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ABSTRACT

Introduction:

Ageassociated white matter lesions (WML) aaxecommon feature of the ageing brain,

and an independent risk factor for dementia. Deep subcortical lesions (DSCL) are
associated with chronic cerebral hypoperfusion resulting in a hypoxic environment, and
are characterised by high levels of microglia with an amoeboid phenpsumgesing

that sustained activation of the hypoxiaducible factor (HIF) signalling pathwagdifies

the microglial phenotypeWe hypothesisedhat the hypoxic environment of DS@tives

the microglia to a pranflammatory phenotype which contribute to lesion pathogenesis.
The aims of this project were:

1. To characterize the transcriptomic profdémicroglia in DSCL and the surrounding
radiologically normabppearing white matter (NAWM) compared to the non
lesional control white matter

2. To perform a detailed characterisation of the microglial response associated with

hypoxia invht’- zebrafish, anodel whichdisplaysup-regulated hypoxic signalling

Methods:

CD68 microglia were isolated fronpostmortem white matter regions of interestoy
immuno-laser capture microdissection. The transcriptomic profites attempted using

the RNAseq; it was therassessedsing Human Clariom S Arrayéithin the WM groups,

genes were considered significandifferentially expressed ¥ ( KSé KIR | FT2f R
+1.2 and a pvalue <0.05.The datasets were interrogatedising DAVIDo identify

significantly alteredfunctional groug and pathwag. Immunohistochemistry was

performed to validate gene expression changes at the protein level.

In order to exploit than vivoimaging capabilities of zebrafisimicroglial morphobgyin
response to sustained HIF signallingvas characterised in  double
transgeniovhl 2117+ (mpegl::mCherryCAAX, phd3::GHERe for both vhl /- mutant

larvae and its wildtype siblingia highresolution confocal microscopy. Both prand



anti-inflammatory cytokines were assessed at dldsvel andin postwounded larvae

using qPCR.

Results:

RNAseq is incompatible with leguality and highly degraded RNA extracted from the
immuno-LCM samples.Microarray profiling of microglia in DSCL compared to ©on
lesional control white matter identified 18differentially expressed gene&unctional
clustering analysis identified dysregulation of haptogleba@®moglobin binding
(Enrichment score 2.15, p=0.017), support by increased levels of CD163 as
characterized byimmunostaining. In themicroglia fromNAWM versus control white
matter, functional clustering analysis identified significant dysregulation of protein de

ubiquitination (Enrichment score 5.14, p<0.0001).

At 5 and 7 dpfthere was a sustained significant increase in microglia nhumber and
morphology changes within thehl /- larvae relative to their siblings. The prand anti

inflammatory cytokine levels were comparable in the ZF genotypes.

Conclusions:
The postmortem microarray findings reveal complex roles for microglia within the DSCL,
suggesting a potential neuroprotective role for microglia in DSCL. In contrast, the NAWM

findingsindicatethat microglial dysfunction magontribute tolesion spread.
At 5 and 7dpf, microglia in thehl”- display a similar morphology to those in age

associated DSCL. Taetivation of HIF as a resultthie loss ofvhldoes not affect cytokine

MRNA levels in the ZF brain.
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Chapter 1 Introduction

Ageassociated \nite matter lesions (WML) are recognised as hyperintensities on
T2weighted magnetic resonance imaging (MREans (Prins and Scheltens, 2015,
Moscoso et al., 2020)Different terminologies equivalento WML are used in the
literature, including white matter changes (WMC) and whibatter hyperintensities
(WMH). The Greek descriptivéeukoaraiosisrefers to the lesion's hypointensities on
computed tomography (CT) scans, whéleukoaQmeans WhiteQand Hraiosif2mears
YarefactiorQHachinski et al., 1986n the current study, the terminology WMAill be

used torefer to these hyperintensities.

1.1 AgeAssociated White Matter Lesions: Classification and clinical

manifestaions

Neuropathological posiortem studies of ageing populatierepresentative
cohorts, such as the Cognitive Function and Ageing Study (CFAS), shoWMbare
commonly observed imdividuals aged 65 and abogeadul et al., 2020, Esiri et al., 2001)
Based on their anatomical location, WML are classified into two major categories: the
periventricular white matter lesions (PViwhich are located adjacent to the ventricles
and the deep subcortical lesions (DSCL) whichrodistant from the ventricle@rins and
Scheltens, 2015)as shown inFigure 1.1. Populationrepresentative cohort studies
indicatethat the prevalence of PVL is 90% among therag@pulation. In contrast, DSCL

are found in 60% of the aged populatide Groot et al., 2002, Fernando et al., 2004a)



Discrete WMltend to spread and becommonfluent, however, whether this is spific for

a subclass of either PVL or DSCL or both is currently unkiBarkhof et al., 2006)

The ageassociated WML are associated with neurological diseased) as
I £ T KSAYSND&LeRet al. 201838d démeria(Fernando et al., 2004b, Hu et
al., 2021) In ageing population studiesvascularpathologies(including WML)were
reported in 84% of patients with dementia compared7d% of nordemented patients
(Matthews et al., 2009) The clinicaimanifestation associated withVML include the
impairment d subcortical frontal function psychiatric disorders including depression
(O'brien et al., 1996, Lee et al., 201balance disturbancéBaezner et al., 2008, Vegel
et al., 2016), cardiovascular diseases (Verhaaren et al., 2013), cerebrovascular diseases
(Kim et &, 2008), and gait dysfunctidide Laat et al., 2010, Rosario et 2D16)

Cognitive decline is a common clinical featurgoeople with WML, howevehe
lesiontypes involved in cognite deterioration aradebated(Griffanti et al., 2016 While
some ageing populatierepresentative studies have linked cognitive impairment directly
to PVL (Gupta et al., 1988, de Groot et al., 2000), others report that cognitive decline
correlates with an extension of WML @ameas of the white matter immediately underlying
cortex, and not exclusively PVL (Damian et al., 1994), while yet otheestuave shown
similar impacts on cognitive function associated with both PVL and DSCL (Burns et al.,
2005).

WML are associated viitdementia and cognitive decline in the ageing population

where the WML volumes are proportionally related to the risk of cognitive decline and



dementia(Prins and Scheltens, 2B). In fact WML are a significant independent risk
factor for dementia(Fernando et al., 2004b, Matthews et al., 2009)

The most common riskactor for the formation of WML is ageingGarnier
Crussard et al., 202Mowever, several predictfactors correlatewith the progression
of the WML, including cardiovascular disease, hyperten@f@nhaaren et al., 2013, Zhao

et al., 2015, Zhao et al., 2019nd smokindGarnierCrussard et al., 2020)

1.2 Mechanisms Underlying the Pathogenesis of WML

Several theories dve been proposed for the mechanismsderlying the
pathogenesis ofWVML , including chronic cerebral hypoperfusion giving rise to a hypoxic
environment(Tomimoto et al., 2003Duncombe et al., 2017dysfunction of the blood
brain barrier (BBB) causimxtravasation(Simpson et al., 2007, Freeze et ab2@)and
accumulation of plasma proteins which trigger an inflammatory respoasd overlying
cortical pathologyLeys et al., 1991, Huang et al., 2007, McAleese et al., B&Hdihg to
Wallerian degeneration and demyelinatiamd underlying WML formatiof\Wharton et

al., 2015) However, the exact mechanism(s) remains unknown.



DSCL

PVL

Figurel.l - MRI detection ohge-associated white matter lesions2-weighted resonance
imaging of a formalidfixed postmortem coronal brain slice. WML appear as
hyperintensities, and classified according to their anatomical locations; tharleMDSCL

areidentified with arrovs, PVL Periventricular lesions; DSCL.: [psebcortical lesions.



1.2.1 Hypoperfusion/ Hypoxia Hypothesis

The occurrence of agassociated WML is increased in patients with vascular risk
factors such as hypertension, hyperlipidaemia and a history of s{kakeDijk et al., 2008,
Sonohara et al., 2008, Rasi et al., 2021)The cognitive declinie patients withWML
relatesto cerebral small vessel disease (SY®)ns and Scheltens, 2013) has been
suggested that a reduction in cerebral blood flow results in cerebral hypoperfusion and
gives rise to a hypoxic environment causingstie damage, which underlies the
pathogenesis and progression of WML in the ageing bidims and Scheltens, 2015,
Wong et al., 2019)

Several lines of evidence support the rolehgpoxia as a mechanism of white
matter damage. Histological characterisatiafi vessels in WML hademonstrated
thickening of arterioles, perivascular widening, capillary loss and perivenous collagenosis,
suggesting vascular insufficiency and cerebral hypoperfusion underlie lesion
pathogenesigBrown et al., 2009, Prins and Scheltens, 20FEb)yther evidence for the
role of hypoxia includes the increased expression and nuclear translocation of hypoxia
inducible transcription factors (Hi#&h | y-Rh 0 L Cpredon & Ehe hypoxia
associated proteins they regulate, including matrix metalloproteinag®MP7) and
vascular endothelial growth factor (VEGFR29rnando et al., 2006, Sosa and Smith,
2017)

Cerebral hypoperfusion and hypoxia are features of both WML subtypes but are
predominantly associated with the DSCL compared to PVL (Fernando et al., 2006), and

are associated with the increased nualgeanslocation of HE® I Yy R YA ONR 3 A I f
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within the DSCI(Kaeln Jr, 2008)These differences may reflect differences in the vascular
supply to these regionfAuriel etal., 2012) The periventricular white matter is supplied

by long, penetrating arterioles forming a watershed area. In contrast, the deep subcortical
WM is supplied by medullary arteries, which are more préemerteriolosclersisand
vasculachanges ad hence mordikely to result in hypoperfusion ard/poxia Kiong and
(Xiong and Mok, 2011, Sosa and Smith, 2017)

In a rat model of cerebral hypoperfusion, where hypoxia is induced via bilateral
occlusion of the common carotid arterfyVashida et al., 2019xhe model exhibits
cognitive decline in addition to white matter pathology, similar to theman cerebral
WML (Farkas et al., 2004These finlings support the proposed role of hypoxia and
hypoperfusion underlying the development of agssociated WMI(Schachtele et al.,

2014, Fernando et al., 2006)

1.2.2Blood-BrainBarrier (BBB) dysfunction

The bloodbrain barrier (BBB) is a highly selective, sperimeable barrier formed
by fenestrationfree cerebral endothelial cells that are held together by tight junction
proteins (TJP), the basement membrane andastre endfeet(Lin et al., 2017, Bai et al.,
2018) The barrier is essential to maintain homeostasis within the central nervous system
(CNS) by acting as a regulator interface for the bidirectional movementotécules
(Yang et al., 2018pisruption of the BBB is commonly associated with the ageing process
and neurodegenerative diseases, and iareleterised by the loss of T(Rllal et al., 2015)

The loss of TJP has been reported in both WML and rayidally normakppearing white



matter (NAWM); suggesting that WM pathology extends beyond the WML and into the
surrounding NAWMFarrall and Wardlaw, 2009, Topakian et al., 2010)

The correlation between WML and BBB dysfunction has been demonstrated in
both postmortem human and animal studig¢tleno et al., 208, Lin et al., 2017)Post
mortem studies of ag@associated WML have exhibited increasing permeability of the BBB
characterised by the accumulation of plasma proteins, such as albumin, thrombin, and
fibrinogen in the cerebral parenchyma and elevation of the CSF/serum albatior(ltin
et al., 2017). Extravasation of these proteins may promote inflammatory processes
and/or cause oedema leading to hypoperfusi®dinkler et al., 2014, Kalaria, 2018)

While several lines of evidence support the role of BBB dysfunction in the
pathogenesis of agassociated WML, it should be noted thhere are conflicting reports
in the literature includingan MRI study suggesting that BBB dysfunction is unrelated to

WM pathology(WAHLUND and Bronge, 2000)

1.2.3Cortical Pathology

WML have also beensuggested to arise due to the classical cortical
YSdZNR LI G K2t 238 2F 15 41 LJt daljsidzSaxondlogsR Yy S dzh
through Wallerian degeneration (McAleest al., 2017).

In cerebral amyloid angiopathy (CAA), the cortical vascular pathology caused by
GKS TOY2NNI {4+ RSEIARID2VI2BAGCKAY O a0dzZ I N &

vascular supply to the WM, causing ischaemia and initiatmg ¢asade of WML



formation (Weller et al., 2015, Kalaria, 2018uggesting that WML are caused by the
extension of cortical pathologiyBozzali et al., 2002)

Overall,hypoperfusionand hypoxa, BBBdysfunctionand corticalpathology are
consideredpotential factors underlying the formation of WML. Whether all factors play

equal roles ismsyet unknown

1.3 Dementia

Dementia is a broad category of diseases characterised by progressive impairment
in cognitive function. Worldwide, it is considered one of the most significant reasons for
disability and dependency among the elderly (over 60y). Still, it is not an inevitaltle par
of the ageing proceg®Bailey et al., 2013)'he World Health Organisation (WHO) reports
approximately 5 million people currently have dementia, with 10 million new cases
yearly. The number of affected indiwals is increasing, and with the increasing elderly
population, it is predicted to reaci8 million in 2030 and 39 million in 2050 (WHO,
2022).

Symptoms of dementia usually accompany deterioration in emotional control,
social behaviour, or motivationh€& onset of dementia occurs gradually, and eathge
symptoms, which include poor memory anddasf orientation in relation to places and
time, are often overlooked (Bailey et al., 2013). Dementia symptoms become apparent
FYR O2y TANKXSR menbyis impaited, ivithSiffidufyarecalling recent
eventsand disorganised speech ability. Moreover, patients often get lost in their homes

and neglect personal ca®/HO, 2022)



According to etiologic, neuropathology and clinical presentation, dementia can be
OFGSI2NREASR Ayid2 F2dzNJ YIAYy 3INRdzLJaY ! £ 1 KSA)
(including large and small vessel disease); dementia with Lewy Bodies (DLB); and
frontotemporal dementia (FTD), ordered by the most common type, respectiiélyis
the most common type of dementia based on clinical and autopsy surveys and
contributes to 6@70% of the dementia case&D is neuropathologically characterised by
selective neuront f 2aa | 4420AF 0SSR g A 0 amylSicE ad OSft f ¢
intracellular neurofibrillary tangles composed of hyperphosphorylated(tdzun et al.,

2011) VaD, the focus of the current studg,the second most common form of dementia
and contributes to at least 20% of dementia cadadecola, 2013). Va@yises as a result

of inadequate blood supply to the brain caused by disease and/or itifurghner, 2012)

DLB accounting for 4-8% of all cases(Prasad et al., 2022)lts neuropathologial

OKI N} OGSNAR&aSR o6& -dyrfu@ein wihid cetdeies fahe 2oytex arfl  h
substantia niga, and often ceoccurs with amyloid  LJ I [j dzS& FyR G dz y ¢
tangles (Yousaf et al., 2018)FTDs are neuropathologically associated with
neurodegeneration within the frontal and tempal corticegdBang et al., 2015)taccount

for 1.6 to 7% of dementia cas€Bottero et al., 2021)However, the classification of
dementia is difficult because subtypes are often stidict and mixed forms frequently eo

exist. An early diagnosis of the disease prompts optimal management and support.
Studies suggest regular exercise, a healthy lifestyle and cognitive activities play a role in

preventing or delaying the onset dementia(Uzun et al., 2011).



Dementia is a chronic or progressive disease with significant burdens (WHO,
2022). Inaddition to their cognitive decline, affected individuals are at risk of psychosocial
(emotiona)dysfunction, causing potential difficulties in exyday life. The increasing
numbers of patients represent an increased cost to society since severe dementia
LI 6ASyGa RSLISYR KSI@Afe 2y laaradlyoSo
fulfil caregiving roles, which can be stressful and demamdileading to health
consequencesor the careers The WHO recognises dentienas a public health priority.
Dementia also has economic burdens; health costs associated with demeets:
estimated to be US4.3 trillion in 2019 (WHO, 2022) Further understanding of the
disease mechanism(s) and identification of novel therapeutic targets to ease the
symptoms and/or delay/prevent the onset of the disease are urgently requeden the
minimal success of current therapies, which offer lidigfficacy, it is highly likely that
successful treatment of dementia will require the identification and modulation of

alternative mechanisms contributing to cognitive decline.

1.4 VasculaDementia

1.4.1 Definition and Risk Factors

Vascular dementia (VaD) is aogressive disease caused by the reduction of the
blood supply to the brain, typically involving multiple minor strokes, which results in

cognitive impairment. VaD is the second most common form of dementia after

1 £ T KSAYSNRE RA&SH 38t 200 dRdedehta Gas@dadai D8, Qhiz |
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et al., 2017) The severity of the disease symptoms depends on the brain region where
strokes have occurred and the size of thieeted vessel$Kirshner, 2012)

VaD shares risk factors with vascular diseases and cerebrovascdasei€CVD)
(Venkat et al., 2015, Ding et al., 2020)hile the most predictive faots for VaD are age,
gender and history of stroke, other risk factors contribute to VaD, including; genetic,
atherogenic vascular factors, ischaemic heart disease, atrial fibrillation, raised
cholesterol, homocysteine concentrations, psychological stressaily life and regular
exposure to stresgBrien and Thomas, 2015, Perneczky et al., 204@édlitional studies
are needed to evidence these factors and determine the mechanism(s) underlying disease

pathology.

1.4.2VaDDiagnosi<Crteria, Treatment and Prevention

The primary tool of VaD diagnosis involvd®e patients' detailed history
identifying certain criteria, neuropathological features, neuropsychological status
evaluation and neuroimagg (T O'Brien and Thomas, 201%he diagnosis criteria for VaD
is defired by several guidelines, including the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSIM) criteria, International Classification of Diseagasnth
Edition (ICELO) criteria and the National Institute of Neurological Disordard Stroke
Association Internationale pour la Recherche et I'Enseignement en Neurosciences
(NINDSAIREN), the Alzheimer's Disease Diagnostic and Treatment Center criteria
(ADDTC), and the Hachinski Iscre®corgPerneczky et al., 2016ach of thee have

different diagnosis criteria of core signs and symptoms to diagnose dementia. The DSM
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IV and the NINDBIREN criteria are widely used to diagnose VaD. According tel\DSM
VaD patients must show symptoms for at least one domain a@nitive function
impairment (Chui et al., 2016)The ctieria of NINCD®AIREN require memory loss in
addition to a decline of two or more cognitive domain functions.

There is no current medical or surgical treatment for VaD as the ischemic changes
are irreversible. A critical prevention plan is to minimise ttis& of strokeby committing
to healthy food intake and an active lifestyle. After the onset of VaD, controlliregptisk
factorsmaystabilise or slightly improve cognitive functi@italaria et al., 2016, Ding et al.,
2020) Medication used for hypertension and hypercholesterolanireatments in
patients diagnosed with VaD stabilises or shows improvements in cerebral perfusion and
cognition performance. Neuropsychiatric drugs also minimise behaviour and

psychological symptoms (T O'Brien and Thomas, 2015)

1.4.3Vasculadiseases

Vasculardiseases are classifigdto large and small vessel diseas@he large
vessel diseasgd.VD) such as atherosclerosisyolve theobstruction of the blood flow
within the large arteries caused by the abnormal accumulation of plasma psxeith
lipids n the walk, eventually redumg the blood flow through these arteries. The
relationship between atherosclerosis and demensiaorrelative(Suemoto et al., 2011)

Small vessel disease (SVD) manifesting on MRI arstadi§as diffuse white
matter lesions (WML), lacunar infarcts (LACI) and/or microinfd@#&hathevan et al.,

2012, Horsburgh et al., 2018ffects the small vessels ofettbrain including arterioles

12



and capillariegPantoni, 2010, Wardlaw et al., 2013)he common underlying cause of
SVD is a series of minor strok#ss associated with several vascular risk factors, including
hypertension, lipid disorders, diabetes mellitus, tobacco smoking and cardiovascular
diseases However,the mechanisrts) underlying their pathology remains unknown
(Venkat et al., 2015). S\¥®consideredo bethe main contributor tahe development of

dementia and cognitive impairmeiiBrun et al., 1987, Weller et al., 2015)

1.5 Microglia

Microglia are distributed through the CNS and account f80% of the neuroglia
within the brain, and simal cord(Waisman et al., 2015and are considered the primary
immune cells involved in neuroprotection. While they are tedain all brain regions,
higher levels of microglia are situated in the myelinated tissue (white matter), compared
to cartical areas(Olah et al., 2011)Microglia perform a similar function to peripheral
macrophages, including antigen presentation and phagaggtof cell debris (Waisman
et al., 2015). Microglia are constantly surveying their local environf\éetkhratsky and
Butt, 2013, Rohan Walker et al., 2013, Hashemiaghdam and Mroczek, 2020)his
feature is fundamental to enable the rapidfensefunction of the microglia.

Under normal conditions, resting (steady) stage microglia are characterised by
their ramified morphology, composed of a small cell body and long branching processes.
While the microglial cell body generally remains fixed, its processes are continually
moving and extending to scan the surrounding af€anhoux et al., 2013, Rohan Walker

et al., 2013, Verkhratsky and Butt, 2018)ildly activated microglia, also called hyper

13



ramified, are characterised by increased numbers of branching processes and the

secretion of prainflammatory cytokines (Crews and Veten2016). Intermediate

activated microglia are characterised by enlarged swollen cell bodies and truncated

LINPOS&daSa ¢AGK || WodzaKeQ Y2NLIK2f238 6/ NBga
When activated, microglia transform rapidly from a ramified, resting morphology

state to an amoeboid morphology, which is the maximally immuesponsive form. At

this stage, microglia have a rounded, macrophéige morphology with no or few

processes(Aloisi, 2001, Crews and Vetreno, 20IB)e amoeboid microglia play a major

role in phagocytosigKarve et al., 2016)The different microglia morphologies are

illustrated inFigurel.2.

Ramified Hyper-ramified Bushy Amoeboid

faal. ..

Figurel.2 - The main features of microgliamorphology Ramified microglia are characterised

by long, branched processes and a small cellolzdly to support the surveillance of the
surrounding environment. In contrast, amoeboid microglia have a large, round cell body with

retracted processe€©riginal figure created using biorender
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1.5.1M1 and M2 activated Microglial

Microglial activation reglts in two major phenotges, M1 and M2, where
microglia have a major preinflammatory neurotoxic or ardinflammatory
neuroprotectiverole, respectively(Tang and Le, 2016Yhe mechanism of microglial
activation is described iRigurel.3.

W/ traaArolrtQ FOGAGIGAZ2Y RNAWS induced QYNB I € A |
interferon-gamma (IFN 0 | YR f A LJ2 LJ2 (Satch, 2018 BocieTetrlS 2043 t { 0
which stimulate the production of preinflammatory mediators suchs tumour necrosis
factorh  0-C b E A y-in 5 NibiSufz] VeysBperbxjde, nitric oxide (NO), reactive
oxygen species (ROS), and protegbtichaud et al., 2013, Tang and Le, 20T®)sepro-
inflammatory moleculeswill eventually cause damage to the surrounding environment
and are neurotoxic Thealternative M2 microgliaphenotypereduce proinflammatory
immune responses and release aimtilammatory cytokines. M2 microglare associated
with the expression of ¥ or 113 and the antinflammatory cytokines HLO and
Arginase 1 (Argl) (Michaud et al., 2013), which have been shown to stimulate myelin
repair and extracellular matrix reconstructi¢diao et al., 2018)

It should be acknowledged that the M1/M2 phenotype classificatiors iiest
reported in animal studies to explain the prand antiinflammatory states observed in
the peripheral macrophages (Mills et al., 200@)croglia are versatile cells characterised
by their shifting capability to unique activation states aa@ not limited to the simple
M1/M2 classification(Ransohoff, 2016)The simple classification of M1/M2 phenotypes

represents extreme states, and it is likely that both states, as well as intermediate forms,
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are present in the ageing brain (i@ and Le, 2016), where microglia resgda ageing,

ischemia, infections, and several neurodegeneratisseases (Ransohoff, 2016).

D68
o T mHcn
cD80 5
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LPS, Py ol ~ —— TNFa, IL-1B, IL6, IL-12, NO
TNF-o, DAMPS,TLR T 5
O ez Pro-Inflammatory Reaction
Classical Activation Inflammatory*
M1 BBB Disruption
(Neurotoxicity) Neural Death

Protection of affected cells

103q14u]

cos8 i, _,7..5').23

Resting Microglia e
Mm@ - r e
IL-4, 1L-13 Y L — > IL-10,Argl, TGF-B
IL-10, IL-125, Glucocorticoids e 4
f\d"_ d Anti-Inflammatory Reaction
Alternative Activation Inflammatory-l,

M2 Neuroprotection
(Neuroprotection) Neuronal repair
Axonal Growth

Figurel.3 - Microglia-activation phenotypesLPS and IFN signalsmainly activate the

classtally activated microglia (M1)which release neurotoxic products and induce
pathogenic phagocyte and immune presenting functions. In contrast, the neuroprotective
microglia (M2) are commonly activated bydlland 1E13 signals ad release neurotrophic

factors. M2 microglia phagocytose cellular debris in the brain and are involved in neuronal

repair mechanismsCD, cluster of differentiation; DAMPs, damagsociated molecular

patterns; ECM, extracellular matrix; PN A YV il SNE SN2 ¥y G SNX Sdz2l Ay T [t { X
nitric oxide; PAMPs, pathogessociated molecular patterns; RNS, reactive nitrogen species; ROS,
reactive oxygen species; FGE (G NJ ya T2 NX¥ Ay 3 Fik&racéptor;, INE Qi 8 NAY 2 NI ¢ |
necrosist  OG 2 NJ h @
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1.5.2Microglial Phenotypes in the Ageing Brain

The normal ageing process is a significant risk factor for neurodegenerative
diseases antinpacts various cktypes, including microgli@/on Bernhardi, 2007, Beltran
Castillo et al., 2021)Extensive innate immune activation occurs during brain ageing and
is associated with cognitive decline. Microglia become primed during neurodegeneration,
neuroinflammation and as part of the normal ageing proc&ssned microgliahave a
lower activation threshold, resulting in an exaggerated and heightened response élyat m
contribute toneurodegeneration and cognitive impairmef@lah et al., 2011, Perry and
Holmes, 2014)During normal ageing, microglia acquire an activation morphology
associated with increased production of prdlammatory mediators (Hv | I -@)Rnd L [
increased DNAvinding activity of NFB, which promotes 6 expression and enhances
classical microglial activatiofOlah et al., 2011, Harry and therapeutics, 20I@®)e
alternativemicroglia activation diminishes, and the4llL-13 signalling pathway declines
in activity. Accordingly, the agpssociated inflammation profile alters the microglia
phenotype to be more Mdike, which increases the neuroimmune response during the
onsetof neurodegenerative diseases (MichRlbbinson et al., 2015).

Dystrophic (senescent) microglia have also been reported in AD, where they co
localise with neuropil threads, neurofibrillary tangles, and neuritic plaq&&=it et al.,
2009) These dystrophic microglia haven altered morphology characterised by
fragmentation and deamification of their processes. Their dysfunctional roles are
characterised by reduced surveillance, processing speed, motility, and cellular migration

(Davies et al.,, 2017, Hefendehl at., 2014, Damani et al., 2011Jhe dystrophic
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(senescent) microgliare thought to contribute to disease progression througloss of
neuroprotection and redced phagocytic activity, causing a failure of the immune
responses towarslstimuli (Floden and Combs, 2011, Olah et al., 2011, Hefendehl et al.,
2014) It is possible that both primed and/or dystrophic microglia are present during the

ageing process and increase the risk of neurodegeneration (Olah et al., 2011).

1.5.3The Microglid phenotype inWML

Several factors can influentlee microglial phenotype in WML, including myelin
attenuation, leakage of plasma proteins, and the denudation of the epentiymth
exposure to CSF facto(&obayashi et al., 2002, Weller et al., 201Akhough the
histopathological features of demyelination, axonal damage, astrogliosis and
oligodendrocyte loss exist in botipes of WML, the microgliarofile is one of the most
significant differences between the two grou®/L and DSC&chmidt et al., 2011, Hase
et al., 2018)

In an ageing populaticrepresentative neuropathology cohort study, microglia in
the PVL predominantly display a ramified morphology, immacivated and
proliferative profile evidenced by the expression of MHCatld the immune ce
stimulatory molecules (B2 and CD40(Schwartz et al., 2006, Peferoen et al., 201%)
contrast, microglia within DSCL exhibit large amoeboid morphology and phagocytic
phenotype with the expression of CD6& lysosomal marker. The findings suggest an

ongoing immune activadn in the former and an innate pattern in the latter, where
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microglia have a role in demyelination, phagocytosis and the removal of degraded myelin
(Simpson et al., 2007, Waller et al., 2019). The difference in midrpl&aotypeswithin
the two lesiontypes suggests a different role of microglia in the pathogenesis of PVL and
DSCL (Fernando et al., 2006). The microglia phenotypes, whether MA, within these
lesions are undetermined.

The microglia within the radiologically NAWM from lesional casqzess
significantly elevated levels of MHCdbmpared tomicrogliafrom control nonlesional
WM cases (Simpson et al., 2007). Whetherdabaormal microglia phenotypes within the
NAWM are inhibiting the lesion spread or contributing to lesion progressiaarrently

unknown.

1.5.4 Microglia Pathology Response to Hypoxianithe DSCL

As discussed earlier, chronic cerebral hypoperfusion, along with disruption of the
BBB, play a crucial role in the pathogenesis ofaggmciated WML, which likely activates
microglia to induce a pranflammatory response. Prmflammatory microglial cells are
associated with the depletion of oligodendrocytes, activation of astrocytes and
demyelination(Fazekas et al., 1987)

M1 microglia secrete prnflammatory cytokines that may directly affect the BBB,
leading to extravasation of plasma proteins, and act as positive feedback for further
microglial activation. Additionally, the sustained secretdpro-inflammatory cytokines
may activate the surrounding glial cells, impactingefimation and axonal functio(Liu

et al., 2006, Winkler et al., 2014frurther, activated microglia may secrete damaging
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molecules, such as cathepsins, a lysosomal protease. These protein degradation enzymes
were found to be highly expressed by amoeboid microglia within DSCL, suggesting they
contribute to the degradation of myelin and, subsequently the pathogenesis of WML
(Simpson et al., 2009).

Further, the oxidative stress and the DNA damage response at@résesof both
WML and the surrounding radiologically normal appearing white matter (NAWM)t 1
Mashhadi et al., 2015Dxidative stress is defined by the excessive production of reactive
oxygenated species (B which cannot be neutralised by the action of antioxidants,
resulting in accumulation and causing cellular damage. ROS include free radicals,
hydrogen roxides and nitric oxide (N@Risoschi and Pop, 201%Yithin the brain, the
cerebral WM mainly consists of myelinated agcand oligodendrocytes that are highly
vulnerable to the effect of these oxidative stresses, resulting in their dar(ibgjase et
al., 2018) Oxidative stress and the DNA damage response are features of both WML and
the surrounding radiologically normappearing white matter (NAa v 0! f mal A KK R
al., 2015).

A summary of the proposed WML pathogenic mechanism(s) and the potential role
of microglia in the pathogenesis of DSCL is presentédgirel.4. However, whether
microglia contribute to lesion formation or prevent lesion spread is currently unknown.
Overall, the current literature suggests that the pathogenesis of WML is complex and
likely reflects the contribution of multiple factor§\eller et al., 2015). Given the limited
success of current therapies, it is highly likely that successful treatment of dementia will

require the identification and modulation of alternative mechanisms causing cognitive
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decline. Understanding how WML ariseay identify novel drug targets and enable new

treatments to be identified (Lin et al., 2017, Wharton et al., 2015).
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Aging Small Vessel Disease

Hypoperfusion || senescence Vascular dysfunction/
YPep BBB Damages
WM Hypoxia Leakage of plasma

components

Microglia activation

(a cellular inflammatory response)

Inflammation, Oxidative stress, Apoptosis

Demyelination, Oligodendrocyte apoptosis, Axonal damage

White Matter Lesion White Matter Injury

Figurel.4 - The hypothesised pathway for the formation of agsociated WMLThe
cascade illustrates possible pathogenic mechanisms for WML development. The ageing
process and the small vessel disease are the primary factors affgesoglarintegrity,

leading to chronic cerebral hypoperfusion and disruption of the BBB thatesitiesion
pathogenesis. The cascade progression will induce the microgliaimflarmmatory
response, oxidative stress and cellular death that contribute to the demyelination and
development ofvhite matterlesians.Original figure modified frorfWharton et al., 201%.
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1.6 Hypoxia and the Hypoxinducible Factor pathway

As previously discussed, agssociated DSCL are associated with chronic cerebral
hypoperfusion and a hypoxic environment. These hypoxic lesions are characterised by the
presence of microgd with a phagocytic amoeboidorphology, whichdisplays significant
nuclear localisation of HIF dMicroglial pathology is not restricted to the DSCL but
extends into the surrounding radiologically normal appearing white matter (NAWM).

While several stues have linked hypoxia with changes in microglial function, whether
microglia are contributing to the pathogenesis of WML or preventing lesion spread in the
ageing brain is currently unknown (Fernando et al., 2006, Wharton et al., 2015, Lin et al.,
2017).

The reduction of the level of oxygen tension in tissues directly impacts the body's
biophysiological and metabolic processes and indirect effects that eventually activate HIF
hd ' vyRSENI y2NXY2EAO O2yRAGA2Y AT &KSHuddzF FAOA
hydroxylated and binds to the tumour suppressor Von Higpeldau (VHL) protein,
enablingHIF (2 06S02YS dzoAljdAadetlr G4SR I'yR RS3INI RS
functional VHL, the ubiquitylation step is prevented, causing accumulationttzad
nuclear translocation of HIF > g KSNX A0 -0 A¥F&aEdziRria X KISy R LiC2 3
regulate transcription of the hypoxiaducible genes (HIGMHarris, 2002, Lappin and Lee,

2019) as demonstrated ifrigurel.5.

The HIF pathway is one of the main cellular sensors of hypoxia and has a critical

regulatory role in homeostatic responses at both systemic and celayals(\WWeidemann

et al., 2008) Within the brain, it is possible that cerebral hypoxia activates the HIF
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pathway, which in turn promotes microglial activation and neuronal cell death, ultimately
resulting in impairment of brain function. However, it should be noted that the HIF
response may also enable adaptation of the cell to hypoxia, thereby eliciting a
neuroprotective effect. As the HIF pathway represents a major response to hypoxia, it

may potentially play a crucial role in the formation of aagsociated WML.
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Figurel.5- HIFh processing under normal and hypozanditiors. Undernormoxia: With
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biological processes, including proliferation, angiogenesis, metabolism, apoptosis and

migration. Original figure created using biorender
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1.7 Animal Models of Hypoxia

Animal models are often utilised to determine the mechanisms underlying
diseases, define potential targets for therapeutic trials, and measure the effectiveness of
therapeutic medications. Utilising a variety of hypoxia models is crucial to understand the
effects of hypoxia on brain functioning and other metabolic encephalopathies that
accompany hypoxia, suchasthe &t 1 SR RA a2 NRSNE (GibsoK SA Y S N
and Huang, 1992, Venkat et al., 2015)

Several animal models of hypoxia exist, and the findings of these models have
enabled a better and more reliable understanding of hyp@ssociated brain changes.

Thein vivomodels are produag by a variety of means, whether by reducing the oxygen
accessibility (hypoxic hypoxia), lowering the oxygarnying capacity of the blood

6Lyl SYAO KELREAIFIOSE 2N If30SNRAYy3I GKS GAaadzsS

A

(histologic hypoxia). The hggiainduced changes are bette&xaminedeither (1)ex vivg

where the animal is made hypoxic, and subsequent effects are assesgiéa, or (2)in

vitro, where the isolated tissue being examined for effects is made hypoxic (Gibson and
Huang, 1992). A genetic knockout mutation(s) targeting the HIF pathway components has
also been utilised to induce hypoxia in an animal md@8é&iohl, 2007, van Rooijen et al.,

2009, Azad and Haddad, 2013, Lappin and Lee, 2019)
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1.7.1Rodent Animal Modelg the mouse

Several rodent studies support the role of microgliadeveloping WML in
response to hypoxia. Animals treated with the microglia inhibitor minocycline show
minimal white matter damage in response to surgical occlusion of the carotid 4@épy
et al., 2006) Furthermore, in mice, hypoxiaduced by bilateral carotid artery stenosis is
associated with microglia proliferation and elevated production of-ipftammatory
cytokines. Additionally, treating mice with dimethyl fumarate, an -amlammatory
agent, decreases the microglial response, implicating a role eadfitated microglia in
responseto hypoxia(Fowler et al., 2018)in an aged mice study, interrtent hypoxia
resulting from obstructive sleep apnea causes-nade neuroinflammation in the dorsal
hippocampus, temporary cytokine elevations and longstanding microglial changes. These
changes are associated with cognitive impairment and pathologicad bgeing (Sapin et

al., 2015).

1.7.2Aquatic Animal Mode}l Zebrafish

The zebrafish is a tropical freshwater fish native to Southeast Asia. Its Latin name,
5 yA2 NBNA2X Sljdz-rfa .Sy3alfAiQ¥ohwr§angDayd WT NP
2002). Zebrafisembryos and larvae are transparent, while the adult bodies contain black
K2NAT 2y i1t &a0GNARLISE 2y SI OK (NusskiS/alhard &aridA y 3 NJ
Dahm, 2002, Howe et al., 2013)he cost of housing and maintaining zebrafish is

considered economical compared to rodents. Zebrafish adults are sma#t¢g3ong),
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requiring less living space. Breeding occurs about every ten days and produces up to 300
eggs. The rapid development agéneration time allow high-throughput testing with
both time and coseffectivenesgLieschke and Currie, 2007 rQ@ae Brennan, 2014)

The popularity of zebrafish in research has rapidly increased due to their genetic
homology with humans; ~70% of the fish genes are similar to humans, rising to 82% of
the genes linked to human diseases (Howe et al., 2013). Meretive transparency of
the early stages enables optical observation of cell development andduglityin
vivoimaging. This feature is helpful for reahe observation of developing pathologies
and tracking genetic manipulation or pharmacological tme@nt (Lieschke and Erie,

2007, Chakraborty et al., 2009)heex vivdfertilisation and embryogenesis facilitate the

insertion of transgenic modifier genes and the usage of mutagenesis (kubclkssays

(Howe et al., 2013, Caroline Brennan, 2014). These valuable #&silod zebrafishin

addition to their high similarity to the human nervous system in terms of representative
anatomy, behaviours and aetiology, make them an ideal model to study
neurodegenerative disease pathogenesis (Lieschke and Currie, 2007, Sinebredtti

2015). The zebrafish has been successfully utilised to study the pathology of human
YSdzZNEPRS3ISYSNI 6ADPS RAASIFASA Ay Of dzRXWaAg t | NJ A

and Cao, 2021)

1.8 Microglia establishment on embryonic zebrafish Brain

Microglia originate from macrophages, where a subpopulation from the primitive

macrophages in the yolk sac colonise in the larval CNS; later, these maasphag
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differentiate into microglia followed by a proliferation and migration phase into the head
mesenchyme (Herbomel et al.,, 2001)The process occurs at the thidhy post
fertilisation (3 dpf) of the larval embryogenesis, when the first neapalptosisinitiates

in zebrafish brains. The apoptotic neurons require dicieiht removal mechanism to
prevent the buildup of damaging degradation products in the surrounding tissue
(Mazzolini et al., 2020).

The early macrophagarrivesin the brain via an invasion process that involves
crossing the brain, retinal and epidermahsal laminae. Initially, at 230 hours post
fertilisation (hpf), the macrophages invade through the ceplraksenchyme clos® the
brain boundaries, adhering to the pial surface and roof of the fourth ventricle.
Macrophage cells emerge slowly, and &end throughout the brain compartment by
35 hpf onwards. The macrophagentinues colonisatiotin the forebrain, midbrain and
hindbrain, optic tectum and mesenchyme, and optic nefbggt8hpf. Between 55 and
60 hpf, all macrophages in the brain and retina undergo a phenotypic transformation into
early amoeboidmicroglia. By 60 hpf, the microglia colonise the midbrain and the optic
tectum, in response to neural apoptosis and are found tiglvaut most brain areas by
78 hpf (Herbomel et al., 2001). Microglia change from highly motile amoeboid cells
involved in phagocytosis of apoptotic cells (at 3 dpf) into morphing microglia, this is an
intermediary transition status, characterised by spegdiansforming back and forth
between phagocytic and ramified profiles. The morphing microglia finally settle into a
typical mature ramified morphology by 5 dpf, and become highly ramified by 7 dpf. The

microglial population motility peaks between the agk3.5 and 4.5 dpf, followed by a
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substantial decline at 5 dgSvahn et al., 2013Puring further development, the larval
microglia are gradually replaced by definitive microglia that persist throughout

adulthood

1.9 Microglia Function and Gene ExpressionZabrafish

In the zebrafish brain, microglia have similar defensive response roles toward any
homeostatic disturbance orgthology as in the human bra{ieger and Peri, 20133hey
respond to injuries firstly by polarisingellular branches followed by migration toward
the injury site (Casano et al., 2016). Microglial loss leads to neutrophil accumulation that
can eventually hinder the resolution of inflammation. The high similarity in both
morphology and behaviour of miogba between mammalian and zebrafish microglia
suggest a high degree of consereatacross species (Sieger and Peri, 2013).

The larval microglia mature promptly anekpress specifianicroglial genes,
includingapoeh p2ry12 hexh csflrg andmpegl.1, mafbslc7a7 andsallla While some
genes display constant expression throughout the developing larva, others are
upregulated at 3 dpf compared to days 5 and 7 (Mazzolini et al., 2020). Comparison of the
gene expression profile during the larval stage havead a significant upregulation of
many genes at 3 dpf, followed by major gene expression changes occurring between day
3 and 5 dpf (Mazzolini et al., 2020). These gene expresdianges correlatevith
invading primitive macrophages into the larval CN®&l dheir differentiation into

microglia.
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In a comparative expression analysis, the core microglia genes of larval and adult
zebrafish are als@xpressed in human microglia, indicating a highly conserved core
microglia signature across species. The corgesgion signatures of human microglia
matched most with microglia of the 7dpf larval stage. These core genes mainly represent
‘cellular processes', 'metabolic processes', 'development’, and 'Immune system process'
categories (Mazzolini et al., 2020). Thesgpression profile findings strengthen the larval

zebrafish as a valid model to study human neurological diseases.

1.10 Thevhl’- Zebrafish asa Model

The mutant zebrafish linajhl hu2117/hu2117 5isg referred to ashl’-, was originally
isolated by massequencing of an J&thytN-Nitrosourea (ENUY dzii 3 Sy SaAr a af Ao
F1 fish. It was selected because it carried a nonsense mutation at the 23rd amino acid of
the vhigene €.361.c>T, p.Q23X); where an amino acid, Glmine (Q), is substituted
and replaced by a stop codon on chromosome 6 at position Q23X within the
zebrafishvhl orthologue as shown inFigure1.6. The premature stp is predicted to
severely truncate the vhl protein rendering it unable to bind HIF, which prevents the
polyubiquitination and consecutive hydroxylation of HIF 6 @ y w2 2A2Sy Si |
non-functional protein consequently permits HiF (i 2 | t© @ndziasiflotate into
the nucleus provoking chronic hypoxic signalling (van Rooijen et al., 2009), a similar
activation is seen in the hypoxic environment linked with human VWRdmakrishnan et

al., 2017)
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[ |
Human VHLp30 PVLRSEVNSREPSQVI FCNRSPRVVLPVWLNFDGEPQPYPTLPPGTGRRIHSYRGHLWI}JFR 120
Zebrafish Vhl PLVRSLISREmVLFCNCSPRVVKPVWINFLGEPQPYVNIQPYTGRRITTFVGHPWNFR 72

*eakk. *E Sk -kkE KEAAEE KrEk-k* FEAKEE <k Ak EEE - . KK F-KkK

Figurel.6 - The Q23X mutation in the HiFbinding site.The figure shows a section of a

vhl amino acid alignment sequence for human and zebrafish. TRe HIB A Y RA Y 3 & A (
boxed inorange The C/T Q23X mutation within the vhlisidentified with ared box. The
vhlsequence of 17#amino-acid protein within vh¥/- and human VHL is identical by 52%

and similar by 70%, where * represent an exact amino acid match, and: represent a similar

match.Original figure modified from (van R@m et al., 2009).

It is important to stress that while the human HIF pathway is activated in response
to a hypoxic condition, the net result of thélal mutation is activated HIF in a normoxic
condition. Moreoverwhile activationof the HIF pathway causehe majority of hypoxia
response, some responses caused by oxygen deprivation are not driven by the activated
HIF pathway. As such, thla’- mutant may allow for the isolation of direct effects of the

HIF activation on microglia.

1.11The vht-; phd3::EGFP; mpeg::mCherryl Lines

Mutant vht’- zebrafish survive for up to 10 days, unlike thd’-‘mutant mouse,
which die during early embryonic stages, therefore it is an ideal model to provide an
insightful view of hypoxia signalling during embryoaia postembryonic stages (van
Rooijen et al., 2009). Théalmodel can be used to study the microglial response to
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hypoxia. For the current research, tlib'?117*line (vhl-*) was backcrossed to wildtype
line several times to minimise background miidas. To study HIF signalling, @nvivo
reporter for HIF activity was developed, where enhanced green fluorescent protein
(EGFP) was driven by the promotepodlyl hydroxylase ®hd3), a highly responsive HIF
target gene phd3: EGFP(Sahathevan et al., 20J#hd crossed into thehl’* background
(van Rooijen et al., 2009). In the presence of tiel3::EGFRransgene, high EGFP
expression in the homozygowhl’- zebrafish from approximately 36 hpf allowing easy
identification of mutants in clutches @mbryos.

In order to exploit thein vivoimaging capabilities of the zebrafish and track the
microglia, another reporter was crossed into théhl; phd3::EGFPbackground:
mpegl::mCherryThe macrophageexpressed gen& (mpegl) transgenic expression is
driven by thempeglpromoter of macrophage cells, including microglia. The macrophage
exclusive expression afpeglhas enabled its usage as a recognition marker within a live
zebrafish at embryonic and larva stages. Hence, in the presence oighgl:mCherry
transgene, the macrophages are recognisable by thexgression of mCherry seers
red fluorescent cells within the homozygowst’- zebrafish, enabling redgime in vivo
examination of macrophage behaviour and function in the zebrafish m@dieit et al.,

2011)

1.12Thevhl’- zebrafish successfully induces hypoxia responses

Thevhl’- mutation induces a cellular response to hypoxia which is highly similar to

that observedunder oxygereprivation, and is present in the early embryonic stages (van
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Rooijen et al., 2009). The losswhfl in zebrafishhas previously been characterised as a
model of vascular response to hypoxia (van Rooijen et al., 200@Yye hypoxia initiates
vascular proliferation and remodelling to ensure adequate oxygen availability to the
tissues. Thehl’-embryos' vascular network is characterised by hylp@nching which
enables the differentiation betweewhl’- mutants and their wildtype sibling (van Rooijen
et al., 2009).

The cardiovascular system is also altered inuthe-; the heart rate of thevht’-
embryo is significantly higher than the wildtype sibling from 7 dpf to 10 dpf (Van Rooijen
et al. 2009). While the cardiac output of the wildtype embryo declines during early
development(Kopp et al., 2005)n contrast, thevhl’- cardiac output increases from 3.2
fold at 4 dpf to 15fold by 10 dpf, resulting in cardiomegaly, oedema and high output
cardiac failure, which eventually contributes to the deaif the homozygous embryo
between 8 and 11 dpf (Van Rooijen et al. 2009). These changes are associated with an
enlarged heart, indicating a response to chronic hypoxia exposure where the fish attempt
to increase the cardiac output to increase the suppilyorygenated bloodFan et al.,
2005, Villamor et al., 2004)

The hypoxic responses enable the identification of vh&- larval zebrafish from
their wild-type (wt) sibling clutchmates by their behavioural and physiological
appearance, as illustrated irigurel.7. From the age of 4 dpf, even under normoxic
conditions,vht’fish display an enlarged heart sifégurel.7 A. Thevht’"-mutant fish also
have more extensive vascular growth into the dorsal fin, as displayeidumel.7 B, and

hyperventilate, recognisable byeir rapid buccal movement.
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As mentioned earlier, the vhl zebrafish were maintained on a transgenic
backgroungphd3:eGFP) which enables the expression of GFP under the phd3 promoter;
where the phd3 promoter is active in hypoxic areas or when HIF is adivad other

means, for instance, by loss of Vhl functi@anthakumar et al., 201.2)hephd3gene is

N

strongly induced by HIF signalling and, therefore G & LJA OF € Wy S3F (A JS ¥
as the Phd3 protein typically acts to keepHIF K& RNRE&f I SR FyR (GKS
off.

The expression of eGFP in the transgeid3::egfpzebrafish correlates to the
levels ofphd3 expressed in hypoxic areaSanthakumar et al., 2012). While botht'-
zebrafish and their wildtype siblings show some expression of GFP, it is significantly
elevated in thevhl’- mutant fish. This can be observed more prominently in the brain of
the vhF’- mutant larvae and extets along the entire body, as shown Figure 1.8,

confirming hypoxia signalling in tvéal-mutant fish.
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_ . B
Figurel.7 - Differences in physiological appearance of the two larval genotyljpesvhl-

shows Q) enlargement of the heart andeart cavity ¢rangearrows)and @) vascular

loops in the tail (blue arrows) at 4.5 dpf, compared to their wildtype sibling.

Sibling l ’ vhl

Brightfield

phd3::Egfp HIF activity reporter m“

Figurelg- Expression of GFP enables in vivo visualising of hypoxic signalling in 3dpf vhl

zebrafish Representative image of sibling and “hhutant zebrafish under (A) bright
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field, and (B) GFP fltmscence. GFP is driven by a phd3::EGFP transgene, where the highly

responsive phd3 promoter drives it. The scale bar represents 1 mm length.

37



1.13Conservation of the Hypoxia Signalling Pathway in Zebrafish

A successful animal model must be translatable to human pathology, where the
essentiaproteins shareesemblances in their sequencing and functions. A representative
model generally shares more than 30% of its genetic identification with the target human
genes(Pearson, 2013)The zebrafisimodel displays high genetic homology to humans
and conserves at least one recognisable orthologue for ~70% of human genes (Howe et
al., 2013). Notably, the vifIF pathway, crucial tmitiate hypoxiasignallingobserved,s
highly conserved in zebrafish (see below). Hence, the zebrafish is considered an
exemplary informative organism for studying the HIF pathway under both physiological
and pathophysiological calitions (Schaaf et al., 2009, Santhakumar et al., 2012, van
Rooijen et al., 2011, Vettori et al., 2017)

Zebrafish share all the compents of the human HIF pathwdyan Rooijen et al.,

2011, Santhakumar et al.,, 2012, Elks et al.,, 20T®e zebrafish ortholog for the
humanVHLencodes for a protein thati52% identical and 70% similar to the peptide
sequence of the human protein. In addition, the locationviofwithin zebrafish at
chromosome 6, position 27.3 mb, has a syntenic location to the hiirilifVan Rooijen
et al. 2009), suggesting similarotein functions(Zhang et al., 2014)

In addition,the HIF proteins are highly conserved in zebrafish. In zebrafish, the
amino acid structure of the HHF LIN2 0 SAy a Aa cwm> AAYAL I NI G2
2009). The key motifs of the HIF LINRP G SAya | NBE dmx> ARSYGAOl
zebrafish (varRooijen et al., 2009), proposing conservation of binding and interaction of

these proteins. Together, the zebrafish's high conservancy of the VHL/HIF pathway and
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the hypoxic signalling proteins, which are crucial for hypoxia signalling and responses in
the human WML, supports the suitability of the fish to present a model of sustained HIF

signalling.

1.14 Hypothesis andAims

Most multicellular organisms are heavily dependent on oxygen for suriilialy
adopt mechanisms to cope with oxygen deficiency, which cacur both in the
environment and within the organism's tissues. The fundamental cellular response to
hypoxia is conserved throughout the phylogefrug, van Rooijen et al., 2011,
Santhakumar et al., 2012)lypoxia is a feature of severaluredegenerative diseases,
including ageassociated WML. Microglia play essential roles in maintaining homeostasis
within the CNS. Environmental cues can influence the microglial phenotype, driving them
to adopt either a preinflammatory (M1) or an andinflammatory (M2) phenotype. The
relationship between hypoxia and neuroinflammation is still far from being completely
understood. In this project, whypothesisethat sustained activation of the HIF signalling
pathway in both agessociated DSCL amebrafish drives microglia to a neurotoxic pro
inflammatory M1 phenotype. We aimed to:

1. Characterise the transcriptomic profile of microghissociated with DSCL
and the surrounding NAWMo identify significant gene expression
changes and dysregulated bigically relevant pathways and functional

groups, which may contribute to agessociated WM pathology.
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2. Assess the morphology and cytokine profile of microglia in a zebrafish
model of sustained HIF signalling

3. Develop a robust protocol to isolate microglarh zebrafish and olaiin
sufficient quality and quantity of RNA to perform transcriptomic profiling

4. Compare the microglial transcriptomic profiles from DSCL and the
zebrafish model of sustained HIF signalling to identify candidate
genes/pathways that couldgotentially be targeted to modulate the
neuroinflammatory response. Unfortunately the impact of the COGMD

pandemic meant that this aim could not be completed.
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Chapter 2
Characterising the microglial phenotype and gene expression profile in

ageassociatedDSCL

2.1 Introduction

Ageassociated white matter lesions (WML) appear as hyperintensities on T2
weighted magneticesonance images (MRI). WML can be classifiedpatventricular
lesion (PVLREnd deep subcortical lesion (DSCL) based on their anatohoication
(Fernando et al., 2004byeveral theories have been proposed as to the mechanism(s)
underlying the formation of WML, including cerebral hypoperfusion, dysfunction of the
BBB and neurodegeneration due to overlying cortical patholo@ietson et al., 2022)
Nevertheless, the exact mechanism(s) of WML formation remaikaown

To expand our understanding of deep subcortical WML, the current research has
been performed on samples obtained from the Cognitive Function and Ageing Study
(CFAS) neuropathology cohort. CFAS is-bddKd prospective longitudinal study of an
aceing populationrepresentative cohort. The study focuses on the neuropathology
associated with cognitive decline and covers north and south, urban and rural
populations. CFAS began in 1989 when over 18,000 people aged 65 or older were selected
and invitedto the study via their general physician (GP). The core characteristics of the
population were obtained by regular cognitive testing and from questionnaires regarding

their lifestyle, medication and general health, enabling longitudinal data to be callecte
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A subgroup was invited to participate in the neuropathology study; currently, 525
participants have donated their brains to CFAS, and collection is still ongoing. These
donated brains have enabled the evaluation of cellular and molecular pathologies of
ageing, frailty and dementi@Vharton et al., 2011, Brayne et al., 2006)

Prevous CFAS research assessed Wivibrmalinfixed brains using MRI, where
WML appear as hyperintensities on T2 weighted images. Fazekas proposed the following
rating system for deep white matter hyperintensities; (0) absent; (1) punctate; (B) ear
confluent; and (3) confluenfFazekas et al., 1987, Wharton et al., 20¥®)ars later, the
scale was modified by Schelten and designed based on four areas: periventricular white
matter hyperintensities (WMH), deep subcortical WMH, infratentorial WMH aashb
ganglia WMH. The region of interest, WMH in the deep and subcortical WM, was further
separately rated in the frontal, temporal, parietal and occipital regions and scored
between 0 to 6: where (0) represents an absence of white matter hyperintengfigs;
NBLINSaSyida + 5{/[ f o YYX YR GKS ydzyoSNI 2
3mm,andn >6; (3) representsaDSEA YYZXI Yy XpT 06n 610 NG LINS &Sy
n>6; (5) represents a DSCL >11 mm, n>1; and (6) confluent, which encompatsebot
periventricular and deep subcortical regioffsernando et al., 2004b, Scheltens et al.,
1993)

t NEOA2dza KAaAG2t23A0If OKINIYOGSNRAFGAZ2Y
cohort have demonstrated that microglia adopt @amoeboid phenotype which may
reflect BBB dysfunction or cerebral hypoperfusion and an associated hypoxic

environment (as discussed in chapigrHowever, it is currently unknown whether these
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microglia may have a damaging or beneficial role and adoptoanfiammatory M1
phenotype or an antinflammatory M2 phenotype. Since the microglial activation profile
within DSCL is as yet undefined, research is required to characterise the transcriptomic
profile of microglia within DSCL, compared to the radioldlyiceormalappearance white
matter (NAWM) surrounding the lesion and control WM from Hesional cases, to
determine the microglial phenotype contributing to pathology or acting to restrict the
lesion spread.

Characterising the transcriptomic profile sklected cells/tissue regions has
provided comprehensive information on gene expression under physiological and
pathological conditions. Transcriptomic profiling of DSCL and the surrounding NAWM in
the CFAS cohort has identified the alteration of cell rbete pathways and glial cell
injury contribute to DSCL pathogeneg&impson et al., 2009However, this approach
examined mRNA extracted from the entire region of interest, which may have masked
microglial specific gene expression changes. Laser capticeodissection (LCM) of
immunolabelled cells enables the isolation of an enriched population of the cells of
interest from postmortem tissuejncluding CD68microglia(Waller et al., 2012and can
therefore beemployed to assess the transcriptomic profile of cells of interest.

Transcriptomic profiling techniques include ribonucleic amdduencing (RNA
Seq) technologies. The Ri$&q workflow begins with the conversion of RNA into cDNA
fragments to build a cDNAbrary. These short transcripts are then sequenced and
analysed as reads per gene of interéMarguerat and Bahler, 2010}t is a next

generationsequencingNGShased techniquewhere large numbers ahdividual RNA
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molecules within the sample are sequenced; thus, it enables differences in expression
levels to be detected, based on how often a particular gene sequence is encountered in
the dataset. The NGlsased procedure requirdew RNA input. It can, with high accuracy,
identify SNPs, novel transcripts, splice junctions, -nooding RNA and novel RNA
sequences present in the sample with high sensitivity, making it a more advanced
approach than microarray analysis. The isatgh this highthroughput approach is its
high cost, where the price of a sample is more than five times that of microarray analysis.
Another highlyrelevant disadvantage of this technique is that the R$¢4 protocol
cannot sequence poeguality RNA, a commofeature of postmortem tissue. Despite
this, the RNAseq approach has been successfully employed in several instances to
OKIF NI OGSNRAS aSOSNIf ySdaNRf23A0Ff RA&SIH a
(Marguerat and Bahler, 2010, Wu et al., 2Q17)
Hypothesis, Aims and Objectives

Our study hypothesisedhait microglia adopt an M1 phenotype in agssociated
DSCL and the surrounding NAWM, contributing to the progression of lesion pathology.
This chapter aimed to:

1. Perform histological characterisation of deep subcortical white matter in an
ageing neuropathlogy cohort and identify DSCL, NAWM and control WM cases
for analysis.

2. Characterise the transcriptomic profile of microglia in thélseee WM groups

using RNAeq and identify significant gene expression changes and dysregulated
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biologically relevant pathways and functiorgioups, whichmay contribute to

ageassociated WM pathology.

The objectives of the study were to:

. Histologically confirm white matter pathology and identify suitable lesional and
non-lesional cases for trangptomic profiling.

. Provide a qualitative description of the basic histology of the cases identified.

. Identify suitable cases for laser capture microdissection (LCM) and evaluate the
RNA quality for downstream transcriptomic analysis.

. Isolate microgliarbm frozen postmortem cases using immuroCM.

. Perform transcriptomic profiling of microglia in control, NAWM and DSCL samples
using RNAeq.

. Performbioinformaticsanalysis of the datasets generated by Rd&4 to identify
significantly differentially exgssed genes and dysregulated pathways, and

functional groups.
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2.2 Material and Methods

2.2.1 Ethics Statement and Case Selection

Frozen postmortem deepsubcortical white matter blocks were acquired from
the CFAS neuropathology brain bank in accordance Re#kearch Ethics Committee
approval(REC No: 15/SW/0246), Appendix I. All research was conducted blind to any
clinical information.

MRI analysis of the formalifixed hemisphere and consultant radiologist scores
dzaAy 3 | Y2RATFTASR { OB theiiGeyfttficatiorNdf thehcgndol @@ a4 G S Y
DSCL white matter cases, where control WM cases had a score of 0, and DSCL had a score
2F p 2y 0UKS Y2RAFASR {OKSftGSyQa NraGdAy3Id ¢
matter was performed by Dr Julie Simpsand Mrs Lynne Baxter. The list of all cases used

in this study is shown ihable2.1. The final cohort details are provided in Tal2l€l.
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Table2.1 - Frozen deeubcortical white matter cases obtained from CFAS

neuropathology cohort

Case

RH23
23/94
RH11
100/00
RH6
RH6
NA47/97
121/96
105/94
178/96
31/00
03-00
11/98
127/94
RH3
106/94

Gender Age
M 73
M 92
F 84
F 78
M 88
M 88
M 75
F 85
F 76
F 96
M 90
unknown unknown
M 74
M 83
F 82
F 88

Post
Mortem
Interval
(hours)

23

33
6

75

11

11

29

12

36

15

79
unknown

20

28
unknown

27

-PostMortem Interval is the time between death and brain retrieval
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2.2.2 NeuropathologicalAssessment of the sampled white matter blocks

Classification of the frozen poestortem blocks as control white matter from nen
lesional cases, DSCL and NAWM from lesional cases were confirmed using basic
histological stains: haematoxyliand eosin (H&E), Luxol fast blue (LFB) and
immunohistochemistry for CD68.

To prepare samples for the histological classification & SOl A2y a 6 SNB
on charged slides (Leica, UK) and stored28C until required. The sections were
warmed to ramm temperature (RT) for 5 minutes (min), fixed in-ecdd acetone (Fisher
{ OASYGATAOS ! YU -dred fomBenin atRE. Nhisdixatioi step is giuial koA NJ
preserve the cellular structures within the tissue and permeabilize the tissueablen

penetration of the stain/antibody.

2.2.3Haematoxylin and Eosin (H&E)

Haematoxylin and eosin (H&E) is a primary histological stain used to assess the
architecture of a tissuéBancroft and Gamble, 20Q8)he basic haematoxylin interacts
with the acidic components of basophilic structures in the tissue section, including cell
nuclei and ribosomes, stang them blue. In contrast, the acidic eosin stain interacts with
the acidophilic cytoplasmic components and connective tissue, staining them red/pink

(Bancroft & Gamble, 2008).
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Sections were prepared as previously described in se2td2 The sections were
ddzo YSNHSR Ay FAfGSNBR | | NNRA & @a2nflatRY,land2 E& £ A
then differentiatedin 1% acid/alcohol for approximately 30 sedsn(sec). The sections
GSNBE LI OSR Ay wma {02004Qa ¢l L) o6l GSN) 06KSN
magnesium sulphate were dissolved in 2.5 L water) for 10 sec and rinsed in tap water for
a few sec. Sections were placed in 1% eosin (CellPath Ltd, ,Réiyyfor 5 min at RT. The
sections were washed with tap water and then dehydrated through a graded series of
alcohols (70%, 95%, twice in absolute ethanol) (Fisher Scientific, UK), for 30 sec each. The
sections were cleared in xylene for 5 min, beforenlgggermanently mounted in distyrene

plasticizer xylene (DPX) (Leica Biosystems), covered with a glass coverslip (Fisher

Scientific, UK), and dried overnight at 40°C in an oven.

2.2.4Luxol Fast Blue (LFB)

Myelinated axons were visualised using Luxol Fast @IEB), where regions of
demyelination are recognised by loss of LFB stain. This basic histological stain involves an
acidbase reactioriThis basic histological stain involves an dm@Ede reaction, with the
base of the lipoprotein in myelin replacing thade of the dye and this reaction cassa
colour change to green/blu@Bancroft & Gamble, 2008).

Sections were prepared as previously describe@.lh2 and immesed in LFB
(0.1% LFB in 500 ml 95% ethanol [Fischer, UK] and 2.5 ml of glacial acetic acid added)

for 2 hours (hrs) at 6C. Any excess stain was removed by washing in 70% ethanol
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(Fisher Scientific, UK) before being rinsed with distilled wates@IHrhe sections were
differentiated in freshly prepared 0.5% lithium carbonate for 30 sec until the white matter
and cortex were clearly defined. Sections were washed in tap water and dehydrated
through a graded series of ethanol (70%, 95%, twice in ateqlFisher Scientific, UK) for

30 sec in each, cleared in xylene for 5 min, mounted in DPX permanent mounting media

and dried at 40°C in an oven overnight.

2.2.5Immunohistochemistry for CD68: Standaptotocol

The microglial lysosomal marker CD68 was detedtedhe sections using
immunohistochemistry (IHC). The biochemical principle of IHC enables the visualisation
and cellular localisation of proteins in tissue sections using a specific primary antibody
directed against the antigen of interest (Bancroft &n@xde, 2008). In this study, the
antigen:antibody binding signals were further amplified using a biotinylated secondary

antibody and visualised using a standard horseradish peroxicasiegated avidirbiotin

complex (ABEIRP) technique (Vectastain Elitéi i + SO0 2NJ [ F 02N G2NR S

diaminobenzidine (DAB) (Vector Laboratories UK) as the substrate. The IHC principle is
illustrated inFigure2.1.

IHC was perfaned using the Vectastain Elite Mouse IgG kit (Vector Laboratories,
Peterborough, UK). Sections were prepared as previously descr@ssttions were
covered with 1.5% normal horse blocking solution in-bufered saline (TBS; 50 mM
Tris, 150mM NacCl, pH6j.for 30 min at RT. Following serum removal from the sections,

mouse monoclonal artiuman CD68 antibody (Dako, UK) was applied at a concentration
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of 1:100, diluted in 1.5% blocking solution, and incubated for 1 hr at RT. Negative controls
were includedn every run and comprised either omission of the primary antibody or an
isotype control at the same concentration as the primary antibody. The sections were
rinsed with TBS for 5 min and incubated with 0.5% biotinylated secondary antibody for
30 min at RTThe sections were rinsed with TBS for 5 min and incubated withHKEBT
(freshly prepared at least 30 min prior to use) for 30 min at RT. Sections were washed in
TBS for 5 min, and antibody binding was visualised using the peroxidase enzyme substrate
o0 >-agiaminobenzidine tetrahydrochloride (DAB) (Vector Laboratories, Peterborough,
UK). The reaction was observed under a microscope, and once developed, the enzyme
reaction was quenched by washing the slides with@HSections were counterstained

with Harrishaematoxylin (Leica, UK) for 15 sec before being dehydrated through a graded
series of ethanol for 30 sec each [70%, 95%, twice in absolute (Fisher Scientific, UK)], and
then cleared in xylene (Fisher Scientific, UK) for 5 min, before mounting in DRX (Leic

Biosystems), and dried overnight at 40°C in an oven.
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>
% . Antigen
A

k Primary Antibody
VAN

/jt\ Secondary Antibody

% » ABC-HRP
‘ . DAB

Figure2.1 - Overview of Immunohistochemistry. (A) The primary unlabelled antibody binds

_/)lk:

with high affinity to the antigen of interest. (B) The dfiecbiotinylated secondary
antibody binds to the primary antibody. (C) ABRP irreversibly binds to the biotinylated
secondary antibody. (D) DAB, the HRP substrate, produces an insoluble reaction product,
which is visualised as a brown precipitate; wh&®BCHRP: horseradish peroxidase
conjugated avidid A 2 G Ay O2 Y Litlig#habenzidineOfigimalFigue @reated

using biorender
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2.2.6 Histological Characterisation and Image Analysis

Histological characterisation of the despbcortical regions of interest confirmed
whether the snagrozen samples represented lesional or Hesional white matter. The
H&E and LFB staining enabled the location of the dmdgrortical regions and the
visualisation of myelin attenuation, respectively. In addition, IHC allowed the presence of
CD68 microglia to be assessed. Representative images for each case were captured using
a Nikon Eclipse 80i microscope (Nikon Instruments Inc.).

Initially, twentythree cases were assessed for evidence of demyelination and the
presence of amoeboid CD68 microglia to enable white matter classification. The
histological assessment of the cases was evaluated by three independent observers
(Taghreed Almansouri, Olivia Jergsrand Dr Julie Simpson), and confirmed by consultant
neuropathologist Professor Stephen B. Wharton, blinded to the MRI scores. A gualitative
description of each staining pattern across the entire section was noted using a light
microscope. Subsequentlyhe frozen posimortem blocks were categorised as either
lesional (DSCL), norrregbpearing white matter (NAWM) from lesional cases or control
white matter from nonlesional cases.

In addition, all radiologically and histologically confirmed DSCL cases were
matched with a separate NAWM block from the same case. For a block with a small
discrete DSCL (<50% area of the total section), the same block was used to collect both
NAWM and DSCL. Any DSCL case with no NA&fbhed case was excluded from the

study.
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2.2.7Pre-LCM: Trizol RNA isolation and Integrity Analysis

In addition to histological classification, the starting RNA was also evaluated using
a bioanalyser assay, Aligent 2100 (Agilent,. OKg RNA integrity number (RIN) is a
numerical value to determine RNA degradation on a scale that ranges #nwhere
10 represents intact RNA, and 1 indicates degradation of the sample. The RIN quality is
based on the 28S/18S ribosomal peak ratio, wehéhe ratio is iwversely related to
degradation(Masotti and Preckel, 2006)

To determine RNA integrity, a20Y &4SOGA2Yy 2F SIFOK of 20]
sterile 1.5 ml Eppendorf tube, and RNA was extraaisthg the Trizol method (Life
Technologies, Inc). In a fume hood, 500 ul Trizol reagent (Invitrogen, UK) was added to
each Eppendorf and mixed with the tissue by a handheld homogeniser. Next, 200 ul
chloroform (Fisher Scientific, UK) was added, vortexgorgusly for 5 sec, and incubated
for 10 min at RT. The samples were centrifuged (Sigma centrifuges, UK) at maximum
speed (20,000 g) for 15 min at 4°C. The upper agueous layer was transferred into a fresh
sterile 1.5 ml Eppendorf tube priorto adding25@ A a2 LINR LI y2f FyR Ay Ot
at RT. The samples were next centrifuged at 20,000 g for 10 min at 4°C. The supernatant
was discarded, and the pellet was resuspended in 1 ndabe (4°C) 75% ethanol (Fisher
Scientific, UK) and mixed by vortexiiog 5 sec. The samples were centrifuged at 15,000
g at 4°C for 5 min. After removing the supernatant, the samples were left to air dry for 5

YAYS YR (KS LISttSi oI a-fréebvateizi LISYRSR AY Hp
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After extraction, the RNA quantity was assa$susing a NanoDrop
spectrophotometer (Thermoscientific, UK). The RNA samples were stor8@°at for a

later date when the RIN was evaluated using a picochifhe bioanalyser (Agilent, UK)

2.2.8 Sample Preparation for LCM

For RNA quality preservation and avoid RNA degradation due to repeated
freezethawing of the sample, LCM was performed on freshly prepared cryosections
(CM3050S, Leica Microsystems, Milton Keynes, UK). Additionally, a rapid immunostaining
protocol (discussed i2.2.9 was used to preserve RNA quality, which reduced the
protocol to around 20 min.

ForLCM, &Y aSOiAz2ya 2F SIFOK OFrasS 4gSNB 02ff
glass slides, one smn per slide (Leica, UK) and warmed to RT for 1 min. The sections
were fixed in icecold acetone (4°C) (Fisher Scientific, UK) for 3 min and then

immunostained using a modified rapid ABIRP staining method.

2.2.9Immunohistochemistry for CD68: Rapid protoco

The protocol was performed at RT, using sterile solutions made with
diethylpyrocarbonate (DEP@¥ated water and under RNagese conditions throughout
the experiment.

The sections were blocked in 2% normal horse serum in TBS (Vectastain Elite Kit;

Vedor Laboratories UK) for 3 min. Sections were incubated with-@B%8 antibody
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(Dako, UK), diluted in the blocking serum to a concentration of 1:10 for 3 min, and then
NAYASR ONARSTFE & g A tbiffered.sdlinep Septions were inkupatedn Y ¢ |
5% biotinylated secondary antibody (Vectastain Elite kit; Vector Laboratories UK) for 3

min. After rinsing in TBS, sections were incubated with 4%H¥E (Vectastain Elite Kit;

Vector Laboratories UK), prepared at least 30 min before use, for amdinnsed in TBS.

The antibody binding was visualised using DAB (Vector Laboratories, UK) and incubated

for 3 min. The sections were dehydrated in a graded series of alcohol (70%, 95%, twice in
absolute ethanol) for 15 sec each; cleared in xylene (Fitientific) for 2 min and left to

air dry in a flow hood for a minimum of 60 min before LCM.

2.2.10Laser Capture Microdissection

Laser capture microdissection (LCM) enables an enriched population of microglia,
the particular cells of interest, to be isolateain a relevant white matter area of human
postmortem tissue Previously this method demonstrated enrichment of the microglia
within the collected cell§Waller et al., 2012).CM was performed using the Veritasdr
capture microdissection system (Arcturus Engineering, Mountain View, CA, USA) and
CapSure Macro caps, composed of a thermoplastic film mounted on a transparent cap
0! NOGdzNHzA 9y IAYSSNAYy3AZ az2dzylil Ay *ASgs /!0
and ~70 mW power parameters. The immunostained sections and CapSure caps were
loaded into the Veritas machine. Immunopositive cells were targeted by a focused
infrared laser, causing the film to melt and the CB&Slls to adhere. Upon removing the

cap, thetargeted microglia were microdissected, leavihg nontargeted tissue behind
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(EmmertBuck et al., 1996)The LCM collection process is demonstratedrigure2.2.

After approximately 2 hr of microdissection, a minimum of 2500 microglia were isolated.

The film was carefully removed from the cap using sterile forceps and transferred to a

sterile 02 M9 LILISY R2NF (dzoS 6AGK pn > SEGNI OGA2y
PicoPure Isolation kit, Applied Biosystems, USA) and stor804 uniirequired for RNA

extraction.
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Figure2.2 - Overview of the_aser Capture Microdissection procedure; a mechanism of
isolating a cell of interest from a tissue section (A) microglia are visualised as darkly
stained cells using the CD68 marker (B) CD68 cells are targeted for microdissection with
an IR laser beam (E)ring the laser causes the thermoplastic film to melt and adhere to
the underlying microglia leaving empty spots (as indicated by the red arrows) within the
tissue (D) Removal of the cap isolates the CD68 microglia from the surrounding tissue.

CD68 microka are indicated by the black arrows.
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2.2.11PostLCM: RNA Extraction and Integrity Analysis

Total RNA was extracted from the L@&dlated cells using the PicoPure RNA
isolation kit (Life technologies: Applied Biosystems, USA). The film was incubated with
50>f SEGNY OQGA2Y o0dzZFFSNI I G nuHc/ F2Nlon YAY A
O2ftdzyy ¢l a LINBLI NSR o6& FRRAY3 uwpn >f O2yRA
before being centrifuged at 13300 g for 1 min, and the ftbwough discardedNext, 50>
of 70% ethanol was added to the sample, mixed by gentle pipetting and transferred to
the pre-prepared extraction column. The column was centrifuged at 100 g for 2 min to
allow the RNA to bind to the column before being centrifuged at 13300 Yriain. 100> €
of wash buffer 1 was added, and the column was centrifuged at 8000 g for 1 mim. fL00
of wash buffer 2 was then added, and the column was centrifuged at 8000 g for 1 min.
This step was repeated with the centrifugation speed increased 30Q.§ for 1 min. The
flow-through was discarded, and the column was transferred to a new sterile 1.5 ml
Eppendorf tube. In the final extraction step to elute the RNA from the isolated cells, an
11>t St dziAzy az2ftdziaz2y 61 a |oRRWRatRI2Folioving O2 f d
1,000g for 1min centrifugation, the column was centrifuged at 13,300 g for 2 min. The
isolation process enabled total cellular RNA to be obtained in a low ionic strength buffer
volume. The quantity and quality of extracted RNArevmeasured using a NanoDrop

1000 spectrophotometer (Labtech International, Uckfield, UK) and a 2100 Bioanalyzer,
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for future downstream applications.

2.2.12Sampleselection to proceed with RNAequencing

PostLCM RNA Integrity Analysis was performed. At this stage, only samples with
two prominent ribosomal peaks were chosen to proceed with REd@uencing; post CM
samples with no ribosomal peaks were eliminatedhirtine studyIn total, 4 control cases
and 4 matched NAWM and DSCL cases were identified to proceed. For easier tracking,
sample identification numbers were replaced by order numbef21as indicated in

Table2.2. The final cohort details are provided in Tal2el.

Table2.2 - The final list ofi2 samples identified for RNgequencing

Case number White matter group Respective number

100/100 (8) 1

23/94(11) 2
Control

RH23H6 3

RH11H5 4

31/00 (8) 5

178/96 (12) 6
NAWM

11/98 (11) NA 7

127/94(9) 8

31/00 (9) 9

178/96 (10) 10
DSCL

11/98 (9) 11

127/94(9) 12
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2.2.13RNAsequencing Protocol

The twelve chosen RN#amples were transferred to the Sheffield Diagnostic
DSySGAO0a {SNBAOS i GKS {KSTFASEtR /KAfRNBY
Wright, a genetic technologist at the aforementioned unit, performed the entire
experiment, including library prepation and RNAequencing. Due to the COVID
pandemic restrictions, neither participation nor observation of the experiment were
permitted. The entire procedure was conducted by Dr Wright who then provided a
summary report of the data obtained.

1 cDNA Library Preparation and Sample Sequencing

The sequencing services processed the samples using a low input RNA library prep
kit for lllumina (NEB, US), using a maximum input of 8 ul. As per the NEBNext Ultra Il Low
input RNA kit protocol, the mRNA wiaist fragmented and then converted to cDNA, and
amplified by 20 cycles of amplifying PCR. The next step was adding adapters to each
fragment, permitting recognition of the DNA and creating the library (Library preparation
index illustrated inTable2.3).

The cDNA library underwent amplification, which involves reverse transcription
followed by a DNA polymerase chain reaction (PCR). Afterwards, quality control checks
were performed to assess both the library concentration and the library fragment length.

The DNA library was then sequenced at a single 100 bp read (a reaslengjihto detect
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low-expression transcripts) using the lllumina HiSeq 2500 platform and dioned 5%

PhiX spike to cope with any low diversity.

Table2.3 - Index used for library preparation.

Sample No ID Index no. = Sequence
1 100/100(8) 2 CGATGT
2 23/94 (11) 7 CAGATC
3 RH23H6 8 ACTTGA
4 RH11H5 10 TAGCTT
5 31/00 (8) 11 GGCTAC
6 178/96 (12) 13 AGTCAA
7 11/98 (11) NA 14 AGTTCC
8 127194 (9) 15 ATGTCA
9 31/00 (9) 16 CCGTCC
10 178/96 (10) 18 GTCCGC
11 11/98 (9) 20 GTGGCC
12 127/94 (9) 21 GTTTCG

1 Quality Control of Sequenced Samples

The Sheffield Diagnostic Genetics Service performed four quality control
measurements throughout the entire process. The quality checks involved initial sample
evaluation (once samples arrived at the department), pr3NApreparing evaluation,
library prepardion evaluation, and a final quality control check after the psstjuencing
metrics assessment. The quality control checks were achieved using both the Qubit 2.0
fluorometer (Qubit assay, Thermofisher) and Tapestation System (Agilent 2200) to
evaluate samle concentrations and size/profile, respectively. The Agilent 2200
Tapestation System can be used for all measurements (sample concentration, size and
profile); however, it is less accurate than the Qubit. Hence, both systems were combined

for precise meaurements.
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2.2.14RNAsequencing: Data Analysis

Data analysis comprised several stages; it began with multiple quality control
assessments for the sequenced transcript datasets. The sequenced profiles were then
aligned to the reference human genome and assemlegenerate an RNA sequencing
map that expands the transcriptome. Following this, the data were tested for differential
expression, which enables the recognition of the functional profile. For these analyses,
Galaxy, Degust and Gorilla software were usdte outcome results were checked and
confirmed by Dr Mark Dunning, director of the Sheffield Bioinformatics Core Facility at
the University of Sheffield.

The Galaxy web platform, a public server at usegalaxy.org version 1.9, was used
for quality assessmen alignment, quantification and differential expression testing.
Firstly, the fastq files, the raw data standard storing format generated from the
sequencing experiment, were uploaded to the Galaxy website. Initially, the data reads per
sample were spreadcross two fastq files. The Concatenate Datasets tool was used to
combine the two fastq files for each sample and the resulting file used in the subsequent
analysis.

The FastQC tool determined the quality scores associated with the concatenated
fastq files for quality assessment. The tool interprets the results using a traffic light
system, where green refers to quality checks passed, while red indicates the failing of
quality checks. The multiple qualitpntrol reports were then aggregated into a single
report using the MultiQC tool; to enable comparisons and quickly analyse data across all

samples.
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Following quality assessment and the HISAT2 tools, the reads from the
concatenated fastq files were mapped and aligned to a kuilgference human genome
(an annotationbased genomauided assembly). Since the data originated from genomic
material that crosses exon/intron boundaries, a splweare mapper for RN&eq reads
(HISAT2) was used to identify splice junctions between exons. Afterwards, a Compact
Idiosyncratic Gapped Alignment Report (CIGAR) was generated to pair the given
sequences with their assigned position at the reference genome. The CIGAR involves a
series of letters and numbers that indicates the number of consecutive bases that have
been maped, for example, alignment matched, insertion, deletion, skipped, and soft or
hard clipping.

The qualitycontrol statistics for aligned reads were calculated using samtools,
enabling analysis of higihroughput sequencing data. The quality control for t#igned
data flagged any unmapped, unpaired, failed QC and duplicated PCR reads. A high aligned
percentage (80%) is expected for RdEguencing.

Quantification of gene expression levels were identified based on the frequency
of reads per sample. The HTSmmunt tool generates a count matrix table that displays
the frequency of gene reads mapped in each sample. In order to prepare the data for
further gene expression tests and visualisation steps, the generated read tables were
collected in a single tablesing the Columidoinon tool. The generated count matrix
table has a specific design where each row is a measured gene, and each column is a

different biological sample. The file was then converted to CSV format.
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1 Interactive exploration of the results wh DEGUST
Degust is a tool used to test differential gene expression; it produces an interactive
view of the results by plotting the data using principal component analysis (PCA). PCA
facilitates data expression by showing the relationships in three amdseaables the
identification of outliers which can then be excluded from downstream analysis. For this
purpose, the CSV count files produced from the previous step were uploaded to Degust.

No further investigation was carried out on the data.

2.3 Results

2.3.1 Histological characterisation of Control, DSCL, and NAWM samples

MRI classification of the formalixed hemisphere guided the contralateral
frozen hemisphere sampling. The sampled white matter blocks then underwent
histological characterisation to deternme whether control, DSCL, or NAWM had been
sampled, as previously detailed

The LFB staining pattern for both the control WM from #esional cases and the
NAWM from lesional cases displayed a regular pattern of LFB and H&E staining, indicative
of intact myelin Figure 2.3 A-B and DE). The lesional cases, in contrast, were
histologically characterised by a reduction in LFB staining and pale H&E staining,

indicating nyelin lossfFigure2.3 Cand Figure2.3 F.
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Immunohistochemistry for CD6®&ithin the control WM and NAWM cases
displayed few microglia cells with a ramified morphology. While the microglia in DSCL
cases had a dengistribution with an amoeboid morphologyas shown irFigure2.3 G,
Figure2.3 H, Figure2.3 |, respectively

Generally, all DSCL cases had large lesions encompassing the majority of the tissue
section and werecharacterised by prominent demyelination. There was one case that
contained a smaller discretesion, whichwas easily distinguished from the surrounding
NAWM. In thisasethe DSCL exhibited focal loss of LFB staining indicating demyelination
compared to the regular pattern of blue staining in the surrounding NAWM. When the
LFB was crogeferenced with the CD68 immunostaining, the focal lesion was
characterised by promingrCD68 microglia with an amoeboid morphology; in contrast,
microglia within the surrounding NAWM displayed a ramified prokigure2.4. For this
tissue block thatontained the discrete lesion, and where both the DSCL and NAWM were
readily identifiable and clearly differentiated, both DSCL and NAWM samples were

collected from this case block.
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Figure2.3 - Histological characterisation of deejpibcortical WM. Luxol fast blue (LFB),

H&E staining and immunohistochemistry for CD68 were used to classify the deep
subcortical white matter. Both the control white matter from Hesional cases and

NAWM from lesioal cases displayed a regular pattern of LFB and H&E histological
staining and a regular distribution of CD68 immunoreactive microglia with a ramified
profile (A, B, and C, respectively). In contrast, the associated DSCL presented pale LFB and
H&E and pronmient CD68 immunoreactive microglia with an amoeboid morpholody, (D

respectively). Scale bar represents 100 pm.
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Figure2.4 - LFB and CD68 staining of a discrete lesion. (A) LFB staining demonstrates
myeln loss within the lesion, surrounded by intact myelin in the NAWM. (B) Large
CD68+microglia are a prominent feature of DSCL, while the microglia in the adjacent
NAWM are smaller with a ramified morphology. The dense bluassticiated stain seen

in the LFB stained lesion likely indicategroglia, whichhave phagocytosed the myelin
(Boven et al., 20065cale bar represents 100 iimerepresentative figure is for sample
127/94(9).
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2.3.2 Case®xcludedfrom the study

Where MR classification was not compatible with the histological
characterisation, these cases were excluded from the study (n=6). Two cases were
radiologically classified as ndéesional NAWM, however, histological examination
revealed the presence of high lesedf amoeboid CD68 microglia; therefore, they were
not included in the study. Similarly, one block was radiologically classified as DSCL;
however, it displayed no evidence of demyelination or high levels of CD68 microglia
following histological evaluatiotherefore, it was excluded from the study. Furthermore,
any DSCL case with no matched NAWM block was excluded from the study (n=3).

In addition to the histological evaluation, the RNA quality was also evaluated. All
LCM samples with no visible ribosonpelaks were eliminated from the study (n=3). A

summary of the original case list and the elimination reasons are displayeabla2.4.
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Table2.4 - The original list of CFAS blocks used for the current prdjaet.columns
compare MRI reports and histological classification findings. Samples were excluded from
the study if the MRI and histological classifications did not matelg matched NAWM
and DSCL blocks were obtained from the same case, or if the RN&\vpais poor. Cases
excluded from the study are highlighted in biNeticing that sampld.27/94 (9)wasusel
for both DSCL & NAWM.

For the Excluded

Case MRI _ Histo_l_ogigal samples
classification classification Reason for
elimination
RH23 H6 Control Nonlesional
23/94 (11) Control Nontlesional
RH11 H5 Control Non-lesional
100/00 (8) Control Non-lesional
PostLCM sample
RH6 Control Non-lesional had a poor RNA
profile
. Classifications
NA47/97 NAWM Lesion :
Mismatched
PostLCM sample
121/96 (11) NAWM Non-lesional had a poor RNA
profile
11/98 (11) NAWM Non-lesional
105/94 (10) NAWM Lesion C,\;"’If;'gff;'gg‘s
178/96 (12) NAWM Non-lesional
31/00 (8) NAWM Nonlesional
. Classifications
03-00(4) DSCL Non-lesional Mismatched
11/98 (9) DSCL Lesion, large
105/94 (11) DSCL Lesion, large | Matched cases
were excluded
178/96 (10) DSCL Lesion, large
31/00 (9) DSCL Lesion, large
127/94 (9) DSCL Lesion, small
PostLCM sample
121/96 (10) DSCL Lesion, large had a poor RNA
profile
. No matching
RH3 H3 DSCL Lesion, large block
106/94 (25) DSCL Lesion, large No gl‘g(t:ih'”g
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2.3.3RNA Quantity and Quality Assessments

A total of twelve deep subcortical white matter samples were identified from the
CFAS neuropathology cohort to be taken forwardifanscriptomic profiling by RNseq.

These samples were classified as Control (from-lesional cases), DSCL and NAWM
(both areas matched from the same case), n=4 per group.

Prior to LCM, RNA was extracted using TRIzol, and the RNA quality was assessed.
During LCM, the microglia were collected from the desejocortical region; afterwards,
the RNA quality was assessed. The-gmd postLCM RIN numbers for the samples are
shown inTable2.5. In addition to the RIN values, the picochip assay provides a profile of
the RNA; while the RIN values are a suitable indicator of RNA integrity, the RNA profile
should also be considered, as it provides a visual representatiore A quality of the
samples.

Representative picochip profiles displaying the range of RNA qualities are shown
in Figure 2.6 These include a representativdectrogram of a case containing well
preserved RNA, evidenced by the clear 18s and 28s ribosomal [pégikeR.6A), a case
with moderate degradation levels, whembosomal peaks are present but not as
prominent as those seen in FigureFAgure2.6 B), and a case with highly degraded RNA

with indiscernible ribosomal peaks @mo associated RIN valuéidure2.6 O.
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Table2.5 - Pre and PostLCM RIN values.

Case PreLCM PostLCM
number RIN number | RIN number
1 2.9 n/a
2 2.2 n/a
3 - n/a
4 6.4 n/a
5 2.9 n/a
6 4.5 n/a
7 6.4 n/a
8 - n/a
9 2.3 n/a
10 3.5 n/a
11 n/a n/a
12 2.3 n/a

n/a = no RIN value obtained
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Table2.6 - RIN integrityprofile of frozen postortem tissue. Representative electrograms

of cases with (A) high levels of intact RNA, and RIN value of 6.4 (B) reasonable RNA
preservation with a RIN value of 2.9 and (C) highly degraded RNA with no RIN
measurement obtained. Theegks represent 18s and 28s ribosomal RNA, respectively.

(FU): fluorescence units, (nt): runtime in seconds
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2.3.4Quality Control Measurements

Several quality control measurements were performed at the Sheffield Diagnostic
Genetics Service throughout tteequencing preparation process. Due to the pandemic
restricting access to the Facility, Dr Timothy Wright performed all the experiments and

provided the illustration figures in this section.

2.3.4.1Initial Quality Control

In addition to the bioanalyzer assaysrfmemed for postLCM RNA samples, a
further initial quality control check was performed using the Qubit assay (Qubit RNA HS
Assay Kit), and sample qualities were all too low to be detected. A second initial quality
assessment was performed using Tapestat{bligh Sensitivity RNA Screentape). The
results showed low RNA concentratiofsble2.7) and highly degraded RNA, which is
likely to reflect both the use of PM #sse and the LCM approach of sample collection,
Figure2.5; which was not optimal for the low input RNA workflow (which recommends
RIN >8). After discussion with the people involved, it was decided to continue using the
maximum input volume and theassess quality control after library preparation.

Notably, the warning in the file below indicated expired Screentapes. Due to the
pandemic, the unit was having supply problems at this point, and hence they had to use
a very slightly expired tape ratherdah delaying the project to assess the inputs that were

going into the workflow.
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Figure2.5 - Initial QC Tapestation results indicating the RIN values of allddCdamples

Table 2.7 - Initial RNA concentration for the 12 samples F¥d4, measured by
Tapestation

Case number RNA Conc (pg/ pl)
1 28400
2 22300
3 19300
4 1650
5 4680
6 58300
7 54200
8 5540
9 23200
10 84400
11 12400
12 12300

76



2.3.4.2cDNAQuality Control

A second quality control measurement was taken after creating the cDNA using
DNA Qubit (Qubit dsDNA HS Assay Higble 2.8 displays the Qubittoncentration
readings and how much cDNA was used for the library preparations. Tapestation quality

measurements did not show anything, possibly due to the size of the product at this point.

Table 2.8 - Sumnary of cDNA Qubit reads and the cDNA statistic input for library
preparation

ng cDNA Vol of 1X
cDNA to use
Volume Total . TE (to
Sample ID] Conc. . (ideal Vol to use
(u) Yield (ng) make up
(Ng/ul) range t 0 26yl)
20ngQ) H
1 0.63 15 9.45 9.45 15.00 11.00
2 1.43 15 21.45 20.00 13.99 12.01
3 452 15 67.80 20.00 4.42 21.58
4 0.916 15 13.74 13.74 15.00 11.00
5 0.388 15 5.82 5.82 15.00 11.00
6 1.24 15 18.60 18.60 15.00 11.00
7 1.05 15 15.75 15.75 15.00 11.00
8 0.696 15 10.44 10.44 15.00 11.00
9 2.24 15 33.60 20.00 8.93 17.07
10 1.74 15 26.10 20.00 11.49 14.51
11 0.442 15 6.63 6.63 15.00 11.00
12 0.852 15 12.78 12.78 15.00 11.00

2.3.4.3Library Quality Control

Quality measurements were taken using both DNA Qubit (Qubit dsDNA HS Assay
kit, Table2.9, and following advice from Dr Wright, it was decided to proceed with the
sequencing. The libraries were pooled using their molarity calculated from the Qubit

concentration and dpestation sizing (Equimolar pooling).
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Table2.9 - Table summarising the Qubit check for the prepared library and the statistical
measurements for sequencing input

Estimated  _. . . . . .

: Finallibrar Yield (in Peak Size | Molarit

Sample ID cDN(,:\gl)nput oubit ng/uﬁ 30u|§ l lar y
1 9.5 3.5 105 310 17
2 20.0 6.5 195 335 29
3 20.0 8.5 255 315 41
4 13.7 5.36 161 328 25
5 5.8 2.62 79 320 12
6 18.6 9.07 272 338 41
7 15.8 6.18 185 332 28
8 10.4 3.38 101 321 16
9 20.0 7.03 211 308 35
10 20.0 7.5 225 314 36
11 6.6 2.55 77 309 13
12 12.8 3.79 114 315 18

2.3.4.4Sequencing Summary Metrics

The last quality control check concerned the sequenced materials, a run of the
metrics is presented iable2.10. To start with, the cluster density was poor (~420Kmm2,
about half of the expected levels). % Clusters were slightly low (~80%, as opposed to the
preferable >90%and %> =Q30 was very low (~54%). PhiX (Aligned %) was higher than
expected at 20%. This suggests the library did not cluster well. The thumbnail images
confirm the library is under clustered, rather than over clustering masquerading as under
clustering. This suggested issues with both the quantity and the quality with these

libraries, likely due to the low quality of the starting material.
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Despite the low cluster density and high PhiX, the quality metrics are imperfect.
There are around 80% reads passing filters (which is low considering the density), %Q30
is about 50%, and the phasing is relatively high (>0.5). Looking at the % baseRipire,

2.6, the library has shallow diversity and very high GC content (despite PhiX being at 20%

and therefore mediating this effect somewhat).

Table2.10- Run summary data generated by the lllumina

vield Project
total Aligned | Error rate | Intensity | , __
Level t‘(’g' yield (%) %) | cycle1 | 7= Q30
(G)
Read 1 12.6 12.6 20.24 1.34 4140 54.0
Read 2 0.6 0.6 0.00 0.00 12559 40.0
Total 13.2 13.2 20.24 1.34 8349 53.2
Data By Cycle >
% Base ) HHVTYBCX3 Al Lanes All Bases
v Suﬁm
Lane:Al |
Surface:All ‘ f ‘ l
N
D 4ol
Base:All L |
v 30 A n
Fix _ | } I ” '
Scale | ARARREE

70 i 50 i 00
Cycle

Figure2.6 - Metric read for the base percentage, where the GC content was high across

the reading, and only C toward the ends. The AT % is very lothdasz0%.
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2.3.5Data Analysis: The Galaxy MultiQC report

The MultiQC report produced an overview of the main findings, plus individual
guality scores, including: sequence counts; a sequence quality histogram; per sequence
quality scores; per base sequencentents; per sequence GC contents; per base N
content; sequence length distribution; sequence duplication levels; over representative
sequences; adapter content and status checks, each of which are illustrated Ihedow (
Figure2.7 to Figure2.13). Studying these graphs on an active page within the software
had additional advantages, such as shifting over each spot to provide further related
information including: the sample identiition number; basgair position and zoom
in/out of a specific region across the particular area of the gene(s).

To startwith, the broad statistical outlines were assess@dple2.1102 y T A N SR
GKFG KS &I &8 &Gy GSNagh 200D 1) &A yIEBSNF GS |
G NASR o0SmodBSyYhidmMAZ2Yy d ¢KS GlofS faz2 ARSY
al YL S& KI R failure, WithNalirdngef beteed 3685%.In addition all the
samples had a high GC enrichment content, and a high level of duplication.

For wholegenomedata, a high level of data coverage is expected where almost
all the data reads will be unique. However, as demonstratdelgnre2.7, the sequenced
data in the current study had a small number of unique reads, less than a third, with a
percentage ranging between 17-B3.3% indicating a por report for the of the target

sequences.
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Table2.11- A general statistics overview for the sequenced material presenting the length
of sequence, the number of reads (in Million), the percentage oétais, the GC content
ration, and the duplication ratio.

Sample Name Length M Seqgs % Failed % GC % Dups
Sample_ pd_ 1-Combine_fastq 101 bp 341 45% 87% 76.5%
Sample__pd__10-combine_fastq 101 bp 8.4 36% 89% 80.1%
Sample_ pd_ 11-combine_fastq 101 bp 9.6 36% 89% 81.2%
Sample__pd__12-combine_fastq 101 bp 8.6 45% 90% 80.8%
Sample__pd__2-combine_fastq 101 bp 6.0 36% 87% 77.7%
Sample__pd__3-combine_fastq 101 bp 6.9 36% 90% 82.3%
Sample__pd_ 4-combine_fastq 101 bp 7.8 36% 88% 80.0%
Sample__pd__5-combine_fastq 101 bp 16.5 45% 83% 67.3%
Sample__pd_6-combine_fastq 101 bp 6.3 36% 89% 80.9%
Sample__pd__7-combine_fastq 101 bp 6.1 45% 90% 81.7%
Sample__pd__8-combine_fastq 101bp 9.5 45% 80% 66.8%
Sample_ pd_ 9-combine fastq 101 bp 16.8 45% 83% 78.8%

Sample_pd_1-Combine fastq
Sample_pd_10-combine_fastg
Sample_pd_11-comblne_fastq
Sample_pd_12-combine_fastg
Sample_pd_2-combine_fastq

Sample_pd_3-combine fastq

Sample_pd_4-combine_fastq
Sample_pd_5-combine fastq
Sample_pd_6-combine_fastg
Sample_pd_7-combine fastq
Sample_pd_8-combine fastq

Sample_pd_9-combine_fastq

Percentages

Unique Reads @ Duplicate Reads

Figure2.7 - The percentage sequence counts for the sequenced samples. Generally, across
all samples, less than a third was a unique sequendée e remaining reads were

duplications.



The per-base sequence contemheasures the proportion of each of the four
nucleotides called per base position across all reads in the input sequence file. For whole
genome DNA sequencing, the fenmcleotide dversity is relatively constant with %G=%C
and %A=%T. The pbase sequence content failed for the current sequenced data,
indicated by red dashes next to each raw sample present&igure2.8 A.

Figure2.8 Ais an overview of all the samples, where an individual detailed chart
with the position of baseair reads and TACG ratio content across the total reads can be
seen.Figure2.8 B is an exemplary representative for sample 1. As seen in the chart, there
was a low diversity of nucleotides as the sequenced data is dominated by reads that are
almost all G ad C bases, and just Gs at the end of the read. The GC enrichment sequence
indicated poor material quality across all the sequenced samples.

The average GC content displayed the number of GC bases per read. The diagram
is comparable to the theoretical drdbution based on a constant GC content assumption
for all reads, which naturally appears as a peak curve. However, the current sequenced
data curve shifted from the normal distribution, causing the failure of FastQC data

(illustrated inFigure2.9) and indicating the low nucleotide diversity of the samples.
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Sample__pd__1-Combine_fastq

Position: 28-29 bp

Figure2.8 - PerBase Sequence Content, where distribution of the four nucleotides is
measured. (A) is an overview of nucleotide counts across the read, where shifting across
the chart will display the baseair location and nucleotide percentage, (B) a
representativechart for an individual per base count representative of sample 1, where
the GC content is dominant across the whole read, and G elevates towards the end of the

read.
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Figure2.9 - PerSequence GC Contedistribution curveThe peak curve shifts from a

normal distribution due to the low nucleotide diversity of the samples
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During the sequencing, and when the sequencer is incapable of making a base call
with satisfactory confidence, the programill substitute an N rather than a conventional
base. Typically, with sequencing, a low proportion of Ns appears, particularly toward the
aS1ljdzSy0SQa -daseRdplotted Giagrads i the 12 sequenced samples is
presented in theFigure2.10, where it follows the traffidight system. The sequencing
reads had six warning flags for samples 2, 3, 4, 6, 10 and 11 for the N ratio passing 5% of
the total reads. The reaining samples 1, 5, 7, 8, 9 and 12 failed for having the N ratio
higher than 20%.

The sequenced data output was considered engpresentative for having a
sequence that makes up more than 0.1% of the total, Figudel. For the over
representative sequece, matching sequences were looked for, and the best matching
sequences are listed in Tallel2 As the table displays, some of the ovepresentative
sequences were compared with a Clontech SMART primer used during cDNA synthesis at
the start of the ibrary preparation.

Checking the adapter content is a cumulative plot of the proportion of adapter
sequences identified at each position. Searching for the specific adaptors used during the
library preparation demonstrated that the sequence outputs wereacl of any
contaminated reads from the adaptors, and all samples fell within the green zone, as
shown inFigure2.12.

A summary of the entire MultiQC quality checkissented inFigure2.13.
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Position in Read (bp)

Figure2.10 - The graph represents the PBase N Content for each safnple. The 12
samples presented either warning or failing reads, where the N ratio was above 5% and

20%, respectively.

Sample_pd__1-Combine_fastq
Sample_pd_10-combine_fastq
Sample_pd_ 11-combine_fastq
Sample_pd__12-combine_fastq

Sample_pd__2-combine_fastg

Sample__pd__3-combine_fastg

Sample_pd_4-combine_fastq

Sample__pd_ 5-combine_fastq

Sample__pd__6-combine_fastg

Sample_pd__7-combine_fastq

Sample_pd_8-combine_fastq

Sample__pd__9-combine_fastg

Ed
2
%

7.5% 1% 12.5%  15%  17.5%  20%  22.5% 2%  27.5%  30%  32.5%  35%  37.5%  40%  425% 45K 47.5% S0 52.5% S5%
Percentage of Total Sequences

© Top over-represented sequence @ Sum of ining over-rep

Figure2.11- A summary review of the oveepresentative sequengercentage across all

samples.



Table2.12 - An individual overrepresented sequence list of hits for sample number 1,
where the GC content was very high, as well as a library preparation primer sequence.

@Overrepresented sequences

CGCGCGCGCGCGCGCGLGCGCGCGCGCGCGCGLGCGCGCGCGCGCGCGLG 946137  19.822499091774937  No Hit
CGCGCGCGCGCGCGCGCGCGCGNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 62941 1.3186757471015365 No Hit
CGCGCGCGLGCGLGLGLGCGCGCGCGCGCECGCGCGCGCGCGCGLGCGCC 55390 1.1604748833344578 No Hit

Clontech SMART CDS
AAGCAGTGGTATCAACGCAGAGTACTTTTTTTTTTTTTTTTITTTITTTTIT 48768 1.6204804227740525 Primer II A (180%
over 26bp)

CGCGCGCGCGCGCGCGCGCGCGCGCGNNNNNNNNNNNNNNNNNNNNNNNN - 47449 ©.9941831366552932  No Hit
CGCGCGCGCGCGCGCGCGCGCGCGCGCGCGNNNNNNNNNNNNNNNNNNNN -+ 34397 ©.7206509218641514 No Hit

CGCGCGCGCGNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN - 33159 ©.694713606363735 No Hit

Sequences

Figure2.12 - The adaptors quality graph, which indicates a minimal read of adaptor

content across all the sequence outputs
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Sample_pd__1-Combin
sample_pd__10-combi
Sample_pd__11-combi
Sample_pd__12-combi
Sample_pd_ 2-combin
Sample_pd_3-combin
Sample_pd__4-combin
Sample_pd__5-combin
Sample_pd__6-combin
Sample_pd__7-combin
Sample__pd__ 8-combin

Sample__pd_ 9-combin

Basic Statistics  Per Base Sequence  Per Sequence  Per Base Sequence Per Sequence GC Per Base N Sequence Length Sequence Overrepresented  Adapter Content
Co

Qu Quality Cont Content Dist Duplication Sequ

Figure2.13 - Summary of the MultiQC checks. The sample identification numbers are
listed vertically, where the quality checks are horizontal. The traffic light system visually
represents normal (green), slightly abnormal (amber), or very unusual resultsT{ned).
badc statistics, per sequence quality, sequence length distance and the adaptor content
are all green. Warning flags were raised for the per base sequence quality, and for specific
samples for having per base N content above 5%. However, the per base segaenc
base GC content, per base N content, sequence duplications and overrepresented

sequencing were all red.
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2.3.5.1Alignment Quality Control

The Samtool Q&port presents critical statistics for several different tools, as
shown inTable2.13. The general statistic is built on the total number of million reads
found within eachsample. In the currenstudy,the sequence ranged between 316.8
million counts, as displayed ifable2.13. The sequencing was accurate with minimal
mismatching and base mapped errors were less than 1%.

A good mapping percentage occurs when®Bb of the sequenced material is
mapped and roughly aund 1620% remains unmapped. Unfortunately, in the current
study only two samples reached a million mapped reads, and the proportion of reads
ranged between 0.1% 9.4% (Data are presented ihable 2.13 and Figure 2.14).
Moreover, none of these reads were adequately paired.
2.3.5.2Interactive exploration with DEGUST

Since the mappingatio was so low it was not possible to proceed further with the
sequencing output analysis. For clarification, when the alignment report was uploaded to
Degust, an error messagEigure2.15) appeared as no reads, no genetic differentiation,

and no expressions were identified.

89



Table2.13 - Data for the sequencing alignments summarising the total sequence read (in
millions), the error rates, the M reads mapped, the mapped sequence ratio and the proper

pairs ratio.

Sample Name M Total seqs Error rate M Reads Mapped % Mapped % Proper Pairs
Samtools stats on sample__pd__1 3.1 0.84% 0.1 3.7% 0.0%
Samtools stats on sample__pd_ 10 8.4 0.84% 0.2 1.8% 0.0%
Samtools stats on sample__pd__11 9.6 0.86% 0.0 0.5% 0.0%
Samtools stats on sample__pd__12 8.6 0.84% 0.1 1.5% 0.0%
Samtools stats on sample__pd_ 2 6.0 0.83% 0.2 2.9% 0.0%
Samtools stats on sample_pd_ 3 6.9 0.83% 0.0 0.2% 0.0%
Samtools stats on sample_pd_ 4 7.8 0.81% 0.0 0.1% 0.0%
Samtools stats on sample_pd_5 16.5 0.88% 11 6.6% 0.0%
Samtools stats on sample__pd_ 6 6.3 0.83% 0.1 0.9% 0.0%
Samtools stats on sample__pd_ 7 6.1 0.84% 0.1 1.3% 0.0%
Samtools stats on sample__pd_ 8 9.5 0.85% 09 9.4% 0.0%
Samtools stats on sample__pd_9 16.8 0.85% 11 6.7% 0.0%

Samtools stats on sample__pd__1
Samtools stats on sample_pd_ 10
Samtools stats on sample__pd__11
Samtools stats on sample__pd__12

Samtools stats on sample__pd_ 2

Samtools stats on sample__pd__3

Samtools stats on sample__pd_ 4

Samtools stats on sample__pd__5

Samtools stats on sample_pd_6

Samtools stats on sample__pd__7

Samtools stats on sample__pd__ 8§

Samtools stats on sample__pd__9
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Figure2.14 - SamTots Alignment Quality Controlhe alignment metrics are presented
as mapped ersus unmapped reads percentages. The proportion of sample reads which

were mapped was 0-2.4%.



Error

Error Message:

Read 13 items
Error in cpm.default({counts) :

library sizes should be finite and non-negative
Calls: rowSums -> is.data.frame -> cpm -> cpm.default
Execution halted

Input

library(limma}
library(edgeR)
library(jsonlite)

counts_file <= 'uploads/789c3Baed72e305af7e6f7f516055705"

output_dir == “/opt/degust/tmp/R-tmp20210105-1-yw7z1f"

count_cols <- c('Sample__pd__1.htseq_2','Sample__pd__108.htseq_2', 'Sample__pd__11.htseq_
design <- matrix(c(c(e,1,1,1,0,0,0,0,0,0,0,1),c(1,0,0,0,1,1,1,0,0,0,0,0),c(0,0,0,0,8,0,
cont.matrix <- matrix(c{c{-1,1,0},c(-1,8,1)), ncol=2, dimnames=list(c('DSCL","Control’,
export_cols <— c(c('#KEY', 'Sample__pd__1@.htseq_2','Sample__pd__1l.htseq_2', 'Sample__pd

# Maybe filter out samples that are not used in the model
if (FALSE) {
# Remove columns not used in the comparison
use.samples <- rowSums((design %% cont.matrix)!=8)=0
use.conditions <- colSums(design[use.samples,]!=0)>8

count_cols <= count_cols[use.samples,drop=F]
design <- designluse.samples, use.conditions,drop=F]
cont.matrix =- cont.matrix[use.conditions,,drop=F]

x<-read.delim{counts_file,
sep=" M,
check.names=FALSE,
colClasses="character’,
na.strings=c(},
skip=0
)

Figure2.15 - DEGUST note error explains where the poor alignments of the sequence

output have preventeturther analysis of the data.
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2.4 Discussion

Large scale populatiebased studies hashown that ageassociated WMhbre an
independent risk factofor dementia(Hu et al., 2021)yet theyremain understudied in
the field. DSCL are characterised by extensive demyelination, astrogliosis and high levels
of microdia with an amoeboid phenotyp@d-ernando et al., 2004b, Prins et al., 2004
gene expression profile of DSCL and their surrounding NAWM has previously been
characterised(Wharton et al., 2015)but these studies may have masked biologically
relevant ceHlspecific transcriptomic changes herefore, the current study aimed to
characterise the microglial transcriptomic profile in order to elutadheir role in lesion

pathology

2.4.1 Histological characterization of MRjuided sampling is essential

In the current study, MRI of the formalixed hemisphere was used to guide
sampling of the frozen contralateral hemisphere. Agsociated WML appears MRI
hyperintensities, Wich correlate with myelin los$lowever, the MRI detection of WML
is less sensitive and less specific than histological assessment of WM patff@otgndo
et al., 2004b)In a study comparing poshortem MRI with histological characterisation
of 33 cases from an ageing populati@presentative cohort, the MRI detection
sensitivity for DSCL was 86%q93%), and specificity was 80%¢88%). The same study
reported that thesensitivity and specificity for PVL was 95% @8P6) and 71% (490%),

respectively. Further, falsenegative MRI was associated with milder pathology.
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Therefore, posimortem MRI of the formalifiixed brain is a reliable method to detect
larger WML, whichare more likely to have a clinical impact and to obtain data on the
severity and distribution of WML. However, combining MRI data with histological
assessment of the WM region of interest is essential to confirm the presence or absence
of pathology.

Previous studies have shown that CD68 microglia with an amoeboid morphology
are a prominent feature of DSCL, while the microglia within the NAWM and control WM
have small cell bodies, a ramified rpbology and extended processéé/aller et al.,
2019) In the current study CD68 immunostaining was combined with the basic
histological stains H&E and LFB to confirm the pathology of the sampled deep subcortical
white matter regionf interest. Interestingly while studies have suggested that WML are
symmetrical within the two hemispherdPBotter et al., 2012Yhe current findings provide
evidence that this is not always the case and highlight the importance of performing

histological evaluation of MRjuidedsamples.

2.4.2\What role do microglia play in DSCL?

Microglia are the primary immune cells poised for rapid responses to CNS injury
resulting from inflammation, damage, and infectig@owan et al., 2022Microglia
respond to any homeostatic imbalance and pathological cue by becoming activated,
reflected by their morphological and functional chang€swan et al., 2022Human PM

Studies have shown an increase in themter of microglia in the ageing brain,
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particularly in the WM, where the number of phagocytic miciaglk significantly
upregulated(Ahn et al., 2022)Iit hasbeen suggested that this increase in phagocytic
microglia is in response to the accumulation of myelin debris within the aged brain
(Safaiyan et al., 2016)

The pathologichactivation of microglia within agassociated DSCL may result
from several #&ctors, including demyelination,chronic hympxia and vascular
hypoperfusion(Tomimoto et al.2003, Duncombe et al., 201 @ysfunction of the BBB
(Simpson et al., 2008nd overlying cortical pathologfLeys et al., 1991, Huang et al.,
2007, McAleese et al., 201Th response to these factors, microglia may be polarised to
either M1 or M2 and produce neuraiphic factors or neurotoxins, respectively, which
can either contribute to or prevd the progression of pathologiWharton et al., 2015)
However, it should be noted that this is an oversimplification of the microglialadion
status and that studies characterising microglial activation inagg®ciated PVL indicate
that they are a heterogeneous populatigfradul et al., 2020)in a comparison study
involving control, NAWM, and PVL cases, the PVL histological evaluation indicated the
presence of immuneactivated microglia within the lesions. In contrast, the microarray
transcriptomic profile of PVL identified significant downregulation of microglial activation
markers, implicating that PVL are a continuous spectrum of white matter ififagul et
al., 2020)

Previous transcriptomic profiling of DSCL in the CFAS cohort demonstrated these
lesions are associated with an increased expression of hypet&ted genes in addition

to the dysregulation of immuneegulatory genes, including genes associated with
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antigen processing, presentation, phagocytosis and signalling pathways associgted w
pro-inflammatory cytokinegSimpson et al., 2009However, it should be noted that the
previous gene expression profiling characterised the transcriptome of total tissue
extracts,which may have masked microglial specific changes. To determine whether the
microglia of DSCL and the surrounding NAWM adopt an M1 or M2 phenotype, irmnmuno
LCM was employed in the current study to isolate the microglia and assess their

transcriptomic profié.

2.4.3RNASe( is not compatible with immund&.CM for transcriptomic

profiling of PM tissue

The RNAsequencing technique was used to investigate differences in the
transcriptomic profile of microglia isolated from control nt@sional and lesional aged
white matter cases. The study aimed to identify the significantly differentially expressed
genes, whicimay elucidate the role of microglia in the formation of eagsociated WML.

PM tissue is a valuable resource to increase our understanding of potential
mechansms underlying neurological diseag@zsolak and Milos, 2011yeally, samples
with a high RIN of 8 or more are used in RNA sequencing experiments; however, it is not
always possible to obtainighquality RNA sourced from PM samp(Sigurgeirsson et
al., 2014) Although a low RIN index is commonly associated with the PM samples, no
consensus exists on theteaff of RIN values in RNseq(Wu et al., 2017)

All the samples in theurrent study had a highly degraded RNA profile which can

negatively impact RN8eq(Wu et al., 2017, Ferreira et al., 2018M tissue is a hugely
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valuable resource to identify relevant biological changes which may underlie disease
pathogenesis; however, there are several factors whichatigely influence the RNA
integrity index including, the poshortem interval (PMI), environmental parameters, the
agonal state of the patient, methods of tissue collectiand the freezing interval (RNVu

et al., 2017, Ferreira et al., 2018)

A study has shown the RNA degradatiorelas dependent on both the PMI and
the duration of the Fl in a large sample set of brain biospecini@mdsill et al., 2011)A
total of 79 brain specimens from both neurodegenerative disease and neurologically
normal controls were stored aB0°C before analysis for an unspecified length of time.
Regardless of diagnosis, the PMI digantly and negatively correlated to RNA yield and
RIN valu€Birdsill et al., 2011)

Premortem agonal factors, such as patients being on ailatar or prolonged
terminal hypoxia, impact on the brain pH and subsequently the-pusttem yield of RNA
(Johnston et al., 1997)A brain pH of less than 6.0 correlates with the reduction or
absence of detetable mRNA leve[&ingsbury et al., 1995In contrast, brains with a high
pH strongly associate with preserved mRNA levels. Therafarasurement of brain pH
is advised to identify poshortem tissue most likely to contain preserved mRNA.

The repetitive frezethaw cycles of snafrozen samples mayiso accelerate RNA
degradation(Wu et al., 2017)A study assessed the impact of the repeated fretbzsv
cycles on RNA integrity usirgamples, whichwere either left to thaw at room
temperature or were placed on ice. The findings indicated that RNA degradation results

from repededly using the samples during their lifecycle. For the fBgraded samples,
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the study also detected changes in gene expression, including the housekeepin@igene
et al., 2017)

The RNA quality of the PM tissue used in the current study was further challenged
during the immuno-LCM procedure. While immuAdCM can generate a sample enriched
for a specific cell type or region of interest, this procedure can have a direct impact on
RNA quality as indicated by a reduction in the RMing et al., 2020, Nichterwitz et al.,
2018) The fixation step, which occurs before the rapid IHC staining protocol, has been
shown to impact RNA quality by creating rgpecific crosslinking of proteins and nucleic
acids, which can impact the transcriptom@®im et al., 2015)Furthermore, the LCM
approach requires a relatively long time to obtain a relatively small number of cells, and
hence a mall RNA yield. The outcome of low quality and highly degraded RNA requires
more PCR cycles for amplification, which eventually leads to poor qualitys&iNédata
(Wang et al., 2020)

Previous studieon the CFAS cohort successfully analyseal tanscriptomic
profile of DSCL by microarray analyf§snpson et al., 2009however, the currenstudy
demonstrates that RNA extracted from immuh@&@Med PM tissue is not compatible with
RNAseq. Lowquality RNA is highly challenging in whgkEnome gene expression profile
studies and can obscure interdividual differencegGallego Romero et al., 201dhd
skew gene expression profil@d/u et al., 2017)The combination of low RNA quality with
low RNA input can cause inefficient amplification of differentially expressed transcripts
which may mask biologidgl relevant gene expression changes and impact the

interpretation of the dataset¢Bhargava et al., 2014 the literature, the QCTapeStation
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is more frequently used than the picochip to assess the RIN values fes€&N\#amples;
however, it should be noted that these two techniques give different values. In the
current project, the RNA profiles for samplesre assessed twice, once using the picochip
(where RIN values were unidentified except for one sample) and once using
QCTapeStation (where RIN values ranged between3l 1.

There are, however, several proposed solutions to deal with-B¥pPanalysisf
highly degraded mRNA obtained from PM tissue. One approach is to normalise the RNA
seq output data and eliminate any gene expression resulting from a low RIN index, but it
should be noted that this profiling approach only works with Pkhglas with a RN of
at least 4(Gallego Romero et al., 2014)ther studies have developed a computational
normalising method which is compatible with a RNt least ANichterwitz et al., 2018,
Xiong et al., 2019however determining the transcriptomic profiles of samples with RIN
<2 by RNAseq remains a challenge. A ribosomal RNA depletion step to remove the most
abundant RNA species from highly degraded and low amount samples has been
suggestedHrdlickova et al., 20177 his could be performed using sequerspecific rRNA
probes to generate biotinylated cDNA which can beldega using streptavidin beads
(Hrdlickova et al., 2017)n a study comparing protocols it was found that the TruSeq
RiboZero rRNA Removal lllumina proto¢8chuierer et al., 2017, Li et &0Q14b)gave
the best results compared to TruSeq Stranded mRNA, TruSegZ&ibasRNA Removal,
and TruSeq RNA Access protod8shuierer et al., 2017)

Another depletion process with a different elimination approach uses the

Ribonuclease H (RNase H), which cleaves the RNA strand that binds to DNA oligos. The
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sample is then digested and cleaned up with DNase, a process which removethamore
80% of the osomal RNABhargava et al., 2014 comparison studies that assessed
the data generated alongside thane and cost of the commercially available deletion
systems, it has been suggested that RNase H is the best option foy degitaded RNA
profile samples(Bhargava et al., 2014)0ther advances in the field include library
preparation kits designed explicitly for degraded RNA samples and include an rRNA
depletion step, thereby removing the need tonductthis step separatelyQiu et al.,

2012)

The develoment of the exomecapture transcriptome protocol has been shown
to increase the performance of RM&g on highly degraded RNAs. The capture
transcriptome libraries can accurately measure differential gene expression and record
the genetic variants for abpecimen sources, even formafined paraffirembedded
material(Schuierer et al., 2017, Hrdlickova et al., 2017)

While there have been significant advances in RBE@ profiling of pooquality
starting material, the current study resultsgaest this approach is not compatible with
immuno-LCM. LCM itself can impact RNA quality, as demonstrated in thanor@ost
LCM bioanalyzer analysis of RNA quality, supporting previous observations of a decrease
in the RIN following LCKNichterwitz et al., 2018, Qiu et al., 2012, Waller et al., 20h2)
contrast to studies which have shown that transcriptomic profiles can be generated from
MRNA extracted fronommuno-LCMed cells obtained from PM tissue using microarrays
(Waller et al., 2012he current study suggests that the mRNA is not suitable for gene

expression profiling using RM&q. Alternatives to immureCM have been suggested,
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including baic H&E staining of the tissi@/ang et al., 2020pr LCMseq techniques that
combine LCM daation of a single cell with polyBased Smarseq2 RNA sequencing
(Nichterwitz et al., 2018 However, while these approaet may be a suitable alternative

to isolate neurons, which are clearly visible following H&E staining, neither technique will

enable the identification and isolation of microglia from PM tissue.

2.5 Summaryof the major findings

1. DSCL are not always symmetrical, therefore histological confirmation of the
white matter changes identified by MRI analysis of the contralateral hemisphere is
essential.

2. While PM tissue is a valuable resource for identifying diseslsgant gene
expression changes, the current RI$Aq technology is not compatible with the immuno
LCMed materiaj however,we cannot rule out technical issues contributed to the failure

here. Further optimisation of extraction protocols may be required in the future.
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Chapter 3 Charactersing the transcriptomic profile of DSCL

3.1 Introduction

Transcriptomic profiling provides information on all genome transcribed RNAs
under physiological and pathological conditions. This technology also elucidates the
genetic alterations, thebiological changes, and the potential mechanisms underlying
pathological conditiongCasamassimi et al., 2017he two major techniques employed
for transcriptomic profiling are Ribonucleic A8equencing (RNgeq) and microarray.

The RNAseq relies on quantification and identification of the R{\Mang et &, 2009,
Nelson, 2001)where briefly, the RNA is converted into complementary DNA (cDNA)
fragments, followed by the cDNA library synthesis. The short fragments transcripts are
then sequenced and analysed, providing reads for specific géiasng et al., 2009,
Ozsolak and Milos, 2011)

Microarray transcriptomic profiling is a hybridisatibased technique. Depending
on the species to be analysed, the microarray chip can either covaviibke genome or
be specifically designed to inspect the expression of a selected panel of(@diyasetrix,

2009) The Human Clariof¥'S Arrays, used in this study, quantify the expression of over
47,000 transcripts representing over 20,000 ge(®@semer et al., 2014)'he microarray
process involves the synthesis of cDNA by the reverse transcriptiBNA. The cDNA is
then fragmented, labelled, and hybridised onto the microarray chip for scanning

(Lonergan et al., 2007The amount of labelled cDNA isatitly proportional to the signal
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intensity of each spot bound to the microarray chip. The signal intensity measurements
statistically compare the samples to identify differentially expressed genes.

The microarray transcriptomic profiling technigues be@& used to identify
significant gene expression changes in biologically relevant pathways and functional
groups in a variety of neuropathologi@nditions(Ding and Cantor, 2004ncluding the
assessment of the astrocytic transcriptomic profiling in relation to Alzheimer's disease
(AD)pathology(Smpson et al., 2011 white matter pathology in multiple sclerosis (Waller
et al., 2016), and the bloedrain barrier changes (BBB) in ageing brédsodall et al.,
2019) The molecular analysis of pesiortem tissue using this microarray approach has
been successfully utilised in combination with immuh@ser capture microdissection
(LCM). The conjugated technique has enabled the trgotsenic gene profiling of specific
regions or cells of interest in human peasbrtem tissue(Simpson et al., 2009, Fadul et
al., 2020, Cunnea et al., 201drd animal modelg§Parakalan et al., 2012hd provided a
perception of the causes and molecular mechanisms of pathogenesis.

Although not all the alteration of MRNA gene expressiorimdd at a proteomic
level, the correlation between the mMRNA and the protein level of the differentially
expressed transcripts has been evidendgbussounadis et al., 2019n fact, the
correlation between mRNA and proteomic levels in differentially expressed transcripts
has a stronger association tharRNA and proteomic levels with insignificantly expressed
transcripts. This correlation has enabled the immunohistochemistry (IHC) technique to
assess the changes in the expressed protein encoded by the candidate genes, which were

identified by the transcptomic study. In addition to increasing the microarray outcome
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reliability (validation), the IHC enables the determination of the cellular localisation of the
protein.

Hypothesis, Aims and Objectives
Our study hypothesised that microglia adopt an M1 phtgpe in ageassociated

DSCL and the surrounding NAWM, contributing to the progression of lesion pathology.
The transcriptomic profile of the microglia within the three classified brain cases was
attempted using RNAequencing (in chapter 2). This chaptened to:

A Characterise the transcriptomic profile of L& microglia from the age
associated DSCL cases compared to the control WM and normal NAWM
using the experimental microarray technique.

The objectives of the chapter were to:

1. Perform bioinformaticanalysis of microglisdssociated gene expression and
identify the dysregulated biologically relevant pathways and functional groups
using DAVID.

2. Investigate changes at the proteomic level of the proteins encoded by a panel

of candidate genes using the lld@proach.
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3.2 Material and Methods

3.2.1Histological evaluation and RNA integrity assessment

The sample criteria for transcriptomic profiling using either Ré&guencing or
Microarray analysis are identical. For both approaches, a complete histological evaluation
and RNA integrity assessment were carried out, as previously detaifed. &

While matched DSCL and NAWM regions were available for 3 cases, 1 unmatched
DSCL and NAWM were used (due to the restricted lab access caused by the COVID
pandemic). n total, 4 control cases and 3 matched NAWM and DSCL cases, and 1

unmatched NAWM and DSCL were identified for the analysis, as detailetleB.1.

Table3.1 - The final list ofl2 samples identified for microarray analysis

Case number White matter group Respective number
100/100 (8)
RH23H6 2
Control
23/94 (11) 3
RH11H2 4
31/00 (8) 5
11/98 (11) 6
NAWM
127/94 (9) 7
178/96 (11) 8
31/00 (9) 9
11/98(9) 10
DSCL
127/94(9) 11
03-00 (5) 12
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3.2.2Microarray

Microarray analysis was used to evaluate the gene expression profile of the twelve
white matter regions of interest. The samples were processed by Dr Rachel Waller, a Post
doctoral Research Associate at Sheffield Institute for Translational Neurosci€heN)S
as the COVHpandemic restrictions meant no training was permitted but shadowing and
some limited participating opportunities were available.
3.2.2.1Protocol Overview

The microarray analysis using thduman Clariom™ S Arrays cartridge
(ThermoFisher $tific, MA, USA) requires around 10 ng of hybridisatieady target
DNA purified from the RNA extracted from the WM samples. To prepare the samples, the
DSYS/ KALI 0Q Lx¢ tA02 YAG OCKSNINY2CAAKSNI { OA
with the degraded RNA samples associated with posttem studies. The kit aims to
produce biotinylated doublstranded cDNA (dsDNA) hybridisation targets, starting
with reverse transcription of the LGMolated mRNA into singlgrand complementary
DNA (cDNA)d@0 a4 SljdzSydf e | oQ IRIFILIWG2NJ A4 I RRSR 2
doublestrand (dscDNA) synthesis, which in turn acts as a template fovitio
transcription (IVT) using adaptspecific primers and Taq DNA polymerase. The
complementary RNA (cR)lis then synthesised using T7 RNA polymerase on the IVT of
the doublestranded cDNA, and purified by the removal of enzymes, salts, inorganic
phosphates and unincorporated nucleotides. The purified cRNA is used to synthesise
secondcycle sensastrand cDM (sscDNA), achieved by reverse transcription using

secondcycle primers. The ssDNA is purified from the template RNA by adding RNhse
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to hydrolyse the cRNA template. The purifieecBENA is fragmented and labelled using a
DNA labelling reagent bondet biotin. The biotinylated doublstranded cDNA (ds
cDNA) is hybridised onto the GeneChip and the arrays scanned using the GeneChip
Scanner 3000.
3222DSYS/ KAL)l oQ L+¢ tAO02 YAOGY '!aale a
1. Poly-A RNA Control mixture

The polyA RNA control is a specificaliigsigned exogenous positive control
consisting of polyadenylated transcripts for tBesubtilisgenes which are absent from all
eukaryotic samples. It binds to a control probe Bosubtilisthat is present on the
eukaryotic GeneChip to enable the succasnd efficiency of the entire target preparation
LINPOSaa G2 oS aaSaaSRa Lwb!i ks GNRLHOS Na- YaS yi- i
MRNA (relatively equal to 50 ng) extracted from the Li€dhted microglia of the deep
subcortical white matter.
2.  Frst-strand cDNA synthesis

To generate the firsstrand cDNA, total RNA was primed with a T7 promoter
sequence, then reverse transcribed to a sirgfi@nded cDNA (ssDNA) that contains a
T7 promoter sequence at the 5' end. The fsstand master mix codsd G SR 2F n > f
first-a 0 NI YR 0 dzF ¥ S NJ {stsail enzyme;fthe ghikureldiasOg@ntlyFvbrtdded
FYR ONASTFEe OSYGNARTdzZZASR® hy A0Sz p >t 2F O
and mixed thoroughly. The samples were briefly céngred to remove any trapped air
bubbles and collect the reaction mix at the bottom of the tube. The mixture was

incubated at 25°C for 5 min, then placed in a thermal cycle at 42°C for 1 hr. At the end of
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the reaction, the mixture was cooled to 4°C fotedst 2 min and briefly centrifuged. For
cleandzLJs H >f 2 FT-uplrdadent Whs @ddedQd éathysample and mixed
thoroughly before incubation at 37°C for 30 min then at 80°C for 10 min, and at 4°C for at
least 2 min, it was then briefly centrifuged.
3. 3'adaptor cDNA synthesis

¢KS 0Q I RILI 2N &«DNA tol aRtRS & tenipite OrkdONA a
synthesis in the prdVT amplification reaction. The reaction was accomplished using DNA
polymerase and RNase H to remove the RNA concurrently andtteesyse ssDNA with
0Q ! RFLIWG2NX» hy A0Sz GKS 0Q FRFLIWI2NJ YI aidSN.

~

FRFLIWG2NI 0dzFFSNI 6AGK M >f -fBedtube;Ghe miRurddiag NJ Sy 1
3Syiteée G2NISESR YR ONASTE ® QO Yy BNISNIAZYIE a@
the sscDNA samples. Following another gentle vortex and brief centrifugation the
samples were incubated at 15°C for 15 min, 35°C for 15 min, 70°C for 10 min, and at 4°C
for at least 2 min. The tubes were briefly centrifuged tdem the samples at the bottom.
4.  Doublestrand cDNA synthesis

The dscDNA, which acts as a template for in vitro transcription (IVT), was
converted from sDNA, the reaction uses Taq DNA polymerase and adaptmwific
primers to synthesise and pramplify dscDNA. The prVT amplification master mix was
LINSLI NER 2y AOST 4KSNB Hgp >f 2F L+x¢ tA02 t,
added to a nucleasé&ee tube, then mixed thoroughly and briefly centrifuged. Following

OKA& on >NT mxerdiadded taJdaEh 3' adaptor cDNA sample followed by

another gentle vortex and brief centrifugation. The mixture was incubated at 95°C for 2
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min, 94°C for 30 sec and at 70°C for 5 min, and then at 4°C for at least 2 min. The samples
were briefly ceftrifuged to collect dscDNA at the bottom of the tube.
5.  Synthesis of cRNA by in vitro transcription

The complementary RNA (antisense, cRNA)syathesised and amplified by in
vitro transcription (IVT) of the dsDNA template using T7 RNA polymerd$e master
YAE F2NJ GKA& LINRPOSRdAZNB ¢l & LINBLI NBR i N2
G2 ¢ >t 2F Lx¢ SyilevySs:y GKSYy YAESR (K2NERdz3H
master mix was added to each-dBNA sample before being incubated at@@6r 16 hrs,
and cooled to 4°C.

The cRNA was purified from enzymes, salts, inorganic phosphates, and
unincorporated nucleotides to act as a template for the second cycle of cDNA synthesis.
G NR2Y GSYLISNI GdzNB=E yn >t 2F >8I @kF OwbAy Sl
LIJZNA FAOF GA2Y 060SFRA Ay | ¢Sftf 2F | NRBdzyR 02|
polypropylene storage microplates). The mixture was pipetted up and down at least 10
times and left at room temperature for 10 min, allowing the cRN#hiw the samples to
bind to the purification beads. After incubation, the plate was placed on a magnetic stand
for 5 min to capture the purification beads. When completed and the mixture became
transparent, the supernatant was removed carefully, avoidiisgurbing the purification
0SFRAD® ¢KS LIzZNAFAOIFIGA2Y o06SIRa 6SNB g aKSR
80% ethanol wash solution to each well and incubating for 30 sec. The washing step was
repeated three times to enhance cRNA purification antittegir dry for 5 min. cRNA was

St dzi SR 6@ | Rheatgdd65 C) nuctebdree Watet. dNdSncubated for 1 min,
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followed by gently pipetting up and down 10 times. The plate was removed from the
magnetic holder and allowed to stand at room temature for 5 min; the supernatant,
which contains the eluted cRNA, was transferred to a fresh nuclieasdube. Following
0KS SftfdziAz2y adSLIE GKS ljdzyiArde 2F GKS | YLI /
Spectrophotometer (ThermoFisher ScientifiAMUSA). The quality of cRNA was checked
using a Nano LabChip 6000 assay in the Agilent 2100 Bioanalyzer.
6. Doublestrand cDNA synthesisecond cycle

The purified cRNA was reverse transcribed to create sstitaed DNA; the
antisensestrand cDNA wasynthesised using DNA polymerization and the -2pde
primers. The 2ne€Cycled®O5b! YI &G SNJ YAE 61 & LINBLI NBR 2y
0@ 0t S LINR YS NGS5 bolA (. KdzFT SNJ I2yERIdascDNA Enzyfe. Tie O2 H Y
mixture was mixed thorougheé Yy R OSYUGNAFTdz2SR OoNRASTfe& o0S7¥:
YAE (2 SIOK o6un >f0 Owb! &l YLX S® ¢KS NBI O
incubated at 25°C for 10 min, at 42°C, 50 min, at 70°C for 10 min, and then at 4°C for at
least 2 min. Ta samples containing the 2ndyclecDNA were centrifuged briefly to
collect the 2ndcycle dscDNA at the bottom of the tube.
7.  Hydrolysis of RNA using RNase H

By using a combination of hydrolysis buffer and heat, the cRNA template was
hydrolyzedfomthessO5 b ! ® hy AO0S>t >f 2F LIAO2 KEeRNRf &
cycle ssDNA sample and mixed thoroughly via vortexing and briefly centrifuged. The
mixture was incubated at 65°C for 20 min and then at 4°C for at least 2 min.

8. Purification ofds-cDNA
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The purification of 2natycle dscDNA aimed to prepare cDNA for the labelling
stage by removing enzymes, salts, and unincorporated dNTPs. The procedure is similar to
the cRNA purification. Firstly, the-d®NA bound to the purification beads byxinig 57
>t 28yclendB b! Al YLX S gAGK wmnann >t LIzZNRARFAOFGA
and the samples were mixed by pipetting up and down 10 times. The plate was left on
the bench for 10 min before placing it on a magnetic stand for 5 min. Thersatpat
was carefully aspirated to avoid any disturbance of the purification beads. The purification
2F GKS o0SIFR&a ¢Fa OFNNASR 2dzi 2y GKS YIF3ySi
solution, incubated for 30 sec and the wash buffer removed by prmeensuring that
the beads were not disturbed (repeating this step for 3 times). Before the elution step,
the samples were left for 5 min to adiry. To elute the dsDNA, the plate was removed
FNRY GKS YI 3y SiA Beatadi(65°® Ducleasreewdter &dded adNS
incubated for 1 min before pipetting up and down 10 times. The plate was replaced on
the magnetic stand for 5 min, and the supernatant, which contains the purifiexDA,
was transferred to a 0.5ml Eppendorf nucledsse tube.
9. dscDNA fragmentation and labelling

The purified dcDNA was fragmented using the enzymes wiablA glycosylase
(UDG) and apurinic/apyrimidinic endonuclease 1 (APE 1). Subsequently, the fragmented
cDNA was labelled by terminal deoxynucleotidyl transfer@&dT) using DNA labelling
reagent covalently linked to biotin (provided within the kit). Thec@NA was first
YV2NXIFfAASR 0@ (NFXSDESNNAR I KeSyyc Y- A3 Ra TA

using RNase free dB to have a final concentration of @5 b ! mMmno®dp yY3Ik>]
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FNI AYSyYyGEdAazy +FyR tF6SttAy3a YI&aiSNI YAE ¢
FNIIYSYyGlraAz2y yR f10SttAy3 o0dzFFSNI 6AGK H
YR YAESR (K2NRdzAKf &z 0ST2NB FtheParfleddsmn > f
cDNA sample. The mixture was incubated at 37°C for 1 hour, 93°C for 2 min, and at 4°C
for at least 2 min.

At this stage, the success of fragmentation was confirmed using the Agilent 2100
Bioanalyzer (Agilent, UK) to detect a single pebkragment DNA size of 40 and 70

nucleotides, as shown fRigure3.1.
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Figure3.1 - Assessment of fragmentatk-cDNA. The fragmented ddNA appears as a

single peak within the expected size of-4D nucleotides, indicating the success of

fragmentation. Where, FU: fluorescence unit, NT: nucleotide size.
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10. Cartridge array hybridization

In this final stage the fragmented and labelledad®NA was hybridised to Human
Clariom™ S Arrays (ThermoFisher Scientific, MA, USA). Initially, the microarray chips
wereLINE O2 Y RA (1 A 2 Y S-RybridizatioK mix at 46°Cxfdr 25 IndMSotating at 60
rpm in a hybridisation oven (Affymetrix, UK)eanwhile, the hybridisation master mix
g a LINBLINSR o6& O2Y0AyAy3a wmm >f 2F Hn- K
O2yOSy (N} GA2ya 2F o0A2.3 0A2/ %I 0A25Z)FyR ON
mmn >f 2F GKS KeoNARA&ALFIGAZ2Y YAE OLINBKSIFGS
nucleasefree water in a nucleasfee tube. The mixture was mixed by gentle vortexing
YR OSYUNRTdzZZISR® ¢KS KE@ONRRAAIGAZ2yDM2O1 01 A
samples. To aid the reaction, the mixture was incubated at 99°C for 5 min, at 45°C for
another 5 min, and centrifuged briefly.

l FGSNI O2yRAGAZ2YAY3I GKS 3ASyS OKALBAZ I (2
replaced the preconditional hybridisatiorolsition. The cocktail was injected into the
GeneChip® probe array cartridges and incubated in a hybridisation oven for 16 hours
(overnight) at 45°C and 60 rpm. Upon completion of the hybridisation, the cocktail mix
was removed. The arrays were washed ia tBeneChip Fluidics Station 400 (Affymetrix,

UK) and left to equilibrate at room temperature before staining with Affymetrix
GeneChip® Command Console Fluidics Control (ThermoFisher Scientific, MA, USA).
Scanning of the arrays was performed using a Gemp&C/icanner 3000 with a high
resolution laser to determine the fluorescent intensity of hybridised transcripts. Lastly,

the Affymetrix Expression Console generated the raw signal intensity values (CEL files).
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3.2.2.3Transcriptomic Data Analysis

3.2.2.3.1.1Quality control a ssessments
The transcriptional profile of microglia isolated from control, NAWM, and DSCL

were first assessed for quality control and then compared among the three categorised
groups. The Affymetrix Expression Console software and the Qlucore Omics Explore
a2F0 61 NS 6vidzO2NBI [dzyREZ { 6SRSyYyu0v 6SNB dziiAf
hybridisation, housekeeping genes and signal intensity. Prior to statistical analysis, the
CEL file containing the data created from the microarray scanner was intptote
GeneSpring version 7.0 (Agilent, USA) and normalised to the median of all genes.

The sample distribution was identified using the Qlucore Omics Explorer software
with the Principal Component Analysis (PCA). Genes were considered significantly
differend A £t f &8 SELINB&aaSR AT (KSe& KI R-orfldowfA y A YdzYy
regulated) and a & £ dzS XndnpT HKSNBE F2f{R Okt 3S gt
represent upregulated and downregulated genes, respectively, compared to the
comparison group.

Transcriptome Analysis Console software, version 4.1.1 (Affymetrix®, UK) was also
used for quality assessment with interactive visualising. The software features focus on
genes and pathways to explore interaction and compare differential gene expression
profiles between the three groups: control, NAWM and DSCL, using the stringency
parameters. Genes with a fold change below 1.2 andvalpe greater than 0.05 were

excluded. Comparison tables of the significantly differentially expressed genes were
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generatedto compare the profile between DSCL vs control; NAWM vs DSCL and NAWM

vs control cases in downstream bioinformatic analysis.

3.2.2.3.1.2Bioinformatic analysis
The transcriptomic datasets and comparisons of the aged white matter cases'

transcriptomic profiles were amgsed using the Database for Annotation Visualisation

and Integrated Discovery (DAVID) version 6.8 (NIAID, NIH, USA;dd@ng009), an

online bioinformatics resource. The gene comparison tables were imported separately to
identify pathways and process that differed significantly between groups. The select
identifier was set for "OFFICKRENE . a. h[ ¢ £ & LIS OA SSapieasSdan& Ol A 2 y
'gene list'.

Firstly, each dataset (from each of the three comparisons) were uploaded to
DAVID to identify signdfant KEGG (Kyoto Encyclopedia of Genes and Genomes)
pathways. Furthermore, the clustering tool on DAVID was used at the highest stringency
setting to enable genes to be grouped according to their clinically related pathways,
interactions and altered fun@nal groups. Subsequent analysis was repeated to assess

the upregulated and downregulated genes separately.

3.2.3 Validation of candidate gene expression changes using IHC

IHC was carried out to validate and identify the expression and localisation of
protein encoded by a panel of candidate gen€ke selection of antibodies was based on
a literature search of antibodies that detect the proteins associated with the differentially

expressed genes. All recommended antibodies that are compatible with PM tisgue an
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were commercially available were selected for this validation studigial primary
antibody optimisation was carried out to determine the optimal concentration that
provided specific immunolabeling with minimal nonspecific background stain. Based on
thS Y I ydzfF | OG dzZNBNDR& NBO2YYSyYyRI Tabr32FrfolldwedNd y 3 S
by a qualitative assessment for each concentration. IHC was performed using the
standard ABEHRP protocol techniquand Vectastain Elite kit (Vector Laboratories, UK)

with DAB (Vector Laboratories, UK) as substrate (as detailed in s&fdb) The
validation IHC was then performed using the optimal primary antibody concentration
determined from the titration study. Appropriate isotypes and negative controls were

included in all runs.

3.2.3.1Image acquisition and Statistical Analysis

The IHC and histological studies performed on the stained sections were assessed
using the Nikon microscope and ME&ments Imaging Software (Nikon UK, Kingston
Upon Thames). A qualitative description of each antibody's staining pattern and
localisation vas assessed across all specimens; DSCL, NAWM and conttetinoal
cases.

The stained slides were first scanned using the Nanozoomer Digital Pathology
software (Hamamatsulk). For image acquisition, NDP.view 2 Software was used to
image 5 white matteregions of the deep subcortical white matter for each case, at 20x
magnification. The quantification of specific immunoreactivity was calculated using

Analysis"D software (Nikon UK, Kingston Upon Thames) to assess the % area of
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immunoreactivity per image-or the data analysis, the mean % area of immunoreactivity
was calculated based on the total number of images per case.

Statistical analysis was performed using IBM SPSS Statistics version 26.0 (SPSS Inc.,
Chicago, IL, USA). The data were not normaltyilised; thus, analyses were conducted
using nonparametric methods. Statistical comparisons of quantitative data between
groups were carried out using the Kruskal Wallis. Thal&es were adjusted for multiple

testing using the Post hoc method and calesed significant if p< 0.05.

Table3.2 - Primary antibody panel used to validate the microarray candidate genes; the
optimum concentration used in the study is shown in bold

Primary Species Clonality Isotype Dilution Supplier
Antibody
1:250
CD163 Rabbit Monoclonal IgG 1:500 Abcam,UK
1:1000
1:50
Dub3 Rabbit Polyclonal 19G 1:100 Novusbio,
1:200 UK
1:500
SRBI Rabbit Monoclonal fo] € 1:1000 Abcam,UK
1:2500
1:50
UCHL1 Mouse Monoclonal 19G 1:100 Sigma, UK
1:200
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3.3 Results

3.3.1RNAQuantity and Quality Assessments

Twelvesamples were identified from the CFAS neuropathology cohort to study
the microglial transcriptomic profile of agessociated WM pathology by microarray
analysis. These cases were classified into control WM frordesonal cases (4 cases),
NAWM from lenal cases (4 cases), and DSCL (4 cases).

The RNA quality and quantity were assessed pre and-p@ using the Agilent
2100 bioanalyzer; presented ihable3.3. Prior to the LCM, RNA was extracted using
TRIzol and the RNA quality was assessedL@k, the RIN values in the contkdM
rangedfrom n/a-2.9, in DSCL the range was-#/&, and in NAWM the range was ré4.

A representative electropherogram of pteCMprofiles in shown ifrigure3.2A-B. During
LCM, an enriched population of microglia were collected from the deep subcortical
region; afterwards, the RNA quality wassessed. Overall, the RIN value decreased across
all groups in control WM the range was/a-2.4, in DSCthe rangewas n/a2.5-, and in
NAWM the range was n/8.2.While RINvalues are a suitable indicator of RNA integrity,
the RNA profile should also m®nsidered, as it provides a visual representation of the
RNA quality of the samples. For samples where RINs were unavailable, thehipico

profile was examined to ensure similar profiles were assedsgdre3.2 C.
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Figure3.2- Pre and postLCM RNAntegrity. Representative electropherograms for two
different frozen cases, where the mRNA profile was assessed before LCM and detected (A)
high (6.4) and (B) low (2.9) RIN values. Ribosomal RNA is represented by two peaks of 18S
and 28S. (C) A represetit@ electropherogram for podtCM samples with no RIN value

FU= fluorescent unit.
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Table3.3 - Pre and Post.CM RIN values measured using the Agilent 2100 bioanalyzer.

The cases were selected for tmvnstream transcriptomic profiling using the microarray

approach.
Case number PreLCM PostLCM PostLCM
& Conditions RIN RIN RNA concentration
(pg/>l)
Control
1 2.9 n/a 11086
2 2.7 2.2 4268
3 2.4 4223
4 2 615
RIN values range n/a- 2.9 n/a-2.4 61511086
NAWM
5 2.9 n/a 2935
6 6.4 n/a 4707
7 6.2 3798
8 4.5 n/a 5244
RIN values range n/a-6.4 n/a-6.2 29355244
DSCL
9 2.3 n/a 7238
10 2.4 2.3 3459
11 n/a n/a 4459
12 4.5 2.5 1148
RIN valuesange n/a-4.5 n/a-2.5 11487238
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3.3.2RNApreparationfor microarray Analysis

The initial steps of the microarray protocol used approximately 50 ng of mRNA per
sample. During the process, there were two points at which the concentration of the
genetic materal and the success of the protocol was assessed. The first checkpoint was
for the yield of cRNA, and the second check followed the purificationdDBR\. As seen
in Table3.4, all samples had a cRNA value above 300C-h@xcept sampld, where its
original saple had low RNA concentrationThe second checkpoint was for the
synthesised ssDNA. Again, all casesscept for samplé3 had a sssDNA concentration

above 400ng/ul as shown fable3.4

Table3.4 - Concentrations o€ERNA after ssDNA synthesis and-sBNA obtained after
the second amplification cycle

cRNA sscDNA
Case number Condition conf:entratlon ’ conf:entratlon
oyak>to oy3ak>t
1 3347.05 506.56
2 Control 3622.54 508.75
3 3000.11 588.73
4 2284.84 378.40
5 3576.86 526.81
6 3265.58 480.27
7 NAWM 3580.86 410.91
8 3442.89 406.30
9 3574.03 482.70
10 DSCL 3589.55 480.45
11 3394.13 580.24
12 3659.33 440.86
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3.3.3Microarray bioinformatic Analysis

3.3.4 Quality Control assessments

The Affymetrix Expression Console, the Qlucore Omics, and the Transcriptome
Analysis Console software were employed to assess the quality controls and enable visual

inspection of the data.

Labelling contrds
The PolyA spikes, derived froBacillus Sulits (Dap, Thr, Phe, Lysvere added

to each sample and used as a positive control. The fluorescent intensity of thé Poly
spikes was assessed and all samples passed the quality check, except sample 4 which had
low levels of POBA Phe, as presented igure3.3 A.The PolyA spikes showed a relatively
similar intensity for all otheBacillus Subtilijstherefore sample8 remained in the

subsequent analysis.

Hybridisation and signal quality
A hybridisation control was used to evaluate the efficiency of the hybridisation

step and includedbiotin-labelled cRNA transcripts froexCol(BioB bioC bioD) and
various concentrations of the P1 bacteriopha@¥g. The intensity of the hybridisation
signal was measured and demonstrated an increased sigterisity, whichdirectly
correlated to the concentration of the hybridisation controls, suggesting a good

hybridisation efficiency across all samples. As seé&igure3.3 B. All samples passed the
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hybridisation control check, except sam@ehowever, since it is still comparable to the

other samples, sample 4 remained in thgbsequent analysis.

Signaintensities across the arrays
The signal intensities generated from the arrays were measured using a plotted

histogram generated by the Affymetrix Expression Console Software. All twelve samples
had a comparable signal intensity as illustratedFigure 3.3 C. There were slight
divergences between two samples (5 and 11), where they had a slight shift from the curve,
however all samples underwent subsequent bioinformatics analysis.

The Relative Log Expression (RLE) signal is a calculation method used to detect
signal intensity for each probe set in the arrays against the median signal value across all
arrays. RLE data representative plots help to assess and compare the signatyintensi
across the samples. In the curresttidy,the RLE data showed a similar spread across all
samples, as demonstrated Figure3.3 D.

Overall, all quality controlreecks were within range, and so all samples underwent

subsequent bioinformatic analysis.
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Relative Log Expression Signal - SST-RMA-GENE-FULL - Group 1

Figure3.3 - Quality control assessmen{®) The sample ID number 178/96 (1Bbelled

in pink) has not reached the threshold for the P®IBacillus Subtilis Phe spike in control;
however, the sample remained through all subsequent analyses. (B) The mean signal
intensity plots of the hybridization control are relatively compagabtross all the
microarray samples. (C) Ten out of the twelve samples showed comparable signal intensity
profiles, while two samples showed slight shifted and higher signal intensity (D) The
Relative Log Expression plot for the microarray sample, whemaédian gene expression

(red line) in the twelve microarray samplesaf¥s) correlated with the relative log

expression signal {axis).
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3.3.5Transcriptomic analysis and comparison of the gene expression

The Qlucore Omics Explorer software, with parametérg f R OKHAYBS x b

(0p))

XnodnpZ ¢l ad dzaASR (2 @QAradatfte AyalLlSod GKS RA
matter groups by producing a thregay comparison PCA plot presentedFigure3.4.

There was a clear separation between the 3 groups, while the clustering of cases within
groups suggests transcriptomic similarity within each WM group, as shokigune3.4.

Using the stringency setting outlined above, 181 genes were significantly
differently expressed between DSCL and 4esional control (93 genes were
upregulated, and 88 genes were downregulated), 299 genes vagaificantly
differentially expressed between DSgises and NAWM (97 genes wapregulated and
202 genes were downregulated), and 374 genes were significantly differentially
expressed between NAWM and the control Alesional cases, (209 genes were
upregulated, and 138 genes were downregulated); the data is summaindeidure3.6
and Table 3.5While the MRI and basic histological characterisation of the NAWM ma
initially suggest that the microglia in this region have similarities to control WM, it is very
interesting to note that the greatest number of significantly differentially expressed genes
were in this comparison group. These findings highlight the mapoe of extensive
characterisation based in more than one approach, and also suggest that microglia play

an important role in lesion spread in contrast to the established ledigmr-Reference s

otrcehotfound.
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Figure3.4 - PCA of the microglial transcriptome in ageing white matfdre principal
component analysis (PCA) plot of th@nscriptomic profile of microglia in ageing white
matter demonstrates distinct separation between the three groups, demonstrating
genetic differences between the three groups while displaying genetic similarities within

the three groupsThe outliner sample is within the NAWM group.
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Table 3.5 - Number of differentially expressed genes for each of the 3 comparisons

computed by Qlucore Omics Explorer

Two group
comparisons

Total number of
significantly
differentially

expressed genes

Number of Up
regulated genes

Number of Down
regulated genes

DSCL vs Control 181 93 88
DSCL vs NAWM 299 97 202
NAWM vs Control 374 209 138

DSCL vs Control WM

NAWM vs Control WM

DSCL vs NAWM

Figure 3.5 - Differential gene expression by Venn diagram analyli® number of

differently expressed genes common among the comparison group.
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Figure3.6 - Volcano plot of differential gene expression among the-aggociated white

matter cases (Ayhere 181 genes were significantly differentially expressed in DSCL versus
nontlesional control WM; 88 are upregulated (red) while 93 are downregulated (green)

(B) 299 genes were significantly differentially expressed in DSCL versus NAWM; 97 genes
were upregulated (red), whilst 202 were dovwegulated (green) (C) 347 genes were
significantly differentially expressed in NAWM versuslesional control WM 138 genes

were upregulated (red) whilst 209 genes were deegulated (green). The volcano plot

LI NI YSG SNB ¢ -$oNBhamgsand aipd NJdAS MkpHi dnp G2 ARSY (A
RAFTFSNBYGAlIffte SELNS&a&ESR 3SySiwherdar@iotISy S -
denotes the upregulated genes, whilst downregulated genes are signified using a green

dot. The log2 (fold change) and the negative logl@ajpe are the X and-akes,

respectively.
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3.3.6 Significant differential expression profiles

DAVID wasised to analyse the functional groupings and KEGG pathways and
identify altered genes with the highest stringency settiige full list of significantly
expressed genes was initially imported to DAVID to analyse the functional group
alternation and affeted pathways using the highest stringency setting for functional
clusters. Afterward, the gene list of upgulated and downegulated genes were
imported to DAVID independently for further analysis.

TheKEGG pathwayanalysiqusing DAVIPdisplayed noignificant differences in
output between all the compared groups, where all Benjaminajues were >0.05.

DSCL vs Control
A total of 181 genes were significantly expressed differently by microglia in DSCL

compared to nodesional control cases; 93 genasre upregulated while 88 were down
regulated. A Gene annotated clustering classification was used to identify the significantly
dysregulated functional groupsyhich included clusters of the Haptoglobin binding,
haptoglobirhaemoglobin complex, TBC dom&mily member and Ra3TPase genes

as shown immable3..

NAWM vs Control
347 genes were significantly expressed differently in NAWM from lesional cases

compared to nordesional control cases; 209 genes were upregulated while 138 were
downregulated. Significantly dysregulated functional groups included protein

deubiquitinatingand ubiquitirdependent protein catabolic processézable3..
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In addition, looking at thedata set that identifies microghassociated gene
expression, the scaveagreceptor class B, member 1 ge(®CB)lwas upregulated in
NAWM compared with the control WM group, (FC = 9.13, p = 0.0486).

DSCL vs NAWM
Lastly, a comparison analysis was run between the DSCL and tHesimmal

NAWM cases, where 299 genes were sigaiftly expressed differently in DSCL cases
compared to NAWM from lesional cases; 97 genes were upregulated while 202 were
down-regulated. Table 3.8 shows the dowrregulated differentially functional groups,
which included TBC and R&iPase TBC domain genes

full data set for different gene expressiampresented in Appendix Il.
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Table3.6 - Dysregulated functional group analysis of DSCL caedparcontrol WM

Annotated cluster Enrichmen| Gene | Benjamini| Up/Down- Dysregulated genes
t score count Value regulated
PoI t d
0.05
Haptoglobin binding 3 1.7*107? HaemoglobiAn MHBAJ
haptoglobin 2.5 3 2.4*10? Up Haemoglobifm HHBA2
haemoglobin complex regulated Haemoglobini 14BB
6.3*10° TBC1 domain family
TBC 2.66 7 Down member:
RabGTPas@BC 4.3*10° regulated (TBC1D3B, TBC1D3E,
domain TBC1D3F, TBC1DS3G,

TBC1D3H, TBC1D3I,
TBC1D3L

Table3.7 - Dysregulated functional group analysis of NAWM compared to control WM.
Results of DAVID analysis found two main annotated cluster groups were downregulated
in NAWM cases. None of the upregulated gene list reached statistical significance.

Annotated cluster Enrichme| Gene | Benjamini | Dysregulati Responsible gene(S)
nt score | count Value on type
P f dz
0.05
Proteindeubiquitination 9 1.3*10*% Ubiquitin specific peptidase
5.14 Down 17-like family member:
regulated USP17L5, USP17L19,
USP17L24, USP17L25,
USP17L26, USP17L27,
USP17L28, USP17L29,
Ubiquitindependent USP17L30,
protein catabolic 11 1.3*10*
process Ring finger protein 8BRNF§

Toll interaction protein
(TOLLIP
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Table3.8 - Dysregulated functional group analysis of DSCL compared to NAWM. Results
of DAVID analysis found two main annotated clusters were downregulated in NAWM
cases. None of the upregulated nor the downregulated gene list reached statistical

significance.
Annotated cluster | Enrichme| Gene Benjamini Dysregulati Responsible gene(S)
nt score | count Value on type
P f dzS
TBC 5 2.1*101 TBC1 domain family
1.94 Down member:
I regulated (TBC1D3B, TBC1D3E,
Rabg;lzzi's:TBC 5 6.1"10 TBC1DE3F, TBC1DE3(

TBC1DE3H, TBC1DE3
TBC1DE3L
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3.3.7Primary antibody optimisation and qualitative assessment of

candidate gene expression changes

The correlation between mRNA and proteomic levels in differentially expressed
transcripts has a stronger association than mRNA and proteomic levels with insignificantly
expressed transcripts (Koussounadis et al., 2015). Thus, the IHC validation was used to
increase the microarray outcome reliability. The IHC method is preferable over the RT
gPCR as it enables the determination of the cellular localisation of the protein.

The chosen antibody panel is based on the significantly expressed data (presented
in Tables 3.6 and 3.7) to increase its validity. From the tables, The haptoglobin
haemoglobin complex is dysregulated, rapidly recognised and degraded via the
macrophage scavenger receptor CD163. Hence, the CD163 antibody was used. Further,
the downregulationof genes associated with the protein ubiquitin and deubiquitination
process can be identified using the DUB3 and UCHL antibodies. The SRB1 protein antibody
was correlated with the SCB1 gene expression.

To optimize antibody concentration, we selected foe tbwest concentration of
the primary antibody, whichproduced clear visualisation of specific binding to the
microglial cell body and processes, with minimal background staining. For the CD163, the
two tested primary antibodyconcentrations produced good quality stains; hence, the
lowest concentration was selecteigure3.7 A).

The Dub3 immunoreactivity positive cells with detailed cetirphology were

observed at the two higher concentrations (1:50 and 1:100); however, the intensity of the
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staining pattern was reduced at the lower concentration of 1:ZQyre3.7 B). Similarly,
the SRBI immunolabeled microglial cell bodies and processes only at the highest
concentration (1:500)the intensity of the immunostaining pattern was reduced at the
higher primary antibody concentrationkigure3.7 C).

In contrast, the UCHL staining pattern showed4specific staining at the highest
concentration, whereas no staining was observed at the lower concentrations, imdjcat

unreliable markers for IHEigure3.7 D).

135



136



C SRBI D UCHL

Negative Control Negative Control
1:500 g _ 1:50 o
1:1000, ‘ e 1100 -*
1:1500 ’ S 1:200 s

Figure3.7 - Optimisation of antibodies to assess proteins encoded by the candidate genes.
The expression of proteins encoded by four genes was assessed using IHC for four markers: CD163,
Dub3, SRBI and UCHL. The optimum concentration chosen where the lowest aboceaitthe

primary antibody gives a clear visualisation of specific binding markers to the microglial cell body

and processes are underlined. The scale bar represents 100 um
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3.3.8The validation of microarray candidate gene expression using

Immunohistochemistry

The correlation between mRNA and proteomic levels in differentially expressed
transcripts has a stronger association than mRNA and proteomic levels with insignificantly
expressed transcripts (Koussounadis et al., 2015). Thus, thealld@tion was used to
increase the microarray outcome reliability. The IHC method is preferable over the RT
gPCR as it enables the determination of the cellular localisation of the protein.

While other validation candidates were primarily selected duehigir high fold
change and association with microglial function, it should be noted that the haptoglobin
haemoglobin complex is dysregulated, rapidly recognised and degraded via the
macrophage scavenger receptor CD163, is associated with m#2oglia (insrt
reference).The validation of candidate gene expression, identified by the carcay
analysis, was evaluatedsing immunohistochemistry to assess the immunoreactive
profile of the protein encoded by the candidate genes CD163, Dub3, andFsRiB¢3.8)
and the immunoreactive area quantifiedigble3.).

Extensive CD163, Dub3 and SRBI immunoreactiggya prominent feature of the
DSCL compared to both the NAWM and control white matter from-lesional cases.
Within the DSCL, CD163, Dub3 and SRBI immunolabeled large, round microglia with an
amoeboid phenotype, while in the control WM and NAWM, the inmoreactivity was
associated with the cell body and processes of microglia with a ramified morphology.

Quantification of the expression of Dub3 and SRBI identified significant differences in the
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immunoreactive profile between DSCL and control WM group€).@£8 and p=0.027,
respectively. Howevetherewas no significant difference in the immunoreactive profile

of CD163 across the three groups, P>0F§ure3.9 A-C

Control ‘ NAWM _ DSCL
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Figure3.8 - Histological validation of proteins encoded by candidate genes identified from
the microarray analysis. The positively immunolabeled microglia cell bodies and the
processes are visualised with the markersCJACD163, (B) SRBI, and {{ Dub3 in
contrd, NAWM and DSCL grouf$e scale bar represertSO pum.
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Table3.9 - Expression of CD163, Dub3 and SRBI iasggciated deep subcortical white

matter
WM group Control NAWM DSCL
CD163 0.47 (0.290.85) 1.41 (0.433.24) 4.07(2.126.41)
Dub3 0.25 (0.260.28) 0.44 (0.300.66) 4.44 (1.097.89)
SRBI 0.46 (0.220.70) 0.83 (0.740.93) 7.02 (1.8515.09)
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Figure 3.9 - Quantitation of the protein encoded by the candidajenes indeep
subcortical white matterWithin the three deep subcortical white matter groups, the
percentage area for the immunoreactivity of the protein encoded by a panel of candidate
genes was evaluated. (A) The immunoreactive profile of CD163 is not smjlyifica
differentially expressed across the three groups (B) the expression of (B) Dub3 and (C) SRBI

were significantly higher in DSCL compared tclasional contralNumber of sample per

group:Control n=3, NAWM=4, DSCL n2p<0.05.
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3.4 Discussion

Ageassocaited WML are a common feature of the ageing brain, with DSCL
occurring in around 60% of the ageing populat{Simpson et kg, 2011) Ageassociated
WML are associated with cognitive decliffeadul et al., 2020Qpare an independent risk
factor for dementia(Fernando et al., 2004b, Hu et al., 2024nd are characterised by
high levels of microglia with an amoeboid phenoty@mpson et al., 2011This chapter
aimed to identify microgliahssociated mechanisms underlying the pathogenesis of DSCL
using a microarray transcriptomic profiling appoba A comparison transcriptomic
analysis was performed to detect significantly differentially expressed genes between
three WM groups, namely DSCL, NAWM from lesional cases and control WM frem non
lesional cases. The microarray findings reveal compleg fotamicroglia within the DSCL.
The present data imply a neuroprotective role for microglia within the DSCL, while the

microglia in NAWM appear neurotoxias explained in the paragraphs below.

3.4.1 Upregulation of haptoglobin binding in the DSCL infers rogira

adapt a neuroprotective profile within ageassociated DSCL

Haptoglobin (Hp) is a plasma protein that immediately and irreversibly binds to
haemoglobin (Hb) during haemolysis, forming the haemoglblaiptoglobin complex
(Hb-Hp). By forming this compte Hp reduces the oxidative properties of the Hb, playing
an antioxidant roldSadrzadeh and Bozorgmehr, 200%he plasma Hp level increases in
inflammation, infection andissuedamage(Yang et al., 2000J-ollowing dysfunction of
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the BBB, for example following intracranial bleed{Bglters et al., 2018Yed blood cells
(RBC) enter the CN8here they are broken down and release Hb. The extravasation of
RBC and the subsequent breakdown of Hb results in the accumulation of iron and reactive
oxygen species, which can induce cell death via oxidation and inflamn{&@ainzadeh

and Bozorgmehr, 2004)

Following cerebral ischemia, Hb has been detected in cerebral neurons, astrocytes
and microgligHe et al., 2011y l'y AYONBI &S Ay HBBShaskalsS Y2 3t 2
been reported in a range of neurodegenerative diseases. In a multiple sclerosis (MS) post
mortem proteomic analysis, HBB was found to bdamalised in neuron@rown et al.,

2016) and CD68 microglia (Brown, 2014) In an adult rat model of imacerebral
KFESY2NNXKI3IS oL/ 10X &aA3IYyATAOFLyGfte AYyONBLl aSH
subunit HBAY | Y R | HBRA umedeangs énd glia celurthermore, rat neurons

exposed to 50 or 10AM hemin (containingron, similar to an endogenous levelsulting

from vascular injury) significantly upregulate the expressiomdBAand HBB in vitro

Thesen vivoandin vitrostudies indicate that neurons and glia are associated with
significantly increased expression of Hb following cerebrovascular daghget al.,

2011)

Microglia become activated following a cerebrovascular event, such as a
haemorrhage. In a poshortem study of a patient who suffered from a subarachnoid
haemorrhage, iron deposition was found and correlated with the cognitive outcome. In
addition, the microglial activation and motility markers (CD68 and Ibal) were both

significantly elevatedollowingIntracerebral haemorrhagdCH)Shatya et al2021)and
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subarachnoid haemorrhag&alea et al., 2022)n the present study, microarray analysis
revealed the significant upregulation of transcripts associated with Hp binding and the
Hb-Hp complexby microglia in DSCL. These findings suggest that in response to Hb
accumulation as a result of RBC extravasation due to BBB dysfunction in DSCL, microglia
increase their haptoglobin binding, thereby protecting the brain from the damage
induced by Hb.

The HbHp complex is rapidly recognised and degraded via the macrophage
scavenger receptor CD16Bicho et al., 2013)n human neurological disorders, the Hp
levels elevated in the cerebrospinal flui@gF) following a haemorrhage paralleled a
similar rise in Hb, forming the HBp complex(Bulters et al., 2018, Kristiansen et al.,
2001) Tissues sampled arourdtracerebral haemorrhagand haematomas display a
significant increase in CD1@8sitive microgligBulters et al., 2018jand in patients with
ICH, a significant increase in serum CD163 levels is associated with increased haematoma
absorption and improved neurological recovéKie etal., 2018 Ly ! £ T KSA YSNI3
(AD), microglia activatioassociated markers, including the CD168 aignificantly
increasedHopperton et al., 2018)n the current study, the significant increase @D163
expression is not reciprocated at the protein in DSCL, which likely reflects the low number
of cases used in this vddition study Nevertheless, considering that the H#p complex
has an antioxidant function antthe upregulation of CD163 is one of the M8&sociated
microglial markergBorda et al., 2008, Var and By¥dcobs, 2020Q)he current data

suggests microglia within DSCL may play a neuroprotective role.
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3.4.2 Downregulation of protein ubiquitination and deubiquitination in
the NAWM infers microglia adapt a neurotoxic profile in the regions

surrounding DSCL

Although MRI and histological analyses suggest that the NAWM appears very
similar to the norlesional control WM, the transcriptomic profile of microglia is
significantly different, including dysregulation of genes associated with protein
ubiquitination and debiquitination, and thescavenger receptor class B, member 1.

Protein ubiquitination is a podtanslational modification where ubiquitin is
attached to a substrate protein. The deubiquitinating enzymes (deubiquitinases, or DUBS)
regulate ubiquitinationdvels of the target proteiffHu, 2012, Guo and Tadi, 2028)
removing ubiquitin from the target protein, hence maintaining the protein gigb
(Bousman et al., 2019, Yang et al., 202aintaining a balance of ubiquition and
deubiquitination is essential in protein homeostasis (proteostasis), where the protein
ubiquitination and deubiquitination regulate the degradation, transport, localization, and
activity of proteingGuo and Tadi, 2022, Yang et al., 20&1d playa role in maintaining
neuronal function, growth and survividajicek and Yao, 2021, Arfgarsour et al., 2021)

DUB is crucial for balancing the two reversible processes, ubiquitination and
deubiquitination(Yang et al., 2021)'he ubiquitirproteasome system (UPS) is a direct
protein degradation systenfZheng et al., 2016kand a primary regulator for neural

biology(Caldeira et al., 2014)n the CNS, dysregulated/dysfunctional UPS iscestsal
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with intracellular ubiquitinpositive inclusions formed by the accumulation of neurotoxic

proteins that instigate neurodegeneratig@heng et al., 2016Yhis common pathological

feature is observed in many neurological disorders, including: schizophrenia, autism

& LSOOG NHzZY RA &2 NRS NIsease (RD5 andX(ZajicekNhdAYiaa) 207198 R A
During the ageing process, neurological disorders are associated with failure of the UPS

(Lim et al., 2020)For example, in AD, the primary pathogenesis is the aggregation of
YSAINRPG2EAO LINPGHSARYRIRAYOL 0zRANYYIR idzo Alj dzA G A y |
vulnerable brain regions triggering a uredegenerative cascade leading to neuronal
death(Zheng etl., 2016)

The current study identified dysregulation in expression of genes associated with
protein ubiquitination and deubiquitination dysregulation, including the ubiqguitin
specific peptidase tliike family membeXUSP17L.Xhe ring finger proteir8 (RNF§, and
the Toll interaction protein{OLLIP

USP17kubfamily also referred to as DW38s a deubiquitinating enzyme. USP17L
removes the conjugated ubiquitin from target proteins to regulate cellular processes,
including progression through the cell cycle, apoptosis, cell migration, and cellular
immune responsegPontén et al., 2008)Within the CNS, USP17L regulates cell
proliferation, neuronal autophagy and proteostas{Pas et al., 2020) The pro
inflammatory cytokines interleukin @4) and IE6 induce the release of USP1(Mang et
al., 2021)which impacts inflammation, cell motility, and carcinogend¥ang et al.,

2021) and promotes apoptosigHanpude et al., 2015)The literature onUSP17Ln
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neurological pathogenesis is limited; howeVvidSP17Idepletion is knowrto impact cell
proliferation (Wang et al., 2015)

RNF&ncodedor the ubiquitin ligase RNF8 enzyme, which plays an essential role
in the UPSystem. In the CNRNF8 is essential to maintain neuronal integ(@uyang
et al., 2015, Li et al., 201(nd is involved in neuronatpair processefLiu et al., 2013)
Decreased expression of RNF8 is associated with neuronal pathology, cognitive decline,
and neurodegeneratiorfOuyang et al., 2015)n aRNF8- rodent model, knockout of
RNF8&esults in neuronal degeneratiompaired behavioural performand®uyang et al.,
2015) increased genomic instability and eéted risk of tumorigenesid.i et al., 2010)

TOLLIRNcodes a ubiquitous intracellular adaptor protéi®LLIP that interacts
with the Toltike receptor (TLRETapelluto, 2012and plays a role in innate immunjtgnd
providing neuronal suppor{Li et al., 2021)In neuroinflammation, TOLLIP plays a
neuroprotective role (HumbertClaude et al., 2016)and is involveé in multiple
intracellular signalling pathwayki et al., 2021)TOLLIRXxpressiordecreases with ageing
(Won et al., 2016) and reduced expression is associated with neurodegenerative
diseases, including APD (Chen et al., 2017, Humbe@laude et al., 2016and
Amyotrophic Lateral Sclerosis (Al(®Jon et al., 2016)In an ApoE- mouse model,
reduced expression afOLLIPeduces autophagy, resulting in the excessive accumulation
of cellular proteins that may result in neurodegeneratiq@€hen et al., 2017
Furthermore, in the TOLLIP mouse injection of lipopolysaccharide increases

susceptibility to neuroinflammation characterised by tregnificant elevation in
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expression of pranflammatory cytokines includingmour necrosis factor alpha \NFh),
interleukinll-m iand IL-6 (HumbertClaude et al., 2016)

In addition to the dysregulation of protein ubiquitination and deubiquitination in
the NAWM, the microglia were associatedtiwian upregulation of SCARB1which
encodes the Scavenger Receptor Class B type -BBbRembranéound receptor
(Lenahan et al., 2019%RB1 is a multifunctional protein, found on the surface of various
cells, including microgligwilkinson ad El Khoury, 2012)and plays a key role in
maintaining homeostasigpathogen recognitionlLenahan et al., 2019and pathogen
clearanceg(Yu et al., 2015)SRB1 is also involved in many biological processes, including
lipid transport: itparticipates in the selective transport and regulation of chatest and
lipids, which correlates with a risk of strokeenahan et al., 2019)n addition, SH31
expression impacts the activation of microglia and their contribution to
neurodegeneratior(Eugenin et al., 2018) LJ- NI A Odzf  NY & Ay ! 5% |
plaques is cleared kgctivated microglia via the scavenger recept@agenin et al., 2016)
(Wilkinson and El Khoury, 2012Binding to SIB1 triggers a prainflammatory response
which may also contributing to AD patholoyu et al., 2015)SRB1 plays a role in
maintaining homeostasis under physiological conditions, however undgrolmayical
conditions, SHB1 plays a role in the recruitment and activation of cells that contribute to
the development of pathologfYamada et al., 1998, Yu et al., 2015)

Balancing protein expression and degradation through the UPS and DUBSs is critical
for proteostasigLim et al., 2020)in the present study, the significant downregulation of

genes associated with protein ubiquitination and deubiquitination, suggest that microglia
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in the NAWM are no longer able to perform their homeostatic function. Furthermore,
since RNF8 and TOLLIPhave neuroprotective effects(Zhu et al., 2022) the
downregulation of these gene in association with the upregulation oB888ARRB suggest

that within the NAWM microglia adopt a neurotoxic phenotype which maytrdaute to
lesion spread. However, it should be acknowledged that immunohistochemistry did not
validate these gene expression changes at the protein level, and further detailed and

more extensive validation is required.

3.5 Summary of the major findings

1. Tre DSCL microglappear tohave a neuroprotective role for its antioxidant
function and the upregulation of CD163. However, microglia within the lesion are unable
to repair the neural wounds.

2. Within the NAWM, microgliappear toadopt a neurotoxic prafe, which may

contribute to the lesion spread.
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Chapter 4 Charactersing hypoxiaassociated Microglial Phenotypic

Changes ivhl’- Mutant Zebrafish

4.1 Introduction

Microglia actively monitor their surrounding microenvironment, playing an
essential role irfaintaining homeostasis with the CNi$ashemiaghdam and Mroczek,
2020) In responding to hypoxia, the humamicroglid distribution, activity, and
phenotype are altered, where microglia migrate to the hypoxic site and become activated
(Wang et al., 2008, Fumagalli &t, 2015) Hypoxic conditions may induce microglial
activation directly through production of reactive oxygen species, thereby triggexin
neuroinflammatory responsésuo et al., 2014Microglia are also indirectly activated via
the entry of preinflammatory molecules into theCNS causing neurdglammation
(Kiernan et al., 2016)rhe preciseole of microglia under hypoxic conditions and within
ischemic human brains has been proposed to be either neurotoxic or protective; currently
their exact role is therefore undefing@Fumagalli et al., 2015)

Similar to the human brain, the zebrafish microglia are we@lin homeostatic
maintenance(Var and Byrdlacobs, 2020)They display a ramified morphology under
normal conditions and can be transformexactivated state wittamoeboidmorphology
(adopting either an M1 or M2 phenotypender pathological condition®/ar and Byrd
Jacobs, 2020)Microglia in zebrafish are first forrdein the embryonic stages, where
primitive macrophages develop in the yolk sac and spread into the cephalic mesenchyme

at about 24 hrs postertilization (hpf). Afterwards, around @tpf, when neural apoptosis
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starts to occur, invasion of microglia to theain is initiated(Herbomel et al., 2001,
Mazzolini et al., 2020)Microglia are fully functional at 3 days pdettilization (dpf),
evidenced by clearing apoptotic neurons and directly interacting with neuronal injuries.
Between the age of 3 dpf and 5 dpf, microglial morphology is characteriseapimjly
transforming between phagocytic and ramified profil&@aese morphing mioglia finally
settle into a typical mature ramified morphology by 5 dpf dretome more processed

by 7 dpf(Svahn et al., 2013Notably, the mechanisms of microglial function in zebrafish
are similar to humans, indicating a high deg of homology acrosgecies(Mazzolini et

al., 2020)

Reduction of oxygen levels lesith activation ofthe hypoxic signalling pathway
(Weidemann et al., 2008many of the biological responses to hypoxia are orchestrated
by this signalling pathway which results in stabilisation of the transcription factor
hypoxiainducible factor alphgHIFM M X~ -H Ih L € YR d @ C= lggtive kedulator of/ S
the pathway(Ang et al., 2002see below)therefore, the current project has utilised the
vhl’- line to investigate the effects of the sasbhed activity of the HIF pathway on the
microglial phenotype.

Thevht'- zebrafishcarries @runcatingmutation in exon 1 of VEhomolog leading
to a nonfunctional von HippeLindau (VHL) protejras detailed earlier in section 1.10
The VHL encoded nmal protein function regulates an array of cellular and physiological
processes. Most importantly, the VHL protein downregulates the main regulator of
hypoxia adaptation, the HIF & dzo dzy A (nd thedpioteii for EyadatiofAng et

al., 2002) Therefore, a mutation of the VHL protein will eventudégdto permanent
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activation of the HIFpathway within thevhl’- mutant fish. The homozygous offspring
displaysystemic responses to hypoxia, indlugl polycythemia; pronephric defects with
hyperventilation; and angiogenesis soon after matewidlmRNA and protein run out.
However, the reactions of increased cardiac rate are demonstrated latér larval
stages of 5 dpfvan Rooijen et al., 2009)

The optical clarity of the zebrafish during its dy@nent is one of the ultimate
advantages of this model by allowing tlevivo high-quality imaging of the internal
structure. Thus, thevht’- zebrafish model enables the retiine characterisation of
sustained HIF signalling activation inducing micabgthanges. Activation of the HIF
pathway can be visualised using a hypoxia reporter lineggphd3::EGFPY1144 where
up-regulation of the phd3 gene produces fluorescence from 28 hpf. In addition, the
Tg(mpegl::mCherryCAAX8can be used to visuak micoglia within the live zebrafish
(Ogryzko et al., 2019) Therefore, the double transgenic linevhl hu2l17/+
(mpegl::mCherryCAAX, phd3::Géd) be utilised for higinesolution confocal imaging of
microglia in response to sustained HIF signalling in transgenic zebrafish.

Inresponse to injundependent changes in neuronal activity, microglia alter their
morphology, accumulate rapidly at injury sites, andfpen their phagocytic function
(Var and Byrdlacobs, 2020At the site of the lesion, activated microglia clear away the
damaged neurons while restoring the CNS homeostasis via secreting both types of
functional cytokines of interleukin (IL) in the lesioned lanRinflammatory (Ikemi =~ L [

6) and antiinflammeatory (IL-4, 1-10) interleukingGan et al., 2020)
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Hypothesis, Aims and Objectives
Thevht’- fish was first reported in 2009, but to date, no studies have examined

the impact of sustained HBtgnallingon microglia in this model. We hypothesise that in
response to sustained activation of the HIF signalling pathway, microglia adopt an M1
phernotype, characterised by change in theirmorphology and secretiorof pro-
inflammatory cytokinesFurther,the inflammatory profile of microgliavill be amplified
in the vht’-, which undergo additional stress (head injury) compared to their wildtype
siblings.Therefore, this chapter aims to perform a detailed morphological assessment of
microglia phenotypes and their inflammatory profile in tkib’- during development
compared to their wildtype siblings.
The chapter objectives are:
1. Evaluate the microgllaphenotype under the response of sustained
activation of the HIF pathway within thént’- larvae stage of 3, 5 and 7 dpf
2. Evaluate the inflammatory profile of theht’- zebrafish larvae
3. Evaluate the immediate inflammatory response following additionasst
(head injury), and after 24 hrs under the effectdlod sustained activation

of the HIF signalling pathway.
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4.2 Materials andMethods

4.2.1 Ethics Statement

All zebrafish were raised in the Bateson Centre Aquaria. All protocols were
performed according tthe guidelines of the UK Animal (Scientific Procedures) Act 1986,
under project licence PB2866EDO issued to Dr Freek van Eeden and my personal licence
IEDEC4510. Procedures were conducted as per the UK Home Office guidelines and

approved by The Universitf Sheffield Review Ethics Panel

4.2.2 Thevhl zebrafish

Thevhl| hv2117+(phd3::e GFP***; mpegl:mCherryCAAX®") transgenic breeding
colony, was developed in the aquarium services facility at the University of Sheffield,
Biomedical Science Departmeny Br Fredericus van Eeden, and fish were selected as
embryos by his laboratory technician Miss Eleanor Markham to idephifi3::egfp';
mpegl:: mCherryCARX 8 *carriers.

For these studies, the fish were -égmossed to generatevhl N"u2117/ hu2ll7

phd3:eGFB4 144 mpegl:mCherryCARX’8* here referred to asht’-, andvhl hu2117/+-

phd3::eGFP** mpegl:mCherryCARX’®* embryos, their sibling, within Mendelian

4

ratio. Withinl KA 4 (KSaAay WarofAyadQ NBTON# this2 A R

classification is based on the knowledlust vhl heterozygotes do not show any

phenotype and are fully viable (van Rooijen et al., 20688)ce,in the current project, a
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mix of wt and heterozygous fish were used as aibting. It was impasble to distinguish

these animals without genotyping, which is incompatible with practical experiments.

4.2.3 Zebrafish Husbandry and General Practice

4.2.3.1Adult Zebrafish Maintenance

The adult zebrafish breeding stock was grdwqused in a recirculating aquarium
system. They were raised and maintained under the standard conditions of water
temperature of 2628°C, pH 7.5 and light cycles of 14:10 light:dark hours. Adult zebrafish
were fed Artemia nauplius larvae and maintained at a maximum density of four fish per
litre of aquarium water. The aquarium standards of zebrafish husbandry, breeding and
mating were performed according to the appropriate guidelines (NusMelhard &

Dahm 2002 Westerfield, 1995).

4.2.3.2Zebrafish Mating

As mentioned previously homozygous mutant zebrafigit/- die prematurely,
around 10 dpf (van Rooijen et al., 2008). Therefore, heterozyghtls fish were in
crossed to produce the homozygous mutawhl(-) ard wildtype zebrafish siblings (wt:
vht™*, vhi*?),

For mating, both heterozygous adult males and females were placed in a tank
separated by a divider overnight. The following day the divider was removed, enabling
breeding and egg production. The laidgsgpassed through a protective mesh to the

bottom of the breeding tank, preventing the eggs from being ingested by the parents.
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After a couple of hours, the adult zebrafish were removed from the breeding tank and
returned to the housing tank. Alternativelyo obtain large numbers of eggs, the tanks
were placed into the adult stock tanks, thus, assisting multiple eggs lay from different
females and fertilisation by other males. The embryos were collected by sieving the tank
water and then placed in fresh agrium water.

The embryos were sorted to remove any dead, unfertilised or anomalous
developing eggs within one hour. The desired embryos were reared in a 90 mm petri dish
(Sterilin, Newport, UK) filled with pyerepared E3 medium at a maximum density 6f 6
embryos to maintain adequate water quality and aeration and incubated at 28°C. Petri
dishes were checked daily to remove dead embryos or empty chorions; the E3 media was
refreshed as required. For embryos raised beyond 5.2 dpf, the density was reduaed to
maximum of 20 larvae per plate.

The embryo staging was defined according to the age in hours/days post
fertilisation (hpf/dpf) (Kimmel et al., 1995). When required, 24 hpf embryos were treated
with 0.00004 % of Mhenylthiourea (PTUSigma, Poole, UKEX G KSNBE MH dp > f
stock in DMSO was added to every 25 ml of E3 medium, to prevent embryo pigmentation
and enhancdransparency foimaging(Karlsson et al., 2001bn all experiments, unless
raising larvae to 7 dpf was required, embryos were maintained to 5.2 dpf. To terminate
larvae at 5.2 dpf, the fish were anaesthetised usinggmepared tricaine before being

placed in bleach.
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4.2.3.3Zebrafish anaesthesia

Zebrafish adults and larvae were anaesthetised using Tricaine (also known as
MS222) (PharmaQ, Hampshire, UK); obtained and prepared via the University of Sheffield
veterinary services department. Tricaine stock solutfdmg/ml in milliQH20O [Millipore
MA, USA]) was adjusted to pH 7 using 1M Tris. For adult fish sedation and the fin clip
procedure, the stock solution was further diluted to a final concentration of 0.168 mg/ml
of aquarium water. For larvae anaesthetic amdhnipulation, the stock solution was
added to 100 ml of E3 media instead. The final concentration was adjusted conditional to
the required duration and depth of sedation required of embryo mounting for imaging

purposes.

4.2.3.4E3 Media

All zebrafish embryos &d for the project experiments were reared in E3 media,
diluted 10x stock by distilled water (é8), including the following final concentrations of
NaCl (5 mM); KCI (0.17 mM); CacCl (0.33 mM); M¢E0.33 mM) and Methylene Blue

(0.00001% w/v; Sigmaldrich), as a fungicide and antibacterial agent, and store2BacC.

4.2.3.5Larval Sorting

Prior to each experiment and at 3 dpf, the Leica microscope EL6000 with the Leica
Application Suite X (LAS X) software was used to identify fluorescent reporters and sort
the larval genotypes accordingly. For sorting, larvae were placed on a petri dish containing
E3 media supplemented with tricaine. The fluorescent channelSEHT and ERFP were

used to identify the positively expressed EGFP and mCherry larvae, respectiviaiyg S
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images presented in this thesis were taken using a Leica M165 FC dissection scope and a
Leica DFC310 FX camera (Leica microsystems, Milton Keynes, UK). The scale bars were

then added using LAS X software.

4.2.3.6Zebrafish Genotyping Using PCR

Tail finclip biopsies were used to determine the genetic status of the adult
zebrafish. To collect the fin clip, fish were anaesthetised in a tricaine methanesulfonate
solution (4.2 ml in 100 ml of aquarium water) until the gill movement was reduced.
Afterwards, naximally onequarter of the tail fin was collected from each fish using sterile
scissors (rinsed with 70% ethanol then steriledH Each clip was placed in an individual
well of a standard 96 well plate while the fish were placed in individual tankfide a
later identification.

¢2 SEGNIOG GKS 5b! FTNRY (G(KS FAy (GAaads.
Tween in TE, an extraction solution, and vortexed before it was heated at 95°C for 15 min.
C2ft2oAy3 GKAAZ GKS {AaadzS ofprotéinadR(Br&li G SR 0 &
SigmaAldrich) to the mixture and heated at 55°C for 3hours. This mixture was incubated
Fd doyc/ F2NI mp YAY (2 RSyl ( deNBraddédSandRtie3I S & G A
plate vortexed for a few seconds. The samples weszlus a polymerase chain reaction
(PCR) mixture to amplify theanl allele.

PCR amplification was performed on the genomic DNA using specific primers to
amplify themutated region of thevhl ortholog gene in zebrafistTéble4.1) ¢ K SNE (K S
t/ w LINR Y S NGt I AEABOBENEEST IR Miligava$eRfromt 310 mM stock to

A

I FAYLFE YFEadSNI YAE O2yOSyiN} A2y p>ad ¢KS
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master mix (Solis Biodyne, Tartu, Estonia) is summaris@abte4.2t y R (G KS & KSNY
LINE (0 ZWrnérisekiréiTabled. 3P

The amplifiedvhlt / w LINRP RdzOGa o6p>t 0 6SNB AyOdzml GS
BcMI (10,000 units/ml, New England Biolabs, Hitchin, UK) to enable the digestion of the
wildtype vhl gene, as summarised ifable4.4, Yy R Ay Odzo I §SR 2 @SNy A 3IK
RA3ISald YAEUGINBE ¢l & QraddtimadSRtow BERREDSC
| @ LISNI I RRS NJplb+ 25¥b ! m nfnl RORASENS A §/ IS R Rfellyoiedy = | Y
onto a 3% moleculagrade agarose gel, run at 100V for 30 minutes, and imaged using
UVdoc imager (UVItec Cambridge, UK).

TheBcVI enzyme digests the restriction site localised in the wildtype (WT) and
cuts 6 nucleotides down from the sitef the sequence (55TATC@®!)-3). Following
agarose gel electrophoresis, homozygoust’- present a single band at 412 bp,
heterozygousvhl’* present two bands (412 bp an#00 bp), whereas wt zebrafish

genotypes present as one intense band at 200 bp, as showigime4.1.
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Table4.1 - Oligonucleotide primer sequence used to amplify the vhl ortholog gene

Gene Primer Sequence
Forward
vhi pQ ¢! ! DDD/ ¢¢! D/
Reverse
/| DV D¢ec¢c! 11/ D/

Table4.2 - PCRmaster mix components used for allele amplification

Component Volume
genomic DNA Mmobp > §
Firepol n>t

Forwardvhl primer M > §
Reversed vhl primer m > {
MilliQ (mQ) H20 MH ®p > ¢

Table4.3 - PCR program used for amplification process

Steps Temperature Duration
Initial denaturing 94°C 5 min
Denaturing 92°C 1 min
Annealing 56°C 30 sec
Extension 72°C 40 sec
Repetition of steps-2 92-72 °C 39 cycles
Final elongation 72°C 10 min
Hold 4°C K
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Table4.4- Restriction enzyme mixture that used to digest the vhl allele

Component Volume
NEB buffer Moy > §
BcVI enzyme non>ft
mQH20 MH®Py > §
vhl PCR product p >t

v
5- GTATCC (N), -3’
3’- CATAGG (N), -3’

Ladder WL vhi*/ vhl

4.2.4Figure4.l - Restriction enzyme digestion of the mutated region of
the vhl allele in the vhl zebrafish(A) The cleavage site of the
enzyme BciVI, where the cytosine (highlighted in red) is mutated in
the vht’- (C/T). (B) The BciVI enzyme digestion of vhl PCR products is

preserved in the mutant vhl,, PCR products, wherédé vhl”-lacks
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the recognitionsite of the enzyme, but not at the heterozygotes
and WT zebrafish. The HLIV ladder is 100 bp. Representanage

are kindly provided by Dvan Eederimaging: embryo preparation

This experiment assessed the microglia in live larvae at specific timepoints and
across timepoints using a timéapse recording. The mpegl::mCherryCAARX8*
transgenic line ofvhl zebrafish enables the visualisation of microglia, as the mCherry
positively expressed cells can be viewed under a fluorescent microscope with the
excitement of EIRFP laser wavelength of 525 nm emission and detection at 640 nm. For
clarity purposes and to awbiinterference with the melanin pigmentation during the
imaging process, larvae were treated withpNenylthiourea (PTUSigma, Poole, UK) at
24 hpf.

This study involved imaging microglia using two independent approaches: Light
Sheet microscopy and spimgidisk confocal microscopy. Following the preparation,
larvae wereembeddedn an 8% lowmelting gel (Sigm&ldrich) in a chamber suitable for
the specialised microscopic systems. The acquired images were analysed; the microglia
phenotype changes were evaated by exploratory comparison between thent’-

zebrafish and their wildtype sibling.

4.2.5In Vivotime-lapse Imaging of Microglia using Zeiss Ligheet

Fluorescence Microscopy
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4.2.5.1Animals Usedand Experimental protocd

Three pairs of PTU treatadl’- andwt were used at 3 dpf for 24 hrs recording.
Onevhl’- mutant and one sibling larva for each recording were mounted in a 0.8% low
melting point agarose gel using a capillary glass tiinages were localised at the dorsal
perspective to enable the besiew of the brain. The laser channels of 488 nm and 561
nm were set tovisualise EGFP and mCherry fluorescence, respectively. Using the Zeiss
Zen Black software (ZEISS Germangiaak images for botkht’- mutant and wt sibling
larva were taken at 10 miintervals throughout 24 hrs. At the end of each recording, the

heartbeats were checked to ensure the larva survived during the recording period

4.2.5.2DataCollectionand Analysis

For analysis, the -gtack recording was converted to Maximum Intensity
Projectons (MIP). 2 O1 AYIF3Sa gAGK m >Y (KAOlySaa
minutes of the recorded videos. Using Fiji software (Madison, USA), the Image type was
switched to 8bit to enable automated counting. Next, via the selection tool of Fiji, the
regionof interest (ROI) was selected using brifjbtd; it covered the anatomical areas
extending from the olfactory bulb to the base of the cerebellum, excluding the eyes and
mouth. Using this approach ensured tiROI was consistent between fish. Then the
automated cell counting was applied using the Fiji particles tool, where the minimum size
range was restricted to 36 nm to eliminate any background noise. A visual illustration of
the counting method is presented iigure4.2. The validity of the automatic cell counting
method, which was used to carry out all taealysis, was confirmed by blinded manual

counts (conducted by 2 independent observers) ofthieroglia. As both automated and
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blinded manual counts gave similar results for total microglia counts, the less time

consuming automated method was applied to all subsequent analyses.

The quantitated microglia cells were further subdivided into thosth a&ctive or
ramified morphology, based on thepherical shape of thecell body. Due to the
heterogeneity of microglial phenotypes, cells were assigned manually (conducted by 2
independent observers) using the Fiji cell counter plugin tool. The micregliasented
a spectrum of microglial morphologies, including those with WNB a i Ay 3 Q LIKSy 2
other activated phenotypesither with shorter and thicker processes @moeboid
microglia with a rounder morphology and no visible processes. The countinggsaas
applied for these two genotypes, with the three biological repeats.

To asess the microglial phenotypeange of parameters were measured using
Prism 8 software (Graph Pad Software, La Jolla, USA). All the activity parameters were
calculated peanimal and averaged per genotype. Repeated Measures ANOVA were used
to assess if there were significant genotype differences in the number of microglia in the
zebrafish larva brain. All values for the statistical tests were reported as the mean + SEM

with the significance set at P<0.05.
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Figure4.2 - The microglia automated counting method using MIP image and Fiji fomls.

count the microgliaA: Image type was switched to 8bit in to enable théomated
counting,B: The image threshold was adjusted to allow visualising the microglia and
eliminate any background nois€; The ROI was selected referring to the bright fizld,
Using the AParticular option, thesize was set to 36 nm minimum, arigetanalysis was
carried onE: The remaining ROI is selected, and the exact steps are repeated. Eventually,
the sum cell counts for both ROIs are calculated. The illustrated larvae image is for a wt

sibling fish during its 6 hrs of microglia recording.

166



4.2.6 In Vivolmagingof Microglia at 3 dpf: Using Zeiss Ligsheet

Fluorescence Microscopy

4.2.6.1AnimalsUsed and Experimental Protocol

Nine pairs of PTU treateehl’- and wt siblings were used to take a sinjlae
point between the age of 3.2 3.6 dpf, using the sample preparation and instrument set
up as described in sectiah4.1. The time point was selected to assess the impact of

hypoxia on the microglial phengpe at an early stage.

4.2.6.2DataCollectionand Analysis

Data collection and cell counting methods are consistent with se@idril.2.
Independent ttests were used to determine significant genotyated differences in
the microglia phenotype foanalysis. Thene-way ANOVA test was used to assasyg
significant genotype differences in the number of cells expressing a ramified or activated
morphology. All statistical tests were shown as mean + SEM, and a P value <0.05 was used

to indicate statisttal significance.

4.2.7n Vivolmaging of Microglia at 5 and 7 dpf: Using Spinnitigk
Confocal Microscopy

4.2.7.1AnimalsUsed and Experimental Protocol

Ninevht’-and eleven wildtype (wt) siblings PTU treated larvae were used to image

at two time- points of 5 dpfand 7 dpf. Zebrafish larvae were sedated in Tricaine and
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embedded in a dorsal position for optimal visualisation of the brain area, in 0.8% low
melting point agarose (Sigrasdrich) with 0.0168 mg/ml Tricaine for immediate imaging.
Once the gel was set, tas covered with a Tricaine E3 media to prevent dehydration.
Highresolution imaging was performed using 10x, 20x and 40x objectives on an
UltraVIEWVoX spinning disc confocal laser imaging system (Perkin Elmer Life and
Analytical Sciences). FluorescenceGFP and mCherry was acquired using an excitation
wavelength of 488 nm and 525 nm emission and detected at 510 nm and 640 nm,
respectively. Z2 G O1 AYI 3S& 6SNB | OljdZANBR S@OSNE m >°

+St20A0eén az27Fid¢l NBo

4.2.7.2DataCollectionand Analysis

Forimage analysis, theZii  O1 6AGK m >Y GKAOlySaa gl a
projection. The ROI was selected using bHgtt and covered the anatomical areas
extending from the olfactory bulb to the base of the cerebellum, excludingjles and
mouths, referenced by referring to the brighield image. Using this approach ensured
the ROI was consistent between fish.

Quantifying  the number of  microglia  was recognised by
Tg(mpegl::mCherryCAAX)® labelled microglia and performed manuallusing Fiji
counting tool on images taken under 10x objective of the spinning disk microscope. The
counting approach was achieved by going within the ROI through #tack of the
extended view images.

The microglia phenotypes were deteined using Fijcirculatory measurement

index, modified to the methods used in previously publiskaeticles (Hamilton et al.,
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2020) For this, and via using Fiji tools, the image was adjustecblour threshold. Next,
the analyser particleswvere set as size (*Pixél of 36infinity, and circulatory
measurements were taken where@2 refers to the smallest (flat) cell body of ramified
microglia, and 0.8 index for perfect circular microgliaith amoeboid morphology.
Indexes between 0.3 and 0.7 were considered for microglia with diftemorphology
spectrums occurring between ramified and amoeboid, as illustratétgare4.3.

The indication of the circulatory index was decided based on studying the detailed
cell morphology under 40x, where cell body and process length enabled visualisation of
ramified, amoeboid and active morphology within spectrum morphology, Figi2reGE.
Hence, the classification of microglial morphology for images taken at ages of 5 and 7 dpf
was based on the circular index, which was originally built on studying cell morphology
under high magnifications lenses. This enabled more accurate explanatiahamges
occurring within the microgliaNotably, activated microglia were assigned based solely
on their circulatory index measurement and morphology, and not their proantr
inflammatory profile.

All statistical analysis was conducted using Prisoft@vare (Graph Pad Software,

La Jolla, USA). All values for the statistical tests were reported as the mean + SEM with
the significance set at P<0.05. All experiments were repeated three times, using three
pairs of embryos from each different batch, whéaevae were born on other dates. Both

total microglia and morphology assessments were conducted by two individuals

independently.

169



Figure4.3 - The usedapproach of quantifying Microglia morphologfA) The red dots
identify the ROI, where the head area was considered, excluding the eyes and mouth (B)
Examples of the circulatory index defining the microglia morphology; where the index
indicators were 0.38, 0.12, 0.07, 0.81 and 0.1, for cells numberetpectively, under the

20x magnifications (C) Representative image of microglia with ramified morphology (D)
Microglia with withirspectrum morphology (arrowed) (E) representative image of

amoeboid microglia, @ A Yl 3548 dzyRSNI nnE® {OFtS o6 N A&
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4.2.8 Evduating TNF expression by microglia

Tumour Necrosis Factoalpha subunit (TNF O A& | OeU21AYS Ay@d?2
inflammation during the acute phase reaction, produced by some glial and immune
defence cells. Thé&nfh ::GFPY41928transgenic zebrafish line was used to assassivo
readouts of the microglial activation profile.
4.2.8.1Animal Usedand ExperimentalProtocol

The double transgeniehl 2117+ (mpegl::mCherryCAAX, tniGFPjish line used
for the current project were obtaingd by outcrossingvhl M2117+ (phd3::e GFP*/*;
mpegl:mCherryCAAR® into Tgtnfh ::GFP¥1928fish line (kindly provided by Dr Philip
M. Elks and Dr Michael Bagnat; Bateson Centre, the University of Sheffield). The cross
producedvht’* offspring carying either one, or more of the three transgenic embryos at
a mendelian ratio. Larvae were sorted fortnfsFP expression at2Ldpf, appearing as a
reasonably bright GFP expression at the end of theFggure4.4. The larvae were further
sorted formpegl::mCherryCAAR"®*microglia at 5 dpf. Thphd3::eGFP*¥* expression
was sorted at 3dpf; any larvae carrying this expression were excluded to avoid GFP
overlap expressions at the experimental images. Under bfight, vh’* siblings were
selected. Hereaftewht’* Larvae with the double transgenigpegl:mCheryCAAXS78",
tnfh ::GFPPY1928 were raised under the standard husbandry procedures as described in
section4.2.3.1 At 2 months old, adult fish were genotyped fdrl mutation using the fin
clip samples and following the genotyping protocol, previously explained in section
4.2.3.6 The fish withthe desired transgenignpegl::mCherryCAAX, infGFP)vere then

raised and used for mating for the experimental purpose.
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In preparation for the experiment, unddiuorescentfield larvae were sorted for
double transgenicnipegl::mCherryCAAR®s (i y TP YvAHC and vhi’™ larvae
were sorted under brighfield following the criteria mentioned previously at sectioll,
and then reared in E3 medium supplemented with PTU at 24 hpf onward. The
comparisons of trf::GFPexpression among the two genotypes were achieved by
acquiring live images using confocalnsping disk microscope (Leica) under 10x, 20x and
40x magnifications, every 24 hrs starting from 2 dpf until the age of 7 dpf. Image

acquisitions were fixed through all images.

Figure4.4 - tnfh GKP pd10R expression in larvae zebrafisthe tnf GNP transgenic

larvae appear as (A) GFP positive expression at the gut and brain neural mass compared

6eStt2g IINNRgavs o6.0 DNIeaorfsS AYIF3AS Affdz
expressionattwolarve Ay S&a® [ NI S I NB o RLIF 2fRT GKS

4.2.8.2Data Collection and Analysis

Over the period from 2 dpf to 7 dpf, Fhfexpression in the brain was assessed in

vhl’- larva compared to their wt sibling (n=3 larvae per genotype). Microgkilession
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of Tnfh was observed as overlapping emission from mCherry and GFP positive cells

producing a yellow emission.

4.2 9Evaluating the Trh S E LINB & ahif@letving headinfirg

4.2.9.1AnimalsUsedand Experimental Protocol

Briefly, the 4 dpf larvawere reared in E3 in Petri dishes, supplemented with PTU
at 24 hrs onward. For stab injury operation, 12 larva@l’( n=6, wt n=6) were
anaesthetised with 0.02%ricaine until the heartbeats became slow (for about 20
seconds). The anaesthetised larvaeraveplaced on a groove agarose plate facing
R2oy 6 NRa OLINRYS LIRaAGAZ2Y 0D ! AAYy3 I YAONR)
needle was positioned at a 4&ngle to the horizontal plane of the optic tectum. The
needle was inserted across the dorsal am@fathe hindbrain, reaching the jawline,
illustrated inFigure45. hy OS (KS KSIR adlo LINPOSRdAz2NE gt
NBE G dzN}y SR 2K S(BK SI ytRS UNGA\a SRAAZS R dzy G At  O2YLX Si
AgAYYAY 3 LI G4SN SESINS a2100RIYA yo3 Radrsisimarg R S @S N
(hpi) for 24 hrs period, using the confocal spinAtigk microscopy under 10x, 20x or 40x
objective lenses. Alhe induced injuries were done under the supervision of Dr Freek van

Eeden to ensure procedure consistency.
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; =TS - = —T— 8 P> =T
Figure4.5 - lllustration of aheadinjury procedure of larvae. larvae are placed in agarose
NARIS& AY |y FLLNRLNRFGS 2NASydFrGAz2yo | ¢
vertically across the hindbraiithe red circle in (C) is surrounding the trace line left behind

A

FFGSNI ySSRES NBUONIOGAZ2yd ¢KS &aOFtS ol N Aa
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4.2.9.2Evaluatingexpressionof TNF' Ay a0 A Ydzt I § SR LISNRA L

macrophages

Parallel to the head stab procedure, a tailfin injury was performed and utilised as
a positive control. In this procedure, tail transection was performed to stimulate the
peripheral macrophage immunesponse SixPTU treated larvae/fit’- n=3, wt n=3) were
raised and treated under the same conditions for larvae used in hbad injury
procedure. On the procedure day, anaesthetised larvae had their tagfitsectedusing
a sterile scalpel blade under stereo microscope. The taBFPexpression (under the
controlof Tnfh 0 ¢l & AYlFI3ISR G mc KLA dzaAy3d GKS
headinjuries.

To eliminate any cause of inflammation other than the procedures outlined above,
non-injured control larvae wereutilised (negative control). For this, botht’- and wt
larvae (n=3 for each genotype) were raised and imaged under the same conditions as the

injured larvaetnf-h 'Y DeRpression within thdneadsand tails of the control larvae were

consdered a baseline.
4.2.9.3Data Colletton and Analysis

Postprocedure images were analysed fGFPexpression (under the control of
Tnth 0 SELINBa&aA2y IvhRandOw YardkeNJSigroglial2nacrophage
expressionof TAf g+ & 20 & SNIIS R erhissionlofy/boti2 @Chedy andIGHPY 3

and appeared yellow.
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4.2.10Evaluating the expression of interleukins using quantitative real

time polymerase chain reaction

4.2.10.1.1.1  Animals used and experimental protocol
Atotal of 300 larvaevht’- n=150, wt n=150) were reared in E3 in Petri dishes. At

4 dpf, a head stab injury was induced, as describeskction4.2.9.1 At the timepoints

of 1 and 24 hpi, larvae heads were removed, and total RNA was extracted from 6
biological repeats per genotype, where each repeat contained 23 fish. Contrel non
lesioned wt siblings aneht’- larvae were treated parallel to thesionedgroups to assess

the impact of hypoxia on cytokine expression.

4.2.10.2Sampe collection and RNA extraction

Larval heads were transected above the ysdic using sterile surgical miero
scissors under a stereomicroscope. Heads were collected {coldeEppendorf tubes
(4°C) containg E3 medium. The mediuwith replacedby 500 pl of TRIzoL and samples
were subsequently homogenised by pipetting for 5 min. Then, 100 ul of chloroform was
added, and the Eppendorf was shaken vigorously for 15 seconds, and left at room
temperature for 3min before centrifugation at 12000xg at 4°C for 15 min. The upper
aqueous layer containing the RNA was carefully removed and placed into a new sterile
Eppendorf tube before being mixed with 250 pl of isopropanol. The mixture was left at
room-temperature br 10 min,and centrifugedat 12000 xg for 10 min at 4°C. The
supernatant was carefully removed, and the RNA pellet was washed in 1 ml of freshly

prepared 75% ethanol. The solution was centrifuged at 7500 xg for 5 min at 4°C. The
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supernatant was carefullemoved, and the RNA pellet airied for 2 min before being
resuspended in 15 pl of milli@ater. The concentration of RNA was measured using the
Nanodrop NBL100O spectrophotometer. Extracted RNA swvatored at-80°C until

required.

4.2.10.3cDNA synthesis

First srand-cDNA was synthesised from the extracted RNA at a concentration of
500ng/ul. Synthesis was carried out according to the manufacturer's instructions using
the Protoscript Il firsstrand cDNA synthesis Kit (NEB). For this, the master mix was
prepared ncluding 1 pl d(T)23 VN/random hexamer, 5 pul ProtoScript Il Reaction Mix (2X)
and 1 pl ProtoScript Il Enzyme Mix (10X), topped with nucleasewater to a total
volume of 10 pl. The mixturevas incubatedat 42°C for 1 hour, followed by enzyme
deactivation via a second incubation at 80°C for 5 minutes. The cDNA was steg&f @t

until required.

4.2.10.49PCR

The reaction mix included 1 pl of 1200ng/ul cDNA, 4 pl of EvaGreen Hot Start Firepol
mix (5x), 1 pl of each forward andverse primers (listed in table 4.&nd 13 pl of milli@
water. The expression levels of the genes of interest were measured; the expression of
the ribosomal protein rsp29 gene as a housekeeping gene was also quantified to
normalise gene expression. Three technical repeats were perforntegaith biological
repetition. As a negative control, 1 ul MilliQ water replaced the cDNA for both target and

housekeeping genes.
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The reaction was carried out in optically clear 96 well platesiBid). The assay
was performed using CFX96 Touch RealePCR Detection System (BioRad) paired with
CFX Mastro Analysis Software and programmed for the cycles as follows: at 95°C for 15
minutes, 95°C for 5s, 60°C for 15s, 72°C for 10s. The incubation steps (2 to 5) were
repeated for 40 cycles, followed by a Melirve from 70°C to 95°C by 0.2°C increment
every 10s per step. The cycle threshold (ct) values were automatically calculated using

ROX as passive references dye.

4.2.10.5Target genesand primers used

gP@® analysis ofl-10, it4, it6, and il-m i were performed using the Applied
Biosystems Sequence Detection System (SDS) Software v2.4.1 in conjunction with 7900HT
Fast Realime gPCR System. Themer sequences, provided by the integrated and

technologies (IDT, USA) are listed in Tiadble4.5 below.
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Table4.5 - Sequencef primers used in gPCRhe genes of interest atke key M1 / M2
phenot/pe genes

Gene of interest Primer sequences

110 C 2 N¥ I -NIAXKAABATAACATAAACAGDCORC
w S @ S NEGETAGAAT GGTCTCCAAGTA

4 C 2 NI | -NATGGGARAGGGGAAAAAATGGAT
wS @S NETSNTCPIAGAGTAGTGIQC

Forward:p -AGCACATCAAACCCCAATCCALCRAGA

- w8 &S NEGTKAGACGGCACTGAATCCACQAC

6 C 2 N¥ | -RGGAGACQAAGTTCAGGATGOIGBA
wS @S NBBROAGGAQGCTGTAGATBCGC

C2 NJ¥ | -NIRGCTEAAACCGTCAQGGA

rsp29 w S @8 NAGTEGTI TAATCCAGCTTOATG
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4.2.10.6Datacollection and analysis

¢KS pn/ ¢ YuSed kozdculad tie fold change values as described i
(Livak and Schmittgen, 2020forii KA a3 (G KS @lé gefvBen the targetl ¢
On/ GG N FYR GKS NBFSNBYyOS K2dzaS{1SSLWAy3a 3IS
aAo0fAy3a o6p/ ¢ O2yiNRBEUO YR GKS Ydzityd on/ ¢
F @SNI IS p/ ¢ 27F Ydzil y lsibingvkere iideSanorashtiordS 2 F n
2001 Ay GKS pnp/ ¢ @rtdSaoe ¢/ FHFR OKIFy3IS 41
In summary, the following formulas were used to calculate the fold changes.
1.n/ ¢602y I NRBf 0K (iefeteriice geS i ISy S0
2.nl ¢ovYdzil yioTl etgéenddveRa§e clieferénielgbhB)
3.pn/ ¢ T n/apl/oty daiQ2yyUioNe £ 0
4, FC=2n/¢
The statistical analysis was based on thiel changejt p/ ¢ @I f dzS & 0-Eay dza A y 3

ANOVA test.
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4.3 Results

Important note: Through the results, we presumed that all mpegl+ cells within the
zebrafish brain are microglia. However, there isnaall chance that macrophage cells
could also be included. Hence, thord microglia here refers to the mpegl+ brain
macrophages.

4.3.1 Sustainal HIF signalling does not modulate microglial number or

phenotype at 3 dpf

The transgeniepegl::mCherryCAARX® enabled the visualisation of microglia
in the vht’- zebrafish line.At 3dpf, the microglia were imaged at a single point and
recorded for 2 hrs, to assess the differences of microglithe vhi’- zebrafish compared
with its sibling.

Z-series analysis at a single tifmpeint between 3.2 and 3.6 dpf did not detect a
significant difference in the microglial number between th#’- (59 + 0.1) compared to
their wt siblings (58.89 + 2.02) P= 0.9%igure4.6 A-C. Furthermore, there was no
significant difference in either the number of microglia with a ramified morphologilin
/~(12.50 + 1.50) compared to their wt siblings (14 + 1.30), P =p@&@6the number of
microglia with an activated morphology in thé@l’- (45.76 + 0.22) compared to their wt
(45.44 + 1.86), P= 0.90Bigure4.6 D.

Asthe initial studies were conducted at a oftiene point, additional studies were
performed to assess both microglial number and morphology over a 24 hr period using
an MIP video created from the liglsheet microscope recording. An average tilime

trackis presented irFigure4.7. An individual representative graph for the 24 hrs time
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recording is presentedn Appendixlll. Unfortunately several larae died during the

recording, which restricted the n value to be n=2 for wt, and n=3/fdfr fish.

A (wtsibling) B (vhi”)

Total Microglia Cell Count Ramified versus Active Microglia
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Figure4.6 - There are no significant differences in either the number or morphology of
microgliamorphologies in the viil zebrafish at 3 dpfRepresentative-gtack image at 3

dpf for both (A) wildtype sibling and (B) Vhtebrafish, enabling the visualisation of
microglia with both ramified (blue arrows) and activated (yellow arrows) morphologies
(C) The vht contains similar microglia numbers compared to their siblings (unptired

test). (D) Levels of microglia with either a ramified or an activated morphology are similar
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comparedn both vhi- and their siblings (twavay ANOVA). Data are mented as mean
+ SEM, MR = ramified microglia, MA= activated microglia. The scale bar represents 100

>Y
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Figured.7- Representative timeline microglial morphologies in 3 dpf ahid their siblings
over24 hrs.The timeline graph represents the number of microglia with either a ramified
or activated morphology, within both sibling (blue) and’vimutant (red), through 24 hrs

of recording within 30 minutes intervals. While the cell number fluctuated theer
recording period, no significant differences were observed between both genotypes,
(repeated Measures ANOVA).
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The number of ramified microglia ranged betweenl9 cells and the number of

active microglia ranged between 44} cells per time point over 24 hrs in both tiel’-

and wt zebrafish, Figur@-6. There was no significant difference in the number of
microglia with either a ramified morphology (p=0.2689) or an activated morphology
(p=0.4388) invhl’- compared to their siblings at any time point. At some tipwnts,
during the 7 -13" hrs of recording, the number of activated microglia in thé’- were
higher when compared to wt sibling, while during the93 5", 10" and 19" hrs of
recording the number of microglia with an active morphology were higher in the wt sibling

compared to thevht’-; however, this was not statistically significant, P > 0.5

4.3.2 Sustained HIF signalling does not modulate microglial number but

impacts microglial activation at 5 dpf

The previous experiment showed no difference within the microglia phenotype at
3 dpf. The experiment was repeated at the advanced age of 5 dphlaate the microglia
profile following the morphing microglia phase.

Analysis of a singkeme-point between5.2 and 56 dpf detected a large variation
in the microglial morphology, where somal’- zebrafishhave comparable microglial
profiles to their #bling, and others appear to have a marked different profile as illustrated
in Figure4.8 A-C. Howeverthe Zseries analysisletected a similartotal number of
microglia in thevht’- (53.44 + 3.08) compared to their wt (50.36 +2.28), with no significant

differences, P= 0.195.
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While the total, and the ramified number of microglia did not significantly differ in
the vhi’- compared to their wt siblingghe vht’- larvaehad significantly higher levels of
activated microglia within spectrum (17.56 + 12.46) compared to the wt (6092) (P=

0.03);Figure4.8 D-E.
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Figure4.8 - The microglia morphologies in the Vi#ebrafish at 5 dpf suggest an increase

of microglial number and activation in vhZF.Representative-gtack image at 5 dpf for

both (A) wt sibling, (B) vhizebrafish with a similar phenotype, and (CY vihgbrafish with
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varied phenotype, enablinthe visualisation of microglia with ramified (blue arrows),
activated within the spectrum (yellow arrows), amaimoeboid (green arrows)
morphologies. (D) The vhtontains similar microglia numbers compared to their siblings
(unpairedt-test). (E) Level®f microglia with an activated morphology within the
spectrum are significantly different between vhind their siblings (twavay ANOVA
test). Data are presented as mean + SEM, MR = ramified microglia, MA= activated
microglia within the spectrum, and MM= amoeboid microglia. The scale bar represents

Mmnn >Y
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4.3.3 Sustained HIF signalling significantly impacts both microglial number

and activation phenotype at 7 dpf

The spread of theht’- data at 5 dpf suggests that microglia might still be switching
from the morphing phase. Therefore, the microglia phenotype was revaluated at 7 dpf to
confirm the changes noticed on 5 dpf data. To characterise microglial phenotypes at 7dpf
single timepoint images were acquired between 7.2 and 7.6 dpf using the spirtigg
confocal microscopy.

In contrast to earlier time points;ht’- larvae had significantly higher numbers of
microglia (51.44 + 2.54) compared to their sibling (48.90 £0.76) (P = GFa@®)ermore
analysis of the microglial morphologies indicated thlal'- larvae had significantly lower
levels of ramified microglia (36.56 + 6.75) compared to wt (43.31 £ 1.99), P= 0.0009, and
significantly higher levels of active microglia (14.31 + 9.24) compared to their siblings
(5.08+1.95) (P< 0.0001).

The amoeboid morphology cells were hedfil (0.56 cells) on average wuht’-
larvae compared to null within their sibling; The P value of 0.14 indicated no significant

differences in amoeboid cells numbéiigure4.9: A-D.
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Figure4.9 - The microglia morphologies in the Videbrafish at 7 dpf implies sustained

increase in the microglia numbers aactivation. Representative-gtack image at 7 dpf

for both (A) wt sibling, (B) vhlzebrafish, enabling the visualisation of microglia with

ramified (blue arrows), activated within the spectrum (yellow arrows), amdeboid

(green arrows) morphologie€C) The vht contains significantly increased microglia

numbers compared to their siblings (unpaitegst). (D) Levels of microglia with either a

ramified or an activated morphology are significantly different betweern-amd their
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siblings (tweway ANOVA test). Data are presented as mean + SEM, MR = ramified
microglia, MA= activated microglia within the spectrum, and MAM= amoeboid microglia.
¢tKS aoO0FtS o6FN NBLINBaSyida mnn >Yo
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A W

434Tnfh  SELINBaaAzy Aa yz2i | abl'2dded G§SR 4

TNRh A & -inflamrhdktB cytokine produced by macrophages/monocytes as
part of the immune response. The current experiment tests whether the sustained
activation of HIF pathways induces microglia to adopt an M1 phenotype and express Tnf
h > dzii A tnfR :3GKBAsShninivkdieadout to assesthe microglialactivation profile.

The double transgenienpegl::mCherryCAAR™s  {i y FP410%8 ¥nb Enables
the expression of THf by microglia in bottvh’- and their wt sibling, from 2 dpf to 7 dpf.
Microglia expressing Tf can be identified by the colocalization of GFP {Trif ¢ A (i K
mCherry (microglia), producing a yellow signal. The merged images clearly show no
overlapoftnfh  gAGK YAONRIT AL |G Fye vhiform&irwe T RSO
sibling, Figure4.10. It should be noted that THf was expressed in the zebrafish CNS,
however as the current project focuses on microglial expression this was not assessed in

more detail.
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Figure4.10- The daily observation of Fhflevel within heads of viil and their sibling
indicated no tnfv S E LINE®greséntatifefconfocal images for both (A) wt sibling and
(B) vhi- zebrafish, during the agecZ dpf. The Tnd S ELINB&aaAzy Aa €20

expression, and microglia were recognised as mCherry positive cells.

4.3.5 Sustained activation of the HIF pathway does not alter microglial

expressionof Tnb F2f f 26Ay 3 KSI R Ay2adzNE

The baseline level afhf-" expressin as judged froninf-h Y Dithevhl’-larvae
was assessed. Next, the microglial expressiomfdf was evaluated following a head
injury to determine if additional stress was required to induce expression.

Sustained HIF signalling did not modulatecroglial expression of T#Hf T
therefore, the zebrafish were exposed to an additional stress, namely a head injury.
Within 24 hrs of injury microglia were recruited to the site of injury. The microglial profile
at the lesion site was varied; with some lagvdisplaying high levels of microglia and
others displaying lower levels at the injury site, as sedfignre4.11 A-B. The microglia
migrated to the lesion site and mainly adopted amoeboid morpholéggure4.11 C.
These variable responses were seen at hdtH-mutant and wt sibling larvae.

Following head injury, expressionof nf g &8 20 aSNIWSR @Al aSNA
of the head stabbed larvae for a total period of 24 hrs. Similar tovtité without head
injury, expression of TAf R A R -lofdlise withéCherry microgliaFigure 4.12.

However, it should be noted that Thfwasassociated with other neural cells.
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Tailfin woundedlarvae were included as a positive control. Unwounded tailfins
displayed no accumulation of macrophages and no levels sf TN ELINS & 4 A 2 Y @
higher levels of mCherry macrophages were seen atdite of tailfin damage, and €o

localised with higher levels of Fhf S E LINGgured. 132 y
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Figure4.11 - Microglia responding to head injuries by migrating to the injured sites.
Representative-gtack images at 4 dpf ofhl’- head injured larvae show the microglia
migration toward the injured site (indicated by a yellave) at variable levels for (A) larva
with vastly migrating cells to the wound site and (B) fewer microglia migrated to the injury

site. (C) An injured site view under higher magnification.
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6hpi ' Shpi 24hpi

Mpeg::mCherry

Figured4.12 - Tnth does not colocalize with microglia in post heapliry larvae.Confocal

serial images for 4 dpf double transgersibling larvae posthead stab procedure
evidencing the absent expression of-Tnf g A § KAy S@2 1 S Rt YiatdbNR I A |
andwt larvae. The Tré expression was detected as GFP expression, and microglia were

recognised as mCherry positive cells
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[ |Bright-Field

A-unwounded
L8 ¥ 3 g

[

B-Wounded

Figure4.13 - A tail transection in zebrafish larvae showing upregulation of the WGP

localised within macrophages at 16 hBiepresentative confocal images at 4 dpf for (A)
unwounded tail and (B) transaction wounded tail enables the visualising of macrophages’
response to injuries. The Thf F QG A GF SR GAGKAY YI ONRLIKLEF 3S3
fluorescence (positive GFP expression is overlaid with mCherry positive cells) and were only

seen at the tailfin injury site. (ZebrafisHarvae locate the tailfin injurgred arrow) and
unwounded area (blue arrow).
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4.3.6 The interleukin levels assessed by glPCR

TheTnfh as a potential marker for the M1 phenotype was not suitable.
Therefore pro-and antiinflammatory cytokines were also assessed using qPCR. The
measuremenlevels werecompared on larvae of both genotypes by measuring the gene
expression of the prénflammatory {I-1 lily6)and the antiinflammatory {I-4 andil-

10) cytokines within the fisheads

4.3.6.1 The sustained activation of the HIF pathway sigraifitly
increases expression af10at 4 dpf

Expression of a panel of prand antiinflammatory interleukins were evaluated
in both wt sibling and thehl’-mutant larvaeheadsat two age points, 4.1 and 5.1 dpf.
Mean levels of the pranflammatory (M1)il-m iwere nonsignificantly different in
the vht’- mutant larvae (Fold change=1.7 at 4.1 dpf and 1.4 at 5 dpf) compared to their
wt siblings (Fold change= 1.0 at both ages 4.1 and 5.1 dpf). Th&-6Wlere non
significantly different in therht’-mutant larvae (Fold change= 1.2 at 4.1 dpfand 1.0 at 5.1
dpf) compared to their wt siblings (Fold change= 1.0 at 4.1 and 5.1Kigiixe4.14 A-B.
Mean levels of the aninflammatory (M2)il-4 were nonsignificantly different in
the vhI’-mutant larvae (Fold change= 2.8 at 4.1 dpf and 1.3 at 5.1 dpf) compared to their
wt siblings (Fold change= 1.0 at 4.1 and 5.1 djdure4.14C.1I-10 wassignificantly highly
expressed at 4.1 dpf within thehl’-mutant larvae (Fold change= 4.3), comparable to the

wt sibling (Fold change= 1.0), P value of 0.0347. The fold change value dropped
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significantly over 24 hrs to reach 1.5 in tig’-mutant larvae and D.in the wt sibling at

5.1 dpf;Figure4.14D.
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Figure 4.14 - The Sustained activation of the HIF pathway significantly increases
expression of 110 within the vhl’- headsat 4 dpf The cytokines expression level at ages

4.1 (orange dots) and 5.1 (green squares) dpf for 4A) il -& (Cpi4, arfd (D) 10
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within both wt sibling and VHi larvae. The antinflammatory cytokine, 4lLO, is up
regulated by thevh’- mutant larvae at the 4.1 dpf. Data presented are mean + SEM;
FLI fF nonpT gy BNGVAtRDAME 60 6 2

4.3.6.2Evaluation of interleukins levels and the immune response in post
head injury

The following experiment was to measure how the sustained signalling ¢ilthe
pathways has affected the immune response profile by assessing the pro and anti
inflammatory interleukin genes in heddjuredvhl’-and wt larvae at 1 and 24 hpi.

Mean levels of the pranflammatory (M1)il-m i 1lhgi were significantly higher
in the injuredvht’-mutant larvae (Fold change= 2.9) compared to their injured wt siblings
(Fold change= 1.1), P=0.0424. However, at 24ilhpijwas not-significantly different in
the vh’- mutant larvae (Fold change= 1.2) compared to their injured wingjbl (Fold
change= 1.4)Figure4.15 A. Another Mlcytokineil-6 was non-significantly different in
the injuredvhl’-mutant larvae (Fold change= 1.2 at 1 hpi and 1.1 at 24 hpi) compared to
their injured wt siblings (Fold chaeg 1.9 at 1 hpi and 2.8 at 24 hgtjgure4.15B.

Mean levels of the aninflammatory (M2)il-4 were significantly higher in the
injured vhI’- mutant larvae at lhpi (Fold change= 3.763) compared to their injured wt
siblings (Fold change= 1.4), P= 0.003724\pi, the M1 il-4 level,however, wvasnon
significantly different in the injuredhl’- mutant larvae (Fold change= 0.8) compared to
their injured wt sibling (Fold change= 1.9jigure4.15 C. Another M2 markeil-10,was

non-significantly different in the injuredhl’-mutant larvae (Fold change= 6.5 at 1 and 24
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hpi) compared to their injured wt siblings (Fold change= 4.3 at 1 hpi and 1.0 at 24 hpi);

Figure4.15D.
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Figure4.15- Averagefold changes of cytokines level within healthy and injured larke.

detection of the expression levels of (Ayil = -& (C) 4 And (D) #LO within the

zebrafish headdy q RTIPCR at 1 and 24 hpi. The finflammatory itmi = |y R GKS |
inflammatory cytokine 4, are being ugegulated by vhl injured at 1 hpi. Data
presented are mean £ SEM, (tway ANOVA testWt-hi: wt sibling with an induced head

injury, vhthi: vhi-with induced head injured.
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4.4 Discussion

Hypoxia is a feature of several human neurodegenerative diseases, and it
influences the microglial phenotype, driving them to adopt either a-ipfammatory
(M1) or an antinflammatory (M2) phenotype; thexact roleof microglia is unclear as
yet (Fumagalli et al., 2015Employing the zebrafish canlpanvestigate the microglial
response to various stimuli. This chapter aimed to examine the effects of sustained
hypoxia signalling on microglial morphology usindB- zebrafishmodel. The study also
aimed to assess the microglial phenotype by asegstie secretion of prand antt
inflammatory cytokines at both the basal level and in pesadinjuredvhi’ and wildtype

larvae.

4.4.1 Sustained activation of the HIF pathway is associated with the

significant activation of microglia

In the current studythe membrane reporter line ofgimpegImCherryCAAX378
was utilisedpoth microglia and macrophages are labelled by an mCherry positive cell
membrane (Hamilton et al., 2020, Herbomel et al., 200W}ilising the transgeniwhl
hu2ll7*mutant carrier line has enabled changes in live fish to be observed in response to
sustained activation of the HIF pathway; and demonstrated that both controlvaiid
mutant larvae have a similar microglial phenotyge3 dpf whilst at 5 and 7 dpfhl'-
mutant larvae contain significantly higher levels of microglia with an activated
morphology.
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At 3 dpf microglia develoms highly motile amoeboid cells involved in the
phagocytosis of apoptotic cells in the developlomgin (Svahn et al., 2013). In the current
study the number of microglia with an activated morphology was similar invtité
zebrafish compared with its wildtype siblings over a 24 hr period. However, any effect of
sustained activation of the HIF pathwon the microglial phenotype may be masked by
the remodelling occurring in the developing brain at this stage. The microglial number
and distribution in the brain are based on the level, rate, and pattern of the neural
apoptosis (Svahn et al., 2013).

Theefore, microglia imaging experiments were repeated at a later larval stage to
examine whether the microglia of théhl’- fish would respond similarly to the sibling
ones. At 5 dpf, the total number of microglia in thiet’- larvae was similar to theiildings
while showing more active morphology; a prolonged morphing stage might mask
significant differences (if they exist) at this stage (Svahn et al., 2013). At 7 dpf, sustained
activation of the HIF signalling pathway was associated with a significargase in
microglia number and activation; the finding might be due to increased phagocytic
activity in thevhl’-mutant larva.

Hypoxia resulting in microglial activation has been reported in several studies on
other species suggesting that the changamitroglial morphology could be associated
with activation of the HIF pathway. In a severe/chronic perinatal hypget@emia human
study, microglia adopt a very active morphology. Activation of the miieréagilitates cell
migration and phagocytosi@anayotacopoulou et al., 2022, Ohsawa et al., 2004

hypoxia effects on microglia were also studied in a mouse model, where 6 months old
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mice were exposed to a single acute hypoxic condition (7% oxygen in a hypoxic chamber).
Mice were sacrificed immediately aftehe experiments, and the microglia evaluation
showed M1 microglia activity recognised by elevated M1 markers, including CD86, TNF
and 16, compared to the control mé& group, which were kept undenormoxic
conditions within a similar chambégZhang et al., 2017)

In zebrafish, the neural apoptosis rate affects the number of microglia. In a study
where hemispheres of 3 dpf embryos were irradiated via a-power UV laser, the
microglial number was compared between the irradiated att@é nonvirradiated
hemisphere (internal control). The number of apoptotic nuclei and microglia was higher
within the irradiated hemispheres, suggesting that neuronal apoptosis provides a
mechanism for controlling the number of moglia in the zebrafishrains(Casano et al.,
2016) Increasedmicroglial numbers could be due to migration or proliferation of the
microglia. Microglial proliferation suggested to occur locally as an acute respdosan
extensive neural deatfOosterhof et al., 2017)

In a bacterial nitroreductasexpressing transgenic (NTR) zebrafish, the addition
of metronidazole (MTZ) induce®ural apoptosis and cell lo§lglathias et al., 2014)n a
study that involved a single dose administration of the MTZ to the zebrafish hindbrain,
the microglia nnber was observed for 7 days after admission. Interestingly, the microglia
colonised at the hindbrain 24 hrs after the addition, and the microglial number remained
elevated up to week posttreatment. In contrast, the microglia number and distribution
pattern were unalteredn the nontreated brain aregCasano et al., 2016)he findings

together suggest that the pattern and the level of neuroaabptosis were found to have
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an intense and prolonged influence on the microglial number and digtab in the
zebrafish braingCasano et al., 2@).

An ncreased immune response can evoke stress signals, resulting in recruiting
more immune cells to the brain. In a leukoencephalopathy zebrafish model (RNAseT2
deficient), the number of mCherry positive cells was higher invifiit mutant than in
their control wildtype(Hamilton et al., 2020)This study concluded that increasing
apoptosis will recruit entry of circulating macrophages, explaining the increased number
of mCherry cells (microglia and macrophages) in the bjtdamilton et al., 2020Casano
et al., 2016, Xu et al., 201@&nother zebrafish study investigating glioma in the zebrafish
brain has spported the microglia/macrophage interaction and migration toward the
glioma(Hamilton et al., 2016, Var and Byddcobs, 2020)

By reflecting on the elevated microglia number in the/'- larvae at 7 dpf, it is
suggested that either activated microglia secrete stress factors which recruit circulating
macrophagesnito the brain and/or neural death has occurred, triggering microglial
proliferation. A further test using a microglial specific marker, for example,
immunostaining using 4C4 monoclonal antibofMazzolini et al., 2018)can help
distinguish between resident microglia and infiltrating macrophages and clarify if

increasing the microglia number is caused by macropliafgeation.

4.4.2 Spinning disc confocal microscopy is a more robust approach to

analyseanicroglial morphology in ZF larvae

207



The currenproject employedwo imaging systems: Ligi&heet microscopy (LSM)
and SpinningDisk Confocal microscopy. The advantage®if1 is that it can record the
zebrafish larva for extended period&Kaufmann et al., 2012, Bassi, 2Q1&habling
observationof microgliain vivofor over 24 hrs. However, several limitations of this
approach should be acknowledged, including the highest magnification available is 20x,
which impedes analysis of the detailed microglia morphology. Therefore, when this
approach was used, the microgheere only classified as either ramified or activated
morphology due to the lowevel magnification of images taken by LSM, preventing
accurate identification of the different morphologies. Another limitation is the low
throughput; only two embryos can bmaged at the same time. The sample embedding
technique is also a limitation, where it is difficult to get the correct orientation of the fish.

From the literature, the spinning disk confocal fluorescence microscope is
commonly used to image microgliathin zebrafish for quantitation and more detailed
analysis of glial morphology in zebrafish laryBkamilton et al., 2020, Hamilton et al.,
2016) The disk confocal microscope has several advantages; the most important is
allowing confocal imaging at a higher magnification (x40). The higher magnification more
readily enables the classification ofettmicroglia morphologies, enabling measurement
of the circulatory index range of each cell. Anothevaatage is its high throughput
(Jemielita et al., 2013Wwhere many embryos can be embedded together and imaged
within a shorter time. Alsat is easier to embed embryos in the correct orientation, unlike

the LSM.
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443Tnth A& y2i SELINBaAaSR o0& YAONRIAE AL

TNFh A& | Ydzt U-ikflardayatory Eyokire f whitlN@ secreted by
inflammatory cells and plays an essential role in ¢allgurvival, proliferation, cellular
homeostasis and immune protection against neurological isyltNA N> ¥ Yy R hQ/ |
2007, Wang and Lin, 2008h the human CNS, acttea microglia are the major source
of this cytokine. In the brain TNFh  f S @S élévated BidE contribute to
neurodegeneration following injuries including ischemia and infectituiman research
reveals that microglia mediate hypoxiaduced inflammationby producing the preo
inflammatory cytokines v i X6 abhd[TNP 6 Ddz2 S |t ®X wamn I { NA N
2007)where TN A4 AYRdzOSR @GSNE SI NI & Ay(SnrdémS LINEO
FYR hQ/ Ittt AKIYX HAANTO

Mouse studies have also demonstrated hypexiduced upregulation of the
expression of TNE 6 @ Y (Claus@n atfalA 2008pne study that focused on hypoxic
effects involved incubating cells in an anaerobic chamber (02 tension<0.2%) for 8 hrs
(mild hypoxia condition) before being reoxygenated in a regular nornioxidator (95%
air, 5% CO2) for 24 hrs. This resulted in the production of Nitric oxide and BENF
suggesting that the hypoxic conditions could lead to the inflammatory activation of
microglia(Park et al., 2002)The study implied that hypoxia directly damages neurons
during cerebral ischemia and indirectly promotes neuronal injury via microglial activation.

Previous studies have demonstrated FNF A-éxpré3ged wittmammalian glial
cells and zebrafish macrophages under -pritammatory conditions (Lewis and Elks,

2019) Thus, the current study assessed microglial expression ¢f TnR dzNA y 3 & dza i |
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activation ofHIF sigalling in zebrafish. However, while peripheral macrophages were
showntoexpressTaf F2ff 2¢gAy 3 GFATFTAY AyeSdaNEIX GKS Od
Tnth  SELINB&a&A2Y Ay GK/ST Y waiiyens eitt@daR Arésfonse 0 (1 K S
HIF ativation, head injury, or both.

Surprisingly, despite the aforementioned reports in mammals, in the zebrafish
larvae, we found that TARf g1 & y 2 SELINB&EASR gA0GKAY (KS
consistent with reports that THf A & S E LIND &ldsBel inlifla¥ipositiveS E
macrophages celléTsarouchas et al., 2018)evertheless, there has been an instance
where mcroglial expression of-plastin has been shown to docalize with Tnf
expressionTsarouchas et al., 201&dditionally,the microglial gene signature might be
changed at the incident of neural death. In 3 dpf zebrafish larvae treated with MTZ,
microglial proliferation is activated, combined with the ieased expression offlastin
(Oosterhof et al., 2017)n zebrafish with a chric seizurdike condition (induced by the
pilocarpine), the brain TAf gl & YSIF adz2NBR dzaAy3a GKS It/ w |
wildtype adult zebrafish. The Thf Ywb! SELINB&aaArz2zy f S@St 61 a
group canpared to the control wildtypg€Paudel et al., 2020)

While the current study initially hypothesised that Inf & 2 daéxpresOadthin
microglia due to sustained activation of the HIF signalling pathway and/or induced after
insult by the activated microglia, Fhf S E LINB &nét AsBofiatesl wigh microglia in

either condition.
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4.4.4 Sustained activation of the HIF pathway significantly increases

expression ofl-10at 4 dpf

The myeloid cells of microglia and macrophages are considered theigal
source of interleukingHasegawa et al., 2017, Gareé, 2020) In a traumatic brain injury
(TBI) zebrafish model, theeadsinterleukin secretions were assated with activated
microglia(Gan etal., 2020) In parallel, in the current study, the interleukin measurements
represented the entire head's tissue response to the sustained activation of the HIF
pathway and were not limited to the microglial responses. However, based on previous
reports, results are considered to mainly reflect the secretid interleukins by microglia
(Gan et al., 2020)0f the panel of cytokines investigatemhly il-10 showed a significant
increase in theshl’- mutant fish affected by the sustained activation of the HIF pathway.

Within the humanCNS H10 is the most crital antiinflammatory cytokine
(Glocker et al., 2011)t is secreted by M2 activated microglia and maintains the immune
system balance by limiting the sedi@t of praeinflammatory cytokines, such as T™TNFEZ
IL-6 and IL1 (Royle et al., 2009, Laffer et al., 2G19nce, ILL0 protects against excessive
immune responses and tissue damdg@docker et al., 2011, Wu et al., 201B) anin vitro
lipopolysaccharide (LPS) stimulation study, the deficiency -4 lkesulted in the
elevation of the Mllike phenotype. The microglial phenotype was analysgdhle flow
cytometry and demonstrated elevated expression of the phagocytic marker (CD66),
associated with increased-@, and TN® @ a Sl ygKAf S>S (GKS au YAOI

attenuated, influencd by the absence of the-llO (Laffer et al., 2019)Anotherin vitro
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human study using the tumour cetleased autophagosomes (TRAPS) line has shown
that under hypoxic conditions, th& RAPs inducechore IL-:10-producing B cells with
suppressive activities on T cel{Zhang et al., 2019p)hus, interestingly, suggesting that
HIFM b NXB 3 dzflLk10 &pressioK Bve{Wu et al., 2010)and contributes to its
production at least in B cel{#leng et al., 2018)

Similarly, in a mouse study amnmhder hypoxicconditions, expression of HNkh
was elevated within activated B cells, which regulate th@dpction and function of H
10 (Meng et al., 2018)In contrasfHIFMh  RSFAOASy O& ¢4l & F2dzyR
the B cellsand reducetheir intracellular 110 production(Meng et al., 2018)Further,
when splenic B cells were cultured under hypoxic conditila50 mRNA expression was
significantly elevated compared to B cellsterdd in normoxic conditiongMeng et al.,
2018) In rats with a hypoxitschemic condition, the level of neurapoptosis negatively
correlated with IE10, indicating the neuropretctive role of I£10 when hypoxiaccurs,
causing neural damadei et al., 2014a)

Taken together from thementioned studies within the vht’- heads il-10
expressionincreases with the microglidi2 inflammatory profile and undehypoxic
conditions, providing a neuroprotective role. Zebrafighl0 is an essential anti
inflammatory and critical for gill homeostagBottiglione et al., 2020)Ve speculate that
the elevation ofil-10 at thevh”"K S | Rddél at 4 dpf is under the effects of sustained
activation of the Hipathway and has a neuroprotective role that might be related to the

apoptotic neurons.
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4.4.5 After injury, the sustained activation of the HIF pathway

significantly increases the expression ibiv iandil-4 at 4 dpf

The zebrafish microglial response touiry is recognised as having both pand
anti-inflammatory effects, demonstrated by cytokirevels regulated by injurig&an et
al., 2020) Actvated microglia have beerhewn to secrete both pranflammatory (M1)
cytokines such as-hand Ikm i | y-iRflarhnyatory (M2) cytokines such as4land Ik

10.

In the current study the microglial immune response was measured when

additional stress wamduced to evaluate if sustained HIF signalling might exacerbate or

reduce the microglial response. The interleukin levels were assessed innpostd
zebrafisf &  KvéithinRiEe vhi’- and sibling wildtype larvae. At 1 hpi, tvaal’- larvae
showed ele@ations of the preinflammatory (M1)il-m iand the antiinflammatory (M2)il-
4; both dropped to a normal level within 24 hpi.

In humansil-mi mairdy produced by micglia(Zhu et al., 2019)The elevation
level of human CNS-iLi A& dzadzZ ff& O2YO0AYSR gAakK
hallmark for CNS inflammatio(Liu and Quan, 2018)The integration of activated
microglia and Hm i g A @irkpro-iiflarankatory role causes brain hypflammation,
neural damage and excessive oxidative stresgentuallyleading to neural patholog
progression and CNS disease. Significaimtyeased expression of -ibLi KI a

reported in several neurologit diseases,ncluding Alzheimer's disease, Parkinson's
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disease, autoimmunity, chronic depressiand bacterial/viral infectiongLiu and Quan,
2018)

In the human CNS, the antiflammatory cytokine H4 is essential in brain
memory and learning funains (Sachin et al., 2012)t is also an essential regulator for
M1/M2 polarisation by switching microglia away from the fnflammatory subtype,
promoting the neuroprotective effectfHe et al., 2020, Yi et al., 202Qh vitro
administration of It4 revealed a reduction of M1 markers, prdlammatory cytokines
and neuroapoptosis markers while significantly raising M2 exarkand ant
inflammatory cytokinegYi et al., 2020, Sachin et al., 201I2) additionto antagaising
the production of Ikm i(Bottiglione et al., 202Q)L-4 can directly induce proliferative and
neurogenic ability in human neural stem cel{€osacak et al., 2019)

In zebrafish, iMi A & | -bflamdadofy Oytokine pididBiced primarily by
myeloid (macrophage and microglia) cells to recruit immune celtbeédesion site(de
Abreu et al., 2018)Similar to the human studies, the elevatiohil-m iin zebrafish was
associated with physlogical inflammatory responsg@hang et al., 2019a)This was
evidenced by a study utilising adult zebrafish with chronic seilikeeconditions caused
by Pilocarpine treatmenfThe treatment group was found to express an elevaltddevel
comparedto the control untreated grougPaudel et al., 2020)

Zebrafish #4 cytokines suppress the M1 immunity response and enhance the M2
type (Bottiglione et al., 2020)An additional role of # in the zebrafish brain is to enhance
neural progenitor, cell proliferation, and neurogenesis via initiation in neural stem cells,

similarly to their role in human@osacak et al., 2019)
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Our current data imply that théneadselevation ofil-m iin the present study
resulted from the inflammatory response induced via the head injury. The secretibn of
4is likely a homeostatic response to suppress the productioiri, which eventually
suppresses inflammatio(Bottiglione et al., 2020)Within 24 hpi, thel-4 level dropped
parallel to theil-m ilevel, suggesting a balance in the inflammatory response within the
injured heads. Noteworthy, at 1 hpi, thlev iandil-4 expression levels wht’- larvae were
higher than wildtype siblings, suggesting that sustained activation of the HIF pathway
amplifies the immune responses following inducing the injury.

Our findings conflict with studieshere theinterleukin profile was measured in a
traumatic brain injury model ofzebrafish(Gan et al., 2020)In a double transgenic
zebrafish Tgorola:EGPP*%4and TgHUC:EGRH®8, at 3 dpf, a heaavound injury was
induced at the hindbrain. The tothlkadsRNA was extracted from 3 dpf (25 larvae per
group). Then the pr@and antiinflammatory expression af-m j, il-6 and il-4, and #10
genes was measured using the riale quantitative reverse trascriptionpolymerase
chain reaction (QRPCR) assays at different timeints following the wound induction.

In contrast to the current data, the published results show a significantegplation
across all the measured inflammatory interleukins, whiobpdgradually ovethe next 48
hpi (Gan et al., 2020)n the current study, it was expected that the wildtype sibling would
reflect the publishedresults, enabling the evaluation of whether théil’- mutant
responses are greater or less than the healthy larvae.

The experiments performed in this study mirrored those used for the published

data, with two minor changes: the needle size wasincreds®&R Y HH >Y (2 dYHup
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the published experiment was performed on 3 dpf larvae rather than 4 dpf. While these
two factors may seem irrelevant to the conflicting results, the other variation between
the two datasets is the sample size; the published deds for one sample per group,
where each sample was pooled of 25 larvae heads. In comparison, the current data is
representative of 6 samples per group, where each sample is pooled from 23 larvae
heads. The initial experiment included 3 samples per graogd,the gPCR measurements
were repeated on different 3 samples to draw conclusive results. Yet, no trend-of up
regulation or similarity between the two studies was confirmed.

Our experiment aimed to investigate the differences in the immune response
between the genotypes at the basal level and when head injuries were induced to
recognise if the sustained activation of HIF signalling affects the immune response within
the vhl’- zebrafish. It could be that microglial gene expression changes are lost arglee |
amount of RNA originating from all the cells in the ZF head rather than measuring the
microglia profile only. Hence, an affirmative approach to studying the microglial specific
profile within the two larval groups would be extremely helpful by isal@the microglia

for RNAsequencing transcriptomic studies.

4.5 Summary of the major findings

1- Sustained activation of the HIF pathway in thé’- larvae causethe microglia

to adopt an activated morphology at 5 and 7 dpf.
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2- The immediate inflammatory response following additional stress (head injury),
is amplified in thevht’- larvae, thought to be driven by the sustained activation of the HIF
signalling pathway.

3- Studying the transcriptomic profile of isolated microglia is critical to confirm the
microglial inflammatory profile in response to th&ustained activation of the HIF

pathway.
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Chapter 5 Optimisation of zebrafish microglial cell sorting

5.1 Introduction

The populaity of zebrafish (ZF) as anvivomodel for the study of human diseases
has increasedgignificantly since the 198(@Bradford et al., 2017)The zebrafish genome
has been characterised in dgtand now, a high quality and precisely mapped reference
genome has become available with approximately 70% of the prateiiing genes
between zebrath and humans being conservéd et al., 2022)hence offering exciting
prospects ér functional genomic analys€koontiens et al., 2019)

The development of transgenic fluorescent reporter zebrafish lines, where a
fluorescent tag enables the visualisation of the cells of interest, has facilitated the gene
expression analysis ofubrescenceactivated cell sortindFACS) sorted cell populations
(Liao et al., 2016)FACS is a techniguwhich enables the isolation of specific cell
populations according to their fluorescent phenotype and the specific light scattering
detected by flow cytometry, enabling further analyses of a single cell type, witleut t
influence of unwanted cellfLiao et al., 2016)The advantage of FACS is the accurate
isolation of cells of interest from a heterogeneopspulation. However, the FACS
recovery rate of ~70% may be an issue whenidgakith a low number of celld.iao et
al., 2016) After sorting, downstream applications, including R¢fuencing (RN8eq)

and microarray experiments have enabled the investigation of the transcriptomic profile
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of specific cell types, and the identification of altered gene esgimn under specific
genetic mutdions or chemical perturbatio@aurer and Quimby, 2015)

Nowadays, and based on the currently available genome sequences, databases
can immediately characterise orthology between spe¢iemntiens et al., 2019, Maurer
and Quimby, 2015)Studying the ZF orthologs of human genes, which are implicated in
human disease aetiology, provides an understanding of the molecular basis underlying
the pathogenesis of the diseag®laurer and Quimby, 2015Yhe transcriptomic analysis
of zebrafish sortectells using RN8eq approaches has been successfully employed to
characterise the role of neurafglial cells in brain diseag®azzolini et al., 2018)etinal
regeneration(Sun et al., 2018fas wel aS@SNI f AYYdzyS OStftaq

pathologieqFei et al., 2021, Burrougi@arcia et al., 2019)

Hypothesis, Aims and Objectives
RNAsequencing is an excellent tool for syudg the gene expression profile of

specific cell populations in zebrafish disease models. Extracting RNA from a specific cell
type requires a robust protocol to sort cells from the cell suspension. The number of
microglia is very low in the elgrstagesof brain developmen{Mazzolini et al., 2018)
From the previous chapter, the microglia are scattered throughftsh brain in a small
number (~60 cells) compared to other neural and glial cells, making sorting a challenge.
The current project hypothesised that the microgliavbf /- fish, which display a
sustained activation of the HIF pathwdyave a similar transcriptomic profile to those
isolated from a chronic hypoxic condition of pasbrtem deepsubcortical lesions (PM

DSCL)The optimisation experiments in this chapter aimed to provide a workflow that
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successfully produced a sufficient aumd of highquality RNA extracted from sorted cells
using the FACS system that was available at the University of Sheffield. The main aim for
this chapter was to isolate RNA samples from mCHamigroglia from the ZF head of

both vhl7-and wildtype sikihgs, and then compare the transcriptomic profiles with the
PM-DSCL transcriptomic profile findings (detailed in chapter 3). Unfortunately, due to the
impact of COVIQ9, it was not possible to complete all the main aims within the project
timeframe.

The thapter objectives were toonduct a survey for theobustapproachio isolate
microglia from zebrafish samples. Thptimisation strategyinvolved many different
conditions with limited repeatandincluded:

1- Evaluaion and optimisation ofthe liberase lbmogenising protocol.

2- Evaluaton and optimisation ofthe cold homogenising protocol.

3- Evaluaion and assesaent ofthree extraction kits, several sorting media, and

collection tube options.

4- ldentification of the optimal collection media, collectiotube, and sorting

period to be used for the sample preparation protocol.

5- Preliminarytranscriptomic profiling of microglia ivhl /-and wildtype siblings

fish samples using RNs&Q.

6- Bioinformatic analysis of the datasets generated by Ri&é to identify

significantly differentially expressed genes, dysregulated pathways, and

functional groups.
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7- Comparson ofthe microglialtranscriptomic profiles from the PNMDSCL and

vhl/-fish.

5.2 Material and Methods

5.2.1General practte

Zebrafish husbandry, gerar practice and anaesthesia were performed as
previouslydetailed in sections 4.2.3Thesamples used for were a mix of sibling and
vhl’-larvae, with the double transgenic lin@l"2117*(mpegl::mCherryCAAX, phd3::GFP)
used at 5 dpf. Both mCherrgnicroglia and mChertynacrophages will have been isolated

during these optimising experiments.

5.2.2 Optimisation of the sorting protocol for the isolation of microglia

from zebrafish using fluorescent activated cslbrting

All steps were performed at 4°C less otherwise stated, including cooled
instruments, reagents, and tubes. Solutions were made with diethylpyrocarbonate
(DEPGJreated water under RNaskee conditions. Fosorting, the FAGBlelody, which

is previously reported for its accurate isolatiohmCherry cells (BD Science, UK), was

dZaSR 6AGK + mnann >Y y211f Sd80% &fiSiendyf 26 NI GS &
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