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Abstract

Prostacyclin (PGI2) is a key regulator of platelet function. There is a significant field of
research which outlines the role of PGI; in inhibiting platelets in circulation, and therefore
playing a major role in the prevention of excessive thrombus formation. PGl signalling is
countered by strong activatory stimuli leading to platelet spreading and thrombus
formation. However little is known if PGI2 plays a role after platelet activation. Therefore,
the aim of this study was to identify the effect of PGIl> on already activated platelets.
Therefore, thrombi were formed on fibrinogen and/or collagen, and then PGI, was flowed
over the top. This revealed a significant reduction in thrombus surface area on fibrinogen,
and both surface area coverage, and thrombus height on collagen, demonstrating the ability
of PGI, to modulate a pre-formed thrombus. To understand the mechanism behind this
event it was postulated that PGIl> was modulating the actin cytoskeleton of an activated

platelet, leading to thrombus instability.

To identify if cytoskeletal changes were induced by PGl platelet spreading was
monitored. Platelet spreading follows a defined sequence of events, with the formation of
filopodia, actin nodules, lamellipodia and finally stress fibres. By understanding the
percentage of platelets containing each structure, it would be possible to identify the role of
PGIl, within platelet spreading. Therefore, platelets were allowed to spread, before
stimulation with PGI.. This identified that PGl induced a significant reduction in stress
fibre formation whilst inducing actin nodule formation. Alongside this there was a
reduction in the surface area of the platelet. Further to this PGI, was shown to induce a
strong elevation of cAMP within fully spread platelets. This reversal of stress fibre
formation occurred in a PKA dependent manner as inhibition of PKA induced an inhibition

of the stress fibre reversal induced by PGl..

Stress fibre formation is linked to RhoA activity. Inorder to understand if PKA was
modulating RhoA, the phosphorylation and activity status of RhoA was monitored. We
showed clearly that PKA both induced the phosphorylation, but also significantly reduced
the activity of RhoA in spread platelets. Further to this, there was a reduction in the

phosphorylation of the light chains of Myosin II.

Thus, PGIl> modulates the actin cytoskeleton via a PKA dependent inactivation of RhoA,

leading to stress fibre reversal and thrombus instability.
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are representative of three experiments.

Supplementary Video 2: Post perfusion of 100nM PGIl2 induces embolisation of
preformed thrombi on fibrinogen. After 2 minutes of flowing whole blood and
formation of thrombi, PBS containing 100nM PGI, was perfused over these preformed
thrombi for 10 minutes at 1000s™ and the effect on thrombi was observed. Videos are

representative of three experiments.

Supplementary Video 3: Post perfusion of PBS does not affect thrombus embolization
on fibrinogen. After 2 minutes of flowing whole blood and formation of thrombi, PBS
was perfused over these preformed thrombi for 10 minutes at 1000s™ and the effect on
thrombi was observed. Videos are representative of three experiments.
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over fibrinogen coated flow chambers. Whole blood was treated with PKA inhibitors -
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at 1000s and the effect on thrombi was observed. Videos are representative of three

experiments.

Supplementary Video 7: Formation of thrombi over collagen coated flow chambers.
Whole blood, stained with 10uM DiOCs was flown over collagen (25ug/ml) coated slides
for 2 minutes at a shear rate of 1000s?, to enable the formation of thrombi. Videos are

representative of three experiments.

Supplementary Video 8: Post perfusion of 100nM PGI2 induces embolisation of
preformed thrombi on collagen. After 2 minutes of flowing whole blood and formation
of thrombi, Tyrodes containing 100nM PGl, was perfused over these preformed thrombi
for 10 minutes at 1000s? and the effect on thrombi was observed. Videos are

representative of three experiments.

Supplementary Video 9: Post perfusion of PBS does not affect thrombus embolization
on collagen. After 2 minutes of flowing whole blood and formation of thrombi, Tyrodes
was perfused over these preformed thrombi for 10 minutes at 1000s* and the effect on

thrombi was observed. Videos are representative of three experiments.
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Supplementary Video 10: Formation of thrombi in the presence of PKA inhibitors
over collagen coated flow chambers. Whole blood was treated with PKA inhibitors -
100uM RP-8-CPT-cAMP (RP) and 2uM KT5720 (KT) for 20 minutes. It was stained with
10uM DiOCs was flown over collagen (25ug/ml) coated slides for 2 minutes at a shear rate
of 1000s?, to enable the formation of thrombi. Videos are representative of three

experiments.

Supplementary Video 11: Post perfusion of 100nM PGI: in the presence of PKA
inhibitors does not induce embolisation of preformed thrombi on collagen. After 2
minutes of flowing whole blood (in the presence of 100uM RP-8-CPT-cAMP and 2uM
KT5720) and formation of thrombi, PBS containing 100nM PGl in the presence of
100uM RP-8-CPT-cAMP and 2uM KT5720 was perfused over the preformed thrombi for
10 minutes at 1000s and the effect on thrombi was observed. Videos are representative of

three experiments.

Supplementary Video 12: Post perfusion of PBS in the presence of PKA inhibitors
does not induce embolisation of preformed thrombi on collagen. After 2 minutes of
flowing whole blood (in the presence of 100uM RP-8-CPT-cAMP and 2uM KT5720) and
formation of thrombi, PBS containing 100nM PGl in the presence of 100uM RP-8-CPT-
CAMP and 2uM KT5720 was perfused over the preformed thrombi for 10 minutes at
1000s? and the effect on thrombi was observed. Videos are representative of three

experiments.
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1.1 Introduction
Platelets are blood constituents that are characterized by their small size and anucleate

presence (Harker et al., 2000). They are produced by pinching-off of megakaryocyte
cytoplasmic extensions in the vessels of the bone marrow (Harker et al., 2000). The
platelet circulates in the blood for approximately ten days and is removed from circulation
by the spleen (Harker et al., 2000). The main function of the platelet is to arrest bleeding
after injury, through the formation of a thrombus. In addition to preventing blood loss,
these cells are also thought to be involved in pro-inflammatory responses via crosstalk with
neutrophils; produce antimicrobial peptides to counter infection during trauma; and play a

pathological role during cancer metastasis (Gawaz et al., 2005, Semple et al., 2011).

To ensure haemostasis, platelets rapidly respond to the denuding of the vascular basement
membrane, resulting from an injury. The platelet response is initiated by their adherence to
the exposed collagen and von Willibrand factors (VWF) via its glycoprotein receptors,
GPVI and GPIb-IX-V, respectively. Once the platelets start rolling and adhering to the
exposed matrix proteins, it leads to their activation. This is followed by secretion from
specific cytoplasmic granules, alpha and dense granules which are present within the
platelets. These granules have various mediators such as ADP, ATP, serotonin (5-HT),
TXA: and fibrinogen (Petersen et al., 2002, Wei et al., 2009). These released substances
further increase platelet activation and cause firmer platelet adhesion, platelet spreading
and the aggregation culminates in the formation of a haemostatic plug (Wei et al., 2009).

1.2 Production and structure of platelets:
1.2.1 Megakaryocyte

Megakaryocytes are haematopoietic cells which reside primarily in the bone marrow
(Ogawa, 1993), but can also be found in the lungs, spleen and liver. They are large cells
ranging from 50 to 100 um in diameter (Machlus and Italiano, 2013) and comprise of
approximately 0.01% of all the nucleated cells present in the bone marrow (Nakeff and
Maat, 1974). Signalling by cytokines such as Stem Cell Factor (SCF) and Thrombopoietin
(TPO), commits haematopoietic stem cells to develop into megakaryocytes (Kaushansky,
2009). Their development involves the maturation of the cytoplasm, an increase in the
nuclear content (Zimmet and Ravid, 2000), elaboration of the limiting cytoplasmic

membrane and formation of proplatelets (Machlus and Italiano, 2013). The final stage of
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proplatelet formation is the release of immature dumbbell-shaped platelets directly into the
bloodstream where they finalize their stage of maturation and circulate within the blood
(Machlus and Italiano, 2013).

The development of the haematopoietic stem cell up to the stage of megakaryocyte
formation and release of platelets in the circulation requires migration of the cell. The stem
cell resides within a hypoxic collagen I rich environment, called the osteoblastic niche.
During megakaryocyte development the cell moves to a normoxic, fibrinogen, fibronectin
and collagen 1V rich environment next to blood vessels, called the vascular niche. This
migratory response is driven by stromal-cell derived factor 1 (SDF1). The mature
megakaryocytes express CXCR4, an SDF1 receptor, which induces the production of
Matrix Metalloproteinase-9 (MMP-9). The MMP-9 helps the megakaryocyte for its
migration towards an increasing concentration of SDF1 (Lane et al., 2000). The migration
response involves the reorganization of the actin within the cell. Actin polymerisation
allows the formation of long actin filaments, which can be organised into particular
structures, therefore giving the cell structural integrity and the ability to push and pull on

its environment.

1.2.2 Platelets

The platelets are anucleate structures which receive all of its constituents from the
megakaryocytes. Structurally a platelet has a discoid shaped resting state which could be

divided into three regions; peripheral, structural and organelle zones.

1) The peripheral zone is involved in adhesion and aggregation of platelets. It consists of
an exterior glycocalyx having coagulation factors (I, 11, VII, IX, X) and the major
platelet receptors; GPIb (for vVWF), GPIIb/ll1a (for fibrinogen) and GPVI (for collagen).

2) The structural zone is involved in providing an arrangement and support to the platelet
through microtubules and microfilaments. The microtubule encases the platelet, hence,
maintaining its discoid appearance; while microfilaments (actin and myosin) which are

present in the cytoplasm help in cellular contraction (Root and Hofmann, 1963).
3) The organelle zone is responsible for metabolic activities. It has:

i) Mitochondria which provide energy for the platelet functioning required during their

activation or granule release. In addition it is also involved in the production of reactive
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oxygen species (ROS) that act as signalling molecules on interaction with collagen and
ultimately the release of cytochrome c that results in platelet apoptosis (Ivanciu et al.,
2014).

ii) Dense granules (around 7 per platelet) that contain, calcium (Ca?*), serotonin (5-HT),
adenosine triphosphate (ATP), adenosine diphosphate (ADP), magnesium (Mg?"),
guanosine triphosphate (GTP) and guanosine diphosphate (GDP) (Kahr, 2009).

iii) Alpha granules which are larger in size and most abundant in number (40 — 80 per
platelet) than dense granules. Alpha granules contain adhesion molecules such as VWF
/ fibrinogen / P-selectin, chemokines, cytokines, fibrinolytic regulators, immunologic
modulators, coagulation factors, complement proteins, growth factors, and pro- and

anti-angiogenic factors (Kahr, 2009, Blair and Flaumenhaft, 2009).
iv) Lysosomal granules which contain microbicidal enzymes, and acid hydrolases.
V) Peroxisomes.
vi) Glycogen granules.

Apart from these zones, an elaborate membrane system exists in the platelet (White and
Clawson, 1980). It is composed of a dense tubular system which provides space for
synthesis (ATPase/Prostaglandin) and storage (Ca?*/Mg?"). In addition there is an open
canalicular system which along with helping to transport substances across, also acts as a
reservoir of membrane which is utilized during platelet spreading (Blair and Flaumenhatft,
2009).

1.3 Platelet receptors and their ligands:
The circulating platelets are separated from interacting with the activatory extracellular

matrixes (ECM) in the vessel wall by the layer of endothelial cells acting as a barrier
between them. The ECM proteins have a major role, in the body, in providing structural
and organizational stability to the surrounding cells. Upon endothelial damage, it acts as a
strong prothrombotic surface for platelets. Fibrinogen (present in the plasma and vessel
wall) and collagen (present in the vessel wall), form the major ligands for the platelet

receptors that are involved with activation of platelets and formation of a thrombus.

Alongside these ECM proteins, there are a series of additional agonists which modulate

platelet function in an inhibitory and activatory manner. To enable the platelets to interact
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with these ligands, they have a wide variety of receptors that includes; integrins (cuips,
o2P1), leucine-rich-repeated receptors (GP Ib/IX/V, Toll like receptors), G-protein coupled
receptors (Thrombin receptors-PAR1 - PAR4), ADP receptors-P2Y; and P2Yi,
thromboxane receptors-TPo and TP, proteins from the immunoglobulin superfamily
(GPVI), C-type lectin receptors (P-selectin), tyrosine kinase receptors (thrombopoietin
receptor, Gas-6, Ephrin and Eph kinases) and many other types as well (CD63, CD36,
TNF receptor) (Rivera et al., 2009, Murugappan et al., 2004).

The expression of these receptors, on the surface of the platelets, enables them to respond

to any stimuli in a swift manner.

1.3a Integrin family
Integrins are heterodimeric structures, composed of a and  subunits. There are 18a and

8 subunits which form at least 24 distinct integrin receptors (Hynes, 2002). Each of these
subunits themselves has an extracellular, transmembrane and intracellular domain. These
domains help the transmission of signals in either direction, connecting the outside of the

cell to its inside machinery.

In general, the extracellular domain of the integrin is large (approximately 80-150 kDa)
(Zent and Pozzi, 2010). It is subdivided into globular N-terminal sequences for ligand
binding which are supported by extended leg regions that link the extracellular domain to
the transmembrane and the cytoplasmic tail of each subunit (Nermut et al., 1988), as

shown in figure 1.1.

However the structures of o and B subunits of the integrins have different sections. The
insert in figure 1.1 shows globular o subunit which has a B-propeller head, a thigh domain,
a knee and two calf domains (Zent and Pozzi, 2010). Within half the population of o
subunits of the integrin is an inserted 1-domain in B-propeller region. This I-domain serves
as the binding site for extracellular ligands and divalent metal ions (Zent and Pozzi, 2010).
Similarly the insert in figure 1.1 shows the extracellular region of the  subunit also has an
I-like domain (similar in structure to | domain of the o subunit), a PSI

(plexin/semaphoring/integrin), hybrid domain, 4 I-EGF domains and a BTD (3 tail domain).
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The transmembrane domain of the integrin is an alpha helix coil which has a membrane
spanning length of approximately 24-29 amino acids (Zent and Pozzi, 2010). It links the
extracellular domain to the cytoplasmic domain of the receptor. The cytoplasmic domain is
short (with the exception of 4) and plays key roles in signalling by recruiting intracellular
proteins such as talin, kindlin, filamin, FAK, ILK and Gass (Shattil and Newman, 2004,
Zent and Pozzi, 2010, Liu et al., 2000, Wegener et al., 2007, Gong et al., 2010). The B
subunit has conserved cytoplasmic phosphotyrosine-binding motifs for interacting with
multiple proteins, including talin, filamin and kindlin. The heterodimeric state of the
integrin in the resting platelets is maintained by the interactions between the glycine
residues of the o and B subunits within the transmembrane domain and between arginine
from o subunit and aspartic acid from B subunit (Gottschalk, 2005, Adair and Yeager,
2002, Vinogradova et al., 2002, Zent and Pozzi, 2010).

The integrins can exist as either basally active or basally inactive, depending on the cell
types under consideration. These states of integrin activity cycle between one another
depending on the activatory status of the cell. Adherent cells attached to the basement
membrane have an active basal integrin conformation while platelets in circulation have an
inactive conformation of the integrins. In platelets, the involvement of the metal ion aids
the interaction of the ligand to its receptor. It helps in changing the conformation of the
integrin from its closed inactive form to an active state (Liddington and Ginsberg, 2002).
The inactive form of the integrin exists in a bent position, with the bend occurring in the
knee region for the o subunit and I-EGF1 region of the B subunit. In the intermediary
position the bend straightens but the transmembrane and cytoplasmic regions remian close
together. The fully active form of the integrin exists with the legs, one for each of o and 3
subunits, separating from each other. Once the integrin has bound to its receptor,
complexes are recruited at the cytoplasmic domain and hence downstream signalling

ensues (Figure 1.1).

There are several integrin receptors in platelets. My focus will be on ouinPs and a2p1, as

they are receptors for fibrinogen and collagen, respectively.

1.3.1 Fibrinogen and its receptor

Fibrinogen is the main ligand binding to the integrin ouinBs (glycoprotein I1b/111a) (Zucker

and Masiello, 1984, Lyman et al., 1997). It is a large glycoprotein molecule which exists as
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a dimer. Each of the monomers is composed of 3 non-identical polypeptide chains of Aa,
BB and vy, which coil around each other. These monomers are arranged in an anti-parallel
manner and are held together by means of disulphide bonds. At the carboxyl terminal of
these chains lies the D domain. Between the two D domains is the E domain (Figure 1.2).
The E-domain contains the N-terminals of the 6 chains (2Aa, 2Bp and 2y) from the D
domains. Within this E domain, lie the thrombin cleavage sites, present on the 2Aa and
2B chains. Once cleaved by thrombin, 4 active sites are generated on each E-domain that
binds to individual D-domains of other fibrinogen molecules (Figure 1.2), resulting in the
formation of a fibrin meshwork. Between the D and E domains is the coiled coil region
which contains the plasmin cleavage site. Once the thrombin activates fibrinogen, it also
causes activation of the negative regulatory mechanism by converting plasminogen to
plasmin. Plasmin then cleaves the fibrinogen molecule, thereby limiting the extent of the

formation of a fibrin meshwork.

Fibrinogen contains three integrin binding sites, two RGD (Arginine-Glycine-Aspartate)
sites one on each of the carboxyl ends of the Ao chains, along with another integrin
binding site at the y-chain (Rooney et al., 1996, Kloczewiak et al., 1984). Binding of
integrin ouPs involves interactions with the RGD sequence along with the y-chain
sequence of fibrinogen (Salsmann et al., 2005). It has been noted in the literature, by using
terminal deletion of y-chain in vitro (Holmback et al., 1996) and transgenic mice in vivo
(Rooney et al., 1996), the primary site of interaction is the y-chain sequence of fibrinogen
with the B-propeller region of ouw subunit of the integrin receptor (Smith et al., 1990,
Kloczewiak et al., 1984, Farrell and Thiagarajan, 1994, Farrell et al., 1992). This
communication facilitates changes in the Bz subunit of integrins and enables interaction
with the RGD sequence of fibrinogen. Engagement of the two fibrinogen recognition sites
is followed by full activation of integrin cuinf3 resulting in downstream signalling (Rooney
et al., 1996).

1.3.1.1 Integrin ouifs

The integrin auibPs is a major platelet receptor which is highly expressed on the surface,
with approximately 40,000 - 80,000 ouinf33 receptors present on each platelet (Wagner et al.,
1996). It can interact with various adhesive proteins including fibrinogen, fibronectin, vWF
and vitronectin (Mekrache et al., 2002).
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The integrin, auibPs, exists in an inactive and an active conformational state (Litvinov et al.,
2012). Resting platelets have an inactive ounfs, therefore a low affinity for its ligand
(Kieffer et al., 1991). Once triggered by agonists, a conformational change in the ounps
complex occurs, which activates the fibrinogen receptor increasing the affinity for
fibrinogen binding. Activation does lead to an increased expression of the receptor on the
platelet surface, as the number of surface receptors does not change (Litvinov et al., 2012).
Presence of divalent ions such as Mn?* implies faster binding of integrin cunPs to
fibrinogen, as it is an integrin activator. Its presence thereby increases the active state of
the receptor while reducing its inactive state (Litvinov et al., 2012).

Absence of agonist does not cease but only reduces the rate of fibrinogen binding to its
receptors (Shattil et al., 1985). Depending upon the level of platelet activation, the

fibrinogen may bind to its receptor, cuibB3 complex in two ways (Mekrache et al., 2002).

e In an active state of the platelet the extracellular domain of cuiPs recognizes the RGD
motif on adhesive ligands (Hynes, 2002, Ruoslahti and Pierschbacher, 1986). The RGD
sequences of fibrinogen is located on the 95-97 and 572-574 on its Ao chain which
interacts with the integrin cupBs 109-171 amino acids sequence present on f—chain,

generates a signal (Mekrache et al., 2002).

e In an inactive platelet (as on addition of platelets to immobilized fibrinogen) the
presence of dodecapeptide (12 amino acids) sequence at the C-terminus (400-411) of
its y-chain interacts with integrin ouinPs (294-314) at its ouip subunit (Gartner et al.,
1993, Zaidi et al., 1996, Farrell and Thiagarajan, 1994). Stable bonding of fibrinogen to
oubBs depends upon the contact duration (Litvinov et al., 2012). Attachment of
dodecapeptide provides an enabling environment for the RGD sequence on fibrinogen
to interact with the B3 subunit of the integrin, thus activating the downstream signalling
(Rooney et al., 1996).

Binding of integrins to its ligand, enables the cell to interact with its surrounding or for the
surrounding to modify the cell. These instances identify the bidirectional role played by
integrins in general and more so specifically the role played by ocuips in platelets. The
agonists which are released by activated platelets prime the receptor and lead to the

‘Inside-out’ activation of cLibP3. Direct stimulation of the receptor by its ligand is termed as
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‘Outside-in’ activation. Both of these cases of receptor activation lead to the involvement

of the downstream signalling complexes.

1.3.1.1a Outside-in

Ligand binding directly onto the receptor initiates outside-in signalling that regulate many
cellular functions such as cell spreading and migration (Ruoslahti and Pierschbacher, 1986,
Kim et al., 2003, Ginsberg et al., 2005). Integrin ouinBs has multiple ligands (fibrinogen,
VWEF, fibronectin) and mediates platelet spreading and aggregation on vascular surfaces
(Ruggeri, 2002, Shattil and Newman, 2004, Jackson, 2007, Phillips et al., 2005).
Bidirectional signalling of integrins is impaired if either ouin (Tronik-Le Roux et al., 2000)
or B3 (Hodivala-Dilke et al., 1999) is affected in humans, identifying the importance of the
heterodimerisation of the receptor. Defective downstream signalling also arises if the
interaction of B3 subunit is hampered with its regulatory proteins, such as talin and SFK
(Leisner et al., 2007, Shattil and Newman, 2004).

1.3.1.1b Inside-out

Inside-out signalling directs the availability of an appropriate stimulus to lead the
activation of the receptor. This notion becomes important where the availability of the
ligand is in close proximity to that of its receptor. In platelets, an injury to the blood vessel
wall leads to release of agonists such as ADP and thrombin. The activation by the agonist
induces conformational changes in the extracellular domain of the ouins (Ma et al., 2006,
Wegener et al., 2007, Luo et al., 2007) which leads to exposure of the extracellular ligand
binding sites. Once the ligand such as fibrinogen binds to the ounfs, it causes outside-in
signalling, helping the formation of aggregates, which later culminates into the formation

of a clot.

1.3.1.2 Downstream signalling via fibrinogen-integrin interaction

Fibrinogen binding to integrin auiPs induces downstream signalling events that lead to
activation of further receptors, secretion and/or degranulation, stable adhesion, platelet
spreading and recruitment of leukocytes to the site of injury and/or inflammation (figure
1.3). To mediate these effects, the activity of the integrin receptor is brought to its
intermediate state via talin and kindlin binding at the cytoplasmic region of the 3 subunit

of the integrin. This induces a firmer and later full activation of the integrin ouin33 receptor
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CHAPTER 1: General introduction

by binding to fibrinogen. Full activation recruits multiple signalling proteins, which forms
an ‘Adhesome’ as had been identified by Zaidel-Bar et al (2007). The adhesome consists
of an expanding list of 156 components with multitudes of interconnections (Geiger et al.,
2001). Of that list some of the proteins involved with the remodelling of actin cytoskeleton
includes focal adhesion kinase (FAK), Src family kinase (SFK), Arp2/3, Vinculin,
filamentous actin, a-actinin, VASP, Crk, p130Cas, p190RhoGEF, ELMO, integrin linked
kinase (ILK), LIM-domain protein (PINCH), Paxillin (FAK, Vinculin and ILK binding

protein), Parvin (actin and paxillin binding protein) and Gous (Figure 1.3).

Outside-in signalling via integrin ouibP3 leads to activation of Src and FAK. The presence
of FAK recruits additional proteins such as ILK, Paxillin and Parvin. Together with FAK,
Paxillin activates a small RhoGTPase molecule, Cdc42. Activation of Src in the presence
of FAK leads to recruitment of p130Cas and Crk that activates another small RhoGTPase,
Rac. Activation of Rac is also promoted by the activation of Cdc42. In the meantime, Src
stimulation activates 190RhoGAP and deactivates p190RhoGEF; that modulates the levels
of yet another downstream RhoGTPase, RhoA. The interplay of the activity levels of these
small RhoGTPases accounts for the spreading of the platelets that involves filamentous

actin and actin related proteins such as Arp2/3.

1.3.2 Collagen and its receptors

Collagen is a highly abundant protein in the body, nearly 30% of the total protein by mass
(Bergmeier and Hynes, 2012). It consists of large superfamily comprising of 28 members,
of which collagen types I, Il, 111 and IV are the most abundant (90% of the total) (Watson,
2009). It consists of three polypeptide chains (o chains) that twist in a right-handed manner
to form a triple helix (Ricard-Blum, 2011). This helix is stabilized by the repetitive
presence of glycine (G), proline (P) and hydro-oxyproline (O) along with hydrogen
bonding and electrostatic interactions (Persikov et al., 2005).

Collagen types I, 11l and V are present in the deeper layers of the vascular wall while
collagen type IV is present in the superficial layers (Bergmeier and Hynes, 2012). Thus
depending on the depth of injury, the degree of response initiated is dependent on the type
of collagen exposed as type | generates a stronger response than type IV (Jung et al., 2008).
This generation of response is dependent on the activation of platelet surface receptors,
GPVI and integrin o2p1 (Moroi et al., 1989, Nieuwenhuis et al., 1985, Kehrel et al., 1988)

by the repetitive GPO regions on collagen.
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1.3.2.1 GPVI

GPVI is the main collagen binding receptor on platelets. It is an adhesion receptor which is
an example of a type | transmembrane glycoprotein from the immunoglobulin superfamily
(Clemetson et al., 1999, Clemetson and Clemetson, 2001). Structurally GPVI is divided
into an extracellular, transmembrane and a short cytoplasmic domain. The extracellular
domain is composed of two immunoglobulin-like domains (D1 and D2), which are
connected to the transmembrane and cytoplasmic regions by a mucin-like stalk (Figure
1.4). The ligand binding region is located on the D1 domain while the D2 domain helps in
the dimerization of the receptor (Horii et al., 2006). GPVI is non-covalently associated
with the FcR y-chain at the transmembrane domain owing to the presence of arginine and 6
other juxtaposed aminoacids (Nieswandt and Watson, 2003, Dutting et al., 2012). The
cytoplasmic region of GPVI binds to the Src-homology 3 (SH3) domain of the tyrosine
kinase family members, Fyn and Lyn (Nieswandt and Watson, 2003).

On activation of GPVI by collagen, the ITAM (Immuno-receptor Tyrosine-based
Activation Motif) domain present in FCR y-chain on platelet is phosphorylated at tyrosine
residues by Fyn or Lyn (Figure 1.4) (Watson, 2009). This phosphorylation event of
tyrosine, recruits Syk which generates the formation of a signalosome. The signalosome is
composed of an adaptor protein - LAT, phospholipase C y2 subunit (PLCy2), PI3Kinase,
Gads, Vav1/3 and Btk/Tec family kinase. The LAT-SLP76 signalosome, PI3Kinase and
also directly via Syk, all lead to activation of PLCy2 that culminates in platelet activation
by release of Ca?*, activation of Protein Kinase C (PKC), degranulation and inside-out
activation of integrins (Figure 1.4) (Nieswandt and Watson, 2003, Watson, 2009, Chen and
Kahn, 2003).

1.3.2.2 21

Apart from GPVI, the integrin receptor that binds to collagen is oa2p1. In comparison to the
integrin cubPs, it has significantly fewer receptors present on the platelet surface (2000 -
4000) (Watson, 2009). However, similar to oumwfs, it exists in an inactive form on the
platelet surface (Nuyttens et al., 2011). On activation it provides firm attachment to the
platelets at the site of vascular injury (Watson, 2009, Chen and Kahn, 2003). This
attachment involves an interaction between I-domain in p-propeller region of the o.-
subunit of a2P1 integrin with the GFOGER sequence in the collagen molecule (Emsley et
al., 2000).

14



CHAPTER 1: General introduction

(TO0Z "I 18 uosyeAn) woly padepy ‘s1ajare|d O UOIRAIDR

ay) Buipunodwod 0] pa| 1yl ZAD1d JO uoleAIOR Byl paljijduwe uoneAnde ulbaul ‘uoneAnoe tgeo ulbaiul pue uolnejnuelbsp ‘seiols ay)
wou} ,,BD JO asesjal ‘DM d JO uoneAllde 0} spesj sty 1 buireande Agasyl ‘eseurMgld BIA 10 9/-d71S-1V1 eIA ‘Ajpoalip (zA01d serejAioydsoyd
YAS a8yl "MAS JO uawninidal 01 pes| eyl sanpisal NVLl ayl erejAioydsoyd suislold asayl ‘uAT pue uk4 ‘suisiold H-4S JO usWIINIZEL 0]
spea| |AdD 101da2al 01 Buipulq uabe|joD ‘uoireAnnde Igeo - uribaul pue |AdSO yum bBuljeubis usbejod Jo s10a)ye weadisumoq ¢ ‘T a4nbi4

uolnejnueisaqg aseajas D

IMd JO uoneAndy

ipoamg .

o A A A
dAS INVLI
(d)A A A A
ASEITHETJ BIA @
uolleAjloe ulsajul OL-dTSIVIER  »
<

uleyd-L yo4

uoieAlde Jayung

._”M—N_xu

e —

ulewiop-a9)ij-uion
INdD rewiop-au-tibniN
ulewop
uingojounwiwi|
0do

uage|0D

15



CHAPTER 1: General introduction

A two-receptor model for platelet activation on collagen had been suggested via GPVI and
o2B1 (Chen and Kahn, 2003). Previously it was conferred that o231 was the main receptor
for interaction with collagen (Barnes et al., 1998). Recent studies have identified that loss
of GPVI abolishes the downstream signalling of interaction with collagen (Moroi et al.,
1989, Nieswandt et al., 2000, Nieswandt et al., 2001). It has now been proven that GPVI
activates the integrin receptor a2f31, on binding to collagen (Chen and Kahn, 2003). Similar
to GPVI, integrin ozf:1 also interacts with Src kinase that prompts further activation of
PLCy2 leading to an increase in the response generated by GPVI (Figure 1.4) (Inoue et al.,
2003).

1.3.3 Additional important ECM proteins

Apart from fibrinogen and collagen, other platelet agonists that provoke activation of
platelets include von Willebrand factor (vWF), laminin, fibronectin and vitronectin, among
other ligands (Yurchenco, 2011, Hallmann et al., 2005, Voss and Rauterberg, 1986,
Bergmeier and Hynes, 2012). The exposure of ECM in the blood vessel wall, directs the
circulating VWF to be decorated on the exposed site of endothelial injury. The VWF
interacts with the glycoprotein receptor complex, GPIb-1X-V, present on the surface of
platelets that leads to tethering and rolling of platelets under flow. This interaction allows
enough time for engagement of GPVI receptor with collagen, thereby activating platelets.
In humans, lack of either the receptor, GPIb-1X-V, as had been seen in Bernard Soulier
syndrome or the absence of VWF (Caen et al., 1976, Bernard and Soulier, 1948, Nurden,
1999), or in mice, depletion of either the receptor (Ware et al., 2000) or the ligand (Denis
et al., 1998), resulted in severe bleeding diathesis. The interaction between VWF and GPIb-
IX-V forms an important mediator of platelet activation. In the presence of raised CAMP
levels, GPIb component is phosphorylated which inhibits the VWF interaction with GPIb-
IX-V and hence inhibits platelet activation (Raslan et al., 2015b).

1.3.4 GPCR

G-protein coupled receptors (GPCRs) play an important role in platelet signal transmission.
The GPCRs are composed of a 7 transmembrane serpentine structure. The C-terminus is
located intracellularly while the N-terminus is exposed extracellularly (Dohlman et al.,
1987, Kroeze et al.,, 2003, Nathans and Hogness, 1983, Peralta et al., 1987). A
heterotrimeric G protein is composed of o, 3 and y subunits, which bind at the intracellular

region of the receptor (Kobilka et al., 1988, Wess et al., 1989, Wong et al., 1990). The y
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subunit is small and requires interaction with  subunit for it to fold on it, hence the
formation of the By subunit (Hurowitz et al., 2000). Both, 3 and y subunits, have not been
identified to function independently of each other (Hurowitz et al., 2000). Binding of the
By subunit to o subunit results in conformational changes to the o subunit, thereby
restricting both, By and o subunits, from exerting their effects on the effector proteins
(Clapham and Neer, 1997). Stimulation of the GPCR by an agonist leads to replacement of
the GDP with a GTP on a subunit. This leads to dissociation of o subunit from the

By subunit, while the B and y subunits remain tightly associated to each other.

The downstream activity of the GPCR depends on the classification of the o subunit. It
exists as Gas (activates adenylyl cyclase which increases CAMP), Gai (inhibits adenylyl
cyclase which decreases CAMP), Gayq (activates phospholipase C and also activates PKC
thereby increasing Ca?* concentration intracellularly) and Gauzns (activates Rho which
leads to actin remodelling and shape change). The By subunit causes an increase in
phosphoinositide-3-kinase (P13K). The PI3K leads to an increase in integrin activation via
Akt 1/2 and it also potentiates the release of a- and dense granules that amplifies platelet
activation (Joo, 2012).

1.3.4.1 Agonist mediated

Many platelet agonists bind to GPCRs, for example thrombin binds to PAR1 and PAR4,
ADP interacts with P2Y( and P2Y12 and TXA2 mainly binds to TPa. Thrombin and TXA:
receptors, couple with Gog and Gouzns, to mediate an increase in Ca?* concentration
(Offermanns et al., 1997, Yamanishi et al., 1983) that results in the shape change of
platelets (Moers et al., 2003). Thrombin is also involved with a reduction in CAMP levels
(Lagarde and Dechavanne, 1977) thereby acting as a potent platelet activator. ADP acts by
coupling to Goq and Gai causing an increase in cytosolic Ca* concentration and inhibiting
levels of CAMP, respectively. However, ADP too causes change in shape of the platelet but
it does not associate with the Gouz/is subunit, rather it does so by means of the Gog subunit
(Offermanns et al., 1997, Ohlmann et al., 2000).

The increase in Ca?* concentration observed by thrombin, TXA, and ADP is mediated by
an increase in the levels of phospholipase Cp (PLCB). Activation of PLC generates inositol
(1,4,5) triphosphate (IP3) and diacylglycerol (DAG). This leads to stimulation of PKC and

an increase in intracellular Ca?* levels that triggers the inside-out signalling of integrin,
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allbB3, via activation of Raplb (Franke et al., 1997, Franke et al., 2000, Jung et al., 2006,
Prevost et al., 2004, Woulfe et al., 2002) along with release of alpha and dense granules
from the platelets (Walker and Watson, 1993, Siess and Lapetina, 1988).

1.3.4.2 Antagonist mediated

PGIl, is an antagonist to platelet activation. It signals through the IP receptor which is
classed as a GPCR that is coupled to Gas (Jantzen et al., 2001). PGI. keeps the platelets
flowing in the blood in a quiescent state by binding to its receptor. This ligand interaction
causes an increase in adenylyl cyclase activity, resulting in an intracellular rise in CAMP
levels (Salzman et al., 1972, Yamanishi et al., 1983). This rise in cCAMP levels causes
downstream phosphorylation of proteins that culminates in inhibition of the platelets (Best
etal., 1977).

1.4 Platelets in circulation
In a normal blood vessel, platelets are pushed towards the periphery of the flowing blood

by red blood cells. This brings the platelets closer to the endothelial lining of the vessel.
The endothelium produces prostacyclin (PGl2) and nitric oxide (NO), which bathes the
platelets in the circulation and keeps them in an inhibitory state (Furchgott et al., 1984,
Moncada et al., 1976).

1.4.1 Prostacyclin

Eicosanoids is a group of 20 carbon containing fatty acids, which function as signalling
molecules for a cell. Arachidonic acid (5, 8, 11, 14 eicosatetraenoic acid) is the precursor
of these eicosanoids. The arachidonic acid is bound to the phospholipids of the plasma
membrane. It is released from its bound state by hydrolysis, by phospholipase A2 (PLA2)
or phospholipase C (PLC). Upon release, oxidation by the cyclo-oxygenase enzyme, at
carbon positions 9, 11 and 15 enables the formation of prostaglandin G, (PGG2) and
Prostaglandin H2 (PGH>). These prostaglandins are intermediary to their conversion to the
classical prostaglandins; PGE2, PGF,, TXA; and PGlo.

PGl2 (9-deoxy 6, 9 alpha-epoxy-A5-PGFia),is formed from PGH: by the enzyme,
prostacyclin synthase (Figure 1.5). It contains a 20 carbon (Cz0) molecular structure with a
cyclopentane ring. This ring is formed between the carbon positions, Cg to Ci2. In PGI;
there is an attachment of oxygen between Cg¢ and Co, thereby forming another ring. The

remaining structure is composed of two side chains, R1 (Cz to Cs) which contains a double
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bond at Cs, and R2 (C13 to Cz) which contains a double bond at Ci3 (Whittaker et al.,
1976).

PGl is an unstable compound having a half-life of about 3 minutes (Wild, 2005). Due to
its short half-life, once synthesised by the healthy vascular endothelium it can act in its
local vicinity, by inhibiting platelet activation and acting as a vasodilator to the walls of the
vasculature (Wild, 2005). It produces these effects by binding to its receptor and leading to
downstream activation of adenylyl cyclase (Figure 1.6) (Bergmeier and Hynes, 2012). This
activation leads to conversion of adenosine triphosphate (ATP) to cyclic adenosine
monophosphate (CAMP) (Best et al., 1977). The cAMP further activates Protein Kinase A
(PKA) causing the phosphorylation of its downstream substrates (Figure 1.6). The effect of
the released PGl is removed as it is spontaneously hydrolysed to its less active form of 6-
keto-PGF1« (Figure 1.5).

1.4.1.1 Adenylyl cyclase and Phosphodiesterase

The levels of cAMP in the cell are dependent on the enzyme activity of adenylyl cyclase
(generation) and phosphodiesterase (degradation) (Figure 1.6) (Soderling and Beavo, 2000,
Sunahara et al., 1996).

In mammals, 9 membrane bound isoforms of adenylyl cyclases (AC) have been identified
(Hanoune and Defer, 2001). These enzymes convert ATP to cAMP. In platelets, AC
isoform 3 (AC3), isoform 6 (AC6) and isoform 7 (AC7) have been identified (Dittrich et
al., 2008, Katsel et al., 2003). They possess an intrinsic activity that could either be
enhanced or reduced depending on the type of stimulus perceived by the platelets (Tasken
and Aandahl, 2004). Structurally AC is composed of a small cytoplasmic domain at its N-
terminal, two transmembrane domains and two large cytoplasmic domains. The large
cytoplasmic domains are further divided into Cla and b and C2a and b (Tasken and
Aandahl, 2004), providing sites for attachment of different proteins such as Gas, Gai, Py-
subunits and PKC (Sunahara et al., 1996). On binding to its receptor, PGl releases Gas
that binds to the C2a unit of the AC cytoplasmic domain, leading to an increase in AC

activity and thereby a rise in CAMP levels.

The phosphodiesterases (PDEs), on the other hand, are enzymes that degrade the cyclic
nucleotides to their respective nucleosides monophosphate. It has been identified that
platelets express PDE2A, PDE3A and PDESA (Haslam et al., 1999). In platelets, the
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Protein Kinase A
(active)

Protein =)  Protein

Figure 1. 6: Downstream signalling pathway to prostacyclin (PGIl2) stimulation.
Platelets are exposed to PGl2, which binds to its G-protein coupled receptor (GPCR) on
the surface. The GPCR is bound intracellularly to the heterotrimeric G proteins (o, B, ).
On binding of PGI> the Ga subunit is relieved from the By subunit by replacing its GDP
with GTP. The GTP bound form of Ga subunit binds to adenylyl cyclase, increasing its
activation elevating the concentration of CAMP. An increase in the intracellular pool of
CAMP activates Protein Kinase A (PKA). PKA mediates its downstream effects via
phosphorylation of substrate proteins. The amount of cAMP is kept in check by the
phosphodiesterase enzyme(s) that converts CAMP to adenosine monophosphate (AMP).
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interplay between PDE2 and PDES3 regulate the levels of cAMP while PDES5 individually
regulates cGMP levels. Upon encountering PGl,, intracellular cAMP levels increase.
Importantly however cAMP via PKA stimulation additionally increases PDE3 activity,
hence providing a negative feedback control for its’ levels (Macphee et al., 1988) allowing
platelets exposed to PGl in circulation to maintain low levels of intracellular cCAMP (Sim
et al., 2004). cGMP also can stimulate PDE2 and PDE5 activity by binding to a cyclic
nucleotide binding domain (called GAF), while it inhibits PDE3 activity levels by
competing for the cAMP binding domain at the catalytic site of the adenylyl cyclase
(Dunkern and Hatzelmann, 2005, Feijge et al., 2004, Macphee et al., 1988).

On the other hand, Thrombin and ADP aide their activation of platelets, by inhibiting the
levels of cAMP intracellularly. They act via Gai and Gag coupled receptors present on the
platelet surface. Working downstream of Ga.i the level of adenylyl cyclase activity is
reduced which brings down the level of CAMP in the platelet. Similarly, acting via Gay,

the levels of cAMP are controlled via phosphorylation of PDE3 that increases its activity.

1.4.1.2 Protein Kinase A (PKA)

PKA is a holoenzyme that is activated by an increase in the levels of CAMP in the platelets
(figure 1.6). It is composed of two regulatory and two catalytic domains. On each
regulatory domain there are two cAMP attachment sites. On binding of CAMP to these

sites on the regulatory subunit, the catalytic domain becomes unbound and active.

The PKA enzyme forms a tetramer, from a combination of 2 regulatory subunits (Rla, RIp,
Rlla and RIIB) and 2 catalytic subunits (Ca, Cp and Cy) (Skalhegg and Tasken, 2000,
Tasken et al., 1997). Platelet have been identified to express all these subtypes of
regulatory and catalytic domains (Burkhart et al., 2012, Pidoux and Tasken, 2010). This
provides a large number of combinations in platelets that would have differing affinities of

binding to cAMP and being activated.

On activation via cCAMP, the PKA phosphorylates a multitude of downstream proteins that
are involved with inhibition of platelet activation. It inhibits Phospholipase C activation
which thereby reduces: 1) PKC activation, 2) Ca?* mobilisation, 3) integrin expression, 4)
myosin light chain phosphorylation, 5) actin polymerisation, 6) granule release and 7) the

adhesion and aggregation of platelets via targeting the Rapl protein (Siess and Lapetina,
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1990), (Cavallini et al., 1996, Quinton and Dean, 1992), (Feinstein and Fraser, 1975),
(Franke et al., 1997, Hoffmeister et al., 2008, Kawata et al., 1989).

1.4.2 Nitric Oxide

In addition to PGI, another important molecule that can inhibit platelets, nitric oxide (NO),
is released by the vascular endothelium (Palmer et al., 1988). NO has a very short half-life
of 6-30 seconds and so is continually synthesized from the endothelial cells (Palmer et al.,
1988). The enzyme nitric oxide synthase (NOS) converts the aminoacid arginine to
citrulline in the presence of oxygen and various cofactors to generate nitric oxide
(Forstermann et al., 1991).

The release of NO in the circulation allows for it to freely diffuse across the plasma
membrane and directly activate soluble guanylate cyclase (sGC). This activation leads to
conversion of guanosine triphosphate (GTP) to cGMP. The cGMP activates Protein Kinase
G (PKG) that affects the phosphorylation status of multiple cellular targets. There is an
extensive list of the effects of these phosphorylation events of which a few include,
inhibition of platelet activation (Moncada et al., 1991), action as a vasodilator by reducing
the tone of the blood vasculature (Strijdom et al., 2009) and inhibition of leukocyte
adhesion to the endothelium (Bath et al., 1991, De Caterina et al., 1995).

1.5 Platelets on activation (Thrombus formation):
The platelet responds to the denuding of the vascular basement membrane, and the

exposure of collagen, vVWF and other ECM proteins, and causes the formation of a

thrombus. This process is highly regulated and undergoes a series of distinct steps.

1.5.1 Steps of thrombus formation

Blood is carried, throughout the body, in the vasculature which is lined internally by
nonthrombogenic endothelial cells. They release PGl> and NO which keep the circulating
platelets in the blood in a quiescent state. Due to their small size platelets are shifted to the
periphery of the vessels in the circulating blood. This peripheral shifting is provided by the
red blood cells and hence places the platelet in close vicinity both to the natural inhibitory
chemicals, and to possible damage to the endothelial layer. Once the endothelial layer is
damaged by trauma, ECM proteins are exposed, which are highly thrombogenic. Platelets
which have multiple external receptors and various signalling pathways are highly

sensitive to external stimuli and they act rapidly to the insult incurred, which results in its
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haemostatic effect. The sequence of events after damage of endothelial layer in the

vasculature, as shown in Figure 1.7, are detailed below:

1)

2)

3)

4)

5)

Tethering: Under high shear rates such as that observed in arterial flow, platelets
tether by binding to vVWF, immobilized on collagen, via its receptor complex, GPIb-
IX-V (Berndt, 2001). This transient association between VWF and GPIb-IX-V
results in platelets rolling on the surface and provides time for GPVI to bind to
collagen. Under low shear rate such as that observed in veins, GPVI binds to

collagen directly and results in the activation of integrins.

Integrin activation and stable adhesion: The association between vVWF and GPIb-

IX-V allows time for the low affinity receptor GPVI to bind to collagen. This
interaction results in the activation of integrin such as a2f1 and ouwPs, which bind
to collagen and VWEF, respectively. These interactions provide stability for the

platelet adhesion.

Spreading and Secretion: Following stable adhesion, massive reorganisation of the

actin cytoskeleton of platelets occur which results in the formation of filopodia and
lamellipodia. These structures increase the platelet surface area drastically and
hence provide further stability to the adhesion of platelets to the matrix protein.
Once the platelets are adhered and spread on the exposed ECM it causes them to
release alpha and dense granules. Hence an increase in ADP, ATP, thrombin,
serotonin, TXA: and fibrinogen along with other effectors in the vicinity of the
platelets. These secondary mediators then allow for the activation of other platelets

in the neighbourhood.

Agaregate formation: Activation of the platelets in the neighbourhood leads to the

binding of fibrinogen and VWF to their activated integrin, ouinfs. This along with
further activation by ADP and TXA: results in the formation of a platelet

aggregate.

Clot retraction: Endothelial damage via generation of phospatidylserine (PS) and
tenase complex (activated factors VIII and 1X) recruitment results in the formation

of prothrombinase complex (activated factors V and X). The prothrombinase
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Figure 1. 7: Steps of thrombus formation. Formation of thrombus is a highly regulated
process. On endothelial injury, the ECM proteins are exposed. The exposed ECM is bound
by the circulating VWF. 1) Attachment of VWF aids in the recruitment of platelets via
GPIb-1X-V receptor. This enables the platelet to tether and roll on the site of injury. 2) The
tethering of platelets, slows their speed so as to provide chance to the GPVI receptor for
interaction with collagen. On activation via GPVI the integrins are activated. 3)
Attachment via integrins provide stable adhesion that results in spreading of platelets and
secretion (ADP, fibrinogen, TXA>) to occur. 4) Secretion is followed by formation of
platelet aggregates, where platelets interact with each other via activated integrins. 5) The
conversion of prothrombin to thrombin leads to conversion of soluble fibrinogen to fibrin
that forms a meshwork, which results in the retraction of the clot. Adapted from (Watson,
2009).
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complex leads to the conversion of prothrombin to thrombin. The thrombin then
further activates platelets, activates the coagulation cascade and cleaves the soluble
fibrinogen into insoluble fibrin meshwork. The fibrin meshwork strengthens the

thrombus and leads to retraction of the clot.

1.5.2 Recent insight to thrombus formation

Recent advances in the research conducted on thrombus formation has challenged the prior
assumption of a thrombus to be a homogeneous clump of activated platelets that stems the
loss of blood from the circulation. In late 1960s, electron microscopic images of platelets
had hinted the differing levels of platelet activation in a thrombus (Stehbens and Biscoe,
1967). Publications from the group of Lawrence F. Brass based at The University of
Pennsylvania have reaffirmed the variation in the level of platelet activity with reimaging a
thrombus using a computational approach. They identified that the thrombus has distinct
zones within its structure (Stalker et al., 2014, Tomaiuolo et al., 2014, Welsh et al., 2016,
Welsh et al., 2014).

These zones have differing levels of platelet activity hence a heterogeneous pool of
platelets are found within a thrombus. The inner zone of a thrombus is composed of
compactly arranged platelets that form the core to the outer shell which is made up of
loosely arranged platelets. The loose or compact arrangement of the platelets defines the
porosity present in the different zones, with the inner zone being less porous in comparison
to the outer zone. The porosity of the zone is mediated by the activity status of these
platelets, which is directed by the presence of thrombin in the core and ADP and TXA: in
the shell (Welsh et al., 2014). Thrombin formation occurs near the site of injury that leads
to enhanced activation of platelets in its vicinity (Stalker et al., 2014). The enhanced
platelet activation by thrombin enables them to spread better, to have a greater contact
dependent signalling and therefore to decrease the porosity in this inner zone and restrict
the molecular transport within the core. This traps the thrombin within the core that
continues to activate the platelets, thus enabling secretion and release of ADP and TXA.,
identified by an increase in P-selectin (Stalker et al., 2014). The released mediators thereby
modulate the activity in the shell of the thrombus. Interestingly the shell does not have an
increased expression of P-selectin, signifying reduced activation, therefore loosely

arranged platelets that leads to an increase in porosity and reduced contact dependent
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signalling (Stalker et al., 2014). In between the outer and the inner zone is a transitional

zone which overlaps the properties of the two zones (Stalker et al., 2014).

1.6 Platelet actin cytoskeleton
Actin is a highly conserved protein present in all eukaryotic cells. It constitutes 15-20% of

the total proteins present in the platelet (Fox, 1993, Hartwig, 1999). It is made up of 374
aminoacid residues and has a molecular weight of 42kDa (Elzinga et al., 1973). In humans,
three types of actin exist; a, p and y. Of these only B and y are found in the platelets
(Pollard, 2001). The actin isoforms have a high level of sequence similarity that allows
them to co-polymerise with each other, differing only in their rate of polymerisation
(Khaitlina, 2001).

Within a platelet, actin exists in two forms, monomeric (globular: G-actin) and polymeric
(filamentous: F-actin), and there is constant cycling between these two forms. Platelets
maintain two pools of filamentous actin, one that is associated with the membrane skeleton
while the other is maintained in the cytosol. Furthermore platelets also have a large pool of
globular actin (Fox and Phillips, 1983, Hartwig and DeSisto, 1991).

Structurally actin is made up of two domains with an ATP/ADP binding site and a site for
a divalent cation, both positioned in the cleft between the two domains (Kabsch et al.,
1990). Binding of an ATP in the cleft of the G-actin monomer increases the rate of actin
polymerisation while having an ADP decreases this rate. Each of these domains
themselves consists of two subdomains; whilst a molecule of actin would comprise of 4
subdomains: labelled 1 — 4. Upon polymerisation of G-actin, the subdomains 3 and 4 are
arranged closer to the axis of the F-actin thereby forming the inner, while subdomains 1
and 2 forms the outer region of the structure. On their transition from globular to
filamentous form, the inner subdomains give a twist of 20° on the outer subdomains, which

provides a left-handed single-stranded helical structure for F-actin (Oda et al., 2009).

1.6.1 Actin polymerisation

Globular actin is polymerised to form filamentous actin. The process of actin
polymerisation consists of an initial nucleation step, followed by elongation of the actin
filament. In an inactivated platelet, the elongation reaches a treadmilling state (Mullins et

al., 1998, Weber et al., 1992), where the rate of actin polymerisation is similar to the rate
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of actin dissociation from the filament. Upon activation, the process of actin
polymerisation continues to increase the length of the actin filament in a linear or a

branched manner, while inhibiting the depolymerisation factors.

The initiation of actin polymerisation occurs by a denovo nucleation process in the
presence or absence of nucleation factors (Figure 1.8). It is an energetically unfavourable
option so it involves an initial lag phase during which oligomeric actin is formed (2-3
monomers of G-actin). The presence of nucleation promoting factors (NPFs), such as the
Arp2/3 complex and the Wiskott Aldrich Syndrome Protein (WASp) family of proteins,
facilitated the step of actin nucleation. The Arp2/3 complex is structurally composed of
seven subunits (Bearer et al., 2002). The Arp2 and Arp3 structurally resemble actin and on
combination they form a dimer similar to that formed by actin itself, thereby promoting
attachment of other G-actin molecules, hence initiating actin polymerisation (Bearer et al.,
2002). The Arp 2/3 complex is also involved with initiating the branching of actin
filaments on already formed actin filaments (Svitkina and Borisy, 1999). The WASp
family interacts with the Arp2/3 complex and lead to an increase in the polymerisation
activity of Arp2/3 (Zalevsky et al., 2001). Therefore, Arp2/3 and WASp forms the core

regulators for actin nucleation.

The actin oligomers formed, act as seeds on which a filament can undergo elongation. The
actin filament has two ends; the fast growing barbed end and a slow growing pointed end
(Korn et al., 1987). In the ATP bound form, the G-actin has a 10 fold increased affinity for
the barbed end. This was confirmed by the use of cytochalasin, an actin filament stabiliser

which inhibits recruitment of actin monomers to the barbed end (Fox and Phillips, 1981).

There are various strategies used by the cell to maintain or increase actin filament growth.
It attains a level of filament treadmilling, whereby the rate of actin filament formation
approximates the rate of dissociation. It may involve proteins that directly modulate the
dissociation or polymerisation of actin filaments. It could also employ proteins that may
cap the ends of the filament and thus limit the filament from growing. All these factors

come into play when a cell is stimulated.

The proteins required to modulate the actin cytoskeleton includes a cytosolic actin

sequestering protein, thymosin 4 (Tp4) that inhibits actin assembly in platelets by binding
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to 60-65% of G-actin and not allowing for them to nucleate (Goldschmidt-Clermont et al.,
1992, Pantaloni and Carlier, 1993). Upon stimulation of platelets profilin displaces T34
and helps to exchange the ADP on actin monomers with ATP and therefore makes the

actin monomers available for polymerisation.

Although actin polymerisation is key to the spreading response in platelets, actin
depolymerisation and actin filament capping also play an important role. Actin
depolymerisation will occur when the concentration of G-actin decreases and new
monomers need to be made available in order to continue to make further actin filaments.
Capping of filaments occurs so that these filaments are no longer extended as the cell
wishes to respond in a different manner to its environment. There are a number of proteins
which help to sever or cap actin filaments, thereby reducing the length of actin filament or
hinder their elongation, respectively. These include cofilin, gelsolin, CapZ, gCAP39,
tropomodulin severin and villin. These proteins have overlapping functions of severing

and/or capping at either the pointed (-) or the barbed (+) end of actin filament (Table 1.1).

Cofilin is an actin depolymerizing factor (Davidson and Haslam, 1994). It binds to the
ADP bound-actin at the pointed end of the filament and cleaves off the monomer (Carlier
et al., 1997). The actin monomer is recycled by the nuclear exchange of ADP to ATP by
profilin. This ATP-attached actin may then be incorporated to the barbed end of the

growing filament.

Gelsolin and similar severing and capping proteins (shown in Table 1.1) such as CapZ,
Severin, Villin, gCAP39 and tropomodulin either bind the barbed or the pointed end of the
actin filament to limit the elongation of the filament (Barkalow et al., 1996), or promote
breaking of the actin filament. Activation of platelets promotes gelsolin’s activity that
reduces already formed filamentous actin by severing the actin and increasing the pointed
ends of these filaments and thereby facilitates formation of new filaments which are
required by the cell to generate its response (Yin et al., 1981).

1.7 Mechanism of platelet actin cytoskeletal rearrangement
The actin cytoskeleton is key to the function of the platelet, with the ability to spread and

form strong adhesions to the ECM critical to the thrombus formation process. The process
of platelet spreading, and therefore the reorganisation of the actin cytoskeleton is well

defined, with first the formation of filopodia - finger like projections that is followed by
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Actin Binding Protein(s) Function(s)
Arp2/3 - Actin cross-linking proteins
- Filament-depolymerisation protein
Capz
- F-actin end-binding protein at barbed-end (+)
Cofilin - Filament-depolymerisation protein
- Monomer-binding protein sequester G-actin
DNase |
- Prevents actin polymerisation
gCAP39 - F-actin end-binding protein at barbed-end (+)
- Filament severing protein,
Gelsolin
- F-actin end-binding protein at barbed-end (+)
- Filament severing protein,
Severin
- F-actin end-binding protein
- Monomer-binding protein sequester G-actin
Thymosin 34
- Prevents actin polymerisation
Tropomodulin - F-actin end-binding protein at pointed-end (-)
Tropomyosin - Stabilising actin filament and preventdepolymerisation
- Filament severing protein,
Villin - F-actin end-binding protein
- Helps in actin filament crosslinking

Table 1. 1: Proteins involved in binding to actin. These proteins bind to actin and
control the effective length of the actin filament. The (+) refers to the binding preference
for barbed end and (-) refers to the binding preference for pointed end of the actin
filaments. Adapted from (Lodish et al., 2000, dos Remedios et al., 2003)
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lamellipodia - a crosslinked actin rich structure which fills in the gaps between these
filopodia. During lamellipod formation the actin cytoskeleton starts to rearrange into stress
fibres, which act as both a brake on the extent of the lamellipodial extension and maintains
the shape of the platelet (Zucker and Nachmias, 1985). Disruption of both lamellipodia and
stress fibre formation can cause embolisation of thrombus formation, due to an inability of
the thrombus to withstand high shear (Calaminus et al., 2007, Owen et al., 2005).

These structures are tightly regulated by signalling pathways which are influenced by the
stimuli received by the cell from its environment. This is coordinated by the Rho family of
small GTPases (Chang et al., 2005b).

1.7a Rho GTPases:

Ras homologus (Rho) GTPases constitute a sub-group of the Ras proto-oncogene family
(Barbacid, 1987, Shields et al., 2000). Signalling through these proteins helps in mediating
downstream effects in the cell. They cycle between binding either to a GTP or GDP,
depending upon their level of activity. Once GTP-bound the RhoGTPase becomes active.
Upon hydrolysis the GTP converts to GDP and leads the conformation to an inactive form.
Conversion of the GDP/GTP-bound forms is tightly regulated by the presence of Rho
Guanine Exchange Factor (GEF), Rho GTPase Activating Protein (GAP) and Rho Guanine
Dissociation Inhibitor (GDI). The GEF is involved in the conversion of GDP-bound form
to a GTP-bound form, while GAP activates the intrinsic GTPase activity of Rho protein
and hydrolyses GTP to GDP (Moon and Zheng, 2003, Schmidt and Hall, 2002). The GDI
hinders the dissociation of GDP from the Rho proteins in resting platelets, thereby
blocking the conversion of the GDP-bound form to its GTP counterpart. Upon platelet
stimulation this interaction with GDI dissociates and hence the Rho GTPases become
available to modulate downstream effects (Olofsson, 1999, Sasaki and Takai, 1998).

The Rho GTPases comprises of 20 Rho family members that could be categorised into 8
subgroups, depending on their domain alignment into classical Rho GTPases (Rho, Rac,
Cdc42 and Rif) and atypical Rho GTPases (Rnd, RhoUV, RhoH and RhoBTB) (Table 1.2)
(Aspenstrom et al., 2004, Azzarelli et al., 2014, Heasman and Ridley, 2008, Infante and
Ridley, 2013, Villalonga and Ridley, 2013). The members of classical Rho GTPases,
RhoA, Racl and Cdc42, have been extensively researched in platelets and other cell types
(Aslan and McCarty, 2013, Azzarelli et al., 2014, Heasman and Ridley, 2008, Infante and
Ridley, 2013, Villalonga and Ridley, 2013). Many actin structures have been associated
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via PKA

Figure 1. 9: RhoA activity level is mediated in a cyclic manner within a cell. RhoA
cycles between its GDP and its GTP bound form via activity of the RhoGEF and RhoGAP.
The RhoGEF converts Rho from its GDP to its GTP bound form. RhoA converts back
from its GTP bound form to its GDP bound form. On exposure to an increase in CAMP via
PKA, RhoA is phosphorylated which tags it to be bound to GDI. On attachment of GDI,
RhoA is hindered to convert from its GDP bound form to GTP bound form of RhoA.
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Rho_ . Rho members | _. % . Comments
subfamilies Similarity
RhoA
-Involved in actomyosin contractility
Rho RhoB 84% -Helps forming stress fibres and focal
adhesions
RhoC 92%
Racl
D
§ Rac2 92% -Induces formation of lamellipodia
= Rac -Helps in focal adhesion turnover
(g Rac3 93%
<
x RhoG 72%
S
2 Cdca2
[S) -Induces formation of filopodia and thick
Cdc42 TC10 (RhoQ) 62% actin bundles
-Involved in vesicle trafficking
TCL (RhoJ) 55%
Rif (RhoF) -Very long and flexible filopodia,
Rif greater actin filament assembly and
RhoD 50% intracellular trafficking of endosomes
Rnd1 -GTP-bound in the wild type state.
-Formed dorsal microvilli, suggesting
Rnd Rnd2 51% reorganisation of stress fibres to dorsal
protrusions.
3 Rnd3 (RhoE) 58% -It also contain ezrin
£ o
Ia RhoU (Wrcht, -Possess high intrinsic GDP/GTP
2 Chp2) excha_nge _rate. o _
o RhoUV -Possible involvement with filopodia and
S RhoV (Wrch2, 54% lamellipodia formation due to structural
§ Chp) similarity with Cdc42 and Rac.
< RhoH | RhoH (TTF) -Inhibits Racl signaling
RhoBTB1 -Involved with vesicular structures in the
RhoBTB cytoplasm
RhoBTB2 66% -Aids transcriptional regulation

Table 1. 2: List of RhoGTPases. The list of Rho GTPase family that has been categorised
into groups and subgroups. Adapted from (Aspenstrom et al., 2004, Aslan and McCarty,
2013, Azzarelli et al., 2014, Heasman and Ridley, 2008, Infante and Ridley, 2013,
Villalonga and Ridley, 2013)
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with specific RhoGTPases; Cdc42 is thought to be involved in filopod formation, Rac is
involved in lamellipod formation and RhoA in the formation of stress fibre (Calaminus et
al., 2008, Aslan and McCarty, 2013).

For these actin cytoskeletal changes to take effect the Rho effectors need to be activated.
Normally these effectors have their binding site blocked by the presence of the structural
looping of the protein onto itself thereby providing a Rho GTPase autoinhibitory
mechanism. Upon platelet activation, disruption of the intramolecular autoinhibitory
interaction occurs which releases the binding sites for RhoGTPases resulting in their

downstream effects.

1.7.1 Cdc42 and filopodia
Filopodia are slender projections of the cell membrane. They are used by the cell for
sensing the surrounding extracellular matrix and identifying the presence of adhesion
receptors to bind them (Wood and Martin, 2002). They are filled with actin filaments that
extend the length of the structure with the barbed end directed towards the protrusion
(Figure 1.10) (Small, 1988).

The formation of filopod is regulated by the small RhoGTPase, Cdc42 (Nobes and Hall,
1995). Cdc42 (cell division cycle 42) was discovered in the yeast while mediating its
budding and managing their polarity. On stimulation, as shown in figure 1.9, the platelet
GTP-bound form of Cdc42 binds to the GTP-binding domain (CRIB domain — Cdc42/Rac
Interactive Binding) of the WASP protein. The WASP protein folds on itself, causing an
autoinhibited state in which the CRIB domain is bound to the VCA domain (Actin and
Arp2/3 binding region). In the presence of PIP», the interaction of Cdc42 with WASP
protein is followed by interaction with the Apr2/3 complex that leads to actin recruitment
and its polymerisation. Filopod form the finger-like projections via tight bundling of the
actin filaments that are formed parallel to each other. This is achieved by the presence of
regulatory protein, the formins (i.e. mDia2) (Schirenbeck et al., 2005, Yang et al., 2007).
The formin associate with the growing end of the actin filament by encircling it and
continues to recruit actin monomers while inhibiting the binding of the capping proteins,

thereby a rapid and non-branched growth of the actin filament occurs (Figure 1.10).

Cdc42 has been regarded as a regulator of filopodia formation, secretion and exocytosis in
various cell types (Hong-Geller and Cerione, 2000, Kozma et al., 1995, Nobes and Hall,
1995, Zhang et al., 2001). It is highly expressed in platelets (Burkhart et al., 2012). As with
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Cdc42 Rif
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Arp 2/3 Formin
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Actin polymerisation
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Figure 1. 10: Structure of filopod. A filopod is a slender finger-like projection form the
platelet. The schematic shows a graphical appearance of filopod along with the signalling
involved for its’ formation. The insert on the upper left shows the filopod (identified by a

red arrow) in a platelet. Scale bar is 5um. Adapted from (Mellor, 2010).
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other cell types it was presumed that its activation should result in platelet filopodia
formation. With the current level of understanding, discrepancy exists as different studies
identifying the role of Cdc42 in platelets have differing outcomes. A study on platelets
using secramine, a Rho GTPase inhibitor which has been considered specific for Cdc42,
identified the importance of Cdc42, as its absence by binding to the inhibitor rendered it
unavailable for the formation of filopodia in the cell (Chang et al., 2005a, Pelish et al.,
2006, Pula and Poole, 2008).

In agreement with this platelets from a Cdc42 knockout mouse model, with the gene
targeted at the level of haematopoietic cells resulted in an impaired filopodia formation,
reduced spreading, secretion and aggregation (Akbar et al., 2011). However gene deletion
of Cdc42 in a megakaryocyte-platelets specific manner (Pleines et al., 2010), identified no
change in filopodia formation in these platelets on fibrinogen but it hampered its formation
on VWF (Pleines et al., 2010). This brought an insight that mechanisms independent of
Cdc42 may exist for the formation of filopodia in platelets and secondly the formation of
filopodia by Cdc42 could be GPIb linked (platelet receptor for vVWF).

There are other Rho GTPases which mechanistically result in the filopodia formation,
acting independent of the Cdc42 (Pellegrin and Mellor, 2005). The list includes Rif (Rho in
filopodia), TC10, RhoT and Wrch-1 (a Cdc42-like protein) (Abe et al., 2003, Ellis and
Mellor, 2000, Murphy et al., 1999, Ruusala and Aspenstrom, 2008). In an overexpression
system, Rif has been identified to interact with formin and causes formation of longer
filopod (Figure 1.10) (Ellis and Mellor, 2000). Although Rif has been found to form
filopodia in other cell types; in platelets, it is dispensable (Goggs et al., 2013).

1.7.2 Rac and Lamellipodia

Lamellipod is a thin sheet-like structure formed in a cell. Initially on Swiss 3T3 fibroblasts,
it was found that Rac caused polymerisation of actin and led to the formation of
lamellipodia and membrane ruffles (Ridley et al., 1992). Upon stimulation, it starts to fill
the gaps that are formed between the filopodia; via extension of the cytoplasmic front of
the cell. This extension of the cytoplasmic front is composed of highly branched actin
filaments (Svitkina and Borisy, 1999). This branching occurs in the presence of the Arp2/3
complex and forms a complex meshwork of actin filaments (Figure 1.11) (Nobes and Hall,
1995, Ridley, 1995). The Arp 2/3 complex nucleates actin polymerisation and binds to an
already formed actin filament at an angle of 70° (Svitkina and Borisy, 1999).
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In platelets the formation of lamellipod is regulated by the small GTPase, Rac (Figure 1.11)
(Ridley, 1995). On stimulation Racl binds to the WAVE complex (Figure 1.11)
(Yamazaki et al., 2003). The WAVE complex is in a closed state, which on binding to PIP3
and Rac-GTP opens its confirmation, enabling the VCA region to be exposed (Takenawa,
2010). The Arp2/3 complex binds to the VCA domain and initiates actin polymerisation
(Figure 1.11). Absence of formin (mDia2), allows the branching of the actin filaments via
the Arp2/3 complex on already formed actin filaments. Actin depolymerising agents,
gelsolin or cofilin, play their part by cleaving-off actin oligomers from the filamentous
actin. These oligomers are then incorporated to the expanding actin filaments either to
increase its length or to enable branching to take place (Aslan et al., 2013, Falet et al.,
2002).

Three isoforms for Rac exists - Racl, Rac2 and Rac3. Using a serial analysis gene
expression (SAGE) system, Rac3 was confirmed to be absent in platelets. The remaining
Rac isoforms, Racl and Rac2, were identified to be present in the platelet, of which trace
amounts of Rac2 was recognised (Burkhart et al., 2012, McCarty et al., 2005). Using
murine platelets of Racl/Rac2 double knockout its role in the platelets lamellipodial
formation was confirmed (McCarty et al., 2005). Therefore, Racl is the most important
isoform of Rac present in platelets that helps in the formation of lamellipod and is also
known to maintain stability of a thrombus (McCarty et al., 2005).

1.7.3 Actin nodules

At present it is not clear which, or if any Rho GTPases is responsible for actin nodule
formation. An actin nodule is a punctate area of actin which are present in the early stages
of platelet spreading. These are highly dynamic structures and have been proposed to be
the precursor to lamellipod and stress fibre formation in the platelet (Calaminus et al.,
2008). As the platelet spreading proceeds into attaining a fully spread form, they disappear
and stress fibres are formed (Calaminus et al., 2008, Kasirer-Friede et al., 2010). These
nodules are filamentous actin structures as they had been stained by phalloidin (Calaminus
et al., 2008), which has a high and irreversible binding affinity for filamentous actin
(Faulstich et al., 1977). Since their first identification by Calaminus et al in 2008, their role
is still unclear and further work needs to be completed to understand their true function.

However, actin nodules have been found to be co-localised with proteins that regulate the

actin cytoskeletal structures. The list includes the Arp2/3 complex, Rac, B-integrins (1
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@® Vinculin

, o &  Talin
Activated integrin
E&=ES  Fibrinogen
@@ Amp 23

Proteins:

O Rac, p-Tyr, Fyn, WASP, Src, @ F-actin

Moesin, Cortactin, ADAP

Actin nodule

Figure 1. 12: Structure of actin nodule. An actin nodule is a filamentous actin structure
which has been identified in the early stages of platelet spreading. The schematic shows a
graphical representation of the identified structures that are present at actin nodules. The
insert on the upper left shows the punctate presence of actin nodules (identified by green
arrows) in a platelet. Scale bar is 5um. Adapted from (Poulter et al., 2015).
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and B3 subunits), Fyn, moesin, cortactin, talin, vinculin, p-Tyr, WASp (Figure 1.11)
(Calaminus et al., 2008, Kasirer-Friede et al., 2010, Poulter et al., 2015). Another protein
that has been found to co-localise with actin nodules is an Adhesion-and Degranulation-
promoting Adapter Protein (ADAP) (Kasirer-Friede et al., 2010). In the absence of ADAP,
it was identified by Kasirer-Friede, that vinculin does not localise to the formed actin
nodules (Kasirer-Friede et al., 2010). Another finding by Calaminus et al. (2008) has been
the absence of Src co-localisation with actin nodules (Calaminus et al., 2008), but under
flow conditions, Kasirer-Friede et al identified activated Src co-localisation with these
nodules (Kasirer-Friede et al., 2010). These findings provided the notion that not all
proteins co-localising with the nodule are required for its formation but rather it may
actually be serving as a hub for various activities such as signalling and providing
anchorage to platelets under shear (Calaminus et al., 2008, Kasirer-Friede et al., 2010,
Poulter et al., 2015).

1.7.4 RhoA and Stress fibres

RhoA proteins comprise of three isoforms, RhoA, RhoB and RhoC. These isoforms have
an 85% amino acid similarity with each other, while diverging at the C-terminus (Wheeler
and Ridley, 2004). Although highly homologous, RhoA are generated from individual
genes present on separate chromosomes (Cannizzaro et al., 1990). RhoA isoforms have
differences in their expression profiles. These proteins have a small fraction localised in
the plasma membrane with RhoA and RhoC mainly identified in the cytoplasm, while

RhoB has been identified with endosomes and lysosomes (Adamson et al., 1992).

Differences in the C-termini of the RhoA proteins and minor changes in their ligand
binding region points us the possibility of these isoforms to have their own specificities,
such as attaching to different effectors and even having different temporal and spatial
arrangements within the cell. Differential preference for binding to effecter proteins brings
up the individuality possessed by these isoforms. RhoA has been found to regulate
actomyosin contractility; RhoB regulates cytokine trafficking and cell survival while RhoC

has been implicated in cell motility (Wheeler and Ridley, 2004).

Stress fibres are contractile structures that are formed in non-muscle cells (Buckley and
Porter, 1967, Isenberg et al., 1976). As shown in the figure 1.13, they are composed of
actin, actin binding proteins and myosin (Naumanen et al., 2008). Stress fibres have a

complex and lengthened structure having actin bundles with 10 to 30 actin filaments
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(Cramer et al., 1997). The actin filaments are arranged parallel and crosslinked by actin
binding proteins, such as a-actinin, to provide structural integrity to their arrangement
(Lazarides and Burridge, 1975). A filamentous form of myosin is incorporated with the
actin filaments (Langanger et al., 1986), thus providing the contractile element for the

formed stress fibres.

These actin bundles, stress fibres, cross the body of the cell and attach to the cell
membrane at focal adhesions, which are site of communication between the intracellular
actin cytoskeleton and the ECM (Figure 1.13) (Geiger et al., 2009, Parsons et al., 2010,
Pellegrin and Mellor, 2007). The maturity of the stress fibres is dependent on the presence
of mechanical stress experienced by the cell and myosin lla mediated contractility
(Bershadsky et al., 2006, Smith et al., 2010). Thus, their presence provides stability and
structural integrity to the cell (Pellegrin and Mellor, 2007, Naumanen et al., 2008). As with
other cell types, platelets also possess these similar characteristics of stress fibres

(Langanger et al., 1986).

RhoA directs the formation of stress fibres. RhoA has been the most studied of the Rho
isoforms. Structurally RhoA has an effector domain, 4 GTP/GDP binding regions which
are present individually through the whole protein, a hypervariable region and a CAAX
box motif at the C-terminal (Lartey and Lopez Bernal, 2009). The effector domain
modulates the guanosine phosphate domain binding for the GTP or GDP. The
hypervariable region provides diversity to the protein and may have sites for membrane
association of the protein. The CAAX box motif dictates post-translational modifications,
where ‘C’ is the Cysteine, ‘A’ are aliphatic residues and ‘X’ determines the type of

prenylation (Lartey and Lopez Bernal, 2009).

Effectors of RhoA for the formation of stress fibres include Rho-associated coiled-coil
kinase (ROCK) and mDiaphanous 1 (Figure 1.13) (Leung et al., 1996, Watanabe et al.,
1997). ROCK activates LIM kinase which inhibits cofilin-induced depolymerisation of
actin filament (Maekawa et al., 1999), while mDial enables polymerization of actin
filaments into long parallel bundles (Hotulainen and Lappalainen, 2006, Tominaga et al.,
2000). The formed stress fibres on contraction lead to an attainment of mature focal

adhesions owing to an increase in mechanical stress in the cell (Colombelli et al., 2009).
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Figure 1. 13: Structure of stress fibre. A stress fibre is a filamentous actin structure
which is present in a fully spread platelet. The schematic shows a graphical representation
of the stress fibre along with the signalling involved for its formation. The insert on the
upper right shows the cord like structure of stress fibres (identified by yellow arrow) in a
platelet. Scale bar is 5um. Adapted from (Pellegrin and Mellor, 2007).
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The stress fibres with its contractions are linked downstream to an increase in
phosphorylation of the myosin light chain (MLC) (Somlyo and Somlyo, 2000). Increases
in the level of phosphorylated MLC leads to Myosin Il activation, and hence the formation
of stress fibres. Phosphorylation of MLC has been identified to be controlled by two
distinct mechanisms, a Rho-dependent pathway and a Ca?*/Calmodulin-dependent pathway
(Amano et al., 1996, Katoh et al., 2001). The Ca?*/Calmodulin-dependent pathway,
phosphorylates MLC by activating the myosin light chain kinase (MLCK), while the
RhoA-ROCK pathway, inhibits the myosin light chain phosphatase (MLCP) (which would
have converted phosphorylated MLC to its non-phosphorylated form) and also directly
phosphorylates MLC (Amano et al., 1996, Kimura et al., 1996, Totsukawa et al., 2000).
Dephosphorylation of MLC is regulated by the disinhibition of MLCP activity.

Inactivation of RhoA prevents the activation of ROCK, increases MLCP activity and
therefore decreases myosin light chain phosphorylation and myosin Il activation. This

causes a reduction in stress fibre formation, and also can cause stress fibre dissolution.

One signalling pathway which has been implicated in the control of the activation status of
RhoA is the PKA signalling pathway (Qiao et al., 2003). RhoA is a substrate for
phosphorylation by PKA. If RhoA is phosphorylated by PKA it interacts with Guanine-
nucleotide Dissociation Inhibitor (GDI) and becomes unavailable to be bound to ROCK
reducing the activity of RhoA (Aburima et al., 2013).
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1.8 Aims of this study:

PGIl, and NO, are derived from vascular endothelium and have been known to inhibit
platelets from being activated. PGl is more potent at inhibiting platelets (Ehrman and Jaffe,
1980), and has been found at suboptimal concentration in the circulation (FitzGerald et al.,
1981). Platelet inhibition by PGIl, and NO allows a smooth flow of blood, without the
formation of unwanted thrombi in circulation. The inhibition is overcome by the activatory
stimulus perceived by the platelets from the microenvironment of the vascular lesion. On
activation, platelets change their shape and attain a spread profile by reorganising their

actin cytoskeleton.

The changes in actin cytoskeleton provide a means to monitor the level of platelet
activation. From having a discoid presence in non-activated state in the circulation they
form filopodia, lamellipodia, actin nodules and on completion of their spreading they attain
stress fibres. Activated platelets forming a thrombus along with the damaged endothelium
tend to generate thrombin which is known to increase PGI. production by the endothelium.
The release of PGl in the vicinity of the thrombus had not been investigated before for the

effects it could generate on the thrombus itself.

My study was designed to understand if platelet activation within thrombi could be
reversed by the presence of PGl.. To conduct this research following aims were recognised:

1) Identify the effect of PG> on spreading of platelets, monitoring via changes to the actin

cytoskeleton.

2) Determine the signalling dynamics of the changes observed in spread platelets upon

treatment with PGl..

3) Identify the significance of the changes observed in the actin dynamics on treatment of

thrombi with PGlI2, under flow.

The impact of the outcomes of this research could have far reaching benefits, whether it be
for mere understanding the concept of the effect of PGl on thrombus formation or helping

to formulate new therapies and develop newer strategies to target thrombosis.
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2.1 Materials and Instruments:
PGl (Cayman Chemical, Michigan, USA), Forskolin (Sigma-Aldrich, UK), Fibrinogen

(Enzyme Research, Swansea, UK), Collagen (Nycomed, Linz, Austria), Y-27632 (Abcam,
Cambridge, UK), RP-8cpt-cAMPS (Biolog, Bremen, Germany), KT5720 (Abcam,
Cambridge, UK), Rhosin (EMD Millipore Calbiochem, Billerics, MA USA), pRhoAS®188
(Santa-Cruz Biotechnology, Heidelberg, Germany), pMLC>® and pVASPS" (New
England Biolabs, Hitchin, UK), GAPDH and Arp2/3 (Millipore, Watford, Hertfordshire,
UK), PKA RI (Cell Signalling Technology, Leiden, Netherlands), PKA RIl (BD
Biosciences, Oxford, UK), pPKA substrate (Cell Signalling Technology, Leiden,
Netherlands), WASp (Santa-Cruz Biotechnology, Heidelberg, Germany), Anti-
Phosphotyrosine (Millipore, Watford, Hertfordshire, UK), RhoA pulldown Kit
(Cytoskeleton, Denver, UK), cAMP assay (GE Healthcare) and ProLong Diamond
Antifade Mountant (GE healthcare, Little Chalfont, Buckinghamshire, UK), Flourescent
secondary IRDye 800CW anti-mouse and IRDye 680RD anti-rabbit antibodies (LI-COR
Biotechnology, Cambridge, UK). All other chemicals stated below were from Sigma Ltd
(Poole, UK) unless otherwise stated. FITC-phalloidin, PBS, Indomethacin, Apyrase,
Paraformaldehyde, Glucose, Tris-Na Citrate, NaCl, Citric acid, EDTA, KCI, HEPES,
NaH2PO4, NaHCOs, MgCl,, Triton X-100, KH2PO4, PIPES, EGTA, Acrylamide 30%,
methanol, PVDF, BSA, Milk, TEMED, APS, Tris base, SDS, Glycine, Glycerol,
Bromophenol blue, Dithiothreitol, Tween-20, 24-well plate, 6-well plate, 10 cm dish,
Haemocytometer, coverslips, glass slides, plate reader, licor_Odyssey, Latrunculin A,
phosphatase and protease inhibitors.

2.2 Platelet preparation:

Whole blood from the vein of healthy volunteers was obtained into 1:5 ratio of acid-citrate
dextrose (ACD) (114mM Glucose, 30mM Tris-Na Citrate, 72.6mM NaCl and 3.0mM
Citric acid pH 6.4). Care was taken in maintaining a standardized phlebotomy technique
along with safe transfer of blood from the phlebotomy room to the laboratory. The blood
was put in 10ml bijou tubes. These tubes were initially centrifuged using, Thermo
Scientific Megafuge 16, at 700rpm, 20°C for 10 minutes. Platelet rich plasma (PRP) was
transferred into separate bijou tubes, while 1ml of the plasma was left in the blood tubes.
These tubes with the blood were re-centrifuged at 900rpm, 20°C for additional 10 minutes.

The remaining PRP was collected using a Pasteur pipette into the tubes with previously
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DILUTION SECONDARY
PRIMARY ANTIBODY WB: Western blotting
. ANTIBODY
CM: Confocal microscopy -
VASPSeris? IRDye 680RD anti-Rabbit
_— ' 1:1000 (WB) (P/N 925-68071)
New England Biolab (#3111) (1:10000)
pRhoASeriss 1:1000 (WB) IRDye 680RD anti-Rabbit
. (P/N 925-68071)
Santa Cruz Biotechnology (sc-32954) 1:200 (CM) (1:10000)
pMLCSer1o IRDye 800CW anti-Mouse
_ 1:1000 (WB) (P/N 925-32280)
New England Biolab (#3671) (1:10000)
GAPDH IRDye 800CW anti-Mouse
= 1:6000 (WB) (P/N 925-32280)
Millipore (AB2302) (1:10000)
Anti-PKA-Rla/B Thermo Fisher Scientific
. 1:200 (CM) AlexaFluor647 anti-Mouse
Cell Signaling Technology (#3927) (1:200)
Anti-PKA-RIIB Thermo Fisher Scientific
— 1:200 (CM) AlexaFluor488 anti-Mouse
BD Biosciences (pS114) (1:200)
Anti-Phosphotyrosine (4G10) Thermo Fisher Scientific
— 1:1000 (CM) AlexaFluor647 anti-Mouse
Millipore (05-321) (1:200)
Arp2/3 Thermo Fisher Scientific
. 1:200 (CM) AlexaFluor647 anti-Rabbit
Millipore (MABT95) (1:200)

Table 2. 1: List of antibodies. The list of primary and secondary antibodies with reference
to their dilutions and their use in the experiments as for western blotting (WB) and
confocal microscopy (CM).
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acquired PRP. The pH of the PRP was adjusted to 6.4 by adding 20ul/ml of 0.3M citric
acid. The PRP containing citric acid was centrifuged at 1800rpm, 20°C for 10 minutes. The
supernatant containing the platelet poor plasma (PPP) was discarded, while the attained
pellet was re-suspended in 3ml of wash buffer (36mM Citric acid, 10mM EDTA, 5mM
Glucose, 5mM KCI and 90mM NaCl) (pH 7.4). The re-suspended pellets were centrifuged
for additional 10minutes at 20°C at 2200rpm. The supernatant was drained while the inside
of the tube is wiped using a tissue, care is taken not to disturb the pellet. The pellet is re-
suspended in 2ml of Modified Tyrode’s buffer (150mM NaCl, 5mM HEPES, 0.55mM
NaH2PO4, 7mM NaHCO3, 2.7mM KCI, 0.5mM MqgCl; and 5.6mM Glucose) (pH 7.4).
Platelets were then incubated for 30minutes to rest before using them for experimentation.

2.3 Platelet counting:

During platelet resting a platelet count was obtained. This was done either using a
Beckman Coulter counter (Z™ Series Coulter — Cell and Particle Counter) or a
haemocytometer. The electrode was washed with isotonic fluid (Isoton Il diluent). In a
cuvette (Accuvette ST) 5ul of platelet suspension was added to 10ml of isotonic fluid and
platelet number was analyzed. The count was taken thrice, and an average count was

obtained.

To obtain a platelet count using a haemocytometer, the apparatus was initially cleaned
thoroughly with ethanol. A coverslip was placed on top of haemocytometer, and the
pattern on the haemocytometer is focused using the x10 objective. Platelets were then
diluted using modified Tyrodes’ buffer (1:100) (5ul in 495ul). After mixing, 20ul of
platelets were added to the slide. To visualize the platelets, 20x or 40x objectives were
used. Platelets were counted in 10 of the 25 small squares, remembering to count the
platelets on two of the outer margins but excluding those lying on the other two outside
edges. Platelets in the same area on both sides of the counting chamber were counted. The
two counts were averaged and the number of platelets per milliliter was calculated using

the formula:

Platelet count = Average count of platelets * 25000 * 100
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2.4 Microscopy:

I have used epifluorescence and confocal microscopy during my research. Both of them are
classified as fluorescence microscope. The working principle for these microscopes

involves a light source, dichroic mirror(s) and excitation and emission filters (Figure 2.1).

Before visualising samples under the fluorescence microscopes they were stained either by
fluorophores such as FITC/TRITC phalloidin targeted against filamentous actin or the
samples were stained by using antibodies with fluorophores directed against the molecule
to be detected. Once stained, the samples were exposed to specific wavelength of energy,
such as UV light, that excites the fluorophores in the sample. Excitation of the
fluorophores causes them to emit the attained energy in longer wavelengths. This allows
the dichroic mirror to transmit the longer wavelength emission waves towards the ocular
apparatus while reflecting the shorter wavelength excitation waves. To avoid unwanted
fluorescence to distort the image, excitation and emission filters are used that channels the

correct wavelength of energy to be received by the sample and be visualised by the user.

The confocal microscopy uses a LED light or LASER to excite the fluorophore in the
sample. Using excitation and emission confocal pinhole apertures, it allows for sharper
images with improved resolution due to less crosstalk and automated detection of the
colours and their intensities. It allows optical sectioning of objects by scanning a single

point in an X-Y manner, thereby enabling a three-dimensional reconstruction of specimen.

2.5 Platelet spreading:

Coverslips (0.13mm in thickness) were put in a 24 well plate and incubated with 300l of
fibrinogen (100ug/ml) or collagen (100ug/ml) for 1 hour at room temperature or overnight
at 4°C. The wells were washed twice with PBS using a Pasteur pipette, taking care to add
to the walls of the well so as not to disturb the laid down matrix. In the meantime, 5Smg/ml
of fatty acid free BSA was prepared. The BSA was boiled for 10 minutes so as to denature
the proteins. Once cooled the BSA was filtered using 0.45um filter. The washed coverslips
were incubated with 200ul of BSA to block any of the glass not covered by the matrix
proteins so as to reduce non-specific binding of platelets. After incubation with BSA for 1
hour at room temperature, the wells are washed twice with PBS. The next steps were

dependent upon the experimental plan, however if the experiments required apyrase
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Figure 2. 1: Principle of fluorescence microscopy. An inverted fluorescence
microscope (top image) identifies the sources of light, its passage through different
lenses and filters and an image being observed by the observer through oculars or
cameras. The principle of fluorescence microscope (bottom image) highlights the
core concept of chromatic beam splitter (dichroic mirror) and the excitation and
emission wavelengths. For fluorescence microscopy, light source (13) passes
through the excitation filters (10, 11, 12) and gets reflected from the dichroic mirror
(9) and is projected through the objective (19) onto the specimen. The specimen
takes the energy and generates it back which passes through the dichroic mirror (9)
and after passing through the emission filters (8, 7, 6) is reflected to the eyepiece (2)
or the camera (1, 3).
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(2U/ml) and indomethacin (10uM), these were added to the platelets 2 minutes prior to

incubation on the matrix proteins.

2.5.1 Spreading profile of platelet
This was completed on fibrinogen. Adding 200ul of platelets (2.0x107) to the wells
labelled for individual timepoints at 5, 10, 25, 35 and 45 minutes. These experiments were

performed both in the presence and absence of apyrase (2U/ml) and indomethacin (10uM).

2.5.2 Prior incubation of platelets with PG>, Fsk, Y27632 and Rhosin
This was completed on both collagen and fibrinogen matrix proteins. Dose response effect
of prior incubation of PGI. (1, 10, 100 and 1000nM), Forskolin (0.1, 1, 10 and 100uM),
Y27632 (1, 10, 30 and 50uM) and Rhosin (1, 10, 30 and 50uM) were observed with
platelets. For 2 minutes, platelets (2.0x107) were treated with respective agents prior to
them being spread for 45 minutes at 37°C.

2.5.3 Post incubation of spread platelets with PGI. and Fsk

This was completed on both collagen and fibrinogen matrix proteins. 200ul of platelets
(2.0 x10") were allowed to spread for 25 minutes. The wells were washed twice with PBS
so to remove cells which had not adhered. Initially different concentrations of PGl (1, 10,
30, 100 and 1000nM) and Fsk (0.1, 1, 10 and 100uM) were prepared in modified Tyrodes’
buffer. The platelets were treated with these doses of PGI. and Fsk (200ul/well) for 10
minutes. The platelets were then fixed. Additionally, after identifying 10nM for PGI, and
1uM for Fsk, as the optimum doses for the experiment, platelets were stimulated with PGI»
or Fsk for 0, 2, 5, 10, 25, 40 and 60 minutes. This experiment was repeated for the 10
minute timepoint, optimum duration identified for the effects to be observed, in the
presence and absence of apyrase (2U/ml) and indomethacin (10uM). Finally, to confirm
that this was mediated by PKA, 2.0x107/ml platelets were spread on fibrinogen for 25
minutes in the presence and absence of PKA inhibitors [RP-8cpt-cAMPS (500uM) and
KT5720 (10uM) used in combination]. The wells were washed twice with PBS. The
platelets were then stimulated with PGl> (10nM) and Fsk (1uM) for further 10 minutes,

both in the presence and absence of RP and KT before fixation.

After being washed twice by PBS, the spread cells were fixed with 4% paraformaldehyde
(PFA) for 10 minutes. The fixed platelets were then washed twice with PBS and lysed with
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200ul of 0.1% Triton X-100 for 5 minutes. The cells were then washed twice with PBS
and 200ul of 2mM FITC-phalloidin solution was added. The wells were incubated for 1
hour at room temperature under dark conditions. After incubation the wells were washed
twice with PBS and the coverslips were placed inverted (the side with platelets facing
towards the glass) on a labeled glass slide using a histamount. The slides were stored under
dark at 4°C.

For cases of co-immunolocalisation, the spread platelets that had been treated with PGl>
(10nM) and Fsk (1uM) were fixed, permeabilized and were incubated for 30 minutes with
the primary antibodies; Arp2/3, p-Tyr, pRhoA, PKA RI or RIl. After 30 minutes of
incubation, the secondary antibody, AF647 (anti-mouse and/or anti rabbit) (1:200), was
prepared in PBS containing FITC-phalloidin (1:1000). An exception was PKA RII staining
which was performed with AF488 (anti-mouse) (1:200) secondary antibody in conjunction
with TRITC. The wells with the stain were then incubated for 1 hour at room temperature
under dark conditions. After incubation the wells were washed twice with PBS and the
coverslips were placed on its head on a labelled glass slide having histamount. The slides

were stored under dark at 4°C.

2.5.4 Platelet visualization

The spread platelets were visualized using the fluorescence and confocal microscope.

2.5.4.1 Conventional Fluorescence microscopy

The slides were visualized using a Zeiss Axio Observer (Zeiss, Cambridge, UK) with x63
oil immersion objective (1.4 NA) and Zen Pro software (Carl Zeiss, Cambridge, UK).
There were 5 images of each condition that the spread platelets had been treated and were
analysed using ImageJ software (NIH, Bethesda, USA). The images were selected in a
randomised manner taking care to obtain an image each from the upper right, upper left,
lower right, lower left and centre of the slide for each condition. Approximately 200-250
platelets per condition were analysed for the numbers of platelets containing either actin
nodules or stress fibres, and platelet adhesion. Surface area was also analysed by manually
circling 100 randomly selected platelets for each condition.

2.5.4.2 Confocal microscopy
The slides were visualized using a Zeiss Axio Observer (Zeiss, Cambridge, UK) with x100

oil immersion objective (1.4 NA) and Zen Pro software (Carl Zeiss, Cambridge, UK).
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2.6 Western blotting:

For immunoblotting platelet concentration of 2.0x108/ml was used. Platelet volumes of
300ul, 1000ul and 3000ul were used in 24-well plate, 6-well plate and/or 10cm dish,
respectively, depending upon the needs of the experiment. Platelets were spread for 25

minutes on fibrinogen.

2.6.1 Dose response of PGI2 and Fsk on spread platelets

The wells were washed twice with PBS to remove cells, which had not adhered. Different
concentrations of PGl (1, 10, 30, 100 and 1000nM) and Fsk (0.1, 1, 10 and 100uM) were
prepared in modified Tyrodes’ buffer and platelets were treated with these doses for 10

minutes.

2.6.2 Time course of PGI. and Fsk on spread platelets
The wells were washed twice with PBS. Choosing 10nM for PGl and 1uM for Fsk, a time

course was performed. The chosen timepoints were 0, 2, 5, 10, 25, 40 and 60 minutes of
PG> (or Fsk) stimulation.

2.6.3 Response of signalling components at 10 minute treatment of spread

platelets

For the signalling experiments, 10 cm dishes were used to spread platelets. After their
specific experimental design, the spread platelets were collected using a cell scraper and
were then lysed with 50-100ul of 2x lysis buffer [100mM Tris pH6.8, 4% SDS, 10%
Glycerol, 2% 2-Mercaptoethanol, 10mM EDTA pH8.0, Protease inhibitor cocktail (1:100),
Phosphatase inhibitor (1:100)]. Protein estimation was performed using Bradford assay
(explained in the section 2.9). The samples were treated with 1:6 ratios of 6x Laemmli
buffer [10ml (pH6.8): 1.2g SDS, 4.7ml Glycerol, 1.2ml Tris 0.5M (pH6.8), 6mg
Bromophenol blue and 0.93g Dithiothreitol (DTT)] and were boiled by keeping them on
the heat block for 10 minutes. The prepared samples were to be analysed for the signalling
pattern for pVASPS¢>" pRhoAS88 pMLCS°® and GAPDH, whilst treatment of spread
platelets with PGl (or Fsk). An exception to the above protocol for sample preparation had
been pMLC®™® as it is incompatible with lysis buffer; the samples were directly lysed by

1x Laemmli buffer.
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After preparing the samples, they were then run on SDS-PAGE (fixed-10%) for 90-120
minutes at a constant 110V using 1mm thick gels. Using a custom made transfer sandwich,
the proteins from the gel were shifted onto a PVDF membrane by the BioRad Trans-Blot
Turbo (25V, 1.3A and 10 minutes). The membranes were blocked with 5% milk or 10%
BSA for 60 minutes at room temperature. These membranes were blotted overnight in the
primary antibody (listed in the material section) at 4°C on a rocker. After retrieval from the
antibody the membranes were washed twice for 10 minutes each with TBS-tween (0.1%).
Secondary antibodies (anti-rabbit and/or anti-mouse) (listed in the material section) were
prepared in TBS-tween (0.1%) in a 1:10000 dilution and membranes were incubated with
it under dark for 60 minutes at room temperature. The membranes were washed three times
with TBS-tween (0.1%) for 5 minutes each. The blots were imaged by Licor (Odyssey
CLx).

The images were analyzed by (Image studio Ver. 5.2). Densitometries for the blots were
measured by making equal sized rectangles to the bands on the images. These values were
converted into ratio by dividing them with the densitometry for GAPDH as it had been

used as the loading control.

2.7 F-actin:

Filamentous actin in platelets was assessed by F-actin assay (modified method of
Machesky et al, 1997 ). | had used this assay to identify any changes in the level of

filamentous actin in suspended and spread platelets.

For analysis of F-actin content of platelets in suspension (200pul) (1.0x108 to 8.0x108) were
aliquoted in duplicates. One group served as the basal while the other was activated with
0.1U/ml of thrombin (for 1min). For each of the aliquots 200l of fixative buffer (20mM
KH2PO4, 10mM PIPES, 5mM EGTA, 2mM MgClz, 2% Triton X-100, 2uM FITC-
phalloidin, 3.7% paraformaldehyde) was added. The samples were rotated for 60 minutes
in the dark. The cells were pelleted by microcentrifugation for 2 minutes at 13000x. The
supernatant was removed and the cells were washed with saponin buffer (20mM KH2POQOg,
10mM PIPES, 5mM EGTA, 2mM MgClz, 2% Triton X-100, 0.1% (v/v) saponin) by re-
suspension of the pellets. The samples were again microcentrifuged for 2 minutes at
13000x. Supernatant was discarded while the pellets were resuspended in 200ul of
methanol. The samples were rotated in the dark for 60 minutes. The cells were

microcentrifuged for 2 minutes at 13000x. The supernatant was measured using the Tecan
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plate reader (excitation=488 and emission=520). An aliquot of platelets (50pl) (1.0x108to
8.0x10%) was used to calculate proteins (refer to section 2.10) at these ranges of platelet
concentration by lysing the cells with 50ul of 2x lysis buffer. Measuring the OD of the F-
actin at the range of platelets used (1.0x108 to 8.0x108) and measuring the amount of
proteins for the same range of platelet concentration; provided the means to link the OD of
the platelets to the concentration of protein. Thus, a graph was plotted for the fluorescence

versus protein concentration.

For analysis of F-actin concentration in spread cells, 6 well plates were coated with 1ml
fibrinogen (100ug/ml) for overnight incubation. After washing the excess fibrinogen with
PBS the wells were blocked with 1ml of BSA (5mg/ml). 1ml of 2.0x108 platelets were
allowed to spread for 25 minutes. The wells were washed twice with PBS and the spread
platelets were treated with 10nM PGI2 or 1uM Fsk for 10 minutes. The conditions were
run in duplicates; one set was used for protein estimation by lysing them with 2x lysis
buffer (50ul) (refer to section 2.10) while the other set was fixed by fixative buffer (50ul).
Further steps for F-actin assay followed the same protocol as of the suspended platelets. As
a positive and negative control to filamentous actin levels the fluorescence for basal
platelets (2.0x108), stimulated platelets (2.0x108) with 0.1U/ml of thrombin and platelets
(2.0x10°8) treated with Latrunculin A (at 3uM) were used.

2.8 CAMP assay:

Six well plates were coated with fibrinogen (100ug/ml) for an overnight incubation at 4°C
washed with PBS to remove unbound matrix protein and blocked with denatured fatty acid
free BSA (5mg/ml) for 1 hour at room temperature. Washed platelets (2x108/ml) were
adhered for 25 minutes. The non-adherent platelets were removed and adherent platelets
were treated with Tyrodes’ buffer with or without PGI> (10nM) for 2 minutes. To calculate
the CAMP levels of these spread platelets, CAMP assay kit (GE Healthcare — Amersham
CAMP Biotrak EIA system — RPN 225) was used. Platelets were scrapped and lysed using
the lysis reagent provided in the commercial kit. Transfer 100ul of sample and standards to
their labelled wells in duplicates in a 96-well plate. Another 100ul of antiserum was added
to the wells, gently mixed and incubated at 4°C for 2 hours. After the incubation finished
50ul cAMP-peroxidase conjugate was added to the wells. Again mix it gently and incubate
it at 4°C for 1 hour. After completion, the wells were aspirated and washed four times with

wash buffer. Immediately 150ul of enzyme substrate was dispensed in the wells and
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incubated at room temperature on the shaker for 1 hour. The reaction was stopped by
adding 100ul of 1.0M sulphuric acid and the plate was read using the Tecan plate reader at
450nm. As it had been done in duplicate, an average was obtained. Using the standards, a

standard curve was obtained to determine the CAMP levels in the samples.

2.9 RhoA Pull-down assay:

The 10cm plates were coated with fibrinogen (100ug/ml) for an overnight incubation at
4°C. They were washed with PBS to remove unbound matrix protein and blocked with
denatured fatty acid free BSA (5mg/ml) for 1 hour at room temperature. Washed platelets
(2x108/ml) were adhered for 25 minutes. The non-adherent platelets were removed and
adherent platelets were treated with Tyrodes buffer with or without PGl (10nM) or Fsk
(1uM) for 10 minutes. From the samples the spread platelets were harvested using a cell
scraper and were lysed. From individual lysates, 50ul of samples was used for protein
estimation (refer to section 2.10) and for western blotting for total RhoA protein. Using
RhoA pulldown kit (Cytoskeleton Inc.; Cat # BK036-S), the remaining lysates (200ug)
were incubated for 90 minutes at 4°C with Rhotekin-RBD-beads (50g). Bead pellets were
washed once and Laemmli buffer was added. After boiling the samples with Laemmli

buffer they were immunoblotted.

For immunoblotting, the samples were run a 10% fixed gel 90 minutes at a constant 110V
using 1.5mm thick gels. Using a custom made transfer sandwich, the proteins from the gel
were shifted onto a PVDF membrane by the BioRad Trans-Blot Turbo (25V, 1.3A and 10
minutes). The membranes were blocked with 5% milk for 60 minutes at room temperature.
These membranes were blotted overnight in the RhoA primary antibody at 4°C on a rocker.
After retrieval from the antibody the membranes were washed twice for 10 minutes each
with TBS-tween (0.1%). Secondary antibodies (anti-mouse) were prepared in TBS-tween
(0.1%) in a 1:10000 dilution and membranes were incubated with it under dark for 60
minutes at room temperature. The membranes were washed three times with TBS-tween

(0.1%) for 5 minutes each. The blots were imaged by Licor (Odyssey CLx).

The images were analyzed by (Image studio Ver. 5.2). Densitometries for the active and
total RhoA were measured by making equal sized rectangles to the bands on the blots
obtained. These values were converted into ratio by dividing the respective active RhoA to

its total RhoA counterpart.
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2.10 Protein estimation:
Protein estimation was performed using Precision Red Advanced Protein Assay by

Cytoskeleton. For protein estimation, 3ul of the sample was mixed with the Precision Red
reagent (ADV02) in a 96 well plate to make a final volume of 300ul. These wells were
prepared in duplicates so as to ascertain for the accuracy of the results obtained. The wells
were incubated for 1 minute and read at an absorbance of 600nm on a Tecan plate reader.
The obtained duplicate values were averaged. Using the conversion factor of 1 ODesoonm =

125ug; protein concentration were obtained by using the formula below.

Protein concentration (ug/ml) =Average value * 125 * 100

2.11 Flow studies:

Flow studies were performed with multichannel biochips (Cellix, Dublin Ireland). Biochips
were coated with fibrinogen (100ug/ml, 300pg/ml and 1000ug/ml) and collagen (25ug/ml)
for an overnight incubation at 4°C and blocked with denatured BSA (5mg/ml) for 1 hour at
room temperature. The blood was collected with 100uM PPACK (Phenylalanyl-Prolyl-
Arginyl Chloromethyl Ketone - an irreversible inhibitor of thrombin). Depending on the

conditions of the experiment:

* Whole blood was stained with DIOCs (10uM) and flowed through the biochips for
2 minutes at a shear rate of 1000s* at 37°C. Biochips then underwent a post-flow with
Tyrode’s buffer supplemented with or without PGI2 (1-100nM) for 10 minutes.

»  Whole blood was stained with DIOCe (10uM). 100ul per condition was incubated
for 2 minutes with PGl in a dose response manner (1-100nM). It was then flowed

through the biochips for 2 minutes at a shear rate of 1000s™ at 37°C.

« Whole blood, incubated either in the presence or absence of RP-8cpt-CAMPS
(500uM) and KT5720 (10uM) was stained with DIOCs (10uM) and flowed through
the biochips for 2 minutes at a shear rate of 1000s™ at 37°C. Biochips then underwent a

post-flow with Tyrode’s buffer supplemented with or without PGI2 (100nM) for 10 min.

Real-time videos for the whole duration of the flow experiment were made using the
Olympus IX71 lens 60x/0.70. The thrombi were then fixed with 4% paraformaldehyde for
30 minutes, stained overnight at 4°C with DiOCs (10uM) and imaged using an Apotome.2

confocal unit on a Zeiss Axio Observer (Zeiss, Cambridge, UK) with a x63 oil immersion
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objective (1.4 NA) and Zen Pro software (Carl Zeiss, Cambridge, UK). Analysis was
performed for the effect on thrombus height (by doing z-stack analysis) and surface area
(snaps at specific time points analyzed by imageJ). Analysis of thrombus height and the
surface area coverage for the different conditions were performed using ImageJ software
(NIH, Bethesda, USA). The videos were edited to a speed of 16x by the use of the software
Movie maker (ver. 2012).

2.12 Statistical analysis:
Platelets having stress fibres and/or actin nodules were counted on ImageJ software and

their percentages calculated. Some platelets were not classified as they were bright spot
stains. Arcsine transformation was applied to the percentage data and One-way Analysis of
Variance (One-way ANOVA) was applied with a P value of < 0.05. The data was then
back transformed into percentage to be presented in the figures as mean * standard error of
mean (SEM). Using the ImageJ software the adhesion and surface area of platelets were
calculated. Results for the surface area and adhesion of platelets were shown as mean +
standard error of mean. The data was statistically analysed directly using one-way
ANOVA with a P value of < 0.05.

Surface area coverage of thrombi from flow data was measured by Otsu threshold method
in ImageJ and presented as a percentage. Arcsine transformation was applied to the
percentage data and One-way Analysis of Variance (One-way ANOVA) was applied with
a P value of < 0.05. The data was then back transformed into percentage to be presented in
the figures as mean + standard error of mean. Zen lite from Ziess (Blue edition) software
was used to analyse z-stack images of the thrombi. The images were taken at 0.5um
thickness. For each condition 5 images were taken for each experiment. The height and the
number of thrombi were measured. A thrombus was defined as a height greater than 3um.
Results for the height and number of thrombi per image were shown as mean * standard
error of mean (SEM). The data was statistically analysed directly using one-way ANOVA

with a P value of < 0.05.

The means of oneway ANOVA were compared between different groups by using the
Tukey HSD post-hoc test.
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3.1 Introduction:
Platelets circulate close to the endothelial layer within the circulation. This situation is

maintained as red blood cells in circulation push the platelets nearer to the endothelial
lining where they bathe continuously in endothelial released PGI, and NO (Moncada et al.,
1976, Radomski et al., 1987b). Defective PGl signaling results in hyper-activation of
platelets that induces a prothrombotic phenotype (Van Geet et al., 2009), whilst animal
models lacking NO, when induced with NO-related compounds showed a reduction in
thrombus formation (Stasch et al., 2011). These studies signify that PGIl, and NO provide
an effective means to significantly inhibit thrombus formation and platelet adhesion on
ECM proteins (Higgs et al., 1978). In the case of PGl this is achieved via increasing
intracellular cAMP levels, activating PKA and therefore causing the phosphorylation of
substrates that affects downstream signaling regulation and also modulates the actin
cytoskeletal dynamics in platelets (Smolenski, 2012, Beck et al., 2014). By targeting these
substrates PGI, can therefore inhibit platelet cytoskeletal changes, required to resist the

shear forces within the circulation and therefore allow thrombus formation to occur.

During thrombus formation, exposed ECM proteins allow the platelets to undergo a
spreading response. This spreading response is critical to allowing the thrombus to
withstand the high shear environment of the vasculature. The spreading response causes
the platelets to modulate their form from a discoid to a flattened shape. During this
process the platelet cytoskeleton remodels itself, forming multiple different actin structures.
Initially fingerlike projections called filopodia are formed (Hartwig, 1992). The gaps
between these are then filled in by lamellipodia (Hartwig, 1992, McCarty et al., 2006), and
then finally stress fibres are formed, ensuring that the shape of the fully spread platelet is
maintained (Calaminus et al., 2007). The modulation of this cytoskeleton is matrix specific,
as the actin nodule is not present on collagen and yet is present on fibrinogen indicating a
matrix specific role for this structure (Calaminus et al., 2008). However these cytoskeletal
changes are active processes and as such as liable to both positive and negative signals.
PGlI2 has been shown in other cell types to play a significant role in the actin cytoskeleton
dynamics. It disassembles filamentous actin, thereby inhibiting smooth muscle cell
proliferation and migration in human aorta (Bulin et al., 2005). In vascular endothelial cells,
PGl> remodels actin cytoskeleton to enhance a peripheral filamentous actin rim; thereby
reinforcing the endothelial cell integrity (Birukova et al., 2007). However within platelets,

although PGl is well known to prevent activation of the actin cytoskeleton, there is no
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evidence to indicate that it can play a role in remodulating a fully activated and spread
platelet. This is an important idea, if PGI. can help to reverse platelet spreading, it places
PGl, as an important player in the prevention of excessive thrombus formation, and
therefore preventing occlusion of the blood vessel. This certainly agrees with the evidence
that indicates that thrombin, which is induced by thrombus formation, causes the
upregulation of PGI> production (Weksler et al., 1978), and so is acting to try to prevent
excessive thrombus formation. Therefore it is necessary to identify the role of PGI; in the
modulation of the actin cytoskeleton to identify if it could play a role in reversing platelet

activation.

3.2 Aims of the chapter:

The aim of this chapter was to identify the profile of platelet spreading, in terms of actin

cytoskeletal changes, on treating them with cCAMP elevating agents (PGl2 and Forskolin).

e Identify the effect(s) on actin cytoskeleton caused by increasing the intracellular

CAMP levels in spread platelets

e Recognize changes in the actin cytoskeleton of spread platelets by elevation of

cAMP in the absence of platelet secretion.

e Measure changes in the level of filamentous actin on increasing intracellular cCAMP

of spread platelets.
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3.3: Platelet spreading profile on Fibrinogen
In order to understand how platelet rearrange their actin cytoskeleton in response to matrix

proteins, a spreading profile of platelets exposed to fibrinogen was completed. Platelets
(2.0x107/ml) were allowed to spread on fibrinogen (100ug/ml) coated coverslips for 45
minutes. At 5, 10, 25, 35 and 45 minutes of spreading, the platelets were fixed, stained and
then visualized using fluorescence microscopy. For each condition analysis of actin
structures was performed. The number of platelets having actin nodules and stress fibres
were counted manually and tabulated as percentage of total number of platelets per
condition per image. The adhesion of platelets to the matrix protein (fibrinogen) was also
counted and expressed as total number of platelets. Surface area of the platelets was
analyzed using ImageJ software.

The percentage of platelets having stress fibres (Figure 3.1A and B) increased from
27.38+2.38% at 5 minutes to 54.51+15.37% at 10 minutes, reaching a peak of
70.52+4.65% at 25 minutes. After 25 minutes the percentage of platelets having stress
fibres stabilized with 71.31+7.33% at 35 minutes and 68.18+8.36% at 45 minutes of
spreading. The percentage of platelets having actin nodules (Figure 3.1A and C) decreased
from 64.82+2.84% at 5 minutes to 40.22+16.74% at 10 minutes, reaching to a minimum of
25.16+4.26% at 25 minutes. Similar to the stress fibres, the number of platelets having
actin nodules were also maintained after 25 minutes of spreading. Directly proportional to
platelets acquiring stress fibres, with the passage of time, an increase in the surface area
was observed (Figure 3.1A and D), with 17.72+1.96um? at 5 minutes, 23.85+4.47um? at
10 minutes and reaching an plateau of 32.13+2.34um? at 25 minutes, which was
maintained at 35 minutes (34.80+3.10um?) and 45 minutes of spreading (36.56+5.44um?).
The experiment reveals that 25 minutes of platelet spreading attains a maximal spreading

profile.
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Figure 3. 1: Spreading profile of platelets. Platelets (2x10'/ml) were spread on 100ug/ml
fibrinogen for a duration of 5 - 45 minutes. After their respective time points of spreading,
the platelets were washed with PBS and were then fixed. These fixed platelets were then
stained with FITC-phalloidin before being imaged on conventional microscope. A) Images
are representative of three separate experiments. Scale bar is 5um. B) The percentage of
platelets containing stress fibres at different time points of spreading. C) The percentage of
platelets containing actin nodules at different time points of spreading. D) The total
number of platelets adhered for these time points. E) The average surface area of the
spread platelets was calculated for these time points. The data was presented as
average+SEM of n=3. p<0.05.
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In order to understand the role of the secondary mediators (ADP and TXA>) within this
spreading process the platelets were treated prior to spreading with apyrase and
indomethacin, to curb the effect of ADP and TXA: respectively. Analysis was performed
as per figure 3.1 to identify the number of platelet adhered, the average platelet surface
area, and the percentage of platelets containing stress fibres and actin nodules for each

timepoints of spreading profile.

The analysis indicated that the percentage of platelets having stress fibres (Figure 3.2A and
B) increased from 7.13+0.88% at 5 minutes to 24.46+0.07% at 10 minutes, reaching a
maximum of 67.06+£7.69% at 25 minutes. Onwards from 25 minutes the number of
platelets having stress fibres stabilized with 64.46+3.64% at 35 minutes and 68.17+14.54%
at 45 minutes of spreading. Again as the number of stress fibres increased the number of
platelet containing actin nodules decreased, from 89.75£2.25% at 5 minutes to
64.67+2.40% at 10 minutes, reaching to a minimum of 25.33+£11.18% at 25 minutes. The
percentage of platelets having actin nodules were maintained after 25 minutes to
29.78+4.57% at 35 minutes and 28.41+13.49% at 45 minutes of spreading. Once again as
the time increased, the number of platelets adhering increased in a time dependent manner.
Furthermore, the average surface area of the platelet increased from 16.92+3.20um? at 5
minutes, to 17.83+2.17um? at 10 minutes and reaching a maximum of 30.0+3.0um? at 25
minutes. This surface area was maintained over time with 27.20+2.50um? at 35 minutes
and 29.90+4.10um? at 45 minutes of spreading (Figure 3.2A and E). It was identified that
platelets achieved a maximal spreading response by 25 minutes even in the absence of

secretion (figure 3.2).
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Figure 3. 2: Spreading profile of platelets in the absence of ADP and TXA:. Platelets
(2x107/ml) were treated for 2 minutes with apyrase and indomethacin prior to spreading on
100pg/ml fibrinogen for a duration of 5 - 45 minutes. After their respective time points of
spreading, the platelets were washed with PBS and were then fixed. These fixed platelets
were then stained with FITC-phalloidin before being imaged on conventional microscope.
A) Images are representative of three separate experiments. Scale bar is 5um. B) The
number of platelets containing stress fibres at different time points of spreading. C) The
number of platelets containing actin nodules at different time points of spreading. D) The
total number of platelets adhered for these time points. E) The average surface area of the
spread platelets was identified for these time points. The data was presented as
average+SEM of n=3. p<0.05.
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3.4: The effect of prior incubation of PGI2 and Fsk on platelet
spreading

In order to understand the effect of PKA signaling on spreading, the human platelets were
preincubated for 2 minutes with increasing doses of cCAMP elevating agents; PGIl> and
Forskolin (Fsk); before spreading on fibrinogen for 45 minutes as shown in the schematic
in Figure 3.3A

Preincubation with PGI. had only significantly affected the percentage of platelets
containing stress fibres at 1uM (Figure 3.3B and C). The control sample had 76.24+5.61%
of platelets containing stress fibres, which upon treatment with 1nM PGI, dropped to
57.82£12.99%, 10nM PGIl> dropped to 53.30+14.50%, 100nM PGl dropped to
47.51+9.16% and 1000nM PGI. dropped to 20.10+13.05%. Similarly, there was not a
significant effect on the percentage of platelets having actin nodules in comparison to the
control unless a high concentration of PGIl> was used (Figure 3.3B and D). The basal
platelets have 19.08+4.64%; which upon treatment with 1nM PGl was 39.13+12.52%,
10nM PGl was 43.81+14.64%, 100nM PGl was 48.78+8.99% and 1000nM PGl was
77.18+£12.60%. No significant change in adhesion was observed (figure 3.3E). In
agreement with the changes in the actin nodules and stress fibres, only the highest dose of
PGl, induced a significant reduction in surface area, with the control level of
34.32+1.35um? dropping to 28.38+4.85um? at 1nM, 25.98+4.81um? at 10nM,
22.90+1.67um? at 100nM and 19.16+2.46um? at 1000nM PGl; (Figure 3.3F).

The results show that preincubation with PGl had little effect on platelet spreading in
terms of the number of platelets containing actin nodules, stress fibres, surface area
analysis or adhesion of platelets to the matrix, unless used at high concentrations (Figure
3.3).

In agreement with preincubation with PGl», preincubation of platelets prior to spreading
with Fsk had reduced the percentage of platelet having stress fibres in comparison to the
control (figure 3.4A and B). However here the effect was significant at all doses with the
control containing 69.12+8.46% of platelets containing stress fibres, which upon treatment
with 0.1uM Fsk dropped to 30.14+15.23%, 1uM Fsk dropped to 19.03+11.97%, 10uM
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Figure 3. 3: Prior treatment with PGI: inhibits platelet spreading in a dose response.
Platelets (2x10’/ml) were treated for 2 minutes with 1-1000nM PGl.. They were then
allowed to spread on 100ug/ml fibrinogen for 45 minutes, shown in (A) as a schematic;
before washing, fixation and staining with FITC-phalloidin before being imaged on
conventional microscope. B) Images are representative of three experiments. Scale bar is
5um. C) The number of platelets containing stress fibres was identified in control and PGI>
treated samples. D) The number of platelets containing actin nodules was calculated in
control and PGl treated samples. E) The total number of platelets adhered, was calculated
in control and PGl treated samples. F) The average surface area of the spread platelets
was identified in control and PGIl, treated samples. The data was presented as
averagexSEM of n=3. p<0.05
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Figure 3. 4: Prior treatment with Fsk has an inhibitory effect on platelet spreading.
Platelets (2x107/ml) were treated for 2 minutes with 0.1-100uM Fsk. They were then
allowed to spread on 100ug/ml fibrinogen for 45 minutes, before washing, fixation and
staining with FITC-phalloidin before being imaged on conventional microscope. A)
Images are representative of three experiments. Scale bar is 5um. B) The number of
platelets containing stress fibres was calculated in control and Fsk treated samples. C) The
number of platelets containing actin nodules was calculated in control and Fsk treated
samples. D) The total number of platelets adhered, was calculated in control and Fsk
treated samples. E) The average surface area of the spread platelets was identified in
control and Fsk treated samples. The data was presented as average+SEM of n=3. p<0.05.
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Fsk dropped to 3.50+£1.50% and 100uM Fsk dropped to 0.76+0.43% of platelets. Similarly,
a significant effect on the percentage of platelets containing actin nodules in comparison to
the control was observed (Figure 3.4A and C). In the control 26.55+8.37% platelets
contained actin nodules, which upon treatment with 0.1uM Fsk increased to 66.32+14.81%,
1uM Fsk increased to 76.65+12.24%, 10uM Fsk increased to 93.62+1.49% and 100uM
Fsk increased to 96.08+0.65%. In agreement, the surface area reduced significantly from
the control level of 35.43+0.54um? to 18.90+4.97um? at 0.1uM Fsk, 19.26+3.41um? at
1uM Fsk, 19.22+0.58um? at 10uM Fsk and 17.90+4.0um? at 100uM Fsk (Figure 3.4E).

No significant change in adhesion was observed (Figure 3.4D)

The difference between the effects of prior treatment of platelets with PGl> (Figure 3.3)
and Fsk (Figure 3.4) is due to the stability of the molecule. PGl has a short half-life and
therefore over a 45 minute period its effect would have been reduced, whereas Fsk, which
involves direct and continued activation of adenylyl cyclase, can cause a sustained

inhibition of platelet spreading.

3.5: The effect of post incubation of PGI2/Fsk on platelet
spreading

My aim had been to try and observe the effects of PGI, on platelet spreading. However
prior incubation of platelets did not identify clearly the effect of cAMP elevating agents on
the cytoskeleton. Therefore, as Figure 3.1 identified that platelets were fully spread at 25
minutes post spreading, a series of experiments were designed to allow platelets to spread
for 25 minutes, before the addition of PGI./Fsk at different doses and incubated for
different time points. This would then allow for analysis of the actin structures in the

presence of PGl,. The slides were mounted and imaged on fluorescence microscope.

Platelets that had been allowed to spread for 25 minutes were treated with different doses
of PGI> for 10 minutes, prior to fixation, staining and imaging (Figure 3.5A). Analysis of
these images identified that increasing doses of PG> caused a significant reduction in the
percentage of platelets containing stress fibres, with the control containing 64.86+7.85%
platelets with stress fibres. This was reduced to 33.54+14.3% with 1nM PGl>. It continued
to decrease and reach significance with 10nM PGl to 2.55+1.20%, with 100nM PG, to
1.7520.52% and with 1000nM PGI; to 0.85+0.23% of platelets containing stress fibres
(Figure 3.5B and C). A reciprocal increase in actin nodules was observed with increasing
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dose of PGl». Starting at 30.76+6.66% platelets to have actin nodules at control conditions;
that increased to 61.15+12.37% with 1nM PGl and reached significance of 91.49+1.05%
with 10nM PGl,. This was maintained with 100nM PGl; (94.85+0.55%) and 1000nM PGI;
(96.38+£0.49%) (Figure 3.5B and D). Adhesion of platelets remained similar with treatment
with different doses of PGI. (Figure 3.5E). However, the average surface area of the
platelets reduced from 38.59+3.29um? in the control to 24.86+5.33um? at 1nM PGl,,
reached significance by 22.98+1.11um? at 10nM PGI; and plateaued for 100nM PGl
(22.90+3.06um?) and 1000nM PGl (21.83+0.55um?) (Figure 3.5B and F).

Using the schematic as shown in Figure 3.5A, spread platelets were treated with increasing
concentrations of Fsk. Fsk being a positive control to the effects of PGI», acting via direct
stimulation of adenylyl cyclase resulted in a similar response to that observed with PGlo.
There was a reduction from a control level of 64.86+7.85% of platelets containing stress
fibres to reach significance of 26.66+14.74% at 0.1uM Fsk. This effect was strengthened at
higher doses of Fsk with only 3.88+1.49% platelets containing stress fibres at 1uM Fsk,
2.29+1.33% at 10uM Fsk and 1.24+0.19% at 100uM of Fsk (Figure 3.6A and B).
Similarly, a reciprocal increase was observed in actin nodules with a control level of
30.7616.66% of platelets having actin nodules to 67.65+16.23% with 0.1uM Fsk. Again
this effect was stronger with elevated levels of Fsk, with 91.31+2.12% platelets containing
actin nodules with 1mM Fsk, 92.76+2.55% with 10uM Fsk and 96.51+1.29% platelets
with actin nodules with 10uM Fsk (Figure 3.6A and C). Adhesion was not affected (Figure
3.6 D). However, in agreement with PGl treatment, Fsk treatment induced a significant
reduction in the average surface area from 43.32+2.81um? in the control to 26.83+5.35um?
at 0.1puM, 22.53+3.39um? at 1pM, 22.90+3.06pm?at 10uM and 22.20+4.98um? at
100 uM of Fsk (Figure 3.6A and E).

Using the results from Figures 3.5 and 3.6, the dose of PGI, confirmed for further
experiments was chosen to be 10nM PGlz, and 1uM Fsk. In order to understand the
longevity of the effect upon the actin cytoskeleton by PGI, and Fsk a timecourse (Figures

3.7 and 3.8) was now completed.
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Figure 3. 5: Dose response of PGIl2 with spread platelets on fibrinogen. Platelets
(2x107/ml) were spread on 100ug/ml fibrinogen for 25 minutes. The wells were washed
with PBS, and 1-1000nM PGI, was added for a further 10 minutes, schematic shown in
(A). The platelets were then fixed and stained with FITC-phalloidin before being imaged
on conventional microscope. B) Images are representative of three experiments. Scale bar
is 5um. C) The number of platelets containing stress fibres under different doses of PGl..
D) The number of platelets containing actin nodules under different doses of PGl.. E) The
total number of platelets adhered, and F) the average surface area of the spread platelets
was analysed for each dose. The data was presented as averagexSEM of n=3. p<0.05.
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Figure 3. 6: Dose response of Fsk with spread platelets on fibrinogen. Platelets
(2x107/ml) were spread on 100ug/ml fibrinogen for 25 minutes, before washing with PBS,
and addition of 1-100uM Fsk, for a further 10 minutes. The platelets were then fixed and
stained with FITC-phalloidin before being imaged on conventional microscope. A) Images
are representative of three experiments. Scale bar is 5um. B) The number of platelets
containing stress fibres under different doses of Fsk. C) The number of platelets containing
actin nodules under different doses of Fsk. D) The total number of platelets adhered, and E)
the average surface area of the spread platelets was analysed for each dose. The data was
presented as averagexSEM of n=3. p<0.05.

74



CHAPTER 3: The role of PGI. within platelet spreading

Platelets (2x10’/ml) were spread on 100ug/ml fibrinogen for 25 minutes prior to
incubation with 10nM PGl for duration of 2-60 minutes, as shown in the schematic in
Figure 3.7A. The spread platelets were fixed at their respective time points, stained and
visualized under Zeiss fluorescence microscope. For the time course with PGl;, an
individual control for each time point was also prepared for comparison. The bold bars in
Figure 3.7C, D, E and F represent control samples at individual time points of the
experiment, while the white bars represent treatment of spread platelets with PGl.. It was
identified that in a fully spread phenotype 69.16+8.22% spread platelets had stress fibres
which were maintained across the control samples. However within platelet samples
treated with PGI, the percentage of platelets containing stress fibres was reduced on
treatment with PGI, at 2 minutes (29.5+£13.34%), reaching a significant reduction at 5
minutes (8.37+4.58%). This significant reduction was maintained over 10 and 25 minutes
(0% and 2.80+2.36%, respectively). However by 40 minutes the effect of PGIl, was
reducing allowing recovery of stress fibre formation with 27.2+10.41% of platelet
containing stress fibres, which recovered to 49.27+1.24% at 60 minutes of PGl
stimulation (Figure 3.7B and C). The percentage of platelets having actin nodules
increased from 18.52+4.94% in fully spread form to 38.3£14.50% at 2 minutes and
continued to rise to a significant level of 83.4+0.85% at 10 minutes, after that it started
reducing to 57.87+£8.27% at 40 minutes and reached insignificance 39.27+3.26% by 60
minutes (Figure 3.7B and D).

Interestingly there is also an effect upon the surface area of the spread platelet that reduced
from 32.34+2.13um? to 24.65+0.83um? at 2 minutes, reaching significance by
24.18+1.14um? at 10 minutes of PGI. treatment. The decrease in the surface area reached
its minimum of 18.17+0.74um? at 25 minutes and started easing back up to 22.23+0.72um?
at 40 minutes and returned to a comparable level as the control of 34.02+0.69um? at 60
minutes post PGl stimulation. This indicated that the loss of stress fibres is also associated
with a subsequent reduction in surface area (Figure 3.7B and F). However, at all time
points there was no change in adhesion of the platelets (Figure 3.7E).

This effect of maximal stress fibre inhibition with maximal attainment of actin nodules by
10 minutes of PGI, treatment with a reversal achieved by 60 minutes of stimulation,
demonstrate the reversibility of the effect of PG> on the platelet actin cytoskeleton.
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Using the schematic in Figure 3.7A, the spread platelets were fixed at their respective time
points, stained and visualized under Zeiss fluorescence microscope. Controls for individual
time points during the time course with Fsk were prepared for comparison. Similarly the
bold bars in Figure 3.8 represent control samples at individual time points of the
experiment which remained steady, while the white bars represent treatment of spread

platelets with Fsk.

In a control sample, 69.16+£8.22% spread platelets had stress fibres, after 25 minutes of
spreading. This was reduced on treatment with Fsk to 60.25£14.09% at 5 minutes,
reaching significance at 10 minutes of 21.24+5.03%, which continued to reduce to
15.84+5.9% at 25 minutes and reached a minimum level of 3.08+1.01% at 40 minutes
(Figure 3.8A and B). The percentage of platelets having actin nodules steadily increased
from 18.52+4.94% in the control sample to 34.22+12.49% at 5 minutes to a significant
level of 72.65+4.98% at 10 minutes, 81.26+5.31% at 25 minutes, 93.47+0.97% at 40
minutes and 95.64+0.86% by 60 minutes (Figure 3.8A and C). In agreement with these
actin cytoskeletal changes, Fsk significantly reducing the surface area of the spread
platelets from 35.40+1.92um? to 29.92+1.49um? at 10 minutes, 27.49+1.04um? at 25
minutes, 30.09+1.28um? at 40 minutes and 30.55+1.77um? at 60 minutes of treatment
(Figure 3.8A and E). Interestingly at 25 and 40 minutes of Fsk stimulation the adhesion
was significantly affected. However, this effect reversed back at 60 minutes of treatment
(Figure 3.8D).

In order to understand if this effect was mediated by PGl modulating the secretion of ADP
or TXA;, platelets (2x107/ml) were incubated in the presence of apyrase and indomethacin
for 2 minutes prior to spreading them on 100ug/ml fibrinogen for 25 minutes. The spread
platelets were then treated with 10nM PGl for a duration of 10 minutes, similar to the
schematic in Figure 3.5A. The spread platelets were fixed, stained and visualized under
Zeiss fluorescence microscope. A separate control for each of the respective conditions
with PGI, was prepared for comparison. Similar to Figure 3.7, the bold bars in Figure 3.9
represent control samples at individual time points of the experiment while the white bars
represent treatment of spread platelets with PGl.. It was identified that the control samples
without apyrase and indomethacin had 71.52+5.52% of platelets containing stress fibres,
which in the presence of apyrase and indomethacin had reduced to 59.05+1.76% platelets

with stress fibres at 10 minutes post spreading (Figure 3.9A and B). Treatment of spread
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Figure 3. 9: Post treatment of PGI2 induces stress fibre reversal and actin nodule
formation in platelets spread on fibrinogen in the presence of apyrase and
indomethacin. Platelets (2x10°/ml) were spread on 100ug/ml fibrinogen for 25 minutes
in the presence of apyrase and indomethacin, washed with PBS, and then 10nM of PGlI,
was added with apyrase and indomethacin, for a further 10 minutes. The platelets were
then fixed and stained with FITC-phalloidin before being imaged on conventional
microscope. A) Representative images from three separate experiments. Scale-bar Sum.
B) The number of spread platelets containing stress fibres was identified in control and
PGI> treated samples, in the presence or absence of apyrase and indomethacin. C) The
number of spread platelets containing actin nodules was identified in control and PGI>
treated samples, in the presence or absence of apyrase and indomethacin. D) The average
surface area of the spread platelets was analysed in control and PGl> treated samples, in
the presence or absence of apyrase and indomethacin. Analysed using Image J. The data
was presented as average+SEM of n=5. p<0.05.
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platelets with PGl revealed that no platelets had stress fibres. However in the presence of
apyrase and indomethacin the PGI, reduced the percentage of platelets containing stress
fibres to 12.6+6.21%. In agreement there was a strong increase of platelets containing actin
nodules from 19.88+4.71% in the control to 83.4+0.85% upon treatment of spread platelets
with PGl2. However, in the presence of apyrase and indomethacin this increase in the
percentage of platelets with actin nodules was less pronounced from 27.25+1.67% to
64.2+2.86% on treatment with PGl (figure 3.9A and B).

A similar reduction in surface area was observed with control from 30.92+1.82um? to
24.18+1.14um? on treatment with PGI, (figure 3.9D). In the presence of apyrase and
indomethacin the surface area in the control sample reduced from 28.62+0.96um? to

21.04+2.66pum? on treatment with PGl (figure 3.9D).

Further to this although, the effect of treating platelets with apyrase and indomethacin
reduced the number of platelets adhering on fibrinogen, the addition of PGI> did not affect
platelet adhesion in the presence or absence of apyrase and indomethacin (figure 3.9C).
Therefore, in the presence of apyrase and indomethacin there was no significant change in

the effectiveness of PG> to modulate the actin cytoskeleton.

3.6: Does PGl and Fsk stimulation induce the actin nodule?
Both PGl and Fsk stimulation of spread platelets induced an increase in punctate areas of

actin staining. This was presumed to be the actin structure, the actin nodule. The actin
nodule is a filamentous actin structure that has been characterized by Calaminus (2008), to
appear during an early phase of platelet spreading on fibrinogen. These nodules localise
multiple proteins such as Arp2/3, beta-integrins, Fyn, moesin, cortactin, talin, p-Tyr, Rac,
WASp (Calaminus et al., 2008, Poulter et al., 2015), and have been implicated in thrombus
formation. However the mechanisms by which they are formed and dissolved are not well

understood.

Therefore in order to prove that the punctate actin structures induced by PGl and Fsk were
indeed actin nodules, platelets were allowed to spread, before stimulation with PGI, and
Fsk for 10 minutes, before fixation, and staining with the actin nodule markers, WASp,

Arp2/3 and pTyr. Analysis of the images clearly indicates that the areas of punctate actin
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Figure 3. 11: An increase in filamentous actin detected with an increasing dose
of FITC-phalloidin used on treating platelets with thrombin Using 200l of platelets
(2 x10® /ml), the amount of FITC-phalloidin was ascertained that would give an
appreciable change upon stimulation of suspended platelets with 0.1U/ml of thrombin
for 1 minute. A dose of 2000nM FITC-phalloidin was identified to be used for further
experiments. The experiment was performed once.
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Figure 3. 12: A confirmation that the increase in fluorescence with thrombin
stimulation was due to filamentous actin formation. Using 200ul of platelets (2 x108
/ml), the amount of FITC-phalloidin was assessed in suspended platelets. The suspended
platelets were treated with either 0.1U/ml of thrombin (acts as a positive control) or 3uM
of Latrunculin A (acts as a negative control) and assessed for the level of filamentous
actin. The data was presented as averagexSEM of n=3.
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staining induced by PGl treatment co-localised with Arp2/3 and pTyr and so are actin
nodules (Figure 3.10A, B and C).

3.7: Does PGl stimulation modulate actin polymerisation?
As there was a clear modulation of the actin cytoskeleton by PGI, and Fsk, it was

necessary to understand if this modulation was due to alterations in actin polymerisation or
if it was the interconversion from one form of filamentous actin to another which resulted
in changes in actin structures within the platelets. Therefore to answer this question it was
necessary to identify the level of F-actin within control, PGI, and Fsk treated samples.

Therefore initially to identify the concentration of FITC-phalloidin that provided a
significant change between basal and stimulated situations, washed human platelets
(2x108/ml) were treated with 0.1U/ml of thrombin for 1 minute before fixation and staining
them with different concentrations of FITC-phalloidin (50 — 4000nM) (Figure 3.11). This
identified that a dose of 50nM FITC-phalloidin was enough to stain the available
filamentous actin in the cell at its basal level only, as no appreciable increase in the
treatment with thrombin was noted. Increasing the dose of FITC-phalloidin led to an
increased level of fluorescence, indicative of increased F-actin within the thrombin
stimulated samples. Therefore to quantify an increase in F-actin concentration and to get an
optimum response a dose of 2000nM FITC-phalloidin was selected for subsequent

experiments.

To ensure the correct conditions for the assay, platelets in an unstimulated condition along
with stimulation by a positive control (0.1U/ml Thrombin) or an F-actin polymerization
inhibitor Latrunculin A (3uM) were prepared and assessed for their fluorescence. Figure
3.12, demonstrates that Thrombin induced a robust elevation of F-actin, whilst Latrunculin

A treated samples disrupted F-actin leading to a reduction in the fluorescence.

Although the conditions were now correct in order to identify the basal levels of F-actin
within spread platelets, it was necessary to link the level of F-actin fluorescence to protein
level. Therefore platelets in suspension (1.0x108/ml to 8.0x108/ml) were fixed, stained and
analyzed for both fluorescence (Figure 3.13A) and protein concentration (Figure 3.13B).
The level of protein could then be analyzed alongside the level of F-actin fluorescence
(Figure 3.13C). This graph could be used to identify the basal level of fluorescence in

spread platelet samples of the same protein concentration.
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Figure 3. 13: Increase in the level of filamentous actin with increasing concentration
of suspended platelets. Using 200ul of platelets (1x108 to 8x108), the amount of proteins
and the level of filamentous actin were analyzed using a spectrophotometer. A) Amount of
fluorescence obtained using different concentrations of platelets in suspension. B) Amount
of proteins obtained using different concentrations of platelets in suspension. C) Amount
of protein was plotted against the level of fluorescence obtained using different
concentrations of platelets in suspension. The data was presented as average+SEM of n=3.
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Figure 3. 14: Increased levels of filamentous actin in spread platelets. Using 3ml of
2 x108 platelets/ml, the amount of FITC-phalloidin was assessed in suspended and
spread platelets. Platelets spread on fibrinogen (100ug/ml) for 25 minutes were treated
with 10nM PGl or 1uM Fsk for 10min and assessed for the level of filamentous actin.
The results were normalized to the level of filamentous actin in basal suspended
platelets. The data was presented as averagexSEM of n=3. (n/s= non-significant)
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Using the above conditions, washed platelets (2.0x10%/ml) were spread for 25 minutes on
fibrinogen coated 6 well plates, prior to stimulation for 10 minutes with either PG, (10nM)
or Fsk (1uM). Fluorescence and protein concentration are determined for these spread
platelets. The basal level of fluorescence for these samples was calculated from using the
graph in figure 3.13C, using the protein concentration value identified from spread
platelets. This was then compared to the level of F-actin from the spread samples in order
to obtain the fold change in F-actin production from basal to spread platelets. The analysis
indicated that spread platelets had a 1.95+0.19 fold increase of F-actin when compared to
their basal equivalents. Treatment of spread platelets with cAMP elevating agents had no
effect on actin polymerisation with a 2.21+0.27 fold increase with PGI, and a 2.43+0.58,
fold increase in the presence of Fsk. Therefore, PGl and Fsk do not affect the actin

polymerisation within the spread platelet (Figure 3.14).
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3.8: Discussion:
This chapter focuses on platelet spreading and how it is modulated by the PKA activating

agents, PGl and Fsk. The cAMP/PKA pathway has been previously shown to modulate
the actin cytoskeleton of various cell types, including neurons, fibroblasts, smooth muscle
cells, epithelial and endothelial cells; both in an inhibitory and activatory manner
(Birukova et al., 2007, Bulin et al., 2005, Dong et al., 1998, Ramakers and Moolenaar,
1998, Edwards et al., 1993, Whelan and Senger, 2003, Dormond and Ruegg, 2003). A
study by Aburima A et al. (2013) identified the role of cAMP signaling in inhibiting shape
change in suspended platelets, but the effect of PGIl. on spread platelets had not been
identified to-date.

Initially before understanding the effect of PGl or Fsk on platelet spreading, the process of
platelet spreading in normal conditions needed to be understood. Therefore, platelets were
studied in a static system by placing them on immobilized fibrinogen and allowing them to
spread. The changes in the actin cytoskeleton were observed for the time profile of platelet
spreading. It was identified that 25 minutes provided enough time for human platelets to
achieve a completely spread profile (i.e. maximal number of platelets to have attained
stress fibres). These results agree with the findings of other groups that have used a 30
minute time point for obtaining fully spread platelets (Poulter et al., 2015, Peters et al.,
2012). Although literature does suggest some people to have used much longer time points
(upto 2 hours) for observing the spreading of platelets, our data suggests that above 30
minutes there are no significant changes in platelet morphology across the whole
population (Naik and Naik, 2003, O'Brien et al., 2012).

In order to identify the role of PGI2 and Fsk on platelet spreading, platelets were initially
pretreated with PGl or Fsk and were allowed to spread on immobilized fibrinogen for 45
minutes, as suggested by the literature (Borgognone et al., 2014). My findings reveal a
negligible effect on platelet cytoskeletal changes and surface area, unless PGl was used at
a high concentration (1000nM). This finding is in agreement with Borgognone et al. (2014)
who similarly identified that a high dose of 1000nM PGl inhibited aggregation and
similarly pretreatment of platelets with this dose of PGI, reduced thrombin stimulated
platelet spreading without any change to platelet adhesion. Furthermore, Siess W. et al
(1989) identified PGl at a dose of 500ng/ml (1418.6nM) inhibited platelet aggregation in
suspension, whilst Higgs et al using an in-vivo model identified greater than 1000nM PGl»,

reduced platelet adhesion stimulated with ADP (Higgs et al., 1978). The negligible effect
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of PGl on platelet spreading was linked to it being quickly hydrolysed in aqueous

solutions within 3 minutes (Horton et al., 2005).

Therefore, it was conceptualised to track the effect of PGl on already spread platelets. The
platelets were allowed to spread on fibrinogen for 25 minutes and then treated with PGl in
a dose dependent manner. It was identified that a 10 minute treatment of these spread
platelets with 10nM PGl significantly altered the actin cytoskeleton, reversing stress fibre
formation and initiating actin nodule formation in spread platelets. This dose is in
agreement with similar doses that affect platelet function, for example 2nM of PGlI>
inhibits aggregation and shape change in platelets induced via ADP or TXA: (Ehrman and
Jaffe, 1980), whilst 6nM PGl caused disaggregation of collagen stimulated platelets in
suspension (Radomski et al., 1987a). Interestingly, FitzGerald G.A. et al. published an
estimated concentration of PGIl> in the human circulation to be 3.4pg/ml (10pM)
(FitzGerald et al., 1981). Furthermore FitzGerald G.A. et al identified for platelets to be
inhibited from aggregation, the threshold PGI. concentration required in the body was
36pg/ml (0.1nM) (FitzGerald et al., 1981).

Identifying that a low dose of PGI, could reorganize the actin cytoskeleton of spread
platelets, a timecourse study was employed to identify the sustained nature of this effect.
This timecourse analysis identified that 10 minutes after treatment with 10nM PGl there
was a maximal effect on the reversal of stress fibres and the formation of the punctuate
actin structure, the actin nodules. Interestingly, this effect of PGl was reversed by 60
minutes post stimulation. Although PGI, has a short half-life of 3 minutes, even after its
degradation its effects on spreading lasted until 40 minutes post stimulation. This long time
course of PGI. is due to the effect of the second messenger used by the IP receptor. The IP
receptor is linked to the heterotrimeric G-protein coupled receptor complex, Ga and By.
The type of Ga identifies if it should increase or decrease an effect. The Ga linked with
PGl stimulates production of CAMP in a spatial and temporal manner. Therefore, although
PG> would have had already been degraded, until cAMP would not have been degraded
and PKA substrates dephosphorylated, PGI.’s effect would continue.

The cAMP signaling network is a complex arrangement, due to the variety in the available
isoforms of adenylyl cyclase, PKA, and PDEs in platelets (Raslan et al., 2015a). The
relative activities of the adenylyl cyclases and the PDEs determine the amount of CAMP in

a platelet which thereby modulates the level of PKA and hence the amount of downstream
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phosphorylation of proteins. Reflective of these variations and their spatial locations within
the platelet, the level of phosphorylation of the PKA substrates differ. Some proteins such
as VASPS157 gets phosphorylated quickly and returns back to its non-phosphorylated form
in a matter of minutes while RhoA®# had been identified to have a slow increase in the
phosphorylation but this phosphorylated state continues for more than an hour, as had been

shown in suspended platelets by Aburima A. et al (2013).

PGl> mediates its effects via a CAMP dependent mechanism, as already identified by
Moncada et al (1976). To confirm the findings obtained by the timecourse of PGI. on
spread platelets, a similar treatment was employed with Fsk, a direct activator of adenylyl
cyclase. It resulted in a sustained inhibition of platelet spreading, observed with a
significant shift from the removal of platelet stress fibres and the major presence of
platelets with actin nodules. As both, PGI> and Fsk, work via the same downstream
mechanism of elevating CAMP, it confirmed that the reversal of stress fibre formation was

a CAMP dependent process.

In order to identify if secretion affected the response of the spread platelets to cAMP
elevating agents, platelets were spread and stimulated with PGl in the presence of apyrase
and indomethacin, to inhibit ADP and TXA: respectively. The presence of apyrase and
indomethacin slowed the spreading response. This identified that although ADP and TXA>
do not affect the spreading of platelets directly, rather the reduction in cCAMP caused by
them had helped platelets to spread better; as had been identified in Chapter 4 figure 4.4.

It was identified that spread platelets do respond to PGlI2, both in the presence and absence
of apyrase and indomethacin. The attained response was similarly significant for the
changes in actin structures caused by PGl in either of the two conditions. This signifies
that secretion possibly does not impact on the effects caused by PGIl. on the actin
cytoskeleton. A possible difference arises during agonist-mediated platelet activation that
leads to an inside-out integrin signaling. This tier of platelet activation is closely followed
by a-granule secretion which further amplifies platelet activation and integrin outside-in
signaling that culminates in the spreading of platelets. This would imply that secretion does

have a role to play in spreading of platelets depending upon the type of integrin activation.

Platelet spreading involves the reorganization of the actin cytoskeleton which forms the

scaffolding for the observed effects seen during the shape change of the platelets. The actin
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structures formed during platelet shape change included filopodia, lamellipodia, actin
nodules and stress fibres. Actin nodules appear at the initial phase of platelet spreading
while stress fibres are the final actin rearrangement usually associated with the end stage of
platelet spreading. The actin nodules tend to have an inversely proportional relationship to
the presence of stress fibres. They are both filamentous actin structures as they are stained
by phalloidin (Buchwalow and Bocker, 2010). It was necessary to make sure that the
punctate area of filamentous actin, appearing regularly with PGI, and Fsk treatment, which
were stained by phalloidin was actually the actin nodule identified by Calaminus et al
(2008). After staining them for the Arp2/3 complex, pTyr and WASp (data not shown), it

was confirmed that these punctuate areas were actin nodules.

As PGl was inducing a significant effect on the actin cytoskeleton of the spread platelet, it
was necessary to identify if this was due to an effect by PGI> on the ability of the platelet
to maintain the correct level of actin polymerisation to maintain its fully formed actin
structures. Therefore, F-actin assay was undertaken, which identified the effect of PGl, and
Fsk on the F-actin polymerisation was not significant. The interpretation of this data
alongside the rearrangement of actin induced by PGl, indicated that PGIl, was targeting
the actin cytoskeleton in a specific manner that caused reversal of stress fibre formation via
mechanism other than alteration of the level of actin polymerisation.

Therefore, this chapter identified that platelets respond to immobilized fibrinogen by an
outside-in activation of integrins, leading to the formation of various actin structures that
reorganises into the formation of stress fibres in a fully spread platelet. Furthermore, PGI>
treatment of a fully spread platelet interconverts the stress fibres to form another actin
structure present in the initial stages of platelet spreading, the actin nodule, independent of
secretion or any effect on the level of actin polymerization. This identified that PGI, can
not only inhibit platelet activation in suspension prior to activation, but that once platelets
are activated they are still able to respond to PGl», resulting in the alteration of actin

cytoskeletal structures.
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4.1 Introduction:
PGl induces cellular responses via its prostanoid IP-Receptor. IP-R is associated with a

Goss intracellular component, which upon stimulation leads to triggering of adenylyl
cyclase, causing an increase in conversion of ATP to cCAMP (Gorman et al., 1977, Tateson
et al., 1977). The rise in the levels of cCAMP promotes the activation of Protein Kinase A
(PKA). The activation of PKA in the cell causes phosphorylation of a multitude of
downstream proteins such as RaplB, RaplGAP, RhoA, Gaus, IP3-R, PDE3A, GPIbp,
GSK3a/B, VASP, Lim and SH3 domain proteins (LASP), Heat shock protein 27 (HSP27),
FilaminA and Caldesmon (Lang et al., 1996, Smolenski, 2012, Beck et al., 2014, Aburima
etal., 2013).

The phosphorylation of these identified PKA substrates causes an inhibition of platelet
function, and also antagonises agonist induced platelet activation (Walter et al., 1993).
They could be classified as inhibitors of G-proteins (Rap1B, Rap1GAP, Gauz and possibly
direct inactivation of RhoA), regulators of negative feedback control of cAMP (PDE3A)
and modulators of actin dynamics in platelets (VASP, LASP, HSP27, FilaminA and
Caldesmon) (Aburima et al., 2013, Beck et al., 2014, Smolenski, 2012, Lang et al., 1996).

For this study, VASP and RhoA were chosen as key targets for PKA phosphorylation that
are associated with the actin cytoskeleton (Thomson et al., 2011, Zhang et al., 2014).
VASP serves as a downstream effector of PKA activity (Walter et al., 1993). It is an actin
regulatory protein which binds to the barbed end of the filamentous actin and facilitates its
elongation (Bear and Gertler, 2009, Thomson et al., 2011). It correlates well, in its
phosphorylated form, with the inhibitory status of the platelet (Walter et al., 1993, Zhang et
al., 2014). RhoA is also a downstream effector of PKA activity (Chardin et al., 1989). It is
implicated in stress fibre formation. It has previously been shown, both in platelets and
other cell types that the inhibition of RhoA via C3 exoenzyme derived from Clostridium
botulinum affects cell spreading by inhibiting stress fibre formation (Aburima et al., 2013,
Chardin et al., 1989, Gorman et al., 1977). PGl has been shown to cause phosphorylation
of RhoA in a sustained manner (Aburima et al., 2013). However not only is this data in
suspended platelets without stimulation by any other agonist; but also there is no
understanding of the effect on the actin cytoskeleton on this phosphorylation event.

Therefore the effect of PGIl> mediated phosphorylation of RhoA in spread or stimulated
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platelets is not at present clear. Furthermore it is not clear what this phosphorylation of

RhoA means, and if it directly correlates to RhoA activity in platelets.

In chapter 3 it was identified that the treatment of spread platelets with PGI> reversed the
stress fibre formation. Therefore, it was hypothesized that PGl induced this reversal of
stress fibre formation in a cCAMP/PKA dependent manner through phosphorylation of
RhoA, leading to a reversal of RhoA activity, a decrease in MLC-p and therefore a reversal

of stress fibre formation.

4.2 Aims of the chapter

The aim of this chapter was to identify the mechanism by which PGI; induced the reversal

of stress fibre formation in spread platelets.

e To identify if PGI> treatment induces cCAMP production in platelets spread on

fibrinogen.

e To identify the timecourse of PGl signalling in spread platelets using the

phosphorylation of VASP and RhoA as markers.
e To identify if stress fibre reversal is mediated via a PKA dependent mechanism.

e Assess the ability of PGIl> to modulate the activity of RhoA, and if this correlates
with RhoA phosphorylation.
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4.3: PGI2 induces cAMP and PKA mediated phosphorylation in

suspended platelets.
It has been previously reported that stimulation of platelets with PGl induces elevation in

CAMP (Tateson et al., 1977). Therefore to confirm this result, suspended platelets
(2.0x10%ml) were stimulated with 10nM PGI, for 1 minute prior to lysis. The samples
were then analysed using a cAMP kit (GE healthcare) and measured for fluorescence on a
spectrophotometer. Figure 4.1, demonstrates that under basal conditions platelets contained
396.40£37.15 fmol/ug of cAMP. However upon stimulation with 10nM PGl,, the cAMP
concentration dramatically increased to 779.26+196.93 fmol/ug. This demonstrated that

platelets in suspension stimulated with PGI> induced an elevation in cAMP concentration.

To identify if elevation of cCAMP correlated with increases in PKA signaling, platelets
(2.0x108ml) in suspension were treated for 1 minute with different doses of PGl (1, 10,
100 and 1000nM) under non-aggregating conditions. These platelets were then lysed,
western blotted and probed for pVASPS1%7 and GAPDH. PGl. induced a dose dependent
elevation in phosphorylation of VASPS™ (Figure 4.2A). Densitometry revealed that
pVASPS7 Jevels (Figure 4.2B) in basal conditions were 0.01+0.004, which increased to
0.26+0.14 at 1nM, 0.42+0.11 at 10nM, 0.49+0.05 at 100nM and 0.62+0.16 at 1000nM of
PGl>.

Further to this, to understand the timecourse of PKA signaling, suspended platelets
(2.0x10%ml) were stimulated with 100nM PGIl, under non-aggregating conditions and
were lysed at 1, 5, 10, 15, 30 and 60 minutes. The samples were western blotted and
probed for pVASPS*57 and GAPDH.

Figure 4.3A and B, shows the phosphorylation of VASPS5" was significantly elevated
after 1 minute stimulation from a basal level of 0.012+0.005 to 0.31+0.04. The level of
phosphorylation was then reduced to 0.092+0.05 by 5 minutes and significantly reduced at
0.042+£0.02 by 10 minutes which continued onwards to 0.030+0.01 by 15 minutes, and
0.024+0.01 by 30 minutes. By 60 minutes, the level of phosphorylation reduced to
0.012+0.005, becoming equivalent to the basal level of VASP phosphorylation.
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Figure 4. 1: Increase in CAMP levels of suspended platelets on treating them with
PGl.. Suspended platelets (2x108/ml) were stimulated with 10nM PGl, for 1minute.
Using a cAMP commercial kit, the platelets were lysed and their levels of cAMP
assessed. The bar chart represents the level of fluorescence in femtomoles per microgram
of protein. The data was presented as averagexSEM of n=3.p<0.05.

96



CHAPTER 4: The role of PKA in the control of RhoA and stress fibre formation

A PGI, (1 minute)

kDa Control 1 10 100 1000

50 _ pVASP o

37 GAPDH

B 0.9 *

0.8
0.7
0.61
0.5
0.4
0.3
0.2+
0.1

0

R

Ratio

(pVASP / GAPDH)

Control 1 10 100 1000

PGI, (1 minute)

Figure 4. 2: PGI2 induces VASP phosphorylation in a dose dependent manner in
suspended platelets. Platelets (2x108/ml) were stimulated with PGl (1-1000nM) for 1
minute. They were lysed with Laemmli buffer and western blotted. On transferring the
proteins to the membrane it was blotted for pVASP>57 and GAPDH. A) Western blots
for pVASP and GAPDH. B) Densitometry for pVASP. The data was presented as
averagexSEM of n=3. p<0.05.
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Figure 4. 3: PGI2 induces VASP phosphorylation in a time dependent manner in
suspended platelets. Platelets (2x108/ml) were stimulated with PGl, (100nM) for 1-60
minutes. They were lysed with Laemmli buffer and western blotted. On transferring the
proteins to the membrane it was blotted for pVASPS¢>” and GAPDH. A) Western blots for
pVASP157 and GAPDH. B) Densitometry for pVASP™%’ The data was presented as
averagexSEM of n=3. p<0.05.
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Therefore, platelets in suspension, stimulated with PGl induce both, an elevation in
intracellular cAMP levels and an increase in phosphorylation of the PKA target,
VASPS€r157.

4.4: PGl induced elevation of cAMP in spread platelets and
phosphorylation of PKA target proteins.

Chapter 3 demonstrated that PGI> induced a significant change in spread platelets.
However at present there is no data to identify if CAMP is elevated in spread platelets upon
stimulation with PGl,. Therefore platelets (2.0x108/ml) were spread on fibrinogen for 25
minutes and then treated with 10nM PGl (dose selected from Figure 3.5) for 2 minutes.

The samples were lysed by analysis via the cAMP kit used within Figure 4.1.

Figure 4.4 demonstrates that platelets spread on fibrinogen had a slightly, but not
significantly reduced level of intracellular cAMP (152.15+51.96 fmol/ug) as compared to
the unstimulated platelets in suspension (396.40+37.15 fmol/ug) (Figure 4.4). Furthermore
upon stimulation of spread platelets with 10nM PGl for 2 minutes, a significant elevation
in CAMP levels to 1575.82+293.17 fmol/ug was observed (Figure 4.4).

In order to identify if ADP and TXA: play a role in cAMP production by PGI., analysis
was performed on platelets that had been treated with apyrase and indomethacin prior to
spreading them on fibrinogen for 25 minutes. The platelets were then stimulated with
10nM PGl for 2 minutes prior to lysis by cAMP lysis buffer and analysing for the changes
observed. Interestingly, treatment with apyrase and indomethacin increased the level of
basal CAMP in platelets from 152.15+51.96 fmol/ug to 717.62+£192.33 fmol/ug, when
compared to basal spread platelets without incubation with apyrase and indomethacin.
However, treatment with PGI, in the presence of apyrase and indomethacin induced a
similar level of CAMP in spread platelets as to that seen without apyrase and indomethacin,
1713.78+63.05 fmol/ug in comparison to 1575.82+293.17 fmol/ug, respectively (Figure
4.4).

Having confirmed that PGI> can induce an increase in CAMP concentration within spread
platelets, it was then determined if PGIl> can also induce an elevation in the
phosphorylation of pVASPSe57,
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Figure 4. 4: Increase in CAMP levels of spread platelets on treating them with PGI2 in
the presence and absence of apyrase (A) and indomethacin (1). Platelets (2x108/ml)
were spread on 100ug/ml fibrinogen, in the presence or absence of apyrase (A) and
indomethacin (1), for 25 minutes before being washed with PBS. These spread platelets
were stimulated with PGI> (10nM) for 2 minutes, in the presence or absence of apyrase (A)
and indomethacin (I). Using the lysis buffer, provided in the cAMP commercial kit, the
platelets were lysed at 2 minutes of stimulation and their levels of CAMP assessed. The bar
chart represents the level of fluorescence in femtomoles per microgram (fmol/ng) of
protein. The data was presented as average+SEM of n=3. p<0.05.
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Figure 4. 5: PGI2 induces VASP phosphorylation in a dose dependent manner in
spread platelets. Platelets (2x108/ml) were spread on 100ug/ml fibrinogen for 25 minutes
before being washed with PBS. These spread platelets were stimulated with PGI, (1-
1000nM) for 10 minutes. They were lysed with Laemmli buffer and western blotted. On
transferring the proteins to the membrane it was blotted for pVASP*¢"%" and GAPDH. A)

Western blots for pVASPS*5” and GAPDH. B) Densitometry for pVASP. The data was
presented as averagexSEM of n=3. p<0.05.
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Platelets (2.0x108/ml) were spread on fibrinogen for 25 minutes, prior to stimulating them
with different doses of PGI. (1, 10, 100 and 1000nM) for 10 minutes. The samples were
lysed, western blotted and probed for pVASPS*5" and GAPDH. The pVASPS™5 was
elevated in a dose dependent manner in response to stimulation with PGl, (Figure 4.5A).
Densitometry revealed that pVASPS*7 levels (Figure 4.5B) in spread platelets under basal
conditions were 0.02+0.005, which increased to 0.31+0.17 at 1nM, 0.51+0.16 at 10nM,
0.49+£0.09 at 100nM and 0.48+0.10 at 1000nM of PGl,, respectively. Therefore the
maximal level of PKA signaling, as observed using pVASP>1% as a marker, was induced
by 10nM PGlI2, which correlated with the maximal dose of PGl that caused reversal of

stress fibre formation in spread platelets (Figure 3.5).

To understand the timecourse of PGl signaling within spread platelets, platelets
(2.0x108ml) were spread on fibrinogen for 25 minutes prior to stimulation with 10nM
PGI; for duration of 1-60 minutes. At each time point there was a control sample taken in
addition to the sample stimulated with PGl,. The cells were lysed, western blotted and
probed for pVASPS™57 and GAPDH (figure 4.6A).

It was observed that the phosphorylation of VASPS" (Figure 4.6A and B) increased
steadily from basal levels of 0.004+0.003 to 0.163+0.106 at 5 minutes and peaked
significantly at 0.454+0.118 at 10 minute after PGl stimulation. The levels of pVASPSert®’
reduced to 0.173+£0.117 by 25 minutes and levelled to basal level of phosphorylation by 40

minutes.

4.5: PGI> induced stress fibre reversal is PKA dependent.

Although the previous data had shown that PGIl> caused both an elevation in cAMP and
phosphorylation of proteins, it was necessary to confirm that the phosphorylation of VASP
in spread platelets was mediated by PKA. Therefore, platelets (2x107/ml) were allowed to
spread on fibrinogen for 25 minutes in the presence or absence of the PKA inhibitors Rp-8-
cpt-cAMP (RP) and KT5720 (KT). The two inhibitors work via different mechanisms with
RP competitively attaching to the cCAMP binding sites on the regulatory domain of PKA
while KT binds to the phosphorylation site on the catalytic domain of the PKA subunit,

providing a robust inhibition of PKA. The spread platelets were then stimulated with PGI>
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Figure 4. 7: Reversal of platelet stress fibre formation and induction of actin nodule
formation is dependent on PKA activation. Platelets (2x107/ml) were spread on
100ug/ml fibrinogen for 25 minutes in the presence or absence of PKA inhibitors; 500uM
RP-8-CPT-cCAMP (RP) and 10uM KT5720 (KT), before being washed with PBS. The
platelets were then treated with Tyrodes containing 10nM PGl or 1uM Fsk with or
without PKA inhibitors 500uM RP-8-CPT-cAMP and 10uM KT5720, for a further 10
minutes. The platelets were then fixed, stained with FITC-phalloidin and imaged. A) The
levels of CAMP were assessed in basal suspended platelets and basal and 10nM PGI>
treated spread platelets. B) Representative images of spread platelets under different
experimental conditions. Scale bar is 5um. C) The number of spread platelets containing
stress fibres were calculated for each condition in control and treated samples. D) The
number of spread platelets containing actin nodules were calculated for each condition in
control and treated samples. E) The average surface area of the spread platelets was
analysed for each condition in control and treated samples using ImageJ. The data was
presented as averagexSEM of n=3. p<0.05.
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(20nM) or Fsk (1uM) for 10 minutes, in the presence or absence of RP and KT inhibitors.
After treatment, the platelets were fixed, stained and visualized under a fluorescence

microscope.

Control platelets spread on fibrinogen had 69.52+5.0% of platelets containing stress fibres.
However on treatment with 10nM PGl_, a significant drop to 1.62+0.95% was observed in
the percentage of platelets having stress fibres (shown previously in Figure 3.7B).
However the use of the PKA inhibitors, RP and KT, inhibited the reversal of stress fibres,
with 50.78+10.93% of platelets having stress fibres after PGl> stimulation (Figure 4.7A
and B). In agreement with these changes in stress fibres, there was also a significant
change in the percentage of platelets containing actin nodules, with control having
22.18+4.31% which significantly increased to 80.91+£3.30% in their PGI, treated samples.
Again this increase was inhibited after the use of the PKA inhibitors RP and KT, with just
35.42+7.88% of platelets containing actin nodules in the presence of PGl (10nM) (Figure
4.7A and C). These changes in actin cytoskeletal structures were also mirrored by the
change in the surface area of the spread cells with a significant reduction from
39.02+2.31um? to 24.06+0.77um? in PGI, treated samples. Again this change in surface
area was reversed to 37.73+1.61um? after using the PKA inhibitors RP and KT in the
presence of PGl (Figure 4.7A and D).

To show the requirement of PKA to other cCAMP elevating agents, platelets were spread in

the presence of 1uM Fsk in the presence and absence of RP and KT. In control cells

69.52+5.0% contained stress fibres, which was significantly reduced to 25.27+£3.64% in the
presence of 1uM Fsk. However, upon the use of RP and KT in the presence of 1uM Fsk it
reversed to 56.70+6.60% (Figure 4.7A and B). In agreement, in the control 22.18+4.31%
of platelets contained actin nodules, with a significant rise to 61.46+4.67% in the Fsk
treated samples. This increase was reversed in the presence of RP and KT, with
26.21+£5.83% of platelets containing actin nodules. The changes in actin cytoskeletal
structures were also mirrored by the change in the surface area of the spread cells from
control 39.02+2.31um? to 29.71+2.27um? in Fsk treated samples, which reversed to
39.78+1.57um? on using RP and KT inhibitors in the presence of Fsk (Figure 4.7A and D).
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4.6: PGI2 modulates the activity of RhoA in spread platelets.
Reversal of the effect of PGl and Fsk on actin dynamics of spread platelets, by RP and

KT, confirmed the involvement of PKA in the downstream signaling. However, to fully
understand how PKA could mediate a reversal of stress fibre formation, it was necessary to
understand how stress fibres are formed within platelets. Stress fibres are formed through
the activation of the GTPase RhoA. Therefore to confirm the critical nature of RhoA to the
process of stress fibre formation, platelets (2.0x107/ml) were spread in the presence of
increasing doses of Rhosin (RhoA inhibitor) and the inhibitor of Rho kinase-ROCK (the
downstream activator of RhoA) by Y27632 for 2 minutes prior to spreading them on
fibrinogen for 45 minutes. The small molecules Y27632 inhibit ROCK, association with
Rho-GTP while Rhosin acts further upstream by inhibiting the conversion of Rho-GDP to
its active Rho-GTP bound form; this helped to delineate the Rho-ROCK association

pathway in the formation of stress fibres.

In Figure 4.8A, pretreating platelets with Y27632 significantly reduced the number of
platelets having stress fibres from 59.11+3.40% in the control to 22.43+5.45% at 1uM,
10.84+0.77% at 10uM, 4.67£1.72% at 30uM and 3.48+0.11% at 50uM Y27632
respectively (Figure 4.8B). In agreement with this, a reciprocal increase was observed in
platelets containing actin nodules from 33.50+4.36% in the control to 72.04+5.85% at
1uM, 85.09£1.02% at 10uM, 92.06+£2.62% at 30uM and 95.05+0.45% at 50uM Y27632
respectively (Figure 4.8C). No significant change in adhesion was appreciated using
different doses of Y27632 (Figure 4.8D). The surface area from a basal level of
35.21+0.35um? reduced significantly with increasing doses of Y27632 to 22.95+2.71um?
at 1uM, 23.84+2.50um? at 10uM, 24.63+2.36pm? at 30puM and 22.21+2.03um? at 50uM
Y 27632 respectively (Figure 4.8E).

Similarly, pretreating platelets with Rhosin (Figure 4.9A) also reduced the number of
platelets having stress fibres from 59.55+3.40% in the control to 45.68+4.71% at 1uM,
16.53+0.17% at 10uM, 13.2845.02% at 30uM and 6.71+1.44% at 50uM Rhosin
respectively (Figure 4.9B). In agreement the percentage of platelets containing actin
nodules increased from a control level of 33.50+4.36% to 48.93+3.70% at 1uM,
81.07+1.69% at 10uM, 82.81+4.10% at 30uM and 89.08+1.46% at 50uM Rhosin

respectively (Figure 4.9C). Although there was no significant change in adhesion (Figure
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Figure 4. 8: A reduction in stress fibres with a reciprocal increase in actin nodules by
treating platelets with Y27632 in a dose dependent manner prior to spreading them
on fibrinogen. Platelets (2x107/ml) were treated with ROCK inhibitor, Y27632 (1, 10, 30
and 50uM), prior to spreading them on 100ug/ml fibrinogen for 45 minutes. The platelets
were then fixed and stained with FITC-phalloidin before being imaged. A) Images are
representative of three experiments. Scale bar is 5um. B) The number of platelets
containing stress fibres whilst their treatment with Y27632. C) The number of platelets
containing actin nodules whilst their treatment with Y27632. D) The number of platelets
adhered to fibrinogen after their treatment with Y27632. E) The average surface area of the
spread platelets after their treatment with Y27632. The data was presented as
average+SEM of n=3. p<0.05.
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4.9D) there was a significant reduction in the surface area from a basal level of
35.21+0.35um? with increasing doses of Rhosin to 28.02+2.65um? at 1uM,
22.93+2.80um? at 10uM, 20.60+3.82um? at 30uM and 18.00+1.85um? at 50uM (Figure
4.9E).

Use of both Y27632 and Rhosin caused a significant reduction in stress fibres with a
concomitant significant increase in actin nodules identifying the critical importance of
RhoA activity to stress fibre formation. Given this critical role, it was therefore identified
if PKA could target RhoA. Initially the level of phosphorylation at Ser188 on RhoA was
identified as a proxy for the activity of RhoA.

Therefore platelets (2.0x108/ml) were spread on fibrinogen for 25 minutes, prior to
stimulating them with different doses of PGl (1, 10, 100 and 1000nM) for 10 minutes. The
samples were lysed, western blotted and probed for pRhoAS® and GAPDH. In
agreement with pVASPSe in figure 4.5B, the level of pRhoAS®8 was also elevated in a
dose dependent manner in response to stimulation with PGl,. Densitometry of pRhoAS®188
(Figure 4.10A and B) showed an increase in phosphorylation status in spread platelets with
the basal levels at 0.02+0.01, increasing to 0.07+0.04 at 1nM, which becomes significant
onwards from 0.11+0.004 at 10nM, 0.14+0.04 at 100nM and 0.21+0.06 at 1000nM of PGl>

respectively.

To understand the effect of RhoA phosphorylation in a timecourse of PGI, treatment on
spread platelets, platelets (2.0x108/ml) were similarly spread on fibrinogen for 25 minutes
prior to stimulation with 10nM PGl for duration of 1-60 minutes. At each time point a
control sample was taken in addition to the sample stimulated with PGl.. The cells were
lysed, western blotted and probed for pRhoAS* and GAPDH. Phosphorylation of
RhoAS"8 (figure 4.11A and C) increased steadily from a basal level of 0.019+0.002 at 0
minute stimulation to reach a significant level of 0.076+0.014 by 10 minutes. The level of
phosphorylation remained significantly elevated at 0.190+0.11 after 40 minutes and started
coming down to 0.174+0.072 at 60 minutes post stimulation by 10nM PGl..
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Figure 4. 9: A reduction in stress fibres with a reciprocal increase in actin nodules by
treating platelets with Rhosin in a dose dependent manner prior to spreading them on
fibrinogen. Platelets (2x107/ml) were treated with RhoA inhibitor, Rhosin (1, 10, 30 and
50uM), prior to spreading them on 100ug/ml fibrinogen for 45 minutes. The platelets were
then fixed and stained with FITC-phalloidin before being imaged. A) Images are
representative of three experiments. Scale bar is Sum. B) The number of platelets
containing stress fibres whilst their treatment with Rhosin. C) The number of platelets
containing actin nodules whilst their treatment with Rhosin. D) The number of platelets
adhered to fibrinogen after their treatment with Rhosin. E) The average surface area of the
spread platelets after their treatment with Rhosin. The data was presented as average+SEM
of n=3. p<0.05.
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Figure 4. 10: PGI2 induces RhoA phosphorylation in a dose dependent manner in
spread platelets. Platelets (2x108ml) were spread on 100ug/ml fibrinogen for 25 minutes
before being washed with PBS. These spread platelets were stimulated with PGI, (1-
1000nM) for 10 minutes. They were lysed with Laemmli buffer and western blotted. On
transferring the proteins to the membrane it was blotted for pRhoAS®8 and GAPDH. A)
Western blots for pRhoA (identified by an asterisk) and GAPDH. B) Densitometry for
pRhoA. The data was presented as averagexSEM of n=3. p<0.05.
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Although PGI, induced the phosphorylation of VASPS™" and RhoAS® in a time
dependent manner, they both seemed to have a different profile of phosphorylation in
spread platelets (figure 4.6A and 4.11A). The levels of pVASP™> rapidly peaked and
came down quickly while the levels of pRhoA>8 continued to increase up to 40 minutes
and then started declining. This identified that while PGI, would have been degraded in the
first few minutes, however the downstream effectors, still continued to modulate the

functioning of the platelet by upto an hour.

As it was now shown that PGl, could induce phosphorylation of RhoAS# in spread
platelets, it was now necessary to further explore the phosphorylation status of other
proteins with stress fibre signaling. Therefore, platelets (2.0x108/ml) were treated with
inhibitors (RP/KT and Y27632) for 2 minutes prior to allowing them to spread on
fibrinogen for 25 minutes in the presence or absence of these inhibitors. The spread
platelets were then stimulated with PGl (10nM) or Fsk (1uM) for 10 minutes. The
samples were lysed, western blotted and probed with pVASPS%7 pRhoASe"88; pMLCSert?
and GAPDH. Elevated levels of pMLC"® correlate with stress fibre formation, but should

not be directly targeted by PKA activity.

In spread platelets, treatment with PGI. caused a significant increase, 4.067+0.36 fold, in
phosphorylation of VASPS¢%" over control, as previously identified (Fig.4.6A and B). This
effect was reduced to a 2.017+0.64 fold increase in the presence of RP and KT (figure
4.12A and B). As previously shown in Fig 4.11, RhoAS™8 was significantly
phosphorylated by PGl with a 5.142+0.30 fold increase that significantly reduced to
1.946+0.487 in the presence of the PKA inhibitors, RP and KT (figure 4.12A and C).
Further to the effect on RhoASe# phosphorylation, analysis of MLC®¢® phosphorylation
determined that MLCS®® was phosphorylated heavily in spread platelets, in an
antagonistic manner to pRhoAS*8 and in correlation to the heavy percentage of platelets
with stress fibres. Stimulation with PG, induced a significant reduction of pMLCS"® to
0.210+0.04 in comparison to the normalized control conditions. This reduction in
phosphorylation was reversed to 0.820+0.03 of control samples in the presence of RP and
KT (figure 4.12A and D).

In agreement with PGy, treatment of spread platelets with 1uM Fsk, mirrored the activity

of PGl.. Fsk caused a significant increase in the level of pVASPS1%7 to 2.737+0.05 over
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Figure 4. 12: PGI: induces a PKA signaling response in spread platelets. Platelets
(2x10%/ml) were spread on 100pg/ml fibrinogen for 25 minutes in the presence or absence
of PKA inhibitors 100uM RP-8CPT-cAMPS (RP) and 2uM KT5720 (KT), before being
washed with PBS. A) The platelets were then treated with Tyrodes containing 10nM PGI;
with or without PKA inhibitors (100uM RP-8CPT-cAMPS and 2uM KT5720), or 1uM
Fsk, or Y27632 (10uM), for a further 10 minutes. The samples were then lysed with
Laemmli buffer before being western blotted for pVASPS57 pMLCS®, pRhoAS188 and
GAPDH. Images are representative of atleast three experiments. Densitometry for the
western blots; B) pVASPS% C) pRhoAS8 D) pMLCS"®; using GAPDH as the loading

control. The ratios were standardised to the control. Analysis is an average of at least n=3
experiments. p<0.05.
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the control (figure 4.12A and B), a significant increase in the level of pRhoAS88 to
4.027+0.69 over the control (figure 4.12A and C) and a significant decrease in the level of
PMLC®"® to 0.290+0.11 (figure 4.12A and D), when compared with the control.

The use of Y27632 did not cause changes in the levels of pVASPS17 (0.933+0.08) (figure
412A and B) or pRhoAS8 (1.059+0.27) as expected when compared with the
normalized control (figure 4.12A and C). However Y27632, did cause a significant
decrease in the level of pMLC®™® (0.143+0.01) when standardized to its control (figure
4.12A and D). Reduction in the level of pMLCS™ referred to a reduction in stress fibres
which is in agreement with the spreading data suggesting decrease in the number of

platelets having stress fibres on treatment with Y27632 (figure 4.8).

The spreading data and western blotting, both, in the presence of inhibitors had confirmed
that an increase in intracellular PKA activity phosphorylates RhoA (figure 4.11A and C).
However there is no data to identify where pRhoAS®8 or the PKA subunits RI and RII
localize within spread platelets. Therefore, platelets (2.0x107/ml) were spread on
fibrinogen for 25 minutes, prior to stimulating them with 10nM PGl for 10 minutes. The
spread platelets were fixed, stained with FITC-phalloidin along with either pRhoA, PKA
RI or PKA RII antibodies. The coverslips were mounted on a slide and visualized under

confocal microscope.

It was noted, in figure 4.13, that pRhoAS88 |ocalized to actin nodules upon treatment with
PGl.. Interestingly, PKA RII and not PKA RI, colocalised with the actin nodules (figure
4.14A and B). This identified that pRhoA and PKA RII were present in actin nodules after

treatment with PGl..

All this data demonstrated that PKA mediates phosphorylation of RhoA, and that both
phosphorylated form of RhoA and PKA regulatory subunit PKA RII are present in actin
nodules. It was necessary to ascertain if this proximity then correlates to a change in RhoA
activity. Phosphorylation of RhoA has been correlated inversely to RhoA activity in other
cell types (Dong et al., 1998). Therefore analysis of RhoA activity was measured with a
RhoA specific pull down assay.
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Actin pRhoA Merged

Figure 4. 13: Actin nodules contain phospho-RhoA. Platelets (2x107/ml) were spread on
100ug/ml fibrinogen for 25 minutes before being washed with PBS. The platelets were
then treated with Tyrodes with or without 10nM PGI, for a further 10 minutes. The
platelets were then fixed, lysed and stained for pRhoA (1:1000) and co-stained with actin
(FITC-Phalloidin) for 60 minutes, before mounting and imaging the slides on confocal
microscope. Images are representative of at least 3 experiments. Scale bar is S5um.
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Figure 4. 14: Actin nodules contain PKA signaling proteins. Platelets (2x107/ml) were
spread on 100ug/ml fibrinogen for 25 minutes before being washed with PBS. The
platelets were then treated with Tyrodes with or without 10nM PGI, for a further 10
minutes. The platelets were then fixed, lysed and stained for either A) PKA RI (1:100) or B)
PKA RII (1:100); and co-stained with actin (FITC-Phalloidin) for 60 minutes, before

mounting and imaging the slides on confocal microscope. Images are representative of at
least 3 experiments. Scale bar is 5um.
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Prior to understanding if PGIl> modulates RhoA activity, it was necessary to optimise the
number of beads, and protein levels required to complete the assay effectively. Therefore,
platelets (2x108/ml) in suspension were stimulated with different doses of thrombin using
50ug beads. The use of thrombin increased the active form of RhoA. This increase was
maximal with the use of 0.1U/ml as compared to the 1.0U/ml of thrombin. This confirmed
that 50ug beads could effectively pick up the increase in the level of RhoA-GTP bound

form when compared with the basal suspended platelets (Figure 4.15A).

As 50ug showed a good response in suspended platelets, it was now necessary to
understand how the beads would work using spread platelets. Therefore spread platelets
were lysed and incubated with either 25ug or 50ug beads (Figure 4.15 B). The suspension
samples were used as a positive control. The result showed that in spread platelets there
was a good band for RhoA-GTP with either 25 or 50ug of beads. However the total RhoA
bands for 25ug were weak, whilst at 50ug showed a good response. This indicated that

50ug beads were required to effectively complete the assay for further analysis.

After optimizing the conditions for the RhoA specific pull down assay, the experimental
conditions were setup to check the levels of RhoA-GTP on stimulation with PGl.. Platelets
(2.0x108/ml) were allowed to spread on fibrinogen for 25 minutes in the presence or
absence of PKA inhibitors, RP and KT. The spread platelets were then stimulated with
PGI. (10nM) for 10 minutes, in the presence or absence of RP and KT. The samples were
lysed, western blotted and probed for RhoA (Figure 4.16A). Densitometry revealed that
suspended platelets had 0.028+0.01 active RhoA that increases significantly to 0.451+0.07
upon spreading of platelets on fibrinogen (Figure 4.16A and B). Treatment with PGI>
significantly reduces the level of RhoA-GTP to 0.062+0.03 that was reversed to
0.314+0.07 on using PKA inhibitors RP and KT (Figure 4.16A and B). This confirmed that
not only does PGl cause phosphorylation of RhoA, but this correlates with a reduction in
RhoA activity which is mediated by PKA.
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Figure 4. 15: Optimizing the concentration of RhoA pull down beads in both
suspended and spread platelets. Platelets (2x108/ml) were spread on 100ug/ml fibrinogen
for 25 minutes before being washed with PBS. The platelets were then incubated with
Tyrodes for a further 10 minutes and were then lysed. Suspended samples were prepared
by lysing platelets (2x108/ml). Lysis was performed using the lysis buffer in the
commercial kit, before the addition of RhoA GTP beads. Samples were then western
blotted for active RhoA and total RhoA. A) Using 50ug beads, the level of activation
response in suspended platelets was assessed using 1.0 and 0.11U/ml of Thrombin
concentration. Representative images of n=3 of the blots for active and total RhoA is
shown. B) 25ug and 50ug of beads were tested on both suspended and spread platelet

lysates to pick the signal for active RhoA (RhoA-GTP). Representative images of the blots
for active and total RhoA is shown.
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Figure 4. 16: Reversal of active RhoA concentration during treatment of spread
platelets with PGl2 in the presence of PKA inhibitors. Platelets (2x108/ml) were
spread on 100ug/ml fibrinogen for 25 minutes in the presence or absence of PKA
inhibitors 100uM RP-8CPT-cAMPS (RP) and 2uM KT5720 (KT), before being washed
with PBS. The platelets were then treated with Tyrodes containing 10nM PGl», with or
without PKA inhibitors (100uM RP-8CPT-cAMPS and 2uM KT5720), for a further 10
minutes. The samples were then lysed, using the lysis buffer in the commercial kit, before
the addition of RhoA GTP beads (50ug). Samples were then western blotted for active
RhoA and total RhoA. A) Representative images of the blots for active and total RhoA.
B) Densitometry analysis for the RhoA pull down. The data was presented as
averagexSEM of n=3.
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4.7: Discussion:
The previous chapter identified the effects of PGI. on the reversal of activation of spread

platelets. This results section is based on identifying how PGl co-ordinates this change to
the platelet actin cytoskeleton. Is the reversal of platelet spreading a PKA mediated effect?
What are the downstream components involved with PKA mediation of the effects on the

platelet actin cytoskeleton?

PGl is known to inhibit platelets in circulation, mediating via an increase in CAMP levels
(Tateson et al., 1977, Aszodi et al., 1999). This rise could result from either an increased
intracellular production such as by encountering a CAMP elevating agent in circulation or a
potential reduction in its breakdown due to decreased activity of PDEs. Furthermore, an
increase in platelet intracellular cAMP results in phosphorylation of downstream substrates
via PKA. VASP is one of the established downstream proteins associated with PKA
activation in platelets (Aszodi et al., 1999). My results identified that treatment of
suspended platelets with PGl led to both an elevation of CAMP and phosphorylation of
VASPS57 in a dose-dependent and time specified manner in agreement with Aburima et
al.(2013).

In chapter 3, it was demonstrated that treatment with PGI, led to changes in the actin
cytoskeleton of spread platelets. In this chapter therefore it was necessary to identify if
PGI. induces these actin cytoskeletal modulations via altering the levels of cAMP in
spread platelets. Furthermore, would this elevation in cAMP lead to phosphorylation of
VASP in spread cells, as that identified in suspended platelets (Aszodi et al., 1999).
Interestingly it was found that upon platelet spreading, platelets decrease their levels of
CAMP. This effect could be explained by the activity of PDE in the cell. When platelets are
activated by interaction between integrin ouiBs and fibrinogen, possibly the PDE3 (a
CAMP-targeting enzyme), would have been activated. This would have reduced the levels
of cCAMP in the platelet and would have helped in its’ spreading. These assumptions have
been based on the findings that the activity of PDE3 increases in suspended platelets upon
stimulation by thrombin (Zhang and Colman, 2007) and an increase in cAMP levels
inhibits cellular spreading (Hertz and Beavo, 2011), thus providing a plausible explanation
to the observed effects in spread platelets.

However on treating these spread platelets with PGI> an approximate 3-fold increase in the
intracellular level of cCAMP was observed when compared with basal suspended platelets.
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This clearly identifies that PGIl, can cause an increase in the cAMP levels of spread
platelets as had been experienced with suspended platelets. Similarly an elevation of
pVASP157 was recognized in a dose-dependent and time specified manner in spread
platelets in response to PGy, identifying that the spread platelets are capable of responding
to PKA activity.

Further to this analysis of CAMP levels, platelets were spread in the presence of apyrase
and indomethacin that inhibit the secondary mediators ADP and TXA:, respectively.
Interestingly platelets that had been spread in the presence of apyrase and indomethacin,
had an increased level of cAMP in comparison to those spread without apyrase and
indomethacin. This elevation of cCAMP levels with the use of apyrase and indomethacin
was most likely due to the absence of secretion from the platelets. The activation of platelet
via spreading would have induced the release of ADP (even via stimulation by TXA>)
(Paul et al., 1999, Woulfe et al., 2001). The released ADP binds to P2Y1 and P2Y12 that
function downstream via activation of the Gai and Gog subunits. The Ga.i decreases the
activity of adenylyl cyclase while Goq activates the PI3K/Akt 1/2 pathway to activate
PDE3 and thus decrease the level of cAMP in the platelet. In comparison, lack of secretion
could not counter the increased CAMP under basal condition. This in addition correlates
with the delay in spreading observed in platelets that had been treated with apyrase and

indomethacin.

However, stimulation of spread platelets with PGl in the presence of apyrase and
indomethacin revealed a similar peak as to that had been achieved without treatment with
apyrase and indomethacin. This correlated to a similar level of reversal of platelet
activation observed in Figure 3.9, in the presence or absence of apyrase and indomethacin,

with regards to removal of stress fibres and appearance of actin nodules.

Having identified the elevation of cCAMP in spread platelets, it was now necessary to
identify if the effect of PGI> on spread platelets was mediated downstream via PKA. To
answer this question the PKA inhibitors, RP-8CPT-cAMPS (RP) and KT5720 (KT) were
employed which targeted the regulatory and catalytic domains of PKA, respectively. It was
observed that the platelets that had been spread in the presence of RP/KT did not produce

the actin structural changes, of a decrease in stress fibres and an increase in actin nodules,
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on treatment with PGI». This finding confirmed the actin structural changes associated with
PGI, treatment to be PKA mediated.

Having identified that PG> induced the actin cytoskeletal changes in a CAMP and PKA
dependent manner, it was now necessary to identify the downstream targets of PKA that
could be mediating the cytoskeletal effects. Previously, RhoA had been identified as a
modulator for shape change in suspended platelets in a PKA dependent manner (Aburima
et al., 2013). Furthermore Ren X.D. et al (1999) identified high levels of RhoA to be
associated with a greater number of stress fibres in spread fibroblasts. To identify if RhoA
acts as a potential candidate that links the PKA mediated actin cytoskeletal changes in
spread platelets, the platelets were treated with Y27632 and Rhosin before allowing them
to spread on fibrinogen. Both of these inhibitors target the Rho mediated pathway; Y27632
selectively inhibits Rho kinase (ROCK) by competing with ATP for binding to the kinase
(Ishizaki et al., 2000), while Rhosin inhibits the GEF catalyzes RhoA activation by binding
to RhoA on two adjacent groves which are required for interacting with GEF (Shang et al.,
2012). The findings, using the inhibitors, revealed that inhibition of RhoA decreased stress
fibres with a reciprocal increase in actin nodules in a dose dependent manner. This data is
in agreement with the findings by Calaminus S.D.J. et al. (2008) that actin nodules are
correlated with low RhoA-ROCK activity. In addition, a reduction in the surface area was
observed. These findings suggested RhoA as a strong candidate for PKA mediated actin
cytoskeletal rearrangement.

RhoA phosphorylation by PKA has been linked to its inactivation in platelets and other cell
types (Chardin et al., 1989, Gorman et al., 1977, Aburima et al., 2013). Interestingly there
was an increase in the level of pRhoAS8 whilst there was a reciprocal reduction in the
level of active GTP-bound form of RhoA after 10 minutes of treatment of spread platelets
with PGl.. Phosphorylation of RhoA has been postulated to tag it for binding to GDI,
which makes RhoA less available from being converted back to its active GTP-form by a
GEF (Faure and Dagher, 2001). This therefore has the effect of reducing the level of active
RhoA in the cell, and therefore at the same time causes a reduction in stress fibre

formation.

Interestingly studying the dynamics of RhoAS®® phosphorylation, in a time course
manner identified that upon treatment with PGI,, maximal phosphorylation of RhoAS®188

(40mins) was preceded by the maximal removal of stress fibres (10mins).
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A probable explanation for this prolonged phosphorylation event of RhoA in the platelet
could be the lack of the protein to bind to platelet membrane and to remain in the cytosol,
thus disabling the interaction with RhoGDI as it involves binding to the platelet membrane
(Aburima A. et al 2013), or it may involve interaction with an A Kinase Anchoring Protein
(AKAP). An AKAP plays an important role in the spatial and temporal regulation of the
levels of CAMP in the cell. It compartmentalizes CAMP into restricted microdomains
thereby providing a better control to the activities that cAMP could ensue in a cell (Raslan
et al., 2015a). Formation of the microdomains relies on the activity of the adenylyl cyclase
forming cAMP and the bounding limit and activity of the PDEs that cleave the CAMP to
AMP. The AKAP binds to the substrate and brings it closer to interact with the anchored
‘Kinase’; while keeping it within the bounding limits of the microdomain. The discrepancy
in the signaling of RhoA and actin cytoskeletal changes possibly suggest that an AKAP
could retain a phosphorylated RhoA and hold it in a spatial manner that prevents its

dephosphorylation due to the spatial localization of CAMP and PDEs.

Although it is clear that PGI: is inactivating RhoA, and this removes stress fibre formation,
does PKA also play a role in the formation of actin nodules, or is the reversal of stress
fibres formation always going to form actin nodules independent of PKA? The actin
nodule is a filamentous actin structure which is composed of a core which is made by
Arp2/3, WASp, filamentous actin, and a ring-like assembly of integrins which is linked to
the actin cytoskeleton of the core via multiple proteins. One of the postulated roles for the
actin nodule is to act as a signaling hub (Calaminus et al., 2008). The actin nodules have
been identified to contain AKAPS, moesin and Rac. The phospho-PKA substrates antibody
hinted the presence of PKA phosphorylated proteins to be present at the actin nodules.
Interestingly, Figures 4.13 and 4.14, identified phosphorylated RhoA®® and PKA
regulatory component RIl to be co-localized to these actin nodules. Therefore, this
identified the possibility that inactivation of RhoA by PKA leads to the localization of
pRhoAS*88 to the actin nodule. As Rac has also been shown to be identified at the nodule,
this brings forward the possibility that the interaction between active Rac and active RhoA

is critical in the formation and dissolution of the actin nodules.

Based on the results thus far along with findings from the literature, a schematic shown in
figure 4.17, was developed to understand the mechanism by which PGI> mediates it effects

upon the actin cytoskeleton. Spreading of platelets on fibrinogen involved activation of the
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integrin receptor, allbB3, via outside-in signaling (Salsmann et al., 2005). This recruits Src
to the B3 subunits of allbp3. The Src regulates RhoGEF that helps to convert RhoA to its
active GTP-bound form. Active RhoA binds to ROCK that leads to inhibition of MLCP.
The inhibition of MLCP leads to increased levels of phosphorylated MLC that corresponds
to an increased stress fibre formation. Therefore interaction of RhoA-ROCK leads to an
increase in stress fibres as seen in spread platelets. PGl triggers an increase in CAMP,
activating PKA causing the phosphorylation of RhoA and leads to the disinhibition of
MLCP. This results in dephosphorylation of MLC, thereby removing stress fibres and
causing the formation of actin nodules. Although there is an alternative pathway leading to
MLC phosphorylation via activation of MLCK by Ca?" mobilization, the data at present
indicates this pathway does not play a major role in modulation of stress fibres in spread
platelets by PGl..
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Figure 4. 17: Schematic of the effect of PGIl2 on RhoA-ROCK pathway. (1) Activation
of RhoA via GEF enables the interaction of active RhoA to incorporate with Rho kinase
(ROCK). This interaction inhibits the myosin light chain phosphatase that converts
phosphorylated MLC to a non-phosphorylated form. This inhibition of conversion
increases the phosphorylated form of RhoA which culminates in an increased interaction
among actin and myosin and hence stress fibre formation. (2) PGI, via binding to its
receptor (direct activation via Fsk) increases CAMP that stimulates production of PKA. An
increased activity of PKA phosphorylates RhoA and tags it to be bound to GDI. Interaction
with GDI channels the active RhoA away from interaction with ROCK and hence
disinhibits myosin light chain phosphatase, reduces phosphorylated form of MLC and thus
decreases stress fibres.
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5.1 Introduction:
Haemostatic plug formation is a multifaceted dynamic process that requires many factors

to be coordinated effectively in order for its eftective completion. The co-ordination is
required as aberrations in the co-ordination can lead to either too little thrombus formation
and excessive bleeding, or too much thrombus formation and the formation of occlusive

thrombi that hinder the flow of blood in the vessel.

Platelets are a key part of this process of haemostasis. They circulate through the body in
the vasculature. Within this environment, the red blood cells push the platelets to the
periphery of the vessel, near to the endothelial lining of the vessel wall. The endothelium
plays a pivotal role in mediating a swift but a controlled response of the platelets. In its
undamaged and non-inflamed state the endothelium provides a non-adherent site for the
platelets and moreover, it releases PGl2 and NO into the circulation that act as vasodilators
and powerful inhibitors of platelet activation (Bergmeier and Hynes, 2012, Moncada et al.,
1976).

An increase in the formation of a thrombus results in a greater shear of the flowing blood
and an enhanced generation of thrombin. Both of these factors have been linked with an
increase in the release of PGl. in the circulation (Bouaziz et al., 1998, Weksler et al.,
1978).

In addition, the endothelium is also known to deposit, towards its basal surface, ECM
proteins onto the basement membrane (Bergmeier and Hynes, 2012). Upon injury to the
vessel wall the underlying ECM proteins are exposed, which leads to activation of
platelets. Collagen has been considered the most abundant component of the matrix protein
(Halper and Kjaer, 2014) and has been classed as a strong activator of platelets (Bergmeier
and Hynes, 2012). As reviewed by Brass L.F. et al. (2011), the exposed matrix proteins are
initially decorated by the VWF that interacts with its receptor (GP-Ib-1X-V) along with
integrin (ouibB3) present on the surface of the platelets (Hantgan et al., 1990a, Hantgan et
al., 1990b). These interactions provide enough time for the collagen to induce clustering of
its receptors (GPVI and a2B1) (Chen et al., 2002, Clemetson et al., 1999). This helps in the
formation of a monolayer of platelets to which additional platelets, using their activated
integrin (ouiPs) interact with available fibrinogen either from the plasma or secreted by

platelets, build upon developing a thrombus. Therefore the basal layer of platelets is
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mediated by collagen interaction while successive layers in a thrombus are regulated by

fibrinogen.

The depth of the injury determines the amount and the type of matrix protein encountered
by the platelets and thereby the response that they would generate. Collagen type IV is
present closer to the vascular endothelial layer, being in the basement membrane while
collagen types I, 11l and V are found in deeper layer of the vascular ECM. Although these
and other subtypes of collagen act via activation of GPVI receptor, still collagen types I,
[1l, V are more potent agonists than collagen type IV to GPVI receptor activation
(Bergmeier and Hynes, 2012). A deeper injury would generate an increased response;
while a superficial injury ensues a weaker response. Therefore, a level of control exists that

interplays to the comparable response generated to the depth of the injury.

It has recently been identified that thrombi have a core and shell region. Within these
regions there are differing levels of platelet activation, due to differing concentrations of
agonists. Within the core region thrombin dominates. This causes full platelet activation
allowing for the formation of tightly packed platelet core and a complete spreading
response. In contrast in the shell region thrombin is not present. Instead ADP and TXA>
are present from those platelets that have been activated by thrombin, which allow for
partial platelet activation. Due to the partial platelet activation there is increased porosity
and a looser arrangement of platelets within the shell, theoretically allowing access for
PGl into the shell region. (Stalker et al., 2013, Stalker et al., 2014, Welsh et al., 2014).
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5.2 Aims of the chapter

The aim of this chapter was to identify if the cytoskeletal changes induced within a spread
platelet by PGl,, would cause an effect upon thrombus formation, its’ stability or its’

dissolution.

e To identify if PGI> treatment under flow induces morphological changes to
platelets spread on fibrinogen

e To identify if PGl treatment has any effect on the actin cytoskeleton of platelets

that have been spread on collagen.

e To identify if PGI> treatment under flow induces morphological changes to

platelets spread on collagen and if the effect is reversed by inhibition of PKA.
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5.3 Thrombus formation on Fibrinogen

Since Chapters 3 and 4 identified the significant effect of PGl on the actin cytoskeleton of
spreading of platelets and the molecular mechanism underlying the effect of PGl», it was
necessary to understand how these cytoskeletal changes induced by PGIl> might affect

platelet function in the more physiological relevant assay, in vitro flow.

5.3.1 Thrombus formation under flow using different dose of Fibrinogen
In order to identify a possible effect of PGIl> on thrombus formation on fibrinogen, it was
first necessary to identify the appropriate concentration of the matrix protein for further
experiments. Fibrinogen concentrations of 100, 300 and 1000ug/ml were used to coat
cellix biochips (vena endothelial+ specialized for whole blood flow assays), for an
overnight incubation at 4°C in a humid chamber. The next day human blood mixed with
PPACK (100uM) as an anticoagulant was stained with DIOCe (10uM) for 20 minutes
before flowing through the biochip chamber at a shear rate of 1000/sec (45.0 dynes/cm?)
for 2 minutes. Thrombus formation was followed via video microscopy. After 2 minutes
the thrombi were fixed with 4% paraformaldehyde for 30 minutes. The biochip was
restained using DIOCs (10uM) with an overnight incubation and subsequently z-stack
images were taken using Zeiss Apotome microscope. The images were analyzed for the
number of thrombi per image, the percentage of average surface area coverage by the
thrombi and the height attained by these thrombi.

It was found that the surface area coverage by the platelets in the whole blood increased
with an increasing concentration of fibrinogen. The 100ug/ml attained 32.21+15.78%
coverage that increased to 38.24+8.29% at 300ug/ml and finally reached 56.45+24.84%
coverage at 1000ug/ml of fibrinogen concentration (Figure 5.1A and B). Interestingly
however, there was no change in the height of the thrombus with 4.05+0.07um at
100ug/ml, 4.11+0.001pum at 300ug/ml and 4.39+0.002um at 1000ug/ml of fibrinogen
concentration (Figure 5.1C). However, the number of thrombi increased with increased
fibrinogen concentration with 2.46+0.58 thrombi per image at 100ug/ml, 3.89+0.49
thrombi per image at 300ug/ml and 8.14+2.86 thrombi per image at 1000ug/ml of

fibrinogen concentration (Figure 5.1D).
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Figure 5. 1: Increase in thrombus formation on increasing concentration of
fibrinogen. Human whole blood (with PPACK) was stained with DIOCe and flown over
biochips that had been coated overnight with different concentrations of fibrinogen at 100,
300 and 1000ug/ml. The blood was flown for 2 minutes prior to fixation and restained with
DIOCs. Using a fluorescence microscope z-stack images were obtained. A) Representative
images for the different concentrations of fibrinogen. Scale bar is 20um. The insert shows
an enlarged image of their respective images with a scale bar of 5um. B) Analysis of
percentage of the surface area coverage at 100, 300 and 1000ug/ml of fibrinogen. C)
Analysis of height of the thrombus at 100, 300 and 1000ug/ml of fibrinogen. D) Analysis
of number of thrombi per image at 100, 300 and 1000ug/ml of fibrinogen. The data was
presented as average+SEM of n=2-3.
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The data identified that 100ug/ml fibrinogen showed fewer number of platelet
accumulations while 1000ug/ml showed a more accumulation of platelets which had
indistinct overlapping margins of the spread platelets. Therefore, for further experiments,
300ug/ml of fibrinogen attained a fine balance to observe the effects of PGI, treatment on

platelet spreading and any changes that may follow to the formed thrombi.

5.3.2 Effect of pretreating blood with PGIl. and allowing thrombus

formation on Fibrinogen

The next step was to observe the effect of prior PGl treatment on thrombus formation. The
human whole blood with PPACK was stained with DIOCg for a minimum of 20 minutes.
The blood was treated with different concentrations of PGI, for 2 minutes in suspension,
shown in the schematic figure 5.2A, prior to flowing it on the already prepared cellix
biochips that had been coated with 300ug/ml of fibrinogen for an overnight incubation.
The flow lasted for 2 minutes after which the thrombi were fixed. Analysis of the surface
area coverage indicated that in control conditions there was 35.29+5.63% coverage, with
InM of PGIl, was 41.50+0.02% at 10nM was 23.93+7.52% and at 100nM was
21.64+2.84% (Figure 5.2B and C). However, the height of the thrombus remained stable
with the use of different concentrations of PGIl. for pretreatment of platelets, with the
control level at 3.92+0.11pum 3.52+0.52um at 1nM, 3.85+0.37um at 10nM and
3.67+0.14um at 100nM PGl (Figure 5.2D). The analysis in figure 5.2E indicated that
pretreatment of platelets with an increasing dose of PGl possibly increased the number of
thrombi. The control had 4.50+0.67 thrombi per image, which decreased to 2.75+1.25
thrombi per image at 1nM, while it increased to 6.42+0.42 thrombi per image at 10nM and
6.96+1.21 thrombi per image at 100nM PGl,.

After establishing that pre-treated platelets with PGl inhibits platelet adhesion under high
shear on fibrinogen, it was now necessary to identify if PGl> would have an effect on
platelets that have already been adhered, and started to form thrombi on fibrinogen.

5.3.3 PGI; treatment of thrombi formed on Fibrinogen
As completed previously, human whole blood mixed with PPACK was stained with

DIOCs and flown over 300ug/ml fibrinogen for 2 minutes (Supplementary Video 1). At
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Figure 5. 2: Pretreating platelets with PGI2 induces a dose dependent reduction in
surface area coverage under flow on fibrinogen. Human whole blood (with PPACK)
was stained with DIOCe and pretreated for 2 minutes with 1nM, 10nM and 100nM of PGl
prior to flowing them over biochips for 2 minutes that had been coated overnight with
300ug/ml of fibrinogen. The biochip was fixed and restained with DIOCe. Using a
fluorescence microscope, z-stack images were obtained. A) A schematic for the
experimental plan. B) Representative images for the pretreatment with different
concentrations of PGl,. Scale bar is 20um. The insert shows an enlarged image of their
respective images with a scale bar of 5um. C) Analysis of percentage of the surface area
coverage at pretreatment of platelets with 1nM, 10nM and 100nM of PGI,. D) Analysis of
height of the thrombus at pretreatment of platelets with 1nM, 10nM and 100nM of PGl.. E)
Analysis of number of thrombi per image at pretreatment of platelets with 1nM, 10nM and
100nM of PGl2. p<0.05. The data was presented as averagexSEM of n=2-3.
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this point the samples were treated for another 10 minutes with PBS in the presence or
absence of PGl> (100nM) (Figure 5.3A) (Supplementary Videos 2 and 3). The results
revealed that the surface area coverage attained at 2 minutes of flowing blood was
38.24+6.77% that increased to 43.46+6.80% at 10 minutes flow without PGl.. On
treatment with PGIl, (100nM) for 10 minutes the surface area coverage reduced
significantly to 24.39£2.94% (Figure 5.3B and C).

The data demonstrate that PGI. reduces platelet adhesion under flow. As had been
identified that in accordance with the effect on surface area coverage of thrombi, events of
embolisation were also observed on treatment with 100nM PGl (Supplementary Video 2),
while these events were absent on flow with PBS (Supplementary Video 3). Therefore, to
confirm that this effect of PGIl, was mediated via PKA, the PKA inhibitors — RP-8CPT-
CAMPS and KT-5720 were used with human whole blood under flow on fibrinogen.

5.3.4 PGl mediates its effect on formed thrombi (on fibrinogen) via PKA
activity

Human whole blood mixed with PPACK was stained with DIOCs for a minimum of 20
minutes. As shown in the schematic in figure 5.4A, whole blood was incubated for 20
minutes in the presence and absence of RPKT inhibitors prior to flowing it on 300ug/ml of
fibrinogen for 2 minutes (Supplementary Video 4) and continuing for another 10 minutes
with the presence or absence of RPKT inhibitors in the presence or absence of PGlI;
(100nM) (Supplementary Videos 5 and 6).

The results identified that the average surface area coverage (standardized with individual
control) under basal conditions reduced significantly to 57.55+8.05% on treatment with
100nM of PGl (Figure 5.4B and C). In the presence of the PKA inhibitors, RP-8CPT-
CAMPS (500uM) and KT-5720 (10uM), PGI, treatment did not alter the average surface
area coverage (100.4+£11.72% of control) (Figure 5.4B and C). In agreement the
embolisation events observed with PGl, treatment of formed thrombi on fibrinogen, as
seen in the Supplementary Video 2, were not identifed on treatment of RP/KT inhibitors in
the presence of PGI. (Supplementary Video 5).
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Figure 5. 3: Platelets spread on fibrinogen have reduced surface area coverage on
treatment with PGI2 under flow. Human whole blood (with PPACK) was stained with
DIOCs and allowed to flow over fibrinogen coated (300ug/ml) biochips for 2 minutes. The
flow with PBS, in the presence or absence of 100nM PGlI, was continued over formed
thrombi for 10 minutes before fixation and restaining with DIOCe. Using a fluorescence
microscope, z-stack images were obtained. A) A schematic for the experimental plan. B)
Representative images for the experiment with a scale bar of 20um. The insert shows an
enlarged image of their respective images with a scale bar of 5um. C) Analysis of

percentage of the surface area coverage at treatment of thrombi with 100nM PGI>. p<0.05.
The data was presented as averagexSEM of n=3.
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Figure 5. 4: Post perfusion of 100nM PGI2 on platelets spread on fibrinogen reduces
surface area coverage, under flow, which in inhibited in the presence of PKA
inhibitors. Human whole blood (with PPACK) was stained with DIOCe. It was incubated
with RP-8CPT-cAMPS (RP) and KT-5720 (KT) for 20 minutes prior to flowing over
fibrinogen coated (300ug/ml) biochips for 2 minutes. The flow was continued with PBS
containing RP/KT in the presence or absence of 100nM PGl», over formed thrombi, for 10
minutes before fixation and restaining with DIOCe. Using a fluorescence microscope, z-
stack images were obtained. A) A schematic for the experimental plan. B) Representative
images for the experiment with a scale bar of 20um. The insert shows an enlarged image of
their respective images with a scale bar of 5um. C) Analysis of percentage of the surface
area coverage, standardized to its control, on treatment of thrombi with 100nM PGl in the
presence or absence of RP/KT. p<0.05. The data was presented as averagexSEM of n=2-5.
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5.4 Thrombus formation on Collagen
Although PGI, caused a clear reduction in platelet surface area coverage under flow on

fibrinogen, it was necessary to identify if this effect was present on the main ECM

component involved within the thrombus formation process, collagen.

5.4.1 PGI; treatment of thrombi formed on Collagen

As the previous data had suggested that post treatment of PGI, induced a reduction in
surface area on fibrinogen, it was necessary to identify if this also occurred on the more
relevant thrombogenic ECM protein collagen. A 25ug/ml of collagen concentration was
used within the assay as it provides robust thrombus formation (Ollivier et al., 2014).
Therefore, human whole blood mixed with PPACK, as an anticoagulant, was stained with
DIOCs and flown over collagen coated biochips for 2 minutes (Supplementary Video 7)
and continued for another 10 minutes with PBS in the presence or absence of PGlI;
(100nM), similar to the schematic in figure 5.3A (Supplementary Videos 8 and 9). The
results revealed that the surface area coverage attained by the control was 15.01+3.07%
which reduced to 2.33+0.66% at 100nM post flow with PGI. (Figure 5.5A and B). On
treating already formed thrombi with PGl for 10 minutes the height of the thrombus in the
control was 7.26+0.68um which reduced to 4.38+0.12um at 100nM (Figure 5.5A and C).
Measuring the number of thrombi per image, it was found that the control attained
15.52+1.61 thrombi which reduced to 7.24+1.15 thrombi with 100nM PGl post flow
(Figure 5.5A and D). In comparison to the control, PGI, treatment of preformed thrombi

led to embolisation events as identified in the Supplementary Videos 8 and 9.

5.4.2 PGI; mediates its effect on formed thrombi (on collagen) via PKA
activity

This data identified that PGIl> mediated a significant reduction in thrombi after they had
been formed on collagen. However to demonstrate that PGl was mediating this in a PKA
dependent manner human whole blood mixed with PPACK, was stained with DIOCs for a
minimum of 20 minutes. In addition, it was incubated in the presence or absence of PKA
inhibitors (100uM RP-8CPT-cAMPS / 2uM KT5720) for 20 minutes and flown over
collagen coated biochips for 2 minutes (Supplementary Video 10). The flow was continued
for another 10 minutes with PBS in the presence or absence of PGl, (100nM) and the PKA
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Figure 5. 5: Effect of post perfusion of PGI2 in a dose response manner. Whole blood,
stained with DiOCe was flown over collagen (25ug/ml) coated slides for 2 minutes at a
shear rate of 1000s™. After 2 minutes, PBS in the presence or absence of PGI, (10 and
100nM) were perfused over the preformed thrombi for 10 minutes at 1000s™. A)
Representative images of the thrombi observed under these different experimental
conditions. B) The surface area coverage of the thrombi after 10 minutes of perfusion with
or without 100nM PGl.. C) Changes in the height of the thrombus after post perfusion with
100nM PGl,. D) Effect on the number of thrombi per image with 100nM PGl,. The
thrombi were fixed, restained and imaged (z-stack=0.5um). The data was presented as
averagexSEM of n=3. p<0.05. Scale bar is 20um.
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inhibitors (100uM RP-8CPT-cAMPS / 2uM KT5720), similar to the schematic in figure
5.4A (Supplementary Videos 11 and 12). The results in figure 5.6B revealed that the
surface area coverage attained by the control was 15.01+3.07% which reduced
significantly to 2.33+0.66% at 100nM PGl post flow. In the presence of RPKT the control
attained 11.7+5.71% surface area coverage which was unaffected with the addition of
100nM PGl at 13.59+3.48% (Figure 5.6A and B). In agreement, the thrombus height was
also significantly reduced from 7.26+0.68um in control to 4.38+0.12um at 100nM PGl
with PKA inhibition blocking this reduction in thrombus height. Similarly, the
embolisation observed with preformed thrombi on collagen, on treatment with PGI, was
not observed in the presence of RPKT inhibitors with PGl (Supplementary Videos 8 and
11).

Analysis of the number of thrombi per image identified 15.52+1.61 thrombi (13.92+2.65
for control treated with RPKT) in the control that reduced significantly to 7.24+0.81
thrombi with 100nM PGI, and reverted to significant levels at 15.9+0.90 thrombi with
100nM PGl post flow in the presence of RPKT (Figure 5.6B and D). This confirmed that

the effects observed in terms of surface area coverage, height of thrombus and number of

thrombi formed on collagen is mediated by PGl via a PKA dependent mechanism.

5.4.3 Effect of PGl on platelets spread on collagen

As there was a strong inhibition of thrombus formation on collagen, it was necessary to try
to identify the effect of PGI> on spread platelets on collagen, to identify if PGl was
modulating the actin cytoskeleton on platelets spread only fibrinogen or also collagen.
Therefore (2x107/ml) platelets were spread on collagen as per the schematic in Figure
5.8A. The platelets were then fixed, stained with FITC-phalloidin and imaged using a

fluorescence microscope.

Analysis of the platelets identified that the adhesion of the platelets spread on collagen,
standardized to the control, remained steady (Figure 5.7B and C). The surface area of these
spread platelets just before addition of 10nM PGI, was 30.24+4.01um? which increased to
32.96+1.37um? for a further 10 minutes spreading in the absence of PGI, but on treatment
with PGl, for 10 minutes the surface area was 34.02+2.13um? (Figure 5.7B and D).
Analysis of actin nodule formation was not possible as actin nodules do not form on

collagen (Calaminus et al., 2008).
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Using the same schematic in figure 5.7A, platelets (2x107/ml) were spread on 100ug/ml of
collagen for 25 minutes in the presence of apyrase (2U/ml) and indomethacin (10uM). The
platelets were then washed before the addition of 10nM PGl in the presence of apyrase
(2U/ml) and indomethacin (10uM), for 10 minutes. The platelets were then fixed, stained
with FITC-phalloidin and imaged using a fluorescence microscope. The addition of
apyrase (2U/ml) and indomethacin (10uM) reduced platelet adhesion in comparison to the
control without apyrase (2U/ml) and indomethacin (10uM) (Figure 5.8A and B). However
the addition of PGl in the presence of apyrase and indomethacin had no effect on the actin
cytoskeleton of the spread platelet. Furthermore, surface area analysis of the apyrase and
indomethacin treated spread platelets, in the absence or presence of 10nM PGl; identified
surface area coverage of 32.92+0.96um? in the control whilst PGl treated samples treated

had a surface area of and 33.88+2.10um?, respectively (figure 5.8A and C).

Therefore PGI> had no effect on the actin cytoskeleton of platelets spread on collagen, as
stress fibres could not be reversed in these spread platelets. This effect on the actin

cytoskeleton was maintained even in the absence of platelet secretion.
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Figure 5. 7: PGI2 does not affect stress fibre formation in prespread platelets on
collagen. Platelets (2x10/ml) were spread on 100ug/ml collagen for 25 minutes. The
platelets were then washed, before the addition of 10nM PGlI; for 10 minutes. The platelets
were then fixed, stained with FITC-phalloidin and imaged. A) Experimental design and B)
representative images of experimental conditions. Scale bar is 5um. C) The number of
platelets adhered, and D) the average surface area of the platelets were analyzed using
ImagelJ. The data was presented as average+SEM of n=3.
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Figure 5. 8: PGI2 does not affect stress fibre formation in prespread platelets on
collagen in the absence of ADP and TXA:. Platelets (2x107/ml) were spread on
100ug/ml collagen for 25 minutes with apyrase (2U/ml) and indomethacin (10uM). After
25 minutes, the platelets were then washed with Tyrodes, before the addition of 10nM
PGl for 10 minutes in the presence of apyrase (2U/ml) and indomethacin (10uM). The
platelets were then fixed, stained with FITC-phalloidin and imaged. A) Representative
images of three individual experiments. Scale bar is 5um. B) The number of platelets
adhered, and C) the average surface area of the platelets were analyzed using ImageJ. The
data was presented as averagexSEM of n=3.
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5.5 Discussion
The main role postulated for the endothelial derived factor, PGlIy, is that it ensures the

inhibition of platelets within the vasculature. This prevents the platelet from aberrantly
activating and causing thrombus formation in unwanted locations. However on endothelial
damage platelet activation ensues. This activation process can override the inhibitory
signals induced by PGy, leading to platelet activation and thrombus formation. Therefore,
key to the platelet is the balance between the activatory and inhibitory signals within the
vasculature environment. However it has been difficult to identify if PGl is released prior
to injury. One school of thought indicates PGl is present at all times within the
vasculature. This therefore indicates that platelets are exposed to the inhibition by PGI; at
all times. A publication by FitzGerald et al. (1981), measured levels of PGl in the human
circulation. According to the article 10pM PGl was identified to be present in the
circulation, while 0.1nM was required to inhibit platelets (FitzGerald et al., 1981). The
other school of thought indicates that PGl is not released continually, but that NO can
maintain platelets in an inhibited state within the normal vasculature. PGI. production by
the endothelial cells is then induced after thrombus formation is initiated by the presence of
thrombin as shown by Weksler et al. (1978). This therefore opens up the possibility that
PGIl> could be important in controlling thrombus formation, as elevation of PGlI;
concentration induced by Thrombin could then limit the activatory signals from Thrombin,
ADP and fibrinogen within the thrombus. However at present there is little data to support

this theory.

5.5.1 The role of PGI; in thrombus formation on fibrinogen

Within this thesis | have already identified that PGI> can reverse the activatory state of
spread platelets by removal of stress fibers and the appearance of actin nodules. This effect
of stress fibre reversal was PKA mediated. The question that has been targeted in this
results section had been to identify if the reversal of stress fibers by the addition of PGl>

would have physiological relevance under flowing conditions over preformed thrombi.

Analysis of the flow experiments indicated that there was a decrease in platelets spreading
and a reduction in the surface area coverage on fibrinogen with the pre-treatment of blood
with PGl. This is in agreement with the findings of Weiss H.J. and Turitto V.T. (1979)
that pretreatment of blood with PGI», flowing on rabbit de-endothelialised matrix at arterial

shear rate inhibited thrombus formation.
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Interestingly, fibrinogen could not support the formation of a thrombus, rather platelets
tends to form aggregates. This is due to the fact that platelets on exposure to fibrinogen
spreads on the matrix without the generation of thrombin nor a detectable Ca?* level within
the platelet (Heemskerk et al., 1997). Both of these factors enhance platelet activation that
leads to a robust thrombus formation. Absence of this enhanced activation while spreading
on fibrinogen platelets accumulates to form small aggregates rather than thrombi. Further
analysis of preattached platelets on fibrinogen under high shear in the presence of PGl
showed a significant reduction in the surface area coverage. Interesting again, this was
likely to be associated both with the embolisation of platelets from the surface, but also the
reduction in platelet surface area in the presence of PGIl.. This finding under flow
corroborated the effect that had been observed under a static system, however, due to the
paucity of thrombus formation on fibrinogen, no change in the height of the thrombus
(platelet aggregate) was appreciated either in control or with PGl treatment. This data
identifies that PGIl. release does have a physiological relevance to regulate thrombus

formation.

As part of this analysis thrombus height and number was analysed. However, this induced
a curious result with an elevation in the number of thrombi in the PGI; pretreated platelets.
However, PGl, induces the rounding up of the platelet, as the platelet withdraws its
lamellipodia (Figure 5.2C). Therefore, as no a height difference was appreciated between a
flattened spread platelet and a more rounded PGl treated platelet, thereby affecting the
analysis of thrombus height. This is most pertinent here as there is not a true thrombus
formation, but really a monolayer of platelets, with some platelet aggregates formation.
Therefore, it is likely that the analysis of thrombus height and thrombus number on

treatment with PG, were misleading.

5.5.2 The role of PGI2 on thrombus formation on collagen

Collagen forms the key matrix that is exposed on an injury to the vascular endothelium.
Formation of thrombi on collagen involves the basal platelets to be adhered onto collagen
with fibrinogen becoming the major mediator for the thrombus. So it was of interest to
identify if the effects observed with PGI. on fibrinogen could be replicated with collagen.
A reduction in thrombus surface area was observed, on treatment with PGI», but this effect
could not be ascertained if this had been due to collagen or fibrinogen. A static collagen

spreading assay, revealed that PGl does not cause removal of stress fibers or a reduction
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in the surface area in platelets spread on collagen. Thereby, it confirms that the drop in
surface area and the height of the thrombus was mediated by the effect of PGl on
fibrinogen. Therefore the level of PGI> release in the circulation could well be controlling
the height of the thrombus without hampering the clot formation to stop the bleeding.

According to Stalker T.J. et al (2014), the thrombus could roughly be categorized into
having a ‘core’ with compactly arranged platelets and an outer ‘shell” with loosely
organized platelets. Intermediary to the extremes is the ‘transition’ area where varying
characteristics of the two zones exists. The difference between these regions is the potent
ability of thrombin, ADP and TXA: to mediate their effects in a gradient pattern. Thrombin
acting mainly on platelets in the core while ADP and TXA: act on loosely arranged
platelets present in the shell of the thrombus. Could PGI> be the cause of the shell to be a
shell and the core to remain as a core? As an increase in thrombin generation and an
increase in shear of the flowing blood facilities PGIl> production, hints that it does have a

role to play in thrombus formation.
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6.1 General discussion
Thrombus formation is a critical response to vascular damage in order to prevent excessive

blood loss. The control of this response is critical, as too little thrombus formation leads to
bleeding, whilst too much thrombus formation could lead to cardiovascular disease (CVD)
mainly acute conditions such as heart attack and stroke. According to the World Health
Organization (WHO), it has been estimated that 17.5 million people died of CVD in 2012,
which could exceed to 23.6 million deaths per year by 2030 (approximately 30% of all
global deaths) (World_Health_Organization, 2016, Mozaffarian D et al., 2015). Of these
deaths, the majority (80%) were linked to heart attack and stroke
(World_Health_Organization, 2016).

There is significant understanding of how thrombi are formed. It is a highly intricate and
coordinated approach used by the body to help stem the loss of blood from the circulation.
Platelets are the major respondents to this coordinated approach. They freely circulate in
the blood and are kept in a docile state by factors secreted by the vascular endothelium. An
injury to the blood vessel that exposes the platelets to the ECM activates them and
culminates in thrombus formation. Recently, thrombus formation has been reimagined by
the group led by Lawrence F. Brass. They identified that a thrombus is not merely an
accumulation of activated platelets that are held together by fibrin meshwork, but that
structurally a thrombus has a central core composed of closely packed and highly activated
platelets that are surrounded by a peripheral shell that has loosely arranged and less
activated platelets (Stalker et al., 2014, Tomaiuolo et al., 2014, Welsh et al., 2016, Welsh
et al., 2014). There is an intermediate zone between the core and the shell that contains
platelets with varying characteristics of the two zones (Stalker et al., 2014, Tomaiuolo et
al., 2014, Welsh et al., 2016, Welsh et al., 2014). However there are some key areas of
thrombus formation which are poorly understood. One of these areas is the role of the
actin cytoskeleton, and how it responds to different agonists, or platelet inhibitors in
different parts of the thrombus. Furthermore there is no clear understanding of how actin

arranges itself within the 3D environment of the thrombus.

The main aim of this thesis was to understand how PGl via PKA could modulate the actin
cytoskeleton of spread platelets. The research on PGI. has largely been focused on its
potent effect on inhibition of circulating platelets that limits the formation of unwanted
thrombi in the circulation (Moncada et al., 1976), while the impact of PGI. on platelets that
have become activated and have formed a thrombus have not been explored. Exploring the
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effects of PGl on the actin cytoskeleton of spread platelets would enable us to identify the

effects it could have on thrombus formation.

Key to this understanding is when platelets are exposed to PGl.. Within researchers there
seems to be two schools of thought regarding this query. One believes that it is secreted
continuously in the circulation to cause inhibition of the platelets, as had been seen in the
case of NO (another endothelial derived factor) that inhibits platelets. The other school of
thought believes that NO is being continuously released in order to inhibit the platelets in
circulation while PGI> is released only after initiation of thrombus formation, due to
stimulation via thrombin. Part of the reason why there is a lack of understanding here is
that it is difficult to accurately identify the levels of PGl in circulation. It is unstable and is
hydrolyzed quickly, that makes it difficult for an accurate analysis of its level. However
researchers have tried to identify the levels of PGl in circulation via measuring its
degraded metabolite in the urine (FitzGerald et al., 1981). They identified a very low level
of PGI2 (10pM) in human circulation which was noted to be 10-fold lower than that needed
for countering the effect of platelet agonists (0.1nM) (FitzGerald et al., 1981). I consider
that PGl is secreted in the circulation continuously at a suboptimal concentration, as
identified by FitzGerald et al. (1981). This release of PGIl, would then synergize the effect
of NO in inhibiting platelet activation, as shown by Radomski et al. (1987b) that under
aggregation PGl potentiates the effects of NO. On initiation of a thrombus, thrombin is
generated by activated platelets that increase PGI> release from the endothelium (Weksler
et al., 1978). With an increased formation of a thrombus, the flow of blood is hindered that
thereby induces shear on the vascular endothelial cells which results in increased amount

of PGl being secreted in the circulation

If PGl is elevated during thrombus formation this argues that PGI: is likely to be playing a
role in the control of thrombus formation, above that of inhibiting platelets prior to their
activation. Therefore, the basis of this thesis was to understand if PGl> could reverse the
activation of the platelet and so provide a mechanism by which thrombus formation could

be reduced, via increased embolization and thrombus instability.

6.2 Effects of PGI. on spread platelets

The actin cytoskeleton forms an essential component to orient a functional response to a

stimulus perceived by a cell. The integrins are critical to this response as these link the
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ECM to the intracellular actin cytoskeleton (Schwartz, 2010). Within a platelet a controlled
and effective actin cytoskeletal response is key to maintaining the ability to withstand the
high shear associated with thrombus formation. Therefore alterations in the signals
received by cells, for instance addition of PG> could therefore play an important role in

the actin cytoskeletal response.

Interestingly the effect of CAMP elevation on the actin cytoskeleton is dependent on the
cell type involved. For instance an increase in CAMP can encourage stress fibre formation,
or lead to stability of stress fibres (Tamma et al., 2003, Banan et al., 2000). Alternatively,
CAMP elevation can induce disassembly of stress fibres and also a reduction in actin
polymerization (Birukova et al., 2007, Bulin et al., 2005, Duggirala et al., 2015,
Peppelenbosch et al., 1993). In platelets, little is known about how PGI; alters stress fibre

formation.

Treatment of spread platelets with PGI> resulted in dissolution of stress fibers which is in
agreement with a similar stress fibers dissolution in human vascular smooth muscle cells,
rat cerebeller astrocytes and fibroblasts (Bulin et al., 2005, Pelletier et al., 2005, Perez et
al., 2005). In the case of many cell types, including platelets, there are two main mediators
of PGIy, Epac and PKA (Schmidt et al., 2013, Herfindal et al., 2013, Cheng et al., 2008).
However the dissolution of stress fibers in spread platelets was inhibited by using PKA
inhibitors which confirmed that this change by PGI> was PKA mediated.

Stress fibre formation is linked with the small RhoGTPase, RhoA, activity (Paterson et al.,
1990). On treatment with PGl,, the GTP-bound form of RhoA was reduced and thereby
dissolution of stress fibers is observed. Further to a change in stress fibres there was also a
reduction in surface area. At present it is not clear if this change is mediated by the
inhibition of RhoA, or due to alteration of the activity of Rac leading to a reduction in
lamellipodial extensions. This is an area for future experimentation but in other cell types
such as endothelial cells Racl activity was seen to be increased by an increase in CAMP

levels and this thereby affected the actin dynamics of the cell (Baumer et al., 2008).

6.2.1 Is RhoA the central signaling component for spreading?

Literature has identified that CAMP relays its effects on actin cytoskeleton while directing
the activity of small Rho GTPases such as Cdc42, Racl and RhoA (Nobes and Hall, 1995).
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The small GTPases cycle between, an active GTP-bound and an inactive GDP-bound
forms. This conversion from GTP-bound form to its GDP counterpart is regulated by
GAPs. The GDP-bound form is converted back to its GTP-bound form via GEFs. This
replacement of GDP by GTP via GEF is inhibited by GDIs as it hinders the dislodging of
the GDP molecule.

RhoA has been identified in multiple cell types to be the central signaling molecule for
mediating effects on the actin cytoskeleton (Busca et al., 1998, Dong et al., 1998, Lang et
al., 1996). The activity of RhoA-ROCK directs the shape change in suspended platelets
(Aburima et al., 2013). During my thesis work, signaling revealed a basal level of active
GTP-bound form of RhoA to be present in suspended platelets which was increased when
a platelet was fully spread. It has been shown that direct interaction occurs between the B3
subunit of the integrin with the heterotrimeric GPCR subunit - Gous (Gong et al., 2010).
The Gaus has been shown to interact with p115RhoGEF as well, that converts RhoA to its
active GTP-bound form (Huveneers and Danen, 2009). Both, B3 subunit and the
pl15RhoGEF, share the same binding region on Gous. Therefore on integrin activation a
competitive shift occurs with the Gauz binding away from p115RhoGEF to 3 subunit of
the integrins, thereby reducing the conversion to active RhoA (Huveneers and Danen,
2009).

Interaction of Gaus also led to activation of Src (via tyrosine phosphorylation) that directly
activates p190RhoGAP thus inhibiting active RhoA. Activation of downstream Src also
stimulated the conversion of Racl to its active GTP-bound form. Both Racl and RhoA
play opposing roles in integrin mediated cell spreading (Harburger and Calderwood, 2009,
Huveneers and Danen, 2009). The active form of Racl reduced active RhoA either directly
(via activation of p190RhoGAP) or indirectly (via inhibiting p115RhoGEF). Thereby a
multilevel reduction in the activity level of RhoA was identified in the initial phase of
platelet spreading (Ridley, 2000). Continued activation of Racl led to increased spreading
of the platelet. This created an augmented stress in the platelet that induced Fyn-dependent
RhoGEF activation, thereby increasing the RhoA GTP-bound form in the later stage of
spreading while inhibiting the active Racl. This was marked by the appearance of stress
fibres in a fully spread platelet (Paterson et al., 1990).
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Formation of stress fibers required an increase in the GTP-bound active RhoA. The active
RhoA itself binds to ROCK (a complex of Rho Kinase) that inhibits the dephosphorylation
of myosin light chain (MLC) and thereby increases stress fibre formation. PGl, via CAMP-
PKA pathway phosphorylates RhoA. This phosphorylation of RhoA at ser188, tags it for
binding to GDI. Interaction with GDI precludes RhoA from causing further downstream
effects unless it is taken out of the inhibition caused by GDI. On taken out of the Rho-
ROCK association by GDI, the inhibition on the phosphatase to MLC is removed, which

thereby decreases stress fibres and hence the appearance of actin nodules.

6.2.2 Actin nodule formation

The story so far...!

Actin nodules are filamentous actin structures which were identified by Calaminus et al.
(2008). These were noted to be punctate areas of F-actin that appeared during platelet
spreading on fibrinogen. Using a mouse with a transgene for GFP-actin, these nodules
were studied in real-time and were identified as early spreading structures. These actin
nodules had an inverse relationship with stress fibres; as the appearance of one leads to the
disappearance of the other. Interestingly, stress fibres were formed, as had been found, in
the presence of higher levels of active GTP-bound RhoA while actin nodules had been

associated with low activity of RhoA (Calaminus et al., 2008).

| have identified that treatment of spread platelets with PGl», via CAMP-PKA pathway,
leads to dissolution of stress fibres with a reciprocal increase in actin nodules. This change
was not associated with any change in the levels of filamentous actin in the platelets.
Interestingly in other cell types this alteration of stress fibres did not lead to the formation

of an actin nodule like actin structure.

e Vascular smooth muscle cells form stress fibres which disappear on treatment with
CAMP elevating agents and form long dendritic processes. The cells also tend to
roundup and form a stellate structure with small actin ring like structures. These ring-
like structures were bigger than actin nodules as they had an average diameter of
1.3um. Interestingly, these ring-like structures were not associated with RhoA activity

rather they were formed by a reduced Racl activity (Pelletier et al., 2005).
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e Human aortic smooth muscle cells upon elevation of cCAMP, lose stress fibres and
focal adhesions, and form a rounded morphology leaving behind thin branched

extensions. No nodular structures were identified to be formed (Bulin et al., 2005).

o Rat cerebellar astrocytes form stress fibres which are replaced by another filamentous
actin structure, which morphologically has dot-like appearance and has been termed as
‘stellate’, on treatment with cAMP elevating agents (Perez et al., 2005). The paper
identified that this change in the actin structures was mediated by factors working
upstream of RhoA and was independent of PKA activity (Perez et al., 2005).

¢ Lung vascular endothelial cells, on treatment with a CAMP elevating agent, leads to an
increase in filamentous actin formation at the peripheral rim near the cellular
membrane, thereby providing greater ability to withstand shear (Birukova et al., 2007).
This increase in filamneotus actin is dependent on PKA and Epac mediated activation
of Racl (Birukova et al., 2007).

In all these examples, quoted above, it could be identified that the response generated by
an increase in CAMP, has cell-type specific effects on the actin cytoskeletal rearrangement.
This is most likely due to the proteins expressed within these cells, for instance the type of
PKA subunits, and if Epac is also produced. Furthermore given that only the platelet does
not have a nucleus, gene expression changes induced by PKA could also play an important

role in how the cell responds to PGl».

6.2.3 Actin nodule as a signaling hub

The actin nodules were postulated to act as a hub to the presence of multiple proteins. The
identified proteins involved with actin nodules, as shown in table 6.1, included Fyn, Racl,
Arp2/3, WASp and phosphotyrosines (Calaminus et al., 2008, Poulter et al., 2015). Src had
been identified not to associate with actin nodules on platelets spreading on immobilized
fibrinogen; interestingly, under flow, the nodules did colocalise with activated Src
(Kasirer-Friede et al., 2010, Calaminus et al., 2008).

| was able to colocalize PKA RII and pRhoA to these nodular actin structures. The PKA RI
was present independently of these actin nodules in a pattern that was speculated for it to
be associated with microtubules. This identification further strengthens the notion for actin

nodules to act as a signaling hub; as they are actin cytoskeletal structures, linked to
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Table 6. 1: Properties of actin

nodules. The properties of actin nodules have been

Actin nodules

Arp2/3, WASp, Fyn, cortactin, integrins, talin,

Components vinculin, PKA subs, Racl, RhoA, PKA RII, pTyr,
1Src (absent on spreading while present under flow)
_ Fibrinogen | Yes
Matrix
Collagen | No
Presence | Platelets

Characteristics | Diameter

0.5+0.12um (0.25-0.62)

Lifetime

22.1sec (13.5-36.3)

Functions

An intermediary actin structure involved with platelet
spreading. It has been postulated to act as a signaling
hub.

summarised here; classifying it by the components found to colocalise with the nodules,
dependence on the matrices, characteristics in terms of presence, their diameter and their
lifetime and lastly the identified functions are identified. Adapted from (Calaminus et al.,
2008, Kasirer-Friede et al., 2010, Poulter et al., 2015).
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sites of adhesion in a platelet, are associated with PKARII and the phosphorylated form of
RhoA. Similarly, literature has identified that PKA RII, in neuronal and non-neuronal cells,
are associated with actin cytoskeleton (Li et al., 1996). All linking to the possibility of
CAMP to mediate its effect on the formation of actin nodules by phosphorylating RhoA at

the nodules via PKA RII subunit present in the same vicinity.

6.2.4 Platelet AKAPs at the actin nodule

The intracellular increase in CAMP is not a generalized effect, rather it is
compartmentalized by means of PDE activity and the role played by AKAPs in anchoring
the cAMP-effector proteins to a distinct subcellular location (Beene and Scott, 2007,
Gloerich and Bos, 2010). Limiting cAMP spreading from a limited space would
proportionately limit the effects produced by the cAMP-effectors on the actin cytoskeleton.
The data identified that the phosphorylation of RhoA, presumed marker for actin
cytoskeletal changes, showed a different timeprofile to the cytoskeletal effects observed.
This hints at a possible presence of AKAPs in controlling the phosphorylation of RhoA.
The presence of AKAPs, potentially identifies localized areas within the platelet to have
continued presence of CAMP/PKA, although PGI, would have long been degraded by then.

Identifying the presence of PKA RII at the nodules also points in the same direction of the
involvement of AKAP in the system. The AKAP would help explain the involvement of
cAMP/PKA signaling in a spatiotemporal manner. AKAP 75 protein has been identified to
bind to PKA RII and associate it with actin cytoskeleton (Abe et al., 2003). RhoA has also
been identified in the literature to be associated with AKAP13 (Diviani et al., 2001). It
could be these identified AKAPs or any other molecule that could potentially serve as an
AKAP to PKA RII and would have generated this effect on the actin cytoskeletal

remodeling.

6.3 Impact of PGI2 on thrombus formation
After confirming that platelet activation is a reversible phenomenon and this change to be

brought about by PGIl», led to further queries. The presence of stress fibres helped the
platelets in the thrombus to remain spread and bear the shear force of the flowing blood.
On encountering PGly, loss of stress fibres with a replacement by actin nodules,
destabilized the platelets that culminated in their embolization under shear flow of the

blood. Would it not lead to resumption of bleeding from the injury again? Platelets forming
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a thrombus are encountered with collagen for the first layer while successive layers of the
platelets in the thrombus interact with each other via fibrinogen. To answer our first query
regarding rebleeding, we needed to identify if actin nodules formed on other matrices.
Similar to Calaminus et al (2008), | was also able to demonstrate that the formation of
actin nodules in a spreading platelet was a matrix dependent effect, as they do form on
fibrinogen but do not appear on collagen, upon their treatment with PGl,. Absence of actin
nodules on collagen, on treatment with PGI», highlighted the significance that the basal
layer of platelets in a thrombus, would be spared of the actin cytoskeletal effects of PGl..
Hence the release of PGI> would not destabilize the basal layer of platelet spreading and
thus the issue of re-bleeding was clarified. Why would still the actin nodules be needed on
treating platelets spread on fibrinogen with PGI>? Logically they could be providing a
negative feedback control to the extent of thrombus. The thrombi formed either on
fibrinogen or collagen, on treatment with PGl,, showed a reduction in the surface area
coverage and increased embolization. These results, along with the absence of actin
nodules on collagen identifies that PGI. could possibly be playing a role in controlling the
extent of the thrombus formed.

6.3.1 Porosity of a thrombus

It has recently been identified by Brass et al. (2011), using computational studies, that a
thrombus is composed of platelets with graded activation. In a thrombus, there is presence
of an inside core of platelets which are compactly arranged, are less porous for intra-
thrombus solute movement and is mediated by thrombin (Brass et al., 2011, Stalker et al.,
2013, Stalker et al., 2014, Tomaiuolo et al., 2014, Welsh et al., 2016, Welsh et al., 2014).
The contained thrombin maintains platelet activity, enabling a fully spread phenotype, by
dropping their cAMP levels, and therefore enhancing platelet spreading and controlling the
compact arrangement of platelets in this zone (Stalker et al., 2014, Tomaiuolo et al., 2014,
Welsh et al., 2016, Welsh et al., 2014). The shell covers the core and is composed of
loosely arranged platelets make this zone more porous and hence ADP and TXA., released
from the thrombin activated platelets from the core, can penetrate the shell to continue
activation (Brass et al., 2011, Stalker et al., 2013). | consider the release of PGIl> from
endothelium inhibits spreading of platelets in the shell and thereby making it more porous.
The porosity reduces with an increasing depth of the thrombus as platelets towards the core

would be less exposed to the concentration of released PGl».
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6.3.2 Embolisation events

Flowing PGly, at an arterial shear, on already formed thrombi on either fibrinogen or
collagen revealed occurrence of embolization events. This occurrence challenged the
finding obtained on immobilized fibrinogen as integrin inactivation, measured via platelet
adhesion, was not affected at a similar dose used under flow conditions. A logical
possibility for embolization under flow could be an interplay that exists between the
exposure to PGl and the shear flow of the blood. On embolization, would the platelets go
back into circulation? Would they be functional again? Would the released emboli clog
any other smaller vessel? Although PGl caused platelet embolization from already formed
thrombi but whether these platelets would be functional again was not tested. Similarly in
the absence of endothelial PGl2, what would be the effect on platelet activity? What would

be the effect on thrombus formation and its propagation?

6.4 Clinical outlook

Endothelial dysfunction has been established to play critical roles in the pathogenesis of
CVD, stroke, diabetes mellitus, insulin resistance, venous thrombosis, chronic kidney
failure and tumour growth (Hadi et al., 2005, Libby, 2001, Rajendran et al., 2013). A
dysfunction of the vascular endothelium relates to an altered production of PGIl; and NO in
the circulation. Presence of both, PGI> and NO, is important in inhibiting the activation of

platelets.

6.4.1 Cardiovascular disorders (CVD)

Platelets in circulation are kept in an inhibited state majorly by NO as it is being produced
continuously; while PGI> has been found to be at suboptimal level in the circulation. One
of the possibility could be that NO be the major player in inhibiting platelets from getting
activated while PGl takes its role of platelet inhibition when activated by thrombin or by
an increased shear of flowing blood. Another possibility could be that PGl> and NO could
synergize in their functioning and therefore individually, reduced concentrations of them
would be needed to produce the desired effects of inhibiting platelet activity and on
formation of a thrombus. As identified in my thesis that PGl takes an important role once
the thrombus formation occurs. It does so by checking for the height and the extent of the
thrombus formed; in a person with dysfunctional vascular endothelium, an increase in the
formation of unwanted thrombi would be expected. This observation corelates the clinical

findings of higher degrees of endothelial dysfunction in CVD patients. Similarly
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endothelial dysfunction would also impact on the initial activity status of platelets, due to
reduced levels of NO and PGl in the circulation, which is confirmed by the clinical

findings of hyperactivity of platelets in the circulation of CVD patient.

6.4.2 Diabetes Mellitus (DM)

Diabetes mellitus is a multifactorial disease. It is characterized by the dysregulation of
glucose and lipid metabolisms along with some developing resistance to the formed insulin
within their body. Interestingly, the morbidity of DM patients relies majorly on their
vascular complications of endothelial dysfunction. The endothelial dysfunction is
compounded by the hyperglycemic state of the blood that shares an equal contribution to
the hyperactivity of the platelets (Schafer and Bauersachs, 2008, Beckman et al., 2002). A
badly controlled gylcaemic index stratifies DM patients at a risk of developing a
thrombotic complication.

Identifying, during my thesis, that PGIl. does have a major effect on restricting the extent
of thrombus formation; it would imply that if a longer acting PGl be used to treat patients

with these disorders, it would provide a better life expectancy to people with CVD or DM.

6.5 Future directions

6.5.1 Is there a synergy between PGI> and NO in thrombus modulation?
Synergy between NO and PGIl> had been identified to play a role in regulating the
haemostasis, for the flow of blood (Moreau et al., 2003). As | had identified that PGI> does
have an inhibitory role for activated platelets that form a thrombus. | wanted to explore the
role played by NO, being secreted continuously from the endothelium, what role would it
play on the formation of a thrombus? Would it continue inhibiting the spreading of
platelets, similar to PGIl, or would it target some other aspect of thrombus formation,
possibly affecting the adhesion of platelets to the thrombus. I would want to employ
similar methodology as had been used for PGI> alone, to identify the working with NO in

the presence or absence of PGl..

| would want to identify the working doses for both NO and PGly, individually and in
combination. |1 would want to explore this concept via spreading of platelets on both
collagen and fibrinogen and analyzing them for actin structures (stress fibres and actin
nodules), adhesion and surface area of platelets, the levels of active RhoGTPases, western

blotting for the downstream signaling and the use of fluorescence and confocal
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microscopy. | might be able to discover, whether NO and PGl synergize to produce their

effect on the thrombus, hence controlling the extremes of thrombus formation.

6.5.2 PGl in circulation: role of the two doses!

PGI, has been known for its inhibition of platelets in circulation. My work identified that
PGl could negatively regulate the formation of thrombus. Could PGl actually cause an
increase in platelet spreading? This seemed to be in stark contrast to the roles of inhibition
that had been identified for PGl.. This query arose while performing a dose response
analysis of pretreatment of blood with PGI> that was then flown over fibrinogen matrix. It
was noted that platelets that were pretreated with low dose of PGI; provided an increase in
the surface area coverage, signifying better spreading, when compared with platelets from
untreated blood or pretreatment of blood with increased doses of PGl. On the same notion,
the use of PKA inhibitors, RP-8CPT-cAMPS and KT-5720, would have reduced the effect
of CAMP in the presence or absence of PGlz, revealed a reduction in the adhesion of
platelets on reducing levels of cCAMP. These observations signified a possibility that during
circulation and while initiation of adhesion, an increase in CAMP is needed by the platelets
that would help them to adhere better on an injury in the vasculature. This increase in
cAMP in the platelets could either be mediated by a reduction in the activity of PDEs or a
basal presence of PGl in the circulation that enhances the cCAMP levels in these platelets.
An interesting finding, with flowing PGI. over already formed thrombi on collagen, noted
a reduction in the height of thrombus along with reduced surface area coverage of the

thrombus.

Although it may be quite early to deduce anything from these observations | speculate that
the basal dose of PGl released by the endothelium, is at a suboptimal level. Increase in the
thrombus formation would increase activation of thrombin and the shear of the blood flow,
surmounting to the extent of the thrombus. The greater the thrombus size, enhanced is the
production of PGI, by the endothelial cells. Therefore production of increased amount of

PGl leads to a reduction in the height of the thrombus.

6.5.3 What is the downstream regulation of the actin nodules?

During my thesis | had identified that PGl mediated dissolution of stress fibres in spread
platelets is a PKA dependent mechanism controlled by the active form of RhoA. This
dissolution of stress fibres led to the replacement by another filamentous actin structure,

actin nodules, in the platelet. PGl treatment would have led to an increase in intracellular
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CAMP. Could the formation of actin nodules be a PKA-mediated mechanism also? Could
the actin nodules be formed via other cCAMP mediated mechanism such as Epac? It has
been identified that on treating spread platelets with PGI. have led to an increase in CAMP
and the formation of actin nodules. This effect was terminated by applying PKA inhibition,
suggesting that cCAMP via PKA has an effect on actin nodule formation rather than the
Epac mechanism. In order to rule out a double stimulation via both PKA and Epac, an
Epac specific agonist (8-pCPT-2’-0-Me-cAMP) (Rehmann et al., 2003) could be used in
the presence of PKA inhibition and could be followed for the formation of actin nodules in
platelets spread on fibrinogen. If actin nodules still form, then it could be inferred to be
under control to both PKA and Epac mediation. If the actin nodules do not form then it

would be confirmed that Epac does not have any control to the formation of actin nodules.

Another possibility to the control of actin nodules is by PGl, to mediate Ca?" signaling
aspect in platelets via controlling the activity of the IP3 receptor directly. Could it not be a
possibility that formation of actin nodules is an independent mechanism to stress fibres
dissolution? The Ca?* signaling could be playing its part in the formation of actin nodules
parallel to the activity of inhibition of RhoA that affects stress fibre formation in the
platelet. Therefore both the activities correlate, with stress fibre dissolution occurring at the
same time of the appearance of actin nodules and resumption of stress fibres leads to

disappearance of actin nodules.

Downstream effectors controlling the formation of actin nodules have not been identified
till now. As the formation of stress fibres is emulated by an increase in active RhoA it was
postulated that reduced activity of RhoA would direct actin nodule formation. | had
identified that the phosphorylation of RhoA had mirrored the appearance of actin nodules
but there was a delay in the phosphorylation status and the physical presence of the actin
nodules. Could an increase in phosphorylation of RhoA be implied as an increase in
inactive form of RhoA? Could some unknown mediator be at interplay that could be
targeted by PGI, and could provide the missing link for the control of actin nodule

formation?

Of the known Rho GTPase, | had only checked the activity of RhoA. | would still need to
identify the activity levels of Cdc42 and Racl alongside RhoA activity. As the active
RhoA levels are reduced on treatment of spread platelets with PG>, would a reciprocal

increase in the activity of Racl and Cdc42 be identified? This involved using Cdc42 and



CHAPTER 6: Discussion and Future directions

Racl pull-down commercial Kits for assessing their respective activatory levels at the point
of stress fibre reversal with an increase in the formation of actin nodules. In aortic
endothelial cell the formation of podosomes is linked downstream to the activity of Cdc42
and RhoA (Moreau et al., 2003). In platelets, the active form of Racl is inversely
proportional to the active form of RhoA. Incidentally, Racl is involved with lamellipodium
formation, possibly PGl affects Racl in platelets which would explain the reduction in the
spread surface area of platelets. Racl had also been identified to colocalize with actin
nodules. These observations make Racl as the prime target to be analyzed for

understanding the probable downstream role for regulating actin nodule formation.

6.5.4 Are podosomes progenitors to actin nodules as megakaryocyte are

to platelets?

Researchers have tried to identify if these nodules are specific to platelets only. Although
other cell types had been look for it but megakaryocytes which are progenitor to platelets,
form the closest for comparison to structures resembling actin nodules (Poulter et al.,
2015). The megakaryocytes are known to form podosomes, which are also punctate actin
structures having a core and a peripheral ring, similar to actin nodules. Similar proteins
have been identified in the actin nodules and podosomes; the list includes integrins, talin,
vinculin, paxillin, cortactin, Src family kinases (SFK), Arp2/3 and WASp (Poulter et al.,
2015).

Functionally podosomes have been identified to use their ring-like presence of integrins to
encircle an area on surrounding matrix and releases their enzymes — matrix metalloproteins
(MMPs) within this enclosed region. The MMPs degrade the matrix proteins and thereby
enable the megakaryocyte to extend its’ proplatelet through it. On extension of the
proplatelet, platelets are pinched off directly in the circulation. Podosomes have not been

found in platelets, similarly actin nodules have not been identified in megakaryocytes.

I would want to extend my findings for the actin nodules on to podosomes. Do
megakaryocytes gets exposed to agents that would increase their levels of cAMP?
Experimentally to work with megakaryocytes | would need to either approach a
megakaryocytic cell line, MEG-01 or primary megakaryocytes isolated from mice. It has

been published that podosomes form on both collagen and fibrinogen, so I could expand on

spreading megakaryocytes on both these matrices for comparison. Stromal cell derived
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PGE: had been identified in the bone marrow (Li et al., 2012). This identifies a possible
source of CAMP elevating agent that megakaryocytes could be exposed to, in the body.
Would the effect of an increase in cCAMP in megakaryocytes, be PKA or Epac-mediated?
Does this increase in CAMP causes an increase in podosome formation, similar to an
increase in actin nodules observed in cAMP elevation in platelets? Lasp-1 protein has been
identified in podosome formation in human macrophages and rat smooth muscle cells, and
it contains phosphorylation sites for PKA/PKC activity (Stolting et al., 2012). Possibly
podosome formation in a megakaryocyte too would be cAMP/PKA mediated mechanism.
Is the formation of podosomes, organized by the Rho/ROCK pathway? This would involve
using pharmacological inhibitors such as Rhosin and Y-27632 to inhibit the RhoA-ROCK
pathway. What would be the functional defect on inhibition of RhoA-ROCK pathway in
megakaryocytes? Using confocal staining or proximity ligation assay, | would want to
identify the involvement and localization of the PKA regulatory subunit along with RhoA

and Racl in the podosome formation.

6.5.5 Clinical implication of actin nodules

Wiskott Aldrich Syndrome (WAS) is an X-linked recessive disorder characterised by
eczema, thrombocytopenia (petechiae and bruising) and immunodeficiency (recurrent
infection) in an individual. Genetically this syndrome is characterized by mutation in the

WAS gene located on the X chromosome.

The WAS protein (WASp) in a normal individual is involved with Arp2/3 to activate actin
polymerisation. The WASp has been identified to form the core during the formation of
both, the podosomes and actin nodules, which are filamentous actin structures present in
the megakaryocytes and platelets, respectively. Podosomes are required by the
megakaryocytes to allow extension of the proplatelets that thereby help in the formation of
platelets. An absence of WASp in WAS patients would entail deranged podosome
formation and altered number and functioning of platelets (Poulter et al., 2015). Similar to
podosomes, actin nodules would also be affected by the mutated WASp. It has been
identified that absence of actin nodules would affect platelet adhesion and aggregation
(Poulter et al., 2015).

As had been shown in my thesis that treating spread platelets with PGIl, leads to a
conversion of stress fibres to actin nodules. What would happen to platelets from WAS

patient, when exposed to PGI.? Which actin structure would form? As actin nodules have
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been postulated to be the precursor to the formation of lamelliopodia and stress fibres,
would platelets from WAS patient form these actin structures? What would be the

downstream signalling events?

6.5.6 Pharmacological possibilities

PGl, has been in clinical use from 1995 for the treatment of pulmonary arterial
hypertension (PAH). It had been in use in an intravenous form of Epoprostenol (Flolan),
which was continuously infused to these patients due to its short half-life of 6 minutes.
Similarly another drug Treprostinil was introduced which could be given in i/v or
subcutaneous (s/c) (Remodulin), inhaled (Tyvaso) or oral (Orenitram) form. Another

synthetic analogue of PGly, lloprost, is also available as inhaled form for treating PAH.

Currently all these drugs are FDA approved and are used as vasodilators for treatment of
PAH and Raynaud’s phenomenon. I believe these drugs would have definite role in CVD
and DM patients. Currently drugs targeting ADP receptor such as Clopidogrel and
Ticagrelor are being used to inhibit the level of PDE3 activity and increase the level of
CcAMP in the circulating platelets so as to avoid formation of unwanted thrombi. As PGl;
acts through an increase in CAMP, | predict that using synthetic analogues of PGI, would

provide a new level of pharmacological control in patients with vascular dysfunction.

6.6: Project conclusions
During my thesis | have worked on identifying the effect of PGI, on the actin cytoskeleton

of spread platelets. | have identified that platelet activation, assessed by actin cytoskeletal
changes, is a reversible phenomenon. Secondly PGI: is able to reverse the spreading of
platelets by removing stress fibres through PKA dependent modulation of RhoA activity.
The stage being set with generation of thrombin and an increase in the shear of blood
exerted on the surrounding endothelium, PGl is released that causes dissolution of
preformed platelet rich thrombi. Endothelial dysfunction hampers the control of thrombus
formation, therefore implementing PGI. at this stage would provide a novel approach to
target unwanted thrombus formation, with reduced complications for the patient, hence a
better life for the individual. Similarly, the state benefits monetarily due to a reduction in

the spending for complications developing with the progression of disease for the patients.
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