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Summary

Lipoxygenases are a family of enzymes that generate bioactive inflammatory lipid mediators.
Among them, the Alox15 gene product (15-LOX, 12/15-LOX) has been detected in neurons
and glial cells in mice. There is an emerging interest in its potential role in neurodegenerative
disease; however, the biological role of this enzyme in the healthy brain has not yet been
characterised. This thesis investigates the impact of 12/15-LOX deletion on mouse cognitive
function and lipid profiling. Two independent groups of young to middle-aged and old wild
type (WT) or Alox157- mice were studied. A range of behavioural tests, including a novel object
recognition task, object location task and elevated plus maze, were used to assess the effects of
deletion on cognition and emotional reactivity compared with similarly aged control WT mice.
At 10 months of age, both male and female Alox15" mice displayed spatial memory deficits
that may be linked to hippocampal impairments.

In contrast, knock-out mice showed normal novel object recognition memory. Also, Alox15™
mice manifested increased anxiety-like behaviour compared to controls. Their increased
anxiety phenotype was connected to alterations in the expression levels of various protein
markers, including parvalbumin, GABAergic, corticotrophin-releasing factor, and serotonergic
receptors. Separately, liquid chromatography with tandem mass spectrometry was used to
quantify oxylipins and enzymatically oxidised phospholipids (oxPL) generated via the 12/15-
LOX during healthy brain ageing across various brain regions in both groups of mice.
Lipidomic analysis of brain regions extracted and revealed elevated levels of selected oxylipins
(5-HETE, prostaglandins) but reduced levels of the Alox15 product, 12-HETE. In eoxPL
analysis, the deficiency of Alox15 did not change the levels of PE 18:0a_12-HETE between
genotypes. Taken together, these results suggest a role for 12/15-LOX in regulating normal
brain function, and further work is required to determine the biological basis of the anxiety

phenotype in mice lacking this enzyme.
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1.1 Chapter overview

Over several decades, improvements in healthcare and clinical practices have led to significant
increases worldwide in average life expectancy (Timonin et al., 2016). However, it is widely
accepted that as the global population ages, the number of people suffering from age-related
diseases will grow. By 2030, it is estimated that the total number of people living with age-
related diseases will be approximately 75.6 million, and this figure is projected to triple to
135.5 million people by 2050 according to World Alzheimer’s Report 2015. Additionally, with
advancing age comes an increased risk of cognitive impairments that often precede the
development of dementia later in life (Barrientos et al., 2015; Sharma et al., 2010). There is
now a growing interest in identifying novel and accurate brain ageing biomarkers that could
indicate cognitive health in ageing populations and identify those at risk of dementia
(Franceschi et al., 2018). In recent decades, lipid metabolism in the central nervous system
(CNS) has been linked with brain ageing (Yang et al., 2016). Several experimental studies have
highlighted the crucial role of lipid metabolites in metabolism and signalling, and they have
shown that any alterations associated with ageing affect cognitive function (Jagust, 2013;
Dennis et al., 2015; Han X., 2016). Consequently, there is an urgent need for continuous
development of novel and accurate lipid biomarkers that could assist in prognoses.

This chapter will introduce the role of the 12/15-lipoxygenase enzyme (12/15-LOX, encoded
by the Alox15 gene) in normal cognitive function and behaviour, followed by the importance
of lipid signalling in normal brain ageing. Dementiais a general term to describe the
cognitive decline and behavioural deficits (Gorelick et al., 2016). Thus, this baseline in
cognitive function needs to be considered in healthy mice lacking the Alox15 gene in

comparison with age-matched control mice throughout this thesis.

1.2 Rodent models in neuroscience research

Understanding the structure and the functional development of the human brain remains a
challenging question (Lisman, 2015). A shift to rodent-based research has occurred over the
past decades to help elucidate the development of novel and effective treatments to improve
human brain health (Mitchell et al., 2015). This area of neurosciences is making rapid progress
due to the rodents serving as valuable tools for testing. The mouse brain has become a powerful
model for studying how the brain operates, which may be due, in part, to the genes responsible

for normal brain function, which have been proven to be 90 % homologous or to have similar
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sequences to the human genome (Morrisette et al., 2009; Schmouth et al., 2011; Lietal., 2021).
Thus, an increasing number of mouse models have been generated, which produce many
aspects of human neurological disorders to truly examine the function of a particular aspect of
a human disorder in the context of a mouse (Harper, 2010).

1.2.1 Brain function in health

The mouse brain is an outstanding organ that contains more than 100 million nerve cells,
consisting of the CNS and the spinal cord (Hussain et al., 2013; Striedter, 2005). The primary
function of the CNS is initiating and coordinating the sensory inputs that the brain receives,
followed by the process and regulation of an appropriate motor output response and the
integration of most of the nerve messages (Frackowiak, 2004; Hussain et al., 2019). Neurons
and glial cells are the main cellular components of the CNS that act synergistically to generate
the coordinated response of each cell type to perform its particular functions (Jha et al., 2018).
Each neuron linked to many other neurons to communicate information and convey messages
via thousands of synaptic connections and changes in the frequency of their firing rate. It
controls the function of neural circuits and networks, partly by modulating the synchrony of
their components, while the neurons can communicate with effector sites in the periphery via
signals over long distances through their axons (Tyler, 2012). The signals are transmitted by
neurotransmitters and other extracellular signalling molecules across synapses from one neuron
to another and coordinate activity across neuronal networks (Maher, 2000). Axons require a
high energy supply to maintain their function and are closely linked with glial cells that support
their function and prevent degeneration (Jha et al., 2018). The brain performs a wide range of
functions, from the motor to cognitive, demonstrating neurons' vast structural and functional
diversity (Shamim et al., 2018). There is growing evidence to suggest that glial cells, including
astrocytes and microglia, play critical roles in providing structural and metabolic protection to
neurons and brain development and function. Their main functions are regulating homeostasis,
forming myelin in the periphery and removing dead neurons (Jha et al., 2018).

1.2.2 The structure of the mouse brain

The brain is composed of three main parts: namely, the cerebrum, the cerebellum, and the brain
stem (Rea, 2016).

Cerebrum
The cerebrum is divided into two hemispheres, the right and the left, collectively called the

cerebral hemispheres, responsible for cognition and language, memory, emotion and

behaviour, respectively. (Ackerman, 1992). The outer surface of the cerebral hemispheres is
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composed of a layer of gray matter, namely the cerebral cortex, while the inner deeper layer
is termed white matter beneath the cerebral cortex (Murman, 2015; Mercadante et al., 2020).
The cerebral cortex is divided into four distinct functionally and spatially defined lobes: frontal,
parietal, temporal, and occipital (Abhang et al., 2016; Jawabri et al., 2019).

Olfactory bulbs

Cerebral cortex

Cerebellum

Figure 1. Rodent cerebral cortex and cerebellum structure.

The frontal lobe is at the front of the cerebral hemispheres (Stuss, 2013). This is covered by
the frontal cortex, which contains the premotor cortex, motor cortex and olfactory bulbs
(Collins et al., 2012). The frontal lobe of the cerebral cortex is associated with cognitive
functions, such as maintaining attention, planning, creativity, reasoning, learning and emotions
(Felleman, 2009) (Figure 1). The parietal lobe is posterior to the frontal lobe, superior to the
temporal lobe and anterior to the occipital lobe (Fogassi et al., 2005). It contains the primary
sensory cortex, responsible for integrating simple sensory signals, such as touch, pressure, pain
and temperature, that are relayed through the thalamus to this lobe (Jawabri et al., 2019). The
temporal lobe is inferior to the parietal and frontal lobes and anterior to the occipital lobe
(Squire et al., 2004). This contains several critical brain regions dedicated to processing
sensory information and language, such as the primary auditory cortex (Purves et al., 2001;
Kiernan, 2012). Additionally, the hippocampus (HPC) is located at the base of the temporal
lobe below the cerebral cortex (Anand et al., 2012). The occipital lobe is posterior to the
parietal and temporal lobes and it ,consists of the primary visual cortex (Rehman et al., 2019).
The HPC is an integral part of the limbic system, which, together with the adjacent amygdala,
forms the central axis of this system (Anand et al., 2012). The structure of the HPC resembles
a small seahorse (hippokampos in Greek) that can also be distinguished externally due to its u-
shaped arrangement (de Lanerolle et al., 2009; Hagan et al., 2012). The HPC is composed of

three major components, namely the cornu ammonis (CA) subfields (the Latin rendering of
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Ammon’s horn which is divided into regions CA1 — CA3), the dentate gyrus (DG), and the
subiculum (Strange et al., 2014). The hippocampal subfields CA1 and CA3 are subdivided into
other major molecular parts: dorsal, dCA1 and dCA3; intermediate, CAli and CA3i; ventral,
vCALl and vCAZ3; and ventral tip, CAlvv and CA3vv (Dong et al., 2009; Bienkowski et al.,
2018; Lothmann et al., 2021).

The HPC is an extension of the temporal part of the cerebral cortex. It is composed of two
hippocampi located on each side of the cerebral hemispheres (Squire et al., 2014). In addition,
the HPC is implicated in many functions, including memory consolidation, and is primarily
associated with spatial learning, navigation and orientation (Eichenbaum, 2004; Strange et al.,
2014; Swanson et al., 2020).

The HPC is divided into the dorsal and ventral regions (Figure 2). Extensive anatomically
dissociable research on the dorsal and ventral subregions of the HPC demonstrated distinct
roles in cognitive and emotional processing. The dorsal HPC (dHPC), corresponding to a
posterior axis in primates, is involved in spatial navigation and memory. In contrast, the ventral
HPC, (vHPC), corresponding to the anterior HPC in primates, has been suggested to be
involved in processing emotions, such as anxiety and fear-related responses (Bannerman et al.,
2004, 2014; Barkus et al., 2010).

dHPC VHPC

Cerebellum

Olfactory bulbs

Figure 2. Rodent hippocampal structure and dorsal-ventral (posterior-anterior axis) dichotomy
of hippocampal function. Adapted from Lisman, et al., 2017.

Cerebellum
The cerebellum is a central brain region of the hindbrain that is located near the brainstem,

underlying the occipital and temporal lobes of the cerebral cortex. It consists of a thin, densely
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folded cerebellar cortex surrounding the deep cerebellar nuclei (Ackerman, 1992).
Anatomically, the cerebellum is located towards the dorsal surface of the medulla and pons.
Traditionally, this structure has been responsible for coordinating motor activity and control,
but over many years, several key findings have also emerged that point to other distinct
functions in language, cognitive processing and emotional control (Gordon., 2007) (Figure 1).
The cerebellum is naturally subdivided into two lateral hemispheres connected by the thin
midline vermis (Bultts et al., 2014). Each of these hemispheres consists of a central white matter
core and a surface outer layer of gray matter (Jimsheleishvili et al., 2020). Next, the cerebellar
hemispheres and the vermis are divided into three distinct lobes to elucidate the function of the
cerebellum, anterior, posterior and flocculonodular (Van Essen et al., 2018). Functionally, the
cerebellar cortex is divided into three layers: an outer molecular layer, an intermediate Purkinje
layer, and an inner white matter to the cortical surface layer (the granular layer) (Butts et al.,
2014). Any injuries to the cerebellum may cause a lack of muscle control, disruptions or even
failure of motor coordination of voluntary movements, known as ataxia (Ferrarin et al., 2005).
In addition, the loss of integrated muscular coordination and control may cause muscle tremors

and difficulty standing (Hadjivassiliou et al., 2017).

Brain stem
The brain stem is a relay station that connects the cerebrum and cerebellum to the spinal cord.

It is composed of two sections in descending order: the midbrain and hindbrain, which involves
the pons and medulla oblongata. The latter structure is connected posteriorly with the spinal
cord by the pons to the midbrain (Basinger et al., 2019). This structure contains nerve fibres
that maintain the proper function of the nervous system and control vital respiratory and cardiac

functions such as breathing and heart rate (Rothwell et al., 2012).

1.2.3 Normal brain ageing
Several physical and mental ailments accompany the brain ageing process; thus, it affects the

physiological balance between health and disease and reduces lifespan (Peters, 2006). These
changes seem to be correlated with morphological alterations within the brain. Within the scope
of healthy ageing, the structure of the brain undergoes significant changes, such as a
considerable loss of brain volume, a decline in weight and a decrease in brain size in both
humans and rodents that accompanies the decline in cognitive function, which will be discussed
in the next section (Rapp et al., 2009; Driscoll et al., 2003; Driscoll et al., 2006; Deary et al.,
2009). MRI studies have shown that the decline in volume and the loss of gray and white matter
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occur predominantly in the HPC and prefrontal cortex (Driscoll et al., 2013; Mattson et al.,
2018).

Age is associated with cognitive decline and behavioural heterogeneity
Ageing is associated with an increased risk of multiple health conditions and a greater

possibility of a decline in learning and memory in humans, as in rodents (Giusto et al., 2002;
Alexander et al.,, 2012; Mota et al., 2019). Behaviourally, this age-related reduction of
cognitive capacities affects specific cognitive domains, including information processing
speed, reasoning, executive function and learning and memory (Crook et al., 1986; Erickson
et al., 2003; Deary et al., 2009).

The age-related changes in cognitive function that occur with normal ageing are correlated with
cellular, neuronal structural, morphological and functional changes in cortical synapses
occurring over time in the brain (Cole et al., 2019; Motaet al., 2019). The gradual accumulation
of these deleterious biological changes, accompanying a progressive dysfunction of neuronal
networks and neuronal loss, leads to the consequent acceleration in the rate of cognitive decline
(Blinkouskaya et al., 2021). To this end, these alterations can significantly contribute to the
increased risk of dementia, which is probably the most common endpoint of various age-related
diseases (DeTure et al., 2019). It has been reported that the development of brain atrophy in
brain regions implicated in cognitive function accelerates in advancing age and could increase
the risk of developing cognitive deficits and also be the central measure of disease progression

in neurodegenerative conditions (De Brabander et al., 1998; Peters, 2006).

The role of lipid metabolism in normal brain ageing
Lipids are an important class of organic molecules influenced by genetic and environmental

factors, such as ageing, diet and physical activity (Kirkwood et al., 2007; Johnson et al., 2019).
The brain is the second highest lipid content in the human body after adipocytes and comprises
approximately 60% of the brain's dry weight in adults (Jové et al., 2018). Due to their wide
range of biological functions and biochemical structure, brain lipids play a critical role in
maintaining the normal physiological function of neurons, cell survival, cerebral plasticity,
signalling by membrane-bound networks, and controlling the regulation of ion channels and
receptors (Wenk, 2005; Van Meer et al., 2008; Naudi et al., 2015; Fantini et al., 2015;
Adibhatla et al., 2007).

Aging is also associated with a decline in brain tissue levels of omega-3 (»-3) fatty acids such
as docosahexaenoic acid (DHA), the main ®-3 PUFA in cell membranes, as will be discussed
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in 1.3.2 section (Fedorova et al., 2013). Many human and animal studies showed that a high
®-3 PUFA intake could protect cognitive performance or slow the physiological disturbances
of the brain that are associated with ageing (Kotani et al., 2006; Little et al., 2007; Fotuhi et
al., 2009; Kelly et al., 2011). These experimental studies have confirmed that a decrease in
brain DHA may have an impact on the decline of physiological regulations that are associated
with brain ageing (Cardoso, et al., 2016; Sidhu, et al., 2016; Laugero, et al., 2017)

Within the brain, lipid metabolism and distribution are altered during ageing, which may affect
the composition of neuronal membranes and myelin sheaths, resulting in a wide range of
pathophysiological conditions (Franceschi et al., 2018). Lipid peroxides which are synthesized
inevitably from fatty acids, which will be described in section 1.3.2, may damage cell
membranes' biophysical properties, leading to the acceleration of cellular ageing.
Consequently, the membrane structure could be a key to linking the disease with the lipids in
brain health; mainly, the lipids are characterised as the targets of free radicals’ action
(Skowronska-Krawczyk et al., 2020).

During brain ageing, neurons tend to accumulate dysfunctional and aggregated proteins due to
the impaired control of the oxidative imbalance between oxidants and antioxidants. Oxidative
stress is defined as a disruption in homeostasis and increased production and accumulation of
reactive oxygen species (ROS) (Hameister et al., 2020). The ROS compounds are the by-
products of the oxygen metabolism and during pathological conditions resulting in the damage
of cell membranes (Halliwell, 2001; Zhao, 2009; Denis et al., 2015; Cutuli et al., 2017;
Cheignon et al., 2018).

1.3 The molecular biology of lipids
Lipids are essential hydrophobic or amphipathic small molecules soluble in non-polar organic

solvents but insoluble in water. They exhibit structural diversity and are found in all cell types
(Campbell et al., 1999). Lipids originate entirely, or in part, from key biochemical ‘building
blocks’: ketoacyl and isoprene groups (Lydic et al., 2018; Mesa-Herrera et al., 2019). These
biological substances are formed independently of genes and must be produced and
metabolized by enzymes or derived from many dietary sources such as vegetable oils, nuts and
fish (Wong et al., 2017).

Given the high abundance of lipid species, their structural diversity and function, lipids can act
as signalling molecules. Based on their chemical structure, lipids can be classified into two

broad groups: simple and complex lipids (Fahy, et al., 2011; Blanco et al., 2017).
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Fahy and their colleagues have proposed a system for lipids based on the LIPID MAPS
consortium system. They have classified them into eight different groups: fatty acids,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids,
and polyketides (Fahy et al., 2005; Fahy et al., 2008). Each of these categories can also be
classified into different lipid main classes and subclasses, leading to a total of 43,811 unique
lipid structures held within the LIPID MAPS Structure Database (LMSD), the world’s largest
lipid-only database with distinct structures and properties. The lipids discussed throughout this
thesis are polyunsaturated fatty acids (PUFASs) and glycerophospholipids (PL).

1.3.1 Glycerophospholipids in the brain
The brain contains relatively high concentrations of glycerophospholipids (PL), mainly

accounting for roughly 25% of the total brain’s dry weight (Blanco et al., 2017). PLs
synthesised from glycerol-3-phosphate (G3P) are critical in mammalian cell biology serving
as essential components of lipoproteins and crucial mediators of cell function and signalling
(Ridgway, 2021).

Phospholipids are molecules of three parts: a glycerol backbone that typically contains two
long-chain fatty acids, forming a hydrophobic tail (Berg et al., 2002). These two fatty acid
chains form the non-polar tails (Vance et al., 1988). A third part contains a phosphate group
attached to a head group, forming a hydrophilic head (Alberts et al., 2016) (Figure 3).

Due to their amphipathic properties, phospholipids form bilayers in the surrounding
environments where the polar head region faces outwards and interacts with water, whereas

the non-polar tail is buried within the inner leaflet.

Glycerol backbone

Snl fatty acid o (‘3’
/W\/\/\/\/\/\)J\ P
HaC o > o~ | O CHs
/\(\ | TN
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phosphate Chs
Sn2 fatty acid o

Headgroup

Figure 3. The general structure of phospholipid molecules demonstrating the snl, sn2 and
headgroup positions on the glycerol backbone.

The most abundant PL species in eukaryotic cell membranes are the five primary classes of PL
according to the polar head group, namely phosphatidylethanolamine (PE),
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phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylinositol (PI) and
phosphatidylserine (PS). Among them, PE and PC constitute the primary building blocks of
the cell membrane and account for almost two-thirds of total PLs in innate immune cells
(Murphy, 2002; Van Meer et al., 2008; Farine et al., 2015). These amphipathic lipids form the
cell membranes with the hydrophobic fatty acids positioned to the core and the phosphate head
groups facing the aqueous phase (O'Donnell et al., 2018) (Figure 4). The stability, fluidity, and
ion permeability of neural membranes can be influenced by glycerophospholipid composition
(Alberts et al., 2002; Wallis et al., 2021). Phospholipids are considered to be essential for

neurotransmission, synaptic plasticity and memory processing (Garcia-Morales et al., 2015).

Extracellular
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Figure 4. The parts of phospholipid molecule to form bilayers composing of non-polar tails
(hydrophobic) and polar heads (hydrophilic).

In particular, glycerol forms the backbone that typically connects the PL head group with the
fatty acids, which are attached at the first and second carbons, referred to as the Snl and Sn2
positions, respectively (Berg et al., 2002) (Figure 4). They also contain a saturated or a
monounsaturated fatty acid (MUFA), generally at the snl position, attached through either an
acyl chain group, alkyl ether or plasmalogen. Plasmalogens are abundant in innate immune
cells (Vance et al., 1988; Murphy, 2002; Tvrzicka et al., 2011).

The nomenclature that is used for PL is, to begin with, the headgroup for the Sn1 FA, including
‘a’ for acyl, ‘p’ for plasmalogen and ‘e’ for ether, and the sn2 FA, which is typically PUFA, is
separated by an underscore ( _ ) character, such as PE 18:0a_20:4 (Liebisch et al., 2020;
Liebisch et al., 2013). Consequently, all these variations and many FAs can lead to numerous

unique PL species.
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1.3.2 Fatty acids in the brain
Polyunsaturated fatty acids (PUFAS) contain a long aliphatic chain with a carboxyl group at

one end and a methyl group at the other (Patterson et al., 2012). The nomenclature of fatty
acids is described by the number of carbon atoms and double bonds that the fatty acids contain
according to the IUPAC (International Union of Pure and Applied Chemistry,
http://lwww.iupac.org/) (Kofeler, 2016). Thus, their structure is abbreviated by the number of
carbon atoms and the number of double bonds, followed by their exact position within the
hydrocarbon chain (Patterson et al., 2012). PUFASs can be either saturated with zero double
bonds between the carbon atoms, such as palmitic acid (C16:0) and stearic acid (C18:0) or
monounsaturated such as oleic acid (C18:1) and also polyunsaturated fatty acids such as
arachidonic acid (AA) (C20:4), which will be outlined in the following section (Tvrzicka et al.,
2011).

PUFAs contain two or more double bonds; thus, they can be classified either as omega-3 (-
3) or omega-6 (»-6), which are named according to the location of the first double bond in the
aliphatic carbon chain, counting from the methyl-end of the molecule (Piomelli et al., 2007;
Hajeyah et al., 2020). Changes in the balance of ®-3/w-6 PUFAS can alter brain levels and
signal pathways implicated in age-related diseases (Joffre, et al., 2016; Horman et al. 2020).
Typically, dietary omega3 alpha-linoleic acid ([LA; 18:2(w-6)]) is metabolised to
eicosapentaenoic acid ([EPA; 20:5(w-3)]) and docosahexaenoic acid ([DHA; 22:6 (©-3)]). In
contrast, omega-6 linoleic acid (LA) may be converted to arachidonic acid ([AA; 20:4 (0-6)])
(Harauma, et al., 2017; Tallima, et al., 2018).

In this thesis, most focus has been on the products of AA. Due to its four double bonds in the
cis configuration, indicating that all hydrogen groups are on the same side of the double bonds,
the compound has a certain degree of flexibility for interaction with proteins (Hanna et al.,
2018). This mainly helps to maintain the cell membrane fluidity, which is essential for the
development and growth of cells in the nervous system (Heller et al., 1998; Fukaya et al., 2007;
Tallima et al., 2018). AA is predominately present, with its highest concentrations found in
human and mammal adipose tissue, liver, brain, and glandular organs (Sonnweber, et al.,
2018). These organs cannot really synthesize AA de novo and, therefore, must be obtained
from dietary sources of high AA levels, including meat (red and white, including fish), organ
meats (e.g. liver, kidney, brain), poultry, eggs and dairy foods. (Forsyth et al., 2016).

Another principal PUFA described in this thesis is DHA, which is more abundant in the brain
than in most other tissues, and plays a key role in its development, maintenance and function
(Connor, 2000; Orr et al., 2013; Cater et al., 2021). Also, DHA cannot be synthesized de
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novo in mammals and thus relies on the uptake of dietary consumption primarily through fish
oils, the use of supplements or need to be synthesized within the body from a-linolenic acid
([ALA; 18:3 (» -3)]) (Jenkins et al., 2009).

1.3.3 Overview of oxylipins

Oxylipins are biologically active lipid mediators derived primarily from PUFA (Murphy et al.,
2005). The classical pathway of oxylipin formation generally starts with immune cell
activation, which leads to the hydrolysis of membrane phospholipids.is Next, the release of
fatty acids such as AA occurs at the Sn-2 position via the action of phospholipase enzymes,
particularly the cytosolic phospholipase Az (CPLA2) (Dennis et al., 1991; O’Donnell et al.,
2009). In particular, this phospholipase catalyses the hydrolysis of phospholipids and cleaves
membrane-bound AA, releasing bound AA substrate. Once released, free AA can be
metabolized by three separate enzyme families, namely lipoxygenases (LOX),
cyclooxygenases (COX) and, to a lesser extent, cytochrome P450 (CYP), resulting in the
production of oxylipins (Dennis et al., 2011; O’Donnell et al., 2012; O'Donnell et al., 2014;
Ryan et al., 2014). The three families of enzymes will be discussed in the next sections.
Oxylipins can be categorized based on their precursor forming eicosanoids and docosanoids
from AA and DHA, respectively (reviewed in Hajeyah et al., 2020). The primary oxidation
products of these three separate enzyme families are metabolized into secondary eicosanoids,
which act as bioactive lipid metabolites and can also control a wide array of physiological
processes, homeostatic functions and inflammatory processes associated with many diseases
(Maskrey et al., 2008; Dennis et al., 2015).

Eicosanoids are a subcategory of oxylipins that are biologically active lipid mediators derived
primarily from AA or other 20-carbon polyunsaturated fatty acids, differing due to the types of
oxygenation (Murphy et al., 2005). They are produced enzymatically by the action of three
metabolic pathways, which convert AA to eicosanoids and via non-enzymatic pathways in an
uncontrolled manner via free radical mechanisms (Sala et al., 2010). Eicosanoids can signal
various cellular immune reactions in brain health and inflammatory responses (Swardfager et
al., 2010).

Eicosanoids mediate their signalling actions in their free acid forms via G-protein-coupled
receptor (GPCR) to generate bioactive lipid mediators. Eicosanoids regulate multiple brain
functions in brain health and disease (Ferdouse et al., 2018). In addition to the free oxylipins,
there is also strong evidence that eicosanoids are incorporated into larger functional groups

such as phospholipids (Hammond et al., 2012). Thus another family of bioactive lipid
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mediators are formed, termed enzymatically oxidized phospholipids (eoxPLs) (O’Donnell et
al., 2012).

According to LIPID MAPS, eicosanoids include prostaglandins (PGs), thromboxanes,
leukotrienes, lipoxins, and hepoxilins (Hajeyah et al., 2020). The LOX pathway initiates the
biosynthesis of hydroxyeicosatetraenoic acids (HETES), leukotrienes, lipoxins, and hepoxilins,
which will be reported in more detail in section 1.4. In contrast, prostanoids are formed from
the COX pathway, including prostaglandins and thromboxanes derived from AA, responsible
for maintaining physiological or pathophysiologic states, such as neuroinflammation (Smith &
Murphy 2002) (Figure 6).

Lipids can be oxidized non-enzymatically in an uncontrolled manner by free radical
mechanisms via ROS (Patterson et al., 2012; Uttara et al., 2019). A wide range of eicosanoids,
such as isoprostanes, are also generated through non-enzymatic oxidation during chronic
inflammation (Czerska et al., 2016; Biringer et al., 2019). These derivatives are considered
oxidative stress markers associated with several inflammatory diseases, including AD (Austin
Pickens et al., 2019; Trostchansky et al., 2021).

1.4 Biochemistry of LOX enzymes
Lipoxygenases (LOX) are non-heme iron-containing dioxygenases in the plant and animal

kingdoms (Kuhn et al., 2015). LOXs catalyse the stereoselective insertion of molecular oxygen
into PUFAs containing a (1Z,4Z)-pentadiene-1,4-dienoic system group forming lipid
hydroxyperoxyeicosatetraenoic acids (HPETEs) (Funk et al., 2001; Kuhn et al., 2006;
Hammond et al., 2012). These are further reduced to biologically active lipid hydroxy-lipid
mediators (Kuhn et al., 2015).

The human genome has six functional LOX genes (ALOXE3, ALOX5, ALOX12, ALOX12B,
ALOX15, ALOX15B), which encode for six different LOX-isoforms and four pseudogenes
(ALOX15P1, ALOXE3P1, ALOX12P1, ALOX12P2) (Kuhn et al., 2005). However, the mouse
genome contains six functional orthologs of all human functional LOX genes with tissue-
specific patterns (Kuhn et al., 2015). In addition, the majority of the genes are located on the
orthologous region in chromosome 11, apart from Alox5 which is on chromosome 6 (Kuhn et
al., 2015). The currently used nomenclature for LOX is based on the position of molecular
oxygen insertion in the substrate, such as AA, which can take place at positions C-5 of the
aliphatic chain (5-LOX), C-8 (8-LOX), C-9 (9-LOX), C-11 (11-LOX), C-12 (12-LOX) or C-
15 (15-LOX) (Schneider et al., 2007).
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ALOX15 gene encodes the leukocyte-type 15-LOX (human monocytes) in humans, while
Alox15 gene encodes 12/15-LOX, which is highly expressed in murine peritoneal macrophages
(Kuhn et al., 2018). There are two 15-LOX isoforms: 15-LOX- type 1, which is highly
expressed in eosinophils, reticulocytes, human monocytes and epithelial cells and the human
15-LOX- type 2, which is located in the epidermis and exclusively inserts molecular oxygen at
carbon atom 15 (Wang et al., 2021). 12/15-LOX is highly expressed in reticulocytes,
eosinophils, dendritic cells, naive murine peritoneal macrophages, epithelial cells, and
immature dendritic cells (Morgan et al., 2009; Lauder et al., 2017). This particular isoform will
be described and investigated throughout this thesis. In the brain, 12/15-LOX is expressed
mainly in neurons, and glial cells throughout the cerebrum, HPC, and basal ganglia and
interestingly, its increased expression has been linked with the onset of inflammation (Sun et
al., 2015). Although emerging work suggests that the 12/15-LOX protein and enzymatic
activity are widely expressed in the CNS, and also 12/15-LOX is termed as a "neuronal

isoform™ however, its exact biological role in the brain is poorly defined (Pratico et al., 2004;
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Figure 5. The schematic diagram of radical mechanism of the LOX reaction and the regio-
specificity of the reaction mechanism. Adapted from Andreou, et al., 20009.

Chinnici et al., 2005; Fiedorowicz et al., 2013). Notably, a functional role for 12/15-LOX in
modulating oxidative reactions in the CNS remains unknown (Chinnici et al., 2005). Also,
human neutrophils and monocytes 5-LOX, which ALOX5/Alox5 encodes in both species,
generate 5-HETE and several leukotrienes with pro-inflammatory properties (Clark et al.,
2011) (Figure 6).

Other than 15-LOX and 5-LOX isoforms, other LOX enzymes are expressed in immune cells.
The platelet 12-LOX isoform is encoded by ALOX12 in humans and is identical to Alox12 in
mice (Kuhn et al., 2006). The mouse ortholog of human ALOX12B is expressed in the cortex

brain region, but its possible function remains unknown. (Figure 6).
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The oxygenation reaction mechanism of LOX is initiated by a stereospecific hydrogen removal
from AA, which is based on an eicosanoid-generating isoform, via the mechanism including
proton-coupled electron transfer (PCET), with the resulting electron and proton
simultaneously. Following the dislocation of the radical electron via direct radical
rearrangement, the stereoselective addition of a molecule of oxygen occurs, in the opposite
direction of the removed hydrogen to another carbon centre, forming a hydroperoxide radical
which GPX can further reduce to their hydroxide analogues (Coffa et al., 2004; Newcomer et
al., 2015) (Figure 5). For instance, the hydroperoxides (HPETES) are reduced to HETEs in AA.
For the oxygenation process, LOX products are specific stereoisomeric molecules with defined
chirality of the hydroxyl group as either (S) counter-clockwise or (R) clockwise, to describe
the configuration of a chirality centre. Notably, the enantiomers that are produced depend on
the enzyme, such as the 12-LOX and 15-LOX enzymes form 12(S)-HETE and 15(S)-HETE,
along with their chirality centres being inverted (mirroring) (Phillis et al., 2006; Nogradi 2013).
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Table 1. List of the oxylipins detected and analyzed in Alox15” mouse brain. Adapted from
Misheva et al., 2022.

Oxylipin Full name Fatty | Enzyme References
abbreviation acid
source
5-HETE 5-Hydroxyeicosatetraenoic acid AA LOX (Clark et al.,
2011)
5-OxoETE 5-Oxo-eicosatetraenoic acid AA LOX (Powell et al.,
1994)
11-HETE 11-Hydroxyeicosatetraenoic acid AA LOX, (Austin
COX Pickens, et al.,
2019)
12-HETE 12-Hydroxyeicosatetraenoic acid AA LOX (Morgan, et al.,
2010)
15-HETE 15-Hydroxyeicosatetraenoic acid AA LOX, (Bailey, et al.,
COX 1983)
4-HDOHE 4-Hydroxydocosahexaenoic acid DHA unknown | (VanRollins, et
al., 1984)
13-HDOHE 13-Hydroxydocosahexaenoic acid DHA | unknown | (Reynaud, etal.,
1993)
14-HDOHE 14-Hydroxydocosahexaenoic acid DHA LOX (Su, etal., 2010)
20-HDOHE 20-Hydroxydocosahexaenoic acid DHA unknown | (VanRollins, et
al., 1984)
9-HODE 9-Hydroxyoctadecadienoic acid LA LOX (Astarita, et al.,
2014)
13-HODE 13-Hydroxyoctadecadienoic acid LA LOX (Baer, et al.,
1990)
9,10-DiHOME | 9,10-Dihydroxyoctadecenoic acid LA CYP (Hayakawa, et
al., 1986)
12,13- 12,13-Dihydroxyoctadecenoic acid LA CYP (Moran, et al.,
DiHOME 1997)
5,6-DIHETrE | 5,6-Dihydroxyeicosatrienoic acid AA CYP (Oliw, et al.,
1982)
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11,12-DiHETrE | 11,12-Dihydroxyeicosatrienoic acid AA CYP (Oliw, et al.,
1982)

14,15-DiHETrE | 14,15-Dihydroxyeicosatrienoic acid AA CYP (Oliw, et al.,
1982)

5,6-EET 5(6)-Epoxyeicosatrienoic acid AA CYP (Oliw, et al.,
1982)

11(12)-EET 11(12)-Epoxyeicosatrienoic acid AA CYP (Oliw, et al.,
1982)

PGD; 9a,15S-dihydroxy-11-oxo-prosta- AA COX (Boutaud, et al.,
57,13E-dien-1-oic acid 1999)

PGE: 9-oxo-11a,15S-dihydroxy-prost-13E- | LA COX (Cawello, et al.,
en-1-oic acid 1997)

PGE; 9-oxo-11a,15S-dihydroxy-prosta- AA COX (Salomon, et al
5Z,13E-dien-1-oic acid 1984)

13,14-dihydro- | 90-hydroxy-11,15-dioxo-prost-5Z-en- | AA COX (Hirai, et al.,
15-keto PGD, | 1-oic acid 2001)

PGFy, 9a,11a,15S-trihydroxy-prosta-5Z,13E- | AA COX (Crankshaw, et

dien-1-oic acid al., 1995)
TXB: 9a,11,15S-trihydroxythromba-52,13E- | AA COX (Lawson, et al.,

dien-1-oic acid

1986)
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1.4.1 Metabolites of 12/15-LOX enzyme
The primary LOX-derived products from AA are hydroperoxyeicosatetraenoic acids

(HpETESs), also from DHA hydroperoxydocosahexaenoic acids (HpDOHEs) and LA
hydroperoxyoctadecadienoic acids (HpODEs) (Kuhn et al., 2006). Since these lipid products
are unstable, they are further reduced by GPx to their corresponding more stable hydroxy
analogues intracellularly, which are hydroxyeicosatetraenoic acids (HETES),
hydroxydocosahexaenoic acids (HDOHESs), and hydroxyoctadecadienoic acids (HODES),
respectively (O'Donnell et al., 2019). Alternatively, further metabolism of HpETES generates
other secondary lipid mediators, including leukotrienes, lipoxins and hepoxilins (Kihn et al.,
2006) (Figure 6).

12/15-LOX oxygenates AA at C12 and C15 to form two products, 12-HPETE and 15-HPETE,
and for this reason, it is referred to as 12/15-LOX (Joshi et al., 2015). More precisely, 12-
HPETE and 15-HPETE, which are unstable, are rapidly reduced by GPx to their corresponding
hydroxy analogues, 12-HETE and 15-HETE, respectively (Singh et al., 2019) (Figure 7). The
mammalian lipoxygenase family is much more complicated than other enzyme families, as
they are expressed in different cell types, such as immune cells (Funk et al., 2001).

The human leukocyte 15-LOX, which is encoded by ALOX15 gene, produces predominantly
15(S)-HETE and only small quantities of 12(S)-HETE (ratio of 9:1), while its murine
reticulocyte-type 12/15-LOX, which is encoded by Alox15 gene, produces small quantities of
15(S)-HETE but predominately generates 12-HETE (ratio of 1:3) (Kriska et al., 2012;
Fiedorowicz et al., 2013). The physiological substrates for 12/15-LOX enzyme are fatty acids,
including AA, DHA and LA, which exhibit high regulated stereospecificity when it comes to
oxygenating FA (Kihn et al., 2006).

Lipid metabolites generated from AA can demonstrate pro- and anti-inflammatory properties
(Singh et al., 2018). For instance, the 12/15-LOX product, 12-HETE, has been suggested to
be a potent pro-inflammatory chemoattractant for neutrophils, as hepoxilin A3 is a downstream
metabolite of 12-HETE (Stanley, 2005; Sun et al., 2015). In contrast, the anti-inflammatory
activity of 12/15-LOX metabolites has been shown in several studies, but the mechanisms by
which 12/15-LOX exhibits these effects are not fully understood (Sun et al., 2015). The
biochemical mechanisms by which 12/15-LOX regulates physiological and pathological

immune cell function are still poorly understood.
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Figure 7. Structural diagram of 12/15-Lipoxygenase which inserts molecular oxygen into AA to
form bioactive lipid metabolites. Metabolism of AA by 12/15-LOX pathways with corresponding
stereospecific formation of hydro-peroxyeicosatetraenoic acids (HpETEs). Both 15(S)-HpETE and
12(S)-HpETE are converted by cellular glutathione peroxidase to their corresponding hydroxy
analogs, 15(S)-HETE) and 12(S)-HETE, respectively.

1.4.2 Pathophysiological role for 12/15-LOX in inflammatory diseases
12/15-Lipoxygenase enzyme has been implicated in numerous inflammatory diseases, such as

vascular disease, diabetes, obesity and neurological diseases (Kain et al., 2018). Below |
summarise its role in various pathological conditions:

Vascular diseases
Atherosclerosis is a chronic vascular inflammatory disease characterised by an accumulation

of predominantly lipid-loaded macrophages as building blocks in the arterial wall. There is
growing evidence suggesting a pivotal role of Alox15in initiating and developing
atherosclerosis in mice. It is characterised mainly by the atherosclerosis-prone genetic
background of mice lacking the apolipoprotein E (ApoE) and low-density lipoprotein (LDL)
receptor. Studies have demonstrated the role of Alox15 in vascular diseases, such as genetic
deletion of Alox15 in mice crossbred with atherosclerosis-prone ApoE” mice generating a
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double-KO mouse model of inducible vascular disease (12/15-LOX”/ApoE™) displayed
reduced atherosclerotic lesions development and lipid peroxidation upon feeding with high-fat
diet (Cyrus et al., 2001; Huo et al., 2004). Other complications arising from vascular diseases,
such as abdominal aortic aneurysms (AAA) induced via severe atherosclerotic occlusion of the
abdominal aorta under high stress and pressure, have also been investigated in relation to
Alox15 deletion. Here, mice lacking ApoE and Alox15 genes were protected against
angiotensin-11 induced AAA via osmotic mini-pumps over a two-week infusion period (Allen-
Redpath et al., 2019). Given the inflammatory nature of the vascular disease, the Alox15 gene
holds unique promise as a future therapeutic target, yet the underlying mechanisms remain

unknown.

Diabetes
Diabetes is an autoimmune, metabolic disorder of glucose homeostasis that results from insulin

deficiency produced by the islet pB-cells within the pancreatic islets of Langerhans. Type 1
diabetes is a condition resulting from insulin-producing B-cells, which cannot secrete enough
insulin to overwhelm this resistance. Bleich et al., 1999 demonstrated that mice with deficiency
of 12/15-LOX showed increased resistance to diabetes in a low-dose streptozotocin-induced
immune-mediated animal model (Bleich et al., 1999). A study by McDuffie et al., 2008 using
non-obese diabetic mice (NOD) reported that deletion of 12/15-LOX significantly ameliorates
autoimmune type 1 diabetes development in NOD mice (McDuffie et al., 2008). Another study
showed that 12/15-LOX deficient diabetic mice with baicalein in lipopolysaccharide (LPS)-
injection attenuated diabetes-induced kidney histopathological changes by reducing renal
oxidative stress and injury (Faulkner et al., 2015).

Obesity
Following type 1 diabetes, obesity is a chronic inflammatory medical condition marked by

excess adipose tissue deposition. Several studies have demonstrated the role of 12/15-LOX
activity in obesity which is associated with local and systemic insulin resistance by modulating
adipocytes in inflammatory pathways (Sears et al., 2009). Deletion of 12/15-LOX in white
adipose tissues in mice fed a high-fat diet protects them from local and systemic obesity-
induced inflammation (Cole et al., 2012; Kundumani-Sridharan et al., 2013). Furthermore,
another study has shown significantly higher expression for 12/15-LOX in omental adipose
tissue in obese human patients, which is related to increased production levels of pro-

inflammatory cytokines of IL-6, IL-12and chemokine CXCL10 (Dobrian et al., 2010).
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Neurological diseases
An increasing number of studies have suggested an involvement of the 12/15-LOX pathway in

the pathogenesis of AD. AD is a progressive neurodegenerative disorder characterised by
severe dementia with neuropsychiatric symptoms (DeTure et al., 2019). A study by Pratico et
al., 2004 showed elevated protein levels of 12/15-LOX and its metabolites in the frontal and
temporal brain regions of patients with AD or mild cognitive impairments compared to age-
matched controls (Pratico et al., 2004). Furthermore, other studies have reported that
cerebrospinal fluid levels of 12/15-LOX lipid metabolites of AA were increased only in frontal
and temporal brain regions of patients with AD compared with age-matched control brains
(Yao et al., 2005). In a series of mouse model studies using genetic deletion of 12/15-LOX on
the Tg2576 transgenic mice, a widely used transgenic mouse model of AD-like amyloidotic
phenotype, it was found that 12/15-LOX regulates AD-linked synaptic pathology and showed
a significant reduction in the amyloid-f production and deposition with improvements of
cognitive impairments (Yang et al., 2010; Joshi et al., 2015). Parkinson's disease (PD) is a
slow, progressively neurodegenerative disorder characterised by a loss of dopaminergic
neurons in the part of the brain called the substantia nigra, as well as the presence of lewly
bodies deposition of improperly folded protein. A study by Li et al., 1997, has shown that
12/15-LOX activation is related to reduced concentrations of the glutamate-induced
antioxidant glutathione (GSH); GSH deficiency was associated with PD as it was the earliest
biochemical change in the brain of PD patients, this triggered the activation of neuronal 12-
LOX. This leads to the production of 12-LOX-generated products and peroxides and,

eventually, neuronal cell death (Li et al., 1997).

1.5 The biosynthesis of prostaglandins by COX enzymes
COX enzymes convert AA to prostaglandins PGG2 and PGHa, thromboxanes (TXA2, TXB:)

and prostacyclin (PGI) (Figure 6). In humans, there are two isoforms, COX-1 and COX-2,
which differ in their pattern of expression; COX-1 is constitutively found in leukocytes and
platelets and almost in all tissues, including the brain, where it mediates physiological functions
in the body, whereas the COX-2 is enriched in leukocytes and not in platelets induced by
many inflammatory stimuli such as cytokines and elevated under inflammatory conditions
(Choi et al., 2009; Gabbs et al., 2015). In addition, COX-2 is expressed in HPC and the cortex;
mainly in the postsynaptic dendritic spines, which implies a role in neuronal activity-dependent

plasticity (Yamagata et al., 1993; Kaufmann et al., 1996).
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The COX enzymes catalyse the key initial reaction that converts the formation of the
prostaglandin endoperoxides G to H from AA. The reaction mechanism of COX is known as
prostaglandin-endoperoxide synthases, which has two enzymic reactions; firstly, two
molecules of oxygen are added to the AA substrate, which has been released from the cellular
phospholipids by the action of the enzyme phospholipase Az to form PGG; (cyclooxygenase
activity) (Christie et al., 2020). Followed this, the peroxidase activity reduces PGG: to its
PGH2, which is the intermediate product of COX (Thuresson et al., 2000). PGH serves as a
precursor for the generation of additional prostanoids, including prostaglandins PGE», PGF,
PGD3, PGI, and thromboxane A2 (Puppolo et al., 2014) (Figure 6). Besides these, thromboxane
B> (TXB2), a chemically stable and biologically inactive metabolite, is formed from the non-
enzymatic hydrolysis of TXA, (Wolfe et al., 1976; Roberts et al., 1982). TXB: is further
converted enzymatically into 11-dehydro-TXB>, found in plasma and urine (Westlund et al.,
1986) (Figure 6). Notably, the therapeutic anti-inflammatory action of aspirin and ibuprofen,
non-steroidal anti-inflammatory medications (NSAIDs) is due to the inhibition of COX-2
(Howard et al., 2004).

Membrane phospholipids

l Phospholipase Az

207 w Cyclooxygenase site

OOH
l Peroxidase site
% — COOH
E N SO
OH

Figure 8. Cyclooxygenase activity occurs via a two-step process. The first stage introduces two
molecules of oxygen to AA, which results in the conversion of AA to PGG; followed by the reduction
of PGG; to PGH,. Adapted from Christie et al., 2020.
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1.6 Animal cognition and behaviour
Although understanding the nature of age-related cognitive changes can be captured by

studying human participants, including patients with dementia, their use in ageing research is
complicated by many factors (Antunes et al., 2012; Lange et al., 2017). Due to the limited
amount of time and also the significant cost required to validate a study using human
participants, as well as the ethical limitations and their long natural life span, the bulk of ageing
and lifespan data eventually have led to the use of rodents’ models (Mogil, 2009). These models
share many similarities with humans and are extremely useful for studying healthy brain
ageing, resulting in the most commonly used mammalian model in behavioural neuroscience
(Carter et al., 2015). Understanding the neural underpinning of cognitive changes requires the
use of rodents. Establishing an appropriate mouse model for neurological disorders has proven
invaluable for researching the effects of neurodegenerative diseases on brain function (Bailey
etal., 2009).

1.6.1 Testing cognitive function in rodents

Behavioural tests enable researchers to investigate and understand the neurobiological circuitry
underpinning behaviour and physiological and molecular cellular mechanisms of memory that
are impossible in humans (Cohen et al., 2015). Cognitive function has been assessed through
various experimental animal models of learning and memory through a wide range of
paradigms. These tasks aim to assess the effects of experimental variables on the brain function
by measuring behaviours that rely on specific brain regions (Barker et al., 2007). Various
behavioural paradigms have been developed to study animal memory mechanisms, and their
selection is based on understanding the neural systems that a specific task engages. The
following sections outline the rationale for the behavioural tests presented in this thesis.

1.6.2 Learning and memory

Learning is the acquisition of new information to promote survival, while memory is the
complex process of encoding, storing and recalling that knowledge over time (Kandel et al.,
2014).

Traditionally, scientists have widely accepted that there are two distinct memory types; short-
term (STM) and long-term memory (LTM), which are based on the length of time during which
memory can be recalled (Norris, 2017). The duration of time can last from seconds to minutes
in STM, while up to years in LTM. Squire et al. (1996) reported that the classification of LTM
includes two major types, which are declarative (explicit) and nondeclarative memory
(implicit). The declarative type can be further subdivided into episodic and semantic, whereas
priming and procedural memory are the types of nondeclarative memory (Squire, 1992).
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Episodic memory refers to memories of past personal experienced events that have taken place
at a specific time and place (Baars et al., 2013). This memory is the form of LTM that is more
sensitive to brain damage. Episodic memory displays the most dramatic rate of decline during
healthy ageing (Nyberg et al., 2012; Harada et al., 2013). By contrast, semantic memory refers
to memories about general world knowledge and facts — for example, the names of former
politicians in the United Kingdom — that have been explicitly collected and stored throughout
the years (Glisky, 2007). It has become increasingly apparent that semantic memory displays
a late-life decline in healthy aging (Matthews, 2015). Nondeclarative or procedural memory
refers to skills and motor activities performed during an individual's life without conscious
awareness of prior experiences (Nyberg et al., 2012). Procedural memory can be maintained
over years that later in life are performed automatically (Harada et al., 2013). In addition to the
primary distinction associated with STM, working memory is related to keeping and processing
information within the mind, often in a task-specific manner (Baddeley, 2001). This type of
memory is characterised by a limited capacity when it is being used, and its function is

vulnerable to an age-related decline (Reuter-Lorenz et al., 2005; Nyberg et al., 2012).

Recognition memory
Recognition memory is a subcategory of declarative memory, which accurately judges whether

an item has been previously encountered, is novel or familiar (Kinnavane et al., 2015).
Recognition memory is central to our ability to remember and subsequently requires a capacity
for both identification and judgment concerning the prior occurrence of what has been
identified (Barker et al., 2011). Typically, it describes the ability to identify an individual
object's previous occurrence and decide whether this item is novel or familiar (Brown et al.,

2010).

Novel object recognition (NOR) task
At the behavioural level, the ability of a mouse to evaluate the recognition memory exploring

a novel object in a controlled environment has received increasing attention in recent years
(Baxter 2010). The gold standard recognition method for rodents is the NOR task (Cohen et
al., 2015). Ennaceur and Delacour originally developed this task in 1988; this was successfully
adapted for use in mice and models of neurodegenerative disorders.

The NOR task comprises three phases: habituation, sample phase or familiarisation and test
phase (Antunes et al., 2012). In rodents, recognition memory is tested in an arena. Following
habituation to the arena, the animal receives a sample phase involving exploring two identical
objects. Following the sample phase, the animals receive a test stage in which one of the

familiar objects is replaced with a novel object (usually after a delay between the sample phase
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and the test phase) (Warburton et al., 2010). Healthy adult mice encode a memory of the
sample phase, and during the test phase, they showed a marked increase in exploration because
it does not match a memory of any item encountered previously (Ennaceur, 2010). It is
important to note that the task relies on a rodent’s innate exploratory behaviour and
spontaneous drive to explore novel features of its environment (Warburton et al., 2015).

Brain regions involved in NOR task
The HPC and the perirhinal cortex (PRH) primarily play crucial roles in object recognition

memory (Barker et al., 2011; Clark et al., 2000). Different types of stimulus information
concerning an object size, spatial information and temporal features are encoded to form an
integrated memory of the spatio-temporal features of objects, such as what was presented,
where and when. Encoding object-based information is required in the HPC, perirhinal cortex,
prefrontal and entorhinal cortex (Warburton et al., 2010; Barker et al., 2011).

Several studies with monkeys and rodents have implicated a crucial role of PRH in the
detection of object identity as well as in discrimination between familiar and novel objects
(Bussey et al., 2000; Brown et al., 2001; Brown, 2008). Studies reported that object
familiarity—novelty discrimination is severely disrupted after the lesions in the PRH (Bussey et
al., 1999, Ennaceur et al., 1996). Later studies showed that the impairments in the NOR task
are delay-dependent between the sample and test phase. For instance, when tested following a
2-min delay, mice with perirhinal impairments displayed no deficits compared to a 10-min
delay, where the impairments were more readily identifiable (Warburton et al., 2010).
Furthermore, lesions of the mPFC did not affect object recognition (Barker et al., 2007).

The hippocampal formation plays a vital role in memory for contextual information by
encoding information about the spatial location of the objects and novel object preferences,
particularly after a long delay between the sample and the test phases (Hammond et al. 2004).
The spatial and temporal order memory will be discussed in detail in the upcoming sections.
The HPC is anatomically linked with the perirhinal cortex, and medial prefrontal cortex (m-
PFC) and thus is central to the network to enable recognition memory judgments for temporal

order recognition memory (Figure 10) (Barker et al., 2011).

Spatial memory
Spatial memory supports storing and retrieving information regarding objects' locations within

the environment by navigating previously encountered objects (Turriziani et al., 2003; Paul et
al., 2009). Although humans have maps for their spatial navigation consisting of three
elements: what objects are present, the relation to each other, and the room and the

experimenter, spatial memory for rodents is crucial to their survival (O'Keefe et al., 1978;
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Warburton et al., 2000). Rodents have to learn and remember the target location that provides
them with all the needs, such as food, water, a safe place, and their mates' actual positions
(Vorhees et al., 2014).

Object location (OLT) task
By altering several critical parameters of the NOR task, it is impossible to study different

features of spatial object memory. The OLT can assess the ability of an animal to recognize a
change in the spatial location of an object within the arena (Vogel-Ciernia et al., 2014). When
one object is moved to a new location in the test phase, rodents show a preference to explore
the object in the new location relative to the object in the familiar position (Hall et al., 2016).

Brain structures involved in OLT task
It is generally accepted that the HPC plays a critical role in acquiring and retrieving spatial

information (Barker et al., 2011). Strong evidence suggests that animals with hippocampal
dysfunction have impaired spatial memory, and consequently, they demonstrate no preference
for the object relocated during the OLT task test phase. (Vogel-Ciernia, et al., 2014;
Bannerman, et al., 2014). This is consistent with a large body of evidence showing impaired
spatial memory following hippocampal damage in rodents using several navigation tasks such
as T-maze alternation and Morris water-maze (Rawlins et al., 1982; Morris et al., 1990;
Moscovitch et al., 1995; Gudde et al., 2016). Furthermore, lesions of the PRH had no effects
on the performance of the OLT task and indicated the critical role of the HPC in processing
spatial information (Ennaceur et al., 1996; Barker et al., 2007).

Temporal order recognition memory
In rodents, temporal order recognition memory task is tested in the open field with rodents,

which are freely exposed to two identical objects in sample phase 1 and another new set of two
identical objects during sample phase 2, with each exposure phase separated by a delay interval
of typically one hour. During the test phase, conducted at least four hours later, the animals are
shown one object from each sample phase during the test phase. Normal animals show more
exploration of the object seen in the first sample phase relative to the object more recently
presented in the second sample phase (Hatakeyama et al., 2018; Beldlidia, et al., 2022).

There is growing evidence that temporal order recognition memory is disrupted following
lesions, in HPC and PRH and m-PFC lesions impair temporal order discriminations (Dix et al.,
1999; Barker et al., 2007; Warburton, et al., 2010; Barker et al., 2011). In addition,
disconnection studies have confirmed that the HPC is a vital component of a neural system that
operates with the m-PFC and PRH to support the temporal order memory (Barker et al., 2011;
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Warburton et al., 2010; Barker et al., 2020). The temporal order task examines the animal’s

ability to differentiate bet ween familiar objects presented at different times previously.

1.7 Anxiety-like behaviour
Anxiety is defined as a persistent and adaptive response to an undetermined situation or a

warning to a potentially dangerous and threatening environment or stimulus (Cryan et al., 2005;
Steimer, 2011). This appropriate response is characterized by physiological symptoms such as
sweating, dizziness, increased blood pressure and heart rate, and behavioural changes,
including tension, cognitive, emotional, and hormonal reactions (Davis et al., 2010). However,
anxiety can also become a pathological state/condition when this reaction is extreme,
uncontrollable, chronic, excessive and inappropriate for the current environmental situation
struggling to deal with challenging events (Sartori et al., 2011). There is no substantial evidence
suggesting whether the prevalence rates of anxiety are the highest or not in older age and
whether they are different from youth. Anxiety disorders are associated with severe depressive
disorders in both age groups, which are highly likely to contribute to cognitive impairments
(Joshi et al., 2014). However, clinical data indicate significant differences in the prevalence

rates of anxiety disorders between females and males (Kaczkurkin et al., 2019).

1.7.1 Elevated plus maze (EPM) task
Pellow first described EPM as a reliable and straightforward task for evaluating rodent anxiety-

like responses (Pellow et al., 1986). The EPM is a well-established behavioural test validated
to measure anxiety-like behaviour in rodents (Sakakibara et al., 2008). The apparatus consists
of four arms raised above the floor, with two opposing arms being open platforms (open arms)
while the other two are enclosed with high walls along both sides (closed arms). These four
arms are connected by an open central platform (centre square) (Handley et al., 1984). The
arms are arranged to form a plus-shaped apparatus (Walf et al., 2009) (Figure 7).

Anxiety is reflected in the natural tendency of healthy mice to spend more time exploring the
closed arms, which are considered the protected environment of the apparatus, versus the
opened arms, which are the novel environment (Walf et al., 2009). This assay is based on an
approach versus avoidance behaviour, with the animal being required to choose whether to
explore the open, exposed arms of the maze, which are the unprotected and thus potentially
dangerous spaces (avoidance) or to stay in the safe, enclosed spaces (approach) which are
considered the safer arms (Holmes et al., 2006). This pattern of approach-avoidance behaviour

is characterized by the animal's natural aversion to elevated heights and brightly open areas,
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which relies upon an open-arm avoidance which it assumes to be an adaptive response to avoid
the risk of the potential threat (Bailey et al., 2009; Bannerman et al., 2014). Hence, the exposed
open arms cause a potential danger to the animal compared to the closed arms of the
behavioural apparatus. An anxiety phenotype is generated by this approach-avoidance response
with regard to excessive avoidance in the exploration of the elevated open arms as a potential
danger/risk relative to the closed arms (Barkus et al., 2010).

Behavioural measures in the EPM include the time spent in each arm and the number of entries
made into the opened and closed arms (Bailey et al., 2009). Additionally, the distance travelled
from the centre square is recorded to measure locomotor activity (Walf et al., 2007). Normal
rodents tend to spend relatively less time in open arms to minimise anxiety caused by exposure
to open spaces and increased predation risk. Animals that avoid exploration of the open arms
are considered anxious, whereas those that explore the open arm freely are thought to be less
anxious relative to normal rodents (Walf et al., 2007; Bailey et al., 2009).

1.7.2 Brain structures involved in EPM - Neurochemistry of anxiety disorders

A vast majority of studies have provided evidence that multiple brain regions contribute to
anxiety (Martin et al., 2009). Although many studies imply that anxiety's central mechanisms
are similar in humans and rodents, the complex neuronal circuits for anxiety states have not
been thoroughly established (Tovote et al., 2015). Human imaging technology and
neurochemical techniques indicate a vital role in the limbic system, with particular emphasis
on the amygdala, the HPC, ventral striatum, and the medial prefrontal cortex (mPFC)
(Cannistraro et al., 2003; Tovote et al., 2015; Duval et al., 2015; Seeley., 2019). Although it is
widely established that the HPC plays a vital role in processing spatial/contextual information,
research also suggests that the vHPC also plays a role in anxiety disorders (Deacon et al., 2002;
McHugh et al., 2004; Barkus et al., 2010). In contrast, the dHPC is involved in cognitive spatial
memory processing (Bannerman et al., 2003; Jimenez et al., 2018). The vHPC is connected to
subcortical structures, including regions that contribute to the hypothalamic-pituitary-adrenal
(HPA) axis (McHugh et al., 2008). Hence the role of vHPC is well established to be involved
in the mechanisms underlying anxiety (Kjelstrup et al., 2002; Bannerman et al., 2014).

The amygdala is an almond-shaped brain structure located in the medial temporal lobe (with
the HPC). It is comprised of two extensively studied subdivisions, the basolateral group of the
amygdala (BLA) and the central nucleus of the amygdala (CeA) (Ressler., 2010). The BLA is
a cortex-like structure that refers to a complex of three amygdala nuclei, namely the lateral
amygdala (LA), the basal amygdala (BA), and basal medial or accessory basal nuclei amygdala

(BMA) nuclei, while the CeA can be divided into the centrolateral amygdala (CeL) and

29| Page



centromedial amygdala divisions (CeM) (Krabbe et al.,, 2018; Babaev et al., 2018).
Furthermore, BLA relates to other midbrain regions, the prefrontal cortex, the thalamus and
the HPC, which integrates information widely throughout these regions to generate anxiety-
like behaviour (Janak et al., 2015; Babaev et al., 2018).

Furthermore, one of the downstream targets affected by vHPC is the mPFC, a neocortical
structure subdivided into four distinct regions: the medial precentral cortex, anterior cingulate
cortex, and anterior cingulate cortex prelimbic and infralimbic prefrontal cortex (Quirk et al.,
2003). Based on pharmacological and electrophysiological studies, VHPC, since it is
anatomically connected with other limbic structures such as the amygdala and mPFC, is
implicated in the regulation of anxiety responses, which are likely mediated via shared synaptic
connections (Likhtik et al., 2005; Adhikari et al., 2010) (Figure 9).

connection

VvHPC

Amygdala

Figure 9. A schematic presentation of the sagittal view of mouse brain including neural circuits
implicated in anxiety-like behaviour. The neural activity occurring interactions between the HPC,
the prefrontal cortex and the amygdala.

1.8 The emergence of lipidomics
The lipidomic field emerged around 2003, according to LIPID MAPS (www.lipidmaps.org)

and has dramatically advanced in recent years using analytical chemistry techniques
(O'Donnell et al., 2019). Lipidomics is a relatively young sub-discipline of metabolomics
which belongs to the 'omics' technologies, including the global characterisation of lipid
molecular species (Harkewicz et al., 2011). It allows the analysis of many lipid classes,
including the identification of complex classes of lipids and quantitation of many lipids in

normal physiology (Hartler et al., 2012; Naudi et al., 2015). Large-scale lipidomic studies will
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also enable the quantitation of lipids with high sensitivity and selectivity (Sethi et al., 2017).
There is a pressing need for continuous advancement in the field of lipid-based biomarkers
signature that could offer new accurate diagnostic tools for standard and pathogenic biological
processes (Sethi et al., 2017; Zerr et al., 2018).

1.8.1 Liquid chromatography with tandem mass spectrometry (LC-MS/MS)

Lipidomics is a subcategory of metabolomics, which belongs to the family of omics
technologies, and is the large-scale study of lipid molecules and their biological functions in
any biological system (Kofeler et al., 2012). In lipid profiling, mass spectrometry (MS) is
primarily used, as it is a state of art analytical detection technique that functions to detect the
mass-to-charge ratio (m/z) by separating the electrically charged species in the gas phase and
accurately measuring their molecular masses generated during the ionisation process of brain
lipid extracts (Gross 2006; Han et al., 2003; Bienmann et al., 2014). Based on the sample
introduction method, MS is categorised as a direct infusion (shotgun lipidomics), gas
chromatography analytical method mainly for fatty acid analysis, liquid chromatography, or
mass spectrometry imaging (Wu et al., 2014; Chiu, et al., 2020). The direct infusion of brain
lipid extracts into an electrospray ionisation (ESI) source optimised for separating lipids based
on their intrinsic electrical properties has the advantage of a shortened analysis time (Han et
al., 2005; Lisa et al., 2017). Another technique is the desorption ionisation techniques MS
approach (mass spectrometry imaging, MSI) along with matrix-assisted laser
desorption/ionisation (MALDI) ionisation technique to visualise the spatial distribution of
metabolites across the brain tissue (Aichler, et al., 2015). In addition, most researchers have
favoured the third approach, known as high-performance liquid chromatography (HPLC) in
combination with electrospray ionisation (ESI) and tandem mass spectrometry (MS/MS) on
triple quadrupole (Q) instruments (LC-MS/MS) (Yang et al., 2009; Sethi et al., 2017; Yuan et
al., 2018). The combination of chromatography and mass spectrometry LC-MS/MS has proven
to be a powerful analytical technique that aims to separate complex molecules of the samples
of interest by providing increased sensitivity and specificity, accuracy, and precision in the
measurement of the abundance of each analyte generated during ionization of brain lipid
extracts (Han et al., 2003; Li et al., 2014).

Lipidomics starts with the extraction of lipids from a biological sample. This can be achieved
via a commonly used separation method developed by Blight and Dyer (1959). Here the lipids
are dissolved in a mixture of organic solvents such as methanol and chloroform (Bligh et al.,
1959). Phase separation between the hydrophobic and hydrophilic lipid molecules is achieved

(Brugger, 2014). This process is accomplished either by solid-phase or liquid-liquid extraction
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(LLE) (Canbay, 2017). In this thesis, the samples were injected into the liquid mobile phase, a
solution in which the brain lipid extracts were injected at high pressure and passed through a
column packed with a solid chromatographic stationary phase at a specific flow rate (Nie et al.,
2019). The analytes passed through the electrospray needle using high electrical energy, and
as a result, they were converted from the liquid form into ionised molecules in the gas phase
(Ho et al., 2003; Teunissen et al., 2017). More specifically, a high voltage source produced an
electric field (positive or negative) in which the analytes were ejected and passed from the
capillary tube to form charged droplets (Murphy et al., 2011). In particular, ESI, a soft
ionisation, generated charged state droplets in the spray chamber, where the ions were rapidly
evaporated by the heated flowing nitrogen gas phase (Banerjee et al., 2012). In the negative-
ion mode, the deprotonated [M-H]" ion can be generated by losing a proton H* and a strong
negative signal. In contrast, it is generated by adding hydrogen [M+H]" in the positive mode.
In this thesis, the ionization process was achieved in negative ion mode.

Following the ionization process, the ionized compounds were then transferred into the high
vacuum quadrupole system of the mass spectrometer through the mass analysers and reached
the mass detector at different parts according to their m/z ratio (Kofeler et al., 2012; Kofeler,
etal., 2021).

In this thesis, reverse phase LC was used prior to MS/MS, in which the mobile phase is polar
while the stationary phase is nonpolar. The MS/MS instrument utilised within this thesis was
the triple quadrupole Sciex 6500 QTrap, to detect the precursor ion to the product fragmented
ions transitions. In particular, this instrument uses two filtering quadrupoles that serve as mass
analysers quadrupole chambers, Q1 and Q3, separated by the g2 that acts as a collision cell
where a neutral gas fragments the molecules for the MS/MS analysis (Figure 10) (Hopfgartner
et al., 2004). The precursor ion, the analyte ion of interest, was selected in Q1 by selecting ions
with the m/z of interest. These ions were then accelerated into the collision gas cell in g2, as a
collision chamber in which fragments of the precursor ion were formed by colliding with
nitrogen resulting in fragmentation before passing into Q3. Collision-induced dissociation
(CID) is a process in which a gas (nitrogen) chemical reaction produces structure-specific
fragment ions. Collision energy (CE) refers to the voltage applied in g2 where precursor ions
are fragmented into their characteristic product ions (Fang et al., 2021). Then, these ions were
transmitted to mass analyser Q3 to scan the masses of the fragmented product ions resulting
from CID. The scan was based on the m/z ratio, identifying a specific m/z through the detector
(Hinterwirth et al., 2014). The values for quantification were measured and processed by a

computer, which provided data for calculating the measurement levels of each ion in
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histograms indicating the relative abundance of the signals of ions according to their m/z values
(Han et al., 2003; Urban, 2016). It is noteworthy to mention that the individual molecular
species were separated in a liquid mixture based on their polarity; the polar elutes first and then

the least polar ones (Luan et al., 2019).
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1.8.2 Targeted lipidomic approach with LC-MS/MS
LC-MS/MS is a promising tool to enhance the effectiveness of targeted and untargeted global

profiling of lipids. The targeted lipid analysis emphasises predefined lipids of interest and
measures only a single lipid category, while the non-targeted lipidomic method aims to provide
a broad overview of novel or unexpected lipid metabolites simultaneously in a biological
system (O'Donnell et al., 2014; Lam et al., 2013). Also, the latter approach is well suited to
discover the lipid composition of a sample (Reisz, et al., 2019).

In targeted LC-MS/MS, the elution order of brain lipids is achieved at varying times from the
LC, defined as retention time (RT). Other RTs correspond to different lipid classes. For
instance, more polar molecules elute at the beginning of the chromatogram. Then, they are
passed to the MS/MS using scheduled multiple reaction monitoring scan mode (MRM), by
which product ions are selected in Q3, resulting in the detection of selective and specific
transitions (precursor to product ion) (Sorgi et al., 2018).

Subsequently, the defined precursor to product ion transitions can be monitored to quantify
interest lipids. The first mass analyzer Q1 passes a particular precursor m/z and the second mass
analyzer only detects the product m/z. The instrument is programmed according to the cycle
among a prespecified set of ions and collects the data from the molecules of interest (Dettmer
etal., 2007).

1.9 Chapter Summary

In summary, it is becoming increasingly clear that Alox15 is expressed in various cells, and a
close link exists between Alox15 and its metabolic products in the pathophysiology of
inflammatory diseases. Although the critical role of Alox15 is highlighted in inflammatory
conditions, the role of this enzyme in regulating normal brain function remains poorly defined.
There are important questions and areas of contention, particularly regarding the role of the
Alox15 pathway in brain health, that will be described in more detail throughout this thesis.

1.10 Hypothesis

The deficiency of the Alox15 gene may result in improved cortical and hippocampal-dependent

memory in mice.
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1.11 Overall Aims

1. To investigate the role of Alox15 in normal brain function, using a range of behavioural
tests to measure different properties of memory and anxiety.
2. To discover functional insights regarding the impact of Alox15 deletion in male and

female mice on cognition and behaviour during normal ageing.

3. To evaluate the effects of Alox15 deletion on the expression levels of protein markers
in the vHPC and dHPC linked with changes in behaviour.
4. To structurally characterise the lipid compounds generated during healthy brain ageing

via the Alox15 pathway. To determine the oxylipin formation as well as eoxPL

composition associated with cognitive decline.
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Chapter 2:

Materials and methods
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2.1 Chapter Overview
This chapter covers the materials and methods that have been used through multiple

experiments in the whole thesis. The methodology includes the subjects and the behavioural
testing of mouse colony, immunofluorescence in combination with confocal microscopy, and
describes the dissection of multiple brain regions and the biochemical protocols used to
quantify lipid levels generated via the Alox15 pathway in the brain.

2.2 Materials

2.2.1 Materials for behavioural testing
1. A large square arena 60 x 60 cm, constructed from laminated plywood, with a white floor

and 40 cm high bright white walls, used for all the behavioural experiments

2. An opaque, white paper was used to cover all the inside areas of the arena.

3. Everyday household items, usually made of wood, plastic, and glass, such as vases, coffee
containers, and Lego, are used for objects for behavioural testing (Figure 11).

Figure 11. Examples of object sets of various colours and shapes used for behavioural tasks.
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2.2.2 Materials for Immunofluorescence

Chemicals and solvents
All chemicals were purchased from Sigma Aldrich / MilliporeSigma (Dorset, UK) unless
otherwise stated.

1.

5.

Superfrost Plus slides (ThermoFisher, JIBO0AMNZ).

2. Optimal cutting temperature (OCT) compound (M32631)
3.
4

. Flat white boar bristle brushes with an angle cut suitable for frozen sections

Isopentane Solution (2-Methylbutane) (PHR1661).

(ThermoFisher, 50-364-874)
Embedding Stainless-Steel Base Molds (ThermoFisher, 11655960)

Buffers and solutions
Except for those supplied as part of commercial kits used for immunohistochemistry, all

buffers are listed below.
1. 0.1 M phosphate-buffered saline (PBS)

Ten phosphate-buffered saline tablets (Thermo Fisher, MA, USA) dissolved in 1000 mL
of distilled H20.

Antigen retrieval buffer

0.05 M sodium citrate solution; add 14.7 g of sodium citrate-2 hydrate to 1 litre of distilled
H-0, and adjust to pH 6.0

10 % normal donkey serum (NDS, Abcam, Cat. ab7475)

Blocking buffer

0.5 % Triton X-100 + 0.3 M Glycine (to reduce background and autofluorescence) + 10
% normal donkey serum pH 7.4 (secondary antibody host species) in 200 ml PBS.

30 % sucrose solution

Dissolve 30 g sucrose in 70 ml PBS solution.

4 % Formaldehyde solution in PBS.
Add 40 g paraformaldehyde powder to 960 ml PBS solution in a glass beaker on a stir plate,
warmed to approximately 60 °C in a fume hood. Then add 1N NaOH dropwise from a
pipette until the solution clears. Let the solution cool down and adjust the pH to 7.4 with
dilute HCI.

Washing buffer PBST.

1 ml Triton-X100 in 0.1 M phosphate buffer.

4’ 6-diamidino-2-phenylindole (DAPI, a nuclear counterstain for blue-fluorescence, Vector
Laboratories; 1:1000)
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9. ProLong® Gold Antifade mountant reagent (P36930, ThermoFisher Scientific).

Antibodies and isotype controls

The following antibodies were used for immunofluorescence.

Table 1. List of the isotype controls used for immunofluorescence throughout this thesis

Isotype Control Host Species | Dilution | Source / Catalogue number
1gG polyclonal rabbit 1:100 Abcam, ab171870
1gG polyclonal goat 1:100 Abcam, ab37373
recombinant IgG, monoclonal rabbit 1:100 Abcam, ab172730

Table 2. List of the primary antibodies used for immunofluorescence throughout this thesis

Primary Antibody Host Species | Dilution | Source / Catalogue number
5HT1a Receptor rabbit 1:100 Abcam, ab85615
GABA& Receptor 1 rabbit 1:100 Abcam, ab238130
CRF1 Receptor goat 1:100 Abcam, ab59023
Parvalbumin (recombinant) rabbit 1:100 Abcam, ab181086

Table 3. List of the secondary antibodies used for immunofluorescence throughout this thesis

Secondary Host Target Dilution Source / Catalogue number
Antibody species
IgG Alexa Fluor Donkey Anti-rabbit 1:300 Invitrogen, Cat. A10042
568
IgG Alexa Fluor Donkey Anti-goat 1:500 Invitrogen, Cat. A32754
594
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2.2.3 Materials for LC/MS/MS

Chemicals and solvents
All chemicals were purchased from Sigma Aldrich / MilliporeSigma (Dorset, UK) unless

otherwise stated. Lipid standards were purchased from Cayman Chemical (Michigan, USA)
and Avanti Polar Lipids (Alabama, USA). All solvents were HPLC-grade and were purchased
from Thermo Fisher Scientific Ltd. Also, reagents were purchased from Thermo Fisher (MA,
USA), including glacial acetic acid, chloroform, methanol (MeOH), and PBS tablets.

Solutions
1. 0.1 M Na acetate — (MW 82.03) (52889-250G) — 4.102 g in 500 mL HPLC-Grade Water

2. Acidified methanol (AcMeOH) solution
2 % acetic acid in MeOH (4 mL/ brain tissue prep). Calculations for the volume of

AcMeOH using the table below:

ITEMS VARIABLE & EQUATION
NUMBER OF SAMPLES n
VOLUME NEEDED (ML) Vn=nx4
VOLUME WILL MAKE (ML) V1=Vn+12
VOLUME OF ACETIC ACID Va=0.02xV
VOLUME OF MEOH NEEDED Vm=V1-Va

Lipid standards
The phospholipid standards were purchased from Avanti Polar Lipids (Alabama, USA): 1,2-

dimyristoyl-sn-glycero-3-phosphoethanolamine  (DMPE),  1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC). Also, the following deuterated eicosanoid standards were purchased
from Cayman Chemical (Cambridge, UK): prostaglandin E2-d4 (PGE2-d4), thromboxane B2-
d4 (TxB2-d4), 1l1-dehydro thromboxane B2-d4 (11-dehydro TxB2-d4), 13-
hydroxyoctadecadienoic acid-d4 (13-HODE-d4), 12(S)- and 15(S)-hydroxyleicosatetraenoic-
d8 acid (12(S)- and 15(S)-HETE-d8), arachidonic acid-d8, 1,2-di-O-phytanyl-sn-glycero-3-
phosphoethanolamine (4ME 16:0 Diether PE).
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2.3 Equipment

2.3.1 Equipment for Behavioural testing

Equipment and software

1.

o b~ N

ELP megapixel USB camera (720P/60FPS) was used to record behavioural videos (Ailipu
Technology Co Ltd, Guangdong, China) and saved onto a hard drive.

Hard driver Crucial MX500 (CT250MX500SSD1) was used.

EthoVision XT 13 software (Noldus, Nottingham, UK) for video tracking and analysis
ISpy (version 7.2.1.0), WA, Australia)

GraphPad  (version 9.0; Graph Pad Software Inc., San Diego, CA,
USA; www.graphpad.com).

2.3.2 Equipment for Immunofluorescence

Equipment and software

1.

CryoStar NX50 Cryostat (Thermofisher, UK)

2. Zeiss confocal LSMB800 laser microscope (Carl Zeiss, Germany).
3.
4

Zen software programme, Blue edition.

ImageJ Cell Counter plugin, ImageJ software (version 3.1.9; National Institutes of Health)

2.3.3 Equipment for LC/MS/MS

Equipment and software

1.
2.

OMNI Bead Ruptor Elite was purchased from Omni-Inc (Cambridgeshire, UK).

HPLC (Shimadzu, Japan) coupled 6500 Q-Trap mass spectrometer instrument (AB Sciex,
Darmstadt, Germany)

Software used for lipidomic analyses were as follows; Analyst 1.7 (AB Sciex, Canada),
Endnote Desktop (Clarivate Analytics, PA, USA), Microsoft Office (Microsoft, WA,
USA), MultiQuant 3.0.2 (AB Sciex, Canada), LipidFinder (Cardiff Lipidomics Group,
Wales)

GraphPad  (version 9.0; Graph Pad Software Inc.,, San Diego, CA,
USA; www.graphpad.com).

2.4 Methodology for mouse breeding and maintenance
Alox157 male and female mice on a C56BL/6 background were bred in-house under the Home

Office Animals (Scientific Procedures) Act of 1986, under License (PPL 30/3150). Alox15™"
mice were generated around 1993 (129S2) by Collin Funk, as described previously (Sun, &
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Funk, 1996). These mice were a kind and generous gift from Dr. Colin D. Funk (University of
Pennsylvania). Briefly, Funk et al., 1996 harvested mouse primary macrophages from
euthanized mice by peritoneal lavage using sterile PBS followed by in situ hybridization
analysis to localise the Alox15 gene during embryogenesis. Then this gene was cloned from a
strain 129 Sv genomic library followed by southern blot analysis of genomic DNA to detect
homologous recombination in mouse embryonic stem cell line D3H (a subline of D3 derived
from 129), as well as the targeted embryonic stem cell line A36. Also, germline transmission
was tested by mating the male chimera offspring with C57BL/6 females (Sun, & Funk, 1996).
Hartmut Kiihn backcrossed them against C57BL/6 mice for seven generations, but then, Prof
Phil Taylor et al. backcrossed further from the N7 colony to N11 on the C57BL/6 background
at Cardiff university (Funk., 1996; Talor, et al. 2012). Alox15”7 mouse breeders were housed in
isolators and moved to scantainers for maintenance. Gender and age-matched wild-type
C57BL/6J (WT) mice were purchased from Charles River UK at 12 weeks old. Animals were
housed in groups of 2 - 4 per cage and kept in a temperature and humidity-controlled
environment (20 — 22 °C). They were maintained on ad libitum access to standard chow and
water. Also, all mice had access to wood chew sticks and were on a 12-hour light/dark cycle.

Each cage was provided with environmental enrichment in cardboard nesting tubes.

2.5 General methodological considerations before behavioural testing
Animal handling is a crucial parameter for all behavioural studies. Environmental factors can

influence the performance of animals, and as a result, anxiety levels may be increased and
worsen cognitive behaviour (Costa et al., 2012).

During normal ageing, animals are tested behaviourally repeatedly during a specific period,
which may increase task familiarity. In my study, the overall behavioural approach has been
designed to utilise the same groups of animals and test them over different time points
repeatedly. There are various ways to reduce the practice effects and eliminate a significant
source of errors, thus reducing the likelihood of misinterpreting outcomes when repeated
behavioural testing is conducted. The order of the objects involved in behavioural tests (Al
and A2) needs to be counterbalanced to control the effects of variables. Mice frequently interact
more with the object they are first introduced to. Another important consideration is that
genetically modified and wild-type mice need to be tested randomly to avoid bias. This can be
achieved by alternating the order in which each genotype is tested to minimise the risk of errors.

Another critical parameter is the blinded manner of assessing behavioural tests. Specifically, it
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is suggested that the person who performs the analysis should be blinded to the genotype until
after the behavioural experiments are complete (Hanell et al., 2014).

Of interest, animal health should also be considered, such as body weight, heart rate, and signs
of wounds, to ensure that the animals do not perform abnormally due to any illness (Carter et
al., 2015). In addition, a handling cardboard tube should be used to pick up the mouse from its
cage to improve the testing performance of mice by minimising any handling-induced anxiety
(Gouveia et al., 2017). Many studies suggest that using several behavioural paradigms
compared to only one for a particular memory assessment may be highly advantageous in
confirming findings (Sharma et al., 2010). Since many aspects can influence the testing
performance, it is urgent to consider all the above parameters and eventually, the validity of

the results will be increased.

2.6 Behavioural testing
This section includes the experimental studies and protocols used throughout this thesis to

assess mouse recognition, spatial memory, working memory and anxiety-like behaviour. All
behavioural tests were conducted using a main cohort of 58 male mice at 4 months of age and
onwards (29 WT and 29 Alox157). In particular, | set up two cohorts of male mice for the
behavioural tasks; Cohort 1 included 15 male mice of each strain, and in Cohort 2, they were
14 male mice per genotype. Both cohorts 1 and 2 were combined as they had been very tightly
matched designs. Also, the average weight of the male mice was 27-29 g. In addition, tests
were conducted using only one cohort of 30 female mice (15 WT and 15 Alox15™ mice) at 4
months and onwards. Their average weight was 27-28 g when they aged 4 months. More details
on the experimental design throughout this thesis are presented in section 2.9.

2.6.1 Apparatus and objects

The apparatus was set up in a quiet and brightly lit behavioural testing procedure room, placed
on a square table which was elevated 50 cm off the floor. The cues around the arena and the
square were consistent throughout the behavioural tests unless otherwise stated. An overhead
varifocal USB camera was suspended from the ceiling 90 cm above the centre point of the
arena. This was used to monitor mouse activity in the arena and connected to a laptop. Each
session was recorded using a free downloaded software recorder, iSpy, and saved onto a USB
hard drive. The mice in the arena were live tracked, the data were analysed using EthoVision
XT 13 software, and the contact time/interaction with the objects was scored manually along

with the EthoVision software data (described in detail the section 2.6.4). The duration of each
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trial/ experiment (10 minutes) for object exploration of each mouse was recorded manually
with a stopwatch.

During the test, the objects were selected to ensure minimal anxiety based on their size, shape,
colour, and texture. Additionally, they were around 15 cm in height and quite heavy to prevent
the animals from climbing on them. The objects were placed in the arena roughly 25 cm apart.
The floor, objects and walls were cleansed with 70 % ethanol (in distilled water) before every
session and between each trial to eliminate any possible odour cues. Also, urine and excrement
were cleaned straight after each trial to avoid discrimination issues.

2.6.2 Experimental design - Habituation Phase (HP)

One week prior to experiments, mice were transferred to the behavioural test room in their
home cages for 1-2 hours to start the habituation to the new environment along with the animal
handling for 5 mins a day. Two days before testing, mice were given two habituation sessions
for free exploration of the empty arena without objects for 10 mins. Mice were always
transported from their home cages to the arena within cardboard tubes. Each mouse was placed
in the centre of the arena facing the same wall throughout all tasks and allowed to explore for
10 mins freely. During this phase, their exploratory behaviour in novel areas, the locomotor
activity levels, including the total distance moved and the velocity inside the arena, were
measured and assessed.

2.6.3 Experimental design — Sample Phase (SP) and Test scoring

The experiment was consisted of sample phases and test phase. Mainly, the sample stage
included two sample phases of 10 mins each, which were separated by a 10-min interval (time
spent in a holding cage located in the testing room). Following the second 10-min delay, mice
were subjected to a 10-min test phase. Alox157 and WT mice were tested randomly to avoid
bias. This was achieved by alternating the order in which each genotype was tested. The order
of the object sets was counterbalanced amongst mice to avoid spatial biases. During the test
phase, the duration in the centre of the arena, the distance the mice travelled throughout the
arena, their velocity and locomotor activity, in general, were recorded by EthoVision tracking
software (Hall et al., 2016).

The centre of the arena was 30 x 30 cm and described as 'Inner Zone', while the remaining part,
including the four corners, was described as 'Outer Zone'. The total time and distance spent in
each zone were recorded by EthoVision software for each animal.

For all experiments, the dependent variable was the time spent by the mice exploring the

objects. Object exploration was defined as time spent interacting with an object at a distance

45| Page



within 2 cm to face the objects to be tracked (Ennaceur & Delacour, 1988). To this end, object
exploration time is not scored as contact time interacting with the objects, when the animal
tried to climb on the top of objects to look around or also when the animal's head was in the
distance greater than 2 cm of the object (Hale et al., 2005).

Notably, to ensure that all tasks were sensitive to differences between the groups, independent
of differences in individual contact times, exploration time was translated into a Discrimination
Ratio (DR) for each test phase. DR measurement was determined as the novel object
exploration time divided by the total exploration time of both objects (calculation below). DR
reflects the preferential exploration allocated to a novel item compared to a familiar one and
thus is a measure of recognition memory sensitivity (Hall et al., 2016). Chance performance is
represented by a preference ratio of 0.5, which implies no systematic bias for the target object
and translates into an equal exploration of both novel and familiar objects. A value above 0.5
represents a strong preference for the novel target object, while a value below 0.5 indicates a
familiar object preference (Hall et al., 2016). Thus, the ratio ranges from —1 to +1, with
negative scores indicating a preference for the familiar object and positive scores showing a
preference for the novel object.

2.6.4 Video tracking and analysis with EthoVision XT

EthoVision tracking software was used to automate the score of mouse exploratory behaviour
with objects. Throughout this thesis, the scoring of the interaction time with the objects was
manually operated in conjunction with EthoVision data to provide an objective judgement. The
mice were tracked live, but also video files were saved for future use retrospectively for
analysis within the EthoVision software. The software enables tracking of the animals' noses,
body centre, and tail base point and automatic detection of mobility and elongation of their
body.

The arena settings were first used to draw the arena's square shape and create the zone group
(areas) labelled as an outer or inner zone. A second zone group was added for the objects to
define the shape of each one separately, such as square or round (e.g. Object A). Another object
zone was drawn much wider, which extended by 2 cm around the original object zone
circumference and added to readjust the previous shape sizes of the objects, such as their width
and height (e.g. Object A+2 cm) (Figure 12). The test scoring was determined by the total
object exploration time, which was determined as the contact time spent interacting with the
object at a distance of 2 cm (Ennaceur et al., 1988). Natural behaviours in mice, such as
exploratory behaviour, locomotor activity, rearing, and grooming, can be important

considerations and measured with EthoVision XT.
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Figure 12. The schematic diagram for the arena settings, including the selection of the shapes,
drawing arena, defining the zones.

2.6.5 Novel object recognition task (NOR)
Each animal was placed in the centre of the arena and exposed to two identical familiar objects,

A and B, placed in different arena locations within the inner zone. The animals were allowed
to explore the arena with the objects for 10 mins during Sample Phase 1. After a 10-min delay
(spent in their home cage to rest), mice were returned to the arena to explore the same objects
during Sample Phase 2, in which the rest cycle was repeated. However, after the second 10-
min delay, either one of the two familiar objects from the Sample phase was replaced with the
novel object. The animal was returned to the arena for the test phase to explore the objects for
10 mins. (Figure 13). The objects' position and identity, either familiar or novel, were fully
counterbalanced within and between groups (Benice et al., 2008). The time interacting with
the objects was measured as described previously using the EthoVision software. Between the
sample phases, in both stages, objects and the arena were wiped down with 70 % ethanol prior
to returning the mouse to the apparatus for the test stage. The DR was calculated as the amount
of time spent by each animal during the test phase exploring the novel object divided by the
total time spent exploring both objects. A DR above 0.5 indicates that the mouse has spent
more time with the novel object than the familiar one and thus is a measure of recognition

memory sensitivity (Hall et al., 2016).
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Figure 13. The schematic diagram of NOR comprises Sample phases 1 and 2 and the Test phase.

2.6.6 Object location task (OLT)
This task used the same sample phase protocol as previously reported in the NOR task.

Specifically, the animals were allowed to explore the arena and object A and B for 10 mins
during Sample Phase 1. After a 10-min delay (spent in their holding cage), mice were returned
to the arena to explore the same objects during Sample Phase 2. After a second 10-min delay,
the mice were ready for the test phase, during which one of the objects from the same location
was moved to a new location, and the animal was allowed to explore once more (a location in
which the object has not been previously encountered) (Figure 14). The mice' order and the
moving object's position in the test phase were fully counterbalanced between the mice. If the
animal's memory functions normally, it will spend more time exploring the object that changed
position rather than the one that remained in the same position. If the exploration of all objects
is the same, this behaviour can be interpreted as a memory deficit. DR was calculated as the
time spent by each animal exploring the object that changed position divided by the total time

spent exploring all objects.
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Figure 14. The schematic diagram of OLT comprises Sample phases 1 and 2 and the Test phase.

2.6.7 Elevated plus-maze (EPM)
The EPM apparatus is constructed from Plexiglas (black floor, bright walls) and elevated to 75

cm from the floor via a vertical black frame. A 1 cm high lip surrounds the edges of the open
arms allowing the mice to see over them to the room and floor, whereas the closed arms are
surrounded by 15 cm high black walls restricting any view (Figure 15).

The EPM maze was cleaned with 70% ethanol before each test session, with sufficient time for
the ethanol odour to dissipate before the next test session. Mice were picked up in a cardboard
tube from their home cage and placed at the junction of the four arms of the maze, on the centre
square of the EPM, facing the same open arm each time. They were allowed to freely explore
the maze for a single 10-min test session. After the test session, the mouse was removed from
the maze and placed back into its home cage. A camera was mounted on the ceiling, directly
above the EPM and connected to the laptop, allowing sessions to be video recorded. This
software saved on the computer was utilized to collect all the recorded videos of each mouse's
activity and calculate the scoring. The plus shape of the arena was drawn, defining the closed
and open arms as distinct zones in the arena. Entry into the closed arms was defined as all three
body points of the centre, nose and tail base being in the closed arms. An exploration ratio was
calculated for each mouse as the time spent in the closed arms divided by the total time in the
maze (600s).
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The EPM test arena consists of 4 arms raised approximately two feet off the ground. Two arms
are enclosed by walls to prevent the mouse from falling. The other two arms are open, with no
walls to prevent a mouse from jumping or falling. Mice are averse to open arms because they
may fall off, so they prefer to stay in the enclosed arms. Therefore, by measuring how much
time mice spent in the open versus closed arms, we can determine their level of anxiety. The

less anxious a mouse is, the more time it will spend in open arms than closed arms.

Figure 15. The elevated plus-maze for the assessment of anxiety-like behaviour in mice

2.6.8 Spontaneous Alternation in the T-maze
The T-maze apparatus consists of a melamine floor with clear Perspex walls. The goal arms

are 20 cm long and 12 cm wide to form the T-shape. The T-maze was placed on a steel table
in the centre of the behavioural testing room, which remained consistent throughout the
experiment. Each trial consisted of two consecutive runs; a trial run and a choice run. During
the trial run, each mouse was placed in the start arm of the apparatus, which was confined for
15 secs and then the sliding door block was removed. Upon leaving the start arm, the mouse
could freely choose the left or the right goal arm by entering with four paws inside. After
selecting one of the remaining maze arms during the first trial run, the arm divider was placed
on that goal arm, and the animal was kept in it for 30 secs to explore this goal arm. During the

choice run, the animal was transferred to the start arm again, and the door blocking divider was

50| Page



raised after a 60-sec delay period. The mouse had a choice of either entering the previously
unvisited arm as a correct choice or repeating the visit on the same arm as a failure.

When the mouse entered either goal arm, it was confined there for 15 secs during the choice
run, then removed to its holding cage. Following this, the subsequent mice were used for Day
1 to allow a 5 min inter-trial interval. The series of arm entries was recorded using an overhead
camera. The percentage of alternation rate and the total trial duration was measured.

Because spontaneous alternation requires no habituation to the maze as well as no food or water
deprivation, and thus it is particularly suitable for testing aged animals. The sliding doors were
also placed 10 cm from the end of each lateral arm to create a goal box. Each mouse was then
subjected to 10 trials per morning and evening session. Spontaneous alternation was measured

by counting the average percentages (%) of correct trials (Figure 16).

2.6.9 Statistical analysis
The data from object interaction were collected and analysed with the EthoVision XT 13

software and exported to Microsoft Excel to calculate separate scoring on both groups of mice.
The data were presented using mean scores for each mouse and the standard error of the mean
(SEM). All statistical analyses were performed using GraphPad Prism 9. The normality of data
was examined using the Shapiro-Wilk W test. Between-group differences were evaluated
using a t-test, if needed for different group variance, with Mann-Whitney U test in cases where
data were not normally distributed. A repeated-measures ANOVA (analysis of variance) with

object type/ object location (within-subjects) and genotype (between subjects) was used, for
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Figure 16. Schematic diagram of the T-maze spontaneous alternation task, consisting of trial run
and the choice run. The successful alternation performance is confirmed by entering to the previously
unvisited arm.
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any experiment, to identify significant differences of groups between samples. Bonferroni
adjustment was used on all significant interactions and main effects (F values), adjusting for
multiple genotype comparisons. The statistical significance was set at *=p < 0.05, **=p<0.01,
***=p<0.001 for genotype comparisons. Data were displayed as Box and Whiskers plots

(Tukey plots), line graphs and column charts with mean + S.E.M.

2.7 Protein markers associated with increased anxiety
This section describes how brain tissue was dissected for immunohistochemical analysis and

the analysis used afterwards.

2.7.1 Brain tissue preparation

Animals were culled using an approved Schedule 1 method at 15 months, specifically by
placing them in a chamber with a rising concentration of CO. followed by confirmation of
death using palpation. The mice were pinned to a polystyrene cutting board, and the chest
cavity opened using dissecting forceps and scissors. A needle was then inserted into the left
ventricle; the right atrium was cut. Mice were perfused with ice-cold phosphate-buffered saline
(PBS) followed by 4 % paraformaldehyde (PFA) in 0.1 M PBS. Brains were harvested and
postfixed in 4 % PFA overnight at 4 °C, followed by a sucrose solution (30 % sucrose) in PBS
until submerged for cryoprotection for three days at 4 °C. Next, the brains were embedded in
OCT compound and flash-frozen using pre-cooled isopentane by burying the blocks in dry ice
and then kept at -80 °C until sectioning. The embedded tissue blocks were then cut into 20 pm-
thick coronary slices using a cryostat set at -20 °C and collected onto Superfrost Plus slides
(Figure 17).

Figure 17. Schematic mouse coronal sections, from a. dorsal HPC and b. ventral HPC
cryosections. The brain images were obtained from http://brainmaps.org.
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2.7.2 Immunofluorescence
Antigen epitopes shielded by 0.05 M sodium citrate buffer were retrieved in a heat-mediated

process water bath for 30 mins at 88 °C, adjusted to pH 6.0. Following the incubation, the
sections were placed in glass jars with PBS in a fresh 0.05 M sodium citrate buffer to cool
down at room temperature for 30 mins. After rinsing three times with PBS, sections were
incubated in a blocking solution; 10 % normal donkey serum in PBS-Triton X-100 for 60 min
at room temperature (60 mins; 10 % normal goat serum, 0.5 % Triton X-100 and 0.3 M
glycine). Cryosections were incubated in primary antibodies overnight at 4 °C ina
humidified chamber. Following this, the sections were washed three times in phosphate buffer
containing 0.1 % Triton X-100 (PBS-T), incubated in appropriate secondary antibodies for
60 min at room temperature, and kept in the dark to enable fluorescent detection. The secondary
antibodies were selected depending on the host species of the primary antibodies. After the
secondary antibody was washed out, the sections were washed three times with PBS-T and
then were counterstained with DAPI for 5 mins at room temperature for nuclear staining. After
rinsing three times with PBS, sections were dried before being coverslipped using the mounting
medium on microscope slides in ProLong mountant.

2.7.3 Image acquisition and analysis — Cell counting/signal intensity

Images were acquired using a Zeiss confocal LSM800 laser microscope. The region of interest
was outlined, and the HPC was subdivided into subregions (DG, CAl, CA2 and CA3). The
channels used were Alexa Fluor 568, an orange/red-fluorescent dye with an excitation
wavelength suited to 568 nm and Alexa Fluor 594, a red-fluorescent dye with an excitation
wavelength suited to 594 nm. These channels were configured to obtain the best signal during
image acquisition of the brain samples to eliminate bleed-through from other fluorophores. The
counting of positive cells was determined on images obtained at low magnification objective
lenses (20x) to provide an overall unbiased assessment of the proportion of positive cells. The
images were taken at the same excitation light intensity and master gain setting for isotype and
positive controls to compare signal intensity between genotypes. All immunostained sections
were analyzed using the 2.6 Zen software programme. All acquisition parameters were
consistent among different conditions in my study between isotype controls and positives
(Table 4 A, B).
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Table 5 A. Image acquisition was kept consistent between isotypes and positive controls on

dorsal HPC
405 nm laser 568 nm laser master gain
Isotype control / PV 0.30 % 0.57% 557V
Isotype control / GABAg" 0.29 % 0.55% 570V
Isotype control / CRF;* 0.29 % 0.60 % 575V
Isotype control / 5SHT1a" 0.30 % 0.65 % 580 V

Table 5 B. Image acquisition was kept consistent between isotypes and positive controls on

ventral HPC
405 nm laser 568 nm laser master gain
Isotype control / PV 0.29 % 0.65 % 560 V
Isotype control / GABAs" 0.30 % 0.55 % 575V
Isotype control / CRF;* 0.30 % 0.65 % 580 V
Isotype control / 5SHT1a" 0.30 % 0.65 % 580 V

The stained sections were imaged on the ZEN programme to quantify the labelled positive
neurons in the HPC area CAl, CA2, CA3 subregions and DG. Images were acquired using a
20x objective with a final image dimension of 2,048 x 2,048 and analyzed using the open-
source ImageJ software blind to genotype. The results were shown as the percentage of the
total number of positive 5SHT1a*, CRF1*, GABAgs" and PV™ cells. The cell counting was scored
manually to ensure accuracy using the ImageJ Cell Counter plugin by outlining the individual
nuclei identified by DAPI staining. Next, the counting was performed by the well visible cells
with DAPI-stained nucleus and the other staining surrounding with DAPI for PV*, 5HT1a",
CRF1" and GABAGg" cells. The cells in the granular cell layer of the DG and the pyramidal cell
layers of CAl and CAS3 subfields of HPC were counted.

In contrast, those that appeared in the outer layer were excluded. Labelled positive cells were
marked by a click of the mouse on their image. A total of four tissue sections per animal were
taken and analyzed, and for each animal, a single value was calculated per hippocampal area

by averaging all values for that subregion across all four sections. The reference number was
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determined by the cells estimated by DAPI nuclear staining used as negative cells. Thus, the
counted immuno-positive cells were then calculated by dividing the number of positive cells
by the negative reference cells.

In addition to counting positive cells, the fluorescence intensity was determined for each
marker per DAPI counted nuclei, and the background signal was subtracted for each channel.
Specifically, consistent regions of interest were drawn around the hippocampal areas using the
polygon selection tool to measure the mean value of the signal intensity, and the 'analyze
particle' function was used to count cells. Mainly, area, integrated density, and mean gray value
measurements were considered, together with a background reading. The background
fluorescence intensity of the hippocampal images was measured by delineating exactly another
area within the same examined image that contained no cellular signals. Then, the values of
density were averaged across four sections per animal. We used the signal intensity value of
PV, 5HT1a, CRF1 and GABAg after the tissue background subtraction intensity value. More
specifically, the corrected total cell fluorescence for a region of interest was calculated as
follows:

CTCFI = integrated density — (area region of interest x background fluorescence)

More details on the specific hippocampal subregion are given in the captions of the
representative images.

2.7.4 Statistical analysis of immunofluorescence data.

For quantitative comparison, immunofluorescence data from four sections per mouse were
used in each group, with a single value per mouse generated. Experimental data were analyzed
blinded to the genotype of animals. Statistical analyses, as well as the plotting graphs, were
performed using GraphPad Prism 9. Data were presented as the mean + SEM unless stated in
the relevant results or figure legends. The normality of data was examined using the Shapiro-
Wilk W test. Between-group differences were evaluated using t-test, if needed for different

group variance, with Mann-Whitney U test in cases where data were not normally distributed.

2.8 Lipidomic analysis
This section describes how various mouse brain regions were dissected for lipidomic analysis

and the protocol for brain lipid extraction and analysis.

2.8.1 Culling, perfusion, and dissection

Animals were culled using a Schedule 1 method at 15 months. The culling and the perfusion
were outlined above in Section 2.7.1. Once perfusion was complete, the animal was decapitated

using dissection scissors, and the brain was removed. The brain was dissected into specific
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regions comprising the prefrontal cortex, cerebellum, and HPC. These regions were snhap-
frozen in liquid nitrogen and stored at -80<C until lipid extraction. The weights of all brain
regions between 12 WT and 11 Alox157 mice are presented in Table 10.

2.8.2 Brain Lipid Extraction

Lipids were extracted from brain tissue using liquid-liquid phase separation, which is the gold
standard in lipidomic sample preparation. The extraction was based on an acidified and
modified Bligh and Dyer method, using chloroform and acidified methanol as solvents and
relying on biphasic chloroform-methanol-water mixtures (Bligh, & Dyer, 1959). Each brain
region (prefrontal cortex, cerebellum and HPC, approximately 24 mg, was placed into a 2 ml
Eppendorf tube. Twelve 1.4 mm ceramic beads and 1.9 mL acidified methanol was added
gradually using a pipette (0.95 ml x 2). Then, tissue was homogenized using an OMNI Bead
Ruptor Elite for 20 secs at 4 <C and a speed of 4 m/sec until well-homogenized. The sample
was transferred into a 10 ml glass extraction vial (chromacol) and placed inside a polystyrene
box with the lid closed. Next, 10 ul of the oxylipin internal standard solution and 10 pl of the
oxidised phospholipid internal standard solution were added to each sample. Then, 1.5 mL
sodium acetate was gradually added to each sample using a pipette. 1.8 ml chloroform was then
added, and the caps were fastened securely. The samples were placed on ice for 15 mins in the
dark. Next, samples were vortexed for 30 secs every three mins (5 times in total), followed by
a centrifugation step of five mins at 600 x g at 4 <C. The lipids were recovered in the bottom
layer, which was collected with a glass Pasteur pipette, applying gentle, positive pressure whilst
moving through the upper aqueous phase and crossing the interphase. Lipids were recovered
into a clean glass vial. The remaining lipids in the bottom layer were re-extracted by the
addition of 0.95 mL chloroform to the aqueous upper layer, which was vortexed and
centrifuged again as follows: 0.95 ml chloroform was added, the sample was vortexed for 1
min and then centrifuged for 5 mins at 600 x g, and 4 <C and the bottom organic layer was
collected. Then this step was repeated twice. All these chloroform extracts were combined with
the previous layer. The samples were dried under a vacuum at 30 °C. Once dried, samples were
resuspended in 143 uL. MeOH. The samples were incubated for 5 mins in a water bath at 30
°C, vortexed for 15 secs, and repeated the last step. The samples were transferred to HPLC
vials with inserts, centrifuged for one min at 600 x g and 4 <C. Finally, the samples were
transferred to new HPLC vials and were kept at -80 °C prior to analysis for free eicosanoids by
LC/MS/MS.
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2.8.3 Quantification of enzymatically oxPLs.
Lipid extracts were separated using reverse-phase HPLC on a Cig Luna, 3 um, 2 mm x 150

mm column (Phenomenex, Torrance, CA) with a gradient of 50 %100 % solvent B over 10
mins, followed by 30 mins at 100 % B (Solvent A: methanol, acetonitrile, water, 1 mM
ammonium acetate) at a ratio 60:20:20; B: 100 % methanol, 1 mM ammonium acetate] with a
flow rate of 0.2 ml/min. Data were acquired and analysed in MRM mode on a Q-Trap 6500
mass spectrometer, monitoring and quantifying the relative abundance of the oxidized
phospholipids by monitoring transitions from Q1 to Q3 in negative ion mode.

The accurate signal of lipids was determined in the below transitions, as shown in Table 6. The
native phospholipids are listed as original MRM transitions taken from the collaborator
Professor Steffany Bennett at the University of Ottawa. Her methods were used along with the
list of retention times made by a former postdoc in the Lipidomics Group at Cardiff University
and calculated the oxidised masses. More details will be explained in Chapter 7, such as the
m/z values that | measured and their oxPLs analysis.

The source conditions were as follows: ion spray (IS) value was set at -4500 V, ion source
temperature was set at 500°C, the source gas 1(GS1) was 40 psi, and the source gas 2 (GS2)
was 30 psi, the dwell time for each lipid was 100 msec. The declustering potential, entrance
potential, collision energy and cell exit potential (CXP) were set at various values as defined
in the Table below. The integrations of the peaks were performed manually using the

Multiquant 3.0.2 software.

Table 6. MRM transitions were detected and analysed for oxPLs in five WT mice.

ID Analytes - | Precursor | Product | Declustering | Entrance | Collison Collision
. . . Cell Exit
oxidised m/z (Q1) | m/z (Q3) Potential Potential Energy Potential
(DP) (EP) (CE) (CXP)
PE 18:0a HETE | 782.600 319.20 -55 -10 -45 -7
PE 789.600 343.20 -50 -5 -38 -9
18:1p_HDOHE
PE 790.600 343.20 -50 -5 -38 -9
18:0p_ HDOHE
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PE 18:0a_HETE | 795.600 319.20 -55 -10 -38 -7
PE 16:0a_HEPE | 780.600 317.20 -50 -10 -45 -11

PE 804.700 343.20 -50 -5 -38 -9
18:1a_ HDOHE

PC 762.600 343.20 -50 -5 -38 -9
18:1p_ HDOHE

PE 806.700 343.20 -50 -5 -38 -9
18:0a_ HDOHE

PE 778.600 343.20 -50 -5 -38 -9
16:0a_ HDOHE
PE 16:0p_HETE | 754.600 319.20 -55 -10 -38 -7
PE 18:1p HETE | 766.600 319.20 -55 -10 -38 -7
PE 18:0p_HETE | 778.600 319.20 -55 -10 -38 -7
PE 16:0a_HEPE | 752.600 317.20 -50 -10 -45 -11

PE 776.600 343.20 -50 -5 -38 -9
16:0p_HDOHE
PC 16:0a_ HETE | 806.700 319.20 -55 -10 -38 -7
PC 16:0a_ HETE | 798.600 319.20 -55 -10 -38 -7
PC 18:1a HETE | 806.700 319.20 -55 -10 -38 -7
PC 18:0a_ HETE | 810.600 319.20 -55 -10 -38 -7
PC 18:1a HETE | 826.700 319.20 -55 -10 -38 -7

PC 830.700 343.20 -50 -5 -38 -9
16:0a_HDOHE
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PC 18:1a_HETE | 826.700 319.20 -55 -10 -38 -7

Internal standards for oxidized phospholipids
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-

phosphoethanolamine (DMPE) were diluted in MeOH and were prepared in serial dilutions
from concentrations of 1 mg/mL to 0.5 pg/mL Each brain sample spiked with 10 pL (5 ng) of
each internal standard mix prior to lipid extraction for determining the relative abundance of

oxPLs

LC/MS/MS (MRM and EPI) analysis
LC tandem mass spectrometry (LC/MS/MS) technique with the triple quadrupole mass

spectrometers have been operated in MRM scan mode to detect selective and specific
transitions and in Enhanced Product lon (EPI) mode to identify the acquired MS/MS ion
spectra at a fixed area threshold setting. In the following sections, they will be introduced in
greater detail.

Multiple Reaction Monitoring analysis
The relative abundance of oxidized phospholipids was determined using MRM method on the

6500 Q-Trap mass spectrometer, detecting the selective and specific initial transitions in WT
mice, based on the precursor to product ions arising from collision-induced dissociation to form
distinct negatively charged ions. The gradient was 50 - 100 % mobile phase B in mobile phase
A. [A: methanol, acetonitrile, water,1 mM ammonium acetate) at a ratio 60:20:20; B: 100%
methanol, 1 mM ammonium acetate]. The flow rate was 0.2 mL\min. The following conditions

of detection were the same as above in Section 2.8.3.

Enhanced product ion (EPI) analysis
The most abundant previous MRM transition was selected for each analyte, and the

corresponding MS/MS spectrum was acquired via EPI scan mode. The ions were trapped and
accumulated in Q3 for a limited time; they were fragmented in the trap and then scanned out
simultaneously for mass determination. The ion trap settings were as follows: the Linear lon
Trap (LIT) fill time set to dynamic fill time and the Q3 entry barrier set at 8.00 V, declustering
potential -50 V, entrance potential -10 V, and the collision energy set at -38V. All MS/MS data
were acquired using 6500 Q-Trap and were analyzed manually by Multiquant 3.0.2 software.
From MS/MS analysis, the list of MRM transitions detected in the brain of WT mice is
described in Table 6.
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Table 7. A list of MRM transitions from MS/MS analysis was detected in WT mice's brains. All
internal product ions have been demonstrated for each precursor ions

ID Analyte Precursor | Product | Declustering | Entrance | Collison | Collision
m/z (Q1) m/z Potential Potential | Energy | Cell Exit
(Q3) (V) (V) (V) Potential
V)
PE 18:0a_HETE 782.600 | 319.200 -55 -10 -38 -7
PE 18:0a_12-HETE | 782.600 | 179.100 -55 -10 -38 -7
PE 18:0a_5-HETE 782.600 | 115.100 -55 -10 -38 -7
PE 18:0a_15-HETE | 782.600 | 219.100 -55 -10 -38 -7
PE 18:0a_11-HETE | 782.600 | 167.100 -55 -10 -38 -7
PE 18:0a_8-HETE 782.600 | 155.100 -55 -10 -38 -7
PE 18:0a_HEPE 780.600 | 317.200 -50 -10 -45 -11
PE 18:0a_15-HEPE | 780.600 | 219.100 -50 -10 -45 -11
PE 18:0a_12-HEPE | 780.600 | 179.100 -50 -10 -45 -11
PE 18:0a_11-HEPE | 780.600 | 167.100 -50 -10 -45 -11
PE 18:1a_ HDOHE 804.700 | 343.200 -50 -5 -38 -9
PE 18:1a_10- 804.700 | 153.200 -50 -5 -38 -9
HDOHE
PE 18:1a_11- 804.700 | 149.200 -50 -5 -38 -9
HDOHE
PE 18:1p_HDOHE 762.600 | 343.200 -50 -5 -38 -9
PE 18:1p_10- 762.600 | 153.200 -50 -5 -38 -9
HDOHE
PE 18:1p_11- 762.600 | 149.200 -50 -5 -38 -9
HDOHE
PE 18:1p_14- 762.600 | 205.200 -50 -5 -38 -9
HDOHE
PE 18:0a_ HDOHE 806.700 | 343.200 -50 -5 -38 -9
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PE 18:0a_10- 806.700 | 153.200 -50 -5 -38 -9
HDOHE

PE 18:0a_14- 806.700 | 205.200 -50 -5 -38 -9
HDOHE

2.8.4 Quantification of oxylipins
Oxylipin analytes were quantified by LC-MS/MS analysis on the Sciex Q-Trap 6500 and

monitored using a scheduled MRM method in negative ion mode. The relative abundance of
the oxylipins was quantified using the specific precursor to product ion transitions. These have
predetermined collision energy and declustering potential values, as shown in Table 8 below.
Lipid extracts were separated using reverse phase HPLC on an Agilent Eclipse Plus 1.8um C18
column, 2.1 mm x 150 mm, (Phenomenex, Torrance, CA) held under 45 °C at a flow rate of
0.5 ml/min. Gradient elution of 30-100 % solvent B over 20 mins, followed by a decrease at
30 % solvent B for 30 mins, which is held until the end of the run at 22.5 mins. (Mobile phase
B: 840 ml acetonitrile: 159 ml methanol: 1 ml glacial acetic acid; mobile phase A: 949 ml
water: 50 ml of solvent B: 1 ml glacial acetic acid).

The ion source conditions were as follows: ion spray (1S) value -4500 V, ion source temperature
475 °C, the source gas 1(GS1) 60 psi, source gas 2 (GS2) 60 psi. Dwell time was 100 msec and
entrance potential -10 V. Also, declustering potential, collision energy and collision cell exit
potential were different for each analyte (Table 8). Chromatographic peaks were integrated

manually using Muliquant 3.0.2 software.

Internal standards for oxylipins
The internal standard compounds are used to correct losses during extraction. This standard

mix contained the standards 13(S)-HODE-d4, 5(S)-HETE-d8, 12(S)-HETE-d8, 15(S)-HETE-
d8, 20-HETE-d6, leukotriene B4-d4, resolvinD1-d5, prostaglandin E2-d4, prostaglandin D2-
d4, prostaglandin F2a-d4, thromboxane B2-d4, 11-dehydro thromboxane B2-d4, 11(12)-EET-
d11 at various final concentrations in a range of 701-766 nM . Each brain sample was spiked

with 10 pL of standard mix prior to lipid extraction to determine oxylipins' relative abundance.

Standard curve
Standard curves were generated to facilitate the accurate quantification of each analyte in the

brain samples. The concentration values of the standards were in the range for detection and
followed a linear regression. Their generation using authentic standards and matching stable

isotope labelled IS is useful for targeted analysis of a few analytes.
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Table 8. Lipid internal standards for oxylipins

Internal Formal Name Precursor | Product
Standard m/z (Q1) m/z
(Q3)
PGE2-d4 Prostaglandin E2-d4 373.2 173.1
PGD2-d4 Prostaglandin D2-d4 371.2 309.2
PGF20-d4 ProstaglandinF2a-d4 331.2 167.1
TxB2-d4 Thromboxane B2-d4 319.2 115.1
11-dehydro- 11-dehydro-Thromboxane B2-d4 319.2 155.1

TxB2-d4
13(S)-HODE-d4 13S-hydroxy-9Z,11E-octadecadienoic-9,10,12,13- 327.2 226.1
d4 acid
5(S)-HETE-d8 | S- hydroxy-5Z, 8Z, 10E, 14Z-eicosatetraenoic- 5, 6, 325.2 281.1
8,9, 11,12, 14, 15- d8 acid
12(S)-HETE-d8 | 12S- hydroxy- 5Z, 8Z, 10E, 14Z-eicosatetraenoic- 5, 339.2 197.1
6,8,9, 11, 12, 14, 15- d8 acid
15(S)-HETE-d8 | 15S- hydroxy- 5Z, 87, 11Z, 13E-eicosatetraenoic- 5, 380.2 141.1
6,8,9, 11, 12, 14, 15- d8 acid
20-HETE-d6 20-hydroxy-52,8Z7,117,14Z-eicosatetraenoic- 355.2 275.1
16,16,17,17,18,18-d6 acid
Leukotriene B4- Leukotriene B4-d4 355.2 275.1
d4
RvD1-d5 Resolvin D1-d5 357.2 313.2
11(12)-EET-d11 11(12)-epoxy-5Z,8Z,14Z-eicosatrienoic- 319.2 167.1
16,16,17,17,18,18,19,19,20,20,20 acid
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Table 9. List of MRM transitions for oxylipins analysis using precursor/ product ion transitions

Eicosanoid Precursor | Product | Declustering | Collision | Collision Cell

m/z (Q1) | m/z (Q3) | Potential (V) | Energy Exit Potential
V) (V)
5-HETE 319.2 115.1 -55 -19 -7
8-HETE 319.2 155.1 -65 -18 -8
9-HETE 319.2 167.1 -50 -20 -9
11-HETE 319.2 167.1 -60 -19 -9
12-HETE 319.2 179.1 -65 -18 -12
15-HETE 319.2 219.1 -55 -18 -14
20-HETE 319.2 275.1 -85 -21 -11
5-HEPE 317.2 115.1 -60 -20 -10
8-HEPE 317.2 155.1 -65 -19 -8
9-HEPE 317.2 167.1 -50 -18 -12
11-HEPE 317.2 167.1 -50 -20 -13
12-HEPE 317.2 179.1 -65 -18 -8
15-HEPE 317.2 219.1 -65 -16 -10
18-HEPE 317.2 259.1 -50 -15 -11
4-HDOHE 343.2 101.1 -50 -17 -9
7-HDOHE 343.2 141.1 -50 -21 -9
8-HDOHE 343.2 189.1 -50 -19 -9
10-HDOHE 343.2 153.1 -55 -21 -5
11-HDOHE 343.2 121.1 -60 -18 -10
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13-HDOHE 343.2 193.1 -55 -19 -9
14-HDOHE 343.2 205.1 -45 -17 -9
16-HDOHE 343.2 233.1 -55 -17 -10
17-HDOHE 343.2 201.1 -70 -15 -10
20-HDOHE 343.2 241.1 -55 -17 -11
9-HODE 295.2 1711 -85 -23 -9
13-HODE 295.2 195.1 -85 -23 -7
9-HOTTE 293.2 171.1 -60 -20 -8
13-HOTrE 293.2 195.1 -70 -22 -12
5-HETTE 321.2 115.1 -70 -19 -9
15-HETrE 321.2 221.1 -70 -21 -11
9-OxoODE 293.2 185.1 -85 -23 -13
13-OxoODE 293.2 195.1 -85 -25 -12
5-OxoETE 317.2 273.1 -65 -20 -11
12-OxoETE 317.2 153.1 -75 -20 -10
15-OxoETE 317.2 1131 -60 -22 -8
9,10-DiHOME 313.2 201.1 -80 -29 -8
12,13-DIHOME 313.2 183.1 -80 -28 -12
5,6-DIHETIE 337.2 145.1 -75 -24 -10
8,9-DIHETrE 337.2 127.1 -70 -25 -8
11,12-DiHETTE 337.2 167.1 -65 -26 -8
14,15-DIiHETTE 337.2 207.1 -65 -25 -10
5,6-DIHETE 335.2 1151 -60 -23 -8
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5,15-DIiHETE 335.2 115.1 -60 -21 -9
8,15-DIHETE 335.2 235.1 -65 -22 -4
14,15-DIHETE 335.2 207.1 -65 -23 -10
17,18-DIHETE 335.2 247.1 -65 -24 -8
5-HETrE 321.2 115.1 -70 -19 -9
15-HETrE 321.2 221.1 -70 -21 -11
9-OxoODE 293.2 185.1 -85 -23 -13
13-OxoODE 293.2 195.1 -85 -25 -12
5-OxoETE 317.2 273.1 -65 -20 -11
12-OxoETE 317.2 153.1 -75 -20 -10
15-OxoETE 317.2 1131 -60 -22 -8
9,10-DiIHOME 313.2 201.1 -80 -29 -8
12,13-DIHOME 313.2 183.1 -80 -28 -12
5,6-DIHETIE 337.2 145.1 -75 -24 -10
8,9-DIHETIE 337.2 127.1 -70 -25 -8
11,12-DiHETTE 337.2 167.1 -65 -26 -8
14,15-DiHETTE 337.2 207.1 -65 -25 -10
5,6-DIHETE 335.2 1151 -60 -23 -8
5,15-DIiHETE 335.2 115.1 -60 -21 -9
8,15-DIHETE 335.2 235.1 -65 -22 -4
14,15-DIHETE 335.2 207.1 -65 -23 -10
17,18-DiHETE 335.2 247.1 -65 -24 -8
RVE1 349.2 195.1 -65 -22 -10
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RvD1 375.2 2151 -55 -23 -9
RvD2 375.2 141.1 -65 -21 -11
RvD3 375.2 147.1 -65 -24 -12
RvD5 359.2 199.1 -65 -22 -17
LTB3 337.2 195.1 -65 -22 -8
LTB4 335.2 195.1 -70 -23 -11
20-carboxy LTB4 365.2 347.2 -80 -25 -8
20-hydroxy LTB4 351.2 195.1 -80 -25 -8
6-trans LTB4 335.2 195.1 -65 -23 -9
LXA4 351.2 115.1 -55 -19 -10

Mar 1 359.2 250.1 -60 -23 -11
7,17-diHDPA 361.2 263.1 -65 -20 -4
9(10)-EpOME 295.2 171.1 -80 -21 -10
12(13)-EpOME 295.2 195.1 -80 -19 -8
5(6)-EET 319.2 1911 -60 -16 -7
8(9)-EET 319.2 167.1 -60 -15 -7
11(12)-EpETE 319.2 167.1 -60 -18 -8
8(9)-EET 319.2 167.1 -60 -15 -7
11(12)-EpETE 319.2 167.1 -60 -18 -8
14(15)-EpETE 319.2 219.1 -65 -18 -6
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8(9)-EET 319.2 167.1 -60 -15 -7
11(12)-EpETE 319.2 167.1 -60 -18 -8
14(15)-EpETE 319.2 219.1 -65 -18 -6
17(18)-EpETE 317.2 127.1 -70 -18 -8

7(8)-EpDPA 343.2 113.1 -70 -15 -11
10(11)-EpDPA 343.2 153.1 -70 -18 -6
13(14)-EpDPA 343.2 193.1 -75 -16 -10
16(17)-EpDPA 343.2 233.1 -60 -16 -7
19(20)-EpDPA 343.2 241.1 -70 -18 -11

PGD1 353.2 317.2 -55 -16 -8
PGD2 351.2 2711 -50 -22 -8
PGD3 349.2 269.1 -50 -17 -11
PGE1 353.2 317.2 -60 -18 -10
PGE2 351.2 2711 -60 -19 -12
PGE3 349.2 269.1 -60 -17 -10
PGB2 333.2 175.1 -60 -24 -10
13,14-dihydro-15-

keto PGE2 351.2 235.1 -55 -19 -13

13,14-dihydro-15-

keto PGD2 351.2 207.1 -50 -25 -13

13,14-dihydro-15-

keto PF2a 353.2 113.1 -55 -23 -11

11B-PGE2 351.2 271.1 -55 -23 -7

6-keto PGE1 367.2 143.1 -55 -23 -9

8-iso PGE2 351.201 271.1 -55 -21 -10
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15-deoxy-A12,14-

PGJ2 315.2 2711 -65 -18 -8
8-is0-15-keto
PGF2a 351.2 289.1 -50 -23 -12
PGF2a 353.2 309.2 -85 -24 -9
6-keto PGFla 369.201 163.1 -75 -26 -10
Thromboxane B2 369.2 169.1 -60 -22 -12
11-dehydro
Thromboxane B2 367.2 305.2 -60 -20 -10
13(S)-HODE-d4 299.5 198.1 -60 -25 -7
5(S)-HETE-d8 327.2 116.1 -55 -19 -8
12(S)-HETE-d8 327.2 184.2 -60 -20 -12
15(S)-HETE-d8 327.2 226.2 -65 -22 -11
20-HETE-d6 325.2 281.2 -70 -21 -8
Leukotriene B4-d4 339.2 197.2 -65 -21 -9
Resolvin D1-d5 380.2 141.1 -75 -18 -11
Prostaglandin E2- 355.2 275.3 -60 -23 -12
d4
Prostaglandin D2- 357.5 275.3 -55 -23 -10
d4
Prostaglandin F2a- 357.5 313.2 -80 -24 -9
d4
Thromboxane B2- 373.3 173.2 -55 -22 -10

d4
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11-dehydro 3715 309.2 -55 -21 -11
Thromboxane B2-
d4

11(12)-EET-d11 331.2 167.1 -65 -18 -11

2.8.5 Heatmap generation
For the generation of heatmaps, samples were averaged within their groups, and values of each

analyte were converted into log10 (wet weight of brain). Heatmaps plots were plotted using
the pheatmap package in R, based on lipid hierarchical clustering. In particular, a sparse set of
clusters is selected given a clustering tree (dendrogram) (Langfelder et al., 2008; Team, 2013).
Then each cluster was subdivided into subclusters. Hierarchical clustering is a method of
cluster analysis which seeks to build a hierarchy of clusters. Intensity levels were represented
by a colour gradient ranging from dark blue (absent/very low levels) to red (high levels).
2.8.6 Data analysis

The raw data was exported from the Analyst software and analyzed using MultiQuant software.
The limit of detection used was a signal-to-noise ratio of 5:1. Also, the peaks had at least 5 data
points across the peak.

Statistical analysis was performed using Graphpad Prism 9. The normal distribution of data
was determined through the Shapiro-Wilk test. The non-parametric Mann-Whitney test was
applied to test for differences between variables. Data were presented as Box and Whisker plots
(Tukey plots). The top and bottom edges of the whiskers represent the interquartile range (IQR)
with the horizontal line inside the box, indicating the data's median. Also, the points beyond
the whiskers indicate 1.5*IQR. The values are expressed as mean + SEM unless otherwise
stated. The statistical significance level was set at *= p <0.05, **=p<0.01, ***=p<0.001,
****=n<(0,0001.

2.9 Experimental design
The timeline for each cohort of mice, showing the order and the length of time of behavioural

tasks, is illustrated in Table 9. Two male cohorts and one cohort of female mice were used for
the experimental procedures in this thesis, including behavioural testing, brain dissection and
lipidomic analysis or immune analysis. The difference in body weight between genotypes is

presented in Chapter 3.
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Table 10. Experimental design for each cohort of mice used for in vivo studies.

Experiments

Months of the age of Cohort 1 male mice

4 7 819 10 11112 13 14 15 16
A. 15 WT 1I5WT 1I3WT 12 WT 12 WT
Novel VS VS VS VS VS
Object 15 15 15 14 12
Recognition Alox15 Alox15 Alox15 Alox15 Alox15
Task /- /- /- I I
B. 15 WT 15WT 13WT 12WT 12 WT
Object VS Vs Vs Vs VS
Location 15 15 15 14 12
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
C. 15WT 13WT 12WT 12 WT
Elevated VS VS VS VS
Plus maze 15 15 14 12
Alox15 Alox15 Alox15 Alox15
- I- /- /-
D. 12WT
Brain S
dissection 11
Into Alox15
prefrontal I-
cortex,
HPC,
cerebellum
E. Targeted 12WT
LC/MS/MS VS
11

Alox15
/_
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Experiments

Months of the age of Cohort 2 male mice

4 7 819 10 11112 13 14 15 16
A. 14 WT 14 WT 14 WT 14 WT 14 WT
Novel Object VS VS VS VS Vs
Recognition Task 14 14 14 14 14
Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
B. 14 WT 14 WT 14 WT 14 WT 14 WT
Object Location VS VS VS VS Vs
Task 14 14 14 14 14
Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
C. 14 WT 14 WT 14 WT 14 WT
Elevated Plus maze VS VS VS VS
14 14 14 14
Alox15 Alox15 Alox15 Alox15
- I- - -
D. Spontaneous 14 WT
alternation T maze VS
14
Alox15
/-
E. 8WT
Brain dissection VS
10
Alox15
/.
F. SWT
Immunofluorescence VS
staining/Imaging 10
Alox15
/-
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Experiments

Months of the age of Cohort female mice

4 6 7 819 10 11112 13 14 15 16
A. 1I5SWT 1I5WT 1I5WT 1I5WT 15 WT
Novel Object VS VS VS VS VS
Recognition 15 15 15 12 11
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
B. 1I5SWT 1I5WT 1I5WT 1I5WT 15 WT
Object VS VS VS VS VS
Location 15 15 15 12 11
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
C. 1I5WT 1I5WT 1I5WT 15 WT
Elevated Vs Vs Vs VS
Plus maze 15 15 12 11
Alox15 Alox15 Alox15 Alox15
- I- /- /-
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Table 11. Brain regions weight between 12 WT and 11 Alox15” mice for lipidomic analysis

Mouse brain region Weight (mqg)
WT1 CORTEX 27
WT2 CORTEX 26
WT3 CORTEX 31
WT4 CORTEX 34
WT5 CORTEX 32
WT6 CORTEX 34
WT7 CORTEX 30
WT8 CORTEX 28
WT9 CORTEX 34
WT10 CORTEX 33
WT11 CORTEX 35
WT12 CORTEX 34

Alox15" 1 CORTEX 35
Alox15" 2 CORTEX 31
Alox15" 3 CORTEX 34
Alox15" 4 CORTEX 31
Alox15" 5 CORTEX 33
Alox15" 6 CORTEX 34
Alox15" 7 CORTEX 35
Alox15" 8 CORTEX 28
Alox15" 9 CORTEX 30
Alox15" 10 CORTEX 29
Alox15" 11 CORTEX 28
WT1 CEREBELLUM 31

73| Page



WT2 CEREBELLUM 30
WT3 CEREBELLUM 34
WT4 CEREBELLUM 32
WT5 CEREBELLUM 33
WT6 CEREBELLUM 35
WT7 CEREBELLUM 31
WT8 CEREBELLUM 35
WT9 CEREBELLUM 34
WT10 CEREBELLUM 32
WT11 CEREBELLUM 31
WT12 CEREBELLUM 30
Alox15" 1 CEREBELLUM 34
Alox15” 2 CEREBELLUM 34
Alox15" 3 CEREBELLUM 35
Alox15" 4 CEREBELLUM 29
Alox15”" 5 CEREBELLUM 31
Alox15" 6 CEREBELLUM 33
Alox15" 7 CEREBELLUM 35
Alox15” 8 CEREBELLUM 31
Alox15" 9 CEREBELLUM 35
Alox15" 10 CEREBELLUM 30
Alox15" 11 CEREBELLUM 31
WT1 HPC 31

WT2 HPC 30

WT3 HPC 33

WT4 HPC 32

WT5 HPC 30
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WT6 HPC 33
WT7 HPC 30
WT8 HPC 30
WT9 HPC 31
WT10 HPC 34
WT11 HPC 30
WT12 HPC 31
Alox15" 1 HPC 29
Alox15" 2 HPC 30
Alox15" 3 HPC 33
Alox15" 4 HPC 30
Alox15" 5 HPC 32
Alox15" 6 HPC 31
Alox15" 7 HPC 32
Alox15" 8 HPC 29
Alox15" 9 HPC 28
Alox157 10 HPC 35
Alox15" 11 HPC 34
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Chapter 3:

General Alox15” mouse phenotype and

physical characteristics
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INTRODUCTION

3.1 Chapter overview
The brain naturally changes with increasing chronological age, affecting physiological,

cognitive and behavioural performance over a lifetime (Peters, 2006). The purpose of this
chapter is to record the general phenotype of Alox157mice. However, less clear is the rate of

the change.

3.2 Aims and objectives
The overall aim of the chapter is to report the physical characteristics of the animal model that

| will utilize throughout this thesis. | will assess the general health status of the Alox15” global
knock-out mouse model with a particular emphasis on their phenotypic analysis:

1. Determine the biological and physiological aspects of ageing from young mice aged (4
months) to middle-aged (7-13 months) and old (15 months) Alox15” compared to age-
matched WT mice aged 16 months, including the long-term body weight development
as the food intake measurement.

2. Investigate any gender-related changes from 4 to 16 months of age.

RESULTS

i.  Alox15”7 mice demonstrated significant age-dependent weight gain but no
difference in total food consumption.

Body weights at 4, 7, 10, 13 and 15 months of age were analysed by a repeated measures
ANOVA with age as a within subjects’ factor and genotype as the between subjects’ factor.
The average body weight of male Alox157 and WT mice aged 4 months was approximately 27
g. There was no marked difference in body weight at 4 months of age (27.491 +0.4757 vs.
27.134 +0.209, P =0.9242) (Figure 18 A). However, Alox15” mice gained significantly more
weight over time than age-matched WT mice aged 7 months (35.948 +0.798 vs. 29.817 +
0.253, P =0.0462). The striking increase in body weight of Alox157 male mice peaked at 10
months of age relative to WT mice (44.628 £1.176 vs. 32.703 + 1.745, P=0.0002). A similar
pattern was shown at 13 months (48.517 £1.187 vs. 33.569 + 2.203, P=0.0001). By 15 months,
the maximum weight for a WT male mouse was 44.5 g, whereas for the Alox15”7 male mouse
was 65 g (54.321 £1.148 vs. 34.321 + 2.321, P=0.0001). A further analysis was carried out to

examine age-point differences. Significant effects of age were found on the bodyweight of male
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mice (age*genotype interaction F (4, 212) = 19.4, P<0.0001). Table 11 A represents the mean
body weights of male mice of both genotypes at five different time points.

Similarly, the mean weight of female Alox157- and WT mice aged 4 months was approximately
29 g. Although there was no difference in body weight at 4 months of age (29.980 +0.236 vs.
28.227 + 0.146, P =10.3898), as they aged from 7 months and onwards, the significant body
weight gain of Alox157 female mice was noticeable compared to WT (34.627 +0.356 vs.
29.587 + 0.240, P =0.0002) (Figure 18 B). Similarly to male mice, the middle-aged and the
old-aged Alox157 female mice were significantly heavier than the young Alox15” female mice
(>4 months, all P <0.0001; two-way ANOVA). Specifically, they reached the peak at 10
months of age (47.807 £0.962 vs. 33.973 £ 0.501, P=0.0001) and had increased adipocyte size
compared to WT mice (Figure 18 B). Similarly, Alox15”7 female mice were significantly
heavier than WT mice (56.760 +£1.041 vs. 38.087 * 0.410, P=0.0001). By 15 months, the
heaviest Alox15” female mouse was 68 g, compared to the WT female mouse, which was 43.2
g (59.873 £1.762 vs. 37.727 £ 0.521, P=0.0001). Similar to the analysis in male mice, data
were analysed by a two-way ANOVA with Bonferroni’s multiple comparison tests revealing
that there was an age*genotype interaction (F (4, 112) = 97.11, P<0.0001). As displayed in
Table 11 B, the average body weights of female mice of both genotypes were reported over the
five-time points.

Further examination revealed that the Alox157 female mice had extensive hair loss, severe bald
patches, and skin lesions at 15 months of age (Figure 19 B). This excessive grooming behaviour
was also observed in Alox157 male mice and was more pronounced.

To determine whether the body weight gain in Alox15” mice was due to hyperphagia, food
intake was measured between groups of mice aged 15 months. There was no significant
difference in the amount of food consumed over five days (120 h) between genotypes (Figure
20). Interestingly, Alox157 mice and WT mice ate 2.589 g+0.038 g vs 2.746 +0.033,
P=0.0824 in Day 1, respectively. A similar pattern was demonstrated for the rest days, however

this did not reach significance.
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Figure 18. Alox15" male and female mice displayed an increased age-dependent body weight. A.
Mean average weight (g) for WT and Alox157 male mice. B. Mean average weight (g) for WT and
Alox15" female mice. Data were analysed by a repeated measures ANOVA with the five different age
points as a within subjects’ factor and genotype as the between subjects’ factor and displayed as line
graphs with mean £ SEM. n=29 males per genotype, n=15 females per genotype *, **, *** and ****
represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 19. A. Representative pictures of WT mouse and Alox157 mouse at the age of 15 months,
showing differences in the white adipose tissue as indicated by arrows, respectively. B. Representative
pictures of WT mouse and Alox15” female mouse at the age of 15 months, recapitulating hair loss and
excessive grooming phenotype, as indicated by arrows, respectively.
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Figure 20. Alox15™ mice displayed no significant differences in daily food intake. The amount of food
was measured for a period of five days, as described in Materials and Methods. Data were analysed by a
repeated measures ANOVA with the five different days points as a within subjects’ factor and displayed
as bar graphs with mean = SEM. n=14 per genotype.

80| Page



MALES IDs 4 MONTHS 7 MONTHS 10 MONTHS 13 MONTHS 15 MONTHS

WT GROUP 1 LR 26.4 31.8 34.9 38 36
WT GROUP 1 L 26.5 30.6 36.8 39 40.4
WT GROUP 1R 26.8 30 36.7 39.8 41.4
WT GROUP 1 BLANK 28.2 30.8 32.3 40 37
WT GROUP 2R 29 30.6 32.4 34 35
WT GROUP 2 BLANK 26.3 31.2 37.3 36 40.5
WT GROUP 2 L 26.4 29 32.9 34.7 35.8
WT GROUP 2 LR 25 30.8 35.4 33 40.7
WT GROUP 3 R 27.5 30.2 38.6 43 44.5
WT GROUP 3 BLANK 29.2 33 30.9 38 43.6
WT GROUP 3 L 26.5 30.6 41 38.4 39
WT GROUP 3 LR 27.2 30.8 37.8 38 43
WT GROUP 4R 27.3 30.2 39.8 0 0
WT GROUP 4 L 28.7 30.5 0 0 0
WT GROUP 4 LR 28.4 30 0 0 0
WT GROUP 4 BLANK 28.7 30.4 34 35.2 38
WT GROUP 5R 27.1 28 37.2 40.6 42
WT GROUP 5 BLANK 28.3 29.3 31.3 34.8 37.6
WT GROUP 5 L 26.2 28.8 35 41.3 42
WT GROUP 5 LR 28.9 32 36 37.9 43.1
WT GROUP 6 BLANK 26.3 29 31 35.2 38.2
WT GROUP 6 L 25.8 27.2 34.3 36.1 37.4
WT GROUP 6 R 27 28.5 35.2 38.7 38.9
WT GROUP 6 LR 25.7 29 36.5 40.8 43.2
WT GROUP 6 LL 27.4 28.9 33.3 35.8 37.6
WT GROUP 7 BLANK 26.5 28.7 35 37 37.2
WT GROUP 7 L 25.7 28 34 35 36.5
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Table 12 A. Mean body weights in male WT and Alox15” mice.

WT GROUP 7 LR ‘ 26.9 29 32.8 35 35.3

WT GROUP 7R ‘ 27 27.8 36 38.2 40.4
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MALES IDs 4 MONTHS 7MONTHS 10 MONTHS 13MONTHS 15 MONTHS
Alox15" GROUP 1 LR 29.5 42 50.9 51.7 56
Alox15" GROUP 1 L 30.1 41.6 48.9 63.7 65
Alox15" GROUP 1R 29 41.2 58.4 52.5 54
Alox15" GROUP 1 BLANK 31.2 41.4 51.5 52.8 53
Alox15" GROUP 2 R 29.6 36.4 45 51.5 51.7
Alox15" GROUP 2 BLANK 30.2 37.2 49.3 0 0
Alox15" GROUP 2 L 28.7 39.6 51 53.5 58
Alox15" GROUP 2 LR 27.3 37.2 49.8 50.1 56
Alox15" GROUP 3R 26.9 40.2 45 50 48.9
Alox15" GROUP 3 BLANK 27.3 36 49.5 45 61.8
Alox15" GROUP 3 L 30.45 40 37 54.5 53
Alox15" GROUP 3 LR 29.4 42 48.4 50 51.9
Alox15" GROUP 4 R 29.8 36.5 39.8 52.5 49.7
Alox15" GROUP 4 L 30.3 39 46.8 54 0
Alox15" GROUP 4 LR 27.2 37.9 49.7 53.3 57
Alox15" GROUP 4 BLANK 25.3 32.3 35.8 39 0
Alox15" GROUP5R 23.5 29.1 375 41 41.3
Alox15" GROUP 5 BLANK 26.5 31 33.4 39.9 41.1
Alox15" GROUP 5 L 27.6 30.8 38.5 41.8 42,5
Alox15" GROUP 5 LR 26.5 29.5 36.7 45.9 46.7
Alox15" GROUP 6 BLANK 23 32.4 39.3 49.9 53.1
Alox15" GROUP 6 L 25.3 27.3 36.7 40 49.1
Alox15" GROUP 6 R 25.8 33.5 37.2 46 475
Alox15" GROUP 6 LR 20.5 31 38.4 40 60.2
Alox15" GROUP 6 LL 27.1 32.6 40.1 48.8 49.9
Alox15" GROUP 7 BLANK 24.9 34.3 41.6 49.8 51.6
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Alox15" GROUP 7 L 26.4 37.1 39.8 42.6 449

Alox15" GROUP 7 LR 30.6 37.8 50.1 55 56.8

Alox15" GROUP 7R 27.3 35.6 38.9 48.4 49.5
Table 12 B. Mean body weight values in female 15 WT and 15 Alox15" mice.

FEMALES IDs 4 MONTHS 7MONTHS 10 MONTHS 13 MONTHS 15 MONTHS
Alox15" GROUP 1 LR 29.4 31.7 39.9 0 0
Alox15" GROUP 1L 31 34.8 47.6 59.8 64.5
Alox15" GROUP 1R 28.8 33.2 53 58.7 62.3
Alox15" GROUP 1 BLANK 31.3 36 52.4 62.3 65.4
Alox15" GROUP 2R 30.6 344 48.4 54.5 0
Alox15" GROUP 2 BLANK 30.5 36.7 49.6 0 0
Alox15" GROUP 2 L 29.2 31 51.3 57.2 59.6
Alox15" GROUP 2 LR 30.3 35 49.6 53.2 54.2
Alox15" GROUP 3R 29.2 335 46.3 54.5 56.4
Alox15" GROUP 3 BLANK 28.4 33.2 49.5 66.8 68
Alox15" GROUP 3 L 29.4 34.5 44.3 57.8 59
Alox15" GROUP 3 LR 30.2 335 47.5 55.9 57.6
Alox15" GROUP 4R 315 335 41.3 0 0
Alox15" GROUP 4 L 30.1 354 46.7 54.3 55.2
Alox15" GROUP 4 LR 29.8 33.9 49.7 57.5 58.2
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FEMALES IDs 4 MONTHS 7 MONTHS 10 MONTHS 13 MONTHS 15 MONTHS
WT GROUP 1 LR 29 29.8 325 37.7 38
WT GROUP 1 L 27.6 28.8 33 39.2 40.5
WT GROUP 1R 28.6 31 32.7 38.2 42
WT GROUP 1 BLANK 29 31.3 344 40.5 40
WT GROUP 2R 27.5 28.2 35.6 39.6 40.2
WT GROUP 2 BLANK 28.3 29 36.8 40.2 42.2
WT GROUP 2 L 27.4 29.2 335 35.5 37
WT GROUP 2 LR 28.3 29 35.1 38 39.7
WT GROUP 3R 27.9 29 37.2 39.6 43.2
WT GROUP 3 BLANK 28.2 30.4 31.8 37.5 415
WT GROUP 3 L 27.7 28.6 36.4 39 40
WT GROUP 3 LR 29.1 30.7 33.8 37.3 39.6
WT GROUP 4R 28.6 32.4 34.2 37 38.4
WT GROUP 4 L 27.8 29 30.9 36.6 37
WT GROUP 4 LR 28.4 29.8 31.7 35.4 36.6
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ii.  Alox157 mice showed markedly age-dependent locomotor activity.

Next locomotor activity concerning the distance that the mice travelled at 4, 7, 10, 13 and 15
months of age was analysed by a repeated measures ANOVA with age as a within subjects’
factor and genotype as the between subjects’ factor when tested in the open field. The average
distance moved of Alox15” and WT mice aged 4 months was approximately 3800 cm and the
difference reached statistical significance (4235.91 £192.4 vs. 3695.63+ 307.34, P=0.0112)
(Figure 21). Furthermore, Alox15” mice travelled significantly shorter distances than the
youngest to middle-aged group. In particular, a two-way ANOVA analysed the overall
locomotor activity from the five different time stages with Bonferroni’s multiple comparison
tests revealing that Alox157 male mice demonstrated a significant effect of age on distance
travelled (F (4, 224) = 11.61, P=0.0016).
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Figure 21. Locomotor activity Alox15” mice displayed a significant effect of age on the distance
travelled when tested in the open field. Mean average distance moved (cm) for WT and Alox15"
mice. Data were analysed by a repeated measures ANOVA with the five different age points as a
within subjects’ factor and genotype as the between subjects’ factor and displayed as line graphs with
mean £ SEM. n=29 males per genotype, n=15 females per genotype *, **, *** and **** represent
p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively
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iii.  Asignificant proportion of Alox157 female mice developed splenomegaly with
ageing.

Furthermore, female Alox15” mice observed a distinct mortality rate. At 15 months of age,
Alox157 mice examination revealed the development of mild splenomegaly with ageing
compared to age-matched WT mice. Consequently, the spleens of both groups were harvested,
and distinct changes such as the weight and the size of the Alox157 female mice spleen
compared to WT female mice were observed. The results showed a significant increase in
spleen weight in Alox157 female mice compared to WT mice, as displayed in Figure 22 (85.70
+4.527 vs. 181.7 + 3.513, P=0.0079).
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Figure 22. A. Alox15" female mice displayed an increased spleen weight. A. Mean average
spleen weight (g) for WT and Alox15" female mice. Each dot represents an individual mouse. Data
were analysed using Mann- the Whitney non-parametric U test and shown on Tukey box plots with
mean + S.E.M. WT (n=5) and Alox15" (n=5) female mice, 15 months of age *, **, *** and ****
represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively. B.
Representative spleens of 15-month-old Alox15” and WT female mice, respectively.
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DISCUSSION

This chapter recorded the general health of young and middle-aged to old Alox15” mice
relative to age-matched control WT mice. The Alox15 mouse model revealed age-related
physiological changes throughout this thesis.

An important physical characteristic reported in this chapter was the age-related increase in
body weight. It was observed that there was a significant effect of age on the bodyweight of
both Alox157 male and female mice compared to age and gender-matched WT mice. Notably,
Alox157 mice displayed a gradual increase in weight gain over time than WT mice. The current
findings for WT (C57BL6) mice generally support the previous results and report that ageing
from young to middle and old age induces increased body weight (Halloran et al., 2002; Shoyji
et al., 2016). Although this metabolic phenotype has not been reported previously, this chapter
proposes that the genetic deletion of the Alox15 may be involved in metabolic pathways,
attributable to the role of Alox15 in regulating fat metabolism in the brain. In addition, no
hyperphagia was observed between the two groups of mice at 15 months. Although an
examination of single food consumption at 15 months of age was measured, conclusions about
other contributing factors related to this phenotype cannot be drawn. These mice over-ate and
gained weight when aged 7 months when this phenotype initially had a profound effect. This
suggests that the source of fat storage in Alox15” mice may also be due to overeating over their
lifetime.

Studies have shown that significant differences in body weight over time are positively
associated with decreased survival rates (Reis et al., 2009). This study reported a slight increase
in the death rate in aged Alox157 female mice, but the reason remains unclear. However,
previously published works by Middleton et al., 2006, and Taylor et al., 2012 noted a distinct
increase in the mortality rate of Alox157 mice as they aged compared to WT mice. After a
proper examination of Alox157 mice, the scientists investigated varying degrees of
splenomegaly with 100% penetrance compared to WT mice, and they concluded that mortality
was associated with increasingly severe splenomegaly. Similarly, these findings were generally
consistent with this present study; mild splenomegaly in the absence of Alox15 was confirmed.
It is suggested that the early mortality in Alox157 mice might be linked to mild splenomegaly.
Another striking phenotype of the Alox15 mouse was the gradual increase in grooming
behaviour which was noticeable at 10 months of age and onwards. Mainly at 15 months of age,
the Alox157 female mice displayed excessive grooming behaviour such as extensive hair loss,

skin inflammation, and lesion formation resulting in a pathological grooming phenotype.
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Collectively, the findings in this study are consistent with a study led by Kim et al, which
demonstrates the role of Alox15 in skin inflammation. Mice with Alox15 deficiency resulted in
dorsal skin defects and hair follicle-derived cell loss in adult mice at 16 weeks old.
Histopathological analysis of these mice showed increased indices of inflammation, and the
dermal adipocytes were abnormally differentiated into myofibroblasts. These data suggest that
proinflammatory signals from Alox15-deficient dermal adipocytes resulted in abnormal cell
types of differentiation and hair follicle cycle defects (Kim et al., 2018).

The next chapter will focus on the role of the Alox15 mouse model in normal brain function by

utilizing well-validated behavioural tasks.
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Chapter 4:

Alox15”7 mice manifested spatial memory
deficits along with increased anxiety-like
behaviour
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INTRODUCTION

4.1 Chapter Overview
The ageing brain is associated with a progressive decline of structural, cognitive and

physiological functions leading to increased susceptibility to neuronal network changes and the
development of neurodegenerative diseases (Peters, 2006; Lopez-Otin et al., 2013). As
described in Chapter 1, it is characterized by an acceleration of behavioural and cognitive
deficits, including changes in locomotor activity, memory consolidation and anxiety-like
behaviour, which are evident even without overt neurodegeneration (Puigoriol-Illamola et al.,
2020).

Here, this chapter will focus on the effects of the Alox15” mice on normal cognition and
behaviour, including recognition, spatial memory and working memory performances.
However, relatively little is known about the role of the Alox15 enzyme in normal cognitive
function and anxiety-like behaviour and whether normal ageing may interact with its gene
deletion. An Alox15” global knock-out mouse model will be used to address this issue. The
following sections will demonstrate the age-related behavioural differences and gender
changes resulting from the comparisons between young adult mice (4 months of age) and
middle-aged (7-13 months of age) to old mice (15 months of age). This study's experimental
strategy will use highly validated behavioural assays such as NOR, OLT, EPM to assess
cognitive and emotional behaviours compared with age and gender-matched WT mice.

This behavioural approach will be used to characterize the phenotypes of this knock-out mouse
model, allowing significant results from a combined cohort of male mice (Cohort 1,2) as well
as another cohort of female mice tested through the interpretation of behavioural outcomes that

are assessed with various paradigms (Crawley, 2008).

4.2 Aims and objectives
The goal of this study is to investigate the role of the Alox15 pathway through gradually

cognitive changes that occur during the normal ageing process in mice:

1. A selected set of behavioural assays and phenotypes will facilitate understanding the effects
of age and gender on mouse behaviour.

2. The memory will be assessed from 4 to 15 months, but the anxiety-related phenotype will
be evaluated from 7 to 15 months relative to age-matched WT mice.
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RESULTS

4.3 EXPERIMENT 1: NOR

i.  Alox15”7 mice displayed a trend toward decreased discrimination ratio compared
to WT mice aged 15 months
WT and Alox15 mice were examined at five different time points to examine any age-related

recognition memory changes. In the following sections, the analysis focuses on data generated
fromthe 4, 7, 10, 13 and 15 months of age, between 26 WT and 29 Alox15” male mice. Starting
from the last time point, the findings were as follows:

Habituation Phase — 15 months of age: The mice were individually habituated to the apparatus

two consecutive days before performing the experiment. Mainly the mice were placed in the
centre of the maze to explore the arena for 10 mins freely. Thus, graphs have been generated
using the distance moved from the centre point of the arena and the velocity of each mouse
during Day 1 and repeated for Day 2 of the Habituation Phase (HP). Analysis by one-way
repeated measures ANOVA indicated that Alox15” mice aged 15 months had a statistically
significant decrease in locomotor activity concerning the distance they moved and their speed
compared to WT control mice (P=<0.0001, Figure 22). In addition, the arena can be subdivided
into two spatial zones, the inner zone, which is the centre of the arena and the outer zone, which
includes the four corners. The analysis of these data showed that the aged Alox15” mice spent
significantly less time in the centre of the arena than WT mice during both days of the HP (P=
<0.0001). These data regarding 'the two zones transition’, inner and outer zone for Day 1 and

2 of HP are shown in Figure 23.

Recognition memory — Sample Phase - 15 months of age: Following the HP process, mice were
placed in the centre of the apparatus and exposed to two identical copies of sample object A
(familiar objects) during the Sample Phase (SP). Specifically, mice were allowed to explore
the identical objects for 10 mins during SP 1 before being removed from the maze for a 10-
min delay spent in their holding cages. During SP 2, mice were replaced in the maze to explore
the same objects for 10 mins before being returned to their holding cages. As demonstrated in
Figure 24 A, Alox15” mice spent significantly less time in the center of the arena than WT
mice during SP (P=0.0001) and also, Alox15” mice interacted markedly less with the identical
objects compared to WT mice during the two sequential sample exposures, as illustrated in
Figure 24 B (P=0.0002, P=0.0008).
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Recognition memory — Test Phase - 15 months of age: During the test phase (TP), one of the

familiar objects from SP was replaced with a novel item. Figure 25 A, D demonstrated that
Alox157-male mice spent significantly less time in the centre of the arena and the distance they
moved compared to WT mice (P=0.0001). Inspection of these data showed that Alox157 mice
appeared hypoactive, as demonstrated by a significantly decreased locomotor activity.

Next, Alox157 mice spent significantly less contact time with the novel object, indicating a
lack of novel object preference during TP (P=0.0091, Figure 25 B). The DR was calculated to
ensure that the experiment was sensitive to differences between the genotypes. DR reflects the
preferential exploration allocated to a novel item compared to the total time spent on both
objects by measuring the recognition memory sensitivity. Inspection of Figure 25 C shows that
Alox157 male mice could discriminate between the novel and familiar objects as WT male
mice. Additionally, one sample non-parametric U-test confirmed that the novelty preference of
Alox157 and WT mice were significantly above chance (DR data, 0.582+0.035 vs
0.655+0.018, P=0.0433 vs, P=0.0039, respectively).

Recognition memory — Test Phase — 4-15 months of age: The above results were presented at

the last time stage, which was 15 months; however, more tests were conducted on the previous
age-points. The parameters analysed were the locomotor activity, the contact time with the
novel object and DR. The middle-aged Alox157 male mice behaved similarly to old mice and
could discriminate significantly above chance. Also, Alox157 mice showed a lower preference
for the novel object than WT mice, as shown in Figures 26 - 28. Conversely, young Alox15™
mice demonstrated no significant difference in the contact time with the novel object compared
to WT mice (Figure 29).

Collectively DR data — 4-15 months of age: Taken together the interaction with the familiar

and novel objects converted into the analyses of the DR data from the five different time points,
it was noticeable that Alox15”7 male mice did not display any statistically significant difference
in the DR compared to age-matched WT male mice. The interaction between age and genotype
was not significant as analysed by mixed-effects repeated measures ANOVA with Bonferroni’s
multiple comparison tests in Alox157” and WT male mice (13 months: 0.53+0.033 vs
0.64+0.019, 10 months: 0.55 +0.046 vs 0.64+0.022, 7 months: 0.61+0.044 vs 0.71+0.016, 4
months: 0.67+0.024 vs 0.752+ 0.019, respectively). Overall, there was no main effect of age
[F (4,212) = 0.1246, P=0.9735 (Figure 30 A)].

Similarly, a summary of the data analyses of the DR measurements from the same five age-
points illustrated that Alox157 female mice showed a trend towards a decline in recognition

memory compared to age-matched WT female mice, but these differences did not reach

93 |Page



statistical significance (Figure 30 B). A further analysis was also performed by two-way
ANOVA, revealing that there was no main effect of age [F (4, 110) = 0.6487, P= 0.6284] in

female mice.
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Figure 22. Alox15" male mice displayed significant decrease in the mean velocity and mean
distance (cm) travelled from the centre of the arena during Day 1 and Day 2 of HP. Data were
analysed by a repeated measures ANOVA with the habituation days as a within subjects’ factor and
genotype as the between subjects’ factor and displayed as Tukey box plots with mean = S.E.M. n=26
per genotype *, ** *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype
comparisons, respectively.
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Figure 23. Alox15" male mice spent significantly less time in the center of the arena during Day
1 and Day 2 of HP. Data were analysed by a repeated measures ANOVA with the zones as a within
subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box plots with
mean = S.E.M. n=26 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001

for genotype comparisons, respectively.
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= Sample Phase: Time point — 15 months of age
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Figure 24. A. Alox15" male mice spent significantly less time in the center of the arena during
Sample Phase. B. Alox15” male mice displayed significantly less mean contact time (sec) during
the two Sample Phases. Alox15” male mice interacted with the objects significantly less compared
to WT mice. The interaction between object and genotype reached statistical significance in both
S.P. Data were analysed by a repeated measures ANOVA with the sample phases as a within
subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box plots with
mean * S.E.M. n=26 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001 for genotype comparisons, respectively.
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Figure 25. A. Alox15" male mice, aged 15 months of age, spent significantly less time in the
center of the arena during TP. B. Alox15” male mice spent significantly less contact time (sec)
with the novel object. C. Alox15" male mice were able to discriminate between the novel and
familiar objects. Also the performance of both WT and Alox15” mice was significantly above
chance 0.5. D. Alox15” male mice displayed significantly decreased mean distance (cm) travelled
from the centre of the arena. Data were analysed by a repeated measures ANOVA with the zones
as a within subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box
plots with mean £ S.E.M. n=26 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.

9 |Page



Test Phase: Time point — 13 months of age
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Figure 26. A. Alox15" male mice, aged 13 months of age, spent significantly less time in the center
of the arena during TP. B. Alox15" male mice spent significantly less contact time (sec) with the
novel object compared to WT mice. C. Alox15” male mice were able to discriminate between the
novel and familiar objects. D. Alox15” male mice displayed significantly decreased mean distance
(cm) travelled from the centre of the arena. Data were analysed by a repeated measures ANOVA with
the zones as a within subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey
box plots with mean + S.E.M. WT (n=26) and Alox15" (n=28) *, ** *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 27. A. Alox15" male mice, aged 10 months of age, spent significantly less time in the
center of the arena during TP. B. Alox15” male mice spent significantly less contact time
(sec) with the novel object. C. Alox15”" male mice were able to discriminate between the
novel and familiar objects. D. Alox15" male mice displayed significantly decreased mean
distance (cm) travelled from the centre of the arena. Data were analysed by a repeated
measures ANOVA with the zones as a within subjects’ factor and genotype as the between
subjects’ factor and displayed as Tukey box plots with mean + S.E.M. n=27 per genotype *, **,
** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons,
respectively.
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Figure 28. A. Alox15" male mice, aged 7 months of age, spent significantly less time in the center
of the arena during TP. B. Alox15" male mice spent significantly less contact time (sec) with the
novel object. C. Alox157 male mice were able to discriminate between the novel and familiar
objects. D. Alox15" male mice displayed significantly decreased mean distance (cm) travelled
from the centre of the arena. Data were analysed by a repeated measures ANOVA with the zones as
a within subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box plots
with mean £ S.E.M. n=29 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001 for genotype comparisons, respectively.
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Figure 29. A. Alox15" male mice, aged 4 months of age, spent significantly less time in the
center of the arena during TP. B. Alox15” male mice spent similar contact time (sec) with the
novel object. C. Alox15” male mice were able to discriminate between the novel and familiar
objects. D. Alox15”" male mice displayed significantly decreased mean distance (cm) travelled
from the centre of the arena. Data were analysed by a repeated measures ANOVA with the zones
as a within subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box
plots with mean + S.E.M. n=29 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.
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Figure 30. Alox15" male and female mice displayed a trend toward decreased DR over
five different time points, 4 months, 7 months, 10 months, 13 months and 15 months of age.
Data were analysed by a repeated measures ANOVA with the five different age points as a
within subjects’ factor and genotype as the between subjects’ factor and displayed as line graph
with mean + S.E.M. n=29 per genotype.
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4.4 EXPERIMENT 2: OLT

ii.  Alox157 mice demonstrated spatial memory deficits compared to WT aged 15 months

The main aim of this experiment was to investigate whether the deficiency of Alox15 is
associated with differences in spatial memory between genotypes. To examine the age-
dependent memory changes, both WT and Alox157 mice were tested again at five different
time stages between 4 months and 15 months of age. Beginning the analysis from the last time
point, 15 months of age, the following graphs were generated:

Spatial memory - Sample phase -15 months of age: As described in Experiment 1,following to

HP, there were two sample phases which were identical to those used for the NOR. Analysis
by one-way repeated measures ANOVA with the sample phases as a within subjects’ factor
and genotype as the between subjects’ factor revealed that Alox157" male mice spent
significantly less time in the inner zone of the maze than WT mice (P=<0.0001, Figure 31 A).
Also, inspection in Figure 31 B shows that Alox157 mice displayed significantly reduced
contact times with the two identical objects than WT mice during the S.P. 1 and S.P. 2
(P=0.0009, P=0.0007, respectively).

Spatial memory - Test Phase - 15 months of age: During the TP, one of the two objects was

moved to a new location. Figure 32 A illustrates that Alox15” mice spent markedly less time
in the inner zone than WT mice (P=<0.0001). A visual inspection of these data demonstrates
that Alox15”- mice were hypoactive, with decreased locomotor activity concerning the distance
they moved compared to WT mice, as indicated in Figure 32 A. Next, Alox157 mice spent
significantly less contact time with the object that moved in the new location than WT mice;
however, no statistical differences were observed in the familiar object (P= 0.0002).

The DR measurement was also calculated, demonstrating that Alox15” mice could not
discriminate between the object that has remained in the exact location and the object that has
moved to a new location, compared to WT mice as shown in Figure 32 C (0.475£0.028 vs
0.73+0.025, P=0.0006). Additionally, one sample non-parametric U-test confirmed that their
preference for the object in the new location was just below chance 0.5. Furthermore, Alox15
" male mice displayed significantly decreased mean distance travelled from the centre of the
arena than WT mice, as shown in Figure 32 D (P=<0.0001).

Spatial memory - Test Phase — 4-15 months of age: Similar behavioural domains, including

the cumulative duration in the inner and outer zone, locomotor and exploratory activity, the

109 |Page



contact time with the object that moved to the new place, the DR measurement, and the
locomotor activity, were assessed in the previous time points 4-13. In particular, the middle-
aged Alox157 male mice displayed similar spatial memory deficits as the old Alox15” mice,
as shown in Figures 33 - 35. The DR measurement at 13, 10, and 7 months showed that Alox15
"' male mice could not discriminate between the object that stayed in the same location and the
object that was placed in a new location, as illustrated in Figure 33 C [(13 months: 0.49+0.025
vs 0.67+0.021, P= 0.0002) (10 months: 0.54+0.031 vs 0.71+0.019, P=0.0048) (7 months:
0.62+0.021 vs 0.73+0.022, P=0.0433) (4 months: 0.70+0.039 vs 0.757+0.033), respectively].
In contrast, the young Alox15” mice were able to discriminate between the object in the same
location and the other object that moved to the new place compared to WT mice, as
demonstrated in Figure 36.

Collectively DR data — 4-15 months of age: Taken together, a two-way ANOVA analysed the

DR data from the five different time stages with Bonferroni’s multiple comparison tests
revealing that Alox157- male mice demonstrated a significant effect of age in spatial memory
decline (F (4, 212) = 4.131, P=0.003) (Figure 37 A). Conversely, the age-related interaction in
spatial memory decline was not significant in female mice [(F (4, 110) = 1.807 , P= 0.1326)]
and also separately the DR data [15 months: 0.43£0.023 vs 0.63+0.022, 13 months: 0.47+0.038
vs 0.63£0.029, 10 months: 0.50+0.042 vs 0.65+0.031, 7 months: 0.62+0.031 vs 0.68+0.031, 4
months: 0.71+0.057 vs 0.76+0.047] (Figure 37 B).
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Figure 31. Alox15" male mice displayed significantly less mean contact times (sec) during
the two Sample Phases. Data were analysed by repeated measures ANOVA with the sample
phases as a within subjects’ factor and genotype as the between subjects’ factor and displayed
as Tukey box plots with mean £ S.E.M. n=29 per genotype *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 32. A. Alox15" male mice, aged 15 months, spent markedly less time in the center of
the arena than WT mice during TP. B. Alox157 male mice interacted markedly less with the
object in the new location compared to WT mice. C. Alox15” male mice were not able to
discriminate between the object in the same location and another object in the new location.
D. Alox15" male mice displayed significantly decreased mean distance (cm) travelled from the
centre of the arena. Data were analysed by a repeated measures ANOV A with the zones and object
location as a within subjects’ factor and genotype as the between subjects’ factor and displayed as
Tukey box plots with mean £ S.E.M. n=29 per genotype *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 33. A. Alox15”" male mice, aged 13 months, spent markedly less time in the center of
the arena during TP. B. Alox15" male mice interacted significantly less with the object in
the new location. C. Alox15” male mice were not able to discriminate between the object in
the same location and another object in the new location. D. Alox15” male mice displayed
significantly decreased mean distance (cm) travelled from the centre of the arena. Data were
analysed by a repeated measures ANOVA with the zones and object location as a within subjects’
factor and genotype as the between subjects’ factor and displayed as Tukey box plots with mean
+S.E.M. WT (n=26) and Alox157 (n=28) *, **, *** and **** represent p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.
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Figure 34. A. Alox15" male mice, aged 10 months, spent markedly less time in the center of
the arena during TP. B. Alox15" male mice interacted markedly less with the object in the
new location. C. Alox15” male mice were not able to discriminate between the object in the
same location and another object in the new location. D. Alox15" male mice displayed
significantly decreased mean distance (cm) travelled from the centre of the arena. Data were
analysed by a repeated measures ANOV A with the zones and object location as a within subjects’
factor and genotype as the between subjects’ factor and displayed as Tukey box plots with mean
+ S.E.M. n=27 per genotype *, ** *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001
for genotype comparisons, respectively.
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Test Phase: Time point — 7 months of age
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Figure 35. A. Alox15”" male mice, aged 7 months, spent markedly less time in the inner zone of
the arena during TP. B. Alox15" male interacted markedly less time with the object in the new
location. C. Alox15” male mice were able to discriminate between the object in the same location
and another object in the new location. D. Alox15” male mice displayed significantly decreased
mean distance (cm) travelled from the centre of the arena. Data were analysed by a repeated
measures ANOVA with the zones and object location as a within subjects’ factor and genotype as the
between subjects’ factor and displayed as Tukey box plots with mean = S.E.M. n=29 per genotype *,
**kkx and ***F* represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons,
respectively.

119 |Page



= WT
=31 Alox15”
= WT

=31 Alox15”

- -
T

T .
B AsO\ 1
T__”_l_ %, — |H % - |_

120 | Page

2
& = & o : ) _ % — T T T
o =1 =1 0 =) 0 o y Q ] < < N
[T} < N L o - - (=) (=) o (=)

Test Phase: Time point — 4 months of age

(929s) uoneang aAeNWND

(99s) awy 3oL3UO0D

oney uoneUIWLIASI



8000+ 1 1
e | 1
g P—r
< 6000+
° —_

3
€ 4000+
§ =1
S 2000-
7}
o
0 -
\'
& K
\°+
?.

Figure 36. A. Alox15" male mice, aged 4 months, spent markedly less time in the inner zone of
the arena during TP. B. Alox15” male spent less contact time with the object in the new
location, but this was not significant. C. Alox15” male mice were able to discriminate between
the object in the same location and another object in the new location. D. Alox15" male mice
displayed significantly decreased mean distance (cm) travelled from the centre of the arena.
Data were analysed by a repeated measures ANOVA with the zones and object location as a within
subjects’ factor and genotype as the between subjects’ factor and displayed as Tukey box plots with
mean + S.E.M. n=29 per genotype *, ** *** and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001 for genotype comparisons, respectively.
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Figure 37. Alox15" male and female mice displayed markedly decreased DR in spatial memory
over five different time points, 4 months, 7 months, 10 months, 13 months and 15 months of age.
Data were analysed by a repeated measures ANOVA with the five different age points as a within
subjects’ factor and genotype as the between subjects’ factor and displayed as line graph with mean +
S.E.M. n=29 per genotype *, ** *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for
genotype comparisons, respectively.
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4.5 EXPERIMENT 3: SPONTANEOUS ALTERNATION IN T-MAZE

iii.  Alox157 male mice showed spatial working memory deficits compared to WT aged
15 months

To further investigate whether the cognitive deficits in hippocampal-dependent processing
spatial information extended to other behavioural tests, Alox157 mice were also subjected to a
spontaneous alternation T-maze paradigm. To evaluate their spontaneous alternation, a
measure of spatial working memory and their exploratory activity, Alox157 and WT mice,
aged 15 months, were allowed to freely explore the T-maze apparatus and choose one of the
two-goal arms during the trial run. In the choice run, the mice decide whether they alternate
and visit a new goal arm. Herein, only the morning sessions were included in this section; thus,
the spontaneous alternation of only the morning sessions was calculated.

Working memory — 15 months of age: Results from this task can be seen in Figure 38 A,

indicating that Alox15” mice performed poorly across the training sessions and had
significantly lower spontaneous alternation scores compared to age-matched WT control mice
(48.929 £1.303 vs 65.285 £ 1.344, P=0.0012). Furthermore, the time taken to complete the
total number of 10 trials during the morning session was recorded to measure gross exploratory
behaviour, as shown in Figure 38 B. Alox15” mice completed the 10 trials on average 280 secs
in the morning sessions, significantly slower than the 130 secs by the wild-type group of mice
(289.286 +6.668 vs 133.214 + 4.245, P=0.0001).
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Figure 38. Alox15” male mice displayed markedly impaired spatial working memory A. The
percentage of spontaneous alternation rate in the T-maze was significantly reduced in Alox157 mice
B. Significant differences in the total time to complete 10 trials in the morning sessions in the
spontaneous alternation task. Data were analysed using Mann-Whitney non-parametric U test and
displayed as Tukey box plots with mean + S.E.M. n=14 per genotype *, **, *** and **** represent
p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively..
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4.6 EXPERIMENT 4: EPM

iv.  Alox157 male mice manifested increased anxiety-like behaviour compared to WT
aged 15 months

The EPM has been widely used to assess anxiety-like behaviour. Further to the previous
memory tests, Alox157 mice were examined in the EPM to evaluate their anxiety status and
age effects. Both groups of mice, WT and Alox15” mice, were tested at four different age
points starting from 7 months and onwards. The cut-off time point was 15 months of age. The
below graphs have been produced from these time points, between 29 WT and 29 Alox15”
mice and were displayed starting from 15 months of age. Data on the number of entries,
distance travelled and cumulative duration were analysed by the Mann-Whitney U test to
compare the two genotypes.

Anxiety-like behaviour — 15 months of age: Visual inspection suggested that aged Alox15™

mice made significantly fewer entries to the open areas than controls. The analysis on the
number of entries by the Mann-Whitney U test revealed statistical significance (P=0.0002)
(Figure 39 A). Also, the mean distance travelled by each group of mice was calculated to
measure the general locomotive activity in the apparatus. A simple comparison showed that
Alox157 mice travelled significantly less than WT mice in the maze (P<0.0001) (Figure 39 B).
WT mice showed more open arms exploration than Alox15” mice, leading to an increased
overall duration percentage in the open arms during the 10-minute EPM test. In particular,
Alox157 mice displayed significantly less exploration of the open arms compared to the closed
arms, generally avoiding the open platforms of the maze to a much greater extent than the age-
matched WT mice. There were significant differences in the cumulative duration in open arms
between Alox15" mice and WT mice (82.36+1.84 vs 49.93+7.88, P<0.0001, respectively)
(Figure 39 C). Furthermore, Alox15” mice appeared to take longer to enter the open arms and
spent less time per entry, resulting in decreased duration in the open arms compared to age-
matched WT male mice. Heatmaps conducting overall exploration in open and closed arms
indicated significant differences in open arm exploration between genotypes (Figure 39 D).

Anxiety-like behaviour — 13-7 months of age: The middle-aged Alox15” mice exhibited similar

anxiety-like behaviour patterns as the old mice, as shown in Figures 40 and 41. Similarly,
young Alox157 mice spent significantly less time in the open arms than age-matched male
controls (% duration open arms in 13 months: 81.72+2.01 vs 52.79+7.31, 10 months:
76.62+£2.041 vs 59.38+26.85, 7 months: 68.23+2.23 vs 36.43£23.20, respectively) (Figure 42).
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Collectively Anxiety-like behaviour — 15-7 months of age: The data regarding the time spent in

open and closed arms, from four different time points, were analysed revealing that Alox15”
male mice spent significantly less time in open arms, which deteriorated with age (Figure 43
A). There was a significant effect of age for Alox157- male mice on time spent in open arms,
further exacerbated at 13 months of age and onwards in a two-way ANOVA (F (3, 156) =
9.683, P<0.0001) Figure 43 A). Similarly, the percentages of time spent on open arms in
Alox157 female mice suggested increased anxiety-like behaviour than WT mice; demonstrated
also a significant effect of age in female mice [(% duration open arms: (15 months: 88.36+1.84
vs 59.93+1.39), (13 months: 85.51+2.01 vs 67.18+1.69), (10 months: 83.62+2.04 vs
68.38+1.60), (7 months: 70.23+2.23 vs 52.93+2.18)] (F(3, 112) = 30.99, P<0.0001) (Figure 43
B).
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Figure 39. Alox15”" male mice, aged 15 months, showed greater anxiety-like behaviour in EPM.
A. Alox15” mice made significantly fewer entries in the opened areas. B. Mean distance travelled
of the Alox15" mice throughout exploration of the EPM C. Alox15” mice spent significantly less
duration time in the open arms. D. Heatmaps displayed relative exploration of the open and closed
arms across genotypes. Data were analysed using Mann- Whitney non-parametric U test and shown
on Tukey box plots with mean = S.E.M. n=26 per genotype. *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 40. Alox15" male mice, aged 13 months, displayed markedly increased anxiety-like
behaviour in EPM. A. Alox15”" mice made markedly more entries in the closed areas B. Mean
distance moved by Alox15" mice C. Alox157 mice spent significantly more duration time in the
closed arms. D. Heatmaps displayed relative exploration of the open and closed arms across
genotypes. Data were analysed using Mann- Whitney non-parametric U test and shown on Tukey box
plots with mean + S.E.M. WT (n=26) and Alox157 (n=28) *, ** *#% and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 41. Alox15” male mice, aged 10 months, showed increased anxiety-like behaviour in
EPM compared to WT mice. A. Alox15" mice made significantly fewer entries in open arms.
B. Mean distance travelled by Alox15" mice in the apparatus C. Alox15” mice spent
significantly less duration time in the open arms. D. Heatmaps displayed relative exploration
of the open and closed arms across genotypes. Data were analysed using Mann- Whitney non-
parametric U test and shown on Tukey box plots with mean + S.E.M. n=27 per genotype *, **, ***
and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 42. Alox15" male mice, aged 7 months, exhibited higher anxiety-related behaviour in
EPM. A. Alox15" mice made significantly fewer entries in the open areas. B. Mean distance
moved by Alox15” mice in the apparatus C. Alox15” mice spent markedly less duration time in
the open arms. D. Heatmaps demonstrated relative exploratory activity between open and closed
arms across both groups. Data were analysed using Mann- Whitney non-parametric U test and shown
on Tukey box plots with mean = S.E.M. n=29 per genotype *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 43. Alox15”" male and female mice showed markedly increased anxiety-like behaviour in
EPM at four different time points 7 months, 10 months 13 months and 15 months of age. Data
were analysed by a repeated measures ANOVA with the five different age points as a within subjects’
factor and genotype as the between subjects’ factor and displayed as 2-D columns with mean £ S.E.M.
n=26 per genotype *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype

comparisons, respectively.
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DISCUSSION

Summary table of the behavioural effects resulting from Alox15 genetic deletion:

Body weight: A significant age-dependent increased weight gain.

Locomotor activity: A markedly age-dependent reduced locomotor activity,
concerning the distance that they moved and the speed at which
they travelled during HP and TP of various tasks.

Recognition memory: A trend towards a decline in recognition memory, but did not reach
statistical significance, as illustrated in NOR test.

Spatial memory: A significant effect of age in spatial memory decline as performed
in OLT task
Working memory: Significantly lower spontaneous alternation scores at 15 months of

age, as showed in spontaneous alternation T-maze task.

Anxiety-like behaviour: An age-dependent anxiety phenotype, which further exacerbated
at 13 months of age and onwards, as demonstrated in EPM

This study was conducted to understand the effects of normal ageing on the brain and behaviour
in the deficiency of Alox15 gene. These effects were determined at 4 (young), 7-13 (middle-
aged), and 15 (old) months of age in Alox15” mice relative to control mice. The Alox15 mouse
model was used to reveal dissociable effects on cognitive and emotional behaviours compared
to age-matched control WT mice. A unique finding in this chapter is that deficiency of Alox15
leads to a reproducible anxiety phenotype in mice that appears to worsen with age. A second
main finding suggests that a significant component of spatial memory deficits that Alox15”
mice displayed during normal aging may be associated with the failure of the hippocampus to
store differences in contextual information compared to WT mice. The HPC is the brain
structure related to processing spatial representations, which has been linked with the dHPC
and the vHPC with anxiety (Bannerman et al., 2003). These results suggest that age is also a
controlling factor for the onset of anxiety and memory impairment. These findings support my
hypothesis that the genetic deletion of Alox15 has an impact in the cognitive function in young
or aged healthy mice.

The main result of this chapter is that genetic deletion of Alox15 exhibits an anxiety-related

behaviour in mice as measured by EPM, and there is an age-dependent effect. The EPM task
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is used to characterize animals' natural exploratory activity and drive between open arms,
represented as unprotected arms of the apparatus, versus closed arms, considered safer. Thus,
an increased length of time and a higher number of entries in the open arms are an objective
index of low anxiety-related behaviour of mice. In contrast, a higher number of entries and
time duration in closed arms indicate an increased anxiety phenotype. The results of this
chapter showed that Alox15” mice spent more time in the closed arms and less time in the open
arms than WT mice, reflecting the development of an anxiety-like phenotype. Furthermore,
visual inspection of the heatmaps in EPM task indicates marked differences in the overall
exploration in the open arms between genotypes. Indeed, Alox157 mice manifested an
increased anxiety-like behaviour more severely with age than age-matched WT mice.

This is the first evidence of anxiety behavioural phenotype development being linked to the
genetic deletion of Alox15. The specificity of the anxiety phenotype exhibited by Alox15" mice
at the behavioural level was consistent with the significantly less time that Alox15” mice spent
in the inner zone during the HP and TP than WT mice. As might be expected from the data
regarding the time spent in the inner zone, Alox15” mice demonstrated a reduced cumulative
duration in open arms as well as an overall reduced locomotor activity around the mazes. Based
on the findings, Alox15” mice spent significantly less time in the inner zone than WT mice,
showing overall decreased locomotor activity around the T-maze, the EPM apparatus. That has
confirmed the validity of the third behavioural task, EPM, as an index of anxiety-like
behaviour.

The anxiety phenotype is broadly consistent with published work by Joshi et al., which
demonstrated that the manipulation of Alox15 causes significant changes in anxiety-like
behaviour and deteriorates with age (Joshi et al., 2014). More specifically, the effect of age-
associated anxiety-like behaviour is similar to genetically deleting or over-expressing this
enzyme. Based on this finding, it is implied that age-associated anxiety behaviour may be
influenced by an equilibrium of the downstream Alox15 pathway, lipid metabolites, and
mechanisms that might change the brain system. Another published work from the same group
has shown that the genetic deletion of 5-lipoxygenase, a related enzyme that converts
arachidonic acid to leukotriene metabolites, which are fatty acid signalling molecules, results
in a similar anxiety phenotype. In their study, Alox5”" mice did not manifest any anxiety-like
behaviour at 3 months of age as measured by EPM; however, at 6 months of age and onwards,
they exhibited increased anxiety-like behaviour compared to WT controls (Joshi, et al., 2011;
Joshi, et al., 2013). However, last year, an article published in “For Better Science” stated that

Pratico, Yoshi, and their colleagues’ studies on AD appeared to be controversial:
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https://forbetterscience.com/2020/10/22/the-pratfalls-of-domenico-pratico/. The controversy

was about identical WB results between different mice across 4 different papers, as they were
not in the same blot. Thus, his previous work may need re-evaluation.

Various behavioural tasks, including the NOR and OLT, were designed to evaluate memory
function. The measurement of memory in both tasks was based on the exploration time with
the objects during TP, which relies on a rodent's spontaneous preference for novel features of
objects or an object array (Warburton et al., 2015). Multiple brain regions play an essential role
in memory function, and when an area is damaged, the performance in recognition or spatial
memory tasks is impaired too. The second finding is that the genetic deletion of Alox15 is
associated with hippocampal deficits as measured by the OLT task. Specifically, Alox15" mice
spent significantly less time interacting with the object that moved into a new location than
WT mice. Disruption of object-position information is associated with impaired hippocampal
function (Warburton et al., 2010; Barker et al., 2011). The data suggests an age-related decline,
occurring mainly between 7 to 15 months of age. Similarly, female Alox15” mice showed a
significant age-related decrease which is more severely with age in spatial learning and
memory compared with age-matched WT females. In general, these findings support the
conclusion that the impairment in spatial memory tests is not a result of sensory deficits.

As a measure of spatial learning and memory function, another test was used to evaluate the
spatial working memory, the spontaneous alternation in a T-maze (Lalonde, 2002). In this
chapter, it is suggested that the performance of Alox157 male mice was worse in the
spontaneous alternation test, a test that has been widely used to study spatial working memory
and is known to be dependent on hippocampal function. Olton et al. 1979, suggested that the
ability of animals to display this trial-specific memory demonstrates a form of working
memory. Typically, this task probes the decision-making and cognitive function based on the
natural tendency of mice to explore a new environment and they prefer to investigate a new
arm rather than returning to the familiar one, showing an alteration behaviour (Deacon et al.,
2006). This paradigm was chosen because it combines the evaluation of both spatial working
memory and motor function while retaining a relatively less non-stressful environment (Wu et
al., 2018). The results of the T-maze task showed that Alox15" mice displayed a significantly
lower spontaneous alternation rate between arms, as opposed to the revisiting of the recently
explored arm, compared to WT mice. Also, the behavioural patterns exhibited significant
differences in the locomotion activities between the genotypes. Alox15” mice were mainly
characterized by physical immobility and some signs of stress observed during their

performance. Therefore, the significantly reduced alternation performance on the T-maze task
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might be correlated with the hippocampal deficits, confirming that the HPC plays a crucial role
in exploratory behaviour (Gerlai, 1998). However, the pattern of spatial deficits across two
tasks strongly suggests that the genetic deletion of Alox15 has detrimental effects on spatial
learning and memory.

Conversely, the findings from the NOR task reveal that the Alox15” mice could discriminate
between the familiar and the novel object during TP, as these mice have encoded information
taken from the SP. Interestingly, Figure 13 illustrates that Alox15” mice showed a trend
towards reduced DR as they did not learn the information of the objects during SP to the same
extent as the WT mice. Collectively, the data from DR ranging from 7 to 15 months of age
showed that both Alox15” male and female mice demonstrated an age-related decline in
recognition memory compared to age-matched WT mice, but it was not significant. The lack
of statistical power in the NOR behavioural data may be due to the sample size. However, it is
noteworthy to mention that increasing the sample size, may not necessarily result in significant
results. Notably, Alox157 mice were able to discriminate between the two objects (familiar and
novel) at a rate significantly above chance 0.5, indicating that there was no impact on their
processing of recognition memory associations.

Furthermore, the findings from Chapter 3, stating that Alox15” mice demonstrated significant
weight gain compared to controls, suggest that this significant difference in body weight may
have contributed to the markedly reduced locomotor during the SP and TP. A visual inspection
of the weight data indicates that an Alox15” mouse, which weighed 65 g, was more anxious
when aged 15 months compared to when this mouse was 7 months. These data suggest that
Alox157 mice, with the most prominent weight difference, were more anxious at 15 months;
however, when these mice aged 7 months, they weighed less and were less anxious.

The findings of the EPM test implied that decreased overall locomotor activity and increased
anxiety-like behaviour were found in aged Alox15” mice compared to middle-aged and young
mice (15, 13, and 10 months of age<7 months, p<0.0001, p<0.001 and, p=0.0044
respectively). In particular aged Alox15" mice travelled significantly shorter distances across
the maze and were more anxious than the youngest to middle-aged group, as there was an age-
dependent increase in the percentage time spent in the open arms in the EPM, which further
exacerbated at 13 months of age and onwards (Figure 43). The mean distance of aged Alox15
" mice moved throughout exploration of EPM was 1150 cm; however it was 2200 cm at 4
months of age. Similarly, the results from Chapter 3, demonstrating an age-dependent decrease

in locomotor activity, which was observed in the open field test.
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To the best of my knowledge, the work presented in this chapter provides the first evidence for
selective memory deficits following Alox15 deletion. It is important to note that no other
published study has investigated the role of the Alox15 gene in normal cognition and anxiety
as a function of age. Consequently, significant questions remain regarding any possible
involvement of Alox15” mice in brain health. These results suggest a novel role for the Alox15
gene in normal brain function.

There are no relevant clinical studies regarding the role of 12/15-LOX lipid products in
neuropsychiatric disorders, except for a study conducted in an Alox12”- Korean cohort, in
which polymorphisms in the Alox12 were associated with schizophrenia risk such as rc1042357
in the recessive model (Kim et al., 2010). The ageing brain is a lipid-rich organ and is
susceptible to oxidative stress as it contains high concentrations of fatty acids that are
vulnerable to lipid peroxidation. Of importance, bioactive lipids can contribute to the
deterioration of neuronal functioning, which is involved in various neuropsychiatric disorders
(Gemma et al., 2007).

In summary, the present study reveals a novel role for the Alox15 pathway in the pathogenesis
of anxiety-like behaviour, which could be helpful for later life in dissecting the
pathophysiology of anxiety disorders. Ultimately, this study demonstrates that genetic deletion
of Alox15 increases anxiety-like behaviour in mice leading to an age-dependent effect. These
findings indicate that ageing is associated with gradual changes in behaviours related to
locomotor activity, anxiety-like behaviour, and spatial memory deficits from young to old age.
The following chapter will investigate whether the changes in anxiety-like behaviour noted in
Alox157 mice were associated with changes in the expression levels of various protein markers

in the hippocampal area.
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Chapter 5:

Altered anxiety-related proteins in Alox15"
mice
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INTRODUCTION

5.1 Chapter overview
In Chapter 4, behavioural tests were used to evaluate the cognitive function and anxiety-like

behaviour utilizing Alox157 male compared with age-matched control WT mice at five
different developmental stages (4, 7, 10, 13 and 15 months of age). The main finding was that
Alox157 mice displayed an anxiety-like behavioural phenotype that appeared to worsen with
age.

Next, in this chapter Alox157-and WT male mice, from the last time-point at 15 months, will
be used to investigate the expression levels of four protein markers proposed to associate with
increased anxiety-related behaviour, as shown in Chapter 4. Mainly, this study will elucidate
the validation and localization of these proteins of interest in the ventral and dorsal subregions
of the HPC of aged mice. The goal is to examine any possible neurobiological correlations of
anxiety-related behavioural changes.

In Chapter 1, an overview of the role of several neurotransmitter systems in regulating anxiety-
related behaviour in mice, including parvalbumin (PV), GABAergic, corticotrophin-releasing
factor and serotonergic receptors, was introduced with emphasis on the hippocampal area.
Although the HPC is a medial temporal lobe structure implicated in spatial memory processing,
it is among the most highly susceptible brain regions to stress stimulation and the target of
stress hormones (Kim et al., 2002; Moodley et al., 2004; Hill et al., 2015). Hippocampal brain
imaging and behavioural data in stress-induced rodents with anxiety disorders indicated a
significant reduction in the region volume and impaired memory task performance (van Tol et
al., 2010; Bannerman et al., 2014).

5.2 Anxiety and the HPC

Several neurotransmitter systems have been implicated in regulating anxiety-related behaviour
in mice, including PV, GABAergic, corticotrophin-releasing factor and serotonergic receptors
(Andrews et al., 1994; File et al., 1996; Zou et al., 2016; Page et al., 2019; Sloviter et al., 1999;
Schuler et al., 2001; Pilc et al., 2005; Booker et al., 2013; Giachino et al., 2014). The following
sections will review the putative role of these pathways in anxiety. The HPC has been
extensively studied regarding its function in declarative and spatial memory formation and its
implication in emotional information relevant to anxiety-like behaviour (McEwen., 1999;
Deacon et al., 2002). The HPC is severely affected by age-related disorders and shows many
molecular and cellular changes in normal ageing. Coronal brain sections will be used to

investigate multiple protein expression levels and localizations of GABAg, PV, 5HT14, and
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CRF: in the ventral and dorsal subregions of the HPC immunohistochemical analysis in
conjunction with confocal microscopy between aged male Alox15” and WT mice.

= Gamma-aminobutyric acid receptors (GABA)

Gamma-Aminobutyric acid (GABA) functions as the chief inhibitory neurotransmitter in the
brain accounting for 15% of the total neuronal function, playing a critical role in the regulation
of many physiological and neurodevelopmental processes (Charles et al., 2003; Bettler et al.,
2014). GABA is synthesized from the amino acid glutamate enzyme as a substrate by the action
of glutamic acid decarboxylase (GAD) enzyme that catalyzes the decarboxylation of glutamate
to GABA (Klausberger et al., 2008; Bhat et al., 2010). GAD is expressed in cells that use
GABA as an inhibitory neurotransmitter. In mammals, two isoforms of different molecular
weights have been reported: GADe7, located in neuronal soma, and GADG65 on the axons (Zhao
et al., 2013; Grone et al., 2016). GABA receptors release GABA into the synaptic nerve
terminals, the primary inhibitory receptors belonging to the CNS's largest class of inhibitory
neurons.

Once synthesized, neuronal inhibition by GABA is mediated via fast-acting ionotropic GABAAa
receptors, which are ligand-gated ion channels and open chloride channels, and also via slower-
acting metabotropic GABAg receptors, which are broadly expressed in the brain with the
ability to modulate synaptic transmission throughout the CNS (Bowery., 1989; Millan., 2003;
Emson., 2007).

Presynaptically, GABAg receptors are present at inhibitory terminals and coupled to Gi or
GO protein through the family of GPCR, which inhibit voltage-gated calcium (Ca*?) channels
(acting as autoreceptors) (Padgett et al., 2010; Chalifoux et al., 2011) (Figure 44).
Postsynaptically, GABAGgreceptors are present at excitatory terminals to activate other
receptors that inhibit the release of other neurotransmitters, such as glutamatergic interneurons
(acting as heteroreceptors) (Kerr et al., 1995; Brambilla et al., 2004). Activation of
GABAG receptors is mediated via potassium channels, which function as a heterodimer of two
subunits, R1 and R2, necessary for G protein signalling, that inhibits neuronal activity resulting
in membrane hyperpolarization (Cryan et al., 2004; Kotak et al., 2013; Booker et al., 2013; Li
et al., 2017). This may lead to an imbalance between the inhibitory and excitatory
neurotransmitter system activity on pyramidal neurons, as well as to altered expression levels
of crucial proteins for neurotransmission at the presynaptic site resulting in the onset of anxiety
disorders (Caillard et al., 2000; Schwaller et al., 2004; Bebarroch et al., 2012; Volman et al.,
2011).
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Although GABAergic inhibitory interneurons account for roughly 15% of the total CNS
neuronal population, they serve significant functions in neural networks, such as the regulation
of the synchronization of the neural networks (Klausberger et al., 2008; Lehmann et al., 2012;
Pelkey et al., 2017). Their distinct morphology defines hippocampal GABAergic systems,
synaptic connectivity and contribution to the processing of anxiety-like information
(Klausberger et al., 2008). Disruption of these important regulators of neural activity has
significant consequences for brain function and, thus, behaviour. Several studies suggest that
any interruption to GABAergic signalling is closely associated with emotional disorders,
including anxiety (Gonzalez-Burgos et al., 2011).

Roughly all neurons and glial cells express the GABAg receptors; thus, their activity affects
many systems in the CNS and behavioural states. Recent functional studies have highlighted
the role of GABAGR receptors in modulating anxiety (Giachino et al., 2014; Degro et al., 2015;
Jurado-Parras et al., 2016; Booker et al., 2020). Several studies investigated its role by utilizing
KO mice for GABAg receptors which displayed prominent anxiety-related behaviour assessed
by various anxiety paradigms (Felice et al., 2016). Anxiety-like behaviour was evaluated in
mice by investigating the approach-avoidance conflict, such as the EPM, open field, and light-
dark box, as they are the most validated tests (Bailey., 2009). A preclinical study by
Mombereau et al., 2005 demonstrated that mice lacking GABAg receptors manifested an
anxiety-like behaviour, as assessed in several paradigms, including the light-dark box and
EPM.

Benzodiazepines, which act through GABAA receptors, have been extensively prescribed as
anxiolytic drugs for depression, epilepsy, insomnia, anxiety, and they may not be the most
effective and safe treatment of anxiety disorders due to side effects associated with sedation,
ataxia, cognitive impairment due to non-selective binding. Conversely, in 1980’s baclofen, a
GABAGg receptor agonist, has been discovered and its anxiolytic-like effects in several tests
was found to be a promising therapeutic strategy, with fewer side effects than benzodiazepines
(Cryan et al., 2004; Cryan et al., 2005). Notably, baclofen has been reported to reverse the
anxiogenic response induced by withdrawal from chronic diazepam and alcohol treatment in
rodents (File et al., 1991; File et al., 1992). Moreover, clinically baclofen reversed the anxiety
associated with post-traumatic stress and panic disorder (Drake et al., 2003; Breslow et al.,
1989; Jacobson et al., 2005). Nevertheless, the role of GABAGg receptors and the underlying
mechanisms in modulating anxiety are not fully understood (Krystal et al., 2002; Brambilla et
al., 2003; Lydiard., 2003).
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A study by Mombereau et a.l., in 2004 showed that GABAs ™~ mice, lacking functional
GABAg receptors, were more anxious than WT in widely used anxiety paradigms, such as in
the light-dark box and staircase tests (Mombereau et al., 2004). Specifically, in this study,
GABAg '~ mice showed a significant decrease in the time spent in the light; demonstrated a
significantly reduced number of light-dark transitions compared to WT mice, as well as a
reduction in the number of steps climbed compared to WT mice (Mombereau et al., 2004;
Mombereau et al., 2005). In addition to this behavioural approach, another approach targeting
chronic and acute administration of GS39783 in GABAs '~ mice, a novel GABAg receptor-
positive modulator, demonstrated a decreased anxiety in the light-dark box test for anxiety-
related behaviours (Mombereau et al., 2004). These results showed that deletion of
GABAB& receptors resulted in a more anxious phenotype in mice, suggesting that activation of
GABAg receptors decreased anxiety-like behaviour. Another study by Cryan et al.,
2004 demonstrated that acute administration of GS39783 displayed an anxiolytic profile in
mice in the elevated zero maze and stress-induced hyperthermia tests (Cryan et al., 2004;
Jacobson and Cryan, 2008). Supporting these findings, this positive modulator of
GABAB receptors may serve as a novel therapeutic strategy for developing anxiolytic effects.
In summary, these observations will direct the hypothesis that activation of GABAGg receptor

leads to reduced anxiety-related behaviour in mice.
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Figure 44. The underlying mechanism of GABAgs receptor activation in the HPC.
GABAg receptors are heterodimers of two subunits, GABAg(1) (blue) and GABA&(2) (violet).
Presynaptic GABAg autoreceptors modulate neurotransmitter release via voltage activated
Ca?* channels, whereas GABAg heteroreceptors inhibit the release of several other neurotransmitters
(e.g. glutamate). Metabotropic GABAg receptors are activated by spilled-over GABA (dots). Adapted
from Kulik, et al., 2003.

= Parvalbumin (PV)

Parvalbumin (PV) is a protein that belongs to the category of intracellular free calcium (Ca®")-
binding proteins, along with calbindin D-28k (CB) and calretinin (CR) (Schwaller et al., 2002).
Undoubtedly, PV was found to be a marker for the most well-known subpopulation of
GABAergic interneurons (Urakawa et al., 2013).

The parvalbumin-expressing interneurons (PV-INs) account for 40% of the total GABAergic
inhibitory population (Xu et al., 2010). PV-INs form inhibitory synapses onto cell bodies or
the axonal terminals of pyramidal cells (thick myelinated sheets around axon neurons) (Caillard
et al., 2000). Any reduced levels or absence of calcium in the soma and dendrites of the
pyramidal cell layer could alter the properties of PV-containing GABAergic interneurons
resulting in significant changes in calcium homeostasis (Zaletel et al., 2016).

According to detailed mapping of the PV+ cells, most PV-positive interneurons are abundantly
expressed in multiple brain regions, especially in the cerebral cortex and HPC (Celio, 1990).

Specifically, PV-positive cells are widely distributed in the HPC, at granule cells in the DG
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and CA3, CA1 pyramidal cells (Godavarthi et al., 2012; Bezaire et al., 2013; Zaletel et al.,
2016).

Electrophysiological studies have shown that the properties of PV-INs are characterized by
their typical fast-spiking phenotype, mainly at the level of the HPC (Kawaguchi et al., 1987;
Fuchs et al., 2007; Hu et al., 2014). The signals of these cells are characterized by a rapid-
response profile, as they fire upon stimulation coordinating the neuronal activity at high
frequency, and adapting at low spike frequency; PV-Ins can covert an excitatory input signal
to inhibitory signal within millisecond (Goldberg et al., 2008; Hu et al., 2014; Bartholome et
al., 2020). PV-INs target the body cells and axons of dendrites of their hippocampal target cells
and control the output of post-synaptic neurons via feedforward and feedback inhibition along
with the high-frequency synchronisation (Hu et al., 2014).

Several studies have highlighted the role of hippocampal PV™ cells in anxiety. An
immunohistochemical study by Czeh et al in 2005 in adult male tree shrews, which were
subjected to a 5-week session of stress, showed a significant reduction of the number of PV
immunoreactive interneurons in the DG, CA2 and CAS3, while no changes were detected in
CALl (Czeh et al., 2005). Thus, the authors demonstrated that chronic stress caused anxiety,
which was associated with decreased PV" interneurons. However, these reductions were
prevented by treatment with fluoxetine or SLV-323, antagonists for the novel neurokinin-1
receptor (NK1R) to correct the dysfunction (Czeh et al., 2005).

Similarly, adult male Wistar rats subjected to 9 weeks of daily chronic stress showed changes
in various subtypes of hippocampal GABAergic interneurons by employing
immunohistochemistry. Notably, a reduction in the number of PV+ interneurons in all regions
of the dHPC was noted, whereas, in the vHPC, a significant decrease was detected only in the
CA1 subregion (Czeh et al. 2015).

Another interesting study by Godavarthi et al., 2014 showed that Ube3a deficient mice showed
a dramatic down-regulation of PV+ interneurons in the hippocampal CA3 and DG regions and
the basolateral amygdala. Ube3a deficient mice represent a mouse model of Angelman
syndrome (AS), primarily caused by the loss of function of the inherited UBE3A gene and
reduced synaptic plasticity; AS mice show increased anxiety and reduced hippocampal PV
expression compared to WT. The anxiety-like behaviour can be partially reversed by treatment
with fluoxetine, a selective serotonin reuptake inhibitor class of antidepressants (Godavarthi et
al., 2014). Further evidence of the role of PV immunoreactivity in mice comes from a recent
study by Deng et al. (2019), who showed reduced PV interneurons in the ventral CAl

hippocampal area after two months of social isolation being single housed for 8 weeks
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compared to group-housed mice. Similarly, a study by Murthy et al., (2019) utilized mice with
repeated maternal separation with early weaning (MSEW) for 8 hours from P6-P16 and showed
increased anxiety in their adulthood confirmed by EPM and reduced intensity of PV in the
VHPC compared to controls (Murthy et al., 2019).

In summary, the findings of the previous studies will direct the hypothesis that a decreased
number of PV-containing GABAergic interneurons are associated with increased anxiety levels
in the HPC.

= Corticotropin-releasing factors (CRF) receptor

The corticotropin-releasing factor (CRF) is a hormone and neurotransmitter mainly synthesized
in the paraventricular nucleus of the hypothalamus (PVN). CRF receptors are G-coupled
receptors that bind to the adrenocorticotropin releasing hormone (ACTH) and play a key role
in regulating the neuroendocrine and behavioural response to stress, including emotion and
anxiety, via the hypothalamic-pituitary-adrenocortical axis (HPA) (Reul et al., 2002; Wang et
al., 2017). Under stressful conditions, CRF is released from the PVN and activates CRF
receptors resulting in the secretion of ACTH into the bloodstream (Risbrough et al., 2006).
ACTH, in turn, activates ACTH receptors in the adrenal cortex, releasing glucocorticoids via
HPA axis; cortisols in human and corticosterone in rodents to inhibit the CRF production (Bale
et al., 2000).

There are two main subtypes of CRF receptors: CRF receptor type 1 (CRF: receptor) and CRF
receptor type 2 (CRF receptor) (Contarino et al., 1999). In rodents, the CRF1 receptor is widely
distributed in the cortex, limbic regions and brain stem and mediates behavioural changes
associated with anxiety (Contarino et al., 1999; Risbrough et al., 2006).

Interestingly, animal studies suggested that the overexpression of CRF1 receptor due to stress
responses are particularly implicated in the early onset of significant anxiety disorders.
Notably, knockout mice with deletion of the CRF1 receptor displayed decreased anxiety-like
behaviour as revealed by the EPM and reduced anxiety in the Black and White test box
(Contarino et al., 1999; Bale et al., 2002; Van Gaalen et al., 2002). Similarly, Smith and his
colleagues showed that CRF: deficient mice exhibited significantly reduced anxiety-like
behaviour with respect to control mice and displayed dysregulation of the HPA axis (Smith et
al., 1998). Also, a study utilizing conditional CRF; knockout mice showed significantly
reduced anxiety where CRF1 was inactivated in limbic system structures compared to null
mutants, while there were no alterations in basal HPA-system activity. The behavioural

analysis was deduced from the light-dark box and EPM paradigms, implying that the anxiolytic
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effects of CRF1 receptors can be independent of HPA axis activity and, more importantly,
that CRF1 modulates increased anxiety-related behaviour (Miller et al., 2003). Similarly, Lu
et al. (2008) used a knock-in mouse model that permits overexpression of CRF in the temporal
lobe, resulting in increased active stress-coping behaviour as Open Field test and restraint stress
confirmed(Lu et al., 2008).

Another transgenic mouse model overproducing CRF1 receptor has been generated to evaluate
the anxiety-like behaviour in behavioural paradigms relevant to anxiety. The overexpression
of the CRF1 receptor in mice resulted in reduced exploratory activity in novel areas and
increased anxiety-like behaviour as a light-dark exploration box (Van Gaalen et al., 2002).
Based on the previous results, the hypothesis is that the increased expression of the CRF;
receptor is associated with more significant anxiety in the hippocampal subregions.

= Serotonin receptors (5-HT)

Serotonin (5-hydroxytryptamine or 5-HT) is a monoamine neurotransmitter widely distributed
throughout the CNS, mainly originating from the raphe nuclei in the midbrain (Jacobsen et al.,
2011). 5-HT acts as a multifunctional neurotransmitter in the brain with roles in regulating
mood, sleep, stress, emotion, sensory processing, cognitive functions and as a hormone in the
periphery (Ogren et al., 2008; Berger et al., 2009; Lam et al., 2010; Yadav, 2012).

Among the 14 different 5-HT receptor subtypes, the 5-HT1a receptor has received the most
attention because of its association with anxiety and depression (Toth., 2003; Garcia-Garcia et
al., 2014). The 5-HT1A receptor, like most of the 5-HT receptors, belongs to the superfamily
of G-coupled receptors that control many intracellular cascades, such as inhibition of CAMP
formation and in humans encoded by the HTR1A gene (Parks et al., 1998). The structural
location of the brain 5-HT1a receptor identifies synaptic proteins and hence is operated both
presynaptically and postsynaptically (Hamon., 2000).

Presynaptically, 5-HT1a receptors regulate 5-HT release from axon terminals and act as auto-
receptors located on soma and dendrites of serotonergic neurons in the raphe nuclei (Lesch et
al., 2005; Hannon et al., 2008). It has been reported that presynaptic 5HT1a activation by
agonist leads to the reduction of serotonergic neurons, suppression of 5-HT release and
consequently release of 5-HT signalling at downstream target receptors in its projection areas
(Parks et al., 1998; Palchaudhuri et al., 2005).

At a postsynaptic level, 5-HT1a heteroreceptors are distributed in non-serotonergic neurons,
primarily in the limbic structures, including hippocampal pyramidal subregions, DG, prefrontal
cortex and amygdala (Zhuang et al., 1999; Sibille et al., 2000). Remarkably, the serotonergic
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innervation of the HPC originates from the dorsal and median raphe nuclei; as such, the 5-HT1a
is expressed in the early stages of embryonic development in the pyramidal and granular cells
of the HPC (Pompeiano et al., 1992; Rojas et al., 2016). The HPC receives an essential
serotoninergic projection, resulting in a high expression of 5-HT1a heteroreceptors in the brain
(Hensler etal., 2007). The activation of postsynaptic 5-HT1a heteroreceptors is associated with
regulating their activity through dendrites of glutamatergic projection neurons and axon
terminals of GABAergic inhibitory interneurons (Riad et al., 2000; Santana et al., 2004). Thus,
this pathway is mediated via several neurotransmitter systems and involved in the regulation
of synaptic plasticity, cognitive functions, emotional processing, and the pathophysiology of
mood and anxiety disorders (Sibille et al., 2000; Varnas et al., 2004; Christoffel et al., 2011)
(Figure 45).

Strong evidence suggests that the serotonergic neurotransmitter system is vital in modulating
several processes relevant to anxiety (Toth., 2003; Akimova et al., 2009). A mouse model with
deficiency or low expression levels of the 5-HT1a receptor was generated independently in 3
labs from different genetic backgrounds and examined under similar conditions. Behaviourally,
mice with deficiency of the 5-HT1a receptor demonstrated an increased anxiety phenotype
associated with a reduction in the HPC and cortex using behavioural paradigms, such as EPM,
zero maze and open field and novelty-suppressed feeding tests (Heisler et al., 1998; Parks et
al., 1998; Ramboz et al., 1998). Immunocytochemical studies revealed the localization of 5-
HT1a receptors in prefrontal cortical neurons (Goodfellow et al., 2009).

Further evidence comes from Jacobsen et al. (2011), who used Pet-1 null mice, resulted in
deficits in serotonergic system which manifested an anxiety phenotype. They argued that 5-
HT1A receptor expression levels were up-regulated in the HPC but down-regulated in the
striatum and cortex of Pet-1 knockout compared with WT mice. These findings were
assessed in situ hybridization and immunofluorescence (Jacobsen et al., 2011). The following
year, in-situ hybridization and immunofluorescent work carried out by Czesak and colleagues
revealed that 5-HT:ao mMRNA and protein were increased in the dorsal raphe region, and
postsynaptic 5-HT1a receptors were down-regulated in the frontal cortex (Czesak et al., 2012).
Pharmacological studies showed that acute administration of 5-HT1a receptor agonists, such as
8-OH-DPAT, into the dorsal and median raphe nuclei, resulted in anxiolytic effects in animal
studies. Also, the acute stimulation of the postsynaptic 5-HT1a receptors in the dHPC results
in an anxiogenic effect in the EPM task (Andrews et al., 1994; File et al., 1996).

In summary, the findings of the previous studies will test the hypothesis that reduced activity

of postsynaptic 5-HT1a receptors is responsible for increased anxiety levels, whereas elevated
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5-HT1a autoreceptor expression is associated with depression and resistance to chronic SSRI

treatment.
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Figure 45. Distribution of 5-HT14 autoreceptors and heteroreceptors in the brain. Activation of 5-
HT1a autoreceptors is located at the cell body and dendrites. In the HPC the 5-HT:a postsynaptic
receptors. Adapted from de Aguiar, R.P., et al., 2002.

5.3 Aims and objectives
The main aim of this chapter is to determine whether alterations in the expression levels of PV,

GABAGg receptor, CRF1 receptor and 5HT 14 receptor are present in Alox157 male mice relative
to age-matched WT male mice, 15 months of age. In addition, to examine whether they may
contribute to previous behavioural changes from Chapter 4 relevant to anxiety-like behaviour
compared to WT mice.

1. To evaluate the expression levels of the above markers by acquiring
immunofluorescence signals with confocal microscopy in the mouse hippocampal
subregions of aged mice and compare them between genotypes.

2. To investigate differences in the distributional patterns of the above markers among
CAl, CA2/3 and DG subfields of the HPC between genotypes regarding signal intensity
and the number of positive cells.

3. To examine any notable differences in the expression levels of various proteins in the
VHPC compared to the dHPC.
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4. To assess the results of the two separate approaches for each specific marker, including
the percentage of the DAPI-labelled positive cells and the average mean fluorescent

intensity, which may give a different reading to the level of immunofluorescence.

RESULTS

I.  Parvalbumin-expressing interneurons (PV-INs) were markedly reduced in the HPC
of Alox157 mice.

The primary subclass of GABAergic interneurons includes those containing the calcium-
binding protein, PV*- expressing interneurons (PV-INs) (Schwaller et al., 2002). Here, a closer
examination of the merged images with DAPI counterstaining revealed that the PV expression
in WT male mice was widely distributed in the vCA3, CA1 pyramidal cell layers and granule
cell layer of the DG (Figure 46 C, G, K), was significantly higher than the vHPC subregions in
Alox157 male mice (Figure 46 O, R, Y). Similarly, the PV immunoreactivity was markedly
elevated in the subregions of dHPC in WT mice (Figure 48 C, G, K) relative to Alox15” male
mice (Figure 48 O, R, Y).

The percentage of PV immunoreactivity in the vHPC as well as in dHPC was analysed by
Mann- Whitney non-parametric U test for genotype comparisons. Alox15” mice displayed a
50 % dramatic reduction in the percentage of PV* cells in the vCA3 subregion, a 15 % decrease
in the CA1 area, and a 60 % drop in the DG relative to WT, as shown in Figure 47 A, B, C
(P<0.00001, P=0.0001, P<0.00001, respectively). Similarly, Alox15" mice showed a marked
35 % - 40 % reduction in the number of PV-immunoreactive cells in the dCA3 region, 20 % in
the dCA1 area and a remarkable decrease to 60 % in the dDG compared to WT mice, as
indicated in Figure 49 A, B, C (P=<0.00001). Most PV-INs were stained strongly in granule
cell somata and the CA3 and CA1 pyramidal cell bodies in WT mice relative to Alox15" mice.
Qualitative analysis was also performed by Mann- Whitney non-parametric U test, revealing
that Alox15” mice showed PV markedly weaker corrected total fluorescent signal intensity
(CTCFI) in CA3, CA1 pyramidal cells layers, as well as the granule cell layers of the DG in
VHPC and dHPC than WT mice, as illustrated in Figure 47 D, E, F and Figure 49 D, E, F
(P=0.00001, P=0.0001, P=0.0031 vs P<0.00001, respectively). The lower PV expression levels
generally led to significantly weaker intensity of PV fluorescent signals in Alox157- compared
to WT mice.
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Strikingly, PV cell clustering was remarkably distributed in the cell soma and dendrites in the
CA3 region compared to other hippocampal subregions. These characteristics, including the
cell properties with their diverse morphologies and axon terminal distribution, were similar to
a previous study by Urakawa and his colleagues about the classification of PV-positive neurons
into four major morphological types (Chez et al., 2015; Steullent et al., 2010; Urakawa et al.,
2013).
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Figure 46. Comparison of immunofluorescent visualization of the coronal brain sections of 20 pm
thickness showing detection and localization of PV in vHPC CA1, CA2/3 and DG. The top panel
corresponds to CA3 subfield of WT mouse VHPC (A) single channel acquisition of DAPI staining (blue)
of cell nuclei (AF405) (B) single channel PV staining AF568 (orange/red) (C) merged image of PV in
colocalization with DAPI (D) an overlay imaging on isotype control, rabbit 1gG polyclonal, merged with
DAPI counterstaining. The middle panel corresponds to CA1 subfield of WT mouse vHPC (E) single
channel acquisition of DAPI staining (F) single channel PV staining AF568 (G) merged image of PV with
DAPI (H) merged image on isotype control. The bottom panel corresponds to DG subfield of WT mouse
VHPC (1) single channel acquisition of DAPI staining (J) single channel PV staining AF568 (K) merged
image of PV with DAPI (L) merged image on isotype control. In contrast, the top panel corresponds to
CA3 subfield of Alox15”" mouse VHPC (M) single channel acquisition of DAPI staining (N) single
channel PV staining AF568 (O) merged image of PV with DAPI. The middle panel corresponds to CA1
subfield of Alox15” mouse VHPC (P) single channel acquisition of DAPI staining (Q) single channel PV
staining AF568 (R) merged image of PV with DAPI. The bottom panel corresponds to DG subfield of
Alox15" mouse VHPC (S) single channel acquisition of DAPI staining (T) single channel PV staining
AF568 (YY) merged image of PV with DAPI WT (n=12) and Alox15” (n=11) male mice, 15 months of
age. Scale bars, 100 pm. 151 |Page
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Figure 47. Quantification of the percentage number of PV* cells and the corrected
immunofluorescence PV signal intensity (CTCFI) in all the subregions of vHPC. The formula used
to calculate CTCFI was described in Materials and Methods. The top panel corresponds to the
percentage of positive cells where all of the cells, including the nucleus evidenced by DAPI staining,
was within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CA1 area
(C) in the DG of vHPC. The bottom panel shows scatterplots of signal intensities of PV staining in all
subregions of VHPC between WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CA1
pyramidal cell layer (F) in the granule cell layer of DG. Data were represented as signal intensities in
the pyramidal cell layer of CA1, CA3 and granule cell layer of the DG. Each dot represents an individual
mouse. Data were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M WT (n=12) and Alox15” (n=11) male mice, 15 months of age *, **, *** and ****
representing p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 48. Comparison of immunofluorescent visualization of the coronal brain sections of 20 pm
thickness showing detection and localization of PV in dHPC within CA1, CA2/3 and DG. The top panel
corresponds to CA3 subfield of WT mouse dHPC (A) single channel acquisition of DAPI staining (blue) of
cell nuclei (AF405) (B) single channel PV staining AF568 (orange/red) (C) merged image of PV in
colocalization with DAPI (D) an overlay imaging on isotype control, rabbit IgG polyclonal, merged with
DAPI counterstaining. The middle panel corresponds to CAl subfield of WT mouse dHPC (E) single
channel acquisition of DAPI staining (F) single channel PV staining AF568 (G) merged image of PV with
DAPI (H) merged image on isotype control. The bottom panel corresponds to DG subfield of WT mouse
dHPC (1) single channel acquisition of DAPI staining (J) single channel PV staining AF568 (K) merged
image of PV with DAPI (L) merged image on isotype control. In contrast, the top panel corresponds to CA3
subfield of Alox15” mouse dHPC (M) single channel acquisition of DAPI staining (N) single channel PV
staining AF568 (O) merged image of PV with DAPI. The middle panel corresponds to CA1 subfield of
Alox15" mouse dHPC (P) single channel acquisition of DAPI staining (Q) single channel PV staining
AF568 (R) merged image of PV with DAPI. The bottom panel corresponds to DG subfield of Alox15”
mouse dHPC (S) single channel acquisition of DAPI staining (T) single channel PV staining AF568 (Y)
merged image of PV with DAPI WT (n=12) and Alox15” (n=11) male mice, 15 months of age. Scale bars,
100 pm.
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Figure 49. Quantification of the percentage number of PV* cells and the immunofluorescence PV
signal intensity (CTCFI ) in the studied subregions of dHPC. The formula used to calculate CTCFI
was described in Materials and Methods. The top panel corresponds to the percentage of positive cells
where all of the cells, including the nucleus evidenced by DAPI staining, was, within the thickness of
the section surrounding the cell (A) in the CA3 area (B) in the CA1l area (C) in the DG of dHPC. The
bottom panel shows scatterplots of signal intensities of PV staining in all subregions of dHPC between
WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CA1 pyramidal cell layer (F) in the
granule cell layer of DG. Data were represented as signal intensities in the pyramidal cell layer of CA1,
CA3 and granule cell layer of the DG. Each dot represents an individual mouse. Data were analyzed
using Mann- the Whitney non-parametric U test and shown on Tukey box plots with mean + S.E.M.
WT (n=12) and Alox15" (n=11) male mice, 15 months of age *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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ii. GABAEg receptor immunoreactivity is present at low levels in the HPC of Alox157
mice

Furthermore, | investigated the hippocampal pattern of detection and localization of GABAg
receptors between the two groups. The GABAGR receptor expression on the merged images with
DAPI counterstaining was significantly decreased in all the vHPC subregions in Alox15”7 mice
(Figure 50 O, R, Y) than in WT (Figure 50 C, G, K). Similarly, its expression was dramatically
lower in the dHPC of Alox15™ (Figure 52 O, R, Y) relative to WT mice (Figure 52 C, G, K).
Qualitative data were analysed using the Mann-Whitney non-parametric U test, demonstrating
that Alox15” mice showed a 40 % dramatic reduction in the percentage of GABAg receptor-
positive cells in the vCA3, 13 % in the vCAL, and 15 % in the vDG (P=0.001, P=0.0285,
P=0.0014, respectively) (Figure 51 A, B, C). A similar pattern of markedly lower GABAg
receptor-positive cells was unveiled in the dHPC in Alox15™ mice. In particular, Alox157 mice
displayed an approximate 35 % significant decrease in the dCA3, 15 % in the dCA1 positive
pyramidal cells and 25 % in the granule cells in the dDG relative to WT mice (P=0.001,
P=0.0062, P=0.0085, respectively) (Figure 53 A, B, C).
Quantitative analysis of the fluorescent signal in the vHPC was performed by Mann-Whitney
non-parametric U test, revealing that WT mice displayed markedly strong signal intensity of
GABAg receptors in the vCA3 and vCAL pyramidal cells layers and the granule cell layer of
the DG in comparison with Alox15” mice (P<0.001, P=0.0014, P=0.0285, respectively)
(Figure 51 D, E, F). Also, the quantification of the fluorescent signal on the dHPC was similar;
the GABAG& receptor displayed lower cell surface clusters of fluorescence on the granule cell
layer of the DG and CA3, CA1 pyramidal cell layers in Alox15” dHPC relative to WT mice
(P<0.001, P=0.001, P=0.0031, respectively) (Figure 53 D, E, F).
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Figure 50. Representative immunofluorescent images show the detection and localization of
GABAg receptor in the CA3, CAL, and DG subregions of vHPC coronal cryosections 20 pm. The top
panel corresponds to CA3 subfield of WT mouse vHPC (a) single channel acquisition of DAPI staining (blue)
of cell nuclei (AF405) (b) single channel GABAg staining AF568 (orange/red) (c) merged image of GABAg in
colocalization with DAPI (d) an overlay imaging on isotype control, rabbit 1gG polyclonal, merged with DAPI
counterstaining. The middle panel corresponds to CAL subfield of WT mouse vVHPC (e) single channel
acquisition of DAPI staining (f) single channel GABAg staining AF568 (g) merged image of GABAg with
DAPI (h) merged image on isotype control. The bottom panel corresponds to DG subfield of WT mouse vHPC
(i) single channel acquisition of DAPI staining (j) single channel GABAg staining AF568 (k) merged image of
GABAE& with DAPI (l) merged image on isotype control. In contrast, the top panel corresponds to CA3 subfield
of Alox15" mouse VHPC (m) single channel acquisition of DAPI staining (n) single channel GABAg staining
AF568 (0) merged image of GABAg with DAPI. The middle panel corresponds to CA1 subfield of Alox15"
mouse VHPC (p) single channel acquisition of DAPI staining (g) single channel GABAg staining AF568 (r)
merged image of GABAg with DAPI. The bottom panel corresponds to DG subfield of Alox15” mouse VHPC
(s) single channel acquisition of DAPI staining (t) single channel GABAGg staining AF568 (y) merged image of
GABAg with DAPI WT (n=12) and Alox15" (n=11) male mice, 15 months of age. Scale bars, 100 um.
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Figure 51. Quantification of the percentage number of GABAg* receptor cells and the
immunofluorescence GABAg (CTCFI ) signal intensity in the studied subregion of VHPC. The
formula used to calculate CTCFI was described in Materials and Methods. The top panel corresponds to
the percentage of positive cells where all of the cells, including the nucleus evidenced by DAPI staining,
were within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CAl area (C)
in the DG of VHPC. The bottom panel shows scatterplots of signal intensities of GABAg staining in all
subregions of VHPC between WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CAl
pyramidal cell layer (F) in the granule cell layer of DG. Data were represented as signal intensities in the
pyramidal cell layer of CAl, CA3 and granule cell layer of the DG. Each dot represents an individual
mouse. Data were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M WT (n=12) and Alox15" (n=11) male mice, 15 months of age *, **, *** and ****
represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 52. Representative immunofluorescent imaging showing detection and localization of
GABAg receptor in the CAl, CA2/3, and DG subregions of dHPC coronal cryosections 20 pm
thickness. The top panel corresponds to CA3 subfield of WT mouse dHPC (a) single channel
acquisition of DAPI staining (blue) of cell nuclei (AF405) (b) single channel PV staining AF568
(orange/red) (c) merged image of GABAg in colocalization with DAPI (d) an overlay imaging on
isotype control, rabbit 1gG polyclonal, merged with DAPI counterstaining. The middle panel
corresponds to CA1 subfield of WT mouse dHPC (e) single channel acquisition of DAPI staining (f)
single channel GABAg staining AF568 (g) merged image of GABAg with DAPI (h) merged image on
isotype control. The bottom panel corresponds to DG subfield of WT mouse dHPC (i) single channel
acquisition of DAPI staining (j) single channel GABAg staining AF568 (k) merged image of GABAg
with DAPI (1) merged image on isotype control. In contrast, the top panel corresponds to CA3 subfield
of Alox15" mouse dHPC (m) single channel acquisition of DAPI staining (n) single channel GABAg
staining AF568 (0) merged image of GABAg with DAPI. The middle panel corresponds to CA1 subfield
of Alox15" mouse dHPC (p) single channel acquisition of DAPI staining (q) single channel GABAg
staining AF568 (r) merged image of GABAg with DAPI. The bottom panel corresponds to DG subfield
of Alox15" mouse dHPC (s) single channel acquisition of DAPI staining (t) single channel GABAg
staining AF568 (y) merged image of GABAg with DAPI WT (n=12) and Alox15” (n=11) male mice,
15 months of age. Scale bars, 100 um.
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Figure 53. Quantification of the percentage number of GABAs" receptor cells and the
immunofluorescence GABAGg signal intensity (CTCFI) in the studied subregion of dHPC. The formula
used to calculate CTCFI was described in Materials and Methods. The top panel corresponds to the
percentage of positive cells where all of the cells, including the nucleus evidenced by DAPI staining, was
within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CAL area (C) in the
DG of dHPC. The bottom panel shows scatterplots of signal intensities of GABAg staining in all subregions
of dHPC between WT and Alox15" mice. (D) in CA3 pyramidal cell layer (E) in CA1 pyramidal cell layer
(F) in the granule cell layer of DG. Data were represented as signal intensities in the pyramidal cell layer of
CAL, CA3 and granule cell layer of the DG. Each dot represents an individual mouse. Data were analysed
using Mann- Whitney non-parametric U test and shown on Tukey box plots with mean + S.E.M WT (n=12)
and Alox157 (n=11) male mice, 15 months of age *, **, *** and **** representing p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.
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iii.  CRF1 receptor is increased within the HPC of Alox157 mice.

Immunofluorescence was also performed to determine the localization and distribution of CRF
receptors in the HPC of both groups. The representative merged images with DAPI staining
showed that the CRF: immunoreactivity was significantly higher in the vCA3 and vCAl
subregions in Alox157 mice (Figure 54 O, R) compared to WT mice (Figure 54 C, G).
Conversely, no differences were observed in the DG of the vHPC between genotypes (Figure
54 K, Y).

It was observed a significant rise in the percentage of CRF1" receptor-labelled cells in the vHPC
of Alox15” mice relative to WT mice, as revealed by the analysis using the Mann-Whitney
non-parametric U test. Mainly, this increase was roughly 10 % in CA3 (P= 0.0044, Figure 55
A) and 8 % in CAL subfields (P= 0.0231, Figure 55 B). However, no statistically significant
difference was detected in the DG of the VHPC between the groups (Figure 55 C). Similarly,
the number of CRF1* receptor cells in the dHPC of Alox157 mice was significantly higher in
the CA3 (approximately 18 % increase) and CAL (around 8 % increase) subregions, whereas
no statistical difference was observed in the DG (P=0.0033, P=0.0079) (Figure 57 A, B, C).
Although the CRFy receptor-positive cells were most prominent in the CA3 pyramidal cell
layer, they were enriched in moderately labelled.

Quantitative analysis of the fluorescent signal indicated a significant increase in the signal
intensity of CRF1 receptor (CTCFI) in the vCA3 and VCAL1 in Alox15” mice (P=0.0266,
P=0.014, respectively) (Figure 55 D, E); but no statistically significant changes were
detected in the DG between the groups (Figure 55 F). Besides that, the statistically increased
fluorescent signal of CRF1 receptor was also observed in dorsal hippocampal, including dCA3
and dCA1 pyramidal cell layers as well as the granule cell layers of the DG in Alox15” mice
relative to WT mice (P=0.0012, P=0.0015) (Figure 57 D, E, F). Certainly, CRF;
immunoreactivity was more significant in the dHPC than vHPC in Alox15” mice compared to
WT mice, as revealed in Figures 55 and 57.
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Figure 54. Immunofluorescent labelling for CRF; receptor of the coronal brain sections of 20 pm
thickness indicates significant vHPC changes. The top panel corresponds to CA3 subfield of WT mouse
VHPC (a) single channel acquisition of DAPI staining (blue) of cell nuclei (AF405) (b) single channel CRF,
staining AF594 (red) (c) merged image of CRF; in colocalization with DAPI (d) an overlay imaging on
isotype control, goat 1gG polyclonal, merged with DAPI counterstaining. The middle panel corresponds to
CAL1 subfield of WT mouse vHPC (e) single channel acquisition of DAPI staining () single channel CRF:
staining AF594 (g) merged image of CRF; with DAPI (h) merged image on isotype control. The bottom
panel corresponds to DG subfield of WT mouse VHPC (i) single channel acquisition of DAPI staining (j)
single channel CRF; staining AF594 (k) merged image of CRF; with DAPI (I) merged image on isotype
control. In contrast, the top panel corresponds to CA3 subfield of Alox15” mouse VHPC (m) single channel
acquisition of DAPI staining (n) single channel CRF; staining AF594 (0) merged image of CRF; with DAPI.
The middle panel corresponds to CA1 subfield of Alox15”" mouse VHPC (p) single channel acquisition of
DAPI staining (q) single channel CRF; staining AF594 (r) merged image of CRF; with DAPI. The bottom
panel corresponds to DG subfield of Alox15” mouse VHPC (s) single channel acquisition of DAPI staining
(t) single channel CRF; staining AF594 (y) merged image of CRF; with DAPI WT (n=12) and Alox15"
(n=11) male mice, 15 months of age. Scale bars, 100 um.
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Figure 55. Quantification of the percentage number of CRFi+ receptor cells and the

immunofluorescence CRF; signal intensity (CTCFI) in the studied subregions of vHPC. The
formula used to calculate CTCFI was described in Materials and Methods. The top panel corresponds
to the percentage of positive cells where all of the cells including the nucleus evidenced by DAPI
staining was within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CAl
area (C) in the DG of vHPC. The bottom panel shows scatterplots of signal intensities of CRF; receptor
staining in all subregions of vHPC between WT and Alox15" mice. (D) in CA3 pyramidal cell layer
(E) in CAL pyramidal cell layer (F) in the granule cell layer of DG. Data were represented as signal
intensities in the pyramidal cell layer of CA1, CA3 and granule cell layer of the DG. Each dot represents
an individual mouse. Data were analysed using Mann- Whitney non-parametric U test and shown on
Tukey box plots with mean + S.E.M WT (n=12) and Alox15” (n=11) male mice, 15 months of age. *,
Rk OFEE and F**F* represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons,

respectively.
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Figure 56. Immunofluorescent labelling for CRF; receptor of the coronal brain sections of 20 pm
thickness indicates significant dHPC changes. The top panel corresponds to CA3 subfield of WT
mouse dHPC (a) single channel acquisition of DAPI staining (blue) of cell nuclei (AF405) (b) single
channel CRF; staining AF594 (red) (c) merged image of CRF; in colocalization with DAPI (d) an
overlay imaging on isotype control, goat 1gG polyclonal, merged with DAPI counterstaining. The
middle panel corresponds to CAL subfield of WT mouse dHPC (e) single channel acquisition of DAPI
staining (f) single channel CRF; staining AF594 (g) merged image of CRF; with DAPI (h) merged
image on isotype control. The bottom panel corresponds to DG subfield of WT mouse dHPC (i) single
channel acquisition of DAPI staining (j) single channel CRF; staining AF594 (k) merged image of
CRF1with DAPI (1) merged image on isotype control. In contrast, the top panel corresponds to CA3
subfield of Alox15” mouse dHPC (m) single channel acquisition of DAPI staining (n) single channel
CRF; staining AF594 (0) merged image of CRF1 with DAPI. The middle panel corresponds to the CAl
subfield of Alox15” mouse dHPC (p) single channel acquisition of DAPI staining () single channel
CRF; staining AF594 (r) merged image of CRF; with DAPI. The bottom panel corresponds to the DG
subfield of Alox15" mouse dHPC (s) single channel acquisition of DAPI staining (t) single channel
CRF; staining AF594 (y) merged image of CRF; with DAPI WT (n=12) and Alox15" (n=11) male
mice, 15 months of age. Scale bars, 100 pum.
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Figure 57. Quantification of the percentage number of CRF:* receptor cells and the
immunofluorescence CRF; signal intensity (CTCFI) in all the subregion of dHPC. The formula
calculated for this analysis was described in Materials and Methods. The top panel corresponds to the
percentage of positive cells where all of the cells including the nucleus evidenced by DAPI staining was
within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CAL area (C) in
the DG of dHPC. The bottom panel shows scatterplots of signal intensities of CRF; receptor staining in
all subregions of dHPC between WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CA1l
pyramidal cell layer (F) in the granule cell layer of DG. Data were represented as signal intensities in the
pyramidal cell layer of CAl, CA3 and granule cell layer of the DG. Each dot represents an individual
mouse. Data were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M WT (n=12) and Alox15" (n=11) male mice, 15 months of age. *, **, *** and ****
represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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iv.  5HTiareceptor is increased in vVCA3 and dCAS3, but decreased in vCA1 and dCA1l
hippocampal subregions in Alox157 mice

Next, immunohistochemical analysis was carried out to examine the differential expression of
the 5-HT1a receptor in the HPC between Alox15” and WT male mice aged 15 months. The
representative merged images with DAPI counterstain showed that 5HTia receptor
immunoreactivity was significantly higher in the CA3 region as well as the DG and the hilus
of the vHPC of Alox157 (Figure 58 C, K) compared to WT mice (Figure 58 O, Y). Also, the
overlay images with DAPI staining indicated that 5SHT1a receptor expression was significantly
greater in the CA3 subfield of the dHPC of Alox15" mice (Figure 60 C, K) compared to WT
mice (Figure 60 O, Y).

The quantitative data analysis showed that the number of 5-HT1a-positive cells was statistically
increased in the VCA3 in Alox15™ relative to WT mice; it rose by almost 10 % (P= 0.0306)
(Figure 59 A). The number of 5SHT1a-positive cells within the DG was significantly higher in
the VHPC of Alox157 than in WT mice (P= 0.0237) (Figure 59 C). In contrast, the number of
5-HT1A-positive cells was statistically decreased in vCAL pyramidal cells (P=0.0211) (Figure
59 B). Next, the percentage of 5-HTia-positive cells was statistically increased in dCA3
pyramidal cells in Alox15” compared to WT mice (approximately 10 % increase) (P= 0.0190)
(Figure 61 A). Conversely, the dCA1 pyramidal cells were significantly reduced in Alox15”
relative to WT mice (approximately 8 % decrease) (P= 0.0235) (Figure 61 B). However, no
differences were detected in the number of 5HT1a-positive cells in the DG between groups
(Figure 61 C).

Visual inspection of the fluorescent signal revealed that 5-HT1a receptor signal intensity was
predominantly detected in the CA3 pyramidal cell layer of the vHPC and dHPC in Alox157
compared to WT mice. Quantitative analysis of the data demonstrated that there was
significantly decreased 5HT1a receptor signal intensity in the CA1 pyramidal cell layer of the
vHPC and dHPC in Alox157 compared to WT mice (P= 0.0112, P=0.0266 , respectively)
(Figure 59 E, 61 E). Furthermore, analysis of the signal intensity of the 5SHT1areceptor revealed
that there are no differences between groups in the dDG (Figure 61 F). In contrast, the analysis
showed that the ventral granule cell layers of the DG displayed a moderate, but significantly

increased signal intensity in Alox15™ relative to WT mice (P= 0.0073) (Figure 59 F).
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Figure 58. Representative confocal imaging illustrates the detection and localization of
5HT1A receptors in the CA1, CA2/3, and DG subregions of the vHPC coronal cryosections of 20 pm
thickness. The top panel corresponds to the CA3 subfield of WT mouse vHPC (a) single channel acquisition
of DAPI staining (blue) of cell nuclei (AF405) (b) single channel 5HT1a staining AF568 (red) (c) merged
image of 5HT14 in colocalization with DAPI (d) an overlay imaging on isotype control, rabbit IgG polyclonal,
merged with DAPI counterstaining. The middle panel corresponds to the CA1 subfield of WT mouse vHPC
(e) single channel acquisition of DAPI staining (f) single channel 5HT.a staining AF568 (g) merged image
of 5HT1a with DAPI (h) merged image on isotype control. The bottom panel corresponds to the DG subfield
of WT mouse VHPC (i) single channel acquisition of DAPI staining (j) single channel 5HT14 staining AF568
(K) merged image of 5HT1a with DAPI (I) merged image on isotype control. In contrast, the top panel
corresponds to the CA3 subfield of Alox157 mouse VHPC (m) single channel acquisition of DAPI staining
(n) single channel 5HT;a staining AF568 (0) merged image of 5HT:a with DAPI. The middle panel
corresponds to the CA1 subfield of Alox157 mouse VHPC (p) single channel acquisition of DAPI staining
(q) single channel 5HT1a staining AF5968 (r) merged image of 5HT:a with DAPI. The bottom panel
corresponds to the DG subfield of Alox15” mouse VHPC (s) single channel acquisition of DAPI staining (t)
single channel 5HT 14 staining AF568 (y) merged image of SHT1a with DAPI WT (n=12) and Alox15" (n=11)
male mice, 15 months of age. Scale bars, 100 pm.
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Figure 59. Quantification of the percentage number of 5HTia+ receptor cells and the
immunofluorescence 5HT1a signal intensity (CTCFI) in all the subregions of vHPC. The formula used
to calculate CTCFI was described in Materials and Methods. The top panel corresponds to the percentage of
positive cells where all of the cells, including the nucleus evidenced by DAPI staining was, within the
thickness of the section surrounding the cell (A) in the CA3 area (B) in the CAl area (C) in the DG of vHPC.
The bottom panel shows scatterplots of signal intensities of 5HT1a receptor staining in all subregions of the
VHPC between WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CA1 pyramidal cell layer (F)
in the granule cell layer of the DG. Data were represented as signal intensities in the pyramidal cell layer of
CA1, CA3 and granule cell layer of the DG. Each dot represents an individual mouse. Data were analysed
using Mann- Whitney non-parametric U test and shown on Tukey box plots with mean = S.E.M WT (n=12)
and Alox15" (n=11) male mice, 15 months of age. *, **, *** and **** represent p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.
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Figure 60. Representative confocal imaging illustrating detection and localization of
5HT.a receptor in the CAl, CA2/3, DG subregions of dHPC of coronal cryosections of 20 pm
thickness. The top panel corresponds to CA3 subfield of WT mouse dHPC (a) single channel acquisition
of DAPI staining (blue) of cell nuclei (AF405) (b) single channel 5HT 14 staining AF568 (orange/red) (c)
merged image of 5HT1a in colocalization with DAPI (d) an overlay imaging on isotype control, rabbit
IgG polyclonal, merged with DAPI counterstaining. The middle panel corresponds to the CAL subfield
of WT mouse dHPC (e) single channel acquisition of DAPI staining (f) single channel 5HT1a staining
AF568 (g) merged image of 5HT:1a with DAPI (h) merged image on isotype control. The bottom panel
corresponds to the DG subfield of WT mouse dHPC (i) single channel acquisition of DAPI staining (j)
single channel 5HT1a staining AF568 (k) merged image of 5HT1a with DAPI (I) merged image on isotype
control. In contrast, the top panel corresponds to CA3 subfield of Alox15” mouse dHPC (m) single
channel acquisition of DAPI staining (n) single channel 5HT:a staining AF568 (0) merged image of
5HT1a with DAPI. The middle panel corresponds to the CA1 subfield of Alox15” mouse dHPC (p) single
channel acquisition of DAPI staining (q) single channel 5HT:a staining AF568 (r) merged image of
5HT1a with DAPI. The bottom panel corresponds to the DG subfield of Alox15”7 mouse dHPC (s) single
channel acquisition of DAPI staining (t) single channel 5HT 14 staining AF568 (y) merged image of 5HT1a
with DAPI WT (n=12) and Alox15" (n=11) male mice, 15 months of age. Scale bars, 100 um.
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Figure 61. Quantification of the percentage number of 5HTia+ receptor cells and the
immunofluorescence 5HT1a signal intensity (CTCFI) in all the subregion of dHPC. The formula used
to calculate CTCFI was described in Materials and Methods. The top panel corresponds to the percentage
of positive cells where all of the cells including the nucleus evidenced by DAPI staining was within the
thickness of the section surrounding the cell (A) in the CA3 area (B) in the CA1 area (C) in the DG of
dHPC. The bottom panel shows scatterplots of signal intensities of 5HT1a receptor staining in all
subregions of dHPC between WT and Alox15” mice. (D) in CA3 pyramidal cell layer (E) in CA1l
pyramidal cell layer (F) in the granule cell layer of DG. Data were represented as signal intensities in the
pyramidal cell layer of CAl, CA3 and granule cell layer of the DG. Each dot represents an individual
mouse. Data were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M WT (n=12) and Alox15” (n=11) male mice, 15 months of age. *, **, *** gnd ****
represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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DISCUSSION

Summary data of the expression levels of proteins markers aged Alox15” male mice

Parvalbumin Significant reduction in the percentage of PV-INs in HPC

GABAg receptor Markedly reduction in the percentage of GABAg receptor
positive cells in HPC

CRF; receptor Significant increase in CRF; receptor positive cells in vCA3 and
dCA3, vCAl and dCA1

5HT1a receptor Significant increase in 5HT1a receptor positive cells in vCA3
and dCAS3, but decrease in vCA1 and dCA1l

In the previous chapter, deficiency of Alox15 mouse leads to a reproducible anxiety phenotype
that appeared to worsen with age. In the current experiment, | assessed several protein markers,
including GABAg, PV, CRF1 and 5-HT1a receptors associated with the anxiety phenotype of
aged Alox157-male mice. Consistent with the literature, the increased anxiety-related behaviour
was associated with the decreased number of PV and GABAg positive interneurons and the
increased number of CRF; receptor-positive cells in the HPC of Alox157 male mice. However,
my findings that the increased hippocampal 5-HTi1a receptor-positive cells in increased
anxiety-like behaviour did not support previous studies. Collectively, the results in this chapter
partially support my hypothesis that deficiency of the Alox15 pathway is correlated with
various expression levels, which may manifest an anxiety-like behaviour, both behaviourally
and functionally.

As a calcium-binding protein, PV is a critical component of Ca?" homeostatic mechanisms
(Volma et al., 2011; Collin, et al., 2005; Marin, 2012). The maintenance of PV is essential for
attenuating neuronal loss, suggesting a neuroprotective effect (Van Den Bosch et al., 2002;
Filice, et al., 2016). Studies have shown that changes in GABAergic function mediated by
dysfunction of PV interneurons may lead to impaired learning and synaptic function and
plasticity and altered neuropathological disorders such as schizophrenia (Hu et al., 2014;
Steullet, t al., 2017). Consequently, thea robust link existstween PV neuronal dysfunction and
neuropsychiatric disorders, such as epilepsy, autism, depression, and schizophrenia

(Torrey et al., 2005; Sohal et al., 2009; Rossignol, 2011). Alox15 is predominantly expressed
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in CNS, and this current study demonstrates that deficiency of the Alox15 pathway is correlated
with significantly reduced numbers of PV neuronal cells in hippocampal pyramidal and granule
cells. These findings are consistent with previous results showing that chronic anxiety-related
responses impact decreased expression (Sloviter, et al., 1999; Czeh, et al. 2005; Venero, et al.,
2005; Hu, et al., 2010; Godavarthi, et al., 2014; Czeh et al. 2015; Zou, et al., 2016). Steullet
and his colleagues suggested that PV interneurons are vulnerable to impaired mitochondrial
function and redox dysregulation, which result in higher levels of oxidative stress in the brain
due to their fast-spiking electrophysiology (Steullet, et al., 2010; Cabungcal, et al., 2013). Of
particular note, elevated oxidative stress is correlated with decreased PV-positive hippocampal
interneurons, especially in vCA3 and DG subregions of the vHPC (Steullet, et al., 2010). These
results are related to previous studies, implying the correlation of Alox15 with ageing-
associated brain oxidative stress and neuronal injury due to their lipid-rich oxidizing properties
and ability to damage mitochondria (van Leyen, et al., 2000; Pratico, et al., 2004; Chinnici, et
al., 2005).

A closer examination of the GABA&g receptor immunoreactivity in this study showed that
Alox15 deficiency is associated with significantly decreased GABAGg receptors in hippocampal
pyramidal neurons and granule cells. Previous work indicated that the reduced number of
GABAG receptor cells is associated with reduced neuronal inhibition affecting the downstream
signalling of the GABAGg receptor in the HPC of mice (Maier, et al., 2014; Mizukami, et al.,
2000; Vigot, et al., 2006; Booker, et al., 2013; Giachino, et al., 2014; Maie, et al., 2014; Song,
etal., 2021). Another study has shown that GABAGg transmission and changes in the expression
of hippocampal GABAG& receptors shift the balance between excitatory and inhibitory receptors
circuits leading to the dysfunction of hippocampal circuitry (Han, et al., 2012). Anxiety
disorders such as depression, anxiety and epilepsy are conditions that are based on a
disequilibrium between excitatory and inhibitory neurons in the aged HPC (Zhang, et al., 2002;
Marin, 2012; McQuail, et al., 2015; Govindpani, et al., 2017; Rozycka, et al., 2017; Wang, et
al., 2021). Therefore, the decreased number of GABAg inhibitory neurons, GABA release,
would be an attempt to counterbalance the enhanced excitatory neuronal activity caused by
increased anxiety (Han, et al., 2012). Hence, the number of hippocampal GABAergic
interneurons and the number of PV cells significantly decreased under anxiety-related
responses.

This chapter also showed increased CRF1-receptor immunoreactivity in the dorsal and ventral
HPC of Alox157 compared to WT mice. Although CRH acts as a neuroendocrine corticotropin-

releasing factor for ACTH, the CRF: receptor is a vital regulator of the actions of CRF
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neuropeptide and plays an essential role as a stress regulator in the brain (Chen, et al., 2004;
Brunson, et al., 2011). A study by Chen and his colleagues reports that the CRF1 receptor-
immunoreactive cells are present in a subpopulation of GABAergic interneurons in the mature
hippocampal pyramidal cells in CA3 and CA1 areas (Chen, et al., 2004). Under physiological
conditions, when they are released from GABAergic terminals, CRF acts as excitatory
neuromodulator enhancing the synaptic neurotransmission throughout the CNS. However,
under stress related responses CRF needs to travel a lot within the brain to reach CRF;-receptor
causing premature cognitive decline to the insufficient peptides (Yan, et al., 1998; Brunson, et
al., 2002; Chen, et al., 2004; Chen, et al., 2008). These results are consistent with the current
findings that the prominent CRF-immunoreactive cells were located predominantly in the
hippocampal CA3 pyramidal layer, and fewer were observed in the CA1 layer in Alox157 mice
compared to WT mice (Brunson, et al., 2001; Radulovic, et al., 1998; Chen, et al., 2000; Chen,
et al., 2004; Chen, et al., 2008; Sherrin, et al 2009; Wang, et al., 2017). Additionally, CRF1
receptor cells resided in the granule cell layer and the hilus of the DG, but no changes were
detected in the CRF1 receptor immunoreactivity between genotypes.

It is well-established that serotonin can modulate anxiety, and any disturbances in serotonin
transmission, as well as dysregulation of 5HT1a receptor levels, are implicated in emotional
disorders (Graeff, et al., 1996; Ramboz, et al., 1998; Cryan, et al., 2000; Rojas, et al., 2016).
This chapter reports that the deficiency of Alox15 leads to contradictory results in 5HT1a
receptor expression and the numbers of 5HT1a neuronal cells in hippocampal CA3 and CA1l
pyramidal neurons and granule cells of the DG. The main inconsistency was observed in the
number of 5HT1a positive neurons in the ventral and dorsal CA3 subfields in Alox157 mice
relative to WT. However, the 5SHT1a receptor-positive neurons in the dCA1 and vCA1 subfield
were significantly lower in Alox157 mice than in WT. These findings contrast with some
previous studies regarding rodents' decreased expression of the 5SHT1a receptor (Czesak, et al.,
2012). Furthermore, previous studies are implicated in chronic administration of selective
serotonin reuptake inhibitors (SSRIs), which are widely used antidepressants, to induce
neurogenesis in the HPC, resulting in decreased anxiety (Stockmeier, 1998; Haddjeri, et al.,
1998; Santarelli, et al., 2013; Samuels, et al., 2015). Interestingly, a study by File et. al, 1996,
performed two behavioural tasks to assess the rodent’s anxiety-like behaviour, such as social
interaction and EPM to compare the presynaptic and postsynaptic 5HT1a in the modulation of
anxiety. Their results showed that the presynaptic 5-HT1a receptor leads to an anxiolytic action,
while the postsynaptic 5-HT1A receptor is stimulated in the dorsal HPC following

administration of a 5SHT1a agonist leading to an anxiogenic effect (File, et al., 1996; Czesak, et
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al. 2012). Thus, results suggest that stimulating autoreceptors and heteroreceptors of SHT1a
may lead to opposing phenotypes in anxiety regulation.

In summary, this chapter suggests that the genetic deletion of Alox15, which was shown
previously to be associated with the development of the anxiety phenotype, is also linked with
altered expression levels of various protein markers. To the best of my knowledge, these
findings highlight the first evidence for a novel role of behavioral anxiety phenotype linked to
changes in Alox15 expression levels. Altered hippocampal expression levels of various proteins
are correlated with anxiety-like behaviour in the Alox15 pathway. The retrospective analysis
includes RNA sequencing (RNA-seq), which would have been a paramount approach to
identifying promising candidate genes related to the Alox15 pathway, including up-regulated
and down-regulated genes between Alox157 and WT mice; however, this was not performed
in the current study. Also, due to low sample size, (n=7) | could not proceed with gender
differences analysis for immunohistochemistry data. Hence, a future research with greater
sample size is recommended to elucidate the sex differences in the aged brain of healthy

Alox157 mice.
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Chapter 6:

Alox15 deficiency is associated with altered
brain levels of oxylipins
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INTRODUCTION

6.1 Chapter overview
In previous chapters, behavioural and cognitive phenotypes of Alox157 mice were elucidated.

As introduced in Chapter 1, oxygenated PUFA are bioactive lipid mediators that can be formed
enzymatically by the action of three metabolic pathways: LOX, COX or CYP450, resulting in
the generation of oxylipins. Also, PUFA oxidation can be mediated non-enzymatically through
free-radical uncontrolled processes via reactive oxygen/nitrogen species (ROS) during
inflammation (Patterson et al., 2012; Uttara et al., 2019; O'Donnell et al., 2009). Herein, | will
investigate the impact of Alox15 deletion on oxylipin levels in the brain. Consequently, I will
examine whether these lipid mediators differ in various brain regions such as the prefrontal
cortex, cerebellum and HPC.

LC-MS/MS analysis will be used in this chapter. The LOX enzyme being studied in this thesis
is 12/15-LOX. This generates the AA lipid products 12-HETE, 12-oxo-ETE, 15-HETE, 15-
OXOETE and 5,15-DIHETE. Also, this enzyme can generate LA-derived products, including
13(S)-HODE and 13-oxo-ODE; EPA-derived products 12-hydroxyeicosapentaenoic acid
(HEPE), and the DHA metabolite 14-hydroxydocosahexaenoic acid (14-HDoHE).
Furthermore, 5-LOX generates 5-HETE and 5-0x0-ETE, as well as the leukotrienes LTA4,

LTB4, LTCs, LTD4, and LTE4 (Figure 62 A).
The CYP 450 pathway produces epoxyeicosatrienoic acids (EET) from AA metabolism, via

epoxygenase activity and epoxyoctadecamonoenoic acids (EpOME) from LA (Harmon et al.,
2006). AA undergoes metabolism by CYP450 to generate four regioisomeric
epoxyeicosatrienoic acids (EETs) 5,6-, 8,9-, 11,12-, and 14,15-EET, which function as
autocrine and paracrine lipid mediators to maintain homeostasis in the body (Spector, 2009;
Massey et al., 2013). These epoxides can be further metabolized by soluble epoxide hydrolase
(sEH), to more stable corresponding metabolites, into dihydroxyeicosatrienoic acids
(DIHETTE), dihydroxyoctadecamonoenoic acids (DiHOME), derived from AA and LA,
respectively (Gabbs et al., 2015) The CYP enzymes reduce inflammation by generating or
metabolizing bioactive mediators and have potent vasodilation actions (Gilroy et al.,
2016) (Figure 62 A).

The COX enzymes catalyse the reaction that converts the prostaglandin endoperoxides G to H
from AA (Smith et al., 2002; Barreiro-Iglesias, 2020). PGH2 which is an unstable intermediate,

is further metabolized to other prostaglandin series, including prostaglandin E> (PGE>),
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prostacyclin (PGI.), prostaglandin D2 (PGD-) and prostaglandin F., (PGF2,) and thromboxane
Az (TXA?), which are termed prostanoids , as part of the oxylipin family (Smith et al., 2000)
(Figure 62 B). Prostaglandin production is generally very low under normal conditions, but
increases dramatically during an inflammatory response (Ricciotti et al., 2011).

By contrast, these differ from non-enzymatically generated oxylipins through uncontrolled
oxidation via free radical mechanisms during cell stress or inflammation (WJ Griffiths et al.,
2019). Non-enzymatically formed isoprostanes (isoP), prostaglandin-like molecules, and non-
AA products of COX, LOX, and P450 metabolites are prone to free-radical mediated oxidation
of AA as they present harmful biological activities (Czerska et al., 2016; Biringer et al., 2019).
These derivatives are considered oxidative stress markers associated with several inflammatory
diseases, including AD (Austin Pickens et al., 2019; Trostchansky et al., 2021).

6.2 Aim and objectives
The overall aim is to study how the genetic deletion of Alox15 influences oxylipin generation.

Here, | will focus on the targeted LC-MS/MS analysis of oxylipins synthesized from AA and
DHA, LA and their metabolites, as they are the most well- studied. In addition, this chapter
will emphasize the biosynthesis of some oxylipins, formed non-enzymatically by ROS in the
Alox157 compared to the WT brain.
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Figure 62 A. Summary of the metabolites of AA into oxylipins by three primary pathways. Four
regioisomeric EETSs are primary products of AA metabolism by cytochrome P450 epoxygenases. HETES
are the main primary products initiated by LOXs.
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Figure 62 B. Summary of the metabolites of AA into oxylipins by COX pathway. The formation of
prostaglandins and thromboxanes are derived from the COX pathway.
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Results

6.3 LC/MS/MS analysis reveals the oxylipin profile of Alox157 mouse brain
Using a targeted lipidomic approach, I measured oxylipins in brain regions in 12 WT and 11

Alox157 male mice aged 15 months and visualized the data on a heatmap to compare the brain
regions that differed between genotypes (Figure 63). Most of the oxylipins analyzed in this
chapter were generated from ®-6 AA, ®-6 LA and »-3 DHA through LOX, COX and CYP-
450 pathways. Hierarchical clustering in the heatmap was carried out to cluster oxylipins. This
was obtained by analyzing the average values per oxylipin, revealing clusters of lipids with
common behaviour. A close inspection revealed that oxylipins abundance was quite different
in the cerebellum between genotypes.

The hierarchical clustering showed trends whereby different subclasses of lipids grouped based
on lower or higher abundance relative to other groups (Figure 63). For instance, all HETEs
demonstrated similar behaviour and were grouped into cluster 4, showing a moderate
abundance in the three brain regions for both genotypes. Similarly, the HDOHEs, derived from
DHA, grouped into cluster 1 due to their low abundance. Also, a greater abundance of COX
metabolites from AA-derived prostaglandins, including PGD2 and PGF2,, showed the highest
quantity and grouped into cluster 3. Conversely, CYP epoxygenase products, such as 11,12-
DIiHETrE and 14,15-DIHETTE, are grouped into cluster 2 due to their very low abundance.
The representative chromatograms for the oxylipins measured in this chapter are presented in

section 6.13.
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Figure 63. Hierarchical clustering heatmap analysis was performed for oxylipins in the cortex,
HPC, and cerebellum. As described in Materials and Methods, lipids were extracted from various
brain regions and quantified by LC-MS/MS. The heatmap of the average values (mean) for each
genotype was generated using 24 metabolites that differed among the genotype and was shown as log10
values in replicates for each analyte normalized to brain tissue weight (mg). log10 transformed and
/plotted as a heatmap with hierarchical clustering using the pheatmap R package WT (h=12) and Alox15
" (n=11).

The list of 24 individual oxylipins detected in WT mice is presented below (Table 13). The
following sections focus on each particular group of lipids, including HETEs, HDOHEs, PGs,
HODEs, DiIHETrEs and DiIHOMES, by comparing their levels with age-matched Alox15” mice
using multiple non-parametric tests.
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6.4 Alox157 brain showed significantly elevated 15-HETE and reduced 12-HETE.
The primary 12/15-LOX products are 12S-HETE and 15S-HETE from AA, while COX

isoforms can also generate 15R-HETE. Data in each brain region were analysed by multiple
Mann- Whitney non-parametric U tests revealing that Alox15” brain contained significantly
higher amounts of 15-HETE in the cortex and cerebellum than WT mice (P=0.0187, P=0.014)
(Figure 64). However, no differences were marked in the HPC between genotypes. 12-HETE

was reduced in the brain of Alox15” mice compared to WT, but this was not significant (Figure
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Figure 64. 12-HETE is slightly reduced and 15-HETE are significantly reduced in Alox15" mice.
Lipids were extracted from three brain regions as described in Materials and Methods. Data in each
brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean = S.E.M. WT (n=12) and Alox15” (n=11) *, **, *** and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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6.5 Alox157 brain demonstrated significantly increased 5-HETE
5-HETE is a LOX-derived AA-metabolite that is produced by mouse neutrophils via 5-LOX.

Here 5-LOX inserts molecular oxygen into the carbon at position 5 of free AA to form potent
bioactive lipid mediators. 5-LOX first metabolizes AA, forming 5-HpETE, an unstable lipid
derivative (Czapski, et al., 2016). Then 5-HpETE is rapidly reduced by the action of
glutathione peroxidase to 5-HETE, or it can be oxidized to the electrophilic lipid 5-oxo-
eicosatetraenoic acid (5-0x0-ETE) (Rubin, et al., 2007). In addition, leukotrienes are lipid
mediators of inflammation, derived downstream of 5-LOX oxidation of AA, but previously
were not found in brain regions of WT mice (Salmon, et al., 1987). Here, data in each brain
region were analysed using Mann- Whitney non-parametric U test and revealed that 5-HETE
was significantly increased in the prefrontal cortex, cerebellum and HPC of Alox15” mice
compared to WT (P= 0.0221, P= 0.0369, P= 0.0433, respectively). Similarly, elevated levels
were detected of 5-0x0-ETE of Alox15™, although they did not reach statistical significance
(Figure 65).
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Figure 65. 5-HETE is markedly elevated in Alox157 mice. Lipids were extracted from three brain
regions as described in Materials and Methods. Data in each brain region were analysed using Mann-
Whitney non-parametric U test and shown on Tukey box plots with mean + S.E.M. WT (n=12) and
Alox157 (n=11) *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001 for genotype
comparisons, respectively.
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6.6 Alox157 brain contained markedly higher 11-HETE than wild type
11-HETE is synthesized through non-enzymatic oxidation from AA and has been described as

a marker of lipid peroxidation (Guido, et al., 1993). 11-HETE can also be formed through
enzymatic oxidation as a by-product of prostaglandin biosynthesis by COXs (Xiao, et al.,
1997). Here, Mann-Whitney non-parametric U test revealed that Alox157 mice showed
significantly increased levels of 11-HETE in the cortex and cerebellum compared to WT mice
(P=0.0107). However, no differences were noticed in the HPC between the two groups (Figure
66).
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Figure 66. 11-HETE is significantly increased in Alox15” mice. Lipids were extracted from
three brain regions as described in Materials and Methods. Data in each brain region were
analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots with
mean + S.E.M. WT (n=12) and Alox157 (n=11) *, **, ##%* and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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6.7 Alox157 brain demonstrated increased cerebellum levels of 4-HDOHE and

16-HDOHE.
Next, DHA can be metabolized via the LOX pathway, resulting in the production of HDOHE

(Miyata, et al., 2021). Mann-Whitney non-parametric U test revealed that the levels in three
brain regions of 14-HDOHE were similar between genotypes, as shown in Figure 67. However
Alox157 mice had significantly higher 4-HDOHE levels in the cerebellum compared to WT
mice but similar levels in the cortex and cerebellum between the two strains (P=0.0045) (Figure
67).
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Figure 67. 4-HDOHE significantly vary in the cerebellum and 14-HDOHE remains unchanged
between. Lipids were extracted from three brain regions as described in Materials and Methods. Data
in each brain region were analysed using Mann-Whitney non-parametric U test and shown on Tukey
box plots with mean + S.E.M. WT (n=12) and Alox157 (n=11) *, **, *** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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6.8 Alox157 cerebellum demonstrated elevated levels of 13-HDOHE and 20-

HDOHE
DHA is metabolized via the COX pathway generating 13-HDOHE (Serhan, et al.,

2002). Oxylipins can also be formed from DHA via CYP-450 epoxygenase. For example, CYP
via ®-hydroxylase activity produces 20-HDOHE with a hydroxy! group near the methyl end of
DHA (VanRollins, et al., 1984). Mann-Whitney non-parametric U test in the cerebellum
revealed that 13-HDOHE and 20-HDOHE levels were significantly higher in the cerebellum
than in WT mice, but they were similar in the HPC and cortex across both strains (P=0.04820,

P=0.0433, respectively) (Figure 68).
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Figure 68. 13-HDOHE and 20-HDOHE are significantly elevated in the cerebellum of Alox15"
mice. Lipids were extracted from three brain regions as described in Materials and Methods. Data in
each brain region were analysed using Mann-Whitney non-parametric U test and shown on Tukey box
plots with mean £ S.E.M. WT (n=12) and Alox157 (n=11) *, **, *** and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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6.9 Alox157 brain contained similar levels of LA metabolites.
9-HODE is formed via the non-enzymatic oxidation of LA by 5-LOX (Vangaveti et al., 2010).

13-HODE is derived from LA through the activity of 12/15-LOX, which is involved in
chemotaxtic activity (Szczuko et al., 2020). First, the enzyme generates 13-HPODE, which is
then reduced to 13-HODE by GPx (Zivkovic et al., 2012). Here, 9-HODE and 13- HODE

levels did not differ between Alox157 and WT mice in the three brain regions (Figure 69).
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Figure 69. 9-HODE and 13-HODE remain unchanged in Alox15” mice. Lipids were extracted from
three brain regions as described in Materials and Methods. Data in each brain region were analysed
using Mann- Whitney non-parametric U test and shown on Tukey box plots with mean £ S.E.M. WT
(n=12) and Alox15" (n=11).
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6.10 Alox157 cerebellum contained significantly increased levels of

prostaglandins
AA is metabolized to form oxylipins via the COX pathway, generating PGG2 and subsequently

PGH> (Smith, et al., 2011). Additional products made from PGH, metabolism include PGF,
thromboxane A> (TXA2), thromboxane B> (TXB2), PGE2, PGD>, and prostacyclin (PGl2)
(Zivkovic, et al., 2012). The analysis in each brain region was performed by Mann- Whitney
non-parametric U test.

Several prostaglandins, including PGE1, PGE;, PGD: and 13,14-dihydro-15-keto-PGD., were
significantly increased in Alox157 cerebellum compared to WT (P=0.0218, P=0.0351,
P=0.0479, P=0.0470, respectively) (Figure 71). With regard to TXB., which is the stable
metabolite of TXA2, no differences were detected in the levels in the three brain regions
between Alox15”7 mice and WT (Figure 70). Conversely, PGF2, levels were not altered

between the two strains (Figure 72).

Thromboxane B,

= WT

= Alox15"

0.05- % :Es

Figure 70. TXB, remain unchanged in Alox15” mice. Lipids were extracted from three brain regions
as described in Materials and Methods. Data in each brain region were analysed using Mann- Whitney
non-parametric U test and shown on Tukey box plots with mean + S.E.M. WT (n=12) and Alox15™
(n=11).

195|Page



Prostaglandin E,4

0.6
= WT

é é =3 Alox15™”
0.4+ .
— B EIJ

0.2+ : %

ng/mg

0.0 T T 1
4 @
o(\‘@ \\\) Q\)
d o ~
Q o
& &L
() “\\Q
Prostaglandin E,
0.005+
=3 WT
0.004- = Alox157
o 0.003 I |
E
[<]
< 0.002
0.001
0.000 T amas T
4 o
(2 N
Goé N &
<& &
00 QQ
AN
Prostaglandin D,
0.08
. a WT
0.06- — =3 Alox15™”
£
= 0.04
=
0.02 @ @
0.00 T T T
4 9
& e)“o@ &
© & &
& S
() Q\Q

Figure 71. PGE:, PGE,, and PGD; are significantly elevated in the cerebellum in Alox15" mice.
Lipids were extracted from three brain regions as described in Materials and Methods. Data in each
brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M. WT (n=12) and Alox15” (n=11) *, **, *** and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 72. 13,14-Dihydro-15-keto-PGD: is significantly increased in the cerebellum in Alox15"
mice. Lipids were extracted from three brain regions as described in Materials and Methods. Data in
each brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box
plots with mean + S.E.M. WT (n=12) and Alox15" (n=11) *, ** #*** and **** represent p<0.05,
p<0.01, p<0.001 and p<0.0001 for genotype comparisons, respectively.
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6.11 Alox157 brain showed no changes in the levels of CYP-derived oxylipins
Epoxides synthesized from AA by CYP enzymes, including 5(6)-EET and 11(12)-EET, were

unchanged in brain regions of Alox15”7 mice compared to WT (Figure 73). Moreover, a simple
comparison on their further metabolite 11,12-DIHETrE, showed significantly lower amounts
in Alox157 cerebellum than in WT (*P=0.0289). In contrast, no changes were detected in 5,6
DIiHETTE between genotypes in the three brain regions. 14,15- DIHETTE levels were similar

between the two strains (Figure 74).
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Figure 73. EETs remain unchanged in Alox15” mice. Lipids were extracted from three brain regions
as described in Materials and Methods. Data in each brain region were analysed using Mann- Whitney
non-parametric U test and shown on Tukey box plots with mean + S.E.M. WT (n=12) and Alox15™
(n=11).
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Figure 74. 11,12-DiHETTE is significantly decreased in the cerebellum in Alox15” mice. Lipids
were extracted from three brain regions as described in Materials and Methods. Data in each brain region
were analysed using Mann-Whitney non-parametric U test and shown on Tukey box plots with mean +
S.E.M. WT (n=12) and Alox15" (n=11) *, **, *%* and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001 for genotype comparisons, respectively.
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6.12 Alox157 cerebellum displayed markedly decreased levels of 12,13-DiHOME.
The levels of LA-derived epoxides formed by CYP enzymes are shown in Figure 75. Data in

each brain region were analysed by Mann- Whitney non-parametric U test and revealed that
12,13-DIHOME was significantly lower in Alox157 cerebellum compared to WT mice
(P=0.0248). However, the levels of 12,13-DiIHOME in the cortex and HPC were similar
between genotypes. 9,10-DiHOME was decreased in Alox15" cerebellum, but this did not reach

statistical significance.

9,10-DiHOME
0.006 - = WT
=3 Alox15™
0.004 -
>
c
0.002- é é é
0.000 . . ;
() S 0"
Oob oe\\ O@Q
< (¥
N (8)
od {
"\\Q
12,13-DiHOME
0.006 * c WT
—
=3 Alox15™
0.004
)
f =
0.002 %
0.000 . . T
3 & 2
04@ 0\\0 &Qo
<o ) >
< (9
& S
< *Q\Q

Figure 75. 12,13-DiHOME is significantly reduced in the cerebellum in Alox15” mice. Lipids were
extracted from three brain regions as described in Materials and Methods. Data in each brain region
were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots with mean
+ S.E.M. WT (n=12) and Alox15” (n=11) *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and
p<0.0001 for genotype comparisons, respectively.
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6.13 Representative Chromatograms for oxylipins analysis
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DISCUSSION

A targeted liquid chromatography-tandem mass spectrometry method was applied to quantify
and characterize free oxylipins generated either enzymatically by LOXs, COXs, and CYPs
pathways or non-enzymatically by reactive oxygen species in Alox157 compared with age-
matched WT mice. The oxylipins derived from AA were ranked first, followed by the DHA
and last, the LA, according to relative abundance.

The critical question was how the Alox15 deletion impacts oxylipins in the mouse brain. The
main finding is that the overall COX activity appears to be upregulated; for example, one of
the COX isoforms may be induced, causing higher production of prostaglandins and increased
levels of 15-HETE and 11-HETE in Alox157 mouse brain and potentially mediating
inflammation.

In particular, COX enzymes also produce 15R- HpETEs as side products, which can be further
reduced into their corresponding products by peroxidase activity. Also, 15-HETE can be
formed non-enzymatically from Alox15 (15S-HETE) (routes in Figure 1) (Kuhn et al., 2006).
| could address this by using chiral chromatography to determine the relative amounts of 15-
HETE S and R enantiomers (Kuhn et al., 1987). That is due to LOX and COX, which exhibit
stereospecificity regarding oxygenating PUFA, primarily AA. Interestingly, 11-HETE can be
produced enzymatically as a by-product of prostaglandin synthesis by both COX isoforms, and
it could have some function involved in inflammation regulation (Xiao et al., 1997).
Furthermore, the most abundant products of AA metabolism were prostaglandins derived from
COX enzymes. Here, their significantly elevated levels in the cerebellum in Alox15” mice
suggest higher levels of COX enzymes. Consequently, the similar behaviour of the increased
levels of prostaglandins and the abundance of 15-HETE and 11-HETE may imply induction of
COX-2, which can be linked with inflammation. COX-2 is an inducible enzyme under stress
conditions, including neuroinflammation (Phillis et al., 2006).

The platelet type 12-LOX, an isoform that belongs to the family of lipid-oxidizing enzymes
expressed in mammals mainly by immune cells and platelets (thrombocytes), is encoded by
Alox12, and this enzyme generates 12(S)-HETE (Kuhn et al., 1999; Dobrian et al., 2019). The
murine orthologue leukocyte-type 12/15-LOX is encoded by the Alox15 gene and produces
small amounts of 15-HETE and primarily 12-HETE. Subsequently, in mice, 12-HETE can
originate from 12/15-LOX and platelet 12-LOX (Kuhn et al., 1999; Dobrian et al., 2019). Thus,
12-HETE detected in Alox15” mice could be generated by 12-LOX, as platelets might cross
the blood-brain barrier during perfusion (Kriska et al., 2012). As described in Methodology,
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the animals that used for the lipidomic analysis (both WT and Alox15” mice) were perfused,
indicating that most of the circulating cells and platelets, which might contributed a significant
pool of enzyme function were removed. Thus, metabolites identified from the brain tissue could
have been present due to diffusion from the blood or endogenous production by enzymes
expressed by brain cells. It has been noted that 12-HETE and 15-HETE have both pro-and anti-
inflammatory properties (Sun et al., 2015; Singh et al., 2018). 12-HETE acts as an inhibitory
neuromodulator by decreasing calcium channel content via voltage-activated channels and
attenuating glutamate secretion (Sun et al., 2015).

Furthermore, 5-HETE was the least abundant metabolite among all HETEs and is generally
produced by neutrophils. The relative higher abundance of 5-HETE in the HPC and cortex in
Alox157 mice suggests more elevated levels of 5-LOX, which is encoded by the Alox5 gene
and is activated by the membrane protein 5-LOX-activating protein (FLAP), resulting in the
production of leukotrienes such as leukotriene B4 (Czapski et al., 2016). The precise role of
FLAP in 5-LOX reactions remains unknown; however, it is suggested that FLAP functions as
a scaffold for 5-LOX (Dixon et al., 1990). Studies indicate that the 5-LOX level is mainly
expressed in the cortex and HPC, which are particularly vulnerable to neurodegeneration
(Lammers et al., 1996; Chinnici et al., 2007; Chu et al., 2012). In studies utilizing AD mouse
models, Tg2576 and 3xTg mice, 5-LOX knockout was associated with improvements in
learning and memory and restoration of hippocampal LTP, whereas overexpression of 5-LOX
was correlated with more significant cognitive decline (Chu et al., 2012; Giannopoulos et al.,
2013). Another study by Chinnici showed that the highest mMRNA levels and FLAP protein
levels of 5-LOX were significantly higher in the HPC of aged WT mice versus young WT mice
(Chinnici et al., 2006).

Of particular interest, PGE: levels have previously been seen to be higher in AD development
and to decline with disease progression (Combrinck et al., 2006). PGE: plays a critical role in
immunity and inflammation (Park et al., 2006). In a study by Choi, the levels of brain
PGE, were significantly elevated in COX-17" mice, whereas the levels of TXB, were
decreased in COX-17" mice compared to WT mice, likely due to the compensation
upregulation of COX: enzyme (Choi et al., 2006). Another study utilizing the APPSwe-
PS1AE9 (APPS) transgenic mouse model of familial AD showed that PGE: signalling through
its receptor E-prostanoid 3 (EP3) which was elevated in the HPC during the early time of onset
of neuroinflammation compared to controls, leading to a critical component of

neuroinflammatory response that contributes to the AD development (Shi et al., 2012).
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Here, 4-HDOHE generated from DHA by LOX was significantly higher in the cerebellum in
the Alox157- mouse brain than in WT. Studies indicate that DHA and its docosanoids have been
implicated in having beneficial effects against age-related cognitive decline in normal mice or
AD models (Suzuki et al., 1998; Hashimoto et al., 2015; Lim et al., 2005). In a study by
Hasmimoto suggested that TAK-085 administration that contains ®-3 DHA and EPA ethyl-
ester in aged wistar rats for 17 weeks resulted in recused AA-derived metabolites, compared to
increased EPA and DHA derived metabolites, according to plasma n-6/n-3 molar ratio. DHA-
derived molecules are proposed to be anti-inflammatory, suggesting a critical role in resolving
inflammation and protecting neurones (Maskrey et al., 2013). Recently a study by Shalini et
al. 2018, reported that the Alox15 inhibitor, PD146176, which was injected into the prefrontal
cortex of rat brains, showed a reduction in resolvin D1 levels in the prefrontal cortex, which is
derived from DHA. This lipid was measured by LC/MS/MS analysis. This inhibition blocked
LTP induction of HPC-prefrontal cortex pathway displayed impaired performance in the T-
maze test by increasing the errors in alternation in this task. This finding suggested that this
lipid may play a role in spatial memory (Shalini et al., 2018). These results are consistent with
Chapter 4, whereby Alox157 mice displayed spatial memory deficits but the metabolites from
DHA remained unchanged in the prefrontal cortex between genotypes. In line with my results
from Chapter 3, a study by Hennebelle et al., 2012, using Wistar rats showed that »-3 PUFA
dietary deprivation was associated with increased grooming and reduced locomotor activity, as
it has been measured in the open field test and EPM, but the mechanism remains to be
elucidated compared to rats enriched with ®-3 PUFA.

Future work could involve chiral analysis of 15-HETE to determine if elevated levels are due
to biosynthesis through enzymatic, non-enzymatic, or a combination of both reactions to better
understand the association between 15-HETE and brain function. In particular, to investigate
further the pathway produced in this chapter, either from the COX pathway (15R-HETE) or
12/15-LOX (15S-HETE) (Funk et al., 2022). Ultimately, one way to verify all the above
suggestions of increased lipid levels, such as 5-LOX and COX-1,2, is by measuring their
protein levels and the gene expression of oxylipin-producing enzymes by applying

immunohistochemistry along with brain imaging.
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Chapter 7:

Alox15 deficiency is associated with reduced
hippocampal levels in diverse oxPLs
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INTRODUCTION

7.1 Chapter overview
As discussed in Chapter 1, eicosanoids act as free biologically active lipid mediators secreted

from cells of origin via specific G-protein-coupled receptors or incorporated into PLs (PLs-
esterified eicosanoids). In particular, oxylipins can be re-esterified into the PL membrane to
form additional families of oxidised phospholipids (oxPLs) (Morgan et al., 2010; O’Donnell
et al., 2017; O’Donnell et al., 2019). OxPL play additional functions, such as inflammation
mediators beyond their free acid metabolites (Aldrovandi et al., 2013). OxPL can be produced
either enzymatically (eoxPL) or non-enzymatically and comprise diverse lipid structures
(Morgan et al., 2009). EoxPL remain cell-localised, where they have various biological effects
on different cell types in health and inflammatory diseases. The enzymatic formation of eoxPLs
is mediated by LOX and COX enzymes, and their biosynthesis includes intracellular signalling
pathways, whereas non-enzymatic formation is characterised by chronic inflammation and
regulated by free radical mechanisms through free radical mechanisms reactive oxygen
species (O’Donnell et al., 2012; Aldrovandi et al., 2013).

As mentioned in Chapter 1, the LOX enzymes insert molecular oxygen in AA, and depending
on its position in the aliphatic chain, form HpETESs such as 5-, 8-, 12-, and 15-HpETE. Then,
the HpETEs are further reduced into HETEs by peroxidases (Wang, et al., 2021). Also, the
LOX enzymes oxidise DHA to form HpDOHEs, such as 14- and 17- HpDOHE which can then
be reduced to HDOHE (Morgan, et al., 2010). Furthermore, 12-HEPE and 15-HEPE are the
LOX metabolite synthesized from EPA via the action of 12-LOX and 15-LOX, respectively
(Chiu, et al., 2017).

In this Chapter, LC/MS/MS has been operated in MRM scan mode to detect the selective and
specific initial 96 transitions, based on the precursor to product ions. The analysis revealed that
the signal of the majority of the lipids, particularly 75 lipids, was very weak. In MRM, these
analytes were monitored through the transition of a precursor ion to product ion arising from
collision-induced dissociation to form distinct negatively charged ions.

Several lipidomic studies identified and characterised HETE-PL species formed by the LOX
pathway via the cellular activation of human platelets (Thomas et al., 2010; O’Donnell et al.,
2018). Our group discovered these species, utilising precursor scanning LC/MS/MS to search
for product ions corresponding to HETEs (m/z 319.2) attached to PL (Maskrey et al., 2007).

Among the most abundant PL species in eukaryotic cell membranes are PE and PC, which
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constitute the primary building blocks of the cell membrane and include both acyl and

plasmalogen forms (Murphy, 2002; Van Meer et al., 2008; Farine et al., 2015).
7.2 Biosynthesis of oxidised phospholipids

The biosynthesis of enzymatically oxidised phospholipids usually begins with the hydrolysis
of PUFA from PL by PLA>, normally the cytosolic isoform (Hammond et al., 2012). PLA>
hydrolyses acyl from the sn2 position, and this is then oxygenated through the action of LOX
or COX enzymes to form free acid eicosanoids. The next step is the acylation of
lysophospholipid (lysoPL) with coenzyme A (FA-CoA) via acyl-CoA synthases (ACSL),
followed by their acyl-CoA-dependent esterification into a membrane lysoPL to the sn2
position by an sn-2 acyltransferase activity (lysophospholipid acyltransferase, or LPAT) (Gijon
et al., 2008; Yamashita et al., 2014; Liu et al., 2019; O’Donnell et al., 2019). The cycle of PL
hydrolysis by PLA: into FA/lysoPL, oxygenation, and re-esterification of free eicosanoids to
form eoxPL is part of the Lands cycle (Lands, 1958; Lands, 1965) (Figure 76). Platelets,

neutrophils, and macrophages generate eoxPL acutely following cell activation (O’Donnell et
al., 2019).

Although the eoxPLs formed via 5-LOX and 12-LOX enzymes require a cycle of hydrolysis
and re-esterification, those from 12/15-LOX, generated by macrophages, do not need the
Lands’ cycle, but direct PL oxidation (Thomas, et al., 2010). Maskrey et al. (2007)
demonstrated an entirely different process unique to 12/15-LOX, which does not require PLA:.
They described the ability of 15-LOX to directly oxidize PE to form eoxPL without the prior
release of AA to form free 15-HETE (Maskrey et al., 2007).

LC-MS/MS analysis has demonstrated a range of positional isomers of eoxPL in human cells,
formed in a cell-specific manner by 5-LOX (5-HETE-PL in neutrophils, monocytes) containing
three plasmalogen PE species (PE 18:0p_5-HETE, PE 18:1p 5-HETE, PE 16:0p_5-HETE),
15-LOX (15-HETE-PL, 17-HDOHE-PL in human eosinophils), and 12-LOX (12-HETE-PL,
14-HDOHE-PL in platelets) (Maskrey et al., 2007; Clark et al., 2011; O’Donnell et al., 2012;
Slatter et al., 2018). In mice, 15-LOX is represented by a 12/15-LOX gene product expressed
in murine peritoneal macrophages and is strongly induced by Th2 cytokines (Kuhn et al.,
2016). This isoform generates 12-HETE-PL and 15-HETE-PL primarily.

Similar to HETE-PL, the formation of HDOHE-PLs in platelets occurs via PLA2 hydrolysis of
DHA, which is then oxygenated and re-esterified into plasmalogen (16:0p, 18:0p) or diacyl
(16:0a, 18:0a) PEs at the Sn1 position (Thomas et al., 2010; Morgan et al., 2010; Hammond et
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al., 2012; Aldrovandi et al., 2013). HDOHE-PLs are acutely formed by 12-LOX in thrombin-
activated platelets (Morgan et al., 2010).

LOX
CoX

CYP

———— pUFA ——» oxPUFA L, oxpurA - con L FA-lysoPL

sn2 acyltransferase

PLA2

Membrane 15-LOX Oxidised
Phospholipids Phospholipids

Figure 76. The biosynthesis of oxidised phospholipids. The top pathway involves the action of
PLA, on membrane phospholipids, the oxidation of the released non-esterified fatty acid at the sn-2
position catalysed by the three enzymes and then re-esterified to lysoPL. The bottom pathway includes
the direct oxygenation of membrane phospholipids by 15-LOXs without PLA; requirement.

7.3 Aim and objectives

Previously, in Chapter 6 oxylipins were measured in the Alox157 mouse brain and compared
them with age-matched WT mice. Here, a targeted lipidomic approach will detect and identify
unknown eoxPLs formed in the WT mouse brain. Initially, I will use LC/MS to profile lipid
extracts from the prefrontal cortex, HPC, and cerebellum in WT mice. For each lipid, the
precise oxPL structural identification will be determined based on MRM in negative ion mode.
Then, MS/MS spectra will be applied for validation. Once the spectra is acquired, a comparison
will be performed to investigate how these lipids vary between WT and Alox157 mice within

the specific regions.
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RESULTS

7.4 LC/MS/MS defines which eoxPL are present in WT mouse brain

Based on the literature, no studies have yet determined eoxPLs in the WT mouse brain.
LC/MS/MS in MRM scan negative mode was first performed on WT brain lipid extracts to
identify and characterise which eoxPL are present in the normal brain, as described in Materials
and Methods.

For this purpose, | first used MRM transitions obtained from Professor Steffany Bennett's
(University of Ottawa) methods, where she analysed post-mortem brain tissue from patients
with AD. The Bennet lab published the lipidome of murine brain tissues obtained from
commonly used transgenic mouse models of AD, namely the Swedish mutant of
APPke7on,me71L (APP), and PS1-APP double transgenic lines (Axelsen et al., 2010; Han et al.,
2001; Chan, et al., 2012; Bennett SA et al., 2013). In particular, Bennett et al., previously
created and analysed 29 neurolipidomic datasets generated by eight different labs aiming to
identify changes in phospholipid metabolism in AD compared to normal elderly (human) or
murine samples (Bennett et al., 2013).

To this end, | used m/z values of native PL detected in mouse brains and then generated putative
MRMs of mono-oxygenated species by adding one oxygen to each, causing a mass shift of +16
mass units (Table 14). The new transitions were used to set up a method, in conjunction with
calculations of estimated retention times for each oxPL species using an established
LC/MS/MS method in our laboratory.

Initially, LC/MS/MS was operated in MRM scan mode to detect the selective and specific
initial 96 transitions based on the precursor to product ions m/z 319.2 (HETE, [M-H]"), of m/z
317.2 (HEPE, [M-H]"), and m/z 343.2 (HDOHE, [M-H]"), with dwell time every 100 ms with
a collision energy of —38 V. In particular, these 96 MRM transitions were included in my
method, with 16:0, 18:0 or 18:1 carbon chains at the Sn-1 position and 20:4(0), 20:5(0) (EPA;
®-3) or 22:6(0) (DHA, ®—3) at the Sn-2 position (Table 14). For each MRM transition, | used
the precursor m/z value, and the fragment ion from the relevant mono-oxygenated Sn2 fatty
acid. | next analysed wild-type brain lipid extracts, revealing that the signal of most lipids,
particularly 75 lipids, was very weak. Thus only 21 of the MRM transitions showed detectable
and sufficient peaks in MRM negative ion mode, on the 6500 Q-Trap, monitoring
precursor m/z to oxidised fatty acid as product ions (Table 14). Of the 21 detected, the most

abundant were the oxidised species containing acyl PE molecular species 18:0a and the least
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abundant were the ones containing plasmalogen, such as 18:1p, 18:0p, and 16:0p at the Snl
position.

However, several peaks were detected by LC/MS/MS; thus, it was crucial to find the correct
peaks of eoxPLs. Oxidised phospholipids are more polar than native phospholipids;
consequently, they elute at earlier retention times on reverse phase HPLC (Morgan et al., 2009;
Thomas et al., 2010; O'Donnell, 2011). Based on this literature, I concentrated on analysing
the eoxPLs that eluted within the RT 13-15 minutes. Also, the later peaks are not polar enough
and thus are not consistent with oxPL (Thomas, et al., 2010). It is noteworthy to mention that
further work is needed to work out and verify which peaks on the chromatograms are eoxPLs.

The 21 MRM chromatograms for each lipid with visible peaks are shown in Figure 77.
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MRM for PE 18:0a_20:4(O) from Cortex

Figure 77. Representative MRM chromatograms for the eoxPL analysis analysed in negative ion
mode as part of targeted lipidomic analysis of various brain regions in WT mice, monitoring
precursor m/z to product ions. The WT brain lipids were extracted as described in Materials and
Methods. The arrows show the peaks that were integrated for their analysis.
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Table 13. Molecular species and precursor m/z of the lipids before and after oxygenation.

Native Precursor Precursor Oxidised Product ion
molecular m/z (Q1) m/z (Q1) molecular m/z (Q3)
Species/ before after species
Analytes oxygenation | oxygenation
PE(18:0/20:4) 766.600 782.600 PE 18:0a_20:4(0) 319.20
PE(P-18:1/22:6) 773.600 789.600 PE 18:1p_22:6(0) 343.20
PE(P-18:0/22:6) |  775.600 790.600 PE 18:0p_22:6(0) 343.20
PE(18:0/22:4) 779.600 795.600 PE 18:0a_20:4(0) 319.20
PE(16:0/20:5) 764.600 780.600 PE 16:0a_20:5(0) 317.20
PE(18:1/22:6) 788.700 804.700 PE 18:1a_22:6(0) 343.20
PC(P-18:1/22:6) |  746.600 762.600 PC 18:1p_22:6(0) 343.20
PE(18:0/22:6) 790.700 806.700 PE 18:0a_22:6(0) 343.20
PE(16:0/22:6) 762.600 778.600 PE 16:0a_22:6(0) 343.20
PE(P-16:0/20:4) |  738.600 754.600 PE 16:0p_20:4(0) 319.20
PE(P-18:1/20:4) |  749.000 766.600 PE 18:1p_20:4(0) 319.20
PE(P-18:0/20:4) |  762.600 778.600 PE 18:0p_20:4(0) 319.20
PE(16:0/20:5) 736.600 752.600 PE 16:0a_20:5(0) 317.20
PE(P-16:0/22:6) |  760.600 776.600 PE 16:0p_22:6(0) 343.20
PC(16:0/20:4) 790.700 806.700 PC 16:0a_20:4(0) 319.20
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PC(16:0/20:4) 782.600 798.600 | PC 16:0a_20:4(0) 319.20
PC(18:1/20:4) 790.700 806.700 | PC 18:1a_20:4(0) 319.20
PC(18:0/20:4) 794.600 810.600 | PC 18:0a_20:4(O) 319.20
PC(18:1/20:4) 810.700 826.700 | PC 18:1a_20:4(0) 319.20
PC(16:0/22:6) 814.700 830.700 | PC 16:0a_22:6(0) 343.20
PC(18:1/20:4) 808.700 826.700 | PC 18:1a_20:4(0) 319.20

Next, EPI scan mode was operated for each precursor ion to confirm their proposed structures
to obtain MS/MS spectra. Several different MRM transitions were chosen from the MS/MS
spectra, as shown in Table 14. EPI scan mode uses the linear ion trap to trap the resulting
fragments by operating a mass scan during specific elution time windows to particular ions.
The product ion spectra were acquired from each lipid at the elution peak within the retention
time for oxPL with precursor m/z 782.6, 780.6, 804.7, 762.6 and 806.7, respectively, as
described in Materials and Methods.

For identity confirmation, MS/MS spectra were obtained; therefore, only one peak was
identified for each positional isomer. Then, they were examined closely to determine whether
they matched the proposed structure. Using this method, only the PE molecular species at m/z
782.6, m/z 780.6, m/z 762.6, m/z 804.7, and m/z 806.7 had sufficiently strong signals to help
with identification, generating visible product ions at m/z 319.2 (HETE [M-H]"), m/z 317.2
(HEPE [M-H]"), and m/z 343.2 (HDOHE [M-H]") in negative ion mode. In general, the WT
mouse brains were identified as PE, as follows PE 18:1p_ HDOHE (m/z 762.6), PE
18:1a_HDOHE (m/z 804.7), PE 18:0a_HETE (m/z 782.6), PE 18:0a_HDOHE (m/z 806.7), and
PE 18:0a_HEPE (m/z 780.6). Next, the positional isomers of PE containing HETESs, HEPEs
and HDOHEs, respectively, were analysed (Table 15).

Following this, representative chromatograms of MRM transitions from various brain regions
were provided in the following figures per individual lipid and chromatograms from MS/MS
analysis for validation. Product ion scans were generated at the top of the peak for each

precursor transition scanning from m/z 700 to 900 amu.
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Table 14. Multiple reaction monitoring (MRM) transitions for the oxPL were analysed in negative
ion mode as part of the targeted lipidomic analysis of various brain regions in WT mice.

ID Analyte MRM transition RT
(min)
PE 18:0a_HETE 782.600 - 319.200 13-15
PE 18:0a_15-HETE 782.600 - 219.100 13.24
PE 18:0a_11-HETE 782.600 - 167.100 13.47
PE 18:0a_12-HETE 782.600 - 179.100 13.69
PE 18:0a_8-HETE 782.600 = 155.100 13.88
PE 18:0a_5-HETE 782.600 - 115.100 14.12
PE 18:0a_HEPE 780.600 - 317.200 13-15
PE 18:0a_15-HEPE 780.600 = 219.100 13.51
PE 18:0a_11-HEPE 780.600 - 167.100 13.67
PE 18:0a_12-HEPE 780.600 - 179.100 13.89
PE 18:1a_ HDOHE 804.700 = 343.200 13-15
PE 18:1a_11-HDOHE 804.700 - 149.200 13.59
PE 18:1a_10-HDOHE 804.700 = 153.200 13.65
PE 18:1p_HDOHE 762.600 = 343.200 13-15
PE 18:1p_14-HDOHE 762.600 = 205.200 13.9
PE 18:1p_10-HDOHE 762.600 = 153.200 14.11
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PE 18:1p_11-HDOHE 762.600 ->149.200 14.24
PE 18:0a_HDOHE 806.700 ->»343.200 13-15
PE 18:0a_14-HDOHE 806.700 - 205.200 15.03
PE 18:0a_10-HDOHE 806.700 - 153.200 15.08
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Figure 78. Representative chromatogram showing structural identification of PE 18:0a_ HETE at m/z
782.6, using MS/MS spectrum. Panel A. Negative ion LC/MS/MS analysis using precursor m/z 782 to
product m/z 319 MRM transitions. Brain lipid extracts were separated as described in Material and Methods
using reverse phase HPLC and analysed using LC/MS/MS. Five prominent ions at m/z 782.6 were identified.
Panel B. MS/MS spectrum extracted from chromatograms obtained from lipids eluting at RT 13-15 min.
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Figure 79. Representative chromatogram showing structural identification of PE 18:0a_HEPE at
m/z 780.6, using MS/MS spectrum. Panel A. Negative ion LC/MS/MS analysis using precursor m/z
780.6 to product m/z 343.2 MRM transitions. Brain lipid extracts were separated as described in
Material and Methods using reverse phase HPLC and analysed using LC/MS/MS. Five prominent ions
at m/z 780.6 were identified. Panel B. MS/MS spectrum extracted from chromatograms obtained from
lipids eluting at RT 13-15 min.
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Figure 80. Representative chromatogram showing structural identification of PE 18:1a_ HETE
at m/z 804.7, using MS/MS spectrum. Panel A. Negative ion LC/MS/MS analysis using precursor
m/z 804.7 to product m/z 343.2 MRM transitions. Brain lipid extracts were separated as described
in Material and Methods using reverse phase HPLC and analysed using LC/MS/MS. Five prominent
ions at m/z 804.7 were identified. Panel B. MS/MS spectrum extracted from chromatograms
obtained from lipids eluting at RT 13-15 min
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Figure 81. Representative chromatogram showing structural identification of PE 18:1p  HDOHE at m/z
762.6, using MS/MS spectrum. Panel A. Negative ion LC/MS/MS analysis using precursor m/z 762 to
product m/z 343.2 MRM transitions. Brain lipid extracts were separated as described in Material and Methods
using reverse phase HPLC and analysed using LC/MS/MS. Five prominent ions at m/z 762.6 were identified.
Panel B. MS/MS spectrum extracted from chromatograms obtained from lipids eluting at RT 13-15 min.
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Figure 82. Representative chromatogram showing structural identification of PE 18:0a. HDOHE at
m/z 806.7 using MS/MS spectrum. Panel A. Negative ion LC/MS/MS analysis using precursor m/z 806.7
to product m/z 343.2 MRM transitions. Brain lipid extracts were separated as described in Material and
Methods using reverse phase HPLC and analysed using LC/MS/MS. Five prominent ions at m/z 806.7
were identified. Panel B. MS/MS spectrum extracted from chromatograms obtained from lipids eluting at
RT 13-15 min.
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Next, the actual peaks were integrated. That was used to determine relative amounts of different
positional isomers of HETEs, HEPEs and HDOHEs by using the same precursor ion with other
product ions for each lipid.

The MRM transitions were monitored by the precursor-to-product transition arising from
collision-induced dissociation to give a major product ion for HETE-PEs at m/z 319.2. Product
ion spectra were acquired at the top of each LC elution peak containing all m/z 319.2. MS/MS
for PE molecules species containing a HETE functional group in Q3 (m/z 319.2) showed the
presence of multiple ions, particularly five major ions, at m/z 782.6, eluting between 13- 15
min. All five coeluted, as a big mixture of isomers, with the same retention time as a oxPE
standard in the 13-15 min window (Figure 78 A). In the WT brain, the peak at m/z 782
corresponds to 18:0a, confirming the structure as PE 18:0a_HETE. The first peak (Peak 1) that
elutes at R.T. 13.24 through the precursor m/z 782 to m/z 219.1 transition, represents the 15-
HETE confirming the positional isomer structure as PE 18:0a_15-HETE, as shown in Figure
78A. The next peaks are 11-HETE-PE eluting at R.T. 13.47, 12-HETE-PE eluting at R.T.
13.69, 8-HETE-PE eluting at R.T. 13.88 and 5-HETE-PE eluting at R.T. 14.12 (Peaks 2-5)
(Figure 78 A). In the case of HETE-PEs, elution between 13-15 min was used to identify each
isomer containing 18:0a at snl and 20:4(O)/HETE at sn2 (Figure 78 B). Although the evidence
of HETE-positional isomers was challenging, especially since the presence of 12-HETE-PE
and 8-HETE-PE were very weak, m/z 319.2 exists for the intact oxylipin.

Next, LC/MS/MS analysis for PE containing a HEPE functional group = (m/z 317.2) in Q3,
using reverse-phase HPLC, is shown in Figure 79. For m/z 780.6, product ion spectra were
obtained by following a product ion at m/z 317.2. With Q3 set at 317.2, three ions were seen to
elute between 13 - 15 min (Figure 79 A). All three peaks coeluted within the same retention
13-15 min window. In the WT brain, m/z 780.6 corresponds to 18:0a at the Snl position,
confirming the structure as PE 18:0a_HEPE and showing the fragmentation for all three HEPE-
containing species. The first peak (Peak 1) that elutes at R.T. 13.51 in the precursor m/z 780.6
to m/z 219.1 transition identifies the 15-HEPE containing PE isomer. The second peak, Peak
2, is the 11-HEPE-PE that elutes in R.T. 13.67 through the precursor m/z 780.6 to m/z 167.1
transition and the third peak, (Peak 3) represents the 12-HEPE-PE that elutes in R.T. 13.89
through the precursor m/z 780.6 to m/z 179.1 transition (Figure 79 A). Subsequently, the ions,
eluting between 13-15 min, were proposed as HEPE-PEs containing 18:0a at Sn1 and 20:5(0)
at the sn2 position (Figure 79 B).

Following this, the lipids containing a HDOHE functional group (m/z 343.2) in Q3 were
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analysed in LC/MS/MS, using precursor m/z 804.7 to product m/z 343.2. For m/z 804.7, the
product ion spectra were generated, and two distinct ions were eluted between 13 and 15 min.
These two peaks were coeluted within the same retention window between 13 and 15 min,
demonstrating the fragmentation of two HDOHE-containing PE molecular species (Figure 80
A). Peak 1 elutes in R.T. 13.59 through the precursor m/z 804.7 to product m/z 149.2 transition,
stating the 11-HDOHE-PE, while Peak 2 is subjected to the precursor m/z 804.7 to m/z 153.2
transition, corresponding to 10-HDOHE-PE eluting in R.T 13.65, as shown in Figure 80 A.
Consequently, the ions, eluting between 13-15 min, are suggested as PEs containing 18:1a at
snl and 22:6(0) at sn2 positions (Figure 80 B).

The following lipids containing a HDOHE functional group (m/z 343.2) in Q3 were displayed
in Figure 81. MS/MS spectra were acquired and assigned the fragmentation for three HDOHE-
PEs at m/z 762.6, representing plasmalogen species (Figure 81 A). During elution between the
13-15 min window, the specific positional isomers were detected, monitoring from the
precursor ion at m/z 762.6 to product ion m/z 343.2 transitions. The first peak (Peak 1),
corresponding to PE 18:1p 14-HDOHE, elutes in the R.T. 13.9 through the
precursor m/z 762.6 to product m/z 205.2 transition. The second peak (Peak 2) is the PE
18:1p_11-HDOHE eluting in R.T. 14.11 through the precursor m/z 762.6 to product m/z 149.2
transition, while Peak 3 is PE 18:1p_10-HDOHE and elutes in R.T. 14.24 through the
precursor m/z 762.6 to product m/z 153.2 transition, as shown in Figure 81 B. Therefore the
ions, eluting between 13-15 min, are demonstrated as PEs containing 18:1p at Snl and a
22:6(0) at sn2 positions (Figure 81 B).

Next, a similar strategy has been followed as previously. MS/MS spectra have obtained the
presence of two ions for HDOHE-PEs at m/z 343.2 in Q3 and demonstrated two different ions
at m/z 806.7. The two coeluted, as a big mixture of isomers, within the same retention window
between the 13-15 min (Figure 82 A). The WT brain contains two HDOHE-containing PE
molecular species, with each comprising two positional isomers containing 14-HDOHE-PE
that are subjected to the precursor m/z 806.7 to product m/z 205.2 transition, eluting in R.T.
15.03 (Peak 1), and also the 10-HDOHE-PE, which elutes in R.T. 15.08 through the
precursor m/z 806.7 to product m/z 153.2 transition (Peak 2), as illustrated in Figure 82. Thus,
these are proposed as HDOHE- containing PEs containing 18:0a at Snl and 22:6(0O) at Sn2
positions (Figure 82 B).
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7.5 LC/MS/MS analysis suggests diverse eoxPLs in Alox157-mice

The area under the curve for the precursor ion to product ion was integrated and normalised to
the internal standard DMPE and expressed relative to the weight of brain tissue analysed. Since
there was no access to primary standards for these eoxPL, the data generated is comparative
only. According to their m/z values and MS/MS fragmentation patterns, the transitions
identified in Table 15 in the WT mouse brain were proposed to compare the relative abundance
of each eoxPL between WT and Alox157 mice.

A close inspection of the chromatograms reveals that the chromatographic peaks were weak
and poorly resolved, and thus the quality of the data presented for this comparison is relatively
low. Specifically, these lipids are present in low abundance in brain tissue. Representative

MRM chromatograms in negative ion mode are shown in Figure 83.
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MRM: PE 18:0a_10-HDOHE from cerebellum
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Figure 83. Representative MRM chromatograms in negative mode showing all negatively
charged species with the retention times of sufficient peaks indicated in each individual
eoxPL. Brain lipid extracts were separated as described in Material and Methods using reverse phase
HPLC and analysed using LC/MS/MS.
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7.6 Hierarchical clustering analysis indicates clustering by eoxPLs in
Alox157- mice.

Using a targeted lipidomic approach, | measured 15 eoxPLs in the prefrontal cortex, HPC and
cerebellum in 12 WT and 11 Alox157 male mice aged 15 months (Figure 9). In particular, the
heatmap of the relative abundance was shown as log10 values for each lipid normalized to
brain tissue weight (mg). The defined weight in each brain region was presented in Chapter 6.
Hierarchical clustering was carried out to cluster oxidised phospholipids, showing clusters
whereby different subclasses of lipids grouped exhibiting similar behaviour. The heatmap
shows that eoxPLs' abundance was mainly different in the HPC compared to the other two
brain regions between genotypes (Figure 84).

This heatmap shows two main clusters based on the levels of oxPEs. A closer examination
revealed that PE 18:1p_11-HDOHE, PE 18:1p_14-HDOHE and PE 18:1p_10-HDOHE, which
are the three molecular species containing plasmalogen, were grouped into cluster 1, showing
a high abundance mainly in the cortex region. Similarly, the PE 18:1a_10-HDOHE and PE
18:1a_11-HDOHE were grouped into the same block in cluster 1, indicating moderate to high
abundance. Also, PE 18:0a 5-HETE, PE 18:0a 11-HETE, PE 18:0a_15-HETE and PE
18:0a_12-HETE were grouped into cluster 2, demonstrating moderate quantity in the three
brain regions. Conversely, PE 18:0a_11-HEPE, PE 18:0a_15-HEPE and PE 18:0a_12-HEPE

were grouped, showing a very low abundance in the same block.
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Figure 84. Hierarchical clustering heatmap analysis was performed for eoxPLs levels in the
cortex, HPC, and cerebellum. Lipids were extracted from various brain regions as described in
Materials and Methods and quantified by LC-MS/MS. The heatmap of the relative abundance was
generated using 15 molecular species that differed among genotypes and was shown as log10 values
for each lipid normalized to brain tissue weight (mg). log10 transformed and plotted as a heatmap with
hierarchical clustering using the pheatmap R package. The columns in the heatmap represent lipids, and
the rows display brain regions amongst genotypes. The heatmap colours indicate the abundance of
lipids across various brain areas. Intensity levels were represented by a colour gradient, ranging from
dark blue (low abundance) through white (moderate abundance) to dark red (high abundance of lipids).
WT (n=12) and Alox15" (n=11).

7.7 LC/MS/MS analysis revealed significantly decreased PE 18:0a_15-
HETE but unchanged diacyl PE 18:0a_12-HETE in Alox157 mice.

| next examined the detailed eoxPL lipid profiling on each individual group of lipids. Data in
each brain region were analysed by Mann- Whitney non-parametric U test and Tukey box plots
were generated for the genotype comparisons.

Alox15” mice showed significantly lower levels of PE 18:0a 5-HETE in the cortex,
cerebellum and HPC than WT mice (P=0.0108, P=0.0221, P=0.014, respectively) (Figure 85).
Similarly, a simple comparison revealed that PE 18:0a_11-HETE was reduced in the Alox15”
HPC compared to WT mice (P=0.04820). Also, these lipids were lower in the cortex and
cerebellum in Alox157 mice, but they didn’t reach statistical significance (Figure 85). Next
comparison demonstrated that PE 18:0a_15-HETE levels were significantly decreased in the
cerebellum region of Alox157" mice compared to WT (P=0.0202). PE 18:0a_15-HETE was
lower in the cortex and HPC of Alox15” mice than in WT mice, but this was not significant
(Figure 85).

No significant differences were detected for PE 18:0a_12-HETE, which was detected at very
low brain levels from both strains (Figure 86). No significant differences were observed for PE
18:0a_8-HETE between genotypes (Figure 86).
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Figure 85. PE 18:0a_5-HETE and PE 18:0a_5-|—‘|\ETE are significantly reduced in Alox15” mice.
Lipids were extracted from three brain regions as described in Materials and Methods. Data in each
brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M. WT (n=12) and Alox15” (n=11) *, **, *** and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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Figure 86. PE 18:0a_12-HETE and PE 18:0a_8-HETE remain unchanged in Alox15” mice. Lipids
were extracted from three brain regions as described in Materials and Methods. Data in each brain
region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots with
mean + S.E.M WT (n=12) and Alox157 (n=11) *, **_#*** and **** represent p<0.05, p<0.01, p<0.001
and p<0.0001 for genotype comparisons, respectively.
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7.8 LC/MS/MS analysis showed unchanged acyl PE 18:0a_12-HEPE and

PE 18:0a_15-HEPE in Alox157" mice.

MS/MS scanning of lipid extracts from various brain regions identified PE 18:0a_HEPEs
synthesized from EPA oxidation, using precursor m/z 780.6 to product m/z 317.2 transitions
(Figure 87). No significant differences were observed for PE 18:0a_11-HEPE in the three brain
regions in both strains, and very low levels were detected. Similarly, PE 18:0a_12-HEPE and
PE 18:0a_15-HEPE showed similar levels in the three brain regions of Alox157 and WT mice
(Figure 87).
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Figure 87. PE 18:0a_12-HEPE and PE 18:0a_f5-HETE remain unchanged in Alox15”" mice.
Lipids were extracted from three brain regions as described in Materials and Methods. Data in each
brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.EIM WT (n=12) and Alox157 (n=11) *, **, *** and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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7.9 LC/MS/MS analysis showed significantly decreased hippocampal PE
18:1a_10-HDOHE in Alox157 mice

LC/MS/MS analysis identified two diacyl PE 18:1a HDOHESs containing oxygenated DHA,
using precursor m/z 804.7 to product m/z 343.2 transition.

Mann-Whitney non-parametric U test was performed in the cortex, cerebellum and HPC
revealing tha PE 18:1a 11-HDOHE was not altered between the genotypes (Figure 88).
However, PE 18:1a_10-HDOHE levels were significantly decreased in the HPC of Alox15™"
mice compared to WT, but no alterations were observed in the cerebellum and cortex levels
between the two strains (P=0.0351) (Figure 88).
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Figure 88. PE 18:1a_10-HDOHE is significantly decreased in the HPC in Alox15" mice. Lipids
were extracted from three brain regions as described in Materials and Methods. Data in each brain
region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots with
mean + S.E.M. WT (n=12) and Alox157 (n=11) *, **, *** and **** represent p<0.05, p<0.01, p<0.001

and p<0.0001 for genotype comparisons, respectively.
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7.10 LC/MS/MS analysis displayed unchanged PE 18:0a_HDOHE in

Alox157- mice
MS/MS scanning reveals novel products, PE 18:0a_ HDOHEs, using precursor m/z 806.7 to

product m/z 343.2 transitions.
Figure 89 demonstrates that the PE 18:0a_14-HDOHE and PE 18:1a_10-HDOHE levels,
arising from DHA oxidation by 12-LOX, remained unchanged in the three brain regions

between Alox15™ and WT mice.
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Figure 89. PE 18:0a_10-HDOHE and PE 18:0a_14-HDOHE remain unchanged in Alox15" mice.
Lipids were extracted from three brain regions as described in Materials and Methods. Data in each
brain region were analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots
with mean + S.E.M. WT (n=12) and Alox15”7 (n=11) *, **, *##* and **** represent p<0.05, p<0.01,
p<0.001 and p<0.0001 for genotype comparisons, respectively.
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7.11 LC/MS/MS analysis revealed significantly reduced hippocampal PE
18:1p_14-HDOHE in Alox157 mice

LC/MS/MS scanning suggested three plasmalogen PE 18:1p HDOHESs, using precursor
m/z 762.6 to product m/z 343.2 transitions.

Mann-Whitney non-parametric U test was performed in the HPC revealing tha PE 18:1p_14-
HDOHE levels showed markedly decreased in the HPC in Alox15”7 mice compared to WT
(P=0.0162) (Figure 90). Conversely, no differences between genotypes were observed in the
cortex and cerebellum levels. Also, PE 18:1p_10-HDOHE showed very low levels in the three
brain regions between Alox157 and WT mice, which was not significantly different.

Last, PE 18:1p_11-HDOHE levels were unchanged in the three brain regions between the two
groups (Figure 90).
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Figure 90. PE 18:1p_14-HDOHE is significantly reduced in the HPC in Alox15™ mice. Lipids were
extracted from three brain regions as described in Materials and Methods. Data in each brain region were
analysed using Mann- Whitney non-parametric U test and shown on Tukey box plots with mean £ S.E.M
WT (n=12) and Alox15” (n=11) *, **, *** and **** represent p<0.05, p<0.01, p<0.001 and p<0.0001
for genotype comparisons, respectively.
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DISCUSSION

In the present study, a targeted LC-MS/MS approach in the negative ion mode was conducted
on lipid extracts to identify families of oxidised phospholipids attached to PEs in multiple brain
regions in WT control mice. Then their levels were assessed in mice genetically lacking Alox15
gene. No previous studies have analysed eoxPLs in the WT mouse brain. Thus, several lipid
m/z values were putatively generated by adding one oxygen onto native phospholipids from a
previously published study (Bennett et al., 2013). Of the 96 MRM transitions, 21 lipids were
putatively validated in the WT brain lipidome, comprising PE with acyls- or plasmalogens
(18:0a, 18:1a and 18:1p) at the Sn1 position and 20:4(0),20:5(0), 22:6(0) at the Sn2 position.
Next, EPI spectra were acquired for each precursor ion. This demonstrated that five major ions
predominate at m/z 782.6, m/z 780.6, m/z 804.7, m/z 762.6 and m/z 806.7. The main aim of this
chapter was to determine whether eoxPLs, including HETE-PEs, HEPE-PEs and HDOHE-PEs
were altered in Alox15”. Having determined the eoxPLs in the WT mouse brain, the next
question of this study was to examine any variations between genotypes and within the brain
regions.

It is noteworthy that the signals and the relative abundance of the eoxPLs in the Alox15™ brain
regions and in the WT brain were weak and low. Notably, several chromatographic peaks
detected by LC/MS/MS were weak and poorly resolved; thus, the data quality are not relatively
high. Therefore, further work is required to determine the right peaks of eoxPLs on the
chromatograms. However, despite this clear issue, there are some interesting findings.

The main finding of this study was that generation of PE 18:0a_12-HETE was not affected by
genetic deletion of 12/15-LOX and was expressed in the brain in the Alox15™. In particular, its
levels were low in both groups of mice. This lipid could be generated non-enzymatically by
ROS or can be formed via other LOXs, such as through the 12-LOX enzyme present in
platelets. Conversely, an additional 12/15-LOX product, PE 18:0a_15-HETE, was also
detected in the brain. This was significantly decreased in Alox15”7 mice compared to WT.
Notably, PE 18:0a_15-HETE can be generated either from the COX pathway (15R-HETE-PE)
or 12/15-LOX (15S-HETE-PE). Although in chapter 6, the oxylipin 5-HETE, the intact form,
was significantly increased in Alox157 mice; however, in this chapter, PE 18:0a_5-HETE,
generated from the oxidation of AA esterified into diacyl PE species, was significantly
decreased in Alox157 mice than in WT mice. One potential reason for that could be the re-
esterification part of 5-HETE back into the PL membrane to generate 5-HETE-PL resulting in

changing their biophysical structure and modifying their action.
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Also, PE 18:1p_14-HDOHE, which could be generated by 12/15-LOX, was significantly
reduced in the HPC in Alox157 mice. This lipid can also be generated in platelets via 12-LOX.
Conversely, PE 18:0a_14-HDOHE levels were similar between genotypes in the three brain
regions. Thus, it was reported that the plasmalogens were detected, suggesting that distinct
plasmalogen PE counterparts have intriguing properties and contributions to normal ageing.
Plasmalogens have been shown to have a neuroprotective role in response to cellular oxidative
stress, as their deficiency in the brain could occur via increased oxidative damage resulting in
plasmalogen degradation by ROS species due to their vinyl ether linkage to the glycerol
backbone (Braverman et al., 2012; Messoas et al., 2018; Fitzner et al., 2020). Due to the
significant reduction of PE 18:1p_14-HDOHE in HPC, which is sensitive to cognitive decline
due to healthy ageing, it is suggested that the aged Alox15” mice are correlated with increased
lipid peroxidation, which has been related to the progression of many pathological states
(Bannerman et al., 2014; Karki et al., 2020).

Apart from the detrimental functions of the generation of eoxPLs through the chemical
modifications due to oxidation, enzymatically and non-enzymatically oxPL exert
neuroprotective functions in limiting acute inflammation reactions via Toll-like receptors
(TLR) by interacting with TLR4, mediating pro-inflammatory effects. (Imai, et al., 2003;
Greig, et al., 2012).

A recent study by Narzt et al., 2022, showed that aged rats with spatial memory impairments
had increased phospholipid hydroperoxides levels of the AA-derived molecular species in the
prefrontal cortex compared to aged rats with no cognitive decline (Narzt et al., 2022).

Many biological functions have been ascribed to DHA, as it is the most abundant fatty acid in
the Sn2 position in mouse PLs and is crucial for neuronal function. | propose that changes in
DHA-containing PEs may be a general feature and biomarker of the ageing process (Little et
al., 2007; Lin et al., 2016). In addition to the prominent role of DHA, the substantial reduction
in 14-HDOHE-PE might be important in the context of age-related cognitive changes in the
Alox157 mice.

Additional future work could involve chiral chromatography of HETE-PLs, both PE 18:0a_15-
HETE and PE 18:0a_12-HETE, to investigate whether they are enzymatically produced via
other pathways independent of the Alox15 pathway discussed in this chapter. Additionally,
Alox157 female mice could be utilized to compare gender differences in their oxPLs profiling
compared to control female WT mice.
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Chapter 8:

General Discussion
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8.1 Thesis Overview
The primary aims of this thesis were to examine the effect of Alox15 gene deletion on neuronal

function and lipid metabolism during ageing in mice. While studies have used animals
genetically deficient in Alox15 and showed its implication in various neuropathological
conditions (Li et al., 1997; Yao, et al., 2005; Yang et al., 2010; DeTure, et al., 2019); in my
study, the main focus was to investigate how the protein is involved in the brain regions and
its impact in behaviour and lipid metabolism during brain health. The first aim involved the
breeding and subsequent ageing of two cohorts of young to middle-aged and old mice with
genetic deletion of Alox15. These mice were tested in a series of behavioural tests to evaluate
the effects of deletion on behaviour during ageing, compared with similarly aged control WT
mice. The lipid mediators generated via the 12/15-LOX during healthy brain ageing were also
assessed across various brain regions. Below, to make the discussion more structured, | have

summarised my key findings pointwise and discussed how they relate to the literature.

8.2 Summary of Findings

Age-related changes were observed in this study, such as significant alterations in mouse
cognitive and emotional behaviours, body weight gain, food consumption, and lipid
metabolism (Peters, 2006; Fantini et al., 2015; Castelli, et al., 2019). No studies to date have
tested for a role for 12/15-LOX in the brain during normal ageing. To study normal brain
function, various behavioural, neuroanatomical, and lipidomic analyses were conducted in
12/15-LOX deficient mice at five different age-points (4, 7, 10, 13, and 16 months). In
particular, differences were reported from comparisons among young adults (4 months of age),
middle-aged (7- 13 months of age) and aged (15 months of age) animals through behavioural

tests (Shoji et al., 2016). For the ageing phenotype, different aspects were considered:

8.2.1 Bodyweight increases significantly until middle age and then becomes steady in
Alox157 mice.
In Chapter 3, findings from the physiological data with male and female Alox15” mice revealed

that they were significantly heavier compared to age-matched control WT mice. These data
suggested that Alox15”7 mice gradually display a significant age-related increase in body
weight from 7 months of age, reaching a peak at 10 months of age, and then maintaining a
stable level until the end point by 16 months of age compared to WT mice (Figure 18). This is
suggestive of the rapid growth of mice until middle age, and then the weight gain continues at

a much slower pace. Notably, no special diet, such as a high-fat diet, was provided to the

273 |Page



animals. This Chapter also showed no substantial differences in the total food intake observed
during the 120 h period in aged 16 months Alox157 mice compared to WT mice for the
remainder of the 5-day study period. The findings of this Chapter are generally consistent with
previous reports in C57BL/6J mice from 2 to 18 months of age (Barreto et al., 2010; Shoji, et
al., 2019; Singhal, et al., 2020; Yanali, et al., 2021) who revealed that WT mice showed
significantly increased effects of age on body weight. However, no metabolic phenotype has
been reported previously for 12/15-LOX knockout mice, and Chapter 4 demonstrated that
Alox157 mice behaved significantly different than WT mice. It is suggested that the genetic

deletion of the Alox15 likely modulates the body weight gain during normal ageing.

8.2.2 Spatial deficits, anxiety-like behaviour, and hippocampal protein markers
Chapter 4 evaluated the hypothesis that ageing may be associated with cognitive changes in

male and female Alox157 mice. The main finding of this chapter was that genetic deletion of
Alox15 leads to a reproducible anxiety phenotype, as measured in the elevated plus maze,
across the four different time points. Male and female Alox15”7 mice displayed significantly
less exploration time in the open arms of the maze and a decreased number of open arm entries
compared with age-matched WT mice, which was interpreted as an increase in anxiety-like
behaviour (Figure 43 A). These data are consistent with previously published work showing
that manipulation of Alox15, particularly overexpression of Alox15, resulted in increased
anxiety-like behaviour in aged female mice (Joshi et al., 2014). Additionally, the same group
found that deficiency of Alox5 leads to an age-dependent increase in anxiety-like behaviour in
female mice (Joshi et al., 2011). However, in 2021, an article published in “For Better Science”
stated that Pratico, Joshi, and their colleagues’ studies on AD appeared to be controversial:

https://forbetterscience.com/2020/10/22/the-pratfalls-of-domenico-pratico/. The controversy

was about identical WB results between mice across four different papers. Thus, previous
work may need re-evaluation.

Chapter 4 also reported that Alox157 male and female mice showed a trend for an age-related
decline in recognition memory compared to age-matched WT mice, but the differences did not
reach statistical significance (Figure 30). Although there was a trend towards a decreased DR,
both Alox15”"" male and female mice could discriminate between the objects at a rate
significantly above chance, indicating no impact on their recognition memory processing. One
explanation for these results could be that aged Alox157 mice had a weaker drive and
preference to explore novelty than the WT mice during the TP. Another possibility is that the
increased weight may have impacted their motivation to explore the whole arena.
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Although object recognition appeared intact, Alox15” mice displayed spatial memory deficits,
which may be linked to hippocampal deficits, in the OLT task. Specifically, Alox157 male and
female mice demonstrated significantly reduced DR, as these mice spent significantly less time
interacting with the object that moved into a new location than age-matched WT mice (Figure
37 A). There is considerable evidence that hippocampal lesions disrupt the performance of
spatial memory tasks in C57BL/6J mice (Morris, et al., 1990; Clark, et al., 2007; Warburton,
et al., 2010; Barker, et al., 2011; Voikar, et al., 2018). It was interesting to examine whether
the findings of the OLT task, the spatial memory deficits at 15 months of age, were observed
in other HPC-dependent behavioural studies, such as the spontaneous alternation T-maze
paradigm. Specifically, the significantly reduced alternation performance on the T-maze task
might be linked with hippocampal deficits (Rawlins, et al., 1982). The results suggested that
the genetic deletion of Alox15 has detrimental effects on spatial learning and memory.

Over the past decade, there has been considerable evidence suggesting that spatial memory
functions and anxiety-like behaviour are preferentially susceptible to dorsal hippocampal
subregions as well as ventral hippocampal subregions, respectively, both in mice and humans
(Burgess, et al., 2002; Pothuizen, et al., 2004; Bast and Feldon. 2003; Fenselow and Dong,
2010; Bannerman, et al., 2014; Tu, et al., 2014; Mei, et al., 2020).

In Chapter 5, I, therefore, assessed whether the increased anxiety phenotype was connected to
alterations in the expression levels of various protein markers, including parvalbumin,
GABAergic, corticotrophin-releasing factor, and serotonergic receptors, as these have been
implicated in increased anxiety-related behaviour in mice (Andrews, et al., 1994; File, et al.,
1996; Zou, et al., 2016; Page, et al., 2019; Sloviter, et al., 1999; Schuler et al., 2001; Pilc, et
al., 2005; Booker, et al., 2013; Giachino, et al., 2014). To this end, the analysis of the above
target proteins were examined in the vHPC and dHPC of aged Alox15” mice. The main finding
was that the anxiety-like behaviour was linked with significantly reduced numbers of PV-
positive interneurons and GABAg receptor positive interneurons in hippocampal pyramidal
and granule cells. These results are consistent with previous work that indicated that chronic
stress-related anxiety is associated with decreased PV* interneurons in the vHPC and a reduced
number of GABARg receptor-positive cells (Mombereau, et al., 2004; Mombereau, et al., 2005;
Czeh et al., 2005; Caballero, et al., 2013; Godavarthi et al., 2014; Maier, et al., 2014; Giachino,
etal., 2014; Maie, et al., 2014; Song, et al., 2021). In addition, the overexpression of the CRF;
receptor was positively correlated with anxiety in the HPC in aged Alox15”- mice compared to

WT mice. Many animal studies demonstrated that the overexpression of the CRF; receptor was
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particularly implicated in the early onset of significant anxiety disorders (Contarino, et al.,
1999; Bale, et al., 2002; Van Gaalen, et al., 2002). Last, deficiency of Alox15 resulted in
inconsistent results; the number of 5HT1a receptor-positive cells was statistically increased in
the vCA3 and the DG in Alox15” compared to WT mice, whereas the 5SHT1a receptor-positive
cells in VCA1 subfield were significantly lower in Alox15" mice compared to WT mice.
Together these data suggest that altered hippocampal expression levels of various proteins were

correlated with anxiety-like behaviour in the Alox15 pathway.

8.2.3 Locomotor activity reduces significantly at late-middle age in Alox157 mice.
In Chapter 4, | found that during normal ageing, there was a significant decrease in locomotor

activity in Alox15”7 mice, from young to middle age and old age, concerning the distance that
they moved and the speed at which they travelled during habituation compared to WT mice.
The increased body weight with age may explain the significantly decreased locomotor activity
in Alox157 mice. A study by Shoji has shown that no significant loss in locomotion function
was reported from 2 to 7 months old C57BL/6J mice, but from 8 months of age and onwards,
mice displayed decreased locomotor activity as well as increased body weight (Shoji, et al.,
2016; Singhal, et al., 2020). Similarly, another study reported that older and heavier C57BL/6
mice showed reduced distance travelled compared to younger mice (Lalonde, et al., 2009).
These studies suggested an age-dependent decline in locomotor activity and an age-dependent
increase in body weight. Herein, the reduction in activity may therefore be related to a natural
age-related reduction in energy metabolism and/or physical deterioration, although this appears
to be accelerated in Alox157,

8.2.4 Lipid metabolic profiling of Alox157" mice.

In Chapter 6, the generation of free eicosanoids in various brain regions, including the
prefrontal cortex, HPC, and cerebellum, generated either enzymatically by LOXs, COXs, and
CYPs pathways or non-enzymatically by reactive oxygen species was determined. The Alox15
"“mouse brain lipidome of a 24 oxylipin panel was described in Chapter 6, demonstrating lower
levels of 12-HETE along with higher levels of 15-HETE compared with WT mice. Alox12
encodes the platelet type 12-LOX in mice and generates 12-HETE; thus, the levels of 12-HETE
in Alox157" mice may be made by Alox12 as platelets cross the blood barrier during perfusion.
Furthermore, the lipid profiling suggested that specific subsets of oxylipins produced
significantly increased levels; the most notable were striking elevations in the relative
abundance of prostaglandins derived from COX enzymes in Alox15” compared to WT mice.

Taken together the abundant formation of 15-HETE and the increased expression of
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prostaglandins, it is proposed that one of the COX isoforms may be induced, causing excessive
production of prostaglandins and mediating inflammation.

12/15-LOX also generates oxidised phospholipids (eoxPLs) were characterised in Chapter 7,
and the data revealed extremely low levels in both genotypes, suggesting that these lipids are
not major products in the mouse brain. The deficiency of Alox15 did not alter the levels of PE
18:0a_12-HETE between genotypes, suggesting that this lipid is likely by 12-LOX.
Conversely, another product, PE 18:0a_15-HETE, demonstrated significantly reduced amounts
in the Alox15 mouse brain compared to WT mice. This lipid can be formed either by either
12/15-LOX or COX. This is the first lipidomic study investigating normal brain ageing via the
Alox15 pathway in mice. The aged brain is susceptible to oxidative stress as it contains high
concentrations of fatty acids that are vulnerable to lipid peroxidation. Specifically, Chinnici et
al. have shown that 12/15-LOX lipid products are associated with ageing-associated brain
oxidative stress responses, damage and neuronal injury (Chinnici et al., 2005). They crossbred
12/15-LOX” mice with ApoE” and measured the levels of iPF2-VI, a marker of lipid
peroxidation. They reported significantly elevated marker levels in the ApoE~- mice expressing
12/15-LOX, suggesting that 12/15-LOX enzymatic activity is linked to mechanisms of

oxidative stress responses in the brain.

8.3 Limitations
Here, | outline the limitations of the work presented in this thesis. Firstly, the global Alox15

KO mouse models are obtained through the global elimination of the Alox15 gene expression
in multiple tissues within the body. The major downside to these mice is that they are
technically complex to construct resulting in major deficiencies in Alox15 expression and
function, this results in redundancy within the Alox15 metabolic pathway and also other lipid
metabolic pathways. This may cause compensatory measures within the murine physiology to
account for the biological changes which have not been investigated within this thesis.

In addition, Alox15”" mice were subjected to a series of behavioural studies when compared
with control C57BL/6J mice. The latter were brought in as group housed to the BSU unit in
Cardiff University from Charles River UK at 12 weeks old and subjected to a 2-week period
of acclimatization. A limitation of this study is the use of non-littermate control mice as the
WT mice were reared separately from the KO mice, this key environmental difference could
result in phenotypic changes that could have an additional effect to the phenotype observed

when the Alox15 gene is deleted.
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The plethora of good-suited behavioural tasks available in the literature to assess
cognitivefunction permits the use of alternative studies that would verify the deficits observed
previously. In particular, the results from the OLT task in Chapter 4, showed that Alox15™
mice displayed spatial learning and memory deficits, which represent some of the core
elements dependent on hippocampal function (Bannerman, et al., 2003). The most useful
approach is to find an alternative behavioural task that would help to confirm these findings
and obtain convincing results (Lewejohann, et al., 2006). Many studies have extensively used
the Morris water maze (MWM) test in mice as a task paradigm to assess the effect of age on
this specific type of memory: for instance, they suggested that aged C57BL/6J mice displayed
spatial memory deficits compared to young mice (Magnusson, et al., 2003; Wong, et al., 2007).
Since the MWM task requires mice to have the ability and motivation to swim in a circular
pool to find a camouflaged platform, an alternative hippocampal-dependent task was used in
Chapter 4, to confirm whether the spatial deficits were extended to other behavioural tests, such
as a spontaneous alternation T-maze paradigm (Klapdor, et al., 1996). This task is generally
less stressful than other memory tests, including the MWM (Harrison, et al., 2009).

Furthermore, ageing is one of the critical factors influencing physiology and behaviours that
should be carefully considered when designing behavioural tests and interpreting differences
between genotypes. The behavioural data in Chapters 3 and 4 showed that ageing was
associated with changes in cognitive function, locomotor activity, exploration time, and age-
related physiological changes, including gradual increases in body weight. Alox157 mice
showed deficits in spatial memory, which appeared to worsen with age. Given that only five-
time points were tested in this study, these results captured only a snapshot of age-related
changes in male and female Alox15” mice. However, more work is needed to determine: (i)
the exact age at which the Alox157 mice developed spatial memory decline and anxiety-like
behaviour relative to age-matched WT mice; (ii) whether the body weight declines in older
Alox157 and (iii) whether the premature age-related memory decline in Alox15” males and
females is related to the loss of gonadal hormones and circulating ovarian hormones,
respectively. Recently, it has been reported that body weight declines in old mice, despite a
decrease in energy expenditure and muscle mass (Del Campo, et al., 2018; Petr, et al., 2021).
Although the pattern of anxiety phenotype exhibited by Alox157 mice at the behavioural level
was associated with ventral hippocampal-dependent dysfunction in Chapter 5, clinical imaging
and post-mortem studies have also reported alterations of limbic brain regions in neural
circuitry such as the medial prefrontal cortex and amygdala, which are critically involved in
anxiety (Milad, et al., 2002; Bissonette, et al. 2014; Courtin, et al. 2014; Sparta, et al. 2014).
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Therefore, an analysis of other (frontal) brain regions, including double staining related to the
alterations in PV interneurons, GABAergic transmission, 5HT1a receptor, and CRF1 receptor
expression, may add information to the network involved in the pathophysiology of anxiety
disorders in the Alox15 pathway. One possible explanation of the significant changes in the
expression levels observed in Chapter 5 could result from direct actions of anxiety on the
amygdala or mPFC dysfunction.

Lastly, the lipidomic data presented in Chapters 6 and 7 were in males; further experiments
should be conducted in Alox157 female mice comparing gender differences in their lipid
profiling of WT mice. Having profiled the eoxPLs in the Alox15” male mice, | would have

quantified them to examine any differences in the exact concentrations in regard to WT mice.

8.4 Future Directions

8.4.1 Confirming the cellular origin of the Alox15 lipid products in various brain regions
Future work could entail chiral analysis of 15-HETE to determine whether it originates from

the COX pathway (15R-HETE) or 12/15-LOX (15S-HETE). Notably, 12R-HETE and 12S-
HETE, R and S stereochemistry were produced from 12-LOX and 12/15-LOX, respectively
(Funk et al., 2022; lvanov, et al., 2015). A further study to verify the cellular origin of the
isomers and the increased lipid levels such as 5-LOX and COX-1 or -2 would involve
measurement of protein levels as well as gene expression, utilising imaging in combination
with immunohistochemistry imaging of brain tissue to localise products to their exact origin.
Further work could determine multiple immunofluorescence staining of the Alox15 lipid
products to evaluate their expression levels in neurons (NeuN), microglia (Iba-1), and
astrocytes (GFAP) within distinct brain regions such as HPC, prefrontal cortex and cerebellum,
which are the targeted brain regions from Chapter 6 and 7. These approaches could identify
cell-type specific neurochemically/molecularly defined, including the entire population of
neurons and particular types of glia such as astrocytes and microglia (Go, et al., 2022).

8.4.2 Examination of the role of the cerebellum in cognition and behaviour

As illustrated in Chapter 6, most prostaglandins derived from COX enzymes, were signficantly
elevated predominantly in the cerebellum in Alox157 mice. Future work could examine any
impact of the cerebellum linked with the spatial deficits and Immunohistochemical GABA
expression in Purkinje cells (PCs) of the cerebellar cortex (Wulff, et al., 206; Husson, et al.,
201).
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8.4.3 For further evaluation to crossbreed mice with Alox15 deficiency with the
Swedish mutation
So far, | have only looked at healthy mice, and the next step would be to extend these studies

into neurodegenerative diseases. For this, | could backcross Alox157 mice with the targeted
knock-in of a single London mutation in the App gene, a model of Alzheimer's disease. This
shows mild cognitive impairment in an age-dependent manner without tau pathology and can
allow the examination of possible correlations with either behaviour or targeted lipidomic

analysis of brain regions within this study (Abe et al., 2003).
Alternatively, | could backcross with the ApoE4-TR mice, the 4 allele of apolipoprotein E,

which is the strongest genetic risk factor for late-onset AD and also modulates oxidative stress
responses (Huang et al., 2004; Yamazaki, et al., 2019), which results in a catastrophic increase
of lipoprotein particles, to characterise the lipids generated via this pathway (Sheng, et al.,
1998). Also, it has been reported that ApoE” mice have reduced synapses, and memory and
learning dysfunction, proposing a requirement for ApoE for healthy brain ageing (Masliah et
al., 1995; Lane-Donovan, et al., 2016).

8.4.4 Investigating changes at the level of synapse in the brain of Alox157" mice

Future work could include evaluation of the expression of synaptophysin, post-synaptic
density-95 (PSD-95) and microtubule-associated protein 2 (MAP2), both of which are
indicative of pre-and post-synaptic density in the brain between genotypes. To this end, | would
determine whether synapse density is correlated with changes in lipid metabolism in the brain

regions in Alox15” mice.
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8.4.5 Possible mechanisms are regulating the GABAg receptor, CRF1 and 5-HTia

receptors.
Further studies are required to determine the underlying mechanisms by which GABAg, 5HT1a

and CRF; receptors alter anxiety-like behaviour in Alox15” mice and how receptor activation
leads to activation of CREB (CAMP response element-binding protein). It is known that
this transcription factor is involved in anxiety-like behaviour by regulating its phosphorylation
state (Carlezon et al., 2005). To this end, an investigation of the levels of CREB in the Alox15
" mouse brain using Western Blotting could be undertaken. Furthermore, CREB activates many
genes; CREB promotes its binding to the CRE site and leads to gene transcription regulating
memory processing and formation (Marie, et al., 2005; Kandel, et al., 2012). Notably, | will
apply CRISPR/Cas9 technology to target the role of the critical CREB-targeted genes that may

facilitate mmemoryconsolidation and anxiety.
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Figure 91. Schematic representation of the signalling pathway mediated by GABAg receptor and
5HT:a receptor leading to CREB activation. Adapted from Serrano-Regal, et al., 2020.

8.4.6 Possible mechanisms regulating the expression of PPAR-y receptors

PPAR-y (peroxisome proliferator-activated receptor-gamma), a subtype of PPARs, is most
expressed in adipose tissue. PPAR-y expression regulates genes whose activation exerts
neuroprotective effects through anti-inflammatory properties and reduces oxidative stress
(Chen et al., 2012; Zolezzi et al., 2013). 12/15-LOX has been shown to activate PPAR-y by
producing fatty acid metabolites, which act as PPAR-y ligands (Sun et al., 2015). Also,
emerging data demonstrate that PPAR-y expression increases in GABAergic positive neurons
in the amygdala and the HPC (Domi et al., 2016, 2019). To this end of how Alox15 regulates

all these findings and given the reduced numbers of GABAg positive interneurons in
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hippocampal pyramidal and granule cells in Alox157 mice, it is proposed that the lack of
PPAR-y ligands in the Alox157 mice lead to reduced PPAR-y ability to induce relevant

proteins, which has to be elucidated further.

8.5 Conclusion
In conclusion, this thesis sets out different approaches to elucidate the role of Alox15 in

regulating normal brain function in mice. Behaviourally, there was a pattern of spatial deficits
and anxiety phenotype exhibited by Alox157 mice which appeared to worsen with age. The
spatial memory decline and increased anxiety were associated with dorsal and ventral
hippocampal-dependent dysfunction. Ultimately, a better understanding of how brain lipid
metabolism changes could deduce the mechanisms to indicate cognitive health in age
GABAINng populations and identify those who are at risk for the development of dementia. At
the lipidomic level, the aim was to characterise the Alox157 mouse brain lipidome and examine
whether it varied compared to control mice within various regions using LC-MS/MS. To this
end, | found that the two lipid products of 12/15-LOX, 12-HETE and 15-HETE, are produced
by the non-enzymatic oxidation of AA.
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