, Sigma-Aldrich]) containing 5 % (w/v) non-fat milk (Carnation). Membranes 

were incubated at 4°C overnight with the primary antibody in PBS-T with 3 % (w/v) non-

fat milk. Primary antibodies were anti-PAFAH1B1 (LIS1, 1:1000, RRID: AB 10694968, 

#AB5413, Millipore), anti-PAFAH1B2 (2, 1:700, gift of Dr Arai, University of Tokyo), anti-

PAFAH1B3 (1, 1:700, gift of Dr Arai), and anti-actin (#CLT9001, Cedarlane). 

Horseradish peroxidase (HRP)-conjugated anti-mouse (1:2000, #610-1319-0500, 

1:2000, Rockland) or anti-rabbit IgG (1:5000, #NA834V, GE Healthcare) secondary 

antibodies in 3 % (w/v) non-fat milk PBS-T were incubated with the membranes for one 

hour at room temperature. Reactions were visualized using Immobilon Western 

Chemiluminescent HRP Substrate (#WBKLS0500, Millipore). Membranes were stripped 

using 1 X ReBlot plus solution (#2504, Millipore) according to the manufacturer's 
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guidelines.  Relative protein expression was quantified by densitometry using the image 

processing program Fiji v1.0 (National Institutes of Health).  

 

2.5.6 PLA2 activity 

Total GIV cPLA2 activity was assessed in cortical lysates using a commercial assay kit 

(#765021, Cayman Chemical) according to manufacturer’s guidelines. 

 

2.5.7 Statistics 

 Statistical analyses were performed using Prism 7.0 (GraphPad Software, 

RRID:SCR_002798). An alpha values of p<0.05 was deemed statistically significant.  

Post hoc power analyses were performed for all significant effects using G*Power 3.1 

(RRID:SCR_013726) (Faul et al., 2007) with  set to 0.05. Sample and effect sizes were 

deemed acceptable maintaining a  value of 0.2 or under.  Univariate analyses were 

unpaired, two-tailed t-tests and one- or two-way ANOVAs as indicated.  In the event of 

multiple t-tests, family-wise error was corrected for by setting the false discovery rate 

(FDR) to Q=0.05 according to the method of (Benjamini et al., 2006). In ANOVA analyses, 

Holm-Sidak post hoc tests were used to control for family-wise comparisons.  Partial 

Least Squares-Discriminant Analysis (PLS-DA) and variable importance in projection 

(VIP) scores were calculated using MetaboAnalyst 3.0 (RRID:SCR_015539) (Xia et al., 

2015).  Average linkage hierarchical clustering using city-block similarity metrics 

(autoscaled pmol equivalents per mg tissue wet weight) or uncentered correlation metrics 

(log2 fold changes) were performed using Cluster 3.0 (RRID:SCR_013505) (de Hoon et 
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al., 2004).  Heatmaps were visualized using Java TreeView 1.1.6 (RRID:SCR_013503) 

(Saldanha, 2004).   

 

2.6 Results  

2.6.1 The cortical and hippocampal GPC metabolite lipidomes are distinct. 

 We first identified the repertoire of glycerophosphocholine metabolites and second 

messengers with m/z between 450 and 650 in the frontal cortex and hippocampus of adult 

4-9-month old WT mice using HPLC-ESI-MS/MS by PIS in positive ion mode.  Because 

these species are much less abundant than their structural precursors, we developed and 

optimized a nano-flow HPLC-ESI-MS/MS method using a NanoSpray III ion source for 

their detection and quantification.   Dynamic range of detection was confirmed by serial 

dilution and abundances of all species reported in this study were within this dynamic 

range.  Our analysis excluded sphingomyelins and lyso-sphingomyelins identified by 

HPLC-DMS-ESI-MS/MS (Supplemental Fig. 2.2).  Molecular identities were confirmed in 

a single HPLC-SRM-IDA-EPI experiment.     

 A total of 61 lipids were profiled as Land’s cycle metabolites and second 

messengers.  Cortical and hippocampal metabolite lipidomes segregated according to 

lipid composition and species abundance (Fig. 2.2A).  Four species were unique to the 

frontal cortex: one PC lipid, PC(18:1/3:0), two LPC(O), LPC(O-18:0/0:0) and LPC(O-

21:6/0:0), and one PC(O), PC(O-17:0/2:0) (Fig. 2.2A,B).  Eight species were unique to 

the hippocampus: two PC, PC(16:0/2:0) and PC(18:1/4:0); four LPCs, LPC(26:6/0:0), 

LPC(22:6/0:0), LPC(22:4/0:0), and LPC(19:1/0:0); one PC(O), PC(O-17:1/2:0); and one 

LPC(P), LPC(P-20:0/0:0) (Fig. 2.2A,B).  The most abundant glycerophosphocholine 
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Figure 2.2 – Cortical and hippocampal glycerophosphocholine metabolite 

lipidomes are distinct.  (A) Heatmap depicting separation of the cortical and 

hippocampal glycerophosphocholine metabolite and second messenger landscapes. 

Data represent autoscaled metabolite abundances calculated in pmol per mg tissue wet 

weight) of adult (4-8-month-old, n=8) normoxic-treated WT mice.  Z-scores were 

clustered using average linkage hierarchical clustering according to city-block similarity 

metrics. (B) Venn diagram summarizing glycerophosphocholine metabolite composition 

in frontal cortex and hippocampus.  (C) Total glycerophosphocholine metabolite and 

second messenger abundances were comparable across regions. Subclass 

abundances of LPC(P) and PC(O) were lower in cortex compared to hippocampus.  

Data represent lipid abundance in pmol per mg tissue wet weight ± standard error 

(SEM).  Total Land’s cycle metabolite and second messenger levels were not 

significantly different (two-tailed unpaired t-test, t=1.46, df=14, p=0.167, n=8/region).  

Levels of LPC(P) and PC(O)-PAF were significantly lower in cortex compared to 

hippocampus.  LPC(P): two-tailed unpaired t=2.30, df=14, p=0.037; PC(O)-PAF: t=2.15, 

df=14, p=0.049. *p<0.05.  (D) Differences in regional metabolite abundance were 

species-specific.  Data depict mean log2 fold change ± SEM (n=8 animals).  Each 

sample was divided by the average abundance of the same lipid species in the 

hippocampus.  Statistics were two-tailed, unpaired t-tests with an FDR of 5%; *FDR-

adjusted q<0.05.  
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metabolites in both regions were LPC(18:0/0:0) and LPC(16:0/0:0), making up 40 %mol 

of the total metabolite lipidome.  There were no regional differences in the abundances 

of these species; consequently, there were no statistically significant regional differences 

in total lipid metabolite content (Fig. 2.2C,D).   Overall levels of PC(O) and LPC(P) were, 

however, lower in cortex compared to hippocampus (Fig. 2.2C).   At the molecular level, 

abundances of 21 LPC, LPC(O), PC(P), and PC(O) species were lower in the frontal 

cortex compared to the hippocampus (Fig. 2.2D).  

 

2.6.2 GPC metabolism is disrupted in the frontal cortex but not the hippocampus of 

APPSwe/PS1dE9 mice when older mice transition from a pre-symptomatic to a 

symptomatic state. 

 The APPSwe/PS1dE9 mice used in this study were a randomly chosen subset of 

animals previously subjected to normoxic or hypoxic challenge (Liu et al., 2016).  All of 

the behavioural data for these animals are presented in (Liu et al., 2016).  In Liu et al., we 

demonstrated that the performance of normoxic-treated WT animals was comparable in 

the MWM at 4, 6, and 9 months of age.  Animals showed no learning and memory deficits 

(Liu et al., 2016).  Likewise, we found here that their glycerophosphocholine lipidomes 

were indistinguishable.  Glycerophosphocholine metabolism did not change between 4 

and 9 months of age (Fig. 2.3A). Next, we interrogated the lipidomes of normoxic 

APPSwe/PS1dE9 mice before (pre-symptomatic 4-month old mice) and after (symptomatic 

6 to 9-month old mice) onset of learning and memory impairment.  We found that total 

metabolite levels were altered in the frontal cortex but not hippocampus of symptomatic  
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Figure 2.3 – The cortical but not hippocampal lipidome is altered when 

APPSwe/PS1dE9 mice first exhibit learning and memory deficits.  (A) No statistically 

significant age-related changes in glycerophosphocholine metabolite levels were 

detected in normoxic WT mice at 4-month compared to 6 and 9-month old mice in either 

the hippocampus or the cortex.  (B) Cortical levels of LPCs significantly decreased at 

symptomatic onset in APPSwe/PS1dE9 mice under normoxic conditions. No changes in 

glycerophosphocholine metabolite levels were detected in the hippocampus. Data 

represent mean lipid abundance (pmol per mg tissue wet weight) ± SEM. Statistics were 

unpaired, two-tailed, t-tests (4-month: n=3 mice/region; 6-9-months: n=5 mice/region).  

Cortical LPC: t=2.80, df = 6, p=0.03). 
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mice (Fig. 2.3B).  LPC levels were significantly lower in older symptomatic compared to 

younger pre-symptomatic APPSwe/PS1dE9 mice (Fig. 2.3B).   

 

2.6.3 Chronic intermittent hypoxia accelerates changes in cortical GPC metabolism 

associated with symptomatic onset in APPSwe/PS1dE9 mice   

 We used multivariate PLS-DA to determine whether the GPC metabolite lipidome 

discriminated pre-symptomatic from post-symptomatic APPSwe/PS1dE9 mice.  Pre-

symptomatic young mice clearly segregated from symptomatic older mice using the first 

two principal components in two-dimensional score plots (Fig. 2.4A, left panel).   In Liu et 

al. (2016), we reported that exposure to chronic intermittent hypoxia accelerated 

APPSwe/PS1dE9 phenoconversion.  The hypoxic APPSwe/PS1dE9 mice profiled here 

showed learning and memory deficits by 4-months of age; normoxic APPSwe/PS1dE9 

mice phenoconverted between 6 and 9 months of age (Liu et al., 2016).  We found that 

these pre-symptomatic normoxic 4-month-old APPSwe/PS1dE9 mice were also clearly 

discriminated from symptomatic hypoxic 4-month old littermates (Fig. 2.4A, right panel).   

 We next asked whether age- and hypoxia-induced phenoconversion elicited the 

same changes in cortical lipid metabolism.  Sixty percent of the top ten critical 

discriminators of age- and hypoxia-induced phenoconversion were identical (Fig. 2.4B).  

These lipids also showed statistically significant decreases relative to normoxic 4-month 

old pre-symptomatic mice (Fig. 2.4C).  Lipid abundances of five GPC metabolites, 

LPC(16:0/0:0), LPC(18:0/0:0), LPC(24:6/0:0), LPC(25:6/0:0), LPC(O-18:0/0:0) and 

PC(O-22:6/2:0) declined significantly in both age-dependent and hypoxia-induced 

symptomatic APPSwe/PS1dE9 but not WT mice (Fig. 2.4D, Supplemental Table 2.1). 
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Figure 2.4 – Chronic hypoxia accelerates glycerophosphocholine metabolic 

changes associated with the onset of behavioural impairment in the cortex of 

APPSwe/PS1dE9 but not WT mice.  (A) PLS-DA score plots demonstrating distinct 

separation of impaired APPSwe/PS1dE9 6-9-month normoxic (left panel) and 4-month 

hypoxic (right panel) mice from pre-symptomatic APPSwe/PS1dE9 mice. (B) A Venn 

diagram depicting the top ten critical glycerophosphocholine metabolites identified by 

PLS-DA analysis with the highest variable projection score (all ≥ 1.4). Of these, six 

species were common in discriminating phenoconversion of both older normoxic (left 

ellipse) and younger hypoxic (right ellipse) APPSwe/PS1dE9 mice.  Red font indicates 

increased abundance in symptomatic mice, green font indicates decreased abundance 

in symptomatic mice. (C) Levels of these six critical predictors of symptomatic onset were 

statistically significantly lower following phenoconversion compared to pre-symptomatic 

mice.  Data represent average log2 fold change relative to pre-symptomatic, 4-month 

APPSwe/PS1dE9 mice (n=3/condition).  Statistics were one-way ANOVA comparing the 

abundances of each lipid species across normoxic and hypoxic conditions followed by 

Holm-Sidak post-hoc tests. *p<0.05 for both impaired conditions relative to pre-

symptomatic 4-month-old normoxic APPSwe/PS1dE9 mice. The only other statistically 

significant change detected was an increase in LPC(21:0/0:0) in older symptomatic but 

not younger hypoxic APPSwe/PS1dE9 mice (#p<0.05).  (D) Comparison of pmol 

abundances of the six indicators of glycerophosphocholine metabolic impairment in pre-

symptomatic 4-month normoxic A PPSwe/PS1dE9 mice (n=3) and at symptomatic onset in 

6-9-month normoxic A PPSwe/PS1dE9 mice (n=5) or 4-month hypoxic APPSwe/PS1dE9 

mice (n=3). Data represent mean species abundance (pmol per mg tissue wet weight) ± 
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SEM. Statistics were one-way ANOVAs (LPC(16:0/0:0): F(2,8)=9.29, df=2, p=0.008; 

LPC(18:0/0:0): F(2,8)=8.98, df=2, p=0.009, LPC(24:6/0:0): F(2,8)=0.034, df=2, , 

LPC(25:6/0:0): F(2,8)=6.42, df=2, p=0.02; LPC(O-18:0/0:0): F(2,8)=7.81, df=2, p=0.013; and 

PC(O-22:6/2:0): F(2,8)=10.35, df=2, p=0.008) with Holm-Sidak post-hoc tests for multiple 

comparisons (**p<0.01, *p<0.05).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



80

AβPPSwe/PS1dE9

LPC(21:0/0:0)
LPC(22:1/0:0)
LPC(20:3/0:0)
LPC(20:1/0:0)

PC(O-22:6/2:0)
LPC(O-18:0/0:0)
LPC(16:0/0:0)
LPC(18:0/0:0)
LPC(24:6/0:0)
LPC(25:6/0:0)

LPC(19:0/0:0)
LPC(P-18:0/0:0)
PC(O-16:0/2:0)
PC(O-18:0/2:0)

Top Predictive Species

4 m Normoxia 
& 

6-9 m Normoxia

4 m Normoxia
& 

4 m HypoxiaScores PlotsA

B
Increase
Decrease

C

       -4       -2        0        2        4        
Component 1 (25.1%)

-6
   

  -
4 

   
-2

   
   

0 
   

  2
   

   
4 

   
  6

C
om

po
ne

nt
 2

 (3
6.

9%
)

       -6     -4      -2      0       2      4        
Component 1 (32.0%)

  -
4 

   
  -

2 
   

  0
   

   
 2

   
   

 4
   

   
 6

C
om

po
ne

nt
 2

 (4
6.

4%
)

C
om

po
ne

nt
 2

 (4
6.

4%
)

LP
C

(2
5:

6/
0:

0)
LP

C
(2

4:
6/

0:
0)

LP
C

(1
6:

0/
0:

0)

LP
C

(1
8:

0/
0:

0)

LP
C

(2
0:

3/
0:

0)

PC
(O

-1
8:

0/
2:

0)

LP
C

(O
-1

8:
0/

0:
0)

PC
(O

-2
2:

6/
2:

0)

LP
C

(2
1:

0/
0:

0)
LP

C
(2

2:
1/

0:
0)

LP
C

(2
0:

1/
0:

0)

LP
C

(1
9:

0/
0:

0)

LP
C

(P
-1

8:
0/

0:
0)

PC
(O

-1
6:

0/
2:

0)

LPC(16:0/0:0) LPC(18:0/0:0) LPC(24:6/0:0) LPC(25:6/0:0) LPC(O-18:0/0:0) PC(O-22:6/2:0)

D
PC LPC LPC(P) LPC(O) PC(O)

Figure 2.4



81 
 

Hypoxia did not significantly alter the WT lipidome (Supplemental Fig. 2.3).  Levels of five 

of the six critical indicators of APPSwe/PS1dE9 phenoconversion declined mildly in WT 

littermates following hypoxic challenge; however, none of these changes were statistically 

significant (Supplemental Fig. 2.3). Taken together, these data suggested that PLA2 

activity is reduced when APPSwe/PS1dE9 mice first exhibit either age- or environmental-

risk associated learning and memory deficits. 

 

2.6.4 Changes in PLA2 activity and PAFAH1b subunit protein expression mark 

symptomatic onset and symptomatic progression in N5 TgCRND8 mice. 

 To assess enzymatic levels, activity, and lipidomic impact directly, we profiled the 

Land’s cycle GPC metabolome and associated enzyme activities/levels in a second APP 

mouse model. N5 Tg mice (Granger et al., 2016) are a TgCRND8 sub-line, expressing 

the human APP gene with Swedish and Indiana familial AD mutations 

(KM670/671NL+V717F) under the control of the prion protein promoter (Chishti et al., 

2001).  N5 Tg females are pre-symptomatic at 2 months of age, phenoconvert in the 

MWM between 4 and 5 months, and are fully impaired at 6 months of age with deficits 

tested up to 12 months of age (Granger et al., 2016; Wang et al., 2013). We quantified 

Land’s cycle metabolites and second messengers in the temporal/parietal/entorhinal 

cortex of 2 (pre-symptomatic), 4 (onset of learning and memory deficits), 6 (fully 

impaired), and 8 (fully impaired) month-old Tg mice by LC-ESI-MS/MS (Fig. 2.5A).  As 

observed in the frontal cortex of APPSwe/PS1dE9 mice, overall abundances of LPC 

metabolites decreased significantly when 4-month old Tg mice first exhibited learning and 

memory deficits (Fig. 2.5A,B).   In addition, significant decreases in LPC(O) metabolites 
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Figure 2.5 – Decreases and increases in Lands’ cycle metabolism differentiate 

symptomatic onset from symptomatic progression in cortex of N5 TgCRND8 mice.  

(A) Heat map depicting changes in the glycerophosphocholine metabolic landscape of 2-

month (pre-symptomatic, n=4), 4-month (symptomatic onset, n=4), 6-month (fully 

impaired, n=4) and 8-month (fully impaired, n=3) N5 TgCRND8 mice.  Data represent log2 

fold change relative to 2-month pre-symptomatic Tg mice. (B) Total LPC and LPC(O) 

levels decrease in 4-month old mice when Tg mice become symptomatic; total LPC and 

LPC(O) levels are restored in fully impaired 6- and 8-month old animals. Data represents 

mean log2 fold change ± SEM relative to 2-month pre-symptomatic Tg mice. Statistics 

were 2-way ANOVA, main effect of age (F(3,19)=4.1, df=3, p=0.02) *p<0.05 relative to 2-

month N5 Tg mice. (C) Elevations in total PC(O)-PAF levels in fully impaired 6- and 8-

month old animals were not statistically significant.   Data represents mean log2 fold 

change ± SEM relative to 2-month N5 Tg mice.  Statistics were a one-way ANOVA 

(F(3,9)=2.26, df=3, p=0.15). (D) Product/Precursor ratios of PC(O-18:1/2:0)/PC(O-

18:0/0:0) were performed to assess rate of LPC(O) to PC(O)-PAF remodelling.  An 

increase in remodelling was detected between 6- and 8-month old in Tg but not NonTg 

mice.  Statistics were two-way ANOVA with a significant interaction (F(3,25)=3.28, df=3, 

p=0.037), *p<0.05 relative to 2-month pre-symptomatic Tg mice and #p<0.05 relative to 

4-month symptomatic Tg mice. (E) Increases and decreases in cPLA2 activity 

distinguished symptomatic onset (4-month Tg) from fully impaired (6 and 8-month old) 

mice.  No age-dependent change in cPLA2 activity was observed in NonTg mice.  Data 

represent mean ± SEM nmol/min/mL of cPLA2 activity. Statistics were one-way ANOVA 

(F(3,8)=69.23, df=3, p<0.0001, n=3/age), **p<0.01, *p<0.05 relative to 2-month Tg mice.  
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(F) PAFAH1b 1 but not LIS1 or 2 protein levels increase with age.  Data represent 

western blots (left panel) and densitometry (right panel) of PAFAH protein subunit levels 

in 2, 4, and 6-month old NonTg and Tg mice.   Mean ratio to the actin loading control ± 

SEM of each subunit are presented. Statistics were two-way ANOVA for each subunit. A 

significant main effect of age was detected: (F(2,6), df =2, p=0.016, n=2/ages/genotypes), 

*p<0.05 relative to 2-month old mice.  Longer exposures are provided in Supplemental 

Fig. 4.  Blots were probed simultaneously for 1 and 2.  Blots probed individually are also 

presented in Supplemental Fig. 2.4. 
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were detected  (Fig. 2.5A,B).  In older 6 and 8-month old mice, total LPC and LPC(O) 

levels rebounded (Fig. 2.5A,B) and PC(O) levels rose (Fig. 2.5A,C).   We compared 

product to precursor ratios of PC(O-18:1/2:0) to LPC(O-18:1/0:0) to assess the rate of 

conversion of lyso-PAF to PAFs in both Tg and NonTg littermates (Fig. 2.5D).  

Remodelling of LPC(O-18:1/0:0) to PC(O-18:1/2:0) increased significantly between 6 to 

8 months in symptomatic Tg mice but not in age-matched NonTg littermates (Fig. 2.5D).  

We quantified cPLA2 activity directly in temporal/parietal/entorhinal cortex over 

time (Fig. 2.5E).  There was no change in cPLA2 activity in NonTg mice between 2 and 8 

months of age (Fig. 2.5E).  By contrast, cPLA2 activity decreased significantly in Tg mice 

at symptomatic onset (4-months of age) and increased significantly in fully impaired 6 and 

8-month old mice (Fig. 2.5E).  To provide mechanistic insight into why PC(O) levels 

accumulated in symptomatic Tg mice, we examined neuronal PAFAH1b subunit 

expression (Fig. 2.5F). The PAFAH1b trimer is composed of two catalytic subunits, 1 

and/ or 2, and one regulatory subunit, LIS1. 2 and LIS1 protein levels did not change 

with age in Tg and NonTg littermates (Fig. 2.5F).  PAFAH1b 1 protein expression 

significantly increased over time in both Tg and NonTg mice (Fig. 2.5F, Supplemental 

Fig. 2.4).  Because PAFAH 2/2 homodimers have a higher affinity for PC(O) than 1/2 

heterodimers or 1/1 homodimers (Bonin et al., 2004; Manya et al., 1999), this shift in 

catalytic subunit expression is consistent with the accumulation of PC(O-18:1/2:0) over 

time in fully impaired Tg mice. 
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2.7 Discussion 

 In this study, we identify sequential changes in Land’s cycle GPC metabolism that 

discriminate between pre-symptomatic, symptomatic, and fully impaired human APP 

mice.  We used two different mouse models to ensure changes were indicative of 

behavioural indices of learning and memory impairment regardless of how A-deposition 

was induced.  Using an unbiased lipidomic approach and direct biochemical 

assessments, we show that that the GPC metabolomes of pre-symptomatic 

APPSwe/PS1dE9 and N5 TgCRND8 mice are indistinguishable from littermate controls 

lacking human AD APP.  Upon symptomatic onset, cPLA2 activity is suppressed and 

LPC and LPC(O) levels are reduced in both the frontal and temporal/parietal/entorhinal 

cortical regions of APPSwe/PS1dE9 and N5 TgCRND8 mice.  Critical metabolic indicators 

are decreases in abundance of LPC(16:0/0:0), LPC(18:0/0:0), LPC(24:6/0:0), 

LPC(25:6/0:0), LPC(O-18:0/0:0), and PC(O-22:6/2:0).  When human APP animals 

become fully impaired, cPLA2 activity progressively increases.  LPC and LPC(O) levels 

rise.  The product to precursor ratio of PC(O-18:1/2:0) to PC(O-18:1/0:0) is  progressively 

elevated indicative of the accumulation of pro-inflammatory PC(O) second messengers. 

These changes are accompanied by an age-dependent shift in the expression of the 

PAFAH1b catalytic subunits favouring 1/2 and 1/1 dimerization predicted to further 

reduce hydrolysis of PC(O) back to LPC(O) thus further promoting accumulation of pro-

inflammatory PAFs in Tg cortices.   

 This study helps to reconcile controversy as to whether PLA2 activation or inhibition 

in AD is pathological.  Our data indicate that cortical GPC remodelling is suppressed when 

pre-symptomatic APP mice transition to a symptomatic state.  This suppression is the 
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result of decreased cPLA2 activity.  We did not assay other PLA2 isoforms but our findings 

are consistent with evidence that lower platelet iPLA2 activity predicts risk of conversion 

from mild cognitive impairment to AD (Gattaz et al., 2014) while lower cortical total PLA2 

activity correlates with earlier AD onset (Gattaz et al., 1996; Ross et al., 1998).  We also 

found that in fully impaired animals, cPLA2 activity rises and LPC levels are elevated.  

Likewise, levels of arachidonic acid and its metabolites increase in both CSF and brain of 

mid and late-stage AD patients (Montine et al., 1999).  AA is preferentially hydrolyzed 

from GPCs by cPLA2 (Diez et al., 1992).  The rise in LPC levels detected here is also 

consistent with the increase in glycerophosphocholine metabolite levels in post-mortem 

AD brain correlating with severity of cognitive decline and psychosis (Sweet et al., 2002).  

In concert with these increases, we found that downstream PC(O) metabolites 

accumulate in N5 Tg mice.  This accumulation has been seen in network analyses of 

metabolic changes associated with AD progression in humans (Toledo et al., 2017) 

wherein higher levels of circulating PC(O) lipids correlate with a faster rate of AD cognitive 

decline (Toledo et al., 2017).  Likewise, PC(O) levels are elevated in the entorhinal cortex 

of late-stage AD patients post-mortem (Ryan et al., 2009).  Taken together, these data 

provide converging evidence to indicate that the onset and progression of AD are 

distinguished by distinct changes in Land’s cycle metabolism of GPCs.  Transient cPLA2 

suppression and reductions in lyso-metabolites in cortex associates with symptomatic 

onset while increased cPLA2 activity and accumulation of PC(O)s associate with disease 

progression. 

 The biphasic changes observed in cPLA2 activity in this study were both age-

independent and required pre-existing Apathology.  Both APPSwe/PS1dE9 and N5 Tg 
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mice exhibited the same decreases in Land’s cycle remodelling despite their age 

differential at symptomatic onset.  APPSwe/PS1dE9 mice first exhibit behavioural 

impairment between 6 and 9 months of age (Garcia-Alloza et al., 2006; Reiserer et al., 

2007; Yang et al., 2015).  Tg mice are symptomatic at 4 months of age (Chishti et al., 

2001; Granger et al., 2016).  Moreover, levels of the same critical indicators of cPLA2 

suppression, LPC(16:0/0:0), LPC(18:0/0:0), LPC(24:6/0:0), LPC(25:6/0:0), and LPC(O-

18:0/0:0), decline in younger APPSwe/PS1dE9 mice if symptomatic onset is accelerated 

by hypoxic insult.  Chronic intermittent hypoxia is an environmental risk factor that results 

in earlier manifestation of learning and memory deficits, enhanced Aβ biogenesis, and 

exacerbated tau pathologies in human APP mouse models  (Gao et al., 2013; Li et al., 

2009; Liu et al., 2016; Sun et al., 2006; Zhang et al., 2013).  This same insult is associated 

with a higher incidence of AD phenoconversion in humans (Daulatzai, 2013).  

Interestingly, we show here that decreased GPC metabolite abundances following 

hypoxic insult depends on pre-existing Aβ pathology.  WT littermates subjected to the 

same chronic hypoxic insult did not show the same degree of lipidomic disruption as 

APPSwe/PS1dE9 mice.  Together, these data indicate that hypoxia alone does not alter 

enzymatic activity to the same extent in the absence of Aβ pathology.  Moreover, we did 

not detect any age-associated changes in cortical cPLA2 activity in normoxic mice devoid 

of human APP between 2 and 8 months of age.  These data provide converging 

evidence to indicate that suppression of cPLA2 activity is an indicator of experimental 

phenoconversion and that hypoxic risk of critical metabolic defects associated with 

cognitive decline is likely enhanced in preclinical AD patients. 
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 Age, however, remains the primary risk factor for AD (Fjell et al., 2014).  Disease 

incidence increases dramatically after 60 years of age (Kawas et al., 2000).  Herrup 

(2010) has proposed a model in which normal aging, vascular trauma, and chronic 

neuroinflammation renders the elderly brain vulnerable to the amyloid cascade.  Here, 

any injury that triggers a chronic neuroinflammatory response can precipitate a metabolic 

‘change in state’. This ‘change of state’ is envisioned as a convergence of critical 

metabolic dysfunctions that exacerbate the amyloid cascade and precipitates cognitive 

decline  (Herrup, 2010).  We found here that while biphasic changes in cPLA2 activity are 

likely age-independent, these changes are also accompanied by an age-dependent shift 

in the relative expression of the catalytic 1 and 2 subunits of PAFAH1b in both Tg and 

NonTg littermates.  The PAFAH1b trimer is composed two catalytic subunits, 1 and/ or 

2 and one regulatory subunit, LIS1.  PAFAH1b 2 homodimers more effectively 

hydrolyze PC(O) to LPC(O) than PAFAH1b 2/1 heterodimers or 1/1 homodimers 

(Bonin et al., 2004; Manya et al., 1999).   Thus, any shift in protein expression favouring 

complexes composed of 2/1 and 1/1 is predicted to reduce PC(O) hydrolysis and 

favour PC(O) accumulation.  Our data indicate that younger adult mice predominantly 

express PAFAH1b 2 while older mice increasingly express PAFAH1b 1 at the protein 

level.  These experimental data are supported by evidence that metabolism of PC(O)s is 

disrupted in AD (de Leeuw et al., 2017; Ryan et al., 2009) with Aβ42 promoting remodelling 

of LPC(O) to PC(O) (McHale-Owen and Bate, 2018; Ryan et al., 2009; Simmons et al., 

2014).  Elevated cortical PC(O) levels have been linked mechanistically to the 

progression of other neuroinflammatory-associated dementias (Gelbard et al., 1994; 
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Kelesidis et al., 2015).  Thus, age-dependent reduction in PC(O) hydrolysis likely 

represents another metabolic correlate of cognitive decline over the course of AD 

 In summary, we identify in this study two defining disruptions in Land’s cycle 

glycerophosphocholine metabolism that distinguish pre-symptomatic, from symptomatic, 

from fully impaired human APP mice.  These data provide the first direct evidence that 

the cortical glycerophosphocholine metabolome is differentially regulated at symptomatic 

onset and over the course of symptomatic decline in two mouse models AD.   
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Supplemental Figure 2.1 – Lands’ cycle metabolism of glycerophosphocholines. 

We use nano-ESI-LC-MS/MS to profile the repertoire of 

monoacylglycerophosphocholines (LPC), monoalkylglycerophosphocholines LPC(O), 

monoalkenylglycerophosphocholines LPC(P) (middle panel), 1-acyl,2-

acetylglycerophosphocholines (PC), 1-alkyl,2-aceytlglycerophosphocholines (PC(O)) 

and 1-alkenyl,2-aceytlglycerophosphocholines (PC(P)) (bottom panel). Lyso-GPCs are 

generated by the hydrolysis of PC, PC(O), or PC(P) membrane precursors (top panel). 

Hydrolysis is mediated by a superfamily of PLA2 enzymes, segregated into 16 groups and 

broadly distinguished by five discrete types. Lyso-glycerophosphocholines can be further 

modified by LPCAT1-4 to either regenerate a structural membrane 

glycerophosphocholine using acyl-CoA as a substrate (top panel) or produce PAFs, using 

acetyl-CoA as a substrate (bottom panel). Canonical PAFs have an sn-1 alkyl-group and 

their acetyl group at the sn-2 position (PC(O)). PAF-like lipids can have an sn-1 acyl-

group (PC) or alkenyl-group (PC(P)) and up to 2-6 carbons at the sn-2 position. These 

second messengers are themselves both the products and the immediate precursors of 

lyso-GPCs in the Lands’ cycle as they are remodelled back to their respective lyso-

metabolites by PAFAHs. Abbreviations: GPC, glycerophosphocholine; cPLA2, 

cytoplasmic phospholipase A2; iPLA2, calcium-independent phospholipase A2; LPLA2, 

lysosomal phospholipase A2; LPCAT1-4, lysophosphatidylcholine acetyltransferase 1-4; 

PAF, platelet activating factor; PAFAH, platelet activating factor acetylhydrolase; PLA/AT, 

the H-RAS-like suppressor enzymes with both PLA1 and PLA2 activities as well as O-

acyltransferase activities; sPLA2, secretory phospholipase A2. 
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Supplemental Figure 2.2 – Verification that sphingomyelins are not detected in our 

glycerophosphocholine metabolite and second messenger LC-ESI-MS/MS profiles. 

Because sphingomyelins or lyso-sphingomyelins also fragment with a diagnostic m/z 

184.1 ion, prior to molecular identification, we verified that all metabolites/second 

messengers profiled in this study were glycerophosphocholines using differential mobility 

spectroscopy. All details are as in Materials and Methods. No sphingomyelins or lyso-

sphingomyelins were detected in our targeted m/z range of 450-650. 
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Supplemental Figure 2.3 – Analysis of critical glycerophospholipidome metabolites 

in 4-month old hypoxic compared to normoxic WT mice. Neither normoxic aging or 

exposure to hypoxia significantly altered the cortical WT lipidome. Univariate analysis 

revealed that no species were significantly altered in WT mice challenged with hypoxia or 

by age. Data represent mean log2 fold change of 6-9-month normoxic WT and 4-month 

hypoxic WT compared to 4-month normoxic animals. Statistics were one-way ANOVAs. 

(All ANOVAs: p>0.05). 
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Supplemental Figure 2.4. Western analysis of PAFAH α2 and α1 catalytic subunits. 

(A) Higher exposure of immunoblot presented in Fig. 5 demonstrating that the α1 subunit 

is detected at low levels in younger mice with protein expression increasing with age. As 

indicated in Fig 4, blots were probed simultaneously for α1 and α2. (B) To confirm these 

results, the same proteins were run in a replicate immunoblot and probed sequentially for 

α2 (top panel), stripped and reprobed for α1 (middle panel), and stripped and reprobed for 

the actin loading control (bottom panel). PAFAH α1 protein levels increased in both NonTg 

and Tg mice with age. Levels appeared to increase more robustly in older Tg animals 

compared to NonTg but these genotypic differences were not statistically significant (see 

densitometry in Fig. 2.5). 
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Chapter 3: A TgCRND8 mouse model of Alzheimer’s disease exhibits sexual 

dimorphisms in behavioural indices of cognitive reserve  

 

3.1 Objective of Study 

 In Chapter 2, I demonstrated that changes in glycerophosphocholine metabolism 

detected at phenoconversion were accelerated in the presence of an external AD risk 

factor that enhances susceptibility to cognitive decline. This finding led me to hypothesize 

that differences in glycerophopsholipid metabolism would not only indicate animals 

susceptible to impairment, but animals that are resistant.  Cognitive reserve was 

determined to be a viable representation of resistance in AD. Metabolic indices of 

cognitive reserve have yet to be identified.  To address whether glycerophospholipid 

metabolism could discriminate between animals capable of adopting alternative 

behavioural strategies from impaired animals when challenged with equivalent A 

pathology, the objective of this chapter was to develop a mouse model of AD that models 

sex-specific dimorphisms in behavioural indices of cognitive reserve that could be used 

in Chapter 4 to test these hypotheses.  

  

3.2 Author contributions 

 MWG and SALB conceived and designed the experiments. MWG analyzed all of 

the experiments with input from SALB and CM. MWG ran the MWM experiments with 

assistance from MWT. MWG performed the immunohistochemistry, 

immunofluorescence, estrous and enzyme-linked immunosorbent assay (ELISA) 

experiments and assisted in the development of MWM Visual and MWM experimental 
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paradigms. SALB completed plaque counts and Western blotting. BF executed the SLAG 

and cued MWM experiments. PSGH provided the parental TgCRND8 line.  

 This chapter is published in the Journal of Alzheimer’s Disease: Granger MW, 

Franko B, Taylor MW, Messier C, St George-Hyslop P, Bennett SAL (2016) A TgCRND8 

mouse model of Alzheimer’s disease exhibits sexual dimorphisms in behavioural indices 

of cognitive reserve. Journal of Alzheimer’s Disease; 51(3):757-73. 
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3.3 Abstract   

 Cognitive decline is sexually dimorphic in AD.  Men show higher incidences of 

amnestic mild cognitive impairment yet women disproportionally phenoconvert to AD.  It 

is hypothesized that men maintain greater cognitive reserve than women under 

comparable A challenge.  One behavioural aspect of cognitive reserve in mice is the 

capacity to cope with A-associated stereotypies by switching to increasingly effective 

navigational search strategies in the MWM.  To explore inherent sex differences in this 

paradigm, however, we require an APP mouse model wherein behavioural flexibility is 

impaired earlier in females than males despite equivalent A load.  Here, we show that 

when F1 C57Bl/6 x C3H/HeJ Tg mice are placed on C57Bl/6 background, N5 Tg males 

and females exhibit equivalent A pathologies at 2, 4, 6, and 8 months of age yet females 

display learning and memory deficits earlier than males.  We further show that this N5 

line does not carry the autosomal recessive pde6brd1 mutation that impairs visual acuity 

and that the estrous cycle is not disrupted on this genetic background.  At 5.5 months of 

age, Tg males, but not females compensate for A-associated stereotypic behaviours 

(i.e., hyperactive tight circling) by alternating navigational search strategies and adopting 

increasingly productive spatial search strategies.  Females fail to overcome amyloid--

associated stereotypies and do not efficiently switch from systematic to spatial learning 

strategies.  Together, these data identify a novel APP mouse model that can be used 

for preclinical testing of interventions targeting sexual dimorphisms in behavioural indices 

of cognitive reserve. 



104 
 

3.4 Introduction 

 Aberrant cleavage of the APP into toxic oligomeric A peptides and intraneuronal 

accumulation of neurofibrillary tangles composed of hyperphosphorylated tau are defining 

AD pathologies (Benilova et al., 2012; Hardy and Selkoe, 2002; Palop and Mucke, 2010).  

The amyloid cascade has been modeled in transgenic mice by ectopically expressing 

human familial mutant APP and/or PS1 genes linked to EOAD (Webster et al., 2014; 

Zahs and Ashe, 2010).  AD-associated tauopathies have been further engineered using 

triple transgenics expressing mutant human tau (Hochgrafe et al., 2013; Oddo et al., 

2003; Webster et al., 2014).  These models have clearly demonstrated that higher A 

loads are associated with greater learning and memory impairments in mice.  For 

example, interventions that accelerate A deposition and tau aggregation in 3xTg-AD 

mice exacerbate learning and memory deficits (Barron et al., 2013).  Similarly, memory 

impairments in APPSwe/PS1 mice increase as soluble A levels and plaque burden rise 

(Hooijmans et al., 2009; Savonenko et al., 2005; Zhang et al., 2011).    

 In humans, cognitive decline in AD is sexually dimorphic (Barnes et al., 2005; Fjell 

et al., 2010; Hua et al., 2010; Mielke et al., 2014; Snowdon, 2003; Vemuri et al., 2012).  

Two-thirds of AD patients are women (Hebert et al., 2013; Mielke et al., 2014; Thies et 

al., 2013).  Men currently show a higher incidence of amnestic mild cognitive impairment, 

often with a greater A load than women, yet women disproportionally transition to AD 

(Barnes et al., 2005; Hua et al., 2010; Mielke et al., 2014; Vemuri et al., 2012).  It is 

hypothesized that men maintain greater brain and cognitive reserves in the face of A 

challenge (Irvine et al., 2012; Perneczky et al., 2007).  Here, brain reserve refers to 

differences in brain structure or synaptic densities that enable individuals to compensate 
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for declining neural function resulting from A toxicity (Sperling et al., 2011; Stern, 2012).  

Cognitive reserve is defined as the capacity to switch between cognitive strategies, using 

alternative brain networks and cognitive paradigms to cope with progressive A 

pathologies (Sperling et al., 2011; Stern, 2012).  To our knowledge, no APP mouse 

model robustly recapitulates sexual dimorphisms in cognitive reserve given pre-existing 

sex differences in A biogenesis.  While female APP transgenics often display more 

severe learning and memory deficits (Clinton et al., 2007; Gallagher et al., 2013), they 

also consistently exhibit higher A40 and A42 levels and greater A plaque loads than 

males (Callahan et al., 2001; Hirata-Fukae et al., 2008; Schafer et al., 2007; Wang et al., 

2003).  Accelerated A accumulation in female mice is attributed, in part, to sex-

dependent increases in beta-secretase (BACE-1) expression (Gallagher et al., 2013), 

decreases in insulin-degrading enzyme expression (Gallagher et al., 2013), and 

enhanced -secretase activity (Placanica et al., 2009).  Interestingly, mild learning and 

memory impairments have been reported in 3xTg-AD females at ages when A and tau 

pathologies begin to diverge (Bories et al., 2012; Clinton et al., 2007).  While these data 

hint at sex differences in A vulnerability, robust sex-specific impairments have only been 

reported once A load in females exceeds that of males (Carroll et al., 2010; Hirata-Fukae 

et al., 2008).  Identifying an APP transgenic model in which females and males exhibit 

comparable A burden at all ages yet females phenoconvert earlier than males would 

provide an ideal preclinical model for testing strategies designed to enhance cognitive 

reserve and would further our understanding of AD sexual dimorphisms. 

  The TgCRND8 line is an aggressive APP mouse model.  Tg mice express the 

human APP gene with double KM670/671NL+V717F Swedish and Indiana familial AD 
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mutations (Chishti et al., 2001).  Extracellular A40 and A42 are detected by one month 

of age (Chishti et al., 2001).  Soluble A42/A40 ratios are elevated by two months of age 

(Chishti et al., 2001).  Learning and memory deficits manifest by three months of age 

(Chishti et al., 2001).  Since this line exhibits a high mortality rate, males and females are 

commonly pooled for behavioural testing (Chishti et al., 2001; Janus, 2004; Lovasic et al., 

2005).  Sex differences have yet to be evaluated.  We have previously shown that 

backcrossing C57Bl/6 x C3H/HeJ TgCRND8 mice onto a C57Bl/6 lineage for 5 

generations (N5) delays the onset of learning and memory impairment in females (Wang 

et al., 2013).  We have yet to characterize males on this genetic background.  Here, we 

asked whether N4 and N5 C57Bl/6 x C3H/HeJ Tg mice display sexual dimorphisms in 

behavioural indices of cognitive reserve.  We show that A load is equivalent between Tg 

sexes yet Tg males exhibit fewer learning and memory deficits in the MWM.  We analyzed 

the search strategies used by NonTg and Tg mice to navigate the MWM to assess 

behavioural flexibility associated with cognitive reserve.  We find that Tg males can 

overcome A-associated non-productive behaviours (hyperactive repetitive tight circling) 

by adopting increasingly productive spatial search strategies whereas Tg females cannot 

ultimately affecting behavioural measures of learning and memory.  Together, these data 

identify the N4/N5 Tg line as a mouse model capable of recapitulating clinically relevant 

sexually dimorphic differences associated with risk of AD phenoconversion. 
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3.5 Materials and Methods 

3.5.1 Animals 

 A total of 78 Tg males, 194 Tg females, 61 NonTg males, and 96 NonTg females 

were used in this study.  All mice were derived from F1 TgCRND8 C57Bl/6 x C3H/HeJ 

hybrid mice (Chishti et al., 2001) generously provided by Dr. Paul Fraser (University of 

Toronto).  Mice were backcrossed for 4 and 5 generations (N4/N5) to wild-type C57Bl/6 

mice in our laboratory (Wang et al., 2013) and then maintained by filial breeding of N4 Tg 

with N4 NonTg females.  All mice were genotyped twice for the human APP transgene 

(Wang et al., 2013) and the autosomal recessive retinal degeneration phosphodiesterase 

6B (Pde6brd1) mutation (Gimenez and Montoliu, 2001) (Supplemental Table 3.1). At 50 

days of age, males and females were single-housed on a 12:12 light:dark cycle with 

zeitgeiber time (ZT) 0 set to 6:00 AM.  Mice were fed a normal chow diet (Harlan 

Laboratories, 2018 Teklad Global 18% Protein Rodent Diet) ad libitum.  Natural survival 

rates were calculated between 50-181 days of age.  All experiments were approved by 

the Animal Care Committee of the University of Ottawa and performed in strict 

accordance with the ethical guidelines for experimentation of the Canadian Council for 

Animal Care. 

 

3.5.2 Western blotting 

 Soluble protein was extracted from the cortex of NonTg and Tg mice at 2, 4, and 

6 months of age using RadioImmunoprecipitation Assay (RIPA) buffer (1% Nonidet P40 

substitute, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM sodium 

orthovanadate, 1 mM sodium fluoride, 300 g/mL aprotinin and 100 g/mL 
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phenylmethylsulfonyl fluoride in 10 mM phosphate-buffered saline).  Protein samples of 

15 g then were processed as previously described (Wang et al., 2013). Briefly, proteins 

were incubated at 70oC in NuPAGE lithium dodecyl sulfate sample buffer, resolved on a 

NuPAGE 4-12% SDS-PAGE gel (Invitrogen), transferred to nitrocellulose membrane (Pall 

Life Sciences #66485), and blocked in 5% non-fat milk in Tris buffered saline with tween 

(TBS-T) (50 mM Tris base, 150 mM NaCl, 0.1% Tween 20).  Immunoblotting was 

performed with overnight probe at 4oC using an A antibody that recognizes human 

APP, C-terminal fragment  (CTF) but not CTF, and A peptides (6E10 Cedarlane 

SIG-39320 at 1:2000 dilution).  Secondary antibodies were horseradish peroxidase-

conjugated anti-mouse IgG (Rockland 610-1319-0500 at 1:10 000 dilution) visualized by 

chemiluminescence using Immobilon Western substrate (Millipore WBKLS0500).  

 

3.5.3 A plaque counts 

 Tg males and females were euthanized at 2, 4, 6, and 8 months of age (n=3-6 per 

genotype/age/sex).  Animals were injected with euthanyl (1EUS001, Bimeda-MTC Animal 

Health Ins) prepared in sterile water to a final concentration of 65 mg/ml and transcardially 

perfused with 10 mM phosphate buffered saline (PBS; 10 mM sodium phosphate and 154 

mM NaCl) followed by either 3.7% paraformaldehyde in 10 mM PBS for serial coronal 

sectioning or by Lana’s fixative (4% paraformaldehyde, 0.2% picric acid in 0.16 M sodium 

phosphate buffer, pH 7.1) for sagittal sectioning to assess A plaque distribution.  Brains 

were removed, post-fixed for 24 hours in either 3.7% paraformaldehyde in 10 mM PBS or 

for 1 hour in Lana’s fixative, and cryoprotected in 20% sucrose.  Lana’s fixed sagittal 30 

µm serial sections were collected between interaural 0.24 and 1.92 mm using the 
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coordinates of Franklin and Paxinos (Franklin and Paxinos, 2007) on a Leica CM1900 

cryostat (Leica Microsystems).  Sagittal sections were processed for 

immunohistochemistry using mouse anti-4G8 (1/250; SIG-39220, Covance) recognizing 

human and murine A, biotin-labeled anti-mouse IgG (1/300; B9904, Sigma), extravidin-

peroxidase (1/20; E2886, Sigma), and visualized by a reaction with Sigma FAST 3,3’-

diaminobenzidine (D4418-50SET, Sigma).  Sections were dehydrated in an increasing 

series of ethanol washes (50-100%) and coverslipped in DPX Mountant (44581, Fluka).  

All antibodies were diluted in antibody buffer (3% bovine serum albumin (A6003, Sigma), 

0.3% Triton X-100 (T9284, Sigma), in 10 mM PBS, pH 7.0).  For plaque quantification, 10 

mM PBS-buffered 3.7% paraformaldehyde-fixed 10 µm serial coronal cryosections 

between bregma -1.0 to -2.6 using the coordinates of Hof et al. (Hof et al., 2001) were 

collected. Total plaque number in the dorsal hippocampus and cortex as we have 

previously described (Pettit et al., 2012) and defined by Fanselow and Dong (Dong et al., 

2009), restricted to the dorsal retrosplenial, parietal association, and primary sensory 

cortices as identified according to Hof et al. (Hof et al., 2001), were quantified on a 

DMXRA2 epifluorescent microscope (Leica Microsystems) using the Advanced 

Measurement Module of OpenLab 5.0.2 (Improvision) software.  Counting methodologies 

were as described (Pettit et al., 2012), adapted to assess A plaques.  Briefly, a series of 

coronal sections (10 µm) were incubated overnight at 4˚C with mouse anti-4G8 (1:500).  

Sections were washed with 10 mM PBS, incubated with fluorescein isothiocyanate 

(FITC)-labeled anti-mouse IgG (1:1000, 715-095-150, Jackson ImmunoResearch) for 1 

hour at room temperature, and washed in 10 mM PBS prior to being coverslipped in 

0.05% p-phenylenediamine (w/v, P6001, Sigma) in glycerol (BP229-1, Fisher) adjusted 
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to pH 8.0 with 0.5 M sodium carbonate/sodium bicarbonate buffer.  Plaques were defined 

as immunoreactive round or annular aggregates with diameters of 5 µm or greater 

representing the minimum diameter of deposits meeting this morphological criteria 

detected.  The maximum plaque size detected in these animals was 50 µm.  Average 

plaque size was 27.2 + 12 µm.  An average of five 10 µm sections, serially sampled along 

the entire anterior-posterior axis of the hippocampus between bregma -1.0 and -2.6, were 

analyzed per animal.  Sections were a minimum of 30 µm apart to ensure the same plaque 

was not counted twice in adjacent sections.  A single investigator blinded to the identity 

of the sections assessed plaque numbers.  Total number of plaques per animal was 

calculated as the sum of the plaque counts per region in both hemispheres multiplied by 

the total number of serial sections collected, divided by the number of sections sampled 

and further divided by three to account for plaque size and thus overlap given assessment 

in 16 series of 10 µm sections.  

 

3.5.4 Quantification of A40 and A42 peptides 

 Tg males and females were euthanized at two or six months of age (n=4-5 per 

sex) using euthanyl (1EUS001, Bimeda-MTC Animal Health Ins) prepared in sterile water 

to a final concentration of 65 mg/ml. Brains were extracted and the cerebrum dissected, 

weighed and flash-frozen in liquid nitrogen.  Tissue was prepared as per ELISA kit 

instructions (human A42: Invitrogen #KHB3442; human A40: Invitrogen #KHB3482).  

Briefly, tissue was homogenized in a 5 M guanidine hydrochloride, 50 mM Tris 

hydrochloride solution and then diluted 1:25 in Dulbecco’s PBS (0.2 g/L KCl, 0.2 g/L 

KH2PO4, 8 g/L NaCl, 1.15 g/L Na2HPO4) with 5% BSA (Fisher, CAS 9048-46-8) and 
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0.03% Tween (Sigma-Aldrich, P1379) augmented with 1x protease inhibitor cocktail 

(Calbiochem #539131).  Six-month samples were further diluted 1:1000 and two-month 

samples 1:2 to fall within range of commercial standard curves using age-matched NonTg 

mice as a negative control.  Each sample was run in duplicate.  Data are reported as ng 

A peptide per gram of tissue wet weight. 

 

3.5.5 MWM behavioural testing 

 Behavioural indices of spatial learning and memory were assessed in the MWM 

paradigm.  Testing began when mice were 158 ± 10 days (5.3 months) of age and ended 

when mice were 167 ± 10 days (5.6 months) of age.  An additional cohort of male mice 

was tested when mice were 338 ± 50 days (11.27 months) of age and ended when mice 

were 347 ± 50 days (11.57 months) of age.  The apparatus, a circular plastic pool (ENV-

594M-B, Med Associates Inc.), measured 134.5 cm in diameter and 53.3 cm deep.  The 

pool was filled with water maintained at 21°C and made opaque by the addition of white, 

nontoxic, water-soluble paint (506-BT12801O, Scholar’s Choice).  The water level was 

maintained at a depth of 1 cm above the 10 cm diameter circular escape platform.  Visual 

cues included a black “X” and square on the front and left walls respectively.  Mice were 

acclimated to MWM facilities using a white noise generator (70 dB; 2325-0144, San Diego 

Instruments) with overhead white light of 100 lux for one hour before being placed in the 

pool.  Mice underwent four trials with 20-minute intervals per day for eight test days.  Each 

test day, mice were placed in four equidistant locations around the pool in a random order 

and navigation was tracked for 60 seconds.  If mice did not find the escape platform 

independently, the experimenter guided the mouse to the platform ensuring the mouse 
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remained on the platform for 5 seconds before being removed.  On day nine, mice were 

subjected to a probe test whereby the platform was removed and mice were placed in the 

pool for 60 seconds to evaluate reference memory.  Separate cohorts of Tg and NonTg 

mice were tested in the cued MWM at 5.5 months of age using the same experimental 

paradigm except that the platform location was made clearly visible with a flag emerging 

from the center of the hidden escape platform.  In all experiments, mice were tracked 

using a video camera (Bosch, LTC0355/20; Pentax 3.5-8 mm Ins, TS2V314BED) and 

data collected using either Ethovision XT7 or XT8 (Noldus). 

 

3.5.6 Navigational Search Strategy Analysis 

 As defined by Janus (Janus, 2004) and Brody and Holtzman, (Brody and 

Holtzman, 2006), swim patterns were used to assess the cognitive strategies used by 

mice to acquire the MWM.  Swim patterns were classified as one of three overarching 

search strategies: (1) spatial, (2) non-spatial systematic, or (3) repetitive looping.  Spatial 

strategies were defined by focally specific searches in which there is a clear emphasis on 

the quadrant where the escape platform is located (Brody and Holtzman, 2006; Janus, 

2004; Wolfer and Lipp, 2000).  These included swim trajectories in which the mouse 

navigates directly to the target or concentrates its search in the correct quadrant.  

Systematic strategies represented a non-spatial navigational approach (Brody and 

Holtzman, 2006; Janus, 2004; Wolfer and Lipp, 2000).  Searches were comprehensive 

but are not selective for the escape quadrant in that they included random or scanning 

behaviours in multiple quadrants as well as focused searches of an incorrect quadrant.  

Looping referred to a primarily repetitive circling approach where mice swim in either 
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small, tight circles or wider, concentric loops (Brody and Holtzman, 2006; Janus, 2004; 

Wolfer and Lipp, 2000).  Floating was further assessed as a possible confounding 

phenotype as this behaviour lacks a deliberate trajectory or an intentional navigational 

search strategy.  Floating was defined by a velocity under 6 cm/s (Janus, 2004) and an 

escape latency of over 50 s for a given trial.  A mouse with an average velocity of under 

6 cm/s and average escape latency of over 50 s for more than four of the eight test days 

was considered a floater and was excluded from analysis.  Only one N5 NonTg female 

was identified as a floater and excluded from this study.  Search strategies were analyzed 

by (a) two investigators blinded to the subjects’ genotypes and (b) using a fully automated 

algorithm, MWM Visual, developed in-house.  Both the inter-rater agreements and the 

consensus agreement of the two raters with the software were comparable at 85-90% 

(=0.825 and =0.804 respectively).  Data reported in this study represent classifications 

assigned exclusively using the MWM Visual algorithm.  

 

3.5.7 Slow angled descent forepaw grasping test (SLAG) 

 Two days before cued MWM testing, visual acuity was assessed using the SLAG 

test (Gil-Pages et al., 2013). The performances of 5 month old N4 NonTg and Tg mice 

were compared to those of an in-house colony of N15 C57BL/6 as well as to C3H/HeNCrl 

mice (Charles River).  C57BL/6 mice have no visual deficits; C3H/HeNCrl are 

homozygous for Pde6brd1 mutation and exhibit retinal degeneration (Gimenez and 

Montoliu, 2001).  Mice heterozygous for Pde6brd1 have normal retinas but increased 

photosensitivity (Hussain et al., 1992).  The F1 TgCRND8 parental line is Pde6brd1/+.  Our 

N4 NonTg and Tg either retained one copy of the mutant allele or were wildtype 
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(Pde6b+/+).  N5 mice were all Pde6b+/+.  Briefly, the behaviour of mice descending to a 

wire mesh cage lid in either ventral or dorsal orientations was recorded using a Sony High 

Definition Camcorder (HDR-CX210/R) in the presence of a desk lamp (Illuminada 

Gooseneck Desk Lamp, 17341-000) that emitted 600-700 lux located on the opposite 

side of the cage.  Mice were subjected to six trials (three in each orientation) separated 

by five-minute intervals over two test days.  Trial videos were scored for the presence 

(score=1) or absence (score=0) of the SLAG reflex.  A SLAG reflex was defined by the 

following behaviours: (1) persistent extension of the forepaws towards the wire lid, (2) 

multiple reaches of the forepaws towards the wire lid, (3) forepaw extension with head 

elevation or hind limb extension in attempt to reach the wire lid, or (4) rotating the body 

to reach the wire lid.  Absence of a SLAG reflex was defined by: (1) no extension of 

forepaws toward the wire lid, (2) rotation of the body to reach the hind limb or tail and not 

the wire lid, (3), or extension of the forepaws in the correct direction only when the mouse 

was less than 4 cm away from the wire lid thus guided by whisker proprioception (Gil-

Pages et al., 2013).  The percentage of total trials in which an animal exhibited a SLAG 

reflex was reported.  Animals with an incidence of 30% or less were considered severely 

visually impaired, between 30% and 90% moderately to mildly photosensitive, and greater 

than 90% were defined as without visual impairment. 

 

3.5.8 Estrous Staging 

Vaginal smears were collected from a separate cohort of NonTg (n=7) and Tg (n=7) mice 

for at least two consecutive cycles and estrous cycle length determined for each mouse 

and each genotype  as we have described (McLean et al., 2012).  
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3.5.9 Statistical Analyses 

 GraphPad Prism 6.0 software (GraphPad, San Diego, USA) or IBM SPSS 

Statistics v22 (IBM, Armonk, USA) was used for all statistical measures.  Alpha values of 

p<0.05 were deemed significant for assessment of main and interactions effects.  For 

amyloid load analyses, we performed two group power analyses to estimate effect sizes 

afforded by the number of subjects assessed at 6 months of age with  set to 0.05 and  

set to 0.2.  Subject size in this study was sufficient to detect a 1.7 fold-change in A42, a 

2.1 fold-change in A40, and a 2.1 fold-change in plaque number.  Groups of two were 

analyzed by unpaired Student’s t-tests.  Changes in groups of three or more were 

assessed by one-way or two-way ANOVA or t-test followed by Holm-Sidak, Tukey, or 

Dunnett’s post-hoc tests adjusting the alpha levels for pairwise and multiple comparisons 

as indicated.  Paired or repeated measures analyses were performed where warranted.  

Reference memory was analyzed using a one-sample t-test.  Natural survival of different 

sexes and genotypes was compared using Mantel-Cox log-rank tests.   

 

3.6 Results  

3.6.1 APP, CTF, Apeptide, and A plaque load are comparable in N4 and N5 Tg 

males and females at 2, 4, 6, and 8 months of age  

 We first assessed protein levels of soluble 6E10-reactive APP and CTF protein 

levels in the cortex of male and female Tg mice at 2, 4, and 6 months of age by Western 

blotting (Fig. 3.1A).  No sex differences in protein levels were detected (Supplemental 

Fig. 3.1).  We next determined the distribution and morphology of 4G8-immunoreactive  
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Figure 3.1 – A burden is comparable in 2-8 month old Tg male and female mice.  

(A) No sex-differences in cortical APP and CTF protein levels are detected at 2, 4, or 

6 months of age (n=2 animals/sex/genotype).  M-Males; F-Females.  Representative 

immunoblots are depicted.  An increase in CTF levels is apparent in both sexes at 6 

months of age.  Note that the CTF panel is presented at a higher exposure than the 

APP panel (see Supplemental Figure 1 for the full blot at both exposures).  (B,C) Dense-

core plaques, with either round or annular morphologies (insets), were enriched in dorsal 

hippocampus and parietal/temporal cortex of both male and female Tg mice at 6 months 

of age.  Scale bars: 2000 µm; insets, 20 µm. The total number of plaques > 5 µm diameter 

were quantified stereologically from bregma -1.0 to -2.6 in the (D,E) dorsal hippocampus 

and (D,F) cortex of male and female Tg mice and in 6 month-old NonTg littermates. No 

sex differences in plaque number were detected at any age.  In both males and females, 

a significant increase in plaque number was evident at 6 and 8 months of age compared 

to 2 and 4 month old animals.  In cortex but not hippocampus, plaque number was lower 

in 8 month-old compared to 6 month-old animals.  Levels of A42 (G) and A40 (H) 

peptides and relative A42/A40 ratios (I) were quantified at 2 and 6 months of age by 

ELISA. Data represent mean ± standard error of measurement (SEM) of n=3-6 mice per 

group.  No sex-differences in A peptide levels were detected.  Statistics were two-way 

ANOVA followed by post hoc Tukey’s tests. *p<0.05, **p<0.01.  (Abbreviations: DH-dorsal 

hippocampus; M1-primary motor cortex; M2-secondary motor cortex; RSD-retrosplenial 

dysgranular cortex; RSG-retrosplenial granular cortex; V2-secondary visual cortex) 
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deposits at 6 months in sagittal sections of Tg males and females (Fig. 3.1B,C).  A 

deposits with dense-core (both round and annular) morphologies were enriched in the 

cortex (specifically retrosplenial, parietal association, and primary sensory cortices) and 

hippocampus (Fig. 3.1B,C).  We quantified total plaque numbers in serial coronal sections 

at 2, 4, 6, and 8 months of age in dorsal hippocampus and these cortical regions by 

stereology (Fig. 3.1D-F).  Data were analyzed by two-way ANOVA identifying main effects 

of age (Hippocampus: F(3,33)=13.15, p<0.001; Cortex: F(3,33)=22.14, p<0.001) but not sex 

(Hippocampus: F(1,33)=0.590, p>0.05; Cortex: F(1,33)=1.092, p>0.05).  Rare A deposits 

were detected at 2 months of age in both Tg males and females (Fig. 3.1E,F).  Statistically 

significant increases were evident at 6 and 8 months compared to 2 or 4 months (post 

hoc Tukey’s tests Fig. 3.1E,F).  Plaque load in hippocampus and cortex was equivalent 

in males and females at all time points.  Few to no 4G8-reactive deposits were detected 

in NonTg mice (Fig. 3.1E-F).  Soluble and insoluble A40 and A42 peptide levels were 

quantified in the cerebrum of male and female Tg mice at 2 and 6 months (Fig. 3.1G,H).  

A significant increase in A40 and A42 peptide levels was evident between 2 and 6 

months of age in both males and females (Fig. 3.1G,H; A42: F(1,15)=85.6, p<0.0001; A40: 

F(1,15)=33.65, p<0.0001) with a significant increase in the A42 / A40 ratio evident by 6 

months of age (Fig. 3.1I; F(1,15)=139.1, p<0.0001).  No sex differences in peptide levels 

were detected (A42: F(1,15)=1.319, p>0.05; A40: F(1,15)=0.9201, p>0.05; Ratio: 

F(1,15)=0.0241, p>0.05). 
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3.6.2 Tg males undergo a higher A-associated mortality rate than females.  

 In cortex but not hippocampus, a statistically significant decline in plaque number 

was observed at 8 compared to 6 months of age in both sexes (Fig. 3.1D-F).  To test 

whether this decline was due to mortality, we compared the natural survival rates of N4 

and N5 Tg mice with the parental F1 C57Bl/6 x C3H/HeJ Tg line over a 6-month 

observation period.  The 75% and 50% survivorship of the F1 TgCRND8 line is 85 days 

(2.8 months) and 260 days (8.7 months) of age respectively when males and females are 

considered collectively (Chishti et al., 2001).  Our N4 and N5 Tg mice exhibited a 

comparable collective 75% survivorship (80 days, 2.6 months).  Fifty-six percent of N4/N5 

Tg mice survived to the end of our observation period (6 months of age) (Chishti et al., 

2001).  When males and females were analyzed separately (Fig. 3.2), we found that 

survival was significantly compromised in both sexes (Mantel-Cox: Males χ2=8.8, df=1, 

p<0.01; Females χ2=12.5, df=,1 p<0.01).  Mutant APP overexpression, however, was 

less lethal to Tg females than males (Mantel-Cox: χ2=4.3, df=1, p<0.05).  The 50% 

survivorship for males was 112 days (3.7 months); 60% of females survived to 6 months 

of age.  Thus, while we cannot rule out definitively that the decline in plaque load between 

6 and 8 months is not due to mortality of animals with highest A load, these data do 

suggest that males are more susceptible to APP-associated lethality than females 

despite equivalent A and plaque load. 

 We further asked whether hormonal status was disrupted in female Tgs by 

comparing estrous cycles with NonTg littermates.  Acyclicity indicates the onset of 

reproductive senescence, the human equivalent of menopause and associated with 

increased risk of AD phenoconversion.  This could dramatically skew behavioural  
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Figure 3.2 – Tg females modulate lethality associated with APP overexpression 

better than Tg males.  Cumulative survival as a function of sex was tracked between 50-

181 days of age (n=21 NonTg males, n=44 Tg males, n=54 NonTg females, n=161 Tg 

females).  Survival of female Tg mice was significantly better than males.  Statistics were 

Mantel-Cox log-rank tests. 
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outcomes in this model.  Tg females exhibited regular estrous cycles (Supplemental Fig. 

3.2).  There were no differences in the length of cycles between Tg and NonTg females 

(Supplemental Fig. 3.2).  

 

3.6.3 NonTg males adopt spatial navigational strategies faster than females in the MWM; 

NonTg females exhibit higher indices of anxiety than males when first exposed to the 

MWM  

 To determine whether adult NonTg males and females exhibit inherent sex 

differences learning and memory in the absence of A pathology, we compared their 

acquisition of the MWM (Fig. 3.3A).  Data were analyzed by two-way repeated measures 

ANOVA followed by Tukey’s post hoc for multiple comparisons.  As expected, time to find 

the escape platform progressively decreased with repeated testing in both sexes 

indicative of learning and memory (main effect of time: F(7,322)=24.64, p<0.001, Fig. 3.3A).  

Performance was comparable between sexes (main effect of sex: F(1,46)=3.25, p>0.05, 

Fig. 3.3A).  After eight days of testing, the escape platform was removed and spatial bias 

for the correct quadrant was quantified in a probe trial (Supplemental Fig. 3.3A).  Both 

males and females exhibited significant (and comparable) spatial biases for the correct 

quadrant, indicative of bona fide spatial learning and memory (One sample t-test: Males, 

t=8.147; df=20, p<0.0001; Females t=5.069; df=26, p<0.0001, Supplemental Fig. 3.3A).   

 Analysis of simple effects of test days suggested that platform acquisition was, 

however, mildly accelerated in males.  Escape latencies differed significantly over the first 

three days in males compared to their maximal MWM performance (i.e., test day eight, 

simple effect of days, post hoc Tukey’s pairwise comparisons, Fig. 3.3A).  In females,  
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Figure 3.3 – NonTg mice do not exhibit sexual dimorphisms in learning and memory 

in the MWM.  (A) Escape latencies of 5.5-month old male and female NonTg mice are 

comparable across all test days.  Data represent average escape latency + SEM.  

Statistics were two-way repeated measures ANOVA.  Post-hoc Tukey’s multiple 

comparisons testing simple effects of the main effect of test day indicated learning was 

mildly accelerated in males, ††p<0.01, †p<0.05 in NonTg females versus test day eight.  

##p<0.01 in NonTg males versus test day eight.  (B) MWM search strategy classifications.  

Time in maze is color-coded as indicated in the time bar.  (C) The percentage of spatial 

strategies + SEM used by NonTg males was higher on test day one compared females.  

Statistics were unpaired Student’s t-test, *p<0.05.  (D) NonTg male mice (top panel) 

transitioned from primarily systematic to primarily spatial search strategies one day earlier 

than females (bottom panel).  Symbols are defined in (B).  Data represent the percentage 

of search strategies used in the four trials per day over eight test days + SEM. Statistics 

were two-way repeated measures ANOVA followed by post hoc Tukey’s test examining 

the significant test day x strategy interaction, *p<0.05, **p<0.01 looping or spatial versus 

systematic.  (E) NonTg males independently find the escape platform faster than females.  

Data represent mean number of trials + SEM to obtain the escape platform.  Statistics 

were unpaired Student’s t-test, *p<0.05.  (F) NonTg females display more thigmotaxic 

behaviors indicative of anxiety on test day one than males.  Data represent the percent 

thigmotaxis + SEM in n=21 NonTg males and n=27 NonTg females.  Statistics were 

unpaired Student’s t-test, *p<0.05.  
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escape latencies were significantly elevated on test day 4 (Fig. 3.3A).  To assess whether 

this subtle difference reflected sexual dimorphisms in behavioural flexibility, we asked 

whether spatial learning was triggered in males and females at different rates.  The murine 

MWM learning process has been well characterized (Brody and Holtzman, 2006; Janus, 

2004; Wolfer and Lipp, 2000).  Typically, on first exposure to the pool, mice swim in a 

looping or chaining fashion in close proximity to pool wall (Wolfer and Lipp, 2000) (Fig. 

3.3B, left panel).  Mice must exhibit behavioural flexibility to overcome this tendency and 

randomly deviate into the pool interior to make first contact with the escape platform.  This 

independent discovery of the platform initiates the spatial learning process triggering a 

systematic maze exploration wherein mice deliberately explore the entire pool in search 

of the escape platform (Wolfer and Lipp, 2000) (Fig. 3.3B, middle panel). With repeated 

testing, cognitively intact animals will then transition from predominantly systematic to 

predominantly spatial search strategies (Brody and Holtzman, 2006; Janus, 2004; Wolfer 

and Lipp, 2000) (Fig. 3.3B, right panel).  Spatial searches require that animals use distal 

intra- and extra-maze cues to navigate directly to the escape platform (Brody and 

Holtzman, 2006; Janus, 2004; Wolfer and Lipp, 2000).  Once spatial navigation strategies 

are adopted, escape latencies plateau and animals are considered to have acquired the 

MWM to their maximal performance (Wolfer and Lipp, 2000).  We found that NonTg males 

adopted spatial search strategies faster than NonTg females (Fig. 3.3C,D).  Males 

exhibited a higher incidence of spatial navigation as early as test day 1 (t=2.569, df=40, 

p<0.05, Fig. 3.3C).  Males also transitioned from a predominantly systematic to spatial 

strategy one day earlier than females (Two-way repeated measures ANOVA, test day x 

strategy interaction: Males F(14,420)=17.05, p<0.0001; Females, F(14,546)=16.20, p<0.0001, 
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post hoc Tukey’s pairwise comparison, p<0.05, Fig. 3.3D).  As expected, once both sexes 

adopted primarily spatial strategies, escape latencies plateaued (test day 3-8 in males, 

test day 4-8 in females).  No further navigational improvements were attained (compare 

Fig. 3.3A and D).  

 We next asked why spatial learning is triggered moderately faster in NonTg males 

compared to females.  If female mice do not independently find the platform as fast as 

males, they will not initiate the spatial learning process as rapidly (Wolfer and Lipp, 2000).  

To test this hypothesis, we calculated the number of trials needed for both sexes to 

independently discover the MWM platform (Fig. 3.3E).  Males randomly found the escape 

platform significantly earlier than females (t=2.130, df=46, p<0.05).  We next assessed 

known impediments to behavioural flexibility.  Anxiety manifested as thigmotaxis has 

been shown to delay random exploration of the interior of the MWM (Wolfer and Lipp, 

2000).  NonTg females exhibited more thigmotaxic swim patterns when first introduced 

to the MWM on test day 1 than males (Test Day 1, t=2.242, df=46, p<0.05, Fig. 3.3F) yet 

without significant overall differences in anxiety with repeated MWM exposure when 

averaged over the entire test period (ANOVA, F(3,76)=1.823, p>0.05, Supplemental Fig. 

3.3B).  Elevated thigmotaxis on test day 1 in females was independent of motor 

impairment.  Average distance moved was comparable regardless of sex both on test day 

1 (ANOVA, F(3,76)=21.88, p<0.0001, post hoc Holm-Sidak’s multiple comparisons NonTg 

males vs. NonTg females, p>0.05, Supplemental Fig. 3.3C) and across the entire test 

period (ANOVA F(3,76)=27.67, p<0.0001, post hoc Holm-Sidak’s multiple comparisons 

NonTg males vs. NonTg females, p>0.05, Supplemental Fig. 3.3D).  Moreover, both 

males and females swam at the same speed on day 1 (ANOVA, F(3,76)=17.68, p<0.0001, 
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post hoc Holm-Sidak’s multiple comparisons NonTg males vs. NonTg females, p>0.05, 

Supplemental Fig. 3.3E) and across the entire test period (ANOVA, F(3,76)=5.197, p<0.01, 

post hoc Holm-Sidak’s multiple comparisons NonTg male vs. NonTg female, p>0.05, 

Supplemental Fig. 3.3F).  Taken together, these data suggested that learning and 

memory is comparable regardless of sex in this genetic background but that NonTg 

females do exhibit an initial anxiety-based delay in the independent discovery of the 

escape platform. 

 

3.6.4 Learning and memory deficits in Tg mice are sexually dimorphic by 5.5 months of 

age. 

 Previous studies have tested learning and memory in the MWM in TgCRND8 

males and females either collectively (Chishti et al., 2001; Francis et al., 2012; Janus, 

2004; Lovasic et al., 2005) or restricting analyses to a single sex (Adlard et al., 2005; 

Hyde et al., 2005).  To our knowledge, the performances of males and females have yet 

to be directly compared in the MWM.  When we included equal numbers of 5.5 month-old 

N4 and N5 male and female Tg mice, we found significant deficits in escape latency (Two-

way repeated measures ANOVA: Main effect of genotype, F(1,62)=32.26, p<0.0001) and 

average time spent in the platform zone (t=3.992, df=62, p<0.001) (Supplemental Fig. 

3.4A,B).  When compared separately, females exhibited markedly different learning and 

memory deficits than males (Fig. 3.4A-F, Supplemental Fig. 3.3A-F).  MWM acquisition 

was severely impaired in Tg females (Two-way repeated measures ANOVA: Main effect 

of genotype, F(1,46)=23.32, p<0.0001, Fig. 3.4A).  Tg females did not show the progressive 

improvement in escape latencies over the 8 test days seen in NonTg females (Fig. 3.4A).   
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Figure 3.4 – Tg males and females exhibit different behavioral impairments in the 

MWM independent of anxiety or motor behaviors.  (A) Tg females are significantly 

impaired compared to their NonTg female littermates at 5.5 months of age.  (B) Tg males 

are only mildly impaired at 5.5 months of age with little to no difference in their rate of 

MWM acquisition compared to NonTg male littermates.  (C) Male Tg mice outperform 

female Tg mice.  In A-C, data represent average escape latencies + SEM. Statistics were 

a two-way repeated measures ANOVA.  Main effects of genotype are indicated in the 

legends, *p<0.05, **p<0.01.  Significant genotype x test day interactions were analyzed 

by post-hoc Holm-Sidak multiple comparison tests comparing mice on each test day as 

indicated,  *<p<0.05 and **p<0.01.  (D) Tg males spend significantly more time exploring 

the escape quadrant than Tg females.  (E) Tg males and females exhibit comparable 

thigmotaxis on test day one.  (F) Tg males and females independently obtain the escape 

platform within comparable numbers of trials.  In D-F, statistics were unpaired Student’s 

t-tests, **p<0.01.  Data represent n=11 Tg males and n=21 Tg females. 
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Moreover, Tg females failed to exhibit any spatial bias greater than chance for the escape 

quadrant during the probe trial (One sample t-test: t=0.552, df=20, p>0.05 Supplemental 

Fig. 3.3A).  These data were not due to an irregular estrus cycle in Tg females.  Tg 

females exhibited comparable cycle lengths to NonTg females (Supplemental Fig. 3.2).  

By contrast, Tg males exhibited only minor deficits in learning and memory (Fig. 3.4B).  

Despite higher overall average escape latencies (Two-way repeated measures ANOVA: 

Main effect of genotype F(1,30)=8.088, p<0.01), Tg male learning curves were 

comparable to that of NonTg males (Fig. 3.4B).  Tg males were clearly capable of spatial 

learning as they exhibited significant spatial bias for the escape quadrant during the probe 

trial (t=4.174, df=10, p<0.01, Supplemental Fig. 3.3A).  Furthermore, Tg males 

consistently outperformed Tg females (Two-way repeated measures ANOVA: Main effect 

of sex F(1,30)=5.675, p<0.05; Fig. 3.4C).  Tg males spent significantly more time searching 

the correct quadrant over the 8 test days (t=3.03, df=30, p<0.01; Fig. 3.4D) and exhibited 

significantly higher spatial bias during the probe trial than Tg females (ANOVA, 

F(3,76)=5.05, p<0.01, post hoc Holm-Sidak’s multiple comparisons, p<0.01; Supplemental 

Fig. 3.3A). 

 

3.6.5 Sexually dimorphic learning and memory deficits in N4 and N5 Tg mice are 

independent of anxiety, motor impairment, and visual deficits  

 These sex differences were not due to higher test-related anxiety in Tg females 

(Fig. 3.4E).  Both Tg males and females exhibited comparable thigmotaxic behaviours on 

the first test day (t=1.221, df=30, p>0.05; Fig. 3.4E) and overall anxiety indices did not 

differ between male or female Tg or NonTg mice over the entire test period (ANOVA, 
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main effect of sex: F(1,76)=3.355, p>0.05; Main effect of genotype: F(1,76)=0.038, p>0.05, 

Supplemental Fig. 3.3B).  The frequency of thigmotaxic behaviours in Tg males and 

females on Test Day 1 was, however, higher than that observed in NonTg females 

although this comparison did not reach statistical significance (compare Fig. 3.3F with 

Fig. 3.4E).  Both Tg males and Tg females required more trials than NonTg mice to 

independently find the escape platform for the first time (compare Fig. 3.3E with Fig. 

3.4F); however unlike cognitively intact NonTg mice, Tg males and Tg females were 

equally impaired (t=0.7238, df=30, p>0.05; Fig. 3.4F).  Tg males did not independently 

obtain the platform faster than Tg females thus had no temporal advantage in their 

initiation of spatial learning (t=0.7238, df=30, p>0.05; Fig. 3.4F).  Motor performance was 

also comparable between Tg males and females (Supplemental Fig. 3.3C-F).  Both sexes 

swam significantly further (ANOVA, F(3,76)=27.67, p<0.0001, post hoc Holm-Sidak’s 

multiple comparisons, p<0.01) and faster (i.e., more hyperactive) (ANOVA, F(3,76)=5.197, 

p<0.01, post hoc Holm-Sidak’s multiple comparison, p<0.01) than their NonTg littermates.   

 A potential confound in the assessment of learning and memory in APP Tg mouse 

models is the impact of their genetics on vision.  Spatial navigation in the MWM requires 

adequate vision under defined illumination conditions to process intra and extra-maze 

cues.  C57BL/6 mice exhibit no visual impairments (Gil-Pages et al., 2013).  C3H/HeJ 

mice are homozygous for the autosomal recessive retinal degeneration pde6brd1 mutation 

and thus functionally blind (Chang et al., 2002). The F1 TgCRND8 parental line is 

pde6brd1/+ and expected to show increased photosensitivity (Hussain et al., 1992).  In our 

colony, sibling matings produced sighted F2 pde6b+/+ wild-type mice, photosensitive 

pde6brd1/+ heterozygotes, and blind pde6brd1/rd1 homozygotes (Fig. 3.5A).  The mice used  
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Figure 3.5 – N4 Tg mice are photosensitive yet without significant impairment of 

visual acuity in the MWM.  (A) Genotypes of representative progeny derived from sibling 

mating of the C57Bl/6 x C3H/HeJ TgCRND8 parental line (F2 Tg, left panel), N4 Tg mice 

(center panel), and N5 Tg mice (right panel) for the A PP transgene (top panel) and the 

pde6brd1 retinal degeneration mutation (bottom panel).  (B) SLAG testing of sighted 

pde6b+/+ C57BL/6 mice, functionally blind pde6brd1/rd1 C3H/HeNCrl mice, and N4 

pde6brd1/+ and pde6b+/+ NonTg and Tg males and females.  (C) No sex difference in 

photosensitivity was detected in N4 NonTg or Tg mice.  In (B,C), data represent average 

percentage of SLAG+ responses + SEM.  Statistics were ANOVA with post hoc Dunnett’s 

t-tests comparing each group to the C57BL/6 control, *p<0.05, **p<0.01.  (C) SLAG 

analysis of sex differences within NonTg and Tg genotypes.  There are no sex differences 

in photosensitivity.  (D) NonTg and Tg males and females rapidly acquire the MWM when 

the escape platform is made visible.  Data represent average escape latency + SEM.  

Data represent n=16 NonTg males, n=9 Tg males, n=6 NonTg females and n=7 Tg 

females. 
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in this study (both males and females) retained the mutant pde6brd1 allele to the N4 

generation and were a mix of heterozygotes and wildtype (Fig. 3.5A).  This allele was 

bred out of breeding pairs by the N5 generation (Fig. 3.5A).  We verified that our N4 Tg 

and NonTg pde6brd1/+ mice were photosensitive using the SLAG paradigm (Gil-Pages et 

al., 2013). As expected, C57BL/6 pde6b+/+ mice showed no visual impairments (Fig. 

3.5B).  C3H/HeNCrl pde6brd1/rd1 mice were severely impaired by 6-9 months of age (Fig. 

3.5B).  We detected a mild to moderate photosensitivity in N4 Tg and Non Tg mice 

compared to C57BL/6 controls when tested under 600-700 lux illumination (ANOVA F(3, 

58)=7.773, p<0.0001; Dunnett’s post hoc test vs. C57BL/6 mice; Fig. 3.5B).  No sex 

differences were evident (ANOVA F(3, 34)=0.842, p>0.05, Fig. 3.5C).  We next used the 

cued MWM to confirm that this photosensitivity did not impair visual acuity required for 

spatial learning under the 100 lux MWM illumination levels.  N4 NonTg and Tg male and 

female mice rapidly acquired the cued MWM confirming visual status.  Performance 

approached the limit of detection by Ethovision software (approximately 10 s).  There 

were no significant main effects of genotype or sex (Two-way repeated measures 

ANOVA: genotype: F(1, 29)=0.855, p>0.05; sex: F(1, 29)=0.007, p>0.05, Fig. 3.5D).  Taken 

together, these data indicate that Tg sex differences in MWM performance are not a 

consequence of sexual dimorphisms in thigmotaxis (anxiety), visual impairment 

(photosensitivity), or hyperactivity (swim speed and distance).   

 

3.6.6 Tg mice exhibit sex differences in behavioural indices of cognitive reserve  

 We asked whether the sex differences observed in MWM performance in N4 and 

N5 Tg mice reflected sexual dimorphisms in behavioural indices of cognitive reserve, 
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specifically compensation for Aassociated behavioural impairments by effectively 

alternating between navigational search strategies in the Morris Water maze.  In humans, 

cognitive reserve refers to the extent to which an individual can switch between alternative 

cognitive paradigms to cope with progressive Apathology (Sperling et al., 2011; Stern, 

2012).  It has been previously established that (a) hyperactivity and (b) an elevated 

incidence of inefficient looping strategies in both MWM and open field tests are 

characteristic A-associated behavioural impairments in F1 Tg mice (Janus, 2004; 

Walker et al., 2011; Walker et al., 2015).  Our N4/N5 Tg males and females at 5.5 months 

of age exhibited these same A-associated impairments manifested as repetitive circular 

swimming patterns in the MWM (Three-way repeated measures ANOVA, time x sex x 

genotype interaction: F(7, 532)=3.142, p<0.05, main effect of genotype: F(1,76)=24.576, 

p<0.001, Fig. 3.6A,B) with faster swim speeds and longer swim distances (Supplemental 

Fig. 3.3C-F).  While these swim trajectories fall under the overarching MWM looping 

search strategy (Fig. 3.3B), their repetition are not considered part of the typical MWM 

acquisition sequence but rather indicative of pathology-associated stereotypy that 

reduces behavioural flexibility and thereby impedes the initiation of the spatial learning 

process (Wolfer and Lipp, 2000).  Both Tg males and females exhibited significantly 

higher (yet equivalent) overall incidences of non-productive looping strategies across the 

entire test period (ANOVA F(3,28)=37.50, p<0.0001, post hoc Holm Sidak’s multiple 

comparisons, p<0.01; Fig. 3.6C).  To assess whether Tg mice were able overcome this 

stereotypy by adopting alternative learning strategies, a behavioural index of cognitive 

reserve, we evaluated how well they were able to adapt to more efficient strategies with 

repeated MWM exposure.  We found that Tg males were capable of switching 
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Figure 3.6 – Tg male but not female mice exhibit behavioral indices of cognitive 

reserve.  (A)  Representative example of the non-productive repetitive circling behavior 

exhibited by both Tg male and female mice in the MWM. (B) Tg male and female mice 

exhibit increased incidences of looping search strategies in the MWM compared to NonTg 

mice. Data represent the percentage of looping search strategies used per day over eight 

test days (32 trials) + SEM.  Statistics were a three-way repeated measure ANOVA.  The 

significant main effect of genotype is indicated in the legend, **p<0.01.  (C) Phenotypic 

impairments (looping) were comparable between Tg males and females and significantly 

elevated compared to NonTg sexes.  Data represent the percentage of looping search 

strategies used over the entire test period + SEM.  Statistics were a one-way ANOVA with 

post-hoc Holm-Sidak multiple comparisons, ** p<0.01.  (D) Tg males were capable of 

adopting alternative search strategies, transitioning from predominantly systematic to 

predominantly spatial navigation strategies on test day 4.  (E) Tg females were unable to 

adopt spatial learning strategies effectively.  By the end of the test period, their use of 

systematic and spatial strategies converged with incidences equivalent to that of non-

productive pathological looping.  In (D,E), data represent average daily search strategy 

incidence + SEM.  Statistics were two-way repeated measures ANOVA followed by post 

hoc Holm-Sidak tests examining the significant test day x strategy interactions, *p<0.05, 

**p<0.01 looping or spatial versus systematic.  (F) Overall incidence of spatial strategies 

was significantly higher in Tg males than females.  Data represent average + SEM.  

Statistics were unpaired Student t-test, *p<0.05.  Data represent n=21 NonTg males, 

n=11 Tg males, n=27 NonTg females and n=21 Tg females. 
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navigational search strategies more efficiently than females as demonstrated by a 

progressive increase in the incidence of spatial search strategies (Fig. 3.6D).  Tg males 

transitioned from predominantly systematic to predominantly spatial search strategies by 

test day 6 (Two-way repeated measures ANOVA, test day x strategy interaction, 

(F(7,140)=9.156, p<0.001; post hoc Holm-Sidak multiple comparisons p<0.05, Fig. 3.6D).  

Tg females were unable to effectively switch between search strategies and thus unable 

to initiate the spatial learning process (Fig. 3.6E).  Tg females maintained a significantly 

higher incidence of systematic search strategies until test day 6 (two-way repeated 

measures ANOVA, test day x strategy interaction, F(7,280)=9.053, p<0.0001; post hoc 

Holm-Sidak multiple comparisons p<0.05, Fig. 3.6E).  They failed to transition to a 

predominantly spatial learning strategy, rather their use of systematic, spatial, and non-

productive looping strategies converged, with females using all three strategies equally 

by the end of the test period (Fig. 3.6B,E).  Males did not exhibit this impairment in 

behavioural flexibility until approximately 1 year of age thus modeling higher behavioural 

indices of cognitive reserve (Supplemental Fig. 3.5).  As a result, Tg females at 5.5 

months of age used significantly fewer spatial strategies than males (t=2.287, df=14, 

p<0.05; Fig. 3.6F).    

 

3.7 Discussion 

 Here, we report that, when TgCRND8 mice are placed on an N4/N5 C57BL/6 

background, they display sex differences in spatial learning that recapitulate some of the 

sexual dimorphisms in cognitive reserve associated with the greater risk of earlier AD 

phenoconversion in women (Barnes et al., 2005; Hua et al., 2010; Li et al., 2015; Lin and 
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Doraiswamy, 2014; Mielke et al., 2014; Vemuri et al., 2012).  Despite equivalent A 

burden as males, Tg females at 5.5 months fail to overcome A-associated stereotypy 

(i.e., hyperactive repetitive tight circling behaviours (Ambree et al., 2006; Janus, 2004; 

Walker et al., 2011; Walker et al., 2015) and disproportionally transition to an AD-like 

phenotype in the MWM.  By contrast, Tg males exhibit robust behavioural indices of 

cognitive reserve, effectively adopting alternative, increasingly productive search 

strategies with repeated testing.  Phenoconversion and impaired behavioural flexibility is 

not observed until Tg males are approximately 12 months of age.  These sexual 

dimorphisms in learning and memory are only observed in Tg mice in response to A 

pathology   NonTg male and female littermates show no differences in spatial learning 

and few dimorphisms in behavioural flexibility beyond a mildly higher level of anxiety when 

females are first exposed to the MWM.  Taken together, these data describe a new 

phenotype in N4/N5 Tg mice that can be used to model sex differences in cognitive 

reserve associated with A vulnerability. 

 To our knowledge, this is the first demonstration of sex differences in learning and 

memory in an APP mouse model wherein both sexes exhibit comparable A load.  In 

other APP models, the severity of learning and memory deficits corresponds with greater 

A pathology in females (Callahan et al., 2001; Clinton et al., 2007; Gallagher et al., 2013; 

Hirata-Fukae et al., 2008; Schafer et al., 2007; Wang et al., 2003).  Here, our N4/N5 Tg 

model behaviourally recapitulates clinical reports that men exhibit greater cognitive 

reserves in the face of equivalent (or higher) Achallenge than women (Irvine et al., 2012; 

Lin and Doraiswamy, 2014; Perneczky et al., 2007).  It is important to note that we refer 

exclusively to the capacity to switch between cognitive strategies to cope with progressive 
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Apathology as the aspect of cognitive reserve experimentally modeled in this study.  

Interestingly, these mice also model sex differences in lethality associated with A-

overexpression (Chishti et al., 2001).  In studies of mild cognitive impairment, mortality 

has been reported to be higher in men than women despite equivalent Aload (Contador 

et al., 2014; Guehne et al., 2007; Vassilaki et al., 2015).  We find that A-associated 

lethality is also higher in N4/N5 Tg males than females between 2 and 6 months of age 

despite comparable A load in cortex, hippocampus, and entire cerebrum.  We have yet 

to assess whether this genetic background also recapitulates the sexual dimorphisms in 

age-associated memory impairment that occur independently of A biogenesis.  For 

example, in contrast to individuals with high A load, learning and memory are reported 

to decline more rapidly in cognitively normal men than women in the absence of significant 

A pathology (Jack et al., 2015).  This decline is hypothesized to contribute to risk of late-

life AD phenoconversion rates in males (Jack et al., 2015) also modeled in N4/N5 Tg 

males by their later life phenoconversion at 12 months of age.  However, further research 

into age-associated cognitive decline in NonTg males will need to be investigated to elicit 

the degree of phenoconversion found in Tg males at 12 months.  These distinctions are 

critical to therapeutic interventions targeting cognitive reserve in men and women with 

high and low A load over time and it will be important to follow N4/N5 NonTg and Tg 

males and females beyond 8 months of age to evaluate whether this model reflects all 

three phenotypes (i.e., sexually dimorphic vulnerability to A-associated learning and 

memory impairment, A-associated lethality, age-associated cognitive decline). 

 Our data indicate that the N4/N5 Tg model can be used to assess inherent sex 

differences in Avulnerability in males and females raised under identical conditions, 
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independent of reproductive senescence, alterations in estrous cycle/hormonal status, 

visual acuity deficits, or motor impairment.  Thus, this model is uniquely suited to exploring 

molecular underpinnings of cognitive reserve and preclinical response to potential 

therapeutic intervention difficult to study in the clinic.  Sociological differences in education 

level, occupational attainment, leisure activities, exercise, heart disease, and 

hypertension associated with gender, not sex, are purported to modulate both A-

associated mortality and cognitive reserve (Sobral et al., 2015; Vassilaki et al., 2015).  

Moreover, age-dependent hormonal status likely also contributes to enhanced risk of 

earlier AD phenoconversion in females than males (Irvine et al., 2012), albeit with 

controversy (Palm et al., 2012).  As a result, it has been difficult to study sex differences 

in Avulnerability directly without an optimal mouse model.  The majority of studies 

examining cognitive reserve in APP transgenics have focused on assessing the effect 

of diet, environmental enrichment, or strategies designed to enhance neurogenesis on 

phenoconversion in a single sex to control for differences in A biogenesis (Cracchiolo et 

al., 2007; Jankowsky et al., 2005; Jankowsky et al., 2003; Valero et al., 2014; Verret et 

al., 2013).  While invaluable, these studies have not been able to address directly why 

males and females respond differently to A challenge and to these interventions in 

particular.  For example, when females from our parental TgCRND8 line are placed in an 

enriched environment or given voluntary access to a running wheel hippocampal 

neurogenesis and plasticity are enhanced (Herring et al., 2009), vascular dysfunction is 

reduced (Herring et al., 2008), and behavioural indices of learning and memory improve 

(Adlard et al., 2005).  Tg males show a different response.  Voluntary wheel running in 

males reduces Aassociated stereotypy in males but without significant impact of 
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learning and memory (Richter et al., 2008).  Placed in context with our study, likely 

amelioration of A-associated behavioural impediments to spatial learning is more 

effective in females than males given that this stereotypy impair behaviour flexibility and 

reduce cognitive reserve to a greater extent in Tg females than males.   

 In summary, this study characterizes an APP transgenic model in which females 

and males exhibit comparable A burden at all ages yet Tg females show enhanced 

vulnerability to A pathology and A-associated stereotypy, phenocovert in the MWM 

maze earlier, and exhibit fewer behavioural indices of cognitive reserve than males.  We 

suggest that this line represents a novel preclinical model useful for testing strategies 

designed to enhance cognitive reserve by targeting the different Avulnerabilities 

exhibited by males and females. 

 

3.8 Acknowledgements 

 M.W.G. was supported by Ontario Graduate and the Saroj and Kishori Lal Family 

Scholarships.  M.W.T was supported by a Natural Sciences and Engineering Research 

Council Canadian Graduate Scholarship-M.  M.W.G., M.W.T., and B.F. received support 

from the Canadian Institutes of Health Research (CIHR) Training Program in 

Neurodegenerative Lipidomics (CTPNL) and the CIHR Institute of Aging (TGF-96121).  

This study was funded by NSERC # 5377 and CIHR MOP 311838 to S.A.L.B, and CIHR 

MOP 114914 to S.A.L.B and P.S.G.H.  S.A.L.B. holds a University Research Chair in 

Neurolipidomics.  We thank Graeme Taylor and Mark Akins for their expert technical 

assistance. 

 



143 
 

Supplemental Figure 3.1 – No sex-differences in cortical APP and CTF protein 

levels are detected at 2, 4, or 6 months of age.  Full immunoblots at both exposures 

depicted in Figure 1 detecting human APP and CTFare provided to confirm specificity 

of labeling.  
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Supplemental Figure 3.2 – Tg and NonTg females have comparable estrous cycles. 

(A) Average estrous cycle length is comparable between NonTg and Tg females. Data 

represent mean ± SEM. (B) In both genotypes, mice exhibited comparable numbers of 3-

4 or 5-6 days cycles.   Longer cycles in both genotypes were attributed to extensions the 

metestrus/diestrus stages.  Data represent n=7 NonTg females and n=7 Tg females. 
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Supplemental Figure 3.3 – Indices of learning and memory, anxiety, and motor 

capacity in NonTg and Tg males and females.  (A) Spatial bias for the escape quadrant 

was assessed during the probe trial.  Data represent the average amount of time mice 

spent exploring the correct escape quadrant + SEM.  Statistics were a one-sample t-test 

comparing each group to a hypothetical value of 25% representing the amount of time a 

mouse would be expected in the platform quadrant by chance, †p<0.01 ††p<0.001. 

Between group comparisons were performed by ANOVA and post-hoc Holm-Sidak 

comparisons, **p<0.01, *p<0.05.  (B) Overall percentage of thigmotaxic behaviors across 

the entire test period + SEM.  (C) Average distance moved on test day one + SEM.  (D) 

The Average distance moved across all test days + SEM.  (E) Average velocity on test 

day one + SEM. (F) Average velocity across the entire test period + SEM.  In (B-F), 

between group comparisons were performed by ANOVA and post-hoc Holm-Sidak 

comparisons, **p<0.01, *p<0.05. Data represent n=21 NonTg males, n=11 Tg males, 

n=27 NonTg females and n=21 Tg females. 
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Supplemental Figure 3.4 – Tg mice exhibit learning and memory impairment in the 

MWM when both sexes are assessed collectively.  (A) MWM acquisition in equal 

numbers of male and female Tg and NonTg mice.  Data represent average escape 

latencies + SEM.  Statistics were two-way repeated measures ANOVA.  The main effect 

of genotype is indicated in the legend, **p<0.01.  (B) Tg mice spend less time exploring 

the correct quadrant across all test days.  Data represent mean + SEM.  Statistics were 

an unpaired Student’s t-test, **p<0.01.  Data represent n=21 NonTg males, n=21 NonTg 

females, n=11 Tg males, and n=11 Tg females randomly selected from the entire cohort. 
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Supplemental Figure 3.5 – Tg males are unable to achieve a predominant spatial 

strategy at approximately 12 months age.  Impairment in strategy shifting is detected 

in males by 12 months of age.  By the end of the test period, the employment of systematic 

and spatial strategies converged with Tg males failing to adopt primarily spatial strategies.  

Data represent average daily search strategy incidence + SEM.  Statistics were two-way 

repeated measures ANOVA followed by post hoc Holm-Sidak tests examining the 

significant test day x strategy interactions, *p<0.05, **p<0.01 spatial versus systematic.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Figure 3.5 152



153 
 

Supplementary Table 3.1 – Genotyping Protocols 

 

Gene Reaction Conditions and Amplicon Sizes Cycling 
parameters 

APP 191: 5’GGCCGCGGAGAAATGAAGAAACGCCAAG- 
CGCCGTGACT-3’ 
229: 5’-TGTCCAAGATGCAGCAGAACGGCTACGAAAA-3’ 
 

Final primer concentrations: 0.8 pmol/L each 

Volume of DNA: 2 L 

Final reaction volume: 12.5 L 
 
(Tg allele = 1000 bp) 

94oC 3 m 
   35 cycles: 
   94oC 20 s 
   68oC 20 s 
   72oC 90 s 
72oC 7 min 

Pde6b RD3: 5’-TGACAATTACTCCTTTTCCCTCAGTCTG-3’ 
RD4: 5’-GTAAACAGCAAGAGGCTTTATTGGGAAC-3’ 
RD6: 5’-TACCCACCCTTCCTAATTTTTCTCACGC-3’ 
 

Final primer concentrations: 0.5 pmol/L each 

Volume of DNA: 1 L 

Final reaction volume: 25 L 
 
(Wildtype allele = 550 bp) 
(Mutant allele = 400 bp) 

94oC 2 m 
   35 cycles: 
   94oC 30 s 
   68oC 30 s 
   72oC 120 
s 
72oC 10 min 
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Chapter 4: Associations between central and peripheral 

glycerophosphoethanolamine metabolism are linked to spatial learning and 

memory impairment in a mouse model of Alzheimer’s disease.   

 

4.1 Objective of study 

 Using the mouse model developed and characterized in Chapter 3, the objectives 

of this study were two-fold: (a) to determine sexually dimorphic differences in 

gylcerophospholipid metabolism associated with cognitive decline or cognitive reserve, 

and (b) to identify circulating glycerophospholipid indicators of these central changes.  

 

4.2 Author contributions 

 MWG and SALB conceived and designed the experiments. MWG performed and 

analyzed all of the experiments. Tissue dissections and glycerophospholipid extractions 

were performed by HX and MWG. HPLC-ESI-MS/MS methodology was developed by HX 

and MWG.  
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4.3 Abstract 

Alzheimer’s disease is an insidious, progressive dementia that clinically presents 

as a progressive loss of cognition beginning with learning and memory ability. Metabolic 

determinants that contribute to this decline have only begun to be identified. Here, we 

show while GPC metabolism reflects a state of cognitive reserve, it is GPE metabolism 

that predicts severity of spatial learning and memory impairment in the N5 TgCRND8 

mouse model of AD. Using a targeted lipidomic approach, we profiled GPC and GPE 

metabolism in plasma, hippocampus and cortex of N5 TgCRND8 mice and their NonTg 

littermates. We show that LPE(18:0/0:0) levels associate with severity of learning and 

memory impairment experimentally. Further, these changes and severity of behavioural 

deficits can be predicted by decreases in circulating abundances of LPE(16:1/0;)0), 

PE(O-14:1/2:0), and PE(O-18:3/2:0). Taken together, this is the first report that GPE 

metabolites can be used to predict individual learning and memory decline in an 

experimental model of AD.    
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4.4 Introduction 

AD is a progressive neurodegenerative disorder characterized by the extracellular 

deposition of amyloid plaques and intracellular accumulation of hyperphosphorylated tau 

in the form of neurofibrillary tangles (Kang et al., 2017). Clinically, AD presents as a 

progressive decline in cognition that can begin with a prodromal form of the disease, 

aMCI. Further progression to AD dementia results in the loss of patient independence 

(Petersen et al., 2010a; Petersen et al., 2014). AD pathology and clinical decline, 

however, progress at different rates; the extent of AD pathology does not predict the onset 

or degree of AD dementia (Fiandaca et al., 2014; Pietrzak et al., 2015). Thus, individuals 

presenting with AD pathology but no cognitive impairment are diagnosed with “preclinical 

AD” (Sperling et al., 2011). This diagnosis can last decades before cognitive symptoms 

arise, with some patients expiring before any signs of impairment are found (Fiandaca et 

al., 2014; Pietrzak et al., 2015). 

Sexual dimorphisms in AD are evidence of differential cognitive decline with AD 

pathogenesis. Two-thirds of AD patients are women (Mielke et al., 2014) because men 

are more resistant to cognitive decline, often requiring more advanced amyloid pathology 

than women to progress to AD dementia (Barnes et al., 2005; Petersen et al., 2010b). 

This resistance to cognitive decline has been, in part, attributed to the theory of cognitive 

reserve (Mielke et al., 2014; Stern, 2002, 2006, 2012). Cognitive reserve is defined as the 

capacity to adapt to a different cognitive strategies when challenged with AD pathology 

(Stern, 2006, 2012). Experimentally, behavioural indices of sexually dimorphic cognitive 

reserve can be modeled in N5 TgCRND8 mice (Granger et al., 2016). In N5 TgCRND8 

mice, females are more impaired in a spatial learning and memory tasks than males 
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despite comparable levels of amyloid pathology. We concluded that this was due to the 

fact that males have the ability to adopt more efficient search strategies than females 

(Granger et al., 2016). This model provides the ideal opportunity to identify potential 

determinants (and biomarkers) that associate with susceptibility and resistance to 

cognitive decline in AD.  

Glycerophospholipid metabolism is disrupted over the course of AD (Wong et al., 

2017; Wood, 2012). Changes in regionally specific CNS GPC and GPE levels associate 

with learning and memory impairments in AD (Ginsberg et al., 1995; Guan et al., 1999; 

Han et al., 2001; Igarashi et al., 2011; Klein, 2000; Nitsch et al., 1992). Many of these 

studies were performed approximately 20 years ago and they laid the groundwork linking 

changes in glycerophospholipid metabolism with AD pathophysiology. Since then, a direct 

link between cognition and glycerophospholipids has been found, particularly a decrease 

in total diacyl and plasmalogen GPEs, in the cortical regions and cerebellum of AD 

patients (Han et al., 2001). It is less clear how these changes are predicted by differences 

in circulating lipid compositions. However, it is clear that circulating lipids are also linked 

with cognitive decline in AD with many lipid species identified as potential biomarkers of 

AD risk (Casanova et al., 2016; Mapstone et al., 2014; Proitsi et al., 2017; Whiley et al., 

2014). While successes have certainly been made, questions ultimately remain of 

whether blood-based lipids are linked to brain-based lipids and if these relationships are 

predictive of cognitive ability in AD.  

To address this question experimentally, we used a targeted lipidomic approach 

to profile GPC and GPE metabolites and signalling molecules between 450-650 m/z in 

the N5 TgCRND8 mouse model of AD. We show here that GPC metabolism is enhanced 
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in both the hippocampus and cortex of male Tg mice, yet the products of GPE catabolism 

in both the cortex and plasma were more closely associated with individual differences in 

learning and memory. Taken together, or data demonstrate how glycerophospholipid 

metabolism in the plasma can reflect regional differences in the brain lipidome associated 

with behavioural impairment. 

 

4.5 Materials and Methods 

4.5.1 Animals 

In this study, a total of 20 mice were used to quantify brain and plasma 

glycerophospholipid metabolites and signalling molecules. Of these, 10 NonTgs and 10 

TgCRND8 mice with an equal distribution of males and females were analyzed and 

compared. We have previously shown that N4 and N5 TgCRND8 mice exhibit sexually 

dimorphic behaviour through the ability to adapt to spatial strategies in the MWM (Granger 

et al., 2016). All details of their generation can be found in (Granger et al., 2016). Mice 

were fed a standard rodent chow (Harlan Teklad, 2018) ad libitum and were singly housed 

from 61 days of age. At 181 days of age (+/- 10 days), mice were sacrificed using 65 

mg/mL euthanyl (1EUS001, Bimeda-MTC Animal Health Ins). Blood was collected in 

heparinized tubes (Eppendorf #022379216) and mice were decapitated. The 

hippocampus and the collective temporal, parietal, and entorhinal cortical regions were 

dissected and weighed along with the remainder of the cerebrum. Tissue was then flash-

frozen in liquid nitrogen. Plasma was isolated by centrifuging the blood at 1500 x g for 15 

minutes at 4oC and removing the supernatant. Brain tissue and plasma were stored at -

80oC. All experiments were approved by the Animal Care Committee of the University of 
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Ottawa and were performed in accordance with the ethical guidelines implemented by the 

Canadian Council for Animal Care.  

 

4.5.2 MWM and Composite Spatial Score 

At 158 +/- 10 days of age, Tg and NonTg mice underwent eight test days followed 

by a probe day in the MWM as previously described (Granger et al., 2016). The circular 

MWM pool (ENV-594M-B, Med Associates Inc.) was 134.5 cm in diameter and 53.3 cm 

deep. The water was kept at 21oC. The platform was 10 cm in diameter and remained 1 

cm under the water line for the duration of the test days. To increase contrast for tracking 

software (Noldus Ethovision XT7 or XT8), non-toxic, white paint (506-BT12801O, 

Scholar’s Choice) was added to enhance opacity of the water.  Black visual cues on a 

white background were in the form of an “X” and a square on adjacent walls. Mice 

acclimated to the test room for one hour under white noise (70 dB; 2325-0144, San Diego 

Instruments) prior to the experiment.  Each mouse completed four trials per test day with 

20 minute intervals between each trial. All mice entered the water at four equally spaced 

locations around the pool in a different random order each day and their movements 

tracked for 60 seconds. Failure to find the platform resulted in the experimenter guiding 

the mouse to the platform for five seconds. The length of time a mouse required to find 

the platform in a given trial was considered the escape latency. Mean escape latencies 

were established, collapsing across all eight test days as a measure of spatial learning 

and memory. Additionally, the average time spent in the platform zone was also 

calculated across all eight test days as a measure of spatial orientation within the maze. 

Spatial strategy was defined as a specific, focally directed search with an evident 
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preference for the platform zone. Spatial strategy criteria were adapted from (Brody and 

Holtzman, 2006; Janus, 2004) and described in (Granger et al., 2016). Mean spatial 

strategy was calculated from the average incidence of spatial strategy across all eight 

test days.  

A composite measure of spatial learning and memory impairment incorporating 

multiple measures of spatial learning and memory was developed by averaging z-scores 

of (a) mean escape latency, (b) average time spent in the platform zone, and (c) mean 

spatial strategy. Accommodations for the inverse natures of these variables (i.e. 

increases in mean escape latency and decreases in mean spatial strategy and average 

time in the platform zone all indicate impairment) were considered. To ensure consistent 

directionality, the inverse z-score of mean escape latency was calculated and utilized. Z-

scores of each measurement was calculated across all 20 mice. The mean of all three z-

scores of each mouse was determined as the composite spatial learning and memory 

score thus lower values are representative of greater impairment. 

 

4.5.3 A40 and A42 ELISAs 

A40 and A42 levels were quantified from the remaining mouse cerebra 

excluding the hippocampus and temporal, parietal, and entorhinal cortical regions. Tissue 

was prepared as per ELISA kit instructions (human A40: Invitrogen #KHB3482; human 

A42: Invitrogen #KHB3442). Briefly, tissue was homogenized in a 5M guanidine 

hydrochloride, 50 mM Tris hydrochloride solution and then diluted 1:25 in Dulbecco’s PBS 

(0.2 g/L KCl, 0.2 g/L KH2PO4, 8 g/L NaCl, 1.15 g/L Na2HPO4) with 5% BSA (HyClone 

#SH30574.02), 0.03% Tween (Sigma-Aldrich, P1379), and a 1X protease inhibitor 
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cocktail (Calbiochem #539131). A42 Samples were further diluted 1/1000 for A42 and 

1/500 for A40 to bring within dynamic range of standards. Age-matched NonTg mice 

were used as negative controls. All samples were run in duplicate and reported as ng of 

A peptide per g tissue wet weight. 

 

4.5.4 Glycerophospholipid Extractions 

Hippocampus, combined cortical regions, and plasma (50 L) were extracted 

according to an acidified Bligh and Dyer technique previously described (Bligh and Dyer, 

1959; Ryan et al., 2009; Xu et al., 2013).  Briefly, brain tissues were homogenized using 

a tissue tearer (BioSpec 985370) in 4 mL acidified methanol (Fisher A412P-4) containing 

2% acetic acid (Fisher 351271-212). Plasma samples were not homogenized. MS-grade 

lipid standards PC(13:0/0:0) (187.5 ng, Avanti LM-1600), PC(12:0/13:0) (500 ng, Avanti 

LM-1000), and PE(12:0/13:0) (200 ng, Avanti LM-1100) were added to all samples. 

Sodium acetate (0.1 M, Sigma S-2889) and chloroform (Fisher Scientific C298-500) were 

added to each sample for a final ratio of 0.8:1:0.95 sodium acetate/acidified 

methanol/chloroform. Samples were kept on ice and were vortexed and centrifuged at 

600 x g for 2 min at 4oC. The organic bottom phase was retained and the aqueous top 

phase back-extracted with chloroform three more times. The organic phases were 

combined and evaporated under nitrogen gas. Final lipid extracts were solubilized in 300 

L of ethanol (Commercial Alcohols P016EAAN) and stored under nitrogen gas at -80 oC 

in glass vials (BioLynx C779100AW).  
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4.5.5 High-performance liquid chromatography electrospray ionization tandem mass 

spectrometry (LC-ESI-MS/MS) 

Lipid extracts (5 L) were added to microwell plates (Agilent 5042-1385) in an 

Agilent 1100 autosampler. A standard mixture containing d4-PC(O-16:0/0:0) (2.5 ng, 

Cayman  360906), d4-PC(O-18:0/0:0) (2.5 ng, Cayman 10010228), d4-PC(O-16:0/2:0) 

(1.25 ng, Cayman 360900), and d4-PC(O-18:0/2:0) (1.25 ng, Cayman 10010229), 

suspended in 2.5 L of ethanol were added to each well along with 16 L of solvent A 

(0.1 % formic acid, 10 mM ammonium acetate in MS-grade water). Three microliters of 

this mixture were injected into a 10 cm x 250 mm (I.D.) column pack with Reprosil-Pur 

200 C18 (particle size of 5 mm and pore size of 200 A, Dr. A. Maisch, Ammerbruch, 

Germany # r25.aq) beads. A gradient elution of mobile solvent A and solvent B (5:2 ratio 

of acetonitrile/isopropanol with 0.1% formic acid and 10 mM of ammonium acetate) was 

implemented. For the first 5 min, samples were loaded in 30% B which then increased to 

100% B until 36 min when it was reduced to 30% B again until the end of the 45 min run. 

A blank run of solvent A was included after every sample to minimize inter-sample 

contamination. 

A TurboSpray ion source on a QTRAP-5500 (AB SCIEX) mass spectrometer was 

used to detect GPC and GPE second messengers and metabolites. Two separate scans 

running parallel with each other were designed to detect both GPC and GPEs within the 

same run. GPC detection applied a PIS in positive ion mode to detect the phosphocholine 

headgroup (184.1 m/z) product ion. Curtain gas was set to 20 uL/min, ion spray voltage 

to 4500 V and the source gas to 20 uL/min. Collision gas was set to 10 uL/min with an 

entrance potential of 10 eV, a declustering potential of 100 eV and a collision cell exit 
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potential of 9 eV. Collision energy for GPCs was 47 eV. GPE detection required a NLS in 

positive ion mode utilizing the common mass difference of the neutral 

phosphoethanolamine headgroup (141 m/z) between precursor and product ions. The 

NLS employed equivalent mass spectrometer parameters as the GPC PIS, except with a 

collision energy of 30 eV to specifically target fragmentation of the phosphoethanolamine 

head group. Both PIS and NLS were set to specifically detect GPC and GPE metabolites 

and seconds messengers ranging from 450-650 m/z. Following the profiling of cortex, 

hippocampus and plasma, MRM was implemented to select only specific transitions 

detected in PISs and NLSs thus enhancing the accuracy of quantification. All sample runs 

were aligned using RT-STAR, an in-house algorithm that standardizes retention times 

across the lipidome. PIS, NLS, and MRM spectra were analyzed using Analyst 1.6.2 and 

MultiQuant 3.0.8664.0 (AB SCIEX). Molecular identities were assigned using VaLID v3.0 

(Blanchard et al., 2013) and LIPID MAPS structural database (Sud et al., 2007) to elicit 

the best predicted species. Class-specific internal standards were used to normalize both 

brain and plasma tissues. Raw peak areas were normalized to either 413.41 pmol of 

PC(13:0/0:0) for GPC species or 336.83 pmol of PE(12:0/13:0) for GPE species added 

at time of extraction. Tissue wet weight was also used to normalize data derived from 

brain regions which is represented as pmol/mgtissue. In plasma, data were normalized to 

the volume extracted (50 L) and represented as pmol/mLplasma for plasma.  

 

4.5.6 Lipid nomenclature  

We profiled and classified six GPC and five GPE subclasses of metabolites in 

plasma or brain (hippocampus or temporal parietal entorhinal cortices) between 450-650 
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m/z. These included GPC subclasses LPCs, LPC(O)s, LPC(P)s, PCs, PC(O)s, PC(P)s, 

and GPE subclasses LPEs, LPE(O)s, PEs, PE(O)s, and PE(P)s.     

Molecular species were defined using the standard lipid nomenclature described 

by (Fahy et al., 2009).  For example, LPE(16:1/0:0) defines a GPE species with a polar 

head group (PE) at the sn-3 carbon of the glycerol backbone. At the sn-1 position, there 

is an acyl-linked (ester bond, no prefix) hydrocarbon chain with 16 carbons and 1 

unsaturation (16:1). At the sn-2 position, there is only a hydroxyl group (0:0) thus making 

this species a lyso-GPE. For other species, O- represents an alkyl linkage (ether bond) 

and P- represents an alkenyl linkage (vinyl ether bond). Species with a short chain at the 

sn-2 position are prefaced with either PC or PE for phosphocholine and 

phosphoethanolamine head groups respectively. 

 

4.5.7 Statistics 

Statistical analyses were performed using Prism 7.0 (Graphpad) and Microsoft 

Excel 2011 (version 14.6.6). All correlative analyses performed were Pearson correlations 

with linear regressions to assess linear relationships. Multiple t-tests with Welch’s 

correction were corrected for multiple comparisons, setting FDRs to 5% according to 

(Benjamini and Hochberg, 1995). In all ANOVAs, a Holm-Sidak post hoc test was 

employed to control for family-wise error. A post hoc power analysis was performed to 

establish sample sizes using G*Power 3.1 (Faul et al., 2007) with  set to 0.05. Sample 

and effect sizes were deemed acceptable at  values of 0.2 or under.  
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4.6 Results 

4.6.1 Tg females but not males exhibit spatial learning and memory impairment in the 

MWM despite comparable amyloid burden 

We have previously reported that N5 TgCRND8 mice at six months of age 

demonstrate sexually dimorphic learning and memory deficits in the MWM despite 

comparable amyloid deposition. Tg females fail to adopt efficient spatial navigational 

search strategies while while Tg males are able to transition from systematic to spatial 

strategies, a behavioural phenotype of cognitive reserve (Granger et al., 2016). Here, we 

replicated these findings and developed a composite score of spatial learning and 

memory that could be used to track individual impairments The mice used in this study 

exhibited the same sexual dimorphisms in escape latency over the eight test days 

(n=5/sex/genotype) (Fig. 4.1A) previously reported in (Granger et al., 2016). Mean 

escape latency (Fig. 4.1B, top row), mean spatial strategy (Fig. 4.1B, middle row), and 

the amount of time spent in the platform zone across test days (Fig. 4.1B, bottom row) all 

yielded significant sex-dependent differences in Tgs relative to NonTgs with only females 

demonstrating a significant impairment. To combine these measures, we calculated a 

composite spatial learning and memory score (calculations described in Material and 

Methods) in which a lower score is indicative of greater impairment. Females but not male 

Tgs had significantly lower composite spatial learning and memory scores compared to 

their NonTg littermates (Fig. 4.1C). To confirm that these differences were independent 

of amyloid burden, we assess levels of cerebral A42, A40 and A42/A40 ratios. As we 

have previously reported (Granger et al., 2016), there was no difference in amyloid load 

between Tg males and females (Fig. 4.1D).  
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Figure 4.1 – Spatial learning and memory is sexually dimorphic in TgCRND8 mice 

despite equivalent A load. (A) Tg males (left panel) show comparable learning curves 

as NonTg males.  Tg females are significantly impaired relative to NonTg females (right 

panel, n=5/genotype/sex). Statistics were a two-way, repeated measures ANOVA with 

Holm-Sidak post hoc for multiple comparisons (main effect of genotype-males: 

F(1,8)=1.453, df=1, p>0.05; females: F(1,8)=9.971, df=1, p<0.05). (B) Overall mean escape 

latencies over the 8 days of testing were statistically comparable  between male Tg and 

NonTg mice and statistically different between female Tg and NonTg mice (top panels; 

males: t=1.206, df=8, p>0.05; females: t=3.158, df=8, p<0.05). Utilization of spatial 

strategies over the 8 test days were statistically reduced in females but not males (middle 

panel; males: t=1.372, df=8, p>0.05; females: t=3.472, df=8, p<0.01).   Average time 

spent in the platform zone over the eight test days  was statistically lower in female but 

not male Tgs compared to NonTg controls. (bottom panel; males: t=0.09, df=8, p>0.05; 

females: t=2.78, df=8, p<0.05). (C) Composite z scores of each learning and memory 

readout corrected for inverse relationships as indicated in Materials and Methods 

demonstrate that Tg males (left panel; t=0.911, df=8, p>0.05) are unimpaired while 

females are imparied (right panel; t=3.38, df=8, p<0.01). Statistics were unpaired, two-

tailed t-tests   Boxes depict the interquartile range; whiskers extend to minimum and 

maximum points; line depicts median vaues n=5/sex/genotype (**p<0.01, *p<0.05). (D) 

Cerebrum levels of A42 (left panel), A40 (middle panel) and A42/A40 ratios (right panel) 

are equivalent between male and female Tg mice. Data are represented as ng per g of 

tissue wet weight ± SEM of the mean. Statistics were unpaired, two-tailed t-tests, all p-

values>0.05.  
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4.6.2 The GPC and GPE lipidomes are regionally-specific and sexually dimorphic in 

NonTg mice 

To determine whether GPC and GPE are metabolized differently in male and 

female NonTg mice, we used a targeted lipidomic approach to profile  signaling molecules 

and metabolites (450-650 m/z) generated by catabolism and remodeling of structural 

glycerophospholipids via the Lands’ cycle. We investigated two brain regions involved in 

learning and memory, the hippocampus and the temporal, parietal, entorhinal cortices 

(hereafter referred to as cortex). A total of 59 GPC and 33 GPE metabolites and signaling 

molecules were identified in the hippocampus. Sixty GPC and 33 GPE species were 

detected in the cortex. Of these, 55 GPC and 32 GPE species were common to both 

regions. All but five cortical glycerophospholipid species (2 LPC, 2 PC(O), 1 PE(O)) were 

within dynamic range required for quantification; these five species were excluded from 

further analysis (Fig. 4.2A).  

Subclass levels were calculated using common species between brain regions. 

Lipid abundances at the subclass level were compared between male and female NonTg 

mice. The hippocampus yielded no sex differences in total subclass abundances of either 

GPCs (Fig. 4.2B, top panel) or GPEs (Fig. 4.2B, bottom panel). Cortical GPC and GPE 

levels were remarkably sexually dimorphic (Fig. 4.2C). Total PC second messengers, 

PC(O) second messengers, and all lyso-GPCs (including LPCs, LPC(O)s, and LPC(P)s) 

were significantly lower in female mice (Fig. 4.2C, top panel); total lyso-GPEs (including 

LPEs and LPE(O)s) along with PE(P)s and PE(O)s were significantly higher in females 

(Fig. 4.2C, bottom panel). At the molecular level, abundances of only four LPCs and one 

PC(O) were significantly higher in NonTg male hippocampus (Fig. 4.2D, top panel). In  
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Figure 4.2 – GPC and GPE lipid abundances are sexually dimorphic in the cortex 

but not the hippocampus of NonTg mice. (A) Venn diagrams depicting the distribution 

of both GPCs (top diagram) and GPEs (bottom diagram).  (B) No significant differences 

in the abundances of GPC (top panel) and GPE (bottom panel) subclasses are detected 

in hippocampus. (C) Differences in abundances of GPC (top panel) and GPE (bottom 

panel) subclasses are evident cortex. Select GPC subclasses are significantly higher in 

males and select GPE subclasses are significantly higher in females. Data are mean pmol 

per mg of tissue wet weight ± SEM.  Statistics were unpaired, two-tailed t-tests, *p<0.05. 

(D) At the molecular level, five GPC species and no GPE species exhibit sex-specific 

differences in abundance in the hippocampus (top panel).  Seventy percent of all 

detectable GPC and GPE metabolites are sexually different in the cortex (bottom panel).  

Statistics were multiple t-tests and FDR of 5%; n=10/genotype (*adjusted p<0.05). 
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cortex, abundances of over 70% of GPE and GPC metabolites and signaling molecules 

were sexually dimorphic (Fig. 4.2D, bottom panel). 

 

4.6.3 Changes to GPC and GPE metabolism in the hippocampus and cortex of Tg mice 

are sex-specific 

We next asked whether metabolism of GPCs and GPEs in the hippocampus and 

cortex is differentially altered in male and female Tg mice in response to A challenge. In 

hippocampus of Tg mice, GPC metabolism was clearly sexually dimorphic. Total 

abundances of five of the six subclasses were significantly higher in Tg males relative to 

Tg females (Fig. 4.3A). These changes were attributed to an increase in GPC metabolism 

in Tg males but not Tg females.  

At the molecular level, abundances of five individual GPC species were 

significantly elevated in Tg males relative to NonTg littermates. In Tg females, GPC 

metabolism was apparently suppressed albeit not statistically significantly. Levels of 

major individual GPC metabolites and signaling molecules in Tg females were lower than 

NonTgs although none were significantly different (Fig. 4.3B). In cortex, overall levels of 

all GPC subclasses were sexually dimorphic (Fig. 4.3C); of these, PC(P), LPC(O), PC(O), 

and LPC levels were higher in male compared to female Tg mice (Fig. 4.3C).  

Abundances of 21 GPC species were highere in male Tg mice relative to sex-matched 

NonTgs (Fig. 4.3C). No changes in GPC metabolism was detected in females (Fig. 4.3D).  

There was no change in overall GPE metabolism in response to A comparing 

male and female Tg and NonTg mice in the hippocampus (Fig. 4.4A,B). In cortex, GPE 

metabolism was sexually dimorphic in NonTg mice (Fig. 4.4C). When challenged by A,  
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Figure 4.3 – There is a Tg-specific sex difference in GPC metabolism. (A) In the 

hippocampus, total PC(P), LPC(O), LPC(P), PC(O), and LPC abundances are 

significantly higher in Tg males compared to Tg females. Data are represented as total 

subclass abundance (pmol per mg of tissue wet weight) Boxes depict the interquartile 

range; whiskers extend to minimum and maximum points; the line represents the median. 

(B) Heat map comparing log2 fold change between sex-matched Tgs and NonTgs. Tg 

males exhibit significantly increased levels of GPC species relative to NonTgs. Females 

were not significantly different. (C) Cortical GPC metabolism is also sexually dimorphic. 

Levels of PC(P)s, LPC(O)s, and PC(O)s are higher in Tg males compared to Tg females 

and NonTg males. (D) At the molecular level, Tg mice exhibit significant increases in GPC 

metabolite abundances.  No statistically signficant change was found in females. 

Statistics for A and C were a two-way ANOVA with Holm-Sidak post hoc for multiple 

comparisons, n=5/sex/genotype (main effects of sex: **p<0.01, *p<0.05). Statistics for B 

and D were multiple t-tests with an FDR of 5% between log2 fold changes of sex-specific 

NonTg and Tg mice relative to NonTg littermates (*adjusted p<0.05).  
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Figure 4.4 – The cortical but not the hippocampal GPE lipidome is sexually 

dimorphic in Tg mice. (A) No significant difference in GPE subclass abundance is found 

in hippocampus.  Data are represented as total subclass abundance (pmol per mg of 

tissue wet weight) Boxes depict the interquartile range; whiskers extend to minimum and 

maximum points; the line represents the median. (B) No significant difference in lipid 

abundance at the molecular level was detected in Tg males and females. Data are 

represented as a heat map depicting log2 fold changes of Tg males and females relative 

to sex-match NonTg littermates. (C) Cortical levels of total subclass abundances (pmol 

per mg of tissue wet weight) are sexually dimorphic. PE(P), LPE(O), PE(O) and LPE 

subclasses were all significantly effected by sex and genotype.. (D) Individual GPE 

metabolites and signaling molecules are increased in Tg males but decreased in Tg 

females relative to sex-matched NonTgs. Data are represented as a heat map depicting 

log2 fold changes of Tg males and females relative to sex-match NonTg littermates. 

Statistics for A and C were a two-way ANOVA with Holm-Sidak post hoc for multiple 

comparisons, n=5/sex/genotype (main effects of sex: **p<0.01, *p<0.05; main effects of 

genotype: ##p<0.01, #p<0.05). Statistics for B and D were multiple t-tests with a FDR of 

5% between log2 fold changes of sex-specific NonTg and Tg mice relative to NonTg 

littermates (*adjusted p<0.05). 
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PE(P) and PE(O) metabolism was significantly suppressed in Tg compared to NonTg 

females (Fig. 4.4C). LPE metabolism was significantly enhanced in Tg compared to 

NonTg males (Fig. 4.4C,D). Interestingly, Tg females exhibited significantly higher levels 

of cortical LPEs that Tg males (Fig. 4.4D). Forty-five percent of LPE, PE(O), LPE(O) and 

PE(P) species were significantly higher in Tg males than NonTgs while 38% of LPE, 

PE(O) and PE(P) species were significantly lower in Tg females (Fig. 4.4D). Taken to 

gether, these data suggested that GPC and GPE metabolism is generally suppressed in 

females and enhanced in males when challenged by Ab pathology. The one common 

metabolic alteration was an increase in LPE (18:0/0:0) abundance in both sexes.  

 

4.6.4 Changes in LPE(18:0/0:0) abundance in both the hippocampus and cortex 

associate with behavioural indices of spatial learning and memory impairment 

To assess relationships between lipid levels at both the subclass and molecular 

levels in hippocampus and cortex with learning and memory performance, we correlated 

lipid abundances with composite spatial learning and memory scores (Table 4.1). Only 

total hippocampal LPE levels were significantly inversely correlated with performance in 

the MWM (Fig. 4.5A, left panel). In cortex, this relationship approached signficance 

(p=0.06, Fig. 4.5A, right panel). The most abundance LPE in both regions was 

LPE(18:0/0:0) (Fig. 4.5B). LPEs in both brain regions had negative relationships with the 

composite spatial score. We attributed this relationship primarily to the effects of 

LPE(18:0/0:0) on the total LPE subclass abundance.  

LPE(18:0/0:0) was the most abundant LPE species quantified in both the 

hippocampus and the cortex of our NonTg and TgCRND8 mouse line (Fig. 4.5B). This  
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Figure 4.5 – Hippocampal and cortical LPE(18:0/0:0) levels negatively associate 

with spatial learning and memory. (A) Correlative analyses of hippocampal (left panel; 

r=-0.48, p<0.05) and cortical (right; r=-0.43, p=0.06) total LPE abundances with the 

composite spatial learning and memory scores n=20 NonTg and Tg male and female 

mice. Data are represented as a scatterplot of composite spatial learning and memory 

scores (x-axis) against total LPE abundance (pmol per mg tissue wet weight) with a linear 

regression line-of-best-fit. (B) Total LPE subclass composition as determined by the 

abundances of individual LPE species. Data are represented as a percent of the total LPE 

abundance. (C) LPE(18:0/0:0), the most abundant LPE species, is significantly negatively 

correlated with the composite spatial learning and memory score in both hippocampus 

(left; r=-0.51, p<0.05) and cortex (right; r=-0.58, p<0.01). (D) Univariate analyses of 

hippocampal (left; main effect of genotype: F(1,16)=31.76, df=1, p<0.01; main effect of sex: 

F(1,16)=1.41, df=1, p>0.05) and cortical (right; main effect of genotype: F(1,16)=28.91, df=1, 

p<0.01; main effect of sex: F(1,16)=11.77, df=1, p<0.01) LPE(18:0/0:0). In both regions, 

LPE(18:0/0:0) levels aer significantly higher in both male and female Tgs relative to 

NonTgs. Cortical LPE(18:0/0:0) levels are also significantly higher in Tg females than Tg 

males. Correlational statistics were Pearson correlations. Univariate statistics were a two-

way ANOVA, n=5/sex/genotype (main effects of sex: *p<0.05; effects of genotype: 

##p<0.01). 
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species was the only LPE to exhibit a significant correlation with behavioural indices of 

spatial learning and memory in both the hippocampus and cortex (Fig. 4.5C, Table 4.1).  

To determine whether these differences associated with Ab load, we correlated 

leavels of LPE(18:0/0:0) with A42 and A40 abundances as well as the ratio of A42/A40. 

There were no significant associates (Fig. 4.6). Take together, these data demonstrate 

that higher levels of LPE(18:0/0:0) in both hippocampus and cortex associate with greater 

learning and memory impairment in Tg male and female mice.  

 

4.6.5 Changes in cortical LPE(18:0/0:0) associated with learning and memory deficits can 

be predicted by levels of specific GPE species in circulation.  

We next asked whether changes in the brain GPE lipidome linked to learning and 

memory impairment could be predicted by monitoring the plasma GPE lipidome. In the 

plasma, 24 GPE metabolites were detected with a total of 17 GPE metabolites found in 

all three biological samples (plasma, hippocampus, and cortex) (Fig. 4.7A). Three GPEs 

were significantly associated with composite spatial learning and memory scores (Table 

4.2). These species, LPE(16:1/0:00, PE(O-14:1/2:0), and PE(O-18:3/2:0), all positively 

correlated with spatial learning and memory (Table 4.2, Fig 4.7B). Increased abundances 

correlated with better performance on the MWM. Levels also significantly negatively 

correlated with LPE(18:0/0:0) levels in cortex but not hippocampus (Fig. 4.7C). 

LPE(16:1/0:0), PE(O-14:1/2:0), and PE(O-18:3/2:0) plasma levels were not sexually 

dimorphic in NonTg mice but levels were significantly lower in Tg females compared to 

Tg males (Fig. 4.7D) corresponding with the severity of their learning and memory  
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Figure 4.6 – There is no relationship between hippocampal or cortical LPE(18:0/0:0) 

and amyloid deposition in TgCRND8 mice. Correlative analysis of hippocampal (left 

column) and cortical (right column) LPE(18:0/0:0) abundances (pmol per mg tissue wet 

weight) with three measure of amyloid pathology . A42 (top row), A40 (middle row), and 

A42/A40 ratios were not significantly associated in either brain region. Amyloid 

abundances represented as ng per g of tissue wet weight. Statistics were Pearson 

correlations, all p-values>0.05. 
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Figure 4.7 – GPE species in the plasma associate with spatial learning and memory 

and cortical but not hippocampal LPE(18:0/0:0) levels. (A) A Venn diagram depicting 

the distribution of 39 GPE metabolites and signaling molecules in plasma and brain 

regions. (B) Correlational scatterplots of the three significantly associated plasma GPE 

species: LPE(16:1/0:0) (left; r=0.47, p<0.05), PE(O-14:0/2:0) (middle, r=0.48, p<0.05), 

and PE(O-18:3/2:0) (right; r=0.57, p<0.01) with composite spatial learning and memory 

scores. GPE abundances are represented as pmol per mg of tissue wet weight. (C) 

Correlational analyses of both hippocampal (left) and cortical (right) LPE(18:0/0:0) levels 

with plasma GPE species associating with learning and memory. Hippocampal 

LPE(18:0/0:0) levels are not significantly associated with plasma GPE predicators (all 

p>0.05). Cortical LPE(18:0/0:0) levels are significantly negatively correlated with all three 

plasma predictors. (D) Univariate analysis of LPE(16:1/0:0) (left; main effect of sex: 

F(1,16)=11.12, df=1, p<0.01), PE(O-14:1/2:0) (middle; main effect of sex: F(1,16)=4.58, df=1, 

p<0.05), and PE(O-18:3/2:0) (right; main effect of sex: F(1,16)=11.2, df=1, p<0.01) levels. 

Levels of all three lipids are significantly lower in Tg females compared Tg males. Plasma 

lipid abundances are represented as pmol per mL plasma. Brain lipid abundances are 

represented as pmol per mg tissue wet weight. Correlational statistics for B and C were 

Pearson correlations. Statistics for D were two-way ANOVAs with a Holm-Sidak post-hoc 

for multiple comparisons between sexes within genotypes (*p<0.05). 
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impairment in the MWM (Fig. 4.1). In fact, of these three critical species, both 

LPE(16:1/0:0) and PE(O-18:3/2:0) demonstrate a clear distinction between Tg males and 

females with no overlapping data between the two groups. Taken together these data 

suggest that in animals with pre-existing amyloid pathology, plasma levels of 

LPE(16:1/0:0) and PE(O-18:3/2:0) represent potential biomarkers of spatial learning and 

memory impairment.   

 

4.7 Discussion 

Here, we report that alterations in GPE metabolism in the brain and circulation are 

associated with spatial learning and memory impairment in N5 TgCRND8 hAPP mice. 

Specifically, we identify increases in cortical abundance of LPC(18:0/0:0) as a critical 

correlate of learning and memory deficits in both male and female mice. Moreover, we 

find that this metabolic change and severity of learning and memory impairment can be 

predicted by decreases in circulating LPE(16:1/0:0), PE(O-14:1/2:0), and PE(O-18:3/2:0) 

levels. These changes associate with learning and memory performance in N5 TgCRND8 

mice suggesting that they reflect a critical metabolic response to accumulating A linked 

to behavioural indices of cognitive decline.  

Our intent in performing this study was to identify a lipidomic signature of cognitive 

reserve. We did not detect a robust signature. Male Tg mice exhibited increases in cortical 

GPC and GPE metabolites suggesting an upregulation of enzymatic activity involved in 

the catabolism of glycerophospholipids, likely cPLA2, as reported in our previous study 

(Chapter 2). We further show that as levels of LPE(18:0/0:0) increase, behavioural indices 

of spatial learning and memory decline. Interestingly, we previously demonstrated that 
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LPC levels are reduced at phenoconversion but rise over the course of symptomatic 

progression. This finding is consistent with evidence that cPLA2 activity is lower during 

the initial phases of cognitive decline (Schaeffer et al., 2009; Sun et al., 2010) and suggest 

a difference in GPC and GPE metabolism that may be useful in predicting 

phenoconversion in preclinical AD patients. In fact, lithium treatment enhances the activity 

of specific PLA2 groups, including sPLA2 and iPLA2 which in turn improves memory in 

rats (Mury et al., 2016). It is tempting to speculate that increased glycerophospholipid 

metabolism represents a lipidomic signature of cognitive reserve given the sexually 

dimorphic metabolic response shown in this study that segregates impaired Tg females 

from non-impaired Tg males; however we show here that while this response is clearly 

sexually dimorphic, it is not robustly correlated with learning and memory performance.  

The primary finding of this paper is that levels of cortical LPE(18:0/0:0) associated 

with severity of learning and memory impairment can be predicted by changes in 

circulating GPE metabolites and second messengers in plasma. The sexual dimorphisms 

evident in both learning and memory performance and glycerophospholipid metabolism 

in N5 TgCRND8 mice under comparable A load provide a new model to discriminate 

between sex-specific metabolic responses to A challenge and capacity for individual 

learning and memory preservation by offering a spectrum of impaired and unimpaired 

individuals. Our primary findings associate individual murine learning abilities with lipid 

metabolic responses rather than the group as a whole. This is reflected in human AD 

patients whereby some individuals are more impaired than other regardless of the current 

biomarkers of AD pathology. While Tg females were certainly impaired relative to Tg 

males as groups, impairment in both sexes correlated with LPE(18:0/0:0) levels in the 
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brain. These effects could be the result of increased LPEAT2 activity, a lysophospholipid 

acyltransferase predominantly expressed in the murine brain that preferentially transfers 

stearoyl-CoA (C18:0) to GPEs (Cao et al., 2008; Shindou et al., 2009). This corresponds 

with previous work finding a reduction in cortical stearic acid in AD brains (Fraser et al., 

2010), suggesting that increased activity of LPEAT2 causes the integration of stearic 

acyls into GPE molecules. While little is currently known about the role of LPEAT2 in AD 

pathogenesis, our data do point to a novel metabolic determinant contributing to AD 

decline. As such, this is the first report of a predictive role for GPE metabolism in tracking 

the progression of spatial learning and memory decline.  
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Chapter 5 – General Discussion 

In this thesis, I combine lipidomic and behavioural experiments to determine how 

glycerophospholipid metabolism is affected in models of AD over the course of spatial 

learning and memory impairment as assessed in the MWM. I found that, at the onset of 

learning and memory impairment, cPLA2 activity declines along with generation of LPCs 

in the cortices of APPSwe/PS1dE9 and N5 TgCRND8 mice. I identified decreases in 

LPC(18:0/0:0), LPC(16:0/0:0), LPC(24:6/0:0), LPC(25:6/0:0), LPC(O-18:0/0:0), and 

PC(O-22:6/2:0) as critical metabolic indicators of phenoconversion. I further 

demonstrated that these same metabolic changes occur in younger APPSwe/PS1dE9 

animals following treatment with chronic intermittent hypoxia, an environmental risk actor 

that accelerates onset of learning and memory deficits. I next tracked changes in GPC 

metabolism over disease progression in N5 Tg female mice. I found that once Tg females 

are fully impaired, cPLA2 activity rises; LPC and LPC(O) levels increase; PC(O-18:1/2:0) 

PAF accumulates in cortex but not hippocampus. I attributed this increase to an age-

dependent shift in the expression of the PAFAH1b 1 and 2 catalytic subunits predicts 

to reduce the rate of PAF hydrolysis. Next, I asked whether these changes were sexually 

dimorphic given the higher prevalence of AD in females than males.  

I developed a model of cognitive reserve reflective of the sexually dimorphic nature 

of AD by back-crossing F1 C57Bl/6 x C3H/HeJ TgCRND8 mice to a C57Bl/6 lineage. I 

found that N5 Tg males and females exhibited equivalent A pathologies a 2, 4, 6, and 8 

months of age yet females displayed learning and memory deficits earlier than males. I 

further ensured that this N5 line did not carry the autosomal recessive pde6brd1 mutation 

that leads to retinal degeneration. Finally, I profiled GPC and GPE metabolism in both the 



191 
 

brain and plasma of N5 Tg mice and their NonTg littermates. I demonstrated that GPE 

metabolites are directly correlated with spatial learning and memory ability in the cortex. 

Moreover, I show that central lipidomic changes can be predicted by assessment of the 

circulating lipidome. Taken together, these data provide a strong link between behavioural 

indices of cognitive impairment and glycerophospholipid metabolism in multiple AD 

experimental models.  

I will discuss in this chapter the varying lipid profiles within the brain, as well as the 

different roles glycerophospholipid metabolism may play in modulating cognitive reserve 

and impairment in males and females. This general discussion will place the findings of 

this thesis into context with the existing literature of AD, cognition, and 

glycerophospholipid metabolism. 

 

5.1 Lipidomic contributions to the links between chronic intermittent hypoxia and 

phenoconversion in a model of AD 

This thesis is the first study to demonstrate that chronic intermittent hypoxia alters 

GPC metabolism associated with AD learning and memory impairment. I hypothesize that 

hypoxia likely enhances the aging process in APPSwe/PS1dE9 mice thus advancing both 

phenoconversion and the GPC profile. 

Interestingly, I found this to exclusively take place in APPSwe/PS1dE9 mice and not 

in WT mice thus indicating a role for amyloid pathology in the alteration of GPC 

metabolism over time. Our colleagues have found that hypoxia indeed elevates amyloid 

levels and accelerates the aberrant rise of A in these same mice (Liu et al., 2016). 

Therefore it may be that amyloid load plays a role in initiating aberrant 
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glycerophospholipid metabolism associated with transition from pre-symptomatic to a 

symptomatic state in experimental models of AD in the “preclinical” state of cognitive 

decline (Fig. 5.1).  

The most predictive changes of phenoconversion were decreases in lyso-GPCs, 

specifically LPC(18:0/0:0), LPC(16:0/0:0), LPC(24:6/0:0), LPC(25:6/0:0) as well as 

LPC(O-18:0/0:0), indicative of altered glycerophospholipid catabolism. These changes 

could be accelerated by chronic intermittent hypoxia and were attributed to a suppression 

of cPLA2 activity upon transition from pre-symptomatic to a symptomatic state. Previous 

work by Yakovlev and colleagues has demonstrated the effects of differential exposures 

to hypoxic conditions on glycerophospholipids. Longer exposure to hypoxia elicits a 

progressive decrease in LPCs in liver tissue (Yakovlev et al., 2013). Chronic intermittent 

hypoxia, however, may impact on the activity of the various PLA2 families differentially 

(Micova et al., 2017). Micova and colleagues have found that Wistar rats exposed to a 

chronic hypoxia regimen representing 7000 m altitude for eight hours/day for five weeks 

(a more intensive paradigm than used in Chapter 2) elicited family-specific effects on 

PLA2 expression in the heart. GIV cPLA2 expression increases, iPLA2 and sPLA2 

expressions decrease. While this contrasts with the transient decrease in cortical cPLA2 

activity I detect in Chapter 2, this may be due to the longer paradigm and more intensive 

hypobaric environment used by Micova and colleagues.  

Certainly, differential PLA2 activity has been reported in AD patients (Schaeffer et 

al., 2010). cPLA2 activity has been proposed to decrease in early-stage AD (Ross et al., 

1998) followed by an increase in late-stage AD (Schaeffer et al., 2009; Sun et al., 2010) 

consistent with this thesis. Increased expression of sPLA2 GIIA in astrocytes is found to  
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Figure 5.1 – Proposed model of normoxic aging and hypoxic exposure on the 

Lands’ cycle in mouse models of hAPP mice. Both age and hypoxic exposure elevate 

A levels in hAPP mice resulting in symptomatic onset followed by full impairment. 

Lands’ cycle cPLA2 activity exhibits biphasic activity characterized by transiently 

suppressed activity upon symptomatic onset and progressive activation during full 

impairment. iPLA2 activity is reduced in  hAPP while PAFAH activity decreases upon full 

impairment  as a result of age-dependent changes in subunit-expression increasing 

PC(O)-PAF/LPC(O) ratios. Red text describes increased levels and teal text denotes a 

decrease.  
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be associated with amyloid plaques in the inferior temporal gyrus (Moses et al., 2006) 

while decreased iPLA2 activity is common to both hypoxic insult and AD (Micova et al., 

2017; Ross et al., 1998; Smesny et al., 2008). Taken together, it is possible that it is not 

only a decrease in cPLA2 activity but also decreases in iPLA2 activity that contributes to 

both the hypoxia and age/A-associated GPC metabolic disruptions observed in this 

thesis. An exciting topic for future investigation includes the temporal analysis of activity 

in all PLA2 families to clarify the family-specific responses to amyloid pathology in AD.  

 

5.2 Sex-specific differences in glycerophospholipid metabolism in a sexually 

dimorphic AD mouse model of cognitive reserve 

In Chapter 3 I developed and characterized a hAPP mouse model that 

recapitulates the sexually dimorphic nature of AD, according to the theory of cognitive 

reserve (Mielke et al., 2014; Stern, 2006). I show that this N5 TgCRND8 mouse line 

exhibits a unique sexually dimorphic phenotype that behaviourally models cognitive 

reserve found in the human condition. What distinguishes this model from other sexually 

dimorphic hAPP mouse models is that while female Tg mice are significantly more 

impaired than males, they present with comparable amyloid pathology. In Chapter 4, I 

further confirm that there is a prominent sex-specific change in the glycerophospholipid 

metabolome in the presence of AD pathology.  

 

5.2.1 Measuring cognitive reserve in the context of amyloid pathology 

Prior to this thesis work, the theory of cognitive reserve was introduced by Yaakov 

Stern describing the maintenance of cognitive function despite pathological insults (i.e. 
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amyloid plaques) through the use of alternative neural networks to adapt new cognitive 

strategies (Stern, 2002, 2006). In Chapter 3, I was the first to quantify cognitive reserve 

in rodents using MWM. I utilized the path trajectories employed by each individual mouse 

and assigned it a strategy, adopting previously set standards (Brody and Holtzman, 2006; 

Janus, 2004). Because mice that are successful at the MWM are capable of transitioning 

from a predominantly systematic strategy to a more efficient spatial strategy, I was able 

to use the strategy shifting in male and female Tg mice to evaluate sexual dimorphisms 

in the behavioural indices of learning and memory from the perspective of cognitive 

reserve. I found that males exhibited common characteristics to unimpaired animals thus 

reflecting the principals of cognitive reserve (Mielke et al., 2014). To my knowledge, no 

other experimental methods of measuring murine cognitive reserve have been 

established.   

In humans, recent work has presented a novel measure of cognitive reserve that 

implicates differential functional activation of alternative cortical regions in the presence 

of amyloid pathology. This work utilized neuroimaging techniques including structural MRI 

to establish cognitive reserve using correlations between grey matter volumes in both 

whole brain or temporoparietal regions and composite cognitive scores in patients with 

AD pathology (van Loenhoud et al., 2017). Subjects with high cognitive reserve likely 

need to employ different neural networks to compensate for AD pathology and maintain 

cognitive ability. Indeed, this compensation has been documented using functional 

magnetic resonance imaging (fMRI) during tasks of increasing difficulty (Oh et al., 2018). 

In the presence of A pathology, there is a clear change in regional activation in the brain 

using fMRI during intellectual activity (Oh et al., 2018). In the absence of A pathology, 
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there was a negative relationship with brain activation in the lateral and medial parietal 

cortices. Yet when A is present, there is a positive relationship in the lateral 

temporoparietal cortex, medial frontal cortex, and posterior cingulate and retrosplenial 

cortices (Oh et al., 2018).  These studies offer insight into the adaptability necessary in 

employing different cortical regions to successfully accomplish a task and the ability to 

now potentially measure it in humans in vivo. I suggest that my N5 TgCRND8 mouse 

model of cognitive reserve further provides a viable medium to explore biological 

mechanisms of cognitive reserve and to test possible interventions.  

 

5.2.2 Sex-specific differences in glycerophospholipid metabolism.  

In Chapter 4, I describe regionally-specific sex differences in the cortex of NonTg 

mice whereby females had greater levels of GPE metabolites and lower levels of GPC 

metabolites. Sexually dimorphic profiles have been established in a variety of tissues. In 

brown adipose tissue, the fatty acid composition of structural GPEs, GPCs and GPSs are 

different between male and female C57Bl/6N mice (Hoene et al., 2014). Moreover, in the 

plasma of young adults, men have a greater abundance of both LPC and LPC(O) species 

than women (Rauschert et al., 2017). My research confirms these differences in cortex 

and, to a lesser extent the hippocampus of NonTg mice. PLA2 activity is, in part, 

responsible for the regulation of lyso-glycerophosphocholines, including LPCs, LPC(O)s, 

and LPC(P)s. Limited research has been done to distinguish the effect of sex on PLA2 

regulation and activity in the brain. However, some sex differences do exist in PLA2 

regulation whereby lipoprotein-associated PLA2 activity in the blood has been found to be 

higher in males thus supporting a higher level of lyso-glycerophospholipids (Jia et al., 
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2013). It would be very interesting to further investigate how the role of sex affects tissue-

specific expression and activity of the many isoforms of PLA2 enzymes.  

While my work has focused primarily on the Lands’ cycle, a second hypothesis, 

not directly tested in this thesis, is that differences in GPC and GPE metabolite levels 

between males and females are due to a change in lysophospholipase D (LPLD) activity 

(Fig. 5.2). 

LPLD cleaves the head group moiety from a lyso-glycerophospholipid to generate 

lysophosphatidic acid (LPA) (Fig. 5.2). This enzyme (also called autotaxin) is secreted 

into the extracellular matrix and has equal specificity for both choline and ethanolamine 

head groups (Aoki et al., 2002; Yung et al., 2015). However, substrate specificity of LPLD 

is dependent on the level of saturation, length, and linkage of the single hydrocarbon 

chain (Tokumura et al., 1999). LPLD shows higher affinity for unsaturated, acyl-linked 

lysophospholipids but can still act on alkyl-linked lysophospholipids and saturated 

lysophospholipids (Tokumura et al., 1999).  

LPLD expression is not only sexually dichotomous, but is also affected in AD 

patients. LPLD expression is increased in the CSF and cortex of AD patients (McLimans 

et al., 2017; Umemura et al., 2006). Interestingly, healthy women exhibit higher serum 

activity of LPLD than men (Nakamura et al., 2007; Reeves et al., 2015). It may be, that in 

the presence of AD pathology, the sexually dimorphic expression of LPLD is accentuated 

therefore contributing to the sexually dimorphic lysophospholipid profiles seen in this 

thesis. Lower levels of LPLD in males would result in higher levels of precursor molecules 

such as LPCs, LPC(O)s, LPEs, and LPE(O)s, consistent with the results generated in 

Chapter 4 (proposed mechanism Fig. 5.3). It has yet to be investigated whether there are  
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Figure 5.2 –LPLD hydrolyzes the head group from the phosphate of lyso-

glycerophosphospholipids. A structural representation of the reaction catalyzed by 

LPLD .  
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sex-specific changes in LPLD activity in patients with AD pathology. Enhanced levels in 

patients already exhibiting signs of AD symptomology suggests that impaired individuals 

likely have higher levels of LPLD (Umemura et al., 2006). Considering the pre-existing 

sex difference in LPLD, I propose that males with preclinical AD maintain low levels of 

LPLD activity thus enhancing precursors such as LPC, LPC(O), LPE, and LPE(O).  

 

5.2.3 Evidence for the role of LPA signaling in spatial learning and memory  

It is tempting, therefore, to speculate that the synthesis of LPAs via the actions of 

LPLD would enhance extracellular LPA signaling which is primarily initiated by binding to 

G protein-coupled LPA receptors (LPARs). In this thesis, LPAs were not profiled and 

should be a future target. There are six LPAR subtypes (LPAR1-6) expressed in the adult 

CNS with cell-specific expression. Mature neurons only express LPAR1-3 and LPA5 

although glial expression is varied. LPAR1 and LPAR3 are expressed in microglia whereas 

LPAR1-5 are in astrocytes yet only LPAR1 is found in oligodendrocytes and only LPAR6 is 

found in ependymal cells (reviewed in (Yung et al., 2015)). LPARs couple to one of four 

G proteins (G12/13, Gq/11, Gi/o, and Gs) to initiate a plethora of downstream signaling 

cascades (reviewed in (Choi and Chun, 2013)). The myriad of cellular processes affected 

by LPA signaling lead to many varied outcomes, one of which are the effects on learning 

and memory behaviour.  

The impact of LPA signaling on learning and memory likely requires the combined 

signaling of specific LPAR subtypes. For example, in a LPAR1 null-mutant mouse, malpa1
-

/- mice exhibit differences in spatial learning and memory in the MWM (Santin et al., 2009). 

While not significant, these mice exhibit mildly improved escape latencies compared to 
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WT mice but have significantly impaired reference memory in the probe task (Santin et 

al., 2009). These conflicting results indicate a role for LPAR1 in learning and memory that 

may be compensated for by other subtypes of LPAR. Indeed, LPAR5 null (lpa5
-/-) mice 

exhibit mild improvements in escape latency as well, likely due through a significantly 

higher utilization of spatial search strategies (Callaerts-Vegh et al., 2012). No overt 

phenotypes have been observed in lpa2
-/- mice even when coupled with malpar1

-/- 

although no behavioural tests were conducted (Contos et al., 2002). Lpa4-/- mice have 

been produced but no behavioural tests have been performed.  (Sumida et al., 2010; 

Yung et al., 2014). LPAR6 as the most recently discovered LPAR has also not been linked 

to any behavioural abnormalities (Yung et al., 2014). Thus while these data do not provide 

direct evidence for a role of LPAs in learning and memory, clearly more concise 

investigations must be performed in the context of LPA signaling in learning and memory.  

This need is highlighted by one highly interesting outcome of behavioural studies 

involving LPA signaling, namely the effect of LPAR subclasses on spatial search strategy 

(Callaerts-Vegh et al., 2012; Santin et al., 2009). malpar1
-/-  mice exhibit a reduction in 

spatial strategy compared to WT mice in the MWM using comparable strategy as used in 

Chapter 3 (Brody and Holtzman, 2006; Granger et al., 2016). However, authors noted 

that this may be a result of enhanced thigmotaxis during MWM thus indicating that the 

reduced spatial strategy was a result of increased anxiety and not a bona fide impairment 

in spatial navigation from the lack of LPA signaling (Santin et al., 2009). This suggests 

that the absence of LPAR1 signalling could enhance spatial strategy although anxiety 

plays a confounding role in this observation. Additionally, conflicting results arise in lpa5
-

/- mice that exhibit enhanced spatial strategy in the MWM (Callaerts-Vegh et al., 2012). 
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Unlike malpar1
-/-  mice, lpa5

-/- mice have reduced anxiety thus providing an unadulterated 

assessment of spatial navigation ability (Callaerts-Vegh et al., 2012). While more 

investigations are required to fully understand the roll of LPA signaling in spatial 

navigation, current findings support evidence that the impact of LPA signaling on 

behaviour may be subclass-dependent. Currently it seems that LPAR5 signaling is 

involved in impairing spatial navigation, particularly in the MWM. In relation to this thesis, 

I propose that elevations in lyso-GPCs and lyso-GPEs in Tg males are representative of 

lower LPLD activity thus contributing to lower LPA synthesis and LPAR5 activation. Lower 

LPAR activation, particularly at LPAR5, may contribute to the improved spatial learning 

and memory exhibited by this model (Proposed model, Fig. 5.3). 

 

5.2.4 LPLD activity exhibits lower activity on LPE(18:0/0:0), a brain-derived indicator of 

spatial learning and memory ability 

One caveat to this alternative “non-Lands’ cycle” model is the common increase in 

LPE(18:0/0:0) in both male and female Tg mice. In the brain, I show elevations in this 

species is a critical indicators of spatial learning and memory impairment. LPE(18:0/0:0) 

is the most abundant LPE within detectable range quantified in the brains of these mice. 

The proposed effects of LPLD activity would influence LPE(18:0/0:0) levels the least since 

LPLD has lower activity on saturated species (Tokumura et al., 1999). This is supported 

by the fact that all other significantly changing LPEs have at least one unsaturation and 

are consistently decreasing in females and increasing in males. In Chapter 2, I show that 

in 6 month Tg females, there is a mild but significant increase in cPLA2 activity following 

symptomatic onset. It is possible that varied changes in the Lands’ cycle enzymes may  



204 
 

Figure 5.3 Proposed mechanism of non-Lands’ cycle mediated effects on sexually 

dimorphic glycerophospholipid metabolism and spatial navigation. N5 TgCRND8 

mice at six-months of age exhibit sexually dimorphic lysophospholipid levels whereby 

males exhibit a significant increase and females show no change relative to sex- and age-

matched NonTg littermates. I suggest that this reflects a difference in lysophospholipid 

catabolism into lysophosphatidic acid via the actions of LPLD combined with increased in 

cPLA2 activity in the synthesis of lysophospholipids. Females exhibit higher baseline 

levels of LPLD than men, and this can be further accentuated by A causing further 

increases in activity. In male Tgs, an increase in cPLA2 activity due to A, coupled with 

decreased LPLD activity relative to females may lead to enhanced lysophospholipid 

levels. In female Tgs, higher activity of LPLD counteracts the high cPLA2 activity thus 

effecting no change in lysophospholipids.  I postulate that  this would lead to enhanced 

LPA levels causing activation of LPAR5 and subsequent impairment in spatial navigation.  
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impact LPE(18:0/0:0).  These results are supported by an increase in LPE(18:0/0:0) in 

AD patients relative to healthy controls (Olazaran et al., 2015).  However, while Tg males 

are unimpaired relative to Tg females as a group, they (as all mouse groups do) exhibit 

individual variances in composite spatial score, as described in Chapter 4. These 

individual variances elicit a distinction between (a) the discovery of markers that 

distinguish an entire group based on the presence of risk factors and behavioural 

impairment, and (b) determining markers that distinguish individuals based on the specific 

outcome that the individuals are capable of. In other words, finding predictors of 

behavioural ability from the perspective of individuals and not their conditions. 

 

5.2.5 Investigations linking individual glycerophospholipidome profiles with spatial 

learning and memory in AD require an association between central and peripheral 

lipidomes  

In this thesis I have profiled individual differences in the glycerophospholipidome 

in N5 NonTg and Tg mice. Links between GPE metabolites were found to be predictive 

of spatial learning and memory ability in both central and circulating lipidomes. 

Researchers have previously found many relationships between the varying lipidomes of 

healthy controls, patients with MCI, and full AD dementia patients in either blood 

(Mapstone et al., 2014; Oresic et al., 2011; Proitsi et al., 2017; Toledo et al., 2017; Whiley 

et al., 2014) or brain (Wood et al., 2015; Wood et al., 2016) lipidomes. Many of these 

studies found lower levels of specific structural glycerophospholipids in the blood (Proitsi 

et al., 2017; Whiley et al., 2014) and brain in AD (Han et al., 2001; Wood et al., 2015; 

Wood et al., 2016). Upon the beginning of this thesis, no studies existed linking both 
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central and circulating lipidomes to learning and memory in the same subjects. In Chapter 

4, I was able to find significant relationships between levels of specific LPEs and PE(O)s 

in the plasma with LPE(18:0/0:0) in the brain all of which are significantly associated with 

spatial learning and memory abilities in the N5 Tg mouse line.  

These data complement recent publications (Varma et al., 2018). GPCs were the 

exclusive glycerophospholipid class investigated in this study. Using limited brain 

samples, decreases in LPC(18:0/0:0) and structural PC(O) and PC species were 

significantly associated with disease progression in the brain yet only LPC(18:0/0:0) 

showed a significantly positive relationship in the serum (Varma et al., 2018). While this 

suggests negative relationship between blood and brain-based lipids, one limitation to 

this study is the absence of any direct associations between central and circulating 

lipidomes. Brain and serum samples were unbalanced and associations did not reflect 

the same sample cohorts (Varma et al., 2018). An important focus of investigation in 

lipidomics is the association between blood and brain-based lipidomes. While research is 

limited in this area, one study has recently found links between glycerophospholipids in 

the brain the plasma (Giles et al., 2016). Interestingly, negative relationships between the 

many structural GPEs investigated have been found between brain and plasma lipidomes 

(Giles et al., 2016). While this study did not investigate the metabolites of GPE catabolism, 

I confirm this theme of a negative relationship between specific GPE metabolites in the 

plasma and brain.   
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5.3 Summary 

In this thesis, I have combined multiple techniques incorporating spatial learning 

and memory measures with glycerophospholipid profiling and signaling pathways. I have 

elucidated the glycerophospholipid profiles in the context of two prominent, yet distinct 

risk factors of AD in two separate mouse models of hAPP. My working mechanistic 

model is summarized in Fig. 5.4. I have determined that biphasic activity of cPLA2 results 

in age-dependent changes in GPC profiles in the presence of A pathology representing 

metabolites and second messengers of GPC catabolism and remodelling. These changes 

can be accelerated when mice are exposed to chronic intermittent hypoxia. This data 

helps to resolve conflicting results about cPLA2 activity in AD progression and confirms 

the presence of a biphasic shift in activity corresponding with cognitive decline. I further 

show, in an experimental model of sex differences in cognitive reserve that cortical 

LPE(18:0/0:0) levels are a critical indicator of spatial learning and memory impairment 

and that metabolic changes can be predicted by alterations in other circulating LPE lipids. 

This corresponds with previous work linking either brain or plasma glycerophospholipids 

with cognitive scores although this was the first work to describe the additional link 

between brain and plasma glycerophospholipids. Bringing both central and peripheral 

lipidomic signatures together with a common relationship to spatial learning and memory 

is crucial in determining not only predictors of cognitive impairment but also in offering 

therapeutic targets and potential biomarkers in the blood that infer lipid levels in the brain. 

Taken together, this thesis supports further investigations into how the negative cognitive 

effects of risk factors may be ameliorated through therapies targeting glycerophospholipid 

metabolism. 
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Figure 5.4 Combined risk factors of AD and the effects on glycerophospholipid 

metabolism and spatial learning and memory. The effects of hypoxia and sex can be 

collapsed into one combined model incorporating pathways introduced in Fig. 5.1 and 

5.3. Hypoxia can additionally enhance LPLD activity thus contributing to the decreased 

lyso-GPCs found in Chapter 2.  
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