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Abstract

The P2¥ receptor is an important amplifier of thrombosi®2Yz is activated by
ADPinducingrelease2 ¥ h | YR RSy a$S 3INIyeriulSssontdinNE ¥ ( K
a myriad ofproteins includingpro-inflammatory mediators involved in vascular
inflammation P2Y, antagonistsare usedin the treatment and pevention of

arterial thrombosisand also reduce levslof inflammatory mediatos, indicating

that P2Y2 may play a role in ffammation.h 3 NJ y dzf S & anfinficéolial NSt St

peptidessuggestinghat P2Y2 mayalsobe involvedn resistance to infection.

Zebrafishembryosrepresentan excellentmodel to studythrombosis, inflammation
and infectionin viva Transgenidines enable visual&tion of leukocytemigration,
whilst inoculation with pathogensenables modelling of resistance to infection
Temporary gene knockdown is achieved by injection of morpholino
oligonucleotides and ecent advanceshave enabled targeted mutation of specific

gene loci.

This thesis describemy investigations into the role ofP2¥Y2 in thrombosis,
inflammation and infectionin these zebrafish modek. | found that p2yl12
knockdown significantly reduced thrombus area in response tgetdasjury.l also
investigatedthe effect of knockdowrof several platelet microRNAs on thrombosis.
| found that knockdown of mir23 significantly increased thrombus area after
vessel injury, a novel finding whialdicatesa previously unsuspectetble of miR
223 in thrombus formatin. Leukocyte migration to sites of inflammation was
examined in both control ang2y12 morphants however | found no significant
difference suggestingP2Y2 does not play a roé in leukocyte migration in this

model

| investigated esistance toS. aureusnfection and found a statistically significant
reduction in survivabf p2yl12morphants | generated gp2yl2mutant which results

in a frame shift proximal to the Merminus however |observed noeffect on
thrombosis or resistance to infection. This régs further investigationMy data
shows that the function of P2Y2 in thrombosis is conserved in the zebrafish and

that P2Y2may play a role in resistance & aureusnfection.
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Chapter 1. General Introduction

This thesis describean investigation into the role of the P2Xreceptor in

thrombosis, inflammation and infectiomsinga novel zebrafishmodel.

The platelet plays a central role gmimary haemostasit maintain vessel integrity
after injury. Plateletsplay a key role imtherothromboticdiseases. Ati-thrombotic
drugs prevent further thiombotic events after myocardial mfarction (Ml)
((Mackman, 2008for review) and sincemany of thesetarget the P2Y2 receptor, it
isvital to undergand the role of this receptoiin physiological processdgly project
seeksto validate thezebrafishmodel viathe well characterised role dP2Y2 in
thrombosis beforeinvestigaing the indistinct role of the receptor in inflammation
andresponse tanfection. Thezebrafish has been utilised for this investigatamit
possesses many advantgsyover othelin vivomodels.This introductiorwill discuss
some of the relevant literature relatingp the P2Y2 receptor with regards to
platelet function, pharmacology ansignalling pathwaysf the P2Y2 receptor, in

the context of thrombosis, inflammation and infection.

1.1 The patelet

Matelets are aucleate cell fragmersf derived fom the megakryocyte and the
secondmost aundant cell in the circulationPlatelets arevital to maintaining
haemcstasis and circulate for approximately 10 days before being cleared by
macrophagegHarker, 197Y. There are many different receptsrexpressed on the
surface of platelets which are involved in adhesion, activation and aggregation.
Alterations to endothelial surfaces caused by vessel damage or atherosclerotic
plagues induce platelet activationleading to plateletcytoskeletal renodeling to
change shape from the spherical resting state to an activated state with extending

lamellipodia and filopodia.



1.11 Thrombus Formation

Damage toendothelium, such ashat by atherosclerotic plaque rupture, exposes
von Willebrand factor (VWF) arabllagen in the subendothelium of the vesselliwa
Circulating platelets roll and tether to the vessel wall via bigdbhvWF to adhesion
receptors dycoprotein (GP) WXV and then adherenore firmly upon binding of
O2t €t ASy G2 NI OSRliertslien baeomm activgtdrl viddthrombib
and release ofadenosine gphosphate ADB from platelet dense granulesied
blood cells and damaged endothelial celiills et al., 1968 Hollopeter et al.,
2001). ADPactivates two ADP receptoren the surface of the platele?2Y and
P22 activation of both of these receptors is required for a full agateon

responsgDaniel et al., 1998Jin and Kunapuli, 1998

1.2 TheP2¥2receptor
The P2Y2 receptor is aG protein-coupled receptor (GPCRyhich has been

established as a key amplifier of platelet aggregation in responsedsel injury
and platelet activation(Hollopeter et al., 2001l TheP2Y2 receptoris a seventrans
membrane domain receptor coupled to the heterotrimeric gz y2 & Ay S
triphosphate (GTPhinding Gi proteinP2Y2 is activatedby binding ofADPandthe
more potent2-methylthioADP(2-MesADP, it isactivated to a lesser extent LATP
(Schmidt et al., 2013 Binding of hese agonistsictivates the Gi proteincoupled to
the receptor, leadingto inhibition of adenylyl cyclase (AC) activignd
phosphatidylinositol Kinase(PI3K) activation(Geiger et al., 199Kunapuli et al.,
2003. These mechanismamplify andpotentiate platelet aggregationinitiated by
thrombin, thromboxane A (TXA2) and P2Y activation (Garcia et al., 201Qin et al.,
2002 Li et al., 2008

1.2.1 P2Y2 adivation

Platelet activation induceselease of ADP fronplatelet dense granuleswhich
activates P2Y2 and, in a positive feedback mechanisrmduces futher dense
granule releasethus amplifying theplatelet aggregation respons@2¥Y2 amplifies
many pocesses involved witlactivation and aggregatiorof platelets, including

releaseof dense granules andl granules activation ofthe fibrinogen receptor

p Q



GPIlb/lllaf L L @ndgeneration of XA (Kauffenstein et al., 2001P2¥Y2sustains
activation ofGPIIb/lllato amplify and sustain platelet aggregati@auffenstein et
al., 2001 Kamae et al., 2006 GPIIb/lllabinds fibrinogen to enable crodmking of
fibrinogen between plateletsthus forming a stable thrombusin addition, P2¥%
activation amplies platelet procoagulant activity with increased thrombin
generation that not only activates platelets but also leads to formation of fibrin
which forms a mesh to further stabilise thromb(i3orsam et al., 2004 P2Y2 is
particularly important in enhancing tbmbus formation at high sheasuch as in

arterial thrombosigNergizUnal et al., 2010
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Figurel.1 A schematic of the activated platelet

Theplatelet is activatedby a variety of agonistsuch as fibrinogen, collagen, XAHT,
thrombin and ADP. Th&2Yi2 receptor activation by released ADP inducespasitive
feedback mechanisrto amplify platelet aggregation vialense granule release, GP llb/llla
activation and thrombin generationSchematic dapted with permissionfrom (Storey,

2006).



1.2.2Intracellular signalling

P2Y2 signaling activates the intracellular coupled G protein inducing
conformational changehat uncouples subunits of the Gi proteifthe P2Y2 linked

DA LINRGSAY KI and subdnidzowdty And EoFmiry & complexThe

h A adzodzyAG Aa Ay@2ft gwiRh unger noria coAdifidad 6 A G A 2
synthesises cCAMP from ATFherefore the inhibition of A@&duces levels ofAMP,

leading to a reduction in phosphorylation of the vasodiladtimulated
phosphoprotein (VASPpy protein knase A (PKA)which sustairs platelet
aggregationGeiger et al., 1999

¢KS i I yR ddzodzyAla BARINKRZ2ODALAST 2 RANR Y
subunit upon activatiorof the receptor.This dimeractivates PI3K which results in

activaton of both Akt and the smalGTPase Raplffigure 1.2) (Li et al., 2003

Woulfe et al., 200 These interactions are involved in granule secretion and
activation of @IIb/lllawhich ampifies the platelet aggregation respongEontana

et al., 2003 Quinton et al., 200y} P2Y2 signdling potentiates generation of the

secondary mediatorTXA2 from arachidonic eid, to promote activation and
recruitment of platelets to the site of aggregatiowia interaction with the

thromboxaneprostanoid (TPreceptor.
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Figurel.2 Intracellular pathways of theP2¥i2 receptor.

Intracellular pathways involved in amplification of platelet aggregation followingi2P2Y
NEOSLIi2NI I QGAGI A2y d | yO2dzZLX Ay3d 2F GKS DA f
induces two distinct pathways; the inhibition of adenylyl cyclase leading to a reduction of
phosphorylated vasodilatestimulated phosphoprotein resulting in plateleggregation.

Also the activation of PI3K, leading to granule secretion and GP IIb/lla acitivation, resulting

in platelet aggregation. Figure adapted, with permission, f(@mgiolillo et al., 2008



1.2.3Ligand interactions

ADP bindsto P2Y2 at the binding pocket in the extracellular portion of the
receptor, betweertransmembrane (TM) regions 8,6 and7 (Schmidt et al., 2013
Theextracellular loop (EL) 2 is believeda®important in recognition of the ligand.
In the humanP2¥2 receptor, Y'%° E® R Y %° and K®° are proposed as
important residus involved in ligand interaction, with®® particularly important
for ligand binding pocket functiofHoffmann et al., 2008Schmidt et al., 2013
Ignatovica et al., 20)2These residues are highlighted by red circleBigure 1.3
The DRY motif in the second intracellular loop is highly coadeirv GPCRs and is
important for intracellulartrafficking, G protein interaction anldcalisation of P2¥
(highlighted by a red box iRigure 1.3(Patel et al.2014, Nygaard et al., 2009



Figurel.3 Predicted structure of the humaiP2¥2 receptor.

A predicted structure for the human P2Yreceptor with the following key residues
highlighted with red circlesy'®®, E®® R®° Y**° and K*°and thered box highlights the DRY
motif. Disulphide bonds are shown pinkbetween Cy¥ and Cy&°and Cy¥ and Cy5”.
Figure adapted fronjvon Kuigelgen, 20Q6vith permission.



1.2.3P2Yi2 expression

P2Y2is predominantly expressed on platelets, however it is algs@nt in vascular
smooth musclecells (VSMC)microgliaand macrophagegHollopeter et al., 2001
Haynes et al., 200&Vihlborg et al., 2004Sasaki et al., 200&ronlage et al., 2010
There issome contention as to whethd?2Y2is expressed on leukocytegher than

macrophageg¢Diehl et al., 201D

1.3 Plateletdegranulation

Activated platelets release over 300 different proteirontained within three
RATFSNBY G 2 NBIdERE dgrabudle¥ and lysasesd (Yoppinged & al.,
2004). Platelet degranulaan is vital for a full thromboticesponse particularly in

response to low agonistoncentrationgLi et al., 201p Degranulation occurs when
there is fusion between the secretory vdsi@and the plasma membranegleasing

granular contentsActivation ofP2¥2 by ADP contribues to the degranulation of
dense granulesh granules and lysosomesfrom the platelet by amplifying

intracellular responses initiated through activation of various receptush as

thrombin, TXAand P2Y (Hechler et al., 199&8uinton et al., 200%

1.31h  3IANJI ydzZ Sa

h INI ydzE S& O2yadAaddziS GKS F2NBY2aof aSONS
different proteins released from the platelet.They containfactors involved in
thrombosis inflammation and immunity, including fibrinogewWF,platelet factor

4 and P-selectin (CD 62P)(Coppinger et al., 2004 " granules contain a
heterogeneouspopulation of proteins ranging from coagulation factors and-pro
inflammatory mediators toantimicrobial peptides.Thesedistinct populationsof
different factors often have contrary effects. It is suggested thato-angiaenic
factors such as vasculan@othelial growth factor (VEGF) are contained within a
separate population oft granules to antangiogenic factors such as Endostatin,
with differential releasedepending onactivation of receptors PARor PAR4
respectively(ltaliano et al., 2008Sehgal and Storrj&007). VWWF and fibrinogen are
also segregated into distinct populations 6f 3 N& ywvHitst Fselectin is

distributed throughout both populationd' granule sibsets aregproposed to consist



of spherical(comprising the majorityjand tubular(not present in every platelet)

containing different factors which can be differentialleleased(van Nispen tot
Pannerden et al., 20)0For exampled LIK SNA OF £ O2 y (@NA W d&DS@& |y
thromboglobulin which are not present inli dzo dzf I NJ hvanNipey ttzf S &
Pannerden et al., 2030 It is however unclear as to the wleanism of differential
release;whether this is due to activatioof different receptorsor due to different

packaging oproteinssuch as VWF and fibrinogénA G KAy (i K(Sehdal amINJ y dzf ¢
Storrie, 2007. Activation of P2Y2 regulatesthe small G protein Raplb, which is
particularly important indegranulation ofh 3 NJ (Youz &b al., 2002 This is
demonstrated byP2Y2 receptor antagonism reducing release ef@lectin fromh

granules anddecreasingthe subsequent expression on the platelet surface
(Quinton et al., 2004

1.3.2 Dense granules

Dense granules contaicalcium ions and smatholeculesthat contribute to the
further activation of plateletsancluding ADP, ATP an8HT (Tranzer et al., 1966
Mills et al., 1968 Dense granule release is induced by several agosistk as
collagen, TXA and thrombin Upon degranulationreleased ADP forms a positive
feedback mechanism to amplify the aggregation response through further
activation of the P2 receptor and to a lesser extentP2Y (Hechler and Gachet,
2011).
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Tableldm ! &St SOGA2Yy 2F LISLIWIARSE NBfSIFaSR TNRY

A variety of peptides are released¥o " INJ ydzf S& dzLJl2y RSIANI ydzf I G A
are shown in the table belovglong with referencesThese peptides are involved in many

different processes irluding coagulation, angiogenesis, adhesion, chemotaxis and
microbial defence.

Peptides released Reference
Coagulation Fibrinogen (Gerrard et al., 1980
factors Factor V (Vicic et al., 1980

Thrombospondin (George, 1978
Pro-angiogenic VEGF (Wartiovaara et al., 1998
Anti- angiogenic | Endostatin (Ma et al., 200}
Pro- Inflammatory | PDGF (Witte et al., 1978

P-Selectin (Stenberg et al., 1985

CDA40 ligand (CIb4) (Kamykowski et al., 20)1
Adhesive ligands | vVWF (Cramer et al., 1985
Platelet Platelet Basic Protein (PBP) (Holt et al., 198%
microbicidal PF4 (Senior et al., 1983
proteins RANTEECCLS5) (Klinger et al., 1995

IL-8 (CXCLB8) (Schaufelberger et al., 1994

CTAP 3 (Castor et al., 1983
Chemokines Neutrophil Activating Protein ] (Piccardoni et al., 1996

(CXCL7)

RANTES (CCL5) (Klinger et al., 1995

J -Thromboglobulin (Gerrard et al., 1980

Growth  Regulating  Oncogethe

(GRGM (EXCL1) (Oquendo et al., 198p

PF4 (CXCL4)

Monocyte Inflammatory  Proteir

(MIPm "0 (Klinger et al., 1995

Monocyte Chemotactic Prein-3

(MCR3) (Power et al., 1996
Cytokine TGR (Aswian and Sporn, 1986
Proteolysis Vitronectin (Seiffert and Schleef, 1996

11



1.4 Platelet andleukocyteinteraction

P-selectin (CD 62P) is an adhesion receptor which is translocated to the surface of
FOGAGIGSR LI I GSt Sia TatibB. PselectirddNalkey defe&sdte dzLJ2 v
FNRY h 3INIydz Sa FyR Aa (BtenbélgNiab NIRRT LI I
selectin once expressed on the surface of activated platelets binds to its ligand P
selectin glyoprotein ligandl (PSGIL) which is present on monocytes, neutrophils

and endothelial cells, as shown kigure 1.3. Pselectin enables platelets to roll on

and adhere to activated endothelium and form plateletkocyte conjugates.

Platelets are able toibd to monocytes, neutrophils and lymphocytes, leading to
leukocyte activation and subsequent cytokine production, phagocytosis and release

of neutrophil lysosomal enzymdgon Hundelshausen and Weber, 20&torey et

al., 2003. This interaction between the platelet and the monocyte also induces
production of tissue factor (TF) which further activatthe coagulation cascade

(Celi et al., 1994 indmark et al., 2000

CDA40 ligand (CD154) is an immunomating ligandthat A & G NJ yaf 2Ol 4 SR
granules to the platelet surface ahown inFigure 14. CD40 ligandinds to the

CD40 receptor expressed on monocytes, macrophages and endothelial cells. This
interaction induces the expression of TF on the monocytes surface atatheziial

cells to release chemokines to recruit leukocyfiesdmark et al., 20QHenn et al.,

1998 Mach et al., 199) Leukocytessuch asneutrophilsand monocytesadhere

via these receptors to activated platelets in thrombi, and can contribute to
thrombin generation for further fibrin depositio(Palabrica et al., 199XKirchhofer

et al., 1997.
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Fgure 1.4 Schematic of platedt leukocyte interactions

The activated platelet interacts with monocytes ¥aelectin and CD154 expressed on the
OSftta adaNFI OSd® ¢KSaS LISLIWARSa FNBE NBfSIFasSR
surface where they interact with the ligand and receptor respectively. The monocyte binds

to P-selectin via its ligand PSGland CD154 via its receptor CD40. This interaction induces
tissue factor expression on the surface of the monocyte. The platelet also interacts with
neutrophils via binding of-Belectin to its ligand PS@GL
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1.5 P2Y: antagonists

There areseveral diffeent classes dP2Y2 antagonistswith variable mechanisms of
action. The irreversibly binding thienopyridine class requires conversion to active
metabolites for effect, which extends the time to onset of action. As
thienopyridines irreversibly antagonigbe receptor, they also have an increased
time to offset of action, as this dependent on the lifespan of thplatelet which in
humans is 710 days(Harker, 197Y. Reversiblybinding antagonists have a shorter
offset of action whichcan be beneficial in the presurgical situation The new
generation of cyclopentytriazolopyrimidines (CPTP) antagonistsind non-
competitively and require no conversion to active metaboliténerefore have a

quicker onset of action.

1.5.1 Clopidogrel

The thienopyridineclopidogrel is an irreversiblyinding P2Y2 antagonist which
requires hepatic conversion to its active thiohetabolite via the hepatic
cytochrome P450 (CYP) enzymes, particulaiGYBA4 and CYPC19 isoenzynse
(Savi et al., 1994Clarke and Waskell, 2003Hulot et al.,, 2006 The active
metabolite interacts with extracellular cysteine residues on the receptor to farm
disulphide bridge with the extracellular target residagsteine 97to irreversibly
interfere with ADP bindingDing et al., 2003Savi et al., 2006 FunctionalP2Y2
oligomers are associatedith cell membrane lipid raftswhen activemetabolite
binds P2Y2, it dissociates thesanto dimers and monomers which become
partitioned out of the lipid raft and thus disrupts ligand bindi®8avi et al., 2006
Clopidogrel has been shown teduce a variableresponse between patientgpartly
due to genetic polymorphisms in the hajic cytochrome enzymes, whigmpact
upon conversion of the prdrug to the acive metabolite It has been showthat
up to 30% ofCaucasian$avea lossof-function polymorphismin the CYP2C19 gene

which reduces the pharmacodynamic effect of clopidog@@Connor et al., 2001

14



1.5.2 Prasugrel

Prasugrel is #hienopyridineirreversiblyacting prodrug which is rapidly converted
to its active metabolite via cytochrome isoenzymemrticularly CYP3A4/5 and
CYP2B6 as well as CYP2C9 and CYR2CGil9anmer which is unaffected by
polymorphicmutations in CYP2C9 or CYP2(@randt et al., 200) It has a similar
mechanism of actionto clopidogrel in which the ante metabolite forms a
disulphide bond with the receptopreventing agonist bindinfAlgaier et al., 2008
Prasugreinducesgreater and more consistent inhibition &2Y2 than clopidogrel,
but incursincreased risk of bleedg which when combined witha slow offset time

highlighing the disadvantages tienopyridinegWiviott et al., 2007 .

1.5.3 Cangrelor

Cangrelor is an ATP analogubich is directly acting and rapidly reversible. It binds
to P2Y2 competitivdy with a short halflife of approximately5 minutes requiring
intravenous administratior{Storey et al., 2001 Asa result,cangrelorhasa quick

onset and offsemodeof action

1.5.4 Ticagrelor

Ticagrelor is £PTP r@tagonistwhich reversiblyand nonrcompetitivelybinds P22
at a site distinct from the ADP binding sit€his allosteric binding prevents
conformational change of the receptor to activate the Gi protein, therefore
preventing signal transduction caused Imwnding of ADP(van Giezen, 2008
Ticagrelor has rapid onset and offset with levels of inhibition diresilyelating to
the plasmaconcentration of drugGurbel et al., 2000 Ticagreloinducesa greater
and more consistent inhibition than thienopyridinésgan Giezen et al., 200Side
effects of ticagrelor include dyspnoeend increased incidence of bradylaythmia
both of which areproposed to be due t@revention ofadenosinereuptakeinto red
blood cellsleadng to an excess oéxtracellularadenosine(Gurbel et al., 2009
Cannon et al., 20Q%cirica et al., 20)1Thisarearequires further investigation in
order to determine the effects of ticagrelor on systems other than P2Y2

receptor.
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1.6 P2X2antagonismin thrombosis

Remijn et al. (2002) compardaood from a patient deficient ifP2Y2 to blood
samples from healthy volunteers either without treatment or after treatment with
cangrelor. BothP2Y2 deficient and cangrelor treated samples showed reduced
platelet adhesion to fibrinogen and the formaticof smaller thrombi on collagen
under conditions of flon{Remijn et al., 2002 The P2Y2 receptor hasalso been
studied inseveralanimal models, establishindjffering techniques toelucidate the
P2Y2 receptorginvolvement in thrombosidollowing vessel injurywan Gestel et al.
(2003)injured the mesenteric arterioles of rabbitsy vessel wall puncturavhich
were exposed to P2Y2 antagonists clopidogrel ah cangrelo (formerly AR
C6993MX) to study ther effect on thrombosis. This investigation found that
antagonism ofP2Y2 reduces the size of thrombusy decreasing platelet adhesion
to fibrinogen without effecting thrombus stabilitfvan Gestel et al., 2003The
most commonranimal model foistudyingP2¥2 is the P2Y2knockout mouseR2Y2 -

/-) whichhasbeenutilised to investigatehrombotic response tovesselinjury such
as induced byerric chloride(FeCd), femoral wie and laser irradiation technique
(Foster et al., 2001(Andre et al, 2003 Evans et al., 20Q®atil et al., 2010 P2Y2 -

/- mice have an increased bleeditime in response tcamputation of the tail tip,
with a reduced sensitivity to thrombin and collag€Roster et al., 20011n contrast
to the Van Gestel investigation, Andre et al (2003) usedRB&>2 -/- mouseafter
FeCdinjury to study stabilisation ofhrombi and found thatP2Y2 -/- mice appeared

to showincreasel embolization of thrombi when compared to wildtype, indicating
that thrombi forming in theP2¥Y2 -/- mice were more unstable than those in
wildtypes (Andre et al., 2008 However P2Y2 -/+ mice do not appear to have
altered thrombosis responseompared to wildtypgAndre et al., 2008 Treatment
with ticagrelor mirrorghe responsean the P2¥Y2-/- mouse withreducedthrombus
formation after lasefinduced vessel injurpf arterioles in the cremaster muscle
(Patil et al., 201 Platelets are believed tde an important ©ntributor to
restenosis after percutaneous coronamytarvention (PCJ)leading to the role of
P2Y2 to be investigated in neointima formation after vessel injBati et al.,

2010. Our group found thatP2Y2> knockout or antagonism ofP2Y2 reduces
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neointima formation after vessel injury when compared to wildtype mice,
indicating that the early thrombosis response after vessel injury is a vital stage in

the developnent of neointima(Evans et al., 2009

There are several techniques utilising different mechanisms of vessel injury to
induce thrombosis. Fe£induces oxidativedamageto the vessel when applied
externally to the artery and thus diffuses through the waltlimage the vesseind
exposeits basement membrane tdlowing blood (Kurz et al., 1990Eckly et al.,
2011). This mechanism for vessel damage is sufficient to induce thrombosis
however there is little exposure of the internal elastic lamina, media or adventitia,
which may affect the interactions for example of collagen with GiEekly etal.,
2011). Femoral wire injury involves damaging the vessel wall via a guide wire
passed whin the femoral artery resulting ina denudation of the wall and
subsequent thrombosiéRoque et al., 2000 Wire injury is reported to be a weaker
stimulus for thrombosis when compared to Fef@jury (Evans et al., 20Q9Laser
irradiation of the vessel wall, such as in the mouse @yces heat damage which
enables a nofinvasive mechanism for damage of the vessel endothelium
sufficiently to generate thrombosiRosen et al., 2001 This technique has also
been utilised to monitor thrombus formation in the cremaster muscle of the
mouse, which requires invasive surgery ¢pen the cremaster, allowing the
developing thrombugo be visualisedn vivo(Patil et al., 2010 We have selected
this laser irradiatiortechnique for initiation of thrombosig the zebrafish model,
which enablesn vivovisualisationof thrombus developmentas above, in addition

to a range ofluorescently labelled transgenic linaad anincreased throughputin

comparison to the mouse

1.7 P2¥Y2>mutations and the effect onthrombosis

Severalmutations inhuman P2RY1have been documented, with effects ranging
from impaired ADP binding, reduced R2activation after ADP binding or reduced
cell surface expression. Cattaneo et al. (20@f8erved acompound heterozygote
for two different allelic mutationsR256Q and ZF&5W, which resultedn a bleeding
phenotype withreduced P2¥ activation and G signallingbut without impaired
ADP bindingr cell surface expressidattaneo et al., 2003Fontana et al. (2009)
17



showed haploinsufficiency d?2RY12n an individual heterozygous for 378delC
mutation, resulting in a frame shift and truncation &2RY12lownstream of the
third transmembrane domain(Fontana et al., 20Q9Conley 2001 This patient
showeda mild plateletdysfunction intuding abnormal platelet aggregatipalight
deficiency in P]2MeSADP bindingsites and a secretion defecfCattaneo et al.,
2000. Daly et al (2009)investigated a patient withmpaired ligand binding after a
substitution mutation of K174E iR2RY12a mutation which affects the second
extracellular loop of P2Y (Daly et al., 2000 In addition to this mutation this
patient also hadnild type 1von Willibranddisease and & WFdefect, resulting in a
bleeding tendency(Daly et al., 2009 Patel et. ¢ (2014) studied apatient
homozygous for R122C substitution within tiéghly conservedDRY motif of
P2RY12whom showed reduced AD#timulated platelet aggregation and a
reduction inP2Y2 cell surface expressiowith a highproportion of P2¥2located
intracellularly (Patel et al., 201 This patent also had a polymorphisim F2 R
resulting in a reduced expression of RARnd reduced aggregation in response to
PARL activating peptide(Patel et al., 2014

In other speciesa naturally occurringleletion of ®rine 173(173Sdel)n P2Y12vas
detectedin the Greater Swiss MountainoD, resultingin excessive pdsoperative
bleeding (Boudreaux and Martin, 20}1Considerable work has been undaken

on the P2Y2 -/- mouse(Foster et al.2001), however theP2Y2-/+ mousedoes not
appear to have altered thrombosis response, therefore there does not appear to be
the samehaploinsufficiency of mous2Y12Zompared to humarP2RY12Andre et

al., 2003.

1.8 P2Y2antagonism in inflammation
P2Y2 activation plays a role itnflammation through the amplification of I VR
dense granule release  IANI ydzf Sa O2y (| [able L1), Soeddf I R
whichare required for inflammation, such as the chemoattraction of leukocyias
chemokines andpro-inflammatory mediators(Steinhubl et al., 2007 P2Y2 is
proposed to work in conjunction witRP2¥ and A adenosinereceptors to amplify
chemotactic response of macrophag@&onlage et al., 20)0P2Y2 may play an
important role in inflammation Treatment of acute coronary syndromdACS)
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patientswith P2Y2 antagonists reduces inflammatory markers such &&lBctin, C
reacive protein (CRP) and CDA40L therefore reducing platelefleukocyte
aggregation(Steinhubl et al., 2007 As P2Y2 is important in the release2 ¥ h
granules fom the activated platelet, antagonism of this receptor reduces granule
release P-selectin and CD40L ab®th proposed to be important in development of
atherosclerotic plaquesRecent work by our group has shown thiats vessel wall
P2Y2 rather than patelet P2Y2 which plays a role irearly development of
atheroma(West et al., 2014

As previously discussed, ticagrelor is aiPaNtagonist which also blocks reuptake
of adenosine. There are dell suface adenosine receptors; 1A Aea, Ao and A.
These receptors are present on a varietydifferent cell types includingmooth
muscle,endothelial cells macrophages, and platelets. Adenosiseroduced by
the breakdown of ATP, and igroposed to haveboth anti and pro inflammatory
effects depending on which adenosine receptor is activagadivation ofArand A
receptors which areboth linked tothe Giprotein,increaseseutrophil chemotaxis,
adhesion to endothelium and phagocytogiSronstein et al. 1992 (Chen et al.,
2006. Kronlage et al. (20)0propose that Asignaling complements purinergic
receptor signalling from P2Yand P2¥2 to amplify chemotatic signalling of
macrophagegKronlage et al., 20)0A2ais linked to the Ggrotein, and Asis linked
to both the Gsand Ggproteins; activation of thesereceptorsinhibits neutrophil
and macrophage degranulatiorfNakav et al., 2008(Fredholm, 200). Therefore
there is a differential effect of adenosinen inflammatory processeslependent
upon which receptors are activated. This emphasises that rifle of excess
adenosine in inflammation during ticagrelor treatment requires further

investigation.

1.9P2¥:zin infection
Platelets play a role in host defence against bactexiaal, protozan and fungal
infections. Circulating platelets are the first cells to respond to chemotactic signals
and accumulate at sites of vascular injury and infec{dd@aman and Bayer, 1909
Activated platelets are capable ofternalising pathogens suchas bacteria or
viruses, into the open canalicular system (OC®Youssefian et al., 2002

19



5SANI ydzZ I GA2Yy 2siardyantiniciohtipfoiais cheBidkiSds and

cytokines involved in lihg pathogensand recruiting leukocytes to sites of infection

(Table 11). P2Y2is an important activator ok y G NI OSf € dzf I NJ LI § Kgl &
granuledegranulation and therefore may play a role in tpkatelet response to

infection.

1.9.1 Antimicrobial peptides

Antimicrobial peptidescan directly interact with pathogens via surface receptors
enabling the internalisation of pathogenBlany antimicrobial peptides have been
identified, some of which act as chemokines, cytokines or dire¢otlgestroy the
pathogen such aghrombocydins or kinocidinstermed platelet microbicidal
proteins (PMPs) oplatelet knocidins (PK Examples of antimicrobial peptides
contained within plateletsare demonstrated inTable 11, for examplePF4 is a
kinocidin(Yeaman et al., 20Q07Tang et al., 2002These peptides are specialised to
function in the acidic pH associated wittfflammatory conditionghus contributing

to host defence against invading pathogeffang et al., 2002 Platelets express
chemokine receptors, such as CXCB@R1CCR3 and CCR4, aaé capable of

autocrine and paracrine signallifBoehlen and Clemetson, 2001

1.9.2 P2Yi2 antagonism and infection

A previous study has suggestidit antagaism of theP2Y2 receptor may increase
risk of post-operative infection after coronary artery bypassafy (CABG) surgery,
although it is unclear whetheP2Y2 antagonism itself or dual therapy with both
aspirin and clopidogrel increased ri@dasceColmenares et al., 2009 It would be
interesting to investigate the effect of dual therapy with other combinations of
P2Y2 antagonistsor a non P2Y2 antagonist, since this effect may be due to a
decrease in artimicrobial peptide release or instances of reoperat{perhaps due
to bleeding complications)associated with arniplatelet treatment (Blasce
Colmenares et al., 2009In the PLATO stugypatients treated with ticagrelor
showed a reduced rate of mortgtiand infection compared to those treated with
clopidogrel (Varenhorst et al., 201,2Storey et al., 2013 Post hoc analysis has
suggested that partly this may be due to differential effeaf the drugs on
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susceptibility to pulmonary infection and its complicatiof®&orey et al., 2013
These resw$ have caused some controverag to the reliability of thetrial, for
exampleSerebrauny (2011) criticised tiperceived higldeath rates documented in
PLATOsuggesting thesavere higher than previous ACS trialsd the inclusion of
an alive patient initially reported as deaBerebruany, 2011 However this
suggestiorwas rebuted byboth Ohman and Roe (2011) and Wallentin et al. (2011)
who defended the results of the triatating that all the data was correctly
interpreted (Ohman and Roe, 20){Wallentin et al., 201)L Although unconfirmed,
there are several plausibleeasons fora differential effect ofP2Y2 antagonistson
susceptibility to infection These drugshave different mechanisms of actiowjth
ticagrelor bindingP2v12 at a distinct site away from the ADP binding pocket and also
preventing adenosinere-uptake. Therefore it is possible that it is this excess of
adenosine which is contributing to the potentiatgpective effects of ticagrelor

compared to clopidogrel.

Saphylococcus aureusnfection is known to indue the release of PMP and
kinocidins from the platele{Trier et al., 2008 Treatment of rabbit platelets with

P2X antagonistand @angrelorinhibited staphylocidal response via a reduction in

levels of platelet microbidal proteins and kinocidin@rier et al., 2008 Therefore,

P2X and P2Y2 postive feedback systemare proposed tamediate the release of
microbicidal proteins and kinocidinglrier et al., 2008 This emphasises the
important role P2¥2 plays in pepRS NBf S| &S F RPYYreckptord NI y dz
involvement in defence against malarial parasites beennvestigated ad it was

found thatthe P21 receptor, rather thanP2Y2, mediatesdefence against thig/pe

of infection (McMorran et al., 2009

Thisrepresents an area whiatequires further investigatioto ascertain the role of
P2Y2 OGAGF GA2Y |YyR h 3ANIydzZ S NBftSIFAS Ay R
and fungal infectiong?2Y?2 antagonists are widelysed clinicallghereforeit is vital

to fully elucidate the effects d?2¥2 antagonism on resistance to infection.
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1.10 The use of ebrafish to model thrombosis, inflammation and

infection response
1.10.1 Zebrafish background

The zebrafishDanio rerio)is a small tropical freshwater fish originating in India,
Bhutan and Pakistan, w¢h grows up to 4cm in lengtithe zebrdish possesses
mary advantagesincluding low maintenance costs amdshort generation time
with high fecundity:each female produceapproximately 206800 embryos per
week from 3 months of ageenablinghighthroughput investigationsequiring large
animd numbers, such as mutagenesis scredrige zebrafish has a fully functioning
circulation by approximately®hours post fertilisation (hpf howeverthe embryo

is able to obtain enough oxygen via diffusion in the first few days of development
so that ciralation is not requiredRombough, 2002 This enables the investigation

of some embryonically lethaimalformations or interventionswhich wauld be
impossiblein other models.Zebrafish embryos areptically transparent enabling
easy visualisation afardiac function and blood circulatipwialow poweredlight
microscopy Thisrepresents a cons&table advantage for use of the zebrafiss
although visualisation of circulation is possible in theuse modelthe zebrafish
model enables use @& variety of fluorescently labelled transgenic lines, and ease of
genetic manipulation enable high throughput investigations of inflammatory and

infective responses, which are limited in current mammalian eied

1.10.2 Genetic manipulatiorof zebrafish

The zebrafislyenome has been fully sequencddcilitatingreversegeneticstudies
of gainof-function and losf-function of candidategenes, viaoverexpressioror
knockdown.Gene oveexpressioris possibleviainjection ofsynthesised mRNA into
1-2 cell stage embryo$ene knockdown can kechieved by injecting-2 cell stage
embryos with asyntheticantisensemorpholino oligonucleotide(MO), which binds
complimentarly to the sense strand of themRNAto prevent translation therefore
inducing targeted knockdowifor several days post fertilisatiofdpf). Both these
techniqueshave been widely used tmvestigatethe function of specific genes

Recently newer methods have been developed enablitagygeted stabe mutation
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of genes of interestTwo examples of these are: contextegendent assembly
(CoDA) zinc finger nuclease (ZFN) and transcription actiikéoreffector
nucleotides(TALENS), which induce a targetdeavage of specific gene loci so that
a subsguent mutation occurs viaerroneous nonhomologous end joining
(NHEJMussolino et al., 201,1Sander efal., 201). | will discuss these more fully in

Chapter5, in which | exploit these tgeneratea stablep2yl2mutant zebrafish line.

Transgenesis has allowed generation of many transgenic lines expressing
fluorescent reporter proteins or other constructgsnder the control of gene
promoters to induce cell type specific expressiohhis allowsidentification and
tracking of fluorescently labellectells. Table 2.1 summarises some examples of

transgenic lineselevant tomy research.

Approximately 706 of hunan protein coding genes possess at least one zebrafish
orthologue (Howe et al.,, 2018 This relatively high degree of conservation
determines agreat similarity © mammalsin many different systems such as
cardiovascular, digestive and nervous systerifie zebrafishancestry has
undergonea genome duplication leading to several transcript variants of some

genes(Amores et al., 1998

Zebrafish havencreasinglybeen utilised forsmall moleculescreens due to their
suitability for highthroughput investigations. Drugréatment canbe achieved via
addition of the pharmaceutical agent to the media. Zebrafishn withstand low

concentrations ofdimethylsulfoxide (DMSQ, therefore this is often utilised for
dissolvinghydrophobicdrugs In zebrafisrembryos agents are pmarily taken up
throughthe skin(Rombough, 2002
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1.10.3 Limitations of zebrafish models

There are some disadvantages of the zebrafish as a modete are currently few
antibodies raisedagaing zebrafishproteins restricting theuse of western blotting
for the detection of proteinsunless there is sufficient cressactivity with existing
antibodies, which is rareThe adaptive immune system of the zebrafa#wvelops
approximately 4-6 weeks mst fertilisation andhas been suggestetb be less
evolved than the innate systenfLam et al., 2004 However thisdelay in
development of the adaptive immune systecould represent an advantage for
studying the innate systerm isolation(Sullivan and Kim, 2008The presence of
one or more transcript variants, due to theebrafish gnome duplicationevent,
can complicatehe functional assessmeimf genesafter knockdown(Amores et al.,
1998. The genetic diergence between mammals and zebrafishmits the
investigation of some genes which do not possess a zebrafish ortielbgere are
also obvious anatomical differences between mammalian models and zebrafish

such as an absence of lungs and a lack of hegtason.

The zebrafismeverthelessrepresents a useful model for investigation of many
diseases and signalling pathveaparticulaty whenused inconjunction with other
animal models, to explore physiological processes for which the zebrafists affer

simplified model.

1.10.4 Zebrafishp2y12

p2yl2is expressed on microglia where it is involved in the detection of purinergic
signals required to induce chemotaxis to sitescehtral nervous ystem (CNS)
injury (Haynes et al.,, 2006 p2y12 has been imestigated inthe zebrafish with
regards to its function in microgligells (Sieger et al., 2092 Sieger et al. (2012)
generated g2y12:P2Y12GFRransgenidd @ (1 KS FdzaA2y 2F DCt
p2yl12 Thistransgeniowvas usedo visualise microglial migratiaio sites of injury in

the optic tectumin viva Two differet translationblocking p2y12 morpholinos
were usedP2Y12mo and P2Y12m{&eeTable 2.3. Injection of these morpholinos
blocked microglial response to injuand reduced expression of P2YGER(Sieger

et al., 2012. It is important to notethat this work was published durirtge course
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of my project andthat this study did not investigatethe role of platelet P2Y2 in

thrombosis, inflammation or infection.

1.105 Zebrafish haematopoiesis

Haematopoiesis in the zebrafish occurs in 2 waves; the primitive \sadethe
definitive wave The primitive waveoccurs before24 hpf andoriginates in the
posterior lateral mesoderm (PLMyhich later becomes the intermediate Itenass
(ICM)and isthe site of erthryopoiesisand the anterior lateral mesoderm (ALM),
which later becomes the rostral blood island (RBI) anithessite of myelopoiesis
(Davidson et al., 200Bennett et al., 2001Detrich et al., 1996 A transient wave
of haematopoiesis, generating erythroelgid progenitors (EMR) occurs at
approximately 24 hpf, at the start of circulation, in the posterior blood island (PBI)
(Bertrand et al., 200 The definitive wsae originates in the aortgonad
mesonephros (AGM) region located in the ventral region of the dorsal aetigh
was previously the ICMand whichis where haematopoetic stem @lls (HSCare
produced (Murayama et al.,, 2006 By 36 hpf the PBI becomes the caudal

haematopoietic tissue (CHThe site of definitive erythropoiesis and myelopoiesis

(Jin et al., 2009Galloway et al., 20051 { / Q&4 FNRBY GKS ! ba aSSR

lymphopoeisis and the kidney for further generation of BIRd definitive

haematopoeisisn the larval stagéMurayama et al., 200&issa et al., 2008

1.10.6 Zebrafish hrombocytes

Thrombogtes are the nucleated equivalent of human plateletfound in non
mammalian vertebrates 6% of the blood cell population comprises of
thrombocytes which first appear in circulation at approximately 36pf
(Jagadeeswaran et al., 1999 hrombocytespossessmany key platelet receptors
such as P2Y, GP lllla and GP IhJagadeeswaran et al., 199&regory and
Jagadeeswaran, 20DZ hronbocytes have been shown to be activated by agonists
such as ADRyrachidonic acidristocetin and collagenconsequently they are able
to adhere, secretgphagocytosand form aggregates with filopodi&ke projections
upon activation(Gregory and Jagadeeswaran, 2008urnoij et al., 2010 Zebrafish

thrombocytes are also able tsecrete ATP upon activatioby collagen and
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arachidonic acidlagadeeswaran et al., 1999regoryand Jagadeeswaran (2002)
labelled zebrafishthrombocytes with thethrombocytespecificlipophilic dye O
C18 in whole blood samples, of whicluldvereobtained from an adult fish. D18
only labelled 50% of the tbmbocytes, promptingnvestigationas to why the
entire population of thrombocytes were ndabelled with this methodGregory and
Jagadeeswaran, 20D21t is proposed that Dildistinguishestwo different
populations of thrombocytesrapidly activaéd yaing thrombocytes thatnitiate
thrombosis which are Dil+and less activ®il mature thrombocytegThattaliyath
et al, 2005 Treatment with the PZ2Y receptor antagonist adewsineo Q3 p
bisphosphate (A3P5Pnhibited thrombocyte activation in response to ADP,
establishing the presence of this receptor, however there was no investigation in

P22 presenceon thrombocytes(Gregory and Jagadeeswaran, 2002

Zebrafish posses ortholgues of many key proteins involved in thrombocyte
aggregation including -Belectin CD154 and vWESun et al., 2010(Gong et al.,
2009, Carrillo et al., 2010 Zebrafishhomology to mammaliaf-selectinand CD41
is 39%and 40% respeately (Sun et al., 201,(Lin et al., 200p However,zebrafish
lack the collagen receptor GP{Hughes et al., 20)2 Conservationof these
proteins supports the use okebrafishas amodel for investigation into functions
and processes of the platelet. A transgelime with green fluorescent protein (GFP)
reporter expressedunder the control of the CD41 pnwter (CD41GFPY G K S
subunit of GP llbywas generated twisuali® thrombocytesin vivo(Lin et al., 200b
This transgeniclabels taematopoietic stem ells (HSC) in a G®Plevel of
fluorescence andhrombocytesin a GFE" [evel of fluorescencéLin et al., 2005
The HSC identity of GPPcells hasbeen confirmed byreconstitution of the
haematopoitic lineage from GF® cellstransplanted into irradiated adult fistMa

et al., 201). GFP positive cellmppearat 33-35 hpf between the postrior cardinal
vein and the dorsal aortan an area of mesenchymesimilar to the mammalian
aorta/gonad/mesonephros regio(AGM). Thesethen migrate via theaxialvein to
the thymus andcaudal haematopoietic tissueCHJ) and enter circulation at
approximately 4&pf (Kissa et al., 2008By 5 dpfthe site ofthrombopoiesis moves
from the CHT to the kidneLin et al., 200b
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1.10.7 Using zebrafish to modehrombosis

The most common method for investigation ofthrombosis in zebrafish uses
targeted laser irradiation to injure vessel endotheliusufficient to induce
thrombosis(Gregory et al., 2002 Thiswas developed to enablquantification of
time to occlusion (TTOJf the vessel, time to ttachment (TTA) of the first ceib
the damaged endothelium and time tassolution (TTD) of the thromby&regory
et al, 2002 Jagadeeswaran, 20P5The developing thrombus can benagedin vivo
andh Q/ 2y y 2 ®3I09Siitrodiicéd a method for measurement of thrombus
surface aea (TSA)oy the use of ImageJ dwiare, enabling quantification of
thrombus area(O'Connor et al., 2009 Since development of this methpd has
been utiised to ascertain the effect adintisense MOknockdown of proteins or
receptors involved in ggregation. Knockdown of prothrombin resulted in a
prolonged TTO upon vessel injusiiowing similarities with the prothrombir/ -
mouse (Day et al., 2004 Knockdown of PKh | YR t Y /in atteNdBtéddzf (G SR
thrombus formation, determined by quantification of TSA, recapitulating the
LIKSy20G@LJSa 20 asSsNadwse (Willlamsiek &l., 200y /Table 12

summarises the previously published studshrombosis using the zebrafish.
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Table 12 Summary of thrombosis studies using the zebrafish.

Many genes have been investigated by knockdown and laser induced thromibdbis
zebrafish modelThe effect of gene knockdown on thrombus formation cangbantified
using;time to attachment (TTA), time to occlusion (TTO) and thrombus surface area (TSA).
This table shows the genes investigated, the function of the gene, the location of vessel
injury and the effect of gene knockdown on the thrombosis reggofN.S norsignificant,

@ RSONXBI aS3IMtrmansmgnbhNlgl a S

Gene Function of gene Anatomical | Phenotype of| Reference

location of | gene knockdown

injury
Factor VII Coagulation factor | Caudalvein | ¢ ¢ h (Gregory et al., 2002
Factor VIl @ ¢¢h
Prothrombin| Coagulation factor Il Caudal vein |, ¢ ¢ h (Day et al., 2004
GPIIb Platelet receptor Dorsal aorta | ¢ ¢ ! b ®{ | (O'Connor et al., 2009
FVii Coagulation factor ¢ ¢! b ®{
ANTXR2 Platelet TM protein TTA N.S, TSAN
BAMBI Platelet TM protein mH ¢¢! X @
DCBLD2 Platelet TM protein ¢c¢c! bod{=z
ESAM Platdet TM protein ¢c¢c! bod{=z
LRRC32 Platelet TM protein m ¢¢! X @
t Y/ n Platelet kinase Ventral wallm ¢ ¢! X @ (Wiliams etal., 2011
t Y/ | dorsalaorta | ¢ ¢! b ®{ 3
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1.10.8 Using zebrafish to modehflammation

The zebrafishmmune systems highly conserved andomprisesboth innate and
adaptive immune systemThe adaptive system, as mentioned, develops labet,
does still possess antiggmesenting cells, T and B cefideely et al., 2002 The
innate system consistof neutrophils, macrophages and eosinophils, with

eosinophils appearing atdpf (Lieschke et al., 2001

Neutrophils are the most abundawirculating leukcyte and the first inflammatory
cell to respond to injuryLieschke and Trede, 2009 heytravel to sites of damaged
tissue via chemotaxis then degranulate to release enzymes such as
myeloperoxidase (MPQ and also producereactive oxygen species (ROS)
Neutrophils are also capable of limited phagocytosis of debris or pathogeds
their removal by either apoptosis or retrograde chemotaxis contributes to
inflammation resolution(Mathias et al., 2009Renshaw et al., 2006 Lieschke et al.
(2001) identified the neutrophil specific gemeyeloperoxidas€mpo alsoreferred

to asmpx) coding for thegranulocytic protein myeloperoxidaggieschke et al.,
2001). Expression of this genes first detected at 18 hpf in the posterior
intermediate cell mass (ICIMthesempo positive cells then migrate to thanterior
yolk sac by 2bpf, and reach the circation by approximately 24pf (Lieschke et
al., 2001 Bennett et al., 2001

Tail fin injury by transgtion or needle injury has become established as a model for
tissueinjury sufficient to inducean inflammatory responsdLieschke et al., 2001
Renshaw et al., 2008 athias et al., 2006 Renshaw et al (2006)generated the
MPO:GFP transgenic witexpression of the GFP reporter under the control ué t
mpo promoter, enabling live tracking of neutrophils vivo(Renshaw et al., 2006
Mathias et al (2006) also genetad a zMPO:GFP transgenic and utilised this line to
investigate neutrophil response ¢ needle induced ventratail fin injury and
resolution of inflammationlt was noted that neutrophilsinderwent bidirectional
chemotaxisfrom the vasculature bothtowards the site of injuryand resolved

inflammation upon retrograde migration returning to the vasculatkéathias et
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al., 2006. Both ofthese injurymethods induced a peak in neutrophil numbers at

the site of injury at 6 hours post injufipi) and resolution by 24pi.

The primary function of the macrophage is to phagosg debris, dead cells and
infective pathogensMacrophagesare slower to respond to and migrate towards
sites of tissue damagtan neutrophils.Theyremain at sites of injury longer than
neutrophils, resolving inflammation and enabling tissue regenenaficllett et al.,
2011, Li et al.,, 2012pb Macrophages originate from dorsally riked blood
progenitors inthe rostral blood sland (RBI) and first appear in the yolk sac at
approximately 24 hpf before migrating to the circulatiderbomel et al., 1999
Warga et al.,, 2009 There are two key markers used to identifyacrophages;
colony stimulating factor 1 receptorCSFR1 expressed on macrophages and
xanthophores (skin pigmentation cells) amgphegl(macrophage epressed gene 1)
expressed specifically on macrophag@&sray et al., 2011Ellett et al., 2011
Macrophage can be visalisedin aCSFRGal4;UAS:mChernyt (fms:nfsB.mCherjy
transgenic line whereghe CSFRpromoter (fms) is used to drive Gal4 expression
which in turn activates the UAS promotéo drive expression foa mCherry
nitroreductase fusion proteinthus labelling macrophages with mChefGray et
al., 201). This was crossed to thmpoGFP transgenic to produce a double
transgenic (fmsgal4UNM,mpoGFR enabling tracking of both macrophages and
neutrophils (Gray et al., 2011 Thistransgeanic was utilised in the tail transection
model of inflammation to assess migration of both neutrophils and macrophages to
the site of inflammation.Macrophage numbers at the site déil transection

continue toincrease until 48 hours post injurfGray et al., 2011

1.10.9 Using zebrafish to model the response iiofection

Zebrafishare a useful model for studyintipe response tgpathogenicnfection. Due
to the later development of theadaptive immune system, these studies have
primarily investigatedthe response of the innate immune system. Zebrafish have
been infected withvarious pathogengo investigatethe host responseincluding
Escherichia cqliStreptococcusand Burkholderia cenopacigdNeely et al., 2002

Vergunst et al., 2000 A systemic or localised infection can Ispecified by
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intravascularinjection orintramuscular injectia (Benard et al., 2012 Inoculation

with fluorescently labelled bacteria, such as ERed expressing Salmonella
typhimuriumor GFP expressirfaphylococcuaureus, enabledtracking of infective
pathogens and monitoring phagocytosis by macrophgges der Sar et al., 2003
Prajsnar et al., 20Q&olucciGuyon et al., 2011 Van de Sar et a{2003) utilised
DsReeexpressingSalmonella typhimuriunto enable visualisation of pathogen
phagocytosis by nwophages(van derSar et al., 2003 Although mostbacteria
were lysed, some were able to further divide, eventually killing the macrophage
(van der Sar et al., 20Q3Vergunst et al (2010 utilised both DsRed and GFP
expressindurkholderia cenopaci@cclto visualise the interactionf this pathogen
with both neurophils and macrophages. Thshowed thatBccwas able to survive
phagocytosis by macrophages and replicate to create an intramacrophage niche,
enabling further dissemination of infectiofyergunst et al., 2000 Prajsnar et al.
(2008 inoculatedembryoswith GFP expressing. aureuswhich wastaken up into

both neutrophils and macrophags control fish but remained free irirculation in

fish with depleted myeloid cellgPrajsnar & al., 2008. This highlightsthe
importance of myeloid cell® internalizing pathogenand maintaining the immune

response.

Zebrafish response to bacteriaderived proteins has been studied utilising
chemoattractants such a& coli, Pseudomonas aeginosaand Salmonella enterica
derived lipopolysacchae (LPS)and N-formyl-methionyteucylphenylalanine
(fMLP (Medearis et al., 1968Varasco et al., 198MNovoa et al., 2009raylor, 2010

Ells et al., 2011 Novoa et al(2009) bathed 2 dpf embryos in both coliand P.
aeruginosaderived LPS in order to assess tolerance to LPS after previous exposures.
Varying concentrations of LPS wertlised ranging frond to 150 pg/ml forE. coli
derived and 5 to 100 pug/ml oP. aeruginosaderived LP&nd it was found that
previous exposure to LPS increased tolerance upon a second expgbkwvea et

al., 2009. Taylor (2010pssessed neutrophil migration to sites of tail fin injuryin

to 6 dpf embryosafter bathingthem in E. coliderived LPS at a concentration of 1 to
10 pg/ml. It was found that LPS exposure increased neutrophil numbers at the site

of tail fin injury(Taylor, 2010 Elks et al. (2011) exposeeBadpf embryos to 100 nM
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fMLP after tail fin transection, finding thdahe neutrophil chemoattractantfMLP,
increasedspeed of neutrophil migration anceducedmeandering ofmovement

towards injury(Elks et al., 201, Marasco et al., 1984

The zebrafish immune response to viral infectiohsis been modelled via
intravascular introduction of infectious haematopoietic necrosis irus (IHNV)
(Ludwig et al., 2011 Thiswas shown to disrupt veskmtegrity of the endothelium,

particularlyin veins(Ludwig et al., 2011

Fungal ifiection has been modelled in the zebrafidhy infection with Candida
albicansvia injection into the hindbrain or yolk &0 hpf embryoswhereuponthe
yeast form changes to the hypharm within 34 fourspostinfection (hpi)(Chao et
al., 2010. Brothers et al (2011) found tha&k. albicanswhich was injected into the
hindbrain replicated anddisseminated throughout the embry@verwhelming half
of the populaton of injected fish within 48hpi (Brothers et al., 2011 This
developing infectionwas vsualised via the use of GFP dCherry expressing.
albicans(Brothers et al., 2011

These widies demonstrateahe advantags of the zebrafish formodellinginfection,
particularly when coupled with the use of transgenite8. Tracking and assessing
pathogen andleukocyte behaviourand interactionsare not currently possible in
other animalin vivo models, for examplehte mouse, rat or rabbit, whichave
previously been utilised in the investigation of P2YWherefore theestablishment
of the zebrafish for modelling the response to infectioffiers anopportunity to

investigate the role of P2¥in these processes.

1.11 PlateletMicroRN/A

MicroRNAs (miRNAgr miR$ are short non coding RNAapproximately21-25
nucleotideslong, which posttranscriptionally regulate gene functioMlicroRNAs
OAYR (G2 GKS 0Q! ¢w ¢ dzdndnpregsirdnslaios rabindhl I A 2 Y
at low complementarity or target mRNAfor degradationvia binding with high
complementarity therefore subsequentlysilencinggene expressioiiBartel, 2004.

Platelets contain a large numbef miRNAs involved imany different processes

including platelet activation, granule exocytosisangiogenesisand platelet
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aggregation(Nagalla et al., 2011Urbich et al., 2008 A cluster ofmiRNAshighly
expressed in plateletshave beenidentified via microarray screening to be
implicated inMI; miR21, miR24, miR126,miR223 andmiR197 (Zampetaki et al.,
2012.

MiR-24 regulates apoptosiand angiogenesis and &xpressedn endothelal cells
and cardiomyocytegFiedler et al., 201,1Qian et al., 201)1 MiR-24 has differentl
regulative effects depending on the cellular expression. Endothet@ession of

miR24 is increased ihypoxic conditionssuch as after MIOverexpression of miR

24 induces apoptosis in endothelial cells whereas antagonism reduces apoptosis

(Fiedler et al., 2011 MiR-24 has leen previously investigated irebrafish Fedler
et a. (2011)injected zebrafish embryos with miR precursors to overexpress miR
24, which induced abnormal vasculadevelopment and blood accumulation.
Knackdown of the miR24 targetsPA4 and GATAZ method to mimic miR4
overexpression,resulted in a similar phenotype(Fiedler et al., 2011 In
cardiomyocytesmiR24 regulates the prapopotic protein Bimand expression
decreasesn isctaemic conditions such ake border zone of the left ventriclafter

MI, thus exacerbatingapoptosig(Qian et al, 201J).

MiR-223 is a myeloigpecific miRIA which regulates myeloid differentiatioand
may regulate maturatior{Johnnidis et al., 20Q8azi et al., 2005In the Bruneck

study, miR223 was inversely associated with risk of (dampetaki et al., 2092

TheeisamRNA HO OAYRAY 3 aA G SP2RWIINRINA Sndicatihg | ¢ w

mMiR223 may regulatd2y12protein expressior{fLandry et al., 2009 Recent work
by Leierseder etal (2013)in the miR223 null mouseshowed that there is no
signifcant effect onplatelet activation, aggregation and bleeditigne although
there was a modest reduction in platelet productidheierseder et al., 2033
Howeverusing miRNA predicn databasedhere is currently no prediction of a

miR223 binding site imouseP2Y12www.mirBase.orgtherefore these results are

consistent with a lack of miR3 regulation ofP2Y12in the mouse.There is no
literature regarding miR33 regulation ofp2yl2in the zebrafish, with prediction
software also not currently predicting a binding site for B3 in p2yl2 It is

possible thatP2RY12may be regulated by other miRNAs fmsir more miRNA
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binding siteghat are predictedintheY wb ! o @iR21¢nMR221, let7i and let
7g(Landry et al., 2009

MiR-126 is expressed in endotheli@lls and is associated with Vascular Endothelial
Growth Factor (VEGF) signallirgngiogenesis and vascular integriftvVang et al.,
2008 Fish et al., 2008 MiR126 was positively associated with risk of Mi
(Zampetaki et al., 2092Knockdown of this miRNA the zebrafish affec vascular
integrity inducing haemorrhagingnd also ectopic vessel branching from inter
segmental essels(Fish et al., 2008Nicoli et al., 201 MiR-126 regulatesc-myb
which negatively regulatesmegalaryocytopoiesis therefore promoting the
thrombocyte cell fate. Previous studies showed that knockdown of-12R
reduced numbers of thrombocytes and increased erythrocytes num{g@rabher

et al., 201).

Plakelet miRNAs mi#223 and miRL26 expression isensitive to anti platelet
therapy, with reduced expressionupon treatment with prasugre(Willeit et al.,
2013. Therefore platlet miRNAs have been suggestsl biomarkers for platelet
activation.Further investigation is required to assess the role of platelet miRNAs in

a number of different processes such as aggregatiah\eascular inflammation.
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1.12 Aims

The role of the P2¥ receptor in thrombosis is well pven in various model
systems However little is currently known about the role &2¥Y2 on the innate
immune response and on response to infectialthough clincal data suggests that
P2Y2 antagonism may influence thesk of infectionin humans. In addition, much
remains to be understood about the regulation of platelet responses, particularly

the role of platelet microRNAs.
The aims of my work were therefote;

1 Characterize theole of P2Y2in thrombosisin the zebrafish

1 Assess the effeatf morpholino antisense mediatekinockdown of platelet
mMiRNAs on thrombus formatian vivoin the zebrafish

1 Investigate thaole of P2Y2 on leukocyte migratiomn the zelafish

1 Investigate theaole of P2Yzin the response to infection in the zebrafish

1.13 Hypothesis

| hypothesisel that knockdown of theP2Y2receptor in the zebrafish woulceduce
thrombus formation after vessel injuryl. also hypothesised thaknockdown of
P2Y2 would impairinflammatory responséo injury andresistance to infection, due
to a reduced release of prnflammatory mediators and antimicrobial peptides

from thrombocyteh granules.
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Chapter 2: Materials and methods

2.1 Materials

All plastic ware wasbtained from Starlab, Milton Keynes, UK, except for 90 mm
petri dishes which were obtained from Sterilin, Newport,. W enzymesand
enzyme buffers werajnless otherwise stated, obtained from New England BioLabs,
Ipswich, WBA All reagentsused in the in situ hybridization protocol, unless
otherwise stated, were obtained from Sigmddrich, Gillingham, UKDisilled,
deionized and ultra filtered water (MQ.8)was obtained fromMillipore, MA, USA.
MS222 PharmaQ, Hampshire, UK) was obtained by the sagqusataff and pH
adjusted to pH 7LPSwvas obtained from Alexis Biochemistry, serotype R515, pH 7.
Adenosine was obtained from Sigmddrich (Gillingham, UK) with a molecular
weight of 26724 g/mol. Prasugrel active metabolifmolecular weight 497.54yas
obtained from SiChem, Bremen, Germany. Ticagrdlmolecular weight 522.57)

was obtained from Sequoia Research Chemicals, Pangbourne, Berldghire,

2.2 Zebrafish husbandry

2.2.1 Home office regulations

Zebrafish were maintained according to Home Offiegutations, under the licence
number 40/3434 held by Dr TJA Chico amg personal licencenumber 10235.
Zebrafish weregaisedin the Centre for Developmental Biomedical Genetics (CDBG)
and fedArtemia (ZMBystems Hampshire, UKby the aquaria staff Zebrafsh were

maintained witha light darkcycleof 14:10hours

2.2.2 Embryo collection

Breeding tank were placed in adult fish tanks the night before embryos were
required. Breeding tanks consisterf an opaque plastic tub with a wire mesh
separator containg marbleswhich encourage breedingthe mesh separator
allows embryos to pass into the collection tub and preventfiele from consuming
them. Embryos were collectedith the use of a tea strainghe following morning

and were thenincubated at 28°Qvith 40 embryos per petri dish containing E3
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media (2.8 g5 mM NaCD.48g0.33mM CaGl0.127g0.17 mM KGIl0.817¢0.33 mM
MgSQin distilled HO with 150 pl 0.01% Methylene Blue)Embryoswhich were

not used for investigations were incubated for a maximduration of 5.2 dpf at
which point theywere anaesthetised with MS22PljarmaQ, Hampshire, UKhd
destroyed with bleachPair mating of individual fish was utilised for the generation
of embryos from specific fish, such as for screening of FO mutant<@ssing of
founders. This consisted of an immlual pair mating tank with an insert enabling
embryos to pass through and a separator to keep the male and female separated
Removal of the separator enables the fish to mate and generate embryos at a

required time.

2.2.3 Fin cliping

Adultfish were anaesthetised in 22 MS222 in system water for approximately 45
seconds, the latter 1/8 of the tail was transected with scissors and forceps used to
transfer the fin clip to an individually labelled 0.2 tube. Fish were then deposited
into a correspondingly labelled tank afid clipgDNA extracted with Red Extract, in

order to screen for mutations.

2.2.4 Zebrafish lines used

Table 21 lists the varioustransgenic zebrafish lines used in this thesis. The
CD41.GFP line was kind gift from Dr Martin Gering, University of Nottingham,
Queers Medical Centre, Kl The p2y12::P2Y1ZFP line was a kind gift from Dr
Francesca Peri, EMBL Heidelberg, Germiacre were used for assessment of
thrombosis response abe lack of pigmentation facilitated imaging of the forming
thrombus (Lister et al., 1999. London wild type (LWT) were utilised for the
assessment of res@ice to infection. Forhte generation of mutant lineZMN and
TALEN RNA was injected into the ABWT background.
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Teble 21 Summary of fluorescent transgenic lines.

A list of some frequently used transgenic lineslevant to this thesisnduding the gene
and promoterdriving the fluorescent reporteglongside references.

Transgenic line

Gene and promoter

Reference

CD41GFP GFP driven by thrombocyte recept( (Lin et al., 200p
GPIIb
FIiLGFP GFP driven by endothelial cell mark{ (Lawson and Weinsteir|

2002

fmsgal4;UNM;mpoGFP

mCherry driven byCSFRIPromoter
for macrophages and GFP
neutrophil specifienpopromoter

(Gray et al., 20111

GatalDsRe DsRé driven by erythoid specific| (Traver et al., 2003
transcription factor

mpeglGFP GFP driven by macrophage spec| (Ellett et al., 201}
mpegl

MPQGFP GFP drign by neutrophil specifi¢ (Renshaw et al., 2006
mpo promoter

ZMPOGFP GFP driven by neutrophil specil (Mathias et al., 2006

mpo promoter

p2yl12::P2Y1&FP

G terminusp2yl2fused to GFP

(Sieger et al., 202
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2.3 General zebrafish methods

2.3.1 Morpholino injections

Morpholinos (MO) were custom made by GeneTodlsww.genetools.con) and

diluted to 1 mM with MQ HO. The optimum concatration for each morpholino
wastitrated in order to minimise nosspecific toxicity. M@were diluted to the final
concentration inMQ HO and100% Phenoéd (SigmaAldrich, Gillingham, UKThe
volume d morpholino injected was quantified by injection ontoineral oil ona
graticule prior to embryo injectioriThe morpholino was injectedto the yolk ofl-

2 cell stage embryos usingulled microcapillary needles and a micromanipulator
Table 22 shows thelist of MOs used in this thesiable 23 shows a list of

previously published1Osrelevant to this thesis.
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Table 2.2Morpholinos used in this thesis.

This table lists the orpholinosused in this thesis, includingames, sequencesgjuantities
injected and the mode of actiomf the morpholino The amount of standard control
morpholino was matched corresponding to the amount of active morpholino injected.

Morpholino |{ S1j dzSyo@S p Q Amount Mechanism
injected(ng) | of action
Standard CCTCTTACCTOAACAATTTATA Corresponding| No biological
control amount to| activity
active
morpholino
P2Y, AGCTGAGCTGCGTTGTTTGCTCCAT| 1.2 Translation
blocking
P2¥2mo2 | GGACTTCATTACTTCACCCAGCAGG| 0.3 nl of 0.3| Translation
mM blocking
(Sieger et al.
2012
miR126 TGCATTATTACTCACGGTACGAGTT | 4.22 Targets miR
guide strand
miR223 GGGTATTTGACAAACTGACACCCCT| 3.49 Targets miR
guide strand
miR-24 ACCTGTTCCTGCTGAACTGAGCCAG| 4.22 Targets
mature miR

Table 2.3Previously published morpholinos relevant to the work in this thesis

This table lists the wrpholino names, sequences, quantities injected and the relevant
referencesBoth P2Y> morpholinos listed are ATG blocking, and the +hf® norpholino is

a multi blocker morpholinp enabling the blocking of several different stages of miRNA
maturation.

Morpholino |{ Slj dzZSy@S p Q Amount Reference
injected (ng)
P2Y12mo AGCGCGTTGTTTGCTCUGRAT 0.3mM, (Sieger et
unlisted al., 2012
P2Y12M02 | GGACTTCATTACTTCACCCAGCAGG | Volume
miR126 TGCATTATTACTCACGGTACGAGTTTGA| 4-8 (Fish et
al., 2008
7-20 Nicoli et
al., 2010
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2.3.2 Mounting

For laser injury3 dpf fish were anaesthetised wit4.2% MS222 (Sigr#ddrich,
Gillingham, UKin E3 and immobilised for imag, mounted laterally in 1% low
melting point(LMP)(VWR, Lutterworth, UKjgarose on aquarecoverslip(Menzel
Glaser Braunschweig, GermahyThis wasnverted orto mounting slidewith a
rectangular apertureontaining E3For confocal imagingf inflammatory response
embryos were mounted ora circular cover slip (Menz&laser Braunschweig,
Germany with 1% LMP agarose,which was allowed to set before more agarose
was added. Once the agarose had, $e¢ coverslip was sealed with petroleum jelly
to asmall petri dish with a préathed circular hole in the middle. The embryos were
subsequently immersed in BB order to prevent dehydration of the agaroseor
imaging of microglia3 dpf embryos were mounted in% LMP agarose with the
dorsal aspect of th head closest to the coverslip. These were then inverted on to a
slide with a viewing chamdy and sealed with nail varnish for imaging at x40

magnification.

2.3.3Image capture of microglia

An Olympus LV 1000 with x40 (oil immersion) magnification wéisadtito image

GFP fluorescence in the 3 dpf p2yl2::P2BEP transgenic embryos. Prior to
imaging 24 hpf enbryos had been exposed to 0.0@2henylthiourea (PTU)(Sigma
Aldrich, Gillingham, UKin E3 to prevent melanisatiotg aid visualisation of the
brain. Z slices were taken at 1.5 pum intervals ranging over approximately 40 um and

stacked in ImageJ.

2.3.4 Image capture of thrombocytes

3 dpf embryos of either CD41:GFP or p2yl2::PZ¥HR transgenic background
were mounted laterally in LMP and imagedngsix10 or x20 magnification on a
Perkin Elmer(Cambridge, UKUIltraVIEW Vox spinning disk microscope with
Volocity software. Z slices were taken every 0.5 um over a range of 50 um. These

slices were then stacked in Volocity.
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2.3.5Laser injury

An OlympusX2UCB inverted microscope with a Micropoint (AndBelfast, UKN;
pulsed laser through 44@m coumarin dye was utilisedA mirrored slide was
utilised to assess the position and size of the ablation €tpulses of laser at
medium power with the attenator plate at half waywere directed to the ventral

wall of the dorsal aortat somite 17 ppposite the cloacaat a magnification ok20.

The extent of vessel injury was controlled for by visually assessing the ablation of

endothelium.

2.3.6 Image capure of thrombosis

| captured imagesvith Video Savant softwareia the use of a Basler high speed
camera. Videos we recordedfor 10 minutes after laser injurwith a frame delay
of 90. Thrombus area was monitored every 15 seconds for the first 2 nsintiien

every minute from 2 minutes until 10 minutes post injury (Jable 24).

2.3.7 Thrombosis image analysis

Approximately 6 frames of recordirfgr each time point were exported anshved
as asequencein TIFF formatThese image sequences weten analysed using
ImageJ software, in which the free draw properties of this software were used to
draw around the thrombus and calculate the thrombus area in pixels. Thrombus
area for each timgooint was plotted on a graph in GraphPad PGsand the area

under the curve was utilised as the final result representing total thrombus area.
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Table 24 Sekction of framesfor thrombus developmentanalysis

Thrombus area was analysed after laser injury every 15 seconds for the first 2 minutes,
then every minuteuntil 10 minutes. Images were recorded at approximately 10 frames per
second. For each time point listed below, 6 frames were exported for thrombus area
analysis in ImageJ.

Time  point| Frame selection for
(seconds) export
0 0

15 150156
30 300-306
45 450456
60 601-607
75 751-756
90 901-907
105 1052-1058
120 12021208
180 18031809
240 24042410
300 30063012
360 3607-3613
420 42084214
480 48094815
540 54105416
600 60126018
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2.3.8 Tail fin transection

3 dpf fmsgal4;UNM;mpoGFRmbryos were anaesthetised wh 4.2% MS222
(SigmaAldrich, Gillingham, UKn E3 and placed onstrip of parcel tapeon a petri

dish lid All excess media was removed and a scalpel blade (SMarton) was
utilised to transect the tail fin bya smooth roling motion of of the blade, at the site

of pigmentation distal to the gap in pigmentation seen at the position of the loop in
circulation. This site of transection does not damage the blood vessel in the tail. The
embryos were then immersed in E3 media andow#d to recover for
approximately 30 minutes before being placed individually into wells in a 24 well
plate containing 500 pl of E3 with the addition of 50 ul of MS2Ehiorescent
macrophages and neutrophils were visualised at x20 magnificatiomadlynpus
IX2UCB invertednicroscope. Mamphage and neutrophil numbers were counted
within the region of interesat 1, 4 and 8hours post injury. The region of interest
consisted of thesite of fin transection to the loop in circulation, a region of

approximately 100 pm.

2.3.9 Ventral tail fin incision

3 dpf fmsgal4;UNM;mpoGFRembryos were anaesthetised wh 4.26 MS222
(SigmaAldrich, Gillingham, UKn E3, and placed on a strip of parcel tape on a petri
dish lid. Allexcess media was removed and an incisbapproximately 20 pm was
made into the ventral tail fin opposite the gap in pigmentatiasing a5 mm micro
scalpel Thefish were allowed to recover in E3 media before being anaesthetised
and mounted infor spinning disk cdocal imaging as per sectiof.3.2. Images
were captured usingxl0 magnificationon a Perkin ElmerCambridge, UK)
UltraVIEW Vox spinning digskicroscope with Volocity softwareZ slices were
obtained atl, 4, 8 and 12 hours post injury. The z slizege taken approximately 2

um slces over a range of 60 ynthese slicesvere combined to form a stacked
image. For macrophage and neutrophil analysis, Z slices were stacked into an
extended focus view and a circle with a diameter of 200 pixels centred at the site of
injury. The number ofmacrophages and eutrophils were counted within this

region of interest at each time point imaged.
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2.3.10Vessel injuryfor assessment oinflammation response

3 dpf fmsgal4;UNM;mpoGFRembryos were anaesthetised wh 4.26 MS222
(SigmaAldrich, GillinghamUK) in E3 andnounted laterallyin 1% low melting point
agaroseon a slide. Several fish were mounted on one slide and 30 pulses ohtaser
medium power were directed to the circulatory loop in the tail. Each embryo was
deposited to a single well in a 24ell plate containing500 pl of E3 with the
addition of 50 pl of MS2Z2. Macrophage and neutrophis were visualised and
numbers were counted within the region of interest at 1 hour, 4 hour and 8 hour
post injury. The region of interest consisted of 200; kG0 um either side of the

site of injury.

2.4Embryoexposure methods

2.4.1 Ticagrelor

Ticagrelor was diluted dm a stock concentration of300 M in 100% dimethyk
sulfoxide (DMSOJ)SigmaAldrich, Gillingham, UKjp 20 uM and 25uM in E3
(without methykene blue) 55 hpf nacre embryos were exposed to final
concentrations of 20 uM and 25 uM ticagrelor and incubated overnight at 28°C.
control group wasincubated with corresponding concentrations of DMSO in E3
without methylene blue, to control for any psible effect of DMSCB dpf embryos

were then laser injured and the thrombosis response quantified as in se2iBimn

2.4.2 Prasugrel active metabolitéPAM)

Prasugrel active metabolite stock concentration of 10 mg/ml (20 mma¥/1100%
DMSOwas dilutedto 20 uM and 50 pM. Control solutions of E3 containing
corresponding concentrations of DMSO were usedtrol for DMSO effect3 dpf
Nacre embryos were exposed to either control solutions or solutions containing

PAM approximately 1 hour before laser injuas per sectior2.3.5.

2.4.3 Adenosine exposure after tail fin transection

7 mg of adenosine (Sign#ddrich, Gillingham, UKwas dissolved in 2 ml system
water to give a stock concentration of 13 miVhis stock was then serial diluted in

system water t0100 nM and 10 nM. System water alone was used as a control. 3
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dpf fmsgal4lJUNMmpoGFPembryos were anaesthetised and the tail fin traotesl
as discussed in sectidh3.8. These embryos were then platm individual wells of
a 24 wdl plate and 500 pl oéither control, 10 nM or 100 nM adenosine solution
was added to the embryos. Leukocytes were visualised 28i8and macrophage

and neutrophil counts were assessed over a time course of 8 hours.

2.4.4 LPS exposure after tail fin transection

Tail fin tansection was conducted as documente®iB.8. Embryos were placed in
individual wells of a 12 well plate and 500 ul of ArcoliderivedLPJserotype R515
Alexis Biochemistrngolution or E3 control was added to each well. LPS was diluted
to a final cacentration of 1ug/ml of LPS in E3 media (without methylene blue).
Macrophages and neutrophils were visualised as2i8.8 and numbers were

monitored over 8 hours.

2.4.5 fMLP exposure after tail fin transection

Tail fin transection was conducted as doanted in 2.3.8, with a sterile scalpel
blade briefly immersed ininet-leu-phe (fMLPRO nM. These embryswere placed

in individual wells of a 12 well plate with 5@0 E3 (without methylene blue). Tail
fins of the control embryos were transected with #&rile scalpel blade and were
then transferred to individual wells with 500 pl E3 (without methylene blue).
Macrophages and neutrophils were visualised as in 2.3.8 and numbers were

monitored over 8 hours.

2.4.6 Staphylococcus aureyzreparationand injection

TheS. aureudor injection was prepared from a stock of SH1000 strain which was
stored at-80°C contained on small beads. One bead was removed and spread on a
brainheart infusion (BHI) LB plate overnight at 37°C. One colony from this plate was
used toinoculate 10 ml BHI LB broth which was then incubated overnight at 37°C
250 rpm. 500 pl otulture was addedo 50 ml BHI LB brottshaken at 250 rpm and
incubated at37°C for 2 hoursThe optical density of the bacterial culturevas
determinedvia spectiophotometry (BeckmarCoulter, High Wycombe, JKisinga

blank with 1 ml LB media and another cuvette with 900 pl media plus 100 pl
bacterial solutionWavelengthwas setto 600 nmand calibratel to the blank media
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sample. Tie OD value of the bacterial sphe was then anb/sed 40 ml of the
bacterial solutionwas centrifugedat 4,500 g for 10 minutes at 4°GheOD value
was usedo calculate the volume of sterile PBS to resuspend the pellet in, such that
the ODoowas equivalent to 1The bacterial concenation was assessed by serial
dilutions plated on BHI LB agar plat&$1000 samples were stored-80°C for a

maximum of 2 monthsandwere defrosted and vortexed before use.

10 ul of bacterial suspension was loaded into a microinjection needle. eation),
embryos were anaesthetised in 0.02% MS222 and immobilised # 3
methylcelluloseon a slide. Bacterial suspension was microinjected onto a graticule
and adjusted to a volume ofrdl. 1 nl was injected directly into the circulation of 30
hpf embryosat the point of the yolk sac circulation valley (duct of Cuvier). A PBS
control was taken after the completion of injection of each slide, with 4nl injected
into 1 ml of sterile PBS. Any embryos which were damaged or bleeding were
removed and the remainm embryos immersed in E3 media. These embryos were
then transferred to individual wells of a 96 well plate. For the PBS control
experiment, 10 pl of sterile PBS was loaded into a microinjection needle and 1 nl
injected directly into 30 hpf embryos as abowveollowing injection 4 nl of PBS
solution was injectednto 1 ml of sterile PBS.x 10 ul of each slide PBS control was
plated onto BHI LB agar plates and incubated overnight at 37°C. Mean CFU counts
were determined the following morning for each slidedawere recorded. Eac8.
aureusinjection needle was used for a maximum of 1 hour, aftericlvhpoint
bacterial aggregates we prone to block the needle and increase the CFU count
per 1 nl injection. Embryo survival was monitored over the time course of
approximately 90 hours post infection (hpi), and mortahktsas recorded at each
time point. These results were then plotted on a Kapldgier plot. Care was taken

to quantify the CFU of each injection in order to establish a matched CFU count
between contrd and p2yl2morphants to enablea suitable range of bacterial load
between experimentsfor comparison.This range in CFU counts incorporates a
certain amount of variation between experiments due to technical challenges of
precise injection directly into # circulation and blockage of the microinjector

needle by bacterial aggregates at the needle tip.
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After injection of p2y12®4°

mutants, gDNA of embryos was extracted using Red
Extract protocol within 12 hours after death. Following completion of this
expaiment, a PCR and test digest was used to genotype the embryos and correlate

this genotype to survival.

2.5 Molecular methods

2.5.1 Primer design

All primers were designed in Primer3 softwdretp://frodo.wi.mit.edu/primer3/)
using the Ensembl cDNA sequence fpRyl2 The online genomic database
(www.ensembl.ory was searched and the following gene sequence
(ENSDARGO0000006994%hich had previously been annotated as the P2Y
receptorlike (Zv9) was utilise. A list of all primers used in this thesis is shown in
Table 26.

2.5.2 RNA extraction

Approximately 20 embryos at the desired timeimt were collected into a 1.5 ml
tube and all excess E3 media removed. 100 ul BER&d HO was added to wash
the embryos. This O was then removed and 250 ul TRIzol (Life Technologies
Paisley, UKreagent was added and the embryos homogenized with ay@gje
needle. This solution was incubated at room temperature for Butes then 50 pl

of chloroform was added and wed by inversion. This was then incubated at RT for
3 minutesthen centrifuged for 15 minutes at 4°C ad®é.3 g The top layer of
supernatant was removed (~ 100 pul) and transferred to a new tube. 85 pl of
isopropanol was added and inverted to mix. This wasubated at RT for 10
minutes then centrifuged afl6.3 gfor 15 minutes at 4°C.hE supernatant was
poured off to leae a pellet, to which 250 ul %6 ethanol was added, this was
briefly vortexed then centrifuged &6.3 gfor 10 minutes at 4°Clhe supenatant

was then removed from the pellet and the pellet was allowed to air dry f8r 2
minutes at RT. This RNA pellet was then resuspended in 15 uHRERMDd stored

at -80°C.RNA was used to produce cDNA via a reverse transcriptase (RT) reaction

using the Verso (Thermo ScientifidK kit.
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2.5.3 PCR protocols

Several different polymerase chain eaction (PCR)protocols were sed, as
documented inTable 2.5For eachlO pl PCReaction | added approximately 600 ng
of cDNA per reaction tube, diluted to 1 ulith MQ HO, 5 ul Biomix (Bioline
London, UK 1 pl forward primer, 1 pl reverse primer and 2 pl M@QOHThe
annealing temperaturevas optimisedfor each primer setusing a gradient PCR

reaction
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Table 2.5PCR parameters used in this thesis

Below ae the PCR parameters used within this thesis, including general PCR conditions
which were utilised for the majority of PCR reactions, also included are specific conditions
utilised in the process of Zinc Finger Nuclease (ZFN) generationtafts

Segnent Number of | Temperature Duration
cycles
General PCH 1 1 95°C 3 minutes
conditions 2 31 95°C 30 seconds
3 50-65°C 30 seconds
4 72°C 1 minute
5 1 72°C 5 minutes
6 1 10°C hold
ZFN cyclg 1 95°C 2 minutes
conditions 2 19 95°C 20 seconds
3 50°C 20 seconds
4 72°C 5 minutes
5 72°C 3 minutes
6 10°C hold
ZFN colony 1 1 94°C 2 minutes
PCR 2 29 94°C 20 seconds
conditions | 3 60°C (reducing 20 seconds
0.2°C each cycle)
4 72°C 45 seconds
5 1 72°C 3 minutes
6 1 10°C hold
ZFN 1 1 98°C 30 seconds
titanium 2 14 or 34 98°C 10 seconds
PCR 3 55°C 15 seconds
conditions 4 72°C 5 seconds
5 1 72°C 5 minutes
6 1 10°C hold
Phusion 1 1 98°C 30 seconds
High Fidelity| 2 35 98°C 10 seconds
conditions 3 66°C 30 seconds
4 72°C 20 seconds
5 1 72°C 10 minutes
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Table 26 Primers used in this thesis

A list of all primers useih this thesis including names, sequence and the purpose for the

primers.

Primer { S1jdzSy@S pQ Purpose

P2Y12 1st half left | CTTCACCCAGCAGGACTCAT

P2Y12 1st half righf CTCTACAAGTCGTACGCCCG

P2Y12 2nd half leftf ACCCCAAACGTCTACTGCAC Sequencing2yl12
P2Y12 2nd hal AAACACTG@&ETTGTTCTG

right

P2Y12 F4 AGOCAGCTTCTCCAACAGC P22 probe generation
P2Y12 R3 GCACAGAATTGAGGGAGGAC

LCS2 GAAAAGTTCCGCATGCAAAT

goodRCS2 CACCTAAAAACCCACCTGAG

LseqCS2 TGCAGGATCTGCCACCAT

RseqCS2 TCCTTGATCCACCCAAATGT

LseqFok GCCSAAATTCCACTCAGGA

RseqFok CCCCCTGAACCTGAAACATA CoDA ZFN mutagenes
SP7 left 1 CAGCAAATCCCACTTCATCA

SP7 right 1 GTAGACGTTTGGGGTTGGTG

SP5 left 1 GTTGGCCGTGTTTTTCATTT

SP5 right 1 AGCACAGAATTGAGGGAGGA

A titanium CGTATCGCCTCCCTCGCGCCATCAG

B titanium CTATGCGCCTTGCCAGCTCAG

TAL_R2 GGCGACGAGGTGGTCGTTGG

SeqTALEN-5B CATCGCGCAATGCACTGAC TALEN mutagenesis
Bam Left 3 GCGTCTCCAACAGTTCATCC

Bam Right 2 AAGGGGAATGTGAGGGTCAT

Forward P2Y1] ATAACGGTGGAGGAATTCATGGAACA

ultramer with EcoR| ACACAACRGAOTCTCCAACAGCAGC | p2y12mRNA synthesis
Reverse P2Y1 GGAGTCAGTGTCTAGAGTCATGTCAG

Primer withXbal

TTTCCCTGT
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2.5.4 RNA irgction

RNA was stored at80°C and defrosted on ice before injection. Needles were
prepared in sterile conditions and 2 pl of RNA loaded into the needle. RNA volume
was calibrated using a graticule and was then injected into 1 cell stage wildtype

embryos.either into the yolk or directly into the cell.

2.5.5 DNA sequencing

DNA sequencing was conducted at the Core Genomic Facility at the University of
Sheffield UK DNA samples were submitted at approximate concentrations of 50
ng/ul and primers were submid at approximate concentrations of 1 pmol/ul.

DNA sequencing chromatograms were analysed using FinchTV software.

2.5.6p2y12mRNA synthesis

MRNA was synthesised using alternate codons to those targeted byZih&2
morpholino, but which coded for the sanamino acids. The changing of codons at
the morpholino target ensured that the synthesised mRNA wouldebke likelyto
bind the morpholino directly, therefore would not interfere with the interaction of
the morpholino with the nativep2yl2 Specific primes were designedor this
process; an ultramer forward primer with the altered codons &wbRFestriction
site, and a reverse primer matching the C terminus sequence, with an Xbal site
included (shown inTable 26). A PhusionNNew England BiolLabs, IpsidJSA
reaction was used with 234 ng DNA template (3.5 pl), 29.5 pl M@ BHO pl 5x
Phusion HF buffer, 2 ul 5mM dNTPs, 2.5 pl Forwardzpg¥her with EcoRlI site,
2.5 pl Reverse primer with Xbal site, 0.5 pl Phusion DNA polymarader the
conditionsshown inTable 2.5 This reaction was run in duplicate and combined to
form 100 pl, thePCR product was assessed orfagel, and purified in a QIAquick
PCR purification columrmas per manual instruction®iagen, Manchester, UK), and

eluted into a volumeof 50 pl.

The vector pCS2 was utiliségugwas digestedat 37 °C for 2 hours, in the following

reaction; 28.6 pl pCS2 vector, 2 yl EeHR] 2 ul Xbal, 5 pl 10x Cut smart buffer

(New England Biolabs, Ipswich, USIB) ul MQ HO. This reaction was theneated

with 2.5 plshrimp alkaline phosphatase (SA¥ew England Biolabs, Ipswich, YSA
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and incubated for a further 3fhinutes, then inactivated at 65°C for 5 minut&so8

pg of P2¥> template forinsert was digeste@t 37 °C for 2 hours the following
reaction; 33 pl template, 2 pl EceRF, 2 pl Xbal, Al 10x Cut smart buffer, then
purified using a QIAquick PCR purification column (Qiagen, Manchester, UK), and
eluted with MQ HO into a volume of 3Qul. The vector and insert were ligated
together & a 3:1 molar ratioat room temperature for 5 minutef the following
reaction; 97 ng/ul vector, 42 ng/phsert, 8.4 pl MQ KO, 10 ul 2x ligation buffer, 1

pl Quick T4 DNA ligase (New England Biolabs, Ipswich, Adgation control
containing vector vithout insert, controlled for self-ligation of the vector. 2 pl of
each reaction was transformed into 25 pl NEB 10 beta competent cells and
transformed as per manual instructions. 70 pl transformed cells were streaked on
carbenicillin LB gar (50 pg/ml in35% LB agar) plates and incubated at 37°C
overnight. 1 colony was picked and grown overnight in 100 ml LB broth containing
ampicillin, for Nucleobond midi prep (Macherblagel, Germany)as per manual
instructions. The correct insertion of template wassessed by digestion of the
midi-prep for 1 hour at 37 °C in the following reaction; 0.5 pl rpidip, 1 pl EcoRl

HF, 1 pl Xbal, 2 ul 10x Cut smart buffer and 15.5 pl M@ &hd gel electrophoresis

to confirm the correct band size of insert. To further fion the correct insert, the

0.5 ul midiprep was incubated at 37 °C for an hour, with 1 pl Notl, 1 ul Xhol and 7.5
pl buffer 3.1.5 pg ofmidi-prep was linearised in a digest wishul Notl, 5 pl 10x Cut
smart buffer and 39.4 ul MQ 2B, and incubated foR hours at 37 °C. Complete
linearisation was assessed by gel electrophoresis, then the reaction was purified
using the QIAquick PCR purification column, as per manual instructions. 3 reactions
of SP6mMessage mMachine kit were run in triplicate, with 6§0of purified
linearised plasmid added to each reaction; 6 pl plasmid, 10 pl 2x NTP/CAP, 2 ul 10x
reaction buffer and 2 pl enzyme mix, incubated for 2 hours at 37 °C. 1 pl TURBO
DNase was added, and incubated for a further 15 minutes, then all 3 reactions
combined and purified and by phenol:chloroform extraction as per manual

instructions, and eluted into 20 pl MQ®, ready for injection.
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2.5.7 Whole mountin situ hybridization p2y12 probe manufacture

Primers were designed towarggyl12to produce a ER product of 802200 base
pairsthese were P2Y12 F4 and P2Y12viRth PCR conditions as p&able 2.5 with

an annealing temperature of 60°This PCR product was purified using Mini Elute
PCR purification kit (QiageManchester, UK and quantified usng a nanodrop
spectrophotometer(BeckmanCoulter, High Wycombe, Yikhen stored at-20 °C.

4ul ofthe purified PCR product wascubatedfor 30 minutes at room temperature
with 1 pl of TOPO vector (InvitrogeRaisley, UKand 1 ul of salt solution (4:Atio

with MQ HO). 100 pl of competent cells (InvitrogePaisley, UKwere defrosted on

ice and 5 pl of tsinsformed TOPO vector was addaad incubated on ice for 30
minutes. These cells were transformed using heat shdxk incubationfor 2
minutes at 42°C in a water bath then 2 minutes on ice. 900 pl of SOC was added to
the transformed cells and incubated for 1 hour at 3&lgkenat 225 rpm. 30 pl of
0.1M IPTG and 30 ul XGAL (20 pg/ul) was added to LB agar plates, then 100 pl of

the transformed cells ere plated andncubated at37°C overnight.

These plates were incabed at 4°C for 1 hour for blue reaction to develop in
colonies without the correct insertion and leaving the colonies with the correct
insertion white. A colony PCR was rumseveral ofthe white colonies, by dabbing

a pipette tip onto the colony, and inoculating the PCR masteq, then finally into

a Falcon containing 3ml of LB culture, including a blank as a control. This LB culture
was incubated overnight at 37°C. The PCR masbercontained forward and
reverse primers for M13 as per the TOPO kit (Invitrog€h)s PCR produetasrun

on al% agarose gdab checkif the sequence has been inserted. 5004t this
culture was aliquotted into a 1ml 100% glycerol and stored aB0°C. Fa
linerisation of the probe the remainder of the culture was purified via a MiniPrep
kit (Qiagen Manchester, UK and quantified by nanodrop spectrophotometry.
Some of thepurified culture was sequenceaihd then checked against the genetic
sequence of irgrest via BLAST. Specific cleavage enzymes were selected according
to their restriction sites in order to ensure they would not cut the PCR product

sequence.
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For the antisense probe, 5 ug of the purified plasmid was u$Bdul was digested

with 2.5 pl of HIND3 enzyme, 5 pl of NEB2 buffer and 27.5 pl of MQ, by
incubation at 37°C for 2 hours. An undigested control was run alongside, omitting
the plasmid. 4 pbf these products were run on ¥4 agarose gel with 1 pl loading
buffer (Bioline), to check theplasmid had been linearised. 0.5 pl of 25mg/mi
Proteinase K and 2.5 ul SDS 10% was added to the linearised plasmid and incubated
at 37°C for 30 minutes. This plasmid was purified using the MinElute kit (Qiagen

Manchester, UK and quantified by nanodrogpsctrophotometry.

In order to transcribe the antisense probe, 1080 of cut plasmid was incubated

for 2 hours at 37°C with 2 ul of buffer, 1 ul RNAase inhibitor, T7 Polymerase, 6 pl
MQ H0O and 2 ul DIG RNA labelling kit. After 2 hours, 2 pl of DNARER &S) was
added to destroy the plasmid this was incubated for a furthem@Autes at 37°C,

then run on al% agarose geto check for a smeared band0O pl of ammonium
acetate 7.5M and 60 pl 100% ethanol both of which ice cold, were added and
invertedto purify the probe. The probe was centrifugedi#t.3 gfor 15 minutes at

4°C. The supernatant was poured off and the pellet washed with 100 pl of 70%
ethanol and respun at16.3 gfor 5 minutes. Supernatant was poured off and the
remaining pellet was aidried for 3 minutes before being resuspended in 30 ul

MQHO and 70 pl formamide. Tprobe was then stored aB0°C.

2.6 Histochemcal methods

2.6.1 Whole mountin situ hybridization

Whole mountin dtu was performed as per Thisse et al. (1993) protdchisse et
al.,, 1993. 24 hpf enbryos were exposed to PTahd then fixed at desired time
points 24-72 hpf, in 4% paraformaldehydenade in 1x PBS (1 PBS tablet (Sigma
Aldrich, Gillingham, UKin 200 ml MQ kD). The fixed fish werestored in 100%
methanol, at -20°Cwith approximately 20 embryos per 1ral eppendorf.These
embryos were re-hydrated by successiv® minute incubations with 500 pl
methanol and PBT0.1% TWEEIR0 in 1x PB¥per eppendorf 75%methanol and
25% 1x PBT, then 50% methaand 50% 1x PBT, followed B§% methanol and
75% 1xPBT and finalyashed 4 timesvith 100% 1x PBT. The fixed embrys were
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then permeabilized by incubatioat RTwith 10ug/ml of proteinase K(Rochen
PBT)for varying times according to level of development; 1 dpf embryos for 8
minutes, 2 dpfor 20 minutes and 3 dpf for®Gminutes.Embryos were then rixed

with 4% KA (in PBSYor 20 minutes at RTollowed by 4 washes i#®BT for 5
minutes each Embryos were thenpre-hybrized in 250 pl of preheated
hybridization mix A50% formamide, 5x SSC, Heparin (50 ml of 50mg/ml), TWEEN
20 0.1%, tRNA (500 pg/ml), citric acidMi®QQ HO 50ml pH 6jor 3 hours at 68°C.
This hybridization mix was replaced with 100 ul of 98ylridization mix A and 2 pl

of RNA probe and incubated at 68°C overnight.

The hybridizion mix containing the probe waemoved andstored at-20°C for

further in situis. The embryosvere washed with succesge 15 minute incubations

with hybridization mix E50% formamide, 5x SSC, TWEBND.1%, citric acid in MQ

HO 50ml pH 6)with 2x SC@\aCl 1753g, citric acid trisodium salt®&g in1 LMQ

HOat pH7) at 68°C.First;75% Hyhdization mixB and 25% 2x SSC, then 50% Hyb

B and 50% 2xSSC, followed by 25% Bignd 75% 2x SSC. The embryosevieen

washed with prewarmed 2xSSC for 15 minutes at 68fit&n 2 washesof pre-

warmed 0.2x SSC at 68°C for 30 masueach. The fixed embryos were then
washed in successive 10 minute incubations at RT of 0.2x SSC and 1xPBT. The first
wash with 75% 0.2x SSC and 25% 1xPBT, then 50% 0.2x SSC and 50% 1x PBT,
followed by 25% 0.2x SSC and 75% 1x PBT. Finally the emiergaacubated for

10 minutes with100% 1xPBT at RT. The embryosevtben incubated with 500 pl

of blocking buffer (2mg/ml bovine serum labumin (BSA) (Sigm&Edrich,
Gillingham, UK 2% sheep serum in 1x BB RT for 3 hoursThis was replaced

with blocking buffer containing 1:5000 dilution of AfBIIG antibody, and incubated

at 4°C overnight.

Thisblocking buffer and antibody wagmoved and the embryosiere washed 6
times with 1xPBT in 15 minute incubations, whilst protected from lightbryos
were equiibrated with 3x 5 minut¢ washes withNTMT buffer(0.1M Tris HCL pH
9.5, 50 mM MgG]J 0.1M NaCIl0.1%TWEEMNO in MQ HO). 1 ml staining solution
(0.35% 5-Brono-4-chloro-3-indolykphosphate (BCIP)).45% NBT (Sigméldrich,
Gillingham, UKin blocking bufér) was added per well and protected from light.
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Embryos were monitored evedb minutes to check for stainin@nce staining had
occurred it was stopped by removing the staining solution aadhing3 times in

1xPBT for 5 minutes each wadBackground stming was removed bymethanol
clearing 5 minutes with 50% 1xPBT/50% Methanol, 30 minutes in 100% methanol,
followed by 5 minutes in 50% 1xPBT/50% methaBkatbryos were thenvashed 3

times in 1xPBT for 5 minutes each wash and fixed in 500 pl 4% PFAfor RBS
minutes at RT. The PFA was washed off in 3 successive washes of 1xPBT of 5
minutes each step. The embryos were then added to glycerol for storage purposes,
first 25%glycerol for 10 minutesthen 50% glycerdbr 10 minutesfollowed by 75%

and stoed at 4°C.

2.7 Zebrafish mutagenesis methods

2.7.1 ZFN mutagenesis protocol

Target regions for ZFN mutagenesis were chosen using the Ensembl cDNA sequence

for p2yl2and the software orhttp://z ifit.partners.org/ZiFiT/ChoiceMenu.asptOT

ultramers at a concentration of 4 nmole were ordered corresponding to F1 and
F2F3 for both left and right subunits for each ZFN. This uéiramspecific to the

p2y12 sequenceand have the zinc finger sequedice 1 & pQ SEGSyarzya
added to the generic backbon&he following generic plasmid backbones were
used; LtalpidCS2 and RtafCS2 suitable for ZFN with66p spacersand CS2 7aL

and CS2 7aR for théo@ spacer ZFNEach plasmid waknearisedindividually with

Agel enzymgin thefollowing reaction 1 pl 259 ng/ul plasmid, 34 ul water, 5 pl 10x

NEB buffer 1 and 1 pl AgeTIhisreaction was mixed and incubatext 37°C for 1

hour, then cleanedusing Qiaquick PCR kit and eluted into 50 pl. The linearised
plasmid was amplified with the following primensCS2and goodRCSZ2see Table

2.6). 1 pul linearized plasmid, 14 ul water, 4 ul 5x Herculase buffer, 0.5 yul 10mM
dNTPs, 0.5 pl LCS2 primer, 0.5 pl goodRCS2 primers, 0.4 ul Herculase II. This was
added to a hermocycler under the conditions shown in section ZFN cycle
conditionsin Table 25. 1 pl Dpnl was then added and incubated at 37°C for 1 hour.
This ampton was purified from a 0.8 %eakem agarose gel with a Qiaquick gel
extraction kit, and eluted into @ pl. This forms the generic backbone to which

specific zinc fingers can be addeditramer primerswere designed specifatly for
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the p2yl2sequence ith pQ SEGSyaAirzya 2F GKS TAyO
addition of these motifs to the amplicon baakie. These ultramers we termed

F1 for the first ZF motifral the second and third motifs we both added to the
F2F3 ultramer.

2.7.2 Addition of zinc fingers to the generic backbones

The left and right monomers for each ZFN rgeassembled individually umg the
different generic backbone amplicons produced from the above reactions. These
reactionswere assembled on ice; 1 yl generic backbone amplicon (e.g left or right),
14 pl water, 4 ul 5x Herculase 1l buffer, 0.5 ul 10 mM dNTPs, 0.5 pl uM F1 primer,
0.5 ul uM F2F3 primers and 0.4 ul Herculas&hls was cycledon the above ZFN
cycle program. 2 pl of PCR produsas runon a 0.86 seakem agarose gel
electrophoresisand check for a 506 band. AQiaquick PCR clean up @rtcluding

the HCktep)was use to purify the productand it was elutednto 44 pl.

This product was then digestedith Agel enzyme, by assembling 44 ul PCR
product, 34 pl water, 5 ul 10X NEB bufferl and 1 pl Agel and inoghbaat 37°C
for 1 hour.The product was purifiedith a Qaquick PCR clean up kit (including the
HClstep) and elutd into 50 pl. 10 ul of this productwas runon a 0.8 gel
electrophoresis tocheck for a 5099 band.ThisPCR product DNA fragmewas
ligatedto create a circular plasid with the following reactin; 2 ul of the Agel cut
eluted product, 2.5 pl 2xNERBuick ligase buér and 0.5 pul NEB quick ligase
incubated at room temperature for 5 minutesThis reaction wasransforned into
NEB 10 beta competent cells, the fDaliquot of cellswere divided into 12.5 pl
each tube, 1yl of reactionwas added to the cells anghcubated on ice foi30
minutes. These cells wereeat shocked at exactly 42for 30 secads, then placed
immediatelyon ice for 5 minutes. 25Ql of room temperature SOC was added to
each tule and incubatedat 250 rpm at 37°C for 1 hous0 pl of each reaction was
streaked on carbenicillin LB ag@0 pg/ml in35% LB aganlates and incubated at
37°C overnight.

8 colonies were selected for each plate and a colony PCR using the following

primers was performedi.seqCSand RseqCSkeeTable 2.6). TheRFreaction was
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as follows; 9 pl water, 10 pl reddymix, 1 pyl 10 uMdG82 and 1 pl 10 uM RseqCS2,
with PCR conditions as shown in the ZFN colony PCR secfliablef25. Each PCR

tube was inoculted with a different colony5 ul of thePCR products were run on a
1.5% garose gel and a product of A2 wasassesed 6 colonies were sequenced
using the LseqCS2 and RseqCS2 primers, to check for correct insertion of ZF motifs.
The Fokl nuclease domaai one of these clonewith the correct sequence was
further checked by PCR (705bp product) and sequencing with Fokl primsergrok

and RseqFok(see Table 2.6). Upon confirmation of the correct Fokl nuclease
domain, a midi prep (QiagemManchester, UKiigh speed midi kit) was prepared

from this colony by inoculating 50 nilB broth(20% LB agar brothgontaining

carbenicillin.

2.7.3 Preparation ofZFNmRNAfor injection

Both the left and right ZFN plasmids were linearigedividuallyin the following
reaction; 6 pg(left/right) ZFN SC2 plasmid pl 10x NEB buffer 3, 3 pl 10 mg/ml
BSA NEB, 2.5 pl Notl and watera total volume of 300 plThis reaction was
incubated at 37°C for 2 hours. 1 pl of the hmised product was run on a @@8gel
electrophoress alongside 1 pl unlinearised product, to check for complete
linearization. The Notl digested reaction was then purified with a Qiaquick PCR
clean up kit and eluted into 30 ul of MQ water and concentration quantified by
spectrophotometry. mRNA was synthesd using Ambion SP6 mMessageMachine
kit, with the following reaction; 3 pl 400 ng/pl DNA, 5 pul NTP CAP mix, 1 pl 10x
buffer and 1 pl enzyme mix. This reaction was mixed then incubated at 37°C for 2
hours. 1 pl of this reaction was aliquotted out for tegt and 1 ul of DNAase turbo
was added to the 10 pl reaction and incubated for a further 20 minutes. 1 pl of
synthesised mMRNA without DNAaseedtment was run on a 0% gel
electrophoresis alongside 1 pl of DNAase treated mRNA to test for DNA
contamination This DNAase treated mRNA reaction was purified using Qiagen
RNeasWMinHute kit (Qiagen, Manchester, Udhd eluted into 14 pl MQ water. 1 pl

for each left and right waguantified with spectrophotometry and then the mRNA

was immediately stored at-80°C.Equal ng of left and right mRNA was mixed
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together and injected ird 1 cell stage wildtype embryos at 0.5, 1 and 1.5Gdl

loading tips were used to load 3 pl ofRNA into the needle for injection.

2.7.4 Screening foZFNmutations

454 deep sequencingas used for the screening of mutations in the F1 progeny of
FO injected fishDeep sequencing sequences many different amplicohieh have
been pooled together6 FO fish were wtrossed and the F1 offspring were pooled
and genomic DNA extracted, these fidh were then placed in a separate tank and

a specificmultiplex identifier sequence (MIQYrimer was assigned to the gDNA
samples from this tank. The assignment of specific barcodedepsinenabled
sequences to be assigned back to a tank. Thereforemutation was preset in
samples with a particulaMID sequencethis could be tracked to a tank of 6 fish
which would then need sequencing individually to identify a founder. During PCR
amplification often theprimers are not fully amplified, therefore s nucleotides

can be missing from the end of the primers. For 454 sequencing to be effective, full
length amplicons are required, therefot#ganium primers were used, which are

I RRSR & pQ SEGSyaArzya G 2ventkeédn franBhai§ a LIS OA
truncated (®e Table 2.6). An MID was added between the titgum primer and the

gene specific primer to enable identification.

gDNA was extracted from pooled embryos from 1 tank containing 6. fish
Appraximately 60 embryos per paat 72 hpfwere addedto a 1.5ml tube on ice

and all excess media removed00 pl of embryo digestion buffer was add€dO0

mM TrisHCL pH 8, 1ImM EDTA, %.3wea 20 and 0.30 NP4QD The embrys plus

this buffer were heated t®8°C for 10 minutes, then 3@ 25mg/ml proteinaseK
(Roche)was added on ice. The samples were then incubated at 55°C lour3,

then 98°C for 10 minutes. 450 pl of lysate was added to 250 pl 7.5 M ammonium
acetate, and spun at room temperature at 13,000 g for 5 minutes. The supernatant
was removed anddded to 700 pl isopropanol and centrifugedl&.3 gat 4°C for

30 minutes. The supernatant was removed and discarded and the pellet @ashe
with 70% ethanol then spunat room temperature for 5 minutes, the ethanol was

then removed and the pellet allowet air dry for 1 minute. This pellet was then
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resuspended in 100 yul MQ wategDNA samples from each pair in a tank were
combined to form a pool of gDNA from 1 tank. This gDNA was then amplified with
primers with specific MID sequence in a first PCR reaend a second PCR with
titanium primers alone extendsnd re-amplifies the amplicon to ensure the
amplicon is of full length. For the first PCR reaction the following was assembled on
ice; 1 pl of x20 diluted gDNA sample form one tank, 14 pl MQ waidr5¥ phusion

high fidelity (HF) buffer, 0.4 yl 10mM dNTPs, 1 pl left (MID) primer 10 uM, 1 pl right
(MID) primer 10 uM and 0.2 ul phusion enzyrhlis reaction was run with the PCR
conditions shown inrable 2.5 section ZFN titanium primer PCR conditidos,34
cycles5 pl of this product was run on &2 gel electrophoresis. The remaining 15 pl
of product was purified using a Qiaquick PCR clean up kit (witste{s) and eluted

into 300 pl MQ waterThis product was then ramplified with titanium primes
alone; 1 pl eluted PCR product, 14 pyl MQ water, 4 ul 5x phusion HF buffed, 0.4
10mM dNTPs, 1 ul 10M a titanium primer, 1 pl 10 uM b titanium primer and 0.2

pl phusion enzyme. This was cycled using the same progrdistes in the ZFN
titanium PCRexction of Table 2.5 but for only 14 cycles. This reaction wasiped

and eluted into 30 pl MQ #0. 2 pl of this reaction was runnoa 26 gel
electrophoresis to check for the 2Bp band. These amplicons each with individual
MID sequences were then comieith into 1 sample and submitted for 454 deep

sequencing.

2.7.5 TALEN mutagenesis protocol

The following TALEN mutagenesis protocol is based on the protocol fromaket
al. (2011 and modified by Stone Elworthy (CDBG, University of Shef{ie&mak
et al., 201). A TALEN target site was chosesing the software available at

https://boglab.plp.iastaé.edu/node/add/talen and inputtingthe p2yl12 sequence

obtained from EnsemblThe mrameters were changed to 1&8lbp spacer and to be
flanked by Ts, so that the finedpeat variable dresidue RVDis NG. The minimum
spacer length was 15 and maximum w2ds The minimum array length was set to
15 and a maximum array length was set to Bbxes with the following were un
ticked; RequireC, G or T at position (not @Yercent compositio@ o not allow

sites to end in a Gand ¥equire A, C or G at posih 1 (not a T Ticked vas%equire
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a T at position RA TALEN sitwas chosen which contained alb spacer region
and 15 RVD left subunit and 15 RVD right subunit. The targetvghin the spacer

region hada BamHI restriction enzyme recognitioresit

2.7.6 TALEN RVD assembly

Each subunit wa first assembled as two halves, an A and a B for both the left and
right subunit. The A and B parts rgeadded together along with the final RVD upon
addition to the destination vector. Constituent plasmids condadl to form the A

and B parts. Part A vgacombined into the pFusA plasmid with the first 10 RVDs and

B containing the other RVDs minus the last RVD, into the pFusB plasmid. As the
array lengths are variable, there are several B plasmids available, degemditne
number of RVDs in tharray. The final RVD it added at the first golden gate
reaction stage so the RVD number in the B part is one less than the full
complement, therefore pFusB4 was utilisecicBRVD corresponds to plasmid
labelled with awell number from theoriginal plate, a list of these plasmidanbe

found at http://www.addgene.org/TALeffector/goldengate/voytas/Platel/ All

plasmids were defrosted on icehdn gently mixed and pulse spun. Each of the four

golden @te reactions were prepared separately in 0.2 ml tubes on ice.

Part A contained; jul on each RVD plasmid at a 100 p)/1 pl pFusA at 100 ngdl,
4 ul H0, 2ul T4 ligase buffer (NEB)u2T4 lgase (NEB), 1l Bsal (NEB).

Part B containedi pl on each RVD plasmid at a 100 pgdy/ 1 pl appropriate pFusB
plasmid at 150 ngjl, 2l 10x T4 DNA ligase buffer (NEBul 24 ligase (NEB),d
Bsal (NEB).

Each reaction wagently mixed and placed anTALENYycling progranwithout the
Hot-lid option, of 10x (37°C/ 5 minutes + 16°C/ 10 minutes) + 50°C/ 5 minutes +
80°C/ 5 minutes. After completion of this cycling, pl3of 25mM rATP and ul
plasmid safe nuclease was added, tleaction was gently med and incubated at
37°C for 1 hourEach golden ae reaction was transformed into NEB10OBeta
competent cells. 5@ of cells were thawed and carefully divided intax2 ml tubes

with 12.5ul each, on ice. 1ul of reaction was added to each tube and inatdd on

ice for 30 minutes. These cells were then heat shocked at exactly 42° for 30
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seconds, then placed immediately back on ice for 5 minutes. [#56f room
temperature SOC was added to each tube and then placed horizontally on a shaker
at 250 rpm at 37C for 1 hour50 ul of each reaction was streaked on warmeB

agar (35% LB agarjelection plates containing spectinomyd®0 pg/ml) Xgal(20
mg/ml) and incubated overnight at 37°C. 3 well separated white colonies were
picked for each reaction, and gromat 250 rpm overnight at 37°C in 6 ml of LB
medium (20% LB brothgontaining spectinomyn in a 25 ml universal with a loose

lid.

The universal tubes containing the overnight culture were sploawvn for 30
minutes at 4°C afl6.3 g The supernatant was themoured off and the pellet
purified by QlAprep nmiprep kit on 1 of the 3 LB cultures per ynibllowing the
Qiagen protocol and eluting the DNASA ul MQ HO.

The A and B part for each plasmid when checked # an Nhel Xbal digesThe
mastermix useccontained 22ul HO, 5ul NEB2 buffer, 0.5 10mg/ml BSA, 1l
Nhel and 2ul Xbal, on ice. @l of the mastermix was transferred to of mini prep

in a 0.2 ml tube andhcubated at 37°C for 1 hour.|# of 5x loading dyeHRioline)
was added ad the reaction was run on a 1% seakem agarose gel alongsidd,3

pl and 1pl loadings of 5 x itbted NEB 2log DNA laddédand sizes were checked
against the expectedizes of 266p, 2132bp and 500 bp100 bp @pending on the
number of RVDsThe band intensies were used to approximate the plasmid
concentration, such that at least 150 ng of plasmid will be added to thgdden

gate reaction.

The 29 golden gate reaction combines the A and B part of each subunit, along with
the final RVD which corresponds the well labelled E4. The mastermix for each
subunit was; ul HO, 4ul A miniprep, 4ul B miniprep, 1ul 150ng/ul plasmid E4, 1

ul 75 ng/ul pPCAGT7TALENPR10x T4 ligase buffer (NEB)2T4 DNA ligase (NEB),

1 pl Esp3l. This reaction was gentlyxed and cycled in the same TALEN incubation
cycle as above. Each golden gate reaction was then transformed in NEB10Beta
competent cells in which the 50l of cells were carefully separated into 2 tubes

each with 25ul, and 2 pbf reaction was added. Thisaction transformed as above
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and 50ul of the transformation was streaked onto prearmed carbenillin Xgal LB
agar platesThe plates were grown overnight at 37°C and one well separated white
colony was picked for each subunit. This was then grown upnayg in 100 ml of

LB carbenicillin(50 pg/ml) media in a baffled flask at 250 rpm and 37%C.
NucleoBond midi pregMachereyNage] Germany was used forpurification of
each culture, following the instruction booklet, with the final precipitation in 6
individual 1.5 ml eppendorf tubes petasmidculture. The tubes were spun at 4°C
at 16.3 gfor 30 minutes,after which thesupernatant was removednd the pellet

was washed with 1 ml 2@ ethanol. The tubes were spun again, then all excess
ethanol was remosd and the pellets were air dried for 1 minute on the bemnap.
Each tube was resuspended in 20H0 and vortexed, the 6 individual tubes were
then pooled for each plasmid to give a 120 final volume per by
spectrophotometry (A260 Beckma@oulter, Hip Wycombe, UK 20pul of 100 ng/

ul of each preparation was sent for sequencing with the following primé&ist. R2
and SeqTALEN-15(seeTable 2.6. These sequences were checked alongside the
predicted sequences for each construct, utilising the combimatid sequence
fragments for each RVD and the sequence of the plasmid backbone for each FusB.

These array sequences were then inserted into the pPCAGT7TAL backbone sequence.

Each plasmid was tested with a BamHI and Xbal digest to check for the correct
insertion of RVDs into the plasmid. Each digest should give bands betweehpt346
and 366%p, depending on the number of RVDs. For each plasmid the following was
assembled on ice; [l H2), 1.5ul 100ng/ul DNA, 1ul 10x NEB3 buffer, 0l 100x

BSA, 0.5ul BamH] 0.5l Xbal. This reaction was gently mixed and incubated for 1
hour at 37 °C. The digestsamples were then run on a @« seakem agarose gel,
alongside Hul, 2uland 1pul of 5x diluted NEB 1kb DNA ladder.

The left and right pCAGT7TAL constructs wken linearised with Notl, with the
following reaction; 6 pug L construct, 6 pg R construci30x NEB3 buffer, @l 10
mg/ml BSA, 2.5 Notl and made up t@ total volume of300 pul with HO. This
reaction was gently mixed then incubated at 37 °CIfdour.It was then purified
using 2 QIAquicPCR clean up columi®iagen, Manchester, Ulkdhd eluted with

HO, with the eluent of the first tube used to elute th8%2so that the total eluent
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volume was 3Ql. 1pl of Notl linearization was added tdb¥% ficol with loading dye
and 6pl, 3ul and 1l of this was loaded on the same 0@6/gel as the BamHI and
Xbal digest above. The relative intensities of the Notidsawereused to quantify

the concentration of the linearised plasmid.

2.7.7 Preparation ofTALEN mRNA for injection

MRNA for injection was prepared from the Notl linearised plasmid using a
Epicenter T7 MessageM&RCAit. The following reaction was prepared on ice; 5.5
pl 400 ng/pul DNA, 2ul 10x Buffer, 1 NTP CAP mix, |2 100mM DTTQ.5 ul
scriptguard, 24l enzyme mix. This was gently mixed and incubated at 37 °C for 3
minutes. 1ul of DNAase was then added and mixed gently before being incubated
for a further 15 minutes at 37°C. This reaction vpasified using a Qiagen RNA
MinBHute column, following the kit instructions, and then eluted into (il4of HO.

0.5 ul of the eluent was added to ful 5x loading dye and 4.5l H2O and unon a
0.7% seakem agarose gel. After confirmation of a band with no DNA contamination,
the RNA was sted at-80°C.

RNA wagsnicroinjectedinto 1 cell $age embryosith 3 nl injected into the yolk and

1 nl injected directly into the celR4 hpf embryos were inspected for signs of
toxicity such as small headr delayed development and theptimiseddose was
termed sufficient to induce a minority oémbryos(approximately 30%vith toxic
phenotype.The somatienutation rateinduced by the TALEN RNA was assessed via
gDNA extraction ob individual 72 hpf embryosinjected with TALEN RNA and
between 24 uninjected controls.The gDNA was amplified by PCR with specific
primers designed to incorporate the target sid@d produce a product of 22(.
Digestion of the PCR product with the restriction enzyme BamHI was used to test
for somatic mutations. A full cleavagf the product indicatd that there was no
mutation to the target site, whereas a partial cleavage of the product indicated that
there was a mutation to the target regiohe following protocolwas used for
gDNA extraction rbm individual embryos; singl dechorionated embryos were
added to a 0.2 ml tube on ice and all excess media remo%8dul of embryo

digestion buffer was added. The embryo plus this buffer were heated to 98°C for 10
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minutes, then 4 pl 25mg/ml proteinase (Roche)was added on ice. Ehsamples
were then incubated at 55°C for 3 hours, then 98°C for 10 minutes, then added to
100 pul of HO. This lysate was spun at 4°C for 30 minutes and the supernatant was

utilised for PCR reaction.

For amplification of the gDNAan annealing temperaturef 61°C was used, with
standard PCR conditions as showrTable 25. A 10ul reaction was prepared for
each sample comprising of B 2x Biomix Red, fil 10 uM forward primer, 1ul 10

UM reverse primer, 21l H2O and the addition of ul gDNA. For each RGeaction 2

ul of a control sample was removed to be used as an undigested contgdlofl
BamHI enzyme was added to each tube and incubated for 3 hours at 97H@f

this digestion reaction was then run on a 2% gel alongsig¢ & low molecular
weight ladder (NEB)The presence of an undigested band in the TALEN mRNA
injected gDNA indicated that a mutation was present and the remaining embryos

from this RNA injection were raised.

2.7.8 Screening for TALEN mutations

Potential founder fish were screed for mutation via ircrossing a male and female
fish from the FO injected groups. gDNA from th&Eembryos of this ircross was
extracted at 72 hpby the pooling of 3 embryos per tuksnd the above screening
PCR and enzyme digest was utilised to scfeemutations in the target site. When
a partial digest was present, the male afeinale from that pair were outrossed

to wildtypes, so the founder could be identified via the screening of these embryos.
F1 gDNAof 24 embryoswas extracted using Red Eagt kit (SigmaAldrich,
Gillingham, UKusing the following primcol; 3 72 hpf embryos were added to
each of & 0.2 ml tubes and all excess media was remove&h pl of extraction
solution and 6.25ul of tissue solution were added to each tubes and voetbxThe
samples were incubated at room temperature for 15 minutes theneswt. The
tubes were incubatedit 95°C for 3 minutes then allowed to cool, and finallyu25
of neutralization solution was added. dl of gDNA from each of the 8 pools of
embryos vas added to a 1(ul PCR reaction. fil of BamHI was added to the PCR

product and incubate for 3 hours at 37t6e digested product was then nuon a 2
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% gel to screen for mutations. gDNA from 8 individual embryos were screened for
the out-cross of potentl founders. This enabled the sequencinggPNA from an
individual F1 embryo carrier of the mutation. From this sequencing 2 mutations
were determined; p2y12™3® with a 6bp deletion andp2y12™* with a 1p

deletion. F1 embryos from these eatosses® nacrewere raised.

The adult F1 fish were fin clipped to identify carriers for the above mutations
(section 2.2.3). The above screening PCR and digest were run for each fin clip
enabling the identification of heterozygotes for each mutation. Non carfmrshe

mutations were culled.

2.8 Statisticalanalysis methods

2.8.1 Experimental design

Experimental design within ththesis was approached with theitial consideration

that each individual embryo represents an experimental unit. This is consistént

the Home Office licence held by Dr T@€hico and my personal licenda.order to

I RKSNBE (2 (GKS o wazX o6awSLI I OSYSyis wSRdz
considera? y (2 & wS RdzO ( possiflé animalKvieretitisedf@ &ach

experiment (Russell, 1959 To test reproducibility of results, the majority of
experiments were repea&d on 3 separate occasions, representing 3 experimental
replicates. Where there are replicates of 3 or more, | have included statistical
analysis of the data. Where data represents a single experiment or 2 experimental

replicates, | have presented the datat not statistically analysed it.

| was blinded in all experimentgwvolving MO, drug exposure and embryo

2h‘338 2?840 I

inoculation with S. aureus.For experiments withp2yl or p2yl
phenotyped the embryossubsequent to data generation and algsis. This

approach ensured | generateshbiased data.

2.8.2 Data handling

Pseudoreplication is briefly defined as using inferential statistics to test replicates
which are not statistically independe(itiurlbert, 1984. Therefore irorder to avoid

this, results of3 or more experimats have been handled i2 different ways.The
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first approach combined each experimental replicate into a single metor
example 3 mean valudsom 3 experimental replicateshis is shown as a column
plot. The second approach considered each embiffrom all experimental
replicate9 as aseparate experimentfor example 30 values if 10 embryoasere
utilised per experiment with 3 replicatethis is shown as a scatter plothe first
approach reduces the statisticabwer of the dataasit is acomparison of 3 values
as opposd to 30. To my knowledge the second approachasmmonly used to
analyse animal model datayith each embryo representing single experimental
unit, as each procedure for eaeimbryo is an independent event and this enables a
thorough statistical analysis without using statistics to generate a mean of a rhean.
sought independent advice from a statistician located in the Mathtics and
Statistics department, for statistical analysis of my ddbata in all graphs are

shown as mean = standard error of the mean (SEM).

There aresome possible genetic similarities between the embryos used per
experiment as they are generated frothe same tank containg approximately 30

adults. However in all experiments requiring setting up of pairs, embryos from each
pair were pooled to ensure a mix of genetic variance. In experiments with embryos

obtained from marbling, this pooling of embryoccurred naturally.

2.8.3 Statistical tests used in this thesis

Several different statistical tests were used depending on the data tijaga
presented considering all embryos as independent experiments (ie n¥»a),
subjected to aD'Agostino & Pearso omnibustest for Gaussian distribution. In
cases where groups were assessed addta was not normally distributed, or a
mix of both, a Mann Whitney test was used, for exampletle area under the
curve data. For analysis afata representing the meamf each experimental
replicate (ie n=3)there were often too few data valuedo obtain a normality
assessment, in which casa nonparametric test was used, for example a Mann

Whitney.

A contingency table with a Fishers exact statistical test was wsetld comparison

of percentage thrombus formation in control anp2yl12 morphants. For the

68



comparisons of macrophage and neutrophil nunbever a time courseyith 3 or

more replicatesnumbers were plotted against time argthownas mean £ SEMA

test for multiple comparison was utilisedsuch ask Hol e | bhzt! gAGK
multiple comparisontesF 2 NJ H I NR dzLJA 2 NJ ¢dzl SeQa . LkRaid i
Embryo survival after inoculation witB. aureusvas plotted on a KaplaMeier

survival plot and analyskewith a MantelCox test.
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Chapter 3: The role of P2Yi2 in thrombosis in the

zebrafish

P2Y2is an inportant amplifier of thrombosisand drugsthat antagoniseP2Y2 are
frequently used astreatments for atherothrombotic diseases(for review
(Mackman, 200§. It is, therefore, vital to fully understand the rokeof P2Y2 and
further investigate the mechanisms by which these drugs wohle effect ofP2Y2
receptor knockout and antagonism has previously been studied in several animal
models, primarily the mousein which P2Y2 knockout or antagonismreduces
thrombusformation and increases bleeding tim@soster et al., 2001Andre et al.,
2003. P2Y2 has not previously ben investigated in the zebrafish in terms of
thrombosis.Therefore it was necessaripo first confirm thep2yl2geneticsequence
and expression patterpefore investigating the effect of genknockdown. This
chapter willshowresults ofp2yl2expressionstudiesin zebrafish embryos and the
effect of knockdownand antagonisnof P2Y2 on thrombosis. It was important to
assess the thrombosis response afp@yl2knockdown in order to validate the use
of the model for further investigations into inflammation dinfective responses.
This chapter will alsdiscuss work investigating the role of platelet microRNAs in

thrombus formation after vessel injury.

3.1Results
3.1.11sP2Yi2 expressed in the zebrafish?

3.1.11 ZebrafishP2¥2 homology

| first soughtto establish similariies between the zebrafishp2yl2 and human
PZRY12 to determine whether the zebrafish would be a viable model for
investigation of theP2Y2 receptor. p2yl12is currently uncharacterized and no

details are available omvww.ncbi.nlm.nih.govregarding this gene in zebrafish.

However, apredicted p2y12sequenceis available atvww.ensembl.orgdescribed

as p2Y purinoceptor 1dke with the Ensembl identificaon of
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ENSDARG00000069945, at the locus Gi#571333.201 and the transcript
identification of ENSDART00000102224.

| usedClustalW alignment software to compare the protein sequences of mima
mouse, rat and zebrafisP2y12 Conservation of residues would indieawhich
elements of theprotein are functionally important There is 52% identitgnd 76%
similarity between zebrafishand humanP2y12protein sequence with many key
residues involved inidand binding and activatiomonserved in the zebrafish
Highlighed in yellow are the conserved residuéisat are known to be vital for
ligand binding: Y105, E188, R256, Y259 and &80nidt et al., 201,3gnatovica et
al., 2012 Hoffmann et al., 2008(Fgure 3.1A). Thae is a partial conservation of
the DRY motifhighlighted by the red boxyhich is knowrto play an important role
in trafficking and G proteinnteraction (Nygaard et al., 2009 There ae several
differences between these orthologuegarticularlythe numberof exons zebrafish

p2yl2has one exophumanhasthree and the mousdasfour.
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A CLUSTAL 2.1 multiple sequence alignment

Mouse-P2Y12
Rat-P2Y12
Human-P2Y12
Zebrafish-P2Y12

OLSFSN
W & D4

---MEQTT

Mouse-P2Y12
Rat-P2Y12
Human-P2Y12
Zebrafish-P2Y12

Mouse-P2Y12
Rat-P2Y12
Human-P2Y12
Zebrafish-P2Y12

Mouse-P2Y12 CS 238
Rat-P2Y12 cs V KE 238
Human-P2Y12 CSFLKSEFGLVWHEIVNYICQ VIVCYTLITKELYRSY 232
Zebrafish-P2Y12 CSDLKTELGLQWHEVVNHICQVIFWG VIICYTLISRELYXSYA 236

Kk FRhehekh HhkRo Rk ok hhkRAE Ko ohh ko Rk o kb okhhohh Ak . .k

Mouse-P2Y12 FARIPYTLSQTRA-VFDCSAENTLFYVKESTLWLTSLNA 297
Rat-P2Y12 FARIPYTLSQTRA-VE 297
Human-P2Y12 FARIPYTLSQTRD-V. KESTLWLISLNA 291
Zebrafish-P2Y12 VEYTISQTRA KESTLWLSSLNS 296

..... hhr v o kb h kb h AR ek ks hhh sk ok K . S EES 1222228022 1

Mouse-F2Y12 CLD FLCKSFRNSI TSGI (GQEGGEPSEETEM- 347
Rat-P2Y12 ANE
Human-P2Y12

Zebrafish-P2Y12

NEETEM- 342
AGDQOGNAL

AGDQQGNALT 345

ZebrafishP2Y12

1 xenopusP2Y12
mouseP2Y12
L ratpov12

humanP2Y12

Figure3.1 Alignment and phylogenetic analysis &2y12protein sequence

A shows the gnment of luman, mouserat andzebrafishprotein sequencg[*] represent
identical residues|:] represents coserved sbstitution and[.] represents semconserved
residues.The colours correspond to the physicochemical properties of the residues; Red is
for small hydrophobicBlue is for acidic, Magenta is for Bali@and Green is for hydroxyl,
sulfhydryl, amineor G. Highlighted in yellow are the conserved residues which are known
to be vital for ligand binding: Y105, E188, R256, Y259 and ¢s28mnidt et al., 2013
Ignatovica et al., 2012Hoffmann et al., 2008 The red box shows the partial conservation

of the DRY motif in zebrafisi®B showsa phylogenéc tree showing the evolutionary
relationship of human, rat, mouse, zebrafish and xendp2¥2 sequences.
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3.1.1.2p2yl2expressiorin the developing zebrafish embryo

It was necessary to determine the time course fo2yl2 expression in the
developingembryo to ascertain whether it would be suitable for knockdown. MOs
induce transient knockdown which lasts approximately 3 days from injection at the
1 cell stage; therefore to asseti®e effect of knockdownit must be expressed at
these early time points This was investigated by {RTR utilising primers
(highlighted red) designed to the cDNA sequence for zebrafigtyl2 from the
Ensembl predicted sequeng¢Eigure 3.2 A)RNA was extracted from 1 dpf to 5 dpf
embryos.Figure 3.2 B shows thatp2yl2is expessed in the developing zebrafish
embryo from 1 dpf onwards an@shows a controfor Glyceraldehyde -phosphate
dehydrogenas€GAPDH), an enzyme which catalyses glycolysis of glucose, which is

known to be expressed at these tirpeintsand acted as my curol.

3.1.1.3Zebrafishp2yl2sequence

Toconfirmthe zebrafishp2yl2genesequence, two pairs of primers were designed

to the span the whole gene, from the predictp@yl2sequence on Ensembl. The
FANRG LINAYSNI LI ANJI adl NOWBRRto base pair6® aql the dzy (i NJ
aSO02y R LI ANJ aidl NI A yIR. IndividmahwddtyjefeMirydreDmA G 2 G
was utilised for the PCR reaction with these primer pakigufe 3.3. This PCR

product was sequenced, finding seven single nucleotide poifghisms (SNPs),

however these SNPs did not change the protein sequeraiad 3.7).
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A cttcacccagcaggactcatcaATGGAGCAAACAACGCAGCTCAGCTTCTCCAACAGCAGCGT
CTCCAACAGTTCATCCTGTTCTCGAGACGGCGCTCTGAAAACCATCGTCTTCCCCGTCC
TCTACTCCATCCTCCTCATCCTGGGATTATCCCTGAACGCTCTGGCGGCTTGGGTTTTCC
TCCGGATCCCCAGCAAATCCCACTTCATCATCTACCTGAAGAACATCGTGGTGGCCGAC
ATCATCATGACCCTCACATTCCCCTTTAAAATATTATCCGATGCCAATGTAGCGTCCGTGG
GCATCCGCATTTTTGTGTGCCGCGTGTCCTCCGTGCTCTTCTACCTCACCATGTACATCA
GCATCCTGTTCTTCGGTTTGATCAGCATCGATCGCTGCAGAAAAACCATGTGGCCGTTC
GTAGGCACCAACCCCAAACGTCTACTGCACAGAAAACTGCTTTCGGGAGTCATCTGGA
CGTCTCTCCTGGCTCTTTCGCTCCCAAATGTAATCCTGACCAGTCGTCCGAATATTGGAG
AGCGCTTCAAATGCAGCGATCTCAAAACTGAGCTCGGACTGCAGTGGCATGAGGTGG
TCAATCATATATGCCAGGTCATCTTTTGGGGAAACCTTATAATCGTGATCATATGCTACAC
GCTTATTTCCAGAGAGCTCTACAAGTCGTACGCCCGCACGAGGTCTCCGCGTGGGACG
CAAAGCAAGAAGAAACACATCCAGGTTAATGTGTTCCTGGTGTTGGCCGTGTTTTTCA
TTTGTTTTGTGCCGTTTCACTTCGCGCGAGTGCCCTACACCATCAGCCAGACGLGLCGCLC
CTCCTGTTCAGCTGCCCGCAGAAGCTGTTTTTCTTCAAGCTGAAGGAGAGCACGCTGT
GGCTGTCCTCCCTCAATTCTGTGCTGGATCCGCTCATCTACTTCTTCCTCTGCAAGTCCTT
CAGGTCGTCGCTGTTTAATGTGATGCGATTGGCTCCGGGACGCTGCAGGATCCTGAGG
GAGCTCGGGACAGATTCGGCCGGCGATCAACAGGGAAACGCACTGACATGAtggacaa
aacacggacacacacatgggaaaaacactggggcttgtictgtaaacatgcaatt

B C
P2Y12 expression GAPDH control
1-5 dpf cDNA 1-5 dpf cDNA
1 2 3 4 5 m 1 2 3 4 5 m

1000 bp 1000 bp

750 bp 750 bp

Figure3.2 Expression oP2Yi2 and GAPDH control in 1 dpf to 5 dpf zebrafish embryos

The cDNA sequece of the zebrafisip2y12is shown inA, with primers highlighted in red

and the start codon underlined. The untranslated (UTR) sequences both up and
downstream of the cDNA sequence are in lower c&ashows expression oP2Y2 in
wildtype zebrafish embryosom 1 dpfto 5 dpf The finalchannelis a blank sample, which

is anegative for cONAC shows expression of th&sAPDHontrol primer pair with a blank
sample negative for cDNA the final channel
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cttcacccagcaggactcatcaATGGAGCAAACAACGCAGCTCAGCTTCTCCAACAGCAGCGT
CTCCAACAGTTCATCCTGTTCTCGAGACGGCGCTCTGAAAACCATCGTCTTCCCCGTCC
TCTACTCCATCCTCCTCATCCTGGGATTATCCCTGAACGCTCTGGCGGCTTGGGTTTTCC
TCCGGATCCCCAGCAAATCCCACTTCATCATCTACCTGAAGAACATCGTGGTGGCCGAC
ATCATCATGACCCTCACATTCCCCTTTAAAATATTATCCGATGCCAATGTAGCGTCCGTGG
GCATCCGCATTTTTGTGTGCCGCGTGTCCTCCGTGCTCTTCTACCTCACCATGTACATCA
GCATCCTGTTCTTCGGTTTGATCAGCATCGATCGCTGCAGAAAAACCATGTGGCCGTTC
GTAGGCACCAACCCCAAACGTCTACTGCACAGAAAACTGCTTTCGGGAGTCATCTGGA
CGTCTCTCCTGGCTCTTTCGCTCCCAAATGTAATCCTGACCAGTCGTCCGAATATTGGAG
AGCGCTTCAAATGCAGCGATCTCAAAACTGAGCTCGGACTGCAGTGGCATGAGGTGG
TCAATCATATATGCCAGGTCATCTTTTGGGGAAACCTTATAATCGTGATCATATGCTACAC
GCTTATTTCCAGAGAGCTCTACAAGTCGTACGCCCGCACGAGGTCTCCGCGTGGGACG
CAAAGCAAGAAGAAACACATCCAGGTTAATGTGTTCCTGGTGTTGGCCGTGTTTTTCA
TITGTTTTGTGCCGTTTCACTTCGCGCGAGTGCCCTACACCATCAGCCAGACGCGCGCC
CTCCTGTTCAGCTGCCCGCAGAAGCTGTTTTTCTTCAAGCTGAAGGAGAGCACGCTGT
GGCTGTCCTCCCTCAATTCTGTGCTGGATCCGCTCATCTACTTCTTCCTCTGCAAGTCCTT
CAGGTCGTCGCTGTTTAATGTGATGCGATTGGCTCCGGGACGCTGCAGGATCCTGAGG
GAGCTCGGGACAGATTCGGCCGGCGATCAACAGGGAAACGCACTGACATGAtggacaa
aacacggacacacacatgggaaaaacactggggctigtictgtaaacatgcaatt

Figure3.3 Zebrafishp2yl2sequence.

Underlined is thesequence targetedy the ATG MCQdesigned for this thesiHighlighted
are primer sites for sequencing the gene; purplews the primer pair for thé¢™ half of
the generanging N2 Y (G KS p Q (losssf Gasdregiart td 7 BpRBlue shows the
primer pairfor the 2" half of the gengangingfrom 428 LJ (12 (KS o0Q dzy i NJ yaft

Table 3.1:SNPgound by sequencingebrafishp2y12

Several SNPs were found after sequeng@gl2 The position is shown along with the
base changehese SNPs do not change protein sequence.

SNP Base change
position

132 C>T

181 C>T

495 G>A

560 A>G

756 T>C

768 T>C

879 C>T
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3.1.1.4 Tissue distributiorof p2y12expression

A p2yl12specific antisense riboprobe was generatedbind to thep2y1l2mRNA in

the zebrafish embryo, enablingpatialassessment op2y12 expression. utilised
whole mount in situ hybridisation (WISH)to determine the p2y12 expression
pattern at 24 hpf, 32 hpf, 48 hpf and72 hpf. A sense riboprobewvas usedas a
control. Figure 34 shows that there is little staining with thesense probehowever
stainingcan ke clearlyseenin the antisenserobe at 24 hpf, 32 hpf48 hpfand 72

hpf. This staining isvident in haematopoietic regions a¢ hpf, 32hpf, 48 hpf and

72 hpt Staining forp2yl12can be seen a24 hpf in the intermediate cell magsCM)

a site of the primitive wave of haematopoiedisin et al., 200p By 32 hpf there is
stainingin the ICM and in the posterior blood island (PEBQnsistent with the
location of thrombocytes beforeghey enter circulation Thesesites are areas of
definitive haematopoiesisthe ventral region of the dorsal aorta is also known as
aortagonad mesoneptos (AGM) region and the PBI becomes the caudal
haematopoietic tissueGH7 after 36 hpf(Chen and Zwo, 2009. By 48hpf, staining

is present in theAGM (previously the ICM) and the CHT (previously PBI). There is
also increased staining in the dorsal aorta and caudal vein, indicatingo#ydi2
expressingells are in circulation rather than exclusivatysites of haematopoiesis.

At 72hpf there is reduced staining in the CHT however there are some cells stained
corresponding to the kidney, which is a site of definitive haematopoiesis. The
decrease in staining at 7Rpf may be due to a reduction in statthrombocytes
residing in the tissues as they migrate to and erntex circulation.The presence of
staining in the ventral dorsal aorta region and the PBI corresponds to the origins of
thrombocytes, erythrocytes and neutrophildagadeeswaran et al. (@9) showed

that thrombocytes appear in circulatiat appioximately36 hpf howeverWarga et

al. (2009) propose that theyam bediscernedas early as 24 hpdlong the ICM
(Jagadeeswaran et al., 199&arga et al., 2009 It was important toestablishthe
identity of the p2yl2 stained cells as P2RY12is not only expressed on
thrombocytes but alsovaswlar smooth musclemacrophages and an as yet
unknown leukocytepopulationidentified in humansby Diehl et al. (2010}t was,

however, possible to exclude vascular smooth muscle from this investigation as this
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is not present in zebrafishembryos prior to 72 hpf (Santoro et al., 2009
Macrophages are present in the ICAhd PBI by 30 hpKo it was important to
distinguish between th@2y12stainedcells as either thrombocyteteukocytesor a
combination of both(Bennett et al., 2001Bertrand et al., 200)/ | used a probe for
L-plastin which is specific for macrophages and early mepibils FEgure 3.5 to
compare expression patterning tp2y12 to assess whethep2yl1l2 vas expressed
on macrophagesdlf the p2y12 in situwasdetecting expression on macrophagés,
might be expected that there would be a comparable level of staining between
p2yl2and L-plastinin dtus. However thein situfor L-plastin showedconsiderably
more stainingat 48 and 72 hpWhen compared tdhe p2y12in sity, indicating that
more cells expresisplastin at these time points, thap2y12 Thisdoes not exclude
the possibility of a poputséon of macrophage®xpressingp2yl2 asit is possible
the increased staining with thé-plastin probe may be accounted for bgarly
neutrophils. However, a the p2yl12 expression patterncorrespond to stes of
haematopoiesis andeduces by 72 hpfit is likely that the majority of p2y12

expressingells are thrombocyteand theirprecursors.
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Sense Anti sense

24 hpf

32 hpf

48 hpf

72 hpf

Figure3.4p2y12 expressionpatterning in 24hpf, 32 hpf 48 tpf and 72 hpf embryos

p2yl2is expressedn haematopoietic regions in thmid trunk and tailin the antisense
column. Staining fop2y12is evident irthe intermediate cell masdCM) highlighted by the
green arrow headand posterior blood islandRB) highlighted by theblack arrow headn
the 24 hpfand 32 hpf embryos At 48 Hpf staining is pesent in the aortagonad
mesonephros AGM shown by thepurple arrow head and caudal haematopoietic tissue
(CHTshown by thered arrow headl with some staining also ithe cauda vein and the
dorsal aorta(yellow arrow head)At 72 hpfthere is reducedstaining in theAGM however
there is still staining present in theéHT dorsal aorta and caudal veiScale barsndicate
200 pm.
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L-plastin

24 hpf

48 hpf

72 hpf

Figure 3.5xpression patterning ot-plastin marker for leukocytes

Expression patterning fdr-plastin, staining is evidenat 24 hpfin the intermediate cell
mass(ICM shown by the green arrow headhd posterior blood islandRB| shown by the
black arrow head). At 48 hpf in the aog@nadmesonephros (AGM, shown by the purple
arrow head) and caudal haematopoietic tisq@HT, showiy the red arrow head)At 72
hpf there is considerable staining in the CHT and in the dorsal &etiow arrow head)
Scale bagindicate200 pm.
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3.1.2 Knockdown of zebrafisip2y12
3.1.2.1 Knockdown gb2yl2does not affect gross morphaiy

Thepredictedzebrafishp2yl2gene is a single exon, preventing the use of a splice
modifying MO. Therefore, | utilisechaATG start site MQ@lesigned for thiswvork,
which prevents translation of mMRNA to protein via sterically blocking the translation
initiation complex. The concentration of MO was optimiseslich tha only a
minority of embryos showed signs afon-specific toxicity such as small heads,
cardiac oedemand delayed development, as documentedlisble 3.21.2 ng was
selected as a suitable aant of morpholino to be injected anBigure 36 shows 3

dpf enmbryos injected with 2 ng of control MO (termed control morphant) and
p2yl2 MO (termed p2yl2 morphanf. There were no gross morphological
differences between control ang2yl12 morphants. It was necessary to assess
whether p2y12 knockdown affected vessel development which could impede
assessment of thrombus formatiordigure 37 shows 3 dpf control ang2y12
morphants in theFlizGFP transgenic background, in which endothelial cells express
GFPThere was no significant difference between vascular anatomy in control and
p2yl2morphant groups, indicating thgi2y12knockdown did not affecvascular

development. This enableslbsequent testing of the role &2Y2in thrombosis.
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Table 3.2Theoptimisation of p2yl2morpholino amountfor injection.

The amount ofp2y12 morpholino for knockdown was optimised to an amount which
caused a toxic phenotype in only a minority of embryos. This table shows the amount of
morpholino injected (ng) and perctages of embryos with toxic phenotypes, such as small
head, delayed development or cardiac oedema. This table also irsdlegercentage of
viable embryog embryos deemed suitable for experimental use, with no4specific toxic
phenotype.

Amount of | Percentage Percentage Volume Number of
p2y12 embryos with| viable embryos| injected (nl) embryos
morpholino toxic effects(%) | (%) injected

(ng)

4.2 100 0 1 68

2.1 28 72 0.5 65

1.2 17 83 0.5 66

1.0 21 79 0.5 30

Control
morphant

P2Y12
morphant

Figure 36 Gross norphology of3 dpfcontrol andp2yl2morphants.

3 dpf control andp2yl2morphants embryos are showin the wildtype backgroun@here
apears to be no significant difference in gross morphology betwamrtrol and p2y12
morphants The scale bar representsmm.
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Control
morphant

100 ym

P2Y12
morphant

100 pym

Figure 3.7 Vascular morphology of 8pf control andp2yl2morphantsin Fli:GFP

This transgenic has vasculandothelial cellsexpressingGFR there appears to beno
significant difference in vasculature betweenntrol andp2yl12 morphants.White arrow
head shows dorsal longitudad anastomotic vessel, red shoimtersegmental vesssl|
yellow shows caudal vesrand blue shows dorsal aodaScale bar represents 100 pm.
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3.1.2.2The effect ofp2yl2knockdownon thrombocyte number

| attempted to ascertain whéter there was a difference in thrombocyte number
between thep2yl2morphant and control morphant groups, as this could impact
upon thrombus development. ACD41:GFP transgenwas utilised in which
haematopoietic stem cells (HSC) express a low level of (@F#¥") and
thrombocytesexpress a high level of GFP (BPP(Lin et al., 200p The caudal
haematopoietic region (CHT) of 3 dpf control guiey12 morphants wasmaged

and the number of GF" cellswas quantified Figire 38 shows preliminary data
obtained from this single experiment. There piared to be no differencen
thrombocytenumber betweenp2yl2morphants and control morphants, from this
single experiment, however as the experiment was not repeated, no statistical test

was performed.
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Control P2Y12
morphant morphant

Thrombocyte number
w
o

Figure3.8 GFP positivehrombocytesin 3 dpf C31:GFP eforyos.

A shows a 3 dpf CD41:GFP embryo, the blue box highlights the region of inEsbstws

the overlay of bright field and GFP+ thrombocytes in both control and2R2dtphant 3

dpf embryos Cshows ascatter graph of thevumber of CD41:GFRgitive thrombocytes in
the caudal haematopoietic region of both control ap@y12 morphant fish, with each
individual embryo representeddata shown are mean + SEM, with 9 embryos in each
group. These data represent a single experiment therefore nositzdl test was used.

84



3.1.2.3 The effect of p2yl2 knockdown on P2yl12 protein expressionin the
p2yl12::P2Y1LFP transgenic.

Sieger et al. (2012enerated gp2yl12::P2Y 1L FRransgenic in which GFP is fused
to the Gterminus of p2yl2driven under the naive p2yl2promoter. Sieger et al.
(2012)demonstrated that after injection with ap2y12ATGMO, GFP fluorescence in
microglia was significantly reducé8ieger et b, 2012. | obtained thistransgenic
and injected myp2y12ATG morpholino which was virtuailyentical tothe first of
two p2yl12morpholinos(P2Y12mo) utilised by Sieger et al. (201@ee HRble 2.3). |
imaged the dorsal region of the head of 3 dphtol and p2y12 morphants and
found an apparent reduction iIrGFP fluorescencand fewer branchedmicroglia
present in the p2yl12 morphants However fluorescence wasnot quantified
therefore this represents preliminary data indicatitigat my MOmayreduce if not

completely preventprotein translation(Fgure 39).
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Control
morphant

P2Y12
morphant

Figure 3.9Dorsal view of zebrafish brain in p2y12::P2¥GEP.

A shows the dorsal view ahe head ofa 3 dpf embryo, the region of interest has been
highlighted by a blue boB shows bothcontrol andp2yl12morphants,branchedmicroglia

in the control morphant are evidenh the control morphant onlyhighlighted by an arrow
head). Scale bars represent 50 um.
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3.1.2.4 The effect ofp2yl2knockdownon thrombocytes in thep2yl12::P2Y1-&FP

transgenic

| found thatthat knockdown op2yl2appeared toreduce fluorescence of microglia

in the p2yl12::P2Y1&BFP transgenic, but did not appear to affect thrombocyte
numbersin the CD41:GFP transgenidhen investigated whether the fluorescence
of GFPpositive thrombocytes were affected by2y12 knockdown.Figure 3.10
shows a wildtype 3 dpf embryo A, and in B the caudal haematopoietic region
(CHT) of 3 dpf control anp2y12 morphants. GFP positive cells are visible in the
CHT region of control morphts, there appears to be fewer GFP positive cells in
the CHT of thep2yl2 morphants. The low fluorescence of this transgenic
determined a relatively long exposure time, which was too long for the imaging of
individual GFP positive cells within the circidat Thereforein these imagesthe
dorsal aorta and caudal vein appear outlined by blurred GFP, due to circulating GFP
positive cells within the vesselDue to this low fluorescengeghe thrombocyte
fluorescence was not quantified, therefore this is lprenary data representative of

a single experiment, without quantification. Themppears to bereduced
fluorescence in theCHT of thep2yl2morphant which might suggesta possible
reduction in translation of P2yl2 proteirhowever this would require ftier

experimentation to confirm
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Figure 3.10The caudal haematopoietic tissue (CHT@gion of ®ntrol and p2yl2
morphant 3 dpf p2y12::P2Y1&FP embryos.

A wildtype 3 dpf embryo is shown i with the region of interest highlighted by a blue
box. B shows both control ancp2yl2morphants in the p2y12::P2YAZFP transgenic line.
The asterisk highlights the dorsal aorta and the arrow head highlights the caudahitbin
the CHTregionbetween these vesselScale bars represent 50 pm.

88



3.1.2.5 The effet of p2y12knockdown on thrombosis in zebrafish embryos

Knockout of theP2Y2 receptor in mice significantlyreduces thrombus formation
after vessel injurfFoser et al., 2001Andre et al., 2008 Therefore,| hypothesised
that knockdown ofp2y12in the zebrafish wouldimilarlyreduce thrombosis after
vessel injury.To investigate this| used adserto injure vessel endotheliunand
induce thrombosisThe ventral wall of the dorsal aorta, at the position opposite the
cloaca, was selected @ easilyidentified location toinduce arterial thrombosis
Our lab haspreviouslyestablished that this technique sufficientto ablate the
endothelium(Quaife and Chico, 2012Irhrombosisvasinduced by lasemjury and
thrombus areaquantified over time using ImageJ softwareFigure 3.11shows
examples of a developing thrombusin two different transgenic backgrounds;
CD41.GFP and CD41.GFRalDsred(a movie ofB is available on the attached
DVD. Both P2YandP2Y: are required toproduce a full aggregation responsa
ADPin humans(Jin and Kunapuli, 1998°2Y, alongside other receptorsnstigate
thrombus formation, whereas P2¥ amplifies and sustains this initial platelet
activation responsdDaniel et al., 19981 observed thrombosis for 10 minutes, in
order to observe both initial thromus development andimportantly, the
amplification of thrombosisvhich is driven by the P2Xreceptor, subsequent to

this.
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Figure 311 Thrombus development after vessel injury

Awildtype 3 dpf embryo is shown lwith a blue box highlighting the region BfandC. B
showsa thrombus in the CD41:GFP backgrautite arrow indicatesthe site of laser
induced injury on the ventral wall of the dorsal agrthe asterisk indicates the dorsal
aorta. The thrombus can be seen in brightfield, withdhrbocytes in green fluorescence,

(a movie of this thrombus developmelis available on the attached DVDD.shows a
thrombusin the CD41:GFP;Gatal:dsRed background, with erythrocytes in the thrombus
fluorescing red and thrombocytes, shown as yellow, fluorescing gf&eale barsepresent

100 pm
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Figure 3.12shows the tme course of thrombus development in 3 dpf contkdD
injected CD41:GFBatalDsred transgenic embryos In this transgenic
thrombocytes express GFP and erythrocytesress red fluorescent protein De®

A shows a bright field image of the region of irget, andB shows development of
thrombus over 10 minutes. The thrombus occluded the vessel and blocked blood
flow to the tail by 2 minutes after vessel injury, asdbsequently embolised by
approximately 8 minutes, enabling blood to flow past the sitengdiry and reach

the tail. The composition of the thrombus cée seen to consist of both Dsred+
erythrocytes and GFP+ thrombocytesmAvie of this time course can be seen on

the attachedDVD
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Figure 3.2 Thrombosis in CD41:GFP;Gatal:DsRed 3 dpf entbryo

A showsa bright field image of the mid trunk region of a 3 dpf emb®chows thrombus
development over 10 minutes after laser induced injufpe white arrowhead indicates

the site of laser injuryThe vessel fully occludes after 2 minutes and ensksl after
approximately 8 minutes. CD41:GFP labelled thrombocytes are evident at the site of
thrombus highlighted by a white arrowThe yellow arrow head indicates the caudal vein,
the blue indicates the dorsal aorta aride white asteriskndicates the acluding thrombus.
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3.1.2.6 p2y12knockdownsignificantlyreduces thromlosis

Control andp2yl12morphants, in groups of-8, underwent laser induced injury to
the ventral wall of the dorsal aorta and the thrombus area was quantiiesr ten
minutes. This w&s repeated on four different day&igure 3.13 Ashows aplot of
thrombus areaover ten minutes after injury, where each embryo has been
considered as a separate experiment (control n=21 pAg12 morphants n=20).
Figure 3.13 Bhowsa statistically sigficant reductionin the mean area undethe
curve ofp2yl2morphants compared to contravhen analysed by combining each
experimental replicate into a single mean (np40.0). C shows a statistically
significant reduction in thrombus area ip2y12 morpharts with each embryo
representing a separate experiment (control n= 21 g@&y12 morphants n=20,
p<0.0001).Figure 3.14shows a significant reduction in thrombi development in
p2y12 compared to controlmorphants, with 77% of p2yl2morphants forming
thrombi compared to 100% of control morphants. These results are consistent with

the reduction in thrombosiseen in theP2Y2 -/- mouse(Foster et al., 2001
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FHgure 313 The effect ofp2yl2knockdown on arterial thrombosis

Groups of 46 p2yl2morphant or control embryos underwent laser induced aortic injury
and thrombus area was quantified over 10 mins. Four replicate experiments were
performed on different dgs. A shows a plot of thrombus area over 10 minufeiowing

laser induced aortic injury, where every embryo has been considleas a separate
experiment (n=21 control and n=3i2y12morphantg. B showsthe mean area under the
curve inp2yl2morphants orcontrols where data has been analysed by combining each
experimental replicate into a single mean (np40.02). Cshows a scatter graph with each
individual embryo represdged as an experimental unit §0.0001). A Mann Whitney test
wasappliedfor analyss of bothBandC data ispresented as mean + SEM.
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Figure 3.4 The effect ofp2y12knockdown on arterial thrombi formation.

Groups of 46 p2yl2morphant or control embryos underwent laser induced aortic injury
and embryos were observed to detemme whether or not a visible thrombus was
generated. Four replicate experiments were performed on different days, and data from
each replicate was combined into a single mean (ie n=4). Fishers exact test was used for
andysis P<0.001
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3.1.2.7 Does p2yl12 knockdown by the published P2¥-mo2, affect thrombus

formation?

In order to assess whether thegrevious data showing a significant reduction in
thrombus area afterp2y12 knockdown was a specific phenotype rather than a
potentially nonspecific effect othe p2y12 morpholino, | obtained the published
P2Y2-mo2 morpholino(Sieger et al., 2092 This morpholino, as shown Figure
315A,0F NABSGa (KS p@12thus wctingJasTal teanyslatiéntblocking
morpholino. | injected the morpholino amount as documented by Sieger et al.
(2012) and this resulted in no significant morphological differences in thexP2Y
mo2 morphants Figure 3.15B). I quantified the thrombosis response ajroups of

6-7 control or P2¥-mo2 morphantsat 3 dpf bylaser induced aortic injurin three
replicate experiments, performed on different daysgure 3.16A shows a plot of
thrombus area over 10 minutef®llowing injury, where every rabryo has been
considered as a separate experiment. There is asignificant trend for reduced
thrombus area in the P2¥mo2 morphants, when analysing the data by combining
each experimental replicate into a single mean, asigure 3.16B (n=3, p=0.1)
However, | found that there was a statistically significant reduction in thrombus
area in the P2¥-mo2 morphant compared to control morphants, when considering
each embryo as a single experimental unifFigure 3.1 (p<0.0001, controh=22

andP2Y2-mo2 morphants n=21).
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tcatttcattatgcattctttcattcaggacttcattacttcacccagcaggactcatcaATGGAGCAAACAAC
GCAGCTCAGCTTCTCCAACAGCAGCGTCTCCAACAGTTCATCCTGTTCTCGAGACGGC
GCTCTGAAAACCATCGTCTTCCCCGTCCTCTACTCCATCCTCCTCATCCTGGGATTATCCC
TGAACGCTCTGGCGGCTTGGGTTTTCCTCCGGATCCCCAGCAAATCCCACTTCATCATCT
ACCTGAAGAACATCGTGGTGGCCGACATCATCATGACCCTCACATTCCCCTTTAAAATAT
TATCCGATGCCAATGTAGCGTCCGTGGGCATCCGCATTTTTGTGTGCCGCGTGTCCTCC
GTGCTCTTCTACCTCACCATGTACATCAGCATCCTGTTCTTCGGTTTGATCAGCATCGATC
GCTGCAGAAAAACCATGTGGCCGTTCGTAGGCACCAACCCCAAACGTCTACTGCACAG
AAAACTGCTTTCGGGAGTCATCTGGACGTCTCTCCTGGCTCTTTCGCTCCCAAATGTAA
TCCTGACCAGTCGTCCGAATATTGGAGAGCGCTTCAAATGCAGCGATCTCAAAACTGA
GCTCGGACTGCAGTGGCATGAGGTGGTCAATCATATATGCCAGGTCATCTTTTGGGGA
AACCTTATAATCGTGATCATATGCTACACGCTTATTTCCAGAGAGCTCTACAAGTCGTAC
GCCCGCACGAGGTCTCCGCGTGGGACGCAAAGCAAGAAGAAACACATCCAGGTTAAT
GTGTTCCTGGTGTTGGCCGTGTTTTTCATTIGTTTTIGTGCCGTTTCACTTCGCGCGAGT
GCCCTACACCATCAGCCAGACGCGCGCCCTCCTGTTCAGCTGCCCGCAGAAGCTGTTT
TTCTTCAAGCTGAAGGAGAGCACGCTGTGGCTGTCCTCCCTCAATTCTGTGCTGGATCC
GCTCATCTACTTCTTCCTCTGCAAGTCCTTCAGGTCGTCGCTGTTTAATGTGATGCGATT
GGCTCCGGGACGCTGCAGGATCCTGAGGGAGCTCGGGACAGATTCGGCCGGCGATC
AACAGGGAAACGCACTGACATGAtggacaaaacacggacacacacatgggaaaaacactggggctt
gttctgtaaacatgcaatt

Control
morphant

P2Y12-mo2
morphant

Figure 3.13°2Y12mo2 target and morphant morphology at 3 dpf.

A shows highlighted in red,the target of the published P2¥2-mo2 within the 5Q
untranslated region op2yl12 (Sieger et al., 20)2Underlined is thep2y12 morpholino
custom designed for my projedB shows the morphology of both control and R2¥ho2
morphant 3 dpf embryos in th@acre background, thereappears to beno signifiant
morphological difference. Scale bars represent 500 pum.
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Figure 3.5 The effect of P2¥>-mo2 on thrombosis.

Thepublished P2¥>-mo2 morpholino was utilised to knockdowsRy12(Sieger et al., 2032
The thrombadic responseafter laser induced injury of the aortaas assesseds inFigure
3.13 Groups of 67 P2¥2-mo2 morphant or control embryos underwent laser induced
aortic injuryand thrombus area was quarigfl over 10mins. Threeeplicate experiments
were performed on different daysA shows a plot of thrombus area over 10 minutes
following laser induced aortic injury, where every embryo has been considered as a
separate experiment (n=22 control and n=R2v12-mo2 morphants) B showsthe mean
area under the curve iR2Y.2-mo2 morphants or controls where data has been analysed by
combining each experimental replicate into a single mean (n=3, p=C.4hows a scatter
graph with each individual embryo repreged as an experimental unit (p<0.0001). A
Mann Whitney testvasapplied toboth BandC data ispresented as mean + SEM.
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3.1.3 Investigating the specificicity of thp2y12morpholino effect
3.1.3.1 Irvestigation into possible crossacting P2¥2 antibodies

One method for confirming that morpholino knockdown has reduced translation of
RNA to proteinis by western blotting. This requires a specific antibody to the
zebrafish peptide sequence. | investigated whether there would be suitable
antibodies a&ailable for detection of P2y12 in the zebrafishgure 3.7 shows an
alignment of the human and zebrafish P2y12 peptide sequences, with the epitopes
targeted by currently available antibodies highlight8@ble 3.3shows the details

of these antibodiesincluding the currently known species cross reactivity. | foand
relatively low sequencéomology between human and zebrafish in the epitopes
recognisedby these antibodiesThis precluded using western blotting to confirm

protein knockdown
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CLUSTAL 2.1 multiple sequence alignment

Human MOAVDNLT---SAPGNTSLC TRDYKITQVLFPLLY TVLFFVGLITNGLAMRIFFQIRSKS 57
Zebrafish MEQTTQLSFSNSSVSNSSSCSRDGALKTIVFEVLY SILLI LGLSLNALAARVFLRIPSKS 60
ke sk ke _kek Krkk m ::**:**::*:::** * k¥ :*::* * %k
Human NFIIFLKNTVISDLLMILTF PFKILSDAKLGTGPLRTFVCQVTSVIFYFIMYISISFLGL 117
Zebrafish HFITYLKNIVVADIIMTLTF PFKILSDANVASVGI RIFVCRVSSVLFYLTMYISILFFGL 120
:***:*** i::*::* ***********: . . *i*:*:**:**: *hkkkk Kk *:**
Human ITIDRYQKTTREFKT SRPKNLLGAKILSVV IWAFMFLLSL ENMILTNRQPRDKNVKKCSF 177
Zebrafish I SIDRCRKTMWPFVG INPKR LLHRKLLSGVIWTSLLALSLENVILTSR- ENIGERFKCSD 179
% - *** :** * % *** * % * - ** *** =m ***** *** * * = *kk
Human LKSEFGLVWHEIVNY ICQVI FWINFLIVIVCYTLI TKELYRSYVR TRG-VGKVPRKK-VN 235
Zebrafish LKTELGLOWHEVVNH ICQVT FWGNL ITVIICYTLI SRELYKSYARTRSPRGTQSKKGHIQ 232
* X * * % *** ** EEE R * *** ***** shkk . ** *** *. .:** s
Human VKVFI IIAVFFICFVEPFHFARIPYTLSQTRD-VFDCTARNTLEYVREST LWLTSLNACLD 294
Zebrafish VNVFLVLAVF FICFVEFHFARVPYT ISQTRALLFS CPQKL FFFKLKESTLWLSSLNSVLD 299
*:**:::**************:***:***ﬁ :*.*. s :* :*******:***: * *
Human PFIYFFLCKS FRNSL ISMLKCENSA THESDNEEE e 242
Zebrafish PLIYFFLCKSFRSSLENVMRLAPGRCRILRELGTDSAGDQQGNALT-~ 343
* - ********** ke . S s = RS - *

.....

Figure3.17 P2¥2 antibody peptide targets

Thisshows aClustalW alignment of human P2RY12 and zebrd®sii2, highlighted are
examples ofpeptide sequences targeted by commercially available 1P 2¥tibodies.
Highlighted in yellow is the antibody availablerfri\lomone labs AR&L2(Israel)red font
underlined showsthe antibody available from Sigma Aldrich, Wue highlighting shows
the antibody available from Alomone labs ABRO (Israel), and purple showlse antibody
available from Novus Biologicals, USA

Table 3.3Currently available P2 antibody target sequences and their percentage
identity.
Examples ofantibody targes in the humanP2RY1Zequence is shown along with the

zebrafishp2yl12percentageidentity of this target.Also included are detailsf the species
reactivityand product information.

P2Yi2 amino acid target | Percentage dentity of | Species tested Product
in the human sequence | target sequence| in information
between human and
zebrafish(%)
(C)KTTRPFKTSNPKNLL 55 Human, rat and Alomone Labs
K mouse Israel #APR012
YQKTTRPFKTS 36 Human Sigma Aldrich
Gillingham, UK
#6997
CTAENTLFYVKES 38 Human, rat and Alomone Labs
mouse Israel #APR020
SLSQDNRKKEQDGGDH 9 Human and Novus Biologicals,
ETPM primate USANBP178249
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3.1.3.2 Does oveexpression of zebrafisp2yl2 mRNA rescue the effect of the

p2yl2morpholino on thrombosis?

In an attempt to assess the specificity of my custom desigp2gl2 ATG
morpholino, | synthesised p2y12mRNA construct to which the morpholisbiould

not bind, bu which would produce the correct P2Ypeptide. This was achieved by
changing the codons in the sequence targeted by the morpholino to synonymous
codons to which the MO was not complementaBigure 3.18. In dose ranging
optimisation studies,Table 3.4 | found that ceinjection of 34.6pg mMRNA with
1.2ng of either a control op2y12MO induced a 7% rate of abnormality (similar to
injections with a control morpholino or uninjected embryos in other experiments).
Bright field micrographs of 3 dpf embryostaaf co-injection of p2y12 RNA with
control orp2y12MO, are shown ifrigure 3.19
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Original sequence: ATG GAG CAA ACAACGCAGCTCAGCTICTCCAACAGCAGC

Amended sequence: ATG GAA CAG ACC ACA CAA CTCAGC TTC TCC AAC AGC AGC

Figure 3.8 p2yl2sequencewith both the original sequence and the amended sequence
with the morpholino target under lined

The ATG start site @2y12is shown in bludont, the morpholino target is underlined, and
the primer target is in italics. | changed a nucleotide from each codon to etisergame
peptide was translated buthat the morpholinoshould not bind

Table 3.40ptimisation ofp2y12RNA amount folco-injection with p2yl2morpholino.

The amount of RNA was optimised by-igecting several different amounts of miss
matchedp2y12RNA along with .2 ng ofeither control orp2yl2morpholino. The amount

of RNA in picograms is shown, along with the percentd#gambryos with toxic phenotype
compared to percentage of viable embryos. 34.5 pg was selected dsghest amount of
RNAwhich only resulted in a minority of embryos with a toxic phenotype, such as delayed
development, cardiac oedema or small heads.

Amount of | Percentageof embryos| Percentage of viable | Number of embryos

p2yl2 RNA| with toxic phenotype| embryos(%) injected

injected (%)

(p9) Control p2y12 Control p2yl12 | Control p2y12
mo mo mo mo mo mo

277 31 56 69 44 60 87

138.5 20 30 80 70 40 60

69.25 12 23 88 77 42 68

34.6 13 7 87 93 14 107
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Control
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P2Y12
morphant

Control
morphant + RNA

P2Y12
morphant + RNA

Figure 3.9 Gross morphology of 3 dpf embryos after injection of control morpholino
with/without p2y12RNA andp2yl2morpholino with/without RNA.

The gross morphology of control morphan®y12 morphants, control morphants ce
injected withp2y12RNA ang2yl2morphants ceinjected withp2y12RNA are shown at 3
dpf. Thereappeas to be no significant dfference in grogssorphology ofembryos after
p2y12RNAand morpholinoco-injection. Scale bar representsmm.
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| then assessed the effect of mMRNA injectionlaserinduced thrombosis in 3 dpf
embryos canjected with p2y12or control morpholino.Figure 3.20A shows the
thrombus area plotted over 10 minuteB, shows the area undethe curve of this
data asmeansper replicate and C showsthe data from each individual embryo
Injection of p2y12 mRNA into control morphants was associated with a -non
significant reduction in thrombus after injury, compared with control morpholino
alone. As expectedp2yl2 knocldown significantly reduced thrombosis. Co
injecting p2y12 morphants withp2yl12 mRNAwas associated with a slightly less
pronounced reduction in thrombosis, with the result that there was no significant
difference in thrombosis between control morphants ap2ly12mRNAp2y12MO
injected embryos, although there remained a clear trend to a reduction in
thrombosis. Thep2yl2 mRNA was therefore unable to definitively rescue the

morphant phenotype.
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Figure3.20 Thrombosis response in control anoRy12 morphants with and without co-
injection of p2y12RNA.

The thrombadic responseafter laser induced injury of the aortaas assesseds inFigure

3.13 Groups of 24 p2yl2morphant or control embryosvith or without cainjection with
p2y12RNA underwent laser indued aortic injuryand thrombus area was quantified over

10 mins. Threegeplicate experiments were performed on different dajsshows a plot of
thrombus area over 10 minutdsllowing laser induced aortic injury, where every embryo
has been considered assaparde experiment (n=11 control, 18 p2yl2morphants n=11
control cainjected with p2y12 RNA and n=1%2y12 morphants ceinjected with p2y12

RNA. B shows the mean area under the curvepiyl2morphants or controls where data

has been analysed by cduning each experimental replita into a single mean (n=3)
There is a significant reduction in thrombus area between controlpyd 2morphants (*

= meanrank difference 8.33). C shows a scatter graph with each individual embryo
represented as an expeniental unit There is a significant reduction between control
morphant andp2yl2morphant (***= mean rank difference 23.21), control morphant and
p2yl2morphant with RNA (** = mean rank difference 18.4). There is a significant increase
betweenp2yl2morphant and control morphant with RNA (* = mean differend&.49).A
Kruska I t f Ad GAGK 5dzyyQa Wadzapplitd Xhé&edad? andJardlh 4 2 Yy
presented as meath SEM.
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3.1.4 Does treatment withP2Y2 antagoniss reduce thrombus formation?

Treatment of mice with ticagrelor reduces thrombus formatiém a similar extent

as seen inP2Y2 -/- mice (Patil et al.,, 201D | therefore investigated whether
clinicallyused P2Y2 antagonistshave similar effects ithe zebrafishmodel. 2 dpf
embryoswere incubated overnightvith the reversibleP2Y2 antagonistticagrelor
and the effect on thrombosiswas assessedPreliminary data from this single
experiment showed that exposure t85 pM ticagrelor may reduce heart rate,
howeverin this preliminary single experiment, no clear evidence of an effect on
thrombus area was observedompared to control§Fgure 3.2). Ticagrelorhas
been shown tanduceventricular pause patients with acte coronary syndrome
and so any effect on heart rate would be interesting and potentially relevant
(Scirica et al., 2031 | therefore repeated ths experimen with a lower
concentration of ticagrelor (2uM), which appeared to induceno difference m
heart rate or thrombus area, between control and ticagrelor exposed embryos
(Fgure 3.23. Thesepreliminaryresultssuggestthat treatment with ticagrelorat
these concentration®as no significant effect on thrombus formatiorhe effect of

25 uM ticagrelor on heart rate indicates that thdrug may havepenetrated
sufficiently to induce a physiological effe¢hough it is possible that this was
insufficient to affect thrombosis.These data represent 1 and 2 experimental
replicates respectively, therefore no statistical analysis was applied and they

require replication before their results can be interpreted.
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Figure 321 Effect of 25uM ticagrelor onthrombusformation in 3 dpf embryos.

Groups of 10 controland 11 ticagrelor exposed embryasderwent laser induced aortic
injury and thrombus area was quantified over fins. A shows a plot of thrombus area
over 10 minutedollowing laser induced aortic injuryd shows a scatter plobf the area
under the curve of thrombus an@€ shows a scatter plot of heart rate in control and
ticagrelor exposed embryo3his data represents a singlepeximent with out replication,
with each embryo representing a single expezital unit. Therefore no statistical test was
applied. Data ipresented as mean + SEM
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Figure 3.2ZEffect of 20uM ticagrelor onthrombus formation in3 dpf embryos.

Groups of 1811 control and ticagrelor exposed embryasmderwent laser induced add
injury and thrombus area was quantified over fdins. Two replicates were performed on
different days (control n=21 and ticagrelor n=2@xhows a plot of thrombus area over 10
minutesfollowing laser induced aortic injurd shows a scatter ploof the area under the
curve of thrombus andC shows a scatter plot of heart rate in control and ticagrelor
exposed embryosThis data represent® independent experiments, with each embryo
representing a single experimental unit.herefore no statistical teswas applied. Data is
presented as meatt SEM
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The irreversibleP2Y2 antagonist prasugrel usually requires activatiog liver
cytochrome isoenzymes® its active metaboliteprasugrel active metabolite (PAM).
| therefore next investigated the effeof PAM on thrombosis. | treated 3 dpf
embryos with 20 uM PAM, two hours before laser injugure 323 A and B shows
that there appears to beno difference in thrombosis between control groups and
PAM treated groups. Increasing the concentration of PANSO uM Eigure 3.23 C
and D alsoappeared to havao effect on thrombosisThese data are the result of
single experiments respectivelljerefore no statistical aalysis was applied to this
data. Further experimentation would be required to identify RAM affects

thrombosis response in this model.
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Figure 323 Effect of20 uM and 50 M prasugrel active metabolite (RM) on thrombosis
in 3 dof embryos.

Groups of 8 control and PAM exposed embryasderwent laser induced aortic injugnd
thrombus area was quantified over Hdins.3 dpf embryosvere exposedo PAMat 20 uM
(A and B) and 50 pM(Cand D). A and Cshows plots omeanthrombus areaagainst time
over 10 minutes.GraphsB and D show scatter plots with each individual embryo
represented as an independent experimental uridata presented as meax SEM.AII
graphsrepresent a single experimental replicatgith each embryo representing a single
experimental unitfherefore no statistical test waapplied
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3.1.5 Doplatelet microRNAsplay a role inthrombosis?
3.1.5.1 Selection of platelet miRNAs for investigation

A cluster of miRNAshich are highly expressed by plateléia/e been implicated in
MI risk however theirfunctional involvement in thrombosis unknown(Zampetaki
et al., 2012. miR24, miR126 and miR23 wereselectedfrom these differentially
expressed miRNA specisinvestigate theirroles in thrombosismiR223 has a
predictedbinding siteini KS o0 Q ! (PRRYNBRNArZhyimadsindicating a
potential role for regulation oP2y12protein expressior{Landry et al., 2009Both
miR223 and miRL26 levels are reduced after anplatelet therapy, indicating a
possible use as biomarkers for platelet activatiorhdrefore sought to investigate

the previously undetermined roles ofiR-223 miR126 andmiR-24 in thrombosis

3.15.2 Knockdown of miHR4, miR126 ard miR223 does not affect vascular

development

Before assessingny effect on thrombosis,tiwas important to ascertain whether
knockdown of these miRAsaffected vasculardevelopment. | thereforaused MO
inducedknockdown of each miRNiaA FlilGFPtransgenic embryos and examined
the vascuhture at 3 dpf Fgure 3.24. | detected no abnormality in vascular
development such as aberrant branching or loopingy the miR morphants

compared with controls.
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Table 3.50ptimisation of morpholino amounts for each miRNA morpholino

Thedose response afach miRNAnorpholinowasoptimisedfor injection An appropriate
amount was deemed sufficient to cause a toxic phenotype in only a minority of embryos.
This table shows the amount aforpholino injected (ng) and percentages of embryos with
toxic phenotypes, such as small head, delayed development or cardiac oedema. This table
also include the percentage of viable embryog embryos deemed suitable for
experimental use, with no nespedfic toxic phenotype The following amounts were
selected: miR223 3.49 ng, miR26 4.22 ng and miR4 2.1 ng.

Morpholino | Amount of | Percentage | Percentage | Volume Number
target miR embryos of viable | injected (nl) | of
morpholino with toxic | embryos(%) embryos
(ng) effects (%) injected
miR223 6.98 64 36 1 30
3.49 28 72 0.5 50
miR126 7 73 27 1 40
4.22 27 73 1 78
mir-24 4.21 96 4 1 40
3.49 32 67 0.5 43
2.1 28 72 0.5 40
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Control
morphant

miR-126
morphant

miR-24
morphant

miR-223
morphant

Figure 3.24/ascular morphology in miR morphant 3 dpfiLGFP embryas

The vasculaturef the trunk is shown focontrol, miR-126, miR24 ard miR223 morphants
at 3 dpf, in theFli: GFP genetic backgrour@cale bars represent 100 um.
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3.1.5.3 Knockdown ofither miR24 or miR126does not affect thrombosis

Figure 3.25shows theeffect of miR24 knockdown orthrombusafter laser injury.
Three experimental replicates of 810 embryos/group were performedFigure
3.25 A shows the area of thrombusver 10 minutesfollowing injury with each
embryo considered as a single experiment (n3Rf&yroup). | analysed the area
under the curve for the datah®wn in Figure 3.25A, and expressed this as either
the mean value per replicate experiment (n=3/grofigure 3.26B) or by individual
embryo (n=3@1/group, Figure 3.26C). No statistically significant differences

between groups were detected by eithepproach.

Figure 3.26shows theeffect of miR126 knockdown othrombusafter laser injury

in the same assaysfter three experimental replicates on separate dalgure
3.26 Ashows the area of thrombus over 10 minutes with each embryo considered a
singk experimental unit (n31-30/group). | then analysed the area under the curve
of this data and inFigure 3.26 Bhis is expressed as mean value per replicate
(n=3/group) and forFigure 3.26 @s individual embryos (n=330/group). As for
miR-24, | did notdetect anystatistically significangéffect of miR126 knockdown on

thrombosis.

It is important to note that the laser system used for the data obtained previously
in this chapter was changed prior to investigation of the effect of miRNA
knockdown. Therafre, there is a difference when comparing control thrombus
area from the previous laser system to the laser system utilised for investigation of
MiRNA. However, it is equally important to state that this laser system remained
unchanged throughout the invagation of miRNA effect, therefore miRNA results

can be compared to each other.
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Figure 3.2%ffect of miR24 knockdown on thrombosisesponse

Groups of 910 miR24 morphantor control embryos underwent laser induced aortic injury
and thrombus areawas quantified over 10mins. Threereplicate experiments were
performed on different daysA shows a plot of thrombus area over 10 minufeiowing
laser induced aortic injury, where every embryo has been condide® a separate
experiment (n=30 contrahnd n=29miR-24 morphants) B showsthe mean area under the
curve inmiR-24 or control morphantswhere data has been analysed by combining each
experimental relicate into a single mean (n=3/groyz0.9. Cshows a scatter graph with
each individual emlyo represented as an experimental urpt=0.73. A Mann Whitney test
was applied to botiB andC data ispresented as mean + SEM.

115



5000
-e- Control morphant

4000+ - miR-126 morphant

Thrombus area (pixels) X>»
- N (9]
(=] o o
(=] [=] [=]
o o o

(=]
1

200 400 600
Time after injury (seconds)

o

v
(@]

— 2000000+ — 6.0x10°-
L] L]
x X ) L
& 1500000 [
P o 4.0<10%
c c [ [ 1]
3 10000004 3 (e
) 3 *
k=] T 2.0x10% ° u
S 500000 £ ®ee o0 m
3 3 _ﬁ_ u
b 0. < 0l *%cen ease® "!.-'.'-:l"
X x
& &
& L
& N
&) a®
I &
[s) o K
ld o &

Figure 3.5 Effect of miR126 knockdown on thrombosisesponse

Groups of 1611 miR-126 morphant or control embryosunderwent laser induced aortic
injury and thrombus area was quantified over frins. Threeaeplicate experiments were
performed on different daysA shows a plot of thrombus area over 10 minufeowing
laser induced aortic injury, where every embryoshheen considered as a separate
experiment (n=31 control and h=30 m1R6 morphants)B showsthe mean area under the
curve in miRL26 or control morphants where data has been analysed by combining each
experimental r@licate into a single mean (n§8-0.9. Cshows a scatter graph with each
individual embryo represented as an experimental up#d.77. A Mann Whitney testvas
applied to bothB andC data ispresented as mearr SEM.
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3.1.5.4 Knockdown of miR223 signiicantly increases thrombus area

Theo Q | fP2RYIZNRNA contains a miR3 binding site, indicating that miR
223 may regulateP2y12 protein expression(Landry et al., 2009 miR223
expression leveis also inversely associated with Ml ri@ampetaki et al., 20)2
Therefore,l hypothesised that miR23 may playa role in thromlmsisafter vessel
injury. | investigated the thrombosis response of both control amdR223

morpharts.

Figure 3.27shows theeffect of miR223 knockdown orthrombusatfter laser injury.
Three experimental replicates of n=B) embryos/group were performedFigure
3.25 A shows the area of thrombusver 10 minutesfollowing injury with each
embryo considezd as a single experiment (n=28/group). | analysed the area
under the curve for the data shown Figure 3.27A, and expressed this as either
the mean value per replicate experiment (n=3/grofiigure 3.27B) or by individual
embryo (n=3831/group, Figue 3.27 Q. Analysing the data by mean of each
replicate showeda non-significanttrend towards anincrease in thrombs area in
miR-223 morphantsKigure 3.27 B=0.13). If each embryo is considered a separate
experiment, then this difference becomes highkignificant (Figure 3.27 C
p=0.M13). These resultssuggest that knockdown of miE33 may increase
thrombus area andhencethat miR223 negativelyregulatesthrombus formationby

some mechanism
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Figure 327 Hfect of miR223 knockdown orthrombosis response

Groups of 8L0 miR-223 morphant or control embryos underwent laser induced aortic
injury and thrombus area was quantified over fifins. Threereplicate experiments were
performed on different daysA shows a plot of thrombus area over 1(mates following

laser induced aortic injury, where every embryo has been considered as a separate
experiment (n27 control and n28 miR223morphants) B showsthe mean area under the
curve in miR23 or control morphants where data has been analysed dyliining each
experimental repliate into a single mean (n33=02). Cshows a scatter graph with each
individual embryo represented as an experimental upt@002). A Mann Whitney test

was applied to bottiB and C, data ispresented as meath SEM.
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3.2Discussion

| have shown thap2yl12is expressedn the zebrafisha the mRNA level. e key
residues involved in ligand bindirig the humanP2Yz receptor, suchas Y-%°, E®
R Y %% and K% are conserved in the zebrafish genomehe expresion
patterning for p2y12 in the developing embryo via whole mount situ
hybridisation was consistent with what might be expecte¢Figure 3.3,
corresponding to sites of both primitive haematopoiesis and definitive
haematopoiesis The expression patternis similar to GFP positive cells in the
CD41.GFP transgerembryos with clustering of GFpositive cells aB3-35 hpf in
the AGM region before migrating to the CHT and thymus by 48Kigfa et al.,
2008. The morphology and size of thexpressingcells are consistent with
thrombocytes, as they are larger than HSC and roumdike macrophages. This
combined with the location of the stainingieans itis likdy that many of thecells
expressingp2yl12 are thrombocyts. However, as ies of haematopoiesisalso
produce myeloid celland P2RY12s believed to be expressed on macrophages, it
is possible thaip2y12 expressingcellsinclude a subpopulation of macrdpges.
There are fewer stained cells in tpRy12in situwhen compared to arn situfor
the leukocyte specifit-plastin (Figure 3.9, suggestinghat p2y12is not present on
both macrophages and neutrophildhiowever this will require further work to
investigate whether there is elmcalisation ofp2yl2and leukocytes. This would be
possible by conducting an situfor p2yl2alongside arantibody stainagainst GFP
in mpo.GFP ompegGFPIt would also be possible tperform in situ hybridisation
for P2Y2 in an anaemic mutant line in which no thrombocytes were present and
any staining would indicate the presence pRyl2 on alternative cells to

thrombocytes.

A p2y12 specific ATGMO was utilisedto knockdown expressionof the P2Y2
receptor. No significart differences in grossnorphologyor vessel development in
p2yl12 morphants was observed(Figures 3.6and 3.7), enabling this MO to be
utilised for further investigation of the effect @f2y12knockdown To investigate
whether there was a loss of functiorf B2Y2 in the morphants alaserwas utilised

to injure the endothelium of the ventral wall of the dotsaorta. This injury wa
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sufficientto inducethrombosis(although this was somewhat variable, necessitating
large group sizes) his mechanism for ingting vessel damage activates the tissue
factor pathway and leads to thrombfiormation (Falati et al., 2002 Therefore this
assay encompasses many factors invadlwe thrombus development ancequired

for accurate modelling of thrombosis response, such as thrombus development,
stability and embolizationl found that knockdown ofp2y12 significantly reduced
thrombus formation afterlaserinduced injury (p<0.000)} (Figure 3.13 In the
p2yl2morphants, some thrombi did form after injuryKigure3.14) but there were
significantly fewer tharobserved incontrol morphants(p<00001) These results
are consistent with those seen in ti2Y2 -/- mouse,in which thrombus formation

is reduced and bleding timesafter tail transectionare increased(Foster et al.,
2001, Andre et al., 2003Patil et al., 201 Increased embolizationf thrombi was
alsoobserved inP2Y2 -/- mice, corresponding to the results shown above in the
p2y12 morphants (Andre et al.,, 2008 My resuts suggestthat P2Y2 receptor
mediatedamplification of thrombosiss conserved in the zebrafish and blocking of
translation of p2yl2 by an ATGMO is sufficient to produce a loss of function
phenotype in the 3dpf embrya The mechanisms foP2Y2 activaton and the
subsequent downstream signallirage yet to be elucidatedn the zebrafishand
further work will be required to investigate whether the sidimaj pathways and

mechanisnin mammals are also conserved in the zebrafish.

The effects of splice modying MOon target mMRNAan be determinedy RFPCR

to identify aberrant splicingATG starsite MQ however, do not affect splicing of

the gene therefore it is not possible tmnfirm theeffect of the MOby RFPCRThis
presented a challenge to asseshether thep2y12MO wastruly inducing doss of
function of P2Y2. One solution to this would be a western blot to determine
presence of theP2yl2 protein in thep2yl2 morphants. Howeveras shown in
Figure3.15and Table 3.3 although there are severalommercial P2¥ antibodies
available, the epitopes targeted by these antibodies show a relatively low homology
to the zebrafish.During the course of my work p2y12::P2Y1ZFP transgenic
became availabl¢Sieger et al., 20)2Sieger et al. (2012) utilised tipRy12::P2Y 12

GFRransgenic line to quantiffluorescenceof p2yl2expressing microglia p2y12
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and control morphants, showing a reduction in fluorescemcp2yl2morphants |
obtained this transgenjcimaged Ioth control and p2y12 morphants and also
observed a reduction in GHRiorescence in microglia in my2yl12 morphant,
(using my own morpholino, not the similar MO used by Siegeddition to thisl
sought to investigate whether thrombocytes expressed GFP in this transdenic
imaged the CHT region of both control ap8y12 morphants and observedna
apparent reduction in fluorescence inp2yl2 morphants. Due to the low
fluorescence of this transgeni difference in fluorescence between control and
p2yl2morphants was not quantified, therefore this would require quantification
confirm whether translation of the P2yl2 protein is reduced in th2yl2
morphants TheGFP positive cellobserved in te CHTmostlycorresponed to the
thrombocytes seen in thesame regions seen in th€DA:GFP transgersc
However, it is also possible thadome of thep2yl12::P2Y1ZFP positive cells are a
subpopulation of macrophagesas P2¥ is proposed to be expressedn
macrophages and this transgenic, as previously shown, has been utilised to visualise
microglia. Therefore these results indicathat the morpholinogenerated for this

thesisis indeed reducingf not fully preventingtranslation of P2¥.

In additionto using the p2yl12::P2YA@FP transgenic tattempt to assess the
effect of my p2y12morpholino, | also obtained thp2yl2morpholino (P2¥mo2)
published along with this transgen{Sieger et al., 20021 sought to investigate
whether injection of P2¥mo2, which targetshe 50 ! ¢ w N&ByAAwould 2 F
have a similar effect on thrombosadter laser induced vessel injurinockdown

with this morpholinoshowed arend for reduced thrombus formation in P2Y12mo2
morphants, which was not statistically significant when analysed with a single mean
for each experimental replicatgp=0.1) This reduction was statistically significant
when analysed with each embryo regemting a separate experiment €0.0001
Figure 3.17 ¥ Therefore this would require further replication to allow firm
conclusions to be drawn. However, takérgether with my data from my other
morpholino, these results suggest that morpholino knockdafp2yl2induces a

loss of function of P2Y, leading to a reduction ithrombosis(Sieger et al., 2012
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Since morpholinos mapnduceoff-target effects, | sougf to confirm the specificity

of the effect of the morpholino by attempting to rescue its effects by
overexpression ofp2yl2 mRNA engineered to be naromplementary to the
morpholino sequencelodo this | generatedh2y12mRNA with alternate codons at
the morpholino binding portionof the RNA enabling the correct peptide to be
translated, but preventing interaction of the dpjected mMRNAwith the
morpholino. | found that co-injection of p2y12 RNA with control and P2Y
morpholino may have diminished thereduction in thrombosis seenin p2yl12
morphants alone (Figure 3.20. It is important to note that global mMRNA
overexpression will overexpress the construct in a mosaic fashion throughout the
embryo. p2y12mRNA overexpression did not increase thrombosis amed with
controls; in fact there was a trend to reduced thrombosis. The observation that the
p2y12 mRNA blunted the effect of thp2y12 morpholino suggests thatalthough
co-injection with this alteredp2yl12 RNA does not fully rescue the reduced
thrombods phenotype ofp2y12 morphants, it may induce a partial rescue of

thrombosisresponse.

There are severgbotential reasonsfor p2y12 mRNA not fully rescuing thanti-
thrombotic phenotype of the p2y12 morphants; vhen designing the mismatched
portion of RNAI changed 6 nucleotidesincel matched alternate codons according
to the prevalence of those codons (as pevw.ZFIN.com). Thereford is possible
that a change of 6 nucleotides, although evenly distributed throughout the
morpholino target sequence, ay still be sufficient for soméinding with the
morpholino. It is also possible that thp2yl2 mRNA has degraded by 3 dpf, and
therefore was not able to exert sufficient effect. It would be possible to examine
thrombosis at 2 dpf instead, as there is aareased chance that the RNA will be
present, or to generate a GH&belledconstruct to confirm expression at the time
points of interest. However, | chose to examind@@ embryos to be consistent with
my previous studies and | did not have time to gexteralabelled construct. It
would be possible to use the thrombosis model at 2 dpf instead, as there is an

increased chance that the RNA will be present
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MOs are known to induce nespecific toxicity of varying levels according to the MO
sequence and dosdeading to a risk of attributing any subsequent MO-taffget
phenotypes to an effect of gene knockdown. Examples of this are delayed
development, small heads and cardiac oedemas enerally accepted thabhany

of these off-target effects occur via éigation of the p53 pathwayRobu et al.,
2007). Thereforeco-injection of the p2y12 morpholino with a p8 morpholino
would be another approach taletermine wheher the effects of thep2yl2
morpholino are specific Due to recent improvements in generation of targeted
mutations, it is possible to validate phenotypes observed after gene knockédgwn
comparison with a stable or transiemiutant. In chapter 5, | detaimy efforts to

generate such atablep2yl2mutant.

My preliminary data on the effect of ticagrelor and prasugrel active metabolite
contrasts withdataobtained from mouse modelsaspreliminary data indicates that
neither ticagrelor nor prasugrel activaetabolite appeared toaffect thrombosisn

my studies Data obtained from a single experimesthowed exposure ofembryos

to 25 uM of ticagrelor, but not 20 puMmnay reduce heart rate compared to the
control group(Figure3.21 and 3.22). This indicateshe drug may haveenteredthe
circulation sufficiently tanduce a physiological effecas ticagreloincrease the
incidence of badycardia and bradyarrhythmia, such as ventricglauses(Cannon

et al., 2007. It is proposed thathis effect may be due to offarget effects of
ticagrelor on adenosine reuptakéSciricaet al., 201). The implication of my
preliminary findings ishat ticagrelor may be reaching the circulation of the embryo
but not exerting ag effects on thrombus formatianHowever, caution should be
taken when interpreting these results, as these datepresents a single
experimenta replicate; it will require further investigation to discover ihis
antagonist is sufficientlyactive in zebrafishto induce offtarget effects on
adenosine reuptake but is insufficient to induce targeted effects on thmoosis.
This serves to highlight that the are differences betweeanimal modelsand that
there is a possibility that although the key functions of tA2Y2 receptor are
conserved in the zebrafish, different mechanisms for activation may be present.

Although the residues for the ADP binding site are conserved in zebp#igl?,
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ticagrelor binds P2Y¥at a site distinct fom this, he location ofwhich is not
currently known therefore we do not know whether these residues are conserved
in the zebrafishBiochemical and signallirggudies would be required to investigate
this further, which were outside the scope of my projedhe mechanism for
exposure ofthe embryosto these antagonists couldls provide a reason for the
lack of effect, adrugs were dissolved in DMS@nd added to themedia The
development of zebrafish embryos effected if DMSO is above a 1% final
concentration, thereforethis was neveexceeded. Howevethis concentration of
DMSO may havkeeen insufficientDrugs areprimarily taken up into circulation via
entry through the skin and a lower conceation of DMSO may have impairéus
(Rombough, 2002 It is an increasingly common practice éxpose zebrafish
embryos in thé way fordrug screeningtherefore some agents are evidently
reaching circulation for an effect to be sedh.remains to be seen whether any
other P2Y2 antagonists influence thrombosis in the zebrafisthe effect of
clopidogrel on zebrafish embyos remains untestedfor several reasonsHrstly
clopidogrel isinsoluble in wate requiring dissolution in DMSQHwever, when |
attempted to examinghe effect d clopidogrel, the drugame out of solution upon
addition to the embryo mediaAlsoclopidogrel reuires activation by liver P450
enzymes to be converted to its active metabolite whidelaysonset of function
and these mechanisns are not well characterised gebrafish(Savi et al., 1994 As
part of my investigations the ATP analogue cangrelsas injectedinto the
circulation of 3 dpf embryos anthrombosis was assessed fasponse to laser
injury (data notshown). There were, howevetechnical challenges with this assay,
as the short haHife of cangrelor (approximately 5 minuteéptorey et al., 2001
required immediate injury of the embryos after injectiofhere was no significant
difference on thrombosis induced by injection atangrelorwhen compared to

controlsbut the limitationsof the assay may have masked affect.

My preliminaryresults suggestthat treatment of zebrafish witfP2Y2 antagonists
may not recapitulate theeffect seen inhumansor mouse.The indicationof a lack
of effect ofP2Y2 antagonists on the zebrafish thrombosis response requires further

investigation and it would be beneficial to further explore the reasons WABM>2
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antagonists may not be functional in zebrafishowever it is important to note

that these experiments did not contain a positive control to confirm whether these
agents were entering the circulation. The apparent trend for reduced heart rate in
the preliminary results obtained from the ticagrelor|#8 treated group indicates
that perhaps at this concentration, ticagrelor was indeed entering the embryo to
some extent. Although there is increasing interest in the zebrafish as a platform for
drug screening(Mathias et al., 201pfor review), my results suggest cauticas my
assay would not have detected therapeutic activity with clinically proven

antiplatelet agents.

Platelets are known to contain mg miRNAssome ofwhich have been linked ta

risk of Mlin a study by Zampetaki et al (2012pwever thesehave not keen
investigatedfor their roles inthrombosis(Zampetaki et al., 20)2l investigated the
effect of knocking downthree of these platelet miRNAson laser induced
thrombosis miR24 has previously been investigated in the zebraflétockdown

of the miR24 targets PAK4 and GATAZ2 resulted in an abnormal vessel phenotype,
similar to that seerafter miR24 overexpressiolFiedler et al., 20111 found that
knockdown of miR4 resulted in noabnormal vascular phenotyp@-igure 3.24).
Therefore this indicates that PAK4 and GATA2 are required for normal vessel
development, (Fiedler et al., 201)1however miR24 maynot be. miR126 has also
previouslybeen investigated in the zebrafish modEish et al (2008and Nicoli et

al. (2010)injected a miRL26 morpholinowith the same sequengexcept 6 bases
longer than the morpholino used in my experimengd foundectopic vascular
branching andalso haemorrhagingln contrast to these datal did not observe
either pherotype during my investigationgFigure 3.24 This may bedue to
differences irmorpholinodose orsequence. For examplEish et al (2008) injected

4-8 ng andNicoli et al (2010)injected7- 20ng MO compared t@a maximum of 4.22

ng in my investigations These dferences may explain the lack of vascular
phenotype seen imy miR126 morphants.Neither miR24 nor miR126 knockdown

affected thrombosisn 3 dpf embryosfter vessel injuryFigure 3.25and 3.26).

MiRNA223 hasnot previously beenexaminedin the zebrdish, however it is
predicted to haver 0 A Y RA Yy 3 UAR rédgion &fB2RY1LZBNA onficang
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that miR223 may regulate translation dP2RY12nRNA toprotein, and therefore
reduce P2Y2 expression (Landry et al., 2009 My results inFigure 3.27showed

that knockdown of miRR23 significantly increased thmbus area after vessel
injury, when analysed considering each embryo as an individual experiment
(p=0.0013. However, such analysis may be prone to confounding if embryos
injected on tle same day are not truly independent. When the means of each
experimental replicate were analysgithis resulted in a similar trend, although this
was nonsignificant (p=0.13)due to the reduction in statistical poweMy data
suggest that miR23 may reglate thrombus generation, potentially via reducing
expression ofp2yl2 These results are exciting since therapeutic modalities for

modulating miR expression are already being clinically studied.

3.3Conclusion

| used ap2yl2 ATG MO to knockdown receptorxgression. This reduced
fluorescence in a p2yl2::P2¥GFP transgenic background, suggestpyl2
expression was truly reduce®2¥2 morphants hadsignificantly reduced thrombus
formation after laser injury of the aortavhen compared to control embryos
(p=0.0005) an effect also seen with a secondpn-overlapping morpholino
GFNBSGAY 3T pRrKiS(p<p.@0)! My vesultsFre consistent with previous
data obtained from theP2Y2> -/- mouse, in which thrombus formation was
significantly reduced in th€®2Y2 knockout mice(Foster et al., 2001Andre et al.,
2003. Therefore | concludethat the p2y12MO succesfully induces a loss of
function of p2yl2in 3 dpf zebrafish embryos. These results gave me sufficient
confidence that | was able to modulapyl2expression to go on to examine a less
studied aspect of its function in the next chapter; the role of X inflammation

and the response to infection.
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Chapter 4: The role of P2¥2 in inflammation and

resistance to infection

TheP2\Y2receptor anplifies the release df granulecontents includinga multitude
of pro-inflammatory mediatorsand anti-microbial peptidegZhang et al., 20111
hypothesisé that knockdown of theP2yi2 receptor would affect inflammatory
processes including leukdeymigration to sites of injuryln order to investigate
this, 1 used a transgenicline with fluorescent reporters under the control of
macrophage and neutrophil specific promotéosmodelan inflammatory response
and enable the tracking of leukocytes to sitekinjury. | utilised aStaphylococcus
aureusinoculation model to investigate P22 morphantLresistance to systemic
infection. S. aureuss a Grampositive bacterium whicls acommon causeof sepsis
(Fowler et al., 2006 Previous investigations have shown that B®Yays a key role
in the amplification and release of PMP and plateleiokidins after exposure t8.
aureus (Trier et al., 2008 Therefore | hypothesisd that knockdown ofp2y12

would affect host resistance to infection.

4.1 Results

4.1.1 Invesigating the efect of p2yl12knockdown on leukocyte response
4.1.1.1 Does knockdown gh2yl2affecttotal number of leukocytes?

| first assesse@vhether knockdown op2yl2affected total nunber of leukocytesn
the developing embryo as a difference in lekocyte number would affect
interpretation of leukocyte numbers at the site of injury | assessed otal
macrophage and neutrophil counts in the transgenic imsgal4JUJNM,mpoGFRn
control and p2y12 morphant groups.Figure 4.1A showsa representative3 dpf
embryo,with red labelled macrophages and green labelled neutrophilsundno
significant differace ineither total macrophagenumber (B,Q or total neutrophil

number O,B, in the p2yl2morphantscompared to contral
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Figure 4.1 Total leukocyte maber in 3 dpf control angp2yl2morphant embryos.

Groups of 57 p2yl12morphant or control embryosere assessed for total macrophage and
neutrophil numbers. Threaeplicate experiments were performed on different days
shows a 3 dpfmsgal4;UNM;mp&FPembryo, scale bar 160 pnB shows a column plot of
total macrophage number in both control amaRyl12 morphants, where data has been
analysed by combining each experimental replicate into a single meangn=83) andC
shows a scatter plot wherevery emloyo has been considered as a separakperiment
(n=17 p= 0.1) D showsa column plot othe total neutrophil number in control ang2y12
morphants where data has been analysed by combining each experimental replicate into a
single meanin=3 p=0.42), andEa scatter plot wheraevery embryo has been considered as
a separag¢ experiment(n=21 p=0.56) A Mann Whitney test wasapplied anddata are
presented as mearr SEM.
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4.1.1.2 Modelling of inflammatory response in zebrafish

| used three different modeldo investigate if knockdown op2yl12affected
migration of leukocytes to sites dissueinjury (Figure 4.2; full transection of the
tail fin (A), a small incision to the ventral fiB)(or laser induced vessel injur§)(
The regions of interest in whicnumbers of macrophages and neutrophils were
quantified, are highlighted ifigure 4.2 The two fin injury models were intended to
induce inflammatory responses of different severitied laser was used to injure
the vessel endotheliumand activate thrombcytes to model a vascular

inflammatory response.
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Figure 4. 2Models of inflammatory response ifmsgal4 UNM;mpoGFP

A shows a full tail transection with the region of interest from the loop of circulation to the
injury site highlighted by a blue boR.shows a small incision into theentral tail fin, the
region of interest is highlighted by a white ciradleshows the region of interest highlighted
by a blue box after vessel injury. Scale bars represent 200 pum.
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4.1.1.3 Does knockdown op2yl2 affect leukocyte migration to site of tail fin

transectior?

Thedistal portion of the tail fin was transected with the region of interest spanning
from the loop in circulation to the distal injury sit€or each experimental replicate,
groups of n21-12 embryoswere utilised, and three replicates were performed on
separate days.Results for macrophage and neutrophil counts after full tail
transection are shown irHgure 4.3 Data is presented either considering all
embryosas independent experimentegntrol morphants n=35 p2y12 morphants
n=36,A andQ), or as the mean of each experimental replicate (rB-8nd D). A and

B show that macrophage recruitment to the site of injury increases until at least 8
hours, with no significant difference between the control goly12morphants.C

and D show that neutrophil recruitment peaks at 4 hours post injury, with no
significant difference in neutrophil numbers between control ampRyl2
morphants. These data reproduce previous research from our group which found
that neutrophils respond and migrate to sites of injury more quickly than
macrophagegGray et al., 20101 My results indicat&nockdown ofp2yl12does not
significantly affect migration of neutrophils and macrophages to sites of fin

transectionwithin 8 haurs after injury.
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Figure 4.3Number of leukocytes at site dhil transectionover 8 hourspost injury.

Tail fins of p2y12morphant or control embryosvere transected, in groups of 112, and
leukocyte numbers were monitored at the injury siteep 8 hours after injury. Three
replicate experiments were performed on differesdlys.A and B representsthe number of
macrophages at the site of injury after 8 howih every embryo has been considered as a
separate experimen(A, control n= 35 P2Y¥ n=36),and where data has been analysed by
combining each experimental replicate into a single méam£3).CandD representsthe
number of neutrophils at the site of injury after 8 hourghere every embryo has been
considered as a separate experimgfd control n= 35 P2¥ n=36)and where data has
been analysed by combining each experimental replicate into a single niean=8). A
Hel & ! bh+! GgAGK {ARI 1 Qa appliziaindidain S preSentedisNR & 2 Y
mean+ SEM.
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4.1.1.4 Does knokdown of p2yl12affect leukocyte migration to siteof ventral fin
incisior?

An incision into theventral fin opposite the gap in pigmentation enabled the
modelling of aless severenflammatoryresponsethan complete tail fin transectian
This injuryinduced fewer leukocytes migrating to the site of injugpmpared totail
fin transection | quantified nacrophage and neutrophil number in thejured
regionover 12 hours. Figure 4.4showsthese datapresented either considering all
embryosas independent exgriments ¢ontrol morphants n=162y12 morphants
n=14 AandQ), or as the mean afach experimental replicate (n7B and D). There
is a peak in both macrophages and neutrophals 2 hours post injury, with a
possible trend to areduction in macrophage nubers at this time point in the
p2yl2morphants compared to control morphan{s and B). There alsanay be a
reduction in neutrophil numbers ip2yl2morphants at8 hours post injuryCand
D). However, it is not possible to fully interpret these results they representonly

2 experimental replicates, with great deal of variation, as shovay the wide and
overlapping error bars. Ashése data wereobtained from two experimental
replicatespreformed on different daysno statistical test was appliedhismethod
of inducing aninflammatory response was too variable in terms of ensuring
consistency of injurand the technicadifficulty of mounting embryosfter tail fin
injury for successfulconfocal imaging. erefore, no further replicates were

performed
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Figure 44 Leukocytemigration to site ofventral tail fin incision over 12 hours.

Groups of M p2yl2 morphant or control embryosunderwent tail fin incisions and
leukocyte numbers were monitored at the injury site over 12 hours after injury. Two
replicate experiments were performed on differedays.A and B represents the number of
macrophags at the site of injury after 1Bours with every embryo has been considered as

a separate experimenty( control morphantsn= 16, p2y12morphants n=1% and wlere

data has been analysed by combining each experimental replicate into a single Byean (
n=2). Cand D represents the number of neutroplsi at the site of injury after 1Rours,
whereevery embryo has been considered as a separate experin@znbfitroln=16 P2Y2

n=14 and where data has been analysed by combining each experimental replicate into a
single mean, n=2). No statistical test was applied.
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4.1.15 Doesp2yl2 knockdown affect migration of leukocytes to sites of vessel
injury?

As P2¥ is primarily present on platelets] wished to examinea model of
inflammation in which thrombocyte activation occurrddused a laser tmjure the
endothelium at the site of the circulatory loop in the talilused an increased
number of laser pulsethan previously in the thrombosis moddéy damage the
endotheliumsuch that it wassufficiert to induce leukocyte migratiorinjury to the
endothelium inducedleukocyte migration tothe region ofinjury and this was
quantified over 8 hoursThis experimentvas repeated on -3 different daysFigure

4.5 showsthe number of leukocytes in the region of interest over 8 hours post
vessel injury. A and C show data considering all embryosas independent
experiments ¢ontrol morphants n=2e83 p2yl2morphants n=24, A and O, and

B and D showthe mean of each experimental replicate (na3d n=4 respectively
There iso significant difference in macrophage or neutrophil number at the region
of interest after vessel injurybetween control andp2yl2 morphants. These
leukocyte migration results encompassed a certain amount of variability, however
the time consuming nature of these assays limited the number of experimental
replicates. Therefore care should be taken in the interpretation of these results,
however it gpears p2yl2 knockdown did not significantly affect leukocyte

migration to sites of tail fin or vessel injury.
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Figure 4.9_eukocyte numbers at siwof vessel injury

Groups of 8 p2yl2morphant or control embryo$iad the endothelium in the tail loop
damaged by a laser and leukocyte numbers were monitored at the injury site over 8 hours
after injury. Three to four replicate experiments were performed on different daysid B
represents the number of macrophagieat the site of injury after &ours where every
embryo has been considered as a separate experimé&nt rii=20), and where data has
been analysed by combining each experimental replicate into a single Bean3. Cand

D represents the number of neutroplsi at the site of injury after &ours, where every
embryo has been considered as a separate experim@ntdntrolmorphantn=33 p2y12
morphant n=34 and where data has been analysed by combining each experimental
replicate into a single mearD( n=). Data are presented as mean + SEM2way ANOVA
GAOK {ARF1 Q& YdzZ GALX S O2YLI NrAazy GSaid ol a I L
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4.1.2 Does adenosinexposureaffect leukocyte migration to sites of injury?

Ticagrelorantagonises the P2¥ receptor, however italso blocks reuptake of
adenosine Adenosine is proposed tdiave differing roles in inflammation
depending upon which receptor is activatedctivation of A or As enhances
leukocyte chemotaxis and phagocytgsighereas activation of 2A or Acginhibits
leukocyte degranulation and cytokine producti¢@ronstein et al., 1992hen et

al., 2006 Nakav et al., 2008 | hypothesised that this excess of adenosimay
induce benefits tasurvivalafter pulmonary infection and sepsipotentially via the
enhancement of leukocyte chemotaxis and activat{Storey et al., 2013 In order

to investigate the effect of adenosine on leukocyte migrat®mpf embryoswere
exposed toa range ofadenosineconcentrationsvia addition to the mediafter fin
transection then macrophage and neutropmumbers were assessed over 8 hours.
Under normal physiologicadonditions levels of adenosine ame the nanomolar
range therefore | selected a range of concentrations from 1 mM t® /.
However, adenosine has very short halife being cleared fromhe plasma in
approximately 1.5 second&redholm, 1997Moser et al., 198P Figure 46 shows
macropha@ and neutrophil numbers over a time course of 8 hours after exposure
to a range of adenosine concentrat®rThis was repeated on three different days
for each adenosine concentration and on five different days for the corArahd C
show data considerng all embryosas independent experimentcdgntrol n=29, 1

mM n=18, 100 uMn=17, 10uMn=17, 100 nMn=18), andB and D shows the mean

of each experimental replicate (n8r each adenosine concentration 100 AM
1mM and n=5 for contrgl There was no signifiant difference in number of
macrophage®r neutrophilsmigrating to sites of injury after exposure &olenosine

at any of thetested concentrationswhencompared contrglover 8 hoursHowever

it is important to note that this experiment did not containpasitive control to
ascertain whether adenosine was reaching the circulation, and was active. In light
of the possible effects of ticagrelor on heart rafigigure 3.2}, it would have been
interesting to assesbeart rate in embrys exposed to adenosine as possible
indication whether adenosine was entering the blood stream however this was not

recorded in this experiment.
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Figure4.6 Leulocyte migration to tail transection afteexposure toa range of adenosine
concentrations

Groups of 5 embryoshadthe tail fin transectecand were then exposed to control or 100
nM-1 mM adenosine and leukocyte numbers were monitored at the injury site over 8
hours after injury. This was repeated on three on different days for each adenosine
concentration and fivéor control. A and B represents the number of macrophagat the

site of injury after 8hours where every embryo has been considered as a separate
experiment A, control n=29, 1 mMn=18, 100 uMn=17, 10uMn=17,100 nMn=18, and
where data has been analgd by combining each experimental replicate into a single mean
(B, adenosine 100 nM to 1 mM=3and control n=% Cand D represents the number of
neutrophis at the site of injury after 8ours,where every embryo has been considered as

a separate expément (G control n=29, 1 mM n=18, 100 pMn=17, 10pMn=17,100 nM
n=18 and where data has been analysed by combining each experimental replicate into a
single mean, adenosine 100 nM to 1 mM n=3 and control ji=A 2way ANOVA with

¢ dz] 3néilpE compmrisonpost test was applied,ata are presented as mean + SEM.
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4.1.3 Doesp2yl12 knockdownaffect resistance td5. aureusystemic infection?

| next assessed theresistance toS. aureusinfection of control and p2yl2
morphant. 30 hpf embryos were inodated with S. aureus by microinjection
directly into the circulation via theduct of Cuvier.In order to visualise bacterial
expansion, | injected GHRbelled S. aureusHgure 4.7 shows both control and
p2yl2morphantsl and 24 hours post infection (HpAfter 1 hpj GFP labelled S.
aureusis clearly visible in the cardiac region, the site of entry and also in
circulation. By 24 hgs. aureg wasno longer presenin the circulation however, it
was in the yolk sac iboth control andp2yl12 morphants This indicates thatS.
aureushad either been clearedrom the circulation by leukocytes tiad exitedthe
circulation. However the presence & aureusn the yolk sa indicated that the
infection was spreading asthe yolk sacis an immune protectedarea with few
leukocytesto combat infection Within the yolk sacbacteriaare free to multiply
until lesions form on the border with thieeart, and the embryo is overwhelmed by
the infection.Figure4.8 shows an examplef the locationof S. aureusnjedion at
30 hpf and &80 hpi embryo with a developing lesion on the border of the heart and

yolk sagwhichrepresensthe final stages of infection.
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Control P2Y12
morphant morphant

Figure 4.7Control and p2yl12 morphants 1 and 24hours after inoculation with GFP
labelledS. aureus

FuorescentS.aureusis visible in the cardiac region andtime circulation in both control
and P2Y2 morphant at 1 hpi At 24 hpi GFRibelled S aureushas exited the circulation
and is contained within the yolk sat/hite scale bars represent 200 um.

Site of injection

ST
(22 ,- RN
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Site of lesion

Figure 4.8Site of injection and alevelopingS. aureudesion in an embryo

The site of injection 0B. aureuss shown inAin a 30 hpf embryoThearrow inB indicates
the site of adevelopinglesion in an embryo 3@pi with S. aureusScale bar ndicate 200

um.
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| investigated whether there was a differential response in survival between control
and p2y12 morphants afterthe trauma causedy injection alone. Figure 4.9 A
showsa KaplarAVeier survival plotof both control andp2yl12 morphants after
injection with sterile PBS. There was no significant difference in survival between
the control andp2yl12 morphants, with minimal death subsequent to injection.
Figure 4.9B shows a KaplaiMeier survival plot comparing control anpRyl12
morphantsafter inoailation with S. aureusover a time course of approximately 90
hpi. | determined an appropriate bacterial colony forming units (CFU) concentration
sufficient to cause 50% survival after approximately 90 hpi, in the control group.
Control morphants were inmlated with a mean CFU count of 2176 goiy12
morphants were inoculated with a mean CFU count of 224derd was a
statistically significant reduction in the survival mity12 morphants, compared to
control morphants [§<0.0001) Therefore, these resultdemonstrate thatp2yl2

morphants have an increased mortality when challenged BitAureusnfection.
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Figure4.9 Survivalof control andp2yl2morphantsinoculated with PBSand S.aureus

A shows thesurvival of control angi2yl12morphants after injetion of a sterile PBS control
containing noS aureus 59 embryos were utilised in each group, in 1 experimental
replicate (n=59) Therefore no statistical test was applied Ao The survival of control and
p2yl2morphantsafter inoculation withS aureusis shown irB. p2yl2morphantshave a
statistically significant reduction in survival wheompared to control morphanisThere
was a mean CFU count of 21'@ €ontrols and 2244 for P2Ymorphants.(144 embryos
were utilised ineach groupwhere every emloyo has been considered as a separate
experimentn=144,p<0.0001in 3 experimental replicates)
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4.1.4 Does exposurdo bacterially derived proteinaffect migration of leukocytes

to sites oftail fin transection?

In order to investigate the possible nfemism behind thancreased mortalityof
p2y12 morphantswhen challenged by S aureus infectidrsought to investigate
whether there was areduced ability of p2yl12 morphant leukocytse to sense
bacterial protein thus impeding defence against bacteriphthogens. | first
investigated whether exposur® bacterial proteins affected leukocyte migration to
sites of injury. Lipopolysaccharide (LPS) is an endotoxin derived from the cell wall of
the Gram-negative bacteriumE.coli.3 dpf embryoswere exposed to BSin the
media directly after tail fin transection at a concentration ofid/ml asper Taylor
(2010).Figure 4.1Ghows macrophage and neutrophil numbers at the site of tail fin
injury over 8 hours after exposeiito a control solution or LPS, this waseafedon
three different daysA and C show data considering all embryoas independent
experiments ¢ontrol n=21 LPSn=23), and B and D show the mean of each
experimental replicate (n=3)Macrophage numbers increase over 8 hours, whilst
neutrophil numbes appear to plateau after 4 hours. Statistical analysis oéd¢he
data shove that there was no significant difference in macrophage or neutrophil

migrationafter exposure to this concentration of LPS.

| also exposed 3 dpf embryos to the bacterially detipeotein N-formyl-methionyt
leucytphenylalanine(fMLP via immersion of the scalpel blada 200 nMfMLP
immediately prior totransection of the tail finl nonitored macrophagd€A and B)

and neutrophil Cand D) migrationto the site of injuryover 8 haurs Figure 4.11 A

and Cshowdata considering all embryoas independent experimentggntrol n=5
fMLPNn=10 A and O, and B and D show the single mean (n=1preliminary data
from this single experiment appeared to show no significant effect of fMLP
exposure on leukocyte migration, although this data was not subjected to statistical
analysis. Thereforan these preliminary studies found no evidence forraeffect

on leukocyte migration of either LPS or fMLP, at the concentrations. used
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Fgure 4.10 Leukocyte migration tahe site offin transection after LPS exposure

Groups of 78 embryos underwent tail fin transection and were then exposed to either a

control or 1 pg/ml LPSsolution, this was repeated on thredifferent days A and B

represents tle number of macrophageat the site of injury after &iours where every

embryo has been considered as a separate experiméntcpntrol n=21, LPS n=23anhd

where data has been analysed by combining each experimental replicate into a single mean
(Bn=3. Cand D represents the number of neutroplsi at the site of injury after &ours,

where every embryo has been considered as a separate experin@zobtrol n=21, LPS

n=23)and where data has been analysed by combining each experimental replicate into a
single mean ) n=3). Data are presented as mean £+ SEMH gl € ! bh ! gAOK |
multiple comparison test was applied
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Figure 4.11 eukocyte migration to theige of fin transection after fMLRexposure.

Groups of 510 embryos had their tail fins traaested, either with a blade dipped in a
control, or dipped in fMLP.elukocyte numbers were monitored at the injury site over 8
hours after injury.The number of macrophages)(and neutrophilsB) is shown at the site

of injury with with every embryo has len considered as a separate expeent (control

n= 5fMLPnNn=10). This represents a single experiment, which was not repeated, therefore
no statistical test wagspplied Data are presented as mean + SEM.
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4.2 Discussion

The transgenicfmsgal4;UNM;mpG&GFP was utilised for investigation of the
inflammatory response of both control amRyl2morphantsat 3 dpt There was

no significant difference in total macrophage and neutrophil number between the
control andp2yl12morphants although there was possible tend for reduction in

neutrophil number, however this was not statistically signific@igure 4.).

Three different models of inflammation were used to investigate the effect of
p2yl2knockdown oninflammatory responsefull tail fin transection, a smatail fin
incision and laser induced vessel injuigbre 4.2. Tail fin injury modelsfor
inflammation response are acceptddchniques for investigation into leukocyte
migrationin the zebrafisnLieschke et al., 200Renshaw et al., 200®/athias et

al., 2006. | found that there was no significadifference in leukocyte migration to
tail fin transection Figure4.3). | also investigated the inflammatory response to fin
incision, preliminary results for this investigation appear to show no difference in
leukocyte migration, however the technicahallenges associated with mounting
the embryos ér confocal imaging after incision without further damaging the talil,
limited the number of replicates for this experimerfigure 4.4). As p2yl2is
particularly expressedn thrombocytest was possiblehat an inflammatory model

in which thrombocytesvere directlyactivated wouldreveal a role oP2Y2 in the
inflammatory response.In order to damagehe endothelium of the vessel loop in
the tail, | used an increasedumber of laser pulses than used fordhnvestigation

of thrombosis respons&Jpon examination of macrophage and neutrophil response
to these different stimuli, |1 found that there was no significant difference in
leukocyte numbers migrating to these injury sites between control p2gl2
morphants (Figure 45). Therefore | havenot detected a role foP2Y2 in leukocyte
migration in these modelsThere was a certain amount of variation in Hee
inflammation assaywhich madethe results difficult to interpret withabsolute
confidence. | believea proportion of this variability can be attributed to the
challenge of standardising the extent of fin and vessel injémw. increase in

experimental replicates would limit leukocyte number differences due to differing
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severities of injury, and would enbinterpretation of these results with greater

confidence.

During the course of my studiesattempted to investigate whether the migratory
behaviour of leukocytes was alter@dp2yl12morphants, by utilising cell tracking to
a site of injury. Trackingoftware can measure cell velocity, distance and
meandering index for directionality over time. Unfortunately encountered
challenges with the optimisation of this assay to trackvidlial cells ovetime. It
was possild to manually track each individua cell but this was very time

consuming and resulted in an insufficient data set for accurate interpretation.

Ticagrelorantagonises the P2X¥receptor but alsoblocks reuptake of adenosine,
which is proposed to hawvifferential effects on leukocyte this dependon which

of the 4 receptors is activatedhducing either pro oanti-inflammatory properties
(Fredholm, 200Y. Storey et al. (2013) suggest thattine PLATO studicagrelor
reducedmortality related to pulmonary infection and sepsmspatients, compared

to clopidogrel treatment(Storey et al., 2013 Therefore it was proposed that an
excess of adenosineather than P2¥antagonism, may contribute to differential
activation of leukocytes enabling an increased resistance to infe(8torey et al.,
2013. | investigated dukocyte response to adenosiney exposure of 3 dpf
fmsgd4;UNM;mpdsFPembryos toa range of concentrations frorh mM to 1®
nM, added to the media after tail fin transeatn. | found that there waso
significant difference in macrophage or neutrophil migration to the site of injury
(Figure 4.6. However itis possible that this method axposureto adenosine is not
suitable to enable an accurate interpretation of the possible effects of adenosine
leukocytes Adenosine is labile and has a very short titdf therefore this posed a
challenge in terms of mabd of exposureEmbryos werexposed to adenosine via
addition to the media at concentrations comparable to physiological levels
(Fredholm, 199y However no positive control for this experiment was included,
therefore it is not possible ta@wonfirm that the adenosine used was active and
indeed entering the circulan. A possible control for this may have been to assess
the effect of adenosine exposure on heart rate, as previous data described in this

thesis indicated that ticagrelor may affecedrt rate, possibly through otaarget
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effects on adenosinee-uptake. However these data weraot recorded for this
experiment.It is possible thad higher adenosine concentration még required to
produce an effecbn leukocyte migrationFurther investigation into the effect of
adenosine is warranted as this representsvel data in the zebrafish model
however a modification to the method of exposure, such as exposxeckigivelyat

the site of injury, mighbe benefical.

Figure 47 shows that GFRibelledS. aureusippears to clear from the circulation of
infected contol and p2y12 morphants, however by 24 hpi this infection has
infiltrated the yolk sac, with lesions forming near the heart. The use of time lapse
monitoring of control andp2y12 morphants would enable the monitoring of the
dissemination of fluorescentliabelledS.aureusfrom the circulation into the yolk
sac. It would be interesting to assess the timescaleSofaureusexit from the
circulation and the development of lesions, which represent the latter stages of

infection.

Theresistanceof p2yl2morphars to S. aureusnfection was assessed and | found
that p2y12 morphants had significantly reduced survivaiompared to control
morphants(Fgure 4.9p<0.000). This reduction in survivah the p2yl2morphant
groupis seenafter approximatey 18 hours posinfection (hpi), ands maintained
throughout every subsequent time point. This is a novel finding winidicates that
P2Y2 may play a rolen defence fromsystemic infection.This is an interesting
result n light of current literature regarding a pobke beneficial effect of ticagrelor
on sepsis compared to clopidog@®arenhorst et al., 201Storey et al., 2013 A
possible explanation for this might be that antagonism of P2&tluces resistance
to infection, the effects ofwhich may be negated by the dfirget effect of
ticagrelor blocking reiptake of adenosingStorey et al., 2013 As previously
discussedmy results regarding the effect of adenosine on leukocyte mignati
showed no significant effechowever this experiment would require further

measurego confirm effectiveuptake of adenosine.

It was postulated thap2yl2morphants may have a reduced leukocyte response to

invading pathogens either through a reduced ability to recognise pathogens or

148



incapacity todispose of theml soughtto investigate thisvia the addition ofLPS
whichis derived from theGram-negative bacterid&.coli. 3 dpf embryos which had
undergone tail fin transection were exposed to 1 pug/ml of LPS in the media. Upon
examination of leukocyte migration to the site of injury | found rinavas no
significant difference imumbers of leukocytegFigure 4.10). As embryos were
exposed to LP@a additon to the media, LPS wast exclusively present at the site

of injury. It would be interesting to utilise a different method for exposureltBS
such as a reservoir of media containing Idevered locallyat the site of injury
Thisassaymayalsorequire a greaterconcentration of LBSn order toassesp2yl12
morphant leukocyte responsé.selected a concentration of 1 ygl as per Taylor
(2010) However Novoa et al (2009) used 50ug/ml as a stadard exposure
concentration andshowed that up to 150 pg/ml can be tolerated by 2 dpf embryos

| also exposed embryos to fMLP in order to induce an inflammatory response,
however this preliminary da appeared to show no significant effect on leukocyte
migration(Figure4.11). It is, however, important to state thahesedata represent

a single experimental replicattherefore further investigation perhaps with an
increased concentration of fMI.®ould be required to ascertain whether there was

an effect on leukocyte migration in response to exposure.

The CFU of each injection was monitored between controlgyd 2morphants, to
enable a careful matching of CFU for each experimidatvever it would also be
interesting to investigate the response p2yl2morphants toS. aureusCFU counts
which in the control groupsra not sufficient for mortalityThis would demonstrate
whether there is a reduced capability of the2yl2 morphants to respondio
moderate infection There is noliterature availablediscussing thefunction and
interaction of zebrafish thrombocytes in defee against systemic infection
therefore this represents an area of research which requires considerable further
study. However, mammalian platelets are known to partfate in antimicrobial
defence they adhere to bacterig activate and aggregate upon exposure $0
aureuspathogens in the blood strearfBayer et al., 1995 Therefore it is possible
that the knockdown of P2Y¥ on zebrafish thrombocytes impedes host defence

against systemi& aureusinfection. It was previously shown by Trier et al. (2008)
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that antagonism of P2Y abolished &aphylocidal responses after exposure $
aureus(Trier et al., 2008 Potentially a reduction in antimicrobial release from

0§ KNP Yo 2 Oe ( SouldreddcH.the/ adgiadtyp combatS. aureusnfection in

the first instance, thus allowing the infection to spread more rapidly than in
controls Trier et al. (2008) showed that reduced numbers of platelets increased
susceptibility to infection. Howeveras shown irHgure 3.8 there wasno significant
difference in thrombocyte numbem p2y12 morphantsat 3 dpf, which is the
earliest time point available to assess thrombocyte number using the CD41:GFP
transgenic. Embrys were inoculated with S aureusat 30 hpf at which time
thrombocyte numbers have not been quantified, therefore it is possible that any
delay in thrombocyte development or reduction in thrombocyte numbesfore 3

dpf, may account for a reduced defenagainstS.aureus It may bethrombocytes
themselves whie participate in resistance t& aureusinfection via the release of
PMPsand PKslt would be interesting to examine whether anaemic mutantsh
reduced numbers of thrombocytebave a similar rastance to infection ap2y12
morphants S. aureusnduces aggregation of plateletsherefore this is another
avenue which could be further investigated in the zebrafish m@Balyer et al.,
1995. The use ofCD41.GFRabelled thrombocytes and fluorescentliabelled S.
aureuswould enable visualisation of the interaction between these cell types after

inoculation.

Macrophages are the primary cell which respond pbagocytose and ultimately
clear pathogendrom the circulationof inoculated zebrafishembryos(Prajsnar et
al., 2008. However as P2Y2 is believed to be expressed by macrophagess it
possible thafp2yl2knockdownmay impair monocyte/macrophage interaction with
pathogensTherefore further investigationis required to assess the involvement of
P2Y2 in the response toS. aureusinfection and whether there is a reduced
sensitivity of thrombocytes or leukocyteso bacterial pathogens inp2yl2
morphants.Any compromise to bacterial sensing may afftaet ablity to mountan
effective response to prevergystemic infectionA model of localised infectioim
CD41.GFP dmsgal4;UNM;mpGFR such ady injection of S. aureusnto the otic

vesicle, hind brain or somite pRyl2morphants would enable the examinain of
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thrombocyte or leukocyte interaction with pathogens.would also be interesting

to investigate whether exposure @&.aureusinoculated embryos to an optimised
concentration of adenosine would affect resistance to infection. As previously
discussd, it has been suggestetiat excess adenosine may reduce susceptibility to
infection in ticagrelor treated patients, therefore an investigation into the effect of
both p2y12 knockdown and adenosine exposure on inoculated embryos would
serve to further eleidate a possible role for adenosine in resistance to infection

(Storey et al., 2013

It is important to emphasise that these results show the response2yf12
morphants after S. aureusnfection alone. It would be beneficial, as previously
discussed, to utilise other methods for bacterial, viral and fungal infection to further
investigate whether a reduced resistan to systemic infection aftep2yl2

knockdown is exclusivto S. aureusnfection.

4.3 Conclusion

| investigated theeffect of p2y12 knockdown on leukocyte migratioto sites of
inflammationand resistance t@&. aureusnfection. | found thatp2yl12knockdown
did not significantly affect leukocyte migration tdes of tail fin injury or vessel
injury. However p2yl2morphants had significantly reduced survival after systemic
infection with S. aureusThe results from this chaptendicate a possible role for
the P2Y2 receptor inresistance to infection. As prenisly discussedhe effect of
morpholinos is limited to approximately 3 daged some can induc@&on-specific
toxicity phenotypesl| therefore nextsought to generate a stablg@2yl2mutant in
order to further investigate thrombosis, inflammation and infiea in a p2yl2
mutant, enabling assessment after 3 dpf.he next chapter details the process of
generatingsucha mutant and the results of investigations into thrombosis and

infection response
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Chapter 5: Generating gp2yl2mutant line

Recent improvements inte-directed mutagenesis have increased the efficiency for
generating stable mutants with targeted mutations. A stapRy12mutant would
greatly add tamy ability to assess the role of R2¥ thrombosis, inflammation and
infection. | therefore utilisedwo different methods to generate a mutation in the

p2yl2gene; CoDA ZFN and TALEN, both of which are discussed in this chapter.

5.1Results
5.1.1 CdDA ZFN for the generation of a stabhp@yl2mutant

Zinc finger nuclease&FN)have been utilised for targemg genome editing and
context dependent assemblfCODA. CoDA ZFN utilises 2 custom designed ZF DNA
binding proteins a left and a rightwhich are fused to the Fokl endonuclease
cleavage domainEach binding protein consists of 3 ZF motifs with eacmd&i
binding 3 nucleotidesEach binding protein binds either side of a target region for
mutagenesis, termed spacer region, o7 S iucleotidesUpon dimerization of the 2
binding proteins the Fokl nuclease domain cleaves DMAthe target region
induchg a double strand break (DSB) whisloften erroneously repaired via nen
homologous end joining (NHEJ), introducing insertions or deletiSogableZFN
cleavage sites are situategpproximately every 5a8p depending on DNA sequence
(Sander et al., 2031

5.1.1.1 Selection of a CoDA ZFN target site for mutagenesis

| chose two sites fomutagenesis; one site in thé*3ransmembrane (TM) domajn

as this regin is proposed to be important in ligand bindjramd one in the 7 TM
domain, a site which is linked to receptor recycl{ghown inFgure 5.1). | will refer

to them according to the spacer length; SP7 for the target in TM3 and SP5 for the
target in TM7 Sites for mutagenesis are chosen in anticipation tiratne shift

mutationswould result in a truncation of thprotein at the target site.
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B s ATGGAGCARACARCGCAGCTCAGCTTCTCCARCAGCAGCGTCTCCARCAGTTCATCCTGTTCTCGAGACGGCGCTCTGARRACCATCGTCTTCCCCGTCC
D Rt B A S S A S B S S i e B A e e CL
3 TACCTCGTTTGTTGCCTCGAGTCCARGAGGTTGTCGTCGCAGAGGTTGTCARGTAGGACAAGAGCTCTGCCGCGAGACTTTTGCGTAGCAGARGGGGCAGE
1 M E Q T T QLS F 'S NS S VYV § N S § S € S R DG A L KT | \ Al GHS R
°
5 TCTACTCCATCCTCCTCATCCTGGGATTATCCCTGAACGCTCTGGCGGCTTGGGTTTTCCTCCGGATCCCCAGCAAATCCCACTTCATCATCTACCTGAA
° t t t t t t t t t t t t t t t t t t t + 200
3 AGATGAGGTAGGAGGAGTAGGACCCTARTAGGGACTTGCGAGACCGCCGAACCCARARGGAGGCCTAGGGGTCGTTTAGGGTGAAGTAGTAGATGGACTT
1 L X 8 | L L I L G L8 A28 A L KX & W ¥R L R I P 8§ K S H F I | ¥ L R
°
5 GAACATCGTGGTGGCCGACATCATCATGACCCTCACATTCCCCTTTARAATATTATCCGATGCCAATGTAGCGTCCGTGGGCATCCGCATTTTTGTGTGC
T Aot A At AR o MOt SN A A At Aeant Masas Masas Basss aasae asast sesss sases IE T
3 CTTGTAGCACCACCGGCTGTAGTAGTACTGGGAGTGTAAGGGGARATTTTATAATAGGCTACGGTTACATCGCAGGCACCCGTAGGCGTAARAACACACG
o v
1 N | b, A ) | I M T L. F P F K | LS B A 'NY A 8§ ¥ | | )
°
s CGCGTGTCCTCCGTGCTCTTCTACCTCACCATGTACATCAGCATCCTGTTCTTCGGTTTGATCAGCATCGATCGCTGCAGARAAACCATGTGGCCGTTCG
L t t t t t t t t t t t t t t t t t t t + 400
3 GCGCACAGGAGGCACGAGAAGATGGAGTGGTACATGTAGTCGTAGGACARGARGCCARACTAGTCGTAGCTAGCGACGTCTTTTTGGTACACCGGCARGC
o [l
¥ "R 8 SW ELEWLTRY]L S EFEPRBGELS I D REE R KT NN P TF
°
s GACGCGCGCCCTCCTGTTCAGCTGCCCGCAGARGCTGTTTTTCTTCAAGCTGAAGGAGAGCACGCTGTGGCTGTCCTCCCTCARTTCTGTGCTGGATCCG
C ° t f t t t ; f t t t et f t vt t t f 900
3 CTGCGCGCGGGAGGACARGTCGACGGGCGTCTTCGACARRRAGARGTTCGACTTCCTCTCGTGCGACACCGACAGGAGGGAGTTARGACACGACCTAGGC
o [ TseoT
1 T R AL L'F & L-"POQ L & F FE K L K E ST L. W L 8§ 8 L W & ¥ &0 P
°
5 CTCATCTACTTCITCCTCTIGCAAGTCCTTCAGGTCGTCGCTGTTTAATGTGATGCGATTGGCTCCGGGACGCTGCAGGATCCTGAGGGAGCTCGGGACAG
° t t t t t t t t t 1 t t t t t t t t t + 1000
3 GAGTAGATGAAGAAGGAGACGTTCAGGAAGTCCAGCAGCGACAAATTACACTACGCTAACCGAGGCCCTGCGACGTCCTAGGACTCCCTCGAGCCCTGTIC
1 L | Y ¥ F LK S % R 8 & L & N ¥V M R LA PG R € R | L L G T
°
s ATTCGGCCGGCGATCAACAGGGARACGCACTGACATGA
e t t t t t + + 1038
3 TAAGCCGGCCGCTAGTTGTCCCTTTGCGTGACTGTACT
1 DS A G DQ QG N A L T
°

Figure 5.1 ZFN target sités p2y12

The predicted P2Y2 receptoris shown inA with both the ZFN target sigelabdled. The
position of SP ZFN target, proximal to the-fdrminusis shown inB and C shows the
position of SP5 proximal to the @rminus.(P2Y2 prediction from Sosui)

153



5.1.1.2ZFN assembly

ZFN are assembled in stages starting with the additibzirec finger motifs to a
generic plasmid backbone. The zinc finger motifs were added to the generic
backbone via amplification of the custom designed ultramers with the Herculase
enzyme. A digestion with Notl enzyme linearised the plasmids, which were the
used to synthesise mRNA for injection. The gel electrophoresis for these stages are
shown inFAgures 5.2and5.3. MRNA was injected into 1 cell stage wildtype embryos
at various concentrationsThe optimum amount of SP7 mRNA for injection was
titrated starting from the highest does of 1.3 ng to 0.52 figlfles 5.1 When
optimizing the amount of mMRNA for injection for mutageisesthe accepted
protocol in ourdepartment is to achieve approximately a 30% toxicity re8ech

that the mRNA is shown to haven affect with the majority of the embryos
appeaing morphologically normaland with 30% showing some morphological
signs of toxicity, such as small headslayed developmenbr cardiac oedemall
calculated the toxicity rate for each mRNA amount | injdctihis ranged from
100% with the highest amount to 30% with the lowest. Thereféoe SP7.52 ng

was selecteds a suitable amount of mRNA to induce toxic effect minority of
embryos. | optimied the amount of SP5 mRNA for injectiorDtd25 ng bynjection

of a range of MRNA amounts from 1.7 ng to 0.425Trable 5.2. Thetoxicity rate
ranged from 100% at the highest amount26% at the lowest, therefore 0.425 ng
was selected as a suitable amount of MRNA to induce toxic effects in a minority of
embryos. Embryos injected with the optimum concentration of ZFN mRNA were
raised to adulthood then htrossed. Genomic DNA from the F1 embryos was
extracted and embryo gDNA from 3 pairs was pooled. Each pool of gDNA from 6
adults was assigned an MID taggéadnium primer, for tank identification. A PCR
with this pooled gDNA was run with the MID primers and these products were then
re-amplified with titanium primers to ensure a full length amplicon was available

for 454 deep sequencing.
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A B Agel digest

Left Right Left Left Right Left

mRNA
C Notl digest D _Left ) R_lght )
Left Right DNase DNase DNase DNase
+ +

Notl Notl Not Notl

F
T1 T2 T3 T1 T2 T3

Figure 52 Assenbly of SP 7 ZEN

A shows the left and rightmplicon at 506Bp, after addition of the zinc finger motifs. The
left was reamplified as initially there was no banB.shows the Agel digest producing a
505%p band.Cshows the Notunlinearised (Nott) andlinearized (Notl +) plasmid. This
plasmid was then used to synthesismRNA shan in D, before and after addition of
DNAase, the second barghowingthat DNA contamination idappears after addition of
DNAase (+ DNAasd].shows the PCR products from thé€ BCR with the MID tagged
primers, T1 is tagged primer pair for th& thnk of 6 fish, T2 is the tagged primer pair for
the 2 tanks and T3 is for primer pair for th&’ 3ank of fish.F shows the PCR products
after the second round of PCR with the titam primers.
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A B Agel digest
Left Right

Left Right

Notl digest M_
C Left + Right D _ Left+ I_llght+
* DNase DNase DNase DNase

Notl Notl Not Notl

E T1 T2 F 1 T2

Figure 5.3 Assembly of SP5 ZFN.

A shows the left and right amplicon at 5069bp, after addition of the zinc finger métifs.
shows the Agel digest producing a 5059bp b&shows the Notl unlinearised (Nae)land
linearized (Notl +) plasmidrhis plasmid was then used to synthesisRNA shown iiD,
before and after addition of DNAase, the second basttbwing DNA contamination
disappears after addition of DNAase (+ DNA&Sshows the PCR products from the RCR
with the MID tagged primersT1 is tagged primer pair for thé'tank of 6 fish, T2 is the
tagged primer pair for the ". F shows the PCR products after the second round of PCR
with the titanium primers.
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Table 5.1 Percentage ratef toxicity in embryos injected with varying carentrations of
SP7 ZFN mRNA.

The optimum amount of MRNA for injection was titrated starting from the highest amount
1.3 ng to the lowest of 0.52 ng. Toxic phenotype were defined such as as small heads,
delayed development and cardiac oedenide percentageof toxic phenotype in injected
embryos was calculated to determine the optimum amount of mRNé¢h that it induced a

toxic phenotype in approximately 30% of injected embry@52ng of mMRNA was selected

as the optimisedconcentration to inducdoxic pherotype in a minority of embryos, and
these embryos were raised.

MRNA amount | Volume of mMRNA Number of | Percentage

(ng) injected (nl) embryos injected | with  toxic
phenotype
(%)

1.3 1 60 67

1.04 1 60 35

0.65 0.5 80 55

0.52 0.5 296 30

Table 5.2 Percentageate of toxicity in embryos injected with varying concentrations of
SP5 ZFN mRNA.

The optimum amount of MRNA for injection was titrated startiram the highest amount

1.7 ng to the lowest of 0.42Rg. Toxic phenotype were defined such as as small heads,
delayed development and cardiac oedenide percentage of toxic phenotype in injected
embryos was calculated to determine the optimum amount of mRBNéh that it induced a
toxic phenotype in approximately 30% of injected embryo42®ng of TRNA was setged

as the optimisedconcentration to induce toxic pmetype in a minority of embryos and
these embryos were raised.

MRNA amount| Volume of mRNA Number of | Percentage

(ng) injected (nl) embryos injected | with  toxic
phenotype
(9

1.7 1 50 100

1.36 1 65 91

0.85 1 51 60

0.85 0.5 58 66

0.68 0.5 70 43

0.425 0.5 50 25
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5.1.1.3 ZFN mutagenesguantification by deep sequencing

Deep gquencingwas utilised to assetbe mutation rateassociated with each ZFN
site. Themutation ratewas defined as a percerda ofall mutationsfound from
the total numberof sequences submittedhis was 3.4%or SP5and 2.4%for SP7
Thesequencesontaining mutationsvere assessedo investigate the number of bp
deleted or inserted. Bwever, it was difficult to determinevhether mutations were
genuineor possible erros in sequencing, for example | frequently sawsingle A
addition aftera run of 3or more As in the wildtype sequence, which can be an
artifact of sequencing(Gilles et al., 2011 Therefore | determined that this
uncertainty combined with aelatively lowmutation rate made screening of each
potential founder by individual sequencing unfeasibleTherefore | sought to
generate ap2yl2mutant viaTALENa more recenly describedand more efficient

method for mutagenesis.

5.1.2 TALENor the generation of a stablgp2yl2mutant

Transcription activatofike effector nucleotides (TALEN) have been utilised for
targeted mutation as TAL effectorbind DNA andvhen fused to a Fokl nuclease
enable cleavage at specific target regions. Hekfused tothe Gterminus and
cleaves as a dimetherefore a pa of TAL subunits are requiredne for the sense
strand and one for the antisense strand of DNA sequemath the Fokl domains
dimerising at a spacer region between the two subunits, determined edatget
site. As in CoDA ZFNimterisation of Fokl induces a DSB in the DNA sequence, thus
often introducing mutations or deletionsTAL effector sés occur approximately
every 3%p, therefore there is often a large selection of possible TAL sites per ge
(Cermak et al., 20)1 A chosen target site encompasses a restriction enzyme
recognition site so mutation within this target region will prevent recogniticat

the enzyme sitg thus preventing enzyme cleavage. This enablee use ofa
restriction enzyme digest aan efficient method for screening for mutant3hese
TALENs are generated by fusing an arrayepeatvariable diresiduesRVD) to
generate a segencespecificDNA binding protein fused to Fokl
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| generated 4 TALENar p2yl12with different target regionshowever only one
successfullyproduced mutations The target region for each TALEN is shown in
Hgure 5.4, however only thesuccessful TALENdscussed in further detail in this

chapter.

5.1.2.1Selection of a target site for mutagenesis

The target siteof the successful TALEEN be seen ikigure 5.5. | chose this region

for mutageresis as it is proximal to the-fdrminus therefore any frameshift
mutation would be likely taruncate the receptor potentiallyimpairingits function.

The target site § well conservedhowever there is noknown function for the
chosen residues in terms of receptor signalling, so any point mutation at this site
might also be of interest. During target selection, several catevere required
including the spacer length and the efficiency of the restriction enzyme to be used.
A mutation will only be detectedby this methodif it occurs within the specific
recogntion sequence of the enzymao enzymes with wide spanning ogmition

sites such as Mwol (bp) are more likely to detect any mutation within the spacer
region, when compared to shorter spanning recognition sites. A short spacer length
is proposed to in@ase efficiency of the TALERhristian et al., 2000 therefore |
prioritised spacer length over the use of a wide spanning restriction enzychese

a target with a 1%®p spacer region containing BamHI recognition siteBamHlis
easily available and digests in a variety of buffaiough the recognition site is

relatively short spannin¢gbp).
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Figure 54 Locations of the four TALENget siteswithin p2y12

Target sitesselectedfor TALEN directed mutagenesis are shown in zebrafsii2. The

first designed TALEN is shown in blU8ji2green, &' in pink and 4 in yellow. Out of these

TALENSs only TALEN 3 (pivkas successful in generating twuitations.
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Figure 55 TALEN target sites in zebrafiplRy12

A shows a predicted model of the zebrafish P2M¢ceptor, with the mutagenesis target
region highlighted with a red bo® shows the position of the TALEN target regiop2y12

proximal tothe ATG start site, incorporating the BamHI restriction enzyme recognition site.
(P2Y2 prediction model obtained from Sosui)
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5.1.2.2 TALENrrayassembly

Each subunit was constructed in two halves (A anid Bhich individuaRVDs were
ligated togetherduring a single golden gate reactionsing two differentarray
plasmidsfor A and B respectivelydn Nhel and Xbal digest was utilisedverify the
correct RVD plasmid sizesthe A and B plasmidsigure 56 A and B). Subunit RB
was partially digested after the first digest this was repeated with halved
concentration of product, resulting in a full digestion and confirmation of insertion
of the correct RVD numbeA and B subunitsvere thenligatedinto a full length
array together with the last RVD uinin a second golden gate reaction, into the
backbone vector containing the Fokl doma®equencing for the left and right
subunit confirmed correct insertion of RVD modul&e left and right subunits
were then digested with BamHI and Xbal to test fdwet correct inclusion of
subunits.A Notl reaction washen utilised to linearise the L @R constructsnto

the final construct.This final construct was synthesised into capped mRNA for
injection.Figure 5.6shows the gel electrophoresis images of thetmges of subunit

assemblyyerification and linearisation.

5.1.2.3Screening of injected embryos for a somatic mutation

p2y12TALEN mRNA concentration was optimised in order to limit toxic eSects

as delayed development, small heads, cardiac oedbuiao inducea reasonable
mutation rate (Table 5.3). Genomic DNA was extracted from 3 dpf individual
embryos to screen for partial digestion, and therefore possible mutatiom
restriction enzyme digesfHgure 57). After confirmation of an ability tonduce
mutations, subsequently injected embryos were raised to adulthood. These FO fish
were incrossed and their offspring genotyped to identify founders carrying

mutations in their germ line.
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Figure 56 Assembly ofp2y12TALEN RVDs and generatiohnoRNA for injection

A shows theA andB parts for the left and right subunits, after the Igblden gte reaction

and transformation. LA, LB and RA have fully digested after the Nhel and Xbal digest,
however RB was patrtially digestd®ishows a fully digsted repeateactionof RB with half

the concentration of productCshows the left and right subunits after the 2gdiden gite
reaction to combine the A and B parts for tbenstructBamHI and Xbal digest, which were

linearised with Nat D shows the cppedp2y12TALEN mRNA.
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Table 5.3Rate of toxicity ofembryos injected with TALEpRY12mRNA.

| injected a range of amounts of TALE2Y12to optimise an amount of MRNA sufficient to
produce toxic phenotype in a minority of embryads5 ngof TALEN)2y12 mRNA was
selected as an optimised amount, as the maximum volume of | injéstedhe yolkwhich
resultedin a 19% toxicity phenotypend these embryos were raisddalso raised embryos
which were injected witl0.5 ngof TALEN2y12mRNAwhichwasinjected directly into the
cell resulting in a 35% toxicity phenotype, these amoumtere selected as optimum
concentrations to induce toxic phenotypsuch as delayed development, small heads and

cardiac oedeman a minority of embryos.

MRNA Volume of Location of | Number of | Percentage| Percentage
amount(ng) | MRNA mMRNA embryos of of embryos
injected (nl) injection Injected viable with toxicity
embryos Phenotype
(%) (%)
15 3 Yolk 146 60 19
1.0 2 Yolk 33 84 9
0.5 1 Yolk 39 94 5
0.5 1 Cell 132 53 35
Uninjected TALEN RNA
Controls Injected
-/+ enzyme + enzyme
A I\
[ ) 0 \
-+ o+
enz enz enz

Undigested PCR product
Indicating mutation to
restriction site

Figure 5.7 Screeninggel for FOTALEN RN#jected embryos

The red arrow highlights theartial digestof TALEN RNA injected embryo gDNA PCR
product after BamHI incubatiorfwells 410), whichindicates a mutation. Low molecular
weight ladder was used, the' vell showscontrol gDNA PCR produaithout BamHI, wells

2 and 3show controlembryo gDNA PCR product after incubation with Baybtith of
which are fully digested.
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5.1.3 Identification of two TALEN induced mutant alleles q@f2y12
5.1.3.1 Identificatin of p2y12M*®and p2y12™*° mutant alleles in F1 screen

Twofounders werediscovered upon screening di¢ F1 embryos frorthe in-cross

of the FO TALEN RNA injectedti Eachfounder possessed a different mutation,
and werefrom the groupinjected with 0.5 ng ofRNAdirectly into the cell. This
suggestghat for a TALEN with low activity such as this, injection directly into the
cellmay be the mosefficient way of inducing a mutatiofeach mutation was in the
target site and wagsletected by partial leavage of PCR product after incubation
with BamHI restriction enzymeSequencing of these mutations revealed one
founderwith a 6bp deletiontermed p2y12™% andthe otherfounderwith a 10bp
deletion termed p2y12™%9). In order to approximate a muten rate for each
allele,gDNA from 3 embryos was pooled for restriction enzyme digest, per reaction.
| used 8 reactions, therefore screening a total of 24 embryos per founéer
p2y12™% 2 of 8 pooledgDNAsamplestested were partially digested, thefore

out of 24 embryos approximately 2 embryos were carriers for the mutation
indicating asomatic transmission rate @&%.This 6bp deletion results in a deletion
of an arginine (R) and isoleucine {) (Figure 58). Forp2y12™ 6 out of 8pooled
gDNAsamplesshowed partial digestiorwith a bright undigested banoh sample 8,
indicating the possibility of 2 oubf the 3 embryoswithin that reaction being
carriersfor the mutation therefore the approximatesomatic transmissioffor this
allele was 8%. This10bp deletion is predicted toresult in a frame shift and

premature stop codon® amino acidslownstream of the target regio(Fgure 5.9).

165



Figure5.8 Identification of a TALEN induced 6bp deletion mutantpsfy12(p2y12™%).

A shows thescreening restriction digest gel, in whieach channel containBCR product of
3 dpf genomic DNApooled from 3 embryos.Both dannels 2 and 4 show amdigested
band at 200@p, indicating a mutatiorin one of the 3 embryasB shows thewildtype
sequence ctomatogram with the target site for TALEN mutagenesis highlighted .ilue
shows thesequence chromatograrof a p2y12™® mutant showing a 6bp deletion within
the blue highlightedtarget region D shows the effect of th deletion of R° and F°on the
peptide sequence
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