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ABSTRACT

An importart mechanistic factor of functional recovery following ischemic strokéhés
sprouting of new axongnd repair of damaged axons the region around the infarcilo
induce this axonal growtlregulation of gene expression is requirétthilst some previous
research has characterised a role DPNA methylation(5-methylcytosing 5mQ in this
regulation less is known about what rold, any, oxidised forms of 5mg@erform. 5mCis
oxidised byTetenzymes to form $ydroxymethylcytosine (5hmC), which acts maiadyan
intermediate of demethylation and is therefore associated viittreased gene expressidh.
has been previously shown dh global 5hmC levels increase following ischemic stroke,
although no determinatiomas been made as to how this increase infleefipoststroke axon

growth.

The use of aim vivomodel of ischemic strokkelped to determine that posstroke increases

in global 5hmC are delayed, @idng at 27 days posstroke, and return to baseline after 1
month. The temporal peak in 5hmC coinegwith previously determined peak expressain
axon growthrelated genes, suggesting a potential role of DNA hydroxymetbylati the
regulation ofpost-stroke axon growth vialtered gene expressiofrurthermore, isolation of
specific cell types fromhe postischemic brain revealed thatost-stroke increases in 5hmC
are observed not only in the total c@lbpulation, but also in microglial cells specifically. These
poststroke increases in 5hmC are accompanied by significantreased expression of
microglial activation markersThis therefore suggest that DNA hydroxymethylation is
involvedin the reguldion of the brains innate immune response to ischemic straldeichin

itself hasimplications on posstroke axon growth.



Anin vitromodel of isclemic stroke and reperfusion was also usedetermine a direct effect

of Tetenzyme expression on axon g, with decreased expression o&fP and Et3 each

leading to significantly reduced axon growgdditionally, it was seen thaflobal 5hmC levels

and Tet3 expressiorare significantly increased following hypoxic insdlaken together, this

suggests thaischemiamay act to inducel'et3 expressionin the brain, which subsequently

actstoproméi S FE2ylFf 3INRSGK | & LI NI ndddenoiiskepairOSy (i NI £y

response.

Overall, the body of work detailed in this thesis has revealed a potential role of 5hmC, and the
Tet family of enzymes that catalyse its formation, in the regulation of {strstke axonal
growth. Thougtihe novelty of these finmhgsnecessitates thaturther researchbe performed
to consolidate this effect, it is hoped that this methylomic response to ischemic stroke can be
usedto develop delayed therapeutic treatments aimed at promoting pstsbke axonal

growth and functionatecovery.
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Chapter 1. General Intduction

1.1: Ischemic stroke

Ischemic strokeccurs when blockage of a blood vessel causes a loss of blood supply to brain
tissue, resulting in tissue deathischemic strokds a hugely prevalent disordewith over
100,000 cases in the UK every yeagking it the second leading cause of death and the
leading cause o&dult disability(Stroke Association, 2018schemic strokas therefore a
soure of huge costs for the NHS, which emphasises the importance of finding effective, novel
treatments for the disorder.The only licenseddrug for use in stroke patientsjssue
plasminogen activatortPA) (O'Collins etal., 2006, works by breaking dowthe offending

blood clot via thrombolysismeaning it ismost effective n the few hours following the onset

of stroke symptomsTherefore, its main disadvantage is a narrow therapeutic windg¥acke

et al., 1999. Develofing a therapeutic treatmet for ischenic strokethat is aimed at
promoting mechanisms of functional recovery, such as axonal sprouting, poesént a
treatment with a much wider therapeutic window, thereby addressing the main

disadvantages of currentlysad treatments.

1.1.1: Tmeline of ischemicstroke events

In order to better understand th@athophysiology of ischemic strokend begin to assess
areas of therapeutic interestit is important to congler the timeline of events hHat occur
during the mst-stroke cascadeA broadtimeline of poststroke events is outlined iRigure

1.1



Within minutes of ischemic onset, the core of the lesion experiencstsafad irreversible
damage hat results in cell necrosis. Reduced blood flow results in faillza@ty-dependent

ion channels and pumps due to a reduction in ATP production. The failure of these channels
and pumps causes transmembrane potentials toapsieas N4, K and C&' ions flow freely
along their concentration gradient, subsequently caudiegdarisation and the release of
excitatory neurotransmitters (primarily glutamaté)irnagl et al., 1999 This is accompanied

by activation of proteolytic enzymes, cytotoxic swelling, degradation of the cytoskeleton and
peroxidation of membrane lipid@Vitte et al., 2000. Thetissue immediatelysurrounding he

core is known as the ischemic penumbaa, area thatexperiences castrained blood flow
and,without treatment, can progres® infarction due to ongoing excitotoxicifiHossmann,
1994). Therelease of glutamatérom the ischemic coractivates NMDA and AMPA receptors,
causing excitoxidty and triggering a propagating wave of depolarisation that places
additional metabolic stress on the compromised cells in the penurfMexgenthaler et al.,

2004).
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Figure 11: Broadtimeline of events that occur during the posschemic cascade

Following the onsedf ischemia, necrosis, aptgsisand depolarisation of penumbral neurons
contribute tothe growth of the infarct (ed bars).Immediately following the onset of hypoxia,

the immune responses triggered (purple bars). Hypoxia immediately triggers the innate
immune response, which then activates the adaptive immune response in the days following
stroke. Inflammatioris eventually resolved in the followings weeks/months as cellular debris
is clearedRegions far from the infarct also experience damage (blue bars) as dysfunction of
connected regions distal to thefiarct (diaschisis) occurobrs after onset and persists for
weeks. Axonal degeneration @rurther secordary damage are initiated in the days/weeks
following the ischemic event and can persist for months. Functional recovery in the form of
adaptive plagtity (greenbars) begins houwr after injury in the form oheurogenesis and
angiogenesidn the days/weks following the ischemic event, enhanced axonal growth allows
for neuroanatomical remdelling and functional remgging of functions lost to stroke to new
locations, a process vith persigs for months

Necrotic cell death is not soletesponsible for nfarct growth, with apoptosis also occurring
following ischemic injury albeit in the hours/days following injury. Resthemic apoptosis can
be triggered by the influx o€&* and persistent activation of NMDA receptors, subsequently
altering mitochondrid membrane potentials and triggering the release of Jagmptotic
factors such as cytochrome(Garrido et al., 2006 Apoptosis can also be initiated via the
release of pranflammatory cytokines sttas TN R dzNJApgsBstrofieki§lammatory
responsgPettigrew et al., 2008 Following ischemic injury, the innate and adaptive immune

responses are initiated within hours and can persist for weElgu¢el.l).



Whilst much of the diability due to strokeis caised by cell death within the infarct, some
dysfunction is due to degradation in areas that are distal to the site of injury but still
anatomically connected to the infarcted area (defined as diaschisis), which occurs within day
of the ischemic evemn Themain contributing factor to diaschisis is thought to be functional
deafferentation, although brain swelling and altered inhibitory neurotransmitter signalling
have also been shown to be responsilfleinger et al., 2004 Alongside diaschisis,
degeneration of axonal afferents from within the infarct occurs, which causes increased
release of pranflammatory cytoknes and subsequent sendary damage and atrophy of

peri-infarct tissug(Wang et al., 200y

1.1.2: Poststroke immune response

In ischemic strokeéhypoxia caused by a lack of bloalw leads to the activation of the central
nervous syster@® immune response, which involves an immediate farrasponsefollowed
by a delayed adaptive response that can persist for days/weeks post sffblee broad

immune changes that occur pestrokeareillustrated in Figure.1.

1.1.2.1: Innate immune response

The tissue damageaused by ischemic strodeads to activation of the innate immune
response within the CNS, initiating a cascade of evemtsiding the actigtion of resident
astrocytesand microdja (Hgure 1.2). Ischemic stroke also causes a decrease in the integrity
of the bloodbrain-barrier (Jiang et al., 2005 which albws peripheral neutrophils and
macrophages to infiltrate and accumulatetive ischemic tissuéGelderblom et al., 2009All

of these &vents lead to intkmmation of the brain tissuavhich cages further tissue damage



and impaired recovery. This is evidenced byfdet that immunodeficientnice experience a
reduced infarct size after transient MCARurn et al, 2007) and that increased activation of
toll-like receptors on activad microglia causes a dease in numbers of sprouting axons
(Cameron et al., 2007However, some of the immune cells upuégted following ischemic

injury have been shown to demonstrate airiflammatory activity and promote tissue repair.

a! Ol A @ ErdgkaRanexist Along ghenotypic spctrum of po-inflammatory and anti
inflammaory states, with M1 phenotype microgligoroducing various preinflammatory
cytokines via iNOSandNF. LJ 0 Kgl 2a> ¢gKSNBFa aH YAONRItAL
debris and pomote neuronal reconstruadin and tissue repair via the release of netmophic
factors(Loane & Byrnes, 20)0This dichotomous classification of microglia into M1 and M2
states was applied as way to structure the complexity of microglial activation. The M1
phenotype is characterised by the production of many-pritammatory cytokinegincluding

IL-6, IL1 , andTNRh), reactive oxygen species and chemasinall leading tacuteimmune
responses. Conversely, M2 phenotype microglia are characterised by the expression of anti
inflammatory cytokies (including 113 and Ik4) and their irvolvement in promoting cellular
debris clearance andlound healingCherry et al., 204However, more recerstudies have

led to thecriticism of ths static classificatioby determining that cytokines previously thought

to be exclusive teeachpolarisation stateare ceexpressed by microglia in the context of

traumatic brain injuryKim et al., 2016
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Figure 12: The innate immune response to ischemic stroke

Nucelotides (ATP, UTP) released from injured neurons activate micragtainfiltrating

macroplages via purinergic receptors (eg. P2XAgtivated meroglia/macrghages then

release proinflammatory cytokines suchasill > ¢ KA OK T OA fatfoid. MésS  Sdzl 2 0@ i
of these cytokines are transcriptionally induced by nuclear fattor -0 b C-mi L a

processed from its propeptide vieagpasel. Infltrating leukocytes cause further tissue

damage and mduce reactive oxygen species (ROS), which leads to the production of danger
Faa20AFGSR Y2t SOdzf I NJ LI G HSW/f 2v/id Dighdeialilly 65! at a0
group protein B1 (HMGB1Tissue damage via leukoytes also causes the release of proteases

& hydrolases, which break down the extracellular matrix (ECM) and produce more DAMPs.

DAMPs activate tolike receptors (TLRs) on microglia/mgunages to cause further

activation. Findy, proinflammatory cytolne release from microglia/macrophages facilitates

the infiltration of dendritic cells (DCs), which present antigens to T cells, thereby initiating the

adaptive immune response. (Image takieom ladecola & Anrather, 2011)

1.1.2.2: Adaptive immune response

Whilst the innate immune response is important in influencing the extent of tissue damage in
the aaite phase of ischemic injury, later stages of stroke involve the activation of the adaptive
immune respose. Followng a stroke, damagd neurons release antigens which are
presented to Tcells, causing them to become primed. Antigens are also presenté&aédls

by invading dendritic cell§{gurel.2). In the acute phase of ischemic injury, unpedd Fcells
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contribute to tissue damageéen an antigerindependent manner via the production and
release of reactive oxygen speci@rait et al.,, 201D However, primed -Eells can be
neuroprotective in he later stages of ischemic stroke. The releasdransforming growth
factori T NR Y aedzbd® ar@riiofogliacauses the upregiation of primed Tcells,
which in turn release the protective cytokine interleukift and suppresses the activity of the

detrimental T1 and T2-€ell subtypegLiesz et al., 2009

1.1.3: Timeline ofischemic stoke recovery

Whilst immune cell activationcell deathand infarct growth begin immediaty followirg
ischemic injurythe cdlular mechanisms that initiateecoveryare somewhat more delayed.
These include processesich & neurogenesis, whicmvolves tlke proliferation of newly
divided neurons in the subventricular zomethe days/weeks following thenset of stroke
Thisis followed by migration of these immature neurores they localise towards peirifarct
tissue, eventually maturing and forming functonal connections thatcan manifest as
functionalmotor or sensory recoveryrhe process of proliferation requires the agivement
of cellular signalling neteins such as braiderivedneurotrophicfactor (BDNF)whereas the
migration of neurons towards piinfarct tissues relies more wn metaloproteinases that
are also involved iangiogenesigOhab & Carmitael, 2008. Angiogenesis is anotheelluar
mechanism of posstroke recovery, which similarly to neurogenesis is initiated in the
days/weeks following théschemic insult It involves the formation of new dbd vessels from
pre-existing vessels, anctours in the parinfarct tissueasa means of returning a supply of
blood flov to the ischemic penumbréYanev & Dijkhuizen, 2012t is also believed that
vasculogenesjsvhich is thedevdopment of blood vesde from endothdial precursor cells as

opposed to preexisting vessels, may also occur in the adult brain and contribute to ischemic



stroke recovery (Ishikawa et al 2013, although thHs phenomenon remain largely

unexplored.

Although the initiation of neurogenesis, angiogenesis and vasculogenasdssomewhat
delayed from the onseof ischemic stroke, other mechanisms of recovery are triggenuch
sooner. For examplehe remaping of functions that were lost due to stroke can occur very
soon after the ischaic event as evidenced byhe fact that forelimb-specific somatosensory
cortexfunction has been found to beartially redistributed wthin 1 hour of strokgWinship

& Murphy, 2008. Thisrapid remapping of function iswk to the activation of peviously
dormant or ancillary conngions as opposed to the formation of new connections. In the first
few days followig ischemic injury, increasédMDA sigalling and long term potentiatiof
peri-infarct neurons persists forputo four weeks, which povides a favourable environment
for functional rewiring of connections that were lost due to necrosis/apoptfiSentonze &

al.,2007).

Although this rapid pantiation of signallingand unmasking of prexisting connegons has
some positive effect on functional recovery, the majority of recovery seqratients is due

to the glowth of new axons from the perinfarct andcontrdateral regiongMurphy & Corbett,
2009. Following strokeneurons n the peri-infarct cortex form newconnedions with motor,
premotor and sasory aeas in the ipsiteral cortex. These new connectiotan remain local

to the pertinfarct region or can even connect brain areas withififedent lobes(Brown et al.,
2009. The intiation phase for axonal sprouting within the pénifarct area is within the first

7 days after strokdLi et al., ®10), with functional connections formed arour@lweeks post
injury. Using tacer injections and quantitative mapping, it has been shown that strokes in the

motor or somaosensay cortex of mice causes thirmation of new and significantly



different comections from the motor cortex to premotorcortex 1 month poststroke

(Clarkson et al., 2031

1.1.4: Geres influencing posstroke axonalsprouting

The process of axonal spiing post-stroke is a profound phenomenon indltortex of the
adult brain, a region in which tifermation d substantial new connectianis not usually seen.
To fully understand the miecular mechanisms behind thetiation of axonal growth, studies
have beencarried out to determine which genes adifferentially regulated in sprouting
neurons folowing ischenic injury. In an attempt tdetermine a gene expression program that
underlies poststroke axonal growth, lat al. (2010) developed a method &electively label
sprouting neurons in a rat madiof stroke andfound a number of genes linked txonal
growth and synaptogenesis thatese differentially regulated in comparison to msprouting
neurons at 7 days posschemic injury. Interestingly, thg compaed the differentially
regulated genedound in young adit and aged adult rats and foundhat there was little
overlap in the tvo transcriptomes, with just 79 genes commonlguéated poststroke 13 of
these gems arerelated to axon growth and neonal plasticity, and are summarised in Table

1.1



Name Function Up- or down - regulated

‘ post -stroke

Eph receptor A4 (Epha4) Axonal guidance Up
Leucine-rich repeat & I|g domain containing 1 Axonal guidance Up
(Lingol)
L
Insulin-like growth factor (1gf1) Growth factor Up
Epidermal growth factor receptor (Egfr) Growth factor Up
L
Glial cell line-derived neurotrophic factor Growth factor Up

family receptor alpha 3 (Gfra3)

Sortilin-related VPS10 domain containing Growth factor Up

receptor 3 (Sorcs3)
|

Piccolo (Pclo) Synaptogenesis Up
Synaptotagmin 1 (Sytl) Synaptogenesis Up
|
Synaptic vesicle glycoprotein 2b (Sv2b) Synaptogenesis Up
Protocadherin 11 X-linked; Pcdhx (Pcdh11x) Synaptogenesis Up
|
Synaptophysin (Syp) Synaptogenesis Down
Homer homolog 1; Homer (Homer1) Neuronal plasticity Down
|
Activity-regulated cytoskeletal-associated Neuronal plasticity Down

protein (Arc)

Table 1.1: Differentially expressed posstroke axon growth related genes
List of axonal sproutingelated genes that are differentiallyegulated in sprouting cortical
neurons positstroke in both yong and aged individuals. Data takieom Li et. al (2010).

The differential gene expression with age observed by Li eefiects what has been seen
human droke patients that there aredifferential recovey mechanisms between younga
aged indiviluals that mean young individualb@v greater recovery, even thoughreke is
more prevalent in aged individuaBossible explanations for this include ieasedincidence
of ischemic strokeisk factors, comorbidities, or changes the epigerome that acur with

age.
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1.2: DNA(hydroxy)methylation

Epigenetic changes adefined as heritable changes to the DNA moleculé thanot alter
the base pair sequee, examplesof which include hisine modfications such as acetylation
and ubiquitination; micreRNA (miRNA) interference; and DiAthylation. The discovery of
methylated DNA bases occurred around 70 years ago wheprsenceofsoOF f f SR WY Ay 2
basesQ ggfdundin the DNA molecule ahgsidethe four classical basdslotchkiss, 1948
gAOK (KS TarSNR iffeduSFhigthgbltogine (5mC)¢ a g/tosine residue with @&
attached methyl group. The mechanism underlying the formatbBmC in the DNA molecule
remained unknownuntil studies carried outni the 1960s identified specific enzymatic activity
that involedthe transferal of mdtyl goups flom SadenosylL-methionine (AM) to cytosine
residues on the DNA molecu{&old & Hunitz, 1963 (Figure 1.3). From this, it became
appaent that 5mCis not incorporatednto the DNAmolecule during synthgs butis instead
formed as a result of the enzymatic modificm of preexisting bases. The eynes
responsiblefor this activity beame known as the DNA methyltransferase family adyames
(DNMTs) and although theirexistence wasdetermined in the 196s, thar specific function

and importance was not discoveredrfmany years

1.2.1: DNA Methytransferases

Thehumangenomecodesfor 5 DNAmethyltransferaseenzymes; DNMT1DNMT2DNMT3a,
DNMT3band DNMT3LDNMT1,DNMT3aand DNMT3bare all canonicalmethyltransferases
that havebeenshownto catalysethe addition of methyl groupsto genomicDNA,whereas
DNMT2and DNMT3Ldo not possess catalytic methyltransferaseactivity but do have high

seqgenceconservationwith the caronicalmethyltransferasegLyko,2017). DNMT4 DNMT5
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and DNMT6havebeenidentifiedin algaeand fungi (Huff & Ziberman, 2014), thoughare not

knownto beconservedn animals.

DNMTlisknownasthe maintenancemethyltransferaseenzyme, with its mainfunctionbeing
to reproducethe methylome on hemimethylated daughterstrandsof DNAfollowing DNA
replicaion. DNMT 1wasthe first humanmethyltransferaseto be cloned(Yenet al., 1992 and
targeted mutation of Dnmtl (the mousehomologueof DNMT1)wasfound to caus severe
developmentl abnormalitiesandlethality in mouseembryos(Liet al.,1992). Dnmt2wasfirst
clonedin 1998 (Okanoet al., 19980 and despite containingconsened methyltransferase
motifs, was found to have very weak DNA methylation activity although with slight
methylation activity on tRNA (Jelsch et al., 2006). The Dnmt3a and Dnmt3b geneswere
clonedin 1998 (Okanoet al., 19989 and found to codefor two highly similar proteins that
were both found to be required for de novo gerome-wide methylation and essenial for
development(Okanoet al., 1999. Whilst structurally similar to DNMT3/b, the DNMT3L
protein lacksa consewed catalyticdomainand is not requiredfor de novo DNAmethylation
nor is it essental for development,although researchhas shown that it can bind to the
catalyticdomainof DNMT3a/bto regulatede novo DNA methylaion (Cheng& Blumenthal,

2008 (Figire 1.3).
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Figure 13: Methylation of cytosine bases

DNMT3L binds the de novo mettrginsferases DNMT3a/b and regulates their ability t
transfer amethyl group fromSadenogyl-L-methionine (SAMjo cytosne. Tte products are 5
methylcytosine and-@denosyhomocysténe (SAH).

1.2.2: Functionof 5-methylcytosine

Cytosine methylatioiis both stable and heritable and is therefore calesied tobe aform of
WO S Y Sixt 2B ismost commonly found aCpG $lands, regions of high cytosine
phosphateguanine (Cp&Jinucleotide density (>50%) tveeen 200bp2kb in lergth that are
typicaly found at the promoter region of 70% of human gsifTakai & Jong 20032. In the
mammalian genome, 5% dll C and 85% of all CpGs are methylafiedter et &, 2013).
Increased levels of cytosine methylation at proewetegion based CpG islandeassociated
with decreased gene transcrifmn, as the methyl group of 5mC prevents transdapal
madinery from effectively binding to theDNA molecule, partidarly transcriptional enzymes
which have a Cp@ch motif (Watt & Molloy, 1988. Furthermore, proteins containing a
methylCpGbinding domain(MBD) such as BCP2 can bindpecifically to methylaad CpG
sites and furber exclude transcriptional machinery and silen@anegs (Akintola & Parrish,
2010. Some no-MDB-containing proteins, sth as the Kaiseelated proteins, contain ainc

finger which binds to methylated cytosine resas and epresses gene trascription by
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interading with histone deaetylases and remodelling chromatin to a repressive st@Rarry

& Clarke, 2011

Unlike methylation of gene promet regiors, nethylation inthe gene ody does ot block
transcriptian or sience genegMaunakea et b, 2010, although cytosine methylation at any
loci can have a proiind effect on the strucure of the ggnome by poducing mutational
hotspotsin the DNACoulondre et al., 19%8The aplication of amethyl groupto a cytasine
residue in DNAnicreases the probability of spontaneous deamination by aroun8 f@ld and
produces a thynme residue as a product as opposed taracilresidue.(Shen et al., 1994As
thymine is a normal component dDNA, it is not as easily recognised bguiatory DNA

machinery and is therefore more difficult tepair.

1.2.3: DNAdemethylation

Whilst the addition of a methyl group to cytosineresiduesis alwaysan active enzymatic
process,the lossor removalof thesegroups,known as DNAdemethylation,canbe either a
passiveor active process.Passivedemethylation involves the loss of consenation of
methylated sites during DNA replication, due to either the loss or inhibition of DNMTL
(Bhutaniet al., 2011). In contrast,adive DNAdemethylationinvolvesthe enzymaticremoval
of the methyl groupfrom 5mCandis observedn somaticcellsin alocusspecificmanner.For
example,Paroushet al. (1990)demonstrated that demethylaion occursin the absenceof
DNAreplicationin L8 myoblastswith this processoccurringin two steps:lossof 5mCwithin
afew hourson onestrand, anda ~48hdelaybefore lossof 5mCon the complimentarystrand.

Observationsud asthis led to the seaichfor putative demethylationenzymes.
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Breakthraughs in the study of the active demethylation presewere irst made around 30
years ag@ when itwas found that the pscess d DNA methylation allows for incorporation of
radio-labdled cytidine, but not adnosine, into preexisting DM strandgRazin etl., 1986),
thereby demonstrating that active DNA demethytatiis achieved by an eyimnatic process in
which 5mC is replaced bynmodified cytosine, known as base excision repd&urther
developments on fdlowed when puification of the base excisiomepair activity revealed
that it involved a combination of thyme-DNA glycosylase arapyrimidinic endonuclease

activity (Jost et al., 1996

1.24: TetEnzymes

Resarch in the years following thesdiscoveies focused orfurther detailing the base
exdsion repair mechanism that replaces 5mC with unmethylated cytosine, until another
breakthrough was madewith the discovery of the oxidised form of 5mC- 5
hydroxymehylgytosine (ShmC)Kriaucionis & Heintz, 2009and the family ofTen-eleven
translocation Tet) enzymes that catalyse the reacti¢fahiliani et al., 2009 This enzymatic
activity was discovered in all 3 members of Tretfamily of enzymeslietl-3)(Ito et al., 20D)

and the theory that these enzymes further sequentiakidise 5hmC to Sormylcytosine
(5fC)and 5carboxylcytosie (5caC) were later confirmedth in vitro andin vivo(He et al.,
2011; Ito et al., 2011) (Rige 1.4). In the brain,Tet3 is the mosthighly expressed member of
the family of enzymes, folloveeby Tet2; Tetl has significantly loer levelsof expressiontian

the other twoTets (Szwagierczak et al., 20).
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5mC K/\\) > 5hmC
5hmC \ / > 5fC

5fC > 5caC

Figure 14: Oxidation of methylated cytosine byfetenzymes

Tetenzymes sequentially oxidiganC to 5hmC, 5fC and 5caC. The reaction depends on the
presence of, alphaketoglutarate (dten referred to as 2oxoglutarate as aco-substrate
converting it to succinateAscorbic acid\itamin Gand ATP enhance the catalytic activity of
Tetenzymes.

All 3 members of th& et family of protens cotain a catalytic @erminal CD domain that
exhibits dioxygeaaseactivity that is 2o0xoglutarate(2-OG)and iron (Iydependent(Tahiliani

et al., 2009, with this being the domain responsible for th&idisation of 5mGo 5hmC. Using
radiolabelled thinlayer chromatography, itwas later discovered that thisame danain was

also responsible for the subsequent oxidisation of 5hmC to 5fC and 5caC in the prekence o

ATPin vitro (He et al, 2011).

Another functional domia found within the stricture of Tetproteins is the zic-finger CXXC
domain, which was first identified in the DNMT1 protéestor, 1992 Although this domai
is found at theN-terminal of Tetl andTet3, it isabsert from Tet2 (Figire 1.5). The exact
function of ths domain is debated, as it has been determined that the CXXC domdiatbf
can bind to 5mC and 5Shm@hanget al., 2010, therefore suggding that this domainaids

direct DNA binding. Howeveresearch has also found that this domain is not required for

16



catalytic activity ofTetl in vivo(Frauer et al., @11); taken together vith the fact thatTet is
missing this domain and is still catalytically actiwe vivg this suggests that the zidimger

domainis nan-essential to the activity of th@&etenzymnes.

In additionto the functional CD and CXXC donsadl 3 members of thdetfamily of proteins
containaspaer region that interrupts the CD domain. Whilst the dioxygenase function of the

CD domain haseenestablished, the importance of the spacegion remains udea (Tan &

Shi, 2012 Attempts at discerning the function of this spacer region have found that the
spacer region ofTetl has extremely high similarity to the-t€rminal domain of RNA
polymerase Il ofS. cerevisia¢Upadhyay et al., 20). Whilst not idetical, the conserved

regions cordin keyresidues that are important for podtanslational modification, suggesting

that the spaceregion found inTetproteins may actas ape§t NI y & f | ii OtBaghlofvs Wa & A
for modification ofTet enzyme activityHowever, further research is reged tofully conclude

that this function exists.

;ru;':a | | B
- L— e —J B cxxC (binds CpG islands)
Tet2 e B I Cys-rich (methylcytosine dioxygenase activity)
1912a.2. l o | Bl DsBH (methylcytosine dioxygenase activity, metal binding)
Spacer region (unknown function)
1!;‘;‘1 - I- . ll PRK12323 (unknown function)

cb

Figure 15: Structure and function of the mous@et proteins

All 3 members of th@etfamily of proteins cordinthe CD domain, which exhibitsodygenase
activity ands responsible for the oxidatiosf 5mC Within the CD domain is the spacer region,
which interruptsthe DSBH subdomain. The CXXC doma&gund only at the Mermini of Tetl
and Tet3, and is beivedto be nonessential for catalyt activity. The PRKB23 domain is
found only inTet3, does rot belong to a superfamily of domains and currently has novwkn
function. a.a. = amino acids. (dgeadaptedfrom Tan & Shi, 2012)
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1.25: Oxidised 5mC ademethylation intermediates

The oxdlation of 5mC byl'etenzymes is considered to prohiliitaintenance of existing DNA
methylation patterns due to the fact that no oxidised form of 5mC is recegnisy the
regulatory methyltransferase DNM. (Valinluck & Sowers, 209 %hereby leading to loss of
methylationduring DNA replication. This loss of DiMAthylation is sti considered passive
DNA demethylabn although the iniial step requiresTetmediated oxilation of 5mC. With
regard to active demethylation, 5fC and 5caC are thought to act as intermediatezyohatic
5mC removal as both of these dtives are abled becleaved bythymine-DNA glycosgle
(TDG)(Maiti & Drohat 2011). These findings have lea the belief that Tet-mediated
oxidation of 5mC to 5f@nd 5caC followed by TDG excision and subsequmage excision
repair may be one of the pathways of actvDNA demethylationHigure 1.6), whichis
evidenced by thdinding that TDG knockout mice shamcreased DNA methation at certain

genomic loc{Cortazar et al 201J.

Additionally, recent reseah has identified grotein acting as a nonenzymatic gting
factor of theexcision of 5fC and 5caC by Th@&@nely,a member of the Growth arrest and
DNAdamageinducible protein 45 family (Gadd45a). A demethylgteffect of Gadd45a was
first determined when overexpressio of the protein in Xenopus laevi®ocytes led to
reactivation of methylationsilenced plasiids (Barreto et al., 200)f and tre relationship
between Gadd45a and TDGtizity was identifed when knockout of Gadd45a in mouse
embryonic stem cellfmESCs) caused genomvae hypernethylation and 5fC enrichment in
TDG deficient cellg§Li et al., 201p This therefore led to the conclusiocthat Gadd45a
facilitates Tetmediated DNA demethylatioby interacting diretly with TDG and positively

regulding the cleavage of 5fC and 5caC
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Fgure 16: DNA methylation and demethylation pathways in mamnzal

DNA methylation occurs as transferaomethyl group fronBAMto a cytosine residue to form
5mC catalysed by DNMTd etenzymes sequentially oxidi&anC to5ShmC, 5fC and 5caC; the
oxidised derivatives of the methyl group are shown in yellow. Numerousetteylation
pathways exist from thesefms of methylcytosia; formation of 5hmC, 5fC and 5calClead

to passive dmethylation as the regulatory metfitransferase DNMT1 is unable to recognize
these oxidised motifs. 5fC and 5caC also have the potentiaétoleaved byhymine DNA
glycosylaséTDG and undergo basexcision repailBER)being replaed by an unmethylatd
cytosine in the process of activdemethylation. SAM =SadenosylL-methionine SAH =S
adenosylhomocysteine;DNMTs = DNA methyltrafesases;ATP =adenosine triphosphate.
(Image adapted from Huan& Rao, 201%

Whilst base egision repairis the most widely tsidied mechanism of Tetmediated
demethylation, alternative mechanisms have been suggested and investigat recent
years. For example, it h&®en put forward tha5hmC can be deaminated by enzynsesh
as activatioAnduced deaminase to form-Bydroxymethyluracil (5ShmU), which itself can then
be cleaved by TD(®uo etal., 201}, although formation of 5hmuU in thisiannerhas not yet
been identified within a mammalian genome. Alternatively, mouse embryonic stermrhesks
been used to demonstrate that puiae decarboxylasesra capable of directly converting

5caCto cytosine(Schiesser et al., 20),2which serves as a method of demeldtjon that is
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more energy efficient tharbase excision repawhilst also reducing the risk ahutations
caused by DNA lesions. This research has ntadksar that there are varying mechanisms of
oxidationdependent demethylation which make oxidised farraf 5mC, as well as thHEet
enzymes that catalyse their pdaction, key players in the dynamjocess of epigenetic

regulation.

1.26: Alternativeroles of oxidised 5mC

Whilst the roles of 5hmC, 5fC and 5caC as intermediates of demethylation hamentadie
documented in recent years, their potential functidmales as regulatory epigenetic maars
are still relatively unknown. 5hmC levels in nervéissue have also been found to increase
with age, which suggests a potential role as a stable epigemerkerSzulwach et al., 20).1
Mellen & al. (2012)found that in neurons, 5hmC is enricheitlae bodies of genes which are
related to neuronal function, with the ratio of 5hmC:5mC strongly datheg with levels of
gene transcription. In the same stuitywas found that 5hmC is capablethding to MECP2,
similarly to 5mC, in order to affechomatin structure and decrease gene transcription. This
therefore suggests that 5hmC is not a comndt@emethylation intermediate and is instead
somewhat stableand capable of recruiting proteinstinitiate either demethylation or gene

transcription regilation, revealing a potential dynamic role of the oxidised 5mC derivative.

In contrast to the relatigly high expression of 5hmC in nervous tissue, 5fC and &ealD-
1,000 fold less abundant thaBhmC in neurons and are found to have consistently low
expression across all tissu¢do et al., 201). Given their low abundance and the fact that they
are further oxidiged derivates of 5hmC, 5fC and 5caC are widely regarded ex@asively as
active demethylatia intermediates, although recent studies have begun tacelate some
potential functions of these markers that are coupled with demethylation. For example,
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increased 5fC levels at enhancer sigee found in the absencef TDG, and this is associated
with increased binding of the transcriptional coactivator p3@#bng et al., 2013 p300
enhances the binding of transcription factomnd increases the likelihood of gene
transcription, therefoe suggesting that 5fC could play ale in the epigenetic priming of
certain genes. Howevethe experiments performed to examine this have been performed
exclusively in mESCs and given that tagrn of oxidised 5mC derivatives varies between

differenttissues, these conclusions cannot &gplied to cells such as neurons.

1.27: Distribution of 5hmC

Unlike 5mC, which is evenly distributed across different cells and tissues, 5hmC expression i
extremely variable with the highest abundance of 5hmC tbimmthe central nervous system,
where it accounts for ~1% of total cytosiiiéo et al., 201). 5hmC levisin the central nervous
system are also brairegion specific, with 5hmC constituting 0.7% of totglosine bases in

the cortex and hypothalamus; 0.6% in théagtory bulb, hippocampus and braitesn; 0.5%

in the spinal cord; 0.4% in the midbrain; an®% n the cerebellum(Kriaucionis & Heintz,
2009 Minzel et al., 201 In the pituitary gland, whicts & non-neuronal structure within the
brain, 5hmC has been found to constitute only 0.06% of totalsigg(Miinzel et al., 201))

which supportghe idea that high levels of 5hmC are specific to neural tissues.

It remains unclear why 5hmC levelg @o abundant in neural tissue or why they vary between
different brain regions; sincéetenzyne expression levels are similar across tissue types with
varying levels of 5hmC, overall expression of these enzymes cannotint for the difference.

It is pasible that the determining factor of 5hmC concentratiothis availability of requird
cofactas such as alphd#etoglutarate or ascorbic acid (Vitami€). h mESC culture,
supplementation of ascorbic acid significagntlecreased 5mC levels whilst incriegs5hmC
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levels(Blaschke et al., 20)3andconsidering that the brain has the highest levels sfoabic
acid in the body(May, 2012 this could account for thebserved abundance of 5hmC.

However, further research is needed wlf elucidate this effect.

1.28: Role ofTetenzymes in brain development & function

The olsenation that 5ShmC is highly abundiin the CNS has led researchers to attempt to
determine what functional roles thel'etenzymes play in brain developmenti&e function of
the adult brain. Ithas been found that Tetl knockout (KO) mice are viable ertilef, albeit
with smaller body wejht than wild type (WT) animakDawlaty et al., 201 These TetKO
animals exhibiho momphological brain abnormalities buko posessslightly lower 5hmC levels
in the CNSRudenko et al., 20)3thereby suggegtg thatTetl is not necessary to fictional
brain development. The fact that a larger changedsseen is most likely due to tHact that
Tet2 and Tet3 are still present and are mdrighly expressed in the healthy brain. In
confirmation of this compesation effect, double KO of Tetl amdt2 in mice results in almost
certain perinatal death, diiough some mice survived without angross abnormalities
(Dawlaty et al.2013. The surviving mice exhibited decreased 5hmC $t@4%) and slightly
increased 5mvels (+5%), suggesting that Tet3 is still compéngat the oxidation of 5mC
to 5ShmC. In terms of adult brain functionOKn rodent studies have elucidatedole for Tetl
in spatial learning & memorR. Zhang et al., 2013and have also revealed that loggTetl

results in electrophysiological deficits in the hippocamesdenkeet al., 2013.

The roles offe2 andTet3 in brain devedpment and function are less widektudied, but it
has been determined that sinailly to Tetl, Té2 KO does not result in brain abnormalities or
dysfunction in micdLi et al., 2011 A potential role for T& in fear memoy was identified
when Tet3 KO hadaeffect on fear memory acquisition but impad fear menory extinction
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(Liet al., 2014, whilst a potential role in theegulation of synaptic transmission was relex
when TeB knockdownwas found to significantly increase the number of glutamate receptor
1 (GIuR1) on the sura of hippocampal neurons vitro(Yu et al.2015), which had a negative

downstream effect on the amplitude of electrical signals.

1.3: The role ofDNA (hydroxy)methylatiorin ischemic stroke

1.3.1: Oxidised 5mC in neurodegeaére disorders

Whilst the mechanisms behinBetmediated active &amethylation are becoming clearer, the

role that this process plays in the pathophysiology of neurodegenerative disorders and how
this could pasibly translate into therapeutic treatmentsmains anarea of great interest.

Wang et al. (2013)sing a mousenodef 2 T | dzy i A yidtid2hgt GRINC Reviels &é 4 S =
significantly lower in the striatum and corter comparison to agenatched controls. The
samestudy al® found that differentially hydroxymethyled regions (DMRs)were acquired

at the bodies of genes important in neuronal development and growth. They therefore
speculate that encouraging the acquisitiof DhMRs through manipulation d&tenzymes

could have the potential to slow or halt the progrssion of HuntingtonQ & R Awdiéhlisah®

focus of their future studies. 5mC and 5hmC may also have a role in the development of
Alzheimef disease, as @enced by the fact that the middle temporal rgg and niddle

frontal gyrusin a mouse model of 2AheA Y SeNfiReis sinificantly higher levels of both 5mC

and 5hmC in comparison to control@Coppieters et al., 200. This increase in
hydroxymethylation was fend to accuronly in neurons and was not seen isti@cytes or
microgia, suggesting that differential expression of 5hmC and the subsequent effects on gene
expression may play a role in the neurodegeneratitmat occurs in AT KSA YSNDA

pathophysiology.
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Previous reearch has shown that the epigegiic evensfollowing istiemicstroke are complex

and extremely varied. Early studies revealed an overall increase in levels of 5mC in infarcted
tissue when compared tthe healthy contralateral hemisphef&ndres et al., 20QQalthough

the relationship is not quite that simple as evidenced by the faett tDNMT1 reduction
protects against the damaging effacof ischemic stroke whereas cmplete los of the

enzymedoesnot (Endes et al., 2001

1.3.2: Therole of oxidised 5nC in ischemic stroke

This relationship between DNA methylation and ischemic injury only becomes more
complicated when considering the oigéd derivatives of 5mC. Miao et al. (2016%ing a
middle cerebral artery occlusion (MCAO) model of stroke in mice, discovered that levels of
5hmC in the infarctetiemisphere were significantly increased afi@hemicstroke, although

not until at least 36 hous after the irfjury occurred and with peak expression occurring at 48h
poststroke. Alternatively, very recent research bjorris-Blanco et al. (2019Jetermined a
signiicant increase in 5hmC levels as soorbaminutesafter the conclusion of a transient

ischemic goke, althoughtheselevels remained significantly increased for at least 24 hours.

Both Miao et al. and Morriglanco et alalso found increasein 5mC, ghough expression of

this marker peaked at2-24h poststroke ard by 7 days the expressi of 5mChad reduced

to signficantly below that of control animals. This therefore seems to suggest a timeline of
events occurring posstroke, with the inmediate reponse being an increase in DNMT3a/b
activity resultingm increased 5mC, with subsequeinicreasedactivity of T& enzymes then
oxidising the 5mC to 5hmC, leading to the observed decrease and increase in expression of
5mC and 5hmC, respectivelhe researh carried out byiao et al.seensto provide further
evidencefor this as inhibition bthe Tet2 enzymein vivoprevented the 5hmC increase in the
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infarcted hemisphere, whereas 5mC levels still increashik was accompanied bignificant
increases innfarct volumewhich suggests that the oxidisation of &1o5hmC poststroke
has a neunprotective effect and calld therefore be an interesting target for future
therapeutic treatments.Additionally, Moris-Blanco et al. determinedhat knockirg down
expression of Tet3 through administration of shamterfering RNAs (siRNAshlso caused
increased infrct volumes, further suggesting that oxidation of 5mC provides a

neuroprotective effect.

It has been found that increased axonal sprouting and synaptogenesis is initiated by the end
of the first week posstrokeand persists for several more weerown et al., 2009 whilst

gene studies have found that increased expression of genesiasmbavith axon growth
occurs in the weekollowing injuly and can persist for month§Carmichael et al., 2005This

is very interesting when compared to the previously described finding thatgtosite 5hmC
expression peaks at 48h follavg injury and remains significantly inesed at 7 day¢Miao

et al., 2015. The fact that peak 5hmC expressamincides with the increase in expregsiof
pro-axon gowth genes suggests a poteatirole of 5hmcC in controlling the expressioritedse
genes. However, it is not yet known what the levels of 5hmC expression are at longer time
periods following injurysuch as 1 month, and no studies haveaigtined the genmic loci

at which 5hmcC is imeased following ischemic injurfhe supposed timeline of global 5mC
and 5hmC changes in the brain pastoke, basd on the currently available literature, as well

as tow they coincide with broad molecular &eltular changes in @hemic stroke

pathophysiologycan be seen in Figure7l.
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Figure 17: Timeline ofepigenomic molecular & cellular chages poststroke

Based on the currently available reseafogused on asessing global changes to 5mC and
5hmC leels poststroke (from Miao at al (2015) and MorridBlanco et al. (2019))it is
supposed that both 5mC and 5hmC levels increase significantly following ischemic onset, with
5mC levels peakinat around 24 hours psi-stroke, whereas 5hmC levels peatkaround 48

hours poststroke. These peaks coincideith severalmajor molecular and cellular changes in

the ischemic cascad@cluding the innatammune response and the onset of the adaptive
immune response and diasisis. These peakdsa precede severaltber broad changes,
including neurogenesis, axonal sprouting and angiogendeisever, évels of 5mC and 5hmC
have not been deteninedfor later time points in the order of months posstroke.

Whilst this new rgearch suggests that increas&et activity and «idisation of5mC has a
positive effect on ischemic injurthe mechanism behind this alerved eféct is yet to be fully
eluddated. In their same studyMorris-Blanco et al.determined that knocking down
expression of Tet3ed to differentialpost-strokeexpression obxidative stresselated gens.
Alternatively,Miao et al. found thatpoststroke 5hmC levels were particularipncreased at
the promoter regions of genes involved in axonal growth, neuronaftpmagenesis and
neurodevelopment. Onsud gene vas the geneading for brainderived neurotrophic factor
(BODNF),a protein that encourags the grevth of new neurons and sypaes. Ischemic injury
caused a significant increase in hydroxymethylation of th&lB gene, whereas inhibitiigt2
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causd no increase in 5hmCelels and led to reduced levels of BDNF mRNApaotein in
comparison tocontrol anmals This therefore suggesthat oxidisation of 5mC by th€et
family of enzymes is responsible for modinatthe severity of ischemic injury loycreasing
the expresgin of various neurotrophic factors, thereby pnoting neuronal growth and
proliferation. As of yet there are nstudies whichconfirm that altered levels of 5mC or its
oxidised derivativesare directly responsible for the afired exprssion of these axon
sproutingrelated genes, although given the availableidence that demonstrates the
changes in 5mC/5hmC levelsdaTet activity poststroke, it is plausible. The previously
established changesidgobal hydroxymethylation paérns with age (Szulwach et al., 20)
could also offempotential explanation as to why the axsprouting respogsediffers between

young and agd indivduals.

Whilst studieshave begun to elcidate the potential role of epigenetic modifications in
regulating poststroke axonal sprourg by influencing gee expression withimeurons, a
newly emergingiéld of reseach has begun to highlight a potentialtyore indirect role of
epigenett modifications in regulating postroke injury severity. Mounting evidence suggests
that epigenetiomaodifications to DNAn microglia and pepheral macrophages can inénce

the cagzade of immune response events that océollowing ischemicrijury by ontrolling

the release of preand antiinflammatory cytokinegPicasia et al., 201p Further esearch
into how epigenetic modications alter this complex posschemic innate immune response
has revealed that inhibiting histone deacetsteenzymes (HDACS) prevents the release of M1
microglia activation marker@annan et al., 20)3asdoes oveexpression of the micr&RNA
miR-424(Zhao et al., 2013 However, no current research has aimed to determine a role of

DNA methylation or 5mC oxitian in the regulation of thismmune espmse.
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Whilst this rew research is beginning to shed light on the role of 5ShmC in stroke, there is no
research at present that has méd to determinea role of 5C or 5caC in stroke
pathophysiology. Given #previously estadished different demethlation mechanisms and
potential regulatory roles of 5hmC and 5fC/5caC, discovering the role that these further
oxidised 5mC derivatives play influencing euronal platicity and determining ischemic
injury severity is a areaof great interest that couldffer even more potentialtherapeutic

targets.

1.4: Modelling ischemic stroke in rodents

Preclinical reseah to dekermine the potentid role of DNA (hydroxy)methylatiom the
pathophysiobgy of ischemic stroke geiires the use of ain vivorodent model There are a
wide numler of availabletechniques to induceocal ischemia however most focus on
occlusionof the middle cerebral artey (middle cerebral artery occlusion; MCAGhis is
because the middle cerebrartery (MCA) igshe most commonly occluatl blood vessel in
human ischemic stroke patien{8ogousslavsky et al., 188and occlusion of th®CA affects
the sane main brain regios in rodents and human patients, with minor anatomical
differences(Howells et al., @10). A variety of MC® rodent models have been previously
established; a brief summary of the most commonly usedwall as their acantages and

disadvantages, are listed Trabke 12.
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inserted into CCA

Variade infarct locatim if injected into CCA

Method Description Advantages Disadvantages References
Possibility of dmage to hypothalamus&
Filament is inseed into the Less invasive (no cratomy) hippocampus
Filament CCA@nd advanced.intcﬁircle Shorter surgery times High variability between and within strains Koizumi et al. (1986)
Occlusion of W'”.'S unt MCA is blocke Can control octusion length Occlusion cannbbe visually confimed Canolly etal. (1996)
at point of origin Can be
temporary orpermanent. Gonsistentlocation of octusion | If permanent, causes large infarchd high
mortality rate
Following craniotomy, the
distal portion of the MCAis | ' _ _
occluded e|thetr| ten&porang/ Visual onfirmationof occlusion Invasive (Craniotomy B required) Robinson et al. (1975
. | or permanently Can be i i i
Transcraral | . od vias ligation Lecation ~of - ocelusion 18 o, 5t e used to study thrombolysis Tamura et al. (1981)
Occlusion applicaion  of a clip controllable duced functional defid Buchan et al(1992)
injection of a vasoconstriabr
(endotheln-1).
Most clinically releant Invasive (craniotomy requed) if inserted
Clot Laboratory-created clots arg Can  be used to  study directlyinto MCA Kudo et al. (1982)
Erbolism | Carefull inseried into the thrombolysis Variable occlusion length& infarct size Kilic et al. (1998)
CCAordirectly into theMCA | No  craniotany  required  if Orset et al. (200

Table 12: Rodent models of MCAO

A number of technigesare avaihble to inducamiddle ceebral artery occlusiornin rodents.This tablebriefly describegshe most commonly used as well as

their main advantage and disadvantages$ncluded argeferences to publishedtadies that have used the technique. MGAnddle cerdoral artery; CCA =
commoncarotid artery.
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The most widely ugktechnique ofinducing MC® is the filament occlusion model, which
involves themsertion of a monofilament into theommon carotid artery CCAwhich is then
moved up the internataraid artery and into the Circle aWillisuntil it blocksMCAat its oligin
(Connolly et al., 199&oizumi et al., 1986Doing ® means thatthe entire territory of the
vessel, including botlthe cortex and stratum, are afected (Beder®n et al., 198).
Additionally, it has been shown théitament occlusion of the ME can also cause ischemic
damage to the hypothamus and hippocampugOzdemir et al., 1999since these bain
regions receive coltaral blood supply fromarteries orginating from the internal carotid
artery. Occlusion of the MCA with a filament can block the origins of these artexgting to
reduced tood flow and possilelischemia This notonly leads ¢ functional deficits, btican
also cause hyperthermia, whidurther exacerbatesschema-related cell death(Li et al.,
1999. Howeve, transientocclusion of the MCA (iwhich the filament is removed aft&0-90

minutes) has been shn to prevent most of this hypothalamic damagé et al., 199).

The main advantageof the filament model of MCAQ@re that the surgery is relatigly non
invasive, not requiring a craniotomy, arlde location of the resulting infarct is relaely
consistent Converselythe main disadvantagef the filament modd of MCAQis that it
produceshighly variable infarct sizémth between and within strans. Variability from within
strains arisegrom the difficulty in reliably placing theccluding filament in the exact s
position in each animal, thereby leading to differences in blood flow and subsequent ischemic
damage Variability between strains@ses from differences in blood vasculature; for example,
in the MCAO model of ischemic stroke, it has been found that @67Bice exhibit
significantly larger infarcts than Sv129 or BALBc mice due to the fact that they harg po
developed posterior comunicating arteries, which lirg collateral blood flow to the
occluded brain areaCarmichael, 2005An aternative model that is ofte used in order to

reduce this variability is thiranscranal occlusion of theviCA in which only the distadortion
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of the MCA isoccluded This method produces smaller, more reliable cortical infarcts,
although the surgenjs more invasive ast requires craniotomy andalso poducesless

functional deficits than the fdment model(Howells et al., 2@0).

Anaher disadvantage ofhe filament model ofMCAO ighat it is not tuly representativeof
the thromboembolicocclusions that occum human stroke patientdvlechanical occlusion of
the MCA withfilaments as opposed to blood ats means that thranbolysis canot be
examined in this modelCurently, there is only one licengkdrug for use in stroke patients
recombinart tissue plasminoge activator (tPAYOCollins et al., 2006 which acts to break
down ischemiacausing clots through the activati of plasmin.Thefact that this & the only
preclinicaltreatment thathas advanced to becomeiaensed drug highlights the importance
of being able to test thombolysis in ischemic stroke mode@ot embolism models of MCAO
are establishedn which ldboratory-made clotsare placednto the CCA or MCA direcffi{udo
et al., 1982 Orsetet al., 2007. However, hese model€an require invasive surgery agilen
that the clots are prone to dissation, they can crate infarcts of varying sizeand in vamus
locations producingvaried and ofen undetectable functional deficits. It isifthese reasons
that the filament model of MCAO remains the most widely used in preclinical ischemic stroke

research.

A further aspect of moelling ischemic stroke in rodents that is important to consider is its
translatability to humans. For example, it is known that stracezurrenceand severity both
increase with ag€Mogensen et al.2013), and there exist differences in stroke outcomes
between sexes, witivomen tending to experience wee functional outcomeand quality of
life following strokeeven after adjusting for other factors such as #Beeves et al., 2008
Furthermore, comorbidities such as diabetes, obesgityl hypertension are all knowrot

worsen stroke severity and functional outcom@ushnell € al., 2008, so it is often w&ted

31



that in order topre-clinicdly assess potential stroke thegpeutics, the animal models utilised
must also account for these comorbidities. Considering the number of faittatsan affect
stroke severity in humang,is importantthat in order toproduce results that are trategtable

to humans, these factors need to be considered when producing the animal model. However,
producing animal modslthat are aged and/or have comorbidities increases costelkas

the nunmber of animalgequired as moreare likely to le lost to strokerelated death during

the study. It is therefore important to considarhich, if any, factors to include in an animal

model when designinmn vivostroke studies.

1.5: Sumnary

Having conslered recent research intpost-strokeaxonal sprouting and theole of oxidised
5mC derivatives in the derttgylation of DNA,tiappears that these derivatives and tfiet
enzymes that produce them are potentially respitits for the intiation of axon gravth
following ischemic ijury. Sudieshave shown that 5hmC, &€and 5fC are all involved in one

or more mechanisms of DNA desthylation and are subsequently responsible for increased
gene expression. Increased expressal 5hmC is akened in the brainfollowing ischemic
injury, with expresion peaking at 48h andepsisting for 7 days. This coincides with pos
ischemic increaskexpression of genes associated with axonal growth, suggesting that 5hmC
could potentially beresponsible fo the increased exmssion of these genes. Meve, a
number of things remain to beseen before such a relationship can be asaered. For
example there is no current research that determines which genes or genomic loci in
particular expres increased 5hC evels poststroke. Furthermore, the posstroke
inflammatory response has beeafown to have a negative effect on axonalgth, and whilst
sonme research has determined an effect of epigenetic modifications such as histone

acetylation or micro-RNA inteference in the conbl of the poststroke irflammatory
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response, the effect that DA methylation has on this response also reéms unknown.
Determining the potential role of 5hmCin the control of posistroke axonal sprouting is
clinicallyimportant as itcoud provide potettial therapeutic treatmets for stroke patients,

which there isasevere lack of as evidenced by the highrtality rate of stoke.

1.6: Thesis aims

The ultimate aim of this thesis is to investigate the potential solef DNA
(hydraxy)methylation and he Tet family of enzymesn the control of poststroke axonal
growth. The main part of this thesi®cuseson ascertaining thenethylomic response of the
brain to ischemic stroke usirrgdent models of MCAJirst developng on the smalamount
of previoudy published research bgetermining post-stroke global 5hmC \&ls in distinct
brain areas and at delayeihte points (Chapter2). Thisis thenfurther elaborated upon by
analysinglevels of DNA (hydroxy)methylatian specific cell typesnamely neuronsand
microglia,in the hopes d elucidding a potential role othe epigenetic modification in the
brains infammatory responséo stroke(Chapters 3 and 4frocughen shiftsto the use of an
in vitro model of ischenu stoke, with the aimof determining adirect effect of Tetenzyme
expression on neuronal growth(Chater 5). The resultingfindings are then cdted and
consideredwithin the context ofpreviously published researcldetermining how they can
inform future research and possiplead to the deelopment ofnew therapedic interventions

for ischemic strokéChapter 6).
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Chapter 2: Timeline gfost-stroke DNA

hydroxymethylation

2.1: Introduction

Evidence from previous research has elucidated a potemtialof DNA (hydroxy)methylation

in newodegenerative diseasesuchl & | f | KHbiting®MB A | YR t(Bradley Yy 42y Q&
Whitman & Lovell, 2013Stoger et al., 201 AWang et al., 2013 Whilst the pathophysiology

of ischemic stroke is vastly different to that of these neurodegenerative diseases, these
findingshint at a highlydynamic roleof (hydroxy)methylation intte pathophysiology of these

diseases that could potentially translate to the neurodegeneration that occurs following an
ischemic stroke. Any potential role of (hydroxy)methylation in ischemic stroke orgbradte
neuroplasticty could form the basis of n@l treatments; however, befe such a role can be

elucidated, it is important to examine how endogenous levels of (hydroxy)methylation are

affected by ischemic stroke.

2.1.1. Posstroke DNA (hydroxy)methylatn

Previous tudies focusing on the postroke expression of 5mC and\IMTs (the enzymes
responsible for adding methyl groups to cytosine residues on the DNA molecukeyilvan
varied results. Early research discovered that following middle cerebralyadeclusion
(MCAO) in mice, 5mC levels weignificantly increased infarcted tissue in comparison to
healthy tissue, which may be responsible for promoting cell dé&thdres etal., 2000.
However, the ra of this increased DNA methylation in stroke pathophysiology appears to be

multifaceted, as evidenced by subsequent research finding that animals engineered to express
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low levels of DMT1 experi@aced smaller infarcts and ineased functional recovery post
MCAO, whereas mice that expressed no DNMT1 did not experience a protectiveeffeies

et al., 200). More recent research concurs that increased 5mC levelsgioste appear to

play a detrimental role in the pathophysiology of ischemic strokih Cho et al. (2018)
finding that pst-stroke administration of ta cytidine analogue-8zacytidine, an inhibitor of
DNA methylation, improves functional recovery and increases axonal sprouting in a
photothrombotic model of stroke in rats. Similarpck et al(2015)found that infarct size

was sigificantly decreased in rats thavere treated with Zebularine, a DNMTL1 inhibitor,

following MCAO.

Whilst various studies focusing on the pastoke expression of 5mC and its impact on stroke
severity have been cdad out shce the early 21st century, v little research has been den

to elucidate the same information regarding the more recently discovered oxidised forms of
5mC. Miao et al. (2015pund that 5hmC epression was significantly imased in the
infarcted hemisphere of mice that underwent MCAO, with a significant increase found at 36
hours poststroke and peak levels occurring 48 hours pstsbke. The same studyiso found

that intracerebroventricularadministration of theTet2 inhbitor SC1 (Pluripotin) caused
significantly increased infarct volumes, suggesting that the oxidisation of 5mC to 5hmC in the
days following ischemic stroke has a neuroprotective efiédtitiondly, Morris-Blanco et al.
(2019)also digovered that 5hmC levels are neased following transient MCAO, peaking at

12-24h, and that knockdown of Tet8ads toincrea®d infarct size.

Although this research is beginning to illustrate the timelingpa$tstroke 5hnClevels and
its potential rok in stroke pathophysiology, the are still a number of factors that have yet
to be investigated. Namely, no studies have aimed to analyse-gioste 5hmC levels in

different brain areas; whether changes inrB@ levels areokal to the infarct and/or per
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infarct area; or whether anyhanges in the further oxidised derivatives of 5mC (5fC and 5caC)
are observed posstroke. There is also no research that has yet determined if increased post
stroke levels of (hgroxy)methylaton are observed in the long e (> 1 week posstroke), or

if there are differences in 5mC/5hmC levels between different cell types. This information is
necessary in order to detail the role of (hydroxy)methylation in stroke pathophysi@ody
recovery aaxonal sprouting & functiodaemapping does not occur unsieveral weeks after

the ischemic event, with various different cell types contributing to this process of recovery

(Sist et al., 201R

2.1.2: Ischemic stroke across brain regions

When studying the pathophysiology of ischemioké, it is important to consier differences

in brain regions s a stroke can affect various brain structures and the resulting deficits are
dependent on the areas of the brain that are damaged. The artesy is most commonly
obstructed in large vessetdusion in stroke patients the MCA, which causes damagethe
somatosensory and motor cortices. Damage to these areas leads to the deficits in sensory,
motor and speech functions that are commonly oh&st in ischemic stroke patients. As well

as suppying these cortical structuresthe MCA also supplies a numbef deeper brain
structures, including the striatum, through penetrating blood vessels known as

lenticulostriate arteriegDonzelli ¢ al., 1998.

Whilst occlugn of the MCA causes direct danesig the striatum and portions of the cortex,
other brain regions that are functionally connected to these structures can also become
damaged de to secondary degeneration. In the case of &ult stroke involving occlusioof

the MCA, secondary degenerati of cells has been observed in the substantia nigra pars
compacta (SNc) following MCAO odents (Tamura et al., 1990Winter et al., 200% with
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later studies utilising MRI to elucidate the sapigenomenon in human patien{@\be etal.,

2003 Nakajima et al., 2000 This is due to the presence of dopaminergic cells projecting
directly from the SNcand ventral tegmental areaVTA to the striatum as part of the
nigrostriatal mthway (Figure 2.1)forming part of the basal ganglia circuitidaber, 201%

Due to the loss of theistriatal target cells and/odamage to the axons that connectein,

these dopaminergic neurons undergo secondary degeneration in the weeks following the

ischemic event

2.1.3. Secondary degeneration in exfocal brain regions

The exact mechanisms thainderly this postischemic netodegeneration in the SNc are
unclea as there is evidence for several cellular mechanisms contributing to cell death in
exfocal brain areas. Early studies identified several markers of necrotic cell death in areas of
postischemic degeneratior(Fujie et al., 1990 whereas studies carried out in the fmNing

years identified markeref apoptosis, such as DNA fragmeidatand nuclear fragmentation,

in the same brain areaéSorianoet al., 1996. However, subsequemecent research has
analysed these markers on a eejlcell basis and found markers for both apoptosis and
necrosis, suggesting that cells functionally connected to the ischemic infarctindergo a

G K& 0 NRA R dlowiRgdaniaffe toftieir infarcted taegs as opposed to a purely apoptotic

or necrotic death\Wei et al., 204).
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Figure 2.1: The nigrostriatal dopaminergic pathway & motor basal ganglia circuitry

The nigrostriatal pathway consists of direct dopaminergic output from the substantia nigr
pars compacta (SNc) to thiersolateralstriatum. Alongside this,he ventral tegmental area
(VTA) projects directly to the ventromedial striatum via dopaminergic neurombese
dopaminergic inputs synapse witBABAergic neuroni the striatum, which temselves
project to the globuspallidus interna (GPi) either directlyed arrows) or indirectly (blue
arrows) through the globus pallidus externa (GPe) and subthalamic nucleus (STN). The output
from the globus pallidus interna to the thalamus is inhibjtand modulates normal motor
function through direct projections frorthe thalamus to the motor cortex. This circuitry as a
whole comprises the motor circuitry of the basal ganghidditionally, there exists input from
the cortex to the striatum via glutaatergic neurons, forming thewell characterised
corticostriatal pattway.
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exfocal regions are also varied and not entirely clear. Previous research into these
mechanisms has suggested that oxidlad stress may trigger this degeneratiomith cells
undergoing posischemic secondary degeneration in the thalamus of a rat model of stroke
exhibiting increased expression oxidative stresgkers(Ohba et al., 2004 Conversely, other
studies have found that the axonal damage caused to cells of the thalamus and SNc during
ischemic str&ie can cause dysregulation of cell membrane potentials and trigger excitotoxicity
(Zhao et al., 2001 and that ischemic stroke can lead to build of the wellcharacterised
neurotoxic peptide amyloid beta in areas of exfocal neuronal degenergfdrang et al.,
2011). Taken together, this research clearly demonstrates that the cellular mechanisms
underlying poststroke secondary degeneration in exH brain areas are varied and
multifaceted. It is therefore possible that (hydroxy)methylation copldy a role in this

process, although there is no research to date that has attempted to investigate this.

2.1.4: Methods of quantifying global 5hmC

Sirce the discovery of 5hmC around a decade ago, numerous methods have been developed
in order to detemine global levels of 5hmC across the genome, each with various strengths
and weaknesses in terms of their agsdesign. The most easily accessible aikly used
methods utilise antibodies targeting 5hmC, examples of which include imrdatiblot and
immunohistochemistry (IHC). Although more accurate procedures are available, these
methods remain popular due toheir simple assay design and relativelyvloost. Other
available methods, such as [3fllicose labelling and thin layer chromatography (TL@)Jvev

the use of radioactive isotopes in order to label the hydroxylated cytosine bases. Whilst widely

considerel more accurate than immundot-blot and HC,the use of isotopes makes these
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methods more expensive to run and a higher safety risk. An alteahighly accurate
method of quantifying global 5hmC levels is high performance liquid chromatography (HPLC).
However, in order to obtain the most agaie and informative data from this method,
specialist equipment such as mass spectrometers are ne€llad.therefore makes HPLC a
relatively expensive assay to run that also requires expert knowledge of theaBpeci
equipment needed. An overview of daeforementioned method, as well as various pros,

cons and references to papers utilising these methaae included in Table 2.1.

Considering the benefits and drawbacks of each available method, the technigeercio
investigate posstroke levels oDNAmethylation in this thesis chapter is IHC. IHC allows for
the visualisation and relysis of posstroke DNA methylation in the actual biological
environment and also allows for analysis of the infarcted andi-ipéarct tissue

simultaneously.
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Immunohistochemistry
(IHC)

Antibodies targeting 5hmC ar
used to stain fixed cells ¢
tissue

analyse across tissue types(diseased &
healthy); tissue preparation allows fc
other tests to be performed using sam
samples

Method Desciiption Advantages Disadvantages References
Allows for visualisation of 5hmi
distribution in biological sample; ca

Sensitive to

preparation

sampl¢

Haffner et al. (2011)
Szulwach et al. (2011)

Immuno dotblot

DNA is immobilisedon a
surface and probed with a
antibody fargeing 5hmC

Simple &rapid technique; can be adapte
to ELISA format for high throughput; c:
be quantitatively analysed through use
calibration curves

Requires>g quantities of
DNA,; can be affected b
non-specific  antibody
binding

Thomson et al. (2012)
Miao et al. (2015)

[3"]-glucose labelling

[3"-glucose is transferred t
genomic 5hmC, with
incorporation measured by
scintillation counting

dmple assay design; can determit
absolute 5hmC levels through use
calibration curves

Requires large amount ¢
DNA; requires use ¢@
radioactive isotopes

Terragni et al. (2012)
L. Zhang et al. (13)

Thinlayer
chromatography (TLC)

DNA is enzymatically digeste¢
and radioactively labelleg
before being hydrolyed, after
which nucleosides ar
separated on TLC plates

The use of different restriction enzyme
allows for analysis of 5hmC content
different sequence contexts

Requires large amount ¢
DNA; requires use d@
radioactive isotopes

Tabhiliani et al. (2009)
Ficz et al. (2011)

High-performance
liquid chromatography
(HPLC)

Hydrolysed nucleosides al
resolved by liquid
chromatography and ther
detected by  adsorption
analysis or mass spectromett

Very accurate and @eitive; can use
reference componds to quantitatively
analyse 5hmC content

Requires large amount ¢
DNA; often expensivi
and requires expert
knowledge of equipmeni

Xu et al (2011)
Yin et al. (2015)

Table2.1: Methods of quantifyingglobal5hmC
Widely used methods of detecting and quantifying global levels of 5hmC, including references to published studies thegchthestechnique.
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2.1.5: Objectiveg Hypotheses

The objectives of this chapter are as follows:

W To determine thetime course of changeinglobal 5mC, 5hmC & 5caC levels in the
brain up to 1 month posischemic stroke

W To determine differences in postroke global 5mC, 5hmC & 5caC in various cell
types; namely neurons, microglia & dopaminergic neurons of the sobataigra
parscompata

w To determine differences in postroke global 5mC, 5hmC & 5caC levels in various
brain areas affected by MCAQO; namely the cortex and striatum (directly affected) and
the substantia nigra pars compacta (indirectly affectad)l @mpare to a bain area

not affected by ischemic stroke (medial garate nucleus)

Based orprevious research carried out in this area, the hypotheses for the findings of this

chapter are as follows:

W Levels of glob@@mC andbhmC will increase in botiie cortex and striatum, peaking
at between 24 hows and 7 days

W Global levels of 5mC and 5hmC will differ between neurons and microglia

() Significant changes giobal5hmC levels in dopaminergic cells of the substantia nigra
and ventral tegmental area Walso be observed

W No changes imlobal levels of 5mC or 5hmC levels will be observed in the medial

geniculatenucleus
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2.2: Methods

All surgical procedures and tissue collection (sections 2.2.2 + 2.2.3) were performed by
Rebecca Trueman and Annagta Learoyd. Infarct volume analysis was performed by

Annastaia Learoyd (section 2.2.5.2).

2.2.1: Experimentatlesign

All experiments were performed according to the UK Animals (Scientific Procedures) Act 1986

under a project license from the UK Ho@#ice.

Male C57BL/énice weighing 280g (Charles RivetK)were housed in IVC cages in groups
of four under standard conditions (aspen chip bedding (depth-8¢18), sizzlenest material,
cardboard tube and a wooden stick for chewing). Room conditiare Wept to 2123°C with

12h lightdark cycle. All exparientd procedures were completed during light hours (7am
7pm). Animals had unlimited access to food and water throughout the study with
supplementary softened food being provided once prior to swygard daily possurgery for

7 days Paracetamolwasadded to the drinking water (1mg/ml) for the day before and 48h

following surgery.

Animals (n=44) underwent 30 minutéCAQan equivalent sham surgemr no surgery (haive
animals). At varying time ats after surgery (1, 2, 7 or 28 days) animals were @uiged and
perfused. Brains were collected for the analysis of infarct volume and expression of 5hmC.

The number of animals used for each experimental group is shown in Table 2.2.
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Time point after Initial Number Animals Final Number
MCAO (days) of Animals Excluded of Animals
Stroke Groups

1 8 4 4

2 8 3 5

7 8 3 5

28 9 4 5
Control Groups

Sham 6 2 4
Naive 5 0 5

Table 2.2: The number of mice used to assess strsike levels of 5ShmC

Mice underwent 30 minutaniddle cerebral artery occlusion (n=33n equivalent sham
surgery (n=6) or no surgery at all (n=5). Animals were excluded due to anaesthetic related
death (n=3), severity of stroke (n=4), lack of stroke (no stroke symptoms dwihgs@mn or
infarct <5mm?; n=8) or damage to brain duringsgise collection (n=1).

2.2.2: Surgical procedures

The filament occlusion model was used to induce a stroke (originally develodsshigg et

al. (1989) modified inthis study by not cauterising external carotid artery). Animals were
anaesthetised using 5% isoflurane (100% w/w, 250ml; Abbott, US) ifmiiNL®2 and
maintained using 2.0% isoflurane in 0.6 NLt/min2Gand 0.8NLt/min N20O. Prior to the start

of surgeryanimals were shaved and the surgical site cleaned. Local anaesthetic (EMLA Cream
(5%, 5g; AstraZeneca, UK)) was applied to the neck aniddnbmas applied to the eyes.
During surgery, core temperaturevas maintained at 37+0°® through the use of a
homeothermic blanket (Harvard Apparatus, US). Sterile conditions were maintained

throughout the procedure.

Surgery to induce the stroke invold¢he dissection of tissue in the neck to expose the right
comnon carotid artery (CCA) and its bifurcation into #ernal carotid artery (ECA) and
internal carotid artery (ICA). All vessels were dissected from the surrounding tissue and a hole

was maden the CCA to allow insertion of a siliceogated filament (dhmeter of 0.19mm
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Doccol, US). The filament was irteerup the CCA and the ICA until a mild resistance was felt.
At this point if the filament had moved a sufficient length up the artery amdenof the white
silicone of the filament was visible, the M@As deemed occluded. The filament was secured

in plae, occluding the MCA, for 30 minutes. Animals were allowed to recover from the
anaesthetic for the duration of the occlusion period. Durinig time animals were placed in

a box heated to 3T and monitred for stroke symptoms. Symptoms included circkmgl
unilateral loss of sensation (assessed through whisker stimulation and paw placement).
Complete lack of stroke symptoms led to excludimm the experiment. At the end of the
occlusion period, aftea stroke had been confirmed, animals wereargaestletised and the

filament removed.

Animals undergoing sham operations underwent the same procedures including the
dissection and ligation dflood vessels. A filament was not inserted into the CCA of sham
animals. These animals were alssanaesthetised 30 minutes pastirgery to maintain the

time spent under anaesthesia.

2.2.3: Tissue collection

At various time ponts pos¥iCAO (24 hours48 hours, 7 days or 1 month)nianals were
euthanised using intraperitoneal injection of Euthatal (0.1ml; 200mg/ml, Merial Animal
HealthLtd, UK). After injection, aninslvere left in their home cage until they had no toe or
corneal reflexes and breathiritad ceased. At this point animals were perfused via the left
ventricle with 250ml phosphate buffered saline (PBS) followed by 250mil.5%
paraformaldehyde (PFA). Brainvere then removed and placed in 1.5% PFA for 24 hours
followed by 25% sucrose for 2éurs. Following incubation in sucrose brains were mounted
using mounting medium (OCT) onto a freezing platform of a freezing sledgetome
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(AS200; Anglia ScientifidK). Once frozgd N} Ayd $SNB Odzi Ayid2 nn>Y

sections were placenh anti-freezesolutionin 24 well plates and stored a20°C.

2.24: Immunohistochemical staining

2.2.4.1: Fluorescent Staining for 5mC, 5hmC, Niéall& Tyrosine Hydrxylase

Sectons were fluorescently stained to detect-fiethylcytosine (antibody raised in rabbit;
Active Motif, USA),-Bydroxymethylcytosine (antibody raised in mouse; Active Motif, USA),
NeuN+ neurons (antibody raised in guifgg; Abcam, UK)bal+ microglia (aitiody raised

in goat; AbcamUK)and TH+ dpaminergic neuros (antibody raised in rabbit; Millipore, USA).
For sections undergoing double staining, primary antibodies were adtifie same time,

not in series.

Tissue sections stained for 5mC and/or Nefitdt underwent antigen retrieval, which
involved incubatiorin 15mM sodium citrate buffer (adjusted to pH 6.0 with citric acid) 4C30

for 20 minutes followed by three washes in PBS.

All tissue sections were then permeabilised by incubating in PBSiciongt®.5% Triton-400

for 30 minutes, flowed by incubatn in 2N HCI for one hour in order to denature DNA.
Sections were then neutralised via incubation in 210mM-H@ for 30 minutes before being
placed in a blocking solution consisting of PBS @&\ glycine, 0.5% Triton200 and 0.5%
low endotoxin bovie serum albumin (BSA; SigiAldrich, UK) in order to prevent nonspecific
binding of antibodies. Sections were then incubated overnighf@twith primary antibodies
diluted in blocking solutionrgbbit antt5mC, 1 in 500; mouse arfBhmGC 1 in 2000; guina

pig antiNeuN, 1 in 500goatanti-lbal, 1 in 500and rabbit antiTH, 1 in 500). Three washes
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in PBS were performed before incubation in fluorescent madamjugated secondary
antibodies (goatinti-mouse AlexaFluor 568, Thermo Fisher, UK;-gaétrabbit AlexaFluor

594, Invitogen, UK; goat antiuineapig AlexaFluor 405, Thermo Fisher; déhkey antigoat
AlexaFluor 488, Invitrogen, YKt a dilution of 1 in 400 in blocking buffer for 2 hewt room
temperature. Sections underwent one final round of PBS washes before being mounted onto
gelatinised microsupe slides and allved to air dry in the dark. All sections then underwent
serial dehydration via incubations in increasing concentratiohgthanol (70%, 90% and
100%). Slides were then cleared with a rinse in xylene before being coverslipped with DPX
(non-aqueous mountig medium; Millipore, USA). Coverslipped slides were stored@tit

the dark until imaging took place.

2.2.4.2: Fluescent Staining for 5caC

Immunohistochemical detection of 5¢caC dsehorseradish peroxidassonjugated antibody;
therefore, endogenos peroxidase activity was blocked by incubation in 3% hydrogen
peroxide for 10 minutes. This was followed by cell membraarmeabilisation via incubation

in PBS containing 0.5% TritofrLB0 for 30 minutes. Sections were then incubated in 2N HCI
for 30 mirutes to denature DNA before being neutralised via incubation in 10mivHRISor

30 minutes. Tissue sections were thagubated in a blocking solution (PBS containing 0.3M
glycine and 0.% BSA) containing a 1 in 1000 dilution of raaliti-5caC antibodyActive
Motif, USA) at 4C overnight. Following 3 washes in PBS, sections were then incubated in
blocking solution containg a 1 in 400 dilution of goainti-rabbit HRFconjugated seconds
antibody (Vector Laboratories, UK) at room temperature for 2reo&ollowing a further 3
washes in PBS, sections were then incubated in tyramide signal amplifidatiiber

containinga 1 in 200 dilution of tyramide (Perkin Elmer, USA) for 2 minutadidds then
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underwent 3 final washes in PBS before being dehydrated coverslipped as previously

described in section 2.2.4.1.

2.2.43. DAB Staininfpr NeuN

Briefly, endogenous pewridase activity was blocked by incubation in 3% hydrogen peroxide
for 10 minutes beforenonspecific binding of antibodies was blockeg ihcubation in 3%
normal serum. Tissue was then incubated witbuseanti-NeuNantibody (Millipore, USA)
diluted to 1 in30000overnightat 4°C This wasdllowed by incubation in & in 4@ dilution of
biotinylated secondry antibody (goatanti-mouse; Vewr Laboratories, UKjor 2 hours.
Sections were thernincubated in Avidin/Biotin complex (Vectastain Elite ABC kit; Vecto
Laboratories, UK) for 2 hours followed by 3,3' DiaminobenzidiA8}h order for the staed

cells to be detectedSections were ten serially dehydrated and coverslipped as described in

section 2.2.4.1.

2.2.5: Image Analysis

2.2.5.1: Fluorescehttensity Analysis

Fluorescently stained sections were imaged at either x10 magnification (when analysing the
substantia nigra pars oapacta) or x20 magnification (when analysing the cortex, striatum
and medial geniculate nucleus) using a Zeiss 200M stope (Zeiss, Germgn To create
composite images of the entire infarcted hemisphere, x20 magnification images were stitched

togetherusing Volocity software (Leica, Germany).

Images of sections stained for 5hmC were analysed using ImageJ safaaenoff et al.,

2004). Images wez converted from colour to greyscale before regions of interest (ROIs) were
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drawn and integrated density (a measure ofesage intensity acrss the entire region)
measured. These measures of integrated density were then used to calculate Corrected Total

Fuorescence (CTF), as detailedMgCloy et al. (2014 THs calculated as follows:

CTF = Integrated éhsity of ROL (area of ROI x man fluorescence of background

readings)

As such, for each region of interest, the fluorescent intensity (defined as Mean Gray Value in
ImageJ) was measured for 5 separate small-nodear areas within the ROI. These were
then averaged to give a mean fiescent reading of the background. The calculated CTF is
thereby a measure of intensity of nuclear staining and is used as an indirasuneeof 5hmC

levels.

The regions of interest that were measured in this study ineltlte cortex and striatum,
whichare directly affected by the infarct. As such, infarcted and-mfarcted areas of these
brain regions were analysed separately. To dai@e borders of the infarct in the 5hmC
stained tissue sections, ROIs were drawn abthe infarct of directly adjacd tissue sections

that were stained for NeuN. These ROIs were then mapped onto the corresponding sections

stained for 5hmC.

Other brainregions analysed were the substantia nigra pars compacta andmibdial
geniculate nucleus. For analysis of the sub8tanigra pars compacta, only dopaminergic
(TH+) cells were of interest. Therefore, the nucleus of each TH+ cell was defined as@ ROI, a
the CTF of all nuclei were averaged for each animal. Figush®ws the regions of interest

analysed in this study
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Figure 2.2: Brain areas analysed for psstoke 5ShmC levels

To determine the timeline of posttroke 5hmC expression, severaaior areas were analysed. An example of dartt produced by MCAO is shown in dark
red. Brain areas directly affectdun) stroke were analysed, with infarcted and niorfiarcted areas analysed separately. A =4mtfarcted cortex; B = non
infarcted striatum C = infarcted cortex; D = infarcted sttiat. A brain area indirectly affected by stroke, dopaminergic neurons ofibstantia nigra pars
compactaand ventral tegmental are¢gE) was also analysed. As a control, a brain area that is not directly recihdaffected by stroke, the medial geniate
nucleus (F) was also analysed. Image adapted Fiaankin and Paxinos (2008)
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2.2.5.2: TH+ Cell Count

One brain section froneach mouse (bregma point-3:08; Figure 2.2) was fluorescently
stained with antibodies targeting TH and subsequently imaged at x10 riegiuih. ImageJ
software was then used to oot the number of positively stained cell bodies in the substantia
nigra pars compactand ventral tegmental areaf the hemisphere ipsilateral to the infarct in

each section.

2.2.5.3: Infarct Volume Analysis

Sections stained for NeuN were imaged af xitagnification using a slide scanner (Axioscan
Z1,; Zeiss, Germany). Thsanner automated the process of taking x10 magnification images
and stitching to produce a composite image of the entire section. Imafgesctions between
Bregma 0.98 te0.94mm vere used to determine infarct volume. The area of intact tissue on
both the ipsilateral and contralateral hemispheres was measured using Imagadcted
tissue was identified as tissue in which NeuN stainirgabee nonrspecific (no longer localised

to within the nucleus) or notably decreased. Previous studies using NeuNhgtamidentify
infarcted tissue have used the same criteria, with accurate delineation of infarct borders
possible as soon as 6h peasthemia (Liu et al., 2009 It isimportant to note that at the
earliest timepoints in this study, a reduction in NeuN staining intensity may not sachs

be indicative of neuronal cell loss as previous research has found that ischemia can cause a
transient reduction in antigenity in neuronal cells destined to surviy®nakCevik et al.,

2004, although this is not likely to be an issue in the later timepoinedus this study.

The calculated area of intact tissue for the ipsilateral hemisphere was subtracted from that
for the contralateral hemisipere to create an indirect measure of the infarct which accounted

for both oedema in the first few days peBtCAO ad atrophy at 28 day postMCAO. These

51



I NBF&a ¢6SNB GKSYy YdzZ GALX ASR o6& GKS aSOdAz2y GKAOT)
series (12}o calculate the infarct volume. Infarct volumes are presented as a percentage of

the volume of the contralateral hemisphere.

2.2.6: Statistical Analysis

Data is presented as mearstandarddeviation(9D). Statistical analysis was performed using

DN} LKt IR tNRAY T® bl OGBS FyR {KIFEY 3INRdzLIA 6SNB O2Y
group due to the similar results obtained bytbqsee AppendipAl)® 5 Q! 323 GAYy 2 Y 2NXI f

test revealed thatll data wasot normally distributed; therefore, the Kruskéallis test was

dza SR (2 RSGSOG RAFTFSNBYyOSa o0S0G6SSyYy 3INRdMzLIAD 5dzyy
perform posthoc analysis @ O2 YLJI NB 3INRdzLJad® C2NJ O2NNBt F GA2y | f

correlation coefficient was utilised. Differences were considered significaiQiop.
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2.3: Results

2.3.1: Review of fluorescent staining quality

2.3.1.1: 5mC, 5hmC + 5caC

Antibodies wee used to stain mouse brain tissue for the quantification of 5mC, 5hmC and
5caC in various cell types. Considering that these antibodies were being used to quantify levels
of (hydroxy)methylation, the quality of staining needed to be of a high standartbalised

to the nucleus, with low background staining and consistent across brain areas).

Figure 2.3 shows example images of the quality of staining obtained by using the antibodies
targeting 5mC, 5hmC and 5caC. It can be seen that the quality of&imihg is not of a high
standard, as some areas of the brain appear to stain well (low background fluorescence)
whereas other brain areas within the same section appear to have high background, even
with sections having undergone antigen retrieval. @tag for ShmC appears to be of much
higher quality, with low background fluorescence and consistent quality staining across the
section. Confocal microscopy also reveals that the staining is localised to the nucleus (Figure
2.3). Similarly, staining for &€ is consistent across the brain, albeit with moderate
background fluorescence. However, confocal microscopy reveals that the staining is not
localised to the nucleus, instead having appeared to stain around the nucleus. This is not
consistent with otheresearch that has immunohistochemically detected 5caC in neural and
glial cellfAbakir et al., 2016Wheldon et al., 2014 Considering tls, it was concluded that

the staining of 5mC and 5ca@as not of a high enough quality to reliably use for
guantification.Numerous modifications to the protocah¢ludingantigen retrieval,various
blocking buffers,and various antibody concentrations) we attempted, though staining
quality did not improveTherefore, only immunohistochemical staining of 5hwes used for

subsequent analysis.
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Figure 2.3: Example images of 5mC, 5hmC + 5caC immunohistochemical staining

Primary antibodies targeting 5mehmC and 5caC were used in conjunction with fluorasce
secondary antibodies for immunohistochemical detection in mouse brain tissue. Quality of
5mC staining is inconsistent, as some brain areas stained well with low background
fluorescence tpp left), wheaeas other brain areas within the same sections eithib high
levels of background fluorescende right). ShmC staining is of much higher quality, with
low background fluorescencen{ddle lef) and staining localised to the nucleusiddle righ).
5caGstaining was also consistent across brain areagjtalath high background fluorescence
(bottom left) and confocal microscopy revealed that staining was not localised to within the
nucleus bottom right). Scale bar = 50n in each image.
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2.3.1.2: IbalTH + NeuN

In order to quantify 5hmC levels in vaumcell types, mouse brain tissue sections were co
stained with 5hmC antibodies and antibodies targeting various cell types: microglia (anti

Ibal); neurons (antNeuN); and dopaminergic neurons (atyiosine hydroxylase; TH).

Figure 2.4 shows exampleages of the quality of staining of each of these antibodies. It can
be seen that although the Ibal antibody appears to have successfully stained microglia, there
appears to be no cells that are positiyedtained for both Ibal and 5hmC. Therefore 5hmC

content of microglia was not analysed.

Dopaminergic neurons of the substantia nigra pars compacta were stained using an antibody
targeting tyrosine hydroxylase (TH), with staining appearing to work wet many cells
positively staining for both TH and 5hr{idgure 2.4). 5hmC content of these dopaminergic

neurons was therefore subsequently analysed.

Neurons of the cortex and striatum were stained using an antibody targeting NeuN, a nuclear
neuronal protein. However, the staining produced with this antibadg not of a high quality,

with low fluorescent intensity compared to background (Figure ZIfhpugh numerous
attempts were made to ifprove staining qualit§including antigen retrievalse of different
blocking buffers, increasing antibody concentrajionhese proved unsuccessful.This
therefore makes it difficult to accurately determine positiyetained cells and as such, the

5hmC content of NeuN+ cells was not analysed.
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Figure 2.4. Staining of various cell types

Antibodies targeting Ibal, TH @rNeuN were used to stain for microglia, dopaminergic
neurons and NeuN+ neurons, respectively, in mouse brain tisop. Microglia were
positively stained for Ibal (green), though no microglia were also positively stained for 5hmC
(red). Middle: Dopaminegic neurons were positively stained for TH (green), with TH+ cells
also positively stained for 5hmC (re@ottom: Cells were stained with antibodies targeting
NeuN, though fluorescent intensity of positively stained cells (blue) was low in comparison to
backgound. Scale bar = 56n in each image.
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2.3.2: Posstroke 5hmC levels in the cortex

Brains of mice that were euthanised at different time points following MCAO surgery were
stained for 5hmC using immunohistochemistry and analysed for fluorescemisity as an
indirect measure of 5hmC levels. Infarct borders were determined by analysis of NeuN
staining on adjacent brain sections and infarcted and-mdarcted areas were analysed
separately (Figure 2.8NB: As tk NeuN antibody used for thigfarct delineationis separate

from that which washown to fail in Figure 2.4, this NeuN staining sascessfuhind deemed

of high enough quality to delineate infarct borders

In infarcted tissue, there was no significalifference in 5hmC levels betweat time points

(Figure 2.6A; KruskaVallis=2.63; p=0.62). In nanfarcted tissue, there was a significant
increase in 5hmC levels between groups (Figure 2.6B; Kruskal Wallis=14.57; p=0.006). Post
hoc analysis reveals tha#his significant difference islue to a significant increase in 5hmC

levels at 48h posstroke in comparison to controls (p=0.002).

2.3.3: Posbktroke 5hmC levels in the striatum

In the striatum, a significant difference in 5ShmC lem@sveen groups s found only in the
non-infarcded tissue (Figure 2.7; infarcted: Krusk#hllis=9.37; p=0.053; nenfarcted:
KruskalWallis=19.48; p<0.001), driven by a significant increase in 5hmC levels at 7 days post

stroke in comparison to controlp£0.003.
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NeuN 5hmC

N .-
-

Figue 2.5: Immunohistochemicalaining for NeuN +5hmC in mouse tissue
The brains of mice that underwent transient MC@@ttom) or control mice that underwent sham surgery or no surgery gta) were sectioned andien
stained for 5hmC using immunotoshemistry. Adjacent sectiongere stained for NeuNleft) in order to determine infarct border§nfarct border shown in

white). Sectionsstained for 5ShmC were imaged at x20 magnification and images were stitchedhé&wgetform a view of the entire iafcted hemisphere
From thesemages, the intensity of 5hmC staining in the infarcted cortex & striatum anenfarcted cortex & striatum were analysed. Scale bar an»in

each image.
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A Infarcted Cortex
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Figure 2.6: Timeline of positroke cortical 5hmC levels

Male C5/BL/6mice underwat 30 minutes MCAO and were euthanisgth(n=4),48h (n=5),

7 days(n=5) orl month(n=5)later. Controls included mice that underwent a sham suyger
(n=4) or no surgery (n=5). Relative levels of 5hmC were analysed in the infécseal(hon
infarcted B) cortexof the infarcted hemisphereA: In infarcted cortical tissue, there was no
significant difference in 5hmC levels between groups (p=0B2n noninfarcted cortical
tissue, there was a significant increase in 5hmC levelsgiaste, with a peak at 4&ours
poststroke (p=0.002). Data presented as mea8D. ** represents a significant difference
(p<0.01) in poshoc analysis.
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A Infarcted Striatum
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Figure2.7: Timeline of posstroke striatal 5ShmC levels

Male C57BL/6nice underwent 30 minutes MCAOa@were euthanise@4h(n=4),48h(n=5),

7 days(n=5) orl month(n=5)later. Controls included mice that underwent a sham surgery
(n=4) or no surgery (n=5)eRitive levels of 5hmC were analysed in the infarcaed non
infarcted striatum of the infarcted Bmisphere.A: In infarcted striatal tissue, there was no
significant difference in 5hmC levels between groups (p=0.@3n noninfarcted striatal
tissue,there was a significant increase in pattoke 5hmcC levels, wita peak at 7 days post
stroke (p#9.002). Data presented as measD. * represents a significant difference (p£).0
in posthoc analysis.
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2.3.4. Posstroke 5hmC levels in the substantragra pars compacta

The brains of mice that underwent transieMtCAO were immunohistochemically-stained

for tyrosine hydroxylase and 5hmC. The intensity of 5hmC staining in TH+ (dopaminergic) cells
of the substantia nigra was analysed as an indirecasnee of 5hmC levels. In these cells,
there was a significant ddrence in the relative 5hmC lewebetween groups (Figure 2.8;
KruskalWallis=10.0; p=0.04). Pekbc analysis reveals that this significant difference is driven

by a significant increase 5hmC levels at 7 days pestroke (p=0.01). Representative image

of each group are shown in Figu2.9.
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Figure 2.8: Posidtroke 5hmC levels of dopaminergic cells in the substantia nigra pars
compacta

Male C57BL/6nice underwent 30 minutes MCAO anéng euthanise®4h(n=4),48h(n=5),

7 days(n=5) orl month(n=5)later. Controls included mice that undeent a sham surgery

(n=4) or no surgery (n=5). Relative levels of 5hmC were analysed in dopaminergic (TH+) cells
of the aubstantia nigra pars compatin these cells, there was a significant increase in 5hmC
levels poststroke, with a peak at 7 days pesttoke (p=0.01). Data presented as mea8SD.

* represents a significant difference (p<0.05) in pbset analysis.
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Figure 2.9: Immunohistocheroal detection of TH and 5hmC

Brain sections from mice that underwent MCAO surgery and were culled at vanmmints

post-surgery (24 hours, 48 hours, 7 days and 1 month) were immunohistochemically stained

with antibodies todetect tyrosine hydroxylaséreen) or 5hmC (red). Control animals that
underwenteither a sham surgery or no surgery were also inclufteds figure represents a

sham surgery animalFromthese images, the intensity of 5ShmC staining within TH+ cells was

analysed, as well as totaimber of TH+ cells. Scaledr NJ ' pn>Y Ay SIFOK AYlI3So
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2.3.5. Loss of dopaminergic cells in substantia nigra

The number of TH+ cells in the substantia nigra pampacta of mice that were euthanised

at various time points following MCAO was counted felftg immunohistochemical aining

of brain sections. Statistical analysis revealed that there were differences in cell count
between groups (Figure 2.10; Kruskidhllis =10.5; p=0.03), with pesbc analysis revealing

that this difference is driven by aggiificant decrease in catbunt at 1 month posstroke in
comparison to controls (p=0.03). Representative images of each group are shown in Figure

2.9.
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Figure2.10: Count of TH+ cells of substantia nigra pars compacta following MCAO

Male C57BL/Gniceunderwent 30 minutes MCAO and were euthanidth(n=4),48h (n=5),

7 days(n=5) orl month(n=5)later. Controls included mice that underwent a sham surgery
(n=4) or no srgery (n=5). The number of cells that positively stained for TH were counted in
the substantia nigra pars compacta of these brains at bregma po®08. In the substantia
nigra pars compacta, there was a significant decrease in the number of TH+t detigath
following MCAO (p=0.03). Data presented as mean + SD. * representsfiaaigdifference
(p<0.05) in comparison to controls in pdsic analysis.
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2.36: Correlations betweernfarct size and 5hmC levels

The infarct volumes of brain sectionbtained from mice that were euthanised following 30

minute MCAO were calculated as percentage volume of the contralateral hemisphere.

These volumes were correlated with the relative 5hmC levels ofimfancted cortical and

striatal tissue of the ipsateral hemisphere. No significant correlational relationship was

found between infact V2 £ dzYS | yR pKY/ fS@Sta 2F G(KS aidNRI {d
NI'ndontTT LIndrT0 2N adzoadlydAl yAINI O0CAITdzNE HOMM
correlation between infarct volume and cortical 5hmC levels appears to be present, this was

notf2dzy R 02 06S AAIYATFTAOIYG O0CAITdzNBE HOMMT { LISFENXI yC
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Figure 2.11: Correlation between infarct volume and 5hmC level in various brain areas

Infarct volumes of brains obtained from mice that underwent transient MCAO were
calculated a %volume of contralateral hemisphere. These volumes were then correlated
with relative 5hmC levels in neinfarcted cortical and striatal tissue. No significant correlation
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2.3.7: 5hmcC levels in the medial geniculate nucleus

Using immunohistochemistry, relative BIC levels within the medial geniculate nucleus
(MGN; a brain area not known tceldirectly or indirectly affected by MCAQO) of mice that
underwent transient MCAO was analysed at various time points§toske. In the MGN, no
significant differences in 5Shmi€vels were observed between groups (Figure 2.12; Kruskal

Wallis=3.33; p=0.50Representative images of each timepoint are shown in Figure 2.13.
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Figure 2.12: Positroke 5hmC levels of the medial geniculate nucleus

Male C57BL/6nice underwent 30 nmiutes MCAO and were euthanis2dh(n=4),48h(n=5),

7 days(n=5) orl month(n=5) later. Controls included mice that underwent a sham surgery
(n=4) or no surgery (n=5). Relative levels of 5hmC were analysed in the medial geniculate
nucleus (MGN). No significanfféirence in relative 5hmC levels was found between groups
(p=050). [xtapresented as meatr D.
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Figure 2.13: Immunohistochemical detection of 5ShmC in MGN

Mice that underwent MCAO surgery, or control mice that underwent sham surgery or no surgegycuwiled at various time points pestrgery (24

hours, 48 hours, 7 de&or 1 month) and their brains sections and immunohistochemically stained for 5hmC. These images were used to analyse
intensity of 5hmC staining in the medial geniculate nucleus (MGMlined in white. Sections from bregnuint ~3.08 were stained; atlaimage

shows field of view in black box, and medial geniculate nucleus in blue. Scale banFi@@ach image. Atlas image adapted from Paxinos & Franklin

(2001).
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2.4: Discussion

The aim of this chapter was taletermine the timeline of changes in global
(hydroxy)methylation levels in the brain following ischemic stroke, and to determine if these
changes vary between different brain regions that are affected by ischemic stroke. Through
use of immunohistochemistryo determine relative 5hmC levels, it was determined that
5hmC levels appear to increase in areas of the brain that are affected leyriscstroke either

directly or indirectly.

Previous research focusing on the role of 5hmC in the pathophysiologghehigc stroke is
extremely limited. Miao et al. (2015) were the first to determine that global 5hmC levels are
increased in brain tissuellowing ischemic stroke, although these changes were determined
by analysing the infarcted hemisphere as a whole digdnot consider differences between
brain regions or infarcted and nanfarcted tissue. This study also failed to assess long term
charges in posstroke 5hmC expression as the latest psgbke time point analysed was 7
days.Similarly, MorrisBlanco ¢ al. (2019) determined significantly increasBdmC levels
poststroke, peaking at }24h, but were limited by notnvestigating beyondhe 24h
timepoint. Using immunohistochersiry, this chapter has analysed pesttoke 5hmC levels

in distinct brain area directly (cortex and striatum) and indirectly (substantia nigra pars

compacta) affected by stroke up to 1 month following the ischeswint.

In the cortex, a significant increase in pastoke 5hmC levels was found in rorfarcted
tissue, but not innfarcted tissue (Figure 2.6). In the norfarcted cortex, there appears to be
a slight increase in global 5hmC at 24h and 7 daysgiaste, although the only significant
increase is found at 48h pastroke, when the global 5hmC level peaks. SimilaHgnges to
global 5hmC levels in the striatum were found only in the-wdarcted tissue (Figure 2.7).
However, in this brain region)apal 5hmC levels peaked at 7 days pstsbke. In both brain
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regions, the global levels of 5hmC appear to have retdrtee the baseline levels of the
controls by 1 month posstroke. These timelines of pestroke 5ShmC levels match the only
available comprable data that is available in the literatufiiao et al., 2015Morris-Blanco

et al., 2019, in which it was determined that global 5hmC levels in the entire infarcted

hemisphere significantly inease poststroke, with a peak at2-48 hours posstroke.

In addition to analysing posiiroke 5hmC levels, Miao et §2015) also determined a timeline

in the levels of posstroke 5mC, with increased levels found following MCAO with a peak at
24-36 hours poststroke. Given that this peak in 5mC levels occurs slightly before the observed
peak in global 5hmC, this seetoselucidate a timeline of positroke methylome changes in
which global 5mC is increased in response to the ischemic event, followeglobal
demethylation, presenting as an increase in global 5hmC. By 7cdhysonth poststroke,
5hmC levels return tbaseline, suggesting that the methylome has returned to normal. This
suggested timeline is further evidenced by research carried ouirgner et al. (2014 hich
determined that global methylation is significanflycreased at 24 hours following sciatic
nerve ligation, but is then significantly decreased at 7 days-pysty. Whilstthis research
does not consider 5hmC levels, and attempts at determining levels of 5mC in this study failed
(Figure 2.3), this timeie of postinjury methylome changes would appear to fit in with the
changes in 5hmC levels observed in ttusrent study. Although the study carried out by
Lindner et al. (2014jocused on peripheral nge injury and not ischemic stroke, taken
together with data from this study it would seem to suggest an endogenous response of the
nervous system to axonal injury that involves immediate global hypermethylation followed
by 5hmGmediated demethylation, perps as a means of priming axgrowth related genes

for expression.
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Further evidence for the theory that increased 5hmC levels radedtive of demethylation
leading to increased gene expression comes from the fact that the significant increase in
5hmC évels in the cortex slightly precedes previously determined peak expression of axon
growth related genes in the pemfarct cortex(Carmichael et al., 2005The occurrence of
peak 5hmC expression in the pérfarct cortex (at 48h) slightlprior to peak axomrowth
related gene expression (atZB days posstroke) could suggest that the peak in global 5hmC
levels isindicative of mass genomic demethylation that leads to the observed increase in
axongrowth related genes in the followingagls. These altered patterns of gene expression
lead to increased neuronal excitability, which facilitates axonal growth and rewaifingured
tissue (Carmichael & Chesselet, 2002hereby suggesting that global dethglation via
oxidisation of 5mC may play a role in the control of pstsbke neuronal plasticity. This
evidence cannot, hoewver, be used to conclude that a causal relationship exists; further
research is needed to determine if global demethylation infices st-stroke neuronal

plasticity.

In addition to assessing changes in global 5hmC in brain areas directly affectetidopits

stroke, this study also analysed the timeline of pssbke 5hmC levels in dopaminergic cells

of the substantia nigra pasompada; cells which project directly to the striatum as part of

the nigrostriatal pathway and have been shown to undergtrograde degeneration
following ischemic damage to the striatuffiamura et al., 1990By identifying dopaminergic

cells as those that were positively stained for tyrosine hydroxylager@24), the intensity

of 5hmC staining in these cells was measured as an indirect measure of global 5hmC levels. It
was deermined that following ischemic stroke, there is a significant increase in global 5hmC
with a peak at 7 days postroke (Figure.8). $milarly to the cortex and striatum, 5ShmC levels

appear to have returned to baseline 1 month after the ischemic event.
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Itis, however, once again not possible to determine the cause of these changes in 5hmC levels
in the SNc. It is possible thatgyxic damage to the axon terminals in the striatum triggers an
axonal regrowth/repair response, which is thereby reflectedahyincrease in 5hmcC levels as
axongrowth related genes undergo demethylation. Alternatively, given that the peak in
5hmC levels a@incides with the delayed onset of cell death in the SNc that has been
demonstrated in both previous resear{Nalajima et al., 2010Tamura et al., 199Gnd this
current study (Figur@.10), itis therefore also possible that the observed increase in 5hmC
levels at 7 days posttroke is secondary to cell deagignals occurring. It is important to note

that the TH+ cells that are being observed in this study are almost exclusivelyvthode

have survived the phenomenon of exfocal pésthemic neurodegeneration, particularly at

the 1 month poststroke timepoin. Seeing as the surviving cells at this point did not exhibit
significantly increased levels of 5hmC (Figure 2.8), this wasdhsto sggest that the
observed increase in 5hmC levels at 7 days may not be related to the regrowth of axons that
these cellswould be undergoing at this timepoint. Determining the cause of the observed
increase in SNc 5hmC levels should be a focustofefuesearch as elucidating this cause
could provide a potential therapeutic target for the treatment of exfocal giesshemic

neurodegeneration.

When considering the observed changes in 5hmC levels in dopaminergic neurons of the SNc,
it is also importahto condgder that staining for TH alone does not allow for the absolute
distinction of cells that belong to the SNc and the V@gpecially since these two brain areas

are situated alongside one another (Figure 2.2). Therefore, it is possible that a nofithe

TH+ cells analysed in this study were dopaminergic cells of the VTA, and not necessarily nigral
cells. However, it islso worth considering that the infarcted areas of striatum more closely
align with the projections of the SNc (dorsolateral ainim) asopposed to the VTA

(ventromedial striatum) (Figures 2.2 and 2.5). It is therefore likely that the observed results
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are due to changes in dopaminergic cells of the SNc, though this cannot be determined for

certain until dopaminergic cells of the 8dnd VTAre identified absolutely.

Whilst ischemic strokénduced increases in 5hmC have been determined in three distinct
brain areas (cortex, striatum and SNc), with peak levels occurring at similar times, it is
important to note that these changes dmwt appear to be global, as evidenced by the lack of
changes to posstroke 5hmcC levels in the MGN (Figure 2.12). The MGNraraarea that is

not directly or indirectly affected by stroke (as it is not directly supplied by the MCA nor does
it connectdirectlyto the infarctedcortex or striatum), therefore suggesting that changes to
5hmC levels occur only in brain arehat are affected by the stroke. It can also be concluded
that the observed global changes in 5hmC in response to ischemic stroketardluenced

by the severity of the stroke, as evidenced by the fact that there is no correlation between
relative glob&5hmcC levels and infarct size in the cortex, striatum, or substantia nigra (Figure
2.11).1t may be of ote, however, that correlatio between cortical 5hmC levels and infarct
volume were closdo significance (p=0.06) and thpbsthoc power analysis indicated that
this particular experiment was underpowered (see Appendix A6), therefore suggesting tha
increasing the number of animals this experimentmay have revealed a signifidan

correlation.

24.1: Limitations

Most of the limitatons of ths study come from the inherent limitations of IHC as a method
of determining global 5hmC levels (as discussegdation 2.1.3). For exanglthe quality and
reproducibility of staining using IHC is highly dependent on the preparation of thelsamp
and this is incredibly important to consider especially when using IHC in a quantitative
analysis, as was done in thetudy. Factors that can fakct the staining of tissue, such as
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incubation time and amount of fixative used, were accounted for ashnascpostble in this
chapter (eg. all sections were stained at the same time with the same amount of antibody

and fixative used for every section).

A further limitation of this study came from the failure to accurately stain for 5mC, 5caC and
NeuN. Whilsattempts were made to improve the quality of the staining with each of these
antibodies (including attempts at antigeretrieval and changes to aibbdy dilution &
incubation times), high quality staining was not achieviéds ako possible that a lacf
sufficient tissue fixatiorcaused the loss of specific staining; in this study, a formulation of
1.5% PFA was used as a fixative, as opposdtetodmmonly used 4% PFA. This was done in
order to minimise the risk of ovéixation. However, it is poddslie that this created a opgsite

issue wherein the tissue was underfixatlpwingfor the proteolytic degradation of the tget
antigens and potentially explaining the lack of specific stainingithough it would be
extremely informatve to determine posstroke changes in 5mC and 5caC expression and
analyse NeuN+ cells specifically, this analyss not possible using IHC and an alternative
method reeds to be implemented. Determining these changes through use of an alternative

methodis an aim of a subggent chapter of this thesis.

Whilst the limitations of this study are mostly due to the uddHC, there are several aspects
of the experimental dsign that could be improved also. For example, the experimental design
could be improed by analysing moréme points poststroke. This study assessed 5hmC
levels at 24h, 28h, 7 days and 1 month psisoke. Each of the brain areas analysed that
showed ncreased 5hmC levels had peak 5hmC levels at 48h or 7 daystis, with levels
returning to baseline féer 1 month. Due to the large amount of time between the 48h + 7
day and 7 day + 1 month tepoints, it could be possible that peak 5hmC levelsalbtwccur

at a time somewhere between these points, such as 72 hours or 2 weekst ivbitgdition
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of more experimental groups would help further elucidate the timeline of pstsbke 5ShmC
expressdn, this would involve the use of more animals, whicngs its own monetary and

ethical considerations.

2.4.2: Summary

Having used IHC tanalyse relative lels of global 5hmC in the brains of mice that have
undergone transient MCAO, it has been determined that significant increases in 5hmC levels
are olserved in the cortex, striatum and SNc following ischemic strokeseThkanges in
response to ischemic sbke are found only in the neimfarcted tissue and not in the infarct
itself, and thetemporal profile of these changes is varied between distinetifbregions
Whilst changes in brain areas directly or indirectlyetiéd by stroke wee determined, it ca

be concluded that this change does not occur throughout the entire brain due to the fact that
no changes to 5hmC levels were observed in the MQ@Maia area not (in)directly affected

by stroke. Although these timieles of poststroke 5hmC levels in vinus brain regions may

be indicative of potential global demethylation and subsequent neuronal plasticity, more
research is needed to determine a calieffect Also, inefficient staining of cell type markers
means tha changes in 5Shme€ontent of specificell types was not determinedetermining

cell typespecific changes in 5hmC and a direct causal relationship with axon growth are aims

of subsequenchapters in this thesis.
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Chapter 3: Developing a method of isalag neurons

& microglia from ischemicat brain

3.1: Introduction

Chapter 2 of this thesis has identified an intrinsic response of the central nervous system to
ischemic stroke that wolves a delayed but significant increase in 5hmcC levels in vaniains b
areas affectd. However, it haslao identified the importance of analysing this effect in
different cell types, as data gathered in Chapter 2 assessed 5hmC levels across #liheells o
brain with no consideration of cell type. Determining if thigenetic responséo ischemic
strokeis varied across different cell types is important as it will not only further elucidate the
role that oxidative demethylation plays in the pathoplolegy of ischemic stroke but could
also help to identify a therapeid target for posible poststroke treatment. Determining
these differences between cell types is an aim of Chapter 4 of this thesis, with the current
chapter covering the stages of degpment of a method for isolating various cell types from

the postischemic rat brain fo use in Chapter 4.

3.1.1: Methods of cell isolation

When planning to isolate various cell types from a culture of cells or a tissue sample, there
are a number of aailable methods which can be considered. The most common and widely
used methods of célsolation are denigy gradient centrifugation, magnetic cell isolation and
fluorescenceactivated cell sorting (FACS). Each of these protocols requires the input of a

heterogeneous single cell suspension but differ in their methodsotdiiing specificell types.
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Densitygradient centrifugation involves layering the heterogenous suspension atop a density
gradient medium and centrifuging at a specific speed for aasebunt of time. Following
centrifugation, cells will have settled #teir isopycnic pmt, which is the pmt at which the
density of the cell and the density of the medium are equal. With more elaborate density
gradient setups, various different cell &gp can be isolated from one heterogeneous sample
as long as their desities are not tosimilar. Whilst denity gradient centrifugation is relatively
simple and inexpensive, the method has limited specificity which results in low purity and is

unable to sparate cell types of similar densities.

An alternative method of cktype isolation fom a heterogeneoususpension is magnetic cell
isolation. This process involves adding antibodies to the cell suspension which are conjugated
to magnetic particles. Theells to which the antibody has attached are then separated from
the rest of the suspesion by passing thsolution through a magnetic column. This column
captures the cells attached to the magnetic particles, which can then be flushed out of the
column (Miltenyi et al., 1999 Gven that this proess involves the @sof antibodies that
target specific antigens, this method is highly specific and gives much higher purity
populations in comparison to density gradi centrifugation. The speed and specificity of
magnetic cell separain makes it a widly used method o€ell isolation, however limitations

of the method include being unable to sort multiple cell types simultaneously; being unable
to sort complex cellwith multiple markers; and also being unable to sort cells basedhein t
relative levéds of expression ad single marker. A method of cell isolation that addresses the

limitations of magnetic cell isolation is FACS, which utilises the process of ftawetyy.
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3.1.2: Flow cytometry & FACS

Flow cytometry is a widelysed lasefbased tehnology that can malyse the characteristics
of a population of cells on a cddl-cell basis. When the cell population has been probed with
fluorescent antibodies, astherwise fluorescently stained, it is possible to use flow cytometry
to separate thesecells into distint populations based on their fluorescent profil&his
processs known as fluorescencactivated cell sorting (FAC8)d was first developed in the

early 1970¢Herzenberg et al., 1976

The process of FACS begins much like density gradient centrifugation and magnetic cell
sorting, wit the production of a heterogeneous singlell suspension. Similarly to magnetic

cell iolation, cells arethen probed with antibodies, although in FACS #rdibodies are
conjugated to a fluorophore as opposed to a magnetic particle. Additionally, 8aerg
cellular dyes such as propidium iodide or Hoechst 33342 can be utilised. Folllownegcent
labeling, the cell suspension is then loaded into afltytometer.Once in the flow cytometer,

the cell suspension is hydrodynamically focused usingtbh&#d, such that the cells pass
GKNRdAK | avlftft y211t Socised into thisidanf, The &llspdss S Q
one-by-one through an extation laser that excites the cdliound fluorophores, thereby
causing lighsscattering and fluoresent emissions. Numerous detectors record these signals,
including forward and sidescater of the light @ well as the fluorescent intensity of the cell
aaoss various wavelengths. Once passed through the laser, the stream passes through a
vibrating meclanism that breaks it into individual droplets. The equipment is set up so that
there is alow probability d more than one cell being present in each dropBased on the
wavelengths of the emitted light signals, the droplet that is formed around thevidgial cell

is assigned a charge. The droplets then pass through charged deflector, plaieb cause

the droplets to be deflected into a designated collect tube or into a waste chamber. A
schematic detailing the process of FACS is shown in Figure 3.1.
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Figure 3.1: Fluorescenativated cell sorting (FACS)

A schematic showing the press of FACS in doW cytometer. A heterogeneous cell
suspension that has been probed with fluorescent antibodies targeting specific antigens is
loaded into the flow gtometer. The suspension is then focused through a smallebefore

cells pass throughn excitatory lasr. The fluorescent intensity of each cell, as well as their
forward (FSC) and side scatter (SSC) of light, are detected. Depending on the infehsiy
signals in relation to gates set by the user, theplets containing individuaells are assigrke

a charge. The droplets then pass through charged plates which deflect the charged droplets
into specific collection tubes based on their fluorescemofile. (Image adapted from
BosterBio 2019 https://www.bosterbio.com/protocotand-troubleshooting/flow
cytometry-principld)
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When using FACS to isolatdldgpes based on expression of specific antigens, a control

sample of unstained cellsngn first and usig the information from this control, gates are set

adzOK GKIG OStfa gAGK KAIKSNI fS@Sta 2F gFf dz2NB A
the fluorescent intensity of cells, FACS is also able &tyaa and sort cells based dheir

forward ard side scatter of light, which indicates further physiological properties that may be

of interest. When illuminated by the laser, cells scatter tightl in all directions. The flow

cytometer measures the lighgcatters in the forward dection (forward satter), which is

directly proportional to cell size, as well as light scattered at’ea@gle (side scatter), which

is directly proportional to celgranularity. By analysing these properties together, cell
populations can be identifiedased on differenes in their size, shape and complexity,

independently of their fluorescence (Figure 3.2).

| Foward scat

Laser Side scatter

Granularity

Side scatter

Foward scatter
_—>

Cell size

Figure 3.2: Detection of forward and side scatter lavif cytometry

(A)- When passing through the laser of a flawtometer, cells scatter Iig in all directios.
The forward scatter and side scatter at°%re detected. (B} These properties can then
identify various cell populations based on their sizer(vard scatter, x axis) and granularity
(Side scatter, y as).(Image adapted from Créme Diagnostics2019 https://www.creative-
diagnostics.com/flowcytometry-guide.htni).
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Although FACS is more expensive and time consumingdbasity gradient centrifugation,
the added benefit®f being able to isolate multiple cell types at once; sort cells based on the
expression of multiple antigens; and the ability to analyse infornmagioch as cell size and

complexity make it an ideal metial of cell isolation for this psent study.

3.13: Consideration & requirements of planned experiment

The overall aim of the experiment to be carried out in Chapter 4 is to isolate neurons and
microglia from the brains of adult rats that have undergddCAO or sham surgery; ideally
from the cortex andstriatum separately. These cells will then be used to extract DNA, from
which levels obmC and5hmC can be analysed. DeterminisgnC and 5hmC conté of
neurons and microglia specifically will help tather elucidate themethylonic response to

ischemicstroke, as previously discussed.

Given this general experiment plan, there are a number of considerations that must be made
when designing a methodf cell isolation via FACS. A list of these consideratand any

steps designed to aoant for them ardlisted below:

1 The brain contains a lot of fatty tissue and white matter
o This can cause the production of a large amount of cellular debris during
homogenisation.Also, myelin can produce autofluorescence and increase
backgroundfluorescencesignals.To remedy this, cells will be stained with
the DNA stain Hoechst 33342. [hg analysis, only Hoechst+ cells will be
analysed, ensuring that all analysedents are whole cells/nuclei and not

cellular debris or myelin
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1 Asufficient amount of DNA and RNA will tegjuired for subsequent assays
o Tomaximise the amount of DNA and RébAected, the number of collected
cells will need to be maximised. To acconiplisis, the cell suspension will
undergo one round of sorting and will forego a second round of purificatio
whilst this may result in a glhtly less pure cell population,wtill prevent a

loss of a large number of cells during a second round of paiiiic.

1  The process of tissue homogenisation and staining will take a number of hours,
during which change® 5hmC levels and microglial phatype can occur
o In order to prevencells from significantly changing 5hmC levels or microglial
activation statusluring the protocol, cells will need to be fixed at the earliest

possible timepoint

1  RNA s relatively ungble and will degrade throughouté process of staining

and FACS
o Tominimise RNA degradation, all reagents used will be cleared of nucleases.

Stepsii KI &t R2y Qi NBIjdzANBE | &Si °d) &S NI G dzf
minimise the length of the protocokll antibodies used will be primar
antibodies conjugated to a fluophore. This will negate the need for
secondary antibodies and cut out the timequired for a second antibody
incubation. Additionally, RNA stabilisation solutions such as RNAlater can be

added to compatible solutions.
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1  Duing the experiment, a large numbef repeats will be performed across
several days/weeks
o This therefore means therotocol will need to be reliable and
reproducible. During the development of the protocol, multiple testd
be performed to ensure relklity. Fresh controls of unstainexglls will

also be produced each day.

3.1.4: Previous research performindES on brain tissue

The first step in developing a FACS protocol for isolating neurons and microgliadintimaa
brains was teearch the literature for publications that ha already performed the same, or
similar, protocols. Whilst there were a numbafrpapers published that have isolated neurons
or microglia from adult rodent brain tissue, there was niblished protocol forgolating both
cell types from a single sampdé the time. The reason for this appears to be that following
the production ofa heterogenous singleell suspension from adult brain tissue, a clearance
of debris is required as the lrais a tissue that cdains a lot of white matter and myelin. The
large amount of debris can interfere with the antibody stainimgth antibodies nding to
cellular debris in a nospecific mannermeaning that it must be cleared prior to staining. As
aresult, previously pulished protocols that isolate cell types froadult brain tissue using
FACS include a debris clearance step that involvessheof density gradient centrifugation
to collect the cells of interest whilst eliminating debris. Howetleere does not appedo be

a usabledensity gradient setup that clelcts both neurons and microglia whilst eliminating
debris. For examplé,0bo et al (2006)used a discontinuous gradient of albumin ovomucoid
inhibitor to isolate neuronal progenitor csllof the striatum prioto FACS, whereaBang et

al. (2008)and Kozlenkov et al. (2013yolated neuronalnuclei through use of sucrose
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gradiens. Conversely, protocols that have isolated glial cells from adalhlissue via FACS
have used alternative density gradients designedcglly for glial isolationGrabert et al.
(2016)used the density gradient medium Percoll at a concentration of iB58der to isolate
glial cells before subsequently identifying iaus phenotypes via flow cytometry.
Interestingly, a very similar gradiefutilising 25% Percoll) was used Bysel et al. (2016h

order to isolate glial cells from mouse brains following MCAO.

Aseach of the aforementioned papers utilised a method of debriduskan that favours
either neuronal or glial isolation, none of them sassfully isolated both cell types from a
single sample. HoweveGuezBarber et al. (2012)laim to have isolated neurons and glial
cells from single samples by performing debris exclusion via fomatirough cell strainers.
The resulting cell population was then probaith NeuN antibodies and sorted into NeuN+
and NeuN populations via FACS. Through analysis of mRNA expression,deteasnined
that the NeuN+ population had significantly highempmssion of neurosspecific genes
(encoding ion channels and synaptic fgias) compared to the Neulbopulation, whereas
the NeuN population had significantly higher mRNA levels of-gpatific genes (encoding
immune system proteins). Though the Neupopulation demonstrated this increased
expression of gliaspecific gens, the cells themselves were not probed with antibodies for
microgliaspecific markers and therefore cannot be confitg identified as microglia. It
therefore cannot be concluded & this protocol has successfully isolated both neurons and
microglia fron single samples. A subsequent experiment performedLhy et al. (2014)
further developed this protocol, ekading debris only by serial filtration through cell strainers
from 100>m to 40>m and still managing to isolate NeuNells. Though neither of these
papers demonstrated clear isolatiof both neurons and microglia simultaneously, they do
provide a protocola begin testing in the development of a method that can isolate toath

types from a single sample.
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3.1.5: Objetives

The objectives of this chapter are as follows:

W To devel@ a protocol that allows for the homogenisation of rat brain tissue and the
reliable isolation of neuronal and microglial cells

W To extract DNAnd RNA from isolated populations of cells tisadf sufficient quantity

and quality for downstream applicatie (namely R§PCR and DNA ELISAS)

3.2: Developing FACS protocol

3.2.1: Methods of cell homogenisation

As previously described, the firstep in performing FACS is the homogenisatiotheftissue
sample to produce a single cell suspension. Fortaddent brains, there are various
homogenisation methods used in previoussearch; namely mechanical homogenisation
through use of a device sh as a Dounce homogenisgliang et al., 20Q8r enzymatic
digestion through use of @ymes such as AccutaguezBarber et al., 20124.iu et al., 2011

or a combination of various enzymes bBugs Collagenase and Disp@Seabert et al., 2016

In the first stage of development of a FACS protocol, these 3 methods were tested on the

striatum of an adult rat. The details of each methaid as follows:

Mechanical homogenisation

The striatum of an adult rat (tissue was obtained from animals which were due to be culled)
was extracted and placed onto a sterile,-m@d petri dish. Using razoiblade, the tissue was
chopped 25 times in ad orthogonal direction and then transferred to a 15ml glass Dounce
K2Y23SYyAaSNI O2y il AyAy3a mnYf 2F wm-Aldiich YR)Qa&

The tissue was then homogenised with 40 passkalarge clearance glass pestle. Following
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this, the cell suspension was filtered into a 50ml Falcon tube through aveteed 40>m
filter. The suspension was then centrifuged at 500 x g for 5 minute¥Cahdd the cell pellet

was resuspended in 1mf 6IBSS.

Accutase digestion

The striatum of an adultat was extracted and placed onto a sterile,-@#d petri dish.

The tissue was then finely diced using a clean razor blade before being transferred to a
1.5ml Eppendorf tube containing 1ml of Accutase (Sigiaich, UK). The ssie was then
incubated n the Accutase solution for 30 minutes &tC4with constant enever-end
rotation. The resulting cell suspension was then centrifuged at 500 x g for 5 minut&s at 4

and the cell pellet was resuspended in 1ImHBSS.

GOyl eYISAO2ORNISAaGARZY

Ly aSyie0lidrAté 2F GFNAR2dza RAISalGABS Syl eys
HBSS and adding Collagenase Type IV (ThermoFisher, UK) to a final concentration of
50U/ml; Dispase Il (ThermoFisher, UK) to a finatentration of 0.5U/niy DNase | (Roche,
Switzrland) to a final concentration of 200U/ml; and-TésyiL-lysine chloromethyl

ketone hydrochloride (TLCK; Sigildrich, UK) to a final concentration of 3. The
striatum of an adult rat was then placed onto a sterile-¢oéd peri dish before being

diced using a clean razor blade. The diced tissue was then transferred to a 15ml Falcon
tube containing 10ml of the enzyme cocktail. The tissue was then a&tedtat 37C for 1

hour with constant enebver-end rotation. 1ml of foetal bvine calf serum (Sigmaldrich,

UK) was then added to the solution to deactivate the enzymes. The cell suspension was
then centrifuged at 500 x g for 5 minutes &C4and the celellet was resuspended in 1ml

of HBSS.
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Once homogenised, cell counts wemgerformed on each cell suspension using a
haemocytometer and Trypan Blue dye (ThermoFisher, UK). Cell counts and proportion of live

cells in each suspension are given in Table 3.1.

Method of homogenisation = Total number of cell§x10C) % live cells
Mecharical 1.21 91
Accutase 0.94 94
Enzyme cocktail 1.38 78

Table 3.1: Testing various methods of tissue homogenisation on adult rat striatum
Different methods of homogenisatiowere tested on adult rat brain striatum to produce
heterogenoussinglecell suspensionTotal number of cells and the proportion of live cells
were then measured using a haemocytometer.

As seen in Table 3.1, each method of homogenisation gave a simaitder of cells, the
variability in which could be due to differences in the size of the starting tissue, as each
striatum was taken from a different ratHowever, the enzyme cocktaill method of
homogenisation gave a lower yield of live cel®ven thatthe mechanical and Accutase
methods produceda similar yield of live cells, the decision on which method to implement
into the FACS protocoloald be based on practicality. Therefore, the chosen method of
homogenisation was mechanical homogenisation throughof a Dounce homogeniser, as
this was both cheaper and less time consuming than either of the enzymatic digestion
protocols. As previously described in section 3.1.3, minimising the time needed to perform
the protocol is important as this will minimig@NAdegradation and any changes to 5hmC

levels or microglial activation.
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3.2.2: Methods of cell fixation

As previously explained in section 3.1.3, a step taken in order to prevent changes in 5hmC
levels and microglial activation statescurring during te process of antibody staining and
FACSvasto fix the cells prior to staining. Additionally, cekgjuiredpermeabilisation due to

the use of antibodies that target intracellular epitopes. Fixation aswbsequent
permeabilisation otells is a commofeature of many FACS experiments and the protocols
are standard and widely used. The most commonly used methods of cell fixation and
permeabilisation in FACS are ethanol fixation and paraformaldehyde (PFA) fixation followed
by permeabikation with TritonX-100. Each of these methods of fixation were tested on a

suspension of cells from an adult rat striatum. The details of each method are as follows:

Ethanol fixation

Ice-cold ethanol (stored at20°C)wasadded in equal volume to the deduspension such
that the final concentration of ethanol is 50%. The suspensgiasthen incubated at20°C
for 10 minutes before being centrifuged at 500 x g for 5 minutes’@t Fhe supernatant

wasremoved,and the cell pelletesuspended in 1ml of 1IMBSS.

PFA + TritoX-100

A solution of 4% PFA in phosphate buffered saline (R&$)roduced. The cell suspension
wascentrifuged at 500 x g for 5 minutes &iGland the pelletresuspended in 1ml of the
4% PFA solution. This suspensi@sthen incubated at room temperatfor 15 minutes
before centrifugation at 500 x g for 5 minutes 4C4 The pelletvas then resuspended in
1ml of PBS containing 0.1% TritoALOO (SigmaAldrich, UK) and incubated at room
temperature for 10 minutes. The suspemsiwasthen centrifuged agai at 500 x g for 5

minutes at 4C, and the pelletresuspended in 1ml of 1X HBSS.
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Following fixation and permeabilisation, each of the cell suspensions were stained with the
nuclear dye Hoechst 33342 (Sigvlarich, UK). Thisag done by adding a stocklstion of

Hoechst 33342 to the cell suspension to a final concentration>gfril. The suspensions

were then incubated at% in the dark for 15 minutes before being centrifuged at 500 x g for

5 minutes at 4C. Pellets were theresuspended in 1ml of 1X HBSS. The number of Hoechst+
cells in each suspension was then analysed wvia flytometry using the Beckman Coulter
Astrios EQ. As Hoechst 33342 is a nuclear dye, detecting Hoechst+ cells allows for the analysis
of whole cells/c# bodies, excluding cellular debris that would not be stained by Hoechst
33342. The number of Hoechatells and the forward scatter/Hoechst plots produced by each

fixation method are shown in Figure 3.3.

Ethanol fixation PFA + Triton X-100
732,982 cells 561,702 cells

800
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400

Forward Scatter
Forward Scatter

200
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10’ 10? 10° 104 10°
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Figure 3.3: Testing methods of fixation & eeabilisation for FACS

Two methods of cell fixation and permeabilisation were performed on cell sugpens
ethanol fixation and PFA fixation followed by Tritoa00 permeabilisation. Each suspension
was then stained with Hoechst 33342 dye and analydadlow cytometry. Dot plots are
shown as forward scatter {gxis) v. fluorescent intensity at Hoect&3342 wavelength x

axis).
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It can be seen in Figure 3.3 that both fixation methods produced a cell suspension that
contained a similar number of Hdest+ cells. The ethanol fixation procedure did appear to
produce slightly more cells, and this could dige to the multiple rounds of centrifugations
that were required in the PFA + foh X100 protocol, during which cells can be lost.
Considering these railts, the chosen method of cell fixation and permeabilisation for the
development of this FACS protdeeasethanol fixation, as it is less time consuming than PFA
fixation and requird fewer rounds of centrifugation, thereby minimising cell loss.
Furthernore, previous research has determined that fixatadriissuewith ethanol producs

RNA yields of greer quantity and qualitghan fixation with formalirbased solutiongCox et

al., 2008.

3.2.3: Developing panel of antibodies

Having determined suitable method$étissue homogenisation and cell fixation, the next step
in the development of a FACS protoeas determining which antibodies to use in order to
isolate the desired cell types. As previously described, the aim of this stasiyo isolate

neurons and ricroglia from adult rat brain tissue.

NeuN is a nuclear antigen that is expressed exclusively by neurons, with the vast majority of
neurons being NeN-positive. For this reason, it is a widely used biomarker for identification
of neuronal cells and an idetarget for use in isolating neurons in this study. As previously
described, the antibodies used in this study will be primary antibodies diremtiypgated to
fluorophores in order to eliminate the need for secondary antibodies and further antibody
incubations. For this reason, the chosen NeuN antibody for testing in this prot@sch NeuN

antibody directly conjugated to phycoerythrin (PE) that wagsd byRubio et al. (2016jo
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isolate neurons from adult rat brain tissugaviFACS(Milli-Mark AntiNeuN-PE, Clone A60

[mouse monoclonglantibody, EMD Millipore, USA).

When determining target antigens for theolation of microglia, the options are far more
varied as microglia are an extremely reactive cell type and constelmdlyge the antigens on

their cell surface based upon their environment. There are therefore many possible antigens
that can be targetediepending on the activation state and phenotype of the microglia. For
the purposes of this study, isolation of microghadl states of activation (active and inactive)
was desired, though analysing active v. inactive microglia may also be of intetketd

subtypes can be successfully separated.

For the identification of total microglia regardless of activation staeevious research
indicates that microglia possess the phenotype CD/ID43“ which makes them
distinguishable from peripheral omocytes/macrophages, which possess the phenotype
CD11/CD4%"9"(Becher & Antel, 1996 Therefore, antibodies targeting the CD11b and CD45
antigens lave been used in flow cytometry experiments to isolate microglia from adult rodent
brain tissue(Bedi et al., 2013Cardona et al., 20Q6For use in this FACS protocol, primary
antibodies targeting CD11b and CD45 weresegmy CD11FITC (Miltenyi Biotec, Germany)
and CD4B5APC (Miltenyi Biotec, Germanyljhoughan Ibal antibody was usetb identify
microglia in Chapter 2 of this thesiwmrgeting this antigen would not be ideal for flow
cytometry. This is because Ibal is a cytoplasmic protein, which makes it problematic when
attempting to reliably stai fixed & permeabilisectells in sugension Cytoplasmic antigens

are suitable for staining fixed sections of tissue, but when staining cells in suspension for flow
cytometry, nuclear or membrandound antigens arddeal, hence the decision to stain for
CD11b and CD45. This is also why okmewn M1andM2 phenotype markers, such as@lL

and 14, respectively, were not chosen for use in this flow cytometry protocol.
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In an attempt to further subdide the midNR 3t A f LR LIzt I GA2y Ayidz W
subpopulations, further antigens nde targeted that are preferentially expressén either

of the activation states. Previous research has found that CD68 is an antigen localised
primarily to the lyssome,and is therefore more highly expressed in activated microglia,

whereas quiescentamified microglia express lower levels of tlastigen (Slepko & Levi,

1996). More recent research has sugged that ddining microglia as existing in either an

W QG A Gl G§SRQ 2 NJ Bitrary; Bstnicrogiidl activaion oécurd adr@spactium| NJ
gAGK QFNEAY3I RSINBESE 2F Wl Ol A(Powd étaly 2D0pk Y R £ S¢
However, the us@f CD68 as a target antigen in FACS can still aid in identifying microglia in
varying stages of activation pestroke and woud elucidate more information than using

CD11b and CD45 alone. It is for thissmathat a CD68 primary antibody was chosen for

testing in the development of this FACS protocol; CBE®i0770 (Miltenyi Biotec, Germany).

Having considered theelltypes b be isolated and possible target antigens to identify them,
the panel of antibotes chosen to start testing the FACS stainirggsdiown in Table 3.2he

flow cytometer used for this studyasthe Beckman Coulter MoFlo XDP; the antibodi¢sdis

in Table 32 have been chosen such that each fluorophore is detected by a different
fluorescent channel of the machine, meaning that allfldorophores can be detected

simultaneously, alongside Hoechst 33342.
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Target

Antigen Fluorophore Supplier Catabgue No Targd cell type
NeuN PE EMD FCMAB317PE Neurons
Millipore
CD11b FITC Miltenyi 130105273 Microglia
Biotec
CD45 APC '\/El;:fizzl 130-107-843 | Microglia/Macrophages
CD68 PEVi0770 '\’E';':ftgé" 130103365 & ! OGA Gl G SR

Table 3.2: Pand of antibodies chosen for development of protocol
Details of the antibodies chosea test in the development of arotocol to isolate neurons
and microglia from ischemic rat brains

3.2.4:. Development of final protocol

Having developed protod® fortissuehomogenisation & cell fixation and developed a panel
of antibodies for idenification of desired cetlypes, the next step in development of the FACS
protocolwas to stain the cells with the antibodies and determine if neurons and micraagtia ¢
be rdiablyisolated. The development of a reliable final protocol required multiplsnds of
testing over sevetlamonths, with this section describing each round and the changes made

after each attempt in an effort to improve the protocol.

3.2.4.1: Firstround

The method used for the first round of testing is given below. The restilgtest are shown

in Foure 3.4.

The striatum of an adult rat was extracted and placed onto a sterileatepetri dish. Using

a razor blade, the tissue watapped 5 timesin each orthogonal direction and then
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transferred to a 15ml glass Douncerhogeniser containing 10nof 1XHBSSThe tissue was

then homogenised with 40 passes of a large clearance glass pestle. Following this, the cell
suspensionwas filtered into a 50mlFalcon tube through a prg SGGSR nn>Y FAL (S
suspension was then cetifuged at 500 x g for 5 mirtes at £#C and the cell pellet was
resuspended in 1ml of HBS® this, an equal volume (1ml) of iceld ethanol was added

and the suspension was incubd at-20°C for 10 minutes before being centrifuged again at
500 x g for 5 minutes aP@. The cellglet was then resuspended in 58®mf FACS buffer (PBS

w/ 0.5% Bovine Serum Albumin + 5% RNAlater) and transferred to a 1.5ml Eppendorf tube.
From this 50>l was placed into a separate Eppendorf tube and topped up te-b®th FACS

buffer to act as an unstained negative control. Stock solution of Hoechst 33342 was added to
both the positive and negative samples to a final concentration>gf/rhl. To the psitive
sample, ®l of NeuNPE, CD43PC and CD1IBITC ankiodies were added. Samples were
then incubated at 4C for 30 minutes with constant ermlver-end rotation. Following this,
samples were centrifuged at 500 x g for 5 minutes®& dnd pellts resupended in 506! of

FACS buffer. Samples were then loaded mtBeckman Coulter MoFlo XDP flow cytometer

for analysis.
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Figure 3.4: Outcome of first round of FACS protocol testing

Flow cytometry dotplots of cells taken from adult rat striatumnd pracessed in order to
isolate neuronal (NeuN+) and microglial (@B/CD45%") cells All cells were first gated for
Hoechst 33342 fluorescence. Gates for positively stained cells were then set using unstained
controls. For neuronal cell isolation, .986 of Hbechst+ cells were NeuN+ (112,684 cells). For
microglial isoléion, 2% of Hoechst+ cells were of the CD1CB4%" phenotype (12,158
cells).

As seen in Figure 3.4, the first round of testing did not result in desirable staining or cell
isolation. Although a percentage of cells were detected as NeuN+, there ate?rdistinct
populations of cells that allow for absolute neuronal isolation. Microglial isolation is even less

clear, with only 2% of all Hoechst+ cells detected as the CBIRBZ" phenotype. As with

NeuN+ cells, there is no clear population of COAQD45" cells.
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3.2.4.2: Second round

Having considered the undesirable results of the first round of FACS testing, changes were
made to the protocol in an attempt to improve the quglaf staning. Namely, the volume of
FACS buffer in which samples eeesuspended during antibody staining was increased from
500>l to 1ml, and #l of each of the NeuNPE, CD43PC and CD1IBITC antibodies were
added to the positive sample, therebgcreasing diution from 1:500 to 1:250. The rest of the
protocol wascarried out exactly as described previously. The results of this second round of

testing are shown in Figure 3.5.
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Figure 3.5: Outcome of second round of FACS protocol testing

Flow cytoméry dot plots of cells taken from adult rat striatum armtocessed in order to
isolate neuronal (NeuN+) and microglial (CD1ADB4%") cells. All cells were first gated for
Hoechst 33342 fluorescence. Gates for positively stained cells were then seunstaged
controls. For neuronal cell isolation, 15.2%Hwechst+ cells were NeuN+ (75,936 cells). For
microglial cell isolation, 4% of Hoechst+ cells were of the CIXADBZ" phenotype (19,983
cells).
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As can be seen in Figure 3.5, the increase tibady corcentration did not improve quality

of staining f@ neuronal or microglial isolation. The percentage of Hoechst+ cells that were
also NeuN+ (15.2%) was lower than in the first round of testing (18.9%). For microglial
isolation, although the perceéage of Haechst+ cells that were of the CDIA®D4S"
phernotype (4%) was higher than in the first round of testing (2%), these still no clear

population of positively stained cells that allows for accurate isolation of microglia.

3.2.4.3: Third Rod

Followng homogenisation and fixation of cells in thesfitwo rounds of testing, the cell
adza LISy aArz2y | LIS NBR WOWae stiassigrificadt dmbanSaf debrig 3 G K G G |
present in the solution despite the filtration through a>a cell filter. It is possible that the
presence of this debris imped the ability of the antibodies to effectively bind to their target
antigen. Therefore, the third round of testing involved utilising density gradients to eliminate
debris with the aim bimproving staining. However, as previously discussed in sectiof, 3.1
density gradients that remove debris can isolate either neuronal cells or microglial cells, but
not both. Therefore, in this round of testing, the sample of homogenised striataktiasis

split into two, with one half undergoing a Percoll gradienttcfmgation to eliminate debris

and isolate microglial cells, whereas the other half underwent a sucrose density gradient
centrifugation in order to eliminate debris and isolate neuromaiclei. Performing the
protocol in this way meanthat neurons and ngroglia ould no longer be isolated
simultaneously from the same cell suspension; and halving the suspension prior to staining
meant tha a lower number of cells is collected after FAB®uever, thesewere necessary

changeghat needed to be madein order to attainhigh quality and reliable staining for FACS.

In this round of testing, the adult rat striatum was extracted, homogenised and filtered just

as in the previous 2 tests. Oncerhogensed,the cell suspension was split into two 5ml
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halves and processed faeuronal and microglial staining. Unstained contraise from each
method of stainingyere also processed. The outcomes of these staining protocols are shown

in Figure 3.6. Tdprotocolfor each process is as follows:

Neuronal staining

1ml of 1.1M sucree was placed at the bottom of a 15ml falcon tube. The 5ml of cell
suspension was carefully layered on top of the sucrose using a P1000 pipette and then
centrifuged at 1300 x €pr 15 minutes at room temperature. Following this, a cell pellet
was visible aithe bottom of the tube whereas myelin and other debris settled at the cell
suspension/sucrose interface. Debris and supernatant were removed, and the cell pellet
was resuspened in500>] of 1X HBSS. To this, an equal volume otate ethanol was
added.The cell suspension was incubated for 10 minute@C and then centrifuged at

500 x g for 5 minutes at°@. The cell pellet was resuspended in 1ml of FACS buffer
containing »g/ml of Hoechst 33342 and a 1:250 dilution of NeBE antibody. The
suspen®n was incubated for 30 minutes at@ with constant enabver-end rotation and

then centrifuged at 500 x g for 5 minutes &3 The cell pellet was resuspended in 800

of FACS buffeand then loaded into the Beckman Coulter MoFlo XDP for analysis.

Microglial staining

A solution of stock isotonic Percoll (Ss made by combining 90ml of Percoll (Sigma
Aldrich, UK) with 10ml of 10X HBSS (ThermoFisher, UK). From this SIP stoclgR 35%

solutionwasmade by combining 35ml of SIP with 65ml of 1X HBSS.

Following homogenisation and filtration, the 5ml of cell suspensgias centrifuged at 500
x g for 5 minutes at“. The cell pellevasthen resuspended in 8ml of 35% SIP solution

and randerred to a 15ml falcon tube. 5ml of 1X HB&Sthen carefully lagred atop the
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cell suspension using a P1000 pipette. The solwiasthen centrifuged at 800 x g for 30
minutes at room temperature. Following centrifugation, microglial cells pealletethe

bottom of the tube whereas myelin and other debris settledla interface between the

35% SIP solution and 1X HBSS. Debris and supernatant were removed, and the pellet was
resuspended in 1ml of 1X HBSS. To this, an equal volumeailitetharol wasadded.

The cell suspension was incubated for 10 minute@Cand then centrifuged at 500 x g

for 5 minutes at 4C. The cell pellet was resuspended in 1ml of FACS buffer containing
1>g/ml of Hoechst 33342 and a 1:250 dilution of CDEIBC and@45ARCantibody. The
suspension was incubated for 30 minutes & 4vih constant enebver-end rotation and

then centrifuged at 500 x g for 5 minutes &34 The cell pellet was resuspended in&00

of FACS buffer and then loaded into the Beckman ColMltdtlo XDP for analysis.

As demonstrated in Figure 3.6, performing dsbexclusion through the use of density
gradients greatly improved the quality of staining. With regards to NeuN staining, Wesse

a clear and separate population of NeuN+ cells (B3 total Hoechst+ cells); and with
regards to microglial staininghere wasa clear population of CD11ED4%" cells (51.2% of

total Hoechst+ cells). However, as expected, the number of total cells collealedduebeen
reduced (from 75,936 to 1108 for NeuN+ cells, and from 19,983 to 9,329 for COYCIDAS"

cdls). This reduction in the number of collected calisslikely due not only to halving the

cell suspension prior to staining, but possibly also due to the density gradients not being 100%
efficient and losing some target cells along with debris and myBlaspite this, the quality of
stainingwas much improved in comparison to previous runs, and this protocaldcbe

adapted in an attempt to increase the cell number.
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Figure 3.6: Outame df third round of FACS protocol testing

Flow cytometry dot plots otells taken from adult rat striatum and processed in order to
isolate neuronal (NeuN+) and microglial (CD1Q@DB45%") cells. All cells were first gated for
Hoechst 33342 fluorescenc@ates for positively stained cells were then set using unstained
controls. For neuronal cell isolation, 53.6% of Hoechst+ cells were NeuN+ (11,906 cells). For
microglial cell isolation, 51.2% of Hoechst+ cells were of the CHOD#%" phenotype

(9,329 cds).

3.2.4.4: Fourth round

With the third round of testindhaving producechigh quality staining, albeit with low cell
numbers, the fourth round of testinggasaimed at increasing the number of collected cells
whilst maintaining the quality of staing. In orde to do this, the protocol caied outwas the
exact same as in the third round of testing, however the amount of starting tissue was

increased. Although the original aim of the experiment was to process the cortex and striatum
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of each animal gmarately, tre previous FACS test demorsetied that doing savaslikely to

result in a low yield of cells. In order to ensure that a high number of cells are collected,
thereby meaning enough DNA and RNA can be collected from each sample for use in further
downstream aplications, the fourth roundof testing involved processing the cortex and
striatum of an adult rat togethefThis is preferable to pooling theame tissudjrain areasf
multiple animals together as this keeps the number of required anin@la trinimum.
Homogenisation of cortex and striatum and subsequent cell fixation and staining were carried
out as previously described (section 3.2.4.3). Theames of this round of FAGSting are

shown in Figure 3.7.

As demonstrated in the dot plots iFigure 3.7increasing the amount of starting tissue by
processing cortex and striatum simultaneouslyccessfully increased cell numbers whilst
maintaining high quality staining. lboth neuronal and microglial isolation, theneere clearly
defined popuations of positively stained cells. Moreover, the number of collected cells
greatly increased in comparison to the third round of testing that processdy striatal
tissue: the mmber of collected NeuN+ cells increased from 11,906 to 37,021; whilst the
number of CD11H/CD45%" cells collected increased from 9,329 to 28,1Though a 100%
recovery rate of microglial cells would be in the range of 100,000+ ceflghhinges to this
protocol hawe increased the number of isolated cells such that enough RNRNAcan be
collected for downstream application$he protocol used in this round of testing therefore
appeaed to produce high quiity staining that allows fothe isolation of a relatively high

number of neuronal and microglial ¢efromthe adult ratbrain.
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Figure 3.7: Outcome of fourth round of FACS protocol testing

Flow cytometry dot plots of cells taken from adult rat @¢t& striatum and processed

order to isolate neuronal (NeuN+) and microglial (CDMD4%™) cells All @lls were firg

gated for Hoechst 33342 fluorescence. Gates for positively stained cells were then set using
unstained controls. For neuronal cedblation, 48.8% of Hoechstells were NeuN+ (37,021
cells). For microglial cell isolation, 47.9% Hifechst cells were bthe CD11bWCD4%"
phenotype (28,104 cells).

3.2.4.5: Fifth round

As previously explained, the final FACS protatibised in the full experimenteeds to be
reliable as itis carried out a number of times across many daysistherefore means that
although the protocol used in the fourth round of testing produced high quality staining, it
neededto be tested for rahbility. To do this, the eéact same protocol was repeated in order
to ensure that similar results are obtad. The outcomes of thisapeated protocol are shown

in Figure 3.8
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The dot plots shown in Figure 3.8 demonstrate that the quality of staining antbar of
collected cells frm this fifth round of testingvere very similar to that of the fourth round of
testing. Once again, clearopulations of NeuN+ and CDT10D45%" cells can be seen, and
similar numbers of neurons and microglia were collecteds Therefore signifies thathe

protocol used in each roungasreliable
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Figure 3.8: Outcome of fifth roundf FACS protocol témg

Flow cytometry dot plots of cells taken from adult rat cortex teiasum and processed in
order to isolate neuronal (NeuN+) and microglial (COXD4%") cells. All cells are first
gated for Hoechst 33342 fluorescence. Gataspiositively stainedells were then set using
unstained controls. For neuronal cell isabet, 47.1% of Hoechst+ cellere NeuN+ (33,077
cells). For microglial cell isolation, 44.4% of Hoechsts wedlre of the CD1THCD4%"
phenotype (30,103 cells).
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3.2.4.6: Sixth roud

Although the fourth and fifth rounds of testing appeaito have idenified a reliableprotocol

for producing high quality staining of neuronal and microglial cells for FACiBgsaabt
previously explained, the full experimeimvolves sorting these cés from the brains of rats
that have undergone ischemic strokeidtpossible thathie process of ischemic stroke causes
changes to the cortex and striatum that negativelyeaffthe outcome of this FACS protocol.
For this reason, # sixth round of teshg involvel repeating the procedure from the fourth
and fifth rounds on the cortex ath striatum of a rat that hd undergone ischemic stroke. This
is more representative of whatccursin the full experiment and will highlight any issithat
may occur wha applying this protocol to ischemic tissue. It is also inristhat the CD68
t9+A2TTnNn FYUAO2Re 41 & dzZASRX lFa Al akKz2dZ R KA
peripheral macrophages (as described in section 3.2.3) that peapresent as a resubf

ischemic stroke.

24 hours prior to the commencement of tHeACS protocol, a@nadult maleWistar rat
underwent MCAO surgerfdetails of surgery protocatan befound in Chapter 4 section
4.2.2). The following day, the rat was dwginised and the corteand striatum of the infarcted
hemisphere were extracted. Frothis point, the eact same FACS protocol was carried out
as in the fourth and fifth runs, with the exceptitmat microglial cells were stained with CD68
PEVio770 antibodgs well as the CD1IBITC and CD4SPC antibodies. The outcomes of this

round of tesing are shown irFigure 3.9.
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Figure 3.9: Outcome of sixth round of FACS protocol testing

Flow cytometrydot plots of cells taken from ischemic adult rat cortex &attrm and
processedn order to isolate neuronal (NeuN+) and microglial (CDXCID4AFY) cells. All cés
were first gated for Hoechst 33342 fluorescence. Gates for positively stained cellthwere
set using unstained controls. For neuronal cell isotgtE?.1% of Hoechstells were NeuN+
(17,298 cells). For microglial cell isolatioB9.3% of Hoechst+cells were of the
CD11l/CD4%" phenotype (23,017 cells). Additionally, 4.1% of Hoechstls evere of the
CD11W/CD4%"9"phenotype.

The flow cytomety plots displayed inFigure 3.9 demonstrate that the FACS protocol
producel high qudity staining of ®uronal (NeuN+) and microglial (CD¥YGQD4%") cells

from ischemic tissue, as it did fronealthy tissue in previous test runs. However, with regards

to isolation of neuronhcells, less total cells were collected than in previous rdi’s208
NeuN+ cellas opposed to ~35,000 cells in previous runs). This is not unexpected, as the tissue
that was processed included an ischemic infarct that would havetdethe death and

degadation of a large number of neuronal cells. This is sometioihg wary of, howver, as
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collecting a very low number of cells in the full experimgridduces theisk that not enough

DNA and RNA can be extracted for downstream apptins.

With regard to microglial isolation from ischemic cortex astdatum, therewasonce again

a clear population of CD11ED4%" cells as in previous runs. Interestinglyere wasalso a

small population of CD1HMED45"9" cells that can be idttified. As these wez not present in

any of the runs performed on healthissue, it can beleduced that this population of cells

appeared due to ischemic stroke. However, the exaadgin of these cells cannot be

determined by their expression of thesatigens alone. Previes research has determined

that CNSderived microglibcells expressinSNY SRAF GS t S@Sta 2F /5np A\
whereas invading peripheral macroplesgexhibit relatively high levels of CO#enno et al.,

1995. Although the population of CD1168D45"9" cells seen in Figure 3.9 exhibit higher

levels of CD45 expression than quiescent ramified microglia (CICT48™Y), there is no

avdlable threshold to determine if these levels of CDedpression arePA Yy 4 SNY SRA I (1S Q
WKAIKQd LG Aa GKSNBF2NB y20 LiIFABRKROE SYAONPRS i
invading peripheral macrophages. Further investigatbractivated microga and invading
macrophages is the reason that the GEFEVio770 arlbiody was included in the chosen

panel of antibodies (as described in section 3.2.3). C#8datigen that is localised primarily

to lysosomes and is therefore mohéghly expressed ih @ 42 a2 Yl f Wl OGA @ GSRQ
invading macrophags. However, wan analysing only the CD116D45%'9" population of

cells, it was found that none were als@stively stained for CD68 (Figure 3.10). This is
unexpected because asrgviously mentioned,it is assumed that the CD11GD45""

population of ells are lysosmal and would therefore stain positively for CD68. The lack of

positive staining therefore gigests that the antibody may nbavebeen working correctly,

though thiscannot be determinedor certain without use of a positive control.
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Figure 3.D: Analysis bCD11/CD45"9" population

Flow cytometry dot plots of cells taken from ischemic adult cattex & striatum. A
population of CD11#CD4%'9" cells was iderified following FAC8nalysis; very few of these
cells (0.9%) were also positiver {CD68, simildy to the negative control of unstained cells
(0.1%). All cells displayed were first gated Hoechst 33342 fluorescence.

3.2.4.7: Testing purity of sed samples

The FACSrgtocol used in the fourth, fifth and sixth runs in this ckaphave reliably
produced high quality staining to allow for the isolation of neuronal (NeuN+) and midroglia
(CD11H/CD4%") cells. However, one aspect of the protoceduired testingis the purity of

the sorted samples. As explained in sectioh.3,the samplesindergo only one round of cell
sorting and forego a second round of purificatioronder to minimise cell loss and maximise
cell number. Despite this, it is $timportant to assesshe purity of the samples that the
protocol isproducirg. It is for this reason that the NeuN+ and CDAQDB45%*" populations of
cells that were sorted dumg the sixth run were reanalysed to test their purity. The results of

this andysis are shown in giire 3.11.
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Figure 3.11: Testing purity 6ACSorted cells

Flow cytometry dot plots of cells taken from ischemic adult rat cortex & striatum thdt ha
been previously sorted via FACS to isolate neuronal (NeuN+) and micrdglialb(CD45*")
cells.Cells were reanalysed after sorting to test frity; the NeuN+ population was found
to have a purity of 98.6% (left) and the CDYOD4%" population was found to have a purity
of 97.2% (right).

As demonstrated in Figure 3.11gth the sorted popultions of neuronal and microglial cells
demonstraed high purity at 98.6% and 97.2%, respectively. Whilst another round of sorting
with stricter parameters/gtes would likelyhaveresulted in populations of higher purity, this
would al® lower cell numbersConsidering the high level of purity already seen aftee

round of sorting and the need to maximise the number of collected cells, a second round of

sorting is mnecessary.

3.2.5: DNA & RNA quality check

The overall aim of thisxperiment is to exteict DNA and RNA from the isolated cell types and
analysesmC and 5hmcC levels as well as mMRNA expression levelsTadtdmezymes. In order

to ensure that the isol@d cell populations provide enough DNA and RNA for these
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downstream aplications, the quarity and quality of DNA and RNA was analysed from the
neuronal and microglial populations obtained from the fourth and fifth runs from this chapter
(section 3.2.4)Additionally, in each of these runs 58®f cell suspension was takg@rst after
K2Y23aSyAal A2y of otalcd poptationclin the évenOthatzelkhumbers

are too low, DNA and RNA could be extracted from these unsorted cells and analysed instead.

DNA & RNA quantity & qualifrom thesetotal cell populaton were also analysed.

In order to extract DNA and RNA, cells were sortedadly from the flow cytometer into 1ml

of Trizol reagent (Invitrogen, USA) in a 1.5ml Eppendorf tube. For backups, &b
suspension was cerituged at 500 x g for 5 minutes at@and the pellet resuspended in 1ml
of Trizol. To this Trizol reagent, 0 of chloroform was added and samples were shaken
vigorously for 15 seconds before being left to incubate at roomperature for 15 minutes.
Sanples were then centrifuged at 12,000 x g for 15 minutes °&, $roducing 3 distinct

phases; an upper cleagaeous phase, a cloudy interphase, and a lower red organic phase.

For RNA extraction, the upper aqueous phase wasoked and transferred to a e 1.5ml
Eppendorf tube. To this, 560 of isopropanol and 3l of glycogen were added and the
samples were themixed and left to incubate at room temperature for 10 minutes. Samples
were then centrifuged at 12,000 x g for 10 minutes & Aproducing a pellet of RNA.
Supernatant was removednd the pellet was washed by adding 1ml of 75% ethanol and
mixing. Samplewere then centrifuged again at 12,000 x g for 5 minutes®a Before the
supernatant was removed and the pellet left to air dry in a clean fume hood for 5 minutes.
RNA pellets weréhen resuspended in 28 of nucleasdree water and stored at80°C until

guantification.
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For DNA extraction, a baektraction buffer was made by measuring 150ml of nucldase

water and dissolving 118g of Guanidine Thiocyanate (4M), 3.7g of sodium citrate (50mM) and
30.3gof Tris base (1M). 560 of backextraction bufferwas added to the remainder of the
Trizol solution (interphase and red organic phase) and mixed thoroughly for 3 minutes.
Samples were then centrifuged at 12,000 x g for 30 minutes at room temperaturenfpan

clear upper layer and red lower layer. Theatl upper layer was discarded and 40@f
isopropanol and 2l of glycogen were added to the lower layer. Samples were then mixed and
incubated at20°C for 15 minutes. Samples were then centrifuged ad@@ x g for 15 minutes

at 4°C, forming gpellet of DNA. Supernatant was removed and the pellet was washed by
adding 1ml of 75% ethanol and mixing. Samples were then centrifuged at 12,000 x g for 5
minutes at 4C and the pellets then left to air dry in a&ah fume hood for 5 minutes. After
drying pellets were resuspended in 30of TE buffer and incubated at €D for 510 minutes,

until the pellet had fully dissolved. Samples were then store@@C until quantification.

For quantification of DNA and RNA, samples were run on a Qubit 4 Fluemonsing DNA
BRAssayand RNAVB ! a4l & (AGas F2ft26Ay3 Yl ydzZFl Ol dzNB N
quality, samples were run on an Agilent 4200 TapeStation System using Agilent High
{SyariuArAoraite wb! {ONBSyGl LISs Hhigdydsteth@itpats anY | y dzF |
RNA Integty Number (RIN): a score of RNA degradation on a scale of 1 to 10, in which 1
indicates complete degradation and 10 indicates no degradation. The DNA and RNA quantity

and quality of each sample and backup are given in TaBle
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Number Total DNA DNA 260/280

Sample ID of cells (ng) value Total RNA (ng) RIN
Run 4- Neurons 37021 601 1.62 940 7.2
Run 4 Microglia 28104 427 1.69 791 7.9
Run 4- Backup - 3760 1.76 5510 9.1
Run 5 Neurons 33077 503 1.66 897 6.9
Run 5 Microglia 30103 412 1.70 631 8.1
Run 5 Backup - 4103 1.84 4755 9.0

Table 3.3: DNA & RNA analysis from test samples

DNA & RNA were extracted from neurons and microglia isolated via FACS, as well as backups
of unsorted celbuspension. DNA & RNA quantity of each serm@as measured using a Qubit

4 Fluorometer DNA quality was analysed usingNanoDrop 2000 Spectrophotometand

RNA quality was analysed using an Agilent 4200 TapeStation System.

3.3: Discussion

This chapter has covered the development of a protdodsolate neurons and microglia from
ischemic rat brain, beginning by analysing the widely available methods cfatatlon; then
setting out the aims and requirements/considerations of the full stuatyd finally covering

each stage of development afrobust protocol for the FACS sorting of rat brain tissue.

Considering the original aims of the study, some compremigave had to be made in order

to produce reliable FACS isolation of neurons andagi@a. Namely, the aim of analysing
cortical and gtiatal tissue separately has been forsaken, since it was found that increasing the
amount of starting tissue by analygj both brain areas together was required to produce a
sufficient number of cells. Wist this is unfortunate, these brain areas were yimusly
analysed separately in Chapter 2 of this thesis with regards togicgte 5hmC expression,

which previous resarch has not considered.
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¢CKS LRGSYyGAlrt FAY 27F & Sddglidhas als6 Beertis€tled@SiQ | Yy R
cannot be de¢rmined whether the CD6BEVio770 antibody is staining cells effectively. In

either case, separating the already smylldzY 6 SNJ 2 F YA ONRItE Al Ayla2 W
groups is likely to mean that not engh DNA and RNA will be extracted from the resgltin
populations. It is for these reasons that the CEREBVio770 antibody will not be included in

the full experiment.

All other requirements and considerations of the study previously listed in sectiod RBalre
been accounted for in the final protocol: process of debris elimination has been
incorporated into the protocol in order to remove the high amount of myelin fatty tissue
found in the brain; many steps have been taken to maintain RNA integraygh to the end
of the experiment; changes haveen made to the protocol in order to maximise the final
cell numbers (and therefore subsequent DNA & RNA vyields}hamatotocol has been tested

multiple times and performed reliably.

As seen from the values ihable 3.3, the populations of cells saitddy ACS produce
measurable amounts of DNA in the range of €00ng. For the planned downstream
applications (quantification of 5mC and 5hmC through use of ELISA plates), the absolute
minimum amount of DNA requiceis 200ng, though 400ng is ideal. Evitlgnacquiring
around 30,000 cells produces just enough DNA for this requirement. This means that if there
are samples in the full experiment from which less than around 30,000 cells can be collected,
there is a chace that not enough DNA can be extracteom that sample. Fortunately, the
backups taken from the unsorted cell suspension provide much more DNA, in the range of
around 4>g. In the case that cell numbers are low, and samples do not provide enough DNA,

then backups taken from cell suspension could possibly be used instead. This is not ideal, as
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it would mean that DNA is not from a specific cell type, though it may stibf lieterest to

analyse.

With regards to RNA, cells sorted via FACS produce measiRAI# quantities in the range

of 600-1000ng. As expected, backup samples taken from unsorted cell suspension produce
much more RNA, in the range ofb#g. Also, RNA sampldéaken from the backup samples
appear to be of high quality, with little degradatias evidenced by RINs around 9. The RNA
samples extracted from FAGSrted cells appear to exhibit slightly more degradation, with
RINs in the range of 6& Although, tlis is to be expected, as the FACS protocol takes a
number of hours to carry out durgh which time the RNA in the cells is undergoing
degradation. However, the many precautions taken to preserve RNA quality (including
clearing all solutions of nucleases, nkimg in a nucleaséee environment, adding RNAlater

to buffers where possible, argbrting cells directly into Trizol solution) appear to have helped
retain someRNA integrity as the samples are not completely degraded, and are still suitable

for downstream applications such as®PCR and possible RNA sequencing.

Analysis of DNAnd RNA samples extracted from sorted cells revealed that collecting less
than 30,000 cells means that there is a chance that not enough DNA will be collected at the
end d the experiment. This scenario seems most likely in animals that have undergone
ischemic stroke, as the test run performed on an ischemic brain in this chapter (Figure 3.9)
produced less neurons than the test runs performed on healthy brains (Figures 3§.
Therefore, a contingency plan has been implemented in which backup DNA akdsRN
extracted from cell suspension that is taken prior to staining, with analysis showing that these
backups produce large quantities of high quality DNA and RNA thétecased in the case of

low cell numbers after FACS (Table 3&3though this ell suspension to heterogenous and

does not allow for thelownstreamanalysis of neurons and microglia in isolation, the results
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will still be relevant aslespite the fact thatlatafrom whole tissue wasbtained in Chapter
2 of this thesis, the timepoint studied in this chap{@rweeks posstroke) was not tested in
Chapter 2. Furthermore, the use otammercidly available ELISA kit for the analysis of 5mC
content will allow forthe quantitative measurement of global 5mC levels, which was not

possible in Chapter 2.

The many rounds of testing and development have led to the formation of a FACS protocol

that accurately and reliably stains and isolates neuronal (NeuN+) and mitrogkeophage

(CD11CD45°%) cells, producing cell populations with high purity (FigBiel).
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Chapter 4: Methylomic response to stroke in specific

cell types

4.1: Introduction

In Chapter 2 of this thesis, immunohistochemistry was used in ordeutidate an intrinsic
epigenetic response of the CNS to ischemic stroke. This resporaedd a delayed increase

in global hydroxymethylation in various brain areas affected by stroke as part of an apparent
demethylation event. Whilst the use of immunoteshemistry successfyll identified
differences in this epigenetic response between braiieas, elucidating differences between
specific cell types was not successful, due to poor staining of cell type markers (in the case of
neurons; NeuN) or a lack observed 5hmC cstaining (in the case of microglia; Ibal). As a
result of this, 5hmC lals in all cell types were analysed simultaneouslyalysis of the
epigenetic response to ischemic stroke in these specific cell types is of great interest as it may
allow for the developmenof a targeted poststroke therapeutic treatment to promote axah
regeneration and aid recovery. To this end, a method of isolating neurons and microglia from

postischemic adult rat brains was developed in Chapter 3 of this thesis

4.1.1: Importanceof isolating and analysing neurons

The working theory developed from the results displayed in Chapter 2 is that neuronal cells
exhibit increased 5hmC levels following ischemic stroke as genes promoting axon
growth/regeneration and ynaptogenesis undergoetnethylation and become primed for

expression. Although neuronal cells exhibit around 10x higher 5hmC levels than other cell

types of the CN&riaucionis & Heintz, 200%zulwach et al., 20} 1and it is therefore likely
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that the majority of positive 5hmC staining observed in those experiments was due to
neuronal cellsit cannot be determinedor certain that this effect is spé to neuronal cells

as all cell types were analysed togethiarChapter 2 Analysis of (hydroxy)methylation in
neuronal cells collected via the method developed in Chapter 3 will help totigaés the

working theoryby ascertaining whether this effets observed specifically in neuronal cells.

Additionally, another limitation of the experiments performed in Chapter 2 was that only
analysis of 5hmC levels was possible, as staining of 5mGca@was not of high engh
guality for quantitative analysi By collecting specific cell types and utilising the immune dot
blot method of quantification adapted to an ELISA format (section 2.1.4), both 5mC and 5hmC
levels can be analysed. This willcetelp to further investjate the working theory that the

observed poststroke increases in 5hmC levels lead to a decrease in gemodee5mC levels.

Furthermore, by etxacting RNA from isolated neurons, it is possible to analyse mRNA
expression levels aiot only Tet enzymes, but also neurotrophic factors and agawth-
related genes such as BDNF and TTIt7 isa neuronspecificprotein that promoteseurite
growth and is shown the be upregulatédllowing ischemic stroke ithe sprouting reurons

of young adult micgLi et al., 201p Analysing the expression of these gsnof interestin
neuronal cells will help to further etidate a mechanism by which alteré&hmC levels

influence the expression of axon growtblated genes.

4.1.2: Importance of isolating and analysing microglia

Although the lack of 5hmC staining in microg(i@al+) cells in Chapt@ suggests that the
observed incrase in posstroke 5hnClevels does not involve microglia, investigating the
epigenome in these cells pastroke may reveal a potential role of DNA (hydroxy)methylation
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in the control of poststroke microglial activityThe absence of visible 5hmC stamin Ibal+
cells may b due to the fact that microglial cells have far lower levels of 5hmC present than
neurons, as previously mentioned. However, utilisation ofiare sensitiveELISA format of
immuno-dot blot quantification of 5hmC in this chapter malueidate an epigenetitesponse

to ischemic stroke that is specific to microglia/macrophages.

As previously described in the introductory chapter of this thesis (sectibr?)lischemic
stroke leads to the initiation ofn immune response which involvesth WI Ol A @defitA 2y Q 2 F NB
microglia(into either pro or antrinflammatory phenotypesphs well as the infiltration of
peripheral macrophages due to deterioration of the bldmain barrier(ladecola & Anrather,
2011). Sane previous research has demonstrated that these activated microglia and
macrophages can be detrimental to axon growth and neurogenesis. Bonpde, the pre
inflammatory M1 phenotype microglia have been shown to intileitrite outgrowthin vitro

and cause axonal diebacik vivo(Kitayama et al., 20)1However, investigations into the anti
inflammatay M2 phenotype have suggested thisl2 microglia/macrophages promote axon
growth and neurogenesis following CNS injury through release of neurotrophic factors such
as BDNF and ®IF (glial celterived neurotrophic factor)(Batchelor et al., 2002
Furthermore, research has also found that phagocytic microglia and macroplzageely

clear cellular debris following CNS injury, which is consideredbatade for postinjury
axonal outgowth. Tanaka et al. (2009%ound that LPS (lipopolysaccharid@ activated
microglia clar axonal debris and allow amltured cortical neurons to regrow following
mechanical axotomy. A similar effect was determiimedivowhenit was found that following
spinal cord injury in mice, microglia containingagbcytic material make contact with injured
neurons 24h after injury, followed by contact with phagocytic peripheral macrophages that
persists up to 42 days pestjury (Greenhalgh & David, 2014These findings demonstrate a

varied response of microglia & macrophages to CNS injury that can be either beneficial or
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detrimentalto axonal regrowth, seemingly dependent on the polarisation of the immune cells

towardsthe pro-inflammatory M1 phenotype or the anthflammatory M2 phenotype.

In the context of ischemic stroke, treatment with minocycline, a selective inhibitor of M1
microglia, has been found to promote neurogenesis when administered as a delayed
treatment (4-6 days posstroke), but suppresses neurogenesis when given immediately
following stroke and administered chronica{kim et al., 2009Liu et al., 200). Additionally,

it has been found that followingansient MCAO in rats, M2 microglia/macrophages enhance
axon growth and neurogenesis by releasing trophic factors such as gadedfem et al.,
2009. Taken together, these findings hint at a dynamic role of microglia and macroplrages
the promotion and suppression of paestroke axon growth and neurogenesis. Identifying
changes in microglia/macrophage activation state and any epigenetic changes thait oc
alongside them is one of the aims of this chapter and may reveal an inirmsigne response

to stroke that is mediated by DNA (hydroxy)methylation and could therefore indirectly affect

axon growth.

4.1.3: Objective# Hypotheses

The objectives atis chapterare as follows:

1 Determine changes in postroke global 5mC levels ineurons and ndroglia
independently

i Determine changes in postroke global 5hmC levels in neurons and microglia
independently

1 Assess mRNA levels of BDNF, Ttll7, Tetl,anetZ et3 in neurons following MCAO
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Based ormprevious research carried out in tharea, the hypotheses for the findings of this

chapter are as follows:

w

w

Levels of global 5m@ill be significantly dereased in neuronfllowing MCAO

Levels of glob@hmC will besignificantlyincreased in neuron®llowing MCAO

Global levels of 5@and 5ShmGn microglia will not be significalytdifferent following
MCAO

MRNA levels of BDNF, Ttll7, Tetl, Tet2 and Tet3 in neurons will be significantly

increased followng MCAO
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4.2: Methods

4.2.1: Experimental design

Note: The animals included the experiment detailed in this chapter were a subset of animals
from a larger study that also assessed pstsoke infection.This following section will only
detail the piocedures carried out on the animals that were used to asgpaststroke DNA

methylation changes.

All experiments were performed according to the UKnAals (Scientific Procedures) Act 1986
under a project license from the UK Home Office. All surgicalgpiures (section 4.2.2) were
carried out by Rebecca Truemand Clare Spicer. MBtanning was performed by Malcolm

Prior and David Watson. LPS/salingections were carried out by Rebecca Trueman.

Male Wistar rats weighing 35850g (Charles River, UKgne used for this study. Animals
were housed in groups obfir, in IVC cages undstandard conditions (see section 2.2.1) and
had unlimited access tftmod and water throughout the study. Supplementary softened food
was provided once prior to surgery andily postsurgery. Animals were weighed and health
monitored weekly prior to surgry and4 times a day in the first 48 hrs, and daily subsequently

(ata minimum following the IMPROVE guidelin@ercie du Sert et al., 20))7

Animals umderwent 1 hour middle cerebral artery occlusion (MCAQ)roequivalent sham
surgery. 24 hours posturgery, animals underwent MRI scannitm determine infarct

volume. These infarct volumes were then used tofpen stratified randomisation in order
to alocate animals to saline or LPS groups. Fourteen daysvfoljosurgery, animals were

euthanised and perfused with saline. Brains were ci#lét and the cortex and striatum of the
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infarcted hemisphere dissecter subsequent homogenisation and FACS. fitvaber of

animals used for each experimental group is shawiable 4.1

Grou Initial Number Animals  Animals taken fo  Final Number
P of Animals  Excluded alternative study ~ of Animals

Sham 16 2 7 7

MCAO 28 12 8 8

Table 4.1: Thaumber of rats used to assess csjpecific poststroke 5mC/5hmC levis

Rats underwent 1 houniddle cerebral artery occlusion (n=28) or an equivasram surgery
(n=16). Sham surgery animals were excluded dusntesthetic related death (n=2). MO
animals were excluded due to severity of stroke (n=10), abnormal braictste (abnormally
large ventricles seen in MRI; n=1) or lack of stroke (ndkstsymptoms during occlusion or
infarct < 500mn?; n=1).From theremaining rats, some were takenrfase in an alternative
study focused on posdtroke infection, and the restiere used in the current study.

4.2.2: Surgical procedures

4.2.2.1: Middleerebral artery occlusion

Surgery to occlude the right MCA wasrformedas described itChapter 2 (section 2.2.2),
with the following differences:
1 Prior to first incision, idocaine (0.5%(stock solution 2¥HamelnPharmaceuticals
UK was administereds a localnaesthetic (line block via subcutaneous injection,
7mg/kg maximum dose)
1 The MCAO was occluded for 1 hour using a silicone coated filament with a diameter

of ~0.39rm (Doccol, US).
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1 A laser doppler was used to confirm occlusion of the MCA (detalgded kelow).
Both MCAO and Sham animals underwent the satgirocedures necessary for the

placement of the laser doppler probe.

4.2.2.2: Laser Doppler Placement aktbnitoring

Before surgery to induce the stroke began, a laser doppler probelaasd agaist the skull
(moorVMSLDF1; Moor Instruments, UKD @llow placement of the laser doppler probe, an
incision was made between the eye and ear on the right sidhehead. A hole wathen
made in the temporal muscle so that the probe couldtregainstthe skull.Blood flow was
then monitored & the filament was being moved through the ICA, with a diofblood flow
indicating occlusion of the MCA. Once the oddnswvas confirmedthe laser doppler was
removedand incision closedo that theanimals cold recover from the anaesthetic during

the occlusiorperiod.

4.2.3: MRI scanning & infarct volume analysis

24 hours possurgery, animals were once again an&edised using 5% isoflurane (100%
wiw, 250ml; Abbott, US)and during scanning wemaintained using 12.0% isoflurane in 0.6
NLt/min @ and 0.8NLt/min N;O. Aimals were placed into a 7 Tesla Biospec with rat head
surface coil (Bruker BioSpo, Ettlingen,r@any) to carry out Zmapping. A spin echo,T
weighted sequence was then perfoath (TR/TE = 5000/8 ms, 16 echoes; field of view: 32 x
32mm; matix: 128 x 128; thirteen 1mm thick contiguous coronal slices; acquisition time = 10
minutes). These echoes wethen collated to create Jmaps using ITHSNAPsoftware

(Yushkevich et al., 2006
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Infarct volumes wez measured using ImageJ software. As previously described in Chapter 2
(section 2.2.5.3), infarct volume waslculated as a percentage of the volume of the
contralateral hemisphere in orddgo account for oedemaOnly sections that correspond to

the disse&ted tissue were measured.

4.2.4: Tissue collection

Animals were euthanised using intraperitoneal injentiof Euthatal 200mg Merial Animal
Health Ltd UK). After injection, animals wefeft in a transport cage until they had no toe or
corneal reflkes and breathing had just ceased. At this point animals were perfused via the
left ventricle with PBS contaimy 5% RNAlater until the solution ran clearaiBs were then
removed and placednto sterile petri dishes. The cortex and striatum of the infadc
hemisphere (or hemisphere of sham surgery in sham animals) were then dissected from the

rest of the brainand taken for homogenisation.

4.2.5: Staining & FACS

The development of thiprotocol is detailed in Chapter 3 of this thesis. The detaiteefinal

protocol are as follows:

The cortex and striatum were placed onto a sterile petri dish and weedyfiminced using a
clean razor blade, p&rming 25 chops in each orthogonal diten. Tissue was then
transferred to a 15ml glass Dounce homoigen containing 10ml of 1X HBSS. Tissue was
homogenised by 40x passes with a glass large clearance pestleesthiting homogenate

was then transferrd into a sterile 50ml Falcon tube throlig 40>m cell filter.
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produced by aliquoting 509 into a sterile 1.5ml Eppendorf tube. This was then centrifuged
at 500 x gdr 5 minutes at 4C. The resulting ceatiellet was resuspended in 560 of Trizol
solution and stored a20°C until DNA and RNA extraction was performed later the same day.
Additionally, a further 508l of homogenate was aliquoted into a sterile 1.5ml| Epgorf tube

and snap frozen in isopentarfor future use in an alternative experiment.

The remaining 9mbf tissue homogenate was divided into two 4.5ml aliquots in 15ml Falcon
tubes. Each aliquot then underwent a different method of debris exclusiothfoisolation

of neuronal nuclei and mioglial cells:

Debris exclusion for neuronal cells:

1ml of 1.1Msucrose was placed at the bottom of a 15ml falcon tube. The 4.5ml of tissue
homogenate was carefully layered on top of the sucrose using a P1000epipettthen
centrifuged at 1300 x g forslminutes at room temperature. Following this, a cell pellet
wasvisible at the bottom of the tube whereas myelin and other debris settled at the cell
suspension/sucrose interface. Debris and supernatant were remosed the cell pellet

was resuspended i500>| of 1X HBSS.

Debris exclusion for microglial cells:

A soltion of stock isotonic Percoll (SIP) is made by combining 90ml of Percoll with 10ml of
10X HBSS. From this SIP stock, a 35% SIP swlasorade by canbining 35ml of SIP with
65ml of 1X HBSS.

The 4.5ml of tissue homogenate was centrifuged at 500 x g fimirtutes at 2C. The cell
pellet was then resuspended in 8ml of 35% SIP solution and transferred to a 15ml falcon

tube. 5ml of 1X HBSS was carefulf)etad atop the cell suspension using a Rlpipette.
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The solution was then centrifuged at 800 x g for Bhutes at room temperature.
Following centrifugation, microglial cells pelleted at the bottom of the tube whereas
myelin and other debris settled #he interface between the 35% SIP solutaow 1X HBSS.
Debris and supernatant were removed, and the @eWas resuspended in 56D00f 1X

HBSS.

Following debris exclusion, an equal volume (ED@f icecold ethanol was added to each
aliquot ofcells and these were then left to incubate -20°Cfor 10 minutes. Following this,
samples were centrifuged at 500 x g for 5 minutes®@ 4nd the resulting cell pellets were
resuspended in 1ml of FACS buffer (PBS w/ 0.5% Bovine Serum Albumin + 5%rRNAlat
containing »g/ml Hoechst 33342. To the samplesntaining neuronal nuclei,~ of NeuN

PE antibody was added. To samples containirggayglial cells, # of CD11H-ITC and CD45
APC antibodies were added. Samples were then left to incubate in theada#C for 30
minutes with constant engbver-end rotation. Samples were then centrifuged at 500 x g for 5

minutes at 4C, resuspended in B8l of FACS buffer and taken for FACS.

A total of between 3 and 7 animals were processed each day over the counge aeeks.
All flow cytometry and cell sorting waerformed on the Beckman Coulter MoFlo XDP. Cells

were sorted directly into Eppendoréibes containing 1ml of Trizol solution.

4.2.6: Issue with neuronal cell isolation

As previously described in Chap3 of this thesis (section 3.2.5), a minimum afund 30,000
cells was needed from each sample in order to produce a sufficient anodlDtA and RNA

for downstream applications. Unfortunately, when isolating neurons in this experiment, this
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cell numbe was not reached. Though a clear population of Neuwklls was visible, the

number of cells in this population did not meet the minimungquéement.

Ten animals were processed across the first three days of the experiment. From these ten
animals, the number of NeuN+ cells collected from these animalgchingm 3,000 to 20,000

cells; far below the previously set threshold. The issue ammeéw be dueto the sucrose
density gradient, as the resulting cell pellet appeared smaller than in test runs performed in
the development of the method. Despite failattempts to rectify this issue on days 2 and 3

of the experiment (including increasimgntrifugaton speed and changing the temperature

of the sucrose), the decision was made that from day 4 onwards, no neuronal isolation would
be carried out on subsequéranimals in the interest of saving on time, costs and tissue.
Instead, for the remaimig 20 animad, 5ml of tissue homogenate would be collected and used
as a source of backup DNA and RNA, accounting for the 4.5ml of tissue homogenate that was
originally designated for neuronal isolation. For downstream applications, these backup

sources 0DNA and RN#ould be tested in place of DNA and RNA from neuronal populations.

4.2.7: DNA & RNA extraction

Immediately following FACS, extraction of DNA and RN\$ated cells and backup samples
was performed exactly as described in Chapter 3 @6 tthesis (sction 3.2.5). For
guantification of DNA and RNA, samples were run on a Qubit 4 Fluorometer using DNA BR

raalke yR wb! . w !aal égsifstudtans. F2tf 2¢Ay 3 YI ydzF|
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4.2.8: 5mC & 5hmC quantification

Total 5mGnd 5hmC content ddNAsamples wereneasured using the Quest 5mC DNA ELISA
Kit and Quest 5hmC DNA ELISA Kitm{o Research, USA) following the manufacturer's
instructions.In short, polyclonahntibodies targeting 5mC or Shnv@re immobilisedo the

well surface. Single strand€&@NAwas thenadded whichbinds to theseantibodies. This DNA
wasthen probed by antDNAHRP antibodies, and subsequent addition of HRP developer
producel a greenblue colour in wellontaining 5m€or 5ShmCEDNA.Following the final step

of colour develpment, the absorbace at 405nm was measured using a SpectraMax M2e
Microplate Reader (Molecular Devices, USA). 100ng (for 5mC ELISA) or 50ng (for 5hmC ELISA)
from each ample were tested. For microglial cells, the low amount of DNA collected meant
that sanples ould not berun in duplicate. All other samples were run in duplicate. Standard
curves for 5mC and 5hmC kits producéadues of 0.96 and 0.95, respectively (@8 shown

in Appendix A2).

4.2.9: Rverse transcription &PCR

500ng of RNA from eh sanple was used to péorm reverse transcription and synthesise

O5b! dzaAy3d wSIRe{ONALII O5b! {&yiKSaAaa aAE o{A3IYL
wasaddedi 2 pnny3a 27F wb !-fred watemprodicingafotapfemdion Sdluiné

of 20> f dnplds were then head to 25C and incubated for 5 minutes, before being heated

to 42°C and incubated for a further 30 minutes. The reaction was then inactivatéedting

samples to 8%C and incubating for 5 minutes. The resulting samples of cDié then kept

at 4°C untl reattime polymerase chain reaction (FPICR). Prior to gPCR, cDNA samples were

quantified using a Qubit 4 Fluorometer and DNA BR Assay Xifs,ff2 g Ay 3 Y I y dzF I Ol dzNB

instructions.
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cDNA samples were then used to performRIR taletermine mMRNA expressidevels of

genes of interest. TagMan Gene Expression Assays were purchased from ThermoFisher
Scientific (UK) that target Tetl (Assay ID: Rn8192 m1), Tet2 (Assay ID: Rn01522037_m1),
Tet3 (Assay ID: Rn01425643 _ml), bdenved neurarophic factor (BDR) (Assay ID:
Rn02531967_s1) and Tubulin tyrosine ligase like 7 (Tubulin polyglutamylase; Ttll7) (Assay ID:

RN01522232_m1).

In short, 50ng of b ! &4 & +FRRSR (2 nop>ft 2F ¢lljaly ! aal
Advanced Master MixThermdrisher, UK). ThelreOG A 2y @2f dzYS o6l a GKSy Y
using nuclease free water. A StepOnePlus -Raae PCR System (Applied Biosystems) USA

was then used t@erform the following RIPCR protocol: hold at 80 for 2 minutes; hold at

95°C for 2 ninutes then 40 PCR cydef 98C for 1 second and 60 for 20 seconds. All

samples were run in triplicate. As RNA extracted from sorted microgkareguired for an

alternative experiment, only RNA samples extracted from total cell population weresathly

In order to calculte relative expression levels of genes of interestendogenous reference
(housekeeping) genewvas also analysed:HPRT1 (Assay ID: Rn01527840).nHPRT1
expression was found to not be significantly different between sham and Mfzéups (see
Appendix A3)C;values oHPRTANnd gene®f interest were then used to determine relative
expression of genes of interest (expressed as fold differendnyiise Paffl method(Pfaffl,

2007).
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4.2.9: Statistal analysis

Data is presented as mearstandard deviation (SD). Statistical analysis was performed using
GraphPad Prism 7. Normaliggalldai I ¢+ a O2y FANNSR dzaAy3a (KS
CD11b expression dataé 5mC & 5hmC content data were dysed using opaired ttests.

For correlation& analysis, Pearson correlation coefficient was utilisedr gPCR data,
unpaired t tesswere usel to compare relative expression levels between grolferences

werecond RSNBR aAIYAFAOIYG AF LIKndnpd
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4.3: Results

4.3.1: Infarct volumes

Figure 4.1 shows the infarct volumes of MCAO animals, expressed as tpgecari the
volume of tre contralateral hemisphere. Infarct volumes range from betwee3b%; though
variable,these volumes are comparable to those seen in previous publications that have
utilised this same model of ischemic strokerueman et al., 2007 T, weighted images of

infarcted brains are showmiFigure 4.2.
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Figure 4.1: Infarct volumes of rats that have undergone MCAO surgery

Male Wistar rats (n=Bunderwent transient (1 hour) MCAO and were later subjected to MRI
scanning to calculate infarct volume. Infarct volume was calculated as % of volume of
contralateral lemisphere. Data is presented as mea8D.
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Figure 4.2: Aweighted images of ratshat have undergone MCAO surgery

Male Wistar rats underwent surgery to transiently occlude the MCA (1 hour). 24 hours post
surgery, rats underwent MRI scanning to predd; maps for use in assessing infarct volume.
In these imagesnfarcted tissue appeaa as lighter in colour than neinfarcted tissue. Above
shows the smallessizedinfarct (left), medianinfarct (centre andthe largest infarciright)

from animals ued in the study Scale bar = 1cm.
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4.3.2: Microgliaktaining &sorting

Figure 4.3 sbws examples of microglial staining in an unstained control, sham animal and an
MCAO animal. In some MCAO animals, two distinct populations of CD11b+ cells could be seen
categorised as CD1ibt and CD11thigh. Though existg as twodistinct populations,
CD11kint and CD11ihigh populations were sorted and collected together in order to

maximise cell number and subsequent DNA and RNA quantity.

Of the 30 animals from wbh microglial cells were isolated, 5 were excludedniro
downstrean analysis due to indficient number of cells collected. Of these 7 animals, 4 were

from the sham group and 1 was from the MCAO group.

4.3.3: Microglial CD11b expression

The population®f CD11khigh microglia (Figure &) were quantified as a perceae of total
Hoechst+cells. There was a significantly higher proportion of CDXigh cells in the MCAO

group in comparison to the sham grougiqure 4.4;4=5.11, p<0.001).
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Figure 4.3: Phenotypic profile of microglia aalysed by flow cytometry

Flow gtometry dot plots ofcells taken from the cortex and striatum of rats that underwent MCAO or equivalent sham surgery. Each image represents one
sample taken from each of the experimentabgps.Left:Hoechst+ cells that were not probed with any antibogliee used to set gat for positively stained

cells in subsequent analyses. Gates are set such that almost all unstained cells fall within the€jatitb (CD11E)) gate.Centre:Microdia/macrophag

cells (CD118CD4%") isolated from the cortex andriatum of a rat trat underwent sham surgery exhibit mostly intermediate levels of CD11b expression
(CD11hknt), with a small subset of CD11b+ cells exhibiting high levels (€@ddipRght: Microgla/macrophage cells isolated from the ipsilateral exéand

striatum of arat that underwent MCAO surgery exhibit higher levels of CD11b. Around 50% of CD11b+ cells in this sample are desigrdtethtsaad

the remaining 50% are desigrdtas CD11dnigh.
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Figure 4.4. Proportions of CD1igh populdions

Microglial cels were isolated from the ipsilateral cortex and striatum of rats that underwent
MCAO or sham surgery. Of these microglial cells, Gidt Aind CD11#igh populations wes
identified. The proportion of CD1high cells was significanthygher in MCAO anintg (n=7)
than sham animals (n=3) (p<0.001). Data is presented as m&&n *** represents a highly
significant difference (p<0.001).

4.3.4: 5mC and 5hmC levels wotdl cell populations

Though the original aim of this study wasarmalyse 5mC and 5hna@ntent of DNA extracted
from neurons, issues with collecting low numbers of cells (described in section 4.2.7) meant
that backup samples comprising of DNA isolatednftbe total cell population were analysed

instead.

Commercial EBIAkits were used tajuantify 5mC and 5hmC content of DNIAere was no
significant difference in 5mC content between sham and MCAO gréigusré 4.5A;16=1.4,
p=0.19), although 5hmC contewas sigificantly increased in MCAO animals compared to

sham ammals Figure 4.5Bt15=3.37,p=0.003.
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Figure 4.5: 5mC and 5hmC content of DNA from total cell population

DNA was extracted from ipsilateral cortex and striatum of rats that underWVeDAO (n=8)
or sham surgery (n=7). 5mC and 5hmC content of théda $amples was thenugntified

using ELISA kit&: There was no significant difference in DNA 5mC content baivebam

and MCAO animals (p=0.18. There was significantly higher 5hmC a@anitin the DNA of
MCAO animals in comparison to sham animals (33). Data is presertd as meart SD. **

represents a significant difference (p<0.005).
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When correlating 5mC abhmC content of total cell population with infarct volume, Pearson
correlaion coefficient revealed that there is no significant correlati@ween infarct volune
and 5mC content (r=0.07; p=0.87) (Figure 4.6A) or 5hmC content (r=0.31; p=0.45) (Figure

46B).
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Figure 4.6: Correlation between infarct volume and 5mC and 5hmGemann total cell
population

Infarct volumes ofrats that underwent transient MCAO waex calculated as % volume of
contralateral hemisphere. These volumes were then correlatetl %iC andbhmClevels of
DNA obtained from total cell populatioio signifient correlation was found between infarct
volume anddbmC contentA&; r=0.07; p=0.87) oshmC contentB; r=0.31; p=0.45).
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4.3.5: 5mC and 5hmC levels in microfffiacrophage cel

Microglia/macrophage cells (CDI10D4%") were isolated from the ipsilatal cortex &
striatumof rats that underwent MCAO or sham surgddNA was exticted flom these sorted
microglia and the 5mC and 5hmC content of these DNA samples was quantified through use

of commercial ELISA Kkits.

As previously mentioned (section 4.3.2)sham animals and 1 MCAO animal were removed
from downstream miroglial analsis folowing FACS due to an insufficient number of
microglia/macrophage cells being collected. Due to ttie,iumber of sham animals in these
analyses was reduced to 3. In attempt to remedy this, DNA taken from microglial cells of
two pilot animals(as partof experiments performed in Chapter 3) was analysed alongside
samples from the current experiment. fgese test animals received no surgery, they can be
considered sorawhat analogous to sham animals. They are, however, not partottinrent

study and & such, their data points are highlighted in results figures, and statistical analysis

is reported bothwith and without the inclusion of these data points.

There was o significant difference in 5mC content between sham and MCAOasifigure
4.7A;with test animalst1=1.98,p=0.08;without test animalsts=1.21,p=0.26). There was,
however,significantly higher 5ShmC content in microglial cells of MCAO animals cethfza
sham animalgonly when the test animals are include(Bigure 7.7B;with test animals:

t10=243, p=0.03;without test animalsts=1.56,p=0.15.
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Figure 4.7: 5mC and 5hmC content of DNA from microglia

DNA wascollected from microglia/macroptge cells (CD1TCD4%") that were isolated
from the ipsilateraktortex and striatum brats that had undergone sham (BFor MCAO (n=7)
surgery.A: no significant difference in 5mC content of microglial DNA was founddmsztw
sham and MCAO groups (p=0.0B) 5hmC content of microglial DNA was found to be
significantlyincreased in MCAO anals (p=0.03). Data is presented ameant SD.*
represents a significant difference (p<B)ORed data points represent samples obéal from
animals that were not parbf the present study (n=2).
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When correlating 5mC and 5hmC ¢emt of microglia/macophage cells with proportion of
(D11bhigh cells, Pearson correlation coefficient revealed that there is no significant
correlation betveen proportion of CD1khigh cellsand 5mC content (rF8.39; p=0.26)

(Figure 4.8A) or 5hmC conteoit microglia/macroplage cells (r=0.43; p=0.21) (Fig4t8B).
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Figure 4.8: Correlation between 5mC & 5hmC contentroroglia/macrophage cells and
proportion of CD11khigh cells

Propotions of CD11bhigh cells from brains of rats that underwent shgn=3 black or
MCAO (n=7 grey) were calculated as &6 total Hoechst+ populationrhese &lues were then
correlated withsmC andbhmClevels of DNA obtained from microglia/macrophage célis
significant correlation was found betwegmoportions of C1b-high cellsand5mC content
(A; r=-0.39; p=0.26) o6hmC contenti; r=0.43; p=0.21).

138



4.3.6: mRNA expression levelsBDNF, Ttll7 and Tet enzymes

The use of reverse transcription folloddy gPCR determined that there was no significant
difference between Sham and MOAmimals in expression levels of Ttll7z1.69, p=0.113),
Tetl (£5=0.04, p=0.968) or Tet2:§£1.13, p=0.286) (see Figut). There appeared to be a
slight increase iBBDNF expression in the MCAO group, although this was not found to be
significant (1z=2.1, p=0.054). There was, however, found to be a significantly increased Tet3

expression in MCAO animals in comparison to Sham animsd8.@1, p=0.006).

139



BDNF Ttl7

2.5+ 25=
c c
S 2.0 . 5 20~ =
e @
g 157 " 5 157 %
f -y i X
o 1.0+ —_——— L © 1.0 —_—
£ - : ; b
% 0.5 ° 0.54
o 14
0.0 : . 0.0 T T
Sham MCAO Sham MCAO
Tet1 Tet2
2.0+ 3+
c c
'g 1.5+ ° nt 'g :
: ]
g — o 2-
e ® 3 S
& 1.0 =T o -
4 —e atn 9 14 | -
g o5 ¢ L kS oo =
s o B
4 ['4
0.0 I T 0 T T
Sham MCAO Sham MCAO
Tet3
%%
2.5+  —
c
S 2.04 -
o
S 154 ‘}'
3 T
ul o|® =
g 1.0 s[5
E 0.5 Ty
@ 0.5-
& °
0.0 T T
Sham MCAO

Figure 4.9: Relative expressin levels of genes of interest

RNA was extracted from total celbpulations obtained fromhe cortex and striatum of mice

that had undergone MCAO surgery (n=8) or an equivalent sham surgery (n=7). Reverse
transcription and subsequent @R of these RNA samples revealed that there was no
significant difference in expressi of Tetl (p=0.968), Te(p=0.286), Ttll7 (p=0.113) or BDNF
(p=0.054) between groups. There was, however, a significant increase in Tet3 expression in
the MCAO group (=006). Data is presented as mean + SD. ** represents a significant
difference (p<0.Q).
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4.4: Discussion

4.4.1: Possttroke (hydroxy)methylation in total cell population

One of the original aims of this chapter was to isolate neuronal (NeuN+) altsler to
extract DNA and RNA and identify pestoke dianges in the methylome thatre specific to
neurons. However, as desbed in section 4.2.6, this aim was not met as the number of
neuronal cells being collected did not meet the minimum requiremfort downstream
applications. Therefore, DNA and RNA skmpextracted from a backupource of tissue
homogenate, consistingfdhe total cell population, were analysed instead. Whilst this does
not help to discover any neuronapecific effects, analysirtfis tissue does suppotthe data
presented in Chapter Bf this thesis. Namely, agnificant increase in 5hmC content was
observed at 2 weeks postroke (Figure 4.5B), which aligns with the findings in Chapter 2 that
there is an increase in global 5hridllowing MCAO in mic& hisincrease in 5hmC content
was also accompanied by a dfggant increase in mRNA expression of T@gure 4.9),

although no significant differences in Tetl or Tet2 expression levels were found.

This significant increase iM®C is not, however, accompanied by any changes in 5mC
content in totd cell populatbn; though there was a small decrease in 5mC content of MCAO
animals, this was not found to be significant (Figur@A}. This does not suppoprevious
research, withMiao et al. (2015@etermining that there was significant decrease in 5mC
levelsat 7 days posstroke. In the current experiment, 5mC content was analysed at 14 days
post-stroke, andas such it is therefore plausible that there was a significant decrease in 5mC

content following MCAO, but these lef¢ had returned to baseline by the 2 week timepoint.

Alternatively, it is possible that the small, albeit insignificant, decrease incamtént reflects

demethylation of a small number of specific genes. Previous research has identified a small
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number d axon growth and neuroplasticityrelated genes thatre upregulated in sprouting
neurons following ischemic stroKkei et al., 201J) including Neuropiliil and Tulnlin tyrosine
ligase like 7 (Ttll7)This chapterhas identified a similar effecthaving utilised gPCR to
determine that levels of BDNdRd Ttll7 are slightly increased following ischemic strifigure

4.9). Aithough neiher of these increases were deemedatistically significant, these
experiments were demed urerpowered in poshoc power analyses (see Agdix £),
suggesting that slightly increasing the number of animals may have revealed a significant
effect It is therdore possble that the increased expression of these axgnowth related
genes igaused by the olved increase in 5hmC levels; and any resulting changes iR gene
specific 5mC levels are masked by analySimg content of the whole genome. However,
further researt into this area is required in order to determine if such an effecttexithis
researchwould need to focus on posttroke DNA (hydroxy)methylation at a geggecific
level, utilising techniquesush as methylated DNA immunoprecipitation (MePdPbisuphite
sequencing. Though not looking at a geapecific level, determinig a direct cauda
relationship between Tet enzyme expression/DNA (hydroxy)methylation and axon growth is

the main aim of thenext chapter in this thesis.

When correlating pststroke 5mCand 5hmC levels in total cell population with infarct
volume (Figue 4.6), it was fand that no significant correlation exists between infarct volume
and levels of either modified cytosine bagdthough this does not help to elucidate angck
of effect stroke severity has on the methylome, this data does support thelairfindings in

Chapter 2 that global 5hmC levels do not correlate with infarct volume.
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4.4.2: Posstroke (hydroxy)methyation in microglia/macrophage cells

By using Bhw cytomery to investigate the phenotype of microglia/macrophage cells following
ischemic strokejt was found that MCAO causes a large significant increase in CD11b
expression, such that an entirely separatopulation of CD1high cells can be visuadid in

the poststroke brain (Figures 4.3 + 4.4). This is indicative of microgiaphage activabn

and also supports previous findings that this cell type significantly increases CD11b expression
following MCAO and reperfusion in roder(télorrison & Filoga, 2013 Perego et al., 2001

This increase in CD1Mxpression is accompanied by a significant increase in5timeC
content of DNA isolated from microglia/macrophage cells (FigutB} meaning is possible

that the measued increase in CD11b could be controlled by DNA demethylation via
oxidisation of ™C. However, there are no significant changes in 5mC coniten
microglia/macrophage cells observed (Figure 4.7A). Also, wherlating proportions of
CD11bhigh cells witHevels of 5mC and 5hmC, no significant correlational relationships were
determined (Figure 4.8). This would therefore suggest that demetiotavia production of
5hmC is not influencing CD11b expression, tiesfwere the cas then a positive correlatin

between 5hmC levels and CD11b expression would be expected.

Once again, howeve it is possible that activity of the Tet enzymes and hisg DNA
demethylation is causing phenotypic changes to microglia/imalcage cells at gene specific

level, and hat analysing global 5mC and 5hmC content is masking this effect. As previously
explained, determining such an effect would require reseatd focuses at a genspecific

level. Potential candidates for suchsearch include dectin-3, which previous rgearch has
shown is required for microglial recruitment and activation in respotoseschemic stroke
(Lalarcette-Hébert et &, 2012 Yan et al., 2000 Alternatively, research hadso identified a
protein that is directly involved in thahibition of axonal growth by M1 phenotype microglia.
Kitayana et al. (2011¥ound that by using siRNAs to knock dowmpression of repulsive
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guidance molecule a (RGMia a mouse model afpinal cord injuy, the inhibitory effect of
M1 phenotype microglia/macrophages on axonal growth was attenuated. This therefo
highlights RGMa as a particular gene of interest for futsixalies.Further research in this
area couldpresert a new epigendt target for fuure therapeutic treatments aimed at

promoting poststroke axon growth via modulation of the CNS immune respon

4.4.3: Limitations

The main limitation of this studyame from the inability to reliably isolateequired amounts

of DNAand RNA frormeuronal e@lls due to low cell numbers. Because this was identified as
a potential issue in the development of tHeACS protocol (Chapter 3, section 3.2.5), a
contingency plarwas put into place and DNA and RNA sampias total cell populatios
could insteade aralysed. Despite this, the inability to isolate neuronal DNA and RNA means

that one of the main aims ohts chapter was not met.

Changes that could be made in anyuite experiments of this nature that coutdmedy this
problem inclwe sorting only euronal cells and not microglia/macrophage cells. As was
detailed in Chapter 3, isolation of both of thesdl ¢gpes required the tissue homogenate to
be split in two inorder to undergo debris clearance. Thiseefively halved cell yid| so
foregoing nicrodia/macrophage isolation would be one way to increase the number of
neuronal cells that can be isolatefls another option, it may have been possible to switch to
sorting astrocytes instead of neurons & neuronal sorting became prtamatic, thereby
investigating the potential role of the astrocytic cell type in the pathophysiology of ischemic
stroke. Howeer, as the neuronal isolation became an issue at a very latgesof the
experiment, tkere were no readily available methods oeagents for the dolation of
astrocytes. Alternative methods of remedying th issue of neuronal isolation include
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increasingthe amount of starting tissyeor utilising another method of ell type isolatia,
such as magnetic cell isolation or densitadjent isolation,at the expense of specificity.
Furthermore, it is possible that the administration of RNAlater during perfusiod as an
additive in various solutions &d in the protocaol could have affected tissumtegrity and
protein quality. It has éen previously stwn that preservation of brain tissue in RNAlater can
lead to dehydration and increased protein degradat{@gvang et al., 2018 which could then
affect tissue homogenis@an and NeuN st@ing. As such, removing the\NRlater perfusion

steps in subsequerdtudies may incrase the yield of NeuN+ cells.

A further limitation of the study performed in this chapter comes from thet that the
microglial/macrophage cells coulibt be further sibdivided into phenotypic group The
CD68 antibody tested in Chaptgdid not effecively isolate peripheral macrophages, and no
distinction between M1 and M2 phenotype microglia/macrophagelscelas available.
Analysing these immune callibtypes wouldikely have garnered more infaration on the

role of (hydroxy)methyl@on in the contol of the poststroke immune response that could
then better inform future studies. Similarly, other cell 8 such as astrocytes, were not
considered a part of this aidy. Studying astrocytes in gecular would be of great interest
asprevious reseatt has shown that this cell type is involved in the formation of glial scars
following ischemic stroke, whiclct as physical and biochemical barriers t@ma growth

(Choudhury & Ding, 201p

4.4.4: Summary

By utilising FACS to isolate microglial/macrophage cells, the expetal work carried out in
this chapter has Hped to identifyan epigenéic response to stroke that appears to not only
be obsered across all cktypes but is also observed specifically in immune cells of the CNS.
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The observed positroke increase in 5hC content in CD1HTD4%Y cells, whilst not
accompanied byany changesin 5mC levels, coincides with a large increase in CD11b
expression that ray hint at a possible epigenetic mechanism in the control of ptske
microglial activation. The exact idigations of this epigenetic response are uolum, but
future research fousing on genapecific posstroke methylation levels ma further
elucidde this relationship and present new therapeutic targets. A similar epigenetic response
is also seen in theotal cell population, further confirming theesponse that wasbservedm
Chapter 2 of this thesis. Having now gathered evidghaéischemic sinke causes changes

to the epigenome in the CNS, the next chapter of this thesis will focus on determiniregt d

causal relationship betweehetenzyme ativity/DNA (hydoxy)methyation and axon growth.
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Chapter 5: Determining role dffet enzymes in cotrol

of axon growthin vitro

5.1: Introduction

Previous chapters in this thesis have determined changegtoival 5SmC and 5hmC levels in
the poststrokebrain that mayindicate a potential role of the modified cytosine bases, and
the erzymes that catalse their formation, in the sprouting of new axofalowing stroke.
However, a direct causal effect of modidi 5hmC levels andlet enzyme activity on axon

growth is yet b be determined, which is the overall aim of this chapter.

5.1.1: The role of DNAnethylation in axon growth

Although previous reswch focusing on the role of methylated cytosine residugghie
pathophysiology of ischemic stroke hdated at a potetial role in the control of posstroke
axon growth(Endres etal., 2001 Endees et al., 200)) the direct role of DNA methylation in
axon growthis scarcely studied. Experiments on the neuroblastid teé PC12 has
determined that DNMT3b positivelegulates narite growth by decreasing expression of the
growth-suppressing gené&cadherin(Fredetie et al., 199% However, it was later found #t
this effe¢ occurs due to DNMT3b recruiting the histone deacetylase (HDAQ)y fam
enzymes, \ich subsequently silence the-cAdherin gene, as opposed to direct DNA
methylation itself(Bai et al., 2006 Subsequentesearch determiad that whilst a double
knockoutof DNMT1 ad DNMT3a in posinitotic forebrain mice neurons did not impair

axond development, idid impair synaptic plasticitfFeng et al., 2010
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Whilstthis early reseatt did not elucidate a clear rol&f DNA mehylation in the control of

axon growth, later investigations into lenown positive rgulator of postaxotomy axon
regeneration, folic acid, did highlight a potential DNA methylati@pendent mehanism.
Iskandar et al. (201Gpund that following spinal corahjury in rats, expession of dolic acid
receptor(folate surface receptor 1; FLR1) is significantly increased in DRG nefitdR$.was

also fownd to be required for neurite outgrowth of DRG neurons in vitro, as neurite outgrowth
was significantly decased in FIrt cells. Folate supplementation waseth found b promote
axonal regrowth in the same injury model, although thigefwas attenuagd in Firt" mice.
Spinal cord injury was accompanied by a significant decrease in DNMT3a/b expression and
global DNA methylatio levels, with these decreasesunteracted by folate supplementation.

This therefore suggests that the mechsm through whicHolic acid promotes axon growth
involves DNA methylation. Interestingly, folic acid is directly involvélgeisynthesis of SAM
(Bottiglieri, 2013, the primary source of methyl group donautilised by DNM$, although
whether this is the mechanism through which folic acid increases DNA methylation is yet to

be investigated.

Althoughthe study by Iskandar et al. bag to claify that DNA methylation plays a potential
role in the control of &on growth, the major limitation of the study came from the
methodology, in which assessments were made on bulk spinal cesdeti This therefore
means that it cannot be determ@d whethea the observed effects are due to changes in
neuronal or glial cellsAs glial cellplay a vital role in the injured CNS$rakhtenberg &
Goldberg, 201}, it is possible that changés DNAmethylation in these cells alters pestjury
neurcimmune modulatiorand has an effdamn axon regeneration. A later study Byllema
Mays et al. (20143ttempted to address tls by analysing cellpecific postinjury DNMT levels
via immurohistochemistry. They found that although DNMT1 was expressed lyrtstrons

and micoglia, DNMT3a was preferentially expressed by microglia whereas DNMT3b was
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preferentially expressed by neume following sciatic nee ligation. The same study als
found that following sciatic nerve ligation, DNMT3a expression peake@dkwostinjury,
whereas the increase in DNMT3b expression was lower and sustained for a number of weeks
postinjury. As theseenzymes are responsbifor de novo DNA methylation, his indicates

that changes in DNA methylation in response to axotomy diftetween these 2ell types,
meaning each could potentially have differing effects on the control of axon regeneration. In
either case, taken toge#tr with the data obtained by Iskidar & al., this indicates that DNA

methylation plays a key role in thegrowth of axongollowing CNS injury.

It is important to note that the conclusions of the aforementioned studies aimed at
determining a direct role of DNA methylation in axon regetion appear to contradict those
which aimed to determine a role of DNvethylation in stoke recovery. Namelgtudies such

as those carried out by Iskandar et al. and Pollevizgs et al. indicatahat increased
expression of DNMTs and subsequent ias@s irDNA methylation are positive regulators of
axon growth, whereas stlies focused orschemic stroke find thi&knockdown of DNMTs and
decreasing methylation leads to smaller infarcts and imprduedtional recoveryfEndres et

al., 2001 Endres et al., 2000 Thisseems counterintuitive, as it would be assumed that
providing an ineérvention that ngatively regulates axorrgwth would lead to worse ischemic
injury. The apparent contradictions between thestadiescould bedue to the differences in
the ischemicstroke and spinal cord injury models, with ischemic stroke not involving
mechanical disrujpon of the axon but ingad involving hypoxia and an altered immune
response. Alternatively, these contradtory findings could refle a highly dynamic role of
DNAmethylation in ischemic strokeAxonal regeneration and sprouting aretnihe only
cellular mechanisms involved iischemic stroke pathophysiology, with processes such as
apoptosis, excitotoxicitydiaschisisand immune cell activation aticcurring simubhneously

(Dirnagl et al., 1999 It is therefore likely thatany observed effects of altering DNA
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methylation poststroke ae due t the involvement ofa number of these processes and not
axonal growth #one. This therebre highlights the need tdetermine a specific role of DNA
methylation in the regrowth of axons followingcleemic strokeindependently of other

cellular processes

5.1.2: The role offetenzymes in axon growth

Whilst a potential roleof DNMTs and 5mi@ the control of axon giwth has been somewhat
identified by previous research, the role of the oxidisedrfe of 5mC and th&etenzymes
that form them is even lessidely studied. Using sciatic nerve ligation in adult mice as a model
of axotomy, it wasfound that 5hmC andlet3, but not Tetl or Tet2, were significantly
increased in DRG neurofi8/eng et al., 201) The same study also found that knockdown of
Te3 via short hapin RNA (shRNA) reduced the number of DRG neurites in vitro and
decreased the number of regeraing axons irvivo. A further study also found that the
injury-dependentincrease inTet3 and 5hmC was counteracted by the administration &f Ca
chelators(Loh et al., 201) thereby suggesting #t an increase in intracellular calcium may
be responsible for the increase Tet3 and 5hmC. dgether, theserecent studies indicate a
clear potential role foiTet3 and5hmC in the control of axon growth following injury. Whilst
Tetl andTet2 were not found to have an effect on axon regeneration in these studies, they
may still play a role in theontrol of poststroke axon growth given the vastly different

pathophysiolgy of stroke and peripheral nerve injury, as previously described.
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5.1.3: The rolef hypoxia in axon growth

A major aspect of ischemic stroke pathophysiology is the involveofdmgpoxia, wich is an
aspect that has not been considered in previousesech focused on DNA methylation and
axon growth. Hypoxia itself hdseen shown to pasively influence axon growth in sensory
neurons, with the process being mediated by hyper@ducible factor1h (HIFT), as
evidenced by the fact that knockdown of HiFdttenuates hypoxianduced increases in axon
regeneration(Cho et al., 2016 More recent research hasked this HIF1 activity to Tet
enzyme expressioiin et al. (2017)sed the hepatoblastoma HepG2 cell line to demonstrate
that hypoxia leads to significant increases in not onlyIH| but alsoTetl, Te2 and Tet3.
Administration of cobaHlI-chloride (CoG), a chemical inducer of HIFlalso significantly
increased expression of HIFand all threeTet enzymes. Knockdown of HIFtompletely
attenuated the hypoxia and Co@hduced ncreases inTet enzyme expression, thereby
indicating that hypoxia could have an effect on DNA methylation by'Hitediated changes

in Tetenzyme expression. This would therefore suggest that any piatenechanism of axon
regeneration control involvingetenzymes could differ when following ischemic stroke due
to the hypoxia and increased expression of WIFFowever, the studies that have determined
these relationships between HIFhnd axon growthletenzyme expression have not been
performed on neuras of the CNS, therefore the conclusions cannot be applied to ischemic
stroke. Determining what roles hypoxia and thetfamily of enzymes play in the control of

axon growth in the CNS is one of thenaiof this chapter.
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5.1.4: Objectiveg Hypotheses

The objecitves of this chapter are as follows:

M

To determine the effects of increasing and decrea3ieenzyme expression on axon
and dendrite growth in both normoxic and hypoxic conditions

To determine the effect of hypoxia on HIF&and Tet enzyme expression in CNS
neuronal cells

To determine the effect of hypoxia on 5mC and 5hmcC levels in CNS neurdsal cel

Based omrevious research carried out in this area, the hypotheses for the findings of this

chapter are as follows:

w

w

Increasing Tet enzyme expression willdet@ increased aonal and dendritic growth
Decreasing Tet enzyme expression will lead to decreased axonal and dendritic growth
Hypoxia will induce increased expression of HI&id Tet enzymes

Hypoxia will induce kreased expression 8hmCand decreased expression of 5mC

152



5.2: Methods

Most preparations of cortical neuronal cultur¢section 5.2.2) were performed by Raquel

Ribeiro.

5.2.1: Eperimental design

In order to study the role oTet enzymesand hypoxiain the process of neuronal growth,
cultures of primarycortical neurons from neonatal mice wengsed in three separate
experiments. In the first experimentd), cultures were subjectedo an oxygerglucose
deprivation (OGD), a commonly used method of nitidg ischemic stroke vitro, followed
immediately byfixation and processing to determineell viability andprotein expression
levels of Teti3 and HIF1. In the second experimenB), cultures were again subjected to
OGD followed by reoxygenation amNA was extracted 48 hours later for processing to
determine global levels of 5mC and 5hmC. In the third and final experir@gndultures were
transfectedwith either siRNA targeting Tetl, Tet2 or Tet3, or plasmid constructs for Tetl,
Tet2 or Tet3. In azh case, cells were also-tansfected with a plasmid construct of green
fluorescent protein (GFP).Following transfection, cultures underwent OGD and
reoxygenation and were fixed 48 hours later for processing to determine neuronal growth.

The timeline okach of these experiments can be seen in Figure 5.1.

In each experiment, 5 experimental repeats were performed. For transfection experiments,
cultures transfected with GFP only or GFP plus a-tavgeting (NT) siRNA were used as
controls. Allocation ofsiRNA/plasmid to each well was randomised, atidaaalysis was

performed with the experimenters blinded to group allocation.
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Figure 5.1: Timeline ofedl culture experiments

Experimental work carried out in this chapter can be defined as three stepaxaeriments:

one to assesprotein expression following hypox{a), one to assess 5mC and 5hmC content
following hypoxia B), and one to assesseuronalgrowth (Q. DIV = Daym vitro. For all
experiments, cultures were plated at DIVO. For neuronalmjn experiments, cells were
transfected with plasmids and/or siRNA at DIV1. Cultures in all experiments underwent 2.5
hour OGDat DIV2. For protein expres® experiments, cultures were fixed and stained
immediately following OGD. At DIV4, cultures usgdheuron growth analysis were fixed and
stained; and DNA was extracted from cultures used to assess 5mC and 5hmC content.

NEURON
GROWTH

Cultures plated Cells transfected 0GD

5.2.2: Culture preparation

Fa experiments A, B and C5BL 6 mouseembryos(embryonic day 15yere collected from
pregnant micethat were euthanized humanely via cervical dislocation. The uterus was
surgically removed and transferred to a 90mm petri digth neurobasal media (Thern
Fisher, UK). The embryos were then removed from the uterus and cortices dissected from
their brairs. A maximum of 10 cortices were then placed into a new petri dish containing 2ml

of Hanks buffer (Thermo Fisher, UK).

The mowse cortices were then subjead to enzymatic dissociation via addition of 200f
trypsin (Sigmaldrich, UK) and 20 of DNAsd€SigmaAldrich, UK). Tissue and solution were

then mixed and incubated at 3C for 30 mins. Following this, 180of trypsin irhibitor
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(Thermo Fisher, UK)as added, and the mixture was transferred to a falcon tube. Once the
tissue had settled at the botto of the falcon tube, the medium was removed and replaced
with 1.5ml of fresh neurobasal media. The tissue and medium were tifiteinated using a

2ml pipete approximately 10 times, or until no clumps of tissue were visible.

The tubes were then topped up 10ml with additional neurobasal media and centrifuged at

a speed of 250 xG for 5 minutes. The supernatant was removedhantissociated cells were
resuspended in 2ml of neurobasal media. The cell density of the sample solution was
determined using daemocytometer, and an appropriate volume of neurobasal media was
then added to dilute the cells th0 x 16 per ml of solutim. Glass coverslips (22x22mwgre
initially soaked in 70% ethanol, left to dry, and coated with felysine solution (Sigma
Aldrich, UK). One coverslip was then placed into each well efelllate and 1.75ml of cell
suspension was added to each wé&lklls were then placed imancubator set to 37C with

5% C@

5.2.3: Plasmid preparation

For experiment C,lasmid constacts for the expression of Tetl, Tet2 and Tet3 in mammalian
cells were gifted by Yi Zhafig/ang & Zhang, 20)4ia Addgene (Addgene plasmids #60938
(Tetl); #60939 (Tet2); #60940 (Tet3)). Each Tet pthsonstructcomprised of a pcDNA3
backbone and coded for the entire Tet protein with an included darihinal FLAG tag. GFP
plasmid pmaxFP"-GreenC vectoy was obtaned from Lonza (Cologne, Germany). Plasmids

were received in the form of a bacteriabst with ampcillin resistance.

In order to culture the bacterial stocks and isolate plasmid DNA, the bacterial stabs were
streaked onto LB\gar plates containing 16@/ml Ampicillin (SigmaAldrich, UK) and
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incubated at 37C for 24 hours. From each of tleeglates, a single bacterial colony was picked
using a sterile pipette tip and the tip was dropped into a 15ml Falcon tube containing 2ml of
LB broth with 106g/ml Anmpicillin. These inoculated liquid cultures were then incubated at
37°C for 24 hours. Thaubes were then centrifuged to pellet the bacteria and plasmid DNA
was then isolated from the cultures using the QIAprep Spin Miniprep Kit (Qiagen, Germany),
following manufacturers instructions. Once isolated, plasmid DNA was quantified using a
NanoDrop 200 Spectrophotometer (Thermo Fisher, UK) and stored28tC until cell

transfection.

5.2.4: Cell transfection

For experiment C,uitures underwent transfection@proximately 24 hours following plating.
A working stock of transfection reagent (Lipofatine 2000; LF2000) was made by mixing
5> LF2000 (Sigmaldrich, UK) with 128 of OpttMEM (Thermo Fisher, UK) per well and

incubating at room temperature for 15 mites.

Stocks of siRNA (GE Healthcare Dharmacon, USA) or plasmid were then mixed @p1i25
MEM, producing working stocks that give a finaliell concentration of 50nM of siRNA or
0.75>g of total plasmid DNA. To these working stocks, 874 solublised GFP plasmid stock
(SigmaAldrich, UK) was added. For control cultures that receivesiRNA or Tetoding
plasmid, only GFP plasmid was added to this solution. In order to match the total amount of
plasmid DNA in each well, control wells receivedd). of GFP plasmid. The lipofectamine
solution (1251 per well) and siRNA/plasmid stocKwtion (125> per well) were then mixed

and incubated at room temperature for 30 minutes. Following this, the solutions were then
added to the cellg 250> per well,giving a final volume of 2ml in each well. The cultures were
then returned to theincubator.
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Specilcity of theTettargeting siRNAs was determined by immunocytochemically staining for
Tet1-3 in cultures transfected with each of the siRNAsvas determmed that the siRNAs
were specific agach siRNA knocked down only its target Tet enzyme and did not affect
expression of othes. Data can be found in Appendix Al density of each transfected
culture was 1.75 x P@ells/cnt, with an obseved transfecion rate of around 3% (determined

by counting number of GFP+ cells).

5.2.5: Oxygefylucose depivation (OGD)

For all 3 experiments,uttures that underwent OGD were taken from the incubatoDdV2

The hypoxic chamber was initially prepd by settingthe & concentration to 0.5%, GO
concentration to 5% and the temperature at°®8Z A falcon tube containing 10ml of glucese

free DMEM media (Thermo Fisher, UK) was then placed in the chamber to deoxygenate for at

least 2 hours.

The cells wre moved intothe chamber, and the media was removed from the wells and
stored in 2ml Eppendorf tubes at 7. 1.5ml of the deoxygenated glucefsee DMEM was

then added to each well and cells were then incubated for 2.5 hours. After 2.5 hours had
elapsed cultures wee either processed immediately (see sections 3.2.6 + 3.2.7), or the
deoxygenated media was replaced with the previous oxygenated media. These plates were
then removed from the hypoxic chamber and returned to the incubator (set ¢ 3%% CO

and atmospherc Q).

Cultures that did not undergo OGD (normoxic controls) had their media removed 48 hours
after plating and stored at 3 whilst 1.5ml of fresh OptiMEM was added to each well. Once
2.5h had elapsed, the fresh OptiMEM was removed ardatiginal meda was replaced.
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5.2.6: MTT reduction assay

For experiment Aite MTT reduction assay was performed on cultures immediately following
OGD in order to quantify cell viability and validate the model of OGD. Deoxygenated glucose
free DMEM wa removed fronthe wells and replaced by 2ml of OfMIEM media. 208l of

PBS containing 5Smg/ml MTT (Methylthiazolyldipheeytazolium bromide; Sigmaldrich,

UK) was added to each well and cells were then removed from the hypoxic chamber and left
to incubate at 37C br 30 minutes. Following this incubation, media was removed from the
wells and replaced with 1ml of DMSO (Dimethyl sulfoxide; Sifldach, UK). DMSO was
mixed by pipetting several times in order to dissolve the crystals on the bottaimeoivell.

The DM® was then transferred to a 9@/ell plate and absorbance at 570nm was read using

a SpectraMax M2e Microplate Reader (Molecular Devices, USA).

Control samples were performed by performing the assay on cultures that had not undergone
OGD fijormoxic controls)and fresh DMSO was also analysed as a blank. Percentage cell
viability was calculated by subtracting the absorbance reading value of the blank from each
sample and then calculating the absorbance readings of each sample as a percdritege o

normoxic corols.

5.2.7: Fixation & staining

For all 3 experimentsixation of cells was performed by removing the media and adding 1.5ml
of 4% paraformaldehyde (PFA) in phosphatdfered saline (PBS). For cultures processed
immediately folbowing OGD, this ep was performed in the hypoxic chamber and the plates
were then removed from the chamber. For remaining cultures, this step was performed 96

hours after the cultures had been plated (Figure 5.1). Cells were incubated at room
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temperaturefor 10 mins, the PA sdtution was removed, and cells were washed three times

with PBS containing 0.3M glycine.

Cells were permeabilised by adding 1.5ml of PBS containing 0.5% T+110® &hd incubating

at room temperature for 30 minutes. PBS wamoved before adding a @tking buffer (PBS

w/ 0.3M glycine, 0.5% Triton-X00 and 0.5% bovine serum albumin) containing a 1 in 500
dilution of primary antibody targeting either: Tetl (Abcam, UK); Tet2 (Abcam, UK); Tet3
(Abcam, UK); or Hifl1(BioRad LabsUSA). Cells were left iacubate with the primary
antibody overnight at 4C. Following this, cells were washed three times with PBS before
incubation with AlexaFlue47-conjugated secondary antibody (Sigwkdrich, UK) at a
dilution of 1 in 400 in blddng buffer. Cells were aubatd for 2 hours in the dark at room

temperature. Following this, cells were washed three times in PBS.

Coverslips were then removed from the wells and 2 drops of {$atdvectashield Mounting
Medium with DAPI (Vector Labs, JUkas added to each covdits The coverslips were then
placed facedown onto a microscope slide and gently pressed to remove air bubbles. The
slides were placed in the fridge to set for a minimum of two hours and welabaled by an

independent reseater to maintain blinding.

5.2.8: Image analysis

For experiments A and Cultures were imaged at x20 magnification using a Zeiss 200M
microscope. From each culture, 5 neurons were imaged at random (one from each corner of
the coverslip and one from theentre, determined using/y co-ordinates on the stage of the
microscope). Using the Simple Neurite Tracer plugin for Imggedeira et al., 2014 every
neurite for each imaged cell was traced. These tracings were then used to calculate several
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parameters: axon length @fined as longest neurite), number of neurites, and total neurite
length. The measurements of the five imaged neurons were then averaged to produce one
data point. This process was repeateth 5 different culturesto give n=5 for ach
experimental group. Masuements of average axon length and average total neurite length

were normalised to normoxic controls.

Relative levels of Tet enzyme and Higixpression were calculated by measuring intensity of
fluorescent staining. This wakone by calculating CTBs described in Chapter 2 (section
2.1.5.1). This same method was also used to determine the specificity of each of the Tet

targeting SiRNAsée Appendix 4).

5.2.9: DNA extraction and 5mC + 5hmC quantification

For experimenB, 48 hours after OGD, ndéa was removed from wells and replaced with 1ml

of Trizol solution. This solution was then pipetted up and down several times in order to
disrupt cells. DNA was then extracted using this Trizol solution as previously described in
Chapter 3 (section 3.2.8)seof thismethod precluded the use of commerciallya@table kits

(such aghe Qiagen AllPrep DNA/RNA Micro Kit) as assessments of DNA quantity and quality
using a NanoDrop 200 Spectrophotometer (Thermo Fisher, U#ldemed that samples
derived using Tizol were stficient for downstream application&mC and 5hmC content of

these DNA samples was then measured using commercial ELISA kits as described in Chapter

4 (section 4.2.8). All samples were run in duplicate.
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5.2.10: Statistical analysis

Data igoresented as meart standard deviation (SD). Sistical analysis was performed using

DN} LKt FR t NAAY T7® b2N¥YItAGE 2F ff RFEGF gtk a C
test. For analysis of relative expression of proteins in normoxic & hypoltices) and 5mC

and 5hmC content, unpairedtésts were performed. For analysis of average axon length,

average number of neurites, and average total neurite length, -tvay ANOVA was
LISNF2NXYSR F2ff26SR 08 ¢dzl Semdandsizioiahdlysissof O2 Y LI N
siRNAtransfected culturesGFPonly and GFP + netargeting siRNA control groups were

combined due to there being no significant difference between these groages Appendix

A5). Differences were considered significantiQu)5.

Power cdculations to determine sample size wagperformed using preliminary axon length
data from siRNA transfection experimentésingan online sample size calculatdylLown,
USA)it was determined thata sample size of 3 per group was needed¢achsufficient
power (usingthe following values:Group A mean = 100; Group B mean =46gtandard
deviation = 11.8; power = 0.8; Type | error rate =)5% order to maximise power, 5

experimental repeats were performed per group.
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5.3: Results

5.3.1: Tle effect of hypoxia on cell viability

The MTT assgyerformed in experiment Aevealed thatfollowing 2.5h of OGD, cell viability
is reduced by around 40% (Figure 5.2), which is comparable to previous publications that have
used the same or simil@GD prtocol on neuronal cultures as an vitromodel of ischemic

stroke(Scorziello et al., 200Wu et al, 2008.

1001  —=fh=—

% Viability

Normoxic Hypoxic

Figure 5.2: Viability of mouse cortical neurons followg 2.5h of OGD

Cultures of cortical neurons derived from embryonic mice underwent either 2.5h of oxygen
glucose deprivation (OGD; Hypoxic, n=3) or no OGD (Normoxic, n=3). Cely viasiltien
assessed using the MTT assay. Data presented as #1€Bn

5.3.2: The effect of hypoxia on Hifland Tet protein expression

In experiment A, immunocytochemistry was used to determine changes in protein expression
levels of Tetl, Tet2, Tetdd Hifl" in normoxic (no OGD) and hypoxic (2.5h OGD) cultures
immediatdy following hypoxic insult. Represetitee images are shown in Figure 5.3. There
were no significant changes in Tet3=2.23, p=0.06) or Tet2sf1.00, p=0.35) expression,
although bdh Tet3 (§=2.73, p=0.03) and Hif{ts=3.77, p=0.005) were significéytncreased
following OGD (Figure 5.4)
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Figure 5.3: Images of normoxic and hypoxic cultures stained for Tet and tpifdteins
Cultures of primary cortical neurons were subjectecho OGD (normoxideft) or 2.5h OGD
(hypoxic, right). Immediately following OGD treatment, cultures werexetl ard
immunocytochemically stained for Tetl, Tet2, Tet3 and™Hificale bars = 5.
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Figue 5.4: The effect of hypoxia on expression of Bezymesand A ¥ m"

Cultures of cortical neurons underwent 2.5h OGD (hypoxic) or no OGD (normoxic) and
Immunog/tochemistry was used to assess protein expression levels immediately following
OGD. There waso significant difference in relative intensity dgaming for Tetl (p=0.06) or
Tet2 (0.35) following OGD, although there were significant increases found imensity of
staining for Tet3 (p=0.03) and Hif{p=0.005). n=5 in each groupata is preseted as mean

+ SD * represents pK).05; ** represens pi).01.

5.3.3: The effect of hypoxia on 5mC and 5hmC levels

In experiment B, cultures of cortical neurons underwent no OGD (normoxic) or 2.5h OGD
(hypoxtc) and DNA was extracted from the cultures4ter hypoxic insult. Commercial ELISA
plates werethen used to determine 5mC and 5hmC content of DNA. There was no significant
difference in 5mC content between normoxic and hypoxic groupsd (33, p=0.29)although

there was a significant increaseShmC content in the hypoxic group$R.58, p=0.03)Figure

5.5).

164



A s B "]
"] . — |
O 0.6 —_
6 o *®
Q 2
oo, 5 04+ —
ES ® °
24 0.2+
0 T T 0.0 T T
Normoxic Hypoxic Normoxic Hypoxic

Figure 5.5: The effect of hypoxia on 5mC and 5hmC content

5mC (A) and 5hmC (B) content of DNA that was extracted from neuronal cultuaes th
underwent no OGD (normoxic) or 2.5h OGD (hypoxic) was analysed. No differences in 5mC
content were found between groups (p=0.29), although 5hmC content was found to be
signficantly increased following OGD p=0.03ata is presented as mean +.3Depresents

p>K).05.

5.34: Effects oflecreasedletenzyme expression

Figure 56 shows representave images from experiment Cof cortical neurons that have
been transfected vith a plasmid construct for expression of GFP along with atameting
siRNA or siRN#argeting Tetl, Tet2 or Tet3, demonstrating differences in axon/dendrite

length and Tet Bzyme expression.

Figure 57 demonstrates changes in axon length as a restilising siRNAs to knock down
expression of each of the Tet enzymes in both normoxichgmexic conditions. There was a
significant difference in axon length between normoxitdahypoxic groups {k=12.54;
p=0.001) and between differentransfection status groups {k=6.04; p=0.002). Tetl
knockdown was not significantly different to coals (p=0.10), although neurons with Tet2
and Tet3 knockdown showed significantly shoreion lengths than controls (p=0.005 and
p=0.01, respectively)There was no significant interaction between hypoxia and Tet

knockdown (E4=1.52; p=0.24).
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Figure5.6: Images of neuronal cultures transfected with siRNAs targeting T&t1
Cultures otortical neuronal cells derived from neonatal mice were traoted with a plasmid
construct for expression of GFP along with a4temgeting control siRNA or siRNAdating
Tetl, Tet2 or Tet3. 3 days after transfection, cells were fixed and stainedmtittodies for
Tetl-3 and a subsequent fluorescent secondarytilzody. Arrows indicate positively
transfected cells. Scale bars =5
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Figure 57: The effects bhypoxia and knocking down Tet enzymes on axon length

Cultures of mouse cortical neurons were transfected with a plasmid construct of GFP
alongside a noitargeting siRNA or siRNAs targeting Tetl, Tet2 or Tet3, and wijected

to 2.5h of OGD (hypoxi@r no OGD (normoxic). Cultures were stained and imaged in order
to assess axon lengtAxon lengths were normalised to normoxic contréisignificant effect

of hypoxia(p=0.001) and transfection status (p=0.002) weresebved; the latter being driven

by significantly decreased axon lengthTet2 (p=0.005and Tet3 (p=0.01) targeting siRNA
groups. No significant interaction between factawss determined (p&.24). For controls,
n=10 in each group. For Femockdown group, n=5 in each group. Data is prets as mean
+SD. * represents}).05; ** represents pg.01; *** represents pK).001.

There were no significant differences in the numlzdrneurites between normoxic and
hypoxic groups(Figure 58; F 4=0.54; p=0.47)or between transfection status groups
(R.4=2.36; p=0.09) There wa alsono significant interaction between these factors

(R,4=1.00; p=0.40).
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Figure 58: The effects of hypoxia and knocking down Tet enzymes on number of neurites
Cultures of mous cortical neurons were transfected with a plasmid construct of GFP
alongsde a nontargeting siRNA or siRNAs targeting Tetl, Tet2 or Tet3, and were subjected
to 2.5h of OGD (hypoxic), or no OGD (normoxic). Cultures were stained and imaged in order
to assessnumber of neuritesNo significant effects of hypoxic status (p4D) or transfection

status 0=0.09) were determined, and there was no significant interaction between these
factors (p=0.40).For controls, n=10 in each group. For-Kebckdown groups, b in each
group. Data is presented as mean * SD.

Figure 59 showschanges in total neurite length as a result of knocking down Tet enzyme
expression and subjecting cultures to 2.5h of O@werall, total neurite length was
significantly increasedn the hypoxic groups compared to normoxic groufs ,=4.57;
p=0.04) Krmockdown of Tet enzyme expression significantly reduced total neurite length
(Rs,4=4.74; p=0.008)with post-hoc analysis reveialg that Tet2 (p=0.05) and Tet3 (p=0.03)
knockdown produce significantly shorter total neurite lengths than controls, whereas
knockdown of Tetl does not (p=0.08here was no significant interaction between hypoxia

and Tet expressioffs 4=0.34; p=0.79)
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Figure 59: The effects of hypoxia and knockingwa Tet enzymes on total neurite length
Cultures of mouse cortical neans were transfected with a plasmid construct of GFP
alongside a nottargeting siRNA or siRNAs targeting Tetl, Tet2 or Tet3, and were subjected
to 2.5h of OGD (hypoxic), or no OGD (noximp Cultures were stained and imaged in order

to assesdotal neurite length. Total neurite length was normalised to normoxic contrds
significant effect of hypoxia (p=0pand transfection status (p=0.8pwere observed; the
latter being driven byignificantly decreased neurite length in Tet2 (p=0.05) and Tet3(B)O0.
targeting siRNA groups. No significant interaction between factors was determined @n=0.
For controls, n=10 in each group. For-Kebckdown groups, n=5 in each group. Data is
preey 1SR da YSIY 5 {5® f NBLNBaSyida LIKnodnp

5.35: Effects of incresedTetenzyme expression

Figure 510 shows representative images of cortical neurons that have been transfected with
a plasmid construct for expression of GFP along with a plasmid cotssfor expression of
Tetl, Tet2 or Tet3, demonstrating differencas axon/dendrite length and Tet enzym

expression
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Figure 510: Images of neuronal cultures transfected with plasmid constructs of T&tl
Cultures of cortical neuronal cells deriviedm neonatal mice were transfected with either a
plasmid construcfor expression of GFP, or GFP plasaiong with a plasmid construct for
expression of Tetl, Tet2 or Tet3. 3 days after transfection, cells were fixed and stained with
antibodies for Teti3 and a subsequent fluorescent secondary antibody. Arrows indicate
positively transfected cells. Scalarb = 56m.
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Figure 511 demonstrates changes in axon length as a result of using plasmid constructs to
increase expression of Tet enzymes in both n@xio and hypoxic condition§herewas no
significant differencein axon lengthbetween normoxic and hypoxic grps (F32<0.01;
p=097), although there was a significant difference between transfection status groups
(R3=3.13 p=0.@Y. Axon length in nerons transfected with plasmid constructs for
expression of Tdtand Tet2did not differ from controls (p=0.82 ahp=0.79, respectively),
however those transfectedwith a plasmid construct for expression of Tet3 showed
significantly increased axon leng(ph=0.@). There was no significant interaction between

hypoxia and expression okt enzymegrs 3=0.13; p=0.91).
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Figure 511: The effects of hypoxia and increasing Tet enzyme expression on axon length
Cultures of mouse cortical neurons were trarésl with only a plasmid construct of GFP
plasmid (control), or GFP plasmidmdside plasmid constructs for exgmsion of Tetl, Tet2 or

Tet3, and were subjected to 2.5h of OGD (hypoxic), or no OGD (normoxic). Cultures were
stained and imaged in order tossess axon lengtixon length is normalised to normoxic
controls.No significat effect of hypoxia was determink(p=097), though a significant effect

of transfection status (p=04) wasobserved; the latter being driven by significaritigreasel

axon ength in TeB (p=0.®) plasmid groupsNo significant interactiobetween factors was
determined (p=M®4).n=5 ineach group. Data is presented as mezBD. * representsif.05.
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There were alsmo significant differences in the number of neurites between normoxic and

hypoxic groupsKigure 512; F 3=1.07; p=0.31), ahno significant difference in number of

neurites between transfection status groupss; {&0.60; p=0.62)There was, however, a

significant interaction between these factorsgf H Pdon T LI ndnpov X | f §K2dz3K ¢ d

comparisons tesfailed to reachsignificance between any pairs of groups
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Figure 512: The effects of hypoxia and increasing Tet emzyexpression on number of
neurites

Cultures of mouse cortical neurons were transfected with only a plasmid construct of GFP
plasmid (control), or GRftasmid alongside plasmid constructs for expression of Tetl, Tet2 or
Tet3, and were subjected to 2.5h &GD (hypoxic), or no OGD (normox@ltures were
stained and imaged in order to assesgsnber of neuritesNo significant effects of hypoxic
status (p=031) or transfection status (p=082) were determined, Bhough there wasa
significant interaction beveen these factors (p=05). However, poshoc analysis did not
reveal any significant differences between any pairs of groops.in each group. D is
presented as mean £ SD.

Figure 5.8 shows changes in total neurite length as a result of incrgadiat enzyme
expression and subjecting cultures to 2.5h of OGlere was no significant difference
between normoxic and hypoxic groups ££0.31; p=0.58), no significant difference between
transfection status groups {k=1.78; p=0.17), and no signditt interaction between these

factors (k3=0.47; p=0.71).
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Figure5.13: The effects of hypoxia anidicreasing Tet enzyme expressiam total neurite

length

Cultures of mouse cortical neans were transfected with only a plasmid construct of GFP
plasmid (control), or GFP plasmid alongside plasmid constructs for expression of Tetl, Tet2 or
Tet3, and were subjected to 2.5h of OGD (hypoxic), or no OGD (nornouitt)res were
stained and imged in order to assess total neurite lengtieurite length isnormalised to
normoxic controlsNo significant effects of hypoxic status (p5%). or transfection status
(p=017) were determined, and there was no significant interaction between these factor
(p=071).n=5 in each group. Data is presented as mean.t SD
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5.4: Discussion

Previous chapters in this thesis have used various methods to elucidate an intrinsic epigenetic
response to stroke that involves increased expression of 5hmC in varibtygpes. The timing

of these changes coincides with previoudBtermined increases in neuronal plasticity and
changes in expression of axon growth related gefhe®t al., 201)) therefore suggesting a
potential role of 5ShmCand the family of Tet enzymesat catalyse its formation, in the
control of poststroke axon growth. The overall aim of this chapter was to determine a direct
effect of Tet enzyme activity and axonal growth, and through the use @f aitro model of
ischemic stroke, the experimentakork performed in this chapter has helped to determine

such an effect.

5.4.1: Hypoxia and cell viability

In experiment A, performing the MTT reduction assay on cultures that had undergone 2.5h of
OGD revealed that cell adility had reduced by around®%6 in comparison to normoxic
cultures (Figure 5.2). Though these levels of cell viability are in line with previous research
using the same model of OG@Bcorziello et al., 200MWu et al., 2008 it is important to
consider how this loss of viable cells may have affestdasequent observations. The cultures
used in this experient are classed as cortical neuronal cultures, as the lack of serum in
neurobasal media prevents the growth of glial cells and thereby selects for the growth of
neurons. However, around-50% of tke cells in culture are astrocytes, with this proportion
increasng over time as the astrocytes proliferate whereas the neurons dolnisttherefore
important to consider that one of these cell types may be more resistant to hypoxic damage
than the other and therefore that any differences observed in the hypaoups in this

chapter may be due to changes in the proportions of these cells. An alternative experimental

174



design that may remedy this is the purification of a neuronal cell population usirgttzooh
such as magnetic cell separation or FACS. Howeveouid then be argued that a purely
neuronal cell population is not representative of timevivoenvironment and as such, results

would not be translatable.

5.42: The effects olfetenzyme expession on neuronal growth

The transfection of cortical neand cells with siRNAs to elicit a knockdown in protein
expression of Tet2 and Tet3 each caused a significant reduction in both axon length (Figure
5.7) and total neurite length (Figure ®. Furhermore, overexpression of Tet3 protein via
transfection wih mammalian plasmid construct caused significantly increased axon length
(Figure 511). This supports previous research that has determined that Tet3 knockdown
causes significantly reduced axorogth in the CNSWeng et al., 201)7 although this
research focused on a model of sciatic nerve injury whereas the present work has determined

a similar effect in cortical neuren

Though neuronal cells with decreased expression o8 €ghibit significantly shorter axon
and neurite lengthsthe magnitude of this effecippears to béargerin normoxic conditions
(although this cannot beconsolidated as the interactiobetween these factors was not
significanj (Figures 5.+ 511). However,in cells transfected with Tetfargeting siRNA, there
is a trend towardsaxon and neurite lengths being similer both normoxic and hypoxic
conditions.This phenomenon coulgotentiallybe explained by the finding that Tet3, but not
Tet2, protein epresson levels are increased following hypoxic insult (Figh®. This
suggests that perhaps in hypoxic conditiotig& hypoxiainduced increase inTet3 mRNA
means thatthe deleterious effects of the Tettargeting siRM are beinglessened thereby
attenuating the detrimenal effects of the siRNA. The finding that Tet3 and Hjgotein
expression levels are both increased following hypoxic insult support previous findings that
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hypoxia increases Tet3 gpession via increased expression of HiflLin et al., 201Y It may
also be important to note that although the increase in Tetl expressitm hypoxiacame
close to statistical significance without passihg threshotl for significane, posthoc power
analyss deemed this experiment slightly underpowered (see Appendix A6), suggesting that
slightly increasing the number of repeats in this experiment may have revealed a significant

effect.

Extaction of DNAfrom neuronal cells in normoxic and hypoxic conditions and subsequent
analysis of 5mC and 5hmC content revealed that neuronal cells that suffered a hypoxic insult
exhibited significantly higher levels of 5ShmC than cells in normoxic ¢onsl2 days post

OGD (Figuré .5), although this is not reflected by a significant difference in 5mC levels. This
supports the findings in Chapter 2 (that ischemic stroke leads to increased 5hmC levels in the
cortex and striatum) and Chapter 4 (that ischierdroke leads ¢ significantly increased
expression of 5hmC in the total cell population). As in Chapter 4, the lack of observed changes
to global 5mC levels indicate that the significant increases in 5hmC levels are not indicative of
global demethylatia, but may instea indicate that demethylation is occurring at a gene
specific level, with Temnediated demethylation causing increased expression of azod
neurite-growth related genes, causing the observed changes in axon and neurite lengths. This
5hmC quantification data, taken together with the neuronal growth data obtained in this
chapter, supports pervious research and strengthens the theory that Tet enzymes,
particularly Tet3, control axon and neurite growth, with this mechanism perhaps being

altered in ischemia/lypoxia via HiftL.

Not all experimental data obtained in this chapter, however, supports previous research. For
example, neither knockdown or overexpression of Tet enzymes caused significant differences

in neurite numbers (Figures &+ 512), whereasWeng et al. (2017determined that
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knockdown of Tet3 expression caused decreased numbers of DRG nauriga Given a
lack of research in this pacular area, itis difficult to determine why this effect was not
observed in the current experiments, although it can most likely be attributed to the

difference in experimental models (use of DRG neuiongvov. cortical neurondn vitro).

5.43. The effects of gpoxia on neurmal growth

When assessing only control (Géiity or NT B)RNAtransfected cells) groups, there appears

to be no differences in axon length between normoxic and hypoxic cells (Figidre$31),
suggesting that hypoxia alom®es not affecaxon growth. Revious research has determined
that hypoxia can affect axon growth, but there are conflicting statements as to whether
hypoxia is beneficial or detrimental to axon growth. For exantpha et al. (2015)etermined

that 4 hours of hypoxia either befe or immediately following me@mical axotomy increased
axonal growth by ~®old, whereas no differences in axon growth were determined when
hypoxia treatment was delayed by any longer than 4 hours. However, in the same
experiments, it was determined thdoth knockdown of Hifl and overexpression of Hifl
significantly reduce DRG axon length following axotomy. Additiondligng et al. @17)
cultured rat hppocampal neurons and administered OGD for 1 hour at DIV7 and found that

hypoxia had significantly reduced axon length at DIV11.

The conflicting results of these experiments and the experimental work carried out in this
chapter maybe due to differencesniexperimental model & design. Cho et al. tested axon
growth following mechanical axotomy, whereas Zhang et al. and the experiments performed
in this chapter assessed axon growth in uninjured primary neurons. Also, the timepoints of
hypoxic treatment diffe, with Zheng et al. performing OGD at DIV7 and allowing 4 days of
growth before measuring, whereas the experiments performed in this chapter involved
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administering OGD at DIV2 and allowing 2 days of growth before measuring (Fijufehis
suggests thathe effect of hypoxia on axon growth may be delayed, with no observable
differences occurring for several days. Moreover, the differences in hypoxic insult intensity
(1h of OGD performed by Zheng et al. v. 2.5h OGD performed iohifyder) may have led

to the differences in resulting axon lengths, especially given the findings by Cho et al. that

both over and underexpression of Hifl negatively affect axon lengtin vitro.

5.44: Potential role of ascorbate

Considering thatockdown of Tet2 and T2 caused significant decreases in axon and neurite
length, it could be expected that increasing expression of these proteins by transfecting with
plasmid constructs would therefore have the opposite effect and increase axon anieneur
length. However, itvas seen that only increased expression of Tet3, not Tet2, caused any
significant increases in axon length (Figure 5.8). Furthermore, increased expression of Tet
enzymes did not have any effect on total neurite length (Figurd)5The reason for the l&c

of any observed effects may indicate that increased expression of Tet proteins does not
directly relate to increased enzymatic activity of these proteins. One way to determine this

would be to assess 5hmC content within positivedysfected cells.

Inaeased expression of Tet enzymes may netessarilyjlead to increased 5mC oxidation
perhaps due to a limiting factor preventing increased rates of reaction. As explained in the
general introduction of this thesis (Chapter 1; sectib24), the catalyticactivity of Tet
enzymes is positively regulated by the presence of Vitamin C, otherwise known as ascorbate.
Ascorbate is vital to normal CNS function, acting as an antioxidant molecule to prevent
damage by reactive oxygen species ahgb acting as an imptant cofactor in many other

vital enzymatic reactions, such as the synthesis of catelcholamines and amin@Haidsn
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& May, 2009. Given its important functions, it is unsurprising that ascorbate is abundantly
present in CNS extracellular fluid; around 2000>M in rodents (Miele & Fillenz, 1996
Schelk et al., 1982. In the present study, however, the concentration of ascorbate in the cell
culture media (OptMEM; Thermo Fisher, UK) is 0.00025mg/ml, or around 1.5nM. This is far
lower than endogenous levels vivg and as such it is possible that pée increased
expression of Tet enzymes in plasntidnsfected cells, the oxidation of 5mC to 5hmC was
limited by this absence of enzymatic cofactor. Given that the-®iEM cell culture media is
specifically designed for use in lipid transfection, anel¢dbrrent experinent was used as a
proof of concept, extra ascorbate was not added to the cultures. This is, however, a possibility
for future experiments; if increasing extracellular ascorbate concentrations to match
endogenous levels reveals a positiviéeet of increasd Tet enzyme expression on axon
growth, this could therefore possibly lead to potential therapeutic interventions aimed at

increasing Tet enzyme levels pasitoke.

5.45: Limitations & future research

Although the use of OGD in prinyareuronal cultues has been well established asiawitro

model of ischemic stroke and reperfusi@iolloway & Gavins, 20),@here are limitations of

the model utilisedn this chapter hat may prevent the observed results from being translated

to ischemic strokén viva Namely, measurements were made based on the growth of newly
sprouting axons and neurites in developing neurons derived fEdfsneonatal micewhich

isnot representative of the majority of ischemic stroke cases which occur in aged individuals.
E15 cortical neurons and mature cortical neurons may vary in their resistance to hypoxic
damage and in their response to changes in Tet enzyme expression, anchascould be
argued that using E15 cortical neurons is not representative of stroke. Alternatively, neonatal
cortices could still be used to set up cultures in future research, but the cultures could then
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be allowed to mature before administering OGiléor Tettargeting SiRNAs in order to make

a more representativén vitromodel of ischemic stroke.

Although the plasticity of brain regions following ischemic stroke is largely due to sprouting
of new axons, the regeneration of damaged axons also od@asmichael, 2003.i et al.,

2010 Q. Zhang et al., 20)3which was not assessed in this study. It may therefore be of
interest to study how this regrowth of damaged axons is affected by Tet enzyme expression
and hypoxiaA potential method of assessinthis would be through theuse of microfluidic
devices Fgure5.14). Microfluidic devices designed for axonal growth analysis consist of two
compartments (one somaknd one axonal, each connected to two reservoirs) that are
connected by microgrooves. Neurons are added to the somal reservoir and are drawn into
the sormal compartment via capillary action. Over several days, axonal growth is guided
through the microgroogs, meaning that axons are aligned in parallel and can be axotomised
reliably(Tong et al., 2016 Although using such a device would allow for the investigation of
the role of Tet enzyme exgssion m axonal regeneration, this model is still not fully
representative of ischemic stroke as mechanicatamy is not akin to axonal damage due to

hypoxia.
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Figure 5.8: Microfluidic device culture platform for assessment of axonal growth

Left: The micrdluidic chamber consists of two sets of reservoirs connected by a chamber; one
somal and one axonalh&se chambers are connected to one another by microgrooves{10
wide, 3>m high). These microgrooves direct the growth of axons from the somal chamber to
the axonal chamber, effectively isolating cell bodies from axBight: A volume difference
between thambers, and the fluidic resistance of the microgrooves, alfow the isolation of
microenvironments to the axonal chamber. Shown in the image is isolation of CellTracker
Green dye to the axonal chamber; this dye has backtracked neurons from theietsalains.
(Image adapted from Taylor et al., 2005

Alternatively, a microfluidic device could be set up in order to create a specidliseitro

model of ischemic stroke in which cell bodies remain in a normoxic environment, whereas
axon terminals are dijected to hypoxia. As shown in Figure 4.5 volume differene
between the somal and axonal chambers allows for chemical microenvironments to be
isolated to axons, owing to the high fluidic resistance of the microgrooves. This feature could
be utilised b set up specialised microfluidic devices in which cell bodiescultured in
normoxic conditions whereas axons are subjected to hypoxia. OGD would not be possible in
this setup as the entire device would need to be incubated in a hypoxic chamber, meaning
that cell bodies would also be subjected to hypoxia. Howeswehemical inductor of hypoxia
such as cobalt (Il) chloride (CG@Wu & Yotnda, 201)1could be introduced tdhe axonal
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chamber. Setup of such a device would allow fer assessment of axonal damage due to
hypoxia, and how this affects Tet enzyme activity and/or 5hmC levels. The addition of
dopaminergic nigral neurons to this setup would also allow for the rimgeof nigrostriatal
projections, as was observed in Chapeeof this thesis. In Chapter 2, it was observed that
dopaminergic neurons of the substantia nigra, which project directly to the infarcted striatum,
exhibited increased levels of 5hmC followirsghemic stroke. By utilising the described

microfluidic devce setup, this effect could be modelladvitro.

It is alsoimportant to note that the use of the GHplasmid in control culturesould have
introduced unintentional biag in experimentC, cultures that did not receivEet plasmid
instead received twie the amount of GFP plasmiih, order to match the amount of DNA
loaded into each cultureThis could have therefore haveade it more likely that smaller,
thinner axoral/dendritic process fluoresce brighter and show up in images that may not have
doneif the GFP plasmid content was lowerdkereby leadingd increases in measured axon
length.In future studies, it is important to instead utilise amsensical plasmid that does not

code for a fluorescent protein as a loading control, in order to accaurthis limitation.

Aside from the utilisation of microfluidic devices, there are further potential foligw
experiments that can be performed to furthetucidate the effects of Tet enzyme expression
and activity on posstroke axon growth. For examplenocking down multiple Tet enzymes

at once and assessing neuronal growth may reveal further detrimental effects. Similarly,
overexpressing multiple Tet eytnes may reveal a synergistic effect in the positive regulation
of axanal growth. Determining suchffects would help to further inform any future potential

Tetmediated therapeutic interventions.
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5.46: Summary

Previous chaptersiithis thesis have hinted at a potential role of Tet enzymes in the control
of poststroke axon growth by demonstratinghanges in 5hmC levels at a global and-cell
specific level following ischemic stroke, the timing of which coincides with peakspoge
expression of axogrowth related genes. However, a direct relationship between Tetraezy
expression/activity and passtroke axon growth had not been determined. Having utilised an
in vitro model of ischemic stroke and altering Tet enzyme expressimugh use of siRNAs
and plasmids, the experimental work performed in this chapter hasrdeteed that some
members of tle Tet family of enzymes appear to play a direct role in the control of axon
growth. Namely, knockdown of Tet2 and Tet3 significantlyezed axon and neurite length

in normoxic conditions, although when increasing expressibthese enzymes only Tet3
demonstrated a positive effect on axon length. Furthermore, the detrimental effect of Tet3
knockdown appeard to be attenuated following hyoxic insult, although this is likely due to
the observed increase in Tet3 protein expliessin posthypoxic neuronsThe observed
increase in Tet3 expression following hypoxic insult is also accompanied by a significant
increase in global 5hmC levels, ialin supports findings in previous chapters of this thesis.
Although modificationsin order © more accuratelyreplicate ischemic stroke, the data
obtained in this chapter appears to definerale of Tet enzymes, particularly tBe in the

control ofneuronal growththat couldpotentiallytranslateto poststroke axorgrowth.
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Chapter 6: GeneraliBcussion

6.1: Summary ard overall relevance

This thesis has aimed to determine a potential role of the oxidised 5mC residue 5hmC, and
the Tet family of enzymes that catalyse its fotioga, in the control of posstroke axon
growth. Through various vivo methods, an intmsic mehylomic response of the brain to
ischemic stroke was determined. This response involves significantly increased levels of 5hmC
in brain areas (in)directly af€ted by stroke and is observed in the total cell population as well

as microglial cellspecifially. Alongside this, the use of amvitro model of ischemic stroke

and reperfusion has helped to determine a direct effect of Tet enzyme expression, [zatticu

Tet3, on axon growth. Taken together, these findings suggesttite observed posstroke
increase in 5hmC levels are potentially involved in the positive regulation ospoge axon

growth.

6.1.1: Methylomic response to ischemic stroke

Previous research has established that 5mC levels in the brain arecsigthyfiincreased
following schemic stroke, which has a detrimental effect given that reductions in 5mC lead
to decreased infarct size, increased axonal sprouting and improved dmattiecovery(Choi

et al., 2018Dock et al., 201FEndres et al., 200Endres et b, 200Q. Whilst the ple of this

WOt F3aA0fQ FT2N¥ 2F 5b! YSGKeftlridarzy Ay (KS
characterised, the potential roles of 5hmC and other oxidised 5mC residuesnapaiaively

understudied.
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One of the fist papers that determing apotential role was published byliao et al. (2015)

in which it wagdiscovered that followind/CAO, both 5mC and 5hmC levels are significantly
increased in the ischemic hemisphere. However, 5mC levels peak sooner than 5hmC levels (at
36 hours and 48 hours, respectively), and bothihgveturned to baseline levels by 7 day

A very recent study ceaed out byMorris-Blanco et al. (2019lso determined a similar effect,

with 5mC levels increasing significantly pesbke and peaking at 12 hours, and 5hmC also
being significantly increased, sustained fe246hours. Although having termined an acute
timeline of changes to the methyloméllowing ischemic stroke, neither of these studies
assessed 5hmC levels in the long term. This assessment was performed in Chapter 2 of this
thesis, in which it was determined that 5hmC levels araigantly increased posdtroke in

both the noninfarcted cortex and striatum, peaking at 48 hours and 7 days-ginske,
respectively. Assessment at 1 month pssioke determined that 5hmC levels had returned

to baseline levels by this timepoint. Siarlly, in Chapter 4, assesent of 5hmC content of
DNAextracted from total cell population at 2 weeks pesdtoke revealed significantly higher
5hmC content in stroke animals. Although this experiment used a slightly different animal
model of ischemic stice than that utilised in CGipter 2, these findings indate that 5hmC

levels are still significantly increased at 2 weeks fshstke. Furthermore, the significant
increase in 5hmC levels were also observed in the substantia nigra pars compacta, limtells t
project directly to theinfarcted striatum, howeveit is possible that the measured increases

in 5hmC may be secondary to cell death signals occurring. Taken together, these observations
not only concur with the previous research carried out in thisaa they also elucidate an
extended timeline of posstroke hydroxymethylation changes that appears to differ between

distinct brain regions, which had not been previously determined.

It should be noted that although the data obtained in Chapter 2 deteema similar timeline

of post-stroke 5hmC changes those observed by Miao et al. and MoriB¢anco et al., the
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magnitude of these changes appears to be smaller. In Chapter 2, maximum 5hmC levels
reached around a 1.7®ld increase over control animalghereas in the aforementized
studies, 5hmC was fount peak at around aold increase over controls. This could be
explained by the differences in stroke severity, as in Chapter 2, the MCA of mice was occluded
for 30 minutes, whereas in the previouglyblished studies the MC#as occluded for 455
minutes. Although 5hmC levels did not correlate with infarct size in Chapters 2 or 4, it is
possible that the increased severity of stroke in the previously published studies may have

induced more drastichanges in 5hmC levels.

Theobserved timeline of posstroke methylome changes appears to be characterised by an
initial increase in global 5mC, followed by significant increases in 5hmC in the following
hours/days that may be indicative of a global demg#tion event. The peak ipost-stroke
5hmC levels atscoincides with increased expression of recoveryd axon growtkrelated
genes at 7 dayg¢Li et al., 201D Ths therefore suggests thathé observed increase in
hydroxymethylation may be working towards demethylation of these particular genes,

priming them for expression as part of the endogenous fsbsike recovery response

Through the use of FACS, Chaptef this thesis determined it the poststroke increase in
5hmC was observed not only in the total cell population, but also in microglial/macrophage
cells (CD11BCD4%") specifically. This increase in microglial/mmhage cell
hydroxymethylation was atsaccompanied by a signifitt increase in CD11b expression,
which is indicative of microglial activation. This therefore suggests that the observed increase
in 5ShmC levels following ischemic stroke may be involvaanly in the increased expression

of axon growthrelated genes, bt also in microglial activatiordowever, neitheglobal levels

of 5mC or BmCsignificantly correlated with CD11b expressisnggesting that increased

expression of this antigen is not directly caused by hydroxymethylation. Alternatively, the
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marked incease in 5hmC content in microglial cells pssbke codd be indiative of
increased expression ainy number of microglial activation markers, such as-TNE6 or
IL-1i . Further determination of the role of Tet enzymes and hydroxymethylation indhta
of post-stroke microglial activation via investigation of these markers is a possible aim of

future studies.

Until further research elucidates a direct role of ®fhydroxymethylation) in the control of
poststroke microglial activation, dwever, such relationshps are speculaive. Despite
previous researcliinding increased 5hmC immareactivity in microglial cells in an animal
model of hypoperfusionTsenkina et al., 20}4and global hypomethylation of activated
microglia following traumatic brain injurgZhang et al., 2007 no such effects have been
previously observed within the specific context of ischemic stroke. If the currently observed
post-stroke increase irbhmC levels in microglia is involved the control of microglial
activation, this could present a possible target for therapeutic treatments that target

microglial cells in order to indirectly promote axon growth and functional vepn

6.1.2: Tetmediated regulation of axon growth

With previous chapters in this tis&s having established a methylomic response of the brain
to ischemia that presents as marked increases in 5hmC levels, Chapter 5 usedi@n
model of ischemiarad reperfusion to detemine a direct effect of Tet enzyme@ession on
axon growth, furtker establishing a potential role of 5hmC in the control of peisbke axon

growth.

Transfection with siRNAs to knock down the expression of Tet2 and Tet3 eachd cause
significantly decreasd axon length, which is in concuriem with previous research hang
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determined that knocking down Tet3 causes significant decreases in axonal regeneration and
functional recovery following sciatic nerve ligation in mf@éeng et al., 2017 Futhermore,

within the context of ischemic strokeMorris-Blanco et al. (2019Xdiscovered that
administering siRNAs targeting Tet3 to the infarct region produced significatlyced
infarct sizes, witst Miao et al. (2015jound that administration of Pluripotin, an inhitbr of

Tet2, had similar effects. These two studies, howede not demonstrée a direct efect of

Tet knockdown on axon growth but instead demonstrate a neuroprotective effect of the
enzymes. This thesis, however, has determined an effect of Tet eneypnession on the
growth of axons that could be targeted pestroke in a formof delayed theapeutic

treatment.

Although decreased expression of Tet2 and Tet3 caused significantly decreased axon growth
in normoxic conditions, hypoxic insult appeared twrewhat ameliorate this effect, with
siRNA transfection inypoxic cultures leding to a smaér decreases in axon length. This is
likely because following hypoxia, it was observed that 5hmC levels and Tet3 expression are
significantly increased, which hatso been determined in previous reseaftin et al., 201}

The method by whit hypoxia induces Tet enzyme expression is believed to baugh
increased expresion of Hifl, given that knockout of Hiflcompletely attenuates hypoxia
induced increases in Tet enzyme expresglon et al., 201y Furthermore Loh et al. (2017)
determined, through use of transcription factor motif enrichment analysis, that'Hifays a
central role in the regulation of 5hmC dynamics following axonal injury. Alternathiéng

et al. (2017jound that the increase in Tet3 expressionttteobserved following axonal injury

is dependent on an influx of calcium ions, propagating from injas@msback to cell bodies.
Given that the pathophysiology of ischemic stroke involves both the induction of hypoxia (and

subsequent increase in HifLand an excitotoxic response that leads to increased intracellular
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calcium levelgDirnagl et al., 1999t is likely that bothof these mechanisms contribute to

increased Tet enzyme expression following ischemia.

The mechanism through whidret enzymes influence axonal growth is believed to be through
altered expression of axon growtelated genes via demethylation. When studythanges

in MRNA expression levels in total cell populasidn Chapter 4 of this thesis, it was
determined that significant increases in 5hmC and Tet3 expression were accompanied by
slightly increased (albeit natatisticallysignificant) increases inDBNF and Ttll7 expression.
These findings are in concurrence with previous research, subteag et al. (2017inding

that sciatic nerve ligation caused signifitancreases in mRNA levels of the axgrawth-
related genes ATF3, Smadl, STAT3 and Myc, with these increases attenuated when Tet3
expression was knockatbwn. Alongside this, they determined that knockout of TDG (the
enzyme responsible for the removal aixidised 5mC residues and complete DNA
demethylation) also attenuated these peBijury gene expression increases and impaired
axonal regeneration. Thisheérefore suggests that increased 5hmC levels alone are not
sufficient for the promotion of axon growttbut rather complete DNA demethylationust

occur. Furthermore, genomic mapping of hydroxymethylation in dorsal root ganglion cells
following axotomyhasrevealed that the most differentially hydroxymethylated regions were
found on genes associated witkxan growth, namely ATF3, Smadl and BOINA et al.,
2017). Interestingly, onld.5% of these differentially hydroxymethylated regions were located

on CpG islands, with most (55%) found on theggeoadies of axon growthelated genes.

The importance of hydroxymethylation changes in gene égs. CpG islands, particularly in
the cortext of axon growth, is relatively unknown. Tet2, unlike Tetl and Tet3, does not
possess the CXXC domain, which Ieen shown to be nomssential for enzymatic activity

but responsible for binding to CpG islan@@n & Shi, 20021t is therefore plausible that
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increased Tet2 activity is responsible for increased 5hmC occurrence at gene bodies, as it is
unable to bind to CpG islands. Whilstrie&sed 5hmC levels at gene bodies is uhjike be
responsible for increased gene exps@on, previous research has begun to elucidate a
potential role for this loespecific change in hydroxymethylation. When analysing genomic
distribution of 5hmC in desoping neuronsHahn & al. (2013)discovered that increased
levels of 5hmC did not correlate with demethylation, but were instead associated with loss of
the histone methylation markeH3K27me3an epigenetic marker strongly assated with

gene inactivation Considering tis, it is therefore possible that the currently observed
changes in posstroke 5hmC levels, and effects of Tet enzyme knockdown on axon growth,
are a result of 5ShmCcéing not only as an intermediate of demgthation, but also as a stable

epigenetic markein conjunction with other epigenetic mechanisms.

6.2: Areas for future research

Determining a role of hydroxymethylation in the control of axon growth, partityhaithin
the context of ischemic strokes ia rovel venture. Although this thesis hasrked towards
determining such a role, there are certain aspects of the process that need to be fully

elucidated before any attempts can be made at developing thertipéuterventions.

Namely, it has not beedetermined that the observed increases inrBg levels and Tet
enzyme expression following ischemic stroke/hypoxia directly lead to demethylation and/or
subsequent increased expression of axon growth related geAéthough 5hmC peaks
coincide with peak exgssbn of axon growth related genes, andtTlaockdown causes
decreased axon growth, there has been little to no research to determine that this is due to
direct changes to hydroxymethylation of these genkkrris-Blanco etal. (2019)profiled
antioxidant and DNAepair genes to determine significant changesthe 5hmC content of

190



these genes following MCAO, which were attenuated by knockdown of Tet3, however they
did not profile any axon growth related genddliao et al. (2015)determined that the
promoter region of BDNF is contains significantly higher 5hmC cofdéawing ischemic
stroke, although no otheraxon gowth genes were assessed. Determinatioof
hydroxymethylation of particular genes of interest following ischemic stroke would help
inform any future therapeutic treatments, and there are a number of aldé methods that
could determine such chaeg. Forexample, DNA extracted from peisichanic brains could
undergo methylated DNA immunoprecipitation (commonly referred to as MeDIP) and
subsequent gPCR in order to quantify relative levels of 5mC or Shngartinular genes.
Alternatively, determinabn of methylation at a basspecific level aa be performed via
bisulphite sequencing, in which DNA is treated with bisulphite, converting cytosine residues
to uracil but leaving methylated cytosine residues fieeted. Though original methods of
bisulphie seqiencing are unable to differentiate bewen 5mC and 5hmC residues, more
recent methods such as TFatediated bisulphite sequencingyu et al., 201Rand oxiddive

bisulphite sequencingBooth et al., 2018can be utilised to asses 5hmC content specifically.

As previously mentioned, it is possible that Tet enzymes and 5hmk tavanfluence post

stroke axon growth via mechanisn other than direct demethylation of ax growthrelated

genes, as evidenced by its higher abundance at gene bodies than CpG islands/promoter
regions(Loh et al., 201} Previous research has shown than 5hmcC is recognised and bound
to by mehyl-CpG binding proteins such as MECP2 MBI 3, withan affinity similar to that

of 5mC(Mellen et al., 2012Yildirim et al., 201l These bindingnteractions can regulate
changes to histone acetylation and chromatin structure, further evidencing that 5hmcC can act
as a stable epigenetic marker in conjunction with other epigenetic mechanisms. Numerous
studies have evidenced that alteative epigendat mechanisra such as histone modifications

and RNA interference play vital roles in the control of axon grqR&imisano & DGiovanni,
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2018, with these same mechanisms also being affected by ischemic stroket al., 201Y.
It is therefore impotant for future research to consider the importance of these alternative
epigenetic mechanisms and how they interplay with hydroxymethylation in the control of

post-stroke axon growth as this willso help to inform future therpeutic targes.

The ultimae aim of this venture into determining how hydroxymethylation regulates post
stroke axon growth is to develop some form of therapeutic intervention that targets the
methylomic response of the brain order to promote axon grovit and functimal recovery.

The benefit of targeting hydroxymethylation is that, as this thesis has shown, the observed
increases in 5hmC and their potential effects on axon growth occur in the days/weeks
following the ischemd event, meaning that any thegpautic intenention aimed &targeting

this response could likely be administered at a delayed timepoint from the onset of stroke.
Theonly licensedirug for use in stroke patients, tPA, works by breaking dtweroffending

blood clot via thrombolysigneaning it ismost effective h the few hours following the onset

of stroke symptomsand therefore itsmain disadvantage is a narrow therapeutic window
(Hacke et al., 1999 Developing a therapeutic treatnrm¢ for ischemic stroke thataims to
enhance axon growth via changes to hydroxymethylation could present a treatment with a
much wider therapeutic window, thereby addressing the main disadvantages of currently

used treatments

Development of such a treatméwould recuire testing oranimal models of ischemic stroke.
Investigations of this manner have already been attempted, Mthris-Blanco et al. (2019)
determining that administration of ascorbate following MCAO in mice significartthgased
global 5hmC levels wiki decreasg infarct sizend improving functional recovery. However,
ascorbate was administered-Gh following MCAO, meaning that its viability as a delayed

treatment (in the order of days postroke) has not been asssexd. Furthermore, whilst
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determining an effet on infarct ste, no effects on axon growth/sprouting or neuroplasticity
were assessed. This could be performed in future studies through the use of tracer dyes such
as cholera toxin B in order to quantify theamber of newly sprouting axonas has beedone
previously(Li et al., 201) Other than administratiof substances that affect Tet enzyme
activity, it could be pssible in future studies to target speciigongrowth relaed genes
following ischemic stroke in order to upr down-regulate gene expressidhiu et al. (2016)

have demonstrated that fusion of DNMT1 or Tetl with a catalytically inactive form of
recombinant Cas9 allows for targeted methylation or demethylation of promotgions,
causing activation or silencing efidogenous reposdrs. They showed that use oftIeCas9

can elicit increased BDNF expression in{mgobtic neurons and have also demonstrated that
the system can also be used to alter DNA methylation in tagb of adult mice. Use of this
system in pst-ischemic animal could therefore plausibly inte increased expression of

axon growth related genes and thereby improve functional recovery.

6.3: Conclusion

In conclusion, this thesis has shown througle akin vivomodels that the brain exhibits an
endogenous methylmic respone to ischemic stroke that is characterised by transient
significant increases in global 5hmC levels, although the temporal profile of this response
differs between distinct brainraas. Furthermore, FACS sorting of peshemc brains has
helped to demongrate that this response is seen not only in the total cell population, but in
microglial/macrophage cells in particular. This therefore suggests that hydroxymethylation
may play aole in the control of the posstroke immuneresponse, and theby indiretly

affect axon growth. The use of am vitro model of ischemia and reperfusion has

demonstrated that Tet enzyme expression direeffgcts axon growth, with hypoxia altering
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these effects. Further research is needed in orttedetermine whid specifigyenes are being
affected by changes to the methylome, or perhaps determine alternative processes by which
changes in 5hmC content regulate pastoke axon growth. It is hoped thtte novel findings
presented in this thesis caprovide a basidor the dewelopment of a new therapeutic
treatment for ischemic stroke that targets hydroxymethylation to promote axon growth and

functional recovery.
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APPENDIX

Al: Comparing sham & naivaianal data from Chapter 2

As the sham equivalérof MCAO surgergloes not imuce ischemic stroke, these animals
should have no differences in relative 5hmC expression levels or numbers of dopaminergic
cells in the substantia nigra pars compacta in compari® naive animals. To confirm that

this is tue, the relative luorescenceof cells in various areas of brain sections
immunohistochemically stained for 5hmC were analysédk S 5Q! 32aGAy2 | YR
omnibus normality test determined that all data wastmmrmally distributed, therefore the
Mann-Whitney U test was ugkto deternine differences between naive and sham groups in
each brain aredrhis revealed no differences in relative fluorescence between sham and naive
animals in thecortex =0.73), stritum (=0.90) substantia nigrgars compactgTH+ cells

only; p=0.91) or medal geniculate nucleup£0.41) As naive and sham animals do not suffer
ischemic stroke, no distinction between infarcted and finfarcted tissue can be made. The
numbers of TH+ells in thesubstantia nigra pars compacté naive and sham amials were

also analysedand no differences were found between sham and naive anifpalx59).
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Figure Al: Comparing sham and naive animal data from Chapter 2

Analysis of 5hmC stainimgtensity inthe cortex (p=0.73), striatum (p=8D), substantia igra

pars compacta (p=0.91) and medial geniculate nucleus (p=0.41) revealed no differences
between sham and naive animals. No differeneese found between these two groups
when analysing th number of TH+ cells present in the substantiigra pars compaa
(p=0.59). Data is presented as mea8D.
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A2: Standard curves for 5mC and 5hmC ELISAs

In order to quantify 5mC and 5hmC content of DNA collected from rat breammercial

ELISA kits &e used Zymo Research USA). As part of theyhddeT I O (i dzNBINddtol LINE § 2
samples of known concentrations were run in duplicate and plotted as standard ¢&igase

A2). The slopes of these curves were then used to quantify the samples obtainedtad pa

the studies carried out in Chapter 4 ahapter 5.
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Hgure A2: Standard curves for 5mC and 5hmC ELISA kits

ELISA kits were used to quantify 5mC and 5hmC comeBXNA samples from rat brain.
Control samplesf known concentrations were run order to produce standard curvesop
5mC sandard curveR2 =0.96.Bottom: 5hmC standard curve?R 0.95.
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A3: gPCR Housekeeping Gene

In Chapter 4, RNA was extracted from total cell population of rats that underwent sia
MCAO surgery. This RMAs then used to perform gPCR, with the resahalysed using the
Pfaffl method(Pfaffl, 200). As part of this analysis, expresslewelsof the genesf interest

are normalised to thabf an endogenous housekeeping gene; in thise¢a$PRT1. For a valid
analysis, it ismportantthat expression levels of the housekeeping gene do not differ between
expaimental groups.By analysing the relative expressioi HPRT1 in sham and MCAO
animals it was found that expression levels were rsignificantly different between groups
(t12=0.52, p=0.70), and HPRT1 was therefore aeteed as a valid housekeeping gene to use

for normalisation.

HPRT1
2.0
5
? 1.5+ ¢
E L ]
3
X 1.0 -
[«}]
2 .
& 054
Q
%
0.0 , ,
Sham MCAO

Figure A3: Expression of HPRT1

RNA was extracted fronotal cell populations obtained from the cortexd striatum of mice

that had undergone MCAOQO surgery (n=8) or an equivalent sham surgery (mvéys&®
transcription and subsequent gPCR of these RNA samples revealed that there was no
significant differencen expression oHPRT{p=070) between groupsData is presented as
mean % SD.
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A4: Specifity of Tet-targeting siRNAs

In Chapter 5, siRNAs were used to knock mi@wt13 in cortical neuronal cultures. To assess
the specificity of these siRNAs, culturaesere transfeted with the siRKs and
immunocybchemically stained for each of the Tet enzymes to ensure that siRNAs only
knocked down protein expression of theirrg¢get protein. The intensity of this stainingn
positively transfected (GFP+) cellms meaured using he CTF method (adescribed in
sedion 2.1.5.1) and normalising all fluorescence data to that of-transfeded cells Using
unpaired t tests, it was etermined that NT siRNA did not reduce expression of any Tet
enzyme vs. nottransfected cotrols (Tet1p=0.91; Tet2 p=0.9F et3 p=8B1).Tetl siRNA only
reduced expression of Tetl protein (Te’QOQL; Tet2 p=@3; Tet3 p=0.51)Tet2 siRNA only
reduced epression of Tet2 protei(iretl p=0.65; Tet2 [@©<01; Tet3 p=0.85)Tet3 siRNA only
reducedexpression ofTet3 protein (Tet p=0.97; Tet2 $0.33; Tet3 p&.001). Ech of the
Tetl-3 targeting siRNAs only decreasegmssion of their target protein, demonstiag that

the siRNAs are specific.
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Figure A: Analysing specificity of TetargetingsiRNAs

Specilcity of Tettargeting siRNAsvasanalysed by measuring intensity of Tet protein staining
in transfected cedl. NT siRNA did not reduce expression of amzyme compared to nen
transfectedcontrols (Tetl p=0.91; Tet2 p=0.99; Tet3 p=0.818t1siRNA onlyeduced Tetl
expresion (p<0.00%)Tet2 siRNA only reduced expression of Tet2 protpr0(01); Tet3
SiRNA onf reduced expression of Tet3 protejp<Q.M1). Data is presented as meaisD **
represents p<0.0T*** represents p<0.001.
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A5:  @mparing GFPnly and NT siRNdata from Chapte 5

In Chapter 5, siRNAs were used to knock down progejoression of TetB in neuronal
cultures. As controls, cultas transfected with only GFP plasmid were cultivated, as were
cultures transfected with GFplasmid anda nontargeting NT) siRNA. As¢hNT siRNA does
not target any particular gene, it shoutibt affect expression of any protein and should
therefore nd have any effect on the parameters tested in the experiment (axon length,
number of neuries, and totalneurite length).These parametersvere compared between
GFP only and NT siRNA groups usimgpired t testsThere were no differences irvarage
axon length between GFP only and NT siRNA groups in normox@5@j=or hypoxic
conditions 0.95). There wee no differencesn average neuré length between GFP only and
NT siRNA groups in normox=087) or hypoxic conditions (B0). There were no diffeneces

in average neurite number between GFP only and NT siRNA groups in normox&)pe0.

hypoxic condions (045). Theefore, there wee no differences found between the two

groups and asud, they s SNE O2Y0AYSR (2 FT2N¥ 2y@ntda/ 2y (N

analysis in Chapter 5.
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Figure A. Comparing GFP only and NT siRNA data fronp(en&

Data fom two control gpups¢ GFP onland GFP NT siRNA were compared to allow for
formation of a singular control group for subsequent analyBigre vere no differences in
average axon length in normoxic (p=0.51) or hypoxic conditions (0T9&ye wereno
differences imverage neuritéength innormoxic (p=0.87) or hypoxic conditions (0.50). There
were no differences in average neurite number in norieo(p=0.55) or hypoxic conditions
(0.45). Data is presented as meaBD.
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A6: Post-hoc power analyses

Posthoc power analyses were performed for all statistical analyses from Chapters 2, 4 and 5.
The power calculator@ower(Faul et al., 200)/Avas wsedto perform posthoc determination

of power (given as %) by inputting thallbwing parametersmean andSD of each group (in
order to determineeffect size, dand degrees of freedom, }df* error = 0.05total sample

size number of groups; and number of each group. For experiments that were deaie
underpowered (paver < 80%)¢a priori¢ calculations were performed, using the same input
parameers and setting power to 80%n order to determinewhat the requiredsample size
would have been in orddo reach 80% power. The power analyses are summarised in Table

Al.
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Chapter Measured Parameter Figure  Groups being compared Sarzipzlz PO\?{)Z; for?i?)?/i)l;o?/ivﬁ
2 5hmClevels in infarcted cortex 2.6 Controls, 24h, 48h, 7d, 1m 28 40 42
2 5hmC levels in healthy cortex 2.6 Controls, 24h, 48h, 7d, 1m 28 100 -
2 5hmC levels in infarcted striatum 2.7 Controls, 24h, 48h, 7d, 1m 28 56 40
2 5hmClevels in healthy striatum 2.7 Controls, 24h, 48h, 7d, 1m 28 100 -
2 5hmC levels in TH+ cells 2.8 Controls, 24h, 48h, 7d, 1m 28 89 -
2 TH+ cell count 2.10 Controls, 24h, 48h, 7d, 1m 28 93 -
2 Correlation of infarct volume v. cortical 5hm¢t 2.11 CorticalshmC, infarct volume 18 75 21
2 Correlation of infarct volume v. striatal 5hm( 2.11 Cortical 5hmC, infarct volume 18 9 309
2 Correlation of infarct volume v. SNc 5hmC ~ 2.11 Cortical 5hmC, infarct volume 18 6 423
2 5hmC levels in MGN 2.12 Controls, 24h48h, 7d, 1m 28 68 35
4 Proportions of CD11b+ cells 4.4 Sham, MCAO 10 99 -
4 %5mC in total cell population 45 Sham, MCAO 15 38 48
4 %5hmC in total cell population 4.5 Sham, MCAO 15 96 -
4 Correlation of infarct volume v. %5mC 4.6 Infarct volume, %5mC 8 7 386
4 Correlation of infarcvvolume v. %5hmC 4.6 Infarct volume, %5hmC 8 20 259
4 %5mC in microglia (with test runs) 47 Sham, MCAO 12 95 -
4 %5mC in microglia (without test runs) 4.7 Sham, MCAO 10 30 38
4 %5hmC in microglia (with test runs) 47 Shan, MCAO 12 79 14
4 %5hmC in mioglia (without test runs) 4.7 Sham, MCAO 10 50 18
4 Correlation of CD11b proportion v. %5mC 4.8 CD11b proportion, %5mC 10 33 36
4 Correlation of CD11b proportion v. %5hmC 4.8 CD11b proportion, %5mC 10 39 29
4 mRNA levelsf BDNF 4.9 Sham, MCAO 15 65 22
4 mRNA levels of Ttll7 4.9 Sham, MCAO 15 49 34
4 mRNA levels of Tetl 4.9 Sham, MCAO 15 5 213
4 mRNA levels of Tet2 4.9 Sham, MCAO 15 28 76
4 mRNA levels of Tet3 4.9 Sham, MCAO 15 94 -
5 Relative fluorescence of Tetlagting 5.4 Normoxic, Hypoxic 10 67 14
5 Relative fluorescence of Tet2 staining 5.4 Normoxic, Hypoxic 10 23 64
5 Relative fluorescence of Tet3 staining 5.4 Normoxic, Hypoxic 10 80 -
5 Relative fluorescence of Hifla staining 5.4 Normoxic, Hypoxic 10 920 -
5 %5mC of cell cultures 5.5 Nomoxic, Hypoxic 10 27 50
5 %5hmC of cell cultures 5.5 Normoxic, Hypoxic 10 84 -
5 Axon length of Tet siRNA cultures 5.7 Normoxic, Hypoxic 50 88 -
5 Axon length of Tet siRNA cultures 5.7 Controls, Tetl, Tet2, Tet3 50 98 -
5 Neurite number of Tet siRNAltures 5.8 Normoxic, Hypoxic 50 19 248
5 Neurite number of Tet siRNA cultures 5.8 Controls, Tetl, Tet2, Tet3 50 66 68
5 Neurite length of Tet siRNA cultures 5.9 Normoxic, Hypoxic 50 57 92
5 Neurite length of Tet siRNA cules 5.9 Controls, Tetl, TetZet3 50 98 -
5 Axon length of Tet plasmid cultures 5.11 Normoxic, Hypoxic 40 5 387
5 Axon length of Tet plasmid cultures 5.11 Controls, Tetl, Tet2, Tet3 40 83 -
5 Neurite number of Tet plasmid cultures 5.12 Normoxic, Hypric 40 12 204
5 Neurite numberof Tet plasmid cultures 5.12 Controls, Tetl, Tet2, Tet3 40 20 196
5 Neurite length of Tet plasmid cultures 5.13 Normoxic, Hypoxic 40 8 342
5 Neurite length of Tet plasmid cultures 5.13 Controls, Tetl, Tet2, Tet3 40 70 52

Table Al: Poshoc analyses oéxperiments from Chapters 2, 4 and 5
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A7: PIP Reflgtion

Note to examiners:

Thisstatement isincluded as an appendix to the thesis in order that the thesis accurately
captures the PhD training experienced by thendidate as a BBSRC Doctoral Training
Patnership student.

The Professional Internship fBhD Student$PIP)s a conpulsory 3month placement which

must be undertaken by DTP students. It is usually centred on a specific project and must not
be related b the D project. This reflective stament is designed to capture the skills
development vhich has takn place duringhS & (i dzR Sesfiéntaad tHelimpadt on their
career plans it has had.

PIP Reflective Statement

My PIP took place frorBeptember to December @018 at Sygnatur®iscovery
a contract resarch organisationGRO) that speciadis in drug discovegr

My project was focused on developing a hitphoughput fragment screen assg
using microscale thermophoresis (MST). MST is@hlysical assay technig that

was brandnew to the company at thetime, and my capabtly build project
involved using the ew MST equipment to screen a library of chemicalrragts

against a protein that had already been well characterised by the cagnpehe
project was degjned such that mysf and ohers would becora familiar with the
new technigue and guipment, troubleslooting any issues that should arise. T
project wentextremely well, and a full fragment screen was performed. Follov
this sceen, | had the opportuty to consolidatethe fragment hits by perfeming

other biophystal and biochemicaassays such as $ace plasmon resonanc
(SPR) and fluorescent thernsdlift assays (FTSA). After completing the proje
spent my final week wrihg a case study to beuplished on the c¥ LJl y
website, briefly smmarising the projet in orderto advtlli A & S G K MSTC
capabilities to potential clients.

Whilst at Sgnature Discovery, | gained a working knowledge and appreciatig
many biofysical and biochemicabksay technique#\s well asearning many aw

laboratory technjues, | gained expience in public spaking (by presenting m
work on a biweekly basis atompany meetings) and scientific writing for vario
audiences (by writingase studies and variodab reports). | wa also fasinated

to learnabout the inner wokings of a CRO aradbout the differenes between a
postdoctoral career in industry v. a pbdoctoral career in academia.

Overall, I thoroughly enjoyed my PIP placerna Sygnature Discoverl was very
appreciative d the opportunity to spend time woring on science thatvas
completely unelated to my PhD and was grateful to learn about emgpient
opportunities outside of academia.
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