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ABSTRACT

Recently, several glycerophosphocholine biomarkers for multiple sclerosis were
discovered in serum, plasma, and cerebrospinal fluid; little is known, however, about
brain glycerophosphocholine metabolism during multiple sclerosis despite evidence that
lysophosphocholines can elicit demyelination experimentally. Using a lipidomics
approach, glycerophosphocholine metabolites in the hippocampus and temporal-parietal-
entorhinal cortex of female C57BL/6J mice subjected to experimental autoimmune
encephalomyelitis (a mouse model of multiple sclerosis) were quantified and compared
to metabolite levels in healthy mice. To control for potential hormonal regulation,
glycerophosphocholine metabolites from these same regions were quantified across the
estrous cycle in healthy female N5 C57BL/6J x C3h/HelJ mice. I found that several
critical glycerophosphocholine metabolites were significantly decreased over the course
of experimental autoimmune encephalomyelitis in both brain regions, although the
hippocampus was more affected compared to the temporal-parietal-entorhinal cortex.
Similarly, hippocampal glycerophosphocholine metabolism was more responsive to
fluctuations in female sex hormones than the cortex. Overall, these results suggest that
glycerophosphocholine metabolism differs not only between brain regions, but also
between conditions, namely experimental autoimmune encephalomyelitis and the estrous

cycle.
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CHAPTER ONE

1.1 MULTIPLE SCLEROSIS

1.1.1 Multiple sclerosis is an autoimmune neurodegenerative disease of the central
nervous system characterized by demyelination and axonal loss.

Multiple sclerosis (MS) is a chronic autoimmune neurodegenerative disease of the
central nervous system (CNS). This debilitating disease first strikes between the ages of
20 and 40 (Constantinescu, 2011, Rahn et al., 2014, Ksiazek-Winiarek et al., 2015), and
affects over 2 million people worldwide (Constantinescu, 2011, Rahn et al., 2014). It is
more prevalent in the female population, as approximately two thirds of MS patients are
women (Rahn et al., 2014). Although the disease is very variable from patient to patient
(Ksiazek-Winiarek et al., 2015), common symptoms include chronic pain, fatigue, limb
weakness, paralysis (Rahn et al., 2014), vision problems and cognitive impairments
(Ksiazek-Winiarek et al., 2015). These various neurological deficits suffered by MS
patients are believed to result from two pathological hallmarks of MS: demyelination
with limited remyelination (Compston and Coles, 2002) and axonal loss (Compston and
Coles, 2002, Constantinescu, 2011, Ellwardt and Zipp, 2014).

Demyelination refers to the loss of myelin surrounding the axons of neurons in
the CNS. Myelin is produced by oligodendrocytes, and provides an insulating, protective
cover that concentrically wraps around the axons of neurons (Compston and Coles, 2002,
Stirling and Stys, 2010). The vast majority of the axon is covered with myelin (Stirling
and Stys, 2010), with the exception of the unmyelinated nodes of Ranvier (Compston and

Coles, 2002). It is at these nodes of Ranvier that sodium (Na') channels are clustered



(Compston and Coles, 2002, Stirling and Stys, 2010, Ellwardt and Zipp, 2014) in order to
regenerate a depolarization (Compston and Coles, 2002, Stirling and Stys, 2010) and thus
facilitate the propagation of action potentials from node to node along the axon; this is a
process known as saltatory conduction (Compston and Coles, 2002). Myelin prevents the
loss of electrical signal and increases the conduction speed along the neuron’s axon, thus
making saltatory conduction more effective and more efficient than in unmyelinated
axons (Compston and Coles, 2002, Stirling and Stys, 2010). Without its insulating
myelin, axonal signal propagation slows considerably or stops completely (Compston and
Coles, 2002).

In response to this demyelination, the CNS attempts to repair itself through
remyelination. Remyelination is the process of myelin regrowth around demyelinated
axons. This process requires that oligodendrocyte precursor cells differentiate into
mature, myelinating oligodendrocytes (Boulanger and Messier, 2014). Although the
capacity for remyelination does exist (Ellwardt and Zipp, 2014), this repair process is
often incomplete and becomes increasingly less efficient with further immune attacks
(Constantinescu, 2011) and with increasing age, until it fails completely (Boulanger and
Messier, 2014).

This failure of remyelination is one of the factors contributing to axonal loss in
MS (Boulanger and Messier, 2014). Without the protective myelin covering, axons are
less protected and rendered more susceptible to damage (Compston and Coles, 2002,
Constantinescu, 2011, Boulanger and Messier, 2014). If an axon is damaged too severely
either through loss of myelin or other demyelination-independent processes, it may be

completely severed (Ellwardt and Zipp, 2014). This permanently prevents signal



conduction along the axon, and is thought to contribute to long-term disability in MS

patients (Compston and Coles, 2002, Ellwardt and Zipp, 2014).

1.1.2 Neuroinflammation, mediated by autoreactive T-cells that cross the blood-
brain barrier, is a contributing factor to demyelination and axonal loss in MS.

Inflammation in the brain contributes to demyelination and axonal loss through
autoreactive T-cells that infiltrate the CNS (Compston and Coles, 2002, Ransohoff and
Brown, 2012, Rangachari, 2013). The first step of this inflammatory process is the
activation of naive T-cells in the lymph nodes (Harris and Fabry, 2012, Ransohoff and
Brown, 2012).

In order for an adaptive immune response to occur, naive T-cells must first be
presented with their specific antigen (Harris and Fabry, 2012). CNS antigens are
monitored by immune cells present in the cervical lymph nodes (Harris and Fabry, 2012,
Louveau et al.,, 2015). Antigen-rich interstitial fluid from the CNS drains into the
cerebrospinal fluid (CSF), and is carried to the lymph nodes via lymphatic vessels. The
vessels believed to be primarily responsible for connecting the CSF-filled spaces of the
CNS to the cervical lymph nodes are the newly discovered meningeal lymphatic vessels,
located just under the dural sinuses (Louveau et al., 2015). Should one of these naive T-
cells recognize its antigen, it will begin to differentiate and proliferate. The newly primed
T-cells then enter the circulation in search of their antigen in order to mount a full-scale
immune attack (Compston and Coles, 2002, Ransohoff and Brown, 2012).

These immune-surveilling T-cells, however, are not able to cross directly into the
parenchyma of the CNS in search of their antigen. Owing to the presence of delicate post-
mitotic neural cells that require a very particular extracellular environment for proper

functioning (Ransohoff and Brown, 2012), the CNS is protected from the immune system
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by a structure known as the blood-brain barrier (BBB). This barrier consists of several
different ‘layers’ that work together to allow selective passage of cells and solutes into
the parenchyma of the CNS (Bechmann et al., 2007). All possible locations where
peripheral blood could come into contact with the CNS parenchyma are protected by the
BBB. For blood vessels entering the brain, the BBB consists of the blood vessel
endothelial cells, astrocytic endfeet that surround the basement membrane of the
endothelial cells known as the glia limitans (GL), and the gap between the endothelial
cells and the GL known as the perivascular space (PVS) (Harris and Fabry, 2012).
Similarly the choroid plexus, which produces cerebrospinal fluid (CSF) and is found on
the roof of all the ventricles (Murugesan, 2012), forms the blood-CSF barrier (BCSFB)
(Harris and Fabry, 2012, Murugesan, 2012). In the BCSFB, the capillary core of the
choroid plexus is surrounded by tightly-linked endothelial cells that separate the plexus
capillaries from the CSF in the ventricles (Murugesan, 2012).

Despite this restricted CNS parenchymal access afforded by the BBB, the CSF is
subject to the same immunological monitoring and access as the periphery (Galea et al.,
2007, Harris and Fabry, 2012). Thus immune-surveilling T-cells can pass through the
endothelial cells at post-capillary venules (Bechmann et al., 2007, Harris and Fabry,
2012) and the epithelial cells of the choroid plexus. Within the non-inflamed CNS, T-
cells may be found only in the PVS, the subarachnoid space (a CSF-filled gap extending
from the arachnoid mater to the pia mater that the PVS drains into), and the ventricles
(Harris and Fabry, 2012).

If the immune-surveilling T-cells encounter their antigen in the CSF or the PVS,

they will become reactivated and are capable of crossing the GL into the delicate CNS



parenchyma (Compston and Coles, 2002, Ransohoff and Brown, 2012). This is
accomplished through upregulation of T-cell integrins, such as very late antigen (VLA)-4
(Constantinescu, 2011, McCarthy et al., 2012). Once in the CNS parenchyma, the T-cells
release cytokines to further destabilize the BBB (Harris and Fabry, 2012, McCarthy et al.,
2012, Ransohoff and Brown, 2012).

This destabilization of the BBB is thought to be accomplished by cytokines
interleukin (IL)-17, IL-22, and interferon (IFN)-y, all of which can be produced by a
subset of CD4+ T-cells known as Th17 cells. An in vitro BBB model (which utilizes
human endothelial cells) suggests that exposure to these cytokines induces the expression
of IL-17 and IL-22 receptors on the endothelial cells. This in turn increases the BBB
crossing of CD4+ T-cells (Kebir et al., 2007), which are believed to be key players in MS
pathology (Leuenberger et al., 2013). Further destabilization of the BBB may occur
through a specific subset of Th17 cells that produce IFN-y. Using the same BBB model,
IFN-y upregulated the expression of the adhesion molecule known as intercellular
adhesion molecule (ICAM)-1 on the human endothelial cells. ICAM-1 is thought to play
an important role in aiding T-cells to cross the BBB (Kebir et al., 2009).

In addition to enhancing immune cell infiltration, cytokines released by
reactivated T-cells in the CNS parenchyma attract more immune cells, such as
macrophages, into the CNS (Harris and Fabry, 2012, McCarthy et al., 2012, Ransohoff
and Brown, 2012) and also activate nearby microglia (Compston and Coles, 2002, Harris
and Fabry, 2012, Ransohoff and Brown, 2012). Microglia are known to produce a strong
innate immune response (Harris and Fabry, 2012, Ransohoff and Brown, 2012). In

addition to phagocytosing debris and presenting antigens to incoming T-cells (Ellwardt



and Zipp, 2014), microglia also produce cytokines 1L-23 and IL-1f, which promote T-
cell survival (Ransohoff and Brown, 2012). The end result of this entire inflammatory
process is a myelin-directed immune response in the CNS that culminates in axon
demyelination (Compston and Coles, 2002, Constantinescu, 2011, McCarthy et al.,

2012). This process of neuroinflammation is exemplified in Figure 1.1.



Figure 1.1 Model of neuroinflammation in MS.

As part of normal immunosurveillance, CNS antigens in the CSF are carried through the
lymphatic vessels to cervical lymph nodes, where they are monitored by T-cells for any
foreign materials. For unknown reasons, naive T-cells in MS patients recognize myelin
antigens as foreign; this triggers differentiation and proliferation of these myelin-specific
T-cells. The newly primed, autoreactive T-cells are then released into the circulation in
order to surveil the body for their particular myelin antigen. Some of these primed T-cells
can enter the blood vessels in the brain, where they will cross into the PVS. Should they
encounter their myelin antigen again, the T-cells become fully activated and cross the GL
into the CNS parenchyma. Here, the activated T-cells release cytokines that activate
nearby microglia, and attract macrophages and more T-cells into the CNS. The resulting
myelin-directed inflammation leads to myelin damage and demyelination of the axons.
Clinically, this demyelination correlates with the various symptoms MS patients
experience.
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1.1.3 In addition to inflammation, neurodegeneration also contributes to MS
pathogenesis through dysfunctional mitochondria and toxic calcium accumulation.

Inflammation, however, is only one pathological process involved in MS. The
second process is neurodegeneration, which refers to the loss of neurons and the resulting
atrophy in the CNS (van Munster et al., 2015). This process appears to stem from
malfunctioning mitochondria in the axon that are not able to provide enough energy, in
the form of adenosine triphosphate (ATP), to maintain the proper environment for action
potential generation (Stirling and Stys, 2010, Ellwardt and Zipp, 2014, van Munster et al.,
2015).

Mitochondrial dysfunction may arise from an increased concentration of the free
radicals reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS and
RNS are produced by activated microglia and macrophages (Nikic et al., 2011, van
Munster et al., 2015), which have been shown to spend a sizable amount of time in close
proximity to the axon in acute lesions (Nikic et al., 2011). The free radicals released by
the microglia and macrophages are believed to damage the enzymes involved in oxidative
phosphorylation (Stirling and Stys, 2010), a key process in energy generation in the
mitochondria. As a result, mitochondria cannot produce ATP as effectively as usual, thus
making it difficult to keep up with the energy-demanding task of axonal conduction
(Stirling and Stys, 2010, Ellwardt and Zipp, 2014, van Munster et al., 2015).

This ischemic environment in the axon leads to an inability to maintain the
precise ionic gradients required for action potential propagation (Stirling and Stys, 2010,
Ellwardt and Zipp, 2014). In order for conduction of action potentials to proceed as usual,
Na" must be removed from the cell, which can be accomplished using the Na" /potassium

K") exchanger, Na'/K" ATPase. This enzyme requires ATP to function (Ellwardt and
g y q



Zipp, 2014). With a high requirement for ATP and damaged mitochondria however, the
energy demand is not effectively supplied (Stirling and Stys, 2010, Ellwardt and Zipp,
2014, van Munster et al., 2015). Instead, the Na'/calcium (Ca2+) exchanger removes the
extra Na" from the cell by taking in more Ca*". This leads to a toxic increase in Ca*"
within the axon (Stirling and Stys, 2010, Ellwardt and Zipp, 2014). Furthermore,
intracellular Ca®" stores also release Ca”" in response to inflammation (Ellwardt and Zipp,
2014). The resulting high Ca*" concentration affects several Ca’’-dependent enzymes
(Stirling and Stys, 2010), and triggers various cell death pathways, ultimately resulting in
axonal loss and neuronal death (van Munster et al., 2015).

Demyelination further contributes to axonal ischemia and the resulting ionic
imbalances. In an effort to restore conduction, sections of the axon that are demyelinated
express Na' channels (Ellwardt and Zipp, 2014), which are additional to the Na" channels
already expressed at the nodes of Ranvier (Compston and Coles, 2002, Ellwardt and
Zipp, 2014). The increased number of Na' channels results in more Na' influx (Stirling
and Stys, 2010) and an even higher requirement for ATP to remove the excess Na'. This
leads to more Ca”" influx via the Na'/Ca®" exchanger, and therefore further contributes to
the cytotoxic effects associated with high Ca®*" (Ellwardt and Zipp, 2014). This

neurodegenerative process is illustrated in Figure 1.2.
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Figure 1.2 Model of neurodegeneration in MS.

In a normally functioning axon, the mitochondria produce energy in the form of ATP,
which drives the Na'/K" ATPase. This enzyme helps to maintain the proper environment
for action potential propagation by removing Na' from the axon and bringing in K.
During MS, ROS and RNS are released by activated microglia and macrophages; these
free radicals cause mitochondrial swelling and dysfunction. As a result, the mitochondria
can no longer produce adequate ATP to drive the Na'/K" ATPase. In an effort to continue
maintaining proper ionic gradients, the Na'/Ca®" exchanger is used to remove the excess
Na' from the axon by bringing in Ca*". The resulting Ca®" accumulation may be further
increased by release of Ca*" into the cytosol from intracellular stores in response to
inflammation. This Ca" buildup is toxic to the neuron, and eventually leads to death of
the cell.

11



Normal

Normal
Function

Neurodegeneration

Neuronal
Death

Figure 1.2
12


Bennett
Typewritten Text
12


1.1.4 MS can be divided into distinct subclasses: remitting MS and progressive MS.

The balance between neuroinflammation and neurodegeneration leads to the
classification of MS into two types: relapsing-remitting and progressive. Relapsing-
remitting MS (RRMS) is found in approximately 85% of MS patients (Rangachari, 2013,
Ellwardt and Zipp, 2014). It is characterized by periods of relapse where patients
experience the various symptoms of MS, followed by distinctive periods of remission
where patients often experience a full symptomatic recovery (Constantinescu, 2011,
Ellwardt and Zipp, 2014). Relapses are thought to correspond to periods of BBB
breakdown and immune cell infiltration (Constantinescu, 2011).

In comparison, progressive MS patients experience a steady neurological decline
without any remission periods, which is thought to correlate with irreversible axonal loss
(Constantinescu, 2011). There are two types of progressive MS; the first type, secondary
progressive MS (SPMS), develops from RRMS. In approximately half of RRMS patients
(Rangachari, 2013), the remission period between symptomatic periods becomes less and
less well-defined. When the patients no longer experience recovery from relapses but
instead experience constant neurological decline, their disease is classified as SPMS
(Constantinescu, 2011, Ellwardt and Zipp, 2014). The other type of progressive MS,
primary progressive MS (PPMS), occurs in 15% of the MS population (Constantinescu,
2011). PPMS patients never experience periods of remission nor relapse; instead they
experience constant neurological decline from the very beginning of the disease

(Constantinescu, 2011, Rangachari, 2013, Ellwardt and Zipp, 2014).

1.1.5 Currently available treatments are only effective for RRMS patients, and they
target only the immunological component of the disease.
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Although there are two main pathological processes involved in MS and two
distinct disease classifications, current MS treatments only target the immunological
component of the disease and are only effective for RRMS patients. There are currently
eight approved treatments available for MS patients that all reduce relapse rates in RRMS
(Farjam et al., 2015). The two oldest treatments are glatiramer acetate (GA) and beta-
IFN. GA mimics myelin basic protein (MBP) and causes a shift in the T-cell population
(Compston and Coles, 2002, Cross and Naismith, 2014) towards a more anti-
inflammatory profile (Cross and Naismith, 2014). The beta-IFNs, on the other hand,
hinder T-cell functions by interfering with IFN-y production, antigen presentation and
adhesion molecule expression (Cross and Naismith, 2014). Other approved treatments
include mitoxantrone, natalizumab, alemtuzumab, fingolimod, teriflunomide, and
dimethyl fumarate (DMF) (Cross and Naismith, 2014, Farjam et al., 2015). Mitoxantrone
is a chemotherapeutic agent that inhibits DNA synthesis and repair, thus leading to a
decrease in activated and proliferating B- and T-cells (Compston and Coles, 2002, Cross
and Naismith, 2014). Natalizumab and alemtuzumab are both IV-administered.
Natalizumab is a monoclonal antibody directed against VLA-4, preventing lymphocytes
from crossing the BBB (Cross and Naismith, 2014, Ellwardt and Zipp, 2014, Ziemssen et
al., 2015). Alemtuzumab targets CD52, which is selectively expressed on mature immune
cells (Cross and Naismith, 2014, Farjam et al., 2015, Ziemssen et al., 2015), and results
in the depletion of B-and T-cells (Ziemssen et al., 2015). Fingolimod, triflunomide and
DMF are all orally administered. Fingolimod antagonizes sphingosine-1-phosphate,
which prevents lymphocytes from leaving the lymph nodes (Cross and Naismith, 2014,

Ziemssen et al., 2015). Teriflunomide treatment results in decreased proliferation of B-
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and T-cells by selectively inhibiting the mitochondrial enzyme dihydroorotate
dehydrogenase, which is involved in pyrimidine synthesis (Cross and Naismith, 2014,
Ziemssen et al., 2015). Lastly, DMF is believed to counter harmful oxidative stress,
though its exact mechanism of action is unknown (Cross and Naismith, 2014, Ziemssen
etal., 2015).

There are also several promising therapies under investigation, all of which also
target the immune system, and most of which have no effect on progressive MS.
Secukinumab (AIN457), which neutralizes 1L-17 released by Th17 cells (Ellwardt and
Zipp, 2014) and daclizumab, which blocks the IL-2 receptor (Cross and Naismith, 2014,
Farjam et al., 2015) and prevents IL-2 mediated tropic effects on T-cells (Farjam et al.,
2015), both appear to decrease relapse rates and magnetic resonance imaging (MRI)
lesions (Cross and Naismith, 2014, Ellwardt and Zipp, 2014, Farjam et al., 2015).
Laquinimod has also been shown to decrease relapse rates, likely by suppression of the
nuclear factor kappa-light-chain-enhancer of activated B-cells (NFk-B) pathway (Cross
and Naismith, 2014). Corticosteroids such as methylprednisolone inhibit pro-
inflammatory cytokine and protein transcription, and reduce the duration of relapses
(Compston and Coles, 2002). In pilot studies, sex hormones testosterone and estriol
(given to male and female patients, respectively) improve cognitive function (Sicotte et
al., 2002, Sicotte et al., 2007). Additionally, testosterone decreases rates of brain atrophy
(Sicotte et al., 2007), and estriol decreases MRI lesion volumes (Sicotte et al., 2002). The
three types of monoclonal antibodies under investigation, rituximab (Cross and Naismith,
2014, Ellwardt and Zipp, 2014, Farjam et al., 2015), ocrelizumab and ofatumumab (Cross

and Naismith, 2014) target the B-cell specific CD20 antigen, which leads to B-cell lysis
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(Cross and Naismith, 2014, Ellwardt and Zipp, 2014, Farjam et al., 2015). All of these
monoclonal antibodies cause a reduction in MRI lesion load in RRMS patients (Cross
and Naismith, 2014, Ellwardt and Zipp, 2014, Farjam et al., 2015). Rituximab is the only
therapy found to be effective in SPMS, but only in patients younger than 51 years with
inflammatory lesions present (Farjam et al., 2015). Other options include T-cell
vaccinations, both against the pathogenic T-cells themselves and against the highly
expressed T-cell receptors (Farjam et al., 2015), and mesenchymal stem cell therapies
such as stem cell transplants (Cross and Naismith, 2014, Farjam et al., 2015) Both of
these treatments show some promise, but require further clinical trials to fully
characterize their effects (Cross and Naismith, 2014, Farjam et al., 2015).

Despite the eight approved treatments and the numerous therapies currently under
investigation, treatments for MS patients are limited. Available therapies are only
beneficial for treating relapses in RRMS patients, as they do not prevent the more long-
term disability accumulation that plagues SPMS and PPMS patients (Farjam et al., 2015).
Future therapies are focused on promoting remyelination in hopes of being more effective
(Cross and Naismith, 2014). Stys (2013) also suggests that focusing on treatments from

the perspective of neurodegeneration rather than inflammation may be beneficial.

1.1.6 Although MS has traditionally been considered autoimmune in nature, some
are questioning whether MS may truly be a neurodegenerative disease with an
inflammatory component.

Despite clear evidence that autoimmune attack is part of MS etiology, many
scientists have begun to question whether MS is truly an autoimmune disease, or whether

it would be better classified as a neurodegenerative disease. Traditionally, MS has been

considered an autoimmune disease that specifically targets the CNS (Stys et al., 2012). In
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this model, the myelin-focused inflammation eventually leads to neurodegeneration.
Although it is not known exactly how this myelin-specific autoimmune response is
triggered, one plausible theory is molecular mimicry. Molecular mimicry in the context
of MS would occur when a pathogen with a similar structure to a myelin antigen is
recognized by T-cells, and the pathogen-activated T-cells then cross-react with myelin
antigens. This would prompt an autoimmune response against myelin that could result in
demyelination and eventually lead to axonal loss (Compston and Coles, 2002,
Constantinescu, 2011).

This traditional view of inflammation precipitating neurodegeneration, however,
is being challenged by the growing evidence that neurodegeneration is present at every
stage of MS. There are reports of significantly decreased white matter (WM) and grey
matter (GM) volumes in both RRMS (Sacco et al., 2015) and PPMS (Ruggieri et al.,
2015) patients relative to healthy controls. Similarly, GM atrophy and overall brain
atrophy were found in all forms of MS and at increasing rates as the disease progressed
from RRMS to SPMS (Fisher et al., 2008). Even in patients with the lowest disability
scores and in patients with the shortest disease duration, there was still an observable,
significant loss in neurons (via N-acetylaspartate:creatine ratios) relative to healthy
controls (De Stefano et al., 2001). Similarly, axonal transection was observed in all 47
lesions examined in post-mortem brains of 11 MS patients ranging from ages 18-62 and
disease duration 2 weeks to 27 years (Trapp et al., 1998). Furthermore, there is
documented evidence that mitochondrial and axonal pathologies can occur in the absence
of demyelination. Nikic et al. (2011) documented the existence of focal axonal

degeneration, which has three stages of axon damage: normal (stage 0), swollen (stage 1)
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and transected (stage 2). Stage 1 and stage 2 axons were found even when the axon was
still normally myelinated. In addition, mitochondrial swelling, indicative of dysfunction,
was found in stage 0 and stage 1 myelinated axons in areas of immune infiltration. These
results were found both in an animal model of MS and in tissue from MS biopsies (Nikic
et al., 2011).

Contributing to this argument, Stys et al. (2012) outline further support for this
‘inside out” model of MS. They note that myelin pathology, often occurring on the
innermost myelin layer (which is not readily accessible to the immune cells), has been
found early in the disease. Early MS brain examination also suggested more debris
clearance rather than inflammation due to the higher concentration of microglia and
macrophages rather than lymphocytes (Stys et al., 2012) . A genome wide association
study pertaining to MS revealed that there were many genes related to RRMS that were
immune-related, whereas the genes associated with PPMS were not immunologically
relevant (International Multiple Sclerosis Genetics et al., 2011, Stys et al., 2012). This is
similar to how the available immune-modulating treatments for MS are effective for
RRMS patients, but have no effect on the progressive disease course. In summary, the
authors suggest that the ‘true’ MS is PPMS, and that the neurodegenerative process leads
to the release of highly immunogenic myelin antigens that stimulate an inflammatory
response, which differs across patients depending on the reactivity of their immune
system. The resulting inflammation then further feeds neurodegeneration, creating a
vicious destructive cycle (Stys et al., 2012).

Stys (2013) also stresses that one process is not more important than the other, nor

does he refute the large body of research that has been advancing understanding of
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neuroinflammation in MS. He merely suggests that knowing what process is the initial
trigger in MS could be very important. There may be a very prominent neurodegenerative
component of MS that is being overlooked, and thus viewing MS from the perspective of

neurodegeneration may prove to be beneficial for all MS patients (Stys, 2013).

1.1.7 Cognitive impairments are common and appear early in MS patients.

One element that many MS patients have in common is cognitive impairment.
Despite the popular belief that cognitive symptoms are a rare, late-stage event in MS, 40-
65% of the MS population experiences cognitive deficits (Amato et al., 2006). In fact,
there is evidence that the cognitive dysfunction occurs very early in the disease process.
Ranjeva et al. (2006) detected subtle cognitive impairments in working memory and
attention in patients diagnosed with clinically-isolated syndrome suggestive of MS (CIS).
(CIS is the diagnosis given to patients before they meet the full criteria for an official MS
diagnosis (Constantinescu, 2011)). Using tests of cognitive function, numerous studies
have also found cognitive impairments in RRMS patients (Amato et al., 2006, Portaccio
et al., 2006, Kern et al., 2012, Yu, 2012, Sacco et al., 2015). Some of the most common
cognitive impairments suffered by MS patients include memory dysfunctions, attention
deficits, and slowed information processing (Amato et al., 2006).

Although there are numerous accounts of WM damage, there is also documented
evidence of GM damage, which seems to correlate better with cognitive impairments
(van Munster et al., 2015). In the CIS patients with subtle cognitive impairments,
Ranjeva et al. (2006) found that there were diffuse tissue abnormalities both in normal-
appearing WM and in GM. Supporting this finding, Fisher et al. (2008) found that there

was a 3-fold increase in the rate of WM volume loss across all stages of MS, relative to

19



healthy controls. They also found, however, that the overall brain atrophy rate tended to
follow that of GM atrophy. This rate of GM loss began in patients transitioning from CIS
to RRMS, who had a 3.4-fold rate increase, and progressively increased such that the
SPMS patients had a 14-fold increase in the rate of GM volume loss. This GM atrophy
rate also correlated with the clinical disability scores, whereas the WM atrophy rate did
not (Fisher et al., 2008). It has thus been suggested that examining grey matter atrophy
may provide a clinical marker for monitoring mild cognitive impairment progression in
MS patients (Amato et al., 2006, Fisher et al., 2008).

The cortex also presents with signs of damage over the course of MS. PPMS
patients were found to have a significantly lower normalized neocortical volume relative
to healthy controls (Ruggieri et al., 2015). Cognitively-impaired RRMS patients were
found also to have a significantly lower normalized cortical volume relative to
cognitively-preserved RRMS patients, and this cortical atrophy correlated with scores on
verbal memory, verbal fluency and attention/concentration (Portaccio et al., 2006).
Calabrese et al. (2015) also found that in CIS and early RRMS patients, the development
of new cortical lesions led to increased cortical thinning, a correlation which was only
seen in these early stages of MS. This suggests that early in the disease, there is a link
between focal damage and global atrophy in the cortex (Calabrese et al., 2015).

Damage was also found in the hippocampus. In the same study, Calabrese et al.
(2015) found that the focal and diffuse GM damage seemed to preferentially affect the
hippocampus and the parahippocampal gyrus, among other brain regions. Sacco et al.
(2015) also found a significant decrease in right and left hippocampi volumes in RRMS

patients relative to controls. Interestingly, this hippocampal atrophy was found not only
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in cognitively-impaired RRMS patients, but also cognitively-preserved MS patients. This
finding suggests that hippocampal atrophy is occurring very early in the disease, even in
patients where cognitive impairments are not detected (Sacco et al., 2015). A thorough
post-mortem analysis of hippocampi from progressive MS patients by Papadopoulos et
al. (2009) found significant demyelination and atrophy in this structure. In approximately
half of the MS cases analyzed, the hippocampus was affected by demyelination, with an
average demyelinated area of 30.4% + 22%. The most frequently affected area was the
cornu ammonis (CA)1 region, which also had a 27.0% and 17.4% decrease in neuronal
number and neuronal size, respectively. These neuronal abnormalities in the CA1 region
correlated with the 22.3% decrease in overall cross-sectional area of the entire
hippocampus, suggesting a possible relationship between neuronal loss and overall
hippocampal atrophy (Papadopoulos et al., 2009).

Although these studies provide compelling evidence for cognitive deficits very
early in MS, these impairments are often difficult to detect in the initial disease stages.
Extensive neuropsychological tests are required to reveal their presence, which is
something that the average physician does not have time to administer (Amato et al.,
2006, Yu, 2012). This difficulty in detection may also be explained by neuroplasticity, a
broad term that includes the process of cortical reorganization to compensate for damage
(Audoin, 2006, Ksiazek-Winiarek et al., 2015, van Munster et al., 2015).

Studies using functional MRI (fMRI) have demonstrated that deficits in
connectivity can be compensated for by this cortical reorganization (Audoin, 2006). In
rats with an animal model of MS, somatosensory stimulation of their forepaw elicited

more widespread and bilateral brain activation in the cortex than before the disease
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(Tambalo et al., 2015). Similarly in RRMS patients, there was more bilateral activation in
more regions of the hippocampus than in healthy controls when tasked with the same
memory test (Kern et al, 2012). Even in CIS patients there was evidence of
reorganization in the prefrontal cortices, as fMRI revealed more widespread and bilateral
activation in CIS patients relative to controls during a working memory task (Ranjeva et
al., 2006).

Compensation for neurological damage by neuroplasticity, however, is not a
permanent solution. In response to their finding that RRMS patients with fornix damage
tended to perform worse and have less bilateral activation relative to RRMS patients
without this damage, Kern (2012) suggested that if there is damage to connected brain
areas, reorganization is impaired and symptoms become more evident. In addition to
increased damage, increasing disease duration and increasing age also decrease the
capacity for neuroplasticity (Ksiazek-Winiarek et al., 2015). Often by the time
neuroplasticity fails and these cognitive impairments become obvious, the process of
damage has already been occurring since the very earliest stages of MS (Calabrese et al.,
2015). Moreover, this damage to cognitively relevant brain areas is very difficult to

rectify, as it is often irreversible and progressive (Amato et al., 2006).

1.2 EXPERIMENTAL AUTOIMMUNE ENCEPHALOMYELITIS

1.2.1 The best model available for studying the immunological component of MS is
experimental autoimmune encephalomyelitis.

Currently the best characterized animal model for studying MS is experimental
autoimmune encephalomyelitis (EAE) (Kuerten and Angelov, 2008). In this model, the

investigator induces a myelin-specific autoimmune response in animals that results in
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neuroinflammation, demyelination (Berard et al., 2010, Robinson et al., 2014) and axonal
loss (Berard et al., 2010), similar to pathologies found in MS (Novkovic et al., 2015).
EAE owes its discovery to the rabies vaccination (Kuerten and Angelov, 2008, Ben-Nun
et al.,, 2014) developed by Pasteur in the late 1800s (Kuerten and Angelov, 2008).
Approximately 0.1% of people who were given the vaccine developed paralysis and
neurological dysfunctions (Kuerten and Angelov, 2008, Ben-Nun et al., 2014). This
condition was traced back to the rabbit spinal cord tissue used in the vaccine, and further
investigations specifically implicated myelin as the causative agent (Laatsch et al., 1962,
Ben-Nun et al., 2014). After further studies in animals, scientists also found that addition
of immune adjuvants to the myelin further enhanced this response (Kuerten and Angelov,
2008). Murine EAE was first successfully induced in 1949 (Kuerten and Angelov, 2008,
Robinson et al., 2014). Since then, mouse models of EAE have become the most popular,
likely due to the ease and availability of genetic manipulations (Robinson et al., 2014).
Although today there are many mouse models of EAE using different mouse
strains and different myelin antigens, the gold standard in murine EAE uses C57BL/6
mice and myelin oligodendrocytes glycoprotein (MOG), specifically peptide 35-55 (Ben-
Nun et al., 2014, Bittner et al., 2014). C57BL/6 mice are of particular interest because of
the comparative ease of genetic manipulation in this strain (Rangachari, 2013). MOGjs.ss
is popular because it is highly encephalitogenic (Ben-Nun et al., 2014) and is found on
the outer layers of the myelin sheath, thus making it easily accessible to the immune
system (Kuerten and Angelov, 2008). MOGs3s.ss is emulsified in complete Freund’s
adjuvant (CFA), which contains Mycobacterium tuberculosis, and is injected into the

animal (Berard et al., 2010, Bittner et al., 2014). The CFA helps to elicit an initial
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immune response at the area of injection by activating macrophages, which cause release
of cytokines, enhanced phagocytosis of the myelin antigen and improved antigen
transportation to the lymph nodes (Bittner et al., 2014). At the same time and two days
later, mice are also injected with Pertussis toxin (PTX) (Berard et al., 2010, Bittner et al.,
2014). PTX is responsible for further enhancing the immune response (Rangachari, 2013,
Bittner et al., 2014), but also for permeabilizing the BBB for relative ease of T-cell
infiltration (Bechmann et al., 2007, Bittner et al., 2014). PTX has been shown to elicit
swelling and immune-related gene expression in the choroid plexus, which is thought to
be one of entry points for T-cells infiltrating the CNS (Murugesan, 2012).

The end result of this immunization procedure is a myelin-specific autoimmune
response in the CNS, similar to what is found in MS, that causes progressive peripheral
paralysis (Robinson et al., 2014). Clinically, the progression of EAE in the animals can
be tracked by monitoring the degree of paralysis, which starts at the tail and moves up the
body. The onset of the disease corresponds to grade one paralysis, where only the tail is
paralyzed. The peak of the disease is at grade four, where the animal is completely
paralyzed from the hind limbs down (Berard et al., 2010). In relapsing-remitting (RR)-
EAE, elicited using lower dosages of myelin antigen and immune adjuvants (Berard et
al., 2010, Ben-Nun et al., 2014), the peak of the disease is followed by a remission period
with less severe paralysis (Berard et al., 2010). Mice with chronic (CH)-EAE (using
higher myelin and adjuvant dosages (Berard et al., 2010, Ben-Nun et al., 2014)),
however, have a continuous high level of paralysis after the peak of the disease (Berard et

al., 2010).
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1.2.2 Mice subjected to EAE demonstrate cognitive impairments, particularly in
memory function.

In addition to this obvious motoric impairment, EAE mice also suffer from
cognitive impairments. Spatial memory in late EAE was tested in mice at days 40-45
post-injection using the Barnes Maze test and the cookie finding test. The Barnes maze is
a circular table with 20 holes surrounded by visual cues. The mice were motivated by
light and metronome ticking to locate the escape route hidden under one of the holes.
Successful mice made fewer errors when locating their escape route (Ziehn et al., 2010).
The cookie finding test entails hiding a treat in the bedding of a cage, and training the
mice to find the treat. On the test day, the treat was removed and experimenters analyzed
the mouse’s proximity to the treat location in their attempt to find it (Novkovic et al.,
2015). In both cases, the controls performed better than the EAE mice, indicating spatial
learning and memory impairments in late EAE (Ziehn et al., 2010, Novkovic et al.,
2015).

Moreover, Acharjee et al. (2013) were able to detect cognitive impairments in
EAE mice before the onset of EAE paralysis using the Morris water maze and fear
conditioning tests. In the Morris water maze test, mice were taught to find a hidden
platform in a pool of water using visual cues present in the room. On testing day, the
platform was moved, and the amount of time the mouse spent searching in the quadrant
of the pool where the platform had been hidden was assessed. The fear conditioning test
paired a tone and an electric shock on the first training day. The next day, the tone alone
was applied in a new environment and the freezing behaviour of the mice in response to
the tone alone was assessed. Overall the EAE mice spent less time in the correct platform

quadrant of the pool and exhibited less freezing behaviour, which indicates memory
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impairment (Acharjee et al., 2013). Dutra et al. (2013) also demonstrated pre-motoric
cognitive impairments using the Morris Water Maze and an object location memory test
in female C57BL/6 mice induced with EAE.

In accordance with these memory impairment findings, there is also evidence of
hippocampal damage in EAE mice. Ziehn et al. (2010) found that there was a decrease in
both CA1 volume and in the number of y-aminobutyric acid (GABA)-ergic interneurons
in the CAl region in male EAE mice from day 13 post-injection (the first day of
assessment) and continuing throughout the duration of EAE (up to day 55 post-injection).
They also observed more activated microglia/macrophages than lymphocytes, and high
levels of apoptotic cells (mostly neurons, interneurons and astrocytes) relative to controls
(Ziehn et al., 2010). Similarly in female mice, there was a decline in the volume of the
CA1 region (Ziehn et al., 2012), a reduction in the number of GABAergic interneurons
(Nistico et al., 2013), and an increase in the number of activated microglia in the EAE
mice relative to controls (Ziehn et al., 2012, Nistico et al., 2013). Novkovic et al. (2015)
also noted that long-term potentiation (LTP), an important process in hippocampal
synaptic plasticity and memory formation, was impaired in late EAE (day 40-45 post-
injection).

1.3 HORMONAL REGULATION OF DISEASE SEVERITY IN EAE AND
MS

1.3.1 Estrogens may be protective for EAE mice and MS patients.

Interestingly, there is evidence that estrogen may be protective in EAE and MS.
When tested for various sensory and motoric impairments, EAE mice were found to
suffer fewer neurological deficits during periods of high estrogen (when mice are in

proestrus) in comparison to other points in their hormonal cycle (Rahn et al., 2014).
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Similarly in MS, relapses are more numerous in periods of low estrogen, such as before
menstruation or after giving birth (Foroughipour et al., 2012). In contrast, MS patients
who are pregnant and thus have high levels of the pregnancy estrogen estriol tend to have
fewer relapses (Sicotte et al., 2002, Foroughipour et al., 2012, Gaby, 2013, Trenova et al.,
2013, Rahn et al., 2014). A pilot study using estriol to treat 6 RRMS patients found that
the hormone decreased the number and volume of lesions in the CNS, as measured by
MRI. This evidence points towards the possibility that sex hormones, at least in female
MS patients, may help to ameliorate the disease (Sicotte et al., 2002), perhaps through
suppression of inflammatory cytokines such as IFN-y or tumor necrosis factor (TNF)-a
(Trenova et al., 2013). Many MS patients, however, have low plasma levels of estrogen
and progesterone (Lombardi et al., 2011, Trenova et al., 2013), which may hinder the

supposed anti-inflammatory affects of the female sex hormones (Trenova et al., 2013).

1.3.2 Female sex hormone levels in cycling individuals follow a typical pattern
known as the menstrual cycle in humans and the estrous cycle in mice.

In regularly cycling females, estrogen and progesterone levels follow a cyclic
pattern, known as the menstrual cycle in humans and the estrous cycle in mice. Complex
cyclic hormonal interplay between the CNS and the ovaries controls reproductive
function through key hormones including not only estrogen and progesterone, but also
gonadotropin-releasing hormone (GnRH), luteinizing hormone (LH), and follicle
stimulating hormone (FSH).

The follicular phase, or the time of oocyte maturation, is characterized by a steady
increase in estrogen produced by the ovaries (Goldman et al., 2007, Caligioni, 2009,
McLean et al., 2012, Andersson et al., 2013). The high estrogen levels stimulate neurons

in the hypothalamus and septal area of the brain to release GnRH into the median
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eminence. Released GnRH enters the portal vessel system and travels to the anterior
pituitary (Goldman et al., 2007, Caligioni, 2009, McLean et al., 2012), triggering the
release of gonadotropins LH and FSH into the peripheral circulation. The high levels of
LH and FSH finalize the phase of follicular development, leading to ovulation (Goldman
et al., 2007, Caligioni, 2009, McLean et al., 2012, Andersson et al., 2013). The ruptured
follicle is luteinized (Goldman et al., 2007, Andersson et al., 2013), forming the
progesterone-producing corpus luteum (McLean et al., 2012, Andersson et al., 2013);
estrogen, FSH and LH levels drop back to baseline (Caligioni, 2009, McLean et al.,
2012), and progesterone levels increase (McLean et al., 2012). If fertilization does not
take place, the corpus luteum lyses (McLean et al., 2012, Andersson et al., 2013), the
progesterone levels drop (McLean et al., 2012), and the estrogen begins to increase once
again (Caligioni, 2009, McLean et al., 2012), starting a new cycle of follicular
development (Andersson et al., 2013).

In mature mice, this reproductive cycle typically takes approximately 4-5 days,
compared to the 28 days required for the human cycle (Caligioni, 2009). Sexual maturity
in mice requires two events: the opening of the vagina (which occurs around 1 month of
age) and the first ovulation (which may occur days or weeks after the vaginal opening)
(Goldman et al., 2007). After this first ovulation, however, the mice may not have a
regular, relatively consistent 4-5 day cycle until up to 5 months of age; this is very
variable however, as some mice are already consistently cyclic before 3 months of age.
Regular cyclicity is observed until 7 or 8 months (Nelson et al., 1982); after this, cycle
regularity declines until 11 to 16 months of age, at which time the mice become

completely acyclic (Felicio et al., 1984).

28



1.4 GLYCEROPHOSPHOLIPIDS

1.4.1 Lipids are diverse, dynamic molecules that are especially important in cell
membranes.

The process of demyelination in MS requires significant lipid remodeling, yet few
studies have examined lipid composition in the context of MS. Lipidomics is an emerging
field in systems biology that encompasses the study of all the lipids present in a
biological system (Shevchenko and Simons, 2010) in an attempt to understand both
normal and pathogenic lipid composition and function (Adibhatla et al., 2008). Lipids
themselves are extremely diverse macromolecules. There are many different lipid
families, and these families can be broken down into many different subfamilies. For
example, glycerophospholipids have a glycerol phosphate backbone with a polar head
group attached to the phosphate and two fatty acids attached to the glycerol. Subfamilies
can then be identified based on the type of head group attached to the backbone, and
these subfamilies can be further broken down based on the types of linkages used to
attach the fatty acids to the glycerol (Bou Khalil et al., 2010, Xu et al., 2013). Specific
species can be identified based upon differences in their hydrocarbon chain length and
degree of unsaturation (Klose et al., 2013, Xu et al., 2013). Within just one family, there
are hundreds of possible lipid species; when accounting for all the different lipid families,
there could be as many as 100 000 individual lipid species (Shevchenko and Simons,
2010).

The most abundant type of lipid in the body is the glycerophospholipid (Bennett
et al., 2013). The primary function of glycerophospholipids is the formation of cellular
membranes (Bou Khalil et al.,, 2010, Klose et al., 2013, Xu et al., 2013). Cellular

membranes are protective semi-permeable barriers between the cell and its environment,
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or between different spaces within the cell (Bou Khalil et al., 2010, Bennett et al., 2013).
Glycerophospholipids are amphipathic, (Farooqui et al., 2000, Bou Khalil et al., 2010,
Bennett et al., 2013, Klose et al., 2013) making them an ideal candidate for forming these
membranes. The glycerol, with its two attached fatty acid chains at the sn-1 and sn-2
positions, is hydrophobic, while the phosphate head group (attached at the sn-3 position
of the glycerol) is hydrophilic (Bennett et al., 2013). Thus these lipids form a bilayer
(Bennett et al., 2013, Klose et al., 2013) such that the hydrophilic portions are oriented
outwards towards the environment, while the hydrophobic tails are oriented towards each
other, away from the aqueous space (Bou Khalil et al., 2010, Bennett et al., 2013).

This lipid bilayer, however, is not a fixed structure. It is extremely dynamic
(Farooqui et al., 2000, Farooqui et al., 2004, Bou Khalil et al., 2010, Bennett et al., 2013),
and can be remodeled very rapidly in response to environmental cues (Frisardi et al.,
2011, Bennett et al., 2013, Morimoto et al., 2014). For example, if the membrane needs
to be more rigid, enzymatic remodeling can exchange unsaturated fatty acids, whose
double bond composition interferes with their packing and makes the membrane more
fluid, for saturated fatty acid moieties, whose flexible hydrocarbon chains can form a
more tightly packed, rigid membrane (Bou Khalil et al.,, 2010, Klose et al., 2013).
Another example of dynamic lipid remodeling is synaptic transmission. Synaptic
transmission is made possible by the rapid changes in membrane lipids that allow not
only the release of vesicles, but also the return back to a normal resting state in
preparation for the next action potential. The speed of this process indicates that neural
membranes can be remodeled very quickly and very effectively in response to their

environment (Bennett et al., 2013).
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1.4.2 Structural glycerophosphocholines in the membrane can be remodeled to
produce bioactive metabolites that participate in cell signaling.

The most common type of glycerophospholipid in eukaryotic membranes is
glycerophosphocholine (GPC) (Adibhatla et al., 2008, Bou Khalil et al., 2010). GPCs
have a choline group attached to the phosphate, as well as the usual fatty acid chains
attached to the glycerol (Xu et al., 2013). This GPC structure is highlighted in Figure
1.3A. Found mostly on the outer leaflet of the plasma membrane (Farooqui et al., 2000,
Adibhatla et al., 2008, Adibhatla and Hatcher, 2008, Shevchenko and Simons, 2010),
these GPCs not only contribute to membrane properties such as fluidity, but they can also
be metabolized to produce bioactive metabolites that play roles in cell signaling
(Adibhatla et al., 2008).

The type of metabolite formed depends on the types of linkages in the parent
structural GPC. There are three types of linkages used to attach the fatty acid chain to the
glycerol backbone. The sn-1 fatty acid, usually saturated (Choy et al., 1997, Balsinde and
Balboa, 2005, Jackson et al., 2008, Shindou et al., 2009) can be linked using an acyl
(ester) linkage, an alkyl (ether) linkage, or an alkenyl (vinyl ether) linkage (Xu et al.,
2013). The sn-2 fatty acid, usually unsaturated (Choy et al., 1997, Balsinde and Balboa,
2005, Jackson et al., 2008, Shindou et al., 2009), is canonically attached using an acyl
linkage (Shindou et al., 2009, Xu et al., 2013). A diacyl GPC is the most common type of
structural GPC (Choy et al., 1997, Prescott et al., 2000), while the least common is the
alkylacyl GPC (Prescott et al., 2000).

Each of these structural GPCs can be remodeled to a lyso-GPC metabolite
through the removal of the sn-2 acyl chain, leaving behind a hydroxyl group at the sn-2

position. Removal of the sn-2 chain of a diacyl GPC produces a lysophosphatidylcholine
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(LPC) (Stanca et al., 2013, Xu et al., 2013). If the sn-2 chain is removed from an
alkylacyl GPC, the resulting metabolite is known as a lyso platelet-activating factor
(LPAF) (Farooqui et al., 2000, Stanca et al., 2013, Xu et al., 2013). Similarly, remodeling
of a vinyl ether acyl GPC (known also as a plasmalogen or a plasmenyl GPC) (Xu et al.,
2013) by removing the sn-2 chain results in a plasmenyl lyso platelet-activating factor
(PLPAF) (Meyer and McHowat, 2007).

These lyso-GPCs can be used in signaling pathways, reacylated with a fatty acid
to reproduce a structural GPC, or further remodeled through addition of an acetyl group
at the sn-2 position. If an acetyl group is added to an LPC, an acyl platelet-activating
factor (APAF) is produced (Karasawa et al., 1999, Baker, 2000, Balestrieri and Lee,
2000, Marathe et al., 2000, Balestrieri et al., 2003). A platelet-activating factor (PAF) is
created through addition of an acetyl group to an LPAF (Farooqui et al., 2000, Stanca et
al., 2013, Xu et al., 2013), while adding an acetyl group to a PLPAF results in a
plasmenyl platelet-activating factor (PPAF) (Karasawa et al., 1999, Meyer and McHowat,
2007). Like their lyso-GPC precursors, these acetylated metabolites can be used in
various signaling pathways.

LPCs, a well-known GPC metabolite family, are involved in many different
signaling pathways throughout the body. Not only do they help maintain homeostatic
Ca®" levels and cytoskeleton structure, but LPCs also play a role in regulating cell
proliferation, survival and migration (Bou Khalil et al., 2010, Xu et al., 2013). For
example, LPCs can induce expression of growth factors and adhesion molecules in

endothelial cells (Farooqui et al., 2007). Based on behavioural studies involving cerebral
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injection of LPCs in mice with acute and chronic inflammatory pain, LPCs also appear to
play a role in nociception (Frisardi et al., 2011).

Furthermore, LPCs also have known roles in inflammation. Release of the LPCs
PC(16:0/0:0) and PC(18:0/0:0) from peripheral cells undergoing apoptosis was found to
be a potent chemoattractant for macrophages (Farooqui et al., 2004). Using released
LPCs, macrophages are able to efficiently locate and phagocytose dying cells (Balsinde
et al., 2006). These small signaling molecules also activate other peripheral immune cells,
allowing the cells to cross the BBB (Farooqui et al., 2007). Within the CNS, LPCs have
likewise been found to induce microglial activation; when exposed to LPCs, resting
microglia were converted to active microglia (Farooqui et al., 2007, Frisardi et al., 2011).
LPCs are also known to promote myelin destruction (Farooqui et al., 2007). In fact,
injection of LPCs into rodent brains induces a very potent, rapid demyelination reaction;
this demyelination model is often used in demyelination/remyelination studies, especially
pertaining to MS (Nathoo et al., 2014).

Similar to LPCs, PAFs are also well-known for their diverse signaling roles,
mostly through the binding of PAF to its G-protein coupled receptor, PAF-receptor
(PAFR) (Prescott et al., 2000). One prominent role of the PAF family is contributing to
synaptic plasticity (Farooqui et al., 2000). Heusler and Boehmer (2007) used high
frequency stimulation to test LTP in the somatosensory cortex of rats in the presence of a
PAFR antagonist and agonist. They found that LTP was weaker when the antagonist was
present, and stronger when the agonist was present (Heusler and Boehmer, 2007).
Similarly, hippocampi from PAFR-deficient and wild-type (WT) mice were subjected to

high frequency stimulation and then monitored for LTP; LTP was weaker in the PAFR-
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deficient mice in comparison to the WT mice (Chen et al., 2001). Application of a non-
hydrolysable PAF analog to hippocampus neurons increased glutamatergic excitatory
responses, but had no effect on GABAergic synaptic transmission (Bazan et al., 1997).
Additionally, injection of PAFs directly into the hippocampus of rats both before and
after training for a memory-related task resulted in better performance on the test day 24
hours after training (Bazan et al., 1997). These studies suggest that PAF, mediated by
PAFR, increases LTP both in the somatosensory cortex and the hippocampus.

PAF is thought to contribute to LTP in the capacity of a retrograde messenger.
Action potential-induced depolarizing currents result in glutamate release from the
presynaptic neuron. The glutamate diffuses across the synaptic cleft and binds to post-
synaptic N-methyl D-aspartate (NMDA) receptors, which elicits an increase in Ca*" in
the cytosol. This is thought to result in an increase in PAF production. When PAF
reaches high enough concentrations, it diffuses back across the cleft to the presynaptic
membrane, where it binds to PAFR and induces the release of more glutamate from the
presynaptic neuron. More released glutamate further promotes PAF production,
ultimately resulting in a strengthened synapse (Bazan et al., 1997, Mazereeuw et al.,
2013).

In addition to their involvement in synaptic plasticity, PAFs are important
signaling molecules under inflammatory conditions. As implied by the name, PAFs are
involved in platelet activation (Adibhatla and Hatcher, 2008, Mazereeuw et al., 2013, Xu
et al., 2013) and aggregation (Mazereeuw et al., 2013, Xu et al., 2013). They elicit this
platelet aggregation by binding to PAFR, which induces the release of various platelet

activity mediators and pro-inflammatory mediators (Mazereeuw et al., 2013). For
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example, pro-inflammatory cytokines such as IL-6 and TNF-a can be released by PAF
binding to PAFR on leukocytes (Mazereeuw et al., 2013). Additionally, PAF can activate
lymphocytes and other inflammatory cells (Callea et al., 1999) including monocytes and
macrophages (Adibhatla et al., 2008, Adibhatla and Hatcher, 2008), further contributing
to inflammatory cascades (Callea et al., 1999).

PAFs also play a role in neurodegeneration (Farooqui et al., 2000, Mazereeuw et
al., 2013, Xu et al., 2013), especially when the PAF concentration is elevated in the CNS
or under conditions of cerebral ischemia (Mazereeuw et al., 2013). High concentrations
of PAF can lead to glutamate excitotoxicity in neurons; PAFs can also interact with ROS
and RNS mediators (Mazereeuw et al., 2013). Another method of neurodegeneration is
through caspase-dependent neuronal death (Ryan et al., 2008, Ryan et al., 2009), or
through other pro-apoptotic cell signaling (Ryan et al., 2008). For example, PC(O-
16:0/2:0) (independent of PAFR) and PC(O-18:0/2:0)-PAFR signaled cell death through
caspase activation, while PC(0O-18:0/2:0) (independent of PAFR) signaled caspase-
independent cell death (Ryan et al., 2008).

Another group of GPC metabolites that contribute to PAF inflammatory signaling
pathways are the PAF-like metabolites, produced through non-enzymatic oxidation. This
non-enzymatic oxidation occurs most abundantly during times of oxidative stress, where
free radicals, such as ROS, react with structural GPCs (Marathe et al., 2000, Prescott et
al., 2000). These radical reactions often target polyunsaturated fatty acyl residues
(PUFASs) at the sn-2 position (Farooqui et al., 2000, Marathe et al., 2000, Prescott et al.,
2000) to produce ‘PAF-like’ metabolites. PAF-like metabolites have shortened sn-2 acyl-

linked hydrocarbon chains and can be produced from diacyl GPCs, alkylacyl GPCs
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(Marathe et al., 2000) and plasmenyl GPCs (Khaselev and Murphy, 2000, Marathe et al.,
2000, Zemski Berry and Murphy, 2005). In this thesis, metabolites with 1, 4, 6 or 8
carbons at the sn-2 position belong to this category of metabolites. Within this category,
metabolites with an acyl linkage at the sn-1 position will be referred to as APAF-like
(APAFX), while metabolites with an alkyl linkage at the sn-1 will be referred to as PAF-
like (PAFX). Similarly, metabolites with a vinyl ether linkage at the sn-1 will be called
PPAF-like (PPAFX).

These molecules are classified as ‘PAF-like’ because they are capable of binding
to PAFR, and can thus induce the same signaling pathways as PAFs (Marathe et al.,
2000, Prescott et al., 2000). Interestingly, PAFX is about 800-fold more potent than
APAFX in terms of biological activity, echoing the relationship between PAF and APAF
(Marathe et al., 2000). Unlike PAFs, however, PAF-like metabolite production is not
controlled (Marathe et al., 2000, Prescott et al., 2000); thus PAF signaling pathways may
be inappropriately induced, contributing to pathological increases in inflammation during
times of oxidative stress (Marathe et al., 2000). This is of particular concern in the brain
due to the high oxygen consumption (which can contribute to free radical production,
such as ROS), the high PUFA levels (providing susceptible substrates for the free
radicals), and the comparatively low levels of free-radical-destroying anti-oxidant
molecules (Adibhatla and Hatcher, 2008, Guglielmotto et al., 2009).

PAF signaling, however, can be mediated by the production of other GPC
metabolites. LPAF production is the most direct method for curbing the effects of PAF,
as LPAFs are the biologically inactive form of PAFs (Baker, 2000, Servillo et al., 2006).

Thus the conversion of PAF to LPAF is one way to control PAF signaling. Similarly, the
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production of APAFs also provides a moderating influence for PAF signaling. APAFs
have been known to compete with PAFs (Balestrieri and Lee, 2000, Balestrieri et al.,
2003), and are approximately 1000-fold less biologically active than PAFs (Marathe et
al., 2000). Interestingly, APAFs are more abundant than PAFs in activated endothelial
cells and neutrophils (Balestrieri and Lee, 2000, Marathe et al., 2000, Balestrieri et al.,
2003). In fact, in endothelial cells pretreated with anti-oxidants and then exposed to
hydrogen peroxide (to stimulate oxidative stress), APAF was preferentially produced
over PAF, suggesting that the less bioactive APAF is the primary GPC metabolite
produced by endothelial cells during inflammation (Balestrieri et al., 2003).

In addition, plasmalogens are thought to be beneficial in terms of protecting
against excessive oxidative damage. Plasmalogens are believed to play an anti-oxidant
role in cells (Farooqui et al., 2000, Khaselev and Murphy, 2000). The vinyl ether at the
sn-1 position (Xu et al., 2013) and the PUFA at the sn-2 (Farooqui et al., 2000, Zemski
Berry and Murphy, 2005), most commonly arachidonic acid (Khaselev and Murphy,
2000) or docosahexaenoic acid (Zemski Berry and Murphy, 2005), are thought to make
plasmalogens an excellent target for free radicals (Farooqui et al., 2000, Khaselev and
Murphy, 2000, Marathe et al., 2000, Zemski Berry and Murphy, 2005). The free radicals
can thus react with the plasmalogen, forming a more stable radical metabolite that is less
likely to propagate the free radical damage (Khaselev and Murphy, 2000), and is thus
protective for the cell (Farooqui and Horrocks, 2001).

In addition to an anti-oxidant role, plasmalogens can also be hydrolyzed to
PLPAFs. An increase in PLPAFs may result in a change in membrane properties, such as

increased fluidity and increased permeability to Ca* This increase in Ca®" can
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potentially lead to the production of other GPC metabolites by activating enzymes
responsible for their production (Farooqui and Horrocks, 2001). A pathological increase
in plasmalogen hydrolysis to PLPAF, however, may alter membrane fluidity and
permeability to such a degree that the membrane becomes unstable, which may
contribute to neurodegeneration (Farooqui and Horrocks, 2001). PLPAF accumulation
may also be associated with inflammation, as studies using human platelets (Beckett et
al., 2007) and human endothelial cells (Creer and McHowat, 1998) found increases in
PLPAF upon activation with thrombin. Interestingly, plasmalogens are enriched in the
brain (Farooqui et al., 2000, Farooqui and Horrocks, 2001, Zemski Berry and Murphy,
2005), and especially in myelin (Farooqui et al., 2000, Farooqui and Horrocks, 2001);
thus inappropriate plasmalogen metabolism may play a role in neuroinflammatory and

neurodegenerative diseases.

1.4.3 The Land’s cycle is responsible for controlling production of GPC metabolites.

An enzymatic process known as Land’s cycle accomplishes GPC remodeling to
generate these potent metabolites. The Land’s cycle is completely reversible; the
direction of the cycle, towards either signaling metabolites or structural GPCs (Xu et al.,
2013), depends on environmental cues (Frisardi et al., 2011). This cycle is also very
important for maintaining both GPC homeostasis (Farooqui et al., 2000, Farooqui et al.,
2004, Adibhatla et al., 2008) and the proper balance of lipid species in the membrane and
in the cell (Adibhatla et al., 2008). Too much GPC hydrolysis could lead to an overall
loss in membrane lipids; even a 10% loss is enough to negatively impact the cell’s
viability (Farooqui et al., 2004, Adibhatla et al., 2008). Too many free fatty acids can also

further destabilize the neural membrane, potentially leading to cell death (Farooqui et al.,
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2004). Thus the Land’s cycle helps to maintain this delicate balancing act between
hydrolysis and synthesis required for proper cell functioning (Farooqui et al., 2004,
Adibhatla et al., 2008).

Phospholipase A2 (or PLA2) enzymes are responsible for hydrolyzing bonds,
while lysophosphatidlycholine acyltransferases (LPCATs) are responsible for bond
formations (Kalyvas et al., 2009, Bou Khalil et al., 2010, Xu et al., 2013). PLA2s form
lyso-GPCs through hydrolysis of the sn-2 hydrocarbon chain of structural GPCs (Choy et
al., 1997, Creer and McHowat, 1998, Harayama et al., 2008, Farooqui, 2009, Shindou et
al., 2013, Stanca et al., 2013, Xu et al., 2013). These lyso-GPCs can be processed back to
membrane lipids by addition of a fatty acid at the sn-2 position using LPCAT
acyltransferase activity (Harayama et al., 2008, Shindou et al., 2013, Stanca et al., 2013,
Xu et al., 2013); or they can be further processed to sn-2 acetylated signaling molecules
using LPCAT acetyltransferase activity (Meyer and McHowat, 2007, Harayama et al.,
2008, Shindou et al., 2013, Stanca et al., 2013, Xu et al., 2013). Acetylated metabolites
can be converted back to lyso-GPCs using lipoprotein-associated PLA2, which is also
known as PAF-acetyl hydrolase (PAF-AH) (Prescott et al., 2000, Servillo et al., 2006,
Adibhatla and Hatcher, 2008, Stafforini, 2009, Mazereeuw et al., 2013, Xu et al., 2013).

This process of remodeling is illustrated in Figure 1.3B.
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Figure 1.3 The GPC remodeling pathway (Land’s cycle) and non-enzymatic
oxidation.

A. GPCs are composed of a glycerol backbone (blue) with a phosphocholine head group
(green) attached at the sn-3 position. Hydrocarbon chains (black) of varying lengths
and linkages are attached at the sn-1 and sn-2 positions of the glycerol. Here, an alkyl
(ether) linkage is depicted at the sn-1 position and an acyl (ester) linkage is depicted
at the sn-2 position.

B. The Land’s cycle is a reversible cycle that controls GPC metabolism. Structural
GPCs can be converted to signaling metabolites using the enzyme PLA2, which
hydrolyzes the hydrocarbon chain at the sn-2 position and produces lyso-GPC
metabolites. Sn-2 hydrolysis of diacyl GPCs yields LPCs, hydrolysis of alkylacyl
GPCs yields LPAFs, and hydrolysis of vinyl ether acyl GPCs yields PLPAFs. These
lyso-GPC metabolites can be reacylated back to structural GPCs using the
acyltransferase activity of LPCAT. Lyso-GPCs can also be further remodeled to sn-2
acetylated metabolites using the acetyltransferase activity of LPCAT. Acetylation of
LPCs results in APAFs, acetylation of LPAFs results in PAFs, and acetylation of
PLPAFs results in PPAFs. The reverse reaction of converting sn-2 acetylated
metabolites back to lyso-GPCs is accomplished using PAF-AH.

A subset of PAF-like lipids can also be produced through non-enzymatic oxidation
of structural GPCs (shown in red). Through this process, diacyl GPCs yield APAFX
metabolites, alkylacyl GPCs yield PAFX metabolites, and vinyl ether acyl GPCs
yields PPAFX metabolite. These PAF-like metabolites can be hydrolyzed back to
their respective lyso-GPCs using PAF-AH. In these PAF-like metabolites, the
hydrocarbon chain at the sn-2 position (depicted as R’) may be 1, 4, 6, or 8 carbons
long.
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There are several different isoforms of PLA2 found throughout the body. These
include calcium-independent PLA2 (iPLA2), calcium-dependent PLA2 (cPLA2) and
secreted PLA2 (sPLA2); each of these isoforms also has several sub-isoforms. iPLA2 and
cPLA2 are found within the cytosol, while SPLA2 is found extracellularly (Kalyvas et al.,
2009, Ong et al., 2010, Xu et al., 2013). Though the NFkB pathway mediates expression
of all the isoforms (Farooqui et al., 2007), each PLA2 is thought to have its own unique
function and to regulate slightly different pools of substrates (Ong et al., 2010). In
general however, they do follow a similar route of activation. Agonists such as cytokines,
neurotransmitters, growth factors or hormones bind to receptors that are linked to the
activity of a PLA2 enzyme (Farooqui et al., 2000, Farooqui et al., 2004). This then
triggers a series of events that results in activation of the PLA2 (Farooqui et al., 2000),
and/or in relocation of the enzyme to the membrane (Farooqui et al., 2000, Farooqui et
al., 2004, Farooqui, 2009). From there, PLA2 hydrolyzes membrane lipids to release
bioactive metabolites, which are responsible for activities such as mediating receptor
crosstalk (Ong et al., 2010), or promoting expression of specific genes of interest
(Farooqui, 2009, Frisardi et al., 2011).

Under normal physiological conditions, the most commonly used PLA2 is iPLA2
(Ong et al., 2010), which does not require Ca*" for activation (Kalyvas et al., 2009, Ong
et al., 2010, Xu et al., 2013). iPLA2 is heavily expressed in most regions of the brain
under normal conditions, including the cerebral cortex and the hippocampus (Ong et al.,
2010). It is considered to be the primary remodeling PLA2 (Adibhatla et al., 2008),
contributing to functions such as neurite outgrowth, learning and memory, and signal

transduction (Ong et al., 2010).
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In contrast to iPLA2, cPLA2 is activated when there is an increase in Ca*" in the
cell (Kalyvas et al., 2009, Ong et al., 2010, Xu et al., 2013). Though the Ca”*" does not
play a catalytic role, the ion is required for cPLA2 translocation to the membrane
(Farooqui et al., 2000, Farooqui et al., 2004) and interaction with structural GPCs (Ong et
al., 2010). cPLA2 is not as common as iPLA2 in the brain, but under physiological
conditions, it is weakly expressed in cerebral neocortex, hippocampus, striatum and most
parts of the forebrain (Ong et al., 2010). It is particularly responsible for producing low
baseline levels of lipid metabolites required for neural cell survival (Farooqui et al., 2004,
Ong et al., 2010).

sPLA2 is another type of PLA2 requiring Ca*" for activation. In contrast to
cPLA2, however, it is capable of functioning both within the cell and in the extracellular
space (Ong et al., 2010). It is synthesized intracellularly and secreted outside the cell
(Ong et al., 2010), hydrolyzing GPCs on the outer leaflet of the plasma membrane. The
metabolites released by sPLA2 may act as signaling molecules, or they may be
reincorporated on the outer leaflet (Xu et al., 2013). The highest sPLA2 activity is found
in the medulla oblongata, pons and hippocampus; it is moderately active in the thalamus,
hypothalamus and cerebral cortex (Ong et al., 2010). sSPLA2 is thought to play a role in
proper synaptic functioning (Ong et al., 2010).

Under normal physiological conditions, the activity of these enzymes is regulated
such that there is more reacylation than deacylation and thus no net increase in lipid
metabolites (Ong et al., 2010). Under conditions such as neuroinflammation or
neurodegeneration however, there is a pathological increase in PLA2 activity (Farooqui

et al., 2004, Bou Khalil et al., 2010, Ong et al., 2010), which is believed to be triggered at
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least in part by cytokines such as TNF-a (Farooqui et al., 2004, Farooqui et al., 2007,
Adibhatla and Hatcher, 2008) and IL-1P (Farooqui et al., 2007). This ultimately leads to
abnormally high degradation of GPCs (Adibhatla et al., 2008, Ong et al., 2010). Not only
does enhanced GPC degradation increase the production of pro-inflammatory mediators
(Bou Khalil et al., 2010), but it also modifies membrane fluidity and permeability (Ong et
al., 2010). More hydrolysis of structural GPCs results in a less close-knit lipid membrane
(Farooqui et al., 2004), which allows more Ca”" to traverse the membrane and enter the
cell (Farooqui et al., 2004, Ong et al., 2010). If the concentration of Ca*’ increases
enough, sPLA2 will become activated and further contribute to GPC metabolite
generation and membrane damage (Ong et al., 2010).

PAF-AH is a lipoprotein-associated PLA2 that can be found both intracellularly
(Prescott et al., 2000) and in the circulation (plasma PAF-AH) (Prescott et al., 2000,
Stafforini, 2009, Mazereeuw et al., 2013). Plasma PAF-AH is released into the
bloodstream by endothelial and haematopoeitic cells (Mazereeuw et al., 2013), as well as
immune cells such as monocytes, macrophages (Stafforini, 2009), T-cells and mast cells
(Adibhatla et al., 2008, Adibhatla and Hatcher, 2008). This calcium-independent PAF-
AH is constitutively active upon its release into the circulation, though its activity can be
modified as required (Stafforini, 2009). Although PAF-AH is best known for its
hydrolysis of PAF, the enzyme is able to hydrolyze GPCs with sn-2 chains up to nine
carbons long (Stafforini, 2009), depending on the PAF-AH isoform (Prescott et al.,
2000).

Similar to other PLA2 enzymes, pro-inflammatory environments also increase

PAF-AH activity (Stafforini, 2009). Increased PAF-AH activity, however, results in more
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hydrolysis of sn-2 acetylated metabolites (Prescott et al., 2000, Servillo et al., 2006,
Farooqui et al., 2007, Adibhatla et al., 2008, Adibhatla and Hatcher, 2008) and PAF-like
metabolites (produced by non-enzymatic oxidation) (Marathe et al., 2000, Prescott et al.,
2000, Servillo et al., 2006, Adibhatla and Hatcher, 2008, Stafforini, 2009); thus PAF-AH
is thought to contribute to anti-inflammatory rather than pro-inflammatory activities
(Farooqui et al., 2007, Adibhatla et al., 2008, Adibhatla and Hatcher, 2008). For example,
increasing PC(0O-16:0/2:0) hydrolysis by PAF-AH in human hNT cultures was
neuroprotective, as it prevented neuronal death (Ryan et al., 2009).

Interestingly, some isoforms of PAF-AH also possesses transacetylase activity
(Servillo et al., 2006, Xu et al., 2013). The transacetylase portion of the enzyme can be
specifically activated by ATP (Balestrieri and Lee, 2000), and upon activation, the
enzyme is translocated from the cytosol to the membrane (Balestrieri and Lee, 2000,
Servillo et al., 2006). There, it can remove an acetyl group from one acetylated
metabolite and transfer it to another lyso-GPC (Choy et al., 1997, Karasawa et al., 1999,
Servillo et al., 2006). For example, the transacetylase can remove the acetyl group from
PAF and transfer it to an LPC, generating LPAF and APAF (Balestrieri et al., 2003). This
reaction has been found in activated endothelial cells in response to anti-oxidants and
hydrogen peroxide (an inflammatory stimuli), likely as a method to decrease PAF levels
during inflammation (Balestrieri et al., 2003). Thus this transacetylase activity provides
another means for mediating PAF signaling (Baker, 2000).

With such a wide variety of PLA2 enzymes, it is no surprise that there are several
different types of LPCAT enzymes as well. LPCAT1 and LPCAT2 belong to the AGPAT

(1-acylglycerol-3-phosphate O-acyltransferase) family (Shindou et al., 2009) and possess
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two types of enzymatic activity (Shindou et al., 2009, Shindou et al., 2013, Morimoto et
al., 2014). These enzymes use their acyltransferase activity to catalyze the reacylation of
lyso-GPCs back to structural GPCs (Shindou et al., 2009, Shindou et al., 2013), and their
acetyltransferase activity to convert lyso-GPCs to sn-2 acetylated metabolites (Choy et
al., 1997, Meyer and McHowat, 2007, Shindou et al., 2009, Shindou et al., 2013). Both
enzymes are found in the cell’s endoplasmic reticulum (Shindou et al., 2007, Shindou et
al., 2013, Morimoto et al., 2014) and on the surface of lipid droplets (Shindou et al.,
2013). LPCATI1 however, is enriched in the lungs, specifically in the alveolar type II
cells. Its main function appears to be the production of pulmonary surfactant, which is
important for respiration (Shindou et al., 2009, Shindou et al., 2013). LPCATI is
calcium-independent (Harayama et al., 2008, Shindou et al., 2009) and is constitutively
active (Harayama et al., 2008, Shindou et al., 2009, Shindou et al., 2013), thus
contributing to homeostatic metabolite production (Harayama et al., 2008).

In contrast to LPCAT1, LPCAT?2 activity is induced in times of inflammation by
extracellular stimuli such as lipopolysaccharide (LPS) (Shindou et al., 2009, Shindou et
al., 2013, Morimoto et al., 2014). In fact, the acetyltransferase activity of LPCAT2 has
been shown to produce PAF within 30 seconds of LPS stimulation, which may be
extremely significant in early inflammatory events (Morimoto et al., 2014). This does not
affect the acyltransferase activity (Shindou et al., 2007), nor does it affect LPCAT]I
activity (Morimoto et al., 2014). Further contributing to its pro-inflammatory profile,
LPCAT?2 is localized primarily to cells involved in inflammation, such as macrophages
(Shindou et al., 2007, Shindou et al., 2009). Thus periods of acute inflammation lead to

activation of the acetyltransferase activity of LPCAT2, and an increase in PAF
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production (Shindou et al., 2007). Under resting conditions, this calcium-dependent
enzyme prefers acyl-CoA substrates for its acyltransferase activity (Shindou et al., 2007).
Exposure to pathogenic concentrations of amyloid-betas, , however, can alter LPCAT
substrate preference toward acetyl-CoA, preferentially generating PAF (Ryan et al.,
2009). Interestingly, it is possible to selectively target LPCAT2 activity without
negatively impacting LPCAT]1 function (Tarui et al., 2014).

LPCAT3 and LPCAT4 belong to the MBOAT (membrane bound O-
acyltransferase) family (Shindou et al., 2009). Neither LPCAT3 (Kazachkov et al., 2008,
Shindou et al., 2009, Shindou et al., 2013) nor LPCAT4 contribute to sn-2 acetylated
GPC metabolite biosynthesis, as they possess only acyltransferase activity (Shindou et
al., 2009, Shindou et al., 2013). LPCAT3 was found to be expressed throughout the body,
with no particular specialized location (Kazachkov et al., 2008, Shindou et al., 2009,
Shindou et al., 2013), whereas LPCAT4 is localized to the brain, epididymis, testis and
ovaries (Shindou et al., 2009, Shindou et al., 2013). Interestingly, LPCAT3 is thought to
have anti-inflammatory properties, as knockdown of LPCAT3 results in M1 pro-

inflammatory macrophage morphology (Taniguchi et al., 2015).

1.4.4 GPC metabolism may play a role in MS and EAE pathology.

Unsurprisingly, there are several studies that report involvement of the Land’s
cycle in MS and in EAE. A study by Callea et al. (1999) found that compared to healthy
controls, there were elevated PAF levels in the plasma and CSF of MS patients. Within
MS patient subsets, PAF levels in RRMS patients were higher than in SPMS patients.
The study specifically documents the presence of PC(0O-16:0/2:0) and PC(O-18:0/2:0) in

MS patients, where PC(0-16:0/2:0) was more abundant in plasma, and PC(O-18:0/2:0)
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was more abundant in CSF (Callea et al., 1999). Similarly, several LPC species,
including PC(18:1/0:0) and PC(18:0/0:0), were increased in the CSF of MS patients
relative to subjects with other neurological diseases (Pieragostino et al., 2015).

Studies using PAFR knockout mice induced with EAE documented less severe
EAE in the knockouts compared to the wild-type mice (Kihara et al., 2005, Rodrigues et
al., 2011). Relative to WT controls, PAFR knockout-EAE mice experienced less
inflammation and demyelination in the spinal cord (Kihara et al., 2005); decreased pro-
inflammatory cytokine mRNA (Kihara et al., 2005) and protein (Rodrigues et al., 2011)
expression; fewer CD4+ T-cells; a decreased number of cells producing IL-17 (Rodrigues
et al., 2011); and fewer phagocytic macrophages (Kihara et al., 2005). These PAFR
studies suggest that PAF signaling through PAFR plays an important role in EAE
development.

There are also numerous studies documenting an instrumental role of PLA2
enzymes in EAE disease course. cPLA2 knockout mice were found to be resistant to
EAE induction, displaying very few lesions in the CNS, if any (Marusic et al., 2005).
Similarly, treatment of EAE mice with cPLA2 inhibitors resulted in delayed disease onset
(Kalyvas and David, 2004), decreased pro-inflammatory cytokine production (Marusic et
al., 2008, Kalyvas et al., 2009, Thakker et al., 2011), less neuroinflammation (Kalyvas
and David, 2004), and fewer relapses (Thakker et al., 2011). Administration of cPLA2
inhibitors at any point during the disease — from the day of induction (Kalyvas and
David, 2004, Marusic et al., 2008), after disease onset (Marusic et al., 2008), at the peak
of disease (Kalyvas and David, 2004, Thakker et al., 2011), or during remission (Thakker

et al.,, 2011) — was found to be beneficial. iPLA2 inhibitors were also found to be
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effective at decreasing the severity of EAE, whether administered before or after the
onset of symptoms (Kalyvas et al., 2009). Finally, administration of SPLA2 inhibitors to
rats induced with EAE resulted in a decrease in SPLA2 activity as measured in the urine,
a 60% decrease in activated microglia and macrophages in the spinal cord, and fewer rats
succumbing to EAE (Cunningham et al., 2006). Interestingly, analysis of urine samples
from MS patients also revealed an increased sPLA2 activity in MS patients relative to
controls (Cunningham et al., 2000).

A study by Kihara et al. (2008) examined the entire PLA2-LPCAT-PAF axis and
found that increased PAF biosynthesis in EAE was not balanced by increased
degradation. Mice with EAE were found to have elevated PAF levels in the spinal cord in
the acute phase of the disease, which correlated with the clinical EAE score of the
animal. This PAF increase could be explained by the increase in mRNA for cPLA2,
sPLA2 and LPCAT?2 in the acute phase of the disease. There was also an increased
protein level of LPCAT2 in microglia, and the acetyltransferase activity of LPCAT2
positively correlated with not only the clinical EAE score of the animal, but also the
PLA2 activity. Finally, the researchers also found that there was no change in PAF-AH
activity across the disease course, thus indicating no change in PAF catabolism (Kihara et
al., 2008). Together, these results suggest that in MS/EAE, there is a shift in GPC
metabolism that promotes increased production of GPC metabolites (Ong et al., 2010).

There are, however, a few studies that question this conclusion. In a serum
biomarker study by Dickens et al. (2014), phosphocholine levels were found to be
decreased in MS patients relative to healthy controls. These phosphocholine levels were

also decreased in SPMS patients relative to RRMS, suggesting the possibility of differing
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GPC metabolism between not only MS patients and healthy individuals, but also between
different types of MS. Similarly, Del Boccio et al. (2011) also found several decreased
LPC species in the serum of MS patients relative to both healthy controls and patients
with other neurological diseases. These species included PC(16:0/0:0), PC(18:0/0:0) and
PC(18:1/0:0). Furthermore, there was also a decreased LPC:GPC ratio in the serum of
these MS patients relative to the two control groups.

The results from these biomarker studies using serum from Dickens et al. (2014)
and Del Boccio et al. (2011) conflict with the studies showing increased PAFs in the CSF
and plasma (Callea et al., 1999) and increased LPCs in the CSF (Pieragostino et al.,
2015) in MS patients. This then prompts the question of what is truly happening in the
brains of MS patients in terms of GPC metabolism. This question is best addressed using

a mouse model of MS to examine these GPC metabolites in the brain directly.

1.5 OBJECTIVE AND HYPOTHESIS

The overarching goal of this thesis was to determine whether GPC metabolite
concentrations are affected by EAE in the hippocampus and temporal-parietal-entorhinal
(TPE) cortex of female mice. The use of a female EAE model, however, necessitated that
the female hormonal cycle be taken into account. Thus in addition to examining the
metabolite species in the EAE model, these metabolite levels were also evaluated across
the estrous cycle, with the goal of identifying any GPC metabolites affected by cyclical
changes in circulating female sex steroids. After accounting for possible hormonal
control, I hypothesized that there would be an increase in GPC metabolites in mice

induced with EAE relative to healthy uninjured controls, based on plasma and CSF
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studies from MS patients and overwhelming evidence of PLA2 activity increases in

response to inflammation. To test this hypothesis, two aims were devised:

1. To quantify GPC metabolite lipidomes at EAE onset, peak and remission in the
hippocampus and TPE cortex of female C57BL/6 mice, and compare to healthy,

uninjured controls.

2. To determine whether GPC metabolites present in the hippocampus and TPE

cortex in healthy N5 C57BL/6J x C3h/HeJ female mice are under hormonal control.

The results from Aim 1 describing how EAE affects the GPC metabolites across
the disease in the hippocampus and TPE cortex are found in Chapter Two. The Aim 2
results documenting GPC metabolite lipidome changes across the estrous cycle in these

same brain regions are found in Chapter Three.
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CHAPTER TWO

THE IMPACT OF EXPERIMENTAL AUTOIMMUNE
ENCEPHALOMYELITIS ON THE GLYCEROPHOSPHOCHOLINE
METABOLITE LIPID PROFILE IN FEMALE C57BL/6 MICE

2.1 OBJECTIVE

The objective of this study was to determine whether GPC metabolites in the
hippocampus and TPE cortex of female C57BL/6J mice change across the onset, peak

and remission of EAE when compared to uninjured controls.

2.2 STATEMENT OF AUTHOR CONTRIBUTIONS

The members of Dr. Samuel David’s lab at McGill University were responsible
for the EAE protocol, including EAE induction, clinical scoring, perfusions and
dissections. The dissections and perfusions, however, were performed under the guidance
of Dr. Alexandre P Blanchard of Dr. Steffany Bennett’s lab to ensure inter-laboratory
consistency. Controls animals were provided by Dr. Steffany Bennett’s lab; for these
animals, Samantha Sherman was responsible for the perfusions and removal of the brain,
while Dr. Yun Wang performed the tissue dissection. Mass spectrometry guidance,
including training and troubleshooting, was provided as required to Samantha Sherman
by Matthew Granger and Dr. Hongbin Xu. Matthew Granger and Dr. Steffany Bennett
developed the pmol equivalents-normalization method used in this study, and Dr.
Steffany Bennett determined the identities of all the lipid species. All lipid extractions,
mass spectrometry operations, lipid quantification and data analyses were performed by

Samantha Sherman.
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2.3 INTRODUCTION

MS is a female-biased inflammatory neurodegenerative disease that affects over 2
million worldwide (Constantinescu, 2011, Rahn et al., 2014) and is often diagnosed
between the ages of 20 and 40 (Kuerten and Angelov, 2008, Constantinescu, 2011, Rahn
et al., 2014, Ksiazek-Winiarek et al., 2015). This T-cell mediated autoimmune disease
specifically targets myelin in the CNS (Compston and Coles, 2002, Ransohoff and
Brown, 2012, Rangachari, 2013) and is characterized by demyelination and axonal loss
(Compston and Coles, 2002, Constantinescu, 2011, Ellwardt and Zipp, 2014). The
majority of patients present with RRMS, where symptomatic periods are separated by
distinct remissions (Constantinescu, 2011, Ellwardt and Zipp, 2014); patients diagnosed
with progressive MS, however, do not experience periods of remission but a steady
neurological decline (Constantinescu, 2011). Although progressive MS can be present
from the onset of the disease (known as PPMS) (Constantinescu, 2011, Rangachari, 2013,
Ellwardt and Zipp, 2014), approximately half of the RRMS patients also eventually
transition to a progressive disease course, known as SPMS (Rangachari, 2013) .

Despite the common perception that MS is primarily a motor disease, 40-65% of
MS patients experience cognitive deficits (Amato et al., 2006). There are several reports
of damage in the hippocampus (Papadopoulos et al., 2009, Calabrese et al., 2015, Sacco
et al., 2015) and the cortex (Portaccio et al., 2006, Calabrese et al., 2015, Ruggieri et al.,
2015) of MS patients. In experimental models, memory impairments have been detected
in EAE mice before the onset of motoric paralysis (Acharjee et al., 2013, Dutra et al.,
2013) as well as later in symptomatic progression (Ziehn et al., 2010, Novkovic et al.,

2015). Hippocampal damage was also reported early in EAE (Ziehn et al., 2010).

53



It is possible, however, that development of cognitive deficits in MS and indeed
other aspects of MS progression may be represented by changes in the neurolipidome.
GPC metabolites have been particularly implicated. Structural GPCs, which consist of a
glycerol backbone with a fatty acid chain attached at both the sn-1 and sn-2 position and
a phosphocholine head group at the sn-2 position (Xu et al., 2013), can be remodeled to
produce lyso-GPCs. Hydrolysis of the sn-2 fatty acid chain of diacyl GPC produces LPCs
(Stanca et al., 2013, Xu et al., 2013); sn-2 hydrolysis of an alkylacyl GPC produces
LPAFs (Farooqui et al., 2000, Stanca et al., 2013, Xu et al., 2013); and hydrolysis of a
vinyl ether acyl GPC (known as a plasmalogen or plasmenyl GPC (Xu et al., 2013))
produces PLPAFs (Meyer and McHowat, 2007). These lyso-GPCs can be further
processed to acetylated metabolites through addition of an acetyl group to the sn-2
position. Thus LPCs can be converted to APAFs (Karasawa et al., 1999, Baker, 2000,
Balestrieri and Lee, 2000, Marathe et al., 2000, Balestrieri et al., 2003), LPAFs to PAFs
(Farooqui et al., 2000, Stanca et al., 2013, Xu et al., 2013), and PLPAFs to PPAFs
(Karasawa et al., 1999, Meyer and McHowat, 2007).

Interestingly, several LPC and PAF species have been implicated in biomarker
studies of MS. Callea et al. (1999) found an increase in PC(O-16:0/2:0) and PC(O-
18:0/2:0) in both the plasma and the CSF of RRMS patients, where PC(0O-16:0/2:0) was
more abundant in the plasma and PC(O-18:0/2:0) was more abundant in the CSF.
Pieragostino et al. (2015) also found an increase in several LPC species in the CSF of MS
patients, including PC(18:0/0:0) and PC(18:1/0:0). In contrast to these studies, two

studies examining biomarkers in serum found decreases in phosphocholine (Dickens et
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al., 2014), PC(16:0/0:0), PC(18:0/0:0) and PC(18:1/0:0) (Del Boccio et al., 2011) in MS
patients relative to control groups.

To my knowledge, no study has investigated GPC metabolism in the brain in an
experimental MS model. To address this question, I profiled the GPC metabolite
lipidome in the hippocampus and TPE cortex of female mice induced with EAE,
specifically at symptomatic onset, peak, and remission; these lipidomes were then
compared to healthy controls. The data indicates that the vast majority of metabolites
were not significantly affected by EAE in the TPE cortex, while levels of three
hippocampal metabolite families were significantly reduced over the symptomatic
progression of EAE. Regional differences in critical metabolite changes were also
detected; five specific species in the hippocampus and five different species in the TPE
cortex were significantly decreased during EAE. Taken together, these data provide
evidence of an intriguing regional specificity with regards to metabolic dysregulation of

GPC metabolism in memory-related brain regions over the course of EAE.

2.4 MATERIALS & METHODS
2.4.1 Animals

Our collaborator, Dr. Samuel David at McGill University, provided the EAE
tissue used in this study. Six-week-old female C57BL/6J mice were purchased from
Jackson and allowed two weeks for acclimatization before beginning experiments. The
mice were group-housed during the acclimatization period and single-housed for the
duration of the experiments. When the mice were eight weeks old, they were induced
with EAE (day 0) through injection of 50 pg of myelin oligodendrocyte glycoproteinss.ss

(MOG) (MEVGWYRSPFSRVVH- LYRNGK; Sheldon Biotechnology Centre, Montreal,

55



Quebec) emulsified in Complete Freund’s Adjuvant (CFA), containing 0.5-1.0 mg/mL of
Mycobacterium tuberculosis (Fisher Scientific Canada). On the same day, a second
injection containing 200 ng of Pertussis toxin (PTX) (Sigma-Aldrich, Oakville, Ontario)
was given. On day 2, the mice were again injected with PTX. Mice were scored daily on
their degree of paralysis using the following clinical grading scale from Berard et al.
(2010): grade 0, normal; grade one, tail paralysis; grade two, mild hindlimb weakness
(fast righting reflex); grade 3, severe hindlimb weakness (slow righting reflex); grade 4,
hindlimb paralysis; grade 5, hindlimb paralysis and partial forelimb weakness (Berard,
2010). The procedures were approved by the McGill University Animal Care Committee

and followed guidelines of the Canadian Council on Animal Care.

2.4.2 Tissue Collection

Three mice were sacrificed at EAE onset (grade 1, corresponding to days 6-8),
four at peak (grade 4, corresponding to days 10-14), and five at remission (decreased
paralysis, corresponding to days 21-26), while three completely uninjured controls were
sacrificed at ten weeks of age. Mice were anaesthetized with 0.05 mL ketamine: xylazine:
acepromazine (50:5:1 mg/kg) or 0.15 mL euthanyl (Bimeda-MTC Animal Health Ins, 65
mg/mL 1EUS001), and perfused intracardially using 20-40 mL of phosphate buffered
saline. The hippocampus and the TPE cortex were dissected from the brain, weighed to
obtain the tissue wet weight, snap frozen in liquid nitrogen, and stored at -80°C until time

of extraction.

2.4.3 GPC-Enriched Lipid Extractions
Lipids were extracted from the hippocampus and the TPE cortex using an

acidified Bligh and Dyer method, which has been optimized for GPC extraction (Xu et
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al., 2013). Homogenized tissue, along with four exogenous standards PC(13:0/0:0) (187.5
ng Avanti Polar Lipids, 855476, Alabaster, Alabama), PC(12:0/13:0) (500 ng Avanti
Polar Lipids, LM-1300), PS(12:0/13:0) (200 ng Avanti Polar Lipids, LM-1100), and PE
(12:0/13:0) (500 ng Avanti Polar Lipids, LM-1000), was extracted using 4.0 mL acidified
methanol (2% glacial acetic acid (Fisher Scientific Company, 351271-212, Ottawa,
Ontario) in methanol (Fisher Scientific Company, A412P-4)), 3.2 mL 0.1M sodium
acetate (BioShop, SAA304, Burlington, Ontario) and 3.8 mL chloroform (Fisher
Chemical, C298-4, Fair Lawn, New Jersey). The organic phase (containing lipids and
chloroform) was collected and dried under nitrogen gas. The drying step eliminated the
chloroform, leaving only the lipid extract. This extract was resuspended in 300 uL of
100% ethanol and stored in the -80°C freezer until time of mass spectrometry (MSp)

quantification.

2.4.4 GPC Metabolite Quantification

The GPC metabolites were quantified using liquid-chromatography electrospray
ionization mass spectrometry (LC-ESI-MSp). In our lab, we accomplished this by
coupling an Agilent 1100 high performance liquid chromatography (HPLC) column
(Agilent Technologies, Santa Clara, California) to a QTRAP5500 MSp (AB Sciex,
Concord, Ontario). Each MSp run required 5 pL of lipid sample pipetted into a well with
16 puL of aqueous solvent (MSp grade water (J.T. Baker, Avantor, 9831-03 Center
Valley, Pennsylvania) + 0.1% formic acid (Sigma-Aldrich, 56302, St Louis, Missouri) +
10 mM ammonium acetate (EMD Millipore, 2145-OP, Etobicoke, Ontario)), and 2.5 pL
of deuterated MSp standards (d4 PC(0O-16:0/0:0) (2.5 ng Cayman Chemical Company,

lyso-PAF C-16-d4, 360906, Ann Arbor, Michigan), d4 PC(0-16:0/2:0) (1.25ng Cayman
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Chemical Company, PAF C-16-d4, 360900), d4 PC(O-18:0/0:0) (2.5ng Cayman
Chemical Company, lyso-PAF C-18-d4, 10010228), and d4 PC(O-18:0/2:0) (1.25 ng
Cayman Chemical Company, PAF-C18-d4, 10010229)). The autosampler loaded the
sample onto the HPLC column, and the sample was eluted using increasing
concentrations of organic solvent (5:2 acetonitrile (J.T. Baker, Avantor, 9839-03):
isopropanol (Fisher Scientific, A416-4) + 0.1% formic acid (Sigma-Aldrich, 56302) + 10
mM ammonium acetate (EMD Millipore, 2145-OP)). As the sample was eluted, it was
injected into the MSp and ionized using electrospray ionization. The ionized sample was
then sent through three quadropoles: the first selected for the specific mass-to-charge
(m/z) being quantified; the second fragmented the phosphocholine head group from the
glycerol backbone; and the third detected the m/z of the phosphocholine head group (184
m/z). The end readouts were mass spectra indicating the abundance of GPCs at each m/z.
We specifically used multiple reaction monitoring (MRM) scans, which means that the
MSp was programmed to scan for a predetermined set of m/z ratios between 450-650
m/z, which is the m/z range for GPC metabolites.

Lipid abundance was then determined from the mass spectra using MultiQuant
(MQ) (3.0.2, AB Sciex). MQ allows the user to select specific peaks for each m/z and
obtain information regarding such parameters as peak area, retention time and signal-to-
noise ratio. Each peak for each m/z of interest in each sample had to be manually selected
in order to obtain the aforementioned parameters. After finishing the collection of raw
data from MQ, the datasets from this study were run through a program known as
RTStaR (Blanchard, 2015). RTStaR, developed in-house by A. P Blanchard, has two

parts. The first, RTCalibrate, used the retention times of the standards to identify outliers
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within the datasets. The second, RTRegister, used retention times to align the species in
the cleaned RTCalibrate dataset to corresponding species from a different dataset.

The cleaned, aligned data were then normalized and converted to pmol
equivalents based on the abundance of the d4 PC(0-16:0/2:0) standard (Cayman
Chemical Company, PAF C-16-d4, 360900) spiked in at time of MSp. This required that
the raw peak area of each endogenous species be divided by the raw peak area of the d4
PC(0-16:0/2:0) from the same sample. These peak area ratios were then multiplied by a
constant to determine the pmol equivalents of each particular endogenous species in the
total 300 uL of lipid extract collected for that sample. Finally, this calculated pmol
equivalent was divided by the tissue wet weight for the corresponding sample to obtain a

final value expressed as pmol equivalents per mg tissue wet weight.

2.4.5 Statistical Analysis

The pmol equivalents per mg tissue wet weight for each endogenous species were
separated into control, EAE onset, EAE peak and EAE remission groups. Each species
was sorted into its corresponding metabolite family. The pmol equivalents per mg tissue
wet weight for the species in each family were summed to obtain the total abundance of
each particular family in control animals and during onset, peak and remission of EAE.
To determine if there were significant fluctuations in the GPC metabolite levels within
families during EAE, a one-way ANOVA was applied to generate p-values, followed by
a Tukey’s post-hoc for significantly changing families (p < 0.05) to determine the
relationship between the groups.

Individual metabolites were also analyzed to determine which, if any, specific

species were changing across EAE. One-way ANOVAs were used to generate p-values,
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and these p-values were entered into a classic-one stage FDR (false detection rate) in
order to eliminate false positives. The g-values obtained from the FDR were used to
calculate the likely number of false positives in the dataset. FDR values were set to
ensure that the probability of obtaining a false positive comparison was less than one.
Lastly, a Tukey’s post-hoc was applied to the significantly changing species (p-value <

0.05, FDR < 0.5) to determine the relationships between groups.

2.5 RESULTS

2.5.1 There were 72 GPC metabolites and 8 different metabolite families detected in
the hippocampus.

Analysis of GPC-enriched lipid samples from the hippocampus using LC-ESI-
MSp yielded 110 species. Of these, 38 were found to have more than 10 carbons at the
sn-2 position and were considered to be short-chain structural lipids rather than
metabolites. Focus was placed on identifying and analyzing the 72 species with 8 carbons
or less at the sn-2 position in order to obtain a readout of membrane catabolism and
remodeling. Within these 72 metabolites, 8 distinct metabolite families were detected.
The most abundant families were the LPCs and PAFs, accounting for 31.94% (23) and
26.39% (19) of the species, respectively. PAFXs accounted for 12.50% (9) of the species,
LPAFs for 11.11% (8) and PLPAFs for 8.33% (6) of the species. The least abundant
families were APAFXs and PPAFs, which each accounted for 4.17% (3) of the species,

and the APAFs, accounting for 1.39% (1) of the species.

2.5.2 EAE significantly decreased hippocampal levels of LPCs, PAFs and PPAFs
relative to controls.

Metabolites were grouped into their respective families to give overall metabolite

family abundances. The total pmol equivalents for each metabolite family were then
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analyzed across EAE; this is shown in Figure 2.1. After a one-way ANOVA, three
families showed a significant change during EAE (p-value < 0.05): LPCs, PAFs and
PPAFs. A Tukey’s post-hoc analysis revealed that there was a significant decrease when
comparing onset and peak levels to controls in the LPC and PAF families; though not
significantly lower, remission metabolite levels were also decreased relative to controls.
There were no significant comparisons between EAE stages and controls in the PPAF

family, though there was a trend towards a similar pattern to the LPCs and PAFs.

2.5.3 In the hippocampus, 6.94% of the individual metabolite species were
significantly decreased during EAE.

Each of the 72 species was examined individually across EAE. The vast majority
of the species showed a trend towards a decreased abundance at EAE onset, with the
levels returning closer to, if not the same as, control levels by remission. Data are
represented as a log2 fold change relative to the control group in Figure 2.2. The 72
species are listed according to their respective family.

Although there was a trend towards a decrease in metabolite levels during EAE,
the majority of the detected species were not found to be significantly different between
groups. A representative example of a species unaffected by EAE is illustrated in Figure
2.3A. Of all the species detected, 6.94% (5) were significantly affected by EAE (p-value
< 0.05, FDR < 0.5, Tukey’s post-hoc). These species included the four following LPCs
and one PPAF: PC(18:1/0:0) at m/z 522.4b, PC(18:0/0:0) at m/z 524.4b, PC(20:1/0:0) at
m/z 550.4c, PC(22:0/0:0) at m/z 580.4h and PC(P-20:0/2:0) at m/z 578.4g. All of these
species were significantly decreased across the three EAE states relative to controls,

although PC(18:1/0:0) only showed a non-statistically significant trend towards a
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decrease during remission. The abundances of each of these 5 species across EAE are

shown in Figure 2.3B.

2.5.4 There were 80 GPC membrane metabolites and 9 different metabolite families
detected in the TPE cortex.

Similar to the hippocampus, there were 106 species detected by LC-ESI-MSp in
GPC-enriched lipid extracts from the TPE cortex. Of these 106, 26 were short-chain
structural GPCs and were thus not further identified nor analyzed. The remaining 80
membrane metabolites were grouped into nine families. The two most abundant families,
once again, were the LPCs, accounting for 31.25% (25) of the species, and the PAFs,
accounting for 26.25% (21) of all species. PAFXs and LPAFs accounted for 12.5% (10)
and 11.25% (9) of all the species, respectively, and PLPAFs accounted for 7.5% (6) of
the species. 3.75% (3) of the species belonged to the PPAF family, whereas APAFs,

APAFXs and PPAFXs each constituted 2.5% (2) of all species.

2.5.5 There were no significant differences between EAE and control groups in any
of the 9 metabolite families in the TPE cortex.

As in the hippocampus, metabolites were also analyzed at the family level. Pmol
equivalences for each metabolite family were determined by summing the abundance of
the families’ species. There were no significant differences found between controls,
onset, peak or remission for each of the nine families (p-value < 0.05), as shown in

Figure 2.4.

2.5.6 In the TPE cortex, 6.25% of the individual metabolite species were
significantly decreased in EAE relative to controls.

An overview of the 80 metabolites, grouped according to family, is shown in

Figure 2.5. Expressed as log2 fold change relative to controls, most species changed very
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little from control levels in the TPE cortex during EAE. Examining each species
individually found that most species did not change during EAE. A representative
example of one of these species is shown in Figure 2.6A. There were, however, 6.25%
(5) of the metabolites that were significantly decreased during EAE (p-value < 0.05, FDR
< 0.5, Tukey’s post-hoc), which are illustrated in Figure 2.6B. These metabolites
included two LPCs, two PAFs and one PPAF: PC(14:0/0:0) at m/z 468.4b, PC(22:5/0:0)
at m/z 570.4a, PC(O-18:3/2:0) at m/z 546.4a, PC(0O-20:5/2:0) at m/z 570.4 and PC(P-
16:2/2:0) at m/z 518.4c. All except PC(14:0/0:0) were significantly decreased in all three
EAE states relative to controls, though remission levels showed a trend towards slightly
higher levels than peak and onset. For PC(14:0/0:0) however, there was no statistically
significant difference between control and peak levels, though there was a trend towards
a decrease during peak EAE. Similar to the other 4 species, PC(14:0/0:0) levels during

onset and remission were both significantly lower than control levels.

2.5.7 Despite similarities in species, all metabolite families in the control group were
more abundant in the hippocampus than in the TPE cortex.

Comparing the control levels of each metabolite family between the TPE cortex
and hippocampus found that there were differences in abundances of 8 families found in
both regions, with the oxidized PPAFX metabolites only detected in the TPE cortex. All
8 families were more abundant in the hippocampus than the cortex. This can clearly be
seen when comparing Figure 2.1 and Figure 2.4, which share the same y-axis. Of the 72
hippocampal species, 12 were unique to the hippocampus; in the TPE cortex, 20 of the 80
metabolite species were unique. There were thus 60 species shared between the two
regions, which accounted for 83.33% of the hippocampal species and 75.00% of the

cortical species.
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Figure 2.1 The effect of EAE on the metabolite families detected in the
hippocampus.

GPC metabolite families are listed according to the type of metabolite in rows (lyso-GPC,
sn-2 acetylated, and oxidized PAF-like metabolite), and structurally related families in
columns (acyl sn-1 linkage, alkyl sn-1 linkage, and vinyl ether sn-1 linkage). To
determine overall family abundance, the pmol equivalents for the metabolites in each
family were summed to obtain an overall abundance. GPC metabolite levels were
analyzed using a one-way ANOVA (p < 0.05) and a Tukey’s post-hoc. Data are
represented as mean + SEM. *p-value < 0.05; **p-value <0.01; *  significantly
different according to the one-way ANOVA but no significant difference between groups
with Tukey’s post-hoc
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Figure 2.2 Log2 fold change of all the species detected in the hippocampus.

Species are listed according to family, and include both their name and m/z. The pmol
equivalent per mg tissue wet weight for each species for each EAE state are expressed as
a log2 fold change relative to the control group. The control group is in grey, onset is in
dark blue, peak is in bright red, and remission is in pink.
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Figure 2.3 Examples of how EAE affected individual metabolite species in the
hippocampus.

A. This is a representative example of a species not significantly altered by EAE.
The pmol equivalent per mg tissue wet weight for each species was analyzed
using a one-way ANOVA (p-value < 0.05), an FDR (FDR < 0.5) and a Tukey’s
post-hoc. Data are represented as mean = SEM.

B. These are the 5 species significantly affected by EAE in the hippocampus. The
pmol equivalent per mg tissue wet weight for each species was analyzed using a
one-way ANOVA (p-value < 0.05), an FDR (FDR < 0.5) and a Tukey’s post-hoc.
All significant differences are relative to the control group. Data are represented
as mean £ SEM. *p-value < 0.05; **p-value < 0.01
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Figure 2.4 The effect of EAE on the metabolite families detected in the TPE cortex.

GPC metabolite families are listed according to the type of metabolite in rows (lyso-GPC,
sn-2 acetylated, and oxidized PAF-like metabolite), and structurally related families in
columns (acyl sn-1 linkage, alkyl sn-1 linkage, and vinyl ether sn-1 linkage). To
determine overall family abundance, the pmol equivalents for the metabolites in each
family were summed to obtain an overall abundance. The y-axis for each family is the
same as the y-axis in the corresponding hippocampal family in Figure 2.1. GPC
metabolite levels were analyzed using a one-way ANOVA (p < 0.05) and a Tukey’s post-
hoc. Data are represented as mean + SEM.
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Figure 2.5 Log2 fold change of all the species detected in the TPE cortex.

Species are listed according to family, and include both their name and m/z. The pmol
equivalent per mg tissue wet weight for each species for each EAE state are expressed as
a log2 fold change relative to the control group. The control group is in grey, onset is in
dark blue, peak is in bright red, and remission is in pink.
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Figure 2.6 Examples of how EAE affected individual metabolite species in the TPE
cortex.

A. This is a representative example of a species not significantly altered by EAE.
The pmol equivalent per mg tissue wet weight for each species was analyzed
using a one-way ANOVA (p-value < 0.05), an FDR (FDR < 0.5) and a Tukey’s
post-hoc. Data are represented as mean = SEM.

B. These are the 5 species significantly affected by EAE in the TPE cortex. The
pmol equivalent per mg tissue wet weight for each species was analyzed using a

one-way ANOVA (p-value <0.05), an FDR (FDR < 0.5) and a Tukey’s post-hoc.

All significant differences are relative to the control group. Data are represented
as mean £ SEM. *p-value < 0.05; **p-value < 0.01
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2.6 DISCUSSION

2.6.1 GPC metabolism is regionally specific but largely unimpaired following EAE.

The relatively new, vast field of lipidomics encompasses the study of all classes
of lipids in a biological system (Shevchenko and Simons, 2010), including numerous
families and subfamilies with nearly limitless structural possibilities (Bou Khalil et al.,
2010, Xu et al., 2013). These lipids perform functions as diverse as maintaining cellular
structure (Farooqui et al., 2004, Bou Khalil et al., 2010, Shevchenko and Simons, 2010),
acting as signaling molecules (Adibhatla and Hatcher, 2008, Bou Khalil et al., 2010,
Shevchenko and Simons, 2010) and storing energy (Shevchenko and Simons, 2010) . Of
the overwhelmingly enormous field of lipidomics, this study focused on the GPC
metabolites present in the hippocampus and TPE cortex of female mice induced with
EAE.

In the family analysis, 3 of the 8 detected GPC metabolite families in the
hippocampus—LPCs, PAFs and PPAFs—were significantly decreased in EAE relative to
controls, while there were no significant changes in the abundances of GPC metabolite
families during EAE in the TPE cortex. Examining the species individually, it was found
that the vast majority of these metabolites did not differ from control levels during the
onset, peak and remission states of EAE. Only 6.94% (5) of the 72 metabolite species in
the hippocampus (PC(18:1/0:0), PC(18:0/0:0), PC(20:1/0:0), PC(22:0/0:0) and PC(P-
20:0/2:0)) and 6.25% (5) of the 80 species in the TPE cortex (PC(14:0/0:0),
(PC(22:5/0:0), PC(0O-18:3/2:0), PC(0O-20:5/2:0) and PC(P-16:2/2:0)) were significantly
decreased during EAE relative to control levels. Despite these differences between the

EAE hippocampus and cortex however, they shared 8 of the same families and 60 of the
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same species. All of the shared metabolite families, however, were more abundant in the

hippocampus than in the TPE cortex in the uninjured controls.

2.6.2 In both the hippocampus and the TPE cortex during EAE, PLA2, LPCAT
acetyltransferase and non-enzymatic oxidation likely do not contribute to GPC
metabolite imbalances.

Examining the results of this study, there was no evidence of an increase in
activity of PLA2 or LPCAT acetyltransferase during EAE in either the hippocampus or
the TPE cortex. Increased activity of PLA2 would have resulted in higher lyso-GPC
production (Choy et al., 1997, Creer and McHowat, 1998, Harayama et al., 2008,
Farooqui, 2009, Shindou et al., 2013, Stanca et al., 2013, Xu et al., 2013), and increased
LPCAT acetyltransferase activity would have lead to increases in sn-2 acetylated
metabolites (Meyer and McHowat, 2007, Harayama et al., 2008, Shindou et al., 2013,
Stanca et al., 2013, Xu et al., 2013); however, there was no increase in either of these
metabolite families during EAE. These results were very surprising, as studies using
cPLA2 knock out mice (Marusic et al., 2005) and various PLA2 inhibitors (Kalyvas and
David, 2004, Cunningham et al., 2006, Marusic et al., 2008, Kalyvas et al., 2009,
Thakker et al., 2011) have demonstrated a role for PLA2 activity in EAE progression in
the spinal cord. In fact, Kihara et al. (2008) found an increase in the PLA2-LPCAT
acetyltransferase axis in the spinal cord that significantly contributed to increasing PAF
levels during EAE. Furthermore, PAFs (Adibhatla et al., 2008, Adibhatla and Hatcher,
2008, Mazereeuw et al., 2013) and LPCs (Farooqui et al., 2004, Farooqui et al., 2007,
Frisardi et al., 2011, Sevastou et al., 2013) have been implicated in processes of

inflammation; PAFs have also been associated with neurodegenerative processes

(Farooqui et al., 2000, Mazereeuw et al., 2013, Xu et al., 2013). It would therefore be
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expected that GPC metabolites would be abundant in MS, a disease characterized by both
neuroinflammation and neurodegeneration at lesion sites.

Another surprising result found in both the hippocampus and TPE cortex was the
lack of change in the PAF-like metabolites. As these metabolites are produced through a
non-enzymatic pathway of oxidative modification often found during times of oxidative
stress (such as during inflammation) (Marathe et al., 2000, Prescott et al., 2000), one
would have expected an increase in these metabolites during EAE. However, both brain
regions showed very little change in the levels of these metabolites. This suggests that
non-enzymatic oxidation is not a major source of GPC metabolite imbalances, at least

during the first immune attack of EAE.

2.6.3 In the hippocampus, LPCAT acyltransferase, transacetylase and PAF-AH
activity are likely increased during EAE; in the TPE cortex, PAF-AH appears to be
the only enzyme slightly affected by EAE.

In the hippocampus, the PAF, LPC and PPAF families were surprisingly
significantly decreased during EAE. The decrease in PAFs and PPAFs but not their
parent lyso-GPCs suggests that there was increased hydrolysis of these acetylated
metabolites by PAF-AH. The lack of increase in LPAFs and PLPAFs during EAE
suggests that there may also have been an increase in lyso-GPC hydrolysis by LPCAT
acyltransferase. The significant decrease in LPCs suggests that the LPCs may have been
selectively reacylated, as the membrane generally has a higher concentration of diacyl
GPCs than any other linkage type (Prescott et al., 2000).

A further contributor to decreases in LPC levels may have been the transacetylase

activity of PAF-AH (Servillo et al., 2006, Xu et al., 2013). Transacetylase, documented in

activated endothelial cells as a regulator for PAF signaling, is known to remove the acetyl
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group from PAF, producing LPAF, and transfer it to LPC, producing APAF (Balestrieri
et al., 2003). If transacetylase activity was activated in addition to the increased LPCAT
acyltransferase activity during EAE, this may help explain not only the decrease in PAFs
and LPCs, but also the relatively constant level of APAFs. Should LPCAT
acyltransferase and transacetylase both be activated and using LPCs as substrates, LPC
levels would be expected to be low during EAE. Similarly, the hydrolysis of PAF by both
PAF-AH and transacetylase could also explain the large decrease in PAF levels during
EAE. The APAFs, which remained relatively constant throughout EAE, may have had
their production by transacetylase balanced by the increase in PAF-AH activity. Though
this increased activity of PAF-AH would produce LPCs, the rate of LPC hydrolysis by
transacetylase and LPCAT acyltransferase was likely higher, causing an overall net loss
of LPCs during the disease.

Interestingly, all of the 8 detected GPC families in the hippocampus showed a
decrease (very slight in some families) at the onset of EAE. This could suggest an
increase in LPCAT acyltransferase activity at the onset of EAE, perhaps in response to
earlier, preclinical EAE events. For example, a study by Starossom et al. (2015)
examining platelet activity in MS patients and in EAE mice found that many
inflammatory activities occur before the visible onset of EAE. Actively degranulating
platelets identified by Annexin V expression, which release pro-inflammatory factors
including PAF, were most abundant in EAE mice before the onset of EAE. By the time
the animals reached the clinical disease onset, Annexin V levels had returned to the levels
found in uninjured controls, indicating that platelets were no longer releasing pro-

inflammatory factors. Similar to the EAE results, platelets in the peripheral blood of MS
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patients who exhibited few neurological symptoms, if any, were found to have high
Annexin V staining as well (Starossom et al., 2015). Thus it may be possible that PLA2
activity may have been increased during preclinical EAE, such that by the clinical onset
of EAE, LPCAT acyltransferase had already been activated in an attempt to regenerate
structural GPCs and protect the structural integrity of the cell membrane (Farooqui et al.,
2000, Farooqui et al., 2004, Adibhatla et al., 2008).

In further support of this theory, LPCAT acyltransferase activity has been
positively correlated to levels of the pro-inflammatory cytokine IFN-y. An experiment by
Neville et al. (2005) demonstrated an increase in LPCAT acyltransferase activity in
monocytic cells within 12 hours of being exposed to IFN-y, and this activity was
increased by 132% relative to untreated controls by 24 hours (Neville et al., 2005). This
increased acyltransferase activity would result in higher production of structural GPCs
through reacylation of the metabolites generated by PLA2 (Stanca et al., 2013).
Interestingly, the degranulating platelets documented during early MS and EAE were
found to be stimulating CD4+ T-cell differentiation towards Thl, Th17 or IL-17/IFN-y
phenotypes. These types of T-cells are thought to play an important role in EAE and MS
pathogenesis, and they have also been shown to release IFN-y, among other cytokines
(Starossom et al., 2015). This CD4+ T-cell phenotype manipulation by the platelets could
thus provide an explanation for early increases in IFN-y levels, which could then lead to
increased LPCAT acyltransferase activity.

Together, these results suggest that there are early, preclinical events in the
hippocampus during EAE that may contribute to a possible preclinical increase in GPC

metabolite levels, which is then balanced by a corresponding increase in LPCAT
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acyltransferase at the clinical onset of the disease. This may also be accompanied by
changes in PAF-AH and transacetylase activity in an attempt to minimize concentrations
of immune-related signaling molecules. The proposed model for hippocampal GPC
metabolism during EAE is presented in Figure 2.7.

The TPE cortex does not appear to share the hippocampal response to EAE. There
were no families that showed a significant change during EAE in the TPE cortex.
However, the acetylated metabolites did appear to decrease slightly during EAE, while
their lyso-GPC counterparts stayed relatively constant or showed a slight increase during
EAE. This suggests that there may have been some low PAF-AH activity, resulting in
hydrolysis of the acetylated metabolites to their parent lyso-GPCs (Prescott et al., 2000,
Servillo et al., 2006, Adibhatla and Hatcher, 2008, Stafforini, 2009, Mazereeuw et al.,
2013, Xu et al., 2013). There did not appear to be any overwhelming increase in LPCAT
acyltransferase activity, evidenced by the relatively constant lyso-GPC levels. Altogether,
these results suggest a possible difference in GPC metabolite regulation between the

hippocampus and TPE cortex during inflammation.

2.6.4 Regulation of the GPC lipidome is regionally specific.

When comparing these two brain regions in healthy controls, there was a
difference in baseline metabolite levels. Despite its smaller size, the hippocampus had
higher metabolite abundances than the TPE cortex, with the exception of PPAFXs (which
were only found in the TPE cortex). One particularly striking difference between the two
regions was the PAF levels: hippocampal baseline levels of PAF were around 100 pmol
equivalents, while the TPE cortex was only found to have approximately 40 pmol

equivalents. This difference could be explained by PAF’s instrumental role in
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hippocampal function, particularly as it pertains to LTP (Bazan et al., 1997, Chen et al.,
2001). Ca*'-triggered PAF production occurs in response to binding of pre-synaptic
glutamate to its post-synaptic membrane receptor; the released PAF then binds to PAFR
at the presynaptic membrane, which leads to even more glutamate release from the
presynaptic neuron and a strengthened synapse (Bazan et al., 1997, Mazereeuw et al.,
2013).

During EAE however, PAF levels in the hippocampus dropped to approximately
cortical levels at the onset of EAE, and remained similar to TPE cortex PAF levels
through peak and remission. Interestingly, MS patients (Portaccio et al., 2006, Ranjeva et
al., 2006, Kern et al., 2012, Yu, 2012) and EAE mice (Ziehn et al., 2010, Acharjee et al.,
2013, Dutra et al., 2013, Novkovic et al., 2015) both have documented impairments in
memory function. It is possible that these memory impairments in MS and EAE may be
caused at least in part by the huge reduction in PAF production in the hippocampus
during EAE.

The differences in how metabolite families were affected by EAE in the
hippocampus and TPE cortex suggests that there may be a difference in lipid metabolism
regulation between these two regions. This idea is further fortified by the high degree of
overlap between the two regions in terms of individual GPC metabolite species. The five
decreased species in the hippocampus were found in the TPE cortex but were unaffected
by EAE; similarly, the five decreased cortical species were also found unchanged during
EAE in the hippocampus. Additionally, though these two regions do appear to share the
same Land’s cycle enzymes (as predicted by mRNA expression), there are some regional

differences in mRNA abundances of these enzymes (Allen Institute for Brain Science,
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2015). In the hippocampus, PLA2 groups IIF (sPLA2 (Rosa and Rapoport, 2009,
Schaeffer et al., 2009)), V (sPLA2 (Ghosh et al., 2006, Rosa and Rapoport, 2009,
Schaeffer et al., 2009)), VII (plasma PAF-AH (Schaeffer et al., 2009)), and XV
(lysosomal PLA2 (Shayman et al., 2011)) transcripts are more abundant, while LPCAT4
(which lacks acetyltransferase activity (Shindou et al., 2009, Shindou et al., 2013)) and
PLA2 group IVE (cPLA2 (Ghosh et al., 2006, Rosa and Rapoport, 2009, Schaeffer et al.,
2009, Leslie, 2015)) transcripts are more highly expressed in the cortex (Allen Institute
for Brain Science, 2015). Thus the different mRNA abundances may also help explain

the differences in GPC metabolism between these two regions.

2.6.5 Future Directions

Further future work should focus on determining if there are any preclinical
changes occurring in the GPC lipidome in the hippocampus and the TPE cortex of EAE
mice, and linking these changes to the reported phosphocholine and GPC biomarkers
(Callea et al., 1999, Del Boccio et al., 2011, Dickens et al., 2014, Pieragostino et al.,
2015). If changes in the brain lipidome can be detected in the serum, plasma, or CSF of
patients before the clinical onset of the immune attack, this may provide not only a way
to predict the clinical course of MS, but also the possibility of potential therapeutic
targets. It may also be interesting to repeat this study using mice with chronic EAE (CH-
EAE), which models PPMS (Berard et al., 2010). Any commonalities discovered
between RR-EAE and CH-EAE lipidomes may increase understanding of the disease
process in terms of lipidomic changes, and potentially provide an effective therapeutic

option for both relapsing-remitting and progressive MS.
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Figure 2.7 Proposed model for the metabolite changes in the hippocampus during
EAE.

It is hypothesized that preclinically, before any signs of motoric impairment in the EAE
animals, there is an increase in PLA2 activity in response to pro-inflammatory signals.
This would lead to an increase in lyso-GPC metabolites. By the time the animals reach
the clinical onset of EAE, it is possible that a surge in [FN-y release may have triggered
an increase in LPCAT acyltransferase activity; this would result in regeneration of
structural GPCs using the lyso-GPCs produced by PLA2. PAF-AH activity is also known
to be triggered by pro-inflammatory conditions. This enzyme is thus likely to be active
during EAE, hydrolyzing sn-2 acetylated metabolites in order to deactivate PAF signaling
molecules, but also to replace the lyso-GPCs being used by LPCAT acyltransferase. This
would lead to a decrease in sn-2 acetylated metabolites. The pro-inflammatory
environment may also activate transacetylase activity; this enzyme is known to use LPCs
and PAFs to generate APAFs and LPAFs.

Overall, the interactions of the different enzyme activities result in some families being
decreased and some families maintaining homeostatic metabolite levels. Production of
lyso-GPCs by PAF-AH (and transacetylase) is likely occurring at the same rate that
LPCAT acyltransferase is converting them to structural GPCs, leading to no overall
change in lyso-GPC levels. The exception is the LPC family, which is potentially being
consumed by both transacetylase and LPCAT acyltransferase and thus decreased during
EAE. Additionally, LPCs may also be selectively decreased because diacyl linkages are
the most common among structural GPCs. The PAFs and PPAFs may have been
decreased in EAE due to the increase in PAF-AH activity; transacetylase may also be
consuming PAF. The other sn-2 acetylated metabolite, APAF, is not decreasing because
it is likely being generated by transacetylase at the same rate that it is being used by PAF-
AH.
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2.7 CONCLUSION

Lipidomic analysis was used to examine the GPC metabolite levels in the
hippocampus and TPE cortex in female C57BL/6J mice relative to uninjured controls.
Although the disease did not alter the vast majority of detected metabolites, 3 families of
metabolites and 5 specific species in the hippocampus, as well as 5 different species in
the TPE cortex, were found to decrease across the three EAE states examined—onset,
peak and remission—relative to healthy uninjured controls. Although there are several
biomarker studies reporting associations between MS and GPC metabolites in the serum,
plasma and CSF, further research is required to clarify the relationship between these

biomarkers and the brain.
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CHAPTER THREE

DIFFERENTIAL HORMONAL REGULATION OF
GLYCEROPHOSPHOCHOLINE MEMBRANE REMODELING OVER
THE ESTROUS CYCLE IN THE HIPPOCAMPUS-ENTORHINAL
CIRCUIT OF FEMALE C57BL/6J X C3H/HEJ MICE

3.1 OBJECTIVE

Although the previous chapter’s EAE study found that the majority of the GPC
metabolites were not changing in mice induced with EAE, the mice used in the study
were all female. To address possible concerns that the results may be due to cyclic
hormonal fluctuations that nullified changes in GPC metabolism, the study in this chapter
was undertaken to control for the possibility of hormonal control. Thus the primary
objective of this study was to determine whether GPC metabolite levels fluctuate with the

estrous cycle in the hippocampus and TPE cortex of female C57BL/6J x C3h/HeJ mice.

3.2 STATEMENT OF AUTHOR CONTRIBUTIONS

Dr. Alexandre P Blanchard collected vaginal smears for 12 of the mice; these 12
mice were also dissected by Dr. Alexandre P Blanchard. Vaginal smears for the
remaining 6 mice were collected by Samantha Sherman, with dissections by Dr. Yun
Wang and Matthew Granger. Dr. Alexandre P Blanchard was responsible for lipid
extractions of 12 temporal-parietal-entorhinal cortices; Dr. Hongbin Xu extracted 12
hippocampi; and Samantha Sherman extracted lipids from the remaining 6 hippocampi
and 6 cortices. All vaginal smear staining and estrous staging was performed by
Samantha Sherman after training provided by Dr. Alexandre P Blanchard. Mass
spectrometry guidance, including training and troubleshooting, was provided as required
to Samantha Sherman by Matthew Granger and Dr. Hongbin Xu. Matthew Granger and
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Dr. Steffany Bennett developed the pmol equivalents-normalization method used in this
study. All lipid extractions, mass spectrometry operations, lipid quantification and data

analyses were performed by Samantha Sherman.

3.3 INTRODUCTION

Lyso-GPCs and sn-2 acetylated GPC metabolites are produced during the Land’s
cycle, which is a cycle of reversible membrane remodeling controlled by two classes of
enzymes (Xu et al., 2013). PLA2 hydrolyzes ester linkages at the sn-2 position of the
GPC backbone, while LPCAT esterifies hydrocarbon chains at the sn-2 position (Kalyvas
et al., 2009, Bou Khalil et al., 2010, Xu et al., 2013). Interestingly, female sex hormones
appear to affect several components of the Land’s cycle. A study by Alecozay et al.
(1989) using cultures derived from human endometrial tissue found that PAF levels rose
with increasing application of progesterone. Similarly, a study examining acrosomal
exocytosis in sperm from guinea pigs found that incubation with progesterone led to
increases in both PLA2 activity and LPC levels, and decreases in GPC levels (Chen et al.,
2005). Using a HEC-1A line derived from endometrial cells, Seo et al. (2004) also found
an upsurge in both PAF levels and PLA2 expression in response to estrogen treatments.
Similarly, Burlando et al. (2002) found that administration of estradiol led to an increase
in calcium-dependent PLA2 (cPLA2) activity and a resulting membrane destabilization in
lysosomes of mussel red blood cells.

Female sex hormones also modify enzymes involved in the lyso-GPC/sn-2
acetylated GPC pathway. A decrease in PAF-AH activity was found in plasma from
women who were preparing for in vitro fertilization and thus had high 17-f estradiol

levels (Miyaura et al.,, 1991). In experimental models, plasma PAF-AH activity was
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decreased in rats injected with 17-a-ethynylestradiol (Miyaura et al., 1991, Yasuda and
Johnston, 1992, Thara et al., 1993), estrone, 17-f estradiol and estriol (Yasuda and
Johnston, 1992). Injection with progesterone derivative medroxyprogesterone however,
increased PAF-AH activity (Yasuda and Johnston, 1992, Thara et al., 1993). When 17-a-
ethynylestradiol and medroxyprogesterone were injected together, the estradiol was
found to be the dominant hormone, as the PAF-AH activity decreased overall (Yasuda
and Johnston, 1992). Similarly in HepG2 cells, PAF-AH secretion in response to
treatment with both 17-a-ethynylestradiol and 17-f estradiol was decreased (Satoh et al.,
1993). In contrast to PAF-AH, LPCAT acetyltransferase activity in the liver has been
shown to decrease in response to medroxyprogesterone, but was not affected by estradiol
treatment (Thara et al., 1993).

Progesterone and estrogen are both involved in the female hormonal cycle, known
as the estrous cycle in mice. Developing follicles in the ovaries produce steadily
increasing levels of estradiol (Goldman et al., 2007, Caligioni, 2009, McLean et al., 2012,
Andersson et al., 2013), which travels through the circulation to the brain and triggers the
release of GnRH from the hypothalamus. GnRH travels to the anterior pituitary
(Goldman et al., 2007, Caligioni, 2009, McLean et al., 2012), where it stimulates the
release of LH and FSH into the circulation. The LH and FSH surge triggers the release of
the mature ovum from its follicle in the ovary, an event known as ovulation (Goldman et
al., 2007, Caligioni, 2009, McLean et al., 2012, Andersson et al., 2013). Upon ovulation,
estrogen levels begin to drop, and the follicle is luteinized to become a corpus luteum
(Goldman et al., 2007, McLean et al., 2012, Andersson et al., 2013). The corpus luteum

produces progesterone (McLean et al., 2012, Andersson et al., 2013), thus leading to an
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increase in circulating progesterone levels (McLean et al., 2012). If there is no
fertilization of the ovum, the corpus luteum degenerates (McLean et al., 2012, Andersson
et al., 2013), progesterone levels decrease (McLean et al., 2012), and a new follicle
begins to develop (Andersson et al., 2013). This leads to an increase in estrogen levels
and the cycle restarts (Goldman et al., 2007, Caligioni, 2009, McLean et al., 2012,
Andersson et al., 2013).

For studies using female subjects, particularly those examining structures
involved in memory formation, the estrous cycle is an important consideration to take
into account. Hormonal regulation of the various components of the Land’s cycle also
implies that this estrous cycle consideration may be very relevant in the study of
membrane lipids, particularly GPCs. To date, there are no studies examining the
relationship between GPC metabolism and the estrous cycle in the female brain. The aim
of this present study was to determine whether the estrous cycle affects GPC metabolite
levels in the hippocampus and TPE cortex of female mice. Interestingly, it was found that
GPC metabolism in these two brain regions was differentially affected by fluctuations in

circulating female sex hormones.

3.4 MATERIALS AND METHODS
3.4.1 Animals

The mice used were our in-house wild type strain, a C57BL/6J x C3h/HeJ hybrid
strain backbred for five generations to a C57BL/6Crl lineage. This hybrid strain was
chosen as it represents a genetic background common to multiple Alzheimer’s disease
mouse models (Chishti et al., 2001, Savonenko et al., 2005, Garcia-Alloza et al., 2006,

Wang et al., 2013). Female mice between 2 and 8 months of age were sacrificed by lethal
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injection of 0.15 mL euthanyl (Bimeda-MTC Animal Health Ins, 65 mg/mL 1EUS001),
followed by decapitation. Vaginal smears for estrous staging were collected for at least
two consecutive days prior to and including the day of sacrifice. Upon sacrifice,
hippocampus and TPE cortex were dissected from the brain, weighed to obtain the tissue
wet weight, snap frozen in liquid nitrogen, and stored at -80°C until time of extraction.
The procedures used were approved by the University of Ottawa Animal Care Committee

and followed guidelines of the Canadian Council on Animal Care.

3.4.2 Estrous cycle determination

Estrous staging was performed using a minimally invasive method described in
our laboratory by McLean et al. (2012). Briefly, a 200 puL pipette tip with a bulb attached
was used to draw up approximately 100 pL of double distilled water, which was then
aspirated in and out of the vaginal opening at least five times. Care was taken to keep the
tip outside of the mouse’s body. After aspirating the water multiple times, the droplet
containing vaginal cells was deposited onto a clean slide. After the smear was completely
dry, it was stained using 0.1% crystal violet stain (Fisher Scientific Company, 783596,
New Lawn, New Jersey) and coverslipped using glycerol. Immediately upon staining and
coverslipping, the slide was examined under bright field microscopy to identify the cell
types present in the smear. In this study, there were 6 animals in the proestrus group, 7 in
the estrus group and 5 in the met/diestrus group. In the hippocampal dataset however, two
of the met/diestrus animals had to be excluded based on MSp outlier criteria. Thus, there

were 16 mice in the hippocampus dataset and 18 mice in the TPE cortex dataset.

3.4.3 GPC-Enriched Lipid Extractions
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Lipids were extracted from the hippocampus and the TPE cortex using an
acidified Bligh and Dyer method, optimized for GPC extraction (Xu et al., 2013).
Homogenized tissue, along with the exogenous standard PC(13:0/0:0) (187.5 ng Avanti
Polar Lipids, 855476, Alabaster, Alabama), was extracted using 4.0 mL acidified
methanol (2% glacial acetic acid (Fisher Scientific Company, 351271-212, Ottawa,
Ontario) in methanol (Fisher Scientific Company, A412P-4)), 3.2 mL 0.1M sodium
acetate (BioShop, SAA304, Burlington, Ontatio) and 3.8 mL chloroform (Fisher
Chemical, C298-4, Fair Lawn, New Jersey). The organic phase (containing lipids and
chloroform) was collected and dried under nitrogen gas. The drying step eliminated the
chloroform, leaving only the lipid extract. This extract was resuspended in 100% ethanol

and stored in the -80°C freezer until time of MSp quantification.

3.4.4 GPC Metabolite Quantification

GPC metabolites were profiled as described in Chapter 2 with the following
modification. The lipid extractions were performed using only one exogenous standard.
This affected both MSp quality control, as there was one less standard to use as an
indicator of spectra quality, and RTStaR, as there was one less standard to use for outlier
analysis and dataset alignments. Additionally in this study, two of the hippocampus MSp
runs in the met/diestrus group had to be excluded after RTCalibrate found outliers in the

standards, thus making alignment for these runs impossible.

3.4.5 Statistical Analysis
The pmol equivalents per mg tissue wet weight for each endogenous species were

separated into proestrus, estrus and met/diestrus groups. Each species was also sorted into
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its corresponding metabolite family. The pmol equivalents per mg tissue wet weight for
the species in each family were summed to obtain the total abundance of each particular
family during proestrus, estrus and met/diestrus. To determine if there were significant
fluctuations in the GPC metabolite levels within families across the estrous cycle, a one-
way ANOVA was applied to generate p-values, followed by a Tukey’s post-hoc for
significantly changing families (p < 0.05) to determine the relationship between the lipid
abundance and the estrous stage.

Individual species were analyzed to determine which, if any, specific species were
changing across the estrous cycle. One-way ANOVAs were used to generate p-values,
and these p-values were entered into a classic-one stage FDR in order to eliminate false
positives. The g-values obtained from the FDR were used to calculate the likely number
of false positives in the dataset. FDR values were set to ensure that the probability of
obtaining a false positive comparison was less than one. Lastly, a Tukey’s post-hoc was
applied to the significantly changing species (p-value < 0.05, FDR < 0.5) to determine the

relationship between lipid abundance and the estrous cycle stage.

3.5 RESULTS

3.5.1 In the hippocampus, there were 58 individual GPC metabolites detected and 6
different metabolite families.

Using LC-ESI-MSp, there were 87 species in total detected in the hippocampus
between 450 and 650 m/z. However, 29 of these were found to have 10 or more carbons
at the sn-2 position and were thus classified as short-chain structural GPCs rather than
metabolites. The remaining 58 metabolites were identified and further analyzed. These 58

species were divided into their specific metabolite families, of which there were six in the
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hippocampus. The most abundant family was the LPCs, constituting 36.21% (21) of the
species, followed by the PAFs, constituting 29.31% (17) of all the species. The PAFX
family accounted for 15.52% (9) of the species, while the LPAFs accounted for 10.34%
(6) of the species. The least abundant species were the PLPAFs, contributing 5.17% (3)
of the species, and PPAFs, accounting for 3.45% (2) of the species. APAFs, APAFXs and

PPAFXs were not detected in the hippocampus.

3.5.2 Of the 6 metabolite families detected in the hippocampus, 4 were found to
fluctuate significantly with the estrous cycle.

Metabolites were grouped into their respective families to determine if the family
as a whole was under hormonal control. Analysis of the total pmol equivalents for each
metabolite family found that 4 of the 6 families detected in the hippocampus were
significantly altered according to the estrous cycle (p-value < 0.05, Tukey’s post-hoc).
The metabolite levels across the estrous cycle for each family are illustrated in Figure
3.1. The LPAF, PLPAF and PAFX families were significantly decreased in proestrus
relative to estrus. LPCs and PAFs showed a similar, non-significant trend towards a
decrease in proestrus relative to estrus. In each of these five families, met/diestrus levels
were intermediate to proestrus and estrus, though not significantly different. The PPAFs
showed a slightly different pattern from the other families; PPAF levels were slightly
higher during met/diestrus than estrus, though estrus levels were still higher than
proestrus. Statistically, there was a significant decrease in proestrus relative to

met/diestrus in the PPAF family.

3.5.3 There were 12 individual species that varied significantly with the estrous
cycle, accounting for 20.69% of the hippocampal GPC metabolite lipidome.
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Overall there was a pattern towards decreased GPC metabolism during proestrus;
this is illustrated in the heat map in Figure 3.2A, where the estrous stages and GPC
metabolite species are clustered according to similarities in metabolite abundances. This
hierarchical clustering suggests that GPC metabolism is dependent on the estrous cycle.
Examining the levels of each metabolite individually over the course of the estrous cycle
found that 20.69% (12) of the species in the hippocampus significantly changed across
the estrous cycle (p-value < 0.05, FDR < 0.5, Tukey’s post-hoc). Five of the significantly
fluctuating species were PAFXs: PC(0O-18:0/1:0) at m/z 538.4b, PC(O-16:0/4:0) at m/z
552.4a, PC(0-20:1/1:0) at m/z 564.4a, PC(0O-13:0/8:0) at m/z 566.4b and PC(0O-16:0/6:0)
at m/z 580.4e. Four of these species were LPCs: PC(17:1/0:0) at m/z 508.4b;
PC(23:6/0:0) at m/z 582.4b; PC(23:0/0:0) at m/z 594.4b; and PC(24:6/0:0) at m/z 596.4b.
There was one each of PLPAF, PAF and LPAF: PC(P-24:6/0:0) at m/z 580.4c, PC(O-
21:6/2:0) at m/z 582.4a, and PC(0-22:6/0:0) at m/z 596.4a, respectively. Each of these
metabolites was significantly decreased in proestrus relative to estrus. Additionally, two
of the species, PC(O-18:0/1:0) and PC(24:6/0:0), were also significantly decreased in
proestrus relative to met/diestrus. Figure 3.2B shows an example of a species unaffected
by the estrous cycle (PC(0-20:6/2:0)), as well as one of the hormonally controlled

species (PC (P-24:6/0:0)).

3.5.4 In the TPE cortex, there were 76 individual metabolite species detected and 9
different metabolite families.

Analysis of LC-ESI-MSp data yielded a total of 112 species in the TPE cortex
between 450 and 650 m/z. However, only 76 of these species were identified as GPC
metabolites and further analyzed. The other 36 species were found to be short-chain

structural GPCs, and were thus removed from the dataset. The 76 GPC metabolites
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belonged to 9 different metabolite families. The most abundant families in the TPE cortex
were the LPCs and PAFs, constituting 31.58% (24) and 25.00% (19) of the all the
species. LPAFs accounted for 13.16% (10) of the species; PAFXs accounted for 10.53%
(8); and PLPAFs accounted for 9.21% (7). APAFs, APAFXs, PPAF and PPAFXs each

accounted for 2.63% (2) of all the species.

3.5.5 There were no significant differences within the metabolite families in the TPE
cortex across the estrous cycle.

Abundances of GPC metabolite families at each estrous stage are illustrated in
Figure 3.3. There were no significant changes in any of the 9 metabolite families across
the estrous cycle (p-value < 0.05, Tukey’s post-hoc). Several of the families, however,
showed a similar pattern to the hippocampus. In the LPAFs, APAFs, PAFXs, PLPAFs and
PPAFXs, there was a slight, non-significant decrease in metabolite levels at proestrus,

followed by an increase at estrus.

3.5.6 There was only 1 species that fluctuated significantly with the estrous cycle,
accounting for 1.32% of the GPC metabolite lipidome in the TPE cortex.

Hierarchical clustering in Figure 3.4A did not isolate relationships between GPC
metabolites and the estrous cycle in the TPE cortex, especially when compared to
hierarchical clustering in the hippocampus (Figure 3.2A). Unsurprisingly, analysis of
each individual metabolite found that of the 76 species detected in the TPE cortex, only 1
was under hormonal control (p-value < 0.05, FDR < 0.5, Tukey’s post-hoc). This one
species was the PAF PC(0-12:1/2:0), at m/z 466.4a. As illustrated in Figure 3.4B, PC(O-
12:1/2:0) was significantly decreased in proestrus relative to both estrus and met/diestrus,

which is similar to the pattern found in the hippocampus. A metabolite unaffected by the
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estrous cycle (representative of the other 75 species in the TPE cortex) was also included

in Figure 3.4B.

3.5.7 The hippocampus and TPE cortex share the majority of the species found in
their GPC metabolite lipidome.

In order to determine whether the differences in hippocampus and TPE cortex
GPC metabolism could be due to different complements of GPC metabolites, the two
datasets were aligned to directly compare the regional lipidomes. It was found that the
hippocampus and TPE cortex shared 54 species, which accounts for 93.10% of the
hippocampal lipidome and 71.05% of the cortical lipidome. There were 4 unique species
in the hippocampus, and 22 unique species in the TPE cortex. Interestingly, 2 of the 12
metabolites fluctuating with the hormonal cycle were unique to the hippocampus (PC(O-
21:6/2:0) and PC(23:6/0:0)), while the 1 fluctuating cortical species (PC(O-12:1/2:0))

was unique to the TPE cortex.
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Figure 3.1 The effect of the estrous cycle on the metabolite families detected in the
hippocampus.

GPC metabolite families are listed according to the type of metabolite in rows (lyso-GPC,
sn-2 acetylated, and oxidized PAF-like metabolite), and structurally-related families in
columns (acyl sn-1 linkage, alkyl sn-1 linkage, and vinyl ether sn-1 linkage). To
determine overall family abundance, the pmol equivalents for the metabolites in each
family were summed to obtain an overall abundance. GPC metabolite levels were
analyzed using a one-way ANOVA (p < 0.05) and a Tukey’s post-hoc. Data are
represented as mean = SEM. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001
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Figure 3.2 An overview of how individual species change over the estrous cycle in
the hippocampus.

A. Heat map depicting the relationship between GPC metabolites and the estrous
cycle. Hierarchical clustering using city-block distance metrics and average
linkage is depicted. Data are represented as z-scores across each species using
pmol equivalents per mg tissue wet weight. The metabolites are listed on the y-
axis, and estrous stages are listed on the x-axis. The number after the estrous stage
indicates the specific animal the tissue was obtained from.

Red = greater than the mean; blue = lower than the mean; black = no different
from the mean; grey = undetected

B. Two representative examples of hippocampal species that differ in hormonal
control are displayed. The top graph shows a species unaffected by the estrous
cycle, while the bottom graph is an example of a species whose abundance varied
significantly with the estrous cycle. Species abundance is in pmol equivalents per
mg tissue wet weight. Each species was analyzed across the estrous cycle using a
one-way ANOVA (p-value < 0.05), an FDR (FDR < 0.5) and a Tukey’s post-hoc.
Data are represented as mean + SEM. ***p-value < 0.001
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Figure 3.3 The effect of the estrous cycle on the metabolite families detected in the
TPE cortex.

GPC metabolite families are listed according to the type of metabolite in rows (lyso-GPC,
sn-2 acetylated, and oxidized PAF-like metabolite), and structurally-related families in
columns (acyl sn-1 linkage, alkyl sn-1 linkage, and vinyl ether sn-1 linkage). To
determine overall family abundance, the pmol equivalents for the metabolites in each
family were summed to obtain an overall abundance. The y-axis for each family is the
same as the y-axis in the corresponding hippocampal family in Figure 3.1. GPC
metabolite levels were analyzed using a one-way ANOVA (p < 0.05) and a Tukey’s post-
hoc. Data are represented as mean + SEM.
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Figure 3.4 An overview of how individual species change over the estrous cycle in
the TPE cortex.

A. Heat map depicting the relationship between GPC metabolites and the estrous
cycle. Hierarchical clustering using city-block distance metrics and average
linkage is depicted. Data are represented as z-scores across each species using
pmol equivalents per mg tissue wet weight. The metabolites are listed on the y-
axis, and estrous stages are listed on the x-axis. The number after the estrous stage
indicates the specific animal the tissue was obtained from.

Red = greater than the mean; blue = lower than the mean; black = no different
from the mean; grey = undetected

A. Two representative examples of TPE cortex species that differ in hormonal
control are displayed. The top graph provides a representative example of a
species unaffected by the estrous cycle, while the bottom graph shows the one
species whose abundance varied significantly with the estrous cycle. Species
abundance is in pmol equivalents per mg tissue wet weight. Each species was
analyzed across the estrous cycle using a one-way ANOVA (p-value < 0.05), an
FDR (FDR < 0.5) and a Tukey’s post-hoc. Data are represented as mean + SEM.
*p-value < 0.05; **p-value < 0.01
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3.6 DISCUSSION

Using female subjects in scientific research is often daunting due to the
overwhelming complexity of the female hormonal cycle. The cyclic changes in
circulating hormones may make it difficult at times to be confident that the results of a
study are not confounded by differences in the hormone levels between female subjects.
This barrier to female studies, however, is a major problem, as the majority of patients
affected by Alzheimer’s Disease (Zhao et al., 2015), autoimmune diseases (Rubtsova et
al., 2015) and anxiety-related disorders (McDermott et al., 2015) are female.

In an attempt remove at least one small part of this female hormonal barrier, the
present study examined how GPC metabolites changed over the course of the estrous
cycle in female mice, specifically in the hippocampus and TPE cortex. In the
hippocampus, abundances in 4 of the 6 detected metabolite families and approximately
one fifth (20.69%) of the metabolite species fluctuated with the estrous cycle, such that
proestrus was significantly decreased relative to estrus. In the TPE cortex however, the
abundances of the 9 detected GPC families did not fluctuate significantly with the estrous
cycle, and there was only 1 individual GPC metabolite whose abundance correlated with
the estrous cycle. Despite the differences in hormonal control, the majority of the species
detected were shared between these two brain regions; 93.10% of the hippocampal
species were also found in the TPE cortex, while 71.05% of the cortical species were also
found in the hippocampus.

The larger number of hormonally-regulated species in the hippocampus is not
altogether surprising, as the hippocampus is well known for cyclic alterations that

correspond to changes in the estrous cycle. Changes in dendritic spine density in
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accordance with the estrous cycle stage have been well-documented in the literature, as
have changing levels of de novo estradiol synthesis. Dendritic spine density and de novo
estradiol levels were both found to be at their highest during proestrus (Kato et al., 2013),
and both correlated with GnRH levels (Fester et al., 2012, Brandt et al., 2013, Prange-
Kiel et al., 2013). GnRH release from hypothalamic neurons is triggered when serum
estradiol levels are high (Goldman et al., 2007, Caligioni, 2009, McLean et al., 2012,
Brandt et al., 2013, Prange-Kiel et al., 2013). The released GnRH travels to the
hippocampus, potentially through the CSF (Brandt et al., 2013, Prange-Kiel et al., 2013),
where it binds to GnRH receptors. The GnRH-GnRH receptor binding triggers de novo
estradiol synthesis and leads to an increase in dendritic spine density (Fester et al., 2012,
Brandt et al., 2013, Prange-Kiel et al., 2013).

This process appears to be unique to the hippocampus. The cortex has been found
to have relatively consistent dendritic spine densities (Fester et al., 2012), which could be
attributed to the lower density of GnRH receptors in comparison to the hippocampus
(Fester et al., 2012, Brandt et al., 2013, Prange-Kiel et al., 2013). Additionally, GnRH
receptor expression changes across the estrous cycle in the hippocampus, but it remains
consistent in the cortex; this could further explain the lack of change in dendritic spine
density in the cortex (Fester et al., 2012).

I propose that the increase in metabolite levels in the hippocampus during estrus
actually reflects the change in dendritic spine density. Dendritic spines are most
numerous during proestrus, and their density decreases during estrus (Kato et al., 2013);
meanwhile, GPC metabolites are low during proestrus and increase substantially during

estrus. Decreasing the number of dendritic spines would likely require hydrolyzing
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structural membrane lipids to reduce the size of the lipid membrane. Thus the increase in
GPC metabolites in estrus may actually reflect the loss of structural GPCs that had
formed the dendritic spine membranes. Furthermore PLA2 activity, responsible for GPC
hydrolysis (Kalyvas et al., 2009, Bou Khalil et al., 2010, Xu et al., 2013), is known to
increase as estradiol concentrations increase (Burlando et al., 2002, Seo et al., 2004), and
estradiol levels in the hippocampus have been documented to be highest during proestrus
(Kato et al., 2013). Thus during proestrus, when estradiol levels reach their peak and
dendritic spine numbers are at their maximum, PLA2 enzymes are likely to be activated.
This would lead to an increase in structural GPC hydrolysis of dendritic spines such that
during estrus, there would be increased GPC metabolite levels and a reduced number of
dendritic spines. This process is illustrated in Figure 3.5.

Based on this explanation, one might expect that all of the metabolites present in
the hippocampus should be increasing during estrus to reflect this significant remodeling.
The metabolites that do change, however, may actually represent the structural GPC
species that are enriched in dendritic spines. This enrichment is not unheard of in neural
membranes. Within synaptosomes, it has been found that there are enrichments of
particular lipids within different microdomains of the synapses (Bennett et al., 2013). It is
also well documented that lipid species in the membrane are often remodeled to reflect
the requirements of their environment (Frisardi et al., 2011, Bennett et al., 2013,
Morimoto et al., 2014). For example, membranes can be made less fluid and more rigid
by replacing unsaturated fatty acid chains with saturated fatty acid chains, thus allowing

for tighter packing of phospholipids (Bou Khalil et al., 2010, Klose et al., 2013).
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Interestingly, there was also a significant change in the PAFX metabolites from
proestrus to estrus, where PAFX levels were higher during estrus. This cannot be
explained by the increase in PLA2 activity, as PAFXs are produced through the non-
enzymatic oxidative pathway (Marathe et al., 2000, Prescott et al., 2000). According to
the fluctuations in the levels of PAFX, it would appear that more of these oxidative
radical reactions were occurring during periods of low estrogen. This is not entirely
surprising, as estrogens are known to have antioxidant properties (Manolagas, 2010).
Treatment with 17-f estradiol was shown to reduce oxygen-mediated cell death in
primary oligodendrocyte cultures exposed to high oxygen levels (Gerstner et al., 2007).
Similarly, brain endothelial cells exposed to an ischemic insult (oxygen glucose
deprivation/reperfusion) sustained less cellular damage if they were pretreated with 17-8
estradiol (Shin et al., 2016). In OVX rats, which normally show higher levels of ROS in
the rostral ventrolateral medulla compared to control animals, injection of estrogen
returned ROS levels back to normal (Hao et al., 2016). Additionally, bone loss (such as in
osteoporosis) is believed to be caused at least in part by reduced levels of protective
estrogens and therefore an increase in ROS-mediated effects (Manolagas, 2010).
Altogether, this suggests that the non-enzymatic pathway is most active in the
hippocampus during periods of lower estrogen (such as estrus), when this anti-oxidant
hormone does not hamper ROS activity.

The results of this study demonstrate how important it is to take the female
hormonal cycle into account, especially in studies using the hippocampus. This region,
well-known for its instrumental role in memory formation, is used in studies examining

memory formation processes such as LTP, and in studies of memory-related neurological
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disorders such as Alzheimer’s Disease. Although the present study examined only one
small aspect of lipid metabolism, it would be logical to expect a multitude of other
changes correlated with the female hormonal cycle to be occurring in the hippocampus.
Future research should thus focus on furthering our understanding of these estrous-related
changes in the hippocampus. Structural GPC levels should be examined, as should other
structural membrane lipid families as well as their metabolites. These studies would
further enhance our understanding of lipid metabolism across the estrous cycle, and may
illuminate other species that are enriched in dendritic spines. Conclusions about lipid
membrane metabolism could also be further fortified by examining PLA2 activity in the

hippocampus throughout the estrous cycle.
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Figure 3.5 Proposed model of hormonal regulation of GPC metabolite levels in the
hippocampus.

During proestrus, serum and hippocampal estradiol levels peak. This is accomplished
through GnRH receptors, which are more numerous in the hippocampus than the cortex.
High serum estradiol triggers the release of GnRH, which can travel to the hippocampus
and bind its GnRH receptor. GnRH receptor stimulation then triggers de novo estradiol
synthesis, boosting estradiol levels in the hippocampus to their maximum and increasing
dendritic spine density to its maximum. During estrus, however, dendritic spine density
declines. It is possible that the high estradiol during proestrus may activate PLA2, which
may then hydrolyze structural GPCs in the membranes of dendritic spines. Thus the surge
in GPC metabolites during estrus may directly correspond to the decrease in dendritic
spine density.
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3.7 CONCLUSION

Using lipidomic analysis, GPC metabolite levels were examined across the
estrous cycle in the hippocampus and TPE cortex of female C57BL/6J x C3h/HeJ mice.
Hormonally-regulated GPC remodeling was found in two thirds of the metabolite
families and one fifth of the individual species in the hippocampus. In the TPE cortex,
however, there was little cyclic remodeling that correlated with the estrous cycle. This
selective hippocampal remodeling may reflect the cyclic changes in hippocampal
dendritic spine densities that occur in response to cycling estrogen levels. Any studies
using hippocampal tissue from female subjects should thus take the female hormonal

cycle into account when interpreting their results.
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CHAPTER FOUR

4.1 SUMMARY OF RESULTS

In this thesis, I investigated whether GPC metabolites changed over the course of
EAE in the hippocampus and TPE cortex of female C57BL/6J mice, and controlled for
possible effects of the estrous cycle in these same brain regions using healthy C57BL/6J
x C3h/HeJ female mice. Based on literature findings documenting PLA2 activity during
EAE and various pathways that GPC metabolites are involved in, I hypothesized that
there would be an increase in GPC metabolites during EAE. To test this hypothesis,
GPCs were extracted from the hippocampus and the TPE cortex of mice using an
acidified Bligh and Dyer method, and GPC metabolites were quantified using LC-ESI-
MSp. Contrary to my hypothesis, 3 of the 8 metabolite families in the hippocampus and
6.94% of the individual species were significantly decreased during EAE relative to
healthy, uninjured controls. In the TPE cortex, there were no significant changes in the 9
metabolite families detected, but there was a decrease in 6.25% of the species during
EAE. In the hippocampus of the estrous-staged mice, two thirds of the metabolite
families and 20.69% of the GPC metabolite species cyclically changed over the course of
the estrous cycle, such that the levels were significantly lower during proestrus compared
to estrus. There was little cyclic remodelling in the TPE cortex, with no changes in

metabolite families and only one species significantly altered across the estrous cycle.
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4.2 DIFFERENCES IN GPC METABOLISM BETWEEN THE
HIPPOCAMPUS AND TPE CORTEX ARE LIKELY DUE TO
DIFFERENCES IN ENZYMATIC REGULATION

In both of the studies presented in this thesis, there was a clear difference between
hippocampus and TPE cortex GPC remodeling. Though both hippocampus (72 species in
total) and TPE cortex (80 species in total) had five species that varied significantly during
EAE relative to healthy controls, the five species modified in each region were not the
same. This is very interesting, as 60 species were shared between the two regions
(including the 5 species modified in each region). Similarly, the estrous cycle affected the
hippocampus (58 species in total) to a much greater degree than the TPE cortex (76
species in total), despite 54 species being shared between the two regions. In the healthy
animals in both studies, the hippocampus in general had higher abundances of
metabolites. Thus despite the hippocampus and TPE cortex possessing many of the same
metabolite species, the GPC metabolism between the regions differed in healthy
conditions and in response to inflammation.

These regionally distinct brain lipidomes are likely indicative of regionally
specific metabolic pathways. There are at least four unique LPCAT enzymes (Shindou et
al., 2009, Shindou et al., 2013) and at least 24 mammalian genes encoding PLA2
enzymes (Schaeffer et al., 2009) as well as a multitude of PLA2 splice variants (Ghosh et
al., 2006). In the brain specifically, the Allen Brain Atlas (Allen Institute for Brain
Science, 2015) has documented the presence of several different mRNA transcripts of
LPCAT and PLA2 isoforms in male C57BL/6J mice. Expression of LPCAT2 and
LPCATS3 are lowest in both the hippocampal formation (including the hippocampus and

the entorhinal cortex) and the isocortex (including the temporal and parietal association
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areas) to approximately the same degree. The most abundant LPCAT in these regions by
far is LPCAT4, which is more abundant in the isocortex than the hippocampal formation
(Allen Institute for Brain Science, 2015). For PLA2, isoforms from group IIF (sPLA2
(Rosa and Rapoport, 2009, Schaeffer et al., 2009)), IVE (cPLA2 (Ghosh et al., 2006,
Rosa and Rapoport, 2009, Schaeffer et al., 2009, Leslie, 2015)), V (sPLA2 (Ghosh et al.,
2006, Rosa and Rapoport, 2009, Schaeffer et al., 2009)), VII (PAF-AH (Schaeffer et al.,
2009)), XV (lysosomal PLA2 (Shayman et al., 2011)), and XVI (adipose-specific PLA2
(Duncan et al., 2008, Pang et al., 2012)) are reported in the isocortex and hippocampal
formation (Allen Institute for Brain Science, 2015). PLA2-IIF and PLA2-XVI are
approximately equally expressed in the hippocampal formation and the isocortex. PLA2-
IVE is only slightly higher in the isocortex, while PLA2-V is only slightly higher in the
hippocampal formation. PLA2-XV and PLA2-VII transcripts are both more abundant in
the hippocampal formation. Of these PLA2s, the most highly expressed enzymes in both
regions are PLA2-IVE, followed by PLA2-V (Allen Institute for Brain Science, 2015).
Thus, expression levels vary between brain regions studied in this thesis yet no enzymes
are unique to one region in particular. The question arising is whether these mRNA
levels reflect protein levels, and then whether protein levels are indicative of regionally
specific enzymatic activity. Clearly activity and substrate affinity in each brain region
will require assessment.

Critical to discussions of sex differences, the Allen Brain Atlas uses only male
C57BL/6J mice (Allen Institute for Brain Science, 2015), while both studies in this thesis
analyzed female mice. This may be an issue, as there are documented sexual

dimorphisms in the brain (Cerghet et al., 2006). The Land’s cycle itself may be affected
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by sex, as PAF levels (Alecozay et al., 1989, Seo et al., 2004), LPC levels (Chen et al.,
2005), PLA2 activity (Burlando et al., 2002, Seo et al., 2004, Chen et al., 2005), PAF-AH
activity (Miyaura et al., 1991, Yasuda and Johnston, 1992, Thara et al., 1993, Satoh et al.,
1993), and LPCAT acetyltransferase activity (Ihara et al., 1993) have been shown to be
responsive to female sex hormones. It is thus possible that GPC metabolism and therefore
Land’s cycle enzyme transcripts may differ between males and females.

Mouse strain may also influence GPC metabolism. Here, I used C57BL/6J mice,
compared enzymatic patterns in the same strain to the Allen Brain Atlas (Allen Institute
for Brain Science, 2015), yet used C57BL/6J x C3h/HeJ mice in the estrous study simply
due to exigencies of mouse availability in our colonies. However, there was a large
degree of overlap found between the strains in this thesis. The female C57BL/6J and
female C57BL/6J x C3h/Hel hippocampi shared 52 species, accounting for 72.22% of the
C57BL/6J and 89.66% of the C57BL/6J x C3h/HelJ hippocampal lipidomes. The TPE
cortices shared 62 species, accounting for 77.50% of the C57BL/6J and 81.58% of the
C57BL/6J x C3h/Hel TPE cortex lipidomes. The distribution of species within metabolite
families was also very similar between the regions in the two studies. These comparisons
suggest that the GPC lipidome is comparable between the two strains.

There are precedents that support my hypothesis that Land’s cycle metabolism is
regulated differently from region to region. Literature for PLA2 activity in the spinal cord
during EAE, for example, suggests that increases in cPLA2 (Kalyvas and David, 2004,
Marusic et al., 2005, Kihara et al., 2008, Marusic et al., 2008, Kalyvas et al., 2009,
Thakker et al., 2011) and sPLA2 activity (Cunningham et al., 2006, Kihara et al., 2008,

Kalyvas et al., 2009) are associated with EAE. The results in this thesis, however, do not
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agree with the spinal cord-EAE literature. There were no increases in any of the detected
GPC metabolites or their families during EAE in the hippocampus or the TPE cortex,
which would have implied an increase in PLA2 activity. This discrepancy between the
hippocampus/TPE cortex results and the spinal cord literature further builds on the
regional dichotomy between the hippocampus and TPE cortex documented in this thesis,
implying that there are regional differences in Land’s cycle enzyme activity within the
CNS, and that the anatomical structure being studied is an important factor in GPC
metabolism studies.

There is another possible explanation for the discrepancy between spinal cord and
predicted hippocampus/TPE cortex PLA2 activity during EAE. It is conceivable that the
inflammation induced by EAE did not affect the brain regions studied in this thesis.
Ziehn et al. (2010) did document the presence of hippocampal damage early on in EAE;
notably, they found activated microglia/macrophages in the hippocampus. To ensure that
the hippocampus and TPE cortex in this thesis were affected by EAE, it would be prudent
to examine both regions at onset, peak and remission for the presence of Iba-1, which is a
marker of activated microglia and macrophages (Ziehn et al., 2012).

Furthermore, the cytokine IFN-y, which plays a role in activating LPCAT
acyltransferase activity in monocytic cells (Neville et al., 2005) and permeabilizing the
BBB for further immune cell infiltration (Kebir et al., 2007, Kebir et al., 2009), is
released by infiltrating Thl, Th17 and IlI-17/IFN-y T-cells. These CD4+ T-cells are
thought to play a role in EAE pathogenesis and are differentiated early in the disease in
response to factors released by degranulating platelets (Starossom et al., 2015). IFN-y

levels in the hippocampus of female C57BL/6J mice with EAE were increased just prior
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to clinical EAE onset (Dutra et al., 2013). Similarly, hippocampal extracts from Lewis
rats with EAE were also found to have significantly increased IFN-y when their
hindlimbs were completely paralyzed (Aguado-Llera et al., 2011). Thus assessing the
hippocampus and TPE cortex at onset, peak and remission for IFN-y as well as Iba-1 may
allow us to determine whether these brain regions were exposed to immunological insults
over the course of EAE, and thus whether the changes in GPC metabolites in EAE mice
(relative to controls) could be due to inflammation.

Another possible concern with the EAE study is the use of completely uninjured
controls rather than CFA-injected controls, as CFA is a potent immune adjuvant that
could potentially affect GPC metabolism. Based on literature results however, this seems
unlikely. Acharjee et al. (2013) and Dutra et al. (2013) both performed Morris water
maze testing on female C57BL/6 mice induced with EAE. Acharjee et al. (2013)
however, used CFA-injected controls, while Dutra et al. (2013) used saline-injected
controls. In both cases, the EAE mice were more impaired than the controls. Similarly,
Novkovic et al. (2015) used a cookie finding test and detected impairments in spatial
memory in late phase EAE compared to ovalbumin (OVA)-CFA-PTX injected controls.
They also examined late-phase LTP and action potential firing rates in the hippocampus
of not only the EAE animals and the OVA-CFA-PTX controls, but also OVA-CFA
injected controls. There was a significant decrease in LTP and impaired action potential
firing in the EAE group relative to both control groups, but there was no significant
difference between the control groups (Novkovic et al., 2015).

Biochemically, there are also several studies that suggest that CFA does not

change brain function on its own. When examining synapse markers in the hippocampus
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of early EAE animals, Ziehn et al. (2010) found that there was a significant decrease in
Syn-1 in EAE animals relative to both healthy controls and CFA-injected controls. In an
experiment assessing the permeability of the BBB in EAE mice, Seo et al. (2015) injected
Evan’s blue dye into EAE mice and CFA-PTX injected controls. There was significantly
higher dye leakage into the EAE brain than the control brain, suggesting that CFA and
PTX on their own do not vastly alter BBB permeability. Similarly, Murugesan (2012)
examined the choroid plexus in EAE animals, CFA-PTX controls and uninjured controls.
Preclinically, the CFA-PTX controls were more similar to the EAE group in terms of
expression of immune-related genes; by EAE onset however, the CFA-PTX choroid
plexus was less inflamed and more similar to the uninjured controls. In comparison, there
was further inflammatory gene expression and T-cell markers present in the EAE choroid
plexus at EAE onset. These results suggest that CFA and PTX play a critical role in
priming the BBB for EAE, but that the myelin antigen is critical in actually triggering
EAE (Murugesan, 2012). Another interesting study by Radu et al. (2007) examined
glycolysis in the spinal cord of EAE animals. They used not only uninjured controls, but
also CFA-MOG injected controls. Although the CFA-MOG group demonstrated a
prominent peripheral immune reaction, glycolysis in the spinal cord was not affected in
this control group (whereas it was modified in the EAE animals). Together, all of these
studies suggest that although CFA is important for the induction of EAE, it does not
affect the CNS unless it is paired with both PTX and MOG. Therefore in studies
examining EAE tissue from the periphery, CFA-injected controls would be critical.

However, as this study only deals with CNS tissue, CFA is very likely not a confounding
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factor in the obtained results. Thus the more critical question is still whether there was
inflammatory damage in the hippocampus and TPE cortex during EAE.

Even should it be found that the EAE paradigm did not result in immunological
invasion of the hippocampus or TPE cortex, there is still evidence that the hippocampus
and TPE cortex are differentially regulated. Pathologically, there are examples in the
literature of differing hippocampus-cortex responses to the same stimulus. For example,
exposure to sepsis resulted in inhibition of Na'/K~ ATPase activity in the hippocampus
after 24 hours, and the enzyme remained inactive even when treated with anti-oxidants.
In the cortex, however, the enzyme was inhibited only 6 hours post-sepsis exposure, but
its activity was preserved when anti-oxidants were administered (Jeremias et al., 2012).
In another study examining hypoxia-ischemia, microglia activation differed between the
hippocampus and cortex in rat pups; hippocampal microglial activation was strongest 24
and 48 hours post hypoxia-ischemia, while cortical microglial activation was strongest at
48 and 72 hours post hypoxia-ischemia (Furukawa et al., 2014). In non-pathological
conditions, the healthy control animals in the EAE study and the animals in the estrous
study showed that shared metabolite families were more abundant in the hippocampus
than the TPE cortex. Furthermore, GPC remodelling in the hippocampus was more
extensive than in the TPE cortex; this was especially true in response to the estrous cycle,
where differences in GnRH receptor expression (Fester et al., 2012, Brandt et al., 2013,
Prange-Kiel et al., 2013) may play a role in regulating PLA2 activity.

To fully understand how the Land’s cycle differs between the hippocampus and
TPE cortex, future work should focus on understanding regulation of the enzymes

involved in the Land’s cycle under pathological and non-pathological conditions. In the
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female hippocampus and TPE cortex specifically, it would be prudent to examine activity
of the most abundant PLA2 and LPCAT isoforms in these regions (LPCAT4, PLA2-IVE
and PLA2-V (Allen Institute for Brain Science, 2015)) during each stage of the estrous
cycle as well as during inflammation. It would also be worthwhile to examine both
LPCAT?2, whose activity increases under inflammatory conditions (Shindou et al., 2009,
Shindou et al., 2013, Morimoto et al., 2014), and PLA2-VII (PAF-AH), which is also
increased during inflammation (Stafforini, 2009) and possesses transacetylase activity

(Servillo et al., 2006).

4.3 SUMMARY: EFFECTS OF PATHOLOGICAL AND NON-
PATHOLOGICAL CONDITIONS ON GPC METABOLISM ARE NOT
GENERALIZABLE BETWEEN BRAIN REGIONS

The results from the EAE and estrous studies presented in this thesis along with
literature findings together suggest that the cortex and hippocampus have differential
regulation of GPC metabolites, despite having similar GPC lipidomes and likely similar
PLA2 and LPCAT expression profiles. Interestingly, the hippocampus-TPE cortex
patterns are similar between the two different mouse strains used in this thesis. The
C57BL/6J and C57BL/6J x C3h/Hel strains were found to be comparable in terms of
their metabolite lipidomes, suggesting that results regarding hormonal control of GPC
metabolites from the estrous study are applicable to the EAE study, effectively
controlling for the hormonal control of GPC metabolites.

In the hippocampus, the hormonal cycle is likely not responsible for the
metabolite decreases found during EAE. Of the 5 decreased species, 2 were unique to the
C57BL/6J hippocampus; the other 3 were found to be unaffected by the estrous cycle. As

an entire family, the LPCs and PAFs, which were decreased during EAE, were not under
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hormonal control. The PPAFs, however, were decreased during EAE and modified
according to the estrous cycle. This could be due to the fact that the species PC(P-
20:0/2:0), which was significantly decreased during EAE, was unique to the C57BL/6J
hippocampus; the other two PPAFs, which were common to both strains, were not
significantly altered by EAE. Furthermore, of the 12 species and 4 families under
hormonal control in the C57BL/6J x C3h/HelJ hippocampus, 10 of the species and 3 of
the families (excluding the PPAFs) were also found in the C57BL/6J hippocampus, but
were not affected by EAE.

Similarly in the TPE cortex, the hormonal cycle cannot explain the decreases
found during EAE. The one species found to be under hormonal control and the 5 species
that were decreased significantly during EAE were found in both the C57BL/6J and
C57BL/6J x C3h/HeJ TPE cortices. There were no metabolite families significantly
altered by the estrous cycle or by EAE in this brain region.

Together, these results suggest that the hippocampus is more susceptible to GPC
remodeling than the TPE cortex. This would not be surprising, as the hippocampus is
heavily involved in processes of LTP, which requires PAF (Bazan et al., 1997, Chen et
al., 2001) as a retrograde messenger (Bazan et al., 1997, Mazereeuw et al., 2013).
Additionally, there are changes in hippocampal dendritic spine density on a regular basis
according to the estrous cycle, a process which is not found in the cortex (Fester et al.,
2012, Brandt et al., 2013, Prange-Kiel et al., 2013). This difference in susceptibility is
likely linked to how Land’s cycle enzymes are regulated, which appears to be different
between the hippocampus and the TPE cortex. For example, GnRH receptor expression

and the resulting de novo estradiol production (Fester et al., 2012, Brandt et al., 2013,
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Prange-Kiel et al., 2013) appears to be key in regulating PLA2 (Burlando et al., 2002,
Seo et al., 2004) activity during the estrous cycle, and may explain why the same
hormonal fluctuations have drastically different effects on the hippocampus and TPE
cortex.

These results also suggest that inflammation induces the activity of a different
subset of Land’s cycle enzymes in comparison to the enzymes that are active in a
normally cycling, healthy animal. Inflammation is hypothesized then to result in
activation of different enzymes that create different metabolites, rather than merely
increasing the production of the ‘regular’ metabolites. For example, the acetyltransferase
activity of LPCAT?2 is induced by inflammatory signals (Shindou et al., 2009, Shindou et
al., 2013, Morimoto et al., 2014), while LPCAT1 acetyltransferase is constitutively active
(Shindou et al., 2009, Shindou et al., 2013). Similarly, the transacetylase activity of PAF-
AH is often induced in activated endothelial cells (Balestrieri et al., 2003). This increased
transacetylase activity was found to selectively result in more APAF production
(Balestrieri and Lee, 2000, Balestrieri et al., 2003) and lowered PAF levels (Balestrieri et
al., 2003, Servillo et al., 2006).

Assuming that there is inflammatory damage incurred by EAE in the
hippocampus and TPE cortex, this thesis provides evidence that GPC remodelling is
regulated differently under pathological and non-pathological conditions. There is also
evidence that this regulation differs between brain regions within the same condition,
suggesting that GPC metabolism is not homologous across the entire brain, or even
across regions that are in close proximity to each other. These results are summarized in

Figure 4.1. Future studies examining GPC metabolism should thus consider that

124



remodelling enzymes may be differentially regulated in different regions of the CNS, and
that regulation of GPC metabolism under various physiological conditions cannot
necessarily be generalized from one region to the next, especially when considering the

effects of inflammation or fluctuating hormone levels.
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Figure 4.1 Comparison of GPC metabolism in the hippocampus and TPE cortex
under pathological and non-pathological conditions.

Different aspects pertaining to GPC metabolism are compared in the same brain region
under different conditions, and in different brain regions under the same conditions. An
example of a non-pathological condition is the estrous cycle, and an example of a
pathological condition is EAE, particularly the EAE-induced inflammation. Based on
analysis of GPC metabolites present in different brain regions under varying conditions,
the GPC metabolites and the Land’s cycle enzymes appear to stay approximately the
same, regardless of the brain region or the condition the tissue is exposed to. However,
the regulation of these enzymes is hypothesized to fluctuate depending on the condition
and the brain region, as evidenced by the differing abundances of GPC metabolites
detected in each scenario. Overall, GPC metabolism is not generalizable between
conditions or between brain regions.
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