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Abstract

Uncoveringthe mechanisms underlymageing of thecentral nervous systemCN$ is
crucial to identify therapeutic targets to promotkealthy ageing.Although the CNSis
considered predominantly poshitotic, it has been suggestdtiat telomerase mostly known
for its role in cell divisiorthrough maintenance of telomere lengtthasa protective role
againstcellular senescencélowever the mechanismanderlying thisemain unclearHere,
| aimedto determinetelomerasedependent mechanisms of ageing in the QNBticularly in
the retina and the brain To do so, | usewild-type zebrafish alongside with the telomerase

mutant g¢ert”-) zebrafish model.

This study showthat zebrafishdisplay retina degeneration and visual impairment with
ageing, and that theseccur in atelomeraseindependent manner. Despitepreserving its
regenerative capacity in response to acute damagsl old ages rather than regeneration,
the agedzebrafishretina undergoes gliosjslike in humans Thishighlights zebrafish asa
suitable model to exploreelevantmecdanisms toneurodegeneration in the human retina
during ageing pointing to gliosis as a key target to explore endogenous regeneration

mechanisms.

When looking at the brain, this study shewn accumulation of senescenamarkers,
specifically inthe dienephalon andcerebellum Contrasting with the retina, in the brain
these hallmarks were acceleratedtire tert’- model, suggestinthat TERT exerts a protective
role against accumulation of senescence in the aged birnre,| alsoidentify a set of gers
potentially involved in TERIdependent senescence in the ageing braitbut further
investigation is required to test whethéne expression of these genes delay accumulation of

senescence in the agegbrafishbrain.

Togetherthis opens ne lines of ivestigation on telomerasdependentand independent
mechanisms of ageingointingto zebrafish as valuablemodelto further explorepotential

therapeutic targetsaiming to ameliorate retina and bragegeneration withageing.
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Chapter 1.
Introduction



1.1 Ageing

Peopleare now living longer than ever beforas life expectancy has been increasiing.
the European Uniorlife expectancy increaseimost10 yearsn the pastS decadesand itis
predicted to increasanother 7years until 2060reaching the 84 years of age in man and the
89 years of age imvomen (European Commission DirectoraBeneral for Economic and
Financial Affas, 2015)Inthe United Kingdon{UK) the lifespan increase of the past decades
hasstalledsince 2010Whilstfrom 1980 b 2010life expectancy in the UKcreasedl year
every 6 years nowadays it takesn average 21.5 yeard5 in man and 28 in womernj
increase life expectancy by 1 yddfichaelet al., 2020) If this rate is to be maintainedhen
it is expected that life expectancy in the Wil increaseby 2.8years for man and.5yearfor

women, reaching the82.4and 84.7 years of age, respectively, by 2060.

The drawback of an increased life expectancy is that wdking comes diseasand
therefore people arenow living longerwith the burden of ageassociaéd diseasesindeed,
ageing can be defined as a gradaatumulation of damage that leads to a functional decline
of the organism(L6pezOtin et al, 2013) increasing vulnerability to chronic diseases and
probability of death(Barnett et al., 2012; Cutler & Mattson, 2006; Marengoni et al., 20t44)
particular after the age of 65, the incidence of chronic diseases such as hypertension,
dementia, arhritis, heart diseases, and visual inmpaents, increasesdramatically
(Alessandrat al, 2009; Partnership for Solution, 2004mportantly, the percentage of over
cpQa BAUOK Ydzf GoscHreemed of Raré thanh 1 Hise&¢BortiiOet al., 2004)
reaches about 60%Barnett et al., 2012; Vogeli et al., 200Dhronic disease refers to a
permanent, norreversible condition that affects a person both physically and mentally,
leading to an increasd risk of disability and hampering tramily-life activities(Partnership
for Solution, 20@). Hence, ag@ssociated chronic diseases have a strong negative impact in
the quality of life as well as ithe medical care costsf the elderly. In fact the European
average of care expenditurper capitaby age doubles between 65 and 90 years old
(European Commission DirectoraBenerd for Econonc and Financial Affairs, 2015)
Similarly, in the UK, it is estimated that the NHS care costs increase from ca.£1,000 to
ca.£2,0062,500, between the age groups of 65 and ¥8Bgele, 2018)

Considering this, it is urgent to prevent ageated diseases in order to promote health

ageing so that peoplemaylive healthier fodlongero WK S I f (TiKedti ledlaly2Q12)Longer
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healthspan would reduce thageassociatechegative impact opS 2 LJ &liyzof lilg énd

on the ®ciomedical economy. To achieve this, it is essential to understand the mechanisms
underlyingthe ageing procesand that predispose peopléo multiple chronic diseases of
ageing Highlighting thisirge, the Corporate Rn 20142015 of the UK Department of Health
aSt NBaSINOK Ayd2 aotbp3priogtias(Uaitef Health, 20a4pnal th& 2 T
Horizon 2@0 (Work pan 2182020) frameworkis aimingto develop research and

techniques to promote healthy ageirf@onmission, 2018)

1.2 Hallmarks of ageing

With ageing, cells and tissues undergo several molecular altergtiahsontribute tothe
impairment of tissue homeostasideading to progressive tissue degeneratiomhese
alterations includegenome instabity, epigenetic modifications, loss of proteostasis, and
telomere shortening known as primary hallmarks of ageiriigbpezCtin et al., 2013)
Accordingly, premature ageing syndromes (progerias) are underlinaddoynulation of DNA
damage and impairment of DNA repéiurtner & Kennedy, 2010; Mostoslavsky et al., 2006)
aberrant DNA methylatio(Heynet al., 2013), loss of proteostasifAlupei et &, 2018 Gabriel
et al, 2016)and telomere dysfunctioffArmanios etal. 2009; Zhong et al. 2011)

Theprimary hallmarks of ageing do not occur isolated and are insteaalvn to interact
with and affect each other in multiple wayBor example,lie exposue to cellular extrinsic
factors such as radiation and chemicalswell as cellular intrinsic factors such as Reactive
Oxygen Species (ROS) and DNA replication errors, threat genomic and mitochondrial DNA,
contributingto accumulation of DNA damage anthsequentgenome instabilitfLopezOtin
et al., 2013; Moskalev et al., 2013; Ovadya & Krizhanovsky,.20ddg&d, mutatonsin genes
encoding for key enzymes involved in DNA repair and DNA maintenance cagseom
syndromes such as Werner Syndrome (WRM), Bloom Syndrome (BLM), Cockayne Syndrome
(CK) and Dyskeratosis congenita (DBGitner & Kennedy, 2010)

With ageing, there are also epigenetic alterations, includingnges irDNA methylation
patterns and chromatin remodellingalens et al., 2012Which contribute to structural and
functional alterations in the genome, reinforcing tidNA é&amagecycle(Zhang et al. 2016;

Moskalev et al. 2013Moreover, with ageing, there is deteriorati of the ability to regulate



protein homeostasis (proteostasis), which can either lead to a loss of function or gain of toxic
function, affecting celfunction and causing diseagkogaet al, 2012; Powergt al., 2009)
Deregulated proteostasis may impaithe DNArepair machinery, promoting genomic
instability and contributing to DNA damage accumulatiGfackson & Bartek, 2010)
Importantly,due to its Grich regionsielomeres are favoured sites for accumulation of DNA
damagewhere, contrary to other DNA regions, DNA damage is not efficiently rep@dieaalitt

et al., 2012) This means that R@8duced DNA damage can cause telomere damage and
rapid telomere attrition, contributing, in turn, to more DNdFamage responses (DDR). This
can therefore create a positive feedback loop generating meregic instabilityKimet al,
2016; Rossiellet al, 2014) Adding to this telomere damage, it is well described that
telomeres shorten with ag@Allsopp et al., 1995; Heidinger et al., 2012; Moyzis et al., 1988)

which will be detailed isection 1.2.1

1.2.1 Telomeres and telomerase: structure and function

Telomeresare specialised structures thabnstitute the tips of linear chromosomes in
eukayotes comprising repetitive TTAGGG sequences of (Md4zis et al., 1988)n humans,
telomeres consisof 2-30 kilobase(kb)long doublestranded DNA repeats, presenting a
singlestranded 106200 nucleotidef 2 Y3 0 Q, (2SNIYNSKiaryin8Cor Goverhang
(Lange, 2004jFig1.1A, left). Telomeres are associatedith a protein complex, known as
Shelterin essential for telomere protection and function. This protein complexgarised
in 6 distinct subunits, includinglomere repeat binding {TRF1)telomere repeat binding 2
(TRF2or TRFA in zebrafiglprotection of telomere I(POT1)repressor/actiator protein 1
(RAP1),TRF1 and TRF2 interacting nuclear protei(TIN2) ad adrenocortical dysplasia
protein homolog(TPP1)YPalm & Lange, 2008 agner et al., 200)7(Fig 1.1A, left). The
Shelterin complex is highly conserved among vertebratdsewise,zebrafish presenthe

same 6 subunits as mammd&/agner et al., 2017)
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Together with Shelterithe o Q-overhang form a looglike structureat telomeregtermed
T-loop), creaing a protective @ OIPLIEC KA & LINE G S O (itHe Zefd ofdali@darL)é & K A
chromosome, preventingtheir recognition as DNA Doubfgtrand Breaké@OSB¥y(Carneiro et
al., 2010; Sullivan & Karlseder, 201Bpwever, because DNA polymerasare unable to
complete DNA replication aktS G SNYAYA 2F (GKS I 3IAYIY RGN Y
replicationLINE 0 ,ftédoi€res shorterwith each cell divisionlLevyet al, 1992) It is
estimatedthat there is aloss of around 5@00 basepairs(bp) in each cell divisiofLevy et
al., 1992) at least in cell cultureAstelomeres do nottcompriseany proteirencoding gene,
telomere shortening o#frs a bufferingike system, protecting the proteksoding DNA against
erosion with each cell divisiotmportantly, when telomeres become too shipthey become
G dzy O (Bed@ikét al, 2004) and this exposure of the DNA double strand deddsto
activation ofDDRgLevy et al., 1992; Sahin & Depinho, 2010)

Telomerase is the onlgnown enzyme capable of counteracting telomere erosion, by
elongating telomeresNonetheless, imumans, telomerase expssion is restricted in most
somatic cellsTelomerase imainlyexpressed, albeit at limited leveig,stem cells, germ cells
(Wright et al,, 1996) cancer cellgKim et al., 1994and someactivated immune cell§Gizard
et al.,, 2011; Hiyama et al., 1995)herefore, despitetelomeras& ability to elongate
telomeres, its limited expression most cellds not sufficient to prevent telomere shortening

overtime (Greider & Blackburn, 1985)

Telomerase is aibonucleoproteinformed by atelomere-specificreverse transcriptase
(TERT) andn RNA template (TER@reder & Blackburn, 1985)The TERT component of
telomerase uses the RNA template, TERGytdhetizede novatelomeric tandem repeats at
0KS o0Q Sy R(Geider & BatkBurhS1985khis occurs inssociation with a core of
4 telomeraseassociated proteins, includingyskeratosis congenita {DKC1),nucleolar
protein family A member 2 NHP3, NOP10 ribonucleoproteinlNOP10),and GAR1
ribonucleoprotein(GAR) (Armanios, 2010; Dey & Chakrabarti, 2018; Egan & Collins, 2012)
(Fig 1.1B). These four proteins ra known to interact with a box H/ACA domaimnhich
resemblesa H/ACA small nucleolar RNA (snoRAJ, ist 2 O S R-tedmihal df KERC o Q
(Mitchellet al, 1999) The interaction between the H/A@Axand the bur above mentioned

telomeraseassociated proteings important to regulate RNA stability, maturation and



location, and it is therefore essential for telomere lengthenjAgmanios, 2010; Mitche#t

al,, 2000)

Furthermore the TER component of telomeraskas a complex structureontaining a
RNA binding domairfor TERC binding domaitgcalised at the Nterminal, a reverse
transcriptase (RT) domain localisgithe Gterminal and a @erminal extensior{Armbruster
et al, 2001; Laet al, 2001) Both RNA bading and RTHomainsare required for telomere
elongation (Lai et al., 2001)The Germinus of TERT was also shown to be essential for
telomere elongation, as the addition o @pitope tag at this sitblocked its ability tgrevent

telomere shortening in human fibroblast€ounter et al., 1998)

Theefore, telomerase is a complex protein and the corrassembly ofts holoenzyme
complexinvolvesa multistep process that isrucial for telomerase activity at elongating

telomeres

1.2.1.1 Telomerase functions: canonical versus-nanonical

Althoughtelomere biogenesis is the most wadharacterised function of telomerase (i.e.
canonical functions}his ribonucleoproteinhas been reported to havenportant functions
that are independent of telomeres (i.e. naanonical functionsje.g.Goodman & Jain, 2011;
Romaniuk et al., 2019; Sédmndirdjian & Geli, 2019; Sungli, & Lee, 2014)These on-
canonical functions of telomeradeave beensuggestedo occur atthe nucleus cytoplasm
and mitochondria. Despite this, work so far has been unable to discern which part of
telomerase is responsible for which neanonicalfunction. It may be that they cannot be
completely separate@ukherjeeet al,, 2011) Further work genetially modulating different
parts of telomerase in model organisms should help clarifying Mhdglulating TERC or TERT
components separatg| or evenmodulating specific parts of the TERT component of
telomerase (e.g. RNBinding domain or reverse transptase), would help to dissect which

components of telomerase are required for the different functions of telomerase.

At thenucleus, telomerase seesto have an important role on transcriptional regulation
By recognising the sequence ACCACCC, humR@®as been shown tinteract with 2,198
sites of the genome,includingwith the MYCpromoter and several genes from the Wnt

pathway(Chuet al,, 2012) Apart from tesedirectinteractions modulationof TERC has been



suggestedo alter the expression of othamportant genes For exampleinhibition of TERT

(using shRNA) in human induced pluripotent stem cells has been shown to reduce the

differentiation of hematopoietic stem cells (HSGsithout affecting telomere lengti{Jose et
al., 2018) Similarly depletionof TERQusing amorpholino antisense oligonucleotidaodel)

in zebrafish embryowas showrto lead toimpairment of myelopoiesisthe authors showed
that this occur independety of telomerase activity as TERTockoutmorpholinodid not
display any alteration in myelopesis(Alcarazpe et al., 2014)This evidenceshowthat the
telomerase role in HSCs differentiation and myelopoiesis is independent oiitidns at
telomeres(Alcarazpe et al., 2014; Jose et al., 2018)though the mechanisms underlying
this remain generallyunclear, Alcarazpe et al. (2014xhowed that the role of TERC in
myelopoiesis may involve modulation wanscription factor PU.{SPI) and GATAbinding
factor 1 (GATA) by TERGAIlcarazpe et al., 2014) Together, thissuggest that the TERC
component of telomerase can play roles independent of telomepessiby by modulating

the expressin of key transcription factors

Apart from TERC functions at the nucleus, recently it was shown that this component of

telomerase can also translocate to the mitochondria, where it is processed giving rise to a

shorter form, TRG53. This shorter form i#hen translocated to the cytoplasm where it can
play roles independently of telomeres or telomeraaetivity (Cheng et al., 2018)n vitro,
overexpression of TER&3 inmouseembryonicfibroblasts(MEF3$was reported toaccelerate
cellular senescencavithout affecting telomee length. Additionally, TERE3 overexpression
in mice led to reduced proliferation in the hippocampus ahis was associated with
accelerateccognitive declindZheng et al., 2019The authors proposthat these functions
of TERG3 might be assaated with regulation of gene expression at the nucleus; evev,

the mechanisms underlying these functions remain largely unkn@kmeng et al., 2019)

Like TERGhe TERTomponent of telomerasdas alsobeen reported to interact with
several gengromoters, includng promoters of genesassociated with the Wnpathway.
Accordingly, TERSKkpressiorwas shown tde essential foithe development of the anterier
posterior axis inXenopus laevisii K N2 dz3 K RANB Ol Ycatéhietsignalling y
pathway(Park et al., 2015Moreover,the TERT component of telomerase can modulate the
expression of other genes, through which TERT has been shown to play severablaher

Within those rolesTERExpressiorhas been shown to be essential f@®ll proliferation and

27



cell survivalMore specifcally, TERT expression has been shown to promote proliferation
the mouse skin, particularly in keratinocytes dradr follicke stem cellsImportantly, this does
not require TERC expressioncatalytic telomerase activifysuggesting that this functioof
telomerase is independent of its activities at telome(€oi et al., 2008; Sarin et al., 2005)
Accordingly, dck of TERTusing amorpholino mode)l was reported tolead to reduced
haematopoiesis in zebrafish embryagithout affecting telomeres. Deficient haematopoiesis
wasrescued by the expression of the RNiAding domain of TERT, but not by its RT domain
(Imamura et al.2008) This suggests that the function of TERT nhatopoiesis, in zebrafish,
only requires specific domains of telomerase and does not require TERT functions at
telomeres Furthermore, TEREXxpressionvasalsoreported to protect human cells against
p53-induced apoptosisndependently oftelomerase actiity or telomere length(Caoet al.,
2002; Rahmaset al.,, 2005)

Apart from its functions in cell proliferation and cell surviViéER was shown tanduce
transcriptian of inflammatoryassociated genes, égtuding nuclear factor kappa B (NFkB) and
G dzy2 dzNJ Yy SONER & A & (Dedcdd & Kk, ROfLE: Bhiosh ét &b ZD12) Mattiesssi
al., 2012) Additionally, increasing TERT expression in both nucleus and cytoplasm has shown
to exert a protective effect against excitotoxicity in the mammalian brain, contributing to cell

survival(Eitan et al., 2012However, the mechanisms underlying this remain unclear.

Interestingly, TERT can translocatem the nucleus to the mitochondria sif&hmed et
al., 2008) Santos et al. have reported that TERT at the mitochondria promotes mitochondrial
DNA damage and increased levels of apoptosgeireralhumancell lines(e.g. fibroblasts,
breast epithelial cells and HeLa cellB)e authors proposed that TERiBturbsthe integrity
of mitochondrial DNAeither by inducing DNA damage or by affecting DNA rdphkartzog
Santoset al.,2006; Hettzog Santast al., 2004) However, more recent evidence has shown
opposite results, by showirnthat TERT expression the mitochondriahas a protective role
against DNA damage dmxidative stressn human umbilical vein endothelial cells (HUVECs
and human fibroblast¢§Ahmed et al., 2008; Haendeler et al., 200®hmedet al. reported
that TERT&t the mitochondria lead$o better function d the mitochondria andntegrity of
mitochondria DNAreducing production of mitchondria superoxide and RQ&hmed et al.,
2008) Supporting this evidence, mitochondria from TERficient micedisplaysdecrease

respiratory chain activitysuggesting that TERT expressis important for mito©iondria



function (Haendeler et al., 2009Haendeler et al.(2009)identified that TERT can bind to
mitochondrial DNA, particularly to ND1 and N@ghes hypothesising that this mechanism
could contribute to reduced ROS pradion (Haendeler et al., 2009)However, he
mechanisms underlyinthe potential protective role of telomerase against oxidative stress

are still largely unknown.

In sumnary, telomerase has been proposechave multiple functions, which seem to vary
depending @ its location presence of the diffrent components of telomeras¢éelomerase
activity and possibly, cellulaand organismal contexiTelomerase nostanonical fuations
have been revealed to be quite intricate and compleand therefore the mechanisms
associated with these functiorare sill largely unknownDespite this, continuous efforts

have been made to uncover the complex mechanisms underlying telomerase

1.3 Cellular senescence

Most of the primary mechanisms driving ageing mentioneskiction 1.zhave in common
the accumulation of DNA damade.response to DNA damage accumulation, the machinery
of DNA damage response is activated, promoting mechanisms ofirr¢Paadya &
Krizhanovsky, 2014; Sahin & Depinho, 20I0)ese mechanisms are thought to trigger a
cascade of events that culminate in pB8diated activation of p21 or, when persistent,
pleNK4agctivation.p21 and p16%4aare two major cyclirdependent kinase (Gf) inhibitors
(encoded by CDKN1A and CDKN2A, respectively) that act by repressing target genes required
for Sphase onsetleadingto cellcycle arrest(van Deursen, 2014When a cell loses its
division capacityn response to DNA damagécan either enter apoptosis (programmedi|eel
death), mediated by P5®regulatedmodulator ofapoptosis(PUMA; Roos & Kaina 2006}
enter a senescence state, through a still not fully understood process mediated by p53, P21

and p1é\k4a(e g. Xue et al. 2007; Coppé et al. 2008; for review, see: van Deursen 2014)

The term senescence and, more specificatigplicative senescenégwas firstmtroduced
by Hayflick when it was described that vitro cultured human fibroblasts undergo a finite
number of cell divisions (about 50 replications), after which they eateonproliferative
state (Hayflick, 1965; Hayflick & Moorhead, 196later, Bodnar and colleagues determined

that replicative senescence is associated with telomere shortefBogna et al., 1998)It is
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thought that when telomeres reach a certain limit (established as 12.8 repeats of TTAGGG in
human cellsCapper et al. 200%grmed the Hayflick limjtDDRs are elicited, leading to eell

cycle arrest Depending on the cell type and modebanismal, this may lead wenescence
(Allsopp & Harley, 1995Nonetheless, apart from telomere dysfunction that can lead to
replicative senescence, there are other stimuli capaiflenducing cellular senescence. For
example, high levels of DNA damage and/or ROS can lead to-isttlessd senescence and
activated oncogenes can trigger oncoganduced senescenae/ | YLIAAA 39 RQ! RRI
2007; van Deursen, 201&igl.2A).

Today, senescent cells are known as-pooliferative but metabolically active cell€oppé
et al., 2008) that are resistant to apoptosigyuet al., 2007) Additionally, gnescent cells
have been described to relemaghe soecalled senescace-associated secretory phenotype
(SASP(Coppé et al., 2008)which includes multiple prnflammatory cytokines, such as
Interleukin6 (1-6); chemokines, such as Inteukin8 (Il-:8), Monocyte Chemoattractant
Protein2 (MCP2), and Macrophage Inflammatory Prote3n(MIR3a); growth factors, such
as Growth Regulated Oncogene (GRO), Hepatocyte Growth Factor (HGF) andikasulin
Growth FactoBindng Protein (IGFBP)xand tissue remodelling factors such amatrix
metalloproteinase (MMR1,-3,-12)6 / 2 LJLIJS SiG € ® wnny T /| YLAAA
Ohtani & Hara 2013}ig1.2B). Importantly, the presence of elevatedvels of SASP, released
by senescent cells themselves, can induce cellular senescence in the surrounding cells, by

paracrine senescendécosta et al., 2013)
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A) Causes B) Consequences
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Figl.2. Diagram illustrating putative causes and consequences of DNA damage accumulatior
ageing a) Both exogenous (i.e. radiation and chemicals) and endogenous (i.e. DNA da
telomere dysfunction, and ROS) stresses lead tacanmulation of DNA damage that triggers D
damage responsed) DNA damage responses activate a cascade of events that culnmnab&

mediated activation p21 and activation of g1'62and promote celcycle arrest. When a cell lost
its proliferativeability, it can either enter in apoptosis, through pBgdiated PUMA activation, o
enter in a senescent state, mediated by g&&l and p18'*® Senescent cellsecret several
cytokines, chemokines, and growth factors (SASP), which impairs tissue tasigogromotes
inflammation and contributes to tissue degeneration.
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Givingd Sy S & O Snaliility @ $rblifegat@they werefirst consideredo bea protective
mechanism, by acting as tumour suppresy@errancet al, 1997) However, more recently
it has been shown that, probably due to the different charactersstf the SASP phenotyp
(Coppéet al, 2010; PéreManceraet al, 2014) accumulation of senescent cells calso

contribute to tissue degeneratiofOvadya & Krizhanovsky, 2014)

1.3.1 From cellular senescenceitdlammageing

Senescent cells play important roles in tissue regidiizhanovsky et al., 20Q8)ound
healing(Demaria et al., 2014nd tumour suppressiofSerrano et al., 1997For example,
hepatic stellate cells prolifeta in response to liver damage (fibrosis) and eventually enter
senescence, locating along the fibrotic scar. Senescence in these cells triggers a mechanism
of immune clearancepart of the immunosurveillance phenomenon, recruitingtural Killer
cells whit eliminate the senescent cells and contribute to tissue re@i&iizhanovsky et al.,
2008) Additionally the presence of senescent cells at the wound site setenibe important
for fin regeneration after arputation, in adult zebrafisfDa & al., 2019)Demaria et al. (2014)
have also described a transient increase in senescent cells in wound healing, particularly at
the wound sitejn the days following an injuryn mice(Demaria et al., 2014)n this context
the SASP factor Platelderived growth factotAA (PDGHRA) was identiéd to be cruciako
promote the repair mechanism which, in turn, is delayed in the absence of senescent cells
(Demaria et al.,, 2014) Furthermore, senescent pre-malignant hepatocytes secrete
chemokines and cytokines thaanrecruit immune cells and promote their clearance from
the tissue, through d-cell mediated procesKang et al., 201 1yvhichwas shown to play an
important role in tumour suppressiofBagiv & Krizhanovsky, 2013here is also evidence
suggesting that a similar tumour supggon mechanism can also occur in liver carcinoma in

both mice(Xue et al. 2007and humangKang et al., 2011)

These studies suggest that, at least some types of senesedls, in some contexts, can
be cleared by the immune system, contributing to tissue repait homeotasis.However,
senescent cells have been reported to accumulate with ageing in different tissues of different
organisms, including humaiiBimri et al., 1995)primates(Jeyapalan, 2007)odents(Wang
et al., 2009)and zbrafish(Carneiro et al., 2016; Henriques al., 2013) On one hand, his
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accumulation of senescence in old organs suggests thdhere is a greater number of cells
that are becoming senescent with ageipgssilly due todefects inDNArepairand/or SASP
factorsreleased by surrounding cells. @ otherhand, accumulation of senescent cells with
ageingmay alscsuggest that theyare not being efficiently cleared from aged tissues. This is
important because persistent accumulation of senescent cells with ageing can contribute to
tissue degeneration and disease in at least two manners: (1) in a cell autonomousryianne
hampering cell proliferation, which contributes to the impairment of tissue hortees; and

(2) in a norcellautonomous manner, through SASP, by contributing to a sterile|doal
inflammatory state termed R y' ¥ £ | Y Y(FranSdsahiRBOCampisi, 2Q1%chkonia et al.
HAaMoT CNBdzy R Sl | & FagagnerUO7)iflanmyhbdfeitigsharacterRe3! RR I |
aged tissues and underlies multiple dises®f ageingOvadya & Krizhanovsky, 2014; van
Deursen, 2014{Figl.2B).

Accordingly, the accumulation of senescent cells seems to be associated with many age
related diseasedn K dzY yaX aSySaoSyid OStftaqQ | OOdzydz I (A
with cataracts osteoporosis cancer (Ovadya & Krizhanovsky, 2014ype 2 diabetes,
glaucoma(Jecket al, 2012) idiopathic pulmonary filrosis (IPF)(Schafer et al., 2017)
atherosclerosi§Childset al., 2016) liver cirrhosigWiemann et al., 2009Alzhét Y SNRA RA &S|
(AD)(Lukenst al,, 2009)and Amyotrophic Lateral SclerosfgLS)Salech et al., 2017This is
not human specificas animal models also show an association between accumulation of
cellular senescence and disease. For example, ie,maicumulation of senescent cells is
associated with cachexia, lipodystrophy, kidney and cardiac dysfunction, d@ader et al.,

2016) taw-hyperphosphorylation in the brain and cognitive impairm@atissian et al., 2018)
In zebrafish, telomere dysfunctieinduced senescence has been associated with sarcopenia,

cachexia, infectiongancerand infertility (Carneiroet al., 2016; Henriques et al., 2013)
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Importantly, recent grounébreakingstudiesin mice showed that clearance of senescent
cells (by inducing apoptosis specifically in pé&@ressing cellsameliorates multiple
agerelatedphenotypes and increases lifgan. More specifically, clearance of senescent cells
in mice attenuated the appearance of lipodystrophy, glomerulosclerosis, kidkteyioration,
cardiomyocyte hypertrophy and locomotion impairment, typically observed in aged mice
(Baker et al 2008, 2016; Bussian et al., 20I8)is provided the first progbrinciple evidence
that senescent cells can causeddise, highlighting senescence as an important therapeutic
target for multiple chronic diseases of ageifiginforcing this, initighhases of clinical trials
now show that clearance of senescent cells in humans, sgnglytic§drugs that selectively
dedroy senescent cells by promoting apoptosis of senescent ceiky,also havepositive
effects. Treatment with Dasatinib and Quetiog(DQ) (3 days/week for 3 weeks) in a cohort
of 14 patients withidiopathic pulmonary fibrosidPH significantly ameliaated the physical
function of the patients, improving their walking distance, pacing speed and-staaids
capacity(Justice eal., 2019) Moreover, a 3day treatment with DQ in 9 patients with diabetic
kidney diseaseled to decreased number of macrophages and creike structures in
adipose tissue, characteristics of patients with diabetes and obédigkson et al., 2019)
Despitethesebenefits, possible side effects of these treatments are still being explored. This
is important, not only due b safety and toxicity issues but also because oral treatsard
likely to affect nortarget tissues as well, with unknown consequences. For examdypdtice
et al. (2019) reported that during treatment patients often presented cough, tiredness,
nausea and headaché3dustice et al., 2019 herefore, it is important to better understand
the potential side effects of senolytic treatments and to explore alternative, more targeted

therapies,to prevent or alleviate the accumulation of cellular secersce with ageing.

1.3.2 Markers of cellular seseence

Given the compleand heterogeneougrofile of senescentells,there is nota universal
marker that can identify senescent cellBecause of thisgellular senescence is usually

identified by a combinatio of markers.

SAi -Gal is the most widely sed marker of cellular senescence and it is defined as

Senescence Associatedyjalactosidas€SAl -Ga) activity detected specifically at suboptimal
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pH 6.0 (Dimri et al., 1995)SA -Gal activity is thought to result from increased lysosomal
D-galactosidaseexpression, encoded by th&LB13Sy S ¢ | f-Drgdldctzsidése |
expression imormally detected abptimal pH 4¢ 4.5in nonsenescent cells, its activian

be detectedat suboptimal pH 6.0 (called $AGal) specifically in senescent céllee et al.,
2006) Increased SA-Gal activity in senescent cells is therefore likely due to an enlargement
of the lysosomal compartment or increased lysosomal actfize et al., 2006 However SA

I -Gal staining presents some limitations @scan also be detected inther condiions,
including in quiescent cells, immortalised cells, cells exposdydoogen peroxidgH.0y),

and cells under serum starvatigSeverincet al.,2000; Yag & Hu, 2005)Additionally, SA -

Gal activity can also eansientlyexpressed byactivatedimmune cellsparticularly by pre
inflammatory macrophagesvhich can lead tafalse-positive signafHall et al., 2017Hence,

SAi -Gal activity should only be used as a marker of cellular senescence when in combination

with other markers.

Other markers of senescence inclugecumulation oDNA damage, commonly assessed
by: | H! - (HZARiQdne family member X phosphlated at serine 1391nd consequent
DDRs. DDR can inclushereased expression @b3, p21,and/or pl16,together with hypo-
phosphorylaed retinoblastomaprotein (RBandhyperphosphorylatedataxia telangiectasia
mutated (ATM)YHernandezSegura et al., 2017; Hernand8eguraet al., 2018) Being non
proliferative cells, resistant to apoptosis, senescent cells are also identified by the absence of
proliferative (i.e. S3BRomoDeoxyUridine, BrdU, dod Proliferating Cell Nclear Antigen,
PCNA) and apoptosis markers (i.e. PUMA). Being metabolically active, senescent cells may
also be detected by the presence of SASSBociated cytokines, chemokinesd growth
factors These can include IL6, IL8, MCRIMP-1, MMR3, MMR12, IGFBPamong others
0/ 2LIJIS SG Ft® wnnyT /I YLAAA 3 ROQFuRiermoreRA CI 3|
senescent cells have shown to suffer morphological alterations, including enlsimgetbss
of LaminBl1, appearance of cytoplasmatic chatim fragments, charmgs in plasma
YSYONI ySQa O2YLRaAUAZ2Y | yiRernandedSidnia &t IR 20LINE R dzO (
2018) Thus,in an ideal scenariothese are additional m&ers that should be used to

characterise cellular senescence.

However it is important to notethat not all senescent cells will express all the markers

above mentioned. This dependa the type of senescendee. replicative senescence, stress
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induced &nescence, oncogerAaduced senescenceds well as on the type of cells (i.e.
fibroblasts, melanocytes)t is thereforeimportant to stress that cellular senescence should
be assessed by using a combinatiomafkers Nonetheless, it is often technicaliyallenging

or impossible to test all these markers in the same cell.

1.4 Accumulation of senescence with ageing in high versus low proliferative tissues

Interestingly, it has been reported that senescent catlsumulatewith ageingin a time
and tissuedependent manner(Carneiro et al., 2016; Henriques et al., 2013; Krishnamurthy
et al., 2004)In rodents, it was shown that thduodenum the kidneyand the gonads are the
tissues accumulating higher levels of senescence with ageing, assegspilc mMRNA
expression (from 2.5 to 26 months of ag&®rishnamurthy et al., 2004Apart from the
intestine and kidney, a more recent study also showeghtaccumulation of senescence in
inguinal fat, livey pancreas and spleeosf aged mice (>30 nmths of age), characterised by

elevated levels of p21 and p{8ousefzadeh et al., 202@imilarly, zebrafish was reported to

I OO0dzydzt  tS KAIKSNI £ S@Sta 2F OSt-itGHfexphdsiarSy Sa 0S

in the kidney marrow, gut and gonads (from 3 to 24 months of é&Qajneiro et al., 2016)

Note that these are mainly high proliferagivtissues. As tissues with high cell turnover
present accelerated telomere erosigBodnar et al., 1998; Lee et d1998) they are more
likely to accumulateeplicative senescence owime. Indeed, using the zebrafish premature
ageing modetert”-, Henriques et al(2013)showed that accumulation of senescence in the
kidneymarrow, gut and gonads occurs earlier and in greater level than in the muscle, a low
proliferative tissue (% compared with 12 months of ag@lenriques et al., 2013 hus, this
time- and tissuedependent accumulatiolf senescent cells with agejris likely influenced

by the proliferative rates of the tissuegiven thatcell turnoverleads totelomere shortening.

1.4.1 Accumulation of senescence in the aged

Earlyaccumulation of critically short telomerdsave been idntified in high proliferative
tissues such as the gut, intert knockout mice mode{Lee et al., 1998)n agreement with
this, more recent studies in zebrafish haveoeted that thegut is one of the first organs to

accumulate extremely short telomeressenescent cells and inflammationyith ageing
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(Carneiro et al., 2016)Like in mice(Lee et al., 1998)this accumulation ireebrafish $
anticipated and exacerbated in the absence of telome&tnriques et al., 20133uggesting

that telomerase restriction and consequent telomestortening (an already mentioned
hallmark of ageing) are ingptant mechanisms driving this procesdinceaccumulation of
senescence was shown to be associated with telomere shortening, aggravated in the absence

of telomerase, this is likely to be replicge senescence.

These observations are in accordance wita¢oncept2 ¥ G KS 3Idzi & F wyzi
organ failure, first suggested in the late eighti@his hypothesis proposed that changes in
the microbiota and/or the translocation afrganisms through the gut barrier can contribute
to the development obystemic infectiorfMarshallet al,, 1988) Nowadays, there is evidence
suggesting that the gut plays an importargle in the pathogenesis and progression of
systemic inflammation, which can lead to multiple organ failure and eventually deationg
et al, 2016) Accordingly, gut barrier permeability has been shown to increase with ageing in
drosophilaand zebrafish, and to be a good predictor of mortality, surpassingncthogical

age(Dambroise et al., 2016; Regaal, 2012)

1.4.2 Accumulatiorof senescencim theagedcentral nervous systef{CN$

Despite being considered predominantly non-dividing, postmitotic tissue, growing
evidence now shows that the CNS also accumulates cellular senescence with ageed,
somemarkers of senescendwve been identified in the ageing bmandeye, in both mice
and zebrafish(ArslarErgu et al.2016; Baker et al., 2008; Jurk et al., 2012; Kishi et al., 2008;
Van Houcke et al., 2019Yloreover, his phenomenordoes not seem to bémited to the
brainor theeye ascellular senescendeas alsdeenreportedin the mice peripheral nervous

system (Jurk etal., 2012)and in the zebrafish spinal cord, with age{kgshi et al., 2008)

However, most of these studies did not assess multiple markerswesence. Particularly
Van et al. (2019) and Kishi et al. (20@8)ly measured SA-Gal in the zebrafish retina and
spinal cordKishi et al., 2008; Van Houcke et al., 20T8@grefore the knowledgeabout the

nature of senescence the CNSs still quite limited (sesection 1.3.2
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1.4.2.1 Senescence in thegedretina

Markers of senescence have been detected in the eye, with ageing. More specifically,
increased expression of plts been reportedn the eye of the progeroid mouse molde
(bubr1”-) (Baker et al., 2008)nd increased SAGal expression has been identified in the

retina of old zebrafislfvVan Houcke et al., 2019)

It has been suggested that a specific region of the retina accumulates senescence with
ageingc the retinal pigment epithelium (RPE). In cultubeman RPE celfeom achilddonor
underwent senescence ow#ime, displayinglecreased cell proliferatioandincreased levels
of SAI -Gal (Matsunaga et al., 1999)Adult RPE celllARPEL9 line) in culture were also
shown to acquire elevated levels of DNA damage when exposed to concentkated
retinylideneN-retinylethanolamine (A2E)Vang et al., 2018xa welldescribedconstituentof
lipofuscinin the RPESparrow et al., 2003pupporting the idea that cellular senescence may
also occuin vivg a 40 years old study has reported elevated levelgpofuscin with ageing
in the human RPEWinget al, 1978) Studies in animal models also corroborate this idea,
since A2E and lipofuscin have been reported to increase with ageing in tieé RRE(Boyer
et al., 2012) and accumulation o8Ai -Galhas been detectedn the RPEof old primates
(Mishima et al., 19998imilarly, it was recently shown accumulation ofi SBal in the aged

zebrafish retina, particularly in the RPEan Houcke et al., 2019)

RPEis a layer of epithelial cellthat, among otherfunctions, has a crucial role in
maintaining the integrity of thephotoreceptors(J. Marshall, 1987; Nian & Lo, 2019; Setivi
al, 2006) Nonetheless, these cells are known to undergo degeneration with ageing,
displaying morphological alterations and increased apoptosis, in both mice and h({ihaijis
et al, 200Q Prioreet al,, 2002) It is now thought that accumulation of cellular senescence in
the RPEcan lead to degeneratiorof these cells, which in turn affe¢he integrity of the
photoreceptors(Holzet al, 2001) As degeneration of #h RPE is a hallmark afjerelated
macular disease (AMDa rdinal disease that can lead to vision impairment or even vision
loss, it has been postulated that accumulation of senescence in the RPE can be part of the
etiology of this diseas@olzet al., 2003 Kozlowski, 201;Blasiak, 2020Nonetheless, further
investigation is required to confirm whetih accumulation of senescence with ageing can lead

to visual impairment and/ or AMD.
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Furthermore, oher parts of the retina are known to undergo degeneration with ageing.
Indeed, human retinal ageing affects several cell populations, being characterisseriayl
thinning of the retina(Eriksson & Alm, 20093legeneration andleath of photoreceptors
(Nian & Lo, 2019prs well as neuronal log&ggarwakt al, 2007; Gao & Hollyfield, 1992; Nian
& Lo, 2019)It remains unknown whether other cell populations of the retina, apart from the
RPE, undergo senescence otiere andwhether it contributes to overall retindegeneration

and visual impairment with ageing.

1.4.2.2 Senescence in thegedbrain

With ageing elevated levels of DNdamageg(Baltanas et al., 2011; S. Zhu & Coffpn017)
and SA -Gal(ArslarErgul et al., 2016; Jurk et al., 20h2ve beendentified in the mice and
zebrafish brainsin addition increased expression of CDKi, such as p21 and p16, and SASP
factors such as Insulitike growth factor 1 (IGF1) and |Utave been observed in the mice
aged brain(Jurk et al., 2012)mportantly, this is not limited to animal models, &nsscence
associated markers havalso been reportedin human neurodegenerativeliseases. In
particular,increased levels ddNA damage checkpoints such as p53, p21 andagsl@ell as
SASP factorisave been observeth the spinal cord and brain glatients withALSDe Felice
et al., 2014and AD(Bhat et al., 2012yespectivelyHence, the literature shows that despite
being a low proliferative tissue, the CNS accumulateseseence, and thathis may be
associated with brain diseases of agein@ausality between senescence and
neurodegenerative diseasdgms notyet been established in human. However, mice models
where senescent cells have been clear@@lussian et al., 2018&how an improwve of the
cognitive decline in aged mice, suggesting that senescence can activeghbute to it. It
remainsto be determinedwhich cell populations undergo senescenoeatural ageingin
the CNSand what type of senescendhis is, i.e. replicative, telomerdependent or stress

induced senescence.

It has been reportedhat severalcell populations in the CN&n undergo senescenge
depending on the contexiNeural stem celldNSCpsand neural progenitor celllNPC}y have
been shown to undergo stresmiduced senescence hen exposed to ionized radiation
characterised by increase8Ai -Gal (Mason, 2012)and pl6expression(Le et al., 2018)

Endothelial cells and pericytes, two major components of the blood brain barrier (BB®),
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also been reported toindergo senescenagith ageingn mice in vitroandin vivg expressing

elevated levels 0p16, p21 and SA-Gal(Yamazaki et al., 2016)

Microglia specialised immune cells of the CN8em to undergo replicative senescence,
in vitroandin vivo (Flanary & Streit, 2004; Raj et al., 2Q16)vivq this was demonstrated in
a progeroid mice modelvhere microglia displays short telomeres anbdestincreased
expression of p21 and SA&ftors (Raj et al. 2015) Moreover, a mouse model dau-
dependent neurodegenerative disea$RlAPT301$S19) washown to display senescence
associated markers, in comparison with age matched(BUEsian et al., 20183uggesting
that senescence in aged microglia might be associated witasgociated diseases#ocytes,
the most abundant glial cell in the CNi&so seem taindergostressinducedsenescencgein
humans (Crowe et al., 2016; Mason, 2012&xhibitng high levels of SASP factors when
exposed toirradiation(Mason, 2012)as well aSAi -gal activityjncreased expression BINA
damage checkpoints (Bitto et al., 20H3)d SASHactors (Crowe et al., 2016), when exposed
to H:O.. However,in vitro studies have reported controversial results regarding whether
these cells also undergo repditve senescenc&VhilstFlanary & Streif2004)did not identify
replicative senescence in rat astrocy{€$anary& Streit, 2004,)another two studies reported
that astrocytes from humangEvanset al., 2003) mice and rats undergaeplicative
senescencéEvant al, 2003) Oligodendrocytes are the glial cells responsible for producing
the sheah of myelin aromd the neuronal axons. Postortem studies have reported
increased DNA damage in the white matter, together with oxidative damage anheG@Ain

this cell populatior(Nasrabadyet al., 2018)

Surprisingly, aurons considered largely neproliferative cellshave also ben reported
to undergo senescencéeet al. showed increased expression of p16 in the hippocampus,
sub-ventricular zone $VJ and cortex of mice, afterirradiation (Le et al., 2018) Similarly,
cortical neurons and Rkinje neurons ofiged mice present DNA damage;iS@al and SASP
factors Curiously, myenteric gangléso undergoesenescence in the aged mice, presenting
DNA damagetogether with activatedP38MAPKp38 mitogenactivaied protein kinases
(p38MAPK, SA -Gal and ROGurk et al., 2012)

Together, the literature shows that great part of the cell populations in the CNS goeter

senescence and, despite being a lpwliferative tissue, some of them even undergo
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replicative senescence. Thigisesthe question of whether there is evidencerftelomere

shortening and/or telomerase deficiency in the ageing CNS.

1.4.3 Potential assoation betweercellular senesceng¢telomere shortening and

decreasedelomerase expression in the ageing CNS

1.4.3.1 Telomerase,dlomere shortening and senescence in the agéida

RPE cells display the shortest telomeres within the cell populations occupgnwethal
retina (Desgarnier et al2016) However, it is still unclear whethérisis due to a higher cell

turnover or due to strestnduceddamagethat can lead to fast telomere erosion.

Cells from the RPE have been shown to undergo replicative senescence, at least in culture.
After 5758 passages, RPE cells fromyaedar old donordisplayed critically short telomeres
and elevated expression &Al -Gal(Matsunaga et al., 1999)t is important to note that
these observations were from cells derived from one single donor, and thereforeatde
representative of the population. Despite the limitations, theskbservatiors might be
surprising as RPE cells are generally considered to be quiescent. Actually, it is thought that
the mammalian retina lacks proliferative capadfadhawet al, 2009; Odo et al., 2004)
Despite this, a few studies have suggested that there is a populatipargfheral RPE cells
in mice,that retaintheir proliferative capacity throughout lifand that are able to migrate to
the central retina(Kokkinopoulset al, 2011) Additionally, Salero et a2012) reported the
existence of RPE stem cells (RPESCSs), capable of dividing and differentiating, in human cell
cultures(Salero et al., 2012Howe\er, it is stil unclear whether peripheral RPE cells and/ or
RPESCs are able to replace dying RPE in the central Mbineover, it remains unclear
whether a subpopulation of dividing RPE cells undergo replicative senescence with ageing,

Vivo.

Furthemore, RPE callhave been reported to undergo stressluced senescencéd-or
exampleexposure to cigarette smoke was shown to lead to increased ROS and accumulation
of senescence (increased DNA damage, &Al, p21, pl16, and SASP factors), in a human RPE
cell line (ARE19). The same cell line displayed increased levels of IL6, IL8aandlar
endothelial growth factor{EGJrafter exposure to bD». (Marazitaet al, 2016) Additionally,

in a cell culture of human RPE cells, photosensitisato A2E was shown to lead to
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accumulation of senescence, characterised by increased levels d DNA damage, accompanied
by telomere shorteningSparrow et al., 2003)nterestingly, a paralledtudy has showed that
telomerase ovesgexpression rescued2Einduced cellular senescence in human RPE cells
(Wang et al., 2018 This suggests that somehow telomerase may play a protective role
against accmulation of senescence in the RPE layer of the retina. It remaicisar whether

this potential protective role is associated with telomerasanonical or norcanonical
functions.

One of the functions of the RPE cells iphlmgocytose thdR A 4 0a 2 F (KS LIK2 0?2
outer segmentwhen they start detachindgdiowever, wih ageing, the ability of degrading cell
debris decreases and therefore tiRPEcells tend to accumulatphagosome contentsver-
time. This is thought to lehto the accumulation of lipofuscin and oxidative stresthis cell
population(Marshall, 1987; Nian & Lo, 2019; Salvi et al., 208@ce tkere is accumulation
of A2E and lipofuscin in the ageing mammalian ®¥Eget al., 1978 Boyer et al., 20129nd
that increased levels of A2E can contribute to accumulation of senes¢8pegrow et al.,

2003), it is plausible to hypothesise that accumulation of lipofuscin and oxidative stress in the

RPE cells, with ageing, can lead to cellular senescence.

Hence it is still unclearwhether accumulation of senescence in the aged retina is
associated with ineased lipofuscin and oxidative stre@® stresanduced senescencey
whether telomere shorteningcan also contribute for it(i.e. replicative senescence)
Independently of ths, telomerasemay be important to prevent accumulation of cellular
senescene in the ageing retina, as its ovexpression was shown to reduce senescence in
response to A2HWang et al., 2018)Supporting this,clinical trialshave shown that
telomerase reactivationalleviatesthe symptoms ofAMD (Dow & Harley, 2016; Rowe
Rendleman & Randolph, 2004)his suggestthat expression of telomerase may play a
protective role againstretina degeneration Accordingly, the telomerase mutant zebrafish
model ert’-) hasbeen reportedto presentaccelerated retina thinningn comparison to WT
siblings(Anchelin et al., 2013)Therefore, telomerase seems to be important taimtain

NB (i A y I thaweweiSthef mied¢hanisms underlying this remain unclear.

This encourages additionsfudyto test whether telomerase expression has a protective
effect against retina degeneration with ageing and consequent visual impairraedtwlat

functions of telomerase (i.e. canonical versus wamonical) are involved on thighis is
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important becauseuncovering the mechanismsderlyingretina degenerationwould allow

to find new therapeutic targets to prevent and/or delay vision impairmaith ageing.

1.4.3.2 Telomerasetelomere shortening and senescence in the aged brain

Telomere shortenindhas been idetified in the brain,in human ageing, particularlyg the
cerebral white matter after the age of @Blakamura et al., 2007%imilarly, there iselomere
shorteningwith agang in themice (at 26 months)Ain et al., 2018and zebrafish bram(at
26-32.5 months)(ArslanrErgul et al., 2016)As expected, telomere shortening with ageing
occurs in an environment with really low levels efamerase, which are not enough to
prevent telomere erosionln mice, there is a dramatic decrease in tekrase activity after
the first postnatal week, being its activity in adulthood almost restricted to the SVZ and
olfactory bulb (OBJCaporascet al, 2003) In zebrafish, there is an irease in telomerase
expression in the brain and eye untihtonths of age, followed by a dramatic decreasil
30-months of aggAnchelinet al., 2011)

In humans,contrary torodents and fish(Caporascet al., 2003; Ancheliret al, 2011)
telomerase expressn in the brain does not seem to decrease with agdilisopp et al.,
199%). Nonetheless, it is important to take into account that the levels of telomerase are
already verylow from birth (Allsopp et al.1995) and thereforeany further changes in the
levels of telomerase may be undtre limits of detection.Nonethelessjt was shown that
patients with ALS display lower telomerase expression when compared witmatphed
controls(De Felice et al., 2014uggesting once again that low expression of telomerase may
be associated with agassociated brain disordersnportantly, low expression of telomerase
has reportedo be associated with accumulation of senescassociated markers, as patients
with ALS present higher levels of p53 and p21 in the spinal cord winepaced with healthy
agematched controlg¢De Felice et al., 2014jence, low levels of telomerase and consequent
telomere shortening may contribute to a@ssociated brain disorders by promoting
senescence. Nonetheless, it remains unknown whether the potential impact of telomerase
on agedassociated brain diseases idamere-dependent,sincelLJ- G A Sy da A GK t ||
disease (PD)Hudson et al., 2011ALSLinkus et al., 201&@nd AD(Lukens et al., 20090
not present shorter telomeres in the brain, when comparedhw#égematched healthy

controls.
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Importantly, growingevidencein animal models nowsupportthat telomerase may play a
protective role against senescence accumulation in the aged brain. This evidence comes
mainly from telomerasedeficient animal modal Fa example, # generation (G4) of
telomerasedeficient mice modeldacking specifically the TERC component of telomerase
(Terc’), display accelerated telomere shortening and increased levels of sermscen
associated markers in Purkimpeurons corticalneurons(Jurk et al., 2012)nd microglig Raj
et al., 2015)when compared witierc”* siblings. Furthermore, an ALBousemodel that
lacks expression offERGTerc; SOD1G93/asaccelerated onset of ALS phenotgsnd
dies prematurdy (Linkus et al., 2016)hese studies suggest that the TER@ponent of
telomerasecan exert a protective role against accumulation of senescence in the aged brain
and, possibly, a protective role against nedegenerative diseasest remains unknown
whether this is a specific function of TERC or whether lack of TERT would also accelerate
senescence accumulation in ageidgskelioff et al.(2011)has shown that the G4 TERR
mousemodel (in alert’- background), lacking specifically the TERT component of telomerase,
displays decreased levels of proliferation and increased expression of p53 when compared to
Tert** siblings This is a knoek mouse model that reactivateectopic TERT expressiiorthe
whole body, upon addition of 4hydroxytamoxifen (4OHT). After TERT &etivation,
proliferative capacity is rescued and levels of p53 decrease, reinforcing the idea that TERT
plays an important role in the brai@@askelioff et al., 2011Jurther supporting evidence
comes from showing thatransient TERTactivation is sufficient to delay the onset and
progression ofALSdisease in anouse model This was observed in t@OD1ltransgenic
mouse mode] a model that has a otation in the Cu/Zn Superoxide Dismutase 1 gdike
around 20% of the cases of familial AE8an et al., 2012)Together, these studies suggest
TERT may have importaiounctions in the brainby pronoting cell proliferation and survival,

and by delaying neurodegenerative diseases.

This encourages further investigatioa tletermineTERT expression can prevent and/or
delay senescence accumulationthe brain and, if so, which mechanisms are responsible for
this. More specifically, iwould be important to test whether protective functions GER&re
telomere dependent (e. canonical functions) or telomere independent (i.e. fwamonical
function), and whetherlack of TERGandrive brain diseases of ageintis relevant to test

this because understanding the mechanisms underlying brain ageing would open new lines
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of investigation aiming to find therapeutic approaches to promote healthy ageimd

ameliorate quality of life ithe elderly.

1.5 Zebrafish as eesearch model of ageing

Zebrafish(Daniorerio) is a freshwater teleost fish from th@yprinidaefamily (Spenceet
al., 2008) originally from South Asisterba, 1962)n the wild, zebrafish abundantly inhabits
ditches ponds and shallow lakéSpence et al., 2006)vith warm (2631 °C), clear (visibility
up to 30 cm), shallow €100 cm depth), slowmoving watergSpence et al., 2006Xebrafish
is also described as a gregarious species, living ialsbb<12 to >300 fishin its natural

environment(Suriyampola et al., 2016)

w~

SinceGeorge Seisingebrought, for the first timezebrafish into the laboratorintK S 1 n Q&
(reported inClarck 1981) this species hasecomea popular research model. Thesmainly
due to their favourableembryologic and genét features Zebrafish have largeumber of
offspring (>100 eggs) and can reproduce all year round. Dan@mpresent a fast growthas
it is close to full development by the"slay postfertilisation (dpf) and reaches adulthood
(sexual maturity) at 3 months of age. This, together with their small siderlong) makes
them a costeffective species to house. Additionalliigtzebrafish genome has been entirely
mapped and it pesents a great simitdy with human genome; 71% of the proteircoding
human genes have orthologs in the zebrafish genghh@wve et al., 2013Sassen & Koster,
2015) and there are now severabphisti@ated genetic tools aailable to zebrafishMoreover,
besidesexternal embryo development, the zebrafish larvae are transparent until theay

postfertilization, making it @ exceptionamodel for live imaging.

Regarding the mechanisms of ageiragbrafish was shown to psent humanlike
telomeressize(6-15 bk) and to require telomerase expression to maintaimealthylifespan
(Ancheln et al., 2013; Carneiret al., 2016; Henriques et al., 201&1 telomerasaleficient
zebrafish is reported to develop agelated phenotypes and die prematurely, with a Rk
3x shorter (c.12 months) than WT siblings (c.30 mor(thisghelin et al., 2013; Carneiro et al.,
2016; Henriques et al., 2013)his contrasts with thenost commonly use¢hboratory mice
(BALB/c orC57BL/% that have 5 to 10times longe telomeres (around 4®&0 kb) than

humans(Hemann & Greider, 200@nd require several consecutive inbred generations of
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telomerasedeficient modelsnormally G4 to G6, until displayingcelerated development of
agerelated phenotypes and shorter lifespdRerron et al., 2009)Zebrafish is therefore an

appropriate model to study telomerand telomerasedependent features of ageing.

In this project, apart from the WT zebrafish, | alssed thetert’- model, a model of
premature ageingHenriques et al. 2013\part from theshorter lifespan already mentioned,
this model develops a progressive accumulatiof critically short telomeres, cellular
senescence and inflammation over a relatively short period of time compared with the
naturally ageing W{3-6 months in theert”’- versus 1218 months in the WT{(Carneiro et al.
2016) Henceusingthe prematurdy agedtert’- model alongside with WT dibgs provides a
fastertemporal analysis throughout the life course of the animal, allowing, at the same time,

to uncover telomeraselependent mechanisms.

Importantly, and relevant for this projectaccumulation of senescence in the ageing
zebrafish doesot seem to be confined tperipheric tissuesas the zebrafistetina and brain
also seem to accumulate senescerdtssociated markers ovéime. Moreover, SA- -Gal
expressionwas also reported in the aged zebrafisfencephalonaccompaniedy telomere
shortening and decreased proliferation levéfgslarErgul et al., 2016suggesting that th
zebrafish brain may undergo replicative senescence with agéirgnains unknown whether
limited expression of telomerase plays a role in accumulation of senescence in the aged

zebrafish brain and, if so, which mechanisms are aasatiwith this.

It is important to mention thathe zebrafish retina presents a high regenerative capacity
upon acute damagéCameron, 2000; Richardsehal, 2017; Stenkamp, 2019\ onetheless,
it remains unclear what is the impact of this regenerative ability on agéirige zebrafish
retina can regenerataintil old age,then | would notexpectthat the zebrafish retinato
degenerate with ageing. However, it wasentlyshown thatthe zebrafish retina undergoes
neurodegeneration with agein@/an Houcke et al., 2019) remains unknown whether this
degeneratbn is due to an impairment of its regenerative ability and whether telomerase,
known to be essential for regeneration, is requiredprevent and/or delay degeneration in

the zebrafish retina.

Together,this suggest that zebrafish is a useful model to et explore the role of

telomerasein retina and brairageing.
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1.6 Hypothesis and Aims

In this projectl aimed totest thefollowing hypotheses:

Hypothesis 1dThe zbrafish retina does not undergo degeneration with ageing due to Muller

glia regenerative gaacity, and this requires telomerase expression

In order to test this hypothesishis project has the following aims:

Aim 1. Determine whetherthe zebrafish retina undergoes agssociated degeneration

and whether this is accelerated in the absenceabbinerase.

Aim 2.DeterminewhetherMduller glia maintain their regenerative capacity throughthug

zebrafish lifespan.

Hypothesis 2dThere is accumulation oEllular senescence with ageing, in the zebrafish brain,

in a TER@ependent mannetr &

In orderto test this hypothesighis project has the following aims:

A Aim 1 Determine whether there is accumulation of cellular senescence in the

naturally aged zebrafish brain

A Aim 2. Determine whetherlack of TERT expressioleads to an accelerated

accumulation of senescencen the ageing zebrafish brain

Hypothesis3. dAccumulation of TERIependent senescence in the aged zebrafish brain is

associated with inflammation and impairment of tissue homeoséasbs

In order to test this hypothesishis project haghe followingaims:

A Aim 1 Determine whether accumulation of TEBdpendent senescence in the
aged zebrafish brain is associated with inflammation, tissue dysfunction and

behavioural alterations.
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A Aim 2. Identify potential TERd@ependent mechanisms of agej in the zebafish

brain that might be involved in accumulation of senescence.

Hypothesis4. dTERTependent @cumulation of senescence and inflammation in toed

A w oA v oA

gut (high proliferative tissud) NS OSRSa (G KS O6NI AY o6f2¢g LINRf ATFTSN

In orderto test this hypothesighis project has the following aim:

A Aim 1. Determinewhether there is accumulatioaf senescence and inflammation
in the naturally agedzebrafishgut, and whether this is accelerated in the absence

of TERT

A Aim 2.Determine whetler accumulation of cellular senescence in the gut precedes

the brain.

These two aims wertested in the same animals used to test Hypoth@sasd 3,

in order todirectly compare gut and brain.
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Chapter 2.
Materials and methosl
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2.1 General experimental design

In this project, different tissues from the same fish were collected and/or analysed in
parallel, for most of the experiments performed. Fotample, using paraffin sections of the
whole fish allowed me to analyse the expression of severalbageciated markerdyy IF, in
the retina, brain and gut of the same fiffig2.1, Group 1). For different sets of experiments,
| collected the brain and the gut from the same fish and processed the tissues in the same
way in order toanalyse other agassociated markers in both tissues. From one groujsbf
brain and gut tissues were fixed, cryopreserved and cryosectioned to perform theGaA
assayig2.1, Group 2). From another two groups, brain and gut tissues were collected from
same individuals, follonee by RNA or protein extraction, to perform PCR and RNA
Sequencing or enzymatic assagespectivelyKig2.1, Group 3 and 4).

This approached allowed me to directly compare age@isgociated phenotypes in
different tissues, particularljpw and high proliferative tissues, in the same animal. Ultimately,
this enabled to assess whether the ageasgociated markers analysed in this project differ
in a tissuedependent manner and whether some tissues age earlien théers. This was
one ofthe aims ofChapter 6 At the same time, this type of approach contributed to a lower

dzaS 2F | yAYlIfazr O2yGNROGdziAYy3d G2 GKS owQa LRf
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Group 1 Group 2

Histology/ Fixation/Cryopreservation
Paraffin sections Cryosections
IHC SA-B-Gal

(IF + telo-FISH)

Group 3 Group 4

RNA extraction Protein extraction
RT-gPCRand Enzymatic assays
RNA Sequencing

Fig2.1. Schematic figure showing the experimental design of most of the experiments perforr
in this project. In this project, different organs of the same animals (retina, brain and gut) \
used to perform most of the experimen®. OK WD NaedAde@ représéntiaiset of fish use
F2NJ 2yS 3ANRdzZL) 2F SELISNAYSydaod 9| Otrt! dish NBna.
different ages.
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2.2 Zebrafish
2.2.1 Adult zebrafish husbandry

All the experimental procedures weparried out in accordanceith the UK legislatiorng
Animals (Scientific Procedures) Act 1986nder the Project License 70/8681 held by Dr
Catarina M. Henriques and the Personal Licdbh885945C held by Raquel Martidgl adult
zebrafish were housed imquaria at the Bateson @&e, University of Sheffield, and
maintained with a 14Hight and 10hkdark cycles, at 228°C. All tests involving zebrafish
manipulation were approved beforehand through the submission and respective approval (by

the aquarium maager) of an Individual 8ty Plan (ISP).

2.2.2 Zebrafish lines

The telomerase mutant linéert "'3439 js available at the ZFIN repository (ZFIN ID-ZDB
GENG®L0041250) and wadirst described byHenrgues et al. (2013)Briefly, it consists of a
point mutation in the second exon othe tert genethat leads to an early stop codon,
preventing RNA translation and consequent protein formation. This line was gendrated
EthytN-nitrosourea (ENU) mutagesis. For simplicity, theert "343°homozygous mutants
will be referred to agert’-. Due to the reduced infertility of théert”- zebrafish(Anchelin et
al., 2013; Henriques et al., 201B telomerasemutantsused in this project derived from

tert*”in-crosses and all the fish used in this study are F1 animals.

The mpeg.mherry.caax line is an immune reporter line wher@aarophages/microglia
express a fluorescent protein (mcherry) and therefore can be easily idenftikett et al.,
2011) This line was used in some exipeents of this project in order to identify
macrophages/microglia cells. For thagrt*; mpeg.mcherry progeny were incrossed to

generate bothtert**; mpeg.mcherry antert’-; mpeg.mcherry fish.

Whenever possible, when comparitgrt™- and tert”’-, agematched siblings were used.
However, due to the limitation in numbers of fishsecificages, occasionally ageatched
non-siblings were used instead, includitegt** andtert”’- reporter lines. Moreover, WT AB,
non-mutant fish, were used for latemges (>30 months), due to unavailability of tédt*'*
siblings athe time of experimentsUnless otherwise stated, WT refers to bagént**and WT
fish.
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2.3 Immunohistochemistry (IHC)

IHC was used to detect the expression of target proteins and respesgatial distribution
in the brain and gut, throughout the adult zebrafish life. More speallfy, | used IHC to detect
specific cell populations within each tissue and to detect several senescemze

inflammation-associated markers.

2.3.1 Tissue fixationrad processing: paraffiembedded sections

Fish were culled by immersion in concentrated tineemesylate(MS222, SIGMAALDRICH,
St. Louis, MO, U$AAfter terminal anaesthesia, the animals were fixed by immersion in 50ml|
of 4% paraformaldehyde buffered aH 7.0 (PFA, SIGMM.DRICH) at 4°C for-48h, and
decalcified in 50ml of 0.5Mthylenedianmetetraacetic aciqEDTASIGMAALDRICKHpH 8.0,
for additional 4872h. Then, the whole fish was parafémbeddedn a series of formalin and
ethanol washesasfollows: formalin(SIGMAALDRICHYDr 10min, formaliSIGMAALDRICH)
for 50min, ethanol 50%or 1h, ethanol 70%or 1h, ethanol 95%or 1h 30min, ethanol 100%
for 2h, ethanol 100% for 2h 30min, 50:50 of ethanol 100% : xilol for 1h 30min, x(8¢GMA
ALDRICHpr 3h, xyleng(SIGMAALDRICHDr 3h, paraffin for 3h and paffin for 4h 30min.
To do this, absolute ethan¢Thermo Fisher Scientific, Waltham, MA, Udkited in distilled
water (dHO, VWR International) and paraffin histosec pastilles (M&dRo, Kenilworth, NJ,
USA) were used. Paraffambedded fish wersecionedby the histology staff at the SkeletAL
lab, atthe Medical School of the University of SheffigldqS, using a Leica TP 1020 cryostat,
and stored at room temperature (RT). Unlaegherwise stated, the tissue sections were
f 2y 3AGdzRA Y inthickslicgdsaA GOl 0 n>

2.3.2 Standard immunofluorescence (IF) protocol

In order to perform IF, paraffembedded slices were deparaffinised and hydrated
through the following sequence of washes:tb@ear (Scientific Laboratory Supplies, Wilford,
Nottingham, UK) 2xrBin, ethanol 100% 2x 5min, ethanol 90% 5min, ethanol 70% 5min, and
dH0 2x 5min.For this,absoluteethanol(Thermo Fisher Scientifialas diluted indHO. After

antigen retrieval in 0.OM citrate bufferat pH 6.0,made with Trisodium citratelihydrate
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(SIGMAALDRICH)sub-boiling at 800W in a microwave for 10nmgnthe tissue sections were
permeabilised in phosphate buffered saline (PEBSGMAALDRICHO0.5% Triton 200
(SIGMAALDRICHor 10min) and blocked in blocking solutifor 1h. The bbcking solution
consisted iN3% bovine serum albumin (BSAIGMAALDRICKHI 5% Goat Serum (or Donkey
Serum both from SIGMAALDRICHand0.3% Tweef20 in PBESIGMAALDRICH

The slides were then aubated overnight (ON) at 4°C, with the primary antiboiiya
humidified box. This incubation period was followed by washes in PBS 0.1%-ZWeen
(SIGMAALDRICHx 10min) and secondary antibody incubation (1h at RT or ON at 4°C). All
primary and secondargntibodies were diluted in blocking solution before ibation onthe
slides. Note that two primary antibodies can be added if both come from different species
(e.g. a mouse monoclonal antibody with a rabbit polyclonal antibody) and if the secondary
antibody is conjugated with different fluorophores (e.g. ambuse Alexa Fluor® 488 with
anti-rabbit Alexa Fluor® 568). The primary and secondary antibodies used in this project are
described inTable2.1 and Table2.2, respectively.

CAylLftes GKS GAaadzsSa ¢ SibbidindapledginboleJBAPIAY M >
Thermo Fisher Scientific)naclear staining, diluted in PBSIGMAALDRICHjor 10min at RT.

After 3x 10min washes in PBS(3GMAALDRICHjhe slides were mounted with vectashield
(an antifade mounting medium, from Vector Laboratories, Burlingame, CA, USA), covered

with a coverslip (Scientific Laboratory Supplies), and sealed with clear nail varnish.

The same IF protocol wased in cryosections, without the deparaffinisation stegP1
was the only antibody used in cryosectio(see section 24.1). LCP1 and all the other

antibodiesdescribed invere used in paraffin sections
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Table2.1 Primary antibodies used for immunostaining.

Antibody, Dilution Catalogue number;

species and type factor Company, City, Country

yH2AX rabbit polyclonal 1:500 GTX127342; GeneTex, Irvine, CA, US/
NB500106; Novus Biogicals, Littleton,

PCNA mousmonoclonal 1:500 CO. USA

PCNA rabbit 1:50 GTX124496; GeneTex, Irvine, CA, US/
GTX124420; Novus Biologicals, Littleto

LCP1 @plastin) rabbit polyclonal 1:200 CO. USA

RFP mouse monoclonal 1:500 GTX82561, GeneTex, IrVine, CA, USA

Table2.2 Secondary antibodies used for immunostaining.

Antibody, Dilution
species and type factor

Catalogue number;
Company, City, Country

Goatanti-rabbit IgG Alexa Fluor® 488 1:500
Goat antirabbit IgG Alexa Fluor® 568 1:500
Donkey antirabbit IgG Alexa Fluor® 647 1:500
Goat antimouse IgG Alexa Fluor® 568 1:500

Goat antimouse IgG Alexa Fluor® 647 1:500

A11008; Invitrogen, Carlsbad, CA,
USA

10032302; Thermo Fisher Scientifi
Waltham, MA, USA

A31573; Thermo Fish&cientific,
Waltham, MA, USA

10348072; Tarmo Fisher Scientific,
Waltham, MA, USA

A21235; Thermo Fisher Scientific,
Waltham, MA, USA
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2.3.3 Telomerefluorescencen situhybridization (teleFISH)

TeloFISH allows the detection of telomeres by probing TTASGGences with a peptide
nucleic acid (PNA) telomere oligonucleotidRelative €lomere length in sity, can then be
guantitatively measugd by probe signal intensity (intensity value of the mean, in arbitrary

units).

This technique was performed in combtion with IF, following the protocol described in
section 23.2. After incubation with the secondary antibody and respective washesighiges
were fixed in 4% PFA (SIGMADRICH) for 20min. Washes in FBSNIAALDRICHx 10min)
were followed by a deydration step consisting of washes with ice cold 70%, 90% and 100%
ethanol Thermo Fisher Scientifidmin each). After this, the slidesewe left to dry for 45min
G2 MK® hyOS GKS at ARSa ¢SNB O2 YL} FablZ3p RNX S|
was pipetted on top of each tissue section and the slides were covered with a coverslip. The
slides were incubated for 10min at 80°C for DNA denaturation, followed by incubation for 2h
at RT,n the dark, to allow the probe to hybridise with the complementary DNA. After the
incubation period, the coverslips were gently removed and the slides werkegdsr 10min
in a solution made of 70% formamid@8IGMAALDRICHL0% 2xsalinesodium citrate(SSC
SIGMAALDRICH)nd 20% d&D. This was followed by two more washes of 10min each, in 2x
SSSIGMAALDRICH)SSC was diluted from a 20x stock solution isting 88.3g of T+i
sodium citrate dihydrat€ SIGMAALDRICH)nd 175.3g of Na@8IGMAALDRICHYiluted in
dHO to a total volume of 1L, adjusted to pH of 7.0 and autoclaved. Finally, the slides were
washedin PBSIGMAALDRICH)ncubated in DARTherno Fisher Scientifidpr 10min and

mounted as previously describedsaction2.3.2.
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Table2.3 Components of hybridisation solution used ifelo-FISH.
Volume per 106! of

Reaction component reaction solution (10 samples Company

MgCh buffer, pH 7.0 8.56> Labmade,seebelow
Formamide 70> Thermo Fisher Scientific
1mM Tris, pH 7.5 1> SIGMAALDRICH

1x blocking buffer 5> Labmade seebelow

PNA probe Cambridge Research
(TeloCy3, zebrafish, 56¢ i Biochemicals, Cleveland, Uk
CentFam probe (488) 2> Eurogentec, Liege, Belgium
dH0O 11.445 -
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For the hybridisation solution the following buffers weremade. MgCh (magnesium
chloride) buffer, consisting in 25mM magnesium clide(SIGMAALDRICHPmM citric acid
(SIGMAALDRICHj)nd 82mM sodium hydrogen phosphd® GMAALDRICHPBIlocking buffer,
consisting in 10x blocking reagent (Merck & Co.) dilutelktm maleic acilSIGMAALDRICH).

Note that the hybridisation solution cémins both PNA (Tel€@y3) andFAMlabelled
centromere (CenfFAM) probes, which allow the detection of telomeres and centromeres,
respectively. Here, centromeres serve as the cadntoo cell proliferation, as dividing cells
present twice the number of telneres and centromeres. Hybridisation solution without PNA
and CemnFam probes was added in a few slides as a negative control, in order to control for

unspecific binding and/or b&ground.

After imaging (see details isection 23.4), TeloFISH staining vgaquantified by the
intensity of the mean. For this, a line was drawn around each nucleus and the intensity of the
YSIY 61 & YSIF&AdZNBER Ay Sk OK OK{GkNBBGINS &&ESHIza (&IS
by dividing the intensity of the mean of telomergs68 channel) by the intensity of the mean
of centromeres (488 channel). Like this, the telomeric probe signal was normalised for the

centromeric probe signal within individual tl

2.3.4 IF imaging

The IF staining in paraffiembedded sections was imagedsing the DeltaVision
epifluorescence microscope at the Light Microscopy Facility (LMHApegiartment of
Biomedical Science (BM&)UoS In order to obtain images with good reatibn, all images
were taken using the 40x objective. For each animal, amame of 5 images was acquired
from the gut and 20 from the brain (approximately 4 images per macroarea). Each image
contains approximately 18liceg¢ 2 F n®u>Y SHOKR (Y] A2yF3 odzLY @i 2 f
were taken in the different channels: 405 (DAR88 Fluorescein isothiocyanat&ITC), 568
(RED) and 647 (Cybpr the gut, images containing®entire villi were taken from the middle
region of the gut. For the brainhé images were selected aiming to cover the maximum area
of each macroarea msible. The selection of all images was made based on DAPI staining

(tissue structure) and blind to the target antigens.
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2.3.5 IF quantifications

After the acquisition, a-projectionwas made for each field of view (FOV) and the raw
images were quantified. Fonost of the markers, quantifications were performed by manual
O2dzyUAy3a dzaAy3d GKS W/ Sttt [/ 2dzydQ G22t 2F LYI:
number of cell§based on DAPI staininghd the positive cells (for each antibody) in each FOV
were counted separately, and the percentage of positive cells was calculated. For the brain
specificallythe weighted average of all macroare@e. by normalising the positiveells by
the average number of cells in each macroamga$ then used to estate the % of positive
OStta Ay (KS 6K2ftS ONIAYyDd C2NJ GKS 1wl E &Gl

considered positive.

Finally, the images were processed wittlobe lllustrator 21.0.2 for display purposes.

2.4 Senescenceé & & 2 O jChl@t&sidasé (SA-Gal) stainig assay

SAi -Galactivitywasasessedo test whether there is an accumulation of senescent cells
with ageing in the zebrafishrain and gut and ifso, in which regions of the tissues this
accumulation occurs. Moreover, $AGal staining in cryosections was combined with IF in

order to identify which ck populations are becoming senescent with ageing.

2.4.1 Tissue fixation and processing: cryosections

Fi were culled by immersion in concentrated M32(Thermo Fisher scientifidpllowed
by immediate decapitation (Schedule 1 method). The tissues were dissected, rinsed in cold
L15 (Thermo Fisher Scientific) and fixed in neutral buffered formalin (SKADRICH)
overnight at 4°C. Then, the tissues were washed in 3ml cold(FIESAALDRICH)and
embedded in 3ml of 30% sucrose (in PESBGMAALDRICH overnight at 4°C for
cryopreservation. Before embedding in mounting media (optimal cutting tempera@eT
compound, VWR International), the tissues were immersed in a 50:50 solut@¥©$ucrose :
OCT for 30min at 4°C. Finally, the tissues were mounted in a base mould (Electron Microscopy
Sciences, Hatfield, PA, USA), with OCT -80apn in dry ice, and sted at-20°C. Prior to use,

the tissues wereectionedA Yy mtbick 8oronakections, using a Leica CM1860 cryostat.
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2.4.2 SA -Gal assay

The Senescende a4 & 2 O A-Gafa@dRidade Staining Kit (Cell Signalling Technology,
Danvers, MA, USA) was useddietect SA-DI £ = F2f €t 26Ay 3 YI ydzF I Ol dzNJ
technique consists in aining the tissue with X§al substrate, known to be cleavabéy
galactosidase. The cleavage e results in a blue colouration and therefore the levels of

galactosidae in the tissue can be assessed by measuring the blue staining.

Briefly, after ring1g the cryosections in 1x PBS for 58#GMAALDRICE) H n n-&8dl 2 ¥ |
mix solution (se Table2.40 ¢l & | RRSR Ay SiGa Kix solutforRv@tidout L y LI
the Xgal was added in some slides as a negative control. Tdessliere coverslipped and
incubated at 37°C overnight in a humidified chamber box. On the next daglittes were
rinsed in 1x PBSSIGMA, ALDRICB) 1min) and mounted in glycergel mounting medium
(Agilent, Santa Clara, CA, USA).

In order to combine IWith SA -Gal Staining, the following steps were performed. After
SAi -Gal Staining, the slides were wasl in 1x PBS (SIGMADRICH, 3x 10min) and fixed in
neutral buffered formalin (SIGMALDRICH) for 10min at RT. The fixative was then washed in
1x PBSSIGMAALDRICH) and the IF standard protocol was followed as descrisedtion
2.3.2 (antigen retrievafollowed by permeabilisation, blocking and incubation with primary
antibodies ON). After SiAGal Staining, the secondary antibodies were incubatechONC
instead of 1h at RT as in the standard IF protocol. This protocol was performed in order to
detect SAI -Gal staining and immune cells in the same sections, by using the LCP1 rabbit
polyclonal primary antibody and the goat andibbit IgG Alex&lua® 48 as the secondary
antibody. The details of these antibodies and respective dilutions are desaénfieble2.1
andTable2.2.
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Table2.4 Components of he Senescence a & 2 O AGalackoRidase Staining Kit.

Reaction component Volume per 1ml of
reaction solution (5 slides)

1x staining solution (pH 6.0) 930>
100x solution A 10>
100x solution B 10>1
20mg/ml 5bromo-4-chloro-3-indolyli D-galactopyraoside 50>
(%gal)
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2.4.3 SA -Gal imaging

The SA -Gal staining was imaged using t@dympus BX60 microscope beica DM6
microscope. Random slices were imaged in both microscopes and quantifications were
compared. No differences were identified between imaggken in the different microscopes

(data not shown).

IF, whencombined withSAI -Gal stainingwas imagedisingan additional microscopé¢he
LeicaDM6 microscopewhich allows the acquisition afnages of the same FOV in different
channels, simultanealy, including brightfield and fluorescent channeBAPI, FITC and RED
(FlueDAPI, Flugreen fluorescent proteinor GFRand FlueY3, respectively). Furthermore,
Leica DM6 microscope has the option of generating an overlay image, combining the different
staining in one single image. Alternatively, this overlay can be performed directly in ImageJ
Hji. This technique enabled the detection of thelogalisation of SA-Gal with immune cells
For the gut, approximately 4 images were taken per fish, containing at least 3 villi each. For
the brain, approximately-® images were taken per fish;:2imags from the anterior, middle

and posterior part of the brain.

2.4.4 SAI -Gal quantification

After capture, the raw images were analysed using ImageJ Fiji as fdlwsisl defined
the perimeter of the relevant section andeasuredits total area(Fig2.2A). Then, ts8 W/ 2 f 2 NJ
¢ K NB a K 2vhsRised 0 @iehtify the SIAGalkpositive regions (or blue regions) within the
perimeter, using the same set of settings across all images (huet92ZGaturation: 117255;
brightness: 0255). The blue regions weselected,and their total areavas measuredFig
2.2B, G. The blue density wdmallyestimated by comparing the blue aredth the total area

of the section obtaining the prcentage of blue areper section

As the different sections of the brain (anterior, middle and posterior) have different
volumes,the weighted average of these 3 sections was calculatedrder to have an
approximate measure ofhe SAi -Galpositive areain the whole brain This was dondy
normalising the blue areéy the relative size of each brain section (anterior, middle and
posterior). In order to analyseach macroareandividually,it was considered the arithmetic

average ofll the images taken from that specific macroarea.
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Fig2.2. Representation of how the SA-Galpositive area (blue stained area) was identified &
measured (A) First, the perimeter of the section was delted, and the area of the section v
measured(B)¢ KSy > GKS o6fdzS FNSFa 6SNBE ARSYGATFA
(shown in red)(C)Finally, the SA-Galpositive areas were delimite@hown by the yellow line
and their area wameasured.
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2.5 Nucleic acid extraction and Quantitative Reverse Transcription Polymerase Chain
Reaction (RGPCR)

RTFgPCR was used in this project to quantify the relative amount of specific mMRNA
transcripts. More specifically, | used -BFCR to analyse theelative expression of

senescencassociated markers in the brain and gut, throughout zebrafish life.

All the RNA work was performed using nucleafsee plasticware and filter tips.

2.5.1 RNA extraction

Fish were culled by Schedule 1 method (as previouslgritbesl insection 25.1). The
tissues were rapidly dissected in cold R8&MAALDRICHjransferred to a micraentrifuge
GdzoS O2y iUl AyAy3a mnn>ft 27T ¢-hakeh b Ory iGegaidSshé@ CA & F
at -80°C until RNA extraction.

To isdate the RNA, the tissue was homogenized with a mechanical homogenizer (VWR
International) and a 1.5 pestle (KimilS / K aSX Ay St yRXEI bwxz ! {! 03
FNBAK C¢NRT2f O0¢CKSNY2 CAAKSNI { OASY G xnFABO D ! F
VWR International) was added and the solution mixed. The samples were then incubated for
further 3min atRT and centrifuged (at 13,0009 for 30min at 4°C). The resulting upper aqueous
phase was transferred to a new microcentrifuge tube, and isognop (Thermo Fisher
Scientific) was added (approximately 83% of the amount of aqueous phase) and mixed with
the sample. After an incubation of 10min at RT, the samples were centrifuged (13,0009 for
15min at 4°C) and the resulting supernatant was discardied. pellet was twice washed in
Hpn>t 2F A0S O2f R 71 p: -d8{@Gnkeydtidd, theypllletsime Sy f S
NB & dza LISY RS R A yfreewater {(VWR Tterffatioddl)S | & S

All the samples were analysed on a Nanodrop 1000 Spectrophotometer inm twde
measure the concentration of RNA and to assess RNA purity. The RNA purity was analysed by
the 260/230 and 26/280 ratios; samples with values >1.8 were considered acceptable while
Al YL S&a 6AGK @I fdzSa Xmdy ¢SNB Rell, ok BlFE R® CN.
samples with an acceptable RNA pumtgre further analysed in a bioanalyzer Agilent 2100

(Agilert, Santa Clara, CA, USA), to assess RNA integrity. When RNA integrity number (RIN) >8
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was observed, all samples from that batebre consideredjood to be further usedexcept

the ones with not acceptable RNA purity, which were discardaften these samples had a

wLb Xy Fff GKS alryLXSa FTNRY GKIG ol GOK ¢St
samples with RIN >8 were used. Finally, &IRNA samples were statat-80°C until further

use.

2.5.2 Complementary DNA (cDNA) synthesis

cDNA synthesis was performed using the SuperScript Il RT Kit (Thermo Fisher Scientific),
F2ft26Ay3 GKS YIydzZFl O dzZNBENRA Ay & disMikadl ivikh2 y & &
nop>in2Fk Pt NI YR2Y LINAYSNE o0t NRPYS3II I alRA&ZY
Technologies) and nuclea3deNBE S ¢ GSNJ dzLJ 62 wmu>t 3> Ay | YAONI
mix was incubated at 65°C for 5min. After cooling on icef 4 2 T -Sprand BEANENE  H >
ndma 5¢¢X YR mM>f 2F wb! aS AYKAOAG2NI 0bSé 9
added and the contents were mixed. This was followed by a 2min incubation at 25°C, after
GKAOK wm>f 27F { dzLJS Nk samlesliverelten imbated @dnsecutivllyrab R @ ¢
25°C for 10min, 42°C for 50min and 70°C for 15min. Finally, the resulting cDNA was stored at

-20°C until use.

2.5.3 RFqPCR

Contrarily to standard PCRs,-HCR enables the quantification of mMRNA expression. This
is performed byusing a fluorescent dye (SYBR Greesijch intercalates with the double
stranded DNA. Therefore, the fluorescence intensity increases with the increasing number of
gene copies, allowing a retine quantification of the PCR product. Thesults are then
analysed by the cycle threshold (Ct) values, where a Ct is defined as the number of cycles
necessary to detect fluorescent signal (above the threshold, i.e. background). The primers

used in this study are describedTiable2.5.
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Table2.5 RTgPCR primers used in this project.

Gene Primer sequences References
beta-actin forwmard¢p@¢/ v/ / v/ [/ V[ 1 D/ / D! (Henriquesetal.,
reversecpQ ¢!/ / D/ !V !I Dt e¢cec/ [ 1 2013)

53 forward¢p Q DD¢ D/ ¢D! ! ¢DD! / ! (Henriquesetal,
P reversecp Q D/ ! ! / ¢D! /[ ¢¢/ / ¢ 2013)
cdknt forward¢p Q ' ¢ D/ ! D/ ¢/ /' D! / ! (Henriques etal.,
reversecp Q / D/ VY L/ LDV /YT 2013)
cdkn2 forwardgp Q ' ¢¢! ¢¢¢c¢c! ! D! ¢! ¢ (Farmen, Hultman,
reversep Q / ¢!/ ¢! /¢!t ¢! ! ¢/ ! Anglés, &Erk, 2014
| I 1 | | i
cyclin g1 forward¢p Q D¢ D! ¢D! ! D! ¢ ¢/ ! D (Henriques et al.,

reversecp Q! / ¢ DD/ /! D! DDD! / ! 2013)

47



Prior to the primers use, each set primers was optimised. Firstly, a range of cDNA
concentrations was tested (1:10, 1:20, 1:40, 1:80, 1:160, 1:320, 1:640 and 1:1,280) using the
same primer concentrations and, at least, 3 different melting temperaturas)(Secondly, a
standard curve waR SaA 3y SR FyR (KS &af2LI3S 2F (KS Odz2ND
and-3.9 was considered good. Thirdly, the dissociation curve of thgFTR was analysed in
order to ensure the existence of a single peakultiple peaks might indicate nespecific
binding and/or primer dimers. Once an optimal primer efficiency and dissociation curve were
found, the lowest successful cDNA concentration falling within the linear range of standard

curve (1530 Cts), as well as the optal Tm, were used in the subsequegactions.

To perform RIGPCR, a 38#ell plate (Greiner Bi®ne, Kremsmunster, AT) was prepared
gAGK c>t 2F {,.w aAE 6t SNFS/ ¢l {.,.w DNBSy CI
primers (forward and reversefia I FAYFf O2y OSy (NI ( kBNApe2 ¥ n dp:
sample. Triplicates of each sample were used in eachFTR plate. Then, the plate was
covered with a micreseal B PCR plate sealing film {Bad, Hercules, CA, USA) and spun down
at 13,000 rpnfor 1min. The ABI 7900HT Sequence Detection ByGplied Biosystems, CA,
USA) was used to run the §PCRs, with the following program: 95°C for 10min; 40 cycles of
95°C for 30sec followed by optimal Tm for 1min; and dissociation stégedissociatiostage
aimed to generate a melting curve profilnd consisted in a heating to 95°C for 15sec,

followed by cooling to Tm for 1min, and heating again to 95°C for 15sec.

The results were analysed as follows. First, the standard error of the triplicates (of each
sample) was calculated and all the samplethwriplicates presenting a standard deviation
XM 6SNB SEOf dZRSRd { SO2y Rz (KS @@k, udiighy 3S SE
nn/ 0 YSGK2R 6 R&GNAIDIBnRged (QA)NForiihis She mRNA expression of
each target gene was first normalised to the reference gdmalactin), by subtracting the
Ct vdue of the reference gene (& from the Ct value of the gene of interest {6 (Formula
1). Theresult of thisedul A 2y Aa O2YyvYzyfe OFftftSR p/iGdd ¢KS
Onebndd 61 & &dzo 0N} OGSR FTNRY &S poidil RFAVRESIES
(Formula 3. Finally, the fold change was calculated usiognula 3 Unless otherwise state
GKS WO2yGNRfQ INRdzLI NEFSNB G2 (GKS 2¢ e&2dzy3 3
¢tKS pnpn/d YSGK2R ¢l a O2yaAiARSNBR GFftAR G2 |y
efficiency curve of target and reference genes were relatively similar. The calculation of the
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F dSNJ 3S n/ lrefachde gedéSanid eadk &rget gene in a dilution series, revealed
STTAOASY O& OdzNIJS(E53 0.080;11 0.134pi & A.132;cyclih gDR/OTOM 0

Formula 1 s 060 060
Formula 2 #0300 30 0
Formula 3 &1 AEAT gA

2.6 RNA Sequencing (RNA Seq)

RNA was extracted as describeadsection 5.1. The RNA samples used in RNA Seq were
FANRG FyLrfeaSR o0& oA2Fylfel SNIo! IAtSydao FyR
The RNA Seq was nfermed by Matthew Wyles (BSc, MPhil), at tenomics and

Sequencing facilitgf Sheffield Institute for Translational Neuroscience (SITrabl)served

all the procedureand did the subsequent analysis.

2.6.1 mRNA isolation and fragmentation

MRNA was prepared fromotal RNA by removal of rRNA, ronding RNA and degraded
RNA. This was performed using the Oligo dT Beads approach, in which only RNA that contains
poly(A) tails (mature mRNA) can bind to the magnetic beads.

NEBNext Poly(ARNA Magnetic Isolation Modu{New England Biolabs Inc) was used to
isolatethemRNA F2f €t 26 Ay 3 YI ydzF I O0 dzMBshl@herwiseystatadNHzO G A 2

all the reagents used during the protocol were provided by this Kit.

Briefly, atotal of 500rg of RNAper sample was dilgd in nucleasdree water to a final
g2t dzyS 2F¥ pn>t YR YAESR 6AGK pn>f 2F ht A3z
Coulter, Indianapolis, IN, USA). To facilitate the binding of mRNA to the beads, the RNA was
denatured bymcubating the solution at 6% for 5min and then cooling it down to 4°C (with
the lid set at >75°@ prevent evaporatiopn To allow binding of mMRNA to the beads, the

solution was then incubated at RT for 5min and then placed in a magnetic rack, siill at R
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until the solution becamedt S NJ 0 FHYAY 0 ®d ¢2 NBY2@S dzyo2dzyR
removed and discarded without disrupting the beads; and the beads were washed twice with
Hnn>t 2F 2 aK . dZFFSNXP 9OSNE 4 aK Oetgkaia i SR 2
the solution wa clear and then removing and discarding the supernatant. For the first elution

2F 0KS Ywb! FTNRBY (KS 060SIFRazZ pn>t 2F ¢NRA . dzF
solution was heated at 80°C for 2min, then cooled t6Q%with lid set at >90°C)o Te-bind

GKS Ywb! G2 (G4KS o6SFrRaxz pn>f 2F wb! O0AYRAYy3
incubation period of 5min at RT, the buffer was washed out and the beads were washed one

final time with Wash Buffer.

Later, thepurified mMRNAwas elutedf® G KS o6SFRa FyR FTNIIAYSY(iSR«
First Strand Synthesis Reaction Buffer and Random Primer Mix (2x) (40% and 10% each,
respectively) were added into each sample and incubated at 94°C for 15min (with the lid set
at 105°C), before cooling dovto 4°C. The resulting solution was placed in the magnetic rack
YR GKS dzyo2dzyR FNIX 3IYSYGSR Ywb! gl a O2ffSOGS

2.6.2 First and seconestrand cDNA synthesis

¢t2 adyikSarasS (GKS FANBRISYHOISRYRwBY ObA! YAERRI
of NEBNext Strand Specificit wS+F 3Sy i | Yy R HStrdnd QthedisEnzpnfe Bix CA NI
0G24 t TheBe reagents are part of the kit above mentiondthe solution was
incubated for 10min at 25°C, followed by 15mimafC, 15min at 70°C and thbald at 4°C

¢t2 aedyiKSaarasS GKS &aS02y R-sté@ndNyntyfeRis @odluctvasb ! >
YAESR 6AGK GKS F2tt2¢Ay3aY y>f 2F b9. bSEG {80
aAE O6MnEOZI n>f andSyntheSsEazyrieMx2mdR> t{ (i2ND-freg dztet S| & S
G201t 2F yn>fod ¢KS NBadzZ Ay JAlhereadents &g o &

part of the kit above mentioned.

The doublestranded cDNA (dscDNA) was then purified in order to resvaw enzymes,
buffers or prmers from the solution. To do this, the second strand synthesis reaction product
ga AyOdoml GSR ¢6AGK mnn>t 2F b9.bSGE {I YLX S t
magnetic rack and washed. This was followed by thrded KSa A Y Hnnlpthe 2 F  y sF

beads were then aidried. Finally, the dscDNA was eluted from the beads by incubating the
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a2ftdziA2y ¢ ATri EDPANXE Buffe? fér 2mirnbaa BT in the magnetic ragil the
reagents are part of the kit aboveentioned. After this, the d©5 b ! oidz2a1rt 2F p
collected and stored aR0°C.

2.6.3 Library preparation

To prepare the library, the NEBNext Ultra Directional RNA Library Prep Kit (lllumina) was
use F2ff26Ay 3 YI ydzZBDheSdotmiEdsiatad, dl thérdaldiuOdd n2 y a ©
this protocol were provided by this Kit.

2.6.4 Adaptor ligation

CANBRGZ GKS RaoO5b! gl a LINBLINBR FT2N I RILI2NI
T>f 2F b9.bSEG !tGNF LL 9yR t NBltta WENH BépA 2y . «
EnzymeMix( 2 GFf 2F cn>f0d ¢KS &az2tdziazy ol a AyOdzol
for 30min and then hold at 4°C (always with the lid set at >75°C). This process generates an
end-repair/ dAtailing in the extremities of the dSINA to enable the ligation dfie adaptors

(that have single T overhangs).

C2NJ GKS FTRFILII2NI EAIFGA2YSE cn>f 2F LINRPRdAzOG T
adaptor (after 5 2t R RAf dziA2y Ay | RFLII2N) 5Af dzliexk2y . dz
YR on>f 27 Il bigatiob I@dstér MixfTAB NE (KA & a2t dziAz2y A
wSIFOlA2yQ yR O2yilAya (GKS RaAO5b! gAGK GKS |
at 20°C for 15min, the USER Enzyme was added, and the resultiigrswolas incubated at
37°C 6r 15min (the lid set at >45°C). This step removes uracil nucleotides from the dscDNA,

making it accessible for PCR.

In order to remove enzymes and excess adaptor, the Ligation Reaction was purified with
yT>t 27F h{(AgEnBourRAMPureSIPREhelb® 8 6 SNBE GKSY g1 aKSR
ethanol 80% andaRNA SR® CAYyl ff &> LIJz2NAFASR RaAO5b! g4I &
2F nomME ¢9d ¢KS FAylLf mp>f 2F RaO5b! $SNB {1

libraries.
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2.6.5 PCR enrichment of lidwies

The library PCR enrichment is an important step that enables an increase in the library yield
and incorporation of the barcodes in each sample. The NEBNext Multiplex Oligos for lllumina
(Index Primers Set 1, New England Biolabs Inc) was used @CfReaction. In this kit, each
set of primers contains a universal primer and an index primer which includes a barcode. This
means that during the PCR, a unique barcode will be added to each sample, enabling all the
samples to be sequenced together an@thdenultiplexed for analysis. The PCR reaction and

program used are presented frable2.6 and Table2.7, respectively.

¢KS t/w LINRRdzOG O6Fpn>ft 0 of®liga dTiBEs (Adefiahit T A SR
AMPure XP), followed by three washes with ethanol 80%. Aftedrging, the dscDNA was
eluted by adding@ >t 2F nomME ¢93 [yR (G(KS NBadzZ GAy3I wn

Before proceeding with the sequencing, the qualdly each library was assessed by
OA21I Yl f&@TSNIJ 6! IAESYld umMnnod ¢KS LINBaSyoOoS 27
adaptordimer carryover, respectively. To remove the excess adaptor, the samples were
washed once again with Oligo dT Beads (AgencAMPure XP). After this wash, all the

libraries displayed good electropherograms and therefore were used for sequencing.

2.6.6 Seguencing

Thesequencing was run on an lllumina HiScan SQ sequencer, using a high output run and
sequencing by synthesis V3 chemistry a single 100bp run. The sequencing process was
monitored in realtime using Sequencing Analysis Viewer v1.8.37 Software, and therefo

quality control was performed during and after sequencing.

Then, the data was imported into a .FASTQ file formatdier to perform the analysis.
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Table2.6 Components for the PCR reaction used to prepare the libraries for RNA Seq.
Component Volume per library

Adaptor ligated dscDNA (resulting from st 155
described on seatn 26.4)

Master 25>
Universal PCR Primer/ i5 Primer p > f
Index (X)Primer/ i7 Primer p >t

Table2.7 PCR program used to prepare the libraries for the RNA Seq.

Cycle Step Temperature Time Cycles
Initial Deraturation  98°C 30sec 1
Denaturation 98°C 10sec

Annealing/Extensior 65°C 75sec °
Final Extension 65°C 5min 1

Hold 4°C K
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2.6.7 RNA Seq analysis

Dr Mark Dunning (Director of the Bioinformatics Core at the University of Sheffield)
performed the initial aalysis of the RNSeq data, including alignmenquality controland

normalisation. The remaining analysis was performed by me.

The experimental ai was to identify thalifferentially expressed)B genes being upand
down-regulated in a consistent wagvertime, in the zebrafish brain. In order to identify
those genes, a timseries analysis was performed using the Short T3Br@&s Expression
Miner (STEM) software (v1.3.1@rnst & Bajoseph, 2006) During thisanalysis, all time
points were normalised for the earlier tirq@int (2 months), which in turn was transformed
to start at O (as baseline). For aysik purposes, the settings were used as follows. For filtering
the data, | used a maximum number of missuadues of 0, a minimum correlation between
repeats of 0.6 and a minimum absolute expression change of 0.6. For the model profiles, a
significancedvel of 0.05 was considered and Bonferroni test was used as the correction
method. All the genes presentirggp-value adjusted (padj) <0.05 were considered DE genes

and were therefore selected for further analysis.

After identifying the DE genes withgeing in each tissue, enrichment analysis was
performed in order to determine the functions to which the genesrevassociaté with.
Enrichment analysis was performed in Metascéftmu et al., 2019)ising a minimum overlap
of 3, a pvalue cutoff of 0.01 and a minim enrichment of 1.5. The enrichment terms identified
in this software were compared and confirmed by using an extra resource tool, the Gene
Ontology enRIchment analLysisdavisualization, known as GOri(laden, Navon, Steinfeld,

Lipson, & Yakhini, 2009n GOrilla, a{value cutoff of 0.01 was also considered.

Networks of genes were analysed using STRINQD (Bkklarczyk et al., 201%nd
Cytoscape v3.7.8Shannon et al., 2003oftware. More spcifically, STRING software was
used to perform a first assessment of the networks, determining the genes ittagaweith
other genes (minimum interaction score of 0.4) and eliminating any disconnected nodes.
Gene interactions were based on textminingpexments previously performed, databases,
co-expression, neighbourhood in the genome, gene fusion ardlccorrence in publications.

The networks identified in STRING were then deeper analysed in Cytoscape, where it was

possible to determine the key chat@ristics of the networks such as the number of nodes,
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edges (or degree) or neighbourhood connectivity, amortied. In order to identify small,
strongly connected and meaningful networks, the 10 genes with the highest degree (highest
number of interactbns with other genes) from each group of genes were selected. Later,
STRING software was also used in order sess specific interactions between genes within

each network, as well as to make the networks used for display purposes.

Finally, enn diagrans were performed using the Venny v2.1.

2.7 Protein extraction and enzymatic assays

Enzymatic assays were used id@rto analyse chitotriosidase activity, an inflammatory

associated marker, in the ageing brain and gut.

2.7.1 Protein extraction

Fish were culled by Schedule 1 method as describsddtion 23. Tissues were dissected
rapidly, transferred to a microcentrifegube and immediately snafpozen in liquid nitrogen.

The samples were stored é80°C until protein extraction.

ThetissueWw & K2 Y 23Sy A aS Rourd watemusinga inecRaficaldzoniogehizer
(VWR International) and RNABee disposable pestlesTlhermo Fisher Scientific) for
approximately 30seon ice. Then, the samples were spun down at 4°C, at 2,000rpm, for 5min.
After transferring the supernatant to a new tube, samples were store@@tC until further

use.

2.7.2 Protein quantification

t NEGSAY SEGNI OGa 6SNB ljdz yiAFASR 68 (GKS 06AC0
BCA Protein Assay Kit (Thermo Fisbaentifc). The BCA assay is a colorimetric method that
consists in a biuret reaction that leads to a reduction of coppetd@@LCu?) in the presence

of an alkaline solution. The chelation of 2 molecules of BCA*ae3ult in a purplecoloured

product, which can be measured by a plate reader.
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In order to perform the BCA assay, a standard curve was prepared with a rangeio$0Y2
of BSA(from the kit) along with a blank control (containing ukpaire water only). At the
alYS GAYSIT p>rextadwasS @& withJud@ ofSRICHrom the kit) in
microcentrifugation tubes, and incubated at 37°C for 10min in a water bath. After adding an
FRRAGAZ2Y T H > f(frodh the KNRthdIlSIBUNIN wakzinixdd land $cubated at
37°C for 20min. Ty = |wfreatrsample (or BSA standard curve) were transferred to a
[ 2Ny AYy3aIn [ 2 aWdl BBVRIA Ndtey(TRermocFisher Scientific), in duplicates, and
absorbances were read in a Varioskan Plate Reader (at Sheffield RNAi Screening Facility) at a

wavelergth of 562nm.

Sample concentrations were calculated as follows. Firstly, the blank duplicates were
averaged and subtracted from all of the other optical densities. Secondly, the total amount of
protein from each sample was interpolated from theustlard cirve using GraphPad Prism
TOn a2F061F NB 6pY I MEIST NN TN adiyAl2yy2¥ ya FNRY &

protein concentration of each sample was calculated.

2.7.3 Chitotriosidase activity assay

In order to measure chitotriosidase activitevels | used the same protocol previously
described in zebrafish geatinge et al., (2015 his method allows to assess the hydrolyse
capaciy of &methylumbelliferyti -D-b ~ b-@acetykcHitotriose (4MU-chitotrioside), by

chitotriosidase enzyme. Chitotriosidase activity assay was performed asdollo

I G20t 2F mn>f 2F LINRGSAY SEGNI OsblutbdSNI &1 Y
andincd F SR |0 wHyc/ F2Nl cnYAyd | -putelwsidr wad2 y i NP f
prepared alongside with the samples. Substrate solution consistedNtJ-4hitotrioside
(SIGMAALDRICHdiluted in Mcllvaine solution at pH 5.2 (1.73mg éfd-chitotrioside per
100 ml of Mcllvaine solution). To make the Mcllvaine solution, stock solutions of 0.1M citric
acid (SIGMAALDRICHand 0.2M disodium hydrogen phosphatéSIGMAALDRICHyvere
mixed at a ratio of 45% and 55%, respectively, obtainingah fhiH of 5.2.

After incubation, 1ml of stop solution (0.25M glycine buffer, pH 10.4, containing 0.01%
Triton X100(SIGMAALDRICKH) ¢+ & | RRSR (2 SIOK &l YLXS o6lFyR
GKS FAYLFE az2fdziAazy ¢l a NI ¢WdlEINRURate(Therto / 2 N/
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Fisher Scientific). Duplicates of each sample were used. An extra microcentrifuge tube was
prepared wil K wnn>t 2F &dl y Rethdmbal#FetodeSIGMALDRICH Y M X n
FYR cdnn>t 27F aid2L) a2 heliial Dlytion was tr@rdferdayiGthe®d v nn >
well plate, in duplicates. The fluorescence was then read in a Varioskan Plate Reader

(excitation: 365nm; emission: 450nm).

Finally, the chitotriosidase activity was calculated in nM/h/ml, usiognula 4

T, fluorescence of test samples
B, fluorescence of blank

Std, standard

Y O . QT . PpPTTT

Formula 4 —— W WO
[ 0Q Q¢ WO WOXNWIOE VEaO6G®

2.8 Invivoassays

In this study in vivo assays were performed in order to test BBB and gut barrier

permeability with ageing, in zebrafish.

2.8.1 Testing BBB permeability

¢2 GSad ... LISNXNSI 6Afye63RD DextranZODR Bios@ichceq > f 2 1
Lincoln, NE, BA) diluted in Hanks' Baleed Salt solution (HBSS, Thermo Fisher Scientific)
were injected by IP. Two different sizes of the compound were testgth the following
molecular weights4kDa and 70kDa.ANR dzLJ 2 F FA 4K Ay2SOiSR gAilK
as a vehicle control gup. The fish were cullech&fter IP, and the brains were collected and
imaged using a {TOR Odyssey CLx machineCQR). The brain fluorescence was then

guantified using thémage Studio 4.0 Software for Odyssey CLEQR).
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2.8.2 TestinggutbarrierpatS| 0 Af A&y a{ YdZNF¢ | a&al @

Ly GKA&a LINP2SOG> (GKS dGavYdz2NFé¢ |aale ¢l a dzaSF
involves feeding the animal with a blue food colourant ahert observechanges irthe skin
colouration. In a young, healthy animé#ie food colourant is not expected to cross the gut
barrier and no blue should be observed in the skin. However, if there is increased gut
permeability, as it is predicted with agein@ere should bencreased blue colouration in the
skin (Dambroise et al., 2016) ¢ KS & & Y daNgerformédabyi Wader immersion, as
described inDambroise et al. (2016pBriefly, the fish were immersed in aquarium water
containing 2.5% of filteretlue food colourant (Blue #1 stock solution, Erioglaucine disodium
salt, Acros Organics, Thermo Fisher Scientific), for 30min. Then, fish were rinsed in clear water

until excessurface blue colouration was removéeig2.3).! TG SNJ G KS GaYdz2NFé | &

culled by Schedule 1 and picturesthe wholebodywere taken
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Fig23.Lf £ dZAGNY GA DS LIAOGdzINBa 27T (iT&lishowere dxpaBed
blue dye (food colourant) diluted in water, for 30min (top image). Then, the fish were rir
clear water (middle image) until the bluelouration wore off (bottonimage).The rinsing tim

was the same for all the experimentoups.
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At the end of the protocol, fish skin colouration was quantified by the median intensity of
the mean, using ImageJ Fiji software. This was done in the white stripes of the skinsonly

the blue stripes of the zebrafish skin could be a confounding factor.

2.9 Behavioural assays

Behavioural assays were performed to test whether-agsociated cellular and molecular

dysfunctions occur at the same time as agkated behavioural alteratios.

2.9.1 Open field (OF) and novel object (NO) tests

OF and NO tests were ustaitest locomotion and anxietiike behaviour in zebrafish, with

ageing. These tests were performed at the behaviour room (BMS Department i dise

Before the experiment, alldh were acclimatised to the behaviour room for at least 1h.
During thisperiod, fish were maintained in crossing tanks containing approximately 2.5L of
water, in groups of 3 fish. OF and N&3tswere performed one after the other, using a
27x14x14cm tanklength x width x height) containing 7cm of water depilnewalls of tre
test tankwere covered in white papemn order to avoid external visual stimuki§2.4A). A
fish was gently placed into the test tank wighnet andthe recording of the test behaviour
started immediately, using a top camera. After 10min of OF test, the fish was transferred to
the holding tank for 2min. During this interval, a red 3x1.5x1.5cm object (length x width x
height) was placed in theentre ofthe test tank(Fig2.4B, §. The fish was gently placed again
in the test tank for additional 10min (NO test). In the end, the fish reagned to its tank.
During the 20min trial, the fish behaviour weecorded for later data analysis. The test was
carried for one fish at each time. The water in the test tank was replaced in between every
fish.

The assays were performed for 3 conseatilays and 10 to 20 fish were tested per day.
The day and time of @eriment were semrandomly determined so that all the fish from
each group were equally distributed for the morning and afternoon sessions of each day of
experiment. This aimed to avoidrfounding factors related to the day and schedule of the

experiment
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Fig2.4. Representative images of the setup used to perform OF and NO te@3Picture of the
tank and top camera used to record the fish behavi¢Bi).Top view of the test tank with nove
object placel in the centre(C)Close picture of the object used fdre NOT.
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Later, fish behaviour was analysed using the video tracking software EthoVision XT (Noldus
Information Technologylnc., Lessburg, VA, USA). This analysis was performed at the
University @ Leicester, in the laboratory of Dr William Norton, who generously lent me the

software with respective key.

Locomotion behaviour was analysed by measuring the total distance sweangdhe OF
test. Anxietylike behaviour was analysed in both OF andtéEDs. In the OF test, anxietike
behaviour was assessed by the time spent on the edge versus the centre of the ttaamk
preference for staying in the edges of the tank is catldgmotaxic behaviour and can be
used as a measure of anxiety in zebtafiallan Kalueff et al., 2013)n the NO test, anxiety
like behavioun was measured by the time spent near the novel object. Poor exploratory
activity regarding the object is considered a signal of anxiety in zeb(afilsim Kalueff et al.,

2013) Two times the width of the fish was the measure used to delimit the eoeaidered

la GKS WSR3ISa 2F Gly1Q AR GRSOBCWYSBNZUKER2G

test.

2.9.2 Novel object recognition (NOR) test

The NOR assay aimed to test cognition, more specifically working memory, with ageing, in
zebrafish. Thi test was also performed in the behaviour room of the BMS Departmeheof
University of Sheffield. This test consists in 2 phases. In Phase 1 (exploratory phase) the fish
are exposed to two different objects and are allowed to explore them. In Phasst®base),
one of the previous objects is replaced by a new one (nalvjeict) and therefore the fish can
explore two objects; the novelversusthe familiar object. It is considered that the fish can
distinguish the novel from the familiar object whemetfish shows a preference for one of the

objects during the test phas&his preference is evaluated by the time spent near the objects.

Before the experiment, all the fish were acclimatised to the behaviour room for at least 1h
asdescribed in section 2.8. The NOR test was performed in a 32x17.5x17.5cm tank (length
x widthx height) containing 7cm of water depthig2.5).

62



Fig2.5. Representative images of the setup used to perform the NOR té&)Picture of the tank
and top camera sed to record the fish beléour.(B)Top view of the test tank with two equidistar
objects.(C)Close picture of the 3 different objects used in the NOR test.
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In Phase 1, the test tank contained two equidistant objects (Object A and Object B), of
approximately 3x3cm each. A fish was gently placed into the test tank and its behaviour was
recorded for 10min. After Phase 1, the fish were placed in a holding tank for 2min and then
returned to the test tank for Phase 2. In Phase two, the test tank aoaddwo equally distant
objects, Object A (familiar object) and Object C (novel object). In the end, the fish was
returned to its tank. During the 20min trial, the fish behaviour was recorded for later data
analysis. Like in the OF and NO tests, in th& &t each fish was tested at a time and the

water of the test tank was replaced between every fish.

The NOR test was performed for 3 consecutive days, where 10 to 20 fish were semi
randomly assigned to each morning/afternoon to test an equal numbersbfffom each
group in the different days of experiment. Moreover, the designation (A, B or C) of the 3
objects available and their location (left or right) in the test tank were samilomly assigned
in each day of experiment in order to avoid bias towsegpossible favourite object or tank

location.

Fish behaviour was analysed by measuring the time spent near the familiar and novel
objects. Object discrimination was accessedFbymula 5 where positive values indicate a
preference for the familiar obj and negative values indicate a preference for the novel
object. A mean value statistically significant from 0 was considered a successful discrimination

between the two objects.

TS time spent

DI, discrimination index

Formula 5 00 Y'Y Y'Y
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2.10 Statistical analysis

All the statistical analysis was performed with GraphPad Prism v7.00, except for the

random effect ANOVA which was analysed with the IBM SPSS Statistics v25.

Normality was assessed by the ShapWdk test. Unpaired-test or Mann Whitney test
were used to compare 2 data points, depending on whether the samples presented a
Gaussian distribution or not, respectively. Gnay ANOVA or twavay ANOVA followed by
post-hoc tests with Bonferroni postorrection were used in order to compare more than 2
data points in 1 or 2 groups from the same tissue, respectively. Krgidiis followed by
5 dzy ¥y Q-hoc tet geplaced the Or&/ay ANOVA for nenormally distributeddata.

Telomere length (or telomere/centromere ratio) was analysed by random effects ANOVA.
Here, the intensity value of the medper cell)was used as the biological identity atite
animals within each experimental group were analysed as a randonbleariay doing so, the
intensity value of the mean of each cell was taken into consideration within each animal. To
perform a random effects ANOVA, linear mixed models were applied using the following

script.

Telo_Centrg dependent variabl¢intensity valus of the mean)
Genotype independent variable of genotype (WT versers”")

Age independent variable of age (young versus old)

Animal, random variable, containing all the animals used in this study.

Script:

MIXED Telo_Centro BY Genotype Age Animal

/CRITERIA=CIN(95) MXITER(100) MXSTEP(10) SCORING(1) SINGULAR(0.000000000001)
HCONVERGE(0,

ABSOLUTE) LCONVERGE(0, ABSOLUTE) PCONVERGE(0.000001, ABSOLUTE)

[FIXED=Genotype Age Genotype*Age | SSTYPE(3)

/IMETHOD=REML

/PRINT=DESCRIPTIVES

/JRANDOM=Aimal | COVTYPE(VC)

/EMMEANS=TABLES(Genotype)

/EMMEANS=TABLES(Age)

/EMMEANS=TABLES(Genotype*Age)

/EMMEANS=TABLES(Genotype*Age) COMPARE(Age) ADJ(LSD)

/EMMEANS=TABLES(Genotype*Age) COMPARE(Gend\pe}B).
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Moreover, Wicoxon signedanked tes$ against the hypothetical value ofWas used to
assess object discrimination during the NOR test. This is because a discrimination index close
to O indicate that there is no discrimination between familiar adel object. The higher the

discriminationindex, the better discrimination between the two objects.

A critical value for significance of p<0.05 was used throughout the study. Unless otherwise

stated: p@ | f dzS x svatueqD.05; *#phkadlue<0.01; and ***pvalue<0.001.

Finally, power calculations we performed in order to calculate the sample sizes required
for each experiment. To do so,chlculated the effect sized following the 3R guidelines

(http://www.3rs-reductionco.uk/html/6 __power_and_sample_size.hjnlisingFormula 6

M1, mean of group 1
M2, mean of group 2

< Standard error

Formula6 0"Q'QD cXH 22%

Then, it was identified the minimum sample size requi@detecta 25% difference with
90% poweland 5% significance level atwo-sided test using a reference table (available in

the link above mentioned)
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Chapter 3.

Agerelated retinal degeneration is insufficient to
stimulate the Mdller glia regenerative response in
zebrafish leading to gliosis and loss of vision
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3.2 Abstract

Ageingis a significant risk factor for developing retinal degenerative diseases and vision
loss. Regenerativéherapies offer great promise in the treatment of these devastating
blinding conditions, but it remains unclear how old age impacts retinal homeostagi® A (i & Q
ability to regenerate in response to chronic damage. We used the zebrafish model to
characterse retinal ageing ithe wild type and the premature ageing telomerase mutant
(tert’) model. We show that the zebrafish retina undergoes thinning duen overall
neuronal degeneration with ageing, which is largely telomemadependent. Despite its wie
documented regenerative potential after damage, this neurodegeneration with ageing is
insufficient to stimulate the Miller glia (MG) regenerative respe. This occurs even though
MG do maintain their regenerative capacity until old age following anteaiinal damage.

In contrast, chronic neurodegeneration with ageing results in a gliotic response, thereby
recapitulating several hallmarks of humantinal degeneration with ageing. Our work
identifiesgliosis as &ey difference between chronic and dewdlamagea key consideration

for targetingendogenous regeneration mechanisms to treat human retinal disease.

3.2.1 Graphical abstract

Acute Damage m Ageing
L} g. ot
| ®

Regeneration Gliosis

Our data suggest that the mechanisms driving regeneration in response to acute d:
versus chronic, ageelated damag, are different. It may be that either the number of ce
dyingin natural ageing is not enough to stimulate MG to proliferate, orltdve number of

microglia and respective signals released are not sufficient to trigger MG proliferatior
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3.3 Introduction

Ageing is a significant risk factor for human retinal degenerative disease, such as age
related macular degeneration (AMD) and vision I@ssthe population is ageing worldwide,
the identification and potential treatment of the underlying cellular and malac
dysfunctions will be critical for global health going forward. Regenerdiased therapies,
such as stimulating endogenous regernam mechanisms, offer great promise for the
treatment of many human blinding diseases. Intensive efforts have beerertadncover
GKS Y2t S0dzZ F NJ YSOKIFIYyA&aYa NB3IdzA FdGAy3a GKS NB
lower vertebrateqFiscler & Reh, 2001; Lenkowski & Raymond, 2014; Rayrebad 2006;
Thummel et al., 2008; Wan & Goldman, 20Mhile he mammalian retina lacks significant
regenerative capacitfdadhav et al., 2009; Ooto et al., 20G4)introduction of key molecular
signals into Muller glia (MG) has shown great promise to stimulate the genesis of new neurons
after damage(Jorstad et al., 2017, 2020; Karl et al., 2068 wever, these studies in lower
vertebrates and mammals are typically carried out in young adults. As advanced age is
strongly associated with the pathogenesis of many retinal degenerative conditions,
understanding the effects of ageing on the regenerative potential in the retina is an important

consideration for the efficacy of such treatments going forward.

The zebrafishis a weHlestablished model to study retinal development, disease and
regeneration(Cameron, 2000; Eastlake et al., 2017; Richardson et al., 2017; Sfer2@iH.
In the retina, the principal cells tasked with supporting retinal circuits throughout life are the
MG. MG do this by providing a myriad of support functions to neurons, including trophic
support, neurotransmitter recycling and energy metaboli$Reidienbach& Bringmann,
2013) While these functions are critical to the maintenance of healthy retinal function, MG
also play a prominent role in disease and after neuronal insult. In the mammalian retina,
degeneration results in a MG gliotic responseisTleadsto the upregulation of stress
proteins and morphology changes, which are thought to be neuroprotective initially, but may
ultimately culminate in dysfunctio(Bringmann et al., 2009)n contrast to mammals, after
damage, the MG in the zebrafish retina will undergo a brief reactive gliksiphase that
transitions into a delifferentiation and prolferation of the MG progenitor cell to generate
new neurons(Easlake et al., 2017; Thomast al.,2016; Thummel et al., 2008)Vhile MG

may be the primary source of neurons after injury in teleosts, regeneration can also occur
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from the ciliary marginal zone (CMZRaymond et al., 2006)CMZ is gpopulation of
progenitors found in the peripheral retina that is thought to contribute to retinal growth
throughout life Eig 3.1A). Additionally, rods can originate from redpecific progenitors
(Johns & Fernald, 1981; Julieal, 1998)found in the outer retinaRodspecific progenitors

are derived from MG that slowly divide in the WT reti(@ernardoset al, 2007; Ottesoret

al., 2001; Raymond et al., 2008Jultiple acute injuries do not appear to reduce the overall
regenerative response of M@Gowever, there does appear to be chronic inflammation after
successi® rounds of injury(Ransket al,, 2018) It should be noted that studies of M@erived
regeneration are often carried out young adultanimals,and it remains unclear how aggn
impacts regenerative potential throughout the ldeurse. While the zebrafish retina has been
shown todisplaydecreasal cell density and increased cell deatlhith increasing agé€Van
Houcke et al., 2019]jt remains unclear if this agelated cell deathstimulates endogenous
regeneration and repair mechanisms, or how natural age impacts the regenerative potential
of the MG. We hypothesised that the zebrafish retina loses its steady state regenerative

capacity with ageing, thereby leading to degeneratmal vision loss.

Recent studies have shown that zebrafish display key hdikarhallmarks of ageing in
most tissuesDepending on the tissue, this includedomere shortening and consequent
DNA damage, decreased proliferatjoand increased apoptosis or accumulation of
senescencg¢Anchelin et al., 2013; C. Carneiro et al., 2016; Henriques @04l3) Zebrafish
thus offer an attractive model to study regeneration in a huntiaa, ageing model. Telomere
shortening is a hallmark ofgaing implicated in many agelated diseasef_6pezOtin et al.,

2013) Telomeres, a protective cap in linear chromosayghorten significantly with each cell
division, in proliferative tissues, due to the ergplication problem andonsequent oxidative
damage of the lagging erlevy et al., 1992Progressive gbrtening of telomeres can have
damaging effects, such as cellular senescence, which is characterized by peroedineytle

arrest and persistent DNA damage response. Telomerase is the enzyme with the ability to
correct this enereplication problem, but rast somatic cells maintain a low level of
telomerase expressior{fForsyth et al, 2002; Henriques & Ferreira, 2012piven that
GSt2YSNIasS OGA@GAGE O2NNBfIFGSa (2 | daSaf f Q4
positive aspect in the context of regeneratidm. fact, €lomerase hasveen shown to be

essential fortissue regeneration, namein the mammalian live(Lin et al., 20183ndin the
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zebrafish hear{Bednarek et al., 2015Furthermore, there is some evidence that telomerase
Aa A YL} NI IsYidalth ArehNithahsSagdlafetl @lseases of the retina, such as AMD,
have been reported to be alleviated by telomerase reactiva{dow & Harley, 2016; Rowe
Rendleman & Randolph, @8), suggesting that limited expression of telomerase may play a
role in retina ageingAccordingly, theelomerase mutantzebrafish mode{tert”-), known to
age and die prematurelfCarneiro et al., 2016; Henriques et al., 2Q01@)\e been reported
to display accelerated retina thinnirggncheln et al., 2013)Asit has been shown that cellular
proliferation is a key factor in retinal homeostagian Houcke et al., 201,9and that
telomerase andelomere stabilityplay an important rolan cell proliferation, we sought to
determine whether reinal degeneration and vision impairment with ageing is telomerase
dependent.

| SNBZ 6S dzaSR 1 SoN}FAAK & | Y2RSftsteadg RSS!
state homeostasis and whether this is telomeragpendent Our work shows that zebrafish
retina ageing is characterised by structural and morphological alterations in the central retina,
resembling human retina ageing. These include retina thonineuronal loss and
disorganisation of the photoreceptors, culmtivay in visual impairment. Interestingly, retina
ageing and consequent vision loss is not significantly accelerated by lack of telomerase
expression. Importantly, contrary to what occurssituations of acute damage, we observed
no compensatory proliferén in response to ageelated neuronal degeneration. Despite
lack of regeneration in response to chronic, agkated damage, MG retain their capacity to
proliferate and restore lost neurss in response to an acute damage until old age. In contrast,
with chronic agerelated degeneration, in MG cells undergo a glidigis phenotype, including
characteristic changes in morphology and localisation of glial fibrillary acidic protein (GFAP)
intermediate filaments. Together, our work suggests key moleculagerdiites between

chronic and acute damage in the retina.
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3.4 Results

3.4.1 Zebrafish retina ageing is characterised by telomeirsd&pendent central

retina thinning, morphological alterations, amelurodegeneration

Similar to humans, the zebrafish retina consistshree nuclear layers separated by two
plexiform layers. The nuclear layers consist in the outer nuclear layer (ONL) containing
photoreceptors; the inner nuclear layer (INL) containimgolar cells (BCs), amacrine cells
(ACs), horizontal cells (HCsdamiller glia (MG); and the ganglion cell layer (GCL) mainly
containing retinal ganglion cells (RG(@E3Yy3.1A). Furthermore, the zebrafish retinaan be
divided into discrete regions based on 4§e, Nagashima, Guo, Raymond, & Wei, 2018je,
we characterise two regionghe central retinacontainngthe oldest cellsborn during early
development and the peripheral retinacontainng the ciliary narginal zone (CMZ) and the

immediately adjacent tissuesomprisingthe newest born cell§Fig3.1A).

A key hallmark of human retinal ageing is the thinning in the central réfriksson & Alm,
2009) Previously it washown that the linear cell desity in the central region of the adult
zebrafish retina also declines with age, with exceptiorraafs (Van Houcke et al., 2019)
However, it remained unclear whether telomerase y@d a roleon this As suchwe
guantified retinal thickness in the centrahd peripheral adult zebrafish retina by DAPIrstai
at definedtime-points of adulthood. Our results show that the WT retina progressively thins
with ageing in the central regiofFig3.1. X ), as Qreviously showrRetina thinning is not
accelerated in the prematurely agedrt’- model when compared to its WT counterpart at
any age analysed, suggesting that thinning of cdnetina with ageing is independent of
telomerase(Fig3.1. X ; Supflementary Fig 1A Proliferation in the central retina is low but
it still decreases significantly with ageirtgd3.1D, DJ. However, this is not accelerated in the
absence of telomerasetet’"), suggesting different mechanisms other than telomere

shortening to be the limiting factor for proliferation in this region.

74



A Schematic of retina layers
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Fig 3.1. Zebrafish retina ageing is characterised Uhinning of the central retina,
accompanied by decreased proliferation and increased apoptosis and DNA damage. This
occurs independently of telomerase(A) Schematic figure of the zebrafish retina with
respective layers and cell types. (B) Representathages of the central and (C) peripheral

retina in both WT andert’-, at young (5 months) and old ages (>30 months in WT and 20 in

tert7/0 & ¢KS adl AyAy3d dhick parafSNsECHONSY IBRE YA V' H A1YWD 0 .
Quantifications of the overall refil G KA Ol ySaa oAy >YO0 dzaAy3d 5!t
0/ Q0 LISNRALIKSNIt NBOGAYF® ¢KS of | Oftert-AEyfd® NI LINI
bars represent the standard error of the meéSEM). N=3. (B) Representative images of

central etina immunolabelled with (D) PCNA (proliferative cells, in green), (E) TUNEL

OFLRLI2GA0 OStftasx Ay 3INBSYyovL FyR o6CO 1 H!-T 9
in purple), in the central ina of both WT andert”-, at young (5 months) anddages (>30
months in WT and 12 or 20iert’0 ® . I NAY HAn>Y® ¢KS adGFAyAy3a g4I

GKAO] 2NIKAOD bIBNMNITFTFAY aASOGA2yad o6 Cucells, St f 20
putatidS A4Sy SaO€Wi O VARTFADESURA2FA03ROUKEDY HzY OS'
OStfta | yR 0-Celtsyperatealn niT?) SBY&Black line represents WT and red

line representstert® 9 NNE NJ 6 | NB NB LING EESY (C-Aiskadbticsodva @ 0 5 Q(
way ANOVA (WT wsrt’- at young versus old ages) and eway ANOVA (WT andrt’- over

time). Differences between genotypes are indicated above each -pionet, whereas

differences ovettime in each genotype are indicated the end of the lines, in black WT, in

redtert”’-. Pvalue: * <0.05; ** <0.01; *** <0.001.
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Contrary to the central retina, there is no obvious overall thinning of the peripheral retina
with natural ageing nor in the absence of telomerasSig8.1C QandSupplementary Fig 1B
Although the CMZ is known to be proliferatjvts proliferation activitydecreases with ageing
(Supplementary Fig I&and seems to bansufficient to drive tebmere-dependent arrest of
cel cycle. Reduced proliferation with ageing is therefore unlikely to be the driving
mechanisms for retinal degeneration, whereas cell death is likely to play a more important

role.

Increased activated caspa8ehas been shown ithe aged zebrafish retin@/anHoucke et
al., 2019) However, this was not quantified, and it remains unclear whether this was
associated with telomerasdependent DNA damage. Moreover, there are other forms of cell
death that are not caspasg dependent. We therefore used a more geaksed early cell
deathmarker which labels DNA breaks, Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL). We found that there is significantly increased cell death in the aged central
retina (Fig 3.1E, Ep Again, cell death occurs independently of telomerase, as increased
number of dying cells was not accelerated in tbg’- model when compared with their WT

counterpart.

Cellular senescence, which is characterised by a permanent cell agdeard pesistent
DNA damage response (reviewed Tichkonia et al.,, 2013)has also been suggested to
increase in the aged retingn mammals and zebrafigMajji et al., 2000; Van Houcke et al.,
2019; Wing et al., 1978pur results show that the decrease in cell proliferation with ageing
is accompanied by accumulation of strortg2AX nucleafoci, a molecular marker for DNA
damage, in nosproliferating cells (Eddegative) Fig 3.1F F), potentially representing
senescent cells. We now show thatdlincrease in DNA damage also occurs in a telomerase
independent manner, as no differences are identified between genotypes at anyptmé

analysed.

Together, these data show that aging in the retina is characterized by decreasing
proliferation, accorpanied by increasing DNA damage and cell death. Téwe=as are likely
to contribute to the retinal thinning observed in the aged retina. Importantly, although this
DNA damage is likely underpinning the previously reported increaSéiingal (Van Houcke
et a., 2019) we show that this is unlikely to be ddenere-dependentand therefore unlikely

to bereplicative senescence.
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3.4.1.1 Morphological alterations and neurodegeneration

Besides its role in cellular proliferation, telomerase has been shown to tedomere-
independent(i.e.non-canonical functions includng in zebrafisliAlcarazpe et al., 2014)For
instance, in the central nervous system, it has been suggestattelomerase has a
neuroprotective role against oxidative damagfhmed et al., 2008; Haendeler et al., 2009)
In fact, telomerase activity is identified in peasitotic neurons in the adult zebrafish retina
(WuiMan Lauet al, 2008) where telomerase could exert telomenedependent functions.
We therefore tested whether telomerase played a role in -agjated morphologich
alterations and neurodegeneration in the zebrafish retina. To test, we carried out cell
labelling using immunohistochemistry for several molecular markéupglementaryTable

1) throughout the lifespan of zebrafish, in the presence and absencdmherase tert”-).

The loss of photoreceptor integrity is onetbe key features of human retina ageing and
disease, including decreased photoreceptor number and inte@Xisgn & Lo, 20199nd this
has been shown to also happen with ageing in the zebrafish rédaa Houcke et al., 2019)
Rhodopsin immunolabelling confirmed that, dikn humans, rod photoreceptor outer
segmentsn the zebrafish retina undergo dramatic structural changes with ageing, losing their
long and rectangular characteristic shapeg@.2A). Qualitative analysis of rhodopsin shows
that 100% of young WT fish presdohg and aligned outer segments whereas 100% of old
WT fish present short and misaligned outer segmeRig3.2AQ. Like for other phenotypes,
these defects are not accelerated in thet”- at the comparable ageested of 5 months old,
suggesting this is likely a telomeraselependent phenomenonkig 3.2AQ. The structural
changeswe® 0 a SNIWS Ay (GKS NRBRAQ 2dziSNJ aS3aAYSyida I NX
junction pmotein zonula occludens (20 Fig3.2B), a marker for the outelimiting membrane
thought to be involved in photoreceptor degenerati@fu etal., 2018) Qualitative analysis
shows that whereas the majority of young WT fish show a continuou$ i@ underlying
the photoreceptors, all oftte old WT fish present breaks in the-Z@-ig3.2. X2QThese defects
are also not accelerated in thert”-at the comparable age tested of 5 months old, suggesting

this is likely a telomerasmdependent phenomeno.
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Fig 3.2. Retina thinning with ageing is accompanied by structural and morphological
alterations, and neurodegeneration, which occur independently of telomeragé-C)
Representative images of centratirea immunolabelled with (A) rhodopsin (photoreceptors

outer segments, in green), (B) ZO1 (outer limiting membrane, in red) and (C) ribeye (pre
synaptic ribbons, in green), in both WT atedt”-, at young (5 months) and old ages (>30

months in WT and 1fonths intert’0 ® ¢ KS &G+ Ay Ay 3 -thick Pparaffds NF 2 NI .
sections.The red arrows in panel B point to the outer limiting membrane-{#3pressing

line).. F NAY wnQoydv dallyXiAFTAOFGA2Y 2F (GKS LISNOSyYGl! :
rhodopsin (shortaR YA &l f Ay SR 2dzi SNJ aS3yYSydaovz 6. Qv %
FYR o6/ Q0 NARoSeS o002tflLJASR NARoSeS tFre@SNBOLO®
representstert’® 9 NNEB NJ 6 I NE NB LONBCHS yaii/-90Di Bepresentative ¢ | Q
images of central retina immunolabelled with HUCD anatein kinase C, oPKC (amacrine

in magenta and bipolar cells in green, respectively), in both WTeatd, at young (5 months)

and old ages (>30 months in WT and 12 month&itY"). The staimg was performed in

Mc >IYKA O] LI N FTFAY &SO0Quandfigadions of theNdundberonBu@BP 06 9
positive neurons (E) in the overall retina, (F) in the GCL (ganglion cells) and (G) in the INL
(amacrine cells). (H) Quantificatioofthe number ofPK@Goositive neurons in the INL (bipolar

cells). (BH) The black line represents WT and red line represeent$. Error bars represent

the SEM. N=&. The quantifications were performed per area of the re(man 1 A)ICM2:Y

ciliary marginal zone; BBipolar cell; AC: amacrine cell; MG: miller gRaCretinal ganglion

cell; GCL: granular cell layer; IPL: inner plexiform layer; INL: inner nuclear layer; OPL: outer
plexiform layer; ONL: outer nuclear layer; PR: phaib&LJ( 2 NX» {0 sk (EDa Y 0!
H) two-way ANOVA (WT tart”’- at young versus old ages) and eway ANOVA (WT anert-

I~ overtime). Differences between genotypes are indicated above each-pionet, whereas

differences ovetime in each gentype are indicated in the endfahe lines, in black WT, in

redtert”". Rvalue: * <0.05; ** <0.01; *** <0.001.
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The RGCs, ACs and BCs are neurons that come together to make connections in the major
synaptic neuropil, called the innerepliform layer (IPL). We confirmed alterationstine
synaptic IPL layer with ageing. Usually, the IPL is characterised by 6 distinct layers of pre
synaptic ribbons, as observed in zebrafish young ages820C). However, this structure is
collapsed in the aged ebrafish retina, where IPL displays decreased number and
disorganisation of preynaptic ribbonsKig3.2/ )QThis presynaptic ribbon pathology is not
accelerated in theert”’-at the comparable age tested of 5 mihs old, suggesting this is likely
a telomeraseindependent phenomenon. Such alterations in the synapses of the IPL are
known to influence neurotransmission in the retina. We therefore investigated the potential
role of telomerase in more subtle alteratis in the number of RGCs in GCL, a@d &1d ACs
in INL Fig3.2D). As expected, there is an overall neuronal loss with ageing in the zebrafish
retina (Fig3.2B). Importantly, this neuronal loss is not due to a decreased number of HUC/D
expressing RGCs in the GEIg3.2F), but due to a decreased number of Hu&Kpressing
ACs Fig3.2G), andPKGexpressing BCs in the INL lay€ig@.2H). Additionally, in the aged
zebrafish retina, BCs display disorganised axon terminals in the IPL. Hoomeragain,
neuronal loss is not accelerated in the absenceetdrherase, suggesting that this is also a

telomeraseindependent phenomenon.

3.4.2 MG do not proliferate in response to chronic retinal neurodegeneration with

ageing

Our data show there is significant accumulation of cell death and neuronal loss
accompanying riinal thinning with ageing. However, it remains unclear whether these age
related degenerations are being counteracted to some degree by compensatory pratiferati
and, in particular, by the wetlescribed regenerative response of MG in the retina. PCNA
staining in the central retina suggested that there was no compensatory proliferation in this
region(Fig3.1E K To characterise the steady state regenerative capacity of the retina until
old age, we carried out &day pulse of EdU followed by &d 30days chase, in young and
old WT andert’- zebrafish Fig3.3A). It is known that acute injury elicits a compensatory
proliferation response in the zebrafish retina. We tefre hypothesised that the observed
ageassociated neuronal degeneration andlaiath Fig3.3B) would lead to compensatory

proliferation.
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Fig 3.3. Aged zebafish retina does not show signs of regeneration in response to
spontaneous cell death and neuronal log#y) Schematic figure of the experimental design:

3-day pulse of EdU, by IP injection, followed byo® 30-day chase; (B) and respective

expected resudts. We anticipated that in a healthy young fish, the retina has some cells
proliferating in the CMZ, which, owime, will replace older cells in the central retina. In the

case of injury, we anticipate that there will be elevated levels ofiferaition in peripheral

and central retina in order to replace the death cellsD)CRepresentative images of central

and peripheral retina immunolabelled with EdU (in purple), at ¢@n@ (D) 3edays chase, in

WT at young (5 months), middle (12 montlasy oldages (>30 monthsandtert”- young (5

months) and old (12 monthg) ¢ KS A GF Ay Ay 3 g-higk padffingestibidd . SR Ay
. FNBRY HA>YD 6/ QX [/ QQI 5QF 5retéining cellizipef @rédP A O G A 2
nnn3dsinvthe2 SN £ £ 6/ Q0 OSy G NI f -daysRhase/aglnithe LIS NR& L.
ovelr £ f 65Q0 OSY({dN)f I y Rdays sha®.0(E) QintifichiknS Nilthle NI U
number of Edttetaining cells per aream(n  n sf)nperdayer of the retina, at-8ays chase.

Error bars represent SEM. N63(F) Representative images of centedlima immunolabelled

with GS (mdiller glia, in red) after aday pulse of EdU, by IP injection, adl&s chase, in WT

at young (5 months) and old ages (>30 months). The gta@ni 6| & LISNF 2HEN SR A Y
LI N FFAY &aSOGA2yad .ndolBethumber of GO+ BA0-€xells pedared G A T A
(M n n PnErrorYars represent SEM. N63CMZ: ciliary marginal zone. Statistics: Two

way ANOVA (WT wsrt’- at young versusld ages) and onavay ANOVA (WT andrt’- over

time). Differences between getypes are indicated above each tipeint, whereas

differences ovettime in each genotype are indicated in the end of the lines, in black WT, in
redtert’". Rvalue: * <0.05** <0.01; *** <0.001.
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However, we observe few EdU positive cells and, instdadcompensatory proliferation
response, we detect less EdU positive cells with agesuggesting overall reduced
proliferative capacityKig3.3/ X ). Thé€xke levels are also reduced after ada@s chaseHig
3.35 ¥ ), sugpesting that there are very few cells proliferating at all in the aged central retina.
As the CMZ is known to be the most proliferative area in the adult retina, we tested whether
we could detect more Bdretaining cels in the peripheral retina in both young and old
zebrafish. In the peripheral retina, atdays chase, we see double of the Eetaining cells
than in the central retinaKig 3.3/ = / Q) NebekheleSsQas in the central retina,
proliferation decreases with ageing (see also PCNA stainirgupplementary Fig 1)C
suggesting that there is no compensatory proliferation in response to the observed increased

cell death in natural ageing.

To test wheher there was any compensatory proliferation with ageing occurring fror rod
specific progenitors found scattered thughout the ONL of the retin@ohns & Fernald, 1981;
Stenkamp 2015) we quantified levels of EdU positive cells in the ONL. These progenitors are
derived from slowly dividing MG@GBernardos et al., 2007; Lenkowski Raymond, 2014,
Otteson et al., 2001; Raymond et al., 2Q06)ese rod precursors undergo a terminal mitosis
to generate new rod phatreceptors(Johns & Fernald, 198lthough we observe EDCells
in the central ONL of 5 months WT (likely to be rod precurdmiding), there are barely any
detected in >30 months old aged WT. Once again, removing telomeeaise) had ndfurther
effect Fig3.3E). This shows that there is also no compensatory proliferation occurritigs
region in response to the increased cell deatith ageing in the presence nor absence of

telomerase.

Finally, as proliferation of MG is the primary source of neurons after injury in fish
(Bernardos et al., 2007ye sought to determine whether there was any compensatory
proliferation occurring in this cell population. To do so, wdatmelled cells with the chsical
marker of MG, glutamine synthetase (GS), and EdU, and identified thm<gle; EdU
positive cels. We detected very few G#sitive; Edkpositive cells in the central retina in
both WT andert”’-, at any timepoint throughout their lifespanKig3.3C %), sGg@esting MG
are also not proliferating in the central retina at old ages. Together, our data show that there
IS no compensatory proliferation in response to ag&ated degeneration in the zebrafish

retina, by any of the known sources of regeneratemmd neurogenesis: CMZ, rod precursor
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cells and MG. Perhaps not surprisingly given the very low levels of proliferation in the first
place and the fact that there is no compensatory proliferation, removaignerase tert”-
mutants) has no further effecin summary, contrary to acute damage, our data show that

agerelated chronic cell death does not trigger proliferation of MG cells.

3.4.3 Zebrafish vision declines with ageing, independently of telomerase

Lossof visual acuity and contrast sensitivity with ateing age in humans has been well
documented(Marshall, 1987; Salvi et al., 20085 we observe pathological cellular changes
in the aged zebrafish retina, we next wondered if visionfiscéed in the aged zebrafish.
Visual testing inhe zebrafish has been used to screen for mutants with defects in retinal
development and functioriBrockerhoff et al., 1995; Gross al, 2005; Lesieur et al., 2019;
Neuhauss et al., 1999However, it is unclear if zebrafish show agsociated changes in
visual acuity. In order to determine agelated changes in vision in naturally aged adult WT,
we used theoptokinetic response@KRassay. ThOKR is a wedtstablished assay to measure
innate visual responses and provides a readout of visual a@Bryckerhoff etal., 1995;
Tappeiner et al., 2012Fig3.4A). Our results show a decreased number of eye rotations per
minute in aged fishKig3.4B), suggesting that zebrafish vision fiees with ageing. As it was
previously shown that telomerase expression is important for macular fumgtichumans
(Dow & Harley, 2016; RowRendleman & Randolph, 2004ye usedthe tert”- zebrafish
model to test whether reduced telomerase expression with ageing could underpin changes in
vision. Our data show that, in comparison with its WT counterpartténe- zebrafish does
not display and accelerated reduced visual acatt$ monthsor 12 months of age, close to
the end point oftert”- life (Fig 3.4B). Together, our data show that the zebrafish retina
displays significant agelated decrease of visual acuity. Importantly, thggenotypes are
occurring in an agdependent but telomeraséndependent manner, as is the case for all key
hallmarks of retina ageing measured so f8ugfplementary Table )1 Telomerase seems
therefore not required for the maintenance of the key retina &g state homeostasis

hallmarks tested here.
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Fig3.4. Zebrafish vision declines with ageing, independently of telomeraé&) OKR assay
was performed by immobilising the fish in between soft spongegjerspetri dish containing
water, placed in the centre of a rotation chamber. The walls of the rotation chamber had 0.8
mm-thick black and white stripes and the chamber waantained at a constant velocity of
12 rpm throughout the experiment. (B) The nbem of eye rotations per minute was manually
guantified by video observation. The black line represents WT and the red line represeénts
I-. Error bars represent the SEM=58. Statistics: twavay ANOVA (WT \srt’- at young
versus old ages) and owmeay ANOVA (WT antert”- overtime). Differences between
genotypes are indicated above each tupeint, whereas differences ovéime in each
genotype are indicated in the end of the lines, in black WT, inead. Rvalue: * <0.05; **
<0.01; *** <0.@1.
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3.4.4 MG retain the ability to regenerate the light damaged retina in aged zebrafish

It is well described that retinal cell death in response to acute injury leads to a regenerative
response in zebrafish. However, in the context of chronic damage with ageeglo not
observe a MG proliferative regenerative response. Therefore, we nexghédo determine
whether the observed retinal degeneration could be due to the MG cells losing their capacity
to regenerate in old age. In acute damage models it has bhewrs that several damage
paradigms induce retinal neuron death and elicit a regatiee response in young or adult
zebrafish(Bernardos et al., ZI¥; Cameron, 2000; Hanovice et al., 2019; Ranski et al.,.2018)
In adults, specifically between2B months of age, repeated lighliamage treatments result
in MG continuaisly reentering the cell cycle and proliferate to regenerate lost neurons,
although they do show signs of chronic activati(ianski et al., 2018}t remains unknown
whether this regenerative capacity is maintained until old age. Nevertheless, retinal
regeneration studies typically focus on adudtinas, not taking into account old age on
regenerative respnse. To test this, we used the ligthmage model where aged zebrafish
were treated with light to elicit photoreceptor damage. To detect increased proliferation of
MG in response to damage, aday pulse of BrdU was performed, followed by ad2§s chase
period Fig3.5A). After a 3day pulse, BrdU should label both MG and their daughter cells, the
newly-formed progenitorgFig3.5B). Our resultshow that lightlesion in the retina elicits an
initial damage response characterized by the strong recruitment of microglia. These microglia
are preferentially localized near the ONL, suggesting photoreceptors are worst affected, a
typical feature of ths damage modelFig3.5C). The recruitment of microglia to the retina
reaches comparable levels across all ages tested. Moreover, there are no differertices
incorporation of BrdU with ageing on any layer, at 72 hours 4igkt damage (hpL), when
the initial regenerative response is mounted, or at 28 dpL, when the number of MG that
initially re-entered the cycle can be identified. Both the unalteredriadiate timing of MG
response and the overall capacity to regenerate eachrowal layer are maintained with
increased age. Together these results suggest that the regenerative response remains intact
throughout zebrafish lifespan. Therefore, the lack @fnpensatory proliferation in response
to chronic, ageassociated cell deatmithe ageing zebrafish retina is not due to a loss of
capacity for MG to proliferatper se but likely due to the absence or insufficient levels of the

required stimuli for MG egagement.
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Fig3.5. Zebrafisr MG regenerative capacity upon acute damage is maintained until old ages.

(A) Schematic image of the experimental design. To damage the retina and induce a
regenerative response we place zebrafish in 30 minutes of direct light from a UV light source.
Thezebrafish are then immediately placed in light from Halogen lights for up to 4 days. A
retinal section at 0 hours of light shows the undamaged retina. Atoi8s after the onset of

light a majority of the photoreceptors (green) are destroyed. (B) Schenmaiige of the

expected results. (C) Representative images of the central retina labelled with 4C4 (microglia,

in green), after light onset, in young (12 ntbg), middle aged 20 months) and old (>30
months) albino zebrafish. The majority of the microgéisponse to damage occurs within the

outer segments (OS) and nuclear layer (ONL) of the retina, where a debris field is present due

to photoreceptor degenerdt 2y ® o6/ Q0 vdzZ YGAFAOIGA2Yy 2F GKS
responded to photoreceptor damage the different aged groups (young represented in black,
middle aged in blue and old in grey). (D) Representative images of the central retina 72 hours
afteNJ f AIKG 2yaSiz AYYdzy2fl oSt SR gAGK . NR! 0 LN
the numbe of cells proliferating in the ganglion cell layer (GCL, represented in black squares),
inner nuclear layer (INL, represented in grey squares), and outeleauu layer (ONL,
represented in white squares) in each age group. (E) Representative imagesceithed

retina 28 days after light onset. Fish were light treated for 24 hours and BrdU incorporation
occurred between 242 hrs (green), which allowed fd8rdU to be washed out the
proliferating progenitors, leaving only MG whichastered thecellcy8 (2 06S € 6 St f ¢
Quantification of the number of BrdU+ cells observed in the GCL, INL, and ONL of each aged
group. Error bars represent the SEM. Ns=&tats: Onavay ANOVA followed by Turkey post

hoc tests.
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3.4.5 The zebrafish retina shows signs ofsgipnot regeneration, with ageing

In the mammalian retina, including human, gliosis is commonly observed in ageing and in
response to newnal damage. Gliosis in the retina typically involves two main glial cells, MG
and microglia, which are the innate mune cells found in the nervous system. Microglia are
key players in maintaining tissue homeostasis throughout life. They are activatadnn
neurodegenerative diseases, with increased number at sites of damage, including in the
photoreceptor layer in may forms of retinal degeneration, reviewed(ifeleginat al,, 2018)

We therefore asked whether the agkependent degeneration we described so far was
accompanied by alterations in the number of microglia (Gditive cells) inte aged
zebrafish retina. Surprisingly, despite there being no difference in numbers of icféG4
positive cells) in the aged WHi¢3.6A, B, we observe an increased number of microglia co
labelling with TUNE (4C4TUNELcells) in natural WT ageingi¢3.6A, O. This suggests that
there is an increased number of microglia encompassing staining for DNA eiteoie

breaks, potentially indicating microglia death oetengulfment of a dying cell.

MG respond to damage or injury in most, if not all, neurodegenerative diseases. The typical
mammalian response is gliosis, whereby MG change shape and upregulaterst proteins
like GFAP to promote a neuroprotective effgBringmann et al.,, 2009; Reichenbach &
Bringmann, 2013)In the zebrafish retina, the initial regenerative responsesimilar to
mammalian gliosigRanski et al., 2018;hdmas et al., 2016which can be enhanced if
proliferation is blocked(Thummel et al.,, 2008)Here, we identified MG using GS
immunolabeling and characterized MG reactivity using the gliosis marker GFAP. We do not
observe an overall change in MG number with agekig3.65 % ). BeQpite this, there is a
sigrificant change in the structure/morphology of the MG cells in the WT aged retina.
Aberrations in the aged MG cells includesruptions in the radial morphology along the
synaptic IPL and basal lamirfag3.69 %), véhich are known hallmarks of gliosis in retina
degeneration(Telegina et al., 2@). Qualitative assessment show that while all young fish
display long and aligned intermediate filaments, 100% of the old fish present short,
misaligned intermediate filaments, a marker of gliosis. Thus, similarly to humans, chronic
neurodegeneration wh ageing elicits a gliotic response in the zebrafish retather than

the regeneration typically observed after acute injury.
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Fig 3.6. Zebrafish retina undergoes neurmflammation and gliosis with ageing(A)
Representative images of central retina immunolabelled with 4C4 (microglia, in white) and
TUNEL (apoptotic cells, in green), in WT, at young (5 months) and old ages (>30 moaths). Th
AdFAYAY3 g1 & Hitchpasaldse®onst ¢B) (BS Quantification of the

number of (B) 4Ggositive cells (microglia) and (C) 4@skitive; TUNEpositive cells

(microglia entering apoptosis), per areafi 1 sf)nEach Yot represents eranimal. Error

bars represent the SEM. N=3. (D, E) Representative images of the central retina
immunolabeled with GS (mdller glia, in red) and (E) GFAP (reactive MG, in green), in WT at
young (5 months), middle (12 months) and old ages (>30 months).ilBars: Y ® ¢ KS adl A
gl a LISNF2NYSRKA dFNI FFXY -aBO0R 2 QAR DABGOA2 y
vdzZl YOGATFAOI GA2ya 2-fositivkeslls (ME)YperGua (2 Fn B0 Q0YyIR{ 6 9 Q
percentage of fish presenting disorganised GFAP fisn@gliosidike phenotype). N=-8.

Statistics: (BC) unpaired4i S & G a T-way BNDYA BlijvEd by Bonferroni pdsic tests;

0 9 Q-8quateKvalue: * <0.05; ** <0.01; *** <0.001.
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3.5 Discussion

Using a combination of different cell labelling stratsgjrom adulthood into old age in the
zebrafish retina, we show that the zebrafish retina undergoes degeneration with ageing in a
telomeraseindependent mannerQntrasting to the acute damage contexiageingnduced
cell death is insufficient to stimulatthe MG regenerative response to replace lost cells.
Instead, with ageing, MG develop a glidgie phenotype, more similar to the cellular

changes observed in the aged human eye.

3.5.1 Telomerase deperaht and independent hallmarks of retina zebrafish ageing

Previous work has shown that there are aspects of the human retina particularly sensitive
to telomere shortening with ageing. Specifically, the RPE is known to be highly proliferative
and thus havelsort telomeres. Accordingly, reactivation of telomerases been described
to ameliorate symptoms of AMDow & Harley, 2016; RowRendleman & Randolph, 2004)
and telomerase activars are currently in clinical trials (e.g. NCT025302H8wever, retina
homeostasis requires more than RPE maintenance. It also requires a -stedelyevel of
proliferation of different cell types involved in multiple aspects of retina functhaminother
proliferative tissuegAncheln et al., 2013; Carneiro et al., 2016; Henriques et al., 20t3)
would make sense that telomerase levels would influence zebrafish retina homeostasis. We
therefore hypothesised that thezebrafish retina would degenerate in a telomerase
dependent mannerleading to vision loss. However, our data suggest that mostrelgéed
changes we observe in the retina, including vision loss are largely telomerase independent,
since depletion of telomrase fert”) does not accelerate or exacerbate any of these
phernotypes. Telomere dysfunction is well known to affect mostly highly proliferative tissues
(reviewed inHenriques & Ferreira, 201,2nd our data show that in #hregion most affected
by ageing phenotypes, the central retina, there is very low levels of proliferation to start with.
Even in the most proliferative region of the retina, the peripheegjion containing the CMZ,
proliferation is still not high enougto be affected by depletion of telomerase. Importantly,
proliferation decreases further with ageing in both regions, so it makes sense that removing
telomerase has no further additive effecThis suggests that replicative exhaustion of

telomeres is not dimiting factor in the agessociated degeneration of the central retina.
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Instead, it is likely that chronic exposure to damaging agents such as oxidising UV radiation is
the key driver ofdegeneration in the retina. However, we cannot exclude that telamer
associated damage may still be a contributing factor to the observed increased levels of DNA
damage and cell death or senescence in the central retina. Telomeres are known to be
damaged ly oxidative stress and can act as sinks of DNA damage, irrespeofilength and

levels of telomeras¢Hewitt et al., 2012)In fact, thisis a likely contributor to RPE damage

with ageing(Wang et al., 2018potentially explaining why depleting telomerase has no effect

on the proliferation of the ON, where photoreceptors reside, nor does it accelerate vision

loss.

3.5.2 Chronic vs. acute damage in MG responses to natural ageing

Regenerative mechanisms in the retina are an area of intense study and offer great hope
for treatment of human disease. As the incidence of retina degeneration increases with age,
regenerative cpacity in the aged retina is a significant consideratiorttierefficacy of these
therapies. Our results show that zebrafish develop vision loss with ageing and that this is
underpinned by retinal neurodegeneration and gliosis. This could seem ceuhigive,
given that it is well established that the zebrafistina is capable of regenerating after acute
damage. Therefore, our data demonstrating a lack of regeneration afteredgted cell death
suggest that there are critical differences betweenartic ageing and repair after an acute
injury. Further suppoihg this, we show that this lack of regeneration in the context of ageing
is not due to an intrinsic inability of MG to proliferagter se as we show they are still capable

of doing so in respae to an acute injury in old animals.

Several tissues in the zebrafish retain the ability to regenerate throughout the lifespan of
the zebrafish, including the fin and the hedltou et a., 2012; Pinteteixeira et al, 2015)
Likewise, the optic nerve crush paradigm has shown that there is successful recovery and
function in the zebrafish retinotectal systefvan houcke et al., 201 Quggesting that
regeneration is still possible at advanced age in the retina. The regeve capacity of
vertebrate tissuesends to decrease after repeated injury and as animals advance in age. This
is likely due to reduced progenitor cell proliferation potential and subsequent differentiation

(Collinset al,, 2007). In the context of the central nervous system, this is aggravated by gliosis,
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a reactive change in glial cells in response to damage. In the mammalian retina, MG cells
undergo gliosis in response to damage and in many retina degenerative digBasgsnann

et al., 2009) However, in the zebrafish retina MG cells undergo the initial reactive gliotic
response after damage but quickly shift to the regenerative pathwdgrte we show that

while we observe morphology alterations in MG cells in response torelged
neurodegeneration, MG in the aged retina retain their ability to regenerate in respnse
aaute damage of photoreceptors. It is unclear if alternative damage models will also lead to

similar regenerative response.

These observations raise a question about what mechanisms drive the bete\switch
of MG cells, from gliotic response to @p and why they fail to be engaged in aging related
retinal damagePrevious research in the context of acute damage to the zebrafish retina has
uncovered some of the mechanisms. For instance, proliferation appears to be a key
mechanism for the initiatio of the regenerative responses blocking proliferation after
damage in the zebrafish retina results in MG gliesid a lack of regeneratigsimilarly to
mammalg Thummel et al., 2008As retinal neurons and their synapses degenerate with age
this may result in a loss of neurotransmitter release, suclgammaaminobutyric acid
(GABA, which hadveen shown to facilitate the initiation of MG proliferatifRacet al, 2017)
Thus, dysregulation of neurotransmitters upon neurodegeneration could inhibit the key
molecular pathways regulating regeneration. Alternatively, the initial inflammatoryoresp
has aso been shown to be determinant for the repair process. Upon-igihiced retinal
damage, overexpression and subsequent release of DyEpoptotic photoreceptors seems
to induce MG proliferatior(lribarneet al, 2019; Thomas et al., 2018} remains unknown
whethertK SNE A& AYONBFaSR tS@Sta 2F ¢bCh gAlK

with the levels observed in response to acute damage. Additipnadt only there is an

yt

AYONBI SR ydzYo SN 2T Y(MilheReldl, R019)delalRoyts pkeBeack v | Q &

has been showntobe eS8/ G A I f F 2 NJ NB(Cdngder@tzal., 0DECONWE NN, (1 A 2 v

we show that the number of microglia in the retina does not increase with ldgeever, it
remains unknown whetherhe unaltered number of microglia identified in the ageing retina

is compromising the regenerativesponse.

Finally, itremains uncleawhat isthe consequence ahe gliotic-like response on retinal

neurons in the aged retina, as gliosis is classidély dza3 K (i 2 F | |05 RE W pdedl K
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and antt neuroprotective functiongBringmann et al., ZB). Importantly, the kinetics of this
gliosis relative to the neurodegeneration may provide further clues to the precise cellular
breakdown in the retina resulting in widespread neuronal death and retinal dysfunction.
More specifically,jt is unclear wheher ageing first affect the MG support functions for
neurons, and therefore significantly contribute to the neuronal tthe@r whetherit is purely

a response to the damage. A higher temporal resolution of retina stages throughout life and

novel markersdr glial support functions may provide an answer.

353 hdzNJ LINRPLI2ASR Y2RSfY ! Y2f SOdzf I NJ & G A LILIA

regeneration in ageing

Regeneration studies so far have relied on several damage paradigms, including phototoxic
(Ranski et al., 201&nd ouabain induced lesior{sitchell et al., 2019 which induce rapid
cell death posinsult. While acute damage models are suitable to explore the cellular and
molecular mechanisms underpinning the regenerative potential of the retina, they do not
allow testing whether this regenerative response is also occurring with natural ageing in the
NBGAYLF® abl (dzNI £ | FSducedrieurdnaf death plag Guttoker mioBths & G NE
or even years and we now show that they do not elicit the same regenerasgmnse. This
may be because the slow degeneration is not producing a strong enough signal in a short
amount of time to induce MG to undergo the cellular and molecular process of regeneration

(Fig3.7; proposed mode).
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Fig3.7. While zebrafish can regenerate the retina upon acute damage until late ages, its
regenerative capacities do not prevent cell death, degeneration and consequent retina
thinning with natural ageng. Schematic figure with the working model. In natural ageing,
zebrafish retina undergoes degeneration characterised by increased cell death and neuronal
loss. Our current findings show that the proliferation levels are low in young ages and
decrease evemore with advancing age (represented in magenta). Moreover nilimber of
microglia, a key play in retina regeneration, is maintained stable throughout lifespan, with a
potential increased number of microglia dying. The lack of Muller glia (MG) prolderat
response to chronic, agelated damage seems to leadetina thinning with ageing, where
death cells are not replaced. Middle: In contrast, in response to acute damage where there is
a great number of dying cells followed by recruitment of mitimgMG proliferates,
generating new neuronal cells, which rapé the dying ones. Our current findings show that
zebrafish is able to regenerate its retina in response to acute damage until late ages (>30
months), suggesting that the lack of regeneratiorresponse to chronic damage is not due
G2 aDQa&a Amgfiferatd t AGe 2F LJ
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Supporting this, it has been shown that the level of cell death can induce a differential
response of MG cells. Whilst a large amount of rod death causes a regenerative response,
small amounts do no{Montgomeryet al, 2010; Thomagt al, 2012) In support of this
concept, recent work suggests that there may be key signaliffeyences underpinninghe
RATFSNBYOS 06S06SSy I aNB3ISyYySNI {(Gogefara eRal) | & N
2019) Thus, we propose that there are yiet-be determine molecular pathways involved in
GKS GQUALIIAY3I LRAYGE NBIIdZANBR (2 StAOAG | NBX3
from microgliawhich are known to stimute MG proliferation.Indeed, a acute damage in
the retina is followed by an increased number of microglia, which are recruited to the injury
site (Mitchell et al., 2019; White etla 2017) Moreover, recruitment of microglia to the injury
site has been shown to be crucial for tissue regenerafivhite et al., 2017)Is it ckar that
while we detect a great number of microglial cells in the injury site upon light damage, in both
young and old fish, we detect low numbers of microglia in a normal condition, which is
maintained throughout zebrafish lfeourse. It may be that thiew-level of damage observed
in the aged retina is not enough to trigger key signalling pathways that would, in turn, be
responsible for the microglial recruitmenin parallel, we observed increased number of
microglia expressim TUNEL staining with aggi suggesting that microglia might be dying
with ageingNonetheless, it is important to consider that this technique has some limitations
and therefore celabelling of 4C4 and TUNEL could also represent a dying cell or cakfriag
(containing DNA) inde microglial cells. Thus, we cannot exclude the possibility that microglial
cells have increased, but degulated phagocytic capabilities with ageing, or alternatively,
that microglial cells accumulate cell content owene due to a failure in degradm

phagocytosed cells.

3.5.4 Conclusions

Ourwork demonstrateghat in response to agenduced neuronal degeneration the MG in
the zebrafish retina respond by undergoing a response more akin to gliosis, rather than
regeneration. This eembles whahappens in the aged human retifthereby demonstrating
it as a suitable model to explore cellular and molecular mechanisms relevant to
neurodegeneration in the human retina during ageing and disease. Importantly, we show that

there are key dferences betveen chronic and acute tissue damage, particularly involving
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gliosis Thus, gliosis is an important mechanism to consider for targetimgpgenous
regeneration mechanismsiming to prevent and/or delay human retinal degeneration and

visual inpairment.

3.6 Materials and Methods
3.6.1 Zebrafish husbandry

Zebrafish were maintained at 228°C, in a 14:10 hour (h) lightark cycle and fed twice a
day. The OKR was performed in the UCL Institute of Ophthalmology and the phototoxic lesions
and regeneration exgriments wereperformed at Wayne State University School of Medicine
(USA). All other experiments were performed in the University of Sheffield. All animal work
was approved by local animal review boards, including the Local Ethical Review Committee at
the University d Sheffield (performed according to the protocols of Project Licence 70/8681)
and the Institutional Animal Care and Use Committee at Wayne State University School of

Medicine (performed according to the protocols of IAC19%D2-0970).

3.6.2 Zebrafsh strains, ges and sex

Three strains of adult zebrafish (Danio rerio) were used for these studiestywdédWT;
AB strain)tert”- (tertABhu3439  and albino (slc45a2b4/b4)ert”’- zebrafish is a premature
model of ageing and therefore, age and d&lier than the naturally aged zebrafish. While
tert”’-fish have a lifespan of 3220 months, WT fish typically die between-88 months of age
(Carneiro et al., 2016; Henriques et al., 2013prder to study ageelated phenotypes in the
zebrafish retinahere we used young (5 months) WT atedt”- fish, alongside with mdle
aged (12 months) WT fish, and old WT ¢’ F A A Kd® Whf RQ 61 4 RSFTAYSR
the majority of the fish present agassociated phenotypes, such as cachexia, loss of bod
mass and curvature of the spine. These phenotypes develop cldbe time of death and
are observed at >30 months of age in WT and at >12 monttestifi (Carneiro et al., 2016;
Henriques et al., 2013)n addition, we used adult albino zebrafish for retinal regeneration

studies (described in detail below). Importanthgne of the animals included in this study
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displayed visible morphogical alterations in the eyes (e.g. cataracts). Whenever possible,

males where chosen to perform the experiments

3.6.3 OKR assay

Fish were anaesthetised in 4% tricaimethanesulfonate (M&22; SigmaAldrich) and
placed in a small betike structure made of spnge, located inside a small petri dish
containing fish water. During the experiment, fish were maintained still by the strategic use
of needles that sustained thgponges close to the fish so that the fish could not move. The
petri dish was then placed side a rotation chamber with black and white striped walls (8
mm-thick stripes). After fish recovered from anaesthesia, the trial began, and the walls of the
chambe started rotating at 12pm (for 1min to the left side followed by rin to the right
sidep ¢KS SeSaQ Y2@0SYSyid ¢Fa NBO2NRSR dzaAy3

After the experiment, the number of eye rotations per minute was measured by video
obsevation and manually counting. The counting was performed blindly by two independent
researters. In the end, the results were normalised for the WT young from the same day /

batch, in order to control for different days of experiment.

3.6.4 Intense lightdamage paradigm with BrdU incorporation

A photolytic damage model in adult albino zebrafish wészed to destroy rod and cone
photoreceptors and elicit a regenerative respori3@omas et al., 2012Briefly, adult albino
zebrafish were daHadapted for 10 days prior to a 30 min exposure to ~100,000 lux from a
broadband light source. Next, fish were expdde ~10,000 lux of light from four, 250 W
halogen lamps for 24 hrs. Following 24 hrs of lighatneent, fish were transferred to a 1L
solution containing 0.66 g of NaCl, 0.1 g Neutral Regulator (SeaChem Laboratories, Inc. Stone
Mountain, GA, USA), andslg BrdU (5mM; B5002; Sigmddrich) for 48 hrs. This timeframe
for BrdU incubation was based omepious studies in order to label MG eelicle reentry
(Ranski et al., 2018Jollowing a 48 hour incubation in BrdU, the fish were split into two
groups: one group was euthanized by an overdose-8henoxyethanolnd eyes were

processed for immunohistochemistry as described below; the secoadpgreturned to
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normal husbandry conditions for an additional 25 days (or 28 days after light onset) prior to
euthanasia and tissue collection. During thiméi BrdU incorporation dilutes in actively
dividing cells, allowing for clear visualization of thenber of MG in the INL that only divide

a single time. It also serves as an indirect measure of regenerative capacity (i.e. an equal loss
of BrdUpositive &lls at 28 dpL between experimental groups would indicate similar numbers

of progenitor cell diviens earlier in the regenerative process).

3.6.5 Tissue preparation: paraffembedded sections and cryosections

Adult fish were culled by overdose of N32,followed by confirmation of death. Whole
fish or dissected eyeballs were then processed for paraiihbedded sections or for

cryosections, as follows:

Paraffinembedded sections. Whole fish were fixed in in 4% paraformaldehyde (PFA)
buffered at pH 7.0, ati°C for 4872h, decalcified in 0.5M EDTA at pH 8.0 fo{728, and
embedded in paraffin by the flowing series of washes: formalin | (Merck & Co, Kenilworth,
NJ, USA) for 1@in, formalin 1l for 50min, ethanol 50% for 1h, ethanol 70% for 1h, ethanol
95%for 1h 30min, ethanol 100% for 2h, ethanol 100% for 2h 30min, 50:50 of ethanol 100% :
xilol for 1h30min, xylene | for 3h, xylene Il for 3h, paraffin | for 3h and paraffin Il for 4h 30min.
Paraffirembedded whole fish were then sliced in sagittaim-thick or coronal 16>m-thick

sections, using a Leica TP 1020 cryostat.

Cryopreservation and cryoseatis. Dissected eyeballs were fixed in 4% PFA at 4°C,
overnight (ON). Then, they were washed in cold 1x PBS and immersed in 30% sucrose in
phosphatebuffered sdine (PBS), ON at 4°C, for cryopreservation. Single cryopreserved
eyeballs were then embedded inaunting mediag optimal cutting temperature compound
(OCT, VWR International), ssRBNR 1 Sy | G by n €0°C until grysecticnBgNS R |
Cryosections we sliced at a @ m thickness using a Leica Jung Frigocut cryostat or a Leica

CM1860cryostat.
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3.6.6 Immunohistochemistry (IHC)

Before immunofluorescence (IF) staining, cryosections were hydrated in PBS at room
temperature (RT) for 10nin, and paraffirembedded sections were deparaffinised and
hydrated as follows: histoclear (8ntific Laboratory Supplies, Wilford, Nottingham, UK) 2x
for 5min, followed by ethanol 100% 2x forrbn, ethanol 90% for 5min, ethanol 70% for 5min,
and distilled water 2x for &nin. After antigen retrieval in 0.01M citrate buffer at pH 6.0 for
10min, thesections were permeabilised in PBS 0.5% TritéA0for 10min and blocked in 3%
bovine serum albumin (BSA), 5% Goat Serum (or Donkey Serum), 0.3%2Dwed?BS, for
1h. The slidewere then incubated with the primary antibody at 4°C ON. After washE8#

0.1% Tweet20 (3x 10min) to remove excess to primary antibody, the sections were
incubated with secondary antibody at RT for 1h. Finally, the slides were incubated)imil

of n -diaenidino2-phenylindole (DAPI, Thermo Fisher Scientific) at RTOforin, washed in

PBS 1x, and mounted with vectashield (Vector Laboratories, Burlingame, CA, USA). The
primary and secondary antibodies used in this study are describEahile3.1 andTable3.2,

respectively.
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Table3.1 Primary antibodies used for immunostaining.

Antibody, Dilution Catalogue number;
species and type factor Company, City, Country
yH2AX rabbit polyclonal 1:500 GTX127342; GeneTex, Irvine, CA, USA
p53 rabbit polyclonal 1:200 AS-55342s; Labscoop, Little Rock, AR, USA

NB500-106; Novus Biologicals, Littleton, CO,
PCNA mouse monoclonal  1:500

USA
PCNA rabbit polyclonal 1:50 GTX124496; GeneTex, Irvine, CA, USA
7.4.C4 (4C4) mouse

1:100 A gift from A. McGown

monoclonal

A21271; Thermo Fisher Scientific, Waltham,
HuCD mouse monoclonal  1:100

MA, USA
PKCbh1l rabbit 1:100 Santa Cruz, Dallas, TX, USA
Ribeye rabbit polyclonal 1:10,000 A gift from Teresa Nicholson
GFAP rabbit polyclonal 1:200 Z0334, Agilent DAKO, Santa Clara, CA, USA
GFAP mouse monoclonal  1:100 zrfl, ZIRC
Glutamine Synthase (GS)

1:150 mab302, Merck, Kenilworth, NJ, USA

mouse monoclonal
Rhodopsin rabbit 1:5,000 A gift from David Hyde

OBTO0030A, Accurate Chemical & Scientific,
BrdU rat 1:200

Westbury, NY, USA
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Table3.2 Secondary antibodies used fammunostaining.

Antibody, Dilution  Catalogue number;
species and type factor Company, City, Country
_ _ A11008; Invitrogen, Carlsbad, CA,
Goat anti-rabbit IgG Alexa Fluor® 488 1:500
USA
_ A11006; Thermo Fisher Scientific,
Goat anti-rat IgG Alexa Fluor® 488 1:500
Waltham, MA, USA
_ _ 10032302; Thermo Fisher Scientific,
Goat anti-rabbit IgG Alexa Fluor® 568 1:500
Waltham, MA, USA
. . A31573; Thermo Fisher Scientific,
Donkey anti-rabbit IgG Alexa Fluor® 647 1:500
Waltham, MA, USA
. A11001; Thermo Fisher Scientific,
Goat anti-mouse 1gG Alexa Fluor® 488 1:500
Waltham, MA, USA
. 10348072; Thermo Fisher Scientific,
Goat anti-mouse 1gG Alexa Fluor® 568 1:500
Waltham, MA, USA
_ A21235; Thermo Fisher Scientific,
Goat anti-mouse 1gG Alexa Fluor® 647 1:500

Waltham, MA, USA
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3.6.7 Terminal deoxynucleotidyl transferase dUTP nick endiladp@IUNEL) staining

In paraffinrembedded sections, TUNEL was performed using Ith&itu Cell Death
Detection Kit, Fluorescein (Merck & C®)2f t 2 Ay 3 (GKS YI ydzF I Ol dzNB NI
after deparaffinisation, hydration, antigen retrieval and perm#izhtion, as described above,
the slides were incubated in enzyme and label solution (1:10) at 37°C for 1h. The slides were

then washed irlx PBS (2x 1fin) before blocking and incubation with primary antibody.

In cryosections, the slides were washedPBS for 5 min and fixed in 4% PFA at RT for 15
min. The PFA was washed off in 1x PBS for 5 min and the slides were then incubated in 20
>g/mL Proteinase K (Fermentas stock #K0721) at RT for 8 min and washed in 1x PBS for 5min.
The slides were podixed in 4% PFA at RT for 5min, rinsed in 1x PBS and staindd wiiin
cell death detection Kit, TMR Red from ROCHE (Cat#12 156 792 31 &tbr 1.5hr. Finally,
the slides were washed in 1x PBS for 5 min and mounted with Vectashield Hard Set medium

with DAPI (#H.500).

3.6.8 5-EthynyiH -Qeoxyuridine (EDU) labelling

EdU labelling was detected using the Cilck EdU Imaging Kit (Thermo Fistwergific),
F2f{t26Ay 3 YIydzZFlI OGdzZNBENRA& Ay & NHEOU1Ora Bd® . NRA S
diluted in dimethyl sulfoxide (DSMO), by intraperitoneal (IP) injectior fmynsecutive days
(3-day pulse). In order to differentiate proliferating cells and Jpwliferative Edlretaining
cells, the fish were separated into two groufisday chase and 3@ays chase groups. The
fish from the first group were culled 2h30min aftine last injection of Edu, whereas the fish
from the second group were culled 30 days after the last injection of EdU. After culling, whole

fish were processedf paraffinrembedded sections as described above.

In order to detect EdU labelling in parafembedded sections, the slides were
deparaffinised, hydrated, underwent antigen retrieved, were permeabilized and washed in
1x PBS. The slides were incubatedeslily made Ediabelling solution (per inl of solution:
860> Df 1x Click T®EdU reactionuffer, 40> uSQ, 2.5 fAlexa Fluor® 647 azide working
solution and 106 fL0x EdU reaction buffer additive) at RT for 30min. Finally, the slides were
washed in 1XPBS before blocking and incubation with primary antibody (ON, at 4°C). The

incubation in seandary antibody was performed as previously described.
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3.6.9 Imaging and quantifications

Paraffinembedded sections were imaged by epifluorescence microscopy, using a
DdtaVision microscope with a 40x oil objective. Cryosections were imaged by laser scanning
confocal imaging, using a Leica SP5 microscope or a Nikon A1 Confocal microscope, with a 40x
oil objective. In both cases, multiple €026 >m thick zstacks were acquired in order to
capture the whole section. For each staining, a total of 4 images were taken per retina, 2 from

central and 2 from peripheral retinal.

In order to quantify the staining, after making-pmjection, 3 boxes of@0x100>m were
drawn in each field of view (FOV). The total number of positive cells was then manually
counted for each labelling. Rhodopsin, ZO1, ribeye and GFAP staining were an exception to
this, for which a qualitative assessment was performed instdaddo so, structural and
morphological defects were identified as follows. For the rhodopsin staining, as young WT
retinas usually display long and aligned outer segments, all short and/or misaligned outer
segments were considered defective. For the Z@ainmg, the average number of breaks in
the ZO1llabelled membrane per animal was quantified. The average of breaks in the WT
young animals was used as a reference, and any fish presenting an average number of breaks
bellow this average was considered toepent defects in the membrane. For the ribeye
staining, young retinas usually present two distinguished layers efymaptic ribbons. Thus,
staining where the two layers of pigynaptic ribbons are not distinguished, was considered
defective. GFAP stairg usually reveals long and aligned filaments in young WT retinas, and
therefore broken, short and/or misaligned GFAP filaments were considered defective.
Through this qualitative assessment it was calculated the percentage of fish per group

presenting stuctural and morphological defects.

Finally, raw images were used for quantification purposes. The images were then

processed with Adobe lllustrator 21.0.2 for display purposes.

3.6.10Statistical analysis

Statistics were performed using the GraphPad Prism viN@@mality was assessed by
ShapireWilk test. For normally distributed data unpairedeist was used to compare 2 data

points and onevay ANOVA followed by Bonferroni pdsic test was used to compare more
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than 2 data points. For nenormally distributeddata, ManrWhitney test and Kruskalallis
G6Saild T2t 206 Shoctaskwek doéd/idtead. TaayiANOVA was used in order

to compare more than 2 data points in 2 groups different groups (genotypes3gGare was
performed to analyse structurend morphological changes in the retina based on qualitative
assessment, having into account the number of animals per group displaying defects versus
not displaying defects. A critical value for significance of p<0.05 was used throughout the

analysis.
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3.10 Supplementary figures

Fig 3.8. [Supplementary figure 1] Retina thinning in the aged zebrafish central and
peripheral retina, per layer, and decreased proliferah in the zebrafish aged peripheral
retina. (A-B) Quantifications of the retina thickness fim) using DAPI staining, in (A) central
and (B) peripheraretina, in young and old WT aneit”-. Error bars represent the SEM. N=3

5 (C) Representative imageafsthe peripheral retina immunolabeled with PCNA (proliferation,
in green), in both WT aniért”-, at young (5 months) and old ages (>30 months in WT and 20
in tert’"). The staining was performed in @-thick paraffin sections. Bars: 3g® 06/ QU
Quantifications of the number of PCNA+ cells per area (11 /f) nThe>bMck line represents
WT and redihe representstert’-. Error bars represent the SEM. NtB. Statistics: (/B)
Unpaired ti S & ( & T-way ANOWVA (\WF 2ert”- at young versus old ageahd oneway
ANOVA (WT). Differences between genotypes are indicated above eachdintewhereas
differences ovettime in each genotype are indicated in the end of the lines, in black WT, in
redtert’-. p-value: * <0.05; ** <0.01; *** <0.001.
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Table 3.3 [Supplementarytable 1] Summary of thephenotypes observed in the aged
zebrafish retina, and which phenotypes are telomeradependent or independent.

Anticipated in tert”?
Phenotype of WT aged

At5 At 12 months (end  Likely to be telomerase
months life for tert™) dependent?
Visual impairment
No No No
Thinnin of the
g GCL No N/A No
central retina
IPL No N/A No
INL No N/A No
OPL No N/A No
ONL No N/A No
Neuronal Rods morphology No N/A No
degeneration
g I Z0-1 membrane No NIA No
in central retina
Pre-synaptic ribbons - No N/A No
(Ribeye)
. Y N N
BCs (PKC in INL) es © ©
ACs (HUCD in INL)  \° No No
. No No No
GCs (HuCD in GCL)
Hallmarks of cellular P
optosis
ageing pop No No No
In central retina
DNA damage/ NoO No No
senescence
Proliferation No No No
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Fig3.9. [Supplementaryfigure 2] Aged zebrafish retina does not show signs of regeneration

in response to spontaneous cell death, neamal loss and gliosis, in thperipheral retina.

Moreover, this occurs in a telomerasedependent way.(A-B) Representativemages of
EdUpositive cells (purple) after &day pulse of EdU, by IP injection, (A)aatd (B) 3@ays

chasein the peripheal retina of both WT antert’-, at young (5 months) and time of death

(TOD, >30 months in WT and 12 monthgem’0 @ ¢ KS a Gl Ay Ay 3 -hikkda LISNF
LI NF FFAY &ASO0A2QG ov dzil WBRAT MAI>WAP2 Y3 Q2 F @GKS ydzy
nnn Y | dl WwR QddagchaseiThe black line represents WT and the red line
represents theert’-. N=36. Error bars represent SEM. Statistics:-tmay ANOVA (WT tet-

/-at 5m and 12m months) and orveay ANOVA (WT owime). p.value * <0.05;** <0.01;

*** <0.001
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Chapter 4.
Exploring iTERTestrictioncontributesto accumulation
of cellular senescence in tkebrafishaged brain
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4.1 Introduction

Despite beingonsidered predominantly postmitotic tissue thebrain displays telomere
shorteningwith ageingn humansyodents (rat and mousend fish(ArslarErgul et al., 2016;
Bitto et al., 2010; Flanary & Streit, 200As expectedthese species present low or
undetectable levels of telomerase in the adult brawhich isa favoured environmeinfor

telomere shortenindAllsopp et al 1995; Anchelin et al., 2011; Caporaso et al., 2003)

Importantly, G4 TERGeficient mice Terd") display increased levels of seneseent
associated markers in neurorfdurk et al., 20129nd in microgligRaj et al., 2015fompared
with agematched Terc¢’*. This suggests that telomerase playpratective role against
accumulation of senescence in the ageing brain, viaiesat telomeres. However, it remains
unknownif the TERT component of telomerase also plagyotective role againstsenescence
in the brain, either viats telomeredependent (i.ecanonica) or -independent functions (i.e.
non-canonicd). Understanding whether telomeraseestriction contributes to cellular
senescence in the brain and identifying the ghanisms behind ivould potentiallyuncover

new therapeutic targetso the promotion ofhealthybrain ageing.

Evidence suggesthat the TERT component of telomerase plays an important irokbe
brain, particularlyin enabling cellproliferation capaciy. In vitro, neural stem cellsNSCps
derived from TERIdeficient G4 TERERmice (knockin model where endogenous TERT
expression isnducedupon addition of 4-OH7) display impaired proliferation capacity and
presentincreased53 expression, whicare rescuedupon TERT restoratio@askelioff et al.,
2011) In vivo, TERT reactivation restores proliferation in the 3¥&&kelioff et al., 2011)
suggesting that TERT expression affects proliferative regions of the lrarstill nclear
whether this is due to telomere length maintenance or raanonicafunctions of telomerasge
since reports suggest that telomerase can promote proliferation independently of telomere
maintenancgChoi et al., 2008; Sarin et al., 2005)rthermore it remains to be investigated
if TERT expressidras any impact owrellular senescence, anghether it also affects non
proliferative regions of the brais it was shown that the zebrafish brain presdotg levels
of TER'N the adult brainwhich tend to decreaswith ageing Sprungala, 2009) hypothesise
that limited expression of TERT in tleged zebrafisibrain contributes to the accumulation

of senescence with ageing
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To test this hypothesis, in this Chapteraimed to determineif the zebrafish brain
accumulates cellular senescence with natural ageing and, wWisgiher this is accelerated in
the absence of TERT expressidore ecifically, | have assessédthe zebrafish brain
accumulates senescence with ageing in the presence (WT) and absam¢ ¢f Tert, in an
in vivo setting. To do so,l have assessedseveral senescencassociated markers, using
complementary techniques, in the whole zebrafish brain as well as in the different brain

macroareas.

115



4.2 Measuring cellular senescence in the natlyi@jedzebrafishrain

In order to test whether there iaccumulaion of senescence in the zebrafish bramith
natural ageingl haveassessed several senescemssociated markers throughout zebrafish

lifespan. To do this, | used fish of different ages, from your@riwnths) toold (>30 months).

As mentioned irChapter 1, SA -Gal expression is a biomarker of cellular senescence, at
least in most othe cell typestested (Dimri et al., 1995)Apart from accumulating SAGal,
senescent cells are known to display increased levels of DNA danwagmonlyidentified
through & O dzY dzf I (i AX¥ofi, agWellasNBS 3 dzf A2y 2F LlpoxX ORYYy
(p16like) and cyclingienesd /  YLIAAA 9 RQ! RRI RA ClFIah@yl = HnN

these markers were assessed by using complementary techniques, including IHGoR@RRT

4.2.1 Assessin®Al -Gal expressioim the naturaly aged Wbrain

SAi -Gal expredsn was analyselly Xgal stainingat pH 6.0as described isection 24.2.
To validate the assay, tested whetherthe blue staining observed in the sections was
specifically due to the cleavage og&l by galactosidase, and natelto an artefact. Toetst
this, adjacent section®f the brain werestained withand withoutX-gal substrateOnly the
brain sections incubated with-¢al substrate presented the blue chromogenic staining,
indicating the presence of galactosidase, speaify at pH 6.0(Fig 4.1). This assay was

therefore consideredviableto assess SA-Gal expression in the zebrafish brain.

In order to test whether there is an increased expression of &l with ageing in the
zebmafish brain, SA-Gal staining was performed in cryosections of your§ (donths) and
old (>30 months) WT brain The percentage of area containingiS&al staining was then

guantified in the whole brain, using the methoéscribed irsection2.4.4.

Theresults showed a significant increase ini SGal expression with natural ageing in the
whole zebrafish brainpE0.0009Fig4.2A, B. It was also observed that $AGal staining did
not accumulate in all regions of the brain, which suggests that some regions might be more

prone to develop cellular senescence otiene. Thiswill be further analysed isection 3.3.
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With X-gal

Without X-gal

WT >30m

Fig 4.1. Control experiment showing that lue staining is specific of -Hal cleavage by galactosidase.
Representative images frotwo adjacent brain sectionsf anold WT fishrhombencephalon regionhafter SA

i -Gal staining. Without -§al substrate(left) there is no blue staining in the sectichhe blue staining is only
visible in the presence ofgalsubstrate(right). Scale bar: 268n.
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Young (4-6m) Old (>30m)
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4-6 >30

Age (months)

Fig4.2. SAI -Galexpression in the whole zebrafish brain with natural ageing. (R¢presentative
images of the SA-Gal staining in different regions of the brain, in young (@onths) and old (38
months) WT zebrafisi{B) Quantifications of SA -Gal staining, in % of it area, as described i
section 24.4. Graphs: >axis, age in months;-a&kis, % of blue area. N=7 per group. Each
represents one animal. Error bars represent SEM. Unpaitestt* p<0.05; ** p<0.01; *** p<0.001
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4.2.2 Assessing DNA damdgehe naturally aged WT brain

Senescent cells are known to have high levels of @#age commonly measured by the
accumulation2 ¥ 1 | H Hencehardet ® test whether there is accunatlon of DNA
damage with ageing in the zebrafish braicpmparedthe number2 ¥ + | H! - T2 O0OA AY
sections of young (@7 months) and old (>30 month#)Tfish.- | H! - F20A BSNB RS
IF, using theanti- PRAX antibodyas described irsection 23.2. This antibody had already
beentestedin the laboratoryand previously publisheCarnéro et al., 2016)The percentage
ofcellsO2 y i | A ¥ A y Auclegrfoci in $eetibns ofthe whole zebrafish brain was then

assesseas described isection 23.5.

Theresultsshoedl &Yl f € AYONBIl &S -postivelcliSin tifedzbiafsNg 2 T ¢
wholebrain, overtime, that did not reab statistical significance (p=0.0%3g4.3A, B. Similar
results were identified when assessing the numbgnon-proliferative cells expressing DNA

damage (PCN¥ S 3 | i A @-poSitive delis;!data not shown), sggesting thathese cells

are likely to be putative senescent cells.

119



Whole brain

1.5
P 0.07
©
o
. 1.0
x
<
N
I
:‘ 0.51 °
o
< °
0.0 I :‘I T

Age (months)

Fig4.3. DNA damage foci in the whole zebrafish brain with natural ageing. R&presentative
image of yH2AX staining by i young (917 months) and old (>30 months) adult zebrafish br:
(B) Quantification of the percentage of yH22¢€lls with ageing in thevhole brain. Graphs:-&xis,
age in months; ¥xis, percentage of yH2AX=56 pergroup. Each dot represents onaimal. Bar
errors represent the SEM. Unpairedest: * <0.05; ** <0.01; *** <0.001.
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4.2.3 Assessinthe expression of senescenassociated markers downstreah
yH2AXin the naturdl aged Wbrain

In response to increased DNA damage, senescent cells colytisplay upregulation of
p53, p21 and pl6, accompanied by dowregulation of target genes esseal for celicycle
(Coppé et al., 2008; van Deursen, 2018ince | had observedl trend forincreased DNA
damage in thegedbrain, Ithen soughtto measurethe gene expression @53 p2landpl6-
like, in order to further characterisehich pathwayof senescencare being activated in the
naturally aged WT zebrafish braldere, | also analysed the expressiorcyélin g1 a cyclia

depencent kinase known to be a target pb3in zebrafishDaniloveaet al,, 2010)

In order tomeasue gene expressioonf p53, p21, p16-like andcycling glovertime in the
zebrafish brain, mRNA expression was analyselTqPCR, as describeddsection 25.3. The
MRNA analysed in this experiment was derived frohol brain tissugrom young (69
months), middle aged (224 months) and old (>3®onths) fish. The MRNA expression of the
genes of interest was then normalised foeta-actin (reference geneandanalysed using the

nn/ G Y&dekcREirsection 25.3.

Prior to the experimentthe primers were optimiseds described isection 25.3, with all
sets of primers presenting slopes between 3.206 and 3.B8y4(4A-E). Moreover,no non-

specific amplificationwere observediuring the melting curve of the tested primei&g4.4F).

As shown irFig4.5A-D, the results revealedmsignificant differences in the expression of
p53(6-9m vs 2224m: p=0.551; ®m vs >30m: p=0.769n21 (6-9m vs 2224m: p=0.142; ®
vs >30m: p=0.863p16-like (6-Omvs 2224m: p=0.127), acyclin g1(6-9mvs 2224m: p=0.999;
6-9 vs >30m: p=0.999), ihe¢ whole zebrafish brain with natural ageing.
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4.3 Determining theole of TERT in senescence accumulation izebeafishbrain

If accumulation of senescence in natural WT ageing were telomerase (TERT) dependent,
then one would predict that removing TERT would accelerafioitest this | compared the
levels of senesmce in the WT brain with the telomerase mutant zebrafish (premature ageing
model tert”"), overtime. As mentioned irChapter 1the tert’- model agedaster and dies
prematurely, at around 1-28 months of agas comparedo >30 months in WIThus, heré
compared young 4 months)tert”- versus WT brain, and otért’- (12-17 months) versus

WT (>30 months) brain.

As| previously observethat SAi -Gal expression accumulates differently between the
different regions othe brain(seeFig4.2), insteadof assessing the whole brainerel sought
to determine which specific regions of the brain accuatel cellular senescence with ageing.
To do this, | quantified senescenassociated markers in the 5 main macroareas of the
zebrafish brainat different agesthroughout their lifecourse. TR macroareas analysed
included the telencephalon(Tel) the optic tectum (OT) the diencephalon(Die) the
cerebellum(Ce)andthe medulla oblongatgMO).

4.3.1 Assessing SAGal expression in thert” brain

In order to test whether increased expressiorS#fi -Galwith ageings accelerated in the
absence of TERSAI -Gal staining was performed maincryosections of young {@ months)
tert”- fish, and canpared with young (6 months) and old 30 months) WTish. SAi -Gal
was assessed bygél staining at pH 6.0, as describedéttion 24.2. The percentage dlue
area SAI -Gal staininyjin each macroarea of the braimas then quantified as described

section 24.4.

SAi -Gal stainingvas detectedn both WT old andert”’- young fish in specific regions of
the forebrain, midbrain and hindbraihn particular,in the forebrain, SA -Gal stainingvas
observed along themidline of the telencephalon(Fig 4.6A-B, C) and, in abundang
throughout all the diencephalon with exception of the hypothalamkig4.6A-B, C23). In
the midbrain, SA -Gal staining was detected ite periventricular grey zone (PGZ) and
stratum opticum (SO) of the optic tectunfri§g 4.6A-B, @-3). In the hindbrain,SAi -Gal

staining wasobserved in discrete spread zones of the cerebellum, appearing to be more
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prominent in the Purkinje cell layer (PQEig4.6A-B, @), as well as in thenedulla oblongata
The medulla oblongata was the macroarea that presented the higleesis of SAI -Gal
displaying blue stainingverywhere with the strongest staning being identifiedclose to the

medullary canalKig4.6A-B, C45).

Quantification of the SA-Gal staining per macroareavealedno statistically significant
differences in SA-Gal expessionover-time, inthe WT telencephalon and optic tectufiel:
p=0.182; OT: m=359)(Fig4.7A, B. SAI -Gal expression was not accelerated in the absence
of telomerasein the optic tectumas no differences werdetected between WT antbrt”- at
4-6 monthsin this region(p=0.859) Nonethelessthere was a smalincrease inSAB-Gal
expression in the youngrt”’-telencephalonwhen compared with the agmatched WTthat

did not reach statistical significan¢e=0.061)

In contrast with thetelencephalon and optic tectum, the results showedignificant
increase ofSAI -Gal expressionvertime in the WT diencephalon (p=0.028g4.7C) and a
small increase in the cerebellum, that did not reach statistical signifioqgur@075Fig4.7D).
Interestingly 4-6 months oldtert”- alreadypresented higher levels of $AGalthan its WT
counterpart, in both macroareas (Dig=0.028 Ce:p=0.036)

Finally, in themedulla oblongataSAi -Gal staining was already observiedsomeyoung
WT fish(4-6 monthg, and no increasingSAi -Gal expression wasdentified with natural
ageing (p=0.258;ig4.7B), or in the absence of TERFE0.600).
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PCL: Purkinje cell layer

VLl
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Fig4.6. Representative imagesf SA -Galstainingin the different brain macroareasin young
and old WT fish, andert”- young fish (A) Schematic figure of the zebrafish brain and respec
macroareas(B) Key forcoloured arrows.(C) Representtive images of SA-Gal staining in the
different macroareas othe brain, in young (4% months) and old (>30 months) WT and young (
months)tert”". Scale bar: 208n. Numbers 1 to 5 represent different locations of the brain, frc
the anterior to the sterior part of the brainAbbreviations: OB, Olfactive Bulb; Tel, Telencepha
OT, Optic Tectum; Die, Diencephalon; Hyp, Hypothalamus; Ce, Cerebellum; MO, Medulmtab
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Fig4.7. Telomerasedependent accumulation of SA-Gal in the ageing brain in the different brai
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telencephalon(B) optic tectum, (O diencephalon,(D) cerebellum and(E medulla oblongata.
Graphs: »axis, age irmonths; Yaxis, % of blue area. N-1® per group. Each dot represents o
animal. Error bars represent the SEM. Mann Whitney test: * p<0.05; ** p<0.01; *** p<0.001.
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4.3.2 Assessing DNA damdgehetert’-brain

In order to test whethemccumulation oDNA danagewith ageing is accelerated in the
absence of TERDNA damag&vasquantifiedin paraffin sections of young-& months) and
old (917 months)tert”- fish, and compared with young -8 months), middle aged {97
months) and old (>30 months) WT fiss D RI YI 3S ¢l a | aaSaasSR o0&
foci, detected by IF, as describ@n section 23.20 ¢ KS LIS NO S ypasitiva &lls@ F 4 | H !

each macroarea of the brain was thgoantifiedas described isection 23.5.

The results showedo significantOK I y3S Ay (GKS LipdkeSelavitha S 2 F
natural ageing, in the telencephalon and optic tect@wiT: Tel: p=0.156; OT: p=0.5€Fig
4.8A, B. Moreover, accumulation of DNA damage in these macroareasnaiaaccelerated
in the absence of TERT, as no differences were detected betiggenand WT at any time
point tested(Tel, 46m: p=0.999;9-17m:p=0.999 OT, 4-6m: p=0.999;9-17m: p=0.228.

In contrast therewasanA Y ONB I & SR LIS NJwSitvdicklld &ith @afiral’adeing
in the diencephalon and cerebellum (Die: p=0.006, Ce: p=0.0093.8C, D. In the
diencephalon thiswas specificallyobserved between the ages of1¥ and >30 months
(p=0.016) Moreower, tert”- model presened higher levels of DNA damage in both
macroareas at the age ofB7 monthswhen compared with its WT counterpart (Die: p=0.025,

Ce: p=0.031).

Due to technical issues it was not possible to obtain slides with tissue from thellaedu
oblongata in WT andert+ groups, andtherefore DNA damage in this macroarea was not

analysed.

Overall, theresultsshowedanaccumulation of DNA damage in brain, with natural ageing,
specifically in the diencephalon and cerebellum, the same regirere it was identified
accumulation of SA-Gal. Furthermore, accumulation of DNA damage andl-&aAl in these
regions, but not in other regionsf the brain was accelerated in thert’- model. Together,
these data show that there is accumulation of eflular senescence in the zebrafish
diencephalon and cerebellum, with natural ageing, and that #asc¢eleratedn the absence
of TERT.
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was used to analysis WT ouéne. * p<0.05; ** p<0.01; *** p<0.001.
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4.4 Assessig potential replicative senescence in dgedzebrafish brain

Cells that undergo replicative senescerme characterised by lack of proliferative
activityandby the presence diritically short telomeregHayflick, 1965; Hayflick & Moorhead,
1961) Therefore, to testwhether the accumudtion of SA -Gal and DNA damaga the
ageing braimare associatedvith replicative senescence, | measured proliferation levels and
telomere length in the ageing zebrafish brainWiT andtert’-. Using thetert”- here allowed
to have a control for whait can be considered short telomeres and associated replicative
senescene, asit has been previously described other tissues(Anchelin et al., 2013;

Carneiro et al., 2016; Henriques et aD13)

4.4.1 Assessing proliferation levels in the agaWig andert’- brain

Given that senescent celdse nonproliferative cells ascellular senescencaccumulate
in the tissue,one would expectdecreasednumber of proliferating cells In order totest
whether there is decreased cell proliferation with ageing in the zebrafish brain, and whether
this is acceleratedn the absence of TERiTe. telomerasedependen), proliferation levels
were quantifiedin paraffin sections of young-8months) and old (147 months)ert”- fish,
and compared with young {8 months), middle aged (7 months) and old (>30 months)
WT fish. Proliferation was detected Ibly, usingan antibody against PCNA, an antigiat
label cells during-Bhase as desdbedin section 23.2. This antibody had already be&ssted
in the laboratoryand previously published in zebrafi@arneiro et al., 2016; Henriques et al.,
2013) The percentage of PCNositive cells (proliferating cells) was counted as described in
section 23.5and used as a measuoé proliferative activity.

The resultsdid not show anydifferences in proliferation with natural ageing in the
telencephalon and optic tectun(Tel: p9.448 OT: p=0.694)(Fig 4.9A-Q. Moreover,
decreased levels giroliferationin these macroareawere not accelerated in the absence of
TERT, aso differencesvere detected between WT antrt”-at any timepoint tested (Tet
4-5m: p=0.999 1417m: p=0.999; OT4-5m: p=0.999,14-17m: p=0.999).

In the diencephalortherewasa small decrease in proliferation oveime in natural ageing
that was borderline significarn(p=0.058 Fig4.9D). Moreover, n the cerebellum, therevasa

reduced percentageof cells dividing with naturahgeing (p=0.022Fig 4.9E). Decreased
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proliferation levelswere not accelerated in the absence of TERT as no differences were
identified between WT notert’- at any timepoint tested, either in the diencephalod-bm:
p=0.999, 1417m: p=0.999) or in the cerebellu@5m: p=0.999, 1417m: p=0.999).

Proliferation levels were not assessed in the medulla oblongata due to technical issues. In

fact, this macroarea s missing in the majority of the analysed sections.
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4.4.2 Measuringelativetelomere lengthin the agel WT andert’- brain

Accumulation of cellular senescenwgth natural ageingassessed by SAGal and DNA
damagewas particularly detecteth the diencephala and cerebellun{seeFig4.7, Fig4.8),
and this wasaccompanied by decreased proliferatitevels(seeFig4.9). Therefore,l then
sought to test whether accumulatioaf cellular senescenceras associated witleritically
short telomeres, which would suggest this wouldrbplicative senescencé.this were to be
replicative senescence, then it would be telomerase dependentilae@dfore removing TERT
would accelerate it. To test thismeasuredelativetelomere length in sity, in brain tissue of
youngand oldtert” fish (3-5 versus 1217 months) and comparedt againstyoungand old
WT fish(3-5 versus >30 months)

Relative elomere length wagsissessedh sity by telo-FISH, by hybridising the tissues with
a PNA telomere oligonucleotide, as describeddntion 23.3. The probe signal intensity was
then measured as describedsaction 23.3. Acentromerespecific probavas usé alongside,
and its signal intensity was used to calculate the telomeres/centromeres ratio, ensuring that
telomere length was controlled fqroliferationstate. Thistechnique hadalready beernested

in the laboratory.

The results shoed no significant dferencesin telomere length in thaVTbrain overtime
(p=0.146) Fig4.10A, B. Nonethelessthere was a small decrease in telomere lengttihe
tert’-, in comparisonwith its WT counterpart, aB-5 months of ag, that did not reach

statistical significancg=0.05§.
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Replicativesenescence is likely to accumulate in proliferative zones, where there is
accelerated telomere attritionTherefore,l decided to test whetér telomere shortening
occurs in specifiareasof the brain To do this, telomere length was measured in all the
individual macroareas of the brainThis was performed in paraffin sections of younep (3
months)WT andtert”- fish, and compared with ll WT (>30months) andold tert’- (14-17

months) fish.

The results showeddecreasen telomere lengthwith natural ageingn the telencephalon,
optic tectumand cerebellum (Tel: p=0.034, OT: p=0.027, Ce: p=0.G463.C1A, B, D. In
contrast,telomere shorteningvith naturalageingwas not observedh the diencephalon and
medulla oblongata (Die: p=0.215, MO: p=0.3@iy4.11C, B. Additionally, thetert”’- model
displayed alreag shorter telomeres than its WT counterpart at the age & Bionths in the
optic tectum (p=0.009)A smalldecreasen telomere lengthwas also observeih the tert”-
modelwhen compared with W{3-5 months) in the telencephalon{=0.07§, diencephalon
(p=0.077 and medulla oblongata (MO: p=0.054)owever, this did not reach statistical
significanceln contrast, no differences between genotypes were identified-&trionths of
age in the cerebellumpE0.106), or atLl2-17 months & agein any of the mawmareas(Tel:
p=0.337, OT: p=0.840, Die: p=0.836, Ce: p=0.715, MO: p=0.616).
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Fig 4.11. Relative telomere length in the ageing zebrafish brain,ep macroareas. (A)
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4.5 Discussion

This Chapter aimed to determine whether TERT esgion plays role in protecting the
ageing zebrafish bmaiagainst accumulation of cellular senescence. If so, whether this was
due to its role at telomeresin order to test this, kimed todetermine whether. (1) the
zebrafish brain accumulates senesce with ageing and whether this accelerated in the
abserce of TERTand (2) whether accumulation of TERIEpendent senescence is

accompanied by telomere shortening atiwereforelikely to be replicative senescence

Accumulation of cellular senescennéhe naturaly aged zebrafish brain

In order to testif there is accumulation of cellular senescence in the zebrafish brain, with
natural ageing, and whether this is accelerated in the absence of telomerase, | assessed
different markers of senescencetime WT andert”- zebrafish, throughout their lifiime. My
initial study of the whole brain (i.e. without looking at any specific macroanesitified
increased SA-Gal expression ithe brain, with natural ageing, accompanied by a small
increase in DN damage that did not reach significan&emilarly a previous study in zebrafish
had already identified accumulation of DNA damage in the whole brain from 12 months of
age onwardgS. Zhu & Coffman, 201 Rjoreover, accumulationfocellular senescence in the
ageing brain is not an exdlive characteristic of zebrafish, as mice also display increased levels
of SA-DIf FyR 41 H! . ,dtastinfs@ne tell opulatiogdiirkieyal., 2012)
Nonethelessthis project failed in identifying any alteration in gene expgies of down
effectors2 ¥ I H! -3 O2YY2yfte& | aa20A 01Sps3 p2han&k OSft f «
pl6. Although it remains unknowifithese genes are upegulated in the aged zebrafishain,
up-regulation of these genes has been identified in the agpéck brain,at leastin somecell
populations. Theseell populationsnclude endothelial cellgp@6 and p21) (Yamazaki et al.,
2016) microglia p21) (Raj et al., 2015)nd cortical and Purkinje neurs 053) (Jurk et al.,

2012) It is important to note, though, thathe SA -Gal staining hinted at potential
accumulation of cellular senescence in specific macroayedsch could explain the lack of
results when assessing whole brain expressiopa p21 and p16 genes Indeed, further

analysis showed this to be thase.
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Analysis per macroareas of the brain revealed that accumulation of cellular senescence
does not occur homogeneously throughout the brain. Instead, this accumulation seems to
occur specifically in the diencephalon and cerebellum, the only regiong dirtin displaying

increased levels of SAGal and DNA damage foci with natural ageing {sasde 4.1).

The fact that the small increase in -54&5al expresion in the aged cerebellum was
borderline significant may beug to the reduced sample size used. Effect sizes showed that
this experiment was underpowered, and it would be required a minimum of 34 animals per

group, warranting further investigation withn increased number of animals

Moreover, the fact that accumation of senescence was only identified in two macroareas
of the brain may explain the lack of differences observed in the expressiob3pp21, and
pl6in the aged zebrafish brain. As gene expression was analysed in RtAeebfrom whole
brain, the signal from a low number of senescent cells (which is expressed only in certain
regions of the brain) is likely to have been masked by-semescent cells in the surrounding.
The analysis 21, p16 and p53 expression in thevhole brain tissue thereforeevealed to
be a technical limitation in this project. In the future, it would be important to confirm these

results by analysing individual macroareas, or even specific cell populations after cell sorting.
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Table 4.1 Summary of the brain macroareas that display accumulation sefnescence, reduced
proliferation and telomere shortening with ageing in WT artért”- zebrafish. In WT, the age
represents the timegpoint from which differences started being observattert’-, the age represents
the time-point where differences are alected in comparison with their WT counterpart. Age is

represented in months. Tel: Telencephalon, OT: Optic tectum, Die: Diencephalon, Ce: Cerebellum, MO:
Medulla oblongata.

SAi -Gal DNA damage Proliferation Telomere length
WT tert’- WT tert’- WT tert’- WT tert’-
Tel - taemr - ; ; - >80m +3-5m*
oT - - - - - B} ¢>30m ¢3-5m
pie 4>30m t4em *>30m t917m |>30m* . l35m*
ce f>som* t46m 4>80m tgu7m [>1417m . ]>%0m*
MO - - - ; - ; . [35m*

*Borderline significance
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The role of TERM accumulation of cellular senescence inzbbrafish brain

Importantly, accumulation of senescence in the diencephalon and cerebellum, but not in
other macroareas of the bia, wasacceleratedn thetert”- (versus the WT)Aslightbut non-
significant increase in SAGal wasalsoobservedn the telencephalon afert”’- at 4-6 months
of age(versus youngNT). However, in lhe absence of DNA damage it is not possible to
concludethat there is increased senemsuce in this region of the brain. This is because, as
mentioned in section 1.3.2 SA -Gal alone cannot be considered a universal marker of
senescence and, ideallghouldbe used in combination with other markers of senescence.
Together,the datashown heresuggest that there is accumulation of cellular senescence
the zebrafish diencephalon and cerebellum, with natural agesisgassessed by increased
levels of DNA damage and-S45al. Importantlythis is accelerated in the absenceTERT
suggestingthat the TERTcomponent of telomeraseplays a protective role against

accumulation of cellular senescence in the aged zebrafish brain.

Contrary to what was found in thggoject, a previous study ikVTzebrafish had reported
an increasecexpression of SA-Gal in the telencephalon at >26 months of gdeslanErgul
et al., 2016) However, in that study the authors did not assess other markers of senescence
(ArslanErgul et al., 2016)Considering thatn some contextsSAi -Gal can be expressed in
non-senescent cell§Severino et al., 2000; Yang & Hu, 20@%d that noother marker of
senescenc&vas nd usedin the study,it is not possible to conclude with certainty that there
is accumulation of cellular senescence in the aged zebrafish telencephalon. To my knowledge,
there areno other studies in zebrafish assessing cellular senescence in the diffegans
of the bran. Nevertheless some studiesn mice have reported accumulation of cellular

senescence with ageing in different brain regions.

Similarly to what wa®bservedin this project, increased SAD | € I yR latkeH! - Tz
identified in the aged mice cerebellumparticularly inPurkinjecells (P€) (Jurk et al. 2012)
Additionally, thisis aggravated in the absence of TERC (G4 TERGrk et al., 2012)
CerebellaPG arethought to beone of the most sensitive neuronal populations in the brain,
suffering several agassociated changes that lead to loss of functidhang, Zhu, & Hua,
2010) In mammals, degeneration of this neuronal population has been &gsdcwih
impairment of motor skills, spatial orientation and associative leariBeynard & Seidler,

2014; Zhang et al., 2010As zebrafisberebellum is functionally similar to mamméiogler
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et al. 2019; Matsuiet al, 2014) PCs dysfunction with ageimgay also contribute to motor

and cognitive decline in zebrafisAs gowing evidence now suggesthat accumulation of
cellular senescence may affee3, it is reasonable to hypothesisthat accumulation of
senescence in the cerebellumaycontributeto motor and/or cognitive impairment in ageing.
Additionally as this project identified accelerated accumulation of senescence in the
cerebellum in theabsene of TERT, it might be that this component of telomerasedsired

for cerebellumdependent behaviours. Lee et al. showed that even though WT mice displayed
decreased spontaneous locomotion (a cerebelHdependent behaviour) with ageing, this
was rot acelerated inthe G4Tert”-mice model(Lee et al., 2010)his suggests that TERT is
unlikely to affect locomotive behaviour in middowever, it remains unexplored whether it

affects other cerebellundependent behavioursoth in mammals and in zebrafish.

Apart from the cerebkum, markersof senescenclave also been identifieith the cortex,
hippocampugBussian et al., 2018; Jurk et al., 2Q%Rpstantianigra, ventral tegmental area
(VTA)(Shaerzadeh et al., 202@nd SVZ of old mi¢Molofsky et al, 2006) To my knowlege,
it has not been tested whether lack of TERT expression is associated with cellular senescence
in most of these regions of the brain. Nonetheless, some evidence imphles that this
component of telomerase may be associatethvéenescence in the S\&neurogenic niche
in the mammalian braincontaining NSCgGage, 2000)More specifically,jn vitro, mice-
derived NSCs display higher levels of pp8ompanied by impaired proliferation capadity
the absence of TERWhich isrescuedby telomerase reactivatiofJaskelioff et al., 2011
vivo, the authorsreported decreased proliferation activity in the SVZ of Tét’- mice in
comparison to their G4Tert”* counterparts which again was rescued by telomerase
reactivation (Jaskelioff et al., 2011)lt remains unknown Wwether there is increased
expression of p53 together with other markers of senescence in theiisvi¥q and whether

this is accelerated in the absence of TERT.

The dorsal pallium in the zebrafish telencephalon is thought ta bbedmentary cortex,
homadogous tothe mammalianisocortex Within the dorsal pallium, the dorsal lateral region
(D) is considered to be the homologous of the mammalian hippocangpsisucture with an
important role in memory(Muelleret al> H n vomnEll &hHeflmann2011) Contrary to
what was observed in mig@ussian et al., 2018; Jurk et al., 2Q%B)s study did not show

accumulation of senescence tine zebrafish dorsal pallium, or specifically in the DI region.
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Nonetheless,tiis important to mentionthat the hippocampus, more specifically tiselb-
granular zone §GZ in the dentate gyrus, constitutes on& the neurogenic niches in the
mammalian brai (Ming & Song, 2011Proliferdive cells in the hippocampus may therefore
be more vulnerable to cellular senescence in comparison to otherpnoliferative regions
of the brain.Aacordingly, the second neurogenic niche in the mammalian brain, thetagZ,
beenalso shown to display arkers of senescence in the aged miblofsky et al., 2006)
also did not find increased expressiafi SAl -Gal in the ventral nuclei of the ventral
telencephalon (Vv), considered the homologous to the $S@hmidtet al, 2013) In
opposition to mammals where neurogenesis is constrained to two nigfieg & Song, 2011)
zebrafish present several proliferative regiq@andel et al., 2006; Schmidt et al., 20I})e
so far described proliferative areas of tlzebrafish braininclude the outer layer of the
telencephalon but notspecifically thedlor the Vv(Grandel et al., 2006; Schmidt et al., 2Q13)
The differences in proliferation rate between raibippocampus ahzebrafish Dlor between
mice SVZ and zebrafish ,Mway therefore explain the differences iaccumulation of
senescence observdaetween the speciedurther investigation would be required to test

this hypothesis.

Substantianigraand VTA are known aké core of themammaliandopaminergic system,
which is mainly involved in reward and motivatidihese brain regions constituta intense
area of research in PD, a neurodegenerative disease mainly associated with degeneration and
death of dopaminergic newwns. Unlike mammalavhere dopaminergic neurons are mainly
distributed in the substatianigra and VTA,zebrafish displaya population of tyrosine
hydroxylase (THxpressing neurons, thought to be dopaminergic neurons in zebraifighe i
posterior tubercdum of the diencephalon(Rink & Waullimann, 2001)This population of
neurons is thought to project their axons to thelbgallium region of the eélencephalon,
homologots to the mammalian striatungonstitutingthe Wopaminergic systefin zebrafish.
In addition, other clusters of FHELINBE & aAy 3 ySdaNRPYyad O6WR2LI YAY S
identified in other regions of the zebrafish diencephalon, idiig the pretectum, theventral
thalamus and the hypothalamy&ink & Wullimann, 2001 mice it wasrecentlyreported
that microglia undergo cellular senescenath ageing in thesubstancia nigra and VTA,
possiby affecting the dopaminergic syste(8haerzadeh et al., 2020) the same was to occur

in zebrafish, then | would expect to see an increased number of microglia accumulating
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serescence in the diencephalon region and, possibly, in the subpallium regidheof
telencephalon.Indeed, dhough thisproject did not identify increased senescence in the
subpallium accumulation of senescence was found widely spread in the diencephdlon w
exception of the hypothalamus. It remains unknoWwmicrogliaare underging senescence
in the zebrafishdiencephalon, ovetime, and whether these cells are located near-TH

expressing neurons. It would be interesting to explore these questionsitnigfexperiment.

Of note, apart from the posterior tuberculugastructure iy @2t SR Ay (KS WYR2
aeadsSyQ Ayhe keBrafistidi#ntepifalon is constituted by the hypothalamus,
prethalamus, thalamus and habenuktructures shared witmammals(Mueller, 2012)As |
identified a large area of the diencephalon expressing &#alin this project it is likely that
some of these strctures also accumulate cellular senescence with ageing. Nonetheless, a
more detaled analysis would be necessary to determine which structures and nuclei of the
diencephalonaccumulatesenescence oveime. Additionally, it also remains unexplored
whetherthese diencephalomassociated structures accumulate senescence in the mammalian
brain. Overall, he dencephalon i®ne the mostcomplexstructures of thebrain, containing
multiple nuclei that serve as bridges between the cortex and subcortical regamts
interacting withvarious systems (sensorial, motor, endocrine, limfd)eller, 2012) Thus,
the diencephalorconstitutes a relevant area to further study accumulation of senescence
with ageing and to explore what are theutative consequences of accumulation of

senescence in this region of the brain.

It is important tonote that this project identifiedelevatedexpression oBAi -Galin the
medulla oblongatdrom young ages, in both WT atett”- fish, with no further incease over
time. Nonetheless, itemains unclear whether this reflects real cellular senescgign that
it was not possible to assess DNA damage in this macroaesto technical issue#.the SA
I -Gal stainingwere indeed representing cellular senesm® in themedulla oblongatait
would befair to hypothesise that accumulation of senescence occurs at an earlier age than
the ones analysed (<@ months).In zebrafishthe medulla oblongataontainthe nucleiof 6
out of 12 cranial nervegonstitutinga privileged place of communication between the brain
and the peripheryknown to be bidirectiongMoens & Prince, 2002part of this bidirectional
communication occurs through theagusnerve, whichhas been shown to be part of the gut

brain axign the last fewyears(Carabottiet al.2015; Matteoli et al., 2014)mportantly, this
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route of communicatiorfthroughthe vagusnerve)has been implicated in neurodegenerative
diseases soh as POSampson et al., 2016Fonsidering this, #vould behighly relevant to
confirm whether themedulla oblongatalready presents high levels of senescence at the age
of 4-6 months andvhether accumulation of senescenae the medulla oblongatgprecedes

other macroareas of the brainf thiswereto be the cas, then it would be interesting to test

how accumulation of senescence in this macroarea correlates with senescence in other
tissues. It could well be that senescence in tmedulla oblongatais contributing to
accumulation of senesceno®t only in otherparts of the brairbut also in peripheal tissues.
Alternatively, it could also béhat peripheraltissuesare contributing to accumulation of

senescence in thmedulla oblongata

Potential mechanisms underlyirtgetprotective role of TER{ainst accumailtion of

senescene

After identifyingthat there is accumulation of senescence in the aged zebrafish brain,
specifically in the diencephalon and cerebellum, and that this is anticipated in the absence of
telomerase, | tested whethersenescence in the braiwas associated with telomere
shortening (i.e. replicative senescenda)order to test this, telomere length was assessed in
both WT andert’-, throughout theirlife course If cellular senescence observed in the aged
brain were associated with replidave senescence, then | would expect $ee telomere
shortening in the same macroareadeve | observed accumulation of senescence. Within the
macroareas accumulating cellular senescence with ageing, telomere shortening was
identified in the WT cerebellurout notin thediencephalon, at >30 months of ageble 4.1).

In addition, as accumulation of cellular senescence in the diencephalon and cerebellum was
accelerated in theaert”-model, | expected to see the sarpattern in telomere shortening.
Nonetteless, althoughert’- model presented shorter telomeres in the diencephalon than
their WT counterparts, at -5 months of age, no differences between genotypes were
observed in the cerebellum. Furthermore, decreaselbinere length was also observed in
regions of the brain where accumulation of senescence was not observed. The inconsistency
of these resultsin particular together with a possible lack of sensitivity of ttedo-FISH

technique(seesection 6.5or detais), did not enable to take any relevant conclusions.
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So fartheseresultsraise tvo main hypothess. (1) If TERTassociated senescence in the
aged brain occurs in proliferative regions and is associated with telomere shortening, then it
is likely that the protective role of telomerase against senescence is associated with its
functions at telomeres (i.e. canonical functions). (2) If, instead, -BS80iated senescence
in the aged brain occurs in neggroliferative regions and is independent i@iomere kength,
then it is likely that the protective role of telomerase against senescence is associated with

functions of telomerase that anedependent of telomeres (i.e. necanonical functions).

Thisproject identified accumulationfd&SAi -Gal with ageing, ot only in regions known to
be proliferative areas in the adult zebrafish brain, but also in-paniiferative regiongFig
4.12). Intriguingly, accelerated accumulation of-S#&al in the absence of telomerases
also observedmainly in nonproliferative regions of the brairThese findingsnay suggest
that TERT expssion plays a protective role against accumulation of cellular senescence even
in non-proliferative areas Sincetelomerase iestknown to be essemdl for proliferation
these results are unexpected first glance NonethelessTERT expression has been identified
in the adult zebrafish braim both proliferative and noproliferative regions, and itsverall
expressiorreduced with ageingSprungala, 2009 his suggests that telomerase is likely to
playotherimportant roles in the brain, independently w$ functions atelomeres Hence, it
would be important to confirm whether TEREsociated accumulation of senesceno the
aged zebrafish brain is associated with proliferation and telomere shorg. This could be
done by assessing cellular senescence in specific cell populations (for example, NSCs versus
mature neurons) and by confirming the resuitsrelationto telomere length. Ideally, this
could be done by mickdissecting specific cellppgs and assessing their telomere length using
a more quantitative and sensitive technique. Such technique would involve a telomere
specific ROPCR or Telomere Restriction gireent (TRF) analysis by Southern blot. Both
these techniques present technicaladtenges, but together, they would offer a better insight

into this phenomenon.
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Fig4.12. Schematic figure illustrating theagions of the brain where | identified accumulation ¢
SAi -Gal and the regions that have been reported to be proliferative in the zebrafish adult br:
accordingly toGrandel et al.,(2006) Abbreviations: Tel, Telencephalo@T, Optic Tectum; Die
Diencephalon; Ce, Cereheh; MO, Medulla Oblongata.
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Conclusion

In sunmary, this Chapter shows that there is accumulation of senescence with ageing in
the zebrafish brain, specifically in the diencephalon and cerebellum. Importantly, this
accumulation is accelerated in the albse of TERT, suggesting that this component of
telomerase play a protective role against senescence in the zebrafish bi@etheless,
remains unclear whether this protective role is associated with canonical ocaonanical

functions of telomeraserad further investigation is required to address this question.
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Chapter 5.
Exploringl ERTependent mechanisms of ageing ie th
zebrafish brain
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5.1 Introduction

In the previous chaptdrobserved that accumulation of cellular senescence with ageing in
the zebrafish dtncephalon and cerebelluraccurs at earlier agem the absence offert,
suggesting thaTert activity exerts a protective effect against accumulation of senescence in
these regions of thebrain. Although this accumulation of senescenceas detectedin
proliferative and non-proliferative regions of the brain, it was not possible to conclude
whether the protective effect offertin the aged brain was associated with canonical or-non
canonical functionsof telomerase Better wnderstanding the mechanisms beldinthe
accumulation of cellular senescence may help to find more targeted therapies to prevent
accumulation of senescent cells with ageing and respective consequences. Hence, it is
important to further explore whatre theTert-associated mechanisms thate affectingthe
aged brain and which of these mechanisamsinvolved in the protective effeof Tertagainst

cellular senescence.

Within its noncanonical functions, dlomerasehas been reported toplay a role in
transcriptional regulatiorof inflammatory-associated gene&Choi et al., 2008; Ghosh et al.,
2012) Moreover, cellular senescence has been associated with inflammation. On one hand,
in some contextsjmmune cells have been shown to be recruited to sites of cellular
senescencéDemaria et al., 2014; Krizhanovsky et al., 20@8)the other hand, senescent
cells have bee shown to release prmflammatory factors (part of SASP), which can
contribute to paracrine senescencgAcosta et al., 2013s well as to tissue inflammation
(Franceschi & Campisi, 20¥4F YLIA &A 3 RQ! RRItcoRdwelbetBat tHey | H 15
protective effects ofTert in the aged zebrafish brain are associated witlammation,

throughits role at transcriptional regulation of inflammatory genes.

In this Chapter| aimed to test whethethere is increased inflammation in theebrafish
brain, with ageingin aTertdependent manner, and whether increased inflammation in the
aged brain is correlated with accumulation of senescente. test this, | assessed
inflammation leveldy IHC and enzymatic assays, in both WTtand zebrafish, throughout
their lifetime. In addiion, | soughto uncoverother potential Tert-dependent mechanisms of
ageing that affect the braiand be involved in cellular senescend® do so, wole brairs

from WT andert’- zebrafish of different ages were analysed by RNA Sequencing. Network
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analsis was performed in the RNA Sequencing data in order to find key sets of genes

associated witiTertdependent ageing in zebrafish brain.
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5.2 Determining the role of TERTimflammafon in the agedebrafishbrain

Here, | sought out to test whether thers increased inflammation in the zebrafish brain,
with ageing and whether this is accelerated in the absence of TE®Test this, | quantified
the overall number of immune cells drassessedathitotriosidase activityas a measure of

immune activationpver-time, in the presencéWT) versus in thabsence oflert (tert”").

5.2.1 Measuring the number of immune cellsfie WT andert’- aged brain

In order to test whether there is increased number of immune cells in the brain, with
natural ageing, | determineithe percentage of immune celiom young (45 months), middle
aged (917 months) andnto old age(>30 monthsWT brain. Immune cells were detected by
IF, using the pateukocyte marker dplastin (antiLCP1 antibody), known to label all immune
cell popuétions (seesection 23.2). This antibody had already be¢estedin the laboratory.

The percentage of immune cellas thencountedas described isection 23.5.

The results showedn increased percentage of immune cells in the naturally aged brain
(p=0004,Fig5.1A, B, more specifically at the age of >30 month$( versus >30m: p=0.009,
9-17m versus >30m: p=0.017).
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Fig 5.1. Percentage of immune cells witmatural ageing in the whole zebrafish brain. (4
Representative images of-gdlastin staining in the diencephalon of adult zebrafiqR)
Quantifications of percentage offlastinpositive cells in the whole zebrafish brairth natural
ageing Graph: Xaxis, age in months;-axis, % of{plastinpositive cells. N=53 per group. Each dc
represents one animal. Error bars represent the SEM@me ANOVA followed by poebbc test
with Bonferroni correction: * p<0.05; ** p<010 *** p<0.001.
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Thisincreasel number of immune cells in the whole zebrafl&fT brain at >30 monthss
occurring athe same age where | previouslgtected increasedellular senescendseeFig
4.2). | therefore sought out to quantifyhether accumulation of senescence whcally
associated withincreased number ofmmune cells.Since Ipreviously determined that
accumulation of snescence waaccelerated in the absence of telomerdsart’-), specifically
in the cerebellum and diencephalofsee Fig 4.6), | then tested whether the increased
percentage of immune cellgas alsoT ERIdependent,in the same macroareas. To test this,
| quantified the percentage of immune celfs each macroarea dividuall, in young (%6
months) and old (47 months)tert”’-, and compared with young {8 months), middle aged
(9-17 months) and old (>30 months) WT fish. Immune cells were identified and counted as

previously described (sesections 2.2.2nd2.2.5.

The resuls showed that all the macroareas of the brain presetdn increased percentage
of immune cells with natural ageingnore specifically at >30 months of age (Tel: p=0.005, OT:
p=0.002, Die: p=0.017, Ce: p=0.001, NdE0.005)(Fig5.2A-E). The region with the higher
number of immune cells was the medulla oblongata, followed by the optic tectum and
diencephalon.Moreover, increased number of immune cells in the aged brain was not
accelerated in the absence @€rt, asno differences were detected between WT ateit’-
model in any ofthe macroareasat 46 months(Tel: p=099;0T: pH.999;Die: p#9.999 Ce:
p=0.999 MO:p=0.692 or at 917 months of agéTel: p=0999, OT: pH.607 Die: pH.622 Ce:
p=0215 MO:p=0444).
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5.2.2 Measuring the number of microglia/macrophageshe WT andert’- aged

brain

Although nocorrelation was identified between location generalimmune cells(L-
plastin® cells) and senescentcells | cannot exclude the possibility that there may be a
subpopulation of immune cells associated with senescence. Therdfdesgided to look at
specific immune cell populations. Microglia are known to be importantGbIS immune
surveillance and clrance Therefore,| set out to testwhether there is increased number of
microglia/macrophages, specifically, in the ageing brain, and whether this is accelerated in

the absence of telomerase.

To differentiate microglia/maophages from other immune csllin the brain (e.g.
neutrophils, Tcells, Bcells), thempegmcherry.caaxmmune reporter line was used. Anti
RFP antibody was used to detect the mypegitive cells by IF, as describedséction 23.2.
To test the specifity of the anttRFP antibody atls were ceabelled with antiLCP1 @plastin)
and antiRFP antibody. As shown kig5.3, only a subpopulation ot-plastinpositive cells
expresanpeg showingthat the anttRFP antibodgletects only microglia/racrophages in the
mpegmcherry.caaximmune reporter line.This thus alleed the distinction between

microglia/macrophageand other immune cell types.

The results showed that increased number of immune cells in the ageing brain is primarily
due to an incrased number of microglia/macrophageather than other immune cell
populations.This is because | detectaah increased number of -plastinpositive; mpeg
positive cell§p=0.049Fig5.4A, B), but not ofL-plastinpositive; mpegnegative cells (p=0.086,
Fig5.4A, B}, in the wholebrain of naturally aged zebrafish. Furthermgrinis increase in
microglia/ macrophages is accelerated in the absence of TERT. Specificallyeitr'theain
the number of Eplastinpositive; mpegpositive cells at the age of% months was already

higher than its WT counterparts (p=0.009)
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Fig 5.3. Testing the antRFP antibody by IFRepresentave images of cells eabelled with
anti-LCPXL-plastin)and antiRFP antibodies.
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Next,| sought to testwhether theincreased number of mioglia/macrophage$L-plastin
positive; mpegpositive cells)n the ageing brains occurringin the same regionsvhere |
previouslydetected cellular senescendeliencephalon and cerebellumyVhen looking at
each macroarea individually, the results slemvan increased percentagemicroglia/
macrophagesin natural ageing in the telencephalon (p=0.016), optic tectum (p=0.017),
cerebellum (p=0.057) and medulla oblongata (p=0.021) but not in the diencephal®i (9
Fig5.5A-B). Furthermore, theravasno significant difference in the percentagerafcroglia/
macrophagesn the young (4 months)tert”’-, when compared to its WT counterpart, in the
telencephalon (p=0.227), optic tectum (p=0.161) and cerebellum (p=0.FaR&yever, |
observed a higher nuber of microglia/ macrophagem the tert”- model at 4-5 months of
age,when compared with its WT counterpart, particulartythe diencephalon (p=0.044) and
medulla oblongata (p=0.011).

On the other hand, theravasno charge in the percentage of-plastinpositive; mpeg
negative cell§which would represent all immune cells apart from microglia/ macrophages)
with natural ageing in the telencephalon (p=0.185), optic tectum (p=0.08), diencephalon
(p=0.266) or cerebelin (p=009) (Fig5.6A-D). Only the medulla oblongatshoweda slight
increase in the number of-plastinpositive; mpeenegative cells ovetime, borderline
significant(p=0.046)(Fig5.6E. Moreover, no differencesvere detected between WT and
tert’- at 45 months in any of the macroareas analysed (Tel: p=0.861; OT: p=0.167; Die:
p=0.779; Cer: p=0.345; MO: p=0.656).
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Altogether, these data suggest thathe increased number of immune cells in the ageing
brain is associated withnincreased number of microglimacrophages (mpepositive cells)
in all the macroagas. Nonethelesghere are otherimmune cell populations apart from
microglia/ macrophageghat are contributing, at leasin part, to the increased number of
immune cells in the ageing medulla oblongatad,to alesser extent, the ageing cerebellum.
Addtionally, these data suggest that there is remrrelation between the location of
senescent celland mpegpositive immune cells (microglia/macrophages) or mpegative

immune cells (e.g. neutrophils;CElls).

Interestingly the increased number oimmune cellsin the natural ageindprain does not
seemto be explained by increased proliferatiari these cellssincel did not observe any
differences in the number of immune cells proliferatiogertime in any of the brain
macroareas (Tel: p=0.428, OTOB81, Die: p=0.874, Ce: p=0.403, MO: p=0.83F®)5.7).
Furthermore there was also no difference in the proliferation of immune delithe absence
of TERTin most of the macroareas, as no differences were ffied between WT andert”’
at 45 or 317 months of age, in the telencephalon%, p=0.954; 947m,p=0.999), optic
tectum (45m, p=0.999; 47m,p=0.658), cerebellum &m, p=0.999; A7m,p=0.999) or
diencephalon (6m, p=0.999; 947m,p=0.999)The medilla oblongata was an exception to
this. Whilst no differences between genotypes were identified-&trdonths of ag€¢p=0.999),
at 9-17 monthsof agetert”’- presened higher number of proliferating imme cells than its

counterpart WT (p=0.0001).

161



[ o
e pul
© Telencephalon Optic Tectum
w 807 P wWT S 807 P
[
< tert’ <
] 60 1 )
L e = i
T2 3 360
= 'Y ] = u
g 8401 a" X
s e - = 2401 -
B < o <
e = 201 ° Sz °
O ° ] O]
£o 10 £ a 20
= J =
E ; . I
5 0- : = 0- :
= 4-5 917 >30 4-5 917 S 4-5 9-17 >30 4-5 9-17
Age (months) Age (months)
2 2
@ Diencephalon © Cerebellum
~ 807 -~ 807
© [
<= =
(2] . [
Z o 601 = %601 ®
o =2 S =
o % . 2
2 340" E 2 404 ]
g < 20 [ ¢z y
z T 2 5
20 ° ' 1 b
‘o o - % a 20 n
o 101 a | |
@ =
Ll 5o —1
- : < 4.5 9-17 >30 4-5 9-17
< 4.5 9-17 >30 4.5 9-17
Age (months)
Age (months)
(o]
Pt Medulla Oblongata
- 801
[
<
2 0601
o >
i i * %K
o -
2z 240
; <. 15-- * k k.
° =z
T 0 101
ca
= ] ) m
2 il et L ——
X 4-5 9-17 >30 4-5 9-17

Age (months)

Fig5.7. Percentage of immune cells proliferating with ageing, in the different brain macroare
Quantification of tplastin, PCNApositive ceb in the different macroareas of the braigA)
telencephalon(B)optic tectum,(C)diencephalon(D) cerebellum,(E)medulla oblongataGraphs:
X-axis, age in months;-&kis, % of dplastinpositive that are proliferating (PCNsitive). N=410
per growp. Each dot represents one animal. Error bars represent the SEM. Statistiesain
ANOVA test was as to compare WT versuert”- at 45 versus 917 months. Norparametric
0 &oc Fedayay @sad td_ddalysis WT owime. * p<0.05; **

KruskalWallisT2f f 2 6 SR
p<0.01; *** p<0.001.

162



5.2.3 Measuring chitotriosidase activitytime WTandtert”- agedbrain

Inflammation is not only characterised by increased number of immune cells but also by
increased immune activatiorTherefore, then | set out to testthether there is increased
immune activation in the ageing brain and whether this is accelerated in the absence of
telomerase To do this, chitotriosidase activity was measured in the whole WTeatidbrain
at differert time-points, as described igection 27.3. Chitotriosidase is an enzyme expressed
by activated macrophages and othgnagocytic cells and therefore it is a good biomarker of

microglia/macrophages activation.

In this experiment, the glucocerebrosidaseldficient GBA") zebrafishmodel was used
as a positive control. This is a model that presents a mutation irgliheocerebrosidase 1
gene(Keatinge et al., 2015)eading toD | dzO K S NX2 his Rideds& i lysdomal stage
disorder, characterised by extremely high levels of chitotriosidase agtimiking it a good

reference model for extremely high level of chitotriosidase

The resultshowedincreasecchitotriosidaseactivity overtime in the naturaly agedbrain,
identified at >30 months of age (p=0.005g5.8). Although no differences in chitotriosidase
activitywereidentified betweenWT andert”- at the age of 5 months (p>0.9989rt”-animals
at the age of 1416 morths presened higher chitotriosidase activity than their WT
counterpars (p=0.008).

Overall the datasuggesthat there areincreased levels of chitotriosidase in the naturally
aged brain and that this accelerated in the absence of telomeralsgeredingly, although
there is increased chitotriosidase activity with ageing in both WTtartd:, the maximum

~ A s oA = 4 oA

FOUADAGE RSUOUSOOUSR GBA. Fnmer: t26SN 0Ky Ay GKS
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5.3 Assessmet of BBB permeability WT andert’- agedzebrafistbrain

As shown irFig5.5 and Fig5.7, | previously identified increased number of immune cells
in the ageing zelafish brain, which is not explained by increased proliferation of immune
cells Hence, | then tested whether infiltration of peripheral immune cells in the aged brain
could explain the increased number of immune cells observed. Immune cells should ot cros
the BBB and invade the brain in a healttgndition unlessthe BBB is compromised.
therefore sought out to test the BBB integrity in young and old zebratibhsbeen described
that zebrafish presents a functional BBB from th& #ipf (Fleminget al,, 2013) from which
age molecules such sahorseradish peroxidaséHRP,44,000Da)evans blue (961Daand
sodium fluorescein (376Ddp not cross tis barrier(Fleming et al., 2013; Jeong et al., 2008)
However it remaired unknown whether zebrafish BBB becomes leaky with ageing. Here, a
BBB permeability assay was performed in both WT tend- at the ages where ineased
number of immune cellsvere identified in the brain, >30 months and ¥4 months
respectivelyAs describedh section 28.1, in this assay | used an infrared fluozeat dye 0.1%
IRDye 680RD Dextran diluted in HBSS), injected®.byHhis dye had never been tested in
zebrafish before and thereforé firstly tested if this compounds suitable to test BBB
permeability in adult zebrafishf it spreadseasilythroughout the bodyafter IP injection

reaching the brainand if it is quantifiable in an accurate way.

First,| performed a pilot study where usedthe IRDye 68RD Dextrarffluorescent dyg
conjugated with two moleculesf different weights 70kDa and 4kDdn order to detect the
fluorescent dextran, livéish were anaesthetised and imaged at several timonts after IP
injection (30min, 1h, 2h, 3hAfter an ircubation periodof 3h, the fish were culled, and the
bodies were imaged in order to test for the presence of the dextran dyesh@sn inFig5.9,
the 4kDa dextran (in green) was detected in the 800 channel while the 70kDa i)
was detected in the 700 channel. The 4kDa dextran spread throughout the body in 30min,
becomingstronger 3h after IP injection. The 70kDa dextran was only identified in the
peritoneal area 30min after injection and, although it spread slowly duheg3h period, it
did not reach the head in all the animals. If the dye does not spread well throughohothe
to reach thebrain, it does not constitute a good tool to test BBB permeability. Therefore, the

4kDa dextran was considered a better tool &st BBB permeability and chosen to do so.
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Fig5.9. Pilot experiment showing wholébody fluorescenceafter IP injection of 4kDa and 70kD
dextran. Whole-body fluorescence before IP injectioand30min and & after IP injection with
4kDa (green) and 70kDa (red) dextran, in Wd'tart’- at different ages.
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To test BBB permeability, animals were injected with 4kDa, byfhRee hoursafter
injection, the fish were culled, the brains dissected and the #soence in the brains was
measured to assess the BBB permeability. The resultsesthimereased dextrarassociated
fluorescence in thenaturally aged zebrafish brain at >30 month$ien compared to 147
months brains (p=0.0001Fig5.10). Importantly, the fluorescence levels at >30 monthst
not at 1417 monthswere significantly higher than the agmatched vehicle control animals
(experimental vs vehicle control group, at-1Zm: p=0.161; at >30m:g0.001) In the tert”'-
model, therewasa small increase in fluorescence at14 months when compared to their
WT counterparts, but thisdid not reach statistical significance (p=0.08). Neverthelesd, 714
months oldtert”- brains already presert higher levels oflextranassociated fluorescence

when compared to the agmatched vehicle control animals (p=0.046)

Thesdindings suggest that there is increased BBB permeability in the ngtagad brain,
at >30 months of ageand that this isacceleratedin the tert”-, where BBB disruptiois
detected at 1417 months of ageFurthermore, he results suggest thaincreased BBB
permeability occur at the same ager at a later ageas increased number of
microglia/macrophageand elevated chitotriosidase activity is @ged (at >30m in WT and

4-5m intert”).
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5.4 Analysis of behavioural alteratiomnsthe WT andert”’- agedzebrafish

It is known that both ageing and inflammatiaan influence behaviour For example,
natural ageing has been reported to be aogeanied by several behavioural alterations in
both mammals and fishincludingreduced locomotionand impairment of memory and
learning abilities(Altun et al, 2007; Shojiet al, 2016; Yuet al, 2006) Moreover,
lipopolysaccharide(LP$induced peripheral inflammation has been shownto lead to
behavioural alterations in rodents in a dosedependent manner including decreased
locomotion activityand increasd anxietylike behaviour(Bassi et al., 2012; Teet al., 2012;
Zhu et al., 2019)Therefore,| set outto test whether there are ageelated behavioural
alterations in zebrafish at the same age as it is identified increased inflammiaimymotion,
anxietylike behaviour and shoierm memory were assegd asdescribed irsections 2.8

and2.82.

Locomotion behaviour was assessed through an ejped test. The results showed
decrease distance swam by WT fish atalge of >30 monthéversusl4-17 months p=0.018)
(Fig5.11). These findingsuggest that zebrafish present reduced locomotion behaviour with
ageing, more specifically at the agdenincreased inflammation and BBB permeability are
identified. If TERTwere to have a protective effect towards impaired locama, then
removing TERT would further exacerbate or accelerate this behavioural dysfunction. To test
this, | determined locomotion behaviour trt”- fish in parallel to WT counterparts. However,

| found no significant differences between WT aed”- at 1417 months of ag€p=0.473)

Anxietylike behaviour was assessed by the offietd and novel object testsThe open
field testshowed that, with ageing, WT fish tend to spend more time indbetral area of
the tank (1417 versus >30m: p=0.00€5ig5.12A). Similarly, with ageing, fish spemore
time near the object during the novel objetst (14-17 versus >30m: p=0.014Fig5.12B).
Increased time spent in the cenal area of the tank and/or exploring the novel object suggest
decreased anxietlike behaviour with natural ageing. Interestingly, there was a trend for the
tert”- fish to display decreaseghxietylike behaviour at 147 months when compared with
their WT counterpart, in both tests performed (OF: p=0.091; NO: p=0.Bit&yever, this did

not reach statistical significance
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Fig 5.12. Alterations in anxiety-like behaviour with ageing, in the presence and absence
telomerase. (A)Anxietylike behaviour assessed by OF test. T@atmap representingyoung vs
old fish locomotion in the tank throughout the OF teBbttom: time spent (s)in the cental area of
the tank, overtime, in the WT andert”’- (B) Anxietylike behaviour assessed by NO test. T
heatmap representing young vs old fish locomotion in the tank throughout the NOBebm:
time spent (s) near the novel olge overtime, in the WT andert’~ N=79. Bar errors represen
the SEM. Mam#Whitney tests: * p<0.05; ** p<0.01; *** p<0.001
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Shortterm memory was assessed throughovel object recognition tesflo st whether
WT can discriminate between two olojs to start with, as a baseline control, | tested whether
young (46 months)WT fish display a preference for one of the objects. The data showed that
the young WT tend to prefer the novel object, but thiasyjust below statistical significance
(p=0.078)Fig5.13). This suggests #t WT fish are able to discriminate, at least partially, the
two objects.With ageing, WT fish animals seem to lose this potential ability to discriminate
between objects, ano prefererce was identified in middle aged or old WT groupsiI#h:
p=0.094 >30m:p=0.313) The inability to discriminate the two objects at old ages, compared
with young ages, would suggest reduced sHerm memory with ageing. However, as it was
not identified any statistically significant preference in the WT young fish, the results are
inconclusive. Nevertheless, this netatistically significant trend is accelerated in the absence
of TERT, which display no prefereradleeady at young agee=0297) warrantng further

investigation with a larger number of animals.

Overall these datasuggest that zebrafish display agssociated reduced locomotiand
decreased anxietlike behaviour Nonetheless, it is unclear whether this icampanied by
cognitive impairnent. Despite the great variability observedtart”- behaviour, the results
suggestthat anxietylike behaviour might beat least partiallyaffected by the absence of

TERT.
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5.5 Assessingotential TERFassociated mechanisno$ ageing in theebrafish brain

My results so far show thathe zebrafish brain accumulates cellular senescence with
ageing and that this is accelerated in the absence of telomefidags, | next set out to explore
which TER-&ssociated molecular mechanisms could be assed with the ageing process in
the brain and how these mechanisms could be linked to cellular senescence. In order to test
this, | performedRNA Sequencing in whole brain tisgteen WT andert’- adult zebrafish, at
different time-points throughout tteir lifespan, more specifically at the agek 2, 9, 22

and >30 months in WT, and at the ages of 2, 9 and 22 montkstinfish.

The first analysis of the RNA Sequencing data reveal@8Gascore (probability of having
a wrong nucleotide is 1:1,000) 2%, with allsamples presemiga total of14.417.3million
reads In order to observe the distribution of the samplpsr age and genotype, auglity
assessmentvas performed with unsupervised methods, including heatmap and principle
component analysi (PCABoth the heatmap Fig5.14A) and the PC£Fig5.14B) showedhat
different ages form individual clustersuggesting that there are differences in gene
expression vith ageing Thisvasparticularlyvisiblein the WT at>30 monthf age, the group
with the greatest distancéo all the other clusterswhilstno obvious clusters were identified
between WT andert”’- fish at the ages of 9 or 22 monthat 2 months of ag the two
genotypes presented two distinguished clustensth the 2 months oldtert”- samplesbeing

closer to the 9 months of age samples.
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5.5.1 RNA Sequencing analysis of dgedbrain, in the WT versuert”

In order to identify which geneare being up and down regulated ovettime in a
consistent way (i.e. constantly being up/dowegulated ovettime), time-series analysiwas
performed using the STEM software, as describexkaotion 26. This analysis was performed

in each group separatelpprain WT and braitert”-.

Timeseries analysis of the whole WT brain identified 11 different profiles with a total of
1,447 diffeentially expressed genes with ageifggb.15A). Within those, 6 profiles clustered
a total of 645 upregulated genes and 5 profiles grouped a total of 1,551 dosgulated
genes.After identifying the differentidy expressed genes in the ageing zebrafish brain,
enrichment analysis was performed in order to test which functions these genes were

associated with.

Enrichment analysis was performed as describeseiction 26. The resilts showed that
the upregulatedgenes were mostly associated with regulation of the immune system and
immune response Hig 5.15B). Within those, therewere genes associated with antigen
processing and presentation of peptide antigen miajor hisbcompatibility compleXMHQ
class | (GO: 0002474, enrichment: 25.183), leukocyte migration (GO: 0050900, enrichment:
4.197), regulation of cytokine production (GO: 0001817, enrichment: 4.361) and interleukin
1 family signalling (R:DRIE6652, enrichment6.769). Dowrregulated genesonthe other
hand, were mainly associated with proliferation and DNA regag3.150), including genes
associated with cell cycle process (GO: 00224enrichment: 6.868), cell divisi (GO:
0051301, enrichment: 5.864), and doufdgand break repair via breakduced replication
(GO: 0000727, enrichment: 38.239).
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Fig5.15. Timeseries and enrichment analysis in the whole WT Imathroughout the zebrafish
life-course.(A) Profiles wih DE genes in the ageing WT brain, obtained after ees analysis
using STEM software, as describedéction 26. Values were normalised for the 2 months tir
point. Each colourepresents a cluster of geng®-C)Enrichment analysis ¢B)up- and (C)down-

regulated genes in the natural aged bramrichment analysis was performed using the Gorilla
Metascape software, and the graphs were generated by last software, ashbsansection 26.

In the graphs, terms are ordered by log10(P).r@marrows are highlighting the terms and/
pathways associated with immune response, proliferation, DNA repair and mitochondrial fun
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In the absence of TERT, tirseries analysis identified 4 different profiles of differentially
expressed genesver-time, which included a total of 2,392 gendsd5.16A). Half of the
profiles consisted in a total of 841 wpgulated genes whereas the other half consisted in
1,551 downregulated genes. Enrichment analysiwsied that upregulated genes were
mostly related with immune response anmaitochondria function fig5.16B). These included
regulation of innate immune response (GO: 0045089, enrichment: 8.0003), p38MAPK cascade
(GQ 0038066,enrichment: 22.918), TNF receptor superfamily members mediating non
canonical N¥kB pathway (PDRE5676594, enrichment: 11.459) amicotinamide adenine
dinucleotide(NAD : ubiquinone oxidoreductase (M00142, enrichment: 13.096)tl@mther
hand, downregulated genes were mostly associated with proliferatibig.160), including
functions such as mitotic cell cycle (GO:0000278, enrichment: 4.952), cell division (GO:
0051301, enrichment: 4.011) and reggration (GO: 0031099, enrichment: 3.904).
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Fig5.16. Timeseries and enrichment analysis in the whdlert”- brain, throughoutthe zebrafish
life-course(A) Profiles with DE genes in the ageted”’-brain, obtained after timeseries analysis
using STEM software, as describedéction 26. Values were normalised for the 2 months tir
point. Each colour represents a cluster of geBsC)Enrichment analysis ¢B)up- and (C)down-

regulated genes ithe natural aged brainEnrichment analysis was performed using the Gorilla
Metascape software, and the graphs were generated by last software, as descrigection 26.

In the graphs, terms are ordered by log1l0(P). Orange arrows are highlighénigms and/or
pathways associated with immune response, proliferation, DNA repair and mitochondrial fun
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To further confirm the previous analysis, | used an alternative method to identify
differentially expressed genes commonhoth genotypes, WT anrt’-. These would likely
represent TER¥Tependent mechanismsThisanalysiswas performed after identifying the

common genes being yand down regulated in both genotypes, after tirageries analysis.

The results showed that there were 151 genes beipgegulated and 191 genes being
down-regulated in both gengipes ovettime (Fig5.17A). Enrichment analysis of these genes
revealed similar results as the previous ones. Whilst most of theegplated genes were
associated with immune responsd-i§ 5.17B), most of the dowrregulated genes are

associated with cell cycle and DNA repkig5.170).
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Fig5.17. Venndiagram showing DE genes in the whole brain of WT ded”- zebrafish, and
enrichmert analysis ofDE genes with ageing, common to both WT aed’-genotypes. (AVenn
diagram showing the upand down regulated genes in both WT andrt’- ageing brain(B-C)
Enrichment analysis ofB) up- and (C) down-regulated genes oveime, commonto both
genotypes. Venn diagram and enrichment analysis were performed as describection 26.
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