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Summar y

Lipoxygenases are a family of enzymes that generate bioactive inflammatory lipid mediators.
Among them, théAlox15gene product (20X, 12/15L0OX) has been detected in neurons
and glial cells in mice. There is an emerging interest in its potential roklEurmdegenerative
disease; however, the biological role of this enzyme in the healthy brain has not yet been
characterisedThis thesis investigates tlimpact 0f12/15LOX deletion on mouse cognitive
function and lipid profiling. Two independent grougsyoungto middleaged and olavild

type (WT) orAlox15" mice were studied. A range of behavioural tests, inclugivayel object
recognition task, object location taskdelevated plus mazeere used to assess the effects of
deletion on cognition and emotional reactivigmpared with similarly aged control WT mice

At 10 months of age, both male and femalex15"- micedisplayed spatial memory deficits

that may be linked to hippocampalpairments.

In contrast, knoclout miceshowed normal novel object recognition memorysa@ Alox15"

mice manifested increased anxiige behaviour compared toontrols. Their increased
anxiety phenotype was connected to alterations in the expression levels of various protein
markersjncluding parvalbumin, GABAergic, corticotrophmeleasing factor, and serotonergic
receptors.Separatelyliquid chromatography with tandemass spectrometry was used to
quantify oxylipins and enzymatically oxidised phospholipids (oxPL) genevadeitie 12/15

LOX during healthy brain ageing acrosarious brain regions in both groups of mice.
Lipidomic analysis of brain regions extracted aenkaled elevated levels of selected oxylipins
(5-HETE, prostaglandins) but reduced levels of &lex15 product, 12HETE. In eoxPL
analysis, the deficiency oflox15did not change the levels of PE 18:0aHETE between
genotypes. Taken together, thessults suggest a role for 12/L®X 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 @saetie led to significant
increasesvorldwide in average life expectancy (Timonét al.,2016). Howeverit is widely
acceptedhat as the global population agds number opeoplesuffering from ageelated
diseases will gronBy 2030, it is estimated thathe total number of people living with age
related diseasesill be approximately 75.6 millionandthis figureis projected to tripldo
135.5 million peopldy2050a c cor di ng t o Wor | d.Additbraly,withe r 6 s
advancing age comes an increased riskcagnitive impairments thadften precedethe
development of dementia later in lifBarrientoset al.,2015 Sharmeet al.,2010).There is
now a growing interest imdentifying novel and accurate braineugg biomarkers that could
indicate cognitive health in ageing populations and identifysghat risk of dementia
(Franceschet al., 2018).In recentdecades, lipid metabolism in the central nervous system
(CNS) has been linked with brainexgg (Yanget al.,2016).Several experimental studies have
highlighted the crucial role of lipid metabolites in metabolism and signabind,they have
shown that any alterations associated wibeingaffect cognitive function (Jagust, 2013;
Denniset al., 2015; Han X., 2016)Consequentlythere is a urgentneed for continuous
developmentof novel and accurate lipid biomarkers that caagdist in prognoses

This chaptemwill introduce theole ofthe 12/15lipoxygenaseenzyme(12/15LOX, encoded
by the Alox15geng in normal cognitive function and behaviour, followedthg importance
of lipid signalling in normal brainageing. Dementias a general term to descrilibe
cognitivedecline and behavioural defici{$&orelick et al., 2016) Thus, thisbaseline in
cognitive function needs to be considered in healthy mice lackingAltvel5 genein

comparison wittagematchedcontrol micethroughout 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 rodeased research simccurred over the

past decades to help elucidate the development of novel and effective treatments to improve
human brain health (Mitchedt 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 (Morrisgidd ,2009; Schmoutbt al.,2011; Li et al., 2021).
Thus, an increasing number of mouse models have been generated, whiote prany
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).

1.21 Brain function in health

The mousebrain is an outstanding organ that contains nibes 100 million nerve cells,
consisting of the CNS and the spinal cord (Hussam.,2013; Striedter, 2005).he primary
function of the CNS isnitiating and coordinatinghe sensory inputs that the brain receives,
followed by the process and regulation of an appropriate motor output resguhsee
integration of most of the nerve messages (Frackowiak, 2004; Heds#in?019). Neurons
andglial cellsare the main cellular components of the CNS that act synergistically to generate
the coordinated response of each cell type to peritsmparticular functions (Jhat al.,2018).

Each neuron linked to many other neuronsdmmunicate information and convey messages
via thousands of synaptic connecticarsd changes inthe frequency of their firing ratet
controls the function of neural circuits and networks, partly by modulating the synchrony of
their componentsvhile theneurons can communicate with effector sites in the periphery via
signals over long distances through their axons (Tyler, 2012). §halsiare transmitted by
neurotransmitters and other extracellular signalling molecules across synapses from one neuron
to anotherand coordinate activity across neuronal networks (Maher, 2000). Axons require a
high energy supply to maintain their functiamd are closely linked with glial cells that support
their function and prevent degeneration (éhal.,2018).The brain performs a wide range of
functions, fromthe motor to cognitive, demonstrating neurons' vast structural and functional
diversity(Shamimet al.,2018). There is growing evidenteesuggest that glial cells, including
astrocytes and microglia, play critical rolagprovidingstructural and metaboljrotectionto
neurons and brain development and functildreir main fundbns areegulating homeostasis,
forming myelin in the periphery and removidgad neuronglhaet al.,2018).

1.22 The structure of thenouse brain

The brain is composed of three mparts namely the cerebrunthecerebellumandthe brain
stem(Rea, 2016).

Cerebum
The cerebrum is divided into two hemispheres, the right and theddgctively called the

cerebral hemispherggesponsible for cognition and language, memory, emotion and

behaviour, respectivelyAckerman,1992). The outesurface of the cerebral hemisphees
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composed o# layer ofgray matter, namely the cerebral cortexhile the innerdeeper layer
is termedwhite matter beneath the cerebral cortieiman, 2015Mercadanteet al.,2020).
The cerebral cortex is divided into four distifuntictionally and spatially defined lohdsontal,
parietal, temporal, and occipitghbhanget al.,2016 Jawabriet 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 hemisph&tss$,2013) This is covered by

the frontal cortexwhich contairs the premotor cortex, motor cortex and olfactory bulbs
(Collins et al., 2012). The frontal lobe of the cerebral cortex is associated with cognitive
functiors, such as maintaining attention, planning, creativity, reasoning, learning and esnotion
(Felleman 2009) (Figure 1).The parietal lobe is posterior to the frontal lpdaperior to the
temporal lobe and anterior to the occipital lobe (Fogetsal.,2005).It contains the primary
sensory cortex, respdbde for integrating simple sensory signaigch as touch, pressure, pain
andtemperaturgthat arerelayedthrough the thalamus to this lobe (Jawagtral.,2019).The
temporal lobe isnferior to the parietal and frontal lobes aanterior to the occipital lobe
(Squireet al., 2004). This contains several critical brain regions dedicated to processing
sensory information and language, such as the primary auditory cortex (Buale2001;
Kiernan, 2012)Additionally, the hippocepus(HPC)is located at the base of the temporal
lobe below the cerebral cortex (Anamt al., 2012). The occipital lobe is posterior to the
parietal and temporal lobesd it,consists othe primary visual corteRehmaret al.,2019).
TheHPCis an integral part of the limbic system, whitbgether with thedjacentamygdala,
formsthe central axis of this system (Anagidal.,2012) The structure of thelPCresembles

a smallseahorsehjppokamposn Greek)that can also be distinguished externdile toits u-
shaped arrangemertq Lanerolleet al.,2009;Haganet al.,2012). TheHPCis composed of

three major components, namely the cornu ammonis (CA) subfields (the Latin rendering of
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Ammonds horn which i si GAB)uhe dentdte gynid (DG),ramdghe o n s
subiculum(Strangeet al.,2014) The hippocampaubfields CA1 and CA3 are subdivided into
other major molecular partdorsa] dCA1 anddCA3; intermediate CAli and CA3j ventral

vCA1 andvCAS; and ventral tipCAlvv and CA3vv (Donget al.,2009; Bienkowsket al.,

2018 Lothmannet al.,2021).

The HPC s an extension of the temporal part of the cerebral cortex. It is composed of two
hippocampi located on each side of the cerebral hemispheres (&cplir2014).In addition,

the HPCis implicated in many functions, including memory consolidation, iarmtimarily
associated with spatial learning, navigation and orientation (Eichenbaum, 2004; Strainge
2014; Swansoet al.,2020).

The HPC is divided into the dorsal and ventral regions (FigureEX}ensive anatomically
dissociable research on the dorsal and ventral subregions BPfielemonstratedlistinct

roles in cognitive and emotional processing. The ddsaC (dHPC) correspondingo a
posterior axis in primates, is involved in spatial navigation and menmocgntrastthe ventral

HPC (vHPC) corresponding to the anterieiPC in primates, has been suggestedbe
involved in processingmotiors, such as anxiety and fegglatedresponses (Bannermanal.,

2004, 2014; Barkust al.,2010)

dHPC VvHPC

Cerebellum

Olfactory bulbs

Figure 2. Rodent hippocampal structure and dorsailventral (posteriori anterior axis) dichotomy
of hippocampal function. Adaptedfrom 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 nyélekerman, 1992).
Anatomically, the cerebellum is located towards the dorsal suodfaitee medulla and pons.
Traditionally, this structure has been responsible for coordinating motor activity and control,
but over many years, several key findings haw® amerged 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 (Buttet al.,2014). Each of these hemispheres consists of a central white matter
core and a surfaaauter layeof gray matter (Jimsheleishviet al.,2020).Next, the cerebellar
hemispheres and the vermis are divided into three distinct lobes to elucidate ttoafohitie
cerebellum, anterior, posterior and flocculonodular (Van Eesah,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 corticafasee layer (the granular laygiButts et al,

2014). Any injuriesto the cerebellunmay causea lack of muscle control, disruptions or even
failure of motor coordination of voluntary movemerkisown asataxia (Ferrariret al.,2005).

In addition, the loss of integrated muscular coordination and control may cause muscle tremors
and difficulty standing (Hadjivassilioet al.,2017).

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

It is composed afwo sections in descending order: the midbemd hindbrainwhich involves
the pons and medulla oblongafBhe latter structure is connectgabsteriorly with the spinal
cord by the pons to the midbrgiBasingeret al.,2019) This structurecontains nerve fibres
thatmaintaintheproper functiorof the nervous system andntrol vital respiratory and cardiac

functions such as breathing and heart (@tthwellet al.,2012).

1.23 Normal brairageing
Several physical and mental ailments accompanyithie@ ageing procesthus it affectsthe

physiological balance between health and disease and reduces lifespan (Peter$h2666).
changes seem to be correlated with morphological alterations within the/dithim the scope
of healthy ageing the structure of thebrain undergoes signimt changessuch asa
considerable loss of brain volume decline in weightind adecrease in brain siza both
humans and rodents that accompanies the decline in cognitive fumdtioh will be discussed
in the next sectiofRappet al.,2009; Driscollet al.,2003;Driscoll et al.,2006;Dearyet al.,
2009). MRI studies have shown that the decline in volantethdoss of gay and white matter
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occurpredominantly in theHPC and prefrontal cortex (Driscoét al.,2013; Mattsoret 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 itearning and memory humars, as in rodent¢Giustoet al.,2002;
Alexanderet al., 2012 Mota et al., 2019. Behaviourally, his agerelated reduction of
cognitive capacitieaaffects specific cognitive domaingcluding information processing
speed, reasoning, executive function and learning and meg@ogk et al., 1986 Erickson

et al.,2003 Dearyet al.,2009.

Theagerelated changes in cognitive function that occur with normahgare correlated with
cellular, neuronal structura] morphologicaland functional changes cortical synapses
occurring over time in the bra{€oleet al.,2019 Motaet al, 2019. The gradual accumulation

of these deleterious biological changescompanying a progressive dysfunction of neuronal
networks and neuronal lg¢sadsto the consequenricceleration in the rate of cognitigiecline
(Blinkouskayaet al.,2021) To this end, these alterations can significantly contribute to the
increased risbf dementia, which iprobablythe most common endpoint of various agkated
diseases§eTureet al.,2019) It has been reported that the development of brain atrophy in
brain regionsmplicated in cognitive function accelerates in advancing age and could increase
the risk of developing cognitiveeficits andalso be the central measwfadiseasgrogression

in neurodegenerativeonditions(De Brabandeet al.,1998; Peters, 2006).

The role of lipid metabolism imormalbrain aging
Lipids are an important class of organic molecutdisienced bygenetic and environmental

factors suchasageingdiet and physicactivity (Kirkwood et al.,2007 Johnsoret al.,2019)

The brain is the secotighest lipidcontentin the human body after adipocytsdcompries
approximately 60% ofhe brain's dry weightn adults (Jovét al.,2018).Due to theirwide
range of biological functionand biochemicalstructure brain lipids playa critical role in
maintaining the normal physiological function of neurons, cell survival, cerebral plasticity
signalling by membranebound networks, andcontroling the regulation of ion channels and
receptors(Wenk, 2005; Van Meeet al., 2008 Naudi et al., 2015 Fantini et al., 2015
Adibhatlaet al.,2007).

Aging isalso associated with a decline in brain tissue levetsraga3 (¥ -3) fatty acids such

as docosahexaenoic acldHA),t h e mMARURA irnrcell membraness will be discussed
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in 1.3.2 sectior{Fedoroveet al.,2013). Many human and animal studies sbdthata high

¥-3 PUFA intake ould protect cognitive performance or slow the physiological disturbances
of the brain that are associated with agelgtén et al.,2006; Littleet al.,2007; Fotuhiet

al., 2009; Kellyet al.,2011). These experimental studies have confirmed #hddcrease in
brain DHA may hae an impact on the decline of physiological regulaitirat are associated
with brain ageingCardosoegt al, 2016; Sidhuet al.,2016; Laugeroet al.,2017)

Within the brainJipid metabolism and distributicarealtered during geing, which may affect

the composition of neuronal membranes and myelin she@bgling in a wide range of
pathophysiological conditior(&ranceschét al.,2018. Lipid peroxides which arsynthesized
inevitably from fatty acids, which will be describedn section 1.3.2may damagecell
membranes' biophysical propertiegeading to the accelerabn of cellular aging.
Consequentlythe membrane structure could be a teelnking thediseasewith the lipidsin

brain health mainly, the lipids are characterised as thear get s of free r act
(SkowronskaKrawczyket al.,2020)

During brain aging, neurons tend to accumulate dysfunctional and aggregated prhteits

the impaired control of the oxidative imbalance between oxidants and antioxidants. Oxidative
stress is defined as a disruption in homeostasis and increased production and doouwhula
reactive oxygen species (RPp@&ameisteret al., 2020. The ROS compounds are thg-
productsof the oxygemmetabolismand during pathologic&londitionsresulting in the damage

of cell membranegHalliwell, 2001; Zhao, 2009Denis et al, 2015; Cutuliet al, 2017;
Cheignoret al, 2018).

1.3 The molecular biology of ligid

Lipids are essential hydrophobic or amphipathic small molecules soluble ipatenorganic
solventsbut insoluble in watefTheyexhibit structural diversity anarefound in all cell types
(Campbellet al., 1999).Lipids originate entirelyor in part, from key biochemicabuilding
blocksd ketoacyl and isoprene groups (Lydital.,2018; MeseHerreraet al.,2019).These
biological substancesre formed independently of genes and must be produced and
metabolized by enzymes derived frommany dietary sources such as vegetable oils, nuts and
fish (Wonget al.,2017)

Given the high abundance of lipid species, their structural diversity and funigids can act

as signalling molecules. Based on their chemical structure, lipids can be classified into two

broad groupssimple and complex lipid$=@hy, et al., 201Blancoet al, 2017).
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Fahy and thie colleagueshave proposed a system for lipids based on thelLIMAPS
consortium system. They have classified them into eight different grdaftg acids,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids, prenol lipids, saccharolipids,
and polyketidesHahyet al, 2005; Fahyet al., 2008).Each ofthese categories can also be
classified intadifferentlipid main classes and subclasses, leading to a total of 43,811 unique
lipid structuresheld within the LIPID MAPS Structure Database (LMSD), therld6 Ergest
lipid-only databaswith distinct structures and propertié&e lipids discussed throughout this
thesis argolyunsaturated fatty acids (PUFAa)dglycerophospholipidéPL).

1.3.1 Glycerophospholipids in the brain
The brain contains relatively high concentrations gbfcerophospholipidSPL), mairly

accounting for roughly 25% of he t ot dry weight 8lantdes al., 2017). PLs
synthesised from glycer@phosphate (G3P) are critical in mammalian cell biology serving
asessential components of lipoproteins andc@l mediators of cell function and signalling
(Ridgway, 202}

Phospholipids arenoleculesof three partsa glycerol backbonghat typically contains two
long-chain fatty acidsforming a hydrophobic tai{Berg et al, 2002).These two fatty acid
chains form the nopolar tails {anceet al, 1988. A third partcontainsa phosphate group
attached to a heagtoup forming a hydrophilic hea@lbertset al.,2016)(Figure3).

Due to their enphipathic properties, phospholipids form bilayeia the surrounding
environmentsvherethe polar head region faces outwards and interacts with ,watereas

the nonpolar tailis buried withinthe innereaflet.

Glycerol backbone

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

Headgroup

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

The most abundant PL specie®irkaryotic cell membranesethefive primaryclasse®f PL

according to the polar head group namely phosphatidylethanolamine (PE)
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phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylinositol (PI) and
phosphatidylserine (PS)Among then, PE and PC constitute the primary building blocks of

the cell membranand account foalmosttwo-thirds of total PLs in innate immencells
(Murphy, 2002)Van Meeret al.,2008; Farineet al.,2015).Theseamphipathidipids form the

cell membranes with the hydrophobic fatty acids positioned to the core and the phosphate head
groups facing the aqueous ph&&onnellet al.,2018)(Figure4). The stability, fluidity, and

ion permeability of neural membranes can beigriced by glycerophospholipid composition
(Alberts et al., 2002; Walliset al., 2021). Phospholipids are considered to be essential for

neurotransmission, synaptic plasticity and memory procesSiagia@Moraleset al.,2015).

Extracellular

PCPCIPC S PCPC PCEPCIN PCEN PCINPC

Nt

PESEPSERPE N PESSPENNPS IS PESIRPSEN PEANPE

Intracellular

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

In particular, glycerol formshe backbonéhat typicallyconnectshe PL headjyroup withthe
fatty acids,which are attached at the first and second carbvefexred to as th8nlandSn2
positions, respectivelyBerg et al, 2002) (Figured). They also contain a saturated or a
monounsaturated fatty acid (MUFA)enerallyatthe snlposition,attached through either an
acyl chain group, alkyl ether or plasmalogBtasmalogens are abundantinmateimmune
cells(Vanceet al, 1988;Murphy, 2002Tvrzickaet al, 2011).

The nomenclaturthat is usedor PL is to begin with the headgroup for then1 FA, including
6ad for acyl, 6pb6 for plsn@BAngichoigtypinallyPoFAis6o e d f o
separated by an underscore ( _ ) charastech as PE 18:0a_20(Hiebisch et al., 2020;
Liebischet al.,2013). Consequently, all these variatiomsdmany FAscan lead to numerous

uniquePL species
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1.3.2 Fatty acids in the brain
Polyunsaturated fatty acids (PUFAgntain along aliphatic chain with a carboxyl group at

one end and a methyl groapthe other (Pattersoet al, 2013. The nomenclature of fatty
acidsis 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,ther structure is abbreviatday the number of
carbon atomsindthe number of double bondfgllowed by their exact position within the
hydrocarbon chairfPattersoret al, 2012).PUFAscan be either saturated with zero double
bonds between the carbon atorssch as palmitic acid (C16:0) and stearic acid (C18r0)
monoursaturatedsuch as oleic acid (C18:Bnd also polyunsaturated fatty acids such as
arachidonic acid (AA) (C20:4), which will lmutlinedin the following sectiorfTvrzickaet al.,
2011).

PUFAs contain two or more double bonds; thus, they can be classified either as3ofnega
3) oromegab (¥-6), whichare named according to the location of the first double bond in the
aliphatic carbon chain, counting from the metbgh of the molecule (Piomelit al, 2007;
Hajeyahet al, 2020).Changes i n -8 k6&PWUBAs aan alterrhio fevels and
signal pathways implicated in agelated diseaseddffre,et al.,2016; Hormaret al.2020.
Typically, dietary omega3 alpHmoleic acid (LA; 18:2(¥-6)]) is metabolisedto
eicosapentaenoic acid ([EPA; 20x58)]) and docosahexaenoic acifDHA; 22:6 (¥-3)]). In
contrastpmegab linoleic acid (LA)may be converted to arachidonic ad@lA; 20:4 (¥-6)])
(Haraumaet al, 2017 Tallima, et al, 2018.

In this thesis, most focus has been on the productsfofDue toits 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 interactutth proteins (Hannat al,
2018) This mainly helps to maintainthe cell membrane fluidity, which is essential for the
development and growth oéllsin the nervous system (Helleral.,1998; Fukayat 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 qiganswebergt al,
2018). These organs cannagally synthesize AAde novoand therefore must be obtained
from dietary sources of high AA levelsicludingmeat (red and white, including fish), organ
meats (e.qg. liver, kidney, brain), poultry, eggs and dairy foods. (Fatgih2016).
Anotherprincipal PUFA described in this thesis DHA, whichis moreabundant in the brain
than in most other tissgeandplays a key role in its development, maintenance and function
(Connor, 20000rr et al., 2013; Cateret al., 2021). Also, DHA cannot besynthesizedle
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novoin mammalsand husrelieson the uptake aflietary consumptiomprimarily through fish
oils, the use of supplements needtobes y nt hesi zed wi t-lmolemicatidhe bod:
([ALA; 18:3(¥ -3)]) (Jenkinset al.,2009).

1.3.3 Overview obxylipins

Oxylipins are biologically active lipid mediatodgrived primarily fronrPUFA (Murphyet al.,

2005). The classical pathway of oxylipin formation generally starts with immune cell
activation, which leads tthe hydrolysis of membranehpspholipidss Next, therelease of

fatty acids such as AA occua theSh-2 position via the action of phospholipase enzymes
particularly thecytosolic phospholipase 2ACPLA2) (Denniset al., 1991;06 Do nat al.| |
2009).In particular this phospholipaseatalyseshe hydrolysis of phospholipidandcleaves
membranebound AA releasingbound AA substrateOnce releasedfree AA can be
metabolized by three separate enzyme families, namely lipoxygenases (LOX),
cyclooxygenases (COX) antb a lesser extentytochrome P450 (CYPRYesulting inthe
production of oxylipingdDenniset al.,2011;0 6 D o net &.,12012; O'Donnellet al.,2014;
Ryanet al.,2014). The three families of enzymes will be discussed in the next sections.
Oxylipins can be categorized based on their precursor forming eicosamoidecosanoids

from AA and DHA, respectivel\reviewed inHajeyahet al, 2020). The primary oxidation
products of theethree separate enzyme families are metabolized into secondary eicosanoids
which act as bioactive lipid metabolites and can also control a avidg of physiological
processes, homeostatic functions and inflammatory processes associated with marg/ disease
(Maskreyet al,, 2008; Denni®t al.,2015).

Eicosanoids are a subcategory of oxyligimstare biologically active lipid mediators derived
primarily from AA or other 26carbon polyunsaturated fatty acids, differthge to theypes of
oxygenation (Murphyet al., 2005). They are producednzymaticallyby the action of three
metabolicpathwayswhich convert AA to eicosanoids and via remzymatic pathways in an
uncontrolled manner via free radical mechanisms (8ad, 2010). Eicosanoids cagnal
various cellular immune reactions brain health and inflammatory respons@wérdfageset

al., 2010).

Eicosanoids mediate their signalling actions in their free acidsfasiam Gproteincoupled
receptor (GPCR) to generate bioactly@d mediators Eicosanoids regulatmultiple brain
functions in brain health and disease (Ferdeas#.,2018). In addition to hefree oxylipins

there is also strong evidentigat eicosanoidareincorporated intdarger functional groups

such as phospholipids (Hammomed al, 2012). Thus another family of bioactive lipid
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mediators are formedermedenzymatically oxidized phospholipids (eoxPl(s©06 Do etn e | |
al., 2012).

According to LIPID MAPS, eicosanoids include prostaglandiR€ss) thromboxanes,
leukotrienes, lipoxins, and hepaxs (Hajeyahetal., 2020). The LOX pathway initiates the
biosynthesis of hydroxyeicosatetraenoic acids (HETES), leukotrienes, lipoxins, and hepoxilins
which will bereportedin more detail in section 4. In contrast, prostanoidae formedrom

the COX pathway including prostaglandins and thromboxanes derived from AA, responsible
for maintainingphysiological or pathophysiologic states, such as neuroinflamn{&ioith &
Murphy 2002)Figure6).

Lipids can be oxidized neenzymatically in an uncontrolled manner by free radical
mechanismsia ROS (Pattersoet al.,2012; Uttareaet al.,2019. A wide range of eicosanoids,
such as isoprostanes, are atgmerated throughonenzymatic oxidationduring chronic
inflammation Czerskaet al., 2016; Biringeret al., 2019. These derivatives are considered
oxidative stress markers associated with several inflammatory diseases, includiAgshib (
Pickenset al, 2019;Trostchanskyet al.,2021)

1.4 Biochemistry oEOXenzymes

LipoxygenasegLOX) are norheme ironcontainingdioxygenasg in the plant and animal
kingdoms (Kuhret al, 2015). LOXs catalyse the stereoselective insertion of molecular oxygen
into PUFAs containing a (1Z,4f)entadien€l,4-dienoic system grougorming lipid
hydroxyperoxyeicosatetraenoic acids (HPETEsS) (Febkal, 2001; Kihnet al., 2006;
Hammondet al., 2012).Theseare further reduced to biologically active ligigrdroxy-lipid
mediators (Kuhret al.,2015).

The human genome has six functional LOX gedOXE3, ALOX5, ALOX12, ALOX12B,
ALOX15, ALOX15B which encode for six differentOX-isoforms and four pseudogenes
(ALOX1%°1, ALOXE3P1, ALOX12P1, ALOX12P2) (Kuhet al, 2005). However, the mouse
genomecontainssix functional orthologs of all human functionaDX geneswith tissue
specific patterngkuhn et al, 2015).In addition, the majority of the genes are located on the
orthologous region in chromosome 11, apart fllox5which is on chromosome (&uhn et

al., 2a15). The currently used nomenclature for LOX is based on the position of molecular
oxygen insertion irthe substratesuch as AAwhich can take place at positions5®f the
aliphatic chain5-LOX), C-8 (8LOX), C-9 (9-LOX), C-11 (12LOX), C-12 (12LOX) or C-

15 (15LOX) (Schneideet al.,2007).
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ALOX15 geneencodes th&eukocytetype 15-LOX (human monocytes) in humans, while
Alox15geneencodes 12/280X, which is highly expressed in murine peritoneal macrophages
(Kuhn et al, 2018).There are two 1B OX isoforms: 15LOX- type 1, which is highly
expressed in eosinophils, reticulocytes, human monocytes and epithelial celg domnan
15LOX- type2, which is located in the epidernaiad exclusively inserts molecular oxygen at
carbon atom 15Wang et al., 2021). 12/15LOX is highly expressed in reticulocytes,
eosinophils, dendritic cells, naive murine peritoneal macrophages, epithdlgl el
immature dendritic cells (Morgaet al.,2009; Laudeet al, 2017).This particular isoform will

be described and investigated throughout this thdsighe brain, 12/180X is expressed
mainly in neuronsand glial cells throughout the cerebrurPC, and basal ganglia and
interestingly, its increased expression has been linked with the onset of inflammatiat (Sun
al., 2015). Although emerging work suggests that the 12IXBX protein and enzymatic
activity are widely expressed in the CN&hd also 12/1%.0X is termed as a "neuronal

isoform" however, its exact biological role in the brain is poorly defined (Pretiab,2004;
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Figure 5. The shematic diagram of radical mechanism of the LOX reaction and the regie
specificity of the reaction mechanismAdapted fromAndreou,et al.,2009.

Chinnici et al.,2005; Fiedorowiczt al.,2013).NotaHly, a functional role for 12/150X in
modulatingoxidative reactions in thENS remains unknownQhinnici et al, 2005).Also,
human neutrophils and monocyted 6GX, which ALOX5/Alox5 encodes in both species,
generate 51ETE and several leukotrienes with prdlammatory properties (Clarkt al.,
2011)(Figure®).

Other than 18.0X and 5LOX isoforms,other LOX enzymes are expressed in immune cells.
The platelet 12.0X isoform is encoded bLOX12in humans and is identical &ox12in

mice Kiuhnet al, 2006). The mouse ortholog of human ALOX12B is expressed in the cortex

brain region, but its possible function remains unkndwigure6).
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The oxygeation reaction mechanism of LOX is initiated by a stereospecific hydrogen removal
from AA, which is based on an eicosangenerating isoform, vithe mechanism including
protoncoupled electron transfer (PCET), witlthe resulting electron and proton
simultaneously. Followingthe dislocation of the radical electromia direct radical
rearrangementhe stereoselective addition of a molecule of oxygen ocouithe opposite
direction of the removed hydrogen to another carbon ¢dotraing a hydroperoxideadical
which GPX can further reduae their hydroxide analogué€offaet al.,2004;Newcomeret

al., 2015) (Figureb). For instance, the hydroperoxides (HPETES) are reduced to HEF&s

For the oxygenation process, LXoducts are specific stereoisomeric moleculigls defined
chirality of the hydroxyl groums either(S) counterclockwiseor (R) clockwise, to describe
the configuration of a chirality centrBlotably, the enantiomers that are produced depend on
the enzyne, such as the 120X and15LOX enzymedorm 12(SyHETE and 15(SHETE,
along with their chirality centres being inverted (mirroritiillis et al.,2006; Nogradi 2013).
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Table 1. List of the oxylipins detected and analyzed ilox15" mouse brain.Adapted from
Mishevaet 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)
15HETE 15-Hydroxyeicosatetraenoic acid AA LOX, (Bailey, et al.,
COX 1983)
4-HDOHE 4-Hydroxydocosahexaenoic acid DHA unknown | (VanRollins, et
al., 1984
13HDOHE | 13-Hydroxydocosahexaenoic acid DHA unknown | (Reynaud, et al.
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)
9,10DIHOME | 9,10Dihydroxyoctadecenoic acid LA CYP (Hayakawa, e
al., 1986)
12,13 12,13Dihydroxyoctadecenoic acid LA CYP (Moran, et al,
DIHOME 1997)
5,6DIHETrE | 5,6-Dihydroxyeicosatrienoic acid AA CYP (Oliw, et al.,

1982)
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11,12DIHETTrE | 11,12Dihydroxyeicosatrienoic acid | AA CYP (Oliw, et al.,
1982)

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

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

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

PGD; 9 U, -Hiby8roxy-11-oxo-prosta AA COX (Boutaud, et al.
57,13Edien1-oic acid 1999)

PGE 9-oxo-1 1 U ,-dih§d®xy-prost13E | LA COX (Cawello, et al.,
en-1-oic acid 1997)

PGE 9-oxo-1 1 U ,-dih§d®xy-prosta AA COX (Salomon, et a
57,13Edien1-oic acid 1984)

13,14dihydro- | 9 thydroxy-11,15dioxo-prost5Z-en | AA COX (Hirai, et al.,
15keto PGD | 1-oic acid 2001)

PGRE ¢ 9 U, 1 1-tdhydrdxySprosta5Z,13E | AA COX (Crankshaw, e

dien-1-oic acid al., 1995)
TXB: 9 U, 1 irihyd®x§thrombasZ,13E | AA COX (Lawson, et al.

dien-1-oic acid

1986)
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1.4.1 Metabolites 0fLl2/15-LOX enaype
The primary LOXderived products from AA are hydroperoxyeicosatetraenoic acids

(HpETEs), also from DHA hydroperoxydocosahexaenoic acids (HpDOHEs) and LA
hydroperoxyoctadecadienoic acids (HpODB&jhn 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 (HDOHEs), and hydroxyoctadecadiecas (HODES),
respectively (O'Donnekt al.,2019). Alternatively, further metabolism of HpETES generates
other secondary lipid mediatotiacluding leukotrienes, lipoxins and hepoxilins (Kidtnal.,
2006)(Figure®6).

12/15L0OX oxygenate®\A at C12 andC15 to form two products, 2RPETE and 18HPETE

and for this reason, it is referréd as 12/15L.OX (Joshiet al., 2015). More precisely, 12
HPETE and 181PETE which are unstable, are rapidly reduced by @&Ftkeir corresponding
hydroxy analogues, PBETE and 18HETE, respectivelySinghet al.,2019)(Figure7). The
mammalian lipoxygenase family is much more complicated than other enzyme families, as
they areexpressed in different cedilpes, such as immune cells (Fetlkal, 2001)

The humaneukocytel5-LOX, which is encoded bsLOX15gene, producepredominantly
15(SYHETE and onlysmall quantities of 12(SHETE (ratio of 9:1) while its murine
reticulocytetype 12/15LOX, which is encoded bplox15 gene, produces small quantities of
15(SYHETE but predominately generates-HETE (ratio of 1:3) (Kriska et al., 2012;
Fiedorowiczetal., 2013). The physiological substrates @&/15LOX enzymeare fatty acids,
including AA, DHA and LA, which exhibit high regulated stereospecifiaityen it comes to
oxygenating FAKuhnet al.,2006).

Lipid metaboliteggeneratedrom AA can demonstratero- and antiinflammatory properties
(Singhet al, 2018). For instancethe 12/18L.OX product, 12HETE, has beersuggested to

be a ptent preinflammatorychemoattractant for neutrophiks hepoxilin A3 is a downstream
metabolite of 1IHETE (Stanley, 2005Sunet al, 2015). In contrast, the antiflammatory
activity of 12/15LOX metabolites has been shown in several stubigsthe mechanisms by
which 12/15LOX exhibits theseeffects are not fully understood (Suet al., 2015). The
biochemical mechanisms by which 12116X regulates physiological and pathological

immune cell function arstill poorly understood.
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Figure 7. Structural diagram of 12/15-Lipoxygenase which inserts molecular oxygen into AA-
form bioactive lipid metabolites. Metabolism of AA by 12/18 OX pathways with correspondi
stereospecific formation of hydyqmeroxyeicosatetraenoic acids (HpETES). BothSHS{pETE an
12(SYHpETE are converted by cellular glutathione peroxidase to their corresponding t
analogs, 15(SHETE) and 12(SHETE, respectively

1.4.2 Pathophysiological role for 12/48Xn inflammatory diseases
12/15Lipoxygenase enzyme hhsen implicatedh numerous inflammatory diseases, such as

vascular disease, diabetes, obesity rmadologicaldiseass (Kainet al., 2018). Below |
summarise its role in varioymthological conditios:

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

of predominantlylipid-loaded macrophagess building blocksn the arterial wall There is
growing evidence suggesting a pivotal role Aadx15in initiating and eveloping
atherosclerosis immice It is characterised ainly by the atherosclerosisrone genetic
background of mice lacking the apolipoproteinAp¢E) and lowdensity lipoprotein (LDL)
receptor. Studies have demonstrated the roleAtdx15in vascular diseasesuch as genetic
deletion ofAlox15in mice crossbred with atherosclerepi®ne ApoE" mice generating a
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doubleKO mouse model of inducible vascular dise4$8/15LOX”/ApoE’") displayed
reduced atheroscldio lesions developmeumindlipid peroxidationupon feeding with higtfat
diet(Cyruset al.,2001;Huoet al, 2004). Other complications arising from vascular disgase
such as abdominal aortic aneurysms (AAA) induced via severe atherosclerotic occlusion of the
abdominal aorta under high stress and pres$uaee also been investigated in relation to
Alox15 deletion. Here, mice lackind\poE and Alox15 genes were protected against
angiotensiAl induced AAAvia osmotic miripumpsover a tweweek infusion period (Allen
Redpathet al, 2019). Given the inflammatory nature of the vascular diseasglak&sgene

holds unique promise as a future therajgetairget yet the underlying mechanisms remain

unknown

Diabetes
Diabetes is an autoimmuyrraetabolic disorder of glucose homeostasis that resultsifrgutin

deficiencyproduced by theslet b-cells within the pancreatitslets of Langerhanslype 1
diabetes is a condition resultifigm insulinp r o d u «dllgwwhichbicannot secrete enough
insulin to overwhelm this resistance. Bleattal, 1999demonstrated that mice with deficiency
of 12/15LOX showed increased resistande diabetes in a lowlose streptozotocimduced
immunemediated animal model (Bleiat al, 1999). A study by McDuffiet al., 2008using
nontobese diabetic mice (NODgported that deletion of 12/480X significantly ameliorates
autoimmune type 1 diabetes developmemMOD mice McDuffie et al, 2008). Another study
showed that 12/250X deficient diabetic mice with baicalein in lipopolysaccharide (-PS)
injection attenuated diabetesluced kidney histopathological changes by reducing renal
oxidative stress and injy(Faulkneret al, 2015).

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

excess adipose tissue depositi@everal studies have demonstrated the role of 42006
activity in obesity which is associatedtiilocal and systemiasulin resistance by modulating
adipocytes in inflammatory pathwaySearset al., 2009) Deletion of 12/18 OX in white
adipose tissues in mice fed a hifglh diet protectsthem from local and systemic obesity
induced inflammatior(Cole et al., 2012 KundumaniSridharanet al, 2013. Furthermore,
another study has shown significantly higher expression for 42006 in omental adipose
tissue in obese human patients, whichretated to increased production levels of -pro

inflammatory cytokine®f IL-6, IL-12andchemokineCXCL10 (Dobrianet al, 2010).
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Neurological diseases
An increasing number of studies have suggested an involventéetl@/15L OX pathway in

the pathogenesis of AD. AD is a progressive neurodegenerative disbatacterised by
severedementia with neuropsychiatric symptoms (DeTefral, 2019). A study byraticoet

al., 2004 showeelevated protein levels of 128X and its metabolites in the frontal and
temporal brain regions of patients with AD or mild cognitive impairments comparagieto
matched controls (Praticet al, 2004). Furthermore, otherusies have reported that
cerebrospinal fluid levels of 12/480X lipid metabolites of AA were increased only in frontal
and temporal brain regions of patients with AD compared withnaatehed control brains
(Yaoet al.,2005). In a series of mouse modeldes using genetic deletion of 12/16X on

the Tg2576 transgenic mice, a widely used transgenic mouse model-lifieA@myloidotic
phenotype, it was found that 12/L®X regulates ABlinked synaptic pathology and showed
a significant reduction in thamyloid-b production and deposition with improvements of
cognitve impairments (Yangt al, 2010; Joshet al, 2015).Parkinson's disease (PD) is a
slow, progressively neurodegenerative disorder characterised by a laksparhinergic
neuronsin the part of the brain called the substantia nigeawell as the presence of lewly
bodies deposition aimproperly foldedprotein A study by Liet al, 1997, has shown that
12/15LOX activation is related to reduced concentrations of the glutamdbeed
antioxidant glutathione (GSH); GSHeficiencywas 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 -12X-generated products and peroxides ,and

eventually neuronal cell death (let al, 1997).

1.5The biosynthesis of prostaglandins by COX enzymes
COX enzymesonvert AA to prostaglandinBGG2 andPCGHz2, thromboxanes (TK2, TXB2)

and prostacyclin (PGIjFigure 6).In humans, there are two isoforms, CQXand COX2,
which differ in their pattern of expressioB0OX-1 is constitutivelyfoundin leukocytes and
platelets ana@lmost in all tissues, including the brain, where it mediates physiological functions
in the body whereas the COX is enrichedin leukocytes and not in plateletsduced by
manyinflammatorystimuli such as cytokineand elevated under inflammatory conditions
(Choiet al.,2009;Gabbset al.,2015).In addition,COX-2 isexpresseth HPC and the cortex
mainly in the postsynaptic dendritic spines, which implies a role in neuronal adipgndent

plasticity (Yamagateet al.,1993; Kaufmannet al.,1996)
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The COX enzymegatalysethe key initial reaction that converts thiormation of the
prostaglandin endoperoxides G to H from Afhe reactiormechanism oCOX isknown as
prostaglandirendoperoxide synthases which has two enzymic reactisn firstly, two
molecules of oxygen are added to A& substratewhich has been released frahe cellular
phospholipids by the action of the enzypteospholipase Ato form PGG (cyclooxygenase
activity) (Christieet al., 2020). Followed thisthe peroxidase activity reduces P& its
PGH, which is the intermediate produaf COX (Thuressoret al.,2000) PGH serves as a
precursor for the generation of additional prostanoids, including prostaglandinsFR&E
PGD,, PGk and thromboxane APuppolo et al., 2014) (Figu6. Besides these, thromboxane
B> (TXB2), achemically stable and biologically inactive metabolite, is formed from the non
enzymatichydrolysis of TXA (Wolfe et al., 1976; Robertset al., 1982). TXB is further
converted enzymatically into idehydreTXB>, found in plasma and urine (Westluatal.,
1986) (Figure 6)Notably, the therapeutic artiffammatory action of aspiriand ibuprofen
nonsteroidal antinflammatory medications (NSAK) is dueto the inhibition of COX-2
(Howardet al.,2004).

Membrane phospholipids

l Phospholipase Az

207 w Cyclooxygenase site

OOH

l Peroxidase site

1% s COOH

OH

Figure 8. Cyclooxygenase activity occurs via a twstep process.The first stage introduces t
molecules of oxygen to AA, which results in the conversion of AA to PiGe&wed by the reductic
of PGG to PGH. Adapted from Christiet al.,2020.
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1.6 Animal cognition and behaviour
Although understandinghe nature of ageelated cognitive changes can be captured by

studying human participantscluding patients with dementitheir use in agng research is
complicated by many factof®\ntuneset al, 2012 Langeet al, 2017. Due to thelimited
amount of time and also th&gnificant cost required to validate a study using human
participants, as well as tle¢hicallimitationsand their long natural life spatie bulk of aging

and lifespan data eventually have led to the usemfd emmodels Mogil 2009).These models
share many similarities with humans and aréremely useful for studying healthy brain
ageing, resulting in themost commonly used mammalian model in bétwanal neuroscience
(Carteret al, 2015).Understandinghte neural underpinning ebgnitivechanges requires the

use ofrodents Establishing an appropriate mouse model for neurological disorders has proven
invaluable for researching the effects of neurodegenerative diseases on brain function (Bailey
et al, 2009).

1.6.1 Testing cognitive functian rodents

Behavioural testenable researchers to investigael understanithe neurobiological circuitry
underpinning behaviowandphysiological and moleculaellular mechanisms of mematiyat

are inpossible in humans (Cohen al, 2015). Cognitive function has been assesdedugh
various experimental animal models of learning and memory through a wide range of
paradigmsThesdasks ainto assess the effects of experimental variablébelorain function

by measuring behaviours that rely on specific brain regions (Batkar, 2007). Various
behavioural paradigms have been developed to study animal memory meshanisineir
selection is based ounderstanding the neural systems thatpacific task engages. The
following sections outline the rationale for the behavioural tests presented in this thesis.

1.6.2 Learning and memory

Learningis the acquisition of new information to promote survival, whmkmoryis the
complex process ofneoding, storing and recalling that knowledge over time (Kaetal,

2014).

Traditionally, scientists have widely accepted that there are two distinct memory types; short
term (STM) and longerm memory (LTM), which are based on the length of timengusihich
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 (explieitd 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 persexigerienced 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 at., 2012; Harada et al., 2013). By contrast, semantic memory refers
to memories about general world knowledge and fadty example, the names of former
politicians in the United Kingdorn that have been explicitly collected and stored throughout
the years (Glisky, 2007). It has become increasingly apparent that semantic memory displays
a latelife decline in healthy aging (Matthews, 2015). Nondeclarative or procedural memory
refers to skills and motor activities performed during an individual's lifbout 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 wiBTM, working memory is related to keeping and processing
information within the mind, often in a taslpecific 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 ageelated deline (ReuterLorenz 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)ypically, it describes the ability to idéfy 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 rodettis OR 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 phaseliarifaton and test
phase (Antunes et al., 2012). In rodents, recognition memory is tested in arFatienang
habituation to the arentheanimal receives sample phasmvolving exploringtwo identical
objects.Following the sample phase, the anisneeceivea test stage in which one of the

familiar objectss replaced with a novel obje@tsually after a delalgetween the sample phase
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and the test phag€Warburtonet al, 2010). Healthy adult mice encoda® memory of the

sample phasend during the test phatbeyshowed a marked increase in exploratbecause

it does not match a memory of any item encountered previgisigaceur, 2010 It is

i mportant to note that the task relies on
spontaneous drive xplorenovelfeatures of itenvironmen{Warburtonet al.,, 2015).

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

memory (Barkeret al, 2011 Clark et al, 2000). Different types ofstimulus information
concerning an object size, spatial information and temporal features are ercéaled an
integratedmemory of the spatitemporal features of objects, such as what was presented
where and when. Encoding objdxsed informatiors required ithe HPC, perirhinal cortex,
prefrontal and entorhinal cort€Warburtonet al.,201Q Barke et al.,20117).

Several studies with monkeys and rodelmése implicated a crucial role of PRH in the
detection of object identity as well as in discrimination between familiar and novel objects
(Busseyet al, 200Q Brown et al, 2001; Brown, 2008). Studies reported that object
familiarityi novelty discrimination is severely disrupted after tesions in the PRH (Bussely

al., 1999, Ennaceuet al.,1996). Later studies showed that the impairments in the NOR task
are delaydependent between the sample and test phase. For instance, when tested following a
2-min delay, mice with perirhinal ingirments displayed no deficits comparedatd0-min
delay, where the impairments were more readily identifiable (Warbwetoal, 2010).
Furthermore, lesions of the mPFC did not affect object recognition (Betrkér2007).

The hippocampal formationlgys a vital role in memory for contextual information by
encoding information about thepatial locatiorof the objects and novel object preferesce
particularly after a long deldyetween the sample and the test phases (Hamet@aid2004).

The spatiabndtemporal order memory will be discussed in detail in the upcoming sections.
The HPC is anatomically linked with the perirhinal cortemd medial prefrontal cortex ¢m
PFC) and thus is central to the network to enable recognition memory judgmeatsgoral

order recognition memory (Figure 1@drkeret al.,2011).

Spatial memory
Spatial memorgupportsstoring and retrievinghformation regarding objects' locations within

the environmenby navigatingpreviously encountered obje¢tBurriziani et al.,2003 Paulet
al., 2009). Although humans have maps for their spatiavigation 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 surviY#leefeet al., 1978;
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Warburtonet al, 2000). Rodents have to learn and remember the target location that provides
them with all theneeds such adood, water, a safe place, and their mates' actual positions
(Vorheeset al, 2014).

Object location (OLT) task
By altering several critical parameterstbe NOR taskjt is impossible to study different

features ofpatial objectmemory The OLTcan assess the ability of an animal to recogaize
changeinthes pat i al | ocation of an olejak2004)Whert hi n t
one object is mved to a new location in the test phase, rodents stypeference to explore

the object in the new location relative to the object in the familiar pogkiat et al, 2016).

Brain structures involved in OLT task
It is generally accepted thiite HPC plays acritical role in acquiring and retrievingpatial

information (Barkeret al., 2011). Strong evidence suggests taaimals withhippocampal
dysfunction have impaired spatial memaapd consequentlyhey demonstrate no preference

for the objectrelocated during the OLT task test phase ( Vo g e let &,i 2014n i a
Bannermanet al, 2014).This is consistent with a large body of evidence showing impaired
spatial memory following hippocampal damageadents using several navigation tasiksh

as TFmaze alternation and Morris wateraze Rawlins et al., 1982; Morris et al., 1990;
Moscovitchet al, 1995; Guddet al, 2016).Furthermore, lesionsf the PRH had no effects

on the performance d@he OLT taskand indicatd the critical role of theHPCin processing

spatial informatio{Ennaceuet al.,1996; Barkeet al.,2007).

Temporal orderecognition memory
In rodents, temporal order recognition memtagkis tested in the open field wittodents,

which arefreely exposed to two identical objects in sample phase arastiemew set ofwo
identical objects during sample phaswh each exposure phaseaeated by a delay interval
of typically one hourDuring the test phaseonducted at least four hours latée ainimals are
shownoneobject fromeachsample phase during the test pha$ermal animals show more
exploration of the object seen in the first sample phase relative to the object more recently
presented in the second sample ph@datakeyamaet al.,2018 Beldlidia, et al.,2022).

There is growing evidencthat temporal orderecognition memorys disrupted following
lesionsin HPCand PRH and ARPFC lesions impair temporal order discriminations (&ial.,
1999; Barkeret al., 2007; Warburton, et al., 2010Barker et al., 2011). In addition,
disconnection studies have confimré@at theHPCis avital component of a neural systehat
operates with the fRFC and PRH to support the temporal order mentaykeret al.,2011;
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Warburtonet al.,2010; Barkeret al, 2020).The t empor al order task

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

1.7 Anxietylike behaviour

Anxiety is defined as a persistent and adaptive response to an undetermined situation or a
warning to a potentially dangerous and threatening environmettius(Cryanet al, 2005;
Steimer, 2011). This appropriate response is characterized by physabkymptoms such as
sweating, dizzinessincreased blood pressure and heart rate, and behavioural changes,
including tension, cognitive, emotionahd hormonal reactions (Dawsal., 2010). However,
anxiety can also become a pathological state/comdivhen this reaction is extreme,
uncontrollable, chronic, excessive and inappropriate for the current environmental situation
struggling to deal with challenging events (Sartbal.,2011).There is no substantial evidence
suggesting whether the présace 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
(Jodhi et al.,2014).However, clinical data indicate significant differences in the prevalence

rates of anxiety disorders between females and males (Kaczktidin2019).

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

like responses (Pelloet al.,1986).The EPM is a welkstablished behavioural test validated

to measure anxietijke behaviour irodents(Sakakibaraet al, 2008).The apparatus consists

of four arms raised above the floor, with two opposing arms being open platforms({oyn

while the other tware enclosed with high walls along both sides (closed arms). These four
arms are connected by an open centrafgria (centre square) (Handlet al, 1984). The

arms are arranged to form a pklsaped apparatus (Walf al, 2009) (Figure).

Anxiety is reflected in the natural tendency of healthy mice to spend more time exploring the
closed armswhich are considered the protected environment of the appavatssis the
opened armswhich are the novel environment (Walf al, 2009). This assay is based on an
approach versus avoidance behaviour, with the animal being required to choose whether
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 (Holne¢sl.,2006). This pattern of apprdaavoidance behaviour

is characterized by the animal's natural aversion to elevated heights and brightly open areas,
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which relies upon an opearm avoidance which it assumes to be an adaptive response to avoid
the risk of the potential threat (Baileyal., 2009; Bannermaet al.,2014).Hence, the exposed
open arms cause a potent@ddngerto the animal compared to the closed arms of the
behavioural apparatus. An anxiety phenotype is generated by this appuvoédéince response

with regard to excessiveraidancein the exploration of the elevated open arms as a potential
danger/risk relative to the closed arms (Bar&ual.,2010).

Behaviouraimeasures the EPM include the time spent in each andthe number of entries
made into the opened and closed afBsleyet al, 2009). Additionally, the distance travelled
from the centre square iscordedo measurédocomotor activity (Walfet al, 2007).Normal
rodentgend to spend relatively less tinmeopen arms to minimise anxiety caused by exposure
to open spaces and increased predation Aisknals that avoid exploration of the open arms
are considered anxiouwhereas those that explore the open arm freely are thought to be less
anxious relativeo normal rodentéWalf et al, 2007 Bailey et al, 2009).

1.7.2 Brain structures involved in ERMeurochemistry of anxiety disorders

A vast majority of studies havarovided evidencéhat multiple brain regions contribute to
anxiety(Martin et al.,2009). Although many studies imply traixiety's central mechanisms

are similar in humans and rodents, the complex neuronal circuits for anxiety states have not
been thoroughly establishe(fovote et al., 2015). Human imaging technology and
neurochemical techniquésdicate avital role in the limbic systemwith particular emphasis

on the amygdala, th&lPC, ventral striatum, and the medial prefrontal cortex (mMPFC
(Cannistrareet al.,2003 Tovoteet al, 2015; Duvakt al.,2015; Seeley., 2019). Although it is
widely established that the HPC playsgtal role inprocessingpatialtontextual information,
research also suggesitistthevHPCalso plays a role ianxiety disorders (Deanet al.,2002
McHughet al, 2004; Barkust al.,2010).In contrastthedHPCis involvedin cognitivespatial
memory processg (Bannermaret al.,2003; Jimeneet al, 2018).ThevHPC is connected to
subcortical structures, including regions that contribute to the hypothatémtary-adrenal
(HPA) axis (McHughet al, 2008). Hence the role of vHPC is well established to be involved
in the mechanisms underlying anxiety (Kjelsteifl.,2002; Bannermaat al.,2014).

The amygdala is an almoysthaped brain structure located in the medial temporal lobe (with
theHPOQO). It is comprised of two extensively studied subdivisions, the basolateral group of the
amygdala (BLA) and the cemirnucleus of the amygdala (CeA) (Ressler., 2010). The BLA is

a cortex |like structure that refers to a co
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 (CelL) and
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centromedial amygdala divisions (CeM) (Krabkeé al., 2018; Babaevet 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 (Janaét al, 2015; Babaeet al, 2018).

Furthermore, one of the downstream targets affected by vHPC is the, mRt&gdcortical
structuresubdivided into four distinct regions: the medial precentral cortex, anterior cingulate
cortex, and anterior cingulate cortgrelimbic and infralimbic prefrontal cortex (Quigt al,

2003). Based on pharmacological and electrophysiological studies, VBIR€E 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 (Likhtilet al.,2005; Adhikariet al.,2010) Figure9).

connection

vHPC

Amygdala

Figure 9. A schematic presentation of thesagittal view of mouse brain including neural circuit:
implicated in anxiety-like behaviour. The neural activity occurring interactions betweenHiRC,
the prefrontal cortex and the amygdala.

1.8 The emergence dipidomics
The lipidomic field emerged around 2003, according to LIPID MARSA.lipidmaps.org

and has dramatically advanced in recent years uamgytical chemistry techniques

(O'Donnellet al, 2019). Lipidomics is a relatively young stdiiscipline of metabolomics
which belongs tathe 'omics'technologies including the global characterisationf lipid
molecular speciegHarkewiczet al, 2011). It allows the analysis ofmany lipid classes
including the identification of complex classesf lipids and quantitation ofnany lipids in

normal physiology{Hartleret al.,2012;Naudiet al, 2015).Largescale lipidomic studies will
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also enable¢he quantitation of lipid with high sensitivity and selectivity (Setat al, 2017).

There is a pressing need for continuous advancement in the field ebdipedi biomarkers
signature that could offer new accurate diagnostic tools for standard and pathogenic biological
processes (Setbt al, 2017; Zeret al, 2018).

1.8.1 Liquid chranatography with tandem mass spectrometry-{i&/MS)

Lipidomics is a subcategory of metabolomics, which belongs to the family of omics
technologies, and is the largeale study of lipid molecules and their biological functions in
any biological system (Kéfer 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
massto-charge ratiqm/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; Haat al, 2003; Bienmanret al, 2014). Based on the sample
introduction method, MS is categorised as a direct infusion (shotgun lipidomics), gas
chromatographynalytical method mainly for fatty acid analydiguid chromatography, or
mass spectrometry imaging (Vétial.,2014 Chiu, et al.,2020. The direct infusio 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 tine¢ (Han
al., 2005; Lisaet al.,2017). Another technique the desorption ionisation techniques MS
approach (mass spectrometry imaging, MSI) along with massisted laser
desorption/ionisation (MALDI) ionisation technique to visualise the spatial distribution of
metabolites across the brain tiss@échler, etal., 2015) In addition, most researchers have
favoured the third approach, known as hpgrformance liquid chromatography (HPLC) in
combination with electrospray ionisation (ESI) and tandem mass spectrometry (MS/MS) on
triple quadrupole (Q) instrumeniisC-MS/MS) (Yanget al, 2009;Sethiet al, 2017; Yuaret

al., 2018).The combinatiomf chromatography and mass spectrometryMI&/MS has proven

to beapowerful analytical techniquiat aims to separate complex molecules of the samples
of interest by providingncreasedsensitivity and specificity, accuracy, and precision in the
measurement ofhe abundance of each analyte generated during ionization of brain lipid
extractgHanet al, 2003;Li et al, 2014).

Lipidomics stars with the extraction of lipids froma biological sample This can beachieved

via a commonly used separation method developed by Blight and Dyer (H&58e lipids

are dissolved in a mixture of organic solvents such as methadachloroform (Blighet al.,
1959).Phase separation between the hydrophobic and hydrophilic lipid molesaelsieved
(Bruigger, 2014)This process is accomplished either by splidse or liquidiquid extraction
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(LLE) (Canbay, 2017)n this thesisthe samplesvere injected into théquid mobile phasea
solution in which the brain lipid extractgereinjectedat high pressurandpassed through a
columnpackedwith a solidchromatographistationary phasat a specific flow rat@Nie et al.,
2019. The analytepasedthrough the electrospray needle using high electrical enangly
as a resujttheywere converted from the liquid form into ionised molecules in the gas phase
(Ho et al, 2003 Teunisseret al, 2017. More specifically, a high voltagaurce produakan
electric field(positive or negativein which the analyte wereejectedand passeffom the
capillary tube to form charged droplets (Murphgt al, 2011).In particular, ESI a soft
ionisation,generatd charged state dropleits the spray chambgwhere the ionsvere rapidly
evaporatedy the heated flowing nitrogen gas phase (Banatfe#.,2012).In the negative
ion mode, the deprotonated {M] ion can be generated lhysinga proton H and a strong
negative signalln contrastjt is generated by adding hydrogen [M+li] the positive mode
In this thesis, the ionization process was achieved in negativeode

Following the ionizationprocessthe ionized compoundsere thentransferred into the high
vacuum quadrupole system of the mass spectrometer through the mass saatlyseacad
the mass detector at different parts according to th&ratio (Kofeler et al.,2012 Kofeler,

et al.,202]).

In this thesisreversephasel.C was usegrior to MS/MS,in which themobile phases polar
while thestationary phases nonpolar.The MS/MS instrumentutilised within this thesis was
the triple quadrupole Sciex 6500 QTra&p detect the precursor ion to the produagrnanted
ions transitionsin particular, thisnstrument useswo filtering quadrupoleshat serve amass
analysergjuadrupolechambersQ1 and Q3separated by thg2 thatacts as a collision cell
wherea neutral gafragments the molecules for the MS/MS analyBigure10) (Hopfgartner
etal., 2004). Theprecursor ionthe analyteon of interestwas selected in Q1 by selecting ions
with them/zof interest. These iongsere then accelerated into the collision gas cefjdnas a
collision chambeiin which fragments of the precursor iomere formed by colliding with
nitrogen resulting in fragmentation before passing into Qdlision-induced dissociation
(CID) is a proces in which a gas (nitrogen) chemical reactmoduces structurspecific
fragment ionsCollision energy (CE) refers to the voltage applied2where precursor ions
are fragmented into their characteristic product (@@sget al.,2021) Then, theséons wee
transmitted tanass analyse@3 to scanthe masses of the fragmented product ions resulting
from CID. The scamvasbased on then/zratio, identifyinga specifiom/zthrough the detector
(Hinterwirth et al, 2014) The values for quantificatiowere measured and processed by a

computer, which providk 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/'zvailues
(Hanet al., 2003;Urban, 201%. It is noteworthy to mentiothat the individual molecular
speciesvere separated in a liquid mixture based on their polarity; the polar elutes first and then

the least polar ones (Luab al, 2019).
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1.8.2 Targetedipidomic approach withGMS/MS
LC-MS/MS is a promising tool to enhance the effectiveness of targetedhéargetedylobal

profiling of lipids. The targeted lipid analysis emphasigeedefinedlipids of interestand
measursonly asingle lipid categorywhilethe nontargeted lipidomienethodaims to provide
a broad overview of novel or unexpected lipid metabolites simultaneously in a biological
system (O'Donnelét al, 2014; Lamet al, 2013).Also, the latter approach is well suited to
discover thdipid composition of a sampl@Reisz,et al.,2019).

In targeted LEMS/MS, the elution order of bralipids is achievedat varyingtimes from the
LC, defined as retention time (RTPther RTscorrespond tdlifferent lipidclasses. For
instance, more polanolecules elute at the beginning of the chromatogiemen, they are
passed to the MS/MS usirsghedulednultiple reaction monitoringcan modéMRM), by
which product ions are selected in Q3, resultingh@ detection okelective and specific
transitiors (precursor to product iorfporgiet al, 2018)

Subsequentlythe defined precursor to product ion transitions can be monitwrepiantify
interest lipidsThe first mass analyzer @hsses a particular precursaizand the second mass
analyzer only detectithe producitn/z.The instrument is programmed accordinghe cycle
among a prepecifiedset of ions and collesthe datafrom the molecules of intere@ettmer
et al, 2007).

1.9 Chapter Summary

In summary, it is becoming increasingly clear tAkix15is expressed in various celend a
close link exists betweeAlox15 and its metabolic productsin the pathophysiology of
inflammatory diseases. Although thketical role of Alox15is highlightedin inflammatory
conditions the role of this enzyme in regulating normal brain function remains poorly defined.
There are important questions and areas of contemgasticularly regarding the role dfie
Alox15pathway in brain healttthat will be described in more detail throughout this thesis.

1.10Hypothesis

The ceficiency ofthe Alox15genemayresult in improved cortical and hippocamyoi@pendent

memoryin mice.
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1.11 Overall Aims

1. Toinvestigatehe role ofAlox15in normal brain functiopusing a range of behavioural
teststo measure different properties of memory and anxiety

2. To discoverfunctional insights regarding thmpact of Alox15deletionin male and
female miceon cognition and behaviour duringprmalageing.

3. To evaluatethe effects ofAlox15deletionon the expression levels of protein markers
in thevHPCanddHPClinked with changes in behaviour

4, To structurallycharacterise thigpid compounds generatefliring healthy brain aing
via the Alox15 pathway. To determin¢he oxylipin formation as well asoxPL
compositionassociated witlsognitive 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. Timethodology 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 levelsgenerated via thélox15pathway in the brain.

2.2 Materials

2.2.1 Materials for behavioural testing
1. Alarge 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 behaviouzm@xents

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

3. Everyday household items, usually made of wgdalstic, and glassuch as vases, coffee
containers, and Lego, are used for objects for behavioural testing (Figure 1

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

Chemicals and solvents

All chemicals were purchased from Sigma AldridWliliporeSigma (Dorset, UK) unless
otherwise stated.

1.
2
3.
4

5.

Superfrost Pluslides (ThermoFisher, JI8B00AMNZ).

. Optimal cutting temperature (OCT) compoyiMiB2631)

Isopentane Solution {Rlethylbutane) (PHR1661).

. Flat white boar bristle brushes with an anglesuutable for frozen sections

(ThermoFisher, 5@64-874)
Embedding StainlesSteel 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 phosphatéuffered saline (PBS)

Ten phosphatbuffered 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 ci2atgdrate to 1 litre oflistilled
H20, and adjust to pH 6.0

3. 10 %normaldonkeyserum (NDS, Abcam, Cat. ab7475)
4. 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 specidX) mIZPBS.

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 loeaksetir plate,
warmed to approximately 6% in a fume hood. Then add 1N NaOH dropwise from a
pipette until the solution clears. Let the solution cool down and adjust the pHwatl7.4
dilute HCI.

. Washing buffer PBST

1 ml Triton-X100 in 0.1 M phosphate buffer.
4 Ngiaénidino2-phenylindole (DAPI, a nuclear counterstain for bflwumrescence, Vector
Laboratories; 1:1000)
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9. ProLong® Gold Antifade mountant reag€R86930, ThermoFisher Scientific).

Antibodies and isotype controls

The following antibodies were used for immunofluorescence.

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

Isotype Control Host Species| Dilution | Source / Catalogue number
IgG polyclonal rabbit 1:100 Abcam, ab171870
IgG 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
5HT14 Receptor rabbit 1:100 Abcam, ab85615
GABAGg Receptor 1 rabbit 1:100 Abcam, ab238130
CRF. Receptor goat 1:100 Abcam, ab59023
Parvalbumin (recombinant) rabbit 1:100 Abcam, ab181086

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

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, CatA32754
594
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2.2.3 Materials fot. C/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 HRirade and were purches

from Thermo Fisher Scientific LtdAlso, reagents were purchased from Thermo Fisher (MA,
USA), including glacial acetic acid, chloroform, methanol (MeCifdPBS tablets.

Solutions
1. 0.1 M Na acetate (MW 82.03) (S288250G)i 4.102 g in 500 mL HPL&rade Water

2. Acidified methanol (AcMeOH) solution
2 % acetic aciéh MeOH (4 mL/ brain tissue prepJalculations for th&olume of

AcMeOH using the table below

ITEMS VARIABLE & EQUATION
NUMBER OF SAMPLES n
VOLUME NEEDED (ML) Vn=nx4
VOLUME WILL MAKE (ML) V1i=Vn+12
VOLUME OF ACETIC ACID Va=0.02xV
VOLUME OF MEOH NEEDED Vm=V1-Va

Lipid standards
The phosphtipid standards were purchased from Avdbiar Lipids (Aabama USA). 1,2-

dimyristoylsn-glycerc3-phosphoethanolamine  (DMPE), 1,2-dimyristoylsn-glycerc3-
phosphocholinéDMPC). Also, the following deuterated eicosanoid standards were purchased
from Cayman Chemical (Cambridge, Uk)yostaglandire2-d4 (PGE2d4), thromboxane B2

d4 (TxBy-d4), 1kdehydro thromboxane B@4 (1tdehydro TxB2d4), 13
hydroxyoctadecadienoic aet#t (13HODE-d4), 12S) and 1%S)hydroxyleicosatetraencic

d8 acid (12S) and 13%S)}HETE-d8), arachidonic acid8, 1,2di-O-phytanytsnglycerc3-
phosphoethanolamine (4ME 16:0 Diether PE).
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2.3 Equipment

2.3.1Equipment foiBehavioural testing
Equipment and software

1.

a k0N

ELP megapixel USB camer@aZ0P/60FPHwas used to record behavioural videos (Ailipu
Technology Co Ltd, Guangdong, China) and saved onto adhiasd

Hard driver Crucial MX500 (CT250MX500SSD1) was used.

EthoVision XT 13 software (Noldus, Nottingham, UK) for video tracking amalysis

ISpy (version 7.2.1.Q)WA, Australia)

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

2.3.2 Equipmenfor Immunofluorescence
Equipment andoftware

1.

CryoStar NX50 Cryostat (Thermofisher, UK)

2. Zeiss confocal LSM800 laser microscope (Carl Zeiss, Germany).
3.
4

. ImageJ Cell Counter plugin, ImageJ softwarerg¢ion 3.1.9; National Institutes of Heglth

Zen software programme, Blue edition.

2.3.3Equipment folL.C/MS/MS
Equipmentandsoftware

1.
2.

OMNI Bead Ruptor Elite was purchased from O+imu (Cambridgeshire, UK).

HPLC (Shimadzu, Japan) coupled 6500 @p mass spectrometer instrument (AB Sciex,
DarmstadtGermany)

Software usedor lipidomic analysesvere as follows; Analyst 1.7 (AB Sciex, Canada),
Endnote Desktop (Clarivate Analytics, PA, USAMicrosoft Office (Microsoft, WA,
USA), MultiQuant 3.0.2 (AB Sciex, Canadd)ipidFinder (Cardiff Lipidomics Group,
Wales)

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

2.4 Methodology for mouse breeding and maintenance
Alox15" maleand femalenice on a C56BL/6 background were bredhouse under the Home

Office Animals (Scientific Procedures) Act of 1986, unteense (PPL 3@150).Alox15"
mice were generated around 1993 (129S2Lblin Funk as described previouslpyn, &

42| Page


http://www.graphpad.com/
http://www.graphpad.com/

Funk, 1996)These mice were a kind and generous gift from Dr. Colin D. Funk (University of
Pennsylvania). Briefly,Funk et al., 1996 harvestedmouse primarynacrophageom
euthanized mice by peritoneal lavage using sterile R#iI8wed by in situ hybridization
analysis to localisthe Alox15geneduring embryogenesi3hen thisgene was cloned from a
strain 129 Sv genomic libnarfollowed by southern blot analysis of genomic DkAdetect
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. gésmline transmission
wastested |y mating the male chimera offspring with C57BL/6 femd&sn, & Funk, 1996).
Hartmut Kihn backcrossed them against C57BL/6 mice for seven generations, bBtalfien,
Phil Taylor et al. backcrossed further frothe N7 colony to N11 on the C57BL/6 background

at Cardiff university (Funk., 1996; Taloet al.2012. Alox15" mousebreedersvere housed in
isolatorsand moved to scantainerfor maintenanceGender and agmatched wildtype
C57BL//6J (WT) mice were purchased from Charles River UK at 12 weeks old. Animals were
housed in groups of 2 4 per cage andkept in a temperature and humidigntrolled
environment (20 22 °C). They were maintained ad libitumaccess to standard chow and
wate. Also, all mice had access to wood chew sticks and were orhaut2ight/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 stuéegronmental factors can

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

During normal ageinganimals 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
repeaedly. 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 betewests (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 wiltlype mice need to begdted 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 th#he person who performs the analysis should be blinded to the genotype until
after the behavioural experiments are comp(iéénellet al, 2014).

Of interest, animal health should also be considered, such asvedatyt, heart rate, and signs

of wounds, to ensure that the animals do not perform abnormally due to any iliness€Carter
al., 2015).In addition a handling cardboard tube should be used to pick up the mouse from its
cage to improve the testing perfante of mice by minimising any handlimgduced anxiety
(Gouveiaet al, 2017). Many studies suggest that using several behavioural paradigms
compared to only one fax particularmemoryassesmentmay be highly advantageous
confirming findings(Sharmaet al, 2010). Since many aspects can influetize testing
performance, it is urgent twonsiderall the aboveparameteraind eventuallythe validity of

the resultwill 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 alikeebehaviour. All
behavioural tests were conducted usimgaan cohort of 58 male mice at 4anths of age and
onwards (29 WT and 28lox15"). In particular, | set up two cohorts of male mice for the
behavioural tasks; Cohort 1 included 15 male mice of each strain, and in Cahest @ere

14 male mice per genotypBoth cohorts 1 and 2 weoembined as they had been very tightly
matcheddesigns Also, the average weight of the male mice was227g. In addition, tests

were conducted usingnly onecohort of30 female mice (5 WT and B Alox15" mice) at 4

months and onwards. Thaiverage weight was 228 g when they aged 4 montMore 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 testiogdure 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 thenge®O cm above the centre point of the
arena. This was used to monitor mouse activity in the amedaonnected to a laptop. Each
session was recorded using a free dowrddadftware recorder, iSpy, and saved onto a USB
hard drive. The mice in the a@mere live trackedhe data wreanalysed using EthoVision

XT 13 softwareandthe contact time/interaction with the objects was scored maralaltg

with the EthoVision software datdescribed in detail theection 2.6.4)The duration of each
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trial/ experiment (10 minutes$pr object exploration of each mouse was recorded manually
with a stopwatch.

During the test, the objects weselected to ensure minimal anxi®gsed on their size, shape,
colour, and texture. Additiaily, they werearound 15 cnin 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 Wwaferg every
session andetween each triéd eliminate any possible odour cu@$so, urine and excrement
werecleanedstraightafter each trial to avoid discrimination issues.

2.6.2 Experimental desigrHabituationPhase(HP)

One weekprior to experiments, mice were transferred to the behavioural test room in their
home cages for-2 hours to start the habituatitsthe new environmeralong with the animal
handlingfor 5 mins a day. Two daysefore testing, mice weggven two habituation se®ns

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 tagdlsdlawed to explore for

10 mins freely. During this phase, their exploratory behavioaovel areas, the locomotor
activity levels, including the total distance moved and the velocity inside the arena, were
measured and assessed.

2.6.3 Experimental déggng Sample Phase (SP) afesbt scoring

The experiment was consisted of sample phases and test phase. Manggmple stage
includedtwo sample phases of 10 mins each, which were separated byia iierval (time

spent in a holding cage locatedire testing room). Following the secondrh delay, mice

were subjected to a 1fin test phaseAlox15" and WT mice were tested randomly to avoid
bias. This was achieved by alternating the order in which each genotype wasTtestedler

of the object sets wasounterbalancedmongst mice to avoidpatial biaseDuring the test
phase, the duration in the centre of the arena, the distamesidtk travelled throughout the
arena, their velocity anldcomotor activity, in generalyere recorded by EthoVision tracking
software (Hallet 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 distanoe spent
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
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within 2 cm to face the objects to be tracked (Ennaceur & Delacour, T@88)is endobject
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 headtivas in
distance greater than 2 cm of the obfétdleet 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 phaseDR measurementvas determiad as the novel object
exploration time divided by the total exploration time of both objects (calculation bé&&w).
reflects the preferential exploration allocated to a novel item compared to a familiar one and
thus is a measure of recognition memorysgerity (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 atrong preference for the novel target object, while a value below 0.5 indicates
familiar object preferencéHall et al, 2016). Thus, the at i o ranges from T
negative scores indicating a preference for the familiar object and positive scores showing a
preference for the novel object.

2.6.4Video tracking and analysis with EthoVision XT

EthoVision tracking software was used tdaanate the score of mouse exploratory behaviour

with objects Throughout this thesishe scoring of the interaction time with the objects was
manually operated in conjunction with EthoVision datarovide an objective judgemeitihe

mice were trackedive, but also video files weresaved for futureuse retrospectively for
analysis within the EthoVision software. The software enables trackiting ahimals' nose

body centre, and tail base poartd 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 slgjadas their width

and height (e.g. Object A+2 cm) (Figut®@). 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 distancef 2 cm (Ennaceuet al, 1988). Natural behaviours in mice, such as
exploratory behaviour, locomotor activity, rearingnd grooming, can be important

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

2.6.5 Novel object recognition task (NOR)
Each animalvas placed in the centre of the arenaexybsed to two identical familiar objects,

A and B, placed in different arena locatiomishin the inner zoneThe animalsvere allowed

to explore the arena with the objects for 10 mins during Sample Phaiserla 10min delay

(spent in their home cage to rest), mice were returned to the arena to explore the same objects
during Sample Pls& 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 wastuenedto the arena for the test phase to explore the objects for

10 mins. (Figurel3d). The objects’ position and identitgither familiar or novel were fully
counterbalanced within and between groups (Beeilicd.,2008). The time interacting with

the objectsvas 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 stHge DR was calculatkas the amount

of time spent by each animal during the test phase exploring the novel object divided by the
total time spent exploring both objectd. DR above 0.5ndicates that the mouse has spent
more time with the novel object than the familiar one #hus is a measure of recognition

memory sensitivityall et al, 2016).
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Figure 13. The sshematic diagram ofNOR comprises Sample phasel and 2 andthe Test phase.

2.6.6 Object location task (OLT)
This task used the same sample phase protaepreviously reportedin 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 atin delay (spent in their holding cage), migere returned

to the arena to explore the same objects during Sample Phase 2. After a secomddl@y,

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 alliolw explore once more (a location in
which the object has not been previously encountered) (Fighrd he mice' order and the
moving object's position in the test phagere 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 tliamained in the same positidhthe exploration of all objects

is the sar, this behaviour can be interpreted as a memory dédRitwas 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 schematicdiagram of OLT comprises Sample phasel and 2 andthe Test phase.

2.6.7 Elevated plusnaze (EPM)
TheEPM 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 hlghsurrounds 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 (Fighje 1

The EPM maze was cleaned with 70% ethanol before eadetsson, 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, facingdgtsame open arm each time. They were allowéakédy explore

the maze for a single 1Min test sessiorfter 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 te 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 drawmgdiienclosed

and open arms as distinct zones in the arena. Entry into the closed arms was defined as all three
body points othecentre, nose and tail base being in the closed arms. An exploration ratio was
calculated for each mouse as the time spetitarclosed arms divided by the total time in the
maze (600s).
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The EPM test arena consists of 4 arms ragggutoximately 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 theyprefer 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 plusmaze for the assessment of anxietike behaviour in mice

2.6.8 Spontaneous Alternation in therilaze
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 thehape. The fnaze was placed on a steel table

in the centre of the behavioural iegt room, whichremained consistent throughouteth
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 timethe 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 dividelaced

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
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raised after a 68ec delay period. The mouse had aich 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 $ec4%luring the choice

run, then removed to its holding cag®llowing this, the subsequent mice were used for Day

1 to allow a 5 min intetrial interval. The series of arm entries was recorded using an overhead
camera. The percentage of alternation rate and the total trial durasmneasured.

Because spontaous 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 1@8m from the end of each lateral arm to create a goal bok. lBaase was then
subjected to 10 trials per morning and evening session. Spontaneous alternation was measured

by counting the average percentages (%) of correct (Fegsre 16)

2.6.9 Statistical analysis
The data from obj interaction vere 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 nmolibe atandard error of the mean
(SEM). All statistical analyses were performed using GraphPad F¥igrhe normality of data

was examined using the ShapiMlk W test. Betweergroup differences were evaluated
usingat-test, if needed for different group variance, with MiamhitneyU test in cases where

data were not normally distributed. A repeateeasures ANOVA (analysis of variance) with

object type/ object location (withisubjects) and genotype (between subjects) was used, for

Trial run

] 1 r ]l
ﬁ 2
b

No alternation
Choicerun

/'

J
Correct
alternation

Figure 16.Schematic diagram of the Tmaze spontaneous alternation task, consisting of trial rt
and the choice run. The successful alternation performance is confirmeeinbgring to the previous
unvisited arm.
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any experiment, to identify significant differences of groups betweemplsanBonferroni
adjustment was used on all significant interactions and main effeetlues) adjusting for
multiple genotypecomparisonsThe statistical significance was setat  ©.05,0*=p<0.01,
***=p<0.001 for genotype comparison®ata were displayed as Box and Whiskers plots

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

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

the analysis usegfterwards

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 {ddowed 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. Miceeve perfused with iceold phosphatéuffered 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 cryaoptectionfor three days at 4 °C. Next, the brains were embedded in
OCT compound and flasinozen using pre&ooled isopentane by burying the blocks in dry ice
andthenkeptaB 0O AC until sectioning. The emb-edded
thick coronary slicesising a cryostat set a20 °C and collected ontBuperfrost Plus slides
(Figurel?).

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

process water bath for 30 mins at 88 °C, adjusted to pH 6.0. Following the incubation, the
sectionswere 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 8érmaldonkeyserum in PBSTriton X-100 for 60 min

at room temperature (60 mins; 10 % normal goat serum, 0.5 % Tritbd0Xand 0.3 M
glycine). Cryosections were incubated in primary antibodies overnight at 4 2C in
humidified chamber Following this, the sections weneashed three times in phosphate buffer
containing 0.1 % Triton XLOO (PBST), incubated in appropriate secondary antibodies for
60 min at r oaodkeptiretimeplaktoeehable flegrescent detection. The secondary
antibodies were selected deperglion the host species of the primary antibodies. After the
secondary antibody was washed out, the sections were washed three times witraRBS
then were counterstained with DAPI fAiter 5 min
rinsing thregimes with PBS, sections were dried before being coverslipped using the mounting
medium on microscope slides in ProLong mountant.

2.7.3 Image acquisition and analysiSell counting/signal intensity

Images were acquired using a Zeiss confocal LSM800 laser microscope. The region of interest
was outlinedandthe HPC was subdividednto subregions (DG, CAl, CA2 and CA3). The
channels used were Alexa Fluor 568, an orangdlnedescent dye withan excitation
wavelength suited to 568 nm and Alexa Fluor 594, afltemescent 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 bteealigh fom otherfluorophoresThe
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 excitdigm 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 diffent conditions inmy study between isotype controls and positives
(Table4 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 / 5HTia* 0.30 % 0.65 % 580V

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

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

The stained sections were imaged on the ZEN programme to quantify the labelled positive
neurons irthe HPC area CA1l, CA2, CA3 subregions and. D@ages were acquired using a
201 objective with a final i mage di mgEemsi on
source ImageJ software blind to genotype. The results were shown as the percentage of the
total number of positive 5SHR*, CRR*, GABAg" and PV cells. The cell counting was scored
manuallyto ensureaccuracy using the ImageJ Cell Counter plugiobtining the individual

nuclei identified by DAPI staining. Next, the counting was performed bwéllevisible cells

with DAPI-stained nucleus and the other staining surrounding with DAPI for BNTiA",

CRFR" and GABAs™ cells. The cells in the granular cell layer of @ and the pyramidal cell

layers of CA1 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 moea®n 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 seclibesieference number was
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detemined by the cells estimated by DAPI nuclear staining used as negative cells. Thus, the
counted immungositive cells were then calculated by dividing the number of positive cells
by the negative reference cells.

In addition to counting positive cellshd 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 w to measure the mean value of the signal intensity, and the 'analyze
particle’ function was used to count celfminly, area, integrated densjgnd mean gray value
measurements wereonsidered together with a background readinghe background
fluorescence intensity of the hippocampal images was measured by delineating exactly another
area within the samexaminedmage that contained no cellular signals. Then, the values of
density were averaged across four sections per animal. We usadrtakintensity value of

PV, 5HTia, CRR and GABAs after thetissue background subtraction intensity valMere
specifically, the corrected totakll fluorescence for a region of interest was calculated as
follows:

CTCH = i nt e g ri éateardgiod @& intsrest xybackground fluorescence)

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

2.7.4 Statistical analysid 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 ttiegpipaphs, were
performed using GraphPad Prism 9. Datse presented as the mean + SEMessstated in

the relevant results or figure legendse normality of data was examined using the Shapiro
Wilk W test. Betweengroup differences were evaluatesingt-test if needed for different

group variance, with ManwhitneyU 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 theprotocol for brain lipid extractioand 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 iBection2.7.1. Once perfusion was complete, the alimas 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, lHR€. These regions were srap

frozen in liquid nitrogen and stored &0 Cruntil lipid extraction The weights of all brain
regions between 12 WT and Alox15" micearepresented in Table 10.

2.8.2 Brain Lipid Extraction

Lipids were extracted from brain tissue using ligiggiid phase separatipwhichis the gold
standard in lipidomic sample preparatiofhe extraction was based on an acidifesd
modified Bligh and Dyer method, using chloroform and acidified methanol as solaedts
relying onbiphasic chloroformmethanolwater mixturegBligh, & Dyer, 1959) Each brain

region (prefrontal cortex, cerebellum ad®C, 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 usinga pipette (0.95 ml x 2). Then, tissue was log@nized using an OMNI Bead
Ruptor Elite for 20 sexat 4 Canda speedof 4 m/sec until wethomogenized. The sample

was transferred into a 10 ml glass extraction vial (chromacol) and placed inside a polystyrene
box with the lid closedN e x t 10 ¢l of thesokyti@gnnandat 20 n
oxidised phospholipid internal standard solutivare 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 60@»at 4 CIThe lipidswere 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 remainifigids in the bottom layer were #xtracted by the
addition of 0.95 mL chloroform to the aqueous upper layer, which was vortexed and
centrifuged again as follows: 0.98l chloroform was added, the sample was vortexed for 1

min and then centrifuged for 5 mins at 600 x g, an@@nd the bottom organic layer was
collected. Then this step was repeated twice. All these chloroform extracts were combined with
the previous Iger. The samples were dried undeacuum at 30 °C. Once dried, samples were
resuspendeMeOH. Mhe dahf@es wdre incubated for 5 mins in a water bath at 30
°C, vortexed for 15 sexand repeated the last step. The samples were transferred to HPLC
vials with inserts, centrifuged for one min at 60@ »and 4 COFinally, the samples were
transferred to new HPLC vials and were kepB&at°C prior to analysis for free eicosanoids by
LC/MS/IMS.
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2.8.3 Quantification of enzymatically oxPLs.

Lipid extracts were separated using revgisase HPLC on €L u n a , 3 &m, 2 mm
mm column (Phenomenex, Torrance, GAdh a gradient of 50 %400 % 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 @reacquiredand analysed iIMRM mode on a Q'rap 6500

mass spectrometemonitoring and quantifyingthe relative abundance of thexidized
phospholipid$y monitoring transitions from Q1 to Q3 in negative ion mode.

The accurate signal of lipids was determined in the below transitions, as shown in Téiae 6.
native phospholipidsare listed as original MRM transitiontaken from thecollaborator
ProfessorSteffanyBennettat the University of OttawaHermethods weresed along witthe

list of retention times made by a former postdothaLipidomics Group at Cardiff University

and calculatedhe oxidisedmassesMore details will be explained in Chapter 7, suchihes
m/zvalues that | measured and their oxPLs analysis.

The source conditions were as follows: ion spray (IS) value was s#&GQ V, ion source
temperature was set at 3@0 the source gab(GS1) was 40 psand the source gas 2 (GS2)

was 30 psi, the dwell time for each lipid was 100 m3ée declustering potentiaentrance
potential, collision energy and cell exit potential (CX®gre set at various values as defined

in the Table belowThe 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
L . . Cell Exit
oxidised m/z (Q1) | m/z (Q3) Potential Potential Energy Potential
(DP) (EP) (CE) (CXP)
PE 18:0a_HETH 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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PE18:0a_HETE| 795.600 319.20 -55 -10 -38 -7
PE 16:0a_ HEPH 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_ HEPH 752.600 317.20 -50 -10 -45 -11

PE 776.600 343.20 -50 -5 -38 -9
16:0p_HDOHE
PC16:0a_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-dimyristoytsn-glycero3-phosphocholine (DMPC) andL,2-dimyristoylsnglycerc3-

phosphoethanolamine (DMPE) were diluted in MeOH and were prepared in serial dilutions
from concentrations of 1 mg/mL to 0.5 e€g/ mL
each internal standard mix prior to lipid extrantior determining the relative abundance of

oxPLs

LEGMS/MS (MRM and ERalysis
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
specta at a fixed area threshold settitg 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 QTrap masspectometer detectingthe selective and specific initial transitions in WT
mice, based on the precursor to product ions arising from coHistuted dissociation to form
distinct negatively charged iorBhegradient was 50100 % mobile phase B in mobile phase
A. [A: metharol, acetonitrile, water,1 mM ammonium acetate) at a ratio 60:20:20; B: 100%
methanol, 1 mM ammonium acetat€he flow rate was 0.2 mimin. The following conditions

of detection wer¢he 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

correspondindMS/MS spectrunwas acquired via EPI scan modée ions were trapped and
accumulated in Q3 for a limited timheywere fragmented in the trap and th&sanned out
simultaneously for mass determinatidrhe ion trap settings were as follevthe 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 potential0 V, and the allision energy set aB8V. All MS/MS data
were acquired using 6500-Qap 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 imice
described in Tablé.
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Table 7. A list of MRM transitions from MS/MS analysis was detected in WT mice's brainsAll
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_1MHETE | 782.600 | 179.100 -55 -10 -38 -7
PE 18:0a_81ETE 782.600 | 115.100 -55 -10 -38 -7
PE 18:0a_181ETE | 782.600 | 219.100 -55 -10 -38 -7
PE18:0a_1IHETE | 782.600 | 167.100 -55 -10 -38 -7
PE 18:0a_8HETE 782.600 | 155.100 -55 -10 -38 -7
PE 18:0a_ HEPE | 780.600 | 317.200 -50 -10 -45 -11
PE 18:0a_181EPE | 780.600 | 219.100 -50 -10 -45 -11
PE 18:0a_12HEPE | 780.600 | 179.100 -50 -10 -45 -11
PE18:0a_1iHEPE | 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
PE18:1p 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

PE18:0a_14 806.700 | 205.200 -50 -5 -38 -9
HDOHE

2.8.4 Quantification of oxylipins
Oxylipin analytes were quantified by EKIS/MS analysis on the Sciex-Qrap 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 transitioese have
predetermined collision energy and declustering potential values, as shoalnle8 below.

Lipid extracts were separated using reverse phase HPLC on an Agilent Eclipse Plus 1.8um C18
column, 2.1 mm x 150 mnfPhenomenex, Torrance, CA) heldder 45°C at a flow rate of

0.5 ml/min. Gradient elution of 3D00 % 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.&tr@ihs. (Mobile phase

B: 840 ml acetonitrile: 159 ml methandl: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 (I1S) vdb@0 V, ion source temperature
475°C, the source gas 1(GS1) 60 psi, source gas 2)(&5@2si.Dwell time wasl00 msec and
entrance potentiallO V. Also, declustering potential, collision energy and collision cell exit
potential were different for each analyte (Table @romatographic peaks were integrated

manually using Muliquant 3.0 sbftware.

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

mix contained the standards 13¢BpDE-d4, 5(SYHETE-d8, 12(SYHETE-d8, 15(SyHETE-

d8, 2GHETE-d6, leukotriene B4d4, resolvinD1d5, prostaglandin E84, prostaglandin D2
d4, pr ost-d4thrambaxane BAE,2kbehydro thromboxane B@4, 11(12)EET-
d11 at various final concentrations in a range of-76@ nM .Each brain sampleiasspiked
with10 e L of spria to bp& extractron ta determine oxylipins' relative abundance.

Standard curve
Standard curves were generated to facilitateattoairateguantification of each analyte in the

brain samples. The concentration values of the stedadaere in the range for detection and
followed a linear regressioiheir 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 E2i4 373.2 173.1
PGD2-d4 Prostaglandin D2i4 371.2 309.2
P GF 204 Prostaghldandi nF2U( 3312 167.1
TxB2-d4 Thromboxane B2i4 319.2 115.1
11-dehydro- 11-dehydreThromboxane Bz2l4 319.2 155.1
TxB2-d4
13(SyYHODE-d4 13Shydroxy9Z,11Eoctadecadienoi®,10,12,13 327.2 226.1
d4 acid
5(SYHETE-d8 | S hydroxy 5Z, 8Z, 10E, 14Zicosatetraenoi®, 6, 325.2 281.1
8,9, 11,1214, 15 d8 acid
12(SYHETE-d8 | 12S hydroxy 57, 8Z, 10E, 14Zicosatetraenoid®, 339.2 197.1
6,8,9,11, 12, 14, 158 acid
15(SYHETE-d8 | 15S hydroxy 5Z, 87, 11Z, 13Eeicosatetraenci®, 380.2 141.1
6,8,9,11, 12, 14, 158 acid
20-HETE-d6 20-hydroxy-527,87,117,14Zeicosatetraenoic 355.2 275.1
16,16,17,17,18,186 acid
Leukotriene B4- Leukotriene B4d4 355.2 275.1
d4
RvD1-d5 Resolvin D1d5 357.2 313.2
11(12)EET-d11 11(12)epoxy5Z,8Z,14Zeicosatrienoic 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 precursof 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 1151 -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
15HETE 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 295.2 171.1 -85 -23 -9
13-HODE 295.2 195.1 -85 -23 -7
9-HOTrE 293.2 171.1 -60 -20 -8
13-HOTrE 293.2 195.1 -70 -22 -12
S5-HETrE 321.2 115.1 -70 -19 -9
15-HETrE 321.2 2211 -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 317.2 113.1 -60 -22 -8
9,10DIHOME 313.2 2011 -80 -29 -8
12,13DiIHOME 313.2 183.1 -80 -28 -12
5,6:DIHETrE 337.2 145.1 -75 -24 -10
8,9DIHETrE 337.2 127.1 -70 -25 -8
11,12DIHETrE 337.2 167.1 -65 -26 -8
14,15DIiHETrE 337.2 207.1 -65 -25 -10
5,6:DIHETE 335.2 115.1 -60 -23 -8

64| Page



5,15DIHETE 335.2 115.1 -60 -21 -9
8,15DIHETE 335.2 235.1 -65 -22 -4
14,15DIiHETE 335.2 207.1 -65 -23 -10
17,18DIHETE 335.2 247.1 -65 -24 -8
S5-HETrE 321.2 115.1 -70 -19 -9
15HETrE 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 317.2 113.1 -60 -22 -8
9,10DIHOME 313.2 2011 -80 -29 -8
12,13DiIHOME 313.2 183.1 -80 -28 -12
5,6:DIHETrE 337.2 145.1 -75 -24 -10
8,9-DIHETrE 337.2 127.1 -70 -25 -8
11,12DIiHETrE 337.2 167.1 -65 -26 -8
14,15DIiHETrE 337.2 207.1 -65 -25 -10
5,6-:DIHETE 335.2 115.1 -60 -23 -8
5,15DIHETE 335.2 115.1 -60 -21 -9
8,15DIHETE 335.2 235.1 -65 -22 -4
14,15DiHETE 335.2 207.1 -65 -23 -10
17,18DIHETE 335.2 247.1 -65 -24 -8
RVE1l 349.2 195.1 -65 -22 -10
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RvD1 375.2 215.1 -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 1151 -55 -19 -10

Mar 1 359.2 250.1 -60 -23 -11
7,17-diHDPA 361.2 263.1 -65 -20 -4
9(10XEpOME 295.2 1711 -80 -21 -10
12(13yEpOME 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

66| Page



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(18YEpETE 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}YEpDPA 343.2 241.1 -70 -18 -11

PGD1 353.2 317.2 -55 -16 -8
PGD2 351.2 271.1 -50 -22 -8
PGD3 349.2 269.1 -50 -17 -11
PGE1 353.2 317.2 -60 -18 -10
PGE2 351.2 271.1 -60 -19 -12
PGE3 349.2 269.1 -60 -17 -10
PGB2 333.2 175.1 -60 -24 -10
13,14dihydro-15

keto PGE2 351.2 235.1 -55 -19 -13

13,14dihydro-15

keto PGD2 351.2 207.1 -50 -25 -13

13,14dihydro-15-

ket o PH 3532 113.1 -55 -23 -11

1 1-BGE2 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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15deoxypl 2,
PGJ2 315.2 271.1 -65 -18 -8
8-iso-15-keto
PGF2U 351.2 289.1 -50 -23 -12
PGF2U 353.2 309.2 -85 -24 -9
6k et o PQd 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(SYHODE-d4 299.5 198.1 -60 -25 -7
5(S}YHETE-d8 327.2 116.1 -55 -19 -8
12(SyHETE-d8 327.2 184.2 -60 -20 -12
15(SyYHETE-d8 327.2 226.2 -65 -22 -11
20-HETE-d6 325.2 281.2 -70 -21 -8
Leukotriene B4d4 339.2 197.2 -65 -21 -9
Resolvin D1d5 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
Prostagl-g 3575 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(12yEET-d11 331.2 167.1 -65 -18 -11

2.8.5 Heatmap generation
Forthegeneration of heatmapsamples were averaged within their groups,\atdes of each

analyte were converted into log10 (wet weight of brain). Heatmaps plots were plotted using
thepheatmap package in Based on lipid hierarchical clustering. In particular, a sparse set of
cluseers is selected given a clustering tree (dendrogram) (Langétlder2008; Team, 2013).

Then each cluster was subdivided into subclustdistarchical clustering is a method of
cluster analysis which seeks to build a hierarchy of cludtgensity evelswere represented

by a colour gradient ranging frodarkblue (abseritery low levels) to red (higlevels)

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 sigit@noise ratio of 5:1. Alsdhe peaks had at least 5 data
points across the peak.

Statistical analysisvas performed usingsraphpad Prisn®. The normal distribution of data

was determined through the Shapiktlk test. Thenonparametric ManfWhitney testwas
applied to test for differences between variables. atepresented as Box and Whisker plots
(Tukeyplots). Thetop and bottom edges thfewhiskers represent the interquartile range (IQR)
with the horizontal line inside the boixdicating the data's mediaAlso, the pints beyond

the whiskers indicate 1.5*IQRThevalues are expressed as mean + SENéss otherwise
stated.The statistical significance level was setat p OO0. 05, **=p<0.01,
** **=p<0.0001.

2.9 Experimental design
Thetimeline for each cohort of mice, shimg the order and the length of tinog behavioural

tasls, is illustrated in Tabl®. Two male cohorts and one cohort of female nvieze used for
the experimental procedures in this thesis, incluthelgavioural testingorain dissectiorand
lipidomic analyss or immune analysis. The difference in body weight between genotypes is

presented in Chapter 3.
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Table 10. Experimental desigfor each cohort of mice used forvivo studies

Experiments

Months of the age of Cohort 1 male mice

4 7 8(9 10 1112 13 14 15 16
A. 15 WT 15 WT 13 WT 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 i i
B. 15 WT 15 WT 13 WT 12 WT 12 WT
Object VS VS VS VS S
Location 15 15 15 14 12
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
C. 15 WT 13WT 12 WT 12 WT
Elevated VS VS VS VS
Plus maze 15 15 14 12
Alox15 Alox15 Alox15 Alox15
- I- /- /-
D. 12 WT
Brain VS
dissection 11
Into Alox15
prefrontal I-
cortex,
HPC,
cerebellum
E. Targeted 12 WT
LC/MS/MS VS
11

Alox15
/_
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Experiments

Months of the age of Cohort2 male mice

4 7 89 10 11|12 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. 8SWT
Immunofluorescencsd VS
staining/Imaging 10
Alox15
/-
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Experiments

Months of the age of Cohortfemale mice

4 6 7 89 10 1112 13 14 15 16
A. I5WT 1I5WT 1I5WT 1I5WT 1I5WT
Novel Object Vs VS VS VS VS
Recognition 15 15 15 12 11
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
B. I5WT 1I5WT 1I5WT 1I5WT 1I5WT
Object VS VS VS VS VS
Location 15 15 15 12 11
Task Alox15 Alox15 Alox15 Alox15 Alox15
/- /- /- /- /-
C. I5WT I5WT I5WT I5WT
Elevated VS VS VS S
Plus maze 15 15 12 11
Alox15 Alox15 Alox15 Alox15
- I- /- /-
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Table 11. Brain regians weightbetween 12 WT and 14lox15" micefor 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
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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
Alox15" 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 lifetifideters, 2006)The purpose of this
chapteris to record the general phenotypeftdx15 mice. However, less clear is the rate of

the change.

3.2Aims and objectives
The overall aim of the chapterto report thghysical characteristics of the animal model that

| will utilize throughout this thesis. | will asseb® general health status of thiex15" 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
morths) to middleaged (713 months) and old (15 month&lox15" compared to age
matched WT mice aged 16 months, including the 4mmm body weight development
as the food intakemeasurement.
2. Investigate any gendeelated changesom 4 to 16 months of age.

RESULTS

i.  Alox15" mice demonstrated significant agelependent weight gain but no
difference in total food consumption.

Body weights at 4, 7, 10, 13 and 15 months of wgee analysed by a repeated measures
ANOVA withageas a within subjectsdé factor and ger
The average body weight of maox15"- and WT mice aged 4 months was approximately 27
g. There was no marked difference in body weight at 4 months of2ag#9( +0.4757 vs.
27.134+0200= 0. 9242) ( Fi g Wioxd5" miBe gdined sighificamtyy mere |
weight over timethan agematched WT mice agedmonths(35.948+0.798 vs. 29.817 +
0.253, P= 0 . OThesstiRing increase in body weight Alox15 male mice peaked at 10
months of ageelative toWT mice (44628 +1.176 vs. 32703% 1.745 P=0.00@). A similar
patern was shown at 13 montkR8517+1.187vs. 33569+ 2.203, P=0.000). By 15 months,
the maximum weight for a WT male mouse was 44.5 g, whereas f8idk&5" malemouse
was 65 g54.321+1.148 vs. 34.321 +2.321,P=0.000}. A further analysis was carried out to

examine aggoint differencesSignificant effects of age were found on the bodyweight of male
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mice (agegenotype interaction F (4,12) = 19.4, P<0.000). Table 1. A represents the mean
body weights of male mice of ttogenotypes at five different time points.

Similarly, the mean weight of femaddox15"- and WT mice aged 4 months was approximately
29 g. Although there was ribfferencein body weightat 4 months of agé9.980+0.236vs.
28227 £ 0146 P= 3898, as they ageftom 7 months and onwardghe significant body
weight gain ofAlox15" female mice was noticeable compared to {8%.627 +0.356 vs.
29.587 £ 0.240P= 0 . QFre 13 B). Similarly to male mice, tmeiddle-aged ad the
old-agedAlox15" female micewvere significantly heavier than the youhlpx15~ female mice
(>4 months, allP <0.0001; tweway ANOVA). Specifically, they reached the peak at 10
months of agé47.807 £0.962vs. 33.973+ 0.501, P=0.000}) and had increased adipocyte size
compared to WT mice (Figurg8 B). Similarly, Alox15" female micewere significantly
heavier than WT mic¢56.760 1041 vs. 38.087+ 0410, P=0.000). By 15 months the
heaviestlox15" female mouse was 68 g, compared to the WT female mouse, wésch3.2

g (59.873+£1.762vs. 37.727 £ 0.521 P=0.000). Similar to the analysis in male mice, data
were analysed byatwway ANOVA with Bonferronidés mul tip
that therewas an age*genotype interaction (F (4, 112) = 97.11, P<0.0881displayed in
Table 11 B, the average body weights ofifale mice of both genotypes were repoxedr the
five-time points.

Further examination revealed thileAlox15" female mice had extensive hair loss, severe bald
patches, and skin lesions at 15 months of Bgrire19B). This excessive grooming behaviour
was also observed #lox15" male miceandwasmore pronounced.

To determine whether the body weight gainAilox15" mice wasdue to hyperphagia, food
intake was measured between groups of mice aged 15 months. There was no significant
difference in the amount of food consunwackrfive days (20h) between genotypes (Figure
20). Interestingly, Alox15" mice and WT miceate 2.589g 0M038g vs 2.746 61033
P=00824 in Day 1 respectivelyA similar pattern was demonstrated for the dests however

this did not reackignificance
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Figure 18.Alox15" male and female mice displayed an increased agependent body weightA.
Mean average weight (g) for WT ardox15" male mice. B. Mean average weight (g) for WT
Alox15" female mice. Data ereanalysed by a repeated measures ANOVA with the five differe
points as a within subjectsé factor and g
graphs with mean + SEM. n=29 males per genotype, n=15 females per gehotype™* and ****

represent pO0.05, pO0.01, pO0.001 and poOoO
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Figure 19.A. Representative pictures of WT mouse and\lox15" mouse at the age of 15 montr
showing differences in the white adipose tissue as indicated by amnespectively. B. Represental
pictures of WT mouse anillox15" female mouse at the age of 15 months, recapitulatingdsaianc
excessive grooming phenotype, as indicated by arrows, respectively

Food intake
4_
« WT
v v, % v /-
3_$£‘ ﬁ*‘ ’% %i 5& Alox15"

-
1

Food intake (gr/120 hrs)
i

o

1 1 1 1 1
DAY1 DAY2 DAY3 DAY4 DAYS
15 months of age

Figure 20.Alox15 mice displayed no significant differences in daily food intakeéThe amount of foc
was measured for a period of five days, as described in Materials and Methodseataalysed by
repeated measures ANOVA with the five different days pointsas awith subj ect s 6
as bar graphs with mean + SEM. n=14 per genotype.
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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 1L 26.5 30.6 36.8 39 40.4
WT GROUP 1 R 26.8 30 36.7 39.8 41.4
WT GROUP 1 BLANK 28.2 30.8 32.3 40 37
WT GROUP 2 R 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 4 R 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 5 R 27.1 28 37.2 40.6 42
WTGROUP 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 andAlox15" mice.

WT GROUP 7 LR ‘ 26.9 29 32.8 35 35.3

WT GROUP 7 R ‘ 27 27.8 36 38.2 40.4
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MALES IDs 4 MONTHS 7 MONTHS 10 MONTHS 13 MONTHS 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 1 R 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" GROUP 5 R 235 29.1 37.5 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 41.8 425
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 25.8 335 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 44.9

Alox15" GROUP 7 LR 30.6 37.8 50.1 55 56.8

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

FEMALES IDs 4 MONTHS 7 MONTHS 10MONTHS 13 MONTHS 15 MONTHS
Alox15" GROUP 1 LR 294 31.7 39.9 0 0
Alox15" GROUP 1 L 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 2 R 30.6 34.4 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 3 R 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 4 R 315 335 41.3 0 0
Alox15~ GROUP 4 L 30.1 35.4 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 32.5 37.7 38
WT GROUP 1L 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 34.4 40.5 40
WT GROUP 2 R 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 33.5 35.5 37
WT GROUP 2 LR 28.3 29 35.1 38 39.7
WT GROUP 3 R 27.9 29 37.2 39.6 43.2
WT GROUP 3 BLANK 28.2 30.4 31.8 37.5 41.5
WTGROUP 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 4 R 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. Alox15’" mice showedmarkedly agedependent locomotor activity

Nextlocomotor activity concerning the distance that the mice travatldd 7, 10, 13 and 15
months of ageavasanal ysed by a repeated measures ANO\
factor and genotype awhenttdsted inbe bperefielfhe averdy¢ ect s 6
distance movedf Alox15" and WT mice aged 4 months was approximas830 cmand the

difference reachestatistical significanc423591 £192.4vs. 3695.63 307.34 P01X) O .

(Figure 21). Furtarmore Alox15" mice travelled significantly shorter distances than the
youngest to middlaged groupIn particular,a twoway ANOVA analysed the overall

locomotor activity from theive different time stagewi t h Bonf erroni 6s mul t
testsrevealing thatAlox15" male mice demonstrated significanteffect ofageon distance

travelled(F (4,224) = 11.61 P=0.0016.
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Figure 21. Locomotor activity Alox15" mice displayed asignificant effect ofageon the distance
travelled when tested in the open fieldVlean averagéistance move@m) for WT andAlox15"
mice.Datawere analysed by a repeated measures ANOVA with the five different age points a
within subjectsd factor and genotype as t
mean £ SEM. n=29 males per genotype, n=15 females per genotype *, **, *** and **** repres
pO0. 05, pO0.01, pO0.001 ansregpélivel0 001 f or
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ii. A significant proportion of Alox15" female mice developed splenomegaly with
ageing.

Furthermorefemale Alox15" mice observed a distinct mortality @At 15 months of age,
Alox15" mice examinationrevealed thedevelopment of mild splenomegaly with ety
compared to agmatched WT miceConsequently, thepleens of both groups were harvested,
and distinct changes such as the weight and the size dfltl@5" female mice spleen
comparedio WT female micewnere observed The results showed sagnificant increase in
spleen weight i\lox15" femalemice compared to WT micasdisplayed in Figure 2(85.70
+4.527 vs.181.7 + 3.513P=0.0079.
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Figure 22. A. Alox15" female micedisplayed an increased spleen weighfA. Mean average
spleenweight (g) for WT andhlox15" female miceEach dot represents an individual mouse. D
were analysed using Mantme Whitney nofparametric U test and shown on Tukey box plots v
mean + S.E.M. WT (n=5) anbfllox15" (n=5) female mice, 15 months of age *, **, *** and ****
represent PpO0OpOB, O@DOabdd pOO0.0001 for Bg
Representative spleens of tmonth-old Alox15~ and WT femalemice, respectively.
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DISCUSSION
This chapter recored the general healtbf young and middkaged to old Alox15" mice

relative to agenatched control WT miceThe Alox15 mouse modefevealedagerelated
physiologicalchangeghroughout this thesis

An important physical characteristic reported in this chapter was theekged increase in

body weight. It wa®bservedhat there was a significant effect of age on the bodyweight of
bothAlox15" male and femalmice compared to agend gendematched WT mice. Notably,
Alox15" micedisplayed a gradual increase in weight gain over time than WT mice. The current
findingsfor WT (C57BL6) mice generally support the previous results and report thagag

from young to middle and old egnduces increased body weight (Halloeaml.,2002; Shoji

et al.,2016).Although this metabolic phenotype has not been reported previously, this chapter
proposes that the genetic deletion of &klex15 may be involved in metabolic pathways,
attributalbe to the role ofAlox15in regulatingfat metabolism in the brairin addition no
hyperphagia was observed between the two groups of mice at 15 mAltbhmigh 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 miatecaed

gained weight when aged 7 months when this phenotypdlinhiad a profound effect. This
suggests that the source of fat storag&lax15" micemay also be due to overeating over their
lifetime.

Studies have shown that significant differences in body weight over time are positively
associated with decreasaatvival rategReiset al, 2009) This study reported a slight increase

in the death ratén agedAlox15" female mice, but the reason remains unclear. However,
previously published works by Middletat al.,2006 and Tayloret al., 2012noted a distinct
increase in the mortality rate #lox15" mice as they aged compared to WT mice. After a
proper examination ofAlox15" mice, the scientists investigated varying degrees of
splenomegaly with 100% penetrance compared to WT mice, and they concluded that mortality
was associated with increasinglysee splenomegalgimilarly, these findings were generally
consistent with this presesiiudy; mild splenomegaly in the absencéloix15was confirmed.

It is suggested that the early mortalityAlox15™ mice might be linked to mild splenomegaly.
Another striking phenotype of thélox15 mousewas thegradual increase in grooming
behaviour which was noticeable at 10 months of age and onwards. Mainly at 15 months of age,
the Alox15"- female mice displayed excessive grooming behaviour such as extensive hair loss,

skin inflammation, and lesion formatioasulting in a pathological grooming phenotype.
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Collectively, he findings in this study are consistent with a study led by &tiral, which
demonstrates the role Afox15in skin inflammation. Mice witlAlox15deficiency resulted in
dorsal skin defects and hair follietkerived celloss in adult mice at 16 weeks old.
Histopathological analysis of these mice showed increased indices of inflammation, and the
dermal adipocytes were abnormally differentiated mymfibroblasts. These data suggest that
proinflammatory signals frorAlox15deficient dermal adipocytes resulted in abnormal cell
types of differentiation and hair follicle cycle defects (ketral.,2018).

The next chapter will focus on thele of theAlox15mouse 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 aging 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;-Qupeet 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 aslikiety
behaviour, which are evident even without overt neurodegene@&tuogoriotillamolaet al.,

2020).

Here, this chapter will focus on the effects of tlex15" mice on normal cognition and
behaviour, including recognitionspatial memoryand working memoryperformances.
However, relatively little is known abotlie role of theAlox15enzyme in normal cognitive
function and anxietyike behaviour and whetharormal ageing may interact with itgene
deletion.An Alox15" global knockout mouse model will be used to address this iSEhe
following sections will demonstrate the ageated behavioural differences and gender
changesesultingfrom the comparisons between young adult micenfdnths of age) and
middle-aged(7-13 months of agedo old mice L5months of age). This study'sperimental
strategy will use highly validated behavioural asssysh as NOR, OLT, EPMo assess
cognitive and emotional behaviowrsmparedvith age and gendanatched WT mice.

This behavioural approach will be used to characterize the phenotypeskoidtkout mouse
model, allowing significant results frommcombinedtohort ofmalemice (Cohort 1,2) as well

as another cohort of female miested through the interpretation of behavioural outcomes that

are assessed with varioparadigmgCrawley, 2@8).

4.2 Aims and objectives
The goal of this study is to investigate the role of Atex15 pathway througtgradually

cognitive changes that occur during the normalragprocess in mice:

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

2. The memory will be assessed from 4 to 15 monthstHautinxietyrelated phenotype will
be evaluated from 7 to 15 months relative to-aggched WT mice.
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RESULTS

4.3EXPERIMENT 1: NOR

i.  Alox15" mice displayed a trend toward decreased discrimination ratio compared
to WT mice aged 15 months
WT andAlox15" mice were examined at five different time point&xamine anyagerelated

recognition memory changes. In the following sections, the analysis focuses on data generated
from the4, 7, 10,13and15months of age, between 26 WT and&8x15" malemice.Starting
from the last time point, the findings were as follows:

Habituation Phasé 15 months of agélhe mice were individually habituated to the apparatus

two consecutive daybefore performing the experimemainly the mice were placed in the
centreof the maze t@xplore the arena for 10 mins freelshus, graphs have been generated
using the distance moved from the centre point of the ammhéha velocity of each mouse
during Day 1 and repeated for Dayof the Habituation Phase (HPAnalysis by onewvay
repeated meases ANOVA indicatel that Alox15" mice aged 15 months had a statistically
significant decrease in locomotor activity concerning the distdreyamovedand their speed
compared to WT control mi¢®=<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 corner§he analysis of these data showed that the Aed.5" mice spent
significantly lesgime in thecentreof the arena than WT mice during both days ofHRgP=
<0.000). These data regarding 'the two zones transition’, inner and outer zone for Day 1 and
2 of HP are shown in Figu@s.

Recognition memoflySample Phasel5 months of agd=ollowing the HRorocessmice were

placed in the centre of the apparatus and exptuseslo identical copies of sample object A
(familiar objects)during the Sample Phase (SP). Specifically, mice were allowed to explore
theidenticalobjects for 10 mins during SP 1 before being remdvaah the mazdor a 10

min delay spent in their holding cages. During SP 2, mice kgplaced in the maz® explore

the same objects for 10 mins before being returned to their holding cages. As demonstrated in
Figure24 A, Alox15" mice spent significantly less tinie the centerof the arena than WT

mice during SFP=0.000) andalsq Alox15" mice interacted markedly less with the identical
objects compared to WT mice during the two sequential sample expoasindisstrated in
Figure24 B (P=0.00@, P=0.0008)
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Recognition memorly Test Phase 15 months of ageDuring the test phase (TP), one of the

familiar objects from SP was replaced with a novel itBigure25 A, D demonstratthat
Alox15"male mice spent significantly less time in temtre of the arena and the distance they
moved compared to WT mi¢@=0.000J. Inspection of tese data shosdthatAlox15" mice
appeared hypoactive, as demonstrated by a significantly decreased locomotor activity.
Next, Alox15" mice spensignificantly less contact time with the novel object, indicating a
lack of novel object preference during T=0.0091, Figure 25)BThe DRwas calculatedo
ensure that the experiment was sensitive to differences between the gerioR/peffects the
preferential exploration allocated to a novel item comparetidaotal time spendn both
objects by measuring tmecognition memory sensitivitynspection ofFigure25 C shows that
Alox15" male mice could discriminate between the novel and familiar objects as WT male
mice Additionally,one sampl@on-parametric Utestconfirmed that the novelty preference of
Alox15" and WT mice were significantly above chancéDR data, 0.582+0.035vs
0.655+0.018P=0.0433vs, P=0.0039 respectively)

Recognition memory Test Phasé 4-15 months of ageThe above results were presented at

the last timestage which wasl5 monthshowever more tests were conducted the previous
agepoints The parameteranalysed weré¢he locomotor activity,the contact timewith the

novel objectand DR The middle-agedAlox15" male micebehaved similarlyo old miceand
coulddiscriminate significantly above chanédso, Alox15" mice showed a lower preference

for the novel objecthanWT mice, as shown in Figures 2628. ConverselyyoungAlox15"
micedemonstrated no significant difference in the contact time with the novel object compared
to WT mice(Figure D).

Collectively DR data 4-15 months of ageTaken togethethe interaction with the familiar

and novel objects converted iritee analyses of the DR data from the five different time points,

it was noticeable thatlox15" malemice didnat display anystatistically significantlifference

in the DR compared to ageatched WT male mic&he interaction between age ayghotype
wasnotsignificantas analysed byixed-effects repeated measu/dSOVAwi t h Bonf er r o
multiple comparison tests iAlox15~ and WT male mice (13 months:0.53+0.033vs

0.64+0.019, 10 month§.55 +0.046/50.64+0.022, 7 month§.61+0.044vs0.71+0.016, 4
months:0.67+0.024vs 0.752+ 0.019respectively)Overall, theravas no main effect ohge

[F (4, 22) = 01246 P=0.935(Figure D A)].

Similarly, a summary ofhe dataanalyses of the DiRneasurementBom the same fiveage
pointsillustrated thatAlox15" femalemice showed #&rend towards aecline in recognition

memory compared to ageatched WT female mig¢eout these differences did not reach
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statistical significancé€Figure 3 B). A further analysis was also performed by tway
ANOVA, revaaling that therevas no main effect adige[F (4,110 = 0.6487, P= 0.6284n

female mice
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A Habituation Phase: Time pointi 15 months of age
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Figure 22. Alox15" male mice displayed significant decrease in the mean velocity and mi
distance (cm) travelled from the centre of the arena during Day 1 and Day 2 of HPata were
analysed by a repeated measures ANOVA wiark
genotype as the between subjectsd factor 6
per genotype* , o *okx and ***x* represent pO0.
comparisons, respectively.
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Figure 23. Alox15" male mice spensignificantly less time in the center of the arenauring Day
1 and Day 2 of HP.Data wereanalysed by a repeated measures ANOVA with the zones as a
subjectsd factor and genotype as the betw
mean+ S.E.M. n=®pergenotypé& , * * , *** gnd **** reprme@k.n
for genotype comparisons, respectively
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A Sample Phase: Time poini 15 months of age
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Figure 24. A. Alox15" male mice spentsignificantly less time in the center of the arenduring
Sample Phase. BAlox15” male mice displayed significantly less mean contact time (sec) dur
the two Sample Phaseslox15" male mice interacted with the objects significantly less com
to WT mice. The interaction between object and genotype reached statistical sigeifitdootl
S.P. Data wre analysed by a repeated measures ANOVA with the sample phases as

subjectsd factor and genotype as the bet

mean = S.E.M. n=2 per genotype*, **, *** and **** repre s e n t pO0. 05, p
pO0. 0001 for genotype comparisons, respe
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A Test Phase: Time point 15 months of age
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Figure 25. A. Alox15" male mice, aged 15 months of age, spesignificantly less time in the
center of the arenaduring TP. B. Alox15" male mice spent significantly less contact time (st
with the novel object. C. Alox15" male mice were able to discriminate between the novel a
familiar objects. Also the performance of both WT andAlox15” mice was significantly abov
chance 0.5D. Alox15" male mice displayed significantly decreased mean distance (cm) travel
from the centre of the arena.Data wereanalysed by a repeated measures ANOVA with the ;
as a within subjectsd factor addisplgyednas Tukepl
plots with mean + S.E.M. n€Yer genotypé , ** , *** gnpd **** re

and pO0.0001 for genotype comparisons, €&
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A Test PhaseTime pointi 13 months of age
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Figure 26. A. Alox15" male mice, aged 13 months of age, spesignificantly less time in the cente
of the arenaduring TP. B. Alox15" male mice spent significantly less contact time (sec) with t
novel object compared to WT mice. C.Alox15" male mice were able to discriminate between t|
novel and familiar objects. D. Alox15" male mice displayed significantly decreased mean distee
(cm) travelled from the centre of the arenaData wereanalysed by a repeated measures ANOVA
the zones as a within subjectsdéd factor and
box plots with mean + S.E.MVT (n=26) andAlox15~ (n=28) * , * ok *** and °*
pO0. 01, pO0.001 and pO0.0001 for genotype
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A Test Phase: Time point 10 months of age
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Figure 27.A. Alox15" male mice, aged 10 months of age, spesignificantly less time in the
center of the arenaduring TP. B. Alox15" male mice spent significantly less contact tin
(sec) with the novel object. C.Alox15" male mice were able to discriminate between ti
novel and familiar objects. D.Alox15" male mice displayed significantly decreased me
distance (cm) travelledfrom the centre of the arena.Data were analysed by a repea
measures ANOVA with the zones as a wit
subjectsd factor and di spl ayed 7pesgenbtype,e*y
*** gand *** r epresent pOO0.05, pO0.01, pOO0.00O
respectively.
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A Test Phase: Time pointt 7 months of age
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Figure 28.A. Alox15™ male mice, aged 7 months of age, spesignificantly less time in the cente
of the arenaduring TP. B. Alox15" male mice spent significantly less contact time (sec) with 1
novel object. C. Alox15" male mice were able to discriminate between theovel and familiar
objects. D.Alox15" male mice displayed significantly decreased mean distance (cm) travel
from the centre of the arenaData wereanalysed by a repeated measures ANOVA with the zol
a within subjects6é factor and genotype as

with mean + S.E.M. n=29 per genotype, * ok *** and **** repr

pO0. 0001 for genotype comparisons, respec
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A Test Phase: Time point 4 months of age
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Figure 29. A. Alox15" male mice, aged 4 months of age, spesignificantly less time in the
center of the arenaduring TP. B. Alox15" male mice spensimilar contact time (sec) with th
novel object. C. Alox15" male mice were able to discriminate between the novel and famil
objects. D.Alox15" male micedisplayed significantly decreased mean distance (cm) travell
from the centre of the arena.Data wereanalysed by a repeated measures ANOVA with the :
as a within subjectsd factor and genotyp
plots with mean £ S.E.M. n=29 per genotype * *, *** gnd **** r e
and pO0.0001 for genotype comparisons, r
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A Test Phase: Time points 45
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Figure 30. Alox15" male and female mice displayed a trend toward decreased DR o
five different time points, 4 months, 7 months, 10 months, 13 months and 15 months of
Data were analysed by a repeated measures ANOVA with the five different age poin
within subjectsé factor and genotype a:
with mean + S.E.M. n=29 per genotype.
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4. 4EXPERIMENT 2: OLT

ii. Alox15" mice demonstrated spatial memory deficits compared to WT aged 15 months

The main aim of this experiment was to investigate whethedéfieiency of Alox15 is
associated withdifferences inspatial memory betweegenotypes To examine the age
dependent memory changes, both WT Atmk15" mice were testedgainat five different
time stages between 4 months and 15 months of age. Begihaiagalysigrom the last time
point, 15 months ofge, the following graph&eregenerated:

Spatial memory Sample phasel5 months of ageAs described in Experiment 1,following to

HP, there werdwo sample phaseshich wereidentical to those used for tiNOR. Analysis

by oneway repeated measures ANOWAI t h t he sample phases as &
and genotype as t he rebeadlvhatdloxl15s mdej neice tsgedt f act
significantly less time in the inner zone of the maze than WT (Rie&0.0001 Figure31A).

Also, inspection in Figure81 B shows thatAlox15" mice displayedsignificantly reduced

contact times with théwo identical objects than WT mice during th&.P.1 and S.P. 2

(P=0.0009 P=0.00(r, respectively).

Spatial memory Test Phase 15 months of ageDuring theTP, one of the two objects was

moved to a new location. FiguB2 A illustratesthat Alox15" mice spent markedly less time

in the inner zone thaw'T mice (P=<0.000). A visualinspection of these data demonstrates
thatAlox15" mice were hypoactive, with decreased locomotor activity concerning the distance
they moved compared /T mice, as indicated ifigure 32 A. Next, Alox15" mice spent
significantly less contact time with the obj¢lcat movedn the new location than WT mice
however no statistical diffrenceswvereobserved in the familiar object (R=0003.

The DR measurement was also calculaemonstrating thaf\lox15"~ mice could not
discriminate between the object that has remained in the exact location and the object that has
moved to a new locatiorrompared to WT micas shown irFigure 32 C (0.475+0.028 vs
0.73+0.025P=0.0009. Additionally, one samplaonparametric Utest confirmed that the
preference for the object in the new locatwas just below chand®5. FurthermorgAlox15

" male mice displayed significantly decreased mean distance travelled from the centre of the
arenathan WT miceas shown in Figure 32 (®=<0.0001).

Spatial memory Test Phasé 4-15 months of ageSimilar behavioural domainscluding

the cumulative duration ithe inner and outer zonelocomotor ancexploratory activity the
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contact time with the object that movéal the new place, the DR measurement, and the
locomotor activity were assessead the previous time poin&-13. In particubr, the middle
agedAlox15" male micedisplayed similar spatial memory deficits as the Alox15" mice,

as shown in Figures 335. The DR measuremeat 13, 10and 7 months showed thaliox15

" malemice could notdiscriminate between the object tiséayedn thesamedocation and the
object thatvasplacedin a new location, adlustratedin Figure33 C [(13 months: 0.49+0.025
vs 0.67+0.021P=0.00@®) (10 months: 0.54+0.031 vs 0.71+0.0¥2:0.0048 (7 months:
0.62+0.021 vs 0.73+0.02P=0.0433 (4 months: 0.70+0.039 vs 0.757+0.03@spectively]

In contrasttheyoungAlox15" micewere able to discriminate between the object in the same
location and the other object that movexthe new placecompared to WT mice, as
demonstratech Figure 36.

Collectively DR datai4-15 months of agefaken togethemla twoway ANOVA analysed the

DR data from the five different time stagesi t h Bonf erroni s mul tip
revealingthat Alox15" malemice demonstted asignificanteffect ofagein spatial memory

decline(F (4, 212) = 4.131, P=0.00@igure37 A). Conversely the agerelatedinteraction in
spatialmemorydeclinewas notsignificantin femalemice[(F (4, 110) = 1.807 , P= 0.1316

and also separately the DR dit& months0.43+0.023vs 0.63+0.022,13 months0.47+0.038

vs 0.63£0.029 10 months0.50+0.042 vs0.65+0.031, 7 months0.62+0.031 vs0.68+0.031 4

months: 0.7+0.057 vs 0.%6+0.047] (Figure37 B).
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A Sample Phase: Time point 15 months of age
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Figure 31. Alox15" male mice displayed significantly less mean contact times (sec) dur
the two Sample Phasedata wereanalysed by repeated measures ANOVA with the s¢
phases as a within subjectsé factor an
as Tukey box plots with mean £ S.E.M. n=29 pergenotype * * , *** and
pO0. 01, pO0.001 and pO0.0001 for genot
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Figure 32. A. Alox15" male mice, aged 15 months, spemarkedly less time in the center ¢
the arena than WT miceduring TP. B. Alox15" male mice interacted markedly less with th
object in the new location compared to WT mice. C.Alox15" male mice were not ableo
discriminate between the object in the same location and another object in the new locati
D. Alox15" male mice displayed significantly decreased mean distance (cm) travelled from
centre of the arena.Data wereanalysed by a repeated measé®©OVA with the zones andbjec
locatonas a within subjectsd factor and gen
Tukey box plots with mean + S.E.M. n=29 per genotype * * , *** and *
pO0. 01, pOO0. 00 genaypedconpadifonsOréspettivelyo r
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A Test Phase: Time point 13 months of age
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Figure 33. A. Alox15" male mice, aged 13 monthspentmarkedly less time in the center ¢
the arenaduring TP. B. Alox15" male mice interacted significantly less with the object |
the new location C. Alox15" male mice werenot able to discriminate between the object i
the same location andanother object in the new location D. Alox15" male mice displaye:
significantly decreasednean distance (cm) travelled from the centre of the arenaData were
anal ysed by a repeated measures ANOVA w
factor and genotype as the between subj

+ S.E.M.WT (n=26) andAlox15" (n=28)*, ** *** and ***repre s ent p O0. 05,

and p OO0 geh@ypelconiparisons, respectively
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A Test Phase: Time point 10 months of age

* %%k

—
—~ 600~
=+ =
g O3 Alox15”-
= 4004
o
-
a
QO *kk
2 200~
[}
S
£ o
(&) 0- T
o‘& o‘&
4% v
& &
KX &
» X
40+
| * | o WT
I -
O 30— O Alox15
A
£ —
S 20
- B
(8]
: T
S 10-
° =
A B =

N N
O O
o~ o~
o o
v v
« &
P A\
i * k% i
| 1
1.0- I l
2 B —
5 0.8-
S 0.6
‘6 ................... e e e s e
£
£ 044
|
(8]
2 0.2 —
fa
0.0 T T 1
\é
\0*
v

116 Page



* %%k

8000+ | ]

6000+

4000+ —_—

2000+

Distance moved (cm)

o

Figure 34. A. Alox15" male mice, aged 10 months, spentarkedlyless time in the center ¢
the arenaduring TP. B. Alox15" male mice interacted markedly less with the object in tt
new location C. Alox15" male mice werenot able to discriminate between the object in th
same location and another object in the new locatiorD. Alox15" male mice displaye
significantly decreasednean distance (cm) travelled from the centre of the arenaData were
analysed by arepeatedmeases ANOVA with the zones an
factor and genotype as the between subj
+S.E.M.n=Zpergenotypg , **, *** anpnd **** represen
for genotype comparisons, respectively.
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A Test Phase: Time point 7 months of age
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Figure 35. A. Alox15" male mice, aged 7 months, spemharkedly less time in the inner zone ¢
the arenaduring TP. B. Alox15" male interacted markedly less time with the object in the ne
location. C. Alox15" male mice were able to discriminate between the object in the same loca
and another object i the new location D. Alox15" male mice displayed significantly decreast
mean distance (cm) travelled from the centre of the arenaData were analysed by a repea
measures ANOVA with the zones and o bnptge astr
bet ween subjectsdé6 factor and displayed as
*x o x*xx gngd **** represent p OO0 gehdiype conPparisof
respectively.
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A TestPhase: Time pointi 4 months of age

|: t
X -~
= 0O x
= ~ O
S < WN
0o 00
I :
I
~
A\ -
() (o)
S % b
(o) P4
%,
v L H [

-y LHTH

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

(99s) uoneing aAe|NWND (99s) aw }o€3UO0Y oney uoneUIWLIASI




8000+ L * I
e | 1
g P—r
< 6000+
T
g I
(o]
€ 4000+
§ =1
S 2000-

7}
o
0 -
\0
N +\‘°
?30

Figure 36. A. Alox15" male mice, aged 4 months, spemarkedlyless time in the inner zone «
the arenaduring TP. B. Alox15" male spent less contact time with the object in the ne
location, but this was not significantC. Alox15" male mice wereable to discriminate betwee
the object in the same location and another object in the new locatioD. Alox15™ male mice
displayed significantly decreased mearistance (cm) travelled from the centre of the aren
Data wereanalysed by a repeated measures ANOVA with the zones and object location as
subjectsd factor and genotype as the bet
mean + S.E.M. n=29 per genotype, * *, *** and *gOG. Oleprp
p O0 . 0 Ogénbtype @omparisons, respectively.
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A Test Phase: Time points 415
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Figure 37. Alox15" male and female mice displayed markedly decreased DR in spatial mem
over five different time points, 4 months, 7 months, 10 months, 13 months and 15 months of
Data were analysed by a repeated measures ANOVA with the five different age points as
subjectsd factor and genotype as the betw
S.E.M. n=29 per genotype, **, *** and ***tf, K reP0eB@hta
genotype comparisons, respectively.
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4.5 EXPERIMENT 3: SPONTANEOUS ALTERNAMAEEN T

ii.  Alox15 male mice showed spatial working memory deficits compared to WT aged
15 months

To further investigate whether the cognitive deficits in hippocasdepéndent processing
spatial informatiorextended to other behavioural teg{k)x15" mice were also subjecteddo
spontaneous alternation-riiaze paradigmTo evaluate their spontaneous alternation, a
measure of spatial working memory and their exploratory activityx15- and WT mice,

aged 15 months, were allowed to freely exploreTthmaze 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 alternatiof only the morning sessions was calculated.

Working memory 15 months of ageResults from this task can be seen in Fige8eA,

indicating that Alox15" mice performed poorly across the training sessions and had
significantly lower spontaneous alternation scores compared tmaigphed WT control mice
(48929 £1.303vs 65.285 + 1.344 P=0.0019). Furthermorethe time taken to complete the

total number of 10 trials during the morning session was recorded to measure gross exploratory
behaviour, as shown in FiguB& B. Alox15" mice completethe 10 trialon averag@80 secs

in the morning sessions, significhnslower than the30 secdy thewild-typegroup of mice
(289.286+6.668vs 133214+ 4.245, P=0.000).
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A Time pointi 15months of age
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Figure 38. Alox15" male mice displayed markedly impaired spatial working memoryA. The
percentage of spontaneous alternation rate in4mae was significantly reducedAfox15" mice
B. Significant differences in the total time to complete 10 trials in the morning session:
spontaneous alternation task. Dater@analysed sing MannWhitney nonparametricJ test an
displayed as Tukey box plots with mean + S.E.Ml4per genotypé, **, *** and **** represent
pO0. 05, pO00.01, pO0.001 and pO0.0001 for
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4.6 EXPERIMENTERPM

iv.  Alox15 male mice manifested increased anxidilge behaviour compared to WT
aged 15 months

The EPM has been widely used to assess anxikey behaviour.Further to the previous
memory testsAlox15" mice were examined in the EPM to evaluate their anxiety status and
age effectsBoth groups of mice, WT andlox15" mice, were tested at four differeage
points starting from 7 months and onwards. Theofutime point was 15 months of agehe
below graphs have been produced from these time points, between 29 WT Atak28"

mice and were displayed starting from 15 months of ddgta on the number of entries,
distance travelled and cumulative duratiwere analysedy the MannWhitney U test to
compare the two genotypes

Anxietylike behaviouri 15 months of ageVisual inspection suggested thegedAlox15"

mice made significantly fewer entries to the open areas than cofthelsanalysison the
number of entrieby the MannWhitney U test reveal statisticalsignificance P=0.0002)
(Figure 39 A). Also, the meandistancetravelledby eachgroup of micewas calculatedo
measurghe general locomotive activity in the apparatus simple comparisorshowedthat
Alox15" micetravelled significantly less than WT migethe mazéP<0.00Q1) (Figure39B).

WT mice showed more open arms exploration tAsox15" mice, leading to an increased
overall duration percentage in the open adusng the 1@minute EPM testin particular,
Alox15" micedisplayed 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 miceThere were significant differences in ttemulative duration in open arms
betweenAlox15" mice and WT mice $2.36:1.84 vs 49.93+7.88 P<0.0001 respectively)
(Figure39 C). FurthermoreAlox15" mice appeared to take longer to enter the open arms and
spent less time per entry, resulting in decreased duration in the opencempeared to age
matched WT male micddeatmaps conducting overall exploration in open and closed arms
indicated significant differences in open arm exploration between genotypes #9dye

Anxietylike behaviouii 13-7 months of ageThe middleagedAlox15" miceexhibited similar

anxietylike behaviour pattesias the old mice, as shown kigures 40 and41. Similarly,
young Alox15" mice spentsignificantly lesstime in the open arms thaagematched male
controls (% duration open armé 13 months: 81.72+2.01 vs 52.79+7.310 months:
76.62+2.041 vs 59.38+£26.8bmonths: 68.23+2.23 vs 36.43+23.BExpectively)Figure4?).
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Collectively Anxietyflike behaviouii 15-7 months of ageThe data regardintipe time spent in

open and closedrms from four different time pointswere analysedevealingthat Alox15"
malemice spent significantly less time in open arms, which deteriorated wittFagee43
A). There was a significant effect of age fdox15"~ malemice ontime spent in open arms,
further exacerbated at 13 months of age and onwardstwoway ANOVA (F (3, 156) =
9.683, P<0.0001Figure 43 A). Similarly, the percentages ¢ine spent on open arms in
Alox15" female mice suggested increasedtietylike behaviour than WT micelemonstated
also asignificanteffect ofagein female micq(% duration open armg§l5 months:88.36:1.84
vs 59.931.39, (13 months 8551+2.01 vs 678t1.69, (10 months 83.622.04 vs
68.38:1.60), (7 months:70.23:2.23 vs 52.982.18)] (F(3, 112) = 30.99P<0.000} (Figure43
B).
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Figure 39. Alox15" male mice, aged 15 months, showed greater anxidtige behaviour in EPM.
A. Alox15" mice made significantly fewer entries in the opened areas.. Blean distance travelle(
of the Alox15" mice throughout exploration of the EPM C. Alox15" mice spent significantly les
duration time in the open arms. D. Heatmaps displayed relative exploration of the open and clo:
arms across genotypedata wereanalysed using ManiwWhitney nonparametric U test and sho
on Tukey box plots with mean + S.E.M. ré&=ger genotype* , ok *** and *
pO0. 01, pO0.001 and pO0.0001 for genotype
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A Time pointi 13 months of age
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Figure 40. Alox15" male mice, aged 13 months, displayed markedly increased anxidie
behaviour in EPM. A. Alox15"™ mice made markedly more entries in the closed areas. Blean
distance moved byAlox15" mice C. Alox15" mice spent significantly more duration time inthe
closed arms. D. Heatmaps displayed relative exploration of the open and closed arms ac
genotypesData wereanalysed using ManiWhitney nonparametric U test and shown on Tukey
plots with mean + S.E.MWT (n=26) andAlox15" (n=28) * , * ok *** and *
pO0. 01, pO0.001 and pO0.0001 for genotype
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Figure 41. Alox15" male mice, aged 10 months, showed increased anxidike behaviour in
EPM compared to WT mice. A. Alox15" mice made significantly fewer entries in ope arms.
B. Mean distance travelled by Alox15" mice in the apparatus C. Alox15" mice spen
significantly less duration time in the open arms. D. Heatmaps displayed relative explorati
of the open and closed arms across genotypé&3ata were analysed using MannwWhitney non
parametric U test and shown on Tukey box plots with mean = S.E.M.peryenotypé, **, ***

and **** represent pO0.05, pO0.01, pOO0.oO
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A Time pointi 7 months of age
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Figure 42. Alox15" male mice, aged 7 monthsexhibited higher anxiety-related behaviour in
EPM. A. Alox15" mice made significantly fewer entries in the open areas. .B/lean distanc
moved byAlox15" mice in the apparatus C. Alox15" mice spentmarkedly less duration time ir
the open arms. D. Heatmaps eimonstratedrelative exploratory activity betweenopen and close
arms acrossboth groups. Data wereanalysed using ManiWhitney nonparametric U test and sho
on Tukey box plots with mean + S.E.M. n=29 per genotype * * | *** and *
pO0. 01, pO0.001 and pO0.0001 for genotype
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A. Anxiety-like behaviour - Males
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Figure 43. Alox15™ male and female mice showed markedly increased anxielixe behaviour in
EPM at four different time points 7 months, 10 months 13 months and 15 months of ageate

wereanal ysed by a repeated measures

ANOVA w

factor and genotype as the b etcolumaswithsmednjt 8.E.
n=26 pergenotypg , **  *** gnd ** 0N r g®WO0e OOMNt amdO

comparisons, respectively.
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DISCUSSION

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

Body weight A significant agedependent increased weight gain

Locomotor activity: A markedly agedependent reduced locomotor activity
concerning the distance that they moved and the speed at"
they travelled during HP and TP of various tasks.

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

Spatial memory: A significanteffect ofagein spatial memory declings performec
in OLT task
Working memory: Significantly lower spontaneous alternation scaitd$d monthof

age as showed in spontaneous alternatiemdze task.

Anxietylike behaviour: An agedependent anxiety phenotypehich further exacerbate:
at 13 months of age and onwards,demonstrated in EPM

This study was conducted to understand the effects of normal ageing on the brain and behaviour
in the deficiency ofAlox15gene. These effects were determined at 4 (yourgy, (middle

aged), and 15 (old) months of ageNlox15" mice relative to control mic&heAlox15mouse

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 deficiendjoglL5

leads to a reproducibbnxietyphenotypan mice that appears to worsen with age. A second
main finding suggests that a significant component of spatatory defidis thatAlox15"

mice displayediuring normal agingnaybe associated with the failure of thpocampuso

store differences in contextual information compared to WT mibe HPC is the brain
structure related to processing spatial representationshvilais been linked with theH&C

and the vHPC with anxiety (Bannermanal.,2003). These results suggest thge is also a
controlling factor for the onset of anxiety and memory impairniEmese findings support my
hypothesis that the genetic deletionrAddx15has an impact in the cognitive function in young

or aged healthy mice.

The main result of this chapter is that genetic deletioAlax15 exhibits an anxietyelated
behaviour in mie as measured by EPM, and there is andependent effecThe EPM task
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is used to characterize animals' natural exploratory activity and drive between open arms,
represerdgd as unprotected arms of the apparatus, versus closed arms, considerétsafer.

an increased length of time and a higher number of entries in the open arms are an objective
index of low anxietyrelated behaviour of mice. In contrast, a higher number of entries and
time duration in closed arms indicate an increased anxiety pipenothe results of this
chapter showed thalox15" mice spent more time in the closed arms and less time in the open
arms than WT mice, reflecting the development of an ankietyphenotype. Furthermore,
visual inspection of the heatmaps in EPM taslticates marked differences in the overall
exploration in the open arms between genotypes. Ind&lek15" mice manifested an
increased anxietlike behaviour more severely with age than-aggched WT mice.

This is the first evidence of anxiety behawial phenotype development being linkedtie
genetic deletion oAlox15.The specificity of the anxiety phenotype exhibited¥yx15" mice

at the behavioural level was consistent with the significantly less timAlthlt5" mice spent

in the innerzone during the HP and TP than WT miés. might be expected from tluata
regarding the time spent in the inner zoABx15" mice demonstrate@ reduced cumulative
duration in open arnmas well as aoverall reduced locomotor activity around the nsaBased

on the findingsAlox15" mice spent significantljesstime in the inner zone thawT mice,
showingoveralldecreased locomotor activity around fhienaze the EPM apparatu$hat has
confirmed the validity of the third behavioural task, EPM, as an index of adiety
behaviour.

The anxiety phenotype is broadly consistent with published worlddsyi et al., which
demonstrated that the manipulation Alox15 causes signifiaa changes in anxietijke
behaviour and deteriorates with ageshiet al, 2014). More specifically, the effect of age
associated anxietjke behaviour is similar to genetically deleting or ceapressing this
enzyme. Based on this finding, it is ingad that ageassociated anxiety behaviour may be
influenced by an equilibrium of the downstreakox15 pathway, lipid metabolites, and
mechanisms that might change the brain system. Another published work from the same group
has shown that the genetic dala of 5Slipoxygenase, a related enzyme that converts
arachidonic acid to leukotriene metabolitefich arefatty acid signalling molecules, results

in a similar anxiety phenotype. In their studypx5"~ mice did not manifest any anxielike
behaviour at 3 months of age as measurddRiyl; however, at 6 months of age and onwards,
they exhibited increased anxidtige behaviour compared to WT contro{doshi,et al, 2011;
Joshi,et al, 2013)However|] ast year, an article published

Prati co, Yoshi, and their coll eagues6 St u
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https://forbetterscience.com/2020/10/22fratfalls-of-domenicepratico/. The controversy

was about identical WB results betweefiatent mice across 4 different papeais they were

not in the same bloThus, his previous work may needeealuation.

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 preferencesideatwes of
objects or an object array (Warburtetral, 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 findinth&t the genetic deletion &flox15is
associated with hippocampal deficits as measured by the OLT task. Specifiladlh5” mice

spent significantly less time interacting with the object that moved into a new location than
WT mice. Disruptiorof objectposition information is associated with impait@gdpocampal
function(Warburtoret al, 2010; Barkeet al.,2011).The datasuggests an agelated decline,
occurring mainly between 7 to 15 months of age. Similarly, ferAllg15" mice showed a
significant agerelated deea® which is more severely with age in spatial learning and
memory compared with ageatched WT females. In general, these findings support the
conclusion that the impairment in spatial memory tesstst a result of sensory deficits.

As a measure of spatiearning and memory function, another test was used to evaluate the
spatial working memory, the spontaneous alternation inn@aZe (Lalonde, 2002). In this
chapter, it is suggested that the performanceAlok15" 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. @ttah 1979, suggested that the
ability of animals to display this tri@pecifc memory demonstrates a form of working
memory. Typically, this task probes the decismaking 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 tfemiliar one, showing an alteration behaviour (Deagbal.,
2006).This paradigm was chosen because it combines the evaluation of both spatial working
memory and motor function while retaining a relativielysnon-stressful environmenwu et

al., 2018. The results of the -Tnaze task showed thatox15"- mice displayed aignificantly

lower spontaneous alternation ragtween arms, as opposed to the revisiting of the recently
explored arm, compared to WT micklso, the behavioural patterns exhibited significant
differences in the locomotion activitidetween the genotypeslox15”~ mice were mainly
characterized by hysical immobility and some signs of stress observed during their

performanceTherefore, the significantly reduced alternation performance on-thaZg task
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might be correlated with the hippocampal deficits, confirming that®@plays a crucial role

in exploratory behaviouiGerlai, 1998). However, the pattern of spatial deficits across two
tasks strongly suggests that the genetic deletiohlm{l5has detrimental effects on spatial
learning and memory.

Conversely, the findings from the NOR task reveal thatbo&15" mice could discriminate
between the familiar and the novel object during TP, as these mice have encoded information
taken from tle SP. Interestingly, Figure 13 illustrates tWddx15" mice showed a trend
towards reduced DR as they did learn the information of the objects during SP to the same
extent as the WT mice&ollectively, the data from DR ranging from 7 to 15 monthsgx
showedthat bothAlox15"~ male and female micdemonstratedan agerelated decline in
recognition memorgompared to agmatched WT micebut it was not significaniThe lack

of statistical power in the NOR behavioural data may be due to the sampleéasimer, it is
noteworthy to mention thacreasing the sample size, may not necessasiylt insignificant

results Notably, Alox15" micewere able to discrimate between thvo objects(familiar and

novel) at a rate significantly above chan@, indicating that there was no impact on their
processing of recognition memory associations

Furthermore, the findings from Chapter 3, stating flax15" 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&PRarA visual inspection

of the weight data indicates that Atox15" mouse, which weighed 65 g, was more anxious
when aged 15 months compared to when this mouse wamths. These data suggest that
Alox15" mice, with the most prominent weight difference, were more anxious at 15 months;
however, when these mice aged 7 thenthey weighed less and were less anxious.

The findings of the EPM test implied thd¢creased overall locomotor activity and increased
anxiety |like behawvoxddmi wereompamed i tho amiedld!| e
mice ( 15, 13, and 10 mopt ks 0.0000alge E < OmoOnOtlh
respectively) In particularagedAlox15" mice travelled significantly shorter distances across

the maze and were more anxious than the youngest to raigetegroup, as thewasa n a g e
dependent increase in tpercentagd¢ime spent in the open arms in the ERMNhich further
exacerbated at 13 months of age and onwards (Figurd'i8)mean distance of agatbx15

" 'mice moved throughout exploration of EPM wd$d cm; however it was 2200 cm at 4
months of ageSimilarly, the results from Chapter 3, demonstraang age dependent

in locomotor activity whichwas observed in the open field test
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To the besof my knowledge, the work presented in this chapter provides the first evidence for
selective memory deficits followinglox15 deletion. It is important to note that no other
published study has investigated the role ofAlex15genein normal cognition and anxiety

as a function of age. Consequently, significant questions remain regarding any possible
involvement ofAlox15" mice in bran health. These results suggest a novel role fohliwel 5
genein normal brain function.

There are no relevant clinical studies regarding the role of 42006 lipid products in
neuropsychiatric disorders, except for a study conducted il@2’- Korean cohort, in
which polymorphisms in th&lox12 were associated with schizophrenia 8skh as rc1042357

in the recessive modgKim et al, 2010). The aging brain is a lipidrich organ and is
susceptible to oxidative stress iigontains high conedrations 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
(Gemmeet al, 2007)

In summary, the present study reveals a novel role foklthel5pathway in the pathogenesis

of anxietylike behaviour, which could be helpful for later life in dissecting the
pathophysiology of anxiety disorders. Ultimately, this study demonstrategetietic deletion

of Alox15increases anxietlfke behaviourin mice leading to an ag#ependent effect. These
findings indicate that aing is associated with gradual changes in behaviours related to
locomotor activity, anxietyike behaviour, and spatialemory deficits from young to old age.
The following chapter will investigate whether the changes in ankletybehaviour noted in
Alox15" 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 4pehavioural tests were used to evaluatectignitive function and anxietijke

behaviour utilizing Alox15" male compared witragematched control WT micat five
different developmentatageg4, 7, 10, 13 and 15 months of agE)e main finding was that
Alox15" mice displayed an anxietike behavioural phenotype that appeared to worsen with
age.

Next, in this chapte’Alox15"and WT nale mice, from the last tiragoint at 15 months, will

be used tanvestigate the expression levels of four protein markers proposed to associate with
increased anxietyelated behaviouras shown in Chapter #Mainly, this study will elucidate
thevalidation and localization of these proteins of interest in the ventral and dorsal subregions
of theHPC of aged mice. The goal is to examine any possible neurobiological correlations of
anxietyrelated behavioural changes.

In Chapter 1, an overview of the ralEseveral neurotransmittsystems in regulating anxiety
related behaviour in mice, including parvalbur(i®V), GABAergic, corticotrophirreleasing

factor and serotonergic receptors, was introduced with emphasis on the hippocampal area.
Although heHPCis 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 (Kimt al.,2002; Moodleyet al, 2004; Hillet al.,2015).Hippocampal brain
imaging and behavioural data in str@sduced rodents with anxiety disorders indicated a
significant reduction in the region volume and impaired memory task performance (\w&n Tol
al., 2010; Bannermast al.,2014).

5.2 Anxiety and thelPC

Several neurotransmitter systems have been implicated in regulating aelaétyg behaviour

in mice, includingPV, GABAergic, corticotrophirreleasing factor and serotonergic receptors
(Andrewset al.,1994; Fileet al.,1996; Za et al,, 2016; Paget al,, 2019; Sloviteet al.,1999;
Schuleret al.,2001; Pilcet al.,2005; Bookeet al, 2013; Giachinet al, 2014). The following
sections will review the putative role of these pathways in anxiety. HP€ has been
extensively studied regarding its function in declarative and spatial memory formation and its
implication in emotional information relevant to xaety-like behaviour (McEwen., 1999;
Deacornet al.,2002). TheHPCis severely affected by agelated disorders and shows many
molecular and cellular changes in normakiag. Coronal brain sections will be used to

investigate multiple protein expressitavels and localizations of GABA PV, 5HTia, and
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CRF in the ventral and dorsal subregions of tHBC immunohistochemical analysis in
conjunction with confocal microscopy between aged rA#d&15" and WT mice.

A Gamma-aminobutyric acid receptors(GABA)

GammaAminobutyric acid (GABA) functions as thehief inhibitory neurotransmitter in the
brainaccounting for 15% of the total neuronal functiptaying a critical role in the regulation

of many physiological and neurodevelopmental processes éSkadl.,2003; Bettleret al.,
2014).GABA is synthesized frorthe amino acid glutamate enzyme as a substratestaction

of glutamic acid decarboxylase (GAD) enzyme that catalyzes the decarboxylation of glutamate
to GABA (Klausbergeeet al, 2008; Bhaet 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: GéPocated in neuronal soma, and GADGE5 on the axons (Zhao
et al., 2013; Groneet 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 viaafetstgionotropic GABAx
receptorswhich are liganehated ion channelndopen chloride channels, and also via slower
acting metabotropic GAB#Areceptors, which are broadly expressed in the brain with the
ability to modulate synaptic transmission throughout the CNS (Bowery., 1989; Millan., 2003;
Emson., 2007).

Presynaptically, GABAreceptors are present at inhibitory terminals and coupled tw G

GO protein through the family of GPCR, which inhibit voltag@ted calcium (C3) channels
(acting as autoreceptors) (Padgett al, 2010; Chalifouxet al., 2011) (Figure 44).
Postsynaptically, GABAreceptors are present at excitatory terminals dbvate other
receptors that inhibit the release of other neurotransmitters, such as glutamatergic interneurons
(acting as heteroreceptors) (Keet al, 1995; Brambillaet al, 2004). Activation of
GABAGg receptors is mediated via potassium channels, whiattion as a heterodimer of two
subunits, R1 and R2, necessary for G protein signalling, that inhibits neuronal activity resulting
in membrane hyperpolarization (Cryanal.,2004; Kotaket al.,2013; Bookeeet al.,2013; Li

et al., 2017). This may leado 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
disorcers (Caillardet al.,2000; Schwalleet al., 204; Bebarroclet al.,2012; Volmaret 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 netwsarkl,as the regulation

of the synchronization of the neural networks (Klausbezgat.,2008; Lehmanet al.,2012;
Pelkeyet al., 2017).Their distinct morphology defines hippocampal GABAergic systems,
synaptic connectivity andontribution to the praessing of anxietyike information
(Klausbergeret al., 2008). Disruptionof 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 (GnzalezBurgoset al.,2011).

Roughly all neurons and glial cells express the GABZceptors; thus, their activity affects
many systems in the CNS and behavioural states. Recent functional studies have highlighted
the role of GABA receptors in modulatingnxiety (Giachineet al, 2014; Degreet al.,2015;
JuradeParraset al.,2016; Bookekt al.,2020). Several studies investigated its role by utilizing

KO mice for GABAs receptors which displayed prominent anxieglated behaviour assessed

by various ariety paradigms (Felicet al.,2016). Anxietylike behaviour was evaluated in

mice by investigating the approaakioidance conflict, such as the EPM, open field, and-light
dark box, as they are the most validated tests (Bailey., 2009). A preclinical lspudy
Mombereauet al, 2005 demonstrated that mice lacking GABReceptos manifested an
anxietylike behaviour, as assessed in several paradigms, including theldighbox and

EPM.

Benzodiazepines, which act through GABFeceptors, have been extengyprescribed as
anxiolytic drugsfor depression, epilepsy, insomnia, anxjetydthey may not be the most
effective and safe treatment of anxiety disordirs to side effects associated with sedation,
ataxia, cognitive impairment due to neelective mding Conv er s el yaclofenpa 1980606
GABAGg receptor agonist, hdseen discovered and igxiolytic-like effects in several tests

was found to be a promising therapeutic strategy, with fewer side effects than benzodiazepines
(Cryanet al., 2004; Cryaret al.,2005). Notably, baclofen has been reported to reverse the
anxiogenic response induced by withdrawal from chronic diazepam and alcohol treatment in
rodents (Fileet al.,1991; Fileet al.,1992). Moreover, clinically baclofen reversed the anxiety
associated with pogtaumatic stress and panic disorder (Drakel.,2003; Breslowet al.,

1989; Jacobsost al.,2005). Nevertheless, the role of GABAeceptors and the underlying
mechanisms in modulating anxiety are not fully understood (Krgsall, 2002; Brambillaet

al., 2003; Lydiard., 2003).
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A study by Mombereawet al., in 2004 showed that GABA’ 'mice, lacking functional
GABAGg receptors, were more anxious than WT in widely used anxiety paradigms, such as in
the lightdark box and staircase tests (Momberetual., 2004). Specifically, in this study,
GABAg '/ 'mice showed a significant decrease in the time spent in the lighoragrated a
significantly reduced number of liglfark transitions compared to WT mice, as well as a
reduction in the number of steps climbed compared to WT mice (Mombetedy 2004;
Mombereatet al.,2005).In addition to this behavioural approachpther approach targeting
chronic and acute administration of GS39783 in GABAmice, a novel GABA receptor
positive modulator, demonstrated a decreased anxiety in thedagktoox test for anxiety
related behaviours (Mombereaet al., 2004). These mailts showed that deletion of
GABAGR receptos resulted in a more anxious phenotype in mice, suggesting that activation of
GABAGg receptors decreased anxiise behaviour. Another study by Cryast al,

2004 demonstrated that acute administration of G839displayed an anxiolytic profile in
mice in the elevated zero maze and stiedaced hyperthermia tests (Cryahal, 2004;
Jacobson and Cryan2008). Supporting these findings, this positive modulator of
GABAGB receptors may serve as a novel therapesitategy for developing anxiolytic effects.

In summary, these observations will direct the hypothesis that activation of g&A8Aptor

leads to reduced anxietglated behaviour in mice.
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Figure 44. The underlying mechanism of GABA receptor activation in the HPC.
GABAGg receptors are heterodimers of two subunits, GABA(1) (blue) and GABAs(2) (violet).
Presynaptic GABAautoreceptors modulate neurotransmitter release via voltage ac
C&* channels, whereas GAB/Aeteroreceptors inhibit the release of several other neurotrans
(e.g. glutamate). Metabotropic GABAeceptors are activated by spilleder GABA (dds). Adapte
from Kulik, et al., 2003

A Parvalbumin (PV)
Parvalbumin (PV) is a protein that belongs to the category of intracellular free calciia (Ca
binding proteins, along with calbindin-28k (CB) and calretinin (CR) (Schwalletal.,2002).
Undoubtedly, PV was found to be a marker for the most-kvelivn subpopulation of
GABAergic interneurons (Urakawet al, 2013).
The parvalbumirexpressingnterneurons (PMNs) account for 40% of the total GABAergic
inhibitory population (Xuet al, 2010). PVINs 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-8dhtaining GABAergic interneurons
resulting in significant changes in calcium homeostasis (Zattd],2016).
According to detailed mapping of the PV+ cells, mostgdéitive interneurons are abundantly
expressed in multiple brain regions, especially in the cerebral cortadR@dCelio, 1990).

Specifically, PVfpositive cells are widely distributed in th#”C, atgranule cells in th®G
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and CA3, CAl pyramidal cells (Godavartti al, 2012; Bezaireet al, 2013; Zaletekt al,

2016).

Electrophysiological studies have shown that the properties diNB\are characterized by
their typical fastspiking phenotype, mainly at the level of tH®C (Kawaguchiet al.,1987;
Fuchset al.,2007; Huet al.,2014). The signals of these cells araretterized by a rapid
response profileas they fire upon stimulationoordinating the neuronal activity at high
frequency, and adapting at low spike frequerRRy-Ins can covert an excitatory input signal

to inhibitory signal within millisecondGoldberget al.,2008; Huet al.,2014; Bartholomest

al., 2020).PV-INs target the body cells and axons of dendrites of their hippocampal target cells
and control the output of pesynaptic neurons via feedforward and feedback inhibition along
with the highfrequency synchronisationd( et al.,2014).

Several studies have highlighted the role of hippocampal cENs in anxiety. An
immunohistochemical study by Czet al in 2005 in adult male tree shrews, which were
subjected to a-Bveek session of stress, showed a significant reduction of the number of PV
immunoreactive interneurons in the DG, CA2 and CA3, while no changes were detected in
CALl (Czehet al.,2005). Thusthe authors demonstrated that chronic stress caused anxiety,
which was associated with decreased” RMerneurons. However, these reductions were
prevented by treatment with fluoxetine or SI3Z3, antagonists for the novel neurokiiin
receptor (NKR) to correct the dysfunctiofCzehet 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 reductiorttie number of PV+ interneurons in all regions

of the HPCwas noted, whereas, in thelRC, a significant decrease was detected only in the
CA1 subregion (Czeht al.2015).

Another interesting study by Godavarghial, 2014 showed that Ube3a deficientenshowed

a dramatic dowsregulation 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 inhedl83A gene and
reduced synaptic plasticity; AS mice show increased anxiety and reduced hippocampal PV
expression compared to WT. The anxikkg behaviour can be partially reversed by treatment
with fluoxetine, a selective serotonin reuptake inhibitos€laf antidepressants (Godavaehi

al., 2014). Further evidence of the role of PV immunoreactivity in mice comes from a recent
study by Denget al (2019), who showed reduced PV interneurons in the ventral CAl

hippocampal area after two months of socsallation being single housed for 8 weeks
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compared to groupoused mice Similarly, a study by Murthgt al.,(2019) utilized mice with
repeated maternal separatigith early weaning (MSEWpr 8 hours from Pg16and showed
increased anxietin their adilthood confirmed byEPM and reduced intensity of PV in the
vHPC compared to control@Murthy et al, 2019).

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

A Corticotropin -releasing factors (CRF) receptor

The corticdropin-releasing factor (CRF) is a hormone and neurotransmitter mainly synthesized
in the paraventricular nucleus of the hypothalamus (PVN). CRF receptors-avap(@d
receptors that bind to the adrenocorticotropin releasing hormone (ACTH) and playcdekey
in regulating the neuroendocrine and behavioural response to stress, including emotion and
anxiety, via the hypothalamigituitary-adrenocortical axiHPA) (Reulet al, 2002; Wangget

al., 2017). Under stressful conditions, ERS released from theVN and activates CR
receptors resulting in the secretion of ACTH into the bloodstream (Risbeiugjh 2006).
ACTH, in turn, activates ACTH receptors in the adrenal cortex, releasing glucocorti@ids
HPA axis; cortisols in human and corticosterone in rodents to inhibit the CRF prod@etien

et al.,2000).

There are two main subtypes of CRF receptORF receptor type 1 (CRIFeceptor) and CRF
receptor type 2 (CRFeceptor) (Contarinet al.,1999). In rodentshe CRF. receptor is widely
distributed in the cortex, limbic regions and brain st mediates behavioural changes
associated with anxig{Contarinoet al.,1999; Risbrouglet al.,2006).

Interestingly, animal studies suggested that the overexpression efr@Rptor due to stress
responses are particularly implicated in the eanget of significant anxiety disorders.
Notably, knockoummice with deletion of the CRFeceptor displayed decreased anxiéiy
behaviour as revealed by tB®M and reduced anxiety in the Black and White test box
(Contarinoet al.,1999; Baleet al.,2002; Van Gaaleet al, 2002). Similarly, Smith and his
cdleagues showed th&RF: deficient mice exhibited significantly reduced anxikke
behaviour with respect to control mice and displayed dysregulation of the HPA axis €bmith
al., 1998). Also, a study utilizing condition&@RF; knockout mice showed sigicantly
reduced anxiety where CRWas inactivated in limbic system structurgsmpared to null
mutants while there were no alterations in basal H&A&tem activity. The behavioural

analysis was deduced from the liglark box and EPM paradigms, impigi that the anxiolytic
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effects of CRE receptors can be independent of HPA axis activity and, more importantly,
thatCRF. modulates increased anxieglated behaviour (Milleet al.,2003). Similarly, Lu

et al.(2008) used a knoek mouse model that perts overexpression of Rn the temporal
lobe, resulting in increased active streeping behaviouas Open Field test and restraint stress
confirmedLu et al.,2008).

Another transgenic mouse model overproducindg-QRBceptor has been generateévaluate

the anxietylike behaviour in behavioural paradigms relevant to anxiety. The overexpression
of the CHF1 receptor in mice resulted in reduced exploratory activity in novel areas and
increased anxietlike behaviour as a ligkdark exploration boxX\(an Gaaleret al.,2002).

Based on the previous results, the hypothesis is that the increased expresse@ Rif
receptor is associated with more significant anxiety in the hippocampal subregions.

A Serotonin receptors (5HT)

Serotonin (Bhydroxytryptamine or 5HT) is a monoamine neurotransmitter widely distributed
throughout the CNS, mainly originating from the raphe nuclei in the midbrain (Jaczlzen
2011). 5HT acts as a multifunctional neurotransmitter in the brain with roles in regulating
moad, sleep, stress, emotion, sensory processing, cognitive functions and as a hormone in the
periphery (Ogremt al.,2008; Bergeet al.,2009; Lamet al.,2010; Yadav, 2012).

Among the 14 different-5T receptor subtypes, thebbl1a receptor has receivetiea most
attention because of its association with anxiety and depression (Toth., 2003:Gzanizet

al., 2014). The BHT1A receptor, like most of the-AT 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 (Rdrk&, 1998). Thestructural
location of the brain H1T1a receptor identifies synaptic proteins and hence is operated both
presynaptically and postsynaptically (Hamon., 2000).

Presynaptically, 81T1a receptors regulate-HT release from axon terminals and act as-auto
receptors located on soma and dendrites@fotonergiceurons in the raphe nuclei (Lessth

al., 2005; Hannoret al., 2008). It has been reported that presynaptic &aHiCtivation by
agonist leads to the reduction of serotonergic neurons, suppressiciiofrélease and
consequently release oftbT signalling at downstream target receptors in its projection areas
(Parkset al.,1998; Palchaudhust al.,2005).

At a postsynaptic level,-BIT1a heteroreceptors are distributed in rs@rotonergic neurons,
primaiily in the limbic structures, including hippocampal pyramidal subregd@s prefrontal

cortex and amygdala (Zhuaegjal.,1999; Sibilleet al.,2000). Remarkably, the serotonergic
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innervation of thedPCoriginates from the dorsal and median raphe nuatesuch, the-BIT1a

is expressed in the early stages of embryonic development in the pyramidal and granular cells
of the HPC (Pompeiancet al., 1992; Rojaset al., 2016). TheHPC receives an essential
serotoninergic projection, resulting in a high expras of 5HT1a heteroreceptors in the brain
(Hensleret al, 2007). The activation of postsynaptitlF1a heteroreceptors is associated with
regulating their activity through dendrites of glutamatergic projection neurons and axon
terminals of GABAergic inhibitory interneurons (Riatlal.,2000; Santanat al.,2004). Thus,

this pathway is mediated via seemaurotransmitter systems and involved in the regulation
of synaptic plasticity, cognitive functions, emotional processing, and the pathophysiology of
mood and anxiety disorders (Sibiké al.,2000; Varnat al.,2004; Christoffelet al, 2011)
(Figure4b).

Strong evidence suggests that the serotonergic neurotransmitter syste&hin modulating
several processes relevant to anxiety (Toth., 2003; Akirabah,2009).A mouse model with
deficiency or low expression levels of théH31a receptorwas generated independently in 3
labs from different genetic backgrounds and examined under similar condievesviourally,

mice with deficiency ofthe 5-HT1a receptor demonstrated an increased anxiety phenotype
associated with a reduction in tH®Candcortex using behavioural paradigms, such as EPM,
zero maze and open field and novedtyppressed feeding tests (Heigeaml., 1998; Parkset

al., 1998; Rambozt al., 1998).Immunocytochemical studies revealed the localization of 5
HT1a receptors in prefrontal cortical neurons (Goodfelival, 2009).

Further evidence comes from Jacobséml. (2011), who used Pt null mice,resulted in
deficits in serotonergic systewhich manifested an anxiety phenotype. They argued that 5
HT1A receptor expression levels were-nggulated in theHPC but downregulated in the
striatum and cortex of P&t knockout compared with WT mice. These findings were
assesseih situ hybridization and immunofluorescence (Jacobstesl.,2011). The following
year,in-situ hybridization and immunofluorescent work carried out by Czesak and colleagues
revealed that HT:» MRNA and protein were increased in the dorsal raphe region, and
postsynaptic 81T1a receptors were dowregulated in the frontal cortgzesalet al.,2012).
Pharmacological studies showed that acute administratiorHdfia receptor agonistsuch as
8-OH-DPAT, into the dorsal and median raphe nualesulted in anxiolytic effects in animal
studies.Also, the acute stimulation of the postsytiafb-HT1a receptors in the dPC results

in an anxiogenic effect in the EPM ta@ndrewset al.,1994; Fileet al.,1996).

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

of postsynaptic 81T 1a receptors is responsible for increased anxiety levels, whereas elevated
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5-HT1a autoreceptor expressiosassociated with depression and resistance to chronic SSRI

treatment.

Presynaptic Postsynaptic

Somatodendritic

region - HPC

Astrocyte

Raphe

A 5HT
W 5-HT:1a presynaptic autoreceptor
Bl 5-HT1a postsynaptic heteroreceptor

Figure 45. Distribution of 5-HT 14 autoreceptors and heteroreceptors in the brainActivation of 5
HT.a autoreceptors is located at the cell body and dendrites. IiHB@the 5HT1a postsynapti
receptors. Adapted from de Aguiar, Ré&t.al.,2002.

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

GABAG receptor, CRFreceptor and 5Hil receptor ar@resent irAlox15" malemice relative

to agematched WTmale mice, 15 months of ageln addition, to examine whether they may
contribute to previous behavioural changes from Chapter 4 relevant to dikedbghaviour
compared to WT mice.

1. To evaluate the expression levels dhe 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 andDG subfields of theHPChetween 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 thdHPC
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4. To assess the results of the two separate approaches for each specific marker, including
the percentage of the DAJRbelled positive cells and the average mean fluorescent

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

RESULTS

i.  Parvalbuminexpressingnterneurons(PV-INs) were markedly reduced in thdPC
of Alox15" mice.

The primary subclass of GABAergic interneurons includes those containing the ealcium
binding protein, PV- expressing interneuroBV-INs) (Schwalleret 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 th€ A3, CA1 pyramidal cell layers and granule
cell layer of theDG (Figure46 C, G, K), was significantly higher than thelPCsubregions in
Alox15" male mice (Figurel6 O, R, Y). Similarly, the PV immunoreactivity was markedly
elevated in the subregions of dHPC in WT mice (Figi8€, G, K) relative toAlox15" male
mice (Figure480, R, Y).

Thepercentage dPV immunoreactivity in the vHP@s well as in dHPQvas analysed by
Mann Whitney nonparametric U testor genotype comparisonélox15" mice displayed a
50 % dramatic reduction in the percentag®df cells in the €A3 subregion, a 15 % decrease
in the CA1l area, and a 60 % drop in D@ relative to WT, as shown in Figud¥ A, B, C
(P<0.00001P=0.0001, P<0.00001, respectivel@milarly, Alox15" mice showed marked
35 %- 40 % reduction in the maber of PVYimmunoreactive cells ithedCA3 region, 20 % in
the dCA1 area and a remarkable decrease to 60 % it compared to WT mice, as
indicated in Figuré9 A, B, C (P=<0.00001) MostPV-INs were stained strongly in granule
cell somata anthe CA3 and CA1 pyramidal cell bodiesWT mice relative tdAlox15" mice.
Quialitative analysisvas also performed hylann- Whitney nonparametric U testevealing
that Alox15" mice showed PVmarkedly weakecorrected totafluorescent signal intensity
(CTCFI) in CA3, CAl pyramidal cells layers, as welltas granule cell layers of thBG in
VHPC anddHPC than WT miceas illustrated inFigure47 D, E, F and Figurd9 D, E, F
(P=0.00001, P=0.0001, P=0.0031 vs P<0.00¢xpectively). The lower PV expression levels
generallyled to significantly weaker intensity of PV fluorescent signal&lox15" compared

to WT mice
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Strikingly, PV cell clusteringvas 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 terminaibdison, were similar to

a previous study by Urakawa and his colleagues about the classificatiorpoSRVe neurons

into four major morphological types (Chetal.,2015; Steullenét al.,2010; Urakawaet al.,

2013).
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Figure 46. Comparison of immunofluorescent visualization of the coronal brain sections of 20 m

thickness showing detection and localization oPV in vHPC CA1, CA2/3 and DG. The top panel
corresponds to CA3 subfield of WT mouddPC (A) single channel acquisition of DAPI staining (blut
of cell nuclei (AF405) (B) single channel PV staining AF568 (orange/i@djnerged image of PV in
colocalization with DAPI (D) an overlay imaging on isotype control, rabbit IgG polyclonal, merged
DAPI counterstaining. The middle panel corresponds to CAl subfield of WT mélB€ (E) single

channel acquisition of DAPI stang (F) single channel PV staining AF568 (G) merged image of PV
DAPI (H) merged image on isotype control. The bottom panel correspobd3 dabfield of WT mouse
VHPC (1) single channel acquisition of DAPI staining (J) single channel PV staining AfK§68erged

image of PV with DAPI (L) merged image on isotype control. In contrast, the top panel correspc
CA3 subfield of Alox15" mousevHPC (M) single channel acquisition of DAPI staining (N) sing
channel PV staining AF568 (O) merged image of PV with DAPI. The middle panel corresponds t
subfield ofAlox15" mousevHPC (P) single channel acquisition of DAPI staining (Q) single chaRNel
staining AF568 (R) merged image of PV with DAPI. The bottom panel correspoiis sobfield of

Alox15" mousevHPC (S) single channel acquisition of DAPI staining (T) single channel PV stail
AF568 (Y) merged image of PV with DAPI WT (n=12) aAtbx15" (n=11) male mice, 15 months o
age.Scale bars, 100 m. 151| Page
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Figure 47. Quantification of the percentage number of PV cells and the corrected
immunofluorescence PV signal intensityCTCFI) in all the subregiors of vHPC. The formula used
to calculate CTCF|I was described in Materials and Methdtie. top panel corresponds to tt
percentage of positive cells where all of the ¢étisluding the nucleus evidenced by DAPI stainin
was within the thickness of the section surrounding the cell (A) in the CA3 area (B) in the CA:
(C) in theDG of vHPC. The bottom panel shows scatterplots of signal intensities of PV staining
subregions ofvHPC between WT andlox15" mice. (D) in CA3 pyramidal cell layer (E) in CA:
pyramidal cell layer (F) in the granule cell layeri®. Datawererepresented as signal intensities
the pyramidal cell layer of CA1, CA3 and granule cell lafeéhe DG. Each dot represents an individi
mouse. Data @reanalysed using ManWhitney nonparametric U test and shown on Tukey box plt
with mean + S.E.MVT (n=12) andAlox15" (n=11) male mice, 15 months of age*, *** and **+*
represeringp O0. 05, pOO0. 01, pO0.001 and pO0.0001
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