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Abstract

Mechanosensitive and FcyRIIa-mediated
Platelet Calcium Entry Mechanisms
Zeki llkan

Elevation of intracellular Ca?* ([Ca?'];) is essential for platelet function. Despite
the established role of shear stress in haemostasis and thrombosis, the possible
contribution of mechanosensitive (MS) Ca?*-permeable ion channels to platelet
activation remains unknown. One well-established Ca?*-permeable ion channel which
enhances platelet responses at high shear is the ATP-gated P2X1 channel. The relative
contribution of this channel to platelet function was studied following the activation of
the FcyRIla immune receptor.

gRT-PCR and Western blotting revealed that human platelets and a
megakaryocytic cell line, Meg-01, express the MS cation channel Piezol. To investigate
Ca2*-permeable MS channel activity, single platelets and Meg-01 cells were loaded with
the Ca?* indicator Fluo-3, and exposed to arterial shear in flow chambers which induced
increases in [Ca?*]i in both cell types in physiological salines. The MS channel blocker
GsMTx-4 inhibited these responses and reduced thrombus formation over collagen,
whereas Piezol channel agonist Yodal potentiated platelet shear-induced Ca2*
transients. In Fura-2-loaded platelet suspensions, the GsMTx-4-sensitive shear-evoked
responses were shown to be independent of P2X1, Orail and TRPC6.

FcyRIla-mediated [Ca?*]i elevations and aggregation were monitored using
ratiometric [Ca®*]i measurements and light transmission, respectively. The contribution
of P2X1 channels was assessed following inhibition by NF449, and inactivation by pre-
addition of o,3-meATP or apyrase exclusion. These treatments significantly reduced
antibody- or bacteria-induced FcyRIla-mediated responses, indicating a significant
P2X1 channel contribution. Phosphorylation assays indicated that P2X1 amplifies
FcyRIIa-mediated responses via direct Ca?* influx, rather than via a feedforward effect
on early tyrosine phosphorylation.

In conclusion, this thesis provides evidence that platelets express functional MS
Piezol channels which can provide a direct route for Ca?* entry under normal and
pathological arterial shear, and contribute to thrombus formation. Additionally, P2X1
channels were shown to amplify FcyRlla-mediated platelet Ca?* signalling and
aggregation, which can contribute to platelet activation under shear in infective
endocarditis.



Publications and presentations arising from this thesis

Publications

= llkan Z, Wright JR, Francescut L, Goodall AH, Mahaut-Smith MP (2015) Thrombus
Formation Under Flow is Inhibited by the Mechanosensitive Cation Channel Blockers
GsMTx-4 peptide and Gadolinium Chloride. Circulation, 132: A11593 [Abstract]

= llkan Z, Wright JR, Goodall AH, Gibbins JM, Jones Cl, Mahaut-Smith MP (2017)
Evidence for shear-mediated Ca?* entry through mechanosensitive cation channels in
human platelets and a megakaryocytic cell line. J Biol Chem [Under review].

= llkan Z, Watson S, Watson SP, Mahaut-Smith MP. Role for P2X1 channels in FcyRIla
induced Ca?" entry in human platelets [Manuscript in preparation].

Oral communications

= |lkan Z, Wright JR, Francescut L, Goodall AH, Mahaut-Smith MP (2015) Thrombus
Formation Under Flow is Inhibited by the Mechanosensitive Cation Channel Blockers
GsMTx-4 peptide and Gadolinium Chloride. American Heart Association Scientific
Sessions; Orlando, Florida, USA (November 2015).

= |lkan Z, Francescut L, Watson S, Watson SP, Mahaut-Smith MP (2016) Role for P2X1
receptors in FcyRlIla induced Ca?* entry in human platelets. Joint British Society for
Haemostasis & Thrombosis (BSHT), Anticoagulation in Practice (AiP) and UK
Platelet Group meeting; Leeds, United Kingdom (November 2016).

Poster communications

= llkan Z, Wright JR, Goodall AH, Gibbins JM, Jones Cl, Mahaut-Smith MP (2016) Role
for the mechanosensitive ion channel Piezol in human platelet shear-dependent calcium
entry and thrombus formation. 3 European Platelet Network (EUPLAN)
Conference; Bad Homburg vor der Hohe, Germany (September 2016).

= llkan Z, Watson S, Watson SP, Mahaut-Smith MP. Role for P2X1 receptors in FcyRIla
induced calcium entry in human platelets. Joint British Society for Haemostasis &
Thrombosis (BSHT), Anticoagulation in Practice (AiP) and UK Platelet Group
meeting; Leeds, United Kingdom (November 2016).

Travel grants and other awards

= British Society for Haemostasis & Thrombosis (BSHT) Scientist in Training Award
(August 2016).

= British Pharmacological Society (BPS) Travel Bursary (November 2015).

= ATVB Travel Award for Young Investigators (Council on Atherosclerosis, Thrombosis
and Vascular Biology) — American Heart Association (September 2015).

= 2015 Leicester-Nara Research Exchange Scholarship — NWU, Japan (February 2015).



Acknowledgements

irst of all, I would like to express my sincerest gratitude to my supervisor Prof
Martyn P. Mahaut-Smith for recognising my passion for scientific research and the
field of cardiovascular research by recruiting me to his laboratory as a PhD
student. His support, patience and guidance were immense throughout the entire duration of
my project, and | am very thankful to him for all the advice he provided both on a daily
basis and generally in support of my development as a proactive and creative scientist. |
also would like to extend special thanks to my co-supervisor Prof Alison H. Goodall for

overseeing my progress and providing expert advice whenever possible.

I acknowledge Medical Research Council (UK) for awarding me a Doctoral Training Grant
which covered the costs of my research activities and provided living allowance. Many
thanks also to American Heart Association (AHA) and British Pharmacological Society
(BPS) for the generous ATVB Travel Award for Young Investigators and the BPS Travel
Grant to support my participation at the AHA Scientific Sessions in Orlando, Florida, USA
in November 2015.

I would like to thank very much Dr Joy R. Wright for helping me get started with my
project, academic advice and technical help. | express my deep gratitude to Dr Lorenza
Francescut for providing excellent technical help and support in multiple aspects of my
project, and for the maintenance and smooth running of our laboratory. Special thanks also
go to my colleagues Dr Sangar Osman, Ms Tayyaba Iftikhar and Ms Chelsea Morgan for
their support and company, and the members of our department Prof Richard J. Evans, Dr
John S. Mitcheson and Dr Catherine Vial, Dr Elena Dubinina and Mr Tom Richards. | am
thankful to Prof Jon M. Gibbins and Dr Chris 1. Jones (Reading) for their advice on single
platelet attachment for calcium imaging, and Prof Steve P. Watson (Birmingham) and his
group members, Stef, Alex and Chiara, for establishing a fruitful collaboration with me. |
owe many thanks to a long list of volunteers who donated their platelets to help me answer
many scientific questions, which allowed me to expand the boundaries of what we know

about human platelet physiology and their contribution to cardiovascular disease.

Last but not least, | would like to express my warmest regards and affection to my parents,
grandparents and sister, who always encouraged me and demonstrated extraordinary
support, patience and love throughout my studies. This work would not have been

accomplished without their constant reassurance and support.



Dedication

This thesis is dedicated to my late grandfather M. Zeki Beyaz, whose name and ambitious
soul I carry. He always appreciated my enthusiasm and has been a true source of inspiration
throughout my studies. He will always be greatly remembered.



Table of Contents

N 0L = Tod PSPPSR I
Publications and presentations arising from this thesis ............ccoooeeiiiniicce i
ACKNOWIEAGEMENTS. ...ttt sre et e abe e e i
Table OF CONTENLS.......oiiiiiiciee bbbt %
LISt OF TADIES ..ot b bbb IX
[ ES 0 T [N =TSRSS X
ADDIEVIALIONS ...ttt bbbt a bbb b nreas Xiv
Chapter 1 INtrodUCTION ........ccviiie et 1
1.1 Platelets: Historical perspective and background ............ccccocceeveiveieiiieseese e, 1
1.2 Haemostasis and the role of platelets in cardiovascular disease..........c.cccceevvevvenenn 2
1.3 Calcium signalling in plateletS ..o 7
1.4 Rheology, shear stress and platelet fUNCHION ...........cccooiiiiiiiiice e 10
1.5 Platelet ion channels and their potential role as therapeutic targets...................... 15
1.6 Mechanosensitive ion channels: recent advanCes ............ccocevereneieneninineieiees 17
1.7 Immune function of platelets and the unique role of P2X1 channels ................... 21
1.8 AIMS AN ODJECTIVES ..ottt 24
Chapter 2 Materials and MethodS..........cc.coiiieiiiiiiiccece e 27
2.1 Salines and MALErialS........ccereiuiiiiiiicieee e 27
2.1 1 SAIINES. ..ttt bbbt ens 27
2.1.2 MALEITAIS ...ttt 28

2.2 Cell culture and attaChment..........ccooeiiiiii e 29
2.2.1 Meg-01 and HUVEGCS .......cccooviiiiiieisie et 29
2.2.2 BaCterial CUITUIE.......ccueiieie e 29

2.3 Phlebotomy and washed platelet preparation...........c.ccocveveiinenene s 31
2.3.1 PRIEDOTOMY ...t 31



2.3.2 Preparation of washed platelets and Meg-01 cells for dye loading................ 31

2.4 FIUOIESCENCE IMAGING......eiueiueetiieiterie sttt ettt sttt bbb nes 32
2.5 Thrombus formation under fFIOW ... 32
2.6 Intracellular Ca?* imaging in Meg-01 cells under fIow...........ccccevevcvevevevcveccnnenns 33

2.7 Intracellular Ca?* imaging in Meg-01 cells mechanically stimulated with a glass

00 o -SSR 33
2.8 Imaging of Ca?* transients in single platelets under flow ............ccccveveveveverrnnnns 35
2.9 In vitro light transmission aggregometry and ATP secretion assay...................... 36
2.9.1 In vitro light transmission aggregometry .........ccccovveveeveeieeveese e 36
2.9.2 ATP SECIELION ASSAY ...vveuvereiveriisiesiieieeieseeste st sttt be st e st st sbe e e e 37
2.10 Fura-2 ratiometric Ca?* MeasUremMeNts ..........ccceoveeverererreeverieeresessessseseseseesnen, 39
2.10.1 FIUOreSCeNCe MEASUIEIMENTS .......ccuveieeieierestestestesiesee e 39
2.10.2 Fura-2 dye Calibration.............coiiiiiiiiienciesese e 39
2.10.3 DAt PrOCESSING ....eevveueenreiitesiesiesiieieeie ettt sttt se b bbbt ene e nens 40
2.11 Quantitative real-time polymerase chain reaction (QRT-PCR).........cc.ccecvvvennene. 41
2.11.1 MRNA EXEFACTION. ....ccuviiiiiitiitisieeetee ettt 41
2.11.2 Reverse transcription and gRT-PCR ..........cccoii i 42
2.11.3 Agarose gel electrOphOreSiS.........cooveiiiiieiicie e 43
2.12 Western blot analysis and phosphorylation assay ............cccccceevveveiieiecicceeneen, 44
2.12.1 Cell lysate preparation...........ccccveieeieiiieiee i se e 44
2.12.2 Bradford ASSAY ......cceeiuiiieiieeie et este ettt 45
2.12.3 SDS-PAGE and Western blotting ...........cccooveviiiieieiie e 46
2.13 Sample preparation for Sanger SEQUENCING .........cocvrvriririeriene e 48
2.14 Data analysis and STatISTICS .........coeiiiirieieiere e 48

Chapter 3 Identification of mechanosensitive ion channels in platelets and Meg-01 cell

line and a biophysical study of their contribution to function ............ccccccociiiiieiennen, 50
K200 A [ o To 1 od 1 o o S PRSSPSSRRR 50
BL2 RESUIES .. bbb 52



3.2.1 Human platelets and Meg-01 cells express Piezol mRNA and protein......... 52

3.2.2 Meg-01 cells attached on poly-D-lysine-coated surfaces are suitable for Ca?*
imaging under arterial TIOW ..........c.oov i 56

3.2.3 Meg-01 cells display GsMTx-4-sensitive fluid shear stress-dependent [Ca?*];

INICTRASES ...eeeeee e ettt ettt e e et e e e ettt e e e e e e e e et eeeeeeeee e e eteeeee e e e e e areees 60

3.2.4 HUVECs display GsMTx-4-sensitive fluid shear stress-dependent [Ca?*]i
([0 =T =TSSP 64

3.2.5 Hypotonic challenge does not induce observable [Ca?*]; increases in platelets
ANA MEQ-01 CEIIS ... 67

3.2.6 Meg-01 cells display [Ca?']; increases in response to mechanical stimulation

WIth @ glasS PrODE .......oiecece e s 69

3.2.7 The Piezol agonist Yodal induces increases in [Ca®']i in Meg-01 cell

1] =] 0157 0] TSR PRSRRR 71
3.3 DISCUSSION ..ttt eiee st esteeste st e ste e e st e te e st e sseesteesee e s e s beeneeaseesbeeneeaneenseenseeneenreas 73

Chapter 4 Evidence for a contribution of mechanosensitive Piezol channel activity to

human platelet shear-dependent calcium entry and thrombus formation....................... 77
I [ (o To [0 od 1o o IS PR RSPTOSORRRN 77
B2 RESUILS ...ttt et et e e e be et e a e e nre e nre s 79

4.2.1 Evidence for Piezol channel activity in single platelets under arterial shear

L (1 TP 79

4.2.2 Mechanosensitive Ca?* events in platelets are independent of purinergic
GPCR SUHMUIALION. ...t nrees 88

4.2.3 Effect of GsSMTx-4 on previously identified Ca?* entry pathways of human
PIALEIELS ... .o re e re e ne s 95

4.2.4 Collagen-induced thrombus formation but not platelet aggregation is inhibited
DY GSIMITX=4 ottt e e et eebe e saeeanes 99

4.2.5 GsMTx-4 inhibits thrombus formation by blocking P2X1 as well as

Mechanosensitive CatioN CRANNEIS ...........eeee e 102

4.3 DISCUSSION ..o 104

vii



Chapter 5 Role for P2X1 channels in FcyRIla-induced calcium entry and functional

responses in human PlateletS....... ..o 108
ST A [ 0o 1 od £ o] o TSRS 108
5.2 RESUIES ... 110

5.2.1 FeyRlIla receptor activation induces Ca?* entry through P2X1 channels...... 110

5.2.2 P2X1 channel desensitisation inhibits Ca®" entry induced by a range of

concentrations of the cross-linker IgG F(ab’)2 antibody ..........ccccevvvvniiiiiinnnn 115

5.2.3 FeyRIIa-mediated Ca?* responses are partially resistant to apyrase and NO,
but are abolished DY PG 1o ......ccoiiiiiiiiicee s 118

5.2.4 Antibody or bacteria-induced FcyRIla activation causes ATP secretion, and

platelet aggregation responses which are partially inhibited by P2X1 desensitisation

5.2.5 FcyRlIla receptor stimulation by antibody cross-linking induces P2X1-
independent tyrosine phosphorylation VENtS ..........cccceveieiiiiiineneeeeee, 124

5.2.6 Thrombus formation under normal arterial shear stress over Streptococcus

sanguinis is independent of P2X1 channel activity ..........ccooeveniininniciciee, 126

5.3 DISCUSSION ...ttt bbbttt bbb enes 129
Chapter 6 General discussion and future Work............ccccoovveveiiiiicic e 133
6.1 Recapitulation of main findings ..........ccccoovviiiiii i 133
6.2 Physiological and clinical implications............c.cccovvviiiiiiieccc e 136
6.2.1 Potential roles for Piezol in haemostasis and thrombosis............cc.cccceeenene. 136
6.2.2 Novel role for P2X1 in platelet immune responses.........cccovveevereeivevieennenne 138

6.3 Limitations and future direCHIONS ...........oceieiieririne s 139
6.4 CONCIUSIONS ...ttt bbb 142
BIDHOGrapNY ... e 144

viii



List of Tables

Table 2.1 The flow rates used in Vena8™ biochips (Cellix) and parallel-plate flow
chambers, and their corresponding calculated shear rates used in shear stress assays. .. 35
Table 2.2 A list of QuantiTect pre-designed primers (Qiagen) used to detect mMRNA
expression in platelets and Meg-01 CellS. ........ccooeiiiiiiiiiii e 43
Table 2.3 The antibodies used in protein detection and phosphorylation assays. .......... 47
Table 2.4 The forward (F) and reverse (R) primers designed to target Piezol and Piezo2
channels in Meg-01 cells for Sanger SEQUENCING. .......c.coverueiiieiierie e 49
Table 3.1 Various coating materials used to attach Meg-01 cells and the qualitative
observations made in cell morphology and strength of cell attachment under arterial

SN BAL SETESS. ..o 57


file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661615
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661615
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661616
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661616
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661617
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661618
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661618
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661619
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661619
file:///C:/Users/Zeki/Desktop/TEZ%20DENEME.docx%23_Toc471661619

List of Figures

Figure 1.1 Platelet size and UItraStrUCIUIE. .........oovieieiieiieie e 2
Figure 1.2 A simplified illustration of primary haemostasis showing platelet activation
and aggregation in response to endothelial damage. .........c.cccceevvvveiieiiccccc e 4
Figure 1.3 Calcium cycling and signalling in platelets.............ccoooiiiiiiniinice 8

Figure 1.4 Virchow’s triad and local haemodynamic changes at an atherosclerotic

0] T [0TSR 12
Figure 1.5 Shear stress profiles in vitro and in VIVO. ........ccccceoveieiiieie i, 13
Figure 1.6 Representations of the Piezol and P2X1 Structures. ...........c.ccocevevvrerverennnns 20
Figure 1.7 FcyRlIla signalling following receptor clustering in human platelets............ 22

Figure 2.1 Representative growth curve for the bacterial strain S. sanguinis 133-79. ... 30
Figure 2.2 Cartoon representations of the flow systems used in thrombus formation and
SNEAI SLIESS ASSAYS. ...veevveiveerrereesreesteestesseesteesaesseesteessesseesaeesseaseesseesteaseesseeseeanseaseensessnensens 34
Figure 2.3 A cartoon representation of single platelet attachment to anti-PECAM-1
antibody coated biochip surface via the 1g domains 1 and 2 of the platelet PECAM-1 for
the imaging of Ca?" transients UNAEr SNEAT StrESS. ..........covvveveeeeeeireerree e 36
Figure 2.4 Representative luminescence traces obtained by ATP addition to saline, and
a concentration-response Standard CUNVE. ...........ooeierenereneniseeieeee e 38
Figure 2.5 Representative primer efficiency curve for Piezol QuantiTect primer pair. 44
Figure 2.6 A representative Bradford assay standard curve of absorbance at 595nm
against a series of known bovine serum albumin (BSA) concentrations. ...................... 47
Figure 3.1 Most commonly used methods of mechanical stimulation in the studies of
Piez0 channel TUNCHION. ......ccv i 51
Figure 3.2 Mechanosensitive ion channel mMRNA expression in human platelets and the
MEG-0L CEIl TINE. ...t sre e ans 53
Figure 3.3 PCR amplification products obtained using in-house designed primer pairs of
known sequence, and the sequence alignment following Sanger sequencing. ............... 54

Figure 3.4 Western blots for Piezol and Piezo2 in Meg-01 and human platelet lysates.

Figure 3.5 Representative bright field images of Meg-01 cells attached on various
COALING MALEITAIS. ..eevveieieciiee et esre e re e teenaeeneenrees 58

Figure 3.6 Monitor of Ca?* mobilisation in attached Meg-01 cells. ............cccoovrvrvrnne. 59


file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097716
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097717
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097717
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097718
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097719
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097719
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097720
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097721
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097722
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097723
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097724
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097724
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097725
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097725
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097725
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097726
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097726
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097727
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097728
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097728
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097729
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097729
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097730
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097730
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097731
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097731
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097732
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097732
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097733
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097733
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097734

Figure 3.7 Fluid shear stress-dependent Ca®* influx in Meg-01 cells is inhibited by
GsMTx-4 and chelation of extracellular CaZ*...........c.coovoveeeeveveeeeeeeeseeeee e 61
Figure 3.8 Fluid shear stress-dependent Ca®* influx in Meg-01 cells is inhibited by
GsMTx-4 and chelation of extracellular Ca2"............ccccovvveveeeieeereriee e, 62
Figure 3.9 Fluid shear stress induces incremental cytosolic Ca?* increases in Meg-01
cells which are inhibited by GsMTx-4 and chelation of extracellular Ca®*. .................. 63
Figure 3.10 Fluid shear stress-dependent Ca?* influx in HUVECs is inhibited by

Figure 3.12 Hypotonic challenge does not induce GsMTx-4-sensitive Ca®* influx in
Meg-01 or platelet Cell SUSPENSIONS. ........ccviiiiiieiieie e 68
Figure 3.13 Mechanical stimulation of Meg-01 cell with a glass probe results in [Ca®'];
L2237 LA 0] USROS 70
Figure 3.14 The Piezol selective agonist Yodal induced [Ca?']i increases in Meg-01
(01 | LTSRS 72
Figure 4.1 Fluid shear stress induces Ca?* transients in single platelets. ....................... 82
Figure 4.2 Fluid shear stress-induced Ca?* transients in single platelets are inhibited by
GsMTx-4 and chelation of extracellular Ca2*............ccccovoeveveeereeereeeeeeeeee e, 83
Figure 4.3 Fluid shear stress-induced average Ca?* increases in single platelets are
inhibited by GsMTx-4 and chelation of extracellular Ca®*. ...........c.cccooovvevereeeerccuerenns 84
Figure 4.4 Stenotic levels of shear stress induced relatively more significant average
Ca2" increases in SiNGIE PIATEIELS. ...........cviveviiireeeeee e 85
Figure 4.5 The Piezol selective agonist Yodal induced [Ca?*]i increases in washed
PLALEIELS. ..o e e e nre e reere e 86
Figure 4.6 The Piezol selective agonist Yodal induced increases in [Ca?']i in singly
AACNE PIALEIETS. ... e 87
Figure 4.7 The effect of addition of a series of ADP concentrations on [Ca?*]i in washed
PlAtEIEt SUSPENSIONS. .....iiiiiie ittt e et eete e e es 90
Figure 4.8 Stimulation of P2Y1 and P2Y12 receptors with a near-threshold
concentration of ADP did not cause an observable change to the Ca?* transient profile in
singly attached platelets under Shear. ..o 91
Figure 4.9 Fluid shear stress-induced average Ca®* increases in single platelets remain

unchanged by the inclusion of a low concentration of ADP in the extracellular saline. 92

Xi


file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097735
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097735
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097736
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097736
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097737
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097737
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097738
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097738
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097739
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097739
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097740
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097740
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097741
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097741
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097742
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097742
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097743
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097744
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097744
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097745
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097745
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097746
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097746
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097747
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097747
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097748
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097748
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097749
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097749
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097751
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097751
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097751
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097752
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097752

Figure 4.10 Pre-treatment with ADP concentrations higher than 0.1puM reduce
MAXIMUM [CAZ i vttt sttt 93
Figure 4.11 Monitoring of ADP-induced Ca®* response activity over a period of 100
ITHNIUTES. .ttt et bbbt b et e bbbt b e bt bt et e b et b e bt e et e e st ene e 94
Figure 4.12 Effect of GsMTx-4 on Ca®" entry via TRPC6, P2X1 and store-operated
ChanNEls IN PIATEIELS. ... e 96
Figure 4.13 P2X1 activity was monitored throughout the experiments where P2X1
FESPONSES WEIE MEASUIEA. ...c.vveviciieiteeie ettt e et e s beeaessaesraenneeneesreeee e 97
Figure 4.14 Fura-2-loaded Meg-01 suspensions do not display [Ca2?']i increases
following o,B-MEATP treatMENT.. .......oiiiiiiieee e 98
Figure 4.15 Collagen-induced thrombus formation is inhibited by GSMTx-4. ............ 100
Figure 4.16 Collagen-induced platelet aggregation is not inhibited by GsMTx-4. ...... 101
Figure 4.17 GsMTx-4 inhibits thrombus formation by blocking P2X1 as well as
mechanosensitive cation ChannElS. ... 103
Figure 5.1 Cross-linked mAb 1V.3-evoked FcyRIla receptor activation induces Ca?*
entry through P2X1 Channels. .........coviieiiiiicc e 112
Figure 5.2 Ca?* entry through P2X1 channels can be fully inhibited by the selective
antagonist NF449 or by channel desensitization. .............ccocooeiiiiiennenseeee, 113
Figure 5.3 FcyRlIla receptor activation induced by S. sanguinis results in an early P2X1-
AEPENAENE €82 BVENL. ...ttt 114
Figure 5.4 P2X1 receptor desensitization inhibits Ca®* entry through P2X1 channels
induced by a range of cross-linker IgG F(ab’)2 antibody concentrations. .................... 117
Figure 5.5 P2X1-mediated Ca?* responses to FcyRIla receptor activation are resistant to
NO and elevated apyrase levels, but are abolished by PGla. ..........ccccooeiiiiiiicciiienn, 119
Figure 5.6 Average A[Ca®"]i responses to FcyRIIa receptor activation by cross-linking
mAD V.3, in the presence of endothelium-derived inhibitors. ..........c.cccooviiveiiienen, 120
Figure 5.7 PGI> inhibits ATP secretion induced by FcyRIla receptor activation......... 120
Figure 5.8 Optimisation of PGl concentration and preparation conditions................. 121
Figure 5.9 P2X1 channels contribute to FcyRIla-induced platelet aggregation achieved
by S. sanguinis or cross-linking of mAb IV.3 with IgG F(ab’)2 in washed platelets,
accompanied by P2X1-independent dense granule SeCretion. ..........ccccccvvevevveeesieennnn, 123
Figure 5.10 FcyRIla receptor stimulation by cross-linking of mAb IV.3 induces
phosphorylation events downstream of the FcyRlIla signalling pathway regardless of

P2X1 Channel deSENSITIZATION. .....vvvueeeeeeeeeiteeeeeeeeeeeteeeeeeeseeeeeeeeeeseseeeseseseseeesessnnnnnnnnnsnnns 125

xii


file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097753
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097753
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097755
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097755
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097756
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097756
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097757
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097757
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097758
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097758
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097759
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097760
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097761
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097761
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097762
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097762
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097763
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097763
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097764
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097764
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097765
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097765
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097766
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097766
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097767
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097767
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097768
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097769
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097770
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097770
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097770
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097771
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097771
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097771

Figure 5.11 Inhibition of P2X1 channels with 1uM NF449 does not alter thrombus
formation on immobilised S. sanguinis under normal arterial shear stress conditions
(L002.85™). oottt ettt ettt ettt 127

Xiii


file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097772
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097772
file:///C:/Users/Zeki/Desktop/Thesis%20with%20Corrections%2011%20Mar%202017.docx%23_Toc477097772

Abbreviations

[Ca?]; Intracellular Ca?*

5-HT 5-Hydroxytryptamine

ACD Acid-Citrate-Dextrose

ADP Adenosine diphosphate

AF Atrial fibrillation

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
ANOVA Analysis of variance

ATP Adenosine triphosphate

B.P. Base pairs

BSA Bovine serum albumin

DAG Diacylglycerol

ddH20 Double-distilled H.O

DiOCs 3,3'-Dihexyloxacarbocyanine iodide

DMSO Dimethyl sulfoxide

EGTA Ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'- tetraacetic acid
EPs Prostaglandin E> receptor 3

ER Endoplasmic Reticulum

FDA Food and Drug Administration

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
GP Glycoprotein

GPCR G-protein coupled receptor

GsMTx-4 Grammostola spatulata mechanotoxin-4
HBSS Hanks’ balanced salt solution

hlgG Human immunoglobulin G

HUVEC Human Umbilical VVein Endothelial Cells

Xiv



IP3
ITAM
kDa

KO
LAT
mADb
MPC
MS
NCBI
NMDA
NO
OAG
OCS
pAb
PAR
PBS
PCR
PECAM-1
PGl
PKC
PLC
PMCA
PNACL
RIPA
SERCA

sNO

Infective endocarditis

Inositol triphosphate

Immunoreceptor tyrosine-based activation motif
Kilodaltons

Knockout

Linker for activation of T cells

Monoclonal antibody

Magnetic particle concentrator®
Mechanosensitive

National Center for Biotechnology Information
N-methyl-D-aspartate receptor

Nitric Oxide

1-oleoyl-2-acetyl-sn-glycerol

Open Canalicular System

Polyclonal antibody

Protease-activated receptor
Phosphate-buffered saline

Polymerase chain reaction

Platelet endothelial cell adhesion molecule
Prostaglandin I,

Protein kinase C

Phospholipase C

Plasma membrane Ca?* ATPase

Protein Nucleic Acid Chemistry Laboratory
Radioimmunoprecipitation assay
Sarco/endoplasmic reticulum Ca?*-ATPase

Spermine NONOate

XV



SOCE
TG
TLR2/1
TMC1/2
TRPC6
TXA2
Vmax
VWF

WBC

Store-operated Ca®* entry
Thapsigargin
Toll-like 2/1 receptors

Transmembrane channel-like protein 1/2

Transient receptor potential cation channel, subfamily C, member 6

Thromboxane A>
Maximum velocity
von Willebrand Factor

White blood cell

XVi



Chapter 1

Introduction

1.1 Platelets: Historical perspective and background

Platelets (or thrombocytes) were identified and comprehensively studied for the
first time by the Italian professor of pathology, Giulio Bizzozero, in the late 19"
century. In addition to red blood cells and white blood cells, Bizzozero identified “a
constant blood particle... which has been suspected by several authors...”, and named
these particles ‘piastrine’ (the Italian word for ‘small plates’) (Mazzarello et al., 2001;
Bizzozero, 1881). These particles later on became known as ‘platelets’ in English, and
are currently described as small, discoid, anucleate blood cells (~2-3um in diameter)
which constantly circulate within the cardiovascular system together with the other
cellular components of the blood, the erythrocytes and leukocytes (Figure 1.1 A). Like
other blood cells, platelets arise as a result of a process called haematopoiesis within the
bone marrow, where haematopoietic stem cells develop into mature blood cells
(Fernandez & de Alarcon, 2013). All blood cells arise from common myeloid
progenitor cells which, for platelet production, give rise to the platelet precursor cells,
megakaryocytes (Fernandez & de Alarcon, 2013; Machlus & Italiano, 2013; Hartwig &
Italiano, 2003).

Megakaryocytes, which usually make up <1% of the bone marrow cell
population, reside within close proximity to the blood vessels during the process of
thrombopoiesis (Nakeff & Maat, 1974). As part of this process, they extend projections
into vascular sinusoids, releasing large megakaryocytic fragments called ‘preplatelets’
and ‘proplatelets’ (Machlus & Italiano, 2013). Once in the bloodstream, these
extensions of megakaryocytes fragment into barbell-shaped proplatelets which become
further cleaved into individual platelets with the aid of blood flow (Machlus & lItaliano,
2013; Thon et al., 2012; Junt et al., 2007). This continuous platelet production
mechanism ensures constant renewal of circulating platelets which are known to survive
in the body for approximately 10 days after production (Davi & Patrono, 2007). The
newly formed platelets retain many structural and biochemical features of their
precursor cells, however, some differences between the two cell types exist (Pease,
1956). Although platelets do not possess nuclei, they carry residual genetic material in
the form of messenger RNA (mRNA) from the megakaryocytes and are able to
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synthesise proteins de novo (Weyrich et al., 2009). In addition to structures normally
exhibited by many other cell types, such as plasma membrane, mitochondria,
endoplasmic reticulum (ER), and cytoskeleton, platelets possess additional features such
as open canalicular systems (OCS), and alpha (o) granules and delta (6)/dense granules.
The OCS enable the secretion of o and d8-granules during activation, which contain
important biochemicals that mediate platelet activation and aggregation, such as
coagulation factors, ATP, ADP, serotonin, fibrinogen, von Willebrand Factor (vWF), etc
(Whiteheart, 2011; Escolar & White, 1991) (Figure 1.1 B, see Section 1.2).

. B microtubule

mitochondrion
2
- )
neutrophil
platelet
lymphocyte
A 3 | I
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red blood cell

a-granule

Figure 1.1 Platelet size and ultrastructure. (4) A light micrograph of blood cells
showing the small size of platelets in comparison with the other blood cells. (B) A
labelled representation of platelet ultrastructure. The open canalicular systems (OCS)
provide routes for substance transport in and out of the platelets, and enable o and o-

granule secretion. [Figures were modified from Alberts et al. 2009]

1.2 Haemostasis and the role of platelets in cardiovascular disease

The important role of platelets in blood clotting and thrombus formation was
discovered for the first time by Bizzozero in guinea pigs, using in vivo microscopy
techniques (Brewer, 2006; Bizzozero, 1882). Today, platelets are known to play an
established vital role in the process of haemostasis, which is an on-going biochemical

mechanism that helps maintain the integrity of the vascular system and prevent blood



loss in response to injury through blood clotting (Clemetson, 2012). Under normal
conditions, platelets are in their ‘resting’ or ‘inactive’ state as they travel within the
healthy blood vessels. The right balance between anti-coagulant and pro-coagulant
factors such as nitric oxide (NO) and prothrombin is maintained under normal
conditions (Wolberg et al., 2012). As a result of tissue damage, the integrity of the
endothelial cell layer of the blood vessels becomes disrupted, causing the exposure of
the pro-coagulant extracellular matrix components, such as collagen, to the circulation.
This initial interaction between the circulating platelets and the injury site initiates the
haemostatic response. The process of haemostasis can be divided into primary and
secondary phases (Gale, 2011). The initial processes of platelet attachment, activation,
aggregation and formation of the haemostatic plug constitute primary haemostasis
(Figure 1.2). On the other hand, the stabilisation of the haemostatic plug via the
formation of a fibrin mesh through the action of serine proteases and other coagulation
factors is collectively known as secondary haemostasis, which is also referred to as the
coagulation cascade (Gale, 2011; Andrews & Berndt, 2004).

The first physical interaction between platelets and the injury site under
arterial blood flow takes place when vVWF binds to and forms a bridge between the
exposed collagen strands of the injury site and platelet receptors glycoprotein (GP) Ib
(Clemetson, 2012; De Meyer et al., 2009). This interaction slows down travelling
platelets and docks them to the injury site (Figure 1.2). VWF is always present in the
plasma through constitutive release by endothelial cells, and is also secreted from
platelet a-granules upon activation (De Meyer et al., 2009; Ruggeri, 2007). The A3
domain of the VWF binds exposed collagen strands, and the rest of the molecule unfolds
by undergoing conformational changes under high shear forces of the circulation to
reveal and extend the A1 domain, which recruits platelets by binding to their GPIba
receptors (De Meyer et al., 2009; Lankhof et al., 1996). The binding of specific amino
acid residues (GPO: glycine-proline-hydroxyproline) located on exposed sub-
endothelial collagen to platelet GPVI receptors also accompanies the initial GPlb-vWF
interactions, (Clemetson, 2012; Smethurst et al., 2007). The collagen-GPVI interaction
is a key event which commences signalling events leading to platelet activation.

Signalling through GPVI is believed to be supported by the interaction of
platelet integrin a2B1 with specific sites on collagen, which brings about the
immunoreceptor tyrosine-based activation motif (ITAM)-dependent signalling

downstream of GPVI upon collagen binding (Watson & Gibbins, 1998). Activation of
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this signalling pathway significantly contributes to shape change and platelet activation
through the rearrangement of the cytoskeletal network, a- and 6-granule secretion, and
an elevation of the intracellular Ca?* concentration ([Ca®']i) (Roberts et al., 2004).
Following the initial collagen-mediated events, the next phase of platelet activation is
mainly driven by the activation of G-protein coupled receptors (GPCRs) by a number of
agonists which include &-granule releasates such as adenosine diphosphate (ADP),
adenosine triphosphate (ATP) and serotonin (5-hydroxytryptamine or 5-HT) (Figure
1.2).
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Figure 1.2 A simplified illustration of primary haemostasis showing platelet
activation and aggregation in response to endothelial damage. Under blood flow, the
initial interaction between platelets and the injury site is mediated by the vVWF, which
tethers circulating platelets to the injury site by forming a bridge between the platelet
GPIb receptor and exposed collagen. This is followed by more stable adhesion by

collagen and GPVI interactions which initiate signalling events. This results



(...) in the secretion of o- and J- granules which release thrombin, 5-HT, ADP, and
TxA>, that act on G-protein coupled receptors (GPCRs) in an autocrine and paracrine
manner, resulting in further activation, shape change, and more platelet recruitment to
the injury site. Aggregation is mainly mediated by fibrinogen which cross-links the
ampfs integrins on different platelets to help form a plug to prevent blood loss from the
injury site (secondary haemostasis). Fibronectin interaction provides additional

stabilisation for the plug.

Secretion and de novo synthesis of the pro-coagulant molecule TxA: by
cyclooxygenases also takes place which reinforces platelet activation (Hanasaki &
Arita, 1988). Another powerful platelet agonist is the serine protease, thrombin, which
is produced by the coagulation cascade and links primary and secondary haemostasis
(Coughlin, 2000). The cleavage of extracellular N-terminal domains of the protease-
activated receptors 1 and 4 (PAR 1-4) by thrombin results in the activation of receptor
signalling through intramolecular ligation (Coughlin, 2000; Vu et al., 1991). Signalling
through this mechanism contributes to platelet activation through shape change, granule
secretion and integrin activation. The agonists secreted throughout the process of
primary haemostasis play an important role in stimulating platelets that become
incorporated in aggregate formation, through a paracrine mode of action (Oury et al.,
2006b). Signalling events following platelet recruitment lead to ‘inside-out’ activation
of the integrins anpfB3 which involve their transition from a low-affinity state to a high-
affinity state (Shattil et al., 2010). Activated aupf3 can be bound by fibrinogen which
mediates platelet aggregation through the cross-linking of oubPs integrins between
different platelets, or vVWF which help stabilise platelet adhesion (Li et al., 2010).
Binding of ligands to activated auf3 integrins results in further signalling events called
‘outside-in’ signalling, which bring about secretion of granules, platelet spreading and
clot retraction (Shattil & Newman, 2004).

Thrombin production from prothrombin takes place through a complex series of
coagulation cascade reactions initiated with tissue factor (TF) that is expressed on
various cells at a vascular injury site (McVey, 2016). The process of coagulation is a
series of reactions categorised into ‘extrinsic’ and ‘intrinsic’ pathways, initiated when
TF activates another coagulation factor (factor X), resulting in thrombin production and
activation of coagulation through a positive feedback mechanism (Palta et al., 2014,

Gale, 2011). Thrombin generation is mediated by the formation of the enzyme



complexes, prothrombinase and tenase, on activated platelet membranes (Palta et al.,
2014). In addition to its contribution to platelet activation via its action on PARs,
thrombin also cleaves fibrinogen into insoluble fibrin, which forms a protective mesh
around the haemostatic plaque to increase its strength (Gale, 2011). In healthy
individuals, the process of coagulation is tightly regulated by a number of inhibitors
which limit the growth of a thrombus. These molecules include the serine protease
inhibitor, antithrombin, which binds to an inhibits the coagulation factors thrombin and
factor X (Palta et al., 2014; Previtali et al., 2011). Finally, as part of the wound healing
process, tightly-controlled fibrinolytic mechanisms dissolve fibrin into fibrin
degradation products through the action of several serine proteases (Chapin & Hajjar,
2015). The primary serine protease which dissolves fibrin is plasmin, which is
generated from the hepatic zymogen plasminogen, with the aid of ‘tissue plasminogen
activator’ and ‘urokinase plasminogen activator’ enzymes (Chapin & Hajjar, 2015;
Palta et al., 2014). Similar to coagulation, fibrinolysis is also tightly-regulated by
several plasmin or plasminogen inhibitors, such as a2-antiplasmin, that prevent
excessive fibrinolysis (Palta et al., 2014; Cesarman-Maus & Hajjar, 2005).

If the feedback mechanisms which control thrombus formation malfunction, or
if the tightly-regulated balance between the production of anti-coagulant and pro-
coagulant factors becomes disrupted, haemostasis can become pathological which is
termed thrombosis (Clemetson, 2012). In such situations where platelets can activate
spontaneously or excessively, they can cause or exacerbate a number of cardiovascular
diseases, including myocardial infarction and strokes, through contributing to
atherosclerosis or formation of thromboembolisms, respectively. Arterial thrombosis
has been established as primarily a platelet-driven disorder, whereas venous thrombosis
is known to be caused by stasis and hypercoagulability, and mainly mediated by
erythrocytes and fibrin (Previtali et al., 2011; Prandoni, 2009). Therefore, it is generally
accepted that platelets play a more prominent role in the development of arterial rather
than venous disorders (Previtali et al., 2011). Ischaemic heart disease and stroke remain
the top causes of death in the world, and account for 17% of avoidable deaths in the
United Kingdom (World Health Organization, 2014; Office for National Statistics,
2013). It has been shown that the pathological mechanism responsible for the majority
of ischaemic heart diseases and strokes is arterial thrombosis (ISTH Steering Committee
for World Thrombosis Day, 2014).



The roles of platelets in the development of atherosclerosis have been clearly
defined. In diseased arteries, platelets recognise the site of an atherosclerotic lesion and
form aggregates, facilitating atherothrombotic events (Badimon et al., 2012). This can
potentially lead to reduced blood supply to organs such as the heart, resulting in
myocardial infarction (Badimon et al., 2012; Ross, 1999). Furthermore, it has been
demonstrated in mice that biochemical events associated with platelet activation play a
key role in atherosclerotic plaque development (Massberg et al., 2002; Ruggeri, 2002;
Pratico et al., 2001; Ross, 1999). Upon the fusion of a-granules with the platelet plasma
membrane during activation, the exposure of the adhesive P-selectin proteins on
platelets aggregating on atherosclerotic lesions were shown to mediate leukocyte
recruitment which exacerbates plaque development (Badimon et al., 2012; Ruggeri,
2002; Ramos et al., 1999).

Formation of dangerous circulating thromboembolisms is usually a result of risk
factors such as atrial fibrillation (AF)-related endothelial damage or stasis, or
endothelial dysfunction that causes impaired production of endothelium-derived anti-
platelet factors such as NO or PGl (lwasaki et al., 2011; Migliacci et al., 2007).
Circulating emboli can travel to vital organs such as the brain, where they can
potentially clog the arteries which supply blood to the tissues, giving rise to stroke via

ischaemia.

1.3 Calcium signalling in platelets

In many cell types, intracellular Ca?* plays a central role as a second messenger
in the regulation of a wide variety of cellular processes; for instance in the heart,
calcium-induced calcium release controls cardiomyocyte function (Berridge et al.,
2003). An increase in intracellular Ca?* levels ([Ca?'];) is a pivotal signalling event that
is essential for most major functional events during platelet activation which eventually
lead to platelet aggregation. Ca?*-dependent events include cytoskeletal rearrangements
and integrin inside-out signalling, and activation of protein kinase C, calmodulin and
Ca?*-dependent proteases (Li et al., 2010; Varga-Szabo et al., 2009; Hathaway &
Adelstein, 1979). Several studies highlighted the essential role Ca?* signalling plays in
the regulation of platelet activation, shape change, and thrombus formation (Gilio et al.,
2010; Hartwig, 1992). Furthermore, platelets and megakaryocytes were shown to
express the intracellular signalling molecule CalDAG-GEFI, which possesses domains



that bind to Ca* and DAG, leading to integrin activation, granule secretion and
synthesis of TxA. (Bergmeier & Stefanini, 2009; Crittenden et al., 2004). Sustained
elevations in [Ca?']; also play an important role in reinforcing platelet activation and
aggregation by inducing phosphatidylserine (PS) exposure on the plasma membrane,
through the stimulation of scramblase activity (Freyssinet & Toti, 2010; Ramstrom et
al., 2003).
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Figure 1.3 Calcium cycling and signalling in platelets. Stimulation of GPCRs, GPVI,
and the immune receptors CLEC-2, FcRy and FcyRIla by agonist binding activates
intracellular signalling cascades (dashed arrow). These converge to result in the
hydrolysis of PIP: to release IP3; and DAG, which are involved in the mobilization of
Ca’" from the ER through IPsR, and activation of PKC and TRPC6, respectively. The
reduction of ER Ca’" content is detected by Stiml, which in turn activates Ca’* entry
through plasma membrane Orail channels (store-operated Ca’* entry/SOCE). The
ATP-gated P2X1 channels allow Ca’" entry following extracellular ATP binding. The
mechanisms which reduce [Ca’*]; include plasma membrane Ca’* ATPases (PMCA)
and sarco/endoplasmic reticulum Ca’* ATPases (SERCA) which pump Ca’* outside the
platelet and into the ER, respectively (Varga-Szabo et al., 2009). The Na'/Ca**
exchanger can also extrude Ca’”, but following Na* entry through P2X1 and TRPC6

can operate in reverse mode and amplify [Ca’"]; elevation during activation.



Under both normal and thrombotic conditions, the exposure of negatively charged PS is
known to enhance the formation of thrombin from prothrombin, and thus regulate
coagulation (Lentz, 2003). There are several pathways via which Ca?* can enter the
platelet cytosol. Ca?* can either be released from the intracellular stores (endoplasmic
reticulum, ER), also called the dense tubular system, or enter from the extracellular
milieu through ion channels (Figure 1.3).

Ca?* entry from the extracellular medium is mediated by a number of receptor-
or store- operated ion channels (Mahaut-Smith, 2012; Li et al., 2010; Varga-Szabo et
al., 2009) (Figure 1.3). Ca2* entry through Orail channels via store-operated Ca?* entry
(SOCE) and the purinergic P2X1 channels represent the two major Ca?* entry
mechanisms into the platelet from the cell exterior (see Sections 1.5 and 1.7 for more
information). In addition, it was shown that the transient receptor potential channel 6
(TRPC6) becomes activated by thrombin through the formation of DAG (Hassock et
al., 2002). TRPC6 channel activity was revealed to be independent of SOCE and the
phosphorylation of cyclic AMP-dependent protein kinases which are known for
mediating powerful inhibitory effects in platelets (Smolenski, 2012; Hassock et al.,
2002). Interestingly, it has also been demonstrated that Ca®*-entry through TRPC6
channels tends to take place at relatively higher thrombin concentrations, and thus may
contribute to platelet function at varying levels depending on the degree of stimulation
(Mahaut-Smith, 2012; Harper & Poole, 2011).

The release of Ca®* sequestered in the ER can be achieved by the stimulation of
a number of receptors on the plasma membrane by their respective ligands (Li et al.,
2010; Varga-Szabo et al., 2009) (Figure 1.3). The stimulation of Gq-coupled receptors
such as P2Y1 by ADP, PARs 1 and 4 by thrombin, 5-HT2a by serotonin (5-HT) and
TxA2R by thromboxane (TxA:) are some of the main events which initiate GPCR-
dependent activation of the PLC isoform PLCP (Varga-Szabo et al., 2009). The
activation of PLCP by GPCRs, and PLCy2 by GPVI, CLEC-2, FcyRIla and integrins
such as oupPir are dependent on Gq activation, although the latter PLC isoform can also
be regulated by Gi via PIzK (Varga-Szabo et al., 2009; Suzuki-Inoue et al., 2006;
Offermanns, 2006; Blake et al., 1994). Activated PLC isoforms hydrolyse PIP; into 1P3
and DAG, whereby the former binds to IPsR on the ER causing the release of Ca?* from
the intracellular stores. The latter mediates SOCE-independent Ca®* entry through the
TRPC6 ion channels (Berridge et al., 2003; Hassock et al., 2002). In addition to the
main Ca?* store in platelets, the ER, other Ca?" stores such as acidic organelles exist

9



whose contribution to platelet function is thought to be less important, and have been
less thoroughly studied (Mahaut-Smith, 2012; Varga-Szabo et al., 2009).

According to previous studies, the baseline levels of [Ca?*]i in resting human
platelets vary between approximately 50 and 75nM (Vicari et al., 1994). Elevations in
[Ca?*]i as small as ~50nM have been demonstrated to be sufficient to give rise to
responses such as shape change associated with platelet activation (Rolf et al., 2001).
Therefore, in the circulation it is of extreme importance to maintain stable levels of
[Ca?*]ito prevent unnecessary activation of platelets (Varga-Szabo et al., 2009). For this
reason, platelets express ATPases which reduce [Ca?']i by removing Ca?* from the
cytosol (Figure 1.3). Two main ATPases remove Ca?" from the cytosol:
sarco/endoplasmic reticulum Ca®* ATPases (SERCASs) and plasma membrane Ca?*
ATPases (PMCAs). The latter remove Ca?* by pumping it to the cell exterior, whereas
the former pump Ca?* back into the ER (Enyedi et al., 1986). Furthermore, the plasma
membrane Na*/Ca®" exchanger also contributes to the removal of cytosolic Ca?* when
the [Ca®']i is high, and thereby also helps prevent unnecessary platelet activation
(Valant et al., 1992).

1.4 Rheology, shear stress and platelet function

The vasculature is under constant exposure to mechanical stress due to
continuous blood flow throughout the cardiovascular system, originating from the
supply of pressure from the heart. As a result of this, blood vessel walls are subject to
two main types of haemodynamic forces: cyclical strain and shear stress (Ballermann et
al., 1998). Cyclical strain refers to the mechanical forces which act perpendicular to
vessel walls, causing changes in the circumference of the vessels due to either
expansion or contraction of the diameter of the lumen, and thus is responsible for blood
pressure (Traub & Berk, 1998; Kroll et al., 1996). This is made possible by tensile
stress, which can stretch the endothelial lining of the vessels and influence vascular
pathophysiology (Gimbrone et al., 1999; Kroll et al., 1996). On the other hand, shear
stress is a force exerted in the direction of blood flow, acting parallel to the apical
surface of the endothelial cells (Ballermann et al., 1998; Kroll et al., 1996). Circulating

blood flows in infinite numbers of parallel layers known as ‘laminae’, each of which
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flow with varying velocities and thus create frictional forces between the layers as they
slide past each other (Figure 1.5 B) (Bird et al., 2002). Maximum velocity (Vmax) is
reached towards the centre of the vessel lumen, which represents the region of
minimum shear stress, whereas minimum velocity is observed closer to the vessel walls
where maximal shear stress is detected (Kroll et al., 1996). Owing to their small size,
platelets tend to travel closer to the vessel walls due to collisions with erythrocytes, and
therefore experience maximal shear stress in the circulation (Uijttewaal et al., 1993;
Tangelder et al., 1985). Shear stress is defined as “the force per unit area between
laminae”, and is the most important environmental factor in platelet function and
thrombosis (Bird et al., 2002; Kroll et al., 1996).

The crucial role of shear stress in haemostasis and thrombosis is well-
established, and was first reported in the 19" century by Rudolf Virchow (Kumar et al.,
2010). Virchow’s Triad explains the vital role of haemodynamic variations in blood
flow (rheology), endothelial damage and hypercoagulability (due to variations in blood
composition) as the main thrombotic risk factors (Wolberg et al., 2012) (Figure 1.4 A).
Of importance, arterial thrombosis is associated with increased shear stress levels at
regions of vessel narrowing (stenosis), such as at the sites of atherosclerotic plaque
development. In such cases, platelet-rich occlusive thrombi can form following plaque
rupture at the distal end of the plaque, where local elevations in shear stress are
observed (Wolberg et al., 2012; Bark & Ku, 2010) (Figure 1.4 B).

There are a number of differences between shear stress generated within
standard in vitro model systems and those experienced by blood cells in vivo.
Traditionally, in vitro shear stress apparatus are designed to apply uniform shear stress
patterns, both spatially and temporally, by the application of a continuous flow (White
& Frangos, 2007). The laminar flow pattern achieved by such in vitro approaches is
termed ‘mean positive shear stress’ (White & Frangos, 2007). Nevertheless, arterial
shear stress in vivo is both pulsatile due to the nature of cardiac function, resulting in
temporal shear stress gradients, and at some regions is spatially non-uniform mainly
because of the existence of anatomical features such as bifurcations (Ku et al., 1985)
(Figure 1.5 A and C). Despite this, at regions other than such bifurcations or stenosis,
blood flow remains uniform and one-directional, similar to that achieved using an in
vitro apparatus (White & Frangos, 2007). Fluid flow through blood vessels can be
described by Poiseuille’s Law (Papaioannou & Stefanadis, 2005; Bird et al., 2002).

Assuming that blood flow through an inelastic cylindrical conduit is laminar, and that
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blood is a Newtonian fluid (i.e. its viscosity is unaffected by shear stress), shear stress is
directly proportional to flow rate, but inversely proportional to vessel diameter
(Papaioannou & Stefanadis, 2005).

A Haemodynamic
Changes
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TRIAD

Vascular Hypercoagulability
Damage (Blood composition)
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_
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Figure 1.4 Virchow’s triad and local haemodynamic changes at an atherosclerotic
plaque. (A) The three main thrombotic risk factors. Abnormalities in blood flow alter
the normal laminar flow and associated levels of shear in the arteries. (B) Arterial
thrombosis may be associated with thrombus formation at the distal end of an
atherosclerotic plaque, where pathologically high levels of shear stress (3000-250000s
1y are experienced due to severe stenosis (Bark & Ku, 2010; Shih-Hsin & Mcintire,
1998).
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Figure 1.5 Shear stress profiles in vitro and in vivo. (a) Elements which make up
continuous shear stress in traditional in vitro flow chambers (step flow), and in vivo
(pulsatile), both of which result in the exposure of same levels of shear stress with
different temporal flow profiles. (b) A representation of blood laminae which flow at
maximal velocity (Vmax) as the lumen of the vessel is approached during uniform flow in
vivo and in vitro. (c) Variations in blood flow, and hence shear stress, at the regions of
anatomical bifurcations, causing departures from ‘mean positive shear stress’ observed

at the regions of uniform blood flow. [Re-created from (Ku et al., 1985)].
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In the circulation, shear stress on platelets exerted by laminar blood flow is
regarded as a vital environmental factor leading to platelet activation in both normal and
pathological situations. For example, shear stress is required at the early stages of the
haemostatic machinery where it unfolds von Willebrand Factor (VWF) to reveal its
binding domains to Glycoprotein Ib (GPIb) and thus allow attachment to collagen
exposed at an injury site (Schneider et al., 2007; Siedlecki et al., 1996) (see Section
1.2). Since the 1970s, many studies have demonstrated that increased pathological
levels of shear stress and abnormal flow patterns such as recirculation at the sites of
vessel bifurcations can directly induce platelet activation (known as shear-induced
platelet activation), and hence aggregation and thrombus formation (Raz et al., 2007;
Einav & Bluestein, 2004; Bluestein et al., 1999; Bluestein et al., 1997; Holme et al.,
1997; O'Brien, 1990; Stein & Sabbah, 1974). Although no previous report has provided
a clear molecular or physiological mechanism behind the effects observed under shear,
the presence of a Ca?" entry pathway has been suggested in earlier studies (Chow et al.,
1992; Levenson et al., 1990). Using an approach to monitor [Ca?*]i within a cone-and-
plate viscometer, Kroll and colleagues demonstrated a transmembrane Ca?* influx in
response to arterial or higher levels of shear (Chow et al., 1992). In addition, Simon and
co-workers report a link between transmembrane Ca®* flux and hemodynamic shear
stress from studies of hypertensive patients (Levenson et al., 1990). However, the
physiological events underlying the stimulatory effects of shear stress on platelets,

especially Ca?* mobilisation, remain unclear.
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1.5 Platelet ion channels and their potential role as therapeutic targets

lon channels are indispensable for the functioning of all cell types. The plasma
membrane is a barrier between the cytoplasm and the extracellular space, thereby
maintaining an isolated environment within the cell. ATP-driven pumps establish a
concentration gradient for a number of ions such as Na*, K* and Ca?" across the plasma
membrane, in addition to a potential difference due to selective permeability to these
ions (Aidley & Stanfield, 1996). For instance, at rest most cells (including platelets)
have a high K* permeability and therefore a resting potential nearer the K* equilibrium
potential (-90mV) than that of other ions. With the aid of ion channels and these
electrochemical gradients, cells can control ionic fluxes across the cell membrane which
can modify a number of molecular and physiological processes.

Several types of ion channels contribute significantly to the processes of
haemostasis and thrombosis, and hence can play a determining role in the development
of a wide range of platelet-related disorders (Mahaut-Smith, 2012; Smyth et al., 2009).
Perhaps, the most important group of ion channels studied hitherto in platelets are those
which mediate Ca?* mobilisation in response to various types of stimuli. As discussed in
more detail in Section 1.3, there are various well-known Ca?* entry mechanisms into the
platelet, amongst which P2X1 channels, which operate by ATP binding, represent the
fastest and the only Ca?* entry mechanism following ATP release from a vascular injury
site (Mahaut-Smith, 2012; Mahaut-Smith et al., 2011; Born & Kratzer, 1984) (see
Section 1.7 for some examples of detailed roles). Other Ca?*-impermeable ionotropic
receptor types operate in platelets, such as NMDA, AMPA and kainate receptors which
have been reported to contribute to platelet function to varying degrees, and increase the
risk of thrombosis in patients with a history of stroke (Sun et al., 2009; Morrell et al.,
2008; Franconi et al., 1996). In addition to Ca?*-permeable ion channels and ionotropic
receptors, several studies have demonstrated emerging roles for voltage-gated and Ca?*-
activated K* channels in platelets (Schmidt et al., 2011; McCloskey et al., 2010; Wolfs
et al., 2006; Mahaut-Smith et al., 1990). Furthermore, there is evidence for the
involvement of gap junction channels such as connexins and the related transmembrane
protein pannexin-1 in enhancement of platelet activation, thrombosis, and thus represent
novel therapeutic targets (Molica et al., 2015; Vaiyapuri et al., 2015; Taylor et al.,
2014; Vaiyapuri et al., 2012).
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lon channels attracted considerable attention as targets for novel therapies for
decades (Bagal et al., 2013) due to their critical role in cellular physiology and the
regulation of a broad spectrum of biological processes including muscle contraction,
sensory transduction, and generation of action potentials in neurons. An increasing
number of diseases related to mutations in ion channel genes (channelopathies) are also
being studied in various fields. It has been shown that about 13.4% of known FDA-
approved drugs to date target ion channels, which make them the second largest class of
therapeutic targets after GPCRs (Overington et al., 2006). Well-known examples
include Verapamil and Diltiazem which block L-type Ca?* channels for the treatment of
cardiac arrhythmias, angina pectoris and hypertension (Clare, 2010). Current anti-
platelet therapies do not target any ion channels, although there is an increasing
awareness that platelet ion channels, especially those which mediate Ca?* mobilisation,
could be potential therapeutic targets. Development of novel therapeutic approaches
targeting such channels could help eliminate the issues with effectiveness and safety
that are associated with the current anti-thrombotic therapies (Mahaut-Smith, 2012;
Varga-Szabo et al., 2009; Barrett et al., 2008). Importantly, in vivo inhibition of several
ligand-gated Ca®* permeable ion channels in murine models provide effective anti-
thrombotic effects, while at the same time maintaining relatively intact haemostatic
responses (Mahaut-Smith, 2012; Varga-Szabo et al., 2009; Braun et al., 2009). Two
prominent candidates have been proposed as therapeutic ion channel targets in platelets:
the SOCE component Orail and the ATP-gated P2X1 channel (see Figure 1.3) (van
Kruchten et al., 2012; Hu & Hoylaerts, 2010). The essential roles for Stim1 and Orail
in thapsigargin-induced SOCE were demonstrated using Stim1”- and Orail” murine
platelets, which displayed reduced thrombus formation in vivo, whereas bleeding times
were only slightly longer (Varga-Szabo et al., 2009). P2X1 channels were also shown to
significantly contribute to arterial thrombosis in vivo (Oury et al., 2006a; Hechler et al.,
2005; Hechler et al., 2003), and hence were proposed as valuable therapeutic target in
the prevention of thrombosis (Mahaut-Smith et al., 2011).

Platelet ion channels are certainly not limited to those whose contribution to
platelet function have been studied and reviewed above and elsewhere. A recent study
by our laboratory has screened for more than 400 ion channel mRNA transcripts in
human platelets and several megakaryocytic cell lines, generating the first platelet
‘channelome’ database (Wright et al., 2016). This comprehensive study reveals that

human platelets abundantly express twenty different ion channels, whose contribution to
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platelet function and possible roles in the development of cardiovascular diseases
remain unknown. It is important to note that this database only provides information
about expression levels of detected ion channels at the mRNA level, and further studies
are required to determine the expression levels of the corresponding proteins.
Furthermore, regardless of the relative expression levels of each of the ion channels
detected, their contribution to platelet function may still be significant, even though the
expression levels are not very abundant. For instance, every platelet is thought to
express between 150-300 P2X1 channels, in comparison to more than 50,000 copies of
the integrin aupP3 per platelet, highlighting the important contribution to thrombosis that
ion channels can make at expression levels relatively lower than other important
integrins (Wright et al., 2016; Quinn et al., 1999; MacKenzie et al., 1996). On the other
hand, the detected ion channels may have no contribution to platelet function and be
present as a carry-over from expression in the megakaryocyte where they play a role in
the processes of megakaryocyte maturation within the bone marrow (megakaryopoiesis)
and/or platelet production (thrombopoiesis) (Mahaut-Smith, 2012).

1.6 Mechanosensitive ion channels: recent advances

All organisms have evolved specialised mechanisms to sense physical as well as
chemical changes that occur around or inside them, and to respond accordingly. The
detection of physical stimuli such as shear stress, sound, temperature, gravity, osmotic
pressure, membrane tension, and stretch, and their conversion into biological signals by
specialised mechanisms is called mechanotransduction. This allows the healthy growth,
development, survival and correct functioning of cells, and thus of tissues and
organisms. Mechanosensitive (MS) ion channels, whose open probability is dependent
on the mechanical stress exerted on the surrounding membrane, are regarded as the
most well-characterised biological mechanosensors (Martinac, 2012; Morris, 1990).
There are many types of MS ion channels, differing in the type of mechanical stimulus
that activates them, and hence they cannot be classified as members of a homologous
ion channel family (Sachs & Morris, 1998). Generally, either one of the two models of
gating mechanisms are thought to be responsible for channel opening: in the first,
mechanical perturbations in the surrounding membrane are conveyed to the channel
along the bilayer thereby changing the protein conformation, whilst in the second, links

which anchor the channel to the cell cytoskeleton are responsible for opening the
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channel. Compared to signalling via second messengers following ligand binding to a
receptor, MS ion channels provide a more direct and thus more rapid route of signal
amplification by allowing a large quantities of ions into the cells (Gillespie & Walker,
2001). In eukaryotes, MS ion channels mediate mechanotransduction of stimuli during
the processes of hearing, touch, and cell volume regulation (turgor control) (Martinac,
2012). Examples include the non-selective cation channels, transmembrane channel-like
proteins 1 and 2 (TMC1 and TMC2), which are essential for the conversion of stimuli
such as sound and gravity into electrical signals in inner ear hair cells (Kawashima et
al., 2011). Several MS ion channels have also been described in the cardiovascular
system which are involved in physiological processes of cardiac and vascular cells, such
as blood pressure regulation, and pathophysiological conditions such as functional
remodelling in cardiomyocytes associated with heart failure (Stiber et al., 2009). For
instance, it was demonstrated that the MS ion channels of the baroreceptor neurons
innervating rodent aorta generate [Ca']i increases in response to mechanical
stimulation, and contribute to the regulation of arterial blood pressure (Sullivan et al.,
1997).

The recent identification of the Piezo family of MS cation channels in
eukaryotes has attracted considerable interest from various fields of research. The
mechanosensory roles of the channels belonging to this family in vertebrates, Piezol
and Piezo2, were first studied in the mouse Neuro2A glial tumour cell line (Coste et al.,
2010). Since then, their functional roles in various tissues and their contributions to
disease mechanisms have been reported within an ever-growing number of studies
(Cahalan et al., 2015; Ranade et al., 2014a; Li et al., 2014). Piezol and 2 proteins are
encoded by the Fam38A and Fam38B genes, respectively, and are multipass
transmembrane pore-forming subunits which assemble to form mechanically activated
cation channels (Coste et al., 2010). Astonishingly, the functional Piezol complex (as a
homo-oligomer) is regarded as the largest plasma membrane ion channel identified to
date, and is estimated to be approximately 1.2 million Daltons (Coste et al., 2012).
Reconstitution of Piezo proteins in lipid bilayers resulted in distinct mechanically
activated tetrameric cation channel complexes which could be inhibited by the generic
mechanosensitive ion channel blocker ruthenium red, and also by the specific inhibitor
of MS cation channels, GsMTx4 (Grammostola spatulata mechanotoxin 4) (Coste et
al., 2012; Bae et al., 2011; Coste et al., 2010). It was shown that Piezo channels are

permeable to both monovalent and divalent cations, whilst anion permeability was not
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reported (Gnanasambandam et al., 2015; Coste et al., 2010). However, there was a
strong preference for Ca?* permeation from the external medium upon stretching the
plasma membrane by a patch pipette (Coste et al., 2010). More recently, cryo-electron
microscopy has revealed that Piezol proteins actually form homotrimers, where each
monomer resembles a propeller, and the extracellular domains of this whole structure
act as the mechanosensors that control ion gating through the core in the center via the
C-terminus (Ge et al., 2015; Coste et al., 2015) (Figure 1.6 A). Moreover, using
cytoskeleton-free artificially generated blebs, Cox and colleagues have revealed that
Piezol is gated by bilayer tension, rather than via a link to the cytoskeleton (Cox et al.,
2016). The very first physiological role for Piezo protein (known as DmPiezo in
Drosophila melanogaster) in vivo was found to be in the sensing of noxious stimuli in
D. melanogaster (Kim et al., 2012). Also, when DmPiezo was expressed in human cells,
the cells displayed MS currents resembling those observed in mouse and rat cells (Kim
etal., 2012; Coste et al., 2010).

Even though Piezol and Piezo2 amino acid sequences resemble each other, and
they are both very different from the ion channels belonging to other families or protein
classes, differences do exist between these two homologs in terms of their expression
and function (Ge et al., 2015). Using Piezo2 conditional KO mice, gene deletion
approaches and other electrophysiological methods, Piezo2 channels were shown to be
mediators of light touch sensation in birds, rodents and humans (Schrenk-Siemens et al.,
2015; Ranade et al., 2014b; Schneider et al., 2014). On the contrary, Piezol channels
were studied more extensively due to their crucial involvement in a wider variety of
physiological processes and disease phenotypes in humans. Loss-of-function and gain-
of-function mutations in the Piezol gene were revealed to be linked to hereditary
diseases of dehydrated stomatocytosis (xerocytosis) in red blood cells and lymphatic
dysplasia, respectively (Lukacs et al., 2015; Albuisson et al., 2013; Andolfo et al.,
2013; Zarychanski et al., 2012). Of relevance to the focus of this thesis, evidence shows
the vital role of Piezol in the sensation of shear stress in flowing blood, vascular
development, red blood cell volume homeostasis, and the control of cell differentiation
(Cahalan et al., 2015; Ranade et al., 2014a; Faucherre et al., 2014; Pathak et al., 2014;
Li et al., 2014). Further roles for this ion channel in different organs were reported,
including sensation of renal epithelial cell stretching and compression, which becomes
impaired as a result of the dysregulation of its function, that is thought to be associated

with polycystic kidney disease (Peyronnet et al., 2013). Similarly, urothelial Piezol was
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shown to sense bladder extension and mediate the release of the signalling molecule
ATP that regulates micturition reflex, and its inhibition was suggested as a novel
treatment for overactive bladder (Miyamoto et al., 2014; Wang et al., 2005).
Elucidation of these MS roles for Piezol channel have, in part, relied upon
pharmacological reagents such as the inhibitor GsMTx-4 (Li et al., 2014; Coste et al.,
2012; Bae et al., 2011) and the recently developed selective agonist Yodal (Syeda et
al., 2015; Lukacs et al., 2015).

In a recent screen of the platelet channelome using quantitative PCR, transcripts
for the Fam38A gene were detected (Wright et al., 2016). Platelet proteomic and
transcriptomic studies also indicate Piezol expression in human platelets (Boyanova et
al., 2012; Burkhart et al., 2012). Despite the close association between platelet function
and the mechanical forces of shear stress which they are constantly exposed to, hitherto

the functional relevance of such MS ion channels have not been studied in these blood
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Figure 1.6 Representations of the Piezol and P2X1 structures. (A) Upper figure shows
Piezol structure viewed from the top, illustrating the three propeller-like blades which

reside on the extracellular domain and detect mechanical stimuli. The lower figure
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(...) shows a representation of the proposed working model of Piezol, where the blue
figure represents the closed conformation and the orange figure represents the open
conformation of the channel. (B) A structural representation of a P2X subunit
resembling the shape of a dolphin, whereby ATP binding induces conformational
changes in the dorsal fin, left flipper and head regions, which is transmitted to the
transmembrane regions (TM1 and TM2) resulting in the opening of the channel for ion
movement. Representations were adapted from Ge et al., 2015 and Hattori & Gouaux,
2012.

1.7 Immune function of platelets and the unique role of P2X1 channels

In addition to their essential role in the process of haemostasis and thrombosis,
platelets play important roles in immunity through the interaction of their immune
receptors with invading pathogens. Platelets are increasingly recognised as crucial
components of the innate immune system, whereby they accelerate the removal of the
invading pathogens (Cox et al., 2011). Following pathogen-induced activation, platelets
secrete antimicrobial chemicals such as B-defensin which fights against pathogens, and
cytokines and chemokines such as interleukin 1 beta that recruit leukocytes to the site of
infection (Cox et al., 2011; Coppinger et al., 2004). Human platelets express the low
affinity receptor for immunoglobulin (Ig) G, FcyRIla (CD32a), which recognises the
IgG that opsonizes the invading pathogens in the circulation (Arman & Krauel, 2015).
Cross-linking of FcyRIla receptors results in the activation of a signal transduction
pathway through a single immunoreceptor tyrosine-based activation motif (ITAM), in a
similar manner to the stimulation of the collagen receptor GPVI (Watson & Gibbins,
1998; Blake et al., 1994) (Figure 1.7). The interaction between bacteria and platelets has
also been shown to lead to formation of dangerous circulating or localised thrombi such

as in infective endocarditis (IE) (Fitzgerald et al., 2006).
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Platelet

Figure 1.7 FcyRIla signalling following receptor clustering in human platelets.
Cross-linking of the anti-FcyRIla antibody (IV.3 mAb) activates the FcyRIla receptors
which involves the phosphorylation of the two tyrosines within the ITAM domains in the
cytoplasmic region, creating a docking site for Syk tyrosine kinase. Syk phosphorylation
initiates the signalling pathway, resulting in the phosphorylation of PLCy2 which leads
to the production of DAG and IP3. IP3 binds IP3R on the ER membrane, which mediates
Ca?* release from the stores. DAG activates PKC, which mediates ATP release through
dense granule secretion (Arman & Krauel, 2015) Possible contribution of P2X1 to
FeyRIIa-mediated increase in [Ca?*]i through ATP release remains unclear, and is

addressed in this thesis.

The vital role of FcyRIla receptor in platelet aggregation and thrombus formation has
been established by a number of in vitro and in vivo studies (Arman et al., 2014; Zhi et
al., 2013; Kerrigan et al., 2008). Despite this, our knowledge of the physiological
effects induced by FcyRIla receptor involvement in platelet function is still
rudimentary. The possible co-operation between platelet immune receptors such as
FcyRIIa and purinergic receptors were postulated by a study (Klarstrom Engstrom et al.,
2014), however, such a synergy has not been extensively studied and the mechanism of
contribution of P2X1 channels to FcyRIla receptor activation remains unclear (Figure
1.7).

P2X1 channels (or P2X1 receptors) are ionotropic receptors which belong to a
family of purinergic ATP-gated ion channels that has several receptor subunits in a
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variety of mammalian cells (P2X1-7) (Oury et al., 2014; North, 2002). Structurally,
each P2X subunit is made up of two transmembrane domains, and subunits can either
assemble into homotrimeric or heterotrimeric ion channels (Oury et al., 2014). The
operational mechanism of P2X subunits have been described by analogy to the shape of
a dolphin, whereby ATP binding induces conformational changes in the dorsal fin, left
flipper and head regions, which is transmitted to the transmembrane regions resulting in
the opening of the channel for ion movement (Hattori & Gouaux, 2012) (Figure 1.6 B).
Amongst the seven different P2X receptor subunits, the homotrimeric P2X1 receptors
are the only receptors expressed in platelets and megakaryocytes, which provide
significant Ca?* entry routes into cells (Mahaut-Smith, 2012; Wang et al., 2003).
Importantly, P2X1 channels have been described as the only ATP-gated ion channels in
platelets that provide the fastest Ca2* entry route following ATP release from an injury
site (Mahaut-Smith, 2012). It has been shown that platelet shape change and granule
secretion are achieved through the activation of a PKC-dependent ERK2 signalling
pathway that leads to the phosphorylation of the myosin light chain, following P2X1-
mediated increases in [Ca?*]i (Oury et al., 2002). Thrombin-dependent P2X1 activity
was shown to persist in platelets treated with one of the most commonly used anti-
platelet drugs, aspirin (Grenegard et al., 2008). This makes studies indicating P2X1 as a
novel therapeutic target even more appealing.

The significance of P2X1 receptor signalling in early Ca?* mobilisation has been
demonstrated following the stimulation of platelet immune receptors (TLR2/1), in
addition to major platelet GPCRs and tyrosine kinase-coupled receptors (Jones et al.,
2014b; FUNG et al., 2007). Ratiometric [Ca®"]i measurements in human platelets have
demonstrated that selective inhibition or desensitisation of P2X1 receptors leads to
significant reductions in [Ca?"]i elevations following the stimulation of GPVI, TxA,
PAR and P2Y receptors with their corresponding agonists, highlighting the vital role of
ATP as a secondary platelet agonist, alongside with ADP and TxA (FUNG et al., 2007;
Fung et al., 2005). Particularly, the synergy between P2X1 and P2Y1 receptors have
been suggested to fortify platelet attachment to an injury site and thus exacerbate
arterial thrombosis (Mahaut-Smith et al., 2004). Similar experimental approaches have
been useful in the discovery of the important contribution of P2X1 channels to [Ca®']i
increases triggered by TLR2/1, in the presence of endothelium-derived inhibitory
molecules such as NO and PGl», suggesting a role for P2X1 in immune-dependent

platelet activation (Fung et al., 2012). It has also been suggested that due to the
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relatively early onset of P2X1 responses, the main mechanism of P2X1 activation by a
variety of agonists is via an autocrine mode of action of ATP that is released from the
dense granules (FUNG et al., 2007). Given the important contribution of P2X1 channels
in TLR2/1-induced [Ca®']; elevations in platelets, it is plausible to suggest that these
channels could amplify other immune receptor [Ca?*]i responses as well.

Relevant to the mechanosensation theme of the majority of this thesis, it is also
worth mentioning the important role of shear stress in P2X1 channel-mediated thrombus
formation (Erhardt et al., 2006; Mahaut-Smith et al., 2004; Hechler et al., 2003; Oury et
al., 2003). Using whole blood from P2X17 mice, it was initially shown in vitro that
P2X1 does not play a significant role in thrombus formation on collagen at normal
levels of shear stress in large arteries (~800s?), however, at higher shear levels in the
smaller arterioles (~6000s™) the contribution was highly significant (Hechler et al.,
2003). In vivo, P2X17- mice were shown to exhibit reduced sizes of thrombus formation
compared to healthy mice using laser-induced vessel wall injury (Hechler et al., 2003).
This indicates the vital contribution of P2X1 receptors under the relatively high arterial
forces of shear stress (Hechler et al., 2003). Supporting these observations, perfusing
blood from transgenic mice overexpressing P2X1 receptors over collagen in vitro
resulted in enhanced platelet aggregation and PS exposure under normal arterial shear,
potentially mediated by the ERK2 signalling pathway (Oury et al., 2003).

1.8 Aims and Objectives

Calcium mobilisation plays a central role both in normal haemostatic platelet
function and in thrombosis. Our knowledge of the identities and the functioning of the
platelet ion channels which mediate the major Ca?* mobilisation events underlying
platelet activation has been limited to mainly ligand-gated or store-operated ion
channels, although evidence exists for the presence of MS Piezol and Piezo2 channels
in platelets and megakaryocytes (Wright et al., 2016; Boyanova et al., 2012; Burkhart et
al., 2012). In spite of the well-established imperative links between platelet function and
shear stress under normal and pathological conditions, and the evidence for a shear-
stress-dependent Ca?* entry pathway of unknown identity (Chow et al., 1992), the
expression and functional relevance of MS ion channels in platelets remain unclear.

Therefore, the first hypothesis of this thesis is that:
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= Human platelets express the MS Ca?* channels Piezol and/or Piezo2, which
contribute to [Ca®]i elevations under arterial shear stress, and thrombus

formation.

To date, the main Ca?*-permeable ion channel identified to contribute to platelet
activation under conditions of high shear is the ATP-gated P2X1 channel. This
enhances thrombus formation in small arteries in vivo (Erhardt et al., 2006; Hechler et
al., 2003; Oury et al., 2003). In vitro, P2X1 contributes to Ca®* responses and platelet
function following stimulation by a range of agonists. This contribution is particularly
important for tyrosine kinase-coupled receptors GPVI and TLR2/1 since both secretion
of ATP by these stimuli and P2X1 channels themselves are resistant to inhibition. One
receptor which has not been studied in terms of its P2X1 contribution is FcyRIla, which
is tyrosine kinase-linked and involved in innate immune responses. Considering that
immune responses and platelets both contribute to development of atherosclerosis or
thrombosis, Ca?* influx mechanisms downstream of FcyRIla may form a unique input
during plaque formation or atherothrombosis. The second hypothesis of this thesis is
therefore that:

= P2X1 channels contribute to [Ca®]i increases following FcyRIla receptor
activation in human platelets, and shear stress determines the extent to which

P2X1 channels contribute to FcyRIla-dependent thrombus formation.

To address the hypotheses above, this thesis will specifically aim to achieve the

following:

1. To determine the expression levels of MS cation channels in human platelets
and the megakaryocytic cell line, Meg-01 at the RNA and protein levels;

2. To develop a novel assay of shear-induced Ca?* responses in which platelets
(and Meg-01 cells) are attached to glass coverslips without the use of adhesive
ligands;

3. To study the effect(s) of the MS cation channel inhibitor GsMTx-4 and the
specific Piezol agonist Yodal on Ca®" influx, other well-known Ca?* entry

routes, and thrombus formation over collagen;
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4. To investigate the possible synergy between P2X1 channels and FcyRlIla
receptors in contributing to [Ca?*]i elevations, platelet aggregation and thrombus
formation under arterial shear;

5. To assess the sensitivity of FcyRIla-induced P2X1 signalling to the
endothelium-derived physiological inhibitors;

6. To identify the molecular mechanism underlying the synergy between P2X1

channels and FcyRIla receptors.
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Chapter 2
Materials and Methods

2.1 Salines and materials
2.1.1 Salines

Salines were made using ultrapure double-distilled water (ddH.O) from Elga
Purewater® Classic system (18.2MQ.cm at a temperature of 24.1°C). Hanks’ balanced
salt solution (HBSS) contained (in mM): 5.33 KCI, 0.44 KH2PO4, 137.93 NaCl, 4.17
NaHCOs, 0.34 NaHPO4, 5.56 D-glucose, 5.00 HEPES, 0.49 MgCl,;, 0.41
MgSQO4-7H-0, and 1.26 CaCl, (pH titrated to 7.35). To prepare washed platelets (WP)
for Ca?* measurements, whole blood was collected into the anticoagulant acid-citrate-
dextrose (ACD) solution which contained (in mM): 85 trisodium citrate, 78 citric acid,
111 glucose. For thrombus formation, blood was collected into 40uM Phe-Pro-Arg-
cmk.2HCI (PPACK) (HTI, VT, USA).

WP were prepared in nominally Ca?*-free saline (in mM: 145 NaCl, 5 KCI, 1
MgClz, 10 HEPES, 10 glucose; pH titrated to 7.35) that also contained 0.32U/mL
apyrase grade VII from potatoes (Sigma, Poole, UK) for experiments when P2X1
receptor responses were being studied. In thrombus formation under flow assays,
HEPES-buffered saline (HBS) solution (in mM: 150 NaCl, 5 KCI, 1 MgSQOs4, 10
HEPES; pH titrated to 7.4) was used to fill and wash through the flow system before
and after introducing whole blood.

For Western blot analysis, cell lysis was achieved by the addition of 1x (for
protein detection) or 2x (for phosphorylation assays) radioimmunoprecipitation assay
(RIPA) buffer (for 1x: 150mM NaCl, 50mM Trizma hydrochloride, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Triton X-100; pH titrated to 8.0), in which 1x Roche
EDTA-free protease inhibitor cocktail tablet (cOmplete™ Mini, Roche, Switzerland)
was dissolved (per 10mL of RIPA). To inhibit phosphatase activity in lysates to be used
in phosphorylation assays, RIPA also contained 4mM sodium orthovanadate and 20mM
sodium fluoride. For western blotting the buffers used were: 1x Tris/Glycine transfer
buffer (in mM: 192 glycine, 25 Tris base, 10% (v/w) methanol), 1x Tris-buffered saline
with Tween 20 (TBS-T; in mM: 13.7mM NaCl, 2mM Tris base, 0.1% (v/w) Tween-20,
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pH titrated to 7.4), and 1x Tris/Glycine/SDS running buffer (National Diagnostics,
Atlanta, GA, USA).

For mRNA extraction from ultra-purified platelets, the platelet inhibitor cocktail
was prepared by mixing 7.5mL ACD, 100uM prostaglandin E; (PGE:1), 0.5M
ethylenediaminetetraacetic acid (EDTA), and 30mM acetylsalicyclic acid (aspirin). The
Lysis/Binding buffer contained (in mM): 100 Trizma HCI (pH titrated to 8.0), 500 LiCl,
10 EDTA, and 5 dithiothreitol (DTT), and 1% lithium dodecyl sulphate (LiDS). Wash
buffers A and B contained (in mM): 10 Trizma HCI (pH 8.0), 0.15 LiCl, 1 EDTA, and
0.1% LiDS; and 10 Trizma HCI (pH 8.0), 0.15 LiCl, 1 EDTA, respectively.

2.1.2 Materials

The MS ion channel inhibitor GsSMTx-4 peptide (STG-100) was from Alomone
Labs (Jerusalem, Israel), and the specific activator of Piezol, Yodal, was from Tocris
Bioscience (Bristol, UK). Fura-2 AM and Fluo-3 AM were from Invitrogen (Paisley,
UK). PECAM-1 (WM59) (MCAL1738T) for platelet attachment was purchased from
AbD Serotec (Kidlington, UK). Native equine tendon Horm® collagen (type 1) was
purchased from Takeda (Linz, Austria). Anti-FcyRIla monoclonal antibody (mAb) IV.3
was purified from a hybridoma in the laboratory of Prof Steve P. Watson (University of
Birmingham, UK). Goat anti-mouse IgG F(ab”)> was purchased from Fisher Scientific
UK. The NO donor, Spermine NONOate was from Enzo Life Sciences Ltd (Exeter,
UK). The glycoprotein (GP) lla/Illb inhibitor eptifibatide (integrilin) was from Source
Bioscience (Nottingham, UK). Extracellular ATP measurements were performed using
the Chrono-lume™ reagent kit (#395; Chrono-log Corporation, Havertown, PA, USA).
Rabbit anti-human phospho-Syk (Tyr525/526) mAb and rabbit anti-human phospho-
PLCy2 (Tyr1217) polyclonal antibody (pAb) were from Cell Signaling Technology
(Danvers, MA, USA). Rabbit anti-human phospho Y200 (Anti-LAT) mAb was from
Abcam (Cambridge, UK). Mouse anti-human anti-phosphotyrosine (clone 4G10) mAb
was from Millipore UK Ltd (Watford, UK). Unless otherwise stated, all other materials
were from Sigma-Aldrich (Poole, UK).
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2.2 Cell culture and attachment
2.2.1 Meg-01 and HUVECs

Meg-01 cells were obtained from the European Collection of Cell Cultures
(ECACC, Salisbury, UK) and grown in RPMI1640 supplemented with 10% foetal
bovine serum (FBS) (Invitrogen, Paisley, UK) and 100U/mL Penicillin-Streptomycin
(P/S). Cells were split every 2-3 days. For attachment of Meg-01 cells, sterilised glass
coverslips (24mmx50mm, thickness Nel; VWR International, Darmstadt, Germany)
were coated with 0.1mg/mL Poly-D-lysine hydrobromide (MW=>300,000) for 15
minutes. The slides were then rinsed with sterile water and dried for 2 hours. Meg-01
cells in medium were added to the coated slides and incubated at 37°C for 15 minutes to
promote attachment. Attached cells were then treated with 2uM Fluo-3 AM at room
temperature for 45 minutes. After washing in HBSS, slides were immediately inserted
in a parallel-plate flow chamber for experimentation (Figure 2.2 A). Meg-01 cells used
in experiments were from passage numbers 1-14. Pooled primary human umbilical vein
endothelial cells (HUVECs) (PromoCell GmbH, Heidelberg, Germany) were supplied
by courtesy of Professor Nicholas P.J. Brindle at the Department of Cardiovascular
Sciences at the University of Leicester. HUVECs were cultured on glass coverslips
(24mmx50mm, thickness Nel) coated with a mixture of 2% gelatin and 0.1mg/mL
Poly-D-lysine hydrobromide (MW=>300,000) (coated at room temperature for 1 hour) in
Medium 200 supplemented with low serum growth supplement (LSGS), 10% FBS and
100U/mL P/S. HUVECSs used in experiments were from passage numbers 6-8. Meg-01
and HUVECs were both cultured at 37°C in a 95% air/5% CO2 atmosphere.

2.2.2 Bacterial culture

The bacterial strain Streptococcus sanguinis (133-79) was provided by Professor
Mark Harzberg (University of Minnesota). For each experiment, bacteria were cultured
in 20mL Brain Heart Infusion Broth (BHI) under anaerobic conditions at 37°C,
overnight. Exponential growth profiles for the strain were constructed by recording the
optical densities (OD) at 600nm at regular time intervals (Figure 2.1). For
experimentation, the OD of the cultures were measured between 15 and 16 hours after
inoculation, and were adjusted to 1.6, which corresponds to 6x10® CFU/mL as
previously shown (Arman et al., 2014). The optical density adjustment was carried out

as follows: after measurements, required volumes of bacterial culture were centrifuged
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twice at 2500g for 10 minutes and re-suspended in phosphate-buffered saline (PBS).
Bacterial suspensions were brought to room temperature before experimentation. For
thrombus formation under flow, 1mL of Streptococcus sanguinis (133-79) suspension in
BHI was placed on a heat-sterilised glass coverslip (24mmx50mm, thickness Nel) and
incubated at room temperature for 2 hours. Uniform coating was confirmed with a
phase-contrast microscope, and slides were washed thrice in PBS to remove unbound
bacteria. Slides were blocked by incubating with 1% bovine serum albumin (BSA) for 1

hour at 37°C before insertion into the parallel-plate flow chamber for experimentation.

1.2-
1.0+
0.8+
0.6+

0.4-

OD (600nm)

0.2+

0.0- IIIIII:
0 2 4 6 8 10 12 14 16

Time (hours)

Figure 2.1 Representative growth curve for the bacterial strain S. sanguinis 133-79.
OD=optical density. The grey-shaded region indicates the time interval during which

bacteria were collected and washed for use in the experiments.
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2.3 Phlebotomy and washed platelet preparation
2.3.1 Phlebotomy

The study was approved by the University of Leicester Committee for Research
Ethics concerning human subjects (non-NHS). Blood was collected in accordance with
the Declaration of Helsinki from informed consenting volunteers of either gender who
had not taken any medication that can affect platelet function for at least two weeks.
Blood was collected from a vein in the antecubital region using a Surflo® 21G Butterfly
Winged Infusion Set (Terumo, UK) into 20mL or 60mL syringes by application of
negative pressure. Before blood collection, either of the following anticoagulants were
added to the syringe: ACD at a ratio of 6:1 (blood:ACD), or PPACK at a final

concentration of 40uM.
2.3.2 Preparation of washed platelets and Meg-01 cells for dye loading

Platelet rich plasma (PRP) was prepared by centrifuging the whole blood at
150g for 20 minutes for mMRNA extraction (see Section 2.11.1), 100g for 20 minutes for
aggregometry, or 700g for 5 minutes for other experiments. For [Ca?*]i measurements,
PRP was incubated at room temperature for 15 minutes with 100uM aspirin and
0.32U/mL apyrase (Type VII, Sigma), then incubated with either 2uM Fura-2 AM (for
45 minutes at 37°C, with regular gentle inversions of the tube) or 5uM Fluo-3 AM (for
45 minutes on a rotor at room temperature). The PRP was then centrifuged at 350g for
20 minutes and platelets re-suspended in an equal volume of nominally Ca?*-free saline
(which also contained 0.32U/mL apyrase for experiments when P2X1 receptor
responses were being studied). Immediately prior to Fura-2 measurements in cuvettes or
before introducing Fluo-3-loaded platelets to biochips for attachment, the platelet
suspension was diluted 1:1 with Ca?*-free saline. For light transmission aggregometry,
washed platelets (WP) were prepared as described for [Ca®*]i measurements. Aspirin
was excluded when bacteria were used to stimulate aggregation. WP were re-suspended
in a volume of saline equivalent to that of the original PRP.

20mL of Meg-01 cells in RPMI1640 medium (20mL) were harvested and
treated with aspirin and apyrase as described for platelets and washed twice in apyrase-
containing nominally Ca?*-free saline by centrifugation at 200g for 5 minutes. Cells
were loaded with Fura-2 as described for platelets above. For Fluo-3 loading protocol
into attached Meg-01 cells, see Section 2.2.1.
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2.4 Fluorescence imaging

Imaging of thrombus formation and [Ca?']i recordings from single platelets or
Meg-01 cells were carried out on an Olympus IX81 inverted confocal microscope with
a FV1000 laser scanning module (Olympus, UK), at 60x, 1.35 NA oil immersion lens
(UPLSAPOQ). The confocal aperture was set for optimal optical slicing (1 Airy unit,
slice thickness ~1.25um). Fluo-3 fluorescence images were captured at a rate of 1.74Hz
for platelets, and 0.37Hz for Meg-01 cells and HUVECs.

2.5 Thrombus formation under flow

Glass coverslips (24mmx50mm, thickness Nel) were coated with collagen
(100pg/mL) overnight in a humidified chamber at 4°C. Whole blood was stained with
1uM DiOCs on a rotor at room temperature for 30 minutes before use. A programmable
AL-1000 syringe pump (World Precision Instruments, Sarasota, Florida, USA) attached
to a parallel-plate flow chamber (Figure 2.2a) was used to initially introduce HBS
solution (in mM: 150 NaCl, 5 KCI, 1 MgSOQOs, 10 HEPES) to remove air bubbles. 1mL
whole blood was then introduced into the system for a period of 5 minutes at the
required shear level before perfusing HBS to clear the components unbound to the
collagen surface. The blood flow rate required to generate a specified level of shear in
each assay (Table 2.1) was calculated according to the following equation, where Q=
flow rate (mL/s), w= microslide lumen width in cm for Vena8™ biochip or parallel-
plate chamber (0.08 or 0.15, respectively); h= microslide lumen height in cm for
Vena8™ biochip or parallel-plate chamber, (0.008 or 0.0125, respectively); t= shear
stress (Pa); u= viscosity of whole blood (0.003Pa/s) or water (0.001002 Pa/s):

_tht
= o

Finally, to calculate the shear rate (s™!), t was divided by p.
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Time series scans were performed during thrombus formation, and subsequent Z-stack
analyses of stable thrombi were carried out within 15 minutes of their formation using
step changes (AZ) of 0.69um. Data represent an average of at least 4 randomly chosen
fields per experiment. Analysis and 3D reconstruction of Z-stacks were performed with
ImageJ 1.49 Volume Viewer 2.0 plugin (National Institutes of Health, USA). Surface
coverage and thrombus volume were calculated according to the Cavalieri principle as
previously described (Pugh et al., 2010; Prakash et al., 1994). The heights of the

thrombi were calculated by dividing the total thrombus volume by the area of the field.

2.6 Intracellular Ca?*imaging in Meg-01 cells under flow

Fluo-3-loaded Meg-01 cells attached to slides were treated with 2.5uM GSMTx-
4 for 1 minute or vehicle (HBSS) as necessary before inserting the slides into the
parallel-plate flow chamber. To apply fluid shear stress, the reservoir was filled with
either HBSS, Ca?*-free HBSS containing 1mM ethylene glycol tetraacetic acid (EGTA),
or HBSS containing 2.5uM GsMTx-4 as appropriate, and the syringe pump was set to
draw fluid through the system at the shear rates of 1002.6s?, 2282.7s and 3989.2s?,
which represent shear conditions in normal arteries, moderately stenotic arteries and
severely stenotic arteries, respectively (see Table 2.1). Images were analysed on ImageJ
1.47v (Schneider et al., 2012) using the Time Series Analyzer V2.0 plugin to obtain the
Ca?* traces. The fluorescent signals were background corrected and fluorescence levels

(F) were normalised against the pre-stimulus fluorescence level (Fo) to yield F/Fg ratios.

2.7 Intracellular Ca?* imaging in Meg-01 cells mechanically stimulated with a glass

probe

Meg-01 cells were attached onto poly-D lysine-coated coverslips and loaded
with Fluo-3 as described in Section 2.2.1. Mechanical stimulation was performed
manually using a glass pipette with a blunt tip attached to a Luigs & Neumann
mini/combi manipulator (Ratingen, Germany). The glass pipette was pulled on a
Narishige PP-830 two-stage patch puller (Tokyo, Japan), and had a final tip diameter of
approximately 1-2um after fire-polishing. Images were obtained and analysed as
described in Sections 2.4 and 2.6.
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Figure 2.2 Cartoon representations of the flow systems used in thrombus formation
and shear stress assays. (4) The parallel-plate flow chamber used for studies of
thrombus formation and shear stress-induced Ca’" increases in Meg-01 cells. To study
shear-induced increases in [Ca’"];in the Meg-01 cell line, cells were attached to poly-
D-lysine coated coverslips, loaded with Fluo-3, and HBSS perfused through the
passage under control of the syringe pump to achieve specific shear rates (see Table
2.1). To study thrombus formation, the glass coverslip was coated with collagen and

the reservoir was filled with DiOCgs-stained whole blood containing PPACK.
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... (B) The assembly of a glass-bottom Vena8™ biochip to study Ca’" transients in
single platelets under shear stress. The ‘flow chamber sandwich’in A is replaced by

the biochip, in which Fluo-3-loaded platelets are attached to PECAM-1 antibody-

coated micro-channels (shown with a blue line on the biochip) before experimentation.

Physiological Flow rate Flow rate Shear rate
Condition (mL/min) (mL/min) (s'l)
[VenaSTM biochip] [Parallel-plate]

Normal Arterial 0.051 0.235 1002.6

Stenotic Arterial 0117 0.535 22827
(Low)

Stenotic Arterial
(High) 0.204 0.935 3989.2

Table 2.1 The flow rates used in Vena8™ biochips (Cellix) and parallel-plate flow
chambers, and their corresponding calculated shear rates used in shear stress assays.

Physiological conditions indicate the equivalent arterial flow conditions in vivo for

each shear rate (Shih-Hsin & Mcintire, 1998, Kroll et al., 1996).

2.8 Imaging of Ca?* transients in single platelets under flow

For attachment of platelets, biochips were coated with monoclonal mouse anti-
human PECAM-1 (CD31) antibody by incubation at 37°C for 1 hour. Excess antibody
was removed and non-specific sites blocked with 2% BSA at 37°C for 1 hour.
Immediately prior to each experiment, Fluo-3 loaded platelets were introduced into the
biochip channel and incubated at 37°C for 10 minutes with occasional gentle shaking to
promote attachment (Figure 2.3). The biochip was then mounted on the microscope
stage (Figure 2.2 B) and HBSS introduced into the channel under gravity.
Pharmacological reagents (2.5uM GsMTx-4 or 25uM Yodal) were introduced at a very
low shear rate (410.16s) prior to the experimental recording. Captured time-series
images were analysed on ImageJ 1.47v (Schneider et al., 2012) using the Time Series
Analyzer V2.0 plugin, to obtain the Ca®" traces. F/Fo values were calculated after
background and Fo correction and values were transferred to GraphPad Prism 6.0 (La
Jolla, CA, USA) software for quantification of the F/Fo integral over 4 minutes
(F/Fo.4min). The baseline was set manually and peaks more than 1 point above baseline

were included within the calculation of a Ca2* increase.
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Figure 2.3 A cartoon representation of single platelet attachment to anti-PECAM-1
antibody coated biochip surface via the Ig domains 1 and 2 of the platelet PECAM-1

for the imaging of Ca?* transients under shear stress.

2.9 In vitro light transmission aggregometry and ATP secretion assay
2.9.1 In vitro light transmission aggregometry

Platelet aggregation and ATP secretion were monitored in a Chronolog 400
lumi-aggregometer (Chrono-Log Corporation, Havertown, PA, USA), at 37°C. To test
the effect of GsMTx-4 on collagen-induced platelet aggregation, WP were added into
siliconized glass cuvettes (Chrono-Log Corporation, Havertown, PA, USA) containing
Chrono-log #311 stir bars and 100pg/mL fibrinogen, and 2mM CaCl, was added before
the start of each experiment. The platelets were then incubated at 37°C for 3 minutes
before experimentation. 500uL of saline was placed in the reference well and maximum
transmission (aggregation) was set before the start of each recording. Each cuvette was
incubated with 2.5uM GsMTx-4 or vehicle (Ca?*-free saline) for 30 seconds, before
addition of collagen to stimulate aggregation. Where necessary, aggregation was
inhibited by the inclusion of 9uM integrilin 3 minutes before experimentation. In all

experiments, the cuvette volume was maintained at 500uL after the final stimulation.
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The ABF files obtained from the Axoscope Software (Molecular Devices,
Sunnyvale, CA, USA) were processed by Origin 2015 Sr2 for Windows (OriginLab
Corporation, Northampton, MA, USA) to acquire the raw transmission values.
Percentage light transmission (or aggregation) values were calculated using the
following formula, where average baseline is the mean of the pre-stimulation raw

transmission values:

Raw transmission value — Average baseline

% Light transmission (aggregation) = Average baseline X 100

In Figure 4.16, the % aggregation values displayed on the bar chart were further

processed by normalising the vehicle light transmission response to 100% aggregation.

2.9.2 ATP secretion assay

Detection of ATP secretion was performed using the Chrono-Lume luciferin-
luciferase assay kit (Chrono-Log Corporation, Havertown, PA, USA). Chrono-Lume
reagent (50uL per tube) was added to 450uL of platelet suspension 3 minutes before
stimulation with an agonist. The mixture also contained fibrinogen (100ug/mL) and
pooled human hlgGs (0.1mg/mL) when bacteria were used to induce secretion. In
experiments where P2X1 channel desensitisation was required, 600nM a,3-meATP was
added 60 seconds prior to 2mM CaCl,. FcyRIla stimulation by antibody-induced cross-
linking was achieved by the addition of mAb IV.3 (1ug/mL), followed by the required
concentration of the cross-linking IgG F(ab’).. ATP secretion was assessed in the
presence of 0.32U/mL apyrase using the luminescence detection channel of the Chrono-
log lumi-aggregometer. For each batch of luciferin-luciferase, a concentration-response
standard curve was constructed using the background-corrected peak signal (mV)
detected in normal platelet saline across a range of known ATP concentrations (nM)
(Figure 2.4). These curves allowed the conversion of the peak voltage output change
values (AV, mV) obtained after stimulation of the platelets into corresponding ATP

concentrations.

37



ATP

-2000+

-4000+

AV (mV)

-6000+

-8000+

0

-1750+

-3500+

AV (mV)

-5250+

-7000-

?’ [ATP]
0.1nM

— 0.4nM
— 4nM

— 40nM
— 100nM
— 400nM

30s

[ATP] (nM)

100 200 300 400

AV=-14.50[ATP]

Figure 2.4 Representative luminescence traces obtained by ATP addition to saline,

and a concentration-response standard curve.

(A) The background-corrected

luminescence traces of voltage output (mV) against a series of known ATP

concentrations. (B) The standard curve of baseline-corrected maximum AV values

obtained using a range of known ATP concentrations (n=3). The resulting equation

shown next to the curve was used to convert voltage output values to ATP

concentrations.
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2.10 Fura-2 ratiometric Ca?* measurements
2.10.1 Fluorescence measurements

Fura-2 ratiometric Ca?" measurements were performed in stirred cell
suspensions using a Cairn spectrofluorimeter system (Cairn Research Ltd, Faversham,
Kent, UK) at 37°C. After loading with Fura-2, cells were re-suspended in nominally
Ca?*-free saline. In all experiments, Fura-2-loaded platelet suspensions were diluted
with nominally Ca?*-free saline in a 1:1 ratio, and 2mL of diluted cell suspension was
added in each cuvette. Each cuvette was added a magnetic stirrer and warmed up by
placing inside a 37°C chamber for 3 minutes prior to experimentation. Where necessary,
2mM CaCl; was added to individual cuvettes 30s before stimulation with an agonist.
Wherever P2X1 channel contribution was studied, the saline included 0.32U/mL
apyrase. In experiments where bacteria were added to stimulate FcyRIla receptors,
hlgGs (0.1mg/mL) and fibrinogen (100pg/mL) were also included in each cuvette prior
to stimulation. FcyRIla stimulation by antibody cross-linking was achieved by pre-
incubating the platelets with mAb IV.3 (1ug/mL) for 2 minutes before addition of a
required concentration of IgG F(ab’)2. A 75W xenon arc lamp was used to provide the
excitation light, which was filtered by a 6-position filter rotating at 45 rotations per
minute. The light travelled to the cuvette holder through a liquid light guide, and light
emitted from the samples were collected by a photomultiplier tube (PMT) located at a
right angle to the light guide. The PMT output was digitised and stored using the Cairn
proprietary software (Cairn Research Ltd, Faversham, Kent, UK).

2.10.2 Fura-2 dye calibration

Fura-2 ratiometric fluorescence signals at 340 and 380nm excitation and ~490-
600nm emission were background corrected (using saline as background), and
expressed as [Ca?*]i (nM) after calibration. For calibration, Fura-2-loaded platelet
plasma membranes were permeabilised using 50uM digitonin, and added 1mM CaCl;
and 10mM EGTA, which yielded maximum and minimum Ca?* fluorescence values,
respectively, at 340nm and 380nm. Rmin and Rmax values were calculated using the
background-corrected fluorescence values, where they represent the signal ratios in

Ca?*-free and maximum Ca?* availability conditions, respectively. To correct for the
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effect of the cytoplasmic environment of the dye, a viscosity correction factor of 0.85
was applied (Poenie, 1990). Using a dissociation constant (Kq) for Ca?* of 224nM as
described previously (Rolf et al., 2001), the background-corrected 340/380nm signal
ratios (R) were converted to [Ca?'];, using the Grynkiewicz equation (Grynkiewicz et
al., 1985):

F380 max % (R - Rmin)

Ca®']. =K yx
[ ]1 ¢ F380 min (Rmax' R)

where Fsgomax and Fagomin are the maximum and minimum fluorescence signals at 380nm
wavelength. Throughout this thesis, the peak [Ca?']i responses (i.e. A[Ca?']i values)

represent the increase in [Ca?*]i above the pre-stimulus concentration.

2.10.3 Data processing

The binary data files obtained from the Cairn spectrofluorimeter system
software (Cairn Research Ltd, Faversham, Kent, UK) were converted to ASCII files
using Analyse Software Version 1.00a (Cairn Research Ltd, Faversham, Kent, UK).
The background-corrected values were then converted to [Ca®']i according to the
Grynkiewicz equation and measured calibration constants (Section 2.10.2) using a
macro script written within Origin® 2015 Sr2 (OriginLab Corporation, Northampton,
MA, USA). Traces of [Ca?"]; against time were then plotted on GraphPad Prism 6.0
software (La Jolla, CA, USA) for presentation.
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2.11 Quantitative real-time polymerase chain reaction (QRT-PCR)
2.11.1 mRNA extraction

For isolation of platelets from whole blood, CD45 and CD42b antibody-coated
magnetic beads were prepared initially as follows: Equal volumes of Dynabeads® Pan
Mouse 1gG slurry (Invitrogen, Paisley, UK) and PBS were mixed, and washed beads
were collected by immunomagnetic depletion, on a magnetic particle concentrator®
(MPC) (Invitrogen). Beads were washed again with PBS, and CD45 (BD PHarmingen,
UK) and CD42b (BD PHarmingen, UK) antibodies were added into different batches of
washed 1gG suspensions in a ratio of 3:100 and 4:100 (antibody:bead), respectively.
The mixtures were incubated for 10 minutes on a rotor at 4°C to allow binding of
antibodies to beads. Platelet inhibitor cocktail (1.5mL) was added per 10mL whole
blood and gently mixed by inversion. After centrifugation at 150g for 20 minutes, the
upper 80% fraction of the PRP layer was transferred to microcentrifuge tubes with
screw caps in 1.5mL aliquots. 100uL of CD45 antibody-coated beads was added to each
aliquot to negatively select white blood cells (WBC) and WBC-platelet aggregates by
incubation on a rotor for 20 minutes at room temperature. Samples were then placed on
a MPC, and WBC-free PRP was transferred into clean tubes. 200uL of CD42b
antibody-coated beads were then added in each PRP sample, and incubated for 20
minutes on a rotor at room temperature to positively select platelets. The tubes were
placed on the MPC and the supernatant was discarded. Platelets bound to the CD42b
coated beads were washed with PBS and 1mL of Lysis/Binding buffer added to detach
platelets from the beads and lyse the platelets. The beads were removed from the lysate
by placing the tubes on the MPC, and transferring the lysates to clean tubes on ice.

For isolation of mMRNA from the platelet lysates, Dynabeads® Oligo (dT)2s (Life
Technologies, CA, USA) (100uL per ImL sample) were washed and re-suspended in an
equivalent volume of Lysis/Binding buffer, using the MPC to remove the supernatant.
The Oligo (dT)2s beads were incubated with the samples on a rotor at room temperature
for 5 minutes. The samples were placed on the MPC and supernatant was removed. The
mRNA-bound beads were washed twice in 1mL wash buffer A and once in wash buffer
B. The mRNA-bound beads were re-suspended in 20uL RNase-free water and stored at
-80°C.

For mRNA extraction from Meg-01 cells, 20mL of Meg-01 cells in RPMI1640
medium were harvested and added 1.5mL platelet inhibitor cocktail (per 10mL cell
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suspension) and gently mixed by inversion. Cells were then washed twice in PBS by
centrifugation at 200g for 5 minutes and cell lysis was achieved by the addition of 1mL
Lysis/Binding buffer. Isolation of mRNA and preparation of cDNA were performed as

described for the platelet samples above.
2.11.2 Reverse transcription and qRT-PCR

The reverse transcription reaction mixtures were prepared in 0.2mL PCR tubes,
containing 5uL of the mRNA sample, 2uL of 10mM dNTP mix (Promega, UK) and
6uL RNase-free water each. The mix was incubated at 65°C for 5 minutes then placed
on ice to denature the secondary structure of RNA. Into each reaction mixture, 4uL 5x
cDNA synthesis buffer (Invitrogen, Paisley, UK), 1uL 0.1M DTT (Invitrogen), 1uL
RNase inhibitor (Promega, Madison, WI, USA), and 1uL Cloned AMV-Reverse
Transcriptase (15 U/pL; Invitrogen) were added and the mixtures were incubated at
45°C for 60 minutes followed by 85°C for 5 minutes in a thermal cycler. The cDNA
samples were stored at -20°C.

For PCR amplification, reaction master mixes were prepared by mixing together
12.5uL 2x QuantiFast SYBR Green Master Mix (Qiagen, Hilden, Germany), 2.5uL pre-
designed QuantiTect primer solution (Qiagen) for the gene of interest (Table 2.2), and
8uL RNase-free water, per well of a 96-well plate. In each well, 23uL of reaction
master mix was added and mixed with 2uL of cDNA. The following cycling conditions
were set to run on an MJ-Research PTC-200 Peltier Thermal Cycler (GMI Inc, Ramsey,
MN, USA): 50°C (2min), 95°C (5min), 40x [95°C (10sec), 60°C (30sec)], 95°C
(15sec), 60°C (15sec), 95°C (15sec). All primers were run in duplicates for each cell
type and the mean Ct values were calculated for analysis. The reaction end-products
were stored at -20°C for visualisation with agarose gel electrophoresis. The relative
expression of each gene compared to the housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was calculated using the following formula
(Amisten, 2012):

E —Ct gene of interest
gene of interest
—Ct housekeeping gene
housekeeping gene

Relative expression =
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, Where E represents the amplification efficiency of a primer pair, and Ct represents the
cycle threshold values obtained after the qRT-PCR experiment. The E value for each

primer pair was calculated using the following equation (Amisten, 2012):

1
E =10C%

, Where K is the gradient of the primer efficiency curve of Ct values against the -log of a

cDNA dilution range (Figure 2.5).

Gene Catalogue Ne

Fam38A (Piezol) QT00088403
Fam38B (Piezo2) QT02359623
P2RX1 (P2X1) QT00009240
TRPC6 QT00037660
GAPDH QT01192646

Table 2.2 A list of QuantiTect pre-designed primers (Qiagen) used to detect mMRNA

expression in platelets and Meg-01 cells.

2.11.3 Agarose gel electrophoresis

Agarose gels (1.8%) were made by dissolving 2.7g of agarose (Melford,
Ipswich, UK) with 1x TAE buffer (Invitrogen, Paisley, UK), by heating in a microwave
and swirling before pouring into the tank. Each gRT-PCR end-product (10uL) was
mixed with 2ulL of 5x DNA loading buffer (Bioline, London, UK), and 10uL was
loaded into each well of the gel to visualise the amplification products. Gels were run
for 60 minutes at 110V supply and stained with 10mg/mL ethidium bromide (EtBr)
solution (Invitrogen, Paisley, UK) in 1x TAE buffer for 15 minutes on a rocker.
Imaging of the gels were performed in a UVIdoc gel documentation system (UVIltec
Ltd., Cambridge, UK) after washing off excess EtBr with ddH20 for 5 minutes.
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Figure 2.5 Representative primer efficiency curve for Piezol QuantiTect primer pair.
Following qRT-PCR amplification of a serial dilution of a platelet cDNA sample
(dilution factors: 1, 10, 100, 1000 and 10000), the Ct values obtained were plotted

against —log transformed dilution factors to yield the equation displayed. Using the

equation E=1 0(_1/k), the efficiency (E) for this primer pair is 1.51.

2.12 Western blot analysis and phosphorylation assay
2.12.1 Cell lysate preparation

For platelet lysate preparation for Western blot analysis, the washed platelet
preparation protocol for [Ca?*]i measurements (see Section 2.3.2) was performed
without the second wash step, dye addition and loading steps for 45 minutes at 37°C.
After the PRP was centrifuged, the platelet poor plasma (PPP) was discarded and the
platelet pellet was lysed by the addition of 1XRIPA buffer and pipetting to disrupt the
pellet. The tube was placed on ice for 1 hour during which the contents were mixed

rigorously every 10 minutes using a vortex mixer. For Meg-01 cell lysate preparation,
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20mL of Meg-01 cells in RPMI1640 medium were harvested and washed twice in PBS
by centrifugation at 200g for 5 minutes. After the second wash, the Meg-01 cell pellet
was lysed in 1XRIPA buffer as described for platelets above. After lysis, the lysates
were centrifuged at 20000g at 4°C for 10 minutes and the supernatant was stored at -
80°C for analysis.

For phosphorylation assays, platelet FcyRIla receptors were stimulated in a
Chronolog 400 lumi-aggregometer (Chrono-Log Corporation, Havertown, PA, USA), at
37°C. WP were prepared as described as for [Ca?*]i measurements (see Section 2.3.2),
without the dye addition and loading steps for 45 minutes at 37°C, and platelets were re-
suspended in 2-4mL of 0.32U/mL apyrase-containing nominally Ca?*-free saline.
Platelets were counted manually in a haemocytometer, and the cell counts of the platelet
suspensions varied between 4.0x10% and 1.5x10% platelets/mL. 500uL of platelets were
warmed up in glass cuvettes to 37°C, and were added 9uM eptifibatide (integrilin) to
prevent platelet aggregation. Lysis was performed at 60 seconds or 90 seconds after
FcyRIla stimulation (by cross-linking using 1pug/mL mAb 1V.3 and 15pg/mL IgG
F(ab’).), by the addition of an equal volume of ice-cold 2x RIPA buffer (including 1x
Roche protease inhibitor tablet, 4mM Sodium orthovanadate and 20mM Sodium
fluoride). In samples where P2X1 channels were desensitised, 600nM a,-meATP was
added for 90 seconds before stimulation. CaCl, (2mM) was added to each cuvette at the
beginning of each experiment, except for the samples in which P2X1 desensitisation

was induced (in which case, CaCl, was added 60 seconds after a,3-meATP addition).
2.12.2 Bradford Assay

Protein quantification in the cell lysates was performed by a Bradford assay. A
series of bovine serum albumin (BSA) concentrations (in mg/mL: 10, 8, 5, 2.5, 1.25,
0.625) were prepared in 1XxRIPA buffer and 5ul of BSA or cell lysate was added in each
well of a 96-well plate, with each sample assessed in triplicates. 250ul Bradford
Reagent was then added to each well and incubated for 10 minutes on a rocking mixer,
at room temperature. Absorbance values were measured at 595nm in an Infinite® M200
Plate Reader (Tecan, Switzerland), and the background-corrected mean absorbance
values for each BSA concentration were used to construct a Bradford assay standard
curve (Figure 2.6). The equation of the line of best fit was used to calculate the protein
concentration in the lysates, corresponding to the mean absorbance values obtained for

each lysate.
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2.12.3 SDS-PAGE and Western blotting

Cell lysates were added an equal volume of 2x Laemmli sample buffer (Sigma)
and heated up to 70°C in a heating block for 10 minutes, after the necessary protein
concentration adjustment. For the detection of MS ion channels, 20ug of lysate was
added in each well of a 7% polyacrylamide gel. For the phosphorylation assays, 20ug of
lysate was added in each well of a 12-well Bolt™ 4-12% Bis-Tris Plus Gel (Invitrogen,
Paisley, UK). Each gel included at least one lane of 10uL of Dual Color Precision Plus
Protein™ Standard (10-250kDa, Bio-Rad, Hertfordshire, UK). Gels were run at 100V
for 90 minutes, and for MS ion channel detection, the separated proteins were
transferred onto a PVDF (polyvinylidene fluoride) membrane (Fisher Scientific,
Loughborough, UK) by wet transfer technique in 1x Tris/Glycine transfer buffer at
100V for 60 minutes. For phosphorylation assays, semi-dry transfers onto PVDF
membranes were performed using a Trans-Blot® Turbo™ Transfer System and Trans-
Blot® Turbo™ RTA Mini LF PVDF Transfer Kit (Bio-Rad). After transfer, bands were
visualised by staining with Ponceau-S solution to make sure the transfer was successful.
Membranes were washed thoroughly in TBS-T, and blocked in 5% (w/v) skimmed milk
prepared in TBS-T (Premier Foods, London, UK) on a roller mixer for 60 minutes at
room temperature. Primary antibodies against the proteins of interest were prepared in
TBS-T (Table 2.3), and added in 50mL falcon tubes with the membranes, and incubated
at 4°C on a roller mixer overnight. The membranes were washed 3-6 times (5 minutes
each) in 1XTBS-T to remove excess antibody and incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies for 60 minutes at room temperature.
Membranes were washed again 3-6 times (5 minutes each) in 1x TBS-T, and were
treated with the Amersham™ Enhanced Chemiluminescence (ECL™) Prime kit (GE
Healthcare, Buckinghamshire, UK) according to manufacturer’s instructions. The
membranes were assembled between two clean acetate sheets for imaging. The sheets
containing the membranes were placed in a hyperfilm cassette, and hyperfilms (GE
Healthcare, Buckinghamshire, UK) were exposed to the membranes in a dark room.
Films were developed in a hyperfilm processor (GE Healthcare, Buckinghamshire, UK)

and scanned for analysis.
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Dilution

Antibody Source and stock Company
concentration
FAM38A . 1:2000 Proteintech,
(Piezol) Rabbit Polyclonal 360pug/mL Manchester, UK
Santa Cruz
FAM38B . 1:200 . ’
(Piczo2) Rabbit Polyclonal 100pg/mL Heidelberg,
Germany
. . 1:1000 Alomone Labs,
Anti-P2X1 Rabbit Polyclonal 800pg/mL Jerusalem, Isracl
. . 1:1000 Merck Millipore,
Anti-a-tubulin Mouse  Monoclonal 100pg/mL Hertfordshire, UK
Anti- e
. 1:1000 Merck Millipore,
Phosphotyrosine, Mouse  Monoclonal 1mg/mL Hertfordshire, UK
clone 4G10
] Cell Signaling,
Phospho-Syk Rabbit ~ Monoclonal 1:500 Danvers, MA,
(Tyr525/526) i
USA
Anti-LAT . 1:1000 Abcam,
Closgioyangy ool Mgl i Crnldize, WIS
) Cell Signaling,
f,ll,l orslpzhlo7)P LCy2 Rabbit Polyclonal 1%50 Danvers, MA,
Y USA
. . . 1:10000
Anti-Rabbit HRP Swine Polyclonal 340pg/mL Dako, Ely, UK
. 1:10000
Anti-Mouse HRP Goat Polyclonal 1mg/mL Dako, Ely, UK

Table 2.3 The antibodies used in protein detection and phosphorylation assays.
7 The antibodies were a gift from Prof Steve P Watson and only the working dilutions

were provided.
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Figure 2.6 A representative Bradford assay standard curve of absorbance at 595nm
against a series of known bovine serum albumin (BSA) concentrations. Data
represent mean + SEM of 3 replicates for each concentration. 47
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2.13 Sample preparation for Sanger sequencing

Primers were designed for Piezol and Piezo2 genes using the National Center
for Biotechnology Information (NCBI) database primer design tool (Bethesda, MD,
USA) (Table 2.4). Conventional end-point polymerase chain reaction (PCR) was carried
out by preparing master mixes for each gene to be screened using 2x PuReTaq Ready-
To-Go™ PCR Beads (GE Healthcare, Amersham, UK) dissolved in 12.5uL sterile
water and 0.5uL of each of the forward and reverse primers. 11.5uL of master mix was
added 1uL Meg-01 cDNA and the reaction was started under the following cycling
conditions: 94°C (10min), 94°C (30sec), 35x [60°C (30sec)], 72°C (30sec), 72°C
(10min) and final hold at 4°C. 1.8% agarose gel electrophoresis was performed as
described in Section 2.11.3. EtBr-stained gels were placed in a UVltec ultraviolet (UV)
transilluminator (UVItec Ltd., Cambridge, UK) to visualise the DNA and bands were
excised from the gel with a scalpel and amplified DNA was purified using MinElute®
Gel Extraction Kit (Qiagen, Hilden, Germany) according to manufacturer’s protocol.
Purified DNA was quantified using a Thermo Scientific NanoDrop™ 1000
Spectrophotometer (Waltham, MA, USA) and Sanger sequencing was carried out by the
University of Leicester Protein Nucleic Acid Chemistry Laboratory (PNACL) facility,
using a high-throughput Applied Biosystems 3730 Genetic Analyser (Waltham, MA,
USA). The sequences provided by the PNACL facility have been accessed using the
ChromasL.ite 2.1.1 software (Technelsiyum, South Brisbane, Australia), and the reverse
complemented sequences have been exported in FASTA format into the Basic Local
Alignment Search Tool (BLAST) available on the NCBI website (Bethesda, MD, USA)
for alignment analysis with the original MRNA sequence obtained from the NCBI
library. Alignment has been performed using the University of Virginia FASTA server

available at http://fasta.bioch.virginia.edu (Pearson et al., 1997).

2.14 Data analysis and statistics

All statistical analyses were performed using GraphPad Prism 6.0 software (La
Jolla, California, USA). Ratiometric [Ca?*]i measurements, platelet aggregation and
ATP secretion raw data were processed on Origin 2015 Sr2 for Windows (OriginLab
Corporation, Northampton, MA, USA), as described in Sections 2.9 and 2.10.3. In
Chapters 3 and 4, one-way analysis of variance (ANOVA) followed by Tukey’s post
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hoc multiple comparison analyses or, paired Student’s t-tests (two-tailed) were
performed as appropriate. In Chapter 5, one-way ANOVA followed by Holm-Sidak’s
post hoc multiple comparisons, two-way ANOVA followed by Bonferroni’s multiple
comparisons tests, and paired Student’s t-tests (two-tailed) were performed. All results
are shown as the mean * standard error of the mean (SEM). In all experiments data
represent 3-7 donors or cell line passages. P values of P<0.05 (*), P<0.01 (**), P<0.001
(***), and P<0.0001 (****) were considered statistically significant, whereas P>0.05

(ns) indicate no statistical significance.

(1)1

. ’_ Q9
Gene channel Primer Sequence (5’-3’)

. F:TCGGCGCGGTCCTGT
Fam38A  Piezol B GTGTGACCTTGGAGGCCG 5t

. F:GGCAGTAGCATGTGCATTCCG
Fam38B  Piezo2 .~ TTCAAGGCTCACCAACGTG 200

Table 2.4 The forward (F) and reverse (R) primers designed to target Piezol and
Piezo2 channels in Meg-01 cells for Sanger sequencing. The product sizes are given

in base pairs.
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Chapter 3
Identification of mechanosensitive ion channels in platelets and Meg-01

cell line and a biophysical study of their contribution to function

3.1 Introduction

The crucial roles of MS ion channels have been well-established in biological
systems where mechanical stimuli, such as shear stress and stretch, need to be detected
and converted into biological signals. Of particular importance, MS ion channels are
expressed on cells and tissues which come in direct contact with such physical stimuli,
such as endothelial cells and the vasculature (Wang et al., 2016; Allison, 2016; Ranade
et al., 2014a; Li et al., 2014). Despite platelets being exposed to mechanical forces of
shear within the circulation, and the molecular mechanisms behind platelet adhesion
and activation are shear-stress reliant (Schneider et al., 2007), there is no evidence for
MS ion channel expression and function in human platelets. Preliminary proteomic and
transcriptomic studies have revealed Piezol and Piezo2 cation channels as the only MS
ion channel candidates in the human platelets and megakaryocytic cell lines (Wright et
al., 2016; Boyanova et al., 2012; Burkhart et al., 2012). In addition, the thrombin and
OAG-activated Ca?*-permeable ion channel TRPC6 was demonstrated to be functional
in human platelets and responsive to membrane stretch in smooth muscle cells
(Spassova et al., 2006; Hassock et al., 2002). Potentially, the involvement of such ion
channels in the process of platelet activation could provide a mechanism for more direct
mechanical activation of platelet signalling events (Kroll et al., 1996).

The study of ion channels function in platelets have, in part, relied upon
surrogate patch-clamp recordings from megakaryocytic cells (Mahaut-Smith, 2012).
Piezol ion channel transcripts were detected in both human platelets and the Meg-01
cell line. The experimental results described in this chapter aim to engineer a novel
approach which would allow the study of the contribution of MS cation channels to
[Ca?*]iin Meg-01 cells initially, which were used as an alternative system for studies of
platelet signalling events (Mahaut-Smith, 2012; Ogura et al., 1985). Using microfluidic
flow chambers to apply fluid shear stress, it was shown that Piezol MS channels can
operate in response to this type of shear stress in HUVECSs (Li et al., 2014). Other types
of assays most commonly used to mechanically stimulate Piezo channels in cell-based

assays and patch-clamp studies include osmotic (hypotonic) challenge or silicone stret-

50



Figure 3.1 Most commonly used methods of mechanical stimulation in the studies of
Piezo channel function. (a) Hypotonic swelling; (b) whole-cell patch recording during
application of membrane deformation with a probe; (c) fluid shear stress; (d) stretch
of cells seeded on a silicon surface. [Adapted from (Delmas et al., 2011)]

ch chambers to induce membrane stretch, or the use of piezo-electrically driven glass
probes to induce membrane deformation during whole cell patch-clamp recording
(Figure 3.1) (Schrenk-Siemens et al., 2015; Miyamoto et al., 2014; Coste et al., 2010).
Provided the physiological link between platelet function and fluid shear stress in the
circulation, and the evidence that Piezol plays a key role in cell volume regulation in
red blood cells which arise from a common myeloid progenitor cell as platelets
(Cahalan et al., 2015; Faucherre et al., 2014; Zarychanski et al., 2012), this study will
attempt to test and incorporate fluid shear stress and hypotonic challenge approaches to
stimulate MS ion channels in different cell-based assays.

This chapter will confirm the identity and assess the expression levels of the
previously detected MS cation channels in human platelets and the Meg-01 cell line at
the mRNA and protein levels. A suitable adhesion protocol will be devised that would
allow the application of shear stress over Meg-01 cells loaded with the Ca?* indicator
dye, Fluo-3, within a flow chamber to monitor shear stress-dependent Ca?* entry. In
these assays, Meg-01 cells will be treated with the MS cation channel inhibitor,
GsMTx-4, to study MS cation channel function. Furthermore, alternative mechanical
stimulation techniques will be investigated in the study of MS ion channel function in

Meg-01 cells and human platelets.

51



3.2 Results
3.2.1 Human platelets and Meg-01 cells express Piezol mRNA and protein

Within a transcriptomic screen of human platelets for all known ion channels,
Piezol (Fam38A) and TRPC6 were the only MS cation channels detected (Wright et al.,
2016). Piezol was detected at trace levels in this recent study, thus the gRT-PCR assay
was repeated using a larger sample volume. In these purified platelet samples,
quantifiable levels of Fam38A were detected, but not the related family member
Fam38B, encoding Piezo2 (Figure 3.2 A). In agreement with the previous study, Meg-
01 cells were found to express higher levels of Fam38A transcripts compared to
platelets and to also express Fam38B (Figure 3.2 A). Agarose gel electrophoresis
performed using the gRT-PCR end products confirmed that these target genes were the
only ones amplified. Band intensities obtained confirm that Piezol mRNA is expressed
at higher levels in Meg-01 cells than in platelets, and Piezo2 mRNA is abundantly
expressed in Meg-01 cells but not in platelets (Figure 3.2 B). In contrast, TRPC6
MRNA was not detected in Meg-01 cells although it was present in platelets as reported
previously (Hassock et al., 2002) (Figure 3.2 A).

To further assess the identity of the channels detected with QuantiTect primers
for Piezol and 2, Sanger sequencing was performed on the amplified PCR products.
New primers were designed targeting Piezol and Piezo2 genes because the sequences
of the bioinformatically-validated QuantiTect Primer pairs used in the gqRT-PCR
experiments were not provided by the producer. This was because primer sequence
information was required by the PNACL facility in order to perform sequencing. The
new primers successfully detected Piezol and Piezo2 mRNA in the Meg-01 cells but
failed to do so in platelets (Figure 3.3 A). This was possibly due to the lower efficiency
of the newly designed primers in detecting the target genes which are expressed at very
low levels in platelets. Therefore, Sanger sequencing could only be performed on the
bands obtained in Meg-01 cells. Obtained sequences for Piezol and Piezo2 were
aligned with the known sequences stored on the NCBI library and % sequence identity
for each gene was provided (95.3% and 96.2%, respectively) (Figure 3.3 B). The %
sequence identities were less than 100% because of scrambled signals observed at the
beginning and the end of the sequences obtained, arising mainly due to the non-

stringent nature of the analysis.
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Figure 3.2 Mechanosensitive ion channel mRNA expression in human platelets and
the Meg-01 cell line. (A) Relative expression of mRNA transcripts for three MS cation
channels (Piezol, Piezo2 and TRPC6) in human platelets and the Meg-01 cell line,
relative to GAPDH. n.d. = not detected. (B) The gRT-PCR reaction end products
visualised by agarose gel electrophoresis. The blank lanes lacked mRNA during
amplification. b.p.= base pairs. In each image, ‘Meg-01’ and ‘Platelet’ refer to qRT-
PCR experiments performed using a Meg-01 passage or a platelet donor, representative
of experiments using three passages or donors. MW: molecular weight marker. Data
represents mean £ SEM (n=3 individual donors).
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Figure 3.3 PCR amplification products obtained using in-house designed primer
pairs of known sequence, and the sequence alignment following Sanger sequencing.
(A) The PCR reaction end products visualised by agarose gel electrophoresis were
excised from the gels and sequenced. b.p.= base pairs. No product was detected in
platelet samples. The end products were run in duplicates. (B) The comparison of the
original mRNA sequence from NCBI (enclosed in red) with obtained sequences for

Piezol and Piezo2 in Meg-01 samples. MW: molecular weight marker. 5
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Figure 3.4 Western blots for Piezol and Piezo2 in Meg-01 and human platelet lysates.
(A) Piezol and P2X1 receptor protein expression in Meg-01 and platelet lysates. Meg-
01 samples were from three different culture passages (P:2, P:4, P:6), and platelet
samples from three different donors (1,2,3). a-tubulin was expression was included as
housekeeping control. (B) No Piezo2 protein was detected in the three platelet donors
(1, 2 and 3) used. Three distinct bands were obtained in the Meg-01 lysate using the
Piezo2 antibody. GAPDH expression was included as housekeeping control. In all
blots, the blank lanes lacked protein lysates, and the sizes (in kDa) indicate the
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(...) approximate sizes of the bands obtained by comparing against the molecular

weight marker lane in each blot (not shown).

Piezol protein was also detected using Western blotting in both cell types and
this further suggested a lower level of expression in platelets compared to Meg-01
(Figure 3.4 A). The opposite order of expression was observed for P2X1 protein in the
two cell types, which was included as a positive control ion channel target in platelet
lysates (Figure 3.4 A). Although three alternatively spliced forms of Piezo2 protein
were detected in Meg-01 cells, no bands were detected in platelet lysates (Figure 3.4 B)

in agreement with the lack of Piezo2 mRNA (Figure 3.2 A).

3.2.2 Meg-01 cells attached on poly-D-lysine-coated surfaces are suitable for Ca?*

imaging under arterial flow

Fluid shear stress is the most physiologically relevant method to mechanically
stimulate MS cation channels on human platelets. The development of a fluid shear
stress assay suitable for monitoring changes in [Ca?*]i in Meg-01 cells under shear
involves the attachment of cultured Meg-01 cells onto glass coverslips using a suitable
surface coating. Two main criteria were considered when selecting the best coating

material to use:

1. Cell adhesion should be sufficiently strong to withstand high levels of fluid
flow within the arterial shear stress range (1002.6 - 3989.2 s) for the
duration of an experiment (~8 minutes).

2. The coating material should not result in intracellular signalling, cause Ca®"

mobilisation, or shape change/spreading upon cell attachment.

Materials most commonly used in cell adhesion studies (poly-L lysine, poly-D-lysine,
collagen, fibronectin, and gelatin) were used to coat glass coverslips (Heino, 2007; Li et
al., 2005; Carlsson et al., 1981; Mazia et al., 1975), and the strength of attachment was
tested by exposing the attached cells to high levels of arterial shear stress (3989.2 s™)
for 8 minutes. Qualitative observations were recorded (Table 3.1) and representative
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images of attached cells were captured (Figure 3.5). Meg-01 cells grow in suspension
and are non-adherent in nature (Ogura et al., 1985), thus it is not surprising that no
coating material provided optimal attachment conditions which could support
attachment of a large number of cells. However, poly-D-lysine (0.1%; mw >300,000)
was found to be the most suitable coating compared to lower molecular weight types or
poly-L-lysine, since it provided sufficiently firm attachment for a small percentage of
cells compared to lower molecular weight types or poly-L-lysine, and caused no
observable morphological changes in the attached cells (Table 3.1 and Figure 3.5 C).
100pg/mL of collagen (Horm) or fibronectin caused significant morphological changes,

and hence were not studied further (Figure 3.5 A, B).

Coating Observation

0.1% Poly-L-lysine hydrobromide Less than ~20% attach weakly, which
(70,000-150,000) detach upon flow.

0.1% Poly-D-lysine hydrobromide Less than ~20% attach weakly, which
(70,000-150,000) detach upon flow.

0.1% Poly-D-lysine hydrobromide Less than ~25% attach weakly, most of
(=300,000) which detach upon flow (Figure 3.5 C).
0.1% Poly-D-lysine hydrobromide Less than ~20% attach weakly, which

(70,000-150,000) + 1 mg/mL Laminin detach upon flow.

Morphological changes: lamellipodia
100upg/mL Collagen (Horm) formation and extensive spreading
(Figure 3.5 A).

Morphological changes: lamellipodia
100ug/mL Fibronectin formation and extensive spreading
(Figure 3.5 B).

0.02% Gelatin No attached cells observed.

Table 3.1 Various coating materials used to attach Meg-01 cells and the qualitative
observations made in cell morphology and strength of cell attachment under arterial
shear stress. The row highlighted in green indicates the best attachment material for
Meg-01 cells, and hence was used in the rest of the experiments presented in this
chapter.
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Figure 3.5 Representative bright field images of Meg-01 cells attached on various
coating materials. Attachment on 100ug/mL collagen (4), or 100ug/mL fibronectin (B)
caused substantial morphological changes such as blebbing and formation of
lamellipodia. (C) 0.1% poly-D-lysine hydrobromide (=300,000) caused no observable
morphological changes.

Poly-lysine (L and D) is known to provide a positively charged surface and
promotes cell attachment via interaction with the negatively charged components of the
cell membrane. In order to test whether this method of cell attachment is still
compatible with the study of Ca?* mobilisation events, Fluo-3-loaded Meg-01 cells were
attached to poly-D-lysine-coated glass coverslips and changes in Fluo-3 signal were
monitored before and after the addition of the ionophore, ionomycin (1uM) to facilitate
Ca?* influx (Figure 3.6). Attachment to poly-D-lysine caused no Ca?* mobilisation
during the first 3 minutes of the experiment and the F/Fo value was stable at background
levels (1.0£0.0) (Figure 3.6 B). After 3 minutes (at 180s), the introduction of ionomycin
into the chamber via trituration and mixing by gentle pipetting resulted in a sharp
increase in the Fluo-3 signal (Figure 3.6 A, B). The results of this experiment indicated
that Meg-01 attachment to poly-D-lysine per se does not induce Ca?* mobilisation, and

Ca2* mobilisation can be accurately monitored in attached cells.
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Figure 3.6 Monitor of Ca?* mobilisation in attached Meg-01 cells. Representative
images (A) and F/Fo fluorescence recording (B) of single Meg-01 cells attached to poly-
D-lysine, before and after ionomycin-induced Ca?* entry. Attachment to poly-D-lysine
does not induce Ca®**mobilisation per se, however, Ca?* entry following ionomycin

treatment can be monitored in attached Fluo-3-loaded cells.
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3.2.3 Meg-01 cells display GsMTx-4-sensitive fluid shear stress-dependent [Ca®'];

increases

Meg-01 cells express several platelet lineage surface markers and have been
used as a model for signalling in megakaryocytes and platelets (Mahaut-Smith, 2012;
Ogura et al., 1985). The outcomes of the cell attachment optimisation experiments
explained in Section 3.2.2 provided a suitable protocol for Meg-01 cells attachment for
the monitoring of [Ca®']i under arterial flow conditions. Therefore, this section
investigated the effect of applied shear stress on [Ca?*]i in this megakaryoblastic cell
line as a first step to address the hypothesis that MS cation channels contribute to
platelet responses. When 1.26mM Ca®*-containing saline (HBSS) was applied at
increasing arterial shear rates to Meg-01 cells attached to a glass coverslip, increases in
the Fluo-3 signal were observed of a magnitude that correlated with the size of the shear
force applied (Figure 3.7 A and 3.8 A): F/Fo increased from 1.0+0.0 at no shear (0.0s™),
to 1.1+0.0, 1.2+0.0, and 1.4+0.1 at normal arterial (1002.6s?), stenotic (low) (2282.7s"
1y, and stenotic (high) (3989.3s) shear rates, respectively (Figure 3.9 A).

In the absence of extracellular Ca?* (0 Ca®", ImM EGTA saline) shear-
dependent increases in the Fluo-3 signal were abolished except for a small, residual
response (F/Fo=1.12+0.06) at the highest flow rate (Figure 3.7 B and 3.8 B middle
panels, and 3.9 B). Pre-treating the attached Meg-01 cells with 2.5uM GsMTx-4 and the
inclusion of GsMTx-4 in the applied saline abolished all increases in Fluo-3 signal in
response to applied shear stress (Figure 3.7 C and 3.8 C, and 3.9 B). These findings
suggest that Meg-01 cells possess MS cation channels on their plasma membrane,
which sense and respond to fluid shear stress by mediating Ca?* influx from the

extracellular environment.
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Figure 3.7 Fluid shear stress-dependent Ca?* influx in Meg-01 cells is inhibited by

GsMTx-4 and chelation of extracellular Ca?*. Representative images of single Meg-01

cells exposed to normal arterial and two levels of stenotic shear in Hanks’ balanced salt
solution (HBSS) with Ca?*(A), without Ca?* (EGTA) (B), and with GSMTx-4 (2.5uM) in
the presence of Ca?* (C). F/Fo traces obtained for the representative cells are shown in

Figure 3.8.
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Figure 3.8 Fluid shear stress-dependent Ca?* influx in Meg-01 cells is inhibited by
GsMTx-4 and chelation of extracellular Ca?*. Representative F/Fo fluorescence
recordings of single Meg-01 cells (shown in Figure 3.7) exposed to normal arterial and
two levels of stenotic shear in Hanks’ balanced salt solution (HBSS) with Ca®*(A),
without Ca?* (EGTA) (B), and with GsMTx-4 (2.5uM) in the presence of Ca?* (C).

62



A 1.5+ *kdk

|
1.4 T
1.3 dkkk |
- T
3 1.2+ *
& -
L1414
('
1.04
0.9
0.8
»
No Increasing physiological
shear shear
Normal Stenotic Stenotic
B3 Arterial (Low) = (High)
B 1.5-
1.4+ kokk ok EX T T
I
1.3 T
3 1.2 *%
S
W sk
= T BE
RRXRXN
o S
SRXXX
0.9 RANXNH
03030058
+ 4|
0.8 XXX
No Stenotic
shear (High)
Vehicle GsMTx-4 EGTA

pZe 4]
(+ ca?") (+ ca®") (no Ca?*)

Figure 3.9 Fluid shear stress induces incremental cytosolic Ca?* increases in Meg-01
cells which are inhibited by GsMTx-4 and chelation of extracellular Ca?*. (A)
Average peak F/Fo increases (n=53 cells) in response to increasing arterial shear levels
in the presence of 1.26mM extracellular Ca?*. (B) Average peak F/Fo increases under
no flow conditions and at the high stenotic shear rate with and without extracellular
Ca?*, and with 2.5uM GsMTx-4 in the presence of Ca?* (n=51 cells); *P<0.05;
**P<(0.01 (compared to vehicle treated high stenotic levels); ****P<(0.0001. Data

represent mean + SEM.
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3.24 HUVECs display GsMTx-4-sensitive fluid shear stress-dependent [Ca?']i

increases

Microfluidic flow chambers have been used to demonstrate that Piezol channels
mediate Ca?* entry in HUVECS in response to fluid shear stress within the normal
arterial range (10-15 dynes/cm?) (Li et al., 2014; Mongrain & Rodes-Cabau, 2006).
Application of increasing levels of arterial shear stress to HUVECs within the same
flow chamber system as that used to study MS Ca?* influx in Meg-01 cells (see above)
also induced elevations in [Ca?*]i which were abolished by GsMTx-4 (Figure 3.10, and
Figure 3.11 A upper panel). In 1.26mM Ca?*-containing saline (HBSS), the F/Fo of
HUVECs increased from 1.0+0.0 at no shear (0.0s™), to 1.8+0.3 at the stenotic (high)
(3989.3s?) shear rate (Figure 3.11 B). The [Ca?*]i response to stenotic (high) shear was
completely blocked 2.5uM GsMTx-4 (F/Fo of 1.0£0.1; Figure 3.11 B). Therefore, fluid
shear stress-dependent elevations in [Ca*]i are observed in both HUVECs and Meg-01
cells, which are both known to express Piezol channels and these responses are
similarly inhibited by the MS ion channel inhibitor, GSMTx-4.
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Figure 3.10 Fluid shear stress-dependent Ca?* influx in HUVECs is inhibited by
GsMTx-4. Representative images of single HUVECs exposed to normal arterial and
two levels of stenotic shear in Hanks’ balanced salt solution (HBSS) with Ca®*(left
panel), and with 2.5uM GsMTx-4 in the presence of 1.26mM Ca?* (right panel).
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Figure 3.11 Shear stress induced increases in [Ca?*]i in HUVECs are inhibited by
GsMTx-4. (A) Representative F/Fo recordings from single Fluo-3-loaded HUVECS in
HBSS containing 1.26mmol/L Ca?*, in the absence (top panel) and presence (lower
panel) of 2.5uM GsMTx-4. (B) Average F/Fo increases induced by high stenotic shear
rate in the presence and absence of 2.5uM GsMTx-4 compared to no flow conditions
(Data represent mean £ SEM; n=14-28 cells for each condition measured in 3 different

HUVEC cultures); ***P<0.001; **P<0.01; ns (not significant).
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3.2.5 Hypotonic challenge does not induce observable [Ca?*]i increases in platelets and
Meg-01 cells

Previous studies have provided the evidence that Piezol plays a key role in cell
volume regulation in red blood cells (Cahalan et al., 2015; Faucherre et al., 2014;
Zarychanski et al., 2012). Therefore, this section tests the hypothesis that hypotonic
swelling (Figure 3.1 a) in Meg-01 cells or platelets can operate MS ion channels
through plasma membrane stretch (Figure 3.12 A). Platelet hypotonic shock responses
were studied previously, where hypotonic stress was induced by the addition of an
equivalent volume of ddH20 into platelet suspensions (Farrugia et al., 1989). Therefore,
[Ca?*]i were monitored by ratiometric Ca?* measurements in Fura-2-loaded Meg-01, as
well as platelet cell suspensions during exposure to a hypotonic challenge by the
addition of ddH.0O. The addition of 2mL ddH20 into 2mL cell suspensions containing
Ca?* resulted in a small transient increase in [Ca®']i in Meg-01 cells which was not
abolished by GsMTx-4 pre-treatment (Figure 3.12 B). Interestingly, no clear
hypotonically-activated elevation in [Ca?']iwas observed in platelet suspensions (Figure
3.12 C). In all Meg-01 and platelet experiments, there was a slow and gradual rise in the
[Ca?*]; signal, which was abolished by the chelation of extracellular Ca?* by 4mM
EGTA, indicating Fura-2 dye leakage from the loaded cells which interacted with
extracellular Ca?* (Figure 3.12 B and C). Chelation of Ca®* by EGTA will lead to
proton release (Riley & Pfeiffer, 1986), thus 4mM Tris-Base was added in the cuvettes
at the end to prevent acidic shifts in pH. No pH-dependent change in Ca?* responses

were observed (Figure 3.12 B and C).
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Figure 3.12 Hypotonic challenge does not induce GsMTx-4-sensitive Ca?* influx in
Meg-01 or platelet cell suspensions. (A) Cartoon representation of a hypothetical
mechanism via which hypotonic challenge may cause platelet membrane stretch and
thus the opening of the MS cation channels which allow Ca?* entry. Representative
[Ca?*]i recordings of Meg-01 (B) and platelet (C) suspensions exposed to hypotonic
challenge by the addition of an equivalent volume of ddH20, in the presence or absence
of GsMTx-4 pre-treatment. In both (B) and (C) EGTA was added in the end to chelate
Ca?* in the extracellular which gave rise to a background increase in the ratiometric

signal due to dye leakage.
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3.2.6 Meg-01 cells display [Ca?*]i increases in response to mechanical stimulation with

a glass probe

Since their identification, the functional study of Piezo channels involved the
use of a glass probe to mechanically stimulate channel opening in human and rodent
cell lines (Cox et al., 2016; Syeda et al., 2015; Coste et al., 2010). Patapoutian and his
colleagues obtained transient [Ca®']i elevations in human embryonic kidney (HEK)-
293T cells transfected with Piezol upon deformation of the plasma membrane using a
piezoelectric motor-controlled glass probe (Syeda et al., 2015). Similarly, in this
section, increases in [Ca?*]i were observed in Fluo-3 loaded Meg-01 cells when the
blunt tip of a glass pipette was used to depress the surface of a Meg-01 cell as an
alternative mechanical stimulus to shear stress (Figure 3.13 A and B). The glass pipette
was manually controlled with a manipulator rather than with a piezoelectric motor, and
hence the distance travelled by the probe could not be easily measured. However, the
top of the cell was monitored by eye to ensure that the cell had not been punctured or
permanently damaged by the glass probe. In the rest of this work, shear forces applied
by fluid flow as a more physiological mechanical stimulus for blood cells were used.
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Figure 3.13 Mechanical stimulation of Meg-01 cell with a glass probe results in
[Ca?*]i elevations. (A) Representative images of a Fluo-3-loaded Meg-01 cell at time
points before and during [Ca?']i elevations stimulated by depression of the plasma
membrane. The extracellular saline (HBSS) contained 1.26mM Ca?*. The red
arrowheads indicate the position and the direction in which the glass probe was
applied. Similar responses were obtained from 14 Meg-01 cells from different cultures.
(B) The F/Fq fluorescence recording of the Meg-01 cell shown in A. The downward
arrows indicate when a push was applied onto the cell, and upward arrows indicate
release of push. The regions enclosed with dashed lines represent the duration of a
mechanical push by the glass probe.
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3.2.7 The Piezol agonist Yodal induces increases in [Ca?*]iin Meg-01 cell suspensions

Ever-increasing numbers of studies on Piezol channel structure and function
eventually led to the identification of the first Piezol agonist, Yodal (Ge et al., 2015;
Syeda et al., 2015). It has been revealed that this synthetic molecule modulates Piezol
currents by stabilising the open conformation of the channel, and activates Piezol
channels even in the absence of mechanical stimulation, without the need of any other
cellular components other than the plasma membrane (Syeda et al., 2015). Since then,
Yodal has been used in various physiological studies to show that it results in Ca?*
influx in red blood cells followed by dehydration, and can mimic the influence of fluid
shear stress on endothelial cells (Wang et al., 2016; Cahalan et al., 2015).

As an alternative to fluid shear stress, and as a way of confirming the identity of
MS Ca?* channels responsible for the physiological effects observed within this chapter,
the effect of 25uM Yodal was tested on stirred Fura-2-loaded Meg-01 cell suspensions
in ratiometric Ca®* measurements. Fast and sharp increases in [Ca?*]; were observed
following the addition of Yodal, compared to vehicle (DMSO)-treated samples (Figure
3.14 A, C). Chelation of extracellular Ca?* using EGTA (ImM) completely abolished
the responses to Yodal (Figure 3.14 B, C), indicating that Yodal activates plasma
membrane ion channels which mediate flux of Ca?* from the extracellular environment

to the cytoplasm.
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Figure 3.14 The Piezol selective agonist Yodal induced [Ca?*]i increases in Meg-01
cells. Representative [Ca?*]i responses to Yodal (25uM) assessed in stirred Fura-2-
loaded suspensions of Meg-01 compared to vehicle control (DMSO), in the presence of
extracellular Ca?* (A), and following the removal of extracellular Ca?* (EGTA) (B). (C)
The average peak [Ca?']i increases following Yodal addition, in the presence of
extracellular Ca?* compared to its vehicle control (DMSO) and following removal of
external Ca?* (EGTA). Data represent mean = SEM (n=4). ****P<0.0001;

***p<(0.001.
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3.3 Discussion

This chapter demonstrates that human platelets and the megakaryocytic cell line
Meg-01 express the MS cation channel Piezol, which likely mediates Ca®* entry into
Meg-01 cells under arterial shear stress levels. The study of the MS roles for Piezol
channel have often relied upon the use of pharmacological reagents such as the inhibitor
GsMTx-4, and the selective agonist Yodal, in specialised assays which allow
mechanical stimulation of such channels (Li et al., 2014; Bae et al., 2011; Coste et al.,
2010). In vitro, Piezo ion channels can be activated by several distinct types of
mechanical force targeting the plasma membrane (Schrenk-Siemens et al., 2015;
Miyamoto et al., 2014; Li et al., 2014; Coste et al., 2010). In this chapter, three different
mechanical stimulation methods which create membrane tension were investigated.
Application of fluid shear stress at levels equivalent to physiological shear rates in
arteries was the focal point of this thesis, due to the relevance of this type of mechanical
force to platelet function in the circulation and thrombus formation. Meg-01 cells have
often been used as a model for signalling in platelets and megakaryocytes (Mahaut-
Smith, 2012; Ogura et al., 1985). Therefore, using pharmacological tools to study MS
channel function in fluid shear stress assays, this chapter not only provides evidence for
functional MS Piezol channels in the Meg-01 cell line, but from a technical standpoint,
also serves as the foundation of the study of MS cation channels in human platelets
which is the focus of the next chapter (Chapter 4).

Several pieces of evidence support the conclusion that Meg-01 cells possess MS
Ca?* influx mechanisms that are activated by flow, and thus shear forces, and that the
underlying pathway is Piezol. Firstly, expression of mRNA transcripts and protein for
Piezol was detected in both platelets and Meg-01 cells (Wright et al., 2016) (Figures
3.2 and 3.4). Secondly, Meg-01 cells that were attached to a poly-D-lysine-coated
surface displayed [Ca?*]i responses upon exposure to arterial levels of shear that were
inhibited by the MS channel blocker GsMTx-4, or removal of external Ca?*. Thirdly, a
recently described selective chemical agonist of Piezol, Yodal (Syeda et al., 2015),
directly stimulated Ca?* entry into Meg-01 cells in the absence of shear. In agreement
with these data, Patapoutian and colleagues demonstrated that Yodal can induce Piezol
activation in the absence of mechanical stimulation and also increase channel sensitivity
to mechanical activation (Syeda et al., 2015). Although GsMTx-4 is a generic MS ion

channel blocker, it has been the main inhibitor used in the studies of Piezol function
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(Copp et al., 2016; Li et al., 2015; Pathak et al., 2014; Miyamoto et al., 2014; Bae et
al., 2011). The toxin acts through insertion into the lipid bilayer and modification of the
lipid:channel interface (Suchyna et al., 2004), hence may influence a number of ion
channels. This issue is addressed later in the study (see Chapter 4).

Since the contribution of MS channels to platelet or megakaryocyte function had
not been studied hitherto, no shear stress assay had been described which allowed
specifically the study of such channels in these cell types. A suitable protocol was
generated and optimised in this chapter, which allowed the monitor of changes in
[Ca?*]i of Meg-01 cells under shear stress as a first step. Attachment to 0.1% poly-D-
lysine (>300,000)-coated coverslips provided the best possible approach to both stably
attach Meg-01 cells without causing Ca?* mobilisation. Within the bone marrow niche,
megakaryocytes are not normally exposed to fluid shear stress, although other types of
mechanical stimuli may exist (see below). Megakaryocytic cell lines serve as more
convenient alternatives to human platelets in physiological studies, which are easy to
produce and handle, and yet are suitable models that provide useful insights into platelet
function (Mahaut-Smith, 2012; Schmitt et al., 2001; Ogura et al., 1985). Therefore, this
chapter presents the first data using a novel shear stress assay generated to allow the
study of MS channel function in the Meg-01 cell line. Platelets are constantly exposed
to fluid shear stress in the circulation, and rely upon molecular mechanisms which
utilise these mechanical forces in their surroundings to carry out their function in
haemostasis (Schneider et al., 2007; Siedlecki et al., 1996; Chow et al., 1992; Levenson
et al., 1990). As observed in HUVECs, which are known to express functional Piezol
channels, arterial shear resulted in shear rate dependent elevations in [Ca?*]i that were
eliminated by the inhibition of MS cation channels using GsMTx-4, or by elimination of
extracellular Ca?*. Interestingly, under the conditions of absence of extracellular Ca®*,
many of the Meg-01 cells studied displayed residual [Ca?']; elevations (Figure 3.8 B).
This potentially indicates MS Ca?* channel expression on intracellular membranes that
can mediate Ca®* entry into the cytosol from the stores, which were not inhibited by the
GsMTx-4 pre-treatment. Similar residual responses were observed by other studies
where the possibility of intracellular Piezol was suspected (Syeda et al., 2015). This
could also potentially indicate the activity of MS channels or MS Ca?* mobilising
events not inhibited by GsMTx4.

Piezol function in other cell types has been demonstrated using alternative

approaches to mechanically induce Piezol channel activation (Figure 3.1) (Schrenk-
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Siemens et al., 2015; Delmas et al., 2011; Coste et al., 2010). Indeed, different types of
mechanical forces play important roles in megakaryocyte maturation, function, platelet
production and interaction with osteoblasts within the bone marrow (Soves et al., 2014;
Jiang et al., 2014; Machlus & Italiano, 2013; Junt et al., 2007). Provided the role of
Piezol in Ca?* influx-mediated dehydration in red blood cells, this chapter also
attempted to monitor changes in [Ca®']i levels following hypotonic challenge. Platelet
suspensions did not produce a clear Ca?* response to hypotonic challenge, indicating no
prominent MS pathway involved in detecting changes in cell volume. The small
GsMTx-4-independent Ca?* peak in Meg-01 cells indicate possible involvement of MS
cation channel-independent Ca* entry routes in response to hypotonic challenge. On the
other hand, robust Ca?* peaks were recorded following membrane depression with a
glass probe, providing evidence for a MS Ca?* entry pathway in Meg-01 cells (Figure
3.13), similar to responses obtained in other cell types in previous reports (Syeda et al.,
2015). However, due to technical difficulties in the quantification of the distance
travelled by the glass probe, and hence the degree of mechanical stimulation, and
frequent cell detachment because of probe movement, this method of MS channel
activation was not preferred.

In addition to the implications of this study in MS cation channel function in
platelets, the findings presented in this chapter also raise the possibility that Piezol may
contribute to megakaryocyte function. For example, shear forces are important during
thrombopoiesis by promoting platelet release from proplatelet extensions within the
venous sinusoids (Thon et al., 2012; Junt et al., 2007). In addition, megakaryocytes
have been postulated as active participants in the mechanosensitivity of the marrow
environment that regulates the bone mass, likely through interactions with osteoblasts
(Soves et al., 2014). Furthermore, it is known that megakaryocyte gene expression of
both native murine megakaryocytes and megakaryocytic cell lines is modulated by
mechanical forces, including shear stress (Soves et al., 2014). Piezol represents a
possible candidate for the mechanosensors in these previous studies.

In conclusion, this chapter reveals for the first time that the human
megakaryocytic cell line Meg-01 expresses MS cation channels which mediate Ca?*
entry into the cytoplasm under arterial levels of shear stress. The effect of Yodal in
ratiometric [Ca?*]i measurements demonstrate that Piezol is the possible identity of
these channels. The use of a novel shear stress assay where Fluo-3-loaded Meg-01 cells

are individually attached onto glass coverslips provides evidence that MS cation
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channels mediate Ca?* movement from the extracellular to cell interior in a shear-rate
dependent manner. Highest levels of Ca?* entry are achieved at shear rates equivalent to
pathologically high levels of arterial shear stress in vivo, such as regions of vessel
narrowing resulting from stenosis or atherosclerosis, implying a possible key role for
these channels in platelets. In addition to pointing towards a possible role for Piezol-
mediated Ca?* entry in platelets, the findings presented in this chapter indicate Piezol as
a candidate for possible mechanosensors involved in megakaryocyte function within the
bone marrow or in thrombopoiesis. Finally, this chapter presents a novel approach of
monitoring changes in [Ca®*]; in attached Meg-01 cells under fluid flow, which may be
adapted to investigate MS channels function in attached platelets (Chapter 4).
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Chapter 4
Evidence for a contribution of mechanosensitive Piezol channel
activity to human platelet shear-dependent calcium entry and

thrombus formation

4.1 Introduction

In the circulation, platelets are continuously exposed to fluid shear stress exerted
by laminar flow of blood. This physiological force is regarded as a vital environmental
factor leading to platelet activation in both normal and pathological situations. For
instance, shear stress was demonstrated to enhance the engagement between VWF and
GPIb receptors on the platelet surface, an interaction which would result in a PKC
activation-dependent intracellular Ca?* mobilisation (Nesbitt et al., 2002; Siedlecki et
al., 1996; Kroll et al., 1991). The mechanisms for more direct mechanical activation of
platelet signalling events, however, have not been identified (Kroll et al., 1996).

In the last half-century, a number of studies demonstrated important links
between elevated levels of pathological shear stress and thrombus formation (Raz et al.,
2007; Einav & Bluestein, 2004; Bluestein et al., 1999; Bluestein et al., 1997; Holme et
al., 1997; Stein & Sabbah, 1974). Despite this, our knowledge of the molecular or
physiological mechanisms responsible for the relationship between platelet activation
and shear stress is still rudimentary. Nevertheless, the presence of a Ca?* entry pathway
induced by shear stress has been suggested in earlier studies (Chow et al., 1992;
Levenson et al., 1990).

An increase in [Ca?*]i is a critical signalling event that is essential for many
functional events during platelet activation, including cytoskeletal rearrangements and
integrin inside-out signalling (Li et al., 2010; Varga-Szabo et al., 2009). Despite the
established link between fluid shear stress and platelet activation, MS Ca?* channel
activity in platelets has never been reported previously. Data presented in Chapter 3
provide evidence for shear-stress driven direct Ca* entry into a human megakaryocytic
cell line through MS cation channels. Moreover, data imply that in platelets the MS
Ca?* channel Piezol could potentially mediate a shear stress-dependent mechanism of
Ca?* influx within the circulation. Potentially, the involvement of such ion channels in
the process of platelet activation would provide a shear-stress driven mechanism

underlying a faster and more direct pathway for Ca?* entry.
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Primarily, this chapter will modify and extend the use of the shear stress assay
employed in Chapter 3 to allow the investigation of shear stress-dependent Ca?* events
in freshly isolated, Fluo-3-loaded single human platelets. A novel approach was
developed, using PECAM-1 antibodies, to adhere platelets to glass-bottom biochips
without inducing spontaneous activation and thereby permit the study of shear-induced
Ca2* responses in individual platelets. MS ion channel function will be studied using the
MS cation channel inhibitor GsMTx-4 and the selective Piezol agonist Yodal, and the
effect of both normal and stenotic arterial levels of shear stress will be tested on platelet
MS channel function. Possible contribution from other potentially MS receptors, such as
the GPCRs P2Y1 and P2Y12, will also be addressed using the same approach. Finally,
the effect of GsMTx-4 on other Ca®* entry routes will be assessed, and thrombus
formation under arterial flow will be investigated in order to provide a link to functional

responses.

78



4.2 Results
4.2.1 Evidence for Piezol channel activity in single platelets under arterial shear stress

The shear-induced Ca?* entry observed in Meg-01 cells led to the development
of a method to examine whether a similar pathway exists in human platelets. Previous
measurements of Ca®* responses under arterial shear in single platelets have used glass
coverslips coated with adhesive receptor ligands such as fibrinogen, collagen or
synthetic peptides mimicking their binding domain (Mazzucato et al., 2002; Yap et al.,
2002; Nesbitt et al., 2002); however, this approach would generate activation signals
including Ca?* mobilisation independently of the mechanical stimulus. Therefore, this
study used an antibody against the receptor PECAM-1, which is inhibitory to platelet
function, in order to immobilise platelets on glass coverslips. PECAM-1 normally plays
a role in homophilic interactions between Ig domains 1 and 2 of the molecules on
nearby platelets (Sun et al., 1996). The PECAM-1 antibody used in this assay (clone
WM59) binds to Ig domains 1 and 2 hence inhibiting homophilic binding between
platelets. It therefore provides a coat onto which platelets can attach and become
immobilised without being activated by the glass surface (Jones et al., 2014a; Jones et
al., 2012) (see Chapter 2, Figure 2.3).

Exposure of attached unstimulated platelets to normal arterial shear stress
(1002.6s?) resulted in multiple transient increases in cytosolic Ca?* after a delay of 1-2
min (Figure 4.1 A, B). Subsequent arrest of flow led to a reduction but not complete
inhibition of this Ca?* response, although a second application of arterial shear caused a
further increase in the number of Ca?* transients (Figure 4.1 B). The Ca?* responses
were quantified using the F/Fo integral for a total of 4 min (F/Fo.4min). Prior to
application of flow, this value was 0.4+0.1 due to the presence of occasional Ca?*
transients, and increased significantly to 1.9+0.3 during normal arterial shear (P<0.001,
n=46 cells) (Figure 4.3 A). In every platelet sample, a proportion of attached platelets
did not show increased Ca?" transients in response to arterial shear. However, in the
platelets that displayed relatively constant resting levels of [Ca®']i in the absence of
shear and also responded to shear, the F/Fo integrals during a first and second exposure
to arterial shear were not significantly different (Figure 4.3 B). This allowed the effects
of GsMTx-4 and removal of extracellular Ca?* to be assessed during the second cycle of

shear.
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The shear-induced Ca?* transients were significantly reduced by either the
addition of 2.5uM GsMTx-4 to the extracellular saline (F/Fo.4min value of 0.6+0.1,
which is 31.8% of control; P<0.001, n=23 cells); or removal of extracellular Ca?*
(F/Fo.Amin value of 0.7+0.2, which is 38.5% of control; P<0.05, n=14 cells) (Figures
4.2 A, B and 4.3 A). A higher arterial shear (3989.3s), equivalent to the situation when
stenosis or narrowing occurs in the arteries, induced a larger and more significant
increase (F/Fo.4min value of 2.1+0.3; P<0.0001, n=38) above pre-stimulus (no flow)
levels when compared to normal arterial shear (Figure 4.4 A) and was also inhibited by
GsMTx-4 (F/Fo.4min value of 0.6+0.1; P<0.05, n=13). As observed in the experiments
where normal arterial levels of shear stress was applied, F/Fo integrals during a first and
second exposure to stenotic shear were not significantly different (Figure 4.4 B).

Together these results suggest that platelets, like Meg-01 cells, possess a MS
Ca2" influx pathway induced by physiological levels of shear. The major difference
between the response in these two cell types was the longer delay between stimulus
application and the [Ca?*]i increase in platelets compared to Meg-01 cells. This may
result from the greater rigidity of platelet surface membranes, a consequence of the
extensive cortical cytoskeleton which will resist deformation and thus activation of MS
ion channels (Mahaut-Smith, 2004; Hartwig, 1992).

To further assess the contribution of Piezol channels to platelet signalling and
functional events, the recently characterised Piezol agonist, Yodal, was used (Syeda et
al., 2015). In Fura-2 ratiometric measurements from stirred suspensions, Yodal caused
a substantial, immediate and sustained elevation of [Ca?']i in platelets, as observed in
Meg-01 cells in Chapter 3, when Ca?* was present in the extracellular milieu (Figure 4.5
A). Most or all of this response was lost in Ca?*-free external saline [decrease of 63%
from 99.4+9.7nM to 37.0£5.6nM in platelets (P<0.05; n=4), and by 99% from
481.3£9.8nM to 5.2+0.5nM in Meg-01 (P<0.0001; n=4)], as expected if the
predominant location of Piezol channels is on the surface membrane (Figures 4.5 B, C
and see 3.14). The residual response to Yodal in platelets in Ca?*-free medium can be
explained by the suggested presence of Piezol channels on membranes of the
intracellular stores (Syeda et al., 2015). These experiments were conducted in apyrase-
free medium to abolish P2X1 receptor activity, which was confirmed by the absence of
responses to a,3-meATP (see Chapter 5, Figure 5.2 C).

Yodal also enhanced intracellular Ca* transients in platelets attached to glass-
bottom biochips via PECAM-1 (Figure 4.6 A). Yodal increased the occurrence of Ca?
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transients in both the absence of flow, and upon application of shear (Figure 4.6 A,
compare with Figure 4.1 B). Under static conditions, the F/Fo integral increased more
than 3-fold from F/Fo.4min value of 0.3+0.1 to 1.2+0.1 (P<0.01, n=35 cells). Under
normal arterial flow, in the absence of Yodal the F/Fo.4min value was 1.2+0.1, which
showed a 1.7-fold increase to 2.1+0.2 in the presence of the Piezol agonist (P<0.01,
n=35 cells) (Figure 4.6 B).
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Figure 4.1 Fluid shear stress induces Ca?* transients in single platelets. (A)
Representative Fluo-3 fluorescence and bright field (B.F.) images of individual Fluo-
3-loaded attached platelets before and during exposure to arterial shear. Scale bars =
20um; the magnified rectangular sections have been zoomed threefold. (B)
Representative F/Fo Fluo-3 recordings in single platelets during no applied shear
stress and normal arterial shear. Two successive cycles of 4 minutes without shear
followed by 4 minutes of arterial shear were applied using Ca?*-containing saline
(HBSS+Ca?*). Apyrase was omitted from the extracellular saline to avoid P2X1

receptor responses.

82



Cycle 1 Cycle 2
A \

| Y |
A ) HBSS (+CaZ%*) +
HBSS (+Ca”’)  2.5.M GsMTx4

0 2 4 6 8 10 12 14 16
Time (min)

B ,.. HBSS(no ca?")
HBSS (+Ca?*) +1.0mMEGTA

FIFy (a.u.)

0 2 4 6 8 1I0 12 14 16
Time (min)
Figure 4.2 Fluid shear stress-induced Ca?* transients in single platelets are
inhibited by GsMTx-4 and chelation of extracellular Ca?*. Representative F/Fo Fluo-
3 recordings in single platelets, in which the second cycle (cycle 2) was used to
compare the control conditions (i.e. HBSS+Ca?* only) (Figure 4.1 B), with the effect
of GsMTx-4 (A), or removal of extracellular Ca?* (B). Apyrase was omitted from the

extracellular saline to avoid P2X1 receptor responses.
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Figure 4.3 Fluid shear stress-induced average Ca?* increases in single platelets are
inhibited by GsMTx-4 and chelation of extracellular Ca?*. Average Ca?* increases
were calculated as the 4 min F/Fo integral of all [Ca?*]i transients. (A) Responses in
the absence of shear and during arterial shear, in the presence of extracellular Ca?*
with and without GsMTx-4 (2.5uM), and in the absence of extracellular Ca?* (n=46,
46, 23, 14 cells in no shear, HBSS, GsMTx-4 and EGTA, respectively); *P<0.05,
compared to HBSS only control under shear. (B) Comparison of Ca?* responses
during cycles 1 and 2 of normal arterial flow with Ca?*-containing HBSS only (n= 46
and 13 cells, respectively). No significant difference was found between F/Fo integrals
of the calcium transients from cycles 1 and 2. ****P<(.0001; ***P<0.001; ns=not

statistically significant. Data represent mean = SEM of 7 individual donors.

84



—_ *kkikk
:; 2.5-
2.0 _xk
MEER L
5+
Q
o 1.0-
E *
° 0-5- i
|—
0.0 ,

HBSS  GsMTx-4
(+Cca*") (+Ca’")

No Normal Stenotic
1 Applied O Arterial Bl Arterial
Flow Flow Flow
3.54 ns
S 3.0- ‘
)
< 2.5-
[«})
& 2.0
L
S 1.54
o
5 1.04
,2 0.5-
0.0-

Cycle 1 Cycle 2

High stenotic
shear rate

Figure 4.4 Stenotic levels of shear stress induced relatively more significant average
Ca?* increases in single platelets. (A) Ca?* responses in Ca?*-containing HBSS in the
absence of shear (no applied flow), and during normal and stenotic arterial shear,
with and without GsMTx-4 (n=36, 36, 38, 13 and 13 cells in no applied flow, HBSS
normal arterial, HBSS stenotic arterial, GsMTx-4 normal arterial and GsMTx-4
stenotic arterial flow conditions, respectively); *P<0.05, compared to HBSS only
control under stenotic shear. (B) No significant difference was found between F/Fg
integrals of the calcium transients from cycles 1 and 2 of stenotic arterial flow, using
Ca?*-containing HBSS only (n=38 and 20 cells, respectively). ****P<0.0001;
**P<(0.01; ns=not statistically significant. Data represent mean + SEM of 6

individual donors. 85
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Figure 4.5 The Piezo1l selective agonist Yodal induced [Ca?*]i increases in washed
platelets. Representative [Ca?*]; responses to Yodal (25uM) assessed in stirred Fura-
2-loaded suspensions of washed platelets compared to vehicle control (DMSQO), in the
presence of extracellular Ca?* (A), and following the removal of extracellular Ca?*
(EGTA) (B). (C) The average peak [Ca**]; following Yodal addition, in the presence
of extracellular Ca?* compared to its vehicle control (DMSQ) and following removal
of external Ca?" (EGTA). **P<0.01; *P<0.05. Apyrase was omitted from the

extracellular saline to avoid P2X1 receptor responses. Data represent mean + SEM

(n=4 individual donors).
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Figure 4.6 The Piezol selective agonist Yodal induced increases in [Ca?*]i in singly
attached platelets. (A) Representative F/Fo Fluo-3 recordings in single platelets
attached to a PECAM-1-coated coverslip in the presence of Yodal and exposed to 2
cycles of no flow and arterial shear. See Figure 4.1 B for the control trace. (B)
Average Ca?* increases above baseline (F/Fo.4min) in the presence and absence of
Yodal, under conditions of no flow and normal arterial shear (n= 20, 35, 20 and 35
cells in HBSS no flow, Yodal no flow, HBSS normal arterial and Yodal normal
arterial conditions, respectively). **P<0.01; 7 P<0.01 compared to no flow, in
presence of HBSS; 1P<0.001 compared to no flow in presence of Yodal. Apyrase was
omitted from the extracellular saline to avoid P2X1 receptor responses. Data

represent mean + SEM of 7 individual donors).

87



4.2.2 Mechanosensitive Ca?* events in platelets are independent of purinergic GPCR

stimulation

In Section 4.2.1, it was observed that the chelation of extracellular Ca®* by
EGTA results in a less significant (P<0.05) reduction in the average F/Fo.4min value
than using GsMTx-4 (P<0.001) under normal arterial shear rate, compared to control
conditions (Figure 4.3 A). In addition, the removal of extracellular Ca?* in Fura-2-
loaded washed platelet suspensions did not fully eliminate the Yodal-induced increase
in [Ca?']i, although the responses were substantially reduced (Figure 4.5). These
observations indicate that a mechanism whereby MS Ca?* release from the intracellular
stores potentially could accompany the shear- or Yoda-1-induced [Ca?*]i elevations,
which could account for the residual responses still obtained in the absence of
extracellular Ca?*. An alternative explanation for these residual Ca?* responses under
shear stress could be the possibility of other stretch-activated proteins on the plasma
membrane. In addition to MS ion channels, there is increasing evidence that a number
of GPCRs can be activated by mechanical stimulation, including fluid shear stress
(Storch et al., 2012; Yasuda et al., 2008; Mederos y Schnitzler et al., 2008; Zou et al.,
2004).

Under normal physiological conditions, secretion of secondary agonists such as
ADP and formation of TxA: follow the activation of platelets by potent agonists such as
collagen or thrombin. Platelets possess a number of GPCRs including P2Y1 and P2Y12
which ADP stimulates, in addition to PAR1, PAR4, TxA2R, EPs etc. It has been shown
that P2Y1 and 12 receptors are responsible for the Ca?* responses in response to ADP,
and also that MS ion channel responses can be modulated by P2Y receptor activation
(Linan-Rico et al., 2013; Inoue et al., 2009; Song et al., 2009; Fernandes et al., 2008;
Fox et al., 2004; Hardy et al., 2004; Baurand et al., 2001; Sage et al., 2000; Leon et al.,
1999; Jin et al., 1998; Cattaneo et al., 1997). Previously, synergistic mechanisms
between agonist- and mechanical-induction of GPCR activation and ion channel
function have been investigated (Scholz et al., 2015; Storch et al., 2012; Kauffenstein et
al., 2012; Anfinogenova et al., 2011). Provided the evidence for G-protein and P2Y
receptor involvement in mechanosensation in other cells types, this section aims to
investigate the influence of P2Y receptor activation on shear stress-mediated Ca?*
transient formation in singly attached platelets. In order to achieve this, initially the

optimal ADP concentration to use in shear stress assays was assessed by [Ca?*]i
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measurements in Fura-2-loaded platelet suspensions. Using a range of ADP
concentrations similar to those previously used to activate P2Y receptors in Ca2*
measurements (Hardy et al., 2005), [Ca?']; elevations were recorded after direct addition
of ADP, and a concentration-effect curve was constructed (Figure 4.7 A, B). Based on
this curve, a threshold ADP concentration was selected (0.1uM), which produced a
small [Ca®]i response in most platelets samples (Figure 4.7 A). This concentration of
ADP was used to achieve activation (EC10) of P2Y receptors and still permit detection
of any amplification by mechanical events. Inclusion of this threshold ADP
concentration in the extracellular saline in shear stress assays did not enhance shear-
induced Ca?* spiking (Figures 4.8 A and 4.9 A). In ratiometric [Ca?*]i recordings, pre-
exposure to a threshold ADP concentration before maximal P2Y receptor stimulation
with 10upM ADP also had no significant effect on the maximal ADP-evoked Ca?*
response, although the trend of the responses suggested that 0.1uM ADP causes a slight
desensitisation of P2Y receptors (Figure 4.10 A, B). Since this low concentration only
caused a slight elevation in [Ca®']i of a portion of platelet samples when directly added
(Figure 4.7 A), the lack of an enhancement in Ca?* spiking could have been due to its
desensitising effect. To further address this issue, a concentration closer to the ECso
value (0.3uM) was selected (Figure 4.7 B) but this also failed to have a significant
effect on shear-induced Ca?* spiking in singly attached platelets (Figures 4.8 B and 4.9
B). Parallel measurements of ADP-evoked [Ca?']i responses in Fura-2-loaded
suspensions of platelets from the same batch of blood indicated minimal time-dependent
loss of P2Y receptor responses (Figure 4.11).
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Figure 4.7 The effect of addition of a series of ADP concentrations on [Ca?*]; in
washed platelet suspensions. (A) Representative [Ca?*]i responses obtained in Fura-
2-loaded platelet suspensions following the addition of a range of ADP concentrations
(0.01-70uM). (B) The concentration-effect relationship between ADP concentrations
and corresponding maximum [Ca?*]i obtained. The ECso ADP concentration (0.7uM)
is shown in red, and the concentrations chosen to achieve slight stimulation of P2Y

receptors in shear stress assays (0.1uM and 0.3uM) are shown in blue. Data represent

mean + SEM (n=3).
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Figure 4.8 Stimulation of P2Y1 and P2Y12 receptors with a near-threshold
concentration of ADP did not cause an observable change to the Ca?* transient
profile in singly attached platelets under shear. Representative F/Fo Fluo-3
recordings in single platelets perfused with saline (HBSS+Ca?*) containing (4) 0.1uM
ADP, and (B) 0.3uM ADP in both of the successive cycles of 4 minutes without shear
followed by 4 minutes of arterial shear. Compared to control traces (Figure 4.1 B),
there was no observable change when ADP was included in the extracellular saline.

Apyrase was omitted from the extracellular saline to avoid P2X1 receptor responses.
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Figure 4.9 Fluid shear stress-induced average Ca?* increases in single platelets
remain unchanged by the inclusion of a low concentration of ADP in the
extracellular saline. Average Ca?* increases were calculated as the 4 min F/Fo
integral of all [Ca?*]i transients. Responses in the absence of shear and during
normal arterial shear, in the presence of extracellular Ca?*, with and without (A)
0.1uM ADP, or (B) 0.3uM ADP [n=36 (control) and 30 (ADP-treated) cells, and 47
(control) and 37 (ATP-treated) cells in A and B, respectively]. ****P<0.0001; ns=not

statistically significant. Data represent mean + SEM of 6 individual donors.
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Figure 4.10 Pre-treatment with ADP concentrations higher than 0.1xM reduce
maximum [Ca2*]i responses to 10uM ADP. (A) Representative [Ca®']i traces
recorded after the addition of 10uM ADP to platelet suspensions pre-exposed to a
range of (0.01-/0uM) ADP concentrations for 2 minutes. (B) Average maximum
[Ca®*]i responses to 10uM ADP, following pre-exposure to different ADP
concentrations, compared to samples pre-treated with vehicle (saline). *P<0.05; ns:

not statistically significant. Data represent meant SEM (n=3).
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Figure 4.11 Monitoring of ADP-induced Ca?* response activity over a period of 100
minutes. (A) Representative [Ca?']i responses obtained in each Fura-2-loaded

platelet suspension following the addition of 10uM ADP at regular time points

throughout an experiment. (B) Representative line of best fit constructed using the

maximum [Ca?*]; attained at the regular time points in panel A, together with the

corresponding approximate time of each recording, indicating P2Y1 and P2Y12

activity of a platelet sample over the course of an experiment.
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4.2.3 Effect of GsMTx-4 on previously identified Ca** entry pathways of human

platelets

GsMTx-4 is widely used as an inhibitor of MS ion channels, however its effects
on well-established platelet Ca®* entry pathways are unknown. Store-operated Ca?*
entry through Orail channels is a major Ca* entry pathway evoked by multiple agonists
and can be selectively activated by depletion of intracellular Ca?* stores with the
SERCA inhibitor thapsigargin (Mahaut-Smith, 2012; Varga-Szabo et al., 2009).
GsMTx-4 had no significant effect on store-operated Ca?* entry assessed from the peak
increase in Ca?* after addition of 1.26mM Ca?" to platelets pre-treated with 1uM
thapsigargin for 15 min in nominally Ca®*-free saline (Figure 4.12 A). Furthermore,
GsMTx-4 caused no inhibition of Ca?* entry through the transient receptor potential
cation channel subfamily C member 6 (TRPC6) ion channels directly activated using
the diacylglycerol analogue 1-Oleoyl-2-acetyl-glycerol (OAG) (60uM) (Hassock et al.,
2002; Hofmann et al., 1999) (Figure 4.12 B). A third Ca?*-permeable pathway in
platelets is the ATP-gated P2X1 channel, which can be selectively activated by a,p-
meATP (Rolf et al., 2001). Interestingly, a 30s pre-treatment with GSMTx-4 led to a
40% reduction in the peak Ca®' response to a supramaximal concentration of o,f-
meATP (10uM; a decrease from 296.1£12.2nM to 162.4+20.7nM; P<0.01, n=4) (Rolf
et al., 2001) (Figure 4.12 C). In all ratiometric measurements in this section, P2X1
channel activity was monitored to make sure there was no time-dependent
desensitisation (Figure 4.13). Loss of P2X1 receptor activity did not contribute to the
inhibition of platelet shear-dependent Ca?* responses by GsMTx-4 (Figure 4.2) since
these experiments were carried out in the absence of apyrase, which leads to complete
desensitisation of these ATP-gated cation channels (Rolf et al., 2001) (Chapter 5, Figure
5.2 C). Similarly, in Chapter 3, Meg-01 shear-dependent Ca?* responses were
independent of P2X1 receptors because these receptors were not detected by Western
blotting in this cell line (Chapter 3, Figure 3.4 A). To further confirm this, Fura-2-
loaded Meg-01 suspensions were treated with the P2X1 receptor agonist a,3-meATP,
following which no [Ca?*]; response was obtained, as opposed to a strong response

following P2Y receptor stimulation using ADP (Figure 4.14).
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Figure 4.12 Effect of GsMTx-4 on Ca?* entry via TRPC6, P2X1 and store-operated
channels in platelets. Representative [Ca?*]; recordings (left panels) and average
peak [Ca?*]i responses (right panels, n=4) for store-operated (A), TRPC6 (B) and
P2X1 cation channels (C) in suspensions of platelets in the presence and absence of
GsMTx-4. Store-operated Ca?* entry was assessed by addition of 1.26mM CaCl, 15
minutes after treatment with the SERCA inhibitor thapsigargin (TG; IuM). 0.2mM
EGTA was added in the beginning to chelate any residual extracellular Ca?*. TRPC6
was activated using the diacylglycerol analogue 1-oleoyl-2-acetyl-sn-glycerol (OAG;
60uM). P2X1 was activated with the non-aydrolysable ATP analogue a,f-meATP
(10uM). **P<0.01,; ns=not significant. Data represent mean = SEM. In all panels

vehicle was ddH-0.
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Figure 4.13 P2X1 activity was monitored throughout the experiments where P2X1
responses were measured. (A) Representative traces of maximum [Ca?*]i responses
following the stimulation of P2X1 channels using 10uM o, -meATP, at several time
points interspersed throughout the duration of an experiment. Maximum A[Ca®*]; at
the different time points were calculated, and charts of P2X1 activity profiles were
plotted with a line of best fit (B shows a representative profile), which were used to
estimate the maximum P2X1 responses at the required time points during an

experiment.
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Figure 4.14 Fura-2-loaded Meg-01 suspensions do not display [Ca?*]i increases
following a,p-meATP treatment. Treatment of Meg-01 cells with the P2X1 channel
agonist «,f-meATP (A), or vehicle (saline) (B), does not induce any elevation in
[Ca?*]i, however stimulation of P2Y receptors with ADP leads to a sharp increase in
[Ca?*]i. (C) Average increases in [Ca?*]i following treatment with vehicle, 10uM a,f-
meATP and 10uM ADP. ****P<(.0001; ns=not statistically significant. Data

represent mean £ SEM (n=3).
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4.2.4 Collagen-induced thrombus formation but not platelet aggregation is inhibited by
GsMTx-4

Pre-treatment of whole blood with GsMTx-4 for 30s consistently resulted in a
marked reduction in thrombus formation under normal arterial flow (1002.6s) on a
collagen surface (Figure 4.15 A). All three aspects of thrombus dimension analysed
(height, volume and surface coverage) were reduced compared to control conditions;
mean thrombus height by 48% (1.2+0.2um to 0.6+£0.2 pm; P<0.01, n=6), mean
thrombus volume by 48% (48133+7739um? to 25126+6434um?; P<0.01, n=6), and
mean surface coverage by 38% (26.4+4.2% to 16.3+3.5%; P<0.01, n=6) (Figure 4.15
B). In contrast, GsMTx-4 had no effect on the aggregation response of platelets to
1pg/mL collagen measured in stirred suspensions, which induce minimal levels of shear
(Figure 4.16). This suggests that the underlying GsSMTx-4-sensitive pathway is crucially

dependent upon application of shear stress for its activation.
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Figure 4.15 Collagen-induced thrombus formation is inhibited by GsMTx-4. (A)
Representative images of surface coverage and 3D Z-stacks for thrombi formed by
DiOCe-stained platelets on a collagen surface under control and GsMTx-4 pre-treated
conditions. Blood samples were perfused over collagen under normal arterial shear
stress conditions (1002.6s™). The scale bars represent 20um. (B) Average figures for
thrombus height, thrombus volume and surface coverage under control and GsMTx-4

treated conditions. **P<0.01. Data represent mean + SEM (n=6 individual donors).
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Figure 4.16 Collagen-induced platelet aggregation is not inhibited by GsMTx-4.
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not significant. Vehicle = ddH-0.
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425 GSMTx-4 inhibits thrombus formation by blocking P2X1 as well as

mechanosensitive cation channels

In contrast to washed platelet suspensions where P2X1 receptors are
desensitised unless apyrase is added to the extracellular saline, whole blood in known to
contain sufficient ectonucleotidase activity that prevents purinergic receptor
desensitisation (Jones et al., 2014b; Cauwenberghs et al., 2006; Glenn et al., 2005;
Hechler et al., 2005). It is well established that P2X1 receptors contribute to thrombus
formation at arterial levels of shear (Erhardt et al., 2006; Oury et al., 2003; Hechler et
al., 2003). Consequently, the inhibitory effect of GsMTx-4 on thrombus formation
(Figure 4.15) could have resulted, at least in part, from a reduction of P2X1-induced
[Ca?*]i elevation (Figure 4.12 C). Therefore, the effect of GsMTx-4 on thrombus
formation was assessed with and without the P2X1 antagonist NF449. 1uM NF449,
which abolishes P2X1 activity (induced with a supramaximal concentration of a,[3-
meATP (Rolf et al., 2001)) (Figure 4.17 A), caused a 37% reduction of thrombus
volume (Figure 4.17 Bi), consistent with previous reports (Hechler et al., 2005).
Importantly, combined addition of GsMTx-4 and NF449 caused a more significant
inhibition of thrombus formation compared with NF449 alone (Figure 4.17 B). Using
NF449 alone, mean thrombus volume was reduced from 99856+11408um?® to
62678+10886pum? (by 37%; P<0.05, n=7), whereas using GsMTx-4, and GsMTx-4 and
NF449 combined, there were 69% (to 31290+18um?®) and 75% (to 24889+2363um?d)
reductions in thrombus volume (P<0.0001, n=7, for both), respectively (Figure 4.17 Bi).
Similarly, mean % surface coverage was reduced from 46.9+2.9% to 36.1+4.4% using
NF449 (not statistically significant), and to 24.6+1.7% and 18.4+1.4% using GSMTx-4
and both GsMTx-4 and NF449 (P<0.0001, n=7, for both), respectively (Figure 4.17
Bii). Mean thrombus height decreased from 2.4+0.3um to 1.5+0.3um using NF449
(P<0.05, n=7), and to 0.8+0.1um and 0.6+0.1um using GsMTx-4 and both GsSMTx-4
and NF449 (P<0.0001, n=7, for both), respectively (Figure 4.17 Biii). Together these
results indicate that a pathway other than P2X1 receptors is also inhibited by GsSMTx-4

during inhibition of thrombus formation.
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Figure 4.17 GsMTx-4 inhibits thrombus formation by blocking P2X1 as well as
mechanosensitive cation channels. (A) P2X1-dependent Ca2* entry (a,f-meATP, 10uM)
in platelet suspensions is completely inhibited by IuM NF449. (B) Effect of 2.5uM
GsSMTx-4 and IuM NF449, individually and combined, on thrombi formed on a collagen
surface; average values are shown for thrombus volume (i), surface coverage (ii), and
thrombus height (iii). Blood samples were perfused over collagen under normal arterial
shear stress conditions (1002.6s?). ***P<0.001; *P<0.05; ns=not statistically

significant. Data represent mean = SEM (n=7 individual donors).
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4.3 Discussion

Data within this chapter provide evidence for MS Piezol ion channel activity in
human platelets, which operate under normal and pathological arterial levels of shear
stress and contribute to the elevation of [Ca?*]; directly in a shear-dependent manner.
The use of the MS cation channel inhibitor GSMTx-4 in thrombus formation assays
provide a link between the observed physiological and functional responses.

Individual platelets that were attached to a surface without causing activation,
displayed [Ca?"]i responses upon exposure to arterial levels of shear that were inhibited
by the MS channel blocker GsMTx-4 or removal of external Ca?*, indicating MS cation
channel activity in single cells under flow. Importantly, the Piezol agonist Yodal
directly stimulated Ca?* entry into both platelets and in the absence of shear and also
potentiated shear-dependent Ca?* transients in platelets, indicating Piezol channel
activity. In agreement with these data, Patapoutian and colleagues demonstrated that
Yodal can induce Piezol activation in the absence of mechanical stimulation and also
increase its sensitivity to mechanical activation (Syeda et al., 2015). Although GSMTx-
4 is a generic MS ion channel blocker, it has been the main inhibitor used in study of
Piezol function (Copp et al., 2016; Li et al., 2015; Pathak et al., 2014; Bae et al., 2011).
The toxin acts through insertion into the lipid bilayer and modification of the
lipid:channel interface (Suchyna et al., 2004), hence may influence a number of ion
channels. However, GsMTx-4 did not block TRPC6 or Orail store-operated Ca?* entry
in platelets (Figure 4.12). It has been shown that the molecular mechanism underlying
either mechanical or chemical activation of TRPC6 channels is the same, and involves
sensing tension along the phospholipid bilayer (Spassova et al., 2006). Therefore, the
lack of inhibitory effect of GsMTx-4 on OAG-induced Ca?* mobilisation could
potentially indicate that GSMTx-4 inhibits other MS channels in experiments carried out
under shear stress. Although P2X1 channels were partially inhibited by GSMTx-4, these
ATP-gated Ca®"-permeable channels would have been desensitised in the
ectonucleotidase (i.e. apyrase)-free conditions used to record shear-induced Ca2*
transients in this study (Rolf et al., 2001). Furthermore, in the thrombus formation assay
using whole blood, which retains significant ectonucleotidase activity and thus also
P2X1 channel activity (Cauwenberghs et al., 2006; Hechler et al., 2005; Glenn et al.,
2005), the GsMTx-4 block of thrombus formation was still observed after abrogation of
P2X1 channel responses with NF449. Figure 4.14 further demonstrates that P2X1
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channels are not expressed in the Meg-01 cell line, and hence that the shear stress-
dependent Ca?* responses in Meg-01 cells (see Chapter 3: Figures 3.7 A and 3.8 A) also
do not depend upon activation of this ATP-gated cation channel. Another evidence
which could confirm MS cation channel activity in platelets is the different inhibitory
action of this blocker in the presence and absence of shear stress (Section 4.2.4).
Although thrombus formation under flow over collagen surfaces were reduced by
GsMTx-4 pre-treatment, there was no reduction in collagen-induced platelet
aggregation where there was no applied laminar flow. It is worth noting that intravital
imaging studies have recently suggested that blood rheology is the primary factor
driving thrombus formation in vivo, with less significant roles for classical diffusible
platelet agonists (Nesbitt et al., 2009; Miyazaki et al., 1996). Ca?* influx through Piezol
channels certainly represents a candidate for transduction events directly influenced by
rheological forces in the arterial circulation.

The presence of a MS pathway in platelets has been suggested in earlier studies,
which hypothesised potential existence of MS cation channels which may be
responsible for the shear-induced Ca?* elevations observed (Chow et al., 1992
Levenson et al., 1990). Using a cone-and-plate viscometer, Kroll and colleagues
demonstrated a transmembrane Ca?* influx in response to arterial or higher levels of
shear (Chow et al., 1992). In addition, a link between transmembrane Ca?* flux and
hemodynamic shear stress from studies of hypertensive patients has also been reported
(Levenson et al., 1990). Piezol could account for these previously reported shear-
dependent Ca?* influx pathways, although further work is required to address this
possibility.

Shear-induced Ca?* responses took the form of Ca?* spikes in singly attached
platelets, as opposed to sustained elevations in Meg-01 cells. Similar Ca?* spiking
profiles were reported previously in single Fura-2-loaded platelets that were
immobilised on fibrinogen, following stimulation with relatively high concentrations of
thrombin (0.1-1U/mL) or ADP (10-40uM), or simply by contact with a glass surface
(Hussain & Mahaut-Smith, 1999; Ariyoshi & Salzman, 1995; Heemskerk et al., 1993;
Heemskerk et al., 1992). A noticeable difference between the shear-dependent Ca?*
responses of Meg-01 cells and platelets was the more immediate nature of the cell line
response compared to the delayed increase in platelets (Figures 3.8 and 4.1). A likely
explanation is the very different cytoskeletal arrangement of platelets, which consists of

a cortical cytoskeleton that is responsible for its discoid resting shape and also results in
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a less flexible plasma membrane compared to other cell types, including its precursor
and related cell lines (Mahaut-Smith, 2004; Hartwig & Italiano, 2003). Since Piezol is
gated by tensions within the lipid bilayer of the membrane itself rather than via a link to
the cytoskeleton (Cox et al., 2016; Coste et al., 2012; Coste et al., 2010), platelets may
need to undergo a greater deformation by the fluid shear compared to Meg-01 cells
before channel activation. Although Piezol channels are gated by bilayer tension in
cytoskeleton-free artificially generated blebs, Cox and co-workers have emphasised that
cytoskeletal proteins or links to the extracellular matrix components can modify the
tension experienced by the bilayer in intact cells (Cox et al., 2016). This cytoskeletal
‘mechanoprotection’ effect is known to curb the activity of endogenous Piezo channels
(Gnanasambandam et al., 2015; Morris, 2001). Manipulating the cytoskeletal properties
of cells has also been linked to changes in latency of channel activation and channel
gating in general (Cox et al., 2016; Suchyna & Sachs, 2007). In the experiments
presented in this chapter, a second application of increased shear stimulated Ca®*
transients with reduced delay, similar to effects on stretch-activated K* channels in
Lymnaea neurons, where it has been suggested that application of repeated pressure
causes cytoskeleton-dependent adaptation (Small & Morris, 1994).

The lack of change in shear-dependent Ca®* spiking by low levels of stimulation
of P2Y receptors in single platelets provide further evidence for the conclusion that
Piezol channels are responsible for the MS Ca?* events observed in platelets. Firstly,
the observation that low levels of P2Y receptor stimulation does not modify the shear-
induced Ca?* spiking patterns observed in single platelets could potentially rule out the
possibility that P2Y receptors perform MS roles or modulate MS ion channel responses
leading to [Ca?']; elevations (Linan-Rico et al., 2013; Anfinogenova et al., 2011; Inoue
et al., 2009; Song et al., 2009; Fernandes et al., 2008; Leon et al., 1999). Provided this
is the case, the possibility that the delayed commencement of Ca?* spiking under flow
could represent the relatively longer time needed by the signalling pathways
downstream of P2Y receptors can be eliminated. This potentially further confirms that
the delayed commencement of Ca?* spiking under flow is due to the mechanoprotection
effect as described above.

In conclusion, this chapter shows that MS cation channels mediate Ca?* entry
into the human platelets under arterial shear stress in vitro. Piezol is the likely MS
channel mediating the effects we have observed. Pharmacological inhibition of these

channels demonstrate that they contribute to thrombus formation under arterial flow.

106



However, future work should develop an animal model lacking Piezol specifically in
platelets and megakaryocytes to further support these conclusions and to extend to in
vivo studies. MS cation channels, at pathologically high levels of shear stress that is
generally experienced at the regions of vessel narrowing resulting from stenosis or
atherosclerosis, could potentially enhance Ca?* influx which can increase the risk of

life-threatening thrombus formation.
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Chapter 5
Role for P2X1 channels in FeyRIIa-induced

calcium entry and functional responses in human platelets

5.1 Introduction

Recent advances in the characterisation of the role of FcyRIla receptors as a
mediator of human platelet immunogenic responses highlight the diversity of the
biological processes platelets are involved in. Platelets are believed to accelerate the
removal of the invading pathogens mediating pathogen-induced secretion of
chemokines, cytokines and antimicrobial compounds (Cox et al., 2011). Platelet
FcyRlIIa receptors contribute to this by binding to 1gG-opsonised pathogens, resulting in
platelet activation. Moreover, FcyRIla receptors have been shown to contribute to IgG-
independent responses, such as mediating apf3-dependent spreading on fibrinogen and
GPIb-dependent signalling (Boylan et al., 2008; Sullam et al., 1998). Nevertheless, the
IgG-dependent interactions of FcyRIla receptors can contribute to diseases such as
infective endocarditis (IE) in which streptococci or staphylococci infect areas of the
endocardium, particularly the heart valves. Such infections can result in thrombus
formation on the valves obstructing their movement, and can even lead to dangerous
circulating embolisms. Arman and colleagues studied tyrosine phosphorylation, platelet
aggregation, and ATP secretion responses to FcyRIla receptor activation achieved by
cross-linking the receptors using specific antibodies (IV.3 + F(ab”)2), and five different
bacterial strains most commonly known to be involved in IE (Arman et al., 2014). In
control experiments, the anti-FcyRIla (IV.3) antibody was shown that it does not
interfere with activation of platelet function by standard haemostatic agonists (Tilley et
al., 2013). Further studies demonstrate the important role of FcyRIla receptors in
thrombus formation under shear stress in vitro and in vivo, through the inhibition of the
receptors by the anti-FcyRIla antibody (IV.3) (Tilley et al., 2013; Zhi et al., 2013;
Kerrigan et al., 2008). Consequently, FcyRIla receptors have been indicated as novel
therapeutic targets against infection-related cardiovascular diseases. Therefore, a wider
understanding of FcyRIla receptor activation is crucial, in order to help us identify

potential therapeutic approaches.
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Despite the growing evidence for FcyRIla receptor involvement in platelet
function, our knowledge of the physiological effects leading up to platelet activation
induced by FcyRIla receptor activation remains unclear. Three pieces of evidence
support our hypothesis that P2X1 channels contribute to [Ca®']i increases following
FcyRlIla receptor activation. Firstly, FcyRIla receptor activation results in the activation
of a signal transduction pathway through a single ITAM (Figure 1.7), in a similar
manner to the signalling profile observed after the activation of collagen receptor GPVI
which is known to synergise with P2X1 channels via ATP secretion (Fung et al., 2012;
Fung et al., 2005; Watson & Gibbins, 1998). Secondly, the activation of TLR2/1, which
play important roles in the innate immune system, was also demonstrated to induce Ca?*
entry through P2X1 channels and interestingly these responses were resistant to
endothelium-derived inhibitors (Fung et al., 2012). Thirdly, the possible co-operation
between platelet FcyRIla and purinergic receptors were postulated by a study
(Klarstrom Engstrom et al., 2014), however such a synergy has not been extensively
studied by this group.

This chapter will investigate the potential role of P2X1 channels in contributing
to [Ca?*]i elevations following FcyRIIa receptor activation by antibodies or S. sanguinis.
Furthermore, the molecular signalling mechanisms responsible for a possible co-
operation between FcyRIla receptors and P2X1 channels, and the influence of
physiological parameters, such as the presence of endothelium-derived inhibitors or

arterial shear stress, on this mechanism will also be examined in this chapter.
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5.2 Results
5.2.1 FcyRIla receptor activation induces Ca?* entry through P2X1 channels

FcyRlIla receptor stimulation by cross-linking the receptor-bound 1V.3 antibody
by IgG F(ab’), resulted in prominent elevations in [Ca?']i. Platelets were first pre-
incubated with a concentration of mAb [V.3 used in previous studies where the
phosphorylation of the Fc receptor y chain was successfully induced following
stimulation by the addition of IgG F(ab”). (Gibbins et al., 1996). This stimulation
resulted in an [Ca?']i increase of 440.6+33.2nM in [Ca?*]i within the first 1 minute after
stimulation in all platelet samples tested (Figure 5.1 A, F). In order to assess the
potential contribution of P2X1 channels to [Ca®*] increases induced by FcyRlla
receptor stimulation, the complete inhibition of P2X1 channel activity was achieved by
three different approaches: pre-incubation of washed platelets for 1 minute with NF449
at a concentration (1uM) shown to be specific for P2X1 channels; exclusion of apyrase
from the extracellular saline during platelet preparation to desensitise P2X1 channels; or
desensitization using a low concentration (600nM) of the stable ATP analogue a,f-
meATP prior to addition of extracellular Ca?* (Fung et al., 2005) (Figure 5.2). All three
approaches resulted in significant reductions in the peak [Ca?*]i reached after FcyRIIa
receptor stimulation to: 303.5+31.5nM (P<0.05, n=3), 307.7+42.8nM (P<0.05, n=3),
and 291.1+39.9nM (P<0.01, n=3) after NF449, apyrase exclusion and o,3-meATP-
induced desensitisation, respectively (Figure 5.1 A, B, E and F). The levels of inhibition
achieved by all three approaches used to eliminate P2X1 channel activity were very
similar (31.7£1.1%) (Figure 5.1 F).

In order to determine the source(s) of Ca?* responsible for the remaining Ca®*
response after FcyRIla receptor stimulation when the P2X1 activity is inhibited, firstly
Ca?* was excluded from the extracellular saline, and then the intracellular Ca®* stores
were depleted by pre-treating the platelets with thapsigargin (TG) (in EGTA-containing
saline) for 15 minutes (Authi et al., 1993). Exclusion of extracellular Ca®* resulted in a
further reduction in FcyRIla receptor-evoked [Ca?*]i to 191.7+30.5nM (by 56.5+6.9%),
compared to when P2X1 activity was inhibited, indicating a potential contribution from
other Ca?* influx pathways (Figure 5.1 C, F). Simultaneous depletion of intracellular
Ca?* stores and chelation of any residual extracellular Ca?* using EGTA led to an even
further reduction in the peak [Ca®*]ito 108.6+8.2nM (by 75.4+1.9%) (Figure 5.1 D, F).
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A range of Streptococci strains including S. sanguinis were previously used to
induce platelet aggregation in washed platelet suspension (Arman et al., 2014). As an
alternative to antibody stimulation of the FcyRIIa receptors, this study also sought to
use S. sanguinis as a more physiologically relevant method of receptor stimulation.
Arman et al have observed that the absence of 1gGs and fibrinogen from the washed
platelets accounted for the lack of aggregation responses after the addition of bacterial
suspensions to platelets. This was because, FcyRIla activation can be achieved by 1gG-
opsonized pathogens, where 1gG forms a link between the FcyRIla receptors and the
pathogen, clustering the receptors to induce activation (Figure 5.3 A). For this reason,
0.1mg/mL hlgGs and 100pg/mL fibrinogen were included in each cuvette before
experimentation. Also, platelets were not treated with aspirin for the purposes of this
experiment since aspirin treatment prevented bacteria-evoked Ca®* responses (Figure
5.3 B). Over a period of 25 minutes after addition of bacterial suspensions, a steady
increase in [Ca?*)i levels compared to vehicle control was observed, and the maximal
Ca?* levels reached at the end of the experiment did not change when P2X1 channels
were desensitized using a,f-meATP (341.5£36.5nM and 344.4+27.2nM, respectively)
(Figure 5.3 C, D). Interestingly, within the first 3 minutes after the addition of bacteria,
a small Ca®* peak was observed, which was fully inhibited by P2X1 channel
desensitization (Figure 5.3 C, E), reducing the overall [Ca®']i by 44% (P<0.01, n=3),
from 69.2+3.2nM to 39.7+4.3nM. Thus, Ca®" entry through P2X1 channels can be
stimulated by cross-linking the FcyRIla receptors using bacteria in addition to using

antibodies.

111



>
vy

30s 500 Control 30s
5001 Control — \
4004 \ 4004
s =
% 300- T 300
2 =
> ~y 200
w5 2001 \ § \
1004 + NF449 100+
no apyrase
0- 0
30ug/mL 30pglle
IgG F(ab'), IgG F(ab'),
30s 30 s
0 500+ Control —
Control
400 \ 400
: E EGTA
£ 3004 'S 300-
£ al
“o 2004 & 200l
2 o
100 \ 100,
" T xtracellular Ca2"* 0-
no extracellular La
30pg/le u 300 o
196 T l9G F(ab'),
E 30s F
500 -
Control E
400 =
-]
g o
= 3004 =
&m 200+
& ‘ 0.32 U/mL Apyrase + + - + + + o+
1007 JMMCaCl, + + + - - -
" obmeATP 1M NF449 - + - - )
0'3opg/m|_ 1mM EGTA - - - r o+ -
' 1WMTG - - - + -
'aG F(ab), B00NM o, B-meATP . - - i .

Figure 5.1 Cross-linked mAb 1V.3-evoked FcyRIla receptor activation induces Ca®*
entry through P2X1 channels. Representative (A-E) and average (F) Ca?* responses to
FeyRlIla receptor activation via cross-linking of the receptor-bound mAb 1V.3 (1ug/mL),
which was added 2 min prior to the cross-linker IgG F(ab’), antibody. The effects of the
presence of NF449 (1uM), exclusion of extracellular apyrase and of Ca?*, depletion of
stores by TG and chelation of residual extracellular Ca?* by EGTA, and addition of a,f-
meATP (600nM) 90 sec prior to IgG F(ab’), were studied. Average peak [Ca?*];
responses have been worked out as the difference in [Ca?*]i before and afier IgG F(ab’),
addition (A[Ca®']i). Data represent mean = SEM (n=3) *P<0.05; **P<0.01;

***P<0.001; ****P<0.0001. o
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Figure 5.2 Ca?* entry through
P2X1 channels can be fully
inhibited by the selective
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desensitization. Representative
control traces (n=3) obtained
from ratiometric Ca*
measurements demonstrating
that (A) pre-incubation with 1uM
NF449 for 1 minute, (B) pre-
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vehicle-treated platelet samples.
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Figure 5.3 FcyRIla receptor activation induced by S. sanguinis results in an early
P2X1-dependent Ca?* event. (4) Cartoon illustration of FcyRIla activation by 1gG-
opsonized pathogens (Streptococci), where IgG forms a link between the FcyRIla
receptors and the pathogen, clustering the receptors to induce activation. (B)

Representative Ca?*traces showing lack of Ca®* responses when S. sanguinis was
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(...) added to Fura-2-loaded aspirin-treated platelet suspensions with and without
(control) 600nM a,f-meATP pre-treatment (90 seconds), as opposed to the restored Ca*
response when platelets were not treated with aspirin (C). No response was obtained
when vehicle (PBS) was added instead of bacteria. o,8-meATP pre-treatment diminished
the early small Ca?* peak that occurred after bacterial stimulation (shown in dashed
box). (D, E) Average peak A[Ca®*]i responses obtained within 25 min and 3 min after
bacterial stimulation of non-aspirin-treated platelets, respectively, with and without a,f5-
meATP pre-treatment. All platelet suspensions were added 0.1mg/mL hlgGs and
100ug/mL fibrinogen prior to the experiments. Data represent mean £ SEM (n=3).
**P<(0.01; ns: no statistical significance.

5.2.2 P2X1 channel desensitisation inhibits Ca?* entry induced by a range of
concentrations of the cross-linker IgG F(ab’), antibody

Using collagen to achieve GPVI-induced [Ca®']i elevations, it has been
demonstrated that maximal effect of P2X1 channel desensitisation using 600nM o,,3-
meATP was observed at relatively lower collagen concentrations, which was supported
by functional studies (Fung et al., 2005; Hechler et al., 2003; Oury et al., 2001). It was
reported that after P2X1 desensitisation, peak [Ca?*]i were reduced by ~45%, 66%, 75%
and 92% at 2, 1, 0.5 and 0.25ug/mL collagen, respectively (Fung et al., 2005). In order
to deduce whether a similar inhibition pattern exists when activating the FcyRIla
receptors, the effect of P2X1 desensitisation by pre-exposure to o,f-meATP on Ca?*
entry evoked by the different IgG F(ab’)2 concentrations (3.75-30ug/mL) was tested. In
the presence of extracellular Ca?*, concentration-dependent increases in [Ca?*]i in
platelet suspensions pre-incubated with mAb 1V.3 were observed (Figure 5.4 A, B, C,
D, E). After P2X1 desensitisation, peak [Ca?']i were reduced by 29.3+3.2% (from
435.4+62.8nM to 310.5+53.6nM; P<0.001, n=4), 32.6+4.7% (324.0£38.6nM to
217.2+28.4nM; P<0.001, n=4), 38.1+11.8% (249.9+56.8nM to 141.2+24.7nM;
P<0.001, n=4) and 35.5+14.7% (121.7+30.7nM to 65.4+4.7nM; P<0.05, n=4), at 30 ,
15, 7.5 and 3.75pg/mL IgG F(ab’)2, respectively. The contribution of P2X1 to FcyRlla
was found to vary less (in comparison to what was found using collagen in the previous
study), although it does increase as a percentage as the antibody concentration is

reduced. However, at the lower concentrations, there was a marked inter-donor
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variability (Figure 5.4 F), and at the lowest concentration (3.75ug/mL), the effect of
P2X1 inhibition was less significant. For these reasons, a concentration of 15ug/mL was

used in the subsequent experiments.
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Figure 5.4 P2X1 receptor desensitization inhibits Ca?* entry through P2X1 channels
induced by a range of cross-linker IgG F(ab’), antibody concentrations.
Representative Ca®* responses (A-E) and individual A[Ca®']i values (F) measured in
Fura-2-loaded platelet suspensions. (A) Ca?* responses obtained when a range of 1gG
F(ab’)2 concentrations were added to platelet suspensions which contained mAb 1V.3
(lug/mL). (B-E) The effect of pre-treatment of platelet suspensions with 600nM a,f5-
meATP for 90 seconds on Ca?* entry, following the addition of different IgG F(ab’)2
concentrations. (F) Comparison of peak [Ca?*]i increases following cross linking of
mAb 1V.3 with IgG F(ab’)2 concentrations with and without 600nM o,-meATP pre-
treatment. Note the inter-donor variability at 7.5ug/mL F(ab’)2. *P<0.05; ***P<0.001.
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5.2.3 FcyRIIa-mediated Ca?* responses are partially resistant to apyrase and NO, but
are abolished by PGI;

Platelets in vivo are constantly exposed to inhibitory molecules which regulate
platelet function such as prostacyclin (PGIl.), the gasotransmitter NO, and the
ectonucleotidase CD39 expressed on the endothelial cells. Elevating the levels of
apyrase (from 0.32 to 3.2U/mL), which has been suggested to exhibit similar features to
human CD39 (Handa & Guidotti, 1996), did not cause a reduction in the Ca®* response
evoked by FcyRlIla receptor cross-linking achieved by 15ug/mL IgG F(ab’)2. In this
series of experiments, P2X1 receptor desensitization achieved by pre-exposure to a,f3-
meATP in the presence of 3.2U/mL apyrase caused a 49% reduction in the Ca?
response, from 345.3+35.3nM to 175.2£12.4nM (P<0.001, n=3) (Figure 5.5 A and
Figure 5.6).

Pre-incubation of the platelet suspensions with the NO donor spermine
NONOate (100uM) for 10 minutes caused a 69% reduction in the FcyRIla receptor-
induced Ca?* responses, from 345.3+35.3nM to 106.5+30.5nM (P<0.0001, n=3) (Figure
5.5 B and Figure 5.6). The trend observed in data from individual donors suggest that a
significant proportion of the remaining NO-resistant Ca?* responses were due to P2X1
receptors, indicated by a further reduction when the P2X1 channels were desensitized
using o,B-meATP (to 60.0£12.4nM), although this reduction was not statistically
significant (Figure 5.5 B and Figure 5.6).

500nM PGl, was sufficient to substantially inhibit the Ca?* response induced by
the 0.03 U/mL thrombin, as opposed to much higher PGI, concentrations previously
used (Fung et al., 2012) (Figure 5.5 C). In a series of optimisation experiments, PGl
concentrations within the range of 200-500nM fully inhibited thrombin-induced
responses, provided that stock solutions were prepared fresh and used immediately
(Figure 5.8). In contrast to previous reports which demonstrate that Ca®* responses to
collagen and TLR2/1 activation are resistant to 60uM PGI> (Fung et al., 2012), FcyRlIla-
induced Ca?" responses were reduced by 93% (P<0.0001, n=3) after a 90 second pre-
incubation with 500nM PGl;, from 345.3+£35.3nM to 23.0+2.0nM (Figure 5.5 D and
Figure 5.6). In order to test the possibility that this substantial inhibition could be due to
the inhibitory effect of PGIl2 on ATP secretion, FcyRIla-induced ATP release was
monitored in the presence and absence of PGl.. It was observed that PGl> completely
inhibits dense granule secretion, as indicated by the loss of ATP release (Figure 5.7).
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Figure 5.5 P2X1-mediated Ca?* responses to FcyRIla receptor activation are

resistant to NO and elevated apyrase levels, but are abolished by PGI.. Representative

[Ca?*]i responses (A, B, D) induced by FcyRIla receptor activation by cross-linking of
mAb 1V.3, in the presence of elevated apyrase levels (3.2U/mL), spermine NONOate
pre-treatment for 10 minutes (sNO; 100uM), and prostacyclin pre-treatment for 90
seconds (PGlz; 500nM). (C) 500nM PGl treatment completely abolished Ca?* entry
induced by thrombin. Control traces are representative of the vehicle-treated platelet
samples in each panel (saline, 0.01M NaOH, ddH.O and ddH-O, respectively). In A

and B, P2X1 receptor desensitization was achieved by pre-treatment with 600nM a,f5-

meATP for 90 seconds.
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Figure 5.6 Average A[Ca?*]i responses to FcyRIla receptor activation by cross-linking
mADb 1V.3, in the presence of endothelium-derived inhibitors. The presence of elevated
apyrase levels (3.2U/mL), spermine NONOate pre-treatment for 10 minutes (sSNO;
100uM), and prostacyclin pre-treatment for 90 seconds (PGlz; 500nM) led to
significant reductions in FcyRIla-induced [Ca?*]iincreases, which were further reduced
by P2X1 desensitisation, except in the presence of PGI, which abolished the Ca?*

responses. Data represent mean = SEM (n=3). ns: no statistical significance;
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Figure 5.7 PGy inhibits ATP secretion induced by FcyRIla receptor activation.
Representative ATP secretion traces (A) and average maximum ATP secretion (B), in
the presence and absence of PGI, pre-treatment for 90 seconds (500nM). Control

indicates vehicle (ddH20) addition instead of PGI,. *P<0.05. Data represent mean +

SEM (n=3).
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Figure 5.8 Optimisation of PGl concentration and preparation conditions. (A)
Representative [Ca?*]i traces indicate that PGI. concentrations within the range of
200-500nM fully inhibit Ca?* responses following the addition of 0.03U/mL thrombin
(ECso). (B) Pre-incubation of platelet samples with 200nM PGl from a stock solution
prepared 1 hour before the experiment fully inhibited the Ca?* responses, however,
effectiveness of the PGI» stock decreased after 2 hours of preparation. Following this,
pre-incubation of platelets with a freshly prepared stock solution resulted in full

inhibition of the Ca?* response to 0.03U/mL thrombin.
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5.2.4 Antibody or bacteria-induced FcyRIla activation causes ATP secretion, and
platelet aggregation responses which are partially inhibited by P2X1 desensitisation

Data described in Section 5.2.1 indicates that P2X1 channels mediate Ca?* entry
when the platelet FcyRIla receptors are activated by cross-linking using either 1gG
F(ab’)2 and mAb IV.3, or IgG opsonized bacteria. In order to assess whether FcyRIla-
induced Ca?* entry through P2X1 contributes to platelet function, platelet aggregometry
was performed using the antibody and bacterial stimulation approaches both in the
presence and absence of P2X1 activity. Platelet aggregation was significantly inhibited
by a,p-meATP (600nM) pre-treatment using the antibody or bacteria approach to induce
aggregation [by 55% from 73.8+£4.2% to 33.5£13.2% (P<0.05, n=5), and by 35% from
35.7£1.9% to 23.2+4.4% (P<0.05, n=5), respectively] (Figure 59 A, B, E).
Simultaneous ATP luminescence measurements demonstrate that ATP release through
dense granule secretion takes place upon FcyRIla receptor activation, independent of
P2X1 channel activity (Figure 5.9 C, D, F). There was no significant difference in the
ATP levels released from control samples and samples pre-treated with a,f-meATP.
ATP release in the control and a,B-meATP pre-treated platelets was 2108.6+324.2nM
and 1660.7+732.1nM (respectively) following antibody-induced FcyRlIla activation; and
65.8+31.5nM and 18.6+£9.6nM (respectively) following bacteria-induced FcyRlIla
activation (Figure 5.9 E, F).
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Figure 5.9 P2X1 channels contribute to FcyRIla-induced platelet aggregation
achieved by S. sanguinis or cross-linking of mAb IV.3 with IgG F(ab’); in washed
platelets, accompanied by P2X1-independent dense granule secretion.
Representative aggregation traces (A, B), extracellular ATP measurements (C, D),
and average peak responses (E, F) obtained following FcyRIla receptor activation,
with and without 600nM o, f-meATP pre-treatment for 90 seconds. Platelet
suspensions were added 0.1mg/mL hlgGs prior to stimulation when bacteria were
used to activate FcyRIla receptors. All samples contained 700ug/mL fibrinogen. Data

represent mean = SEM (n=5). *P<0.05; ns: no statistical significance.
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5.2.5 FcyRlla receptor stimulation by antibody cross-linking induces P2X1-independent

tyrosine phosphorylation events

Data shown in Section 5.2.4 indicates that inhibition of P2X1 channel activity
significantly reduces platelet aggregation, while at the same time ATP release stays
relatively unaffected. However, the mechanism by which Ca?" entry through P2X1
contributes to functional responses remains unknown. Therefore, this section sought to
investigate whether Ca2* entry through P2X1 channels directly contributes to [Ca?*];
elevations following FcyRIla activation, or an early P2X1-dependent signalling event
underpins the ITAM-dependent FcyRIla signalling cascade. There are examples of
GPCRs as well as tyrosine kinase-coupled receptors which were shown to be Ca®'-
dependent or modulated by changes in [Ca®']i (Jones et al., 2014b; Vial et al., 2002;
Brinson et al., 1998; Huckle et al., 1992). To address this issue, tyrosine
phosphorylation of the downstream elements of the FcyRIla signalling pathway
(PLCy2, Syk and LAT) 60 and 90 seconds after activation was assessed, with and
without P2X1 desensitisation by pre-exposure to 600nM a,3-meATP. Compared to
control platelet samples which have been lysed after vehicle treatment that induced no
signalling events, in the samples where FcyRlIla activation was achieved by cross-
linking of the mAb IV.3 using IgG F(ab’)2, phosphorylation of all targets were detected
by the anti-phosphotyrosine antibodies (Figure 5.10). There was no observable
difference in the phosphorylation levels of these key targets in any of the platelet
samples pre-treated with o,-meATP, regardless of the duration of the time period
allowed after FcyRIla receptor stimulation and before lysis (Figure 5.10). This argues
against the possibility that an early Ca?* entry event through P2X1 channels reinforces
the tyrosine phosphorylation of the key downstream elements following FcyRlIla

activation.
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Figure 5.10 FcyRIla receptor stimulation by cross-linking of mAb 1V.3 induces
phosphorylation events downstream of the FcyRIla signalling pathway regardless of
P2X1 channel desensitization. Tyrosine phosphorylation of PLCy2 (150kDa), Syk (72
kDa) and LAT (28kDa), at 60 seconds and 90 seconds after vehicle (control) or I1gG
F(ab’), addition to cross-link mAB 1V.3 were assessed using phospho-specific
antibodies in platelets pre-treated with and without 600nM a,-meATP for 90 seconds.
The pan-phosphotyrosine antibody 4G10 was also used as a control, to assess all

tyrosine phosphorylation events after FcyRlla receptor stimulation.

125



5.2.6 Thrombus formation under normal arterial shear stress over Streptococcus

sanguinis is independent of P2X1 channel activity

The contribution of P2X1 channels to platelet functional responses, such as
thrombus formation, were shown to be modulated by arterial shear stress in vitro on a
collagen surface, and in vivo, highlighting the critical role of P2X1 channels in arterial
thrombosis under shear conditions (Erhardt et al., 2006; Hechler et al., 2003; Oury et
al., 2003). In addition, using fluorescently labelled platelets in whole blood from
transgenic mice lacking FcyRIIa, it has been shown that FcyRIla amplifies thrombus
formation under both arterial and venous shear stress (Zhi et al., 2013). Platelet
aggregate formation under arterial shear stress conditions over Streptococcus oralis-
coated surfaces in a parallel-plate flow chamber was also shown to be feasible (Tilley et
al., 2013). Furthermore, it was demonstrated that the interaction of platelets with
bacteria under flow was dependent on the cross-linking of FcyRIla receptors by 1gG-
opsonised S. oralis (Tilley et al., 2013). Experiments therefore assessed whether P2X1
channels contribute to thrombus formation on immobilised S. sanguinis under arterial
flow conditions.

Under normal arterial flow conditions, stable aggregate formation over
uniformly coated S. sanguinis was observed (Figure 5.11 A, B). 2D and 3D images of
the stable fluorescent thrombi formed indicate that the coverage and size of the
uniformly spread aggregates formed under control conditions were unaffected by pre-
treatment with 1uM NF449 (Figure 5.11 B). Quantification of thrombus height,
thrombus volume and percentage surface coverage under control and P2X1 inhibitory
conditions demonstrated that inhibition of P2X1 channels by NF449 does not alter
thrombus formation on S. sanguinis under normal arterial shear stress (Figure 5.11 C).
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Figure 5.11 Inhibition of P2X1 channels with 1uM NF449 does not alter thrombus
formation on immobilised S. sanguinis under normal arterial shear stress conditions
(1002.6s1). (A) Representative x2.5 zoomed image of the S. sanguinis coating in bright
field shown in B, illustrating uniform bacteria coating before the start of each thrombus

formation experiment. (B) Representative bright field and DiOCe¢ images showing
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(...) S. sanguinis coating before the introduction of whole blood, and the stable thrombi
formed after 5 minutes of perfusion of blood with or without NF449 pre-treatment for 1
minute. 3D reconstructions using Z-stack images of DiOCe-stained thrombi indicate no
observable difference in thrombus formation between control samples and those pre-
treated with NF449. All scale bars represent 20um. (C) Average thrombus height,
thrombus volume and % surface coverage with or without (control) NF449 pre-

treatment. Data represent mean = SEM (n=6). ns: no statistical significance.
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5.3 Discussion

Results presented within this chapter reveal a previously unknown mechanism
whereby P2X1 channels amplify Ca?* signalling and function of FcyRlla receptors in
response to immunogenic stimuli. The unique role of P2X1 channels in TLR2/1, GPVI,
and GPCR-dependent Ca?* signalling has been previously described (Fung et al., 2012;
FUNG et al., 2007; Fung et al., 2005). Using either an antibody against the FcyRlIla
receptors or a previously described bacterial strain, S. sanguinis, to activate the
receptors in the presence and absence of P2X1 channel activity, data in this chapter
describes a new role for P2X1 channels in Ca?* mobilisation which underlies FcyRlla-
induced platelet activation.

In addition to Ca?* release from the endoplasmic reticulum, platelets can derive
Ca?* from the extracellular milieu through a number of ion channels. Of importance, the
human platelet ATP-gated P2X1 channels provide the most efficient route for Ca?*
entry following ATP release from a vascular damage site (Mahaut-Smith, 2012; Wang
et al., 2003), and these channels have been shown to exacerbate thrombosis in vivo
(Erhardt et al., 2006; Hechler et al., 2003; Oury et al., 2003). Furthermore, ADP and
thromboxane A, were demonstrated to contribute to P2X1-dependent [Ca?*]i elevations
(FUNG et al., 2007). Despite their close apposition to the vessel walls under shear stress
in circulation, which provides an enhanced exposure to endothelium-derived inhibitors,
platelets are able to elevate their [Ca?*]i through P2X1-mediated Ca?* entry coupled to
GPVI and TLR2/1 (Fung et al., 2012). The activation of the immune receptor FcyRIla
has been shown to signal in a similar manner to GPVI, through the phosphorylation of
the ITAM portion of the receptor, leading to platelet aggregation and thrombus
formation under arterial shear stress in vitro (Arman et al., 2014; Tilley et al., 2013;
Watson & Gibbins, 1998). Data presented here indicates that P2X1 channels become
activated following the activation of the FcyRIIa receptors, through the release of ATP
upon dense granule secretion.

The inhibition of P2X1 channels was achieved by three different approaches, all
of which clearly demonstrate that P2X1 channels significantly contribute to Ca?* entry
into platelets upon FcyRIla receptor activation. Using NF449 to maximally inhibit, or
excluding the ectonucleotidase (apyrase) from the platelet suspensions or using a low
concentration of a,p-meATP to desensitize the P2X1 channels, similar levels of

inhibition of Ca?* entry in response to FcyRIla receptor activation were achieved.
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Interestingly, the removal of extracellular Ca%*, which resulted in greater inhibition of
Ca2?* influx, demonstrates that other Ca®-permeable channels also play a role in
elevating [Ca®"]i following FcyRIla receptor activation. Furthermore, using TG to
deplete intracellular Ca?* stores in EGTA-containing medium before FcyRIla receptor
activation, an even further reduction in [Ca?"]; elevation was observed, confirming the
contribution of inositol triphosphate (IP3)-dependent Ca?* release from the endoplasmic
reticulum.

Using a range of collagen concentrations to stimulate platelet aggregation,
studies have clearly shown that the most significant inhibitory effect of P2X1
desensitization is observed at lower collagen concentrations, implying involvement of
other Ca?* entry mechanisms (i.e. via signalling, from intracellular stores) which
override P2X1 responses when high agonist concentrations are used (Fung et al., 2005;
Hechler et al., 2003; Oury et al., 2001). Data presented here indicate that no such
significant correlation exists between the cross-linking IgG F(ab’)2 concentration and
the inhibitory effect of P2X1 channel desensitisation. This potentially indicates that
regardless of the strength of the stimulus, P2X1 channels remain as the major route for
Ca?" entry following FcyRIla receptor activation using the cross-linking antibody
approach. Supporting this, when S. sanguinis in presence of hlgGs is used to activate
the FcyRIla receptors, a characteristic [Ca?*]itrace was obtained where a distinguishable
early Ca?* event within the first few minutes of stimulation was followed by a gradual
elevation in [Ca®]i. The early Ca?* event was eliminated by a,B-meATP pre-treatment,
indicating Ca?* entry through P2X1 channels as the source, which was strong enough to
persist the overriding effect of the global Ca?* response.

It is important to note that GPVI and TLR2/1 dependent P2X1-mediated Ca?*
responses display resistance to the inhibitory effects of cyclic nucleotides such as cyclic
AMP, and hence can still mediate Ca?* mobilisation events in the presence of
endothelium-derived negative regulators of platelet function, such as NO and PGl»
(Fung et al., 2012; Mahaut-Smith et al., 2004; Sage et al., 2000; Sage & Rink, 1987).
This is despite the fact that PGI> at a nanomolar range was shown to inhibit dense
granule secretion evoked by the main platelet agonists thrombin and collagen (Rink &
Sanchez, 1984), indicating a crucial role for GPVI and TLR2/1 dependent Ca?* entry
through P2X1 channels under normal physiological conditions. Our observations
demonstrate that NO and elevated apyrase levels-resistant portions of the FcyRlIla-

induced Ca?* responses are mediated by P2X1 channels. However, PGIl. completely
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abolished the Ca?* response, as well as secretion downstream of FcyRlla receptors,
which was also observed with GPCRs such as TxA2Rs and PARs (Fung et al., 2012)
(e.g. thrombin in Figure 5.5 C). This is surprising because FcyRIla receptors are
tyrosine Kkinase-coupled, and other such receptors such as TLR2/1 and GPVI were
shown to evoke PGl-resistant dense granule secretion responses. At present, the reason
for this difference cannot be explained, however, a potential underlying reason could be
that FcyRIIa stimulation possibly evokes different secretion mechanisms. Evidence
shows that different modes of exocytosis exist in platelets, such as single and
multigranular fusion events, which differentially take place during activation depending
on factors such as the agonist, the extent of stimulation, and the time point after
stimulation (Eckly et al., 2016; Jonnalagadda et al., 2012).

Previous studies by Arman and colleagues have demonstrated concentration-
dependent “all-or-nothing” aggregation responses to gram-positive bacteria, with a
distinctive lag phase (Watson et al., 2016; Arman et al., 2014). Similar aggregation
profiles were obtained when S. sanguinis was used to induce aggregation, which were
significantly reduced by desensitization of P2X1 channels, highlighting the important
contribution of ATP-gated P2X1 channels to platelet function. Interestingly, even in the
presence of ectonucleotidase activity in these assays, simultaneous elevations in
extracellular ATP levels following dense granule secretion were observed, in line with
previous reports (FUNG et al., 2007). Although the ATP levels released upon bacterial
stimulation was much lower compared to those attained by antibody stimulation, P2X1
channel activation and hence their contribution to aggregation responses were
significant in both scenarios, possibly due to the fast activation kinetics of the P2X1
channel (Mahaut-Smith et al., 2004; MacKenzie et al., 1996). The levels of either
bacteria or antibody-induced ATP release with and without P2X1 channel
desensitization were not significantly different from each other, however, data from
individual donors indicated potential donor-dependent variation in these two secretion
responses. Also given the evidence for Ca®*-dependent tyrosine kinase activity in
previous studies (Brinson et al., 1998; Huckle et al., 1992), the possibility that an early
P2X1 activity underpins the phosphorylation of the main signalling molecules
downstream of the FcyRlIla receptors and hence vary the level of ATP secretion, was
considered. The phosphorylation of the downstream signalling elements following
FcyRIla receptor stimulation were successfully visualised, however, the

phosphorylation levels remained unaltered after P2X1 channel desensitization. This
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indicates that P2X1 channels contribute to FcyRIla-induced responses via a direct Ca?*
influx, amplifying the activity of the subsequent Ca®*-dependent downstream effectors,
rather than via a feedforward effect on early tyrosine phosphorylation events.

Although the results presented indicate that immobilised S. sanguinis is able to
support thrombus formation under normal arterial levels of shear stress, P2X1 channels
are not involved in this process, under the experimental conditions described. This
observation is in line with previous reports which showed that, in vitro, P2X1 does not
play a significant role in thrombus formation on collagen at normal levels of shear stress
in large arteries (~800s™). Future studies would benefit from the use of much higher
shear levels (equivalent to what is observed in the smaller arterioles (~6000s™)) where
the contribution of P2X1 to thrombus formation was found to be highly significant
(Hechler et al., 2003). It is also important to remember that aggregate formation over
bacteria will not be solely mediated by FcyRIla-lgG-opsonised bacteria interactions,
and thus P2X1 would likely contribute to thrombus formation mediated by other
immune receptors, such as TLR2/1 (Fung et al., 2012; Garraud & Cognasse, 2010).

In conclusion, this section provides evidence that human platelet FcyRIla
receptor activation triggers Ca?* entry through ATP-gated P2X1 channels in addition to
other Ca?" entry routes. The data therefore suggest that P2X1-dependent Ca2* entry is a
significant underlying event that could potentially contribute to platelet activation in

inflammatory situations such as IE.
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Chapter 6
General discussion and future work

6.1 Recapitulation of main findings

This thesis identifies, for the first time, two distinct pathways of Ca?* entry into
human platelets which can contribute to Ca?* influx during stimulation by arterial shear
stress and FcyRlIla receptor activation. Firstly, data from Chapters 3 and 4 provide
evidence that human platelets express MS Piezol Ca?*-permeable channels, which
operate in response to different levels of arterial shear stress, and in vitro findings
suggest that these channels contribute to thrombus formation. In addition, the outcomes
of the experiments carried out using cells from the Meg-01 cell line indicate the
possibility that such MS channels may also contribute to megakaryocyte development
and function within the bone marrow. Previous studies which investigated the link
between arterial levels of shear stress and platelet [Ca?*]i suggested that possible “shear
stress-regulated Ca?* channels” of unknown identity may alter [Ca®']i and could
exacerbate the pathogenesis of arterial disease (Chow et al., 1992; Levenson et al.,
1990). Data presented in Chapters 3 and 4 suggest that Piezol could account for the
shear-dependent physiological events reported by these earlier studies. Furthermore,
these chapters describe the development of new technical approaches which permit the
study of changes in [Ca?']i in Meg-01 cells under flow, and more importantly in singly
attached resting human platelets under shear stress. Secondly, Chapter 5 reveals that
Ca2*-permeable P2X1 channels amplify Ca?* signalling and the concomitant functional
responses in human platelets during FcyRIlIa receptor stimulation. FcyRIIa receptors are
activated by natural stimuli such as bacteria (Arman et al., 2014), suggesting that P2X1-
mediated Ca?* influx contributes to platelet activation in inflammatory diseases such as
IE.

The most important outcomes of the experiments presented in Chapter 3 not
only provide insights into the MS Ca?* events in megakaryocytes and platelets, but also
establish the foundations of the study of MS cation channels in human platelets
(presented in Chapter 4) from a technical point of view. Primarily, Chapter 3
demonstrated that human platelets and the Meg-01 cell line express the MS cation
channel Piezol at the protein level, confirming the findings of the previous

transcriptomic and proteomic studies (Wright et al., 2016; Burkhart et al., 2012;
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Boyanova et al., 2012). Furthermore, it was observed that Fluo-3-loaded Meg-01 cells
display shear-dependent elevations in [Ca?*]i which can be diminished by the MS cation
channel inhibitor GSMTx-4 in the presence of extracellular Ca?*, or simply by the
removal of extracellular Ca®* (Figures 3.7, 3.8 and 3.9). Under similar experimental
conditions, the inhibitory effect of GsMTx-4 treatment on MS Ca?* entry was
previously reported in cells which express functional Piezol channels (Li et al., 2014;
Miyamoto et al., 2014; Coste et al., 2012; Bae et al., 2011; Coste et al., 2010). This
demonstrated that shear stress-operated Ca?*-permeable channels on the Meg-01 plasma
membrane mediate Ca®* entry into the cytosol. In addition to its established inhibitory
effect on Piezol channels, GsMTx-4 was reported to inhibit other MS cation channels
(Gnanasambandam et al., 2015; Coste et al., 2012; Bae et al., 2011; Coste et al., 2010).
The use of the selective Piezol agonist, Yodal, which induced prominent Ca?*
responses in Meg-01 cell suspensions in ratiometric measurements, indicated presence
of Piezol channels which could account for the MS Ca?" responses observed in these
cells (Syeda et al., 2015; Cahalan et al., 2015) (Figure 3.14). Moreover, Chapter 3
identified and optimised the most suitable assay which incorporates mechanical
stimulation with [Ca?*]; recordings in Meg-01 cells. Amongst the most commonly used
mechanical stimulation methods for cell-based assays that have been performed (Figure
3.1) (Delmas et al., 2011), application of fluid shear stress over cells attached to poly-
D-lysine was preferred due to the relevance of this type of mechanical force to platelet
function in the circulation and thrombus formation.

Using a modified version of the shear stress assay developed in Chapter 3,
Chapter 4 provided evidence for MS Piezol ion channel activity in human platelets,
which operate under normal and pathological arterial levels of shear stress and
contribute to the elevation of [Ca?']; directly in a shear-dependent manner. Application
of fluid shear stress resulted in repetitive Ca?* transients in singly-attached Fluo-3
loaded platelets, occurrence of which increased more significantly under shear levels
equivalent to pathological arterial levels (Figures 4.1 and 4.4 A). Nevertheless, shear-
dependent Ca?* spiking was diminished by GsMTx-4 or removal of extracellular Ca* at
either level of shear, demonstrating that plasma membrane MS cation channels mediate
Ca?* entry under shear. An increase in Ca?* spiking achieved by the inclusion of Yodal
in the extracellular saline provided evidence that Piezol is possibly the ion channel
responsible for the effects observed. The in vitro thrombus formation and aggregation

assays revealed that Piezol channels likely contribute to platelet functional responses,
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highlighting their potential contribution to the development of cardiovascular disease.
Given the fact that GSMTx-4 is a non-selective inhibitor of MS cation channels and the
evidence for the involvement of P2Y receptors in mechanosensation in various cell
types (Linan-Rico et al., 2013; Inoue et al., 2009; Song et al., 2009; Fernandes et al.,
2008; Leon et al., 1999), further experiments were performed to take into account
possible contribution of Ca?* entry through other mechanisms. Slight stimulation of P2Y
receptors with ADP did not change shear-induced Ca?* responses in single platelets, and
shear-induced Ca?* responses were demonstrated to be independent of other Ca?* entry
pathways, such as P2X1 (Figures 4.8, 4.9 and 4.12).

Chapter 5 reveals that platelet P2X1 ion channels amplify the [Ca2*]i response
following the stimulation of the immune receptor FcyRIla. FcyRIla stimulation was
achieved by cross-linking an antibody against the receptor (mAb 1V.3), or by the more
natural method of using 1gG-opsonised bacteria, as previously published (Arman et al.,
2014). Inhibition or desensitisation of P2X1 channels in ratiometric Ca®* measurements
revealed that Ca?" entry through P2X1 channels significantly amplify the FcyRIla
responses (Figure 5.1). Importantly, aggregation induced by FcyRIla receptor
stimulation was significantly reduced following P2X1 channel desensitisation, which
highlights the importance of the FcyRIla-P2X1 co-operation in platelet functional
responses (Figure 5.9). Given the resistance of these P2X1-dependent Ca?* responses to
some endothelium-derived inhibitors, this route for amplifying platelet immune
responses could be an important contributor to disease development in vivo. The studies
of FcyRIla-induced ATP release and ITAM-dependent phosphorylation events point
towards an underlying mechanism whereby P2X1 channels contribute via direct Ca?*
influx and subsequent amplification of Ca?*-dependent downstream effectors, rather

than via a feedforward effect on early tyrosine phosphorylation events.
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6.2 Physiological and clinical implications
6.2.1 Potential roles for Piezol in haemostasis and thrombosis

Since their identification in 2010 by the Patapoutian group (Coste et al., 2010),
the MS Piezo ion channels have received considerable attention and been shown to
contribute to functional responses across a range of cell types (Wang et al., 2016;
Allison, 2016; Cahalan et al., 2015; Lukacs et al., 2015; Li et al., 2015; Cinar et al.,
2015; Ranade et al., 2014a; Li et al., 2014; Miyamoto et al., 2014; Peyronnet et al.,
2013). Furthermore, disease conditions have been reported that result from both gain of
function and loss of function mutations of these cation-permeable channels (Lukacs et
al., 2015; Albuisson et al., 2013; Zarychanski et al., 2012). Of relevance to the present
work, Piezol channels play crucial mechanotransduction roles in the cardiovascular
system, particularly in red blood cells and endothelial cells where they regulate cell
volume homeostasis (Cahalan et al., 2015) and vascular development (Ranade et al.,
2014a), respectively. In the circulation, the mechanical forces of shear have a well-
established influence on platelet activation (Kroll et al., 1996) . For example, the ability
of VWF to engage its receptors on the platelet surface is enhanced by increased shear
(Siedlecki et al., 1996). In addition, platelet membrane morphological events respond to
physical influences in a PI3 kinase-dependent manner (Mountford et al., 2015).
However, mechanisms for more direct mechanical activation of platelet signalling
events have not been previously identified (Kroll et al., 1996). The findings presented in
Chapters 3 and 4 indicate that platelet Piezol channels could mediate direct entry of
Ca?* into the cytosol from the extracellular milieu, under shear stress.

There are a number of ways via which Piezol channels could contribute to
platelet function. Under normal physiological conditions in vivo, platelets constantly
circulate throughout the cardiovascular system and hence are exposed to varying levels
of fluid shear stress, depending on the type and the location of the vessels they pass
through (White & Frangos, 2007; Shih-Hsin & Mcintire, 1998; Kroll et al., 1996; Ku et
al., 1985). It is important to note that the experimental conditions under which shear-
dependent Ca?* transients were observed in singly attached platelets may not necessarily
represent MS responses in vivo where platelets are not normally fixed to a surface. A
role for Piezol in the activation of platelets as they circulate under normal conditions
would not be a beneficial one anyway. It is, however, conceivable that platelets in
resting state travelling through arteries may exhibit shear-operated opening of the
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Piezol channels which would allow repetitive transient Ca?* entry events as they travel.
These Ca?* influx events, which permit the entry of relatively small quantities of Ca?*
into the cytosol, could serve the purpose of priming platelets to fulfil their haemostatic
function whenever necessary. Such a function for Piezol in platelets would be
particularly interesting at the regions of arterial stenosis where elevated levels of arterial
shear could lead to more significant Ca?* spiking in individual platelets (Figure 4.4 A)
(Bark & Ku, 2010; Shih-Hsin & Mcintire, 1998; Kroll et al., 1996). This may increase
the chances of spontaneous platelet activation in susceptible patients. Alternatively,
Piezol activity under shear could be another Ca?* entry pathway contributing to the
global [Ca?*]i elevations in adherent, activating platelets. Ca?* entry via Piezol channels
may serve to enhance platelet responses in a growing thrombus at the distal end of an
atherosclerotic plague where pathological levels of shear stress are commonly
experienced due to severe stenosis (Figure 1.4 B) (Wolberg et al., 2012; Bark & Ku,
2010). It is also plausible to suggest that Ca®* entry through platelet Piezol channels
could account for the previously observed shear-dependent transmembrane Ca?* fluxes,
and/or could make a contribution to shear-induced platelet activation and aggregation
responses (Holme et al., 1997; Chow et al., 1992; Levenson et al., 1990; O'Brien,
1990). These candidate roles for Piezol in human platelets also demonstrate its potential
role in increasing the risk of life-threatening thrombus formation. This could mean that
local elevations in arterial shear stress levels, especially in individuals prone to
thrombotic disorders, may render platelets pro-thrombotic. Nevertheless, further
research is required to investigate the suitability of Piezol as a potential therapeutic
target.

It is useful to emphasise the heterogeneity of the shear-induced Ca?* responses
in singly attached platelets, i.e. not all platelets responded to shear stress. There could
be several explanations for this observation. The most likely reason could be that not all
platelets in the circulation express Piezol, resulting from the uneven distribution of
plasma membrane proteins during fragmentation from megakaryocytes in the process of
thrombopoiesis. This idea is supported by the findings of the Western blot experiments
that platelets express much lower levels of Piezol protein than Meg-01 cells, and also a
much bigger proportion of Meg-01 cells displayed shear stress-induced Ca?* responses.
Given these observations, it is also worth pointing out that Piezol channels display
relatively higher permeability to Ca?* compared to other ions (Coste et al., 2010), and

also very little Ca?* permeability is required for a significant [Ca®']i elevation in a cell
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the size of the platelet due to its high surface area:volume ratio (Tolhurst et al., 2008).
Therefore, low Piezol expression in platelets compared to cells such as Meg-01 or
erythrocytes could still achieve effective [Ca?*]i elevations.

As discussed in Section 3.3, the findings of this thesis also raise the possibility
that Piezol may contribute to megakaryocyte function, although further experimental
evidence is needed to address this possibility. Previous studies have indicated important
roles for mechanical forces in megakaryocyte gene expression and in the interactions
between megakaryocytes and osteoblasts in the regulation of bone mass (Soves et al.,
2014). Also considering the significance of shear forces during thrombopoiesis, Piezol
certainly represents a possible candidate for the mechanosensors in these previous
studies (Thon et al., 2012; Junt et al., 2007).

6.2.2 Novel role for P2X1 in platelet immune responses

Since the last decade, platelet P2X1 channels have also been gathering
increasing attention due to the growing evidence for their unique roles in amplifying
activation and aggregation responses to a broad range of agonists such as ADP, collagen
and thrombin (Jones et al., 2014b; Oury et al., 2014; Fung et al., 2012; FUNG et al.,
2007; Fung et al., 2005). Furthermore, because of their critical involvement in thrombus
formation under arterial shear stress and the persistence of thrombin-induced channel
activity to aspirin, P2X1 channels are considered to be excellent candidates of future
therapeutic targets (Grenegard et al., 2008; Hechler et al., 2003). More recent studies
revealed roles for P2X1 channels in platelet immune responses mediated by TLR2/1
activation (Klarstrom Engstrom et al., 2014; Fung et al., 2012). As a new role for P2X1
channels in immunity, Chapter 5 demonstrated the significant contribution of P2X1
channels to FcyRIIa-induced platelet functional responses, through amplification of the
[Ca?*]i following receptor activation. This chapter also investigated the likely molecular
mechanisms underlying the observations made, and the potential role of shear stress on
FcyRIla-driven thrombus formation.

The findings of this study support the theory that P2X1 channels contribute to
FcyRIIa-induced platelet function on the basis of the idea that tyrosine kinase-coupled
FcyRlIla receptors, and GPVI and TLR2/1 receptors share the same ITAM-dependent
signalling pathway (Fung et al., 2005; Oury et al., 2001; Watson & Gibbins, 1998). As
observed with TLR2/1, P2X1 was found to significantly amplify FcyRIla-induced
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platelet Ca?* responses. Despite this, certain differences exist between GPVI- or
TLR2/1-, and FcyRIla-induced P2X1 activity under the experimental conditions
employed. For instance, PGl, completely abolished the FeyRIla-induced Ca?* response
and secretion, whereas GPVI and TLR2/1 were shown to evoke PGl-resistant dense
granule secretion responses. A potential reason for this difference could be that FcyRIla
stimulation possibly evokes different secretion mechanisms that are known to be
dependent on factors such as the agonist used, the extent of stimulation, and the time
point after stimulation (Eckly et al., 2016; Jonnalagadda et al., 2012).

By revealing the contribution of P2X1 channels to FcyRIla-mediated platelet
activation, this study also helps better understand the contribution of FcyRIla receptors
to platelet function, and thus disease development, from a physiological perspective.
Importantly, this work demonstrated that P2X1 channels contribute to FcyRIla-
mediated platelet responses via direct Ca?* influx and subsequent amplification of Ca?*-
dependent downstream effectors. Although the inhibition of platelet P2X1 channels in
whole blood did not significantly influence thrombus formation over S. sanguinis under
normal arterial shear stress conditions, further research should investigate the effect of
pathological levels of shear (see Section 6.3). With the aid of further study, this work
could provide another way in which P2X1 channels could pose as potential therapeutic
targets in reducing the risk of circulating thrombi caused by bacteria-induced platelet

activation, or localised thrombi in conditions such as IE.

6.3 Limitations and future directions

Data presented in Chapters 3 and 4 provide evidence for MS cation channel
expression and activity in the Meg-01 cell line and human platelets, and indicate that the
likely identity of the channels is Piezol. The assays performed to reach this conclusion
relied heavily on the use of pharmacological tools, such as GsMTx-4 and Yodal.
Although many studies mostly relied on the use of GsMTx-4 to investigate Piezol
function (Li et al., 2014; Coste et al., 2012; Bae et al., 2011), it is a generic inhibitor of
MS cation channels and may also target other channels or receptors of yet unknown
function. Similarly, the recently identified Piezol agonist, Yodal, is a synthetic
molecule which has not yet been widely used despite its clearly demonstrated
specificity for Piezol over related channels such as Piezo2 (Syeda et al., 2015; Lukacs
et al., 2015). Global KO of Piezol in mice reportedly led to embryonic lethality,
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however conditional KO of this gene in embryonic stem cells has been achieved
(Ranade et al., 2014a; Li et al., 2014). Also, in a study of the role of Piezol in
erythrocyte volume regulation, morpholino-mediated KO of this gene was successfully
achieved in zebrafish embryos, which retained similar quantities of blood cells
(including thrombocytes) compared to wild-type embryos (Faucherre et al., 2014).
However, thrombocyte physiology or function in these Piezol KO zebrafish models
have not been studied. Therefore, future work using an animal model lacking Piezol
specifically in platelets and megakaryocytes could provide further evidence for the
conclusions drawn here and extend them to in vivo studies. It should be remembered
that mouse platelets, which are smaller in size and are normally exposed to the
relatively higher levels of normal arterial shear in rodent circulation, may not
necessarily behave in an identical manner to human platelets. As a first step, it may be
feasible to try to suppress Piezol expression in the Meg-01 cell line, which can then be
used to repeat the shear stress assays described in Chapter 3 to demonstrate loss of
responses. Several studies have successfully performed targeted gene knockdown by
transfecting Meg-01 cells with siRNA or shRNA (Edelstein et al., 2013; Lopez et al.,
2013; Khandoga et al., 2011; Withey et al., 2005).

It is very important to acknowledge that the novel shear stress assays developed
to study MS channel function in Meg-01 cells and platelets would not precisely recreate
the biophysical conditions that the cells are exposed to in vivo. These assays primarily
provide a model for platelet activation under shear, following attachment to vessel wall
components such as collagen. In the normal intact circulation, platelets constantly travel
within the blood vessels, and the influence of shear stress on Piezol channels under
such conditions may be different to the experimental situation in this study in which
platelets are attached via PECAML1 to a glass coverslip. Nevertheless, given the limited
availability of techniques which would allow the study of platelet [Ca?*]i changes under
fluid shear stress per se, this study describes the best possible approach to date.

Interesting questions still remain about Piezol channel function in platelets and
Meg-01 cells, which should also be addressed by further research. It is worth noting that
in addition to fluid shear stress, other types of mechanical stimuli such as shape change
during platelet activation could also operate Piezol channels through bilayer tension.
Additionally, the effect of Piezol channel inhibitors/agonists on platelet functional
responses should be studied in greater detail, preferably with the help of in vivo assays

such as measuring radiolabelled platelet thromboembolisms before and after
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intravenous injection of the pharmacological tools (Tymvios et al., 2008). In answering
the following questions, future studies will help further confirm the identity of the MS
Ca?* channels responsible for the effects observed in this thesis, and discover additional
aspects of the contribution by these channels to platelet or megakaryocyte function:
What is the cause of the switch from Piezo2 to Piezol expression during
thrombopoiesis? Is Piezol protein in platelets inherited from the megakaryocyte or is it
synthesised de novo? How would MS Ca?* responses vary under pulsatile or disturbed
flow, or at vessel bifurcations? What is the relevance of stimuli other than collagen in
thrombus formation under flow? Do platelet GPCRs other than P2Y receptors modulate
mechanosensitivity?

Co==o9

Throughout Chapter 5, the use of specific antibodies (IV.3 + F(ab’)) to
stimulate FcyRIIa receptors in a wide variety of assays as described previously (Arman
et al., 2014; Gibbins et al., 1996), led to the discovery of the contribution P2X1 makes
to FeyRIIa-induced [Ca®']i increases. However, the physiological relevance of the
concentrations of the antibodies used to bind and cross-link the receptors has not been
reported by these studies. In an effort to achieve a more physiologically relevant
receptor activation, one of the five bacterial strains previously reported to cause
FcyRITa-induced platelet aggregation (S. sanguinis) (Arman et al., 2014) were also used
in the assays. Although the results obtained with either stimulation method were similar,
it is important to realise that the interactions between bacteria and platelets are not
limited to FcyRIla, despite this receptor was shown to be the chief mediator (Arman et
al., 2014; Cox et al., 2011). Provided the fact that P2X1 contributes to immune receptor
TLR2/1-induced Ca?" responses, more controls are required to ensure the bacteria-
induced effects observed are not mediated by TLR2/1 in the experiments presented
(Fung et al., 2012). Therefore, future studies should aim to confirm and improve the
specificity of activation and optimise the strength of stimulation of the FcyRIla
receptors.

In addition to the experiments performed to characterise the molecular
mechanism underlying the contribution of P2X1 to FcyRIIa-induced [Ca?']; responses,
further ATP measurements should monitor dense granule secretion in the presence of

sNO and 3.2U/mL apyrase levels to confirm that under such inhibitory conditions ATP
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release still takes place. This would support the observation that P2X1 mediates the
[Ca?*]i elevations obtained under the influence of endothelium-derived inhibitors. An
exploration of the possible different secretion events underlying the PGIz-resistant
secretion by GPVI or TLR2/1 stimulation and the PGIz-sensitive FcyRIIa-induced
responses will also greatly enhance our knowledge of the molecular events responsible
for the effects observed. Further research should also repeat in vitro thrombus formation
assays at higher levels of shear stress that were studied before (Hechler et al., 2003),
and also using other strains of bacteria known to activate platelets, where P2X1 may
also amplify signalling. In these studies, the use of the F(ab’)> fragment of the anti-
FcyRIla antibody (IV.3) to specifically block FcyRIla-bacteria interactions, can help

demonstrate the specificity of these functional responses.

6.4 Conclusions

Data presented in this thesis reveal new information on two distinct Ca?* entry
mechanisms into human platelets, which have the potential to contribute to
cardiovascular disease. Firstly, the MS cation channel Piezol was detected and
identified in human platelets, which was demonstrated to elevate [Ca?*]i under normal
and pathological levels of arterial shear stress, in a shear rate-dependent manner. A new
experimental approach was developed that allowed the visualisation of shear-induced
Ca2" transients in singly attached platelets, and to study MS channel function using the
MS channel inhibitor GsMTx-4. The Piezol agonist, Yodal, enhanced shear-induced
Ca?* spiking and elevated [Ca?*]i in platelet suspensions, further suggesting the identity
of the MS channel as Piezol. The inhibitory effect of GsSMTx-4 on thrombus formation
and the more significant increase in Ca?* spiking under pathological levels of arterial
shear indicate a potential role for Piezol in the development of arterial thrombosis.
Shear stress induced GsMTx-4-sensitive [Ca?*]i elevations in Meg-01 cells also, which
raised the possibility that megakaryocytic Piezol channels may participate in
mechanosensation within the bone marrow or during thrombopoiesis. Secondly, the
ATP-gated P2X1 channels were shown to amplify [Ca?*]; elevations in FcyRIIa-induced
platelet immune responses. Selective inhibition or desensitisation of P2X1 channels
significantly reduced [Ca?']i elevations and platelet aggregation following FcyRIla
receptor activation by cross-linking FcyRIIa-specific antibodies or IgG-coated S.

sanguinis. Evidence shows that ATP secretion mediates FcyRIIa-induced direct Ca?*
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influx through P2X1, which would result in the subsequent amplification in the activity
of Ca?*-dependent downstream effectors. This P2X1-mediated Ca?* entry persisted in
the presence of endothelium-derived inhibitors such as sNO, which may highlight the
importance of this mechanism in vivo. Together, these findings suggest that P2X1 may
contribute to the formation of bacteria-induced, FcyRIIa-mediated thromboembolisms

or thrombosis in diseases such as IE.
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