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Abstract 

Platelets circulate in the vasculature in a quiescent state due to the presence of 

endothelial-derived nitric oxide (NO) and prostacyclin (PGI2). However, this 

inhibition is relieved upon vascular injury due to exposed matrix proteins, which 

cause platelet adhesion, activation, and thrombus formation. Therefore, the 

interplay between the activatory extracellular proteins and the inhibitory cyclic 

nucleotides is critical to an effective platelet response. 

This thesis shows that activated NO can reverse platelet activation in spread 

platelets on fibrinogen, by reversing stress fibre formation and inducing actin nodule 

formation. This was mediated by the NO-sGC-PKG signalling axis, resulting in RhoA 

inhibition, and causing a reduction in in vitro thrombus height. Furthermore, analysis 

of actin nodules indicated that after PGI2 or NO stimulation actin nodules are 

smaller, and more numerous. Interestingly however, by reducing the fibrinogen 

concentration, this not only increased actin nodule size, but also reduced cAMP 

levels most likely through adenylyl cyclase (AC) inhibition, inducing resistance to 

cyclic nucleotide signalling. 

Importantly by changing the matrix protein used we also altered response of 

activated platelets to cyclic nucleotide signalling. Whilst spread platelets on high 

density fibrinogen permitted stress fibre reversal by cyclic nucleotides, collagen did 

not. This was mediated in a glycoprotein VI (GPVI) dependent manner, via AC 

inhibition, as treatment with forskolin, an AC activator, caused significant stress fibre 

reversal, whilst PDE3 inhibition had no effect. In agreement, PGI2 reduced the height 

of formed thrombi but did not affect the underlying platelets interacting with collagen. 

These findings suggest that GPVI activation induces PGI2 insensitivity in platelets, 

influencing thrombus formation. 

These findings highlight the critical nature of the interplay between cyclic nucleotide 

signalling and matrix density and composition on activated platelets. They 

demonstrate the need to understand how changes in the vascular matrix 

environment alter platelet function due to resistance to cyclic nucleotide signalling.  
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1.0. Introduction 
 

Cardiovascular disease is the leading cause of mortality worldwide (1), whilst in the 

UK it is the third highest cause of mortality, killing 100 000 people a year (Office for 

National Statistics, 2016). However, in addition it is estimated that on average, 7 

million individuals live with ongoing coronary heart disease (CHD) and stroke 

complications at any one time, resulting in a £4.7 billion cost to the NHS per year in 

prescriptions, therapies and surgeries (British Heart Foundation – Heart and 

Circulatory Disease Statistics 2019). It is also important to recognise and tackle the 

social impact of CVD, which not only affects the individual, but also their family and 

friends (2), as family and friends may have to become carers. To curtail these 

expenses, several approaches must be made, including the promotion of healthy 

living, better detection before cardiovascular events and more cost-effective 

therapies. New, more cost-effective therapies can only be made through the 

uncovering of the biochemical and biomechanical underpinnings of thrombotic 

disease processes. 

Myocardial infarction and ischemic stroke culminate due to the formation of a 

thrombus which restricts oxygen to the myocardium or brain, respectively. Taking 

centre stage in the initial formation of these thrombi are blood cells called platelets. 

Over the last few decades, anti-platelet pharmacological therapies such as aspirin 

have proven useful in the prevention of both primary and secondary cardiovascular 

events (CVEs)  (3). Improved therapies and detection methods have led to a 

reduction of approximately 70% deaths attributable to CHD and stroke in the UK (4). 

However, more recent studies have questioned aspirin’s validity in the primary 

prevention of CVEs in individuals with and without pre-existing conditions (5,6). With 

these recent findings considered, there is a need for a deeper understanding of the 

disease processes involved in the onset of a primary CVE, such as atherosclerosis, 

and any potential exacerbating signalling process involved, with the aim to provide 

further therapeutic targets. This is especially true considering the current impetus 

for individualised patient care within the NHS, where a patient’s individual disease 

aetiology can be identified and treated accordingly. This may allow effective 

therapies in the prevention of thrombosis with diminished side effects, which 

currently range from nausea and minor GI bleeds, to more catastrophic events such 

as intracranial haemorrhage (7–9). 
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Platelets are small (~3µm2) (figure 1.1.), anucleate cells which patrol the body in 

flowing blood and respond to breaches in the vasculature. Platelet concentrations 

in the plasma are extremely high, and range between 150-450 x 109/L in healthy 

individuals (10). The main purpose of the platelet is to respond to the exposure of 

extracellular matrix due to vascular damage by trauma or other pathological states, 

forming a haemostatic plug (termed a white clot) at sites of damage where 

extracellular matrices and/or prothrombotic molecules are present. This allows a 

platform for further thrombosis, mediated by coagulation factors, to take place and 

the eventual establishment of a compact and haemostatically inert clot in healthy 

individuals. This process is facilitated by the size of platelets in comparison to other 

cells in the blood. As they are the smallest cells in the bloodstream, platelets are 

pushed towards the vascular endothelium by laminar flow, thereby situating the 

platelets closest to any potential sites of injury (11,12). The importance of platelet 

number in this process is highlighted in cases of marked reduction in platelet count 

(thrombocytopenia), which is often accompanied by excessive bleeding and 

bruising (13,14). Maladies such as diabetes, cancer and dyslipidemia are known 

causes of dysfunctional platelet signalling, which underpins the carefully 

orchestrated events determining haemostasis(15–17). Accordingly, having such 

diseases is associated with a higher risk of CVEs (18). 

 

 

 

 

 

 

Figure 1.1. Platelet morphology in resting and active states. A) Resting normal human 

platelets in their typical discoid form as seen through scanning electron microscopy. B) 

Activated human platelets in response to calcium (Ca2+) ionophore treatment (A23187). 

Scale bars represent 1µm. (Figure adapted from Bettache et al., 2003). 
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1.1 Platelet production 

Platelets are produced by the megakaryocytes, which reside primarily within the 

bone marrow, although it has recently been found that megakaryocytes can travel 

through the bloodstream and seed themselves and produce platelets within the lung 

(20). Megakaryocytes are derived from haematopoietic stem cells (HSCs) and are 

committed to the myeloid lineage by exposure to growth factors and cytokines within 

the bone marrow and surrounding vasculature, such as thrombopoeitin (TPO). TPO 

is a critical determinant in megakaryocyte production from HSCs and is used 

clinically to generate platelets in those with severe and sustained thrombocytopenia 

(21,22). Once committed to megakaryopoiesis, the HSC begins to undergo 

endomitosis, resulting in a cell with multiple nuclei, and represents the enhanced 

ability for megakaryocytes to synthesise proteins for platelet production, including 

storage granule contents, and cytoplasmic and membrane proteins (23) 

Interestingly, megakaryocytes can also endocytose circulating proteins and 

package them into platelets (24). In addition to being polyploid, megakaryocytes 

form a vast network of membrane invaginations, termed the demarcation membrane 

system (DMS) (25). This provides sufficient plasma membrane surface area to 

generate platelets, which due to their small size, have a high membrane to 

cytoplasmic ratio.   

Platelet production is dependent on cytoskeletal dynamics within the 

megakaryocyte (26,27). To produce platelets, they form long pseudopodia-like 

projections, called proplatelets, which extravasate the surrounding bone marrow 

tissues until a sinusoidal blood vessel is found and breached (figure 1.2.). The tips 

of the proplatelet processes, now exposed to shear flow of oncoming blood, begin 

to elongate and shed platelets into the bloodstream (26). This proplatelet elongation 

required for platelet production is dependent on tubulin, a cytoskeletal protein which 

polymerises to form microtubules (28). Another polymerised cytoskeletal protein, 

actin, is required for the extensive branching seen during proplatelet formation. This 

was found using inhibitors of actin polymerisation, which led to the formation of 

straight, unbranched megakaryocyte membrane protrusions (26). Along these actin 

and microtubule polymers, cargo for platelets is delivered to nascent platelets by the 

microtubule motor protein, kinesin (29). Considering these findings regarding the 

impact of the cytoskeleton on platelet production, one can speculate the 

dependence of the resulting platelets on cytoskeletal dynamics. Regulation of these 
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systems underlies key features associated with platelet activation and will be 

discussed later in this chapter.    

 

 

 

 

 

 

 

 

 

Figure 1.2. Platelet production from megakaryocytes within the bone marrow. 

Mature megakaryocytes migrate from within the bone marrow to sinusoidal arteries 

where they project tendril-like protrusions (proplatelets) into the vasculature. Shear flow 

of the oncoming blood causes elongation of the proplatelet processes and detachment 

of platelets and preplatelets into the circulation. Sustained shear stress causes preplatet 

fission into further single platelets (redrawn from Machlus and Italiano, 2013). 
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1.2. Platelet structure 

In a resting state, platelets are in a discoid form due to an encircling microtubule coil 

that determines the periphery of the cell and breaks down upon platelet activation 

(30,31) (shown in figure 1.3). At this periphery lies the plasma membrane, which 

contains a multitude of receptors required for a suitable response to the platelet’s 

extracellular environment, such as exposed subendothelial matrix proteins or 

soluble markers of cell damage.  

The variety of receptors and ligands that the platelet expresses demonstrates their 

multiple purposes not only as haemostatic agents, but also as cells involved in 

immune response, angiogenesis and wound healing. These include αIIbβ3, CD36, 

sCD40L, CCL5 (RANTES) and platelet factor 4 (32–35). The plasma membrane of 

the resting platelet is not smooth, but porous in appearance due to extensive 

invagination of the membrane that form the open canalicular system (OCS).  This 

structure provides extra membrane surface area during platelet spreading and a 

channel through which platelet granules can be secreted to ensure further activation 

of neighbouring platelets (36). The plasma membrane is also a vital source of lipid 

mediators for downstream signalling and paracrine messengers, such as 

phosphoinositides, which are required for the release of intracellular calcium (Ca2+) 

stores, and arachidonic acid for thromboxane A2 (TXA2) production (37,38).   

Below the plasma membrane lies the submembrane area, which contains the 

necessary tools for signal transduction into the platelet. These include intracellular 

integrin domains, kinases, phosphatases, receptor-linked actin binding proteins and 

an extensive actin filament network essential for functional integrin signalling and 

spatial arrangement of submembrane regions (39,40). These proteins are aided in 

their interactions further by adaptor and anchoring phospholipids and proteins, 

which can regulate the strength of the signal to downstream mediators and cause 

different activation patterns (41,42). 

 Energy requirements for activation are met chiefly by the mitochondria and granular 

glycogen stores that are randomly dispersed within the cytoplasm (43,44). Recently 

it has been shown that platelets can readily switch between glycolysis and oxidative 

phosphorylation depending on substrate supply, resulting in a seamless 

aggregatory response (45). Platelets granules are also found in the cytoplasm and 

are vital for haemostasis. These include lysosymes, α-granules and dense granules, 

which serve as storage sites for factors that result in the activation of neighbouring 
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platelets, activation of the coagulation cascade and recruitment of neutrophils to the 

developing thrombus (46–48). 
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Figure 1.3. Basic structure of the resting platelet. At rest, the platelet is encircled by a microtubule coil (yellow) established during proplatelet formation. 

The plasma membrane (black) contains a multitude of platelet receptors that enshroud the cell (blue), which transduce extracellular cues into the platelet, 

resulting in granule secretion. The platelet contains three major classes of granular organelles; α-granules, dense granules and lysosomes, which are 

released through the open canalicular system into the extracellular environment. Energy requirements during activation and at rest are met by a small number 

of mitochondria and glycogen. 
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1.3. Platelet granules 

When stimulated, platelets release granular contents which primarily act as an 

autocrine and paracrine signalling mechanism. This results in a positive feedback 

loop of platelet activation through additional receptor engagement, leading to further 

integrin activation, fibrinogen-binding capacity, Ca2+ flux and recruitment of 

leukocytes to the growing thrombus. There are two main granule species in human 

platelets; α- and dense-granules.  

1.3.1 α granules 

α-granules are by far the most prevalent granule type in platelets, with approximately 

50-80 per cell (49). α-granules contain many signalling proteins, cell surface 

receptors and chemokines required for proper platelet function. The cell adhesion 

molecule, P-selectin, is a key component of these granules, and is commonly used 

as an experimental marker for platelet activity in flow cytometry (50,51). Expression 

of P-selectin during platelet activation can cause further recruitment of platelets and 

leukocytes through expressed P-selectin glycoprotein ligand-1 (PGSL-1), which 

causes the tethering of leukocytes to the thrombus and/or areas of inflammation 

(52,53) . α-granules are also rich in αIIbβ3, which is externalised to the outer plasma 

membrane upon α-granule secretion and represents one third of the total αIIbβ3 in 

activated human platelets (54,55). In addition to providing extra integrins to the 

surface of platelets, α-granules also contain several adhesion proteins, which further 

increase platelet adhesion and spreading to the presumed site of injury. These 

include fibrinogen, fibronectin, von Willebrand factor (vWF) and thrombospondin 

(56–58). Clotting factors are also highly abundant and contribute to the efficient 

activation of the coagulation cascade, the activation of thrombin and subsequent 

generation of fibrin, leading the formation of a stable thrombus (59,60). The 

overarching importance of functional α-granule release is highlighted in individuals 

with Gray platelet syndrome, who suffer from prolonged mild to moderate bleeding 

diatheses  (61). 

1.3.2. Dense granules 

In comparison to α-granules, there are far fewer dense granules per platelet (62). 

Dense granules received their name due to initial electron microscopy work which 

found that they were electron dense and stained poorly using EPTA (63). These 

granules contain a high abundance of cations, nucleotides and bioactive amines. 

They are rich in Ca2+, which is required for integrin binding and platelet activation, 

and ADP/ATP for energy and activation of platelet signalling pathways (64,65). The 
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importance of dense granule secretion is highlighted in and humans with delta 

platelet storage pool deficiency, where a lack of dense granule content is seen in 

sufferer’s platelets, resulting in mild to moderate mucocutaneous bleeding (66,67). 

Release of serotonin from dense granules has been recently shown to modulate the 

immune system in response to exogenous immunocomplexes, leading to shock in 

mice (68), further demonstrating that platelets as more than haemostatic cells.  

1.4 Thrombus formation 

Central to platelet function is the ability to sense vascular injury, aggregate together 

and contract to form a consolidated thrombus that both prevents blood loss and 

ensures the flow of blood to downstream tissues. To do this, platelets must first 

sense the vascular damage and slow down to reach the site of injury. Damaged 

vascular endothelial cells release, among other factors, vWF, a high molecular 

weight, multimeric protein, which is expressed in an entangled native state. This 

conceals its binding domains for GPIb at low shear. In high-shear environments, 

vWF unravels and elongates which permits access for platelet GPIb and tethering 

of platelets towards the site of injury where subendothelial matrices are exposed 

(69,70). This tethering is brought about by the high on-off binding kinetics of GPIb 

with vWF, which causes constant engagement and disengagement from vWF 

peptide chains and causes rolling of the platelets to the site of injury (71). Exposed 

subendothelial matrices at the site of injury include collagens that signal through 

platelet GPVI and α2β1, causing robust platelet activation leading to granule 

secretion, inside-out signalling and further integrin activation. During this period of 

platelet activation, flippases and scramblases responsible for the externalisation of 

phospholipid to the outer plasma membrane are activated (72). Exposure of 

negatively charged phospholipids provides a platform for the tenase complex of the 

coagulation cascade. This leads to the activation of FXa and the conversion of 

fibrinogen to fibrin; an elastic clot scaffold protein which can also interact with 

platelets (73,74).  Inside-out integrin activation secures the binding of platelets to 

the site of injury through and results in a more stable thrombus. In this stable 

environment, platelets can then begin to spread over and around the site of injury, 

thus preventing further blood loss. This spreading also increases the surface area 

of platelets and allows more points of integrin bridging of adjacent platelets through 

fibrinogen and αIIbβ3. To increase thrombus mass and overall contractility, platelets 

release their α- and dense-granule contents, which both encourage the recruitment 

of oncoming platelets and accentuates the activity of platelets already within the 
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thrombus. With an aggregate of activated platelets enmeshed in a fibrin scaffold, 

the process of clot contraction begins. This process is highly dependent on the 

contractility of platelets within the thrombus (75), as a reduction of platelet 

contractility leads to impeded clot contraction and thrombus instability. It is of note 

that the processes described here are not a linear series of events. Platelets 

attaching to the thrombus may undergo earlier events, or may miss events such as 

granule secretion altogether, resulting in heterogeneous thrombus structure (Figure 

1.4)     

A series of papers from the Lawrence Brass laboratory in the University of 

Pennsylvania have demonstrated that thrombus formation is a nuanced and 

concerted process (76–79).Using a fluorescently labelled albumin and pulse chase 

experiments under in vivo thrombus formation assays, this group have shown that 

there are distinct areas of different solute transport within the thrombus. The inner-

most section located close to the site of injury had the highest retention of the 

fluorescent albumin, indicating low plasma perfusion rates. As the thrombus grows, 

solute retention decreases and plasma perfusion increases. Interestingly, CD62 

expression and thrombin activity was measured during this process and showed 

that thrombin activity clearly resided within the areas of highest solute transport, 

which one could speculate would be the area of highest platelet activity.
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Figure 1.4. Key aspects of thrombus formation. 1) Initial damage to the endothelial lining of blood vessels leads to exposure of subendothelial matrices 

such as collagen and the release of high molecular weight vWF (blue) from damaged endothelial cells. 2) Rolling of platelets to the site of exposed matrices 

causes receptor-ligand interactions and platelet activation, where platelets begin to spread along the underlying matrix. 3) Sufficient platelet activation 

causes degranulation both into the vasculature and among neighbouring platelets, both encouraging the accrual of oncoming platelets to the thrombus and 

heightening the response to platelets within it. 4) Robust activation of platelets causes exposure of phosphatidylserine on the outer leaflet of the plasma 

membrane and leads to the generation of fibrin (green) through activated factor Xa. 5) Further recruitment of platelets to the fibrin meshwork takes place. 

6) Sufficient intrathrombus activity and fibrin formation allows platelets to isotropically contract in synchrony, which increases the resistance of the thrombus 

to shear stress. 

 



28 
 

1.5. Platelet receptors and their agonists  

Platelets express a variety of receptors which provide a bespoke response to 

exposure of certain subendothelial matrices and/or soluble activators/inhibitors. 

Although distinct, these receptors often act in conjunction with each other or provide 

initial platelet activity to confer further activity to other receptors. Conversely, 

activation of one pathway can lead the inhibition of other pathways, proving more 

complexity to the platelet response through positive and negative feedback loops. 

By understanding the contribution of each receptor in haemostasis, haemorrhage or 

thrombosis, novel antiplatelet agents can be designed for receptor implicated 

disease processes.  

1.5.1. Fibrinogen  

The most abundant integrin in platelets, αIIbβ3 is a heterodimer expressed at 

approximately 80 000 copies per resting platelet. This integrin, along with several 

others, binds to Arginine-Gylcine-Aspartate (RGD) motifs located within fibrinogen, 

fibronectin and vWF molecules (80). Fibrinogen, the main ligand for αIIbβ3, is a high 

molecular weight (340kDa) protein which circulates through the body at high plasma 

concentration (approximately 1.5g/L) and is composed of three pairs of opposing 

polypeptide chains, Aα, Bβ and γ.  These polypeptide chains are linked via 

disulphide bridges and coiled-coils to form a fibrinogen monomer (81,82). Within this 

monomer are three domains; two D-domains at both C-termini and a central E-

domain which constitutes both N-termini. Within the E domain resides two pairs of 

fibrinopeptides, termed fibrinopeptide A and fibrinopeptide B located at the N-termini 

of the Aα and Bβ peptide chains, respectively. These two fibrinopeptides are 

cleaved through the action of thrombin, brought about by the activation of the 

coagulation cascade, which exposes an otherwise obscured polymerisation site. 

This transforms the molecule into a fibrin monomer which can polymerise through 

neighbouring fibrin D-domains to form large, cross-linked fibrin networks required 

for haemostasis (83,84).  Deficiencies in αIIbβ3 and subsequent signalling often have 

bleeding phenotypes, the most notable being Glanzmann’s thrombasthenia typified 

by quantitative and/or qualitative dysfunction in the integrin (85,86). Individuals 

suffering from this disease suffer mucosal bleeding episodes which, if unchecked, 

can be fatal and highlights the requirement for αIIbβ3 function in haemostasis (87). 

Similar with all integrin complexes, the αIIbβ3 integrin is composed of two subunits 

which form a non-covalently associated heterodimer (shown in figure 1.5). Each 

subunit consists of a large extracellular domain, a transmembrane region, and short 
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cytoplasmic tail (88). The extracellular domains are responsible for ligand-binding 

to RGDX motifs which are also found in other matrix proteins (89–91). Additionally, 

this integrin complex can also bind a KQAGDV (Lys-Gln-Ala-Gly-Asp-Val) sequence 

found within the carboxy terminus of the γ chain of fibrinogen (90,92), which can 

fully open the integrin, allowing full RGS binding. The extracellular domain of the 

αIIb subunit contains two calf domains, termed calf-1 and calf-2, a thigh region, and 

an N-terminal β-propeller, the latter of which contains ligand binding sites. There is 

a bending region between the outer-most calf domain and the thigh region, 

permitting flexibility in the integrin and gives rise to the resting and inactive state 

when in a ‘bent’ conformation. The β3 extracellular domain is structurally distinct 

from αIIb. It contains an A-domain head, which possesses numerous metal ion-

binding sites required for ligand-binding. These are termed the metal-ion-dependent 

adhesion site (MIDAS), the adjacent MIDAS (AMIDAS) and synergistic metal ion-

binding site (SyMBS). Together these sites support divalent cations such as Ca2+ 

and Mg2+, which are essential for integrin-mediated platelet adhesion and signalling 

(92,93). Below the β A-domain resides four EGF (epiderma growth factor)-like 

domains, which contain many cysteine residues that form several disulphide bridges 

which aid in maintaining an inactive state at rest. These disulphide bridges are then 

broken by protein disulphide isomerases (PDIs) upon platelet activation and confers 

and active state to the integrin, leading to functional thrombus formation (94).  
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Figure 1.5. αIIbβ3 structure. Cartoon depicting the extracellular αIIb (red) and 
β3 (blue) domains of the αIIbβ3 integrin complex when activated (Adapted from 
Lau et al., 2009) 



31 
 

As αIIbβ3 is crucial in the formation of thrombi, part of a platelet’s response to stimuli 

is the activation of the αIIbβ3 integrin. Upon activation with soluble agonists such as 

thrombin, ADP and thromboxane, or matrix proteins such as vWF and collagen, 

platelets undergo a process termed ‘inside-out’ signalling. This process results in 

both the release of platelet granules and the activation of αIIbβ3 from its native 

inactive ‘bent’ state to an extended state which results in high affinity ligand binding 

(95,96). The β3 integrin has a number of binding partners which translate the 

extracellular activation signal intracellularly. Talin is a highly expressed protein in 

platelets and links the β3 integrin with the actin cytoskeleton through F-actin binding 

(97). Upon platelet activation, talin moves from a primarily cytosolic localisation to 

the plasma membrane, where through F-actin binding, it can mediate inside out 

αIIbβ3 activation by ‘pulling’ on the β3 integrin and causing a conformational ‘scissor-

like’ change, thereby enhancing the receptors avidity for ligands such as fibrinogen 

and fibrin (98). Knockout of talin in murine platelets results in early perinatal death 

due to haemorrhage arising from severely impacted thrombus formation (40). 

Platelets which are partially activated by integrins also need to further activate 

through granule secretion and further ligand-integrin interactions; a process called 

‘outside-in’ signalling (figure 1.6.). During this process, increasing integrin-ligand 

binding causes the cross phosphorylation of adjacent β3-associated Src, leading to 

Syk recruitment and activation, ultimately leading to PLC activation and Ca2+ release 

(99). 
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Figure 1.6. Platelet activation through inside-out and outside-in signalling. Binding of soluble agonists to their respective GCPRs leads to an increase 

in Ca2+ mobilisation and DAG formation. Increasing levels of these messenger molecules causes enhanced activation of PKC isoforms and CalDAG-GEFI, 

leading to increased levels of GTP-bound and therefore active Rap1b. Rap1b activation leads to increased kindlin (K)-mediated talin anchoring of the 

cytoplasmic tails of the αIIbβ3  complex, causing a conformational switch in the cytoplasmic domains and an unbending of the extracellular domain which 

permits enhanced ligand binding.  Further ligand binding can lead to integrin cross-linking, causing a powerful ‘outside-in’ signalling and amplification of 

platelet activation (Adapted from Michelson, 2013). 
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The primary signalling event initiated upon fibrinogen-ligand binding is the 

phosphorylation and recruitment of Syk by Src to the β integrin cytoplasmic tail, as 

shown in figure 1.7. (39,100). Phosphorylation and activation of Syk then further 

activates PI3-kinase, which phosphorylates PIP2 to PIP3, a critical anchoring 

phospholipid that interacts with pleckstrin homology domains in many proteins 

(101). Blockade of PI3K function with inhibitors such as wortmannin inhibits platelet 

spreading on fibrinogen (102–104). PLCγ2 can then bind with PIP3 via its pleckstrin 

homology (PH) domain, localising the lipase and its adaptor proteins SLP-76 and 

Vav1/3 to the plasma membrane- the source of its phospholipid substrate (105,106). 

Also recruited is the Tec family kinase, Bruton tyrosine kinase (Btk), which has been 

shown to be essential for platelet spreading on fibrinogen (107). Btk phosphorylates 

and activates the PLC isoform to cause cleavage of PIP2 within the inner leaflet of 

the PM to form inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG) (102). IP3 

can then lead to the liberation of intracellular Ca2+ stores and increase the platelet’s 

ability to form stable thrombi, such as increasing contractility through calmodulin-

dependent myosin phosphorylation, causing degranulation and activating further 

integrins (108,109). DAG is a potent activator of PKC isoforms, which are critical in 

platelet spreading, thromboxane synthesis and integrin activation (110) The β3 

integrin has many binding partners which are important in translating extracellular 

matrix cues into appropriate actin cytoskeletal responses. These will be discussed 

later in this chapter.  
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Figure 1.7. Signalling initiated by activation of αIIbβ3 in platelets. Binding of αIIbβ3 with 

its ligand(s) results in the recruitment and phosphorylation of Syk by β3-associated Src. Syk 

activation causes downstream activation of PI3-kinase, which phosphorylates PIP2 and 

forms PIP3- a key anchoring lipid required for the localisation of protein complexes to the 

plasma membrane. PIP3 causes the recruitment of PLC and the formation of the PLCγ2 

signalosome, which cleaves IP3 from PIP2 (green) and results in DAG formation (yellow 

triangle). Increasing levels of IP3 causes enhanced Ca2+ flux within the platelet and 

subsequent activation of downstream pro-activatory platelet signalling cascades. DAG acts 

as both and activator and anchor for PKC isoforms, leading to platelet granule release and 

cell spreading.  
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1.5.2. Collagen 

The vascular wall requires many matrix proteins to ensure structural integrity and 

elasticity, as well as anchorage for the formation of a uniform endothelium that 

prevents unwanted platelet activation. Arterial wall thickening due to collagen-

mediated fibrosis and atherosclerosis is linked with an increased risk of cardiac 

events (111,112). Conversely, arterial wall thinning due to mutations within collagen-

related genes can lead to vessel aneurysm, rupture and severe bleeding (113,114). 

Therefore, collagens play an important role in haemostasis, and perturbations in 

collagen deposition in disease can have catastrophic consequences. 

Collagens are a widely expressed protein family consisting of approximately 28 

members in mammals. Within the vasculature, only 4 of these members are 

expressed at readily detectable levels in humans- collagens I, III, IV, VI (van Zanten 

et al., 1994). All collagens form homo/heterotrimeric helices. Within this triple helix 

structure, collagens share a common GPO domain consisting of glycine-proline-

hydroxyproline repeats which are brought about in close proximity by the secondary 

structure of the peptide (figure 1.8.) (116,117). This is a specific site for one of the 

collagen receptors on platelets, GPVI (116).  GFOGER sequences are also present 

in collagens and are the ligand for another collagen receptor in platelets; the integrin 

α2β1 (118).   
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Figure 1.8. Basic structure of collagen. A) Secondary structure of a collagen peptide 

relating to glycine-proline-hydroxyproline sequences, called protocollagen, that bind with 

platelet GPVI. Residues between this sequence have not been shown. B) Each collagen 

monomer forms a trimeric helical structure through hydrogen bonding, termed 

tropocollagen. C) Tropocollagen can arrange into protofibrils, which then form D) greater 

collagen fibres that constitute basement membranes, tendons and cartilage (Adapted from 

Buehler, 2006). 
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1.5.2.1. GPVI 

 The GPVI platelet receptor is critical for full interaction and activation with collagens 

(120–123). This low affinity receptor consists of two extracellular immunoglobulin 

domains, termed D1 and D2, linked with a glycated mucin domain and a singular 

peptide transmembrane strand (124). There is a small cytosolic tail which contains 

a proline-rich motif that permits binding of proteins via Src homology 3 (SH3) 

domains. Using these domains, two SFK members, Fyn and Lyn, are associated 

with the cytosolic tail of GPVI and mediate downstream signalling (shown in figure 

1.9.) (125,126). GPVI is mostly expressed in monomeric form at platelet rest and is 

dimerised upon activation with a number of agonists, where the two D1 

immunoglobulin heads on either GPVI monomer bind GPO-containing ligands and 

generate robust downstream signals (127,128).  

GPVI interacts with Fc-gamma chain on platelets (129). This interaction is 

dependent on an aspartate-arginine salt bridge in the transmembrane region, which 

physically associates the two proteins together (130). The importance of the 

association of GPVI with FcγR has been demonstrated in mice, where it was found 

that a lack of FcR-gamma chain prevented collagen-induced aggregation and 

proper expression of GPVI (131). The FC gamma chain is a homodimer which 

contains an immunoreceptor tyrosine activated motif (ITAM), which is made up of 

two YXXL amino acid repeats. The SFKs, Fyn and Lyn, phosphorylate these ITAMs 

on the FCγR homodimer, providing an activatory platform for Syk to activate PLCγ2 

through the formation of the LAT-mediated signalosome (132,133), causing robust 

downstream signalling and platelet activation. The importance of Syk in GPVI-

induced signalling was highlighted using Syk-deficient mice, which resulted in 

significantly reduced serotonin and arachidonic acid release, platelet aggregation 

and global tyrosine phosphorylation (134). The PLCγ2 signalosome is comprised of 

the adaptor protein LAT, SLP-76, Btk/Tec and Vav1/3 and others and is assembled 

upon ITAM phosphorylation by Syk (135). Deficiency in these components results 

in a drastic reduction in downstream signalling, leading to inhibition of aggregation 

and stable 3D thrombus formation under arterial shear, thus indicating that a fully 

assembled signalosome is vital for GPVI signalling (130,136–138).  

Targeting the GPVI-collagen interaction is an attractive target for antiplatelet 

therapy. In a phase I clinical trial with the drug Revacept, healthy donors receiving 

this treatment did not suffer any major side effects; however, as expected, their 
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aggregation response to GPVI stimulation ex vivo was markedly reduced (139). This 

drug works by adsorbing exposed GPO repeats within the vascular walls, and thus 

prevents any issues with directly targeting GPVI, such as increased platelet 

clearance or dysfunctional platelet production. Currently, this drug is in phase II 

clinical trials and as of yet, there are no reports of the trial’s findings. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. GPVI mediated signalling in response to GPO-containing proteins. GPVI 

is a monomeric immunoreceptor which is expressed as a monomer associated with 

FcγRIIa. Activation through GPO-containing peptides causes GPVI clustering which causes 

SFK-mediated (Fyn and Lyn) phosphorylation of ITAM on the FcγRIIa chain. ITAM 

phosphorylation leads to the recruitment of Syk, which causes the activation of PI3-kinase 

and formation of PIP3. Additionally, Syk phosphorylates the adaptor protein, LAT, which 

leads to the recruitment of the PLCγ2 signalosome. Within this signalosome, Btk/Tec 

kinases, activated though PIP3, activate PLCγ2 and subsequent hydrolysis of PIP2 to IP3 

and DAG (yellow triangle). This leads to an increase in cytosolic Ca2+ flux and PKC activity, 

respectively (Adapted from Michelson, 2013; Rayes, Watson and Nieswandt, 2019). 
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1.5.2.2. α2β1 

Initially thought to play only a supporting role in platelet activation on collagen, α2β1 

is expressed in relatively low numbers on the surface of platelets (141). Unlike GPVI, 

where variation in expression between individuals is minimal, α2β1 expression has 

been shown to vary by as much as 40%, which has been correlated with an increase 

in platelet activation in response to collagen (142). As illustrated in figure 1.10., this 

integrin consists of two heterodimeric subunits, α2 and β1, which are in an inactive 

state when platelets are at rest (143). The α2 subunit contains a short cytoplasmic 

and transmembrane region linked to a large extracellular complex of β-sheet 

domains followed by a β-propeller domain. Attached to this is a domain responsible 

for collagen binding, the I-domain, which possesses a site for Mg2+/Mn2+-mediated 

collagen binding (144). In partnership is the β1 integrin subunit, which also contains 

a short cytoplasmic and transmembrane region. This is followed by a cysteine-rich 

region, which keeps the integrin in an inactive conformation through extensive 

disulphide bridging within this subunit. Platelet activation and subsequent PDI 

activity, like with the β3 integrin, breaks these bonds and allows the β1 subunit to 

elongate into a more active, ligand-binding state (145,146).  

The importance of α2β1 in thrombus formation was previously theorised as an 

accessory receptor which further activates platelets in support of the more robust 

GPVI signalling. However, there have been a number of conflicting reports as to the 

importance of α2β1 in vivo. Initial investigations using β1 knockout mice found no 

significant change in bleeding time, aggregation to collagen and other agonists, or 

thrombus coverage to collagen in an in vitro thrombus formation assay (147). 

Conversely, loss of α2 through inhibitory antibodies or mutational knockouts in mice 

cause a slightly diminished thrombotic response to collagen under higher shear and 

a slight reduction in aggregation to soluble collagen (148,149). Therefore, it seems 

that initial GPVI activation and downstream signalling is required to activate α2β1 

through inside out signalling, along with other secondary mediators such as ADP 

and thromboxane, which then strengthens the formed clot against increasing shear. 
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Figure 1.10. Structure of the activated α2β1 integrin complex. The α2β1 integrin 

consists of two heterodimer subunits α2 and β1which are expressed together on the plasma 

membrane. Each subunit has a small (diagram not to scale) cytoplasmic and 

transmembrane region through which the integrin can signal downstream and receive inside 

out signals to undergo conformational change. The α2 subunit has large β-sheet domains 

which link to an N-terminal β-propellar domain, on which resides a so-called I-domain. The 

I-domain contains to binding site for GFOGER sequences on collagen. The β1 integrin has 

an expansive region rich in cysteine residues, permitting multiple disulphide bridges that, 

when unstimulated, keep the β1 integrin in a ‘bent’ conformation. The N-terminus contains 

an I-like domain which is structurally similar to the I-domain within α2. The I-like domain 

also contains a binding site for GFOGER sequences.  
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1.5.3.  Laminin 

Laminins are among the most abundantly expressed proteins in subendothelial 

matrices. Platelets have been shown to bind with laminin under both static and 

arterial shear conditions primarily through the α6β1 integrin complex, causing the 

subsequent activation of GPVI (150). The α6β1-laminin interaction has since been 

directly implicated in thrombus formation in vivo using a platelet-specific α6-/- mouse 

model (151). This study identified an interdependence of α6β1 and the GPIb 

complex in stable adhesion under flow. Lack of the α6 subunit completely abrogates 

any adhesive response to laminin. In the presence of α6, platelets also require GPIb 

binding to roll on the laminin matrix, where further α6β1 and GPVI activation can 

take place. This dependence of several integrins and glycoproteins is becoming 

more typical in platelet signalling and adds further complexity to thrombus formation.  

1.5.4.  Fibronectin 

Fibronectin plays an ancillary role in thrombus assembly. Soluble fibronectin bound 

to platelets provide structural rigidity to the thrombus through cross-linking with 

collagen at the site of injury. This was shown using plasma fibronectin-depleted 

mice, which under intravital video-microscopy showed that fibronectin depletion 

prevented the establishment of stable thrombi, with significant platelet embolisation 

(152).  Further research has corroborated these findings, but show that fibronectin 

is insufficient for stable platelet adhesion, where the importance of the vWF-GP1b 

interaction becomes apparent (153).  

1.5.5.  GPIb-IX-V complex 

Vascular endothelial damage upon injury causes release of vWF from Wiebel-

Palade bodies within the damaged and surrounding endothelial cells. vWF in low 

shear environments natively entwines within itself and obscures its primary sites 

from binding. However, when exposed to arterial shear during injury, this protein 

unravels and exposes its binding site for its primary platelet receptor, the GPIb-IX-

V complex (69,70). The high on-off binding rate of this complex with vWF causes 

the tethering and rolling of platelets to the site of injury (71). Absence or deficiency 

of the GPIb-IX-V complex is seen in individuals with Bernard Soulier syndrome, who 

have severe bleeding episodes (154). Changes to the length of vWF multimers is 

linked with risk of thrombosis, for example familial thrombotic thrombocytopenic 

pupura. In this disease, a loss of function or expression of ADAMTS13, a 

metalloproteinase responsible for the cleavage of vWF from the endothelium, results 

in reduced cleavage rate of vWF and increasing the length of vWF peptides (155). 
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These HMW multimers extensively unravel at high shear and can cause thrombosis 

through enhanced platelet recruitment (156).  

1.5.6. G-coupled protein receptors (GCPRs) 

1.5.6.1. PAR1/4 and thrombin 

GCPRs are a group of seven transmembrane receptors that are coupled to cytosolic 

G-proteins. G-proteins are heterotrimers consisting of an α, β and γ subunit. The α 

subunit is responsible for GDP/GTP binding, which determines the activation status 

of the G-protein and is the basis of G-protein nomenclature. Lack of GPCR agonism 

keeps the G-protein in an inactive state through continued GDP binding. When 

activated by a soluble agonist, there occurs a conformational change that frees the 

βγ complex, which then permits the release of GDP in the α subunit and subsequent 

replacement with GTP, thereby activating the G-protein and initiating downstream 

signalling.  

There are several GPCRs expressed in the platelet membrane. Thrombin is a serine 

protease and a potent platelet agonist which activates human platelets by cleaving 

the extracellular domains of protease activated receptors 1 and 4 (PAR1/PAR4), 

which provides an autoligand for the receptor (157). Thrombin is formed from 

prothrombin via activation of the coagulation cascade by factor X. This process is 

expedited by platelets at the site of injury, where they provide negatively charged 

phospholipids as a surface for the enzyme complex required for factor X activity 

(158). This also ensures localisation of thrombin synthesis, which prevents systemic 

thrombin generation. Cleavage of the N-terminal extracellular domains of PAR1 and 

PAR4 causes a conformational change within the receptors, liberating Gq and/or 

G13, resulting in robust downstream signals that increase platelet contractility, Ca2+ 

flux and granule secretion. G13 activates the small GTPase, RhoA, by activating 

p115RhoGEF, a guanine exchange factor that activates RhoA through the 

substitution of GDP to GTP (159). Gq activates PLCβ and causes liberation of IP3 

which leads to Ca2+ mobilisation through binding to IP3R on the endoplasmic 

reticulum (160,161). Additionally, PLCβ also causes the formation of DAG and the 

downstream activation of PKC isoforms and subsequent granule secretion. Not only 

does PAR1/4 activation cause activation of proaggregatory pathways, it can also 

mediate cAMP breakdown through the activation of cAMP-hydrolysing 

phosphodiesterases, thereby lowering intracellular cAMP and reducing the 

opposing inhibitory signal for full platelets activation (162). 
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The importance of PAR agonism is demonstrated by loss of PAR4 in murine 

platelets, which causes diminished in vivo thrombus formation and P-selectin 

exposure in a ferric chloride injury model (163). Additionally, although not directly 

targeting PAR receptors, the anti-FXa drug, dabigatran, has been shown to reduce 

thrombin-induced human platelet aggregation in a dose-dependent manner (164). 

1.5.6.2. P2Y12, P2Y1 and ADP 

ADP is another agonist for GPCRs and binds to two GPCRs, P2Y12 and P2Y1, 

which leads to relatively weak downstream signalling. A major contributor to the 

platelet response is the inhibition of inhibitory signalling in platelets through the 

action of P2Y12-mediated Gi activation (165). When active, Gi can form an inhibitory 

complex that interacts with AC, reducing its cAMP output (166). The role of ADP 

signalling in thrombus formation has been highlighted using mice deficient in the 

P2Y12 receptor and individuals with mutations in the P2RY12 gene. Deficient mice 

have increase haemorrhage risk, with an underlying inability to aggregate to ADP 

and a slightly diminished response to PAR4 agonism (167). As expected, cAMP 

production upon ADP stimulation of P2Y12-/- platelets was unaffected, whereas WT 

platelet cAMP levels were significantly reduced. Individuals with mutated P2Y12 are 

also associated with bleeding episodes and have a lack of secretory and 

aggregatory response to ADP (168,169). P2Y12 antagonism has proven an 

effective antiplatelet therapy and dampens the platelet response to agonists 

dependent on secondary mediators for full activation. However, significant subsets 

of recipients develop major bleeding complications in response to therapy (170), 

indicating more nuanced and individualised therapies would be preferable.   

1.5.6.3. Thromboxane A2 and TP 

Thromboxane A2 (TXA2) is an eicosanoid lipid that is synthesised from arachidonic 

acid by the enzyme thromboxane synthase (171). TXA2 synthesis is activated upon 

platelet activation and is released as an auto/paracrine signal alongside ADP 

release from dense granules. It binds to the thromboxane receptor (TP) expressed 

on the plasma membrane and activates its accompanying G-proteins, Gq and G13 

(159,172). Inhibition of TXA2 synthesis with low dose aspirin has been used as a 

cost-effective means of lowering risk of cardiovascular events (173). Aspirin works 

by inhibiting the cyclooxygenase-2 enzyme within the platelet, reducing the amount 

of the TXA2 precursor PGH2. More recently, Rothwell et al have assessed clinical 

trial data using low and high dose aspirin and found that patients above 70kg has 
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no lower risk of CVEs than control counterparts, indicating that the ‘one size fits all’ 

approach to aspirin is ineffective (174). 

1.6. Cyclic nucleotide signalling in platelets 

Increased platelet reactivity is implicated in multiple thrombotic diseases, including 

MI, ischaemic stroke and peripheral vascular disease. Without a system in place to 

maintain platelet quiescence, platelets could preactivate and form pathological 

thrombi. Cyclic nucleotides (CN) generated within the platelets address this issue, 

which results in the inhibitory phosphorylation of several key pathways in platelet 

activation. The initial signal to cause this increase in CNs is released primarily 

through the vascular endothelium in the form of nitric oxide (NO) and prostacyclin 

(PGI2), which essentially ‘bathe’ oncoming platelets in inhibitory signals. This 

process is overcome by potent activation of the platelets through release of 

prothrombotic matrices and soluble factors when vascular damage occurs. 

1.6.1. Nitric oxide  

Previously termed endothelial-derived relaxation factor (EDRF), nitric oxide (NO) 

was originally discovered to cause vasodilation of carefully prepared rabbit aorta 

(175). Later EDRF was determined to be NO by the Moncada lab, who showed 

identical aortic vasodilation in response to EDRF-inducing bradykinin and NO (176). 

Importantly, the effect of EDRF and NO were abolished in the presence of 

haemoglobin, which binds to and neutralises the effects of NO. This group further 

went on to demonstrate that endothelial-derived NO is a potent inhibitor of platelet 

aggregation and adhesion to vascular endothelium (177); These seminal findings 

have led to an explosion of research over the last three decades, resulting in a 

comprehensive knowledge of NO, its intracellular actions and bodily consequences.  

As indicated from previous work, the vascular endothelium releases NO into the 

bloodstream. This is enabled through the actions of nitric oxide synthases (NOS), 

of which there are three broad isotypes; inducible NOS (iNOS), neuronal NOS 

(nNOS) and endothelial NOS (eNOS). These enzymes utilise L-arginine to produce 

L-citrulline and NO.   eNOS appears to be a main contributor to the maintenance of 

platelet quiescence, as knockout of eNOS in mice causes decreased clotting times 

in in vivo thrombus formation assays (178). However, further studies thereafter 

questioned this notion and showed that eNOS plays only a minor role in platelet 

inhibition (179), which could be a result of the opposing phenotypes observed with 

lack of NO for platelet inhibition and lack of vWF release from eNOS-/- mice upon 
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injury (180). Individuals with polymorphisms in NOS3, the gene that codes eNOS, 

are correlated with an increase in cardiovascular events (CVEs), which corroborates 

initial findings from Freedman et al.  

Conflicting research has led to debate on whether platelets themselves express 

NOS isoforms, with some labs identifying eNOS at both a protein and gene level, 

and others not. One possible cause of this discrepancy could be contamination of 

leukocytes in platelet preparations, which express eNOS (181). Freedman et al 

reported the production of NO from platelets but did not report the identification of 

NOS isoforms (182). Using real-time videomicroscopy and a NO reporter probe, 

Cozzi et al  have visualised the production of NO in platelets in real-time in WT and 

eNOS-/- platelets (184).  Platelet-dependent NO was significantly lower in knockout 

mice than WT counterparts in response to collagen, which resulted in an increase 

in ex vivo thrombus formation. Oddly, the NOS isoform presence within platelets 

was not reported and suggests that it was non-detectable in either mouse. As of yet, 

there have only been a few reports of eNOS detection at a protein level in platelets 

(185,186). It appears that NO is being produced in platelets in a NOS-independent 

manner, which would explain the discrepancies among research groups. Perhaps 

the presence of nitrosylated proteins may provide a reservoir for NO, which may 

then be liberated given specific signalling cues. S-nitrosoglutothione reductase 

(GSNOR) is an alternative method of NO availability in the cell but has yet to be 

investigated in platelets (187).  PDIs have also been implicated as the determining 

factor in the platelet specific actions of GSNO and may represent another 

mechanism of autoinhibition (188). 

1.6.1.2. NO signalling in platelets 

In platelets, NO can freely diffuse across the plasma membrane and bind to its only 

known receptor in platelets, soluble guanylyl cyclase (sGC) (189). This enzyme 

forms the signalling molecule cyclic guanosine monophosphate (cGMP) from GTP. 

sGC consists of homologous α and β subunits, the latter of which contains an N-

terminal haem moiety for NO binding. Binding of NO causes a conformational 

change in sGC structure and the exposure of the enzymes two cyclase homology 

domains, which when dimerised produce cGMP. sGC activity can be artificially 

enhanced through binding to a ‘pseudosymmetric’ site used for regulatory ligands. 

Compounds such as YC-1 bind to this site and cause constitutive sGC function and 

cGMP synthesis (190). Upon sGC activation and cGMP production, cGMP can bind 



46 
 

to and activate protein kinase G Iβ (PKGIβ) (191). Activated PKG has a number of 

targets involved in critical signalling pathways that regulate platelet activity.  

Phosphodiesterase 5 is responsible for hydrolysis of cGMP levels and thus reducing 

the activity of PKG in platelets. Loss of PDE5 function results in unchecked cGMP 

accrual and strong inhibition of platelet activation. Sildenafil is a potent inhibitor of 

PDE5 which works in the nanomolar range and was originally created as a 

vasodilator and antiplatelet drug (192). As a PDE5 inhibitor, sildenafil potentiates 

the effects of NO in platelets and vascular smooth muscle cells (VSMCs). 

Interestingly, PKG itself phosphorylates and stimulated PDE5 activity, creating a 

negative feedback loop that self-regulates cGMP levels at specific areas within the 

cell (193). The role of PDE distribution in cells is a key area of cyclic nucleotide 

regulation that requires further investigation. 

1.6.1.3. Targets of PKG in platelets  

There are several targets of PKG in the human platelet, phosphorylation of which 

by PKA causes global platelet inhibition (figure 1.11.). The movement of Ca2+ within 

activated platelets has been extensively investigated and is critical for platelet 

function. Addition of the Ca2+ chelating agent BATPA-AM, causes complete 

inhibition of platelet aggregation, spreading and thrombus formation in vitro (194–

196). PKG has been shown to inhibit this movement of intraplatelet Ca2+ by binding 

and phosphorylating the inositol-1,4,5-trisphosphate receptor-associated cGMP 

kinase substrate (IRAG) at Ser664, which prevents the release of Ca2+ stores from 

the endoplasmic reticulum through binding with the IP3 receptor. Loss of this IRAG-

IP3R interaction diminishes the inhibitory effect of NO on platelet fibrinogen binding, 

aggregation and in vitro thrombus formation (197). 

Platelet activation leads to inside out signalling and the externalisation of further 

integrins and their activation through talin and actin interactions. This is dependent 

the activation of the GTPase Rap1b. Loss of Rap1b drastically increases tail 

bleeding times and aggregation responses to multiple agonists (198). A key 

regulator of Rap1b function, Rap1GAP2, is phosphorylated in platelets at ser7, 

leading to enhanced activity of the GAP and thus diminished activity of Rap1b 

through and increase in intrinsic Rap1b GTPase function.  

PKG can regulate also the actin cytoskeleton, which is required for platelet shape 

change during aggregation and maintain contractility in thrombus formation. RhoA 

is the major contributor to cellular contractility and its activation leads to an increase 
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in MLC phosphorylation and the association of myosin II with actin filaments. PKG 

has recently been shown to phosphorylate RhoA at Ser188 in platelets, leading to 

a reduction in platelet shape change through reduced ROCK activity, leading to 

uninhibited MLC dephosphorylation via MLCP (199). 

 

 

Figure 1.11. NO signalling in platelets. Nitric oxide is synthesised through eNOS which 

uses L-arginine and NADH2 as a cofactor. Experimentally high levels of NO lead to 

measurable intracellular and extracellular protein s-nitrosylation. NO freely diffuses through 

the plasma membrane and binds to and activates its receptor, sGC. sGC then synthesises 

cGMP, which can activate PKGIβ.  cGMP levels are mediated by PDE5 activity, which 

among other mechanisms, is activated by downstream PKG and creates a negative 

feedback loop of PKG activity. Activated PKG can phosphorylate several targets involved 

in platelet activation, namely Rap1b, IRAG and RhoA, which activate integrin 

externalisation, Ca2+ flux and actin cytoskeletal dynamics, respectively.  
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1.6.1.4. Impact of dysfunctional NO signalling in vivo 

The effect of NO signalling in platelets is highlighted through both the use of 

knockout mouse models and humans with polymorphisms within the cGMP-sGC-

PKG signalling axis. Loss of PKGIβ in murine platelets causes increased fibrinogen 

binding and increased platelet adhesion to arterial walls (191). Similarly, loss of 

upstream sGC in mouse platelets results in decreased tail bleeding times and no 

inhibition of aggregation in response to NO treatment (Dangel et al, 2010). In 

humans, mutations within the gene encoding the alpha 1a subunit of sGC, 

GUCY1A3, are linked with a higher risk of myocardial infarction, highlighting the role 

of NO in the prevention of unwarranted thrombosis (200).  

1.6.2. PKA and prostacyclin 

1.6.2.1. PKA signalling in platelets 

Platelet activation, aggregation and thrombus formation is a highly concerted 

process with the convergence of numerous signalling processes often acting in a 

feed-forward nature to encourage further platelet activity. Therefore, without a 

system of inhibition, platelets could become pathologically active. PGI2 in part 

addresses this issue by causing the inhibitory phosphorylation of many proteins 

involved in platelet activation.  

PGI2 causes inhibition of platelet function, via increasing the activity to AC leading 

to elevation in cAMP concentration.  This in turn activates Protein Kinase A (PKA) 

leading to phosphorylation of multiple proteins, causing platelet inhbition. PKA is a 

heterotetramer consisting of two regulatory subunits and two catalytic subunits. 

There are three regulatory isoforms; RIα, RIβ and RIIβ, and two catalytic isoforms; 

Cα and Cβ. Together, these isoforms combine to create two individual PKA 

enzymes in platelets, PKAI and PKAII (201). As a holoenzyme, PKA is inactive when 

unbound to cAMP due to withholding of the catalytic subunits from their respective 

substrates by the regulatory subunits. A conformational change occurs upon cAMP 

binding to the regulatory subunits, causing release of the catalytic subunits and 

activation of the PKA enzyme (202) (figure 1.12.).  
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Figure 1.12. Regulation of PKA through cAMP binding. In its native state, the PKA holoenzyme consists of two regulatory (R) and two 

catalytic (C) subunits. Binding of PKA-R with PKA-C obscures the catalytic cleft in PKA-C and keeping the enzyme inhibited. Increasing cAMP 

levels, caused by either increased activity of AC or inhibition of PDE function, causes cAMP binding to PKA-R subunits, which have two cyclic 

nucleotide binding sites termed cyclic nucleotide binding domains (CBD). cAMP-PKA-R binding causes a conformational change in the regulatory 

subunit and release of PKA-C, which is then permitted to phosphorylate multiple downstream targets (Adapted from Johnston, Lehnart and 

Burgoyne, 2015). 
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PKA is a highly promiscuous kinase, which binds to protein targets containing a 

consensus RRXS sequence of amino acids (204). This sequence is a useful tool 

when investigating possible PKA regulation of protein function; however, this 

sequence does not necessarily indicate that the protein of interest is phosphorylated 

by PKA. Perhaps the most well characterised target of PKA in platelets is the serine-

157 residue of VASP and is used as a marker of PKA and PKG activity in platelets 

(205). There appears to be little effect of PKA-mediated VASP phosphorylation in 

platelet function. Recently, Benz et al. (2016) highlighted a lack of VASP binding 

with a Rap1b-activating adaptor protein, Crkl. The effect of this disruption 

unfortunately was not investigated or reported. 

PKA can also inhibit Ca2+ mobilisation and influx in platelets as shown by El-Daher 

et al, where PGI2 treatment led to IP-3 receptor phosphorylation of an unknown site. 

This receptor has two consensus RRXS PKA binding sequences at serine-1598 and 

serine-1774 (https://www.uniprot.org/uniprot/Q14643). Accordingly, PKA-mediated 

phosphorylation of two nearby serine residues has been shown to occur in HEK293 

cells; however, the occurrence of this has yet to be confirmed in platelets. The 

transient receptor potential channel 6 is a membrane bound Ca2+ flux channel 

expressed in platelets which imports Ca2+ into the cytosol in response to stimuli 

(207). TRPC6 phosphorylation by PKA has been shown in platelets, but this did not 

reduce the transporting of cations through the channel (208). Further discussion 

around the role of PKA-mediated inhibition of platelets will be discussed later in this 

chapter.  

1.6.2.2. Prostacyclin (PGI2) 

PGI2 is a prostanoid signalling molecule synthesised by the metabolic action of 

multiple enzymes on arachidonic acid (209). COX-2 metabolism of AA leads to the 

formation of PGG2 and then PGH2 through biphasic cyclooxygenation and 

peroxidation. Finally, PGI2 synthesis is completed by prostacyclin synthase, giving 

rise to a potent platelet inhibitor and vasodilator (figure 1.13.). Upon binding to its 

membrane-bound receptor, PGI2 activates downstream signalling cascades within 

platelets that inhibit a number of processes involved in platelet activation.  

Within the vasculature, the cellular origin of PGI2 has been shown to be from the 

vascular endothelium lining the blood vessels by Sir John Vane, Salvador Moncada 

and others. This seminal work involved the generation of microsomes from rabbit 

and pig aorta which converted PGG2 and PGH2 into an unknown substance which 
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causes inhibition of platelet aggregation (210). It was then quickly discovered that 

PGG2 and PGH2 are converted to PGI2 by prostacyclin synthase within the vascular 

endothelium (211). PGI2 has a short half-life of 42 seconds, making both 

determination of physiological concentration and experimental work difficult. PGI2 is 

readily degraded into a weaker platelet inhibitor, 6-keto-PGF, which circulates 

through the vasculature and is excreted, along with further metabolites in the urine 

(212). Extensive efforts have been made to determine both blood and urinary 

concentration so to confer PGI2 levels, with initial investigators concluding that PGI2 

was unlikely to act as a platelet antagonist in vivo due to a lack of effect ex vivo from 

healthy subjects infused with intravenous PGI2 (213,214). This was however likely 

an artefact owing to prostacyclin’s very short half-life or was reflective of the 

inducible nature of PGI2 synthesis in response to arterial wall shear stress, as shown 

by a number of groups (215,216). Therapeutic inhibition of COX-2 function and PGI2 

synthesis with rofecoxib, a non-steroidal anti-inflammatory drug (NSAID), was linked 

with a 2.24 relative risk of MI in a meta-analysis by Jüni et al. (2004), thus 

highlighting the importance of sufficient prostanoid synthesis in the prevention of 

thrombus formation.     
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Figure 1.13. Prostacyclin synthesis through cyclooxygenases within the endothelium. 

Arachidonic acid is converted to PGG2 by cyclooxygenase 1/2. This is then converted to 

PGH2 and then prostacyclin through prostaglandin endoperoxide-H synthase and 

prostacyclin synthase, respectively. 
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1.6.2.3. cAMP synthesis through adenylyl cyclase 

Platelets readily express the extracellular receptor for prostacyclin, termed the IP 

receptor (I prostanoid receptor).  Upon PGI2 binding, the membrane-bound IP 

receptor activates its coupled G-protein, leading to dissociation of the Gs subunit and 

downstream activation of membrane-bound adenylyl cyclase (AC) through Gs 

binding (218) (figure 1.14.). Activated AC then synthesises cyclic adenosine 

monophosphate (cAMP) through the hydrolysis of a pyrophosphate group from ATP 

to form cAMP to translate the extracellular signal into an intracellular one. There are 

three detectable AC isoforms in human platelets- AC3, AC5 and AC6 (219,220), 

which unfortunately are also expressed in other tissues in the body and preclude 

the targeted inhibition of platelet function through direct platelet AC activation (221). 

The expression of three AC isoforms in platelets suggests they may have distinct 

roles. Currently, there is little research into the spatiotemporal regulation of AC 

isoforms in platelets and their specific role in platelet physiology. This subject 

requires investigation, as there could potentially be platelet-specific AC binding 

partners that could serve as potent targets for antithrombotic therapies. AC5 and 

AC6 are highly expressed in the mammalian heart, which upon 

activation/overexpression has been shown to induce hypertrophy, fibrosis and 

arrhythmia due to the critical role of cAMP in myocardium contractility and 

membrane depolarisation (222). 
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1.6.2.4. Phosphodiesterases: composers of cAMP signalling 

cAMP accrual within the cell may have deleterious effects if not diminished or 

localised. Some downstream targets of cAMP signalling appear to be more 

receptive than others, which highlights the need for localisation of pools of cAMP 

within the cell. Phosphodiesterases (PDEs) are responsible for the hydrolysis and 

reduction of cAMP. There are 9 known PDE families which are differentially 

expressed throughout the body, with 3 isoforms of these being readily detected in 

platelets- PDE2A, PDE3A and PDE5A (162,223,224). PDE2A can hydrolyse both 

cAMP and cGMP to a similar extent (224). PDE3A has a higher capacity for cAMP 

breakdown, with a much lower ability to break down cGMP. Under these conditions, 

PDE3A can be inhibited by high levels of cGMP, which competitively resides within 

the catalytic cleft of PDE3A, preventing cAMP hydrolysis at comparatively lower 

Figure 1.14. cAMP formation and PKA activation in response to IPR-PGI2 binding. PGI2 

within the vasculature binds to IPR, a GPCR linked with Gs, leading to its liberation for the G 

protein complex. Gs activation or treatment with the direct Ac activator, forskolin, causes the 

activation of AC which then synthesises cAMP from ATP. To ensure controlled levels of 

cAMP, PDEs degrade this increase in cAMP signal to maintain platelet response to stronger 

platelet agonists. This can be inhibited experimentally by using milrinone, which prevents 

cAMP breakdown and leads to a continual increase in cAMP content. cAMP binds to and 

activates PKA, which can phosphorylate a number of downstream targets involved in platelet 

activation. Additionally, activated PKA can phosphorylate and thereby activated upstream 

PDE3A, thus forming a negative feedback loop to keep cAMP concentrations in check.  
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concentrations (225). PDE activity in resting platelets is low and provides sufficient 

levels of cAMP and PKA activity within the cell to keep platelets quiescent (226). 

Activation of platelets with thrombin leads to PDE3A phosphorylation and activation 

by Akt, leading to enhanced PDE3A activity and cAMP hydrolysis and permits 

increased platelet activation (162). 

1.6.2.5. A kinase anchoring proteins (AKAPs): Distribution of PKA activity 

A-kinase anchoring proteins (AKAPs) are a diverse group of proteins which facilitate 

the compartmentalisation of PKA, other kinases and phosphatases and respective 

substrates and regulators throughout the cell (227). Raslan et al have demonstrated 

that the PKA-I holoenzyme is anchored to lipid rafts within platelets, leading to the 

inhibition of vWF signalling through GPIbβ phosphorylation(228). Here, the use of 

lipid raft disruptors led to a reduction in PKA-mediated GPIbβ phosphorylation. 

Further investigations into the identification and impact of AKAPs in the control of 

PKA signalling are required. As seen with PDE activity, cAMP pools are localised 

tightly throughout the cell and so are their downstream consequences. Perhaps 

novel AKAP isoforms in platelets may also localise the effect of PKA in different 

areas of the platelet, leading to high PKA activity in one area, and low in another.  

1.7. The actin cytoskeleton 

Platelets are the first responders to signs of vascular damage. As such, they need 

to elicit a swift response to these signs to stem the loss of blood. To do this, platelets 

use extracellular cues in the form of exposed matrices, soluble agonists and shear 

stress, which orchestrate the platelet’s spatiotemporal response. The platelet actin 

cytoskeleton is crucial in this response and leads to the formation of distinct 

structures within the cell during platelet adhesion, spreading and thrombus 

formation. This results in the generation of a smooth, contractile and non-occlusive 

thrombus in healthy individuals that stems blood loss whilst maintaining blood flow 

downstream of the site of injury. Although there have been many investigations into 

the role of the actin cytoskeleton in platelets, there still remains many areas that 

require further insight. For example, the formal identification, description and 

hypothesised purpose of small punctate patterns of actin in cells, termed actin 

nodules, has only been reported relatively recently but seems critical in determining 

thrombus stability (103,229).  
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1.7.1 Actin structure and function 

Monomeric, globular actin (G-actin) is a 42kDa protein and represents the most 

basic building block for the actin cytoskeleton. Highlighting the importance of actin 

in platelets is the finding that actin is by far the most highly expressed protein in the 

cell, contributing almost 20% of the total protein content (230). These monomers 

can be of three main isoforms, α, β and γ. α-actin is mostly expressed in muscle 

cells, whereas β- and γ-actin are more widely expressed throughout the body. 

Platelets express the β- and γ-isoforms, which are rapidly polymerised and 

depolymerised, resulting in controlled granule secretion and a dynamic change of 

platelet shape upon platelet activation (230–232). G-actin is 375 amino acid 

polypeptide chain that is folded into two distinct α- and β-domains. Between these 

domains is a central site responsible for nucleotide binding. In its unbound form, G-

actin holds and ADP in this site. This is swapped for ATP by the actin binding protein, 

profilin, which then permits G-actin addition to the growing F-actin chain. G-actin 

associates with the barbed end of the actin filament, where this weak intrinsic 

ATPase activity of the actin monomer causes the slow hydrolysis of ATP to ADP. 

This degradation of ATP to ADP is crucial for actin dynamics and allows the 

liberation of G-actin from the filament, allowing the monomer to form new filaments 

elsewhere. During ATP binding, the association of G-actin in the filament is stable 

and provides structural rigidity. ATP to ADP hydrolysis in actin added earlier to the 

filament causes pointed end destabilisation and depolymerisation. This is useful, as 

there is only a finite amount of actin in one area of the platelet at a given time. This 

concomitant polymerisation and depolymerisation of F-actin causes a phenomenon 

known as ‘treadmilling’, where addition of G-actin to the barbed end and subtraction 

at the pointed end are equal (233). F-actin depolymerisation is performed by cofilin, 

which binds to ADP-bound actin, causing filament instability and disassembly (234). 

Free ADP G-actin can then bind again with profilin and join another growing filament, 

or bind to another ABP, β-thymosin, which sequesters ADP-bound G-actin 

(235,236). This sequestration is important for two reasons; 1) it lowers ADP G-actin 

concentrations, thereby allowing cofilin to more readily sense and liberate ADP-

bound G-actin in filaments, and 2) it prevents full and unwarranted polymerisation 

of all of the G-actin in a given area.   

Further complexity in the regulation of actin dynamics is provided by other methods 

of filament severing, branching and de novo nucleation. Filament branching is 

brought about by the nucleation of filaments on the sides of existing ones by the 
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Arp2/3 complex (237). This complex attaches the minus end of G-actin monomers 

to the side of existing filaments at a 70o angle. On a larger scale, enhanced Arp2/3 

action leads to lamellipodia formation, sheet-like protrusions which are thought to 

be essential for platelet function and thrombus formation (238,239). Another form of 

filament nucleation is through the formin family of actin nucleators. Formins are 

dimeric proteins which associates with G-actin and causes polymerisation by 

‘capturing’ free G-actin monomers and profiling-GTP-actin complexes and allowing 

them to join the filament. Formin complexes remain at the growing barbed end and 

facilitate in further actin polymerisation (240,241). Severing of existing filaments is 

performed by members of the gelsolin actin severing protein family, which can bind 

to side of F-actin and cause potent ATP-independent filament severing on a large 

scale and providing further barbed ends for actin polymerisation (242). Additionally, 

this protein can also act as an actin capping protein (ACP) and prevent further 

filament growth. CapZ is another ACP, which has been shown in resting platelets to 

be readily bound to actin. Upon platelet stimulation, a proportion of CapZ dissociates 

with actin and permits filament elongation (242,243). 

1.7.2. Cdc42/Rif and filopodia 

During early platelet spreading, finger-like protrusions appear from the platelet body 

across the underlying matrix, termed filopodia. These structures consist of parallel 

bundles of actin, which grow forward from the leading edge of the plasma membrane 

and push it forward. This is due formin activity, which as discussed, associates and 

stays with the barbed plus ends whilst polymerising the filament.  This process, 

along with platelet rounding, is thought to contribute to the typical shape change 

seen in aggregation traces.  

Cdc42 is considered the primary mediator of platelet filopodia formation. In its GTP-

bound activated state cdc42 activates p21-activated kinase (PAK), WASP, Arp2/3, 

and formins, resulting in the formation of expansive parallel actin bundles (244,245). 

Knock-out of cdc42 in mouse models has resulted in contradictory findings, with the 

formation of filopodia in response to fibrinogen in one, but not the other (245,246). 

This may be a result of the different knock-out strategies used, or the differing 

concentrations of fibrinogen used in both experiments, which has been shown to 

influence platelet signalling and activity (247). Possibly these conflicting findings are 

a result of redundancy in filopodia formation. Rif, a more recently discovered 

GTPase, has been shown to cause filopodia formation via interaction with formins 

and is independent of cdc42 activity (248–250), however this was subsequently 
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found to be dispensable for platelet filopodia formation (251).  Knock-out of both 

cdc42 and Rif could further clarify the possible redundancy evidenced by current 

research.  

1.7.3. Rac1 and lamellipodial spreading  

Rac1 is a ubiquitously expressed GTPase which is associated with lamellipodial 

spreading in platelets. There are other Rac isoforms expressed in the body, Rac1 

and Rac2, however platelets only appear to express Rac1 (239). Activated Rac1 is 

linked with branched, sheet-like networks of actin filaments that drive forward the 

leading edge of the plasma membrane. Differential Rac1 activity at the leading edge 

of the plasma membrane is associated with differential Rac1 activity (252). Rac1 

activity has also been implicated in platelet secretion, where inhibition of Rac1 with 

the inhibitor NSC23766 significantly reduced ATP production, P-selectin exposure 

and aggregation to a number of agonists (253,254).  Knockout of Rac1 in mouse 

megakaryocytes has highlighted its importance in platelet spreading and the 

formation of lamellipodia on immobilised matrix proteins. Knockout platelets have 

an inability to spread effectively, demonstrated by a significantly reduced surface 

area when compared to wildtype counterparts (239). These platelets were unable 

to form stable thrombi under arterial shear rate both in vitro and in vivo. Upstream 

regulation of Rac1 is mediated through GEFs and GAPS, like RhoA. There are over 

20 different GEFs associated with Rac1 activity within biological systems which 

facilitate the exchange of ADP for ATP within the GTPase (255). T cell lymphoma 

invasion and metastasis-inducing protein 1 (TIAM1) is a RhoGEF that can activate 

Rac1. Aslan et al have shown that TIAM1 complexes with ribosome S6 kinase 

(S6K1) and the mammalian target of rapamycin (mTOR), which when complexed 

together cause activation of Rac1 at the lamellipodial edge of spreading platelets 

(256). More recently, another Rac1-specific GEF, P-Rex1 was implicated in Rac1 

activity in platelets (257). 
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Here, deletion of P-Rex1 in mice increased tail bleeding time, consistent with earlier 

findings of decreased thrombus stability in Rac1-deficient mice (McCarty et al, 

2005). Also consistent was the reduction in ATP secretion and reversible platelet 

aggregation to a number of agonists at submaximal concentrations, suggesting an 

inhibition of granule secretion.   

The regulation of Rac1 and its respective upstream GEFs in platelets is poorly 

understood. There are however several key aspects of platelet activation that must 

be in place to activate Rac1. These include Ca2+ mobilisation and upstream Gαq 

activity. Inhibition of Ca2+ in platelets completely prevents lamellipodial spreading on 

all matrices (258,259).This is consistent with Ca2+ being a critical method of platelet 

activation and its requirement for Rac1-mediated spreading. Gratacap et al found 

that Gαq-deficient mouse platelets fail to form lamellipodia in response to thrombin 

and TXA2 (260). Ca2+ chelation in this study also demonstrated a return to basal 

Rac1 activity in response to thromboxane mimetic in WT platelets and therefore 

corroborated previous data. Further investigations should be undertaken to uncover 

the missing link(s) between Ca2+ and Gαq and the activity of Rac1 and its GEFs.   

Activated Rac1 causes the assembly of Arp2/3, a multimeric complex of proteins, 

via activation of its cofactors WASP/ WAVE, which then move to the plasma 

membrane and aid in Arp2/3 membrane association (261,262) (figure 1.15.). Loss 

of WASP, a protein constrained to the haematopoietic lineage, leads to Wiskott-

Aldrich syndrome (WAS), for which the protein was named. These individuals, 

among other afflictions, suffer haemorrhage due to thrombocytopenia and platelet 

dysfunction (57,263). WASP is also critical for the formation of F-actin-rich 

podosome-like structures, termed actin nodules (229) 
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Figure 1.15. Basic platelet actin dynamics resulting in lamellipodia formation. Receptor stimulation in platelets leads to increased PLC isoform activity 

and resultant generation of PIP2, which provides an anchorage point for WASP/WAVE docking through their PH domains. This represents a cofactor for 

Arp2/3 complex assembly, which can then nucleate actin filaments. Filament polymerisation is inhibited by capping proteins, which obscure the growing 

barbed ends from further actin monomers. Formins can associate with the free barbed ends of F-actin and facilitate in the addition of further monomers. 

Actin severing proteins can dismantle large actin oligomers. Cofilin binds to aged, ADP-bound actin monomers and causes their liberation from the filament. 

Conversely, profilin facilitates in ADP-ATP switching and the addition to the filament barbed end via nucleators such as formins. β-thymosin sequesters 

surplus ADP actin, preventing unwarranted actin polymerisation (adapted from Isogai et al., 2015). 
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1.7.4. RhoA and platelet contractility through stress fibre formation 

Platelet contractility primarily results from the interaction of actin with myosin IIa 

(195,264). This interaction is brought about by the phosphorylation of myosin light 

chain (MLC) by MLC kinase (MLCK). Opposing the kinase action of MLCK is MLC 

phosphatase (MLCP), which dephosphorylates MLC and reduces platelet 

contractility by limiting actin-myosin binding (265). RhoA is the upstream regulator 

of MLCP function, which is further regulated upstream by activated G-proteins, more 

specifically Gα13 (172,266). In addition to actin-myosin interactions, RhoA causes 

the activation of the formin, mDai1, and LIM kinase, the latter of which 

phosphorylates and inhibits the filament destabiliser, cofilin. Together, these two 

processes allow the formation of long F-actin filaments (240,241). These filaments 

are bundled together by α-adducin, which is also activated by ROCK. This bundling 

of long actin filaments linked with non-muscle myosin leads to the establishment of 

stress fibres (figure 1.16.). 

The importance of RhoA has been uncovered in multiple studies. Using a RhoA 

knock-out mouse model, Pleines et al. (2012) discovered RhoA null mice are 

macrothrombocytopenic, in part due to a reduction in platelet life span, and perhaps 

owing to the importance of proper actin regulation in the release of platelets within 

the vascular niche. This is supported by an observed increase in megakaryocyte 

number and ploidy in RhoA-/- mice compared to wildtypes, suggesting dysfunctional 

platelet production from terminal-staged megakaryocytes. Interestingly, lack of 

RhoA in these platelets did not drastically affect their ability to spread on immobilised 

fibrinogen, nor did it affect their ability to form filamentous actin structures, such as 

stress fibres. This suggests little to no deleterious effect on actin-myosin 

interactions, however, a reduced capacity for clot retraction was observed; an actin-

myosin-dependent process (264,268). Although it appeared that these platelets 

were forming stress fibres, it is likely that they were not coupled properly with 

myosin, and thus did not provide sufficient contractility for full clot contraction and 

stability.  Calaminus et al have shown that platelets require myosin IIa contractility 

in order to sustain thrombus stability through the use of inhibitors, Y-27632 and 

blebbistatin, which inhibit ROCK and myosin, respectively (103). Upstream 

regulation of RhoA is controlled by p115RhoGEF in platelets and was shown using 

G13 analogous peptides, which bound to this GEF and blocked its activity and 

subsequent activity of the RhoA pathway (269). p190RhoGAP is a contributor to the 

inhibition of RhoA through typical activation of the intrinsic GTPase function of RhoA 
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(270),   however this has not been reported in platelets and requires investigation. 

This GAP has been isolated and studied in myeloid progenitors such as neutrophils 

and so may also be expressed in platelets (271).  

Phosphorylation of serine-188 is a well-characterised method of RhoA inhibition, 

which has also been identified in platelets (272,273). Phosphorylation at this site by 

PKA results in a greater affinity for GDP-bound RhoA with guanine dissociation 

inhibitors (GDI) which sequesters and maintains inactive RhoA (274). The resulting 

inhibition leads to reduced RhoA membrane binding and activity, reduced ROCK-

mediated inhibition of MLCP, and decreased downstream MLC phosphorylation due 

to the opposing actions of activated MLCP and MLCK (272,273). Similarly, high 

dose NO has also been shown to phosphorylate RhoA at serine-188 via cGMP-

PKG-dependent signalling, causing a dose dependent reduction in platelet shape 

change upon thrombin stimulation (199) 
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Figure 1.16. Basic structure of platelet stress fibres observed during spreading. Numerous matrix proteins can cause stress fibre formation in 
platelets during spreading. Integrin clustering causes the formation of focal adhesion complexes, which anchor parallel α-actinin bundled actin filaments 
to the plasma membrane. These bundled filaments are associated with myosin II, which imparts the contractile nature of stress fibres and their ability to 
maintain platelets in situ during thrombus formation. 
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1.7.5. The actin nodule 

During the early stages of platelet spreading, punctate patterns of F-actin can be 

observed when staining with phalloidin. These were termed actin nodules by 

Calaminus et al, who originally characterised this structure, which shares similarities 

with podosomes (103). Interestingly, actin nodules were reciprocally associated with 

stress fibres, and appeared to be a prerequisite for stress fibre formation. It was 

found that nodules form on several matrices, including fibrinogen, laminin and 

vWF+botrocetin. This was dependent on Src activity and actin polymerisation, as 

the Src inhibitor, PD0173952, or the inhibitor of actin polymerisation, latrunculin A, 

completely abolished actin nodule formation on fibrinogen. These structures also 

colocalised with Rac1 and Arp2/3, suggesting that they require high levels of 

filament branching to form. An important finding was the absence of ROCK1, myosin 

II or Src within this structure, which distinguishes nodules from podosomes and 

suggests that they have different purposes.   

More recently, Poulter et al further characterised the actin nodules through super 

resolution stochastic optical reconstruction microscopy (STORM)(229). In this 

study, actin nodules were found to be encircled by integrins and the 

mechanosensing protein vinculin, suggesting a role in matrix density and shear 

stress detection. Staining for phosphotyrosine, a marker of SFK activity, showed 

that nodules are areas of distinct phosphorylation, consistent with previous findings 

showing Src dependence for nodule formation. Also consistent with the previous 

findings from Calaminus et al regarding Rac1 and Arp2/3 within nodules, was that 

the Arp2/3 cofactor, WASP, strongly colocalised to the nodule (figure 1.17.). The 

importance of WASP in nodule formation was solidified using platelets form WAS 

donors. Platelets from these donors failed to form actin nodules on several matrices 

and were unable to establish or maintain stable 3D thrombi under arterial shear, 

which recapitulates clinical findings in these individuals. Although of limited 

knowledge, it is apparent that actin nodules are critical in functional thrombus 

formation.  
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Figure 1.17. Currently known structure of the platelet actin nodule. During the early stages of platelet spreading, punctate patters of F-actin can be 

observed (upper left insert). F-Actin spiralling, likely a result of Arp2/3 and WASP/WAVE activity, probes the underlying matrix. These nodules are encircled 

by integrins and their respective binding partners, talin and vinculin. There is a high abundance of tyrosine phosphorylation within the nodule, which may 

suggest the nodule’s role as a signalling hub during spreading (Adapted from Poulter et al, 2015). 
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1.8. Aims of this study 

Platelet activation and spreading are critical for haemostasis. However, in 

disease this process can be exacerbated and cause thrombosis, leading to MI 

and stroke. The body uses NO and PGI2 to keep platelets in a quiescent state 

until required and this is requested by the vasculature through exposure of 

subendothelial matrices and soluble factors. During platelet spreading, drastic 

changes in the actin cytoskeleton occur; a tightly regulated process. Although the 

effect of NO and PGI2 has been investigated previously, their role in regulating 

platelets that have already spread has not. Recently, our group has uncovered 

the ability for PGI2-cAMP-PKA signalling to cause reversal of platelet spreading.  

The work presented in this thesis was designed to understand the impact of NO 

and PGI2 on the spread platelet actin cytoskeleton and the role of different 

matrices on this effect. This work was separated into three following aims: 

1. Determine the role of NO in the regulation of the spread platelet actin 

cytoskeleton. 

2. Uncover why the spread platelet actin cytoskeleton is resistant to the 

effects of PGI2 treatment. 

3. Determine the role of fibrinogen matrix concentration on the sensitivity of 

the spread platelet actin cytoskeleton to PGI2 and its effect on actin nodule 

dynamics. 
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Table 2.1. Antibodies used in this thesis, their respective suppliers and dilutions 

Antibody Supplier/catalogue no. Dilution factor 

pVASPser157 (rabbit) Cell Signaling Technology 
(#3111) 

1:1000 

pVASPser239 (rabbit) Cell Signaling Technology 
(#3114) 

1:1000 

GAPDH (mouse) Millipore (AB2302) 1:5000 

pRhoAser188 (rabbit) Santa Cruz Biotechnology 
(sc-32954) 

1:500 

RhoA (rabbit) Cell Signaling Technology 
(#2117) 

1:1000 

pPKA substrate (rabbit) Cell Signaling Technology 
(#9624) 

1:1000 

 

Table 2.2. Inhibitors used in this thesis, their suppliers and final concentrations 

Compound Supplier/catalogue no. Final working 
concentration 

S-nitrosoglutothione Enzo Life sciences 
(ALX-420-002-M025) 

1µM unless otherwise 
stated 

Diethylamine NONOate Enzo Life Sciences  
(ALX-430-034-M010) 

10µM 

8-pCPT-PET-CGMP Biolog Life Science 
Institute (C 045) 

10µM 

Prostacyclin (Na2+ salt) Cayman Chemicals  
(18220) 

10nM unless otherwise 
stated 

Y27632 dihydrochloride Enzo Life Sciences 
(ALX-270-333-M001) 

10µM 

Forskolin  Enzo Life Sciences  
(BML-CN100-0010) 

10µM 

Milrinone Enzo Life Sciences 
(ALX-270-083-M005) 

10µM 

Apyrase Sigma Aldrich 
(A6535) 

2U/ml 

Indomethacin Sigma Aldrich  
(I7378) 

10µM 

 

Table 2.3. Matrix proteins, suppliers and concentrations used 

Matrix protein/peptide Supplier/catalogue no. Adsorption 
concentration 

Fibrinogen  Enzyme Research 
Laboratories 

(FIB 3) 

3 - 100µg/ml  

Collagen (Horm) Takeda 25-100µg/ml  

CRP University of Cambridge 1µg/ml  

GFOGER University of Cambridge 10µg/ml  
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Fibronectin Sigma Aldrich 
(F1141) 

50µg/ml 

 

 

2.1. Platelet isolation via the pH method 

Whole blood was added to acid citrate dextrose (113.8mM D-glucose, 29.9mM 

tri-Na citrate, 72.6mM NaCl, 2.9mM citric acid) and platelets were isolated by 

centrifugation at 90 x g for 10 minutes, where the initial platelet rich plasma (PRP) 

was obtained. A second spin of 120 x g was performed for a further 10 minutes 

to obtain a second fraction of PRP which was combined with the previous fraction 

and mixed with 0.3M citric acid (20µl per mL of plasma to make 6mM) to reduce 

plasma pH and maintain platelets in a quiescent state. This PRP was then 

centrifuged at 800 x g for 12 minutes to sediment the platelets, where platelet 

poor plasma (PPP) was discarded and the platelet pellet was resuspended in 

platelet wash buffer (36mM citric acid, 10mM EDTA, 5mM D-glucose, 5mM KCl, 

90mM NaCl). This was then centrifuged at 800g for 10mins. Platelets were 

resuspended in modified Tyrode’s buffer (20mM HEPES, 134mM NaCl, 2mM 

KCl, 0.34mM Na2HPO4, 12mM NaHCO3, 1mM MgCl2) at the concentrations 

stated and allowed to rest for 40 minutes before use. Whole blood was obtained 

from healthy volunteers in accordance with relevant health and safety guidelines 

under the ethical permission granted by the Hull York Medical School ethical 

committee for ‘The study of platelet activation, signalling and metabolism.’ 

2.2. Platelet spreading 

Matrix proteins were adsorbed on to 13mm2 coverslips for either one hour at room 

temperature, or overnight at 4oC prior to washing twice in PBS to remove any 

unbound protein. Platelets (2x107/ml) were allowed to spread on either fibrinogen, 

fibronectin, collagen, GFOGER or CRP matrices for varying time points before 

being washed with PBS and then treated with inhibitors in modified Tyrode’s 

buffer for the specified times (post-treatment). Alternatively, as shown in figure 

2.1., platelets (2x107/ml) were incubated with inhibitors or vehicle and then 

spread for a specified amount of time (pre-treatment). The samples were fixed in 

4% paraformaldehyde solution for 10 minutes, permeabilised in 0.1% Triton X-

100 for 5 minutes before being stained for actin via FITC-phalloidin incubation for 

1 hour at room temperature. Slides were then washed in PBS and mounted onto 



69 
 

glass slides using ProLong Diamond antifade mountant (Invitrogen - Fisher 

Scientific, Massachusetts, USA)  and imaged after overnight curing on the Zeiss 

Axio Imager fluorescence microscope (Cambridge, United Kingdom) at x63 

(1.4NA) magnification through the Zen Pro software package. Platelet adhesion, 

actin nodule: stress fibre ratios and surface area measurements were analysed 

through Fiji (275) by manual counting and circling, respectively. An actin nodule 

positive phenotype was defined as two or more actin nodules in the absence of 

stress fibres. A stress fibre positive phenotype was recorded if a platelet had 

distinct parallel bundling of F-actin. Platelets which had no discernible actin 

nodules or stress fibres were recorded as ‘unclassifiable’. Five random fields of 

view were imaged per condition, with all platelets within the field being manually 

counted for adhesion and actin structures. 100 platelets were analysed per 

condition for surface area using the freehand circling function in Fiji and their 

means were expressed as µm2.  

 

 

 

 

 

 

 

 

 

 

 

 

25min untreated spreading 

(washed platelets) 

2 x PBS wash 

5min  

Post-treatment 

10min 

20min 

40min 

60min 

Pre-treatment of 

unstimulated 

platelets 
5min  

10min 

20min 

45min 

Platelet spreading 

window 

A) 

B) 

Figure 2.1. Different platelet spreading approaches used within this thesis. A) Post-

treatment spreading. Untreated washed platelets (2x107 for spreading or 2x108 for lysate 

preparation) were allowed to spread on matrices of choice for 25 minutes prior to being 

washed in PBS twice. Adhered platelets were then treated with various compounds and 

their respective vehicle controls for the times indicated. The diagram provided exemplifies 

a post-treatment time course. B) Pre-treatment spreading. Platelets (2x107 for spreading 

or 2x108 for lysate preparation) were incubated with various compounds prior to being 

spread on matrices of choice. The diagram exemplifies a pre-treatment time course of 

spreading, with a fixed incubation time prior to spreading.  
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2.3. Protein quantitation via the Precision Red assay 

Platelet lysates were generated by using 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)) on spread platelets and 

platelets in suspension (2x108/ml). Protein was quantified immediately using a 

small sample of the lysates and the remaining lysates were stored at -20oC for 

later use. Protein quantification was performed using the Precision Red assay kit 

from Cytoskeleton Inc (Denver, USA). 3µl per lysate were loaded in triplicate onto 

a 96 well plate and 300µl of Precision Red reagent was added. After allowing the 

colorimetric reaction to take place, the plate was read at 600nm absorbance on 

the Tecan M200 plate reader using the i-control software program. To determine 

the final protein concentration and content in the lysate, the following formula was 

used according to the manufacturer’s guidelines: 

 Protein concentration (µg/ml) = mean value of triplicates x 125 x100 

 

2.4. SDS-PAGE/Immunoblotting 

Platelets (2x108) were spread according to experimental requirements, lysed and 

protein quantified as stated above. Lysates were diluted in 4x Laemmli buffer 

(40% w/v glycerol, 240mM Tris-HCl, 8% SDS, 0.04% bromophenol blue, 5% β-

mercaptoethanol, pH6.8) to generate equal protein concentrations among 

samples and denatured at 95oC for 5 minutes. Samples were then run on a 10% 

SDS-polyacrylamide gel (table 2.4) at 120v for 90 minutes. Gels were transferred 

onto PVDF via the Trans-blot turbo blot system with kit-specific blotting buffer 

(Bio-Rad, Hertfordshire, UK) (2.5A, 25v) for 10 minutes. After transfer, PVDF 

membranes were allowed to dry for one hour before being reactivated in 

methanol and blocked for 1 hour in 5% milk in tris buffered saline with 0.1% tween 

(TBST). Blocked membranes were then incubated with primary antibody 

overnight in 0.1% TBST (Anti-phospho-VASP (Ser239) rabbit polyclonal 1:1000, 

Cell Signaling Technology, MA, USA; anti-GAPDH mouse monoclonal 1:6000, 

Calbiochem (Merck Millipore), Watford, UK; anti-phospho-RhoA (Ser188) rabbit 

polyclonal, Santa Cruz Biotechnology, Heidelberg, Germany; anti-RhoA mouse 

monoclonal 1:500, Denver, USA). Membranes were then washed in 0.1% TBST 

and infra-red secondary antibodies (IRDye 680RD goat anti-rabbit IgG or IRDye 
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800CW goat anti-mouse IgG (both 1:15000)) were added for one hour with 2% 

non-fat milk in 0.1% TBST. Membranes were then washed three times in 0.1% 

TBST for 10 minutes and imaged on the Odyssey-CLx imaging system at either 

680nm for rabbit primary-anti-rabbit secondary antibodies or 800nm for mouse 

primary-anti-mouse secondary antibodies (LI-COR laboratories, Cambridge, UK). 

Densitometric analysis of banding patterns was automatically performed through 

the Image Studio Lite software package (ver 5.2).  

 

Table 2.4. Protocol for preparation of 10% SDS polyacrylamide gels 

 

2.5. RhoA activation pull down assay 

Knowledge in the protein structure of RhoGTPases and their respective binding 

partners can be exploited to determine the activation status of the RhoGTPases 

in response to differing conditions. Among these exploits is their GTP- vs GDP-

binding status which determines their activation or inhibition, respectively. GTP 

binding increases the RhoGTPase’s affinity for its binding partners, leading to 

downstream signalling events, such as increased ROCK activity and stress fibre 

formation in platelets upon RhoA activation. This increased affinity for binding 

partners has been used to generate robust purification assays for a number of 

RhoGTPases, including the detection of GTP-loaded (activated) RhoA (272,276). 

This assay involves the usage of a highly-specific RhoA substrate, Rhotekin, 

which preferentially binds with GTP-bound RhoA through its Rho-binding domain 

(RBD). Immobilisation of rhotekin-RBD onto glutathione agarose beads allows 

the ‘pulling down’ of the GTP-RhoA:Rhotekin-RBD:glutathione agarose bead 

10% Resolving gel 3% Stacking gel 

6.4mL dH2O 4.87mL dH2O 

5.3mL bis/acrylamide (20%) 1.87mL bis/acrylamide (20%) 

4mL Buffer 1 1.87mL Buffer 2 

75µl ammonium persulfate (10%) 75µl ammonium persulfate (10%) 

5.3µl TEMED 10µl TEMED 
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complex, while leaving unbound GDP-loaded (thus inactivated) RhoA in 

suspension. 

Platelets were allowed to spread on fibrinogen-coated (100µg/ml) 10cm dishes 

as per the platelet spreading post-treatment protocol and treated with either 

vehicle, S-nitrosoglutothione (1µM) with and without 1H-[1,2,4]oxadiazolo[4,3-

a]quinoxaline-1-one (2µM) for 20 minutes. Adhered platelets were then lysed in 

kit-specific cell lysis buffer supplemented with protease inhibitor cocktail and snap 

frozen in liquid nitrogen.  Protein quantitation was performed via Precision Red 

reagent (Cytoskeleton Inc., Denver, USA) with a 96-well plate reader. 50µg of 

rhotekin-RBD beads (Cytoskeleton Inc., Denver, USA) were loaded with 200µg 

of protein and agitated for 90 minutes at 4oC. Samples were centrifuged for 1min 

at 4oC. The resulting supernatant was then discarded and the pellet of beads was 

resuspended in 400µl kit-specific wash buffer (25mM Tris pH7.5, 30mM MgCl2, 

40mM NaCl) and centrifuged again for 3mins at 4oC to remove any unbound 

GDP-RhoA. The resulting supernatant was discarded and 20µl of 2x laemmli 

buffer (20% w/v glycerol, 120mM Tris-HCl, 4% SDS, 0.02% bromophenol blue, 

2.5% β-mercaptoethanol, pH6.8) was added to the pellets before heating the 

samples for 5min at 95oC. Samples were run with their respective total RhoA 

controls (whole cell lysate) though SDS-PAGE and immunoblotting. 

2.6. cAMP concentration measurement through ELISA assay 

10cm dishes were coated in the matrix protein of choice (100µg/ml and 3µg/ml 

fibrinogen) overnight at 40C. These dishes were then washed twice with PBS and 

blocked using 5µg/ml bovine serum albumin. Platelets (2x108/ml) were spread for 

25 minutes prior to the addition of PGI2, milrinone, forskolin or vehicle control for 

either a further 2 or 20 minutes prior to being lysed in 200µl of kit-specific lysis 

buffer. To compare cAMP levels in platelets in suspension, unstimulated and 

PGI2, milrinone and forskolin-treated platelets in suspension (8x108/ml) were also 

lysed. After protein quantification to ensure equal loading, cAMP content in 

platelet lysates was analysed using a cAMP ELISA kit (GE Healthcare - 

Amersham cAMP Biotrak EIA system). 100µl of lysates from all conditions and 

the standards provided were transferred into the supplied 96 well plate. A further 

100µl of kit-specific antiserum was added to each sample well, gently agitated 

and incubated at 40C for 2 hours. 50µl of cAMP-peroxidase conjugate was then 
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added for a further 60 minutes in the dark at 40C. After incubation, each well was 

completely aspirated and washed four times with kit-specific wash buffer.  150µl 

of enzyme substrate was then added to each well and incubated for a further hour 

at room temperature, at which the reaction was terminated using 0.1M sulphuric 

acid. Plates were then read at 450nm wavelength using the Tecan M200 plate 

reader and i-control software program. Each sample was read in triplicate and 

three independent biological repeats were performed to generate mean cAMP 

content. Sample cAMP concentrations were determined using a calibration curve 

of standards provided in the kit and expressed as fmol/mg protein.  

2.7. In vitro flow microscopy 

In vitro flow studies were performed on multichannel microfluidic capillary 

systems (Vena8 fluoro+, Cellix Ltd, Dublin, Ireland) which had been coated in 

300µg/ml fibrinogen or 25µg/ml Horm (equine  tendon type I and III) collagen and 

blocked in 5mg/ml BSA. Whole blood from healthy donors was obtained in 

PPACK (50µM) and platelets were fluorescently labelled with 3,3'-

Dihexyloxacarbocyanine Iodide (10µM) prior to being flowed for 2 minutes at a 

shear rate of 1000s-1 (37oC). Following this initial flow to adhere platelets and 

form thrombi, buffer only or GSNO (100nM or 1µM) were post-flowed over the 

adhered platelets for a further 20 minutes prior to fixation with 4% 

paraformaldehyde. Fixed adhered platelets were permeabilised in 0.1% Triton X-

100 and stained with FITC-phalloidin for epifluorescence imaging on the Zeiss 

Axio Observer (x63 oil immersion objective, 1.4 NA (Zeiss, Cambridge, UK)) via 

the Zen Pro software package on the same day. Acquired images were analysed 

using Fiji (275) through Z-stacking for measurement of thrombus height by taking 

at least 50 0.5µm slices and ensuring that no platelets remain in the upper or 

lower levels of the acquired stack. Platelet adhesion on fibrinogen-coated 

channels was manually counted for 50µm2 per field of view in the upper left-hand 

corner of each image. Within this quadrant, 25 platelets were circled through the 

freehand circling function in Fiji. For each condition, 5 images were taken at 

random. 

2.8. Real-time platelet spreading and F-actin visualisation in LifeAct© mice  

As platelets have no nucleus and cannot readily be cultured from proliferating 

megakaryocytes, there is a limited ability for the real-time visualisation of actin 
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dynamics within the platelet. Although there have been recent advances in actin-

binding probes that claim to allow this, they have had only limited success, 

especially considering the small size of platelets and the need for high resolving 

probes. To address this, a novel 17-amino-acid peptide called LifeAct has been 

generated, which specifically labels actin in its filamentous form without 

dramatically affecting actin dynamics (277). This lack of disruption of actin 

dynamics is key for its real time visualisation. Typically, phalloidin conjugates are 

used for F-actin staining, however these ‘lock’ the actin cytoskeleton in place. The 

LifeAct peptide can be expressed in mice through transfection, resulting in GFP 

fluorescence of F-actin in cells and macro-level tissues.  

Real-time recordings of F-actin dynamics allows analysis of intensity, movement 

and occurrence of F-actin events within the platelet. To accomplish this, analysis 

of video-microscopy recordings of spread LifeAct platelets treated with or without 

PGI2 was undertaken. These platelets were first isolated from CO2 terminally 

anaesthetised 9- to 12-week old mice through the vena cava and added to 100µl 

of acid-citrate-dextrose (113.8mM D-glucose, 29.9mM tri-Na citrate, 72.6mM 

NaCl, 2.9mM citric acid). This was performed by a trained and Home Office 

licenced member of staff at the University of Birmingham in accordance with UK 

animal research laws (Animal Act 1986 (Scientific procedures)) and approval 

through local ethics committee (Birmingham Animal Welfare and Ethical Review 

Board). PRP was obtained through centrifugation at 200 x g for 6 minutes, upon 

which 100ng/ml prostacyclin was added and the PRP centrifuged at 1000 x g for 

a further 6 minutes to obtain a platelet pellet. Pellets were resuspended in 

modified Tyrodes buffer at 2x107. To obtain a fibrinogen matrix for these platelets 

to spread on, 100µg/ml fibrinogen was coated onto 35mm glass-bottomed dishes 

(Mattek, Massachusetts, USA) for 1 hour prior to washing in PBS twice and 

blocking in 5mg/ml BSA (boiled and filtered). Dishes were then washed twice 

again in PBS for later use. For the visualisation of platelet spreading, mouse 

platelets were added to the prepared dishes and imaged in real time using Köhler 

illuminated Nomarski differential interference contrast optics with a 63x oil 

immersion lens (1.4NA) on a Zeiss Axiovert 200M microscope (Zeiss, Cambridge, 

UK). Digital images were captured by a Hamamatsu Orca 285 cooled digital 

camera (Cairn Research, Kent, UK) using Slidebook 4.0 (Intelligent Imaging 

Innovations, Inc., Denver, CO, USA).  
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Platelet suspensions were allowed to interact with the slide until at least one 

platelet adhered to the field of view for the initiation of autofocus for video clarity. 

Platelets were allowed to spread in the dishes for 25 minutes prior to treatment 

with PGI2 for a further 20 minutes. Due to the disturbance in the dish during 

addition of the PGI2 or vehicle control, another field of view had to be recorded as 

a separate file. Videos obtained from platelet spreading and PGI2 treatment 

consisted of repeating 5 second intervals between static images and videos were 

therefore recorded at 0.2 frames per second framerate.  

 After video capture, acquired movies were analysed through the Trackmate 

plugin in the Fiji software package. Blob diameter gating was obtained through 

earlier nodule analysis in human platelets. To reduce background noise and false 

positive acquisitions in the analysis, images were thresholded for maximal 

intensity and quality of fluorescence. Linking distance between video frames was 

set at 100nm to ensure that movement of nodules between the 5 second image 

acquisitions was linked and recorded as one nodule and accounted for any 

possible drifting of the field of view. Nodule characteristics were exported into 

Excel and reported as nodule lifetime (s) and nodule number over time. 

2.9. Statistical analysis 

Data obtained was analysed via one- or two-way ANOVA in the Prism6 software 

package, with statistical significance defined as p<0.05. Statistical analysis of two 

conditions with only one variable were analysed using an unpaired student t test. 

Post-hoc analysis of data was obtained using Tukey’s analysis to determine 

significance among experimental conditions. For percentage data, arcsine 

transformation was performed to create standardly distributed data sets which 

could then be analysed through ANOVA.  
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3.0. Summary 

In in vitro conditions, platelets spread on multiple extracellular matrix proteins, 

including collagens, fibronectins, laminin, fibrin and fibrinogen (74,195,278,279). 

During this spreading process, platelets drastically reorganise and redistribute 

actin into actin nodules, filopodia, lamellipodia and stress fibres, which have been 

shown to be critical for effective platelet function and thrombus formation 

(103,195,229,239,280). NO has previously been shown to regulate RhoA activity 

and actin dynamics prior to platelet activation (199). Our group has recently 

uncovered a role of PGI2 in reversal of platelet spreading and stress fibres at low 

concentrations of PGI2 (273), however as of yet, there has been no reports of the 

effects of NO on the spread platelet and formed thrombus. Therefore, the aim of 

this chapter was to investigate the mechanisms by which NO might affect 

activated spread platelets and how these changes might affect thrombus stability 

under flow conditions. This work led to the discovery that spread platelets, are 

susceptible reversal of platelet activation upon NO treatment and that this could 

underlie the reduction in thrombus formation after treatment with NO.   

3.1. Introduction 

It has long been established that platelets are inhibited by endogenously derived 

NO and PGI2 through activation of PKG and PKA, respectively 

(199,260,281,282). These activated protein kinases are thought to target similar 

proteins and generally have the same purpose, possibly acting in a synergistic 

manner, (201). However, their role during and after thrombus formation is not well 

understood. It recently been shown that platelets form a thrombus with defined 

areas of signalling, resulting in greater solute retention within the inner core, 

whilst the outer shell is more permeable to flowing plasma (76). This indicates 

that the outer core would be potentially susceptible to inhibition via cyclic 

nucleotides. In agreement with this, we have previously shown that PGI2 can 

reduce thrombus coverage (273). Furthermore, whilst sGC knockout mice have 

no spontaneous thrombosis, which suggests that NO signalling may not be 

required for platelet inhibition before thrombus formation (189), sGC knockout 

platelets produce occlusive thrombi upon vascular damage.  This suggest NO is 

able to regulate the shell of the thrombus limiting thrombus size and aid in its 

consolidation and/or thrombolysis via inhibition of platelets in the thrombus shell.  
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A possible mechanism by which NO could inhibit the thrombus shell is via control 

of the actin cytoskeleton. As platelets encounter subendothelial matrix or 

adsorbed fibrinogen they rearrange their actin cytoskeleton to help withstand the 

shear forces within the vasculature.  Initially they form finger-like actin projections, 

termed filopodia. As the platelet spread, punctate patterns of f-actin (actin 

nodules) form, followed by lamellipodia and finally stress fibres. Actin nodules, 

lamellipodia and stress fibres have all been implicated in thrombus stability, partly 

due to the importance of platelet contractility in thrombus formation 

(195,229,239,283). 

Previous research has highlighted that NO can regulate the actin cytoskeleton in 

several ways, more recently through the regulation of MLC phosphorylation 

status via inhibition of RhoA (199). The ability for the platelet to regulate its actin 

dynamics in response to a number of activatory and inhibitory stimuli is essential 

to platelet function and overall haemostasis. For example, platelets from Wiskott-

Aldrich syndrome patients, which lack WASp, are unable to form actin nodules 

and resultingly are unable to stably adhere, spread and resist even low arterial 

shear stress (229). 

The aim of this project was to determine, if NO can modulate the actin 

cytoskeleton of spread platelets and if so, by which mechanism(s). This was 

studied through the use of static platelet spreading assays to identify changes in 

the actin cytoskeleton, immunoblotting of spread platelet lysates to correlate 

phenotypic findings, activated GTPase assays to measure the level of activated 

RhoA, and flow microscopy to identify the effect of NO perfusion on preformed 

thrombi at arterial shear rate. Through these techniques, I have found that 

platelets spread on fibrinogen are susceptible to NO-mediated stress fibre 

reversal through, unlike PGI2, phosphorylation-independent inhibition of RhoA. 

This was found to be cGMP-dependent and synergised with low picomolar doses 

of PGI2 to further reverse stress fibres and inhibit platelet spreading. The reversal 

of stress fibres was shown to reduce the height of preformed thrombi under flow 

conditions, suggesting a role akin to PGI2 for NO in thrombus consolidation. 
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3.2. Results 
 

3.2.1. Time-dependency of platelet spreading 

To investigate the effect of NO on the spread platelet, an optimal time point for 

platelet spreading and stress fibre formation had to be determined. This was 

investigated by allowing platelets to spread for 10, 25, 40 and 60 minutes on 

immobilised fibrinogen (100µg/ml). Previous research in our lab has identified 

that the platelets require approximately 25 minutes to maximally spread and form 

stress fibres (284). As shown in figure 3.1., platelets readily adhere to fibrinogen 

in a time-dependent manner. Additionally, in agreement with our previous 

findings, maximal platelet spreading appeared to be reached at the 25 minute 

time point, with no increase in spread surface area at later times. Also in 

agreement was the formation of stress fibres, which was most prevalent at the 

25-minute time point compared to any other time. Therefore 25 minutes was 

chosen as the spreading time for further experiments. 
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Figure 3.1. Time course of platelet spreading on fibrinogen. Platelets (2x107) were 

allowed to spread on fibrinogen-coated coverslips (100μg/ml) for the indicated times. A) 

Representative images. B) Platelet adhesion per 5 fields of view. C) Spread platelet 

surface area of 100 platelets per condition. D) Actin stress fibre and nodule percentages 

of all platelets within 5 fields of view. Data is representative of two independent repeats, 

with error bars representing standard deviation. Scale bar represents 5μm. 
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3.2.1. Effect of varying concentrations of NO treatment on spread platelets 

A platelet’s ability to maintain its structural integrity through the actin cytoskeleton 

is paramount for functional haemostasis. As our group has previously shown that 

treatment of already spread platelets with PGI2 leads to a reversal of surface area 

and actin stress fibres to actin nodules (a reversal to an earlier spreading 

phenotype) (273), we hypothesised that NO may perform a similar role. We 

therefore designed a spreading experiment to determine the maximal effect, if 

any, that NO may have on the spread platelet and its actin cytoskeleton using an 

F-actin-binding fluorescent dye (FITC/Rhodamine B phalloidin). Initially, platelets 

were spread for 25 minutes prior to treatment with varying indicated GSNO doses 

for a further 20 minutes. As demonstrated in figure 3.2., GSNO has no effect on 

either platelet adhesion or average platelet surface area at any of the 

concentrations tested. Platelets treated with 0.01 and 0.1µM GSNO did not 

significantly increase their actin nodule percentages than control platelets, with 

the levels of actin nodules remaining similar. However, upon treatment of spread 

platelets with 1 and 10µM GSNO, platelets had a significantly higher percentage 

of actin nodules. Importantly, there was no statistically significant difference 

between actin dynamics, surface area or platelet adhesion between treatment 

with 1µM and 10µM GSNO (p = 0.98), therefore suggesting that 1µM was the 

maximal dose for future use. 
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Figure 3.2. Dose-response effect of GSNO on spread platelets. Platelets were spread on 100µg/ml fibrinogen for 25 minutes prior to treatment with varying 

concentrations of GSNO (0.01µM, 0.1µM, 1µM and 10µM) for 20 minutes. A) Representative images. B) Number of adhered platelets per five fields of view. 

C) Average platelet surface area. D)  Percentage of platelet positive for stress fibres or actin nodules. Data is representative of three independent repeats 

with significance defined as p≤0.05. Scale bar represents 10μm. 
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3.2.2. Time-dependent effect of NO treatment on spread platelets 

After identifying the maximal effect of treatment of GSNO on spread platelets, we 

next sought to determine its peak temporal effect. The time by which NO has its 

effect on platelets may indicate its possible utilisation in vivo before, during and after 

thrombus formation. Classically, NO has been viewed as a mild inhibitor which 

keeps platelets in their quiescent state while flowing in the blood and increases the 

activation threshold for platelets to overcome in order to initiate thrombosis. Peak 

time of effect of GSNO on was determined by the treatment of platelets spread for 

25 minutes with 1µM GSNO for a further 2-60 minutes. As indicated in figures 3.3. 

and 3.4., both platelet stress fibres and actin nodules remain at similar percentages 

in control and GSNO-treated conditions at earlier timepoints. This effect appears to 

diverge as GSNO exposure time continues, with a significant reduction in platelet 

stress fibres at 10 minutes and actin nodules at 20 minutes. Due to this discrepancy 

between actin nodules and stress fibres at these time points, it was decided that a 

20-minute GSNO treatment window would be sufficient to show optimal effect for 

further experiments regarding actin structures. To a similar effect, later treatment 

timepoints were not chosen for further experiments due to the increased variation in 

the balance of actin nodules and stress fibres in control conditions.  
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Figure 3.3. Time-dependent effect of GSNO treatment of spread platelets. Platelets (2x107) were spread on 100µg/ml fibrinogen coated coverslips for 

25 minutes prior to treatment with 10µM GSNO or a vehicle control (Modified Tyrode’s buffer) for the times indicated.  Platelets were then fixed, permeabilised 

and stained for F-actin with FITC-phalloidin. Representative images acquired at x63 magnification.  Scale bar represents 5μm. 
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Figure 3.4. Analysis of the time-dependent effect of GSNO treatment on fibrinogen 

spread platelets. A) Percentage of platelets positive for stress fibres. B) Percentage of 

platelets positive for actin nodules. C) Number of platelets adhered per five fields of view. 

D) Average surface area of 100 platelets per repeat, per experiment. Data is representative 

of at least 3 individual experiments with significance defined as p ≤ 0.05 (* ≤ 0.05, ** ≤ 0.01, 

*** ≤ 0.001, **** ≤ 0.0001). 
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3.2.3. Platelet reversibility upon treatment with another NO donor 

(DEANONOate) 

Upon demonstrating the ability for GSNO to reverse platelet actin dynamics, the 

identification if this effect was NO- or GSNO-dependent needed to be undertaken. 

If this effect was only seen upon GSNO treatment, it would likely be due to the 

glutathione residue acting via an unknown mechanism, rather than through NO 

signalling. With this in mind, a similar experiment was performed using an alternative 

NO donor, DEANONOate (DEANO). Upon treatment of spread platelets with 10µM 

DEANO for the same 20 minute treatment window as GSNO, platelets reversed 

their stress fibres and formed actin nodules (figure 3.5). This effect appeared to be 

stronger than GSNO at maximal dose and also significantly reduced platelet surface 

area. Like GSNO at all time points and concentrations, DEANO treatment did not 

lead to a significant reduction in platelet adhesion. These findings suggest that the 

effect of GSNO on the platelet actin cytoskeleton is linked with NO signalling.  
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Figure 3.5. Effect of a second NO donor, DEANONOate, on fibrinogen spread 

platelets. A) Representative images. B) Platelet adhesion per five fields of view. C) 

Average platelet surface area. D) Percentage of platelets positive for stress fibres and actin 

nodules. Data is representative of at least 3 individual experiments with significance defined 

as p ≤ 0.05. Scale bar represents 5μm. 
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3.2.4. Effect of a PKG-activating cGMP analogue on spread platelets 

After identifying the temporal and dose-dependent effects of GSNO and 

recapitulating the effects with the use of another NO donor, it was necessary to 

identify the mechanisms by which GSNO acts upon platelets. It was hypothesised 

that GSNO functions through canonical NO signalling involving activation of sGC, 

production of cGMP and subsequent activation of PKG. In order to begin to 

understand the process by which GSNO affects the platelet actin cytoskeleton, a 

PDE-resistant cGMP analogue, 8-pCPT-PET-cGMP (8-pCPT), was used. Upon 

treatment of spread platelets with 10µM 8-pCPT for 10 minutes, platelets switched 

their actin structures from stress fibres to actin nodules (figure 3.6.), as previously 

observed with GSNO and DEANO. Analogue treatment also led to a proportion of 

platelets that were unclassifiable in structure and were not included in the actin 

structure analysis, but were counted for adhesion and surface area measurements. 

Unlike GSNO but like DEANO, the use of 8-pCPT led to a significant reduction in 

spread platelet surface area. Similarly, with both donors, 8-pCPT did not lead to a 

reduction in platelet adhesion. This data indicates that the observed effect of NO 

donors on the platelet actin cytoskeleton is through cGMP signalling.  
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Figure3.6. Effect of PKG activation through a cGMP analogue on spread platelets. 

Platelets (2x107/ml) were spread for 25 minutes prior to treatment with 10μM 8p-CPT-PET-

cGMP or a DMSO control (0.1%) for a further 20 minutes. A) Representative images B) 

Platelet adhesion per five fields of view. C) Average platelet surface area. D) Percentage of 

platelets positive for stress fibres and actin nodules. Data is representative of at least 3 

individual experiments with significance defined as p ≤ 0.05. Scale bar represents 5μm.  
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3.2.5. Investigation into the role of secondary mediators ADP and TXA2 on 

NO-mediated stress fibre reversal 

Upon platelet activation, platelets release their granule contents as an auto- and 

paracrine signalling mechanism in order to bolster their activation and attract other 

platelets to join the growing thrombus. Among these granule contents is ADP and 

TXA2. Antagonism of TXA2 and ADP through cyclooxygenase and P2Y12 receptor 

inhibition via aspirin and purinergic receptor inhibitors such as Ticagrelor, 

respectively, has been a boon for antithrombotic therapy over the last few decades 

(285,286). As ADP and TXA2 increase the activation status of platelets, it was 

required to identify the effect of NO on ADP- and TXA2-mediated signalling. If 

inhibition of these signalling processes led to a similar phenotype as seen with NO, 

then perhaps NO affects the cytoskeleton in a more indirect mechanism by merely 

decreasing the activation status of the platelet, allowing it to return to an earlier 

spreading point. To investigate the role of ADP and TXA2 signalling and their 

inhibition of platelets, the ADP-catalysing enzyme, apyrase, and the COX-1 inhibitor, 

indomethacin, were used.  Upon preincubation and post-treatment with 2U/mL ADP 

and 10µM indomethacin, platelets were significantly inhibited in their adhesion to 

the fibrinogen matrix when compared to control platelets or those post-treated with 

GSNO (Figures 3.7. and 3.8.) This inhibition was maintained, but importantly not 

compounded in the additional presence of 1µM GSNO, with similar platelet adhesion 

among all samples treated with apyrase and/or indomethacin.  Like previous 

experiments, platelet surface area in response to GSNO treatment alone did not 

significantly reduce platelet surface area. This lack of inhibition of surface area was 

also seen in platelets treated with apyrase and/or indomethacin. Interestingly, 

combined treatment with apyrase and GSNO led to a significant reduction in platelet 

surface area. This reduction was also maintained upon addition of indomethacin. 

Independently or in combination with GSNO, indomethacin did not induce a 

significant reduction in surface area.  Platelet actin structures in response to GSNO 

showed the typical increase in actin nodules and a concomitant decrease in stress 

fibres. This effect was maintained even in the presence of apyrase, indomethacin or 

both, with a strikingly similar phenotype to platelets treated with GSNO alone. This 

data indicates that the modulation of the platelet actin cytoskeleton in response to 

GSNO is not dependent on secondary mediator signalling. 
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Figure 3.7. Representative images demonstrating the effect of secondary mediator inhibition on NO-induced stress fibre reversal in spread 

platelets. Platelets were preincubated with apyrase (2U/ml), indomethacin (10µM), Both, or control (0.1% DMSO) for 10 minutes prior to being spread on 

100µg/ml fibrinogen for 25 minutes, where control buffer or GSNO (1µM) was added in the presence or absence of further apyrase, indomethacin or both at 

the same previous concentrations. Platelets were then fixed, permeabilised and stained for F-actin with FITC-phalloidin. Representative images acquired at 

x63 magnification. Scale bar represents 10μm.  
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Figure 3.8. Analysis of the effect of secondary mediator inhibition on NO-induced 

stress fibre reversal in spread platelets. A) Number of platelets adhered per five fields 

of view. B) Average platelet surface area. C) Percentage of platelets positive for stress 

fibres and actin nodules. Data is representative of 4 independent experimental repeats, with 

significance defined as p≤0.05.  
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3.2.6. Effect of sGC inhibition on NO-treated spread platelets 

In previous experiments, the effect of a cGMP analogue led to a similar phenotype 

of spread platelets treated with GNSO. This suggested that the reversal of the actin 

cytoskeleton is linked with cGMP signalling. As cGMP production in platelets is 

dependent on sGC activation, an experiment was designed to identify the 

phenotypic and signalling effects of sGC inhibition on spread platelets. This was 

done by utilising the small molecular inhibitor of sGC, ODQ. As can be seen in figure 

3.9., treatment of platelets with 2µM ODQ led to an inhibition of GNSO-mediated 

cytoskeletal regulation. Platelets treated with GSNO alone demonstrated the typical 

stress fibre to actin nodule switch, however upon co-treatment with ODQ, this effect 

was completely abolished. Importantly, treatment of spread platelets with ODQ 

alone did not affect platelet adhesion, spreading or actin structures. Under these 

conditions, platelets treated with GSNO have significantly higher levels of 

phosphorylated VASPser239, a marker of PKG activation, than control platelets (figure 

3.10.). In accordance with the spreading data, platelets treated with both GSNO and 

ODQ had similar pVASPser239 levels to control platelets, indicating that the effect of 

GSNO had been prevented/abolished. These data indicate that the effect of NO on 

the spread platelet actin cytoskeleton is sGC-dependent and results in robust PKG 

activation.  
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Figure 3.9. Effect of sGC inhibition on GSNO-mediated platelet stress fibre reversal. 

Platelets were spread for 25 minutes on 100µg/ml fibrinogen prior to treatment with vehicle 

(0.1% DMSO) or GSNO (1µM) in the presence or absence of ODQ (2µM) for a further 20 

minutes. A) Representative images. B) Platelet adhesion per five fields of view. C) 

Percentage of platelets positive for stress fibres or actin nodules. Data is representative of 

three independent repeats, with significance defined at p≤0.05. Scale bar represents 10µm. 
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Figure 3.10. VASPser239 phosphorylation in response to GSNO treatment in the 

presence or absence of a sGC inhibitor. Platelets were spread on 100µg/ml fibrinogen 

adsorbed 10cm dishes for 25 minutes prior to the addition of GSNO (1µM) in the presence 

or absence of the sGC inhibitor, ODQ (2µM) for a further 20 minutes before lysis. Lysates 

were equally loaded onto SDS polyacrylamide gels and probed for pVASPser239 and GAPDH. 

A) Representative immunoblot of pVASPser239 with GAPDH used as a loading control. B) 

Cumulative data obtained from immunoblotting. Data is representative of 3 independent 

repeat experiments, with significance defined as p≤0.05.  
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3.2.7. Signalling mechanisms involved in NO-mediated spread platelet 

inhibition 

After identifying that NO modulates the platelet actin cytoskeleton through a 

sGC:cGMP:PKG mechanism, the mechanism(s) by which PKG can cause this effect were 

investigated. Considering that our group has previously shown that PKA can reverse 

platelet stress fibres through phosphorylation and inhibition of RhoA, it was hypothesised 

that NO was targeting this pathway also. RhoA inhibition leads to a reduction in ROCK 

activation, which would otherwise phosphorylate and inhibit MLCP (272) as MLCP is left 

constitutively active, it can dephosphorylate MLC at will and thus limit the potential for actin-

myosin interactions, leading to limited platelet contractility. To test this hypothesis, spread 

platelets were treated with the ROCK inhibitor, Y-27632. Upon treatment with Y-27632, 

platelets significantly reversed their stress fibres into actin nodules, as observed with 

treatment of NO donors or PKG-elevating agents. Shown in figure 3.11., like GSNO, Y-

27632 did not induce a reduction in platelet adhesion, nor did it affect mean platelet surface 

area. This data suggested that the effect of NO signalling on the platelet actin cytoskeleton 

likely was through inhibition of the RhoA pathway. 
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Figure 3.11. Effect of ROCK inhibition in spread platelets. Platelets were spread on 

100µg/ml fibrinogen for 25 minutes before being treated with vehicle (0.1% DMSO) or 10µM 

Y-27632 for 20 minutes. A) Representative images. B) Platelet adhesion observed from five 

fields of view per experimental condition, per experiment. C) Average platelet surface area. 

D) Percentage of platelets positive for stress fibres and actin nodules. Scale bar represents 

10μm. Images and data are representative of three independent repeat experiments. 

Significance was defined as p≤0.05. Scale bar represents 10µm. 
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The Y-27632 spreading data suggested that NO may be exerting its effects through the 

inhibition of the RhoA pathway. To further investigate this, spread platelet lysates were 

made from platelets in suspension (basal), platelets spread on fibrinogen (control), and 

platelets spread on fibrinogen ± GSNO and ODQ. These samples were then analysed for 

activated RhoA via a pulldown assay, which purifies GTP-loaded and thus activated RhoA. 

As shown in figure 3.12., basal platelets in suspension have little activated RhoA compared 

to spread platelets (control), which have approximately three-fold higher RhoA levels. Upon 

treatment of spread platelets with GSNO for 20 minutes, GTP-RhoA levels significantly drop 

to levels seen in basal platelets. Importantly, treatment of platelets with ODQ and GSNO 

results in similar GTP-RhoA levels, thus corroborating previous findings. This data indicates 

that GNSO inhibits RhoA activity in spread platelets and that this is dependent on sGC 

activity. As PGI2 has previously been shown to phosphorylate RhoA and thus reduce its 

activity, it was hypothesised that NO would also phosphorylate RhoA at serine188. Using 

spread platelet lysates with the indicated conditions, there was a clear lack of pRhoAser188 

in response to GSNO treatment compared to PGI2 treatment (figure 3.13.). This was 

unexpected, and to validate these findings, PGI2 treatment of spread platelets was also 

used as a positive control.  As can be seen, under the same experimental conditions, using 

the same antibody, there was significant RhoAser188 phosphorylation in platelets treated with 

PGI2, but not in GSNO-treated platelets. Together, these data suggest that GSNO causes 

a reduction in spread platelet RhoA levels, however this is independent of pRhoAser188 

status.  
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Figure 3.12. GTP-RhoA levels in platelets treated with or without GSNO in the 

presence or absence of a sGC inhibitor. Platelets were spread on 100µg/ml fibrinogen 

adsorbed 10cm dishes for 25 minutes prior to treatment with vehicle (control (0.05% 

DMSO)) or GSNO (1µM) in the presence or absence of 2µM ODQ for a further 20 minutes. 

Lysates were collected and a Rhotekin lure was used to isolate the fraction of activated 

RhoA in each condition. Isolated GTP-RhoA was the ran under standard SDS-PAGE and 

probed for total RhoA. Whole cell lysate was used as a loading control. A) Representative 

immunoblot. B) Densitometric analysis of banding obtained, with data represented as fold 

change over basal. Data is expressed as mean with S.E.M and is representative of 4 

independent repeats with significance defined as p≤0.05.  
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Figure 3.13. Phosphorylation of RhoA at serine 188 in response to NO and PGI2 

treatment of spread platelets. Platelets were spread on 10cm dishes adsorbed with 

100µg/ml fibrinogen for 25 minutes before treatment with a vehicle control (0.005% PGI2). 

NO (1µM) or PGI2 (10nM). Platelets were then lysed, ran under SDS-PAGE and 

immunoblotted for pRhoAser188. A) Representative immunoblot. B) Densitometric analysis 

of banding obtained, with data represented as fold change over basal. Data is 

representative of four independent repeats with significance defined as p≤0.05. 
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3.2.8. Synergism of NO and PGI2 on the spread platelet actin cytoskeleton 

Previous literature has shown that PGI2 and NO can synergise at very low 

concentrations (287). The data highlighted in figures 3.16. and 3.17., as well as 

previous work from our lab indicated that platelet actin can be modulated through 

phosphorylation of RhoA upon treatment with PGI2, but RhoA can be reduced by 

pRhoAser188-independent mechanisms in platelets treated with NO (273). Therefore, 

it was hypothesised that NO and PGI2 synergistically act on the RhoA pathway 

through different mechanisms. To investigate this, spread platelets were treated with 

very low physiologically appropriate concentrations of NO and/or PGI2. As shown in 

figure 3.14., control platelets spread on fibrinogen, like previously, formed stress 

fibres, with a minority of actin nodule-positive platelets. This was a similar finding 

with treatment of platelets with 10nM NO or 300pM PGI2. Similarly, platelet surface 

area was also unchanged between control, NO-treated and PGI2-treated platelets. 

Strikingly, co-treatment with the same concentrations of NO and PGI2 resulted in a 

significant increase in the percentage of platelets positive for actin nodules, and a 

significant decrease in the number of stress fibres, indicating that these platelets 

had reversed their actin structures to an earlier spreading phenotype. Additionally, 

platelets treated with this combination significantly reduce in surface area. 

Importantly, the effect of co-treatment with NO and PGI2 on actin structures and 

surface area was not only significant compared to control platelets, but also singular 

NO or PGI2 treatments. This data indicates that NO and PGI2 synergise to regulate 

the spread platelet actin cytoskeleton and spreading dynamics.  
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Figure 3.14. Synergism between GSNO and PGI2 on the spread platelet actin 

cytoskeleton. Platelets were spread on 100µg/ml fibrinogen for 25 minutes prior to 

treatment under control conditions, 10nM GSNO, 300pM PGI2 or both GSNO and PGI2 for 

a further 20 minutes. A) Representative images taken at 630x magnification. B) Percentage 

of platelets positive for stress fibres and actin nodules. C) Number of adhered platelets per 

five fields of view obtained. D) Average platelet surface area. Data is representative of 3 

independent repeats, with significance defined as p≤0.05. Scale bar represents 10µm. 
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3.2.9. Effect of GSNO on thrombus sustenance under flow 

Platelets must be able to withstand shear stress within the vasculature during 

thrombus formation. This, in part, is provided by the actin cytoskeleton by linking 

activated integrins with F-actin and actin-myosin interactions. As previous 

experiments have helped identify that NO signalling can reduce intraplatelet RhoA 

activity, it was hypothesised that platelets within a preformed thrombus would be 

unable to withstand arterial shear upon exposure to NO. Therefore, anticoagulated 

whole blood was flowed over collagen-coated microfluidic channels to form thrombi 

for 2 minutes, after which GSNO or buffer + vehicle was perfused through the 

thrombi at the same arterial shear rate. Initially, 1µM GSNO was only used, as this 

had been the concentration used in previous spreading experiments. However, due 

to the addition of shear stress into the experimental conditions, a lower 

concentration of 100nM GSNO was also used, as the act of flow may exacerbate 

any effects on the thrombus stability. As shown in figure 3.15., platelets readily form 

thrombi on collagen matrix at 1000s-1 shear. Upon treatment with buffer + vehicle 

(PBS), thrombi that are formed have a height of 17.4 ± 0.94µm and a surface 

coverage of 17.9 ± 1.29%, thus indicating that the platelets are forming three-

dimensional thrombi. Upon post-perfusion of preformed thrombi with GSNO at both 

1µM and 100nM for 20 minutes, thrombus height was significantly reduced 

compared to control conditions. Interestingly, there was no difference in thrombus 

height between GSNO-treated thrombi at these two different concentrations. 

Although thrombus height was reduced upon GSNO treatment, the underlying 

thrombus foundations, in the form of platelet surface coverage, remained unaffected 

in all conditions. It is of note that the thrombus structure in platelets treated with 

GSNO at both concentrations appeared phenotypically different compared to control 

thrombi. Thrombi treated with GSNO showed a streakier appearance in alignment 

with the direction of flow. This data indicates that GSNO can reduce the height of 

preformed thrombi on collagen in vitro. 
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Figure 3.15. Effect of GSNO post-perfusion on established thrombi formed on 

collagen. Whole PPACK anticoagulated blood stained with DiOC6 was perfused through 

Collagen (50µg/ml) coated microfluidic channels for 2 minutes before being treated with a 

vehicle control or GSNO (100nM or 1µM) for 20 minutes. Thrombi were then fixed in 4% 

paraformaldehyde and restained in DiOC6 before being visualised under epifluorescence 

microscopy (including z-stacking). A) Representative images of DiOC6 (membrane) stained 

platelets. B) Thrombus height measured via z-stacking. C) Percentage surface coverage 

per five fields of view. Images obtained at x63 magnification. Data is representative of three 

independent repeats and expressed as mean with S.E.M, with significance defined as 

p≤0.05. Scale bar represents 20µm. 
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3.2.10. Effect of NO on fibrinogen adhered and spread platelets under flow 

After discovering a possible role for NO on formed thrombus stability on collagen, it 

was next queried how this removal of platelets from the thrombus occurs. Platelets 

adhering on collagen under flow can form large multi-layered thrombi through the 

abridgment of neighbouring platelets through plasma fibrinogen interactions with 

their αIIbβ3 integrins (288,289). Therefore, we hypothesised that platelets adhered 

to fibrinogen would be markedly affected by post flow of GSNO.To identify if this 

was the case, anticoagulated whole blood was flowed over fibrinogen-coated 

(300µg/ml) microfluidic channels for 2 minutes to allow platelets to successfully 

adhere and spread.  GSNO (100nM) or buffer + vehicle (PBS) was then perfused 

over the platelets at the same shear rate for 20 minutes. As can be seen in figure 

3.16., under control conditions, the majority of platelets adhering to the underlying 

fibrinogen fully spread, with a minority of platelets still in their rounded, pre-spread 

form. Surface coverage of platelets in control conditions was 40.78 ± 1.89% 

coverage of the underlying fibrinogen matrix. Upon GSNO treatment, platelets have 

a significantly reduced surface coverage (24.96± 4.68%). Individual platelet 

adhesion between both conditions were similar, suggesting that the reduction in 

surface area coverage was due to reversal of platelet spreading. This was confirmed 

through measurement of individual platelet surface area, with GSNO-treated 

platelets having a significantly reduced surface area compared to control platelets. 

It was hypothesised that, in accordance with the static spreading data, these 

platelets that had reduced in surface area would have had their stress fibres 

reversed also. To determine this, the same flow experiment was performed, 

however platelets were then stained with Rhodamine-B phalloidin to visualise actin 

structures in these platelets. F-actin staining confirmed this hypothesis; upon GSNO 

treatment platelets had undergone a similar reversal of stress fibres. Due to 

resolving issues in these much smaller platelets and the fact that they were imaged 

in a 3D format using epifluorescence, actin nodule formation, as analysed in static 

platelets, could not be confidently achieved. However, as shown in figure 3.16.E, 

platelets under flow can form actin nodules. Together, this data demonstrates that 

NO can cause stress fibre reversal on fibrinogen under flow, which is linked with a 

reduction in platelet surface area and overall matrix coverage.  
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Figure 3.16. Effect of GSNO treatment on fibrinogen spread platelets under flow. 

Whole PPACK anticoagulated blood stained with DiOC6 was perfused through fibrinogen 

(300µg/ml) coated microfluidic channels for 2 minutes before being treated with a vehicle 

control or 100nM GSNO for 20 minutes. Channels were fixed in 4% paraformaldehyde after 

each run, permeabilised and stained with Rhodamine-B phalloidin before being visualised 

under epifluorescence microscopy. A) Representative images of DiOC6 (membrane) 

stained platelets. B) Percentage area coverage. C) Number of adhered platelets per 

0.1mm2. D) Average platelet surface area. E) F-actin staining of spread platelets under flow 

following treatment with a vehicle control or GSNO (1µM). F) Percentage of platelets 

positive (SF+) or negative (SF-) for stress fibres. Images obtained at 630x magnification. 

Data is representative of three independent repeats, with significance defined as p≤0.05.  

Scale bar represents 5µm. 
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3.3.  Discussion 

Historically, platelets have been considered terminal in their activation status. The 

effect of cyclic nucleotide signalling on platelets has had a similar dogma, with PGI2 

and NO merely being considered as weights in the balance of platelet activation 

status within the circulating blood, whereby activated platelets overcome this 

threshold to then fully activate and form a thrombus. This present work has 

challenged both notions by demonstrating that platelets are plastic in their activation 

and cytoskeletal dynamics in response to NO-mediated signalling. This effect was 

determined using two separate NO donor molecules, GSNO and DEANONOate, 

which showed similar effects on the spread platelet actin cytoskeleton, leading to 

reversal of formed stress fibres into actin nodules. This effect was determined to be 

through the activation of the only receptor for NO in platelets, sGC, using the 

selective inhibitor, ODQ. In agreement with this finding of presumed cGMP-

mediated stress fibre reversal, the non-hydrolysable cGMP analog, 5-cPT-PET-

cGMP, led to a similar significant increase in stress fibre reversal and actin nodule 

formation. Previously, our group has uncovered a role for PGI2 in potent reversal of 

stress fibres in platelets, effected through an inhibition of the RhoA pathway through 

phosphorylation of RhoA (273)Unlike PGI2, NO treatment did not lead to a significant 

increase in pRhoAser188, however, there was a significant reduction in GTP-bound 

(activated) RhoA, which was then reversed in the presence of ODQ, suggesting that 

the reduction in RhoA activity observed upon GSNO treatment was via a 

phosphorylation-independent mechanism.  

It is of importance to note that the level of stress fibre reversal observed in GSNO 

treated platelets was lower than those treated with DEANONOate. This may be a 

result of an increase in rate of spontaneous NO release by DEANONOate, which 

has been shown to follow first order kinetic release (290), but may due to the dual 

NO groups attached to this complex, thereby leading to double NO release per mole 

compared to GSNO. Additionally, GSNO has been shown to be enzymatically 

metabolised on the cell surface, with NO liberation dependent on a protein 

disulphide isomerase (188), which may be a rate-limiting step in the generation of 

NO and subsequent activation of the PKG pathway. Conversely, here the use of a 

cGMP analog led to a similar reversal of stress fibres as GSNO, therefore it may be 

more likely that either the rate of NO release from DEANONOate may cause non 

cGMP mediated effects, such as S-nitrosylation of extracellular and/or cytosolic 

proteins. Although there was a greater reversal of stress fibres observed with 
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DEANONOate treatment, GSNO was used for further experimentation, as it was a 

more physiologically relevant source of NO, which has been identified within the 

body and proposed as storage pool for NO.  

Due to the labile nature of NO and PGI2, studies investigating their concentrations 

have used more stable metabolites, which although easier to measure, are often 

utilised or produced by other pathways. This is especially true of the determination 

of NO in the plasma. NO concentration has been inferred using its more stable 

oxidation products, nitrate and nitrite, which were shown to be approximately 70μM 

(291). The validity of these measurements however is limited, as these metabolites, 

although more stable than NO, accumulate over time and are also present in the 

diet and is hard to control for in human subjects (292). To measure accurate 

vascular endothelial release of NO, a more direct approach must be made. Using a 

catheterised NO sensor, Neishi et al. found that the NO concentration in the 

coronary artery increased from almost non-detectable levels to 3-10nM, depending 

on the dose of acetylcholine injected into participants (293). Currently, there has 

been no consensus reached for the resting plasma concentration for NO, and this 

is an obvious area of further research. 

Estimation of plasma PGI2 concentration has been performed and indicates a low 

nanomolar range. Early studies from Fitzgerald et al. used the stable PGI2 

metabolite variants of 6-keto-PGF1α excreted in the urine to estimate PGI2 plasma 

concentrations upon infusion of PGI2 into healthy subjects (294). This study 

surprisingly estimated PGI2 plasma concentrations much lower than was expected, 

at 3.4pg/ml (9.64nM). More recently, the levels of excreted PGI2 metabolites was 

corroborated by Cavalca et al. using an identical chromatographic approach, which 

further suggested that plasma PGI2 concentrations are in the low nanomolar range 

(295).  

Radomski et al. have previously shown a synergistic relationship between NO and 

PGI2 at nanomolar and picomolar concentration, respectively, leading to increased 

inhibition of aggregation to collagen (287). It was therefore hypothesised that both 

endogenous inhibitors would be synergistic partners in reversal of stress fibres in 

our spreading assays. Accordingly, fibrinogen spread platelets treated with 10nM 

NO and 300pM PGI2 led to a significant reduction in formed stress fibres when 

compared to NO or PGI2 alone (figure 3.14.). This finding is consistent with those 

previously published by the Moncada group (287), and further supports the 
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phosphorylation-independent inhibition of RhoA that was observed upon NO 

treatment, as it is likely that RhoA was being inhibited by two distinct mechanisms 

in spread platelets due to the synergism observed. Nagy et al. have reported the 

phosphorylation of a GEF and GAP, ARHGEF17 and ARHGAP6, respectively, 

through PKA and PKG leading to a reduction in Rac1 activity (296). Investigation of 

the effects of NO on these inhibitors and activators of RhoGTPases should be 

further undertaken on regulators responsible for RhoA regulation. Currently, there 

is no reported mechanism of phosphorylation-independent inhibition of RhoA by 

PKG, which may suggest the combined data shown in figures 3.16. and 3.17. 

represent a novel, unreported mechanism, potentially involving regulation of 

upstream RhoGEFs and RhoGAPs. Alternatively, the insignificant phosphorylation 

increase in GNSO-treated spread platelets may require further experimental repeats 

to reach significance. However, it is clear that at a GSNO concentration required for 

maximal stress fibre reversal, pRhoAser188 levels are significantly lower than when 

treated with low dose PGI2, may reflect the comparatively weaker inhibitory capacity 

of NO signalling in platelets. 

More recently, a synergistic relationship between PKG and PKA has been shown in 

HEK293 cells, whereby active PKG can positively regulate PKA function through 

phosphorylation of the PKA regulatory subunit at ser101 (297). This was seen with 

PKG1 however, and there are no current reports of this effect with the platelet-

expressed  isoform. Due to the similarity between the  and β isoforms in their 

catalytic domains, this effect should also be investigated in platelets. This may 

uncover the possible enhancement of PKA sensitivity to cAMP in response to PKG 

activation, thus increased RhoA inhibition and stress fibre reversal in spread 

platelets.  

Platelet contractility, in part through the formation of stress fibres, allows secure 

binding to sites of vascular injury. Accordingly, PF4-Cre RhoA knockout mice have 

a reduction in stress fibre and thrombus formation in vitro and in vivo, with those 

platelets forming more unstable thrombi (280). Consistent with this, our findings 

involving RhoA inhibition correlated with a significant reduction in the height of 

preformed thrombi on collagen. This reduction in thrombus height was not 

accompanied by a reduction in surface coverage, indicating that the upper layers of 

the thrombus had embolised away upon GSNO treatment. It was hypothesised that 

the upper layers of platelets within the thrombus were predominantly abridged by 
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fibrinogen monomers. In agreement, platelets spread under shear significantly 

reverse in their stress fibres in response to GSNO, suggesting that the reduction in 

thrombus height may be attributable to a loss in platelet contractility in the form of 

stress fibre disassembly. Previous research has also demonstrated inhibition of 

platelet contractility using blebbistatin, a myosin II inhibitor, or Y27632, a ROCK 

inhibitor, led to the formation of unstable thrombi on collagen with enhanced 

embolisation events (195). 

Collagen-mediated thrombi height was significantly reduced with 1M GSNO 

perfusion; the dose that was found to be maximal for stress fibre reversal under 

static conditions (figure 3.3). Surprisingly, a lower perfusion dose of 100nM caused 

a similar reduction in thrombus height also. At the time of experimentation and 

publishing there were no published research regarding flow-induced NO sensitivity 

in platelets. Recently, Wen et al. have reported dose-dependent shear-induced NO 

sensitivity in murine platelets using an expressed fluorescent intracellular cGMP 

biosensor (298). It was also found that cGMP levels were most abundant in the 

‘shell’ of the thrombus and resulted in the controlled consolidation of the thrombus 

over time. Importantly embolization events were significantly lower in sGC knockout 

mice, indicating that this was primarily through cGMP synthesis.    

3.4. Conclusion 

With the findings outlined in this chapter and previous research highlighting the 

critical role of platelet contractility in thrombus formation, it appears that NO can lead 

to the reduction of preformed thrombus mass through controlled embolisation of the 

upper layers of the thrombus. These findings require further investigation, including 

the quantification of platelet contractility in response to GSNO and potential 

upstream targets of NO which regulate RhoA function.  

 

 

 

 

 



111 
 

 

 

 

 

 

  
Collagen mediated PGI2 resistance in 

spread platelets 

 

 

 

 

 

 

 

 

 



112 
 

4.0. Summary 

During thrombus formation, platelets interact with the subendothelium exposed 

through endothelial damage. Within the basal lamina lie a vast array of matrix 

proteins which have historically been demonstrated to activate platelets in several 

different ways, either using overlapping or distinct signalling pathways depending 

on the matrix protein concerned (96). The utilisation of different signalling pathways 

has also been shown to result in different phenotypic effects on platelets, with 

different matrices and or soluble agonists, and their concentrations causing different 

actin and spreading dynamics (103,247,299,300). Our lab has previously found that 

platelets spread on collagen do not reverse their stress fibres or reduce in spread 

surface area in response to PGI2. The aim of this chapter was to determine which 

mechanism(s) are involved in PGI2 resistance in spread platelets. 

4.1. Introduction 

Previous findings within our group have shown that when interacting with fibrinogen, 

platelets are readily reversed by treatment with PGI2 or NO and other PKA- and 

PKG-elevating agents, respectively (273,301). Other groups have also shown 

elevated PKA activity and cGMP accumulation in developing thrombi, further 

indicating that PKA and cGMP signalling may be required for more than platelet 

quiescence prior to thrombus formation (298,302)This has highlighted the possibility 

of PGI2 and/or NO to not only prevent thrombosis, but also coordinate it through the 

ongoing reversibility of platelet activity within and around the thrombus. Given 

findings from the Brass group at the University of Pennsylvania, showing that the 

thrombus environment heavily relies on platelet packing and that thrombi have 

distinct areas, platelet contractility provided by stress fibre formation is likely key in 

maintaining thrombus integrity (76,78,79). This, coupled with our stress fibre 

reversal findings, suggests that a thrombus can be kept from excessive growth by 

the ever-present challenge of inhibitory signals provided by PGI2 and NO, not only 

preventing platelet attachment, but also potentially causing controlled platelet 

embolisation. Additionally, overall thrombus architecture may be determined by the 

activation and phenotype of platelets due to the varying effects of PGI2.  For 

example, platelets interacting with fibrinogen are readily reversed by PGI2, leading 

to loss of stress fibres and a presumed reduction in contractility. This may then 

cause fibrinogen-activated platelets to embolise from the thrombus, giving the ‘tail’ 

to the thrombus that is regularly seen in in vivo thrombus formation assays (78,302). 
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Platelets interacting with other proteins, likely deeper within the thrombus may be 

less sensitive to the effects of PGI2 and will therefore retain their contractility and 

remain bound to the body of the thrombus. This has been observed previously by 

our group, where it was found that collagen spread platelets did not respond to PGI2, 

whereas those spread on fibrinogen fully reversed their stress fibres (unpublished 

data). 

Thrombi are highly heterogeneous, likely owing to several factors such as local 

shear rate of flowing blood, atheromatous plaques, presence of oxidised LDL, and 

types and stiffness of matrix proteins exposed and incorporated upon vascular injury 

(17,303–305). As our group has shown reversal of formed stress fibres in platelets 

spread on fibrinogen but not collagen, we sought to investigate why collagen-spread 

platelets do not respond to PGI2 and the potential role of this lack of effect on 

thrombus formation. There is surprisingly little published data on the effects of PGI2 

on collagen spread platelets. There is a report of PGI2 causing an inhibition of 

platelet adhesion and spreading on collagen, however this has yet to be 

corroborated by other groups (228). One group has negated the use of PGI2 in 

preference of the cAMP activator, forskolin, during collagen spreading, which 

caused an inhibition of platelet adhesion (306). With the data currently at hand, it 

was hypothesised that either GPVI or α2β1 signalling was responsible for the lack 

of response to PGI2 that our group had previously observed.  
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4.2. Results 
 

4.2.1. Platelet spreading on collagen matrices in the presence or absence of 

PGI2 

Platelet spreading analysis was performed on platelets spread on collagen for 5, 15, 

30 and 45 minutes with or without PGI2 to validate scarce findings previously 

published (228). Platelets were incubated with 10nM PGI2 for two minutes prior to 

being spread on 100µg/ml collagen for the allotted times. As shown in figures 4.1. 

and 4.2., platelets interacting with collagen adhere in a time-dependent manner, 

with platelets significantly increasing in their adhesion at 30 and 45 minutes when 

compared to platelets spread for 5 minutes. Spread platelet surface area was also 

time-dependent, with maximal surface area being reached at 45 minutes. There was 

a concomitant increase in platelet spreading and stress fibre formation, with lesser 

spread platelets at 5 minutes having fewer stress fibres than those spread for 45 

minutes. Unlike platelets spread on fibrinogen, actin stress fibres on collagen do not 

appear to be preceded by actin nodules, which was in agreement with previous data 

(284). In place of actin nodules, platelets initially spreading on collagen have varying 

non-descript actin structures which were deemed unclassifiable. These 

unclassifiable platelets were inversely correlated with stress fibre formation and had 

the highest incidence at 5 minutes and disappeared in a time-dependent manner. 

Irrespective of PGI2 treatment, both adhesion and platelet spreading was unaffected 

in comparison to control conditions. Surprisingly, this lack of effect was observed in 

the formation of stress fibres in these platelets also, suggesting that collagen spread 

platelets are resistant to PGI2.  
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Figure 4.1. Platelet spreading on collagen in the presence or absence of PGI2. Platelets (2x107/ml) were incubated with PGI2 (10nM) 2 
minutes prior to being spread on collagen immobilised coverslips (100µg/ml) for the indicated times. Platelets were then fixed in 4% formaldehyde 
and permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. Examples of stress fibres are indicated with white arrows. 
Scale bar represents 20µm. 
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Figure 4.2. Analysis of platelet spreading on collagen in the presence or absence of 

PGI2. A) Platelet adhesion per 5 fields of view. B) Spread platelet surface area. C) 

Percentage of platelets positive for actin nodules, Stress fibres, both or unclassifiable. Data 

represents the means ± SD of three independent experiments, with significance defined as 

p ≥ 0.05 (* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001).  
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4.2.2. Collagen spread platelets are resistant to PGI2-mediated cytoskeletal 

reversal independently of secondary mediator signalling 

Having established that platelets preincubated with a physiologically-relevant PGI2 

concentration are uninhibited when interacting with collagen, we next sought to 

investigate the effect of PGI2 on platelet reversal when spread on collagen. Our 

group has previously demonstrated that fibrinogen-spread platelets are sensitive to 

low dose PGI2, therefore any differences in sensitivity to PGI2 on these two matrices 

may demonstrate the underlying mechanics of thrombus formation. 

Platelets were incubated in the presence or absence of apyrase and indomethacin 

for 10 minutes and were spread on collagen-immobilised coverslips for 25 minutes 

prior to treatment with 10nM PGI2, apyrase (2U/ml) and indomethacin (10µM), PGI2 

+ apyrase and indomethacin or vehicle (0.1% DMSO) for a further 20 minutes. As 

demonstrated in figure 4.3., platelets pre-treated with apyrase and indomethacin 

appear to have reduced adhesion when interacting with collagen, however this did 

not reach statistical significance when using a one way ANOVA with Tukey analysis 

and therefore would require more experimental repeats. Interestingly, when treated 

with PGI2, irrespective of apyrase and indomethacin, collagen spread platelets were 

completely resistant to the effects of PGI2, with no differences in platelet adhesion, 

spread surface area, or actin structures. This data suggests that unlike fibrinogen-

spread platelets, platelets spread on collagen are resistant to PGI2. Additionally, the 

independence of this resistance to inhibition of secondary mediators indicates that 

there is no effect of ADP or TXA2 on PGI2 sensitivity in these platelets.   

 

 

 

 

 

 

 

 

 



118 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Analysis of platelet spreading on collagen in the presence or absence of 

PGI2 with or without secondary mediator inhibition. Platelets (2x107/ml) were incubated 

with apyrase (2U/ml) and indomethacin (10µM) or vehicle alone (0.1% DMSO) for 10 

minutes prior to being spread on collagen coated coverslips (100µg/ml) for 25 minutes. 

Spread platelets were then treated with vehicle, PGI2 (10nM), apyrase (2U/ml) and 

indomethacin (10µM), or a combination of PGI2 and apyrase and indomethacin for a further 

20 minutes. Platelets were then fixed in 4% formaldehyde and permeabilised in 0.1% Triton 

x-100 before being stained in rhodamine-B phalloidin. A) Representative images. B) 

Platelet adhesion per 5 fields of view. C) Spread platelet surface area. D) Percentage of 

platelets positive for stress fibres, actin nodules, both or unclassifiable. Data represents the 

means ± SEM of three independent experiments, with significance defined as p ≥ 0.05.Scale 

bar represents 10µm). 
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4.2.3. Validation of PKA elevating agents in platelets spreading on collagen  

Due to lack of sensitivity to PGI2-mediated cytoskeletal reversal in platelets spread 

on collagen, it was then decided that an underlying mechanism of this lack of effect 

should be investigated. This was initially investigated using inhibitors targeting the 

generation of cAMP formation in response to PGI2. To inhibit degradation of cAMP, 

milrinone was used to inhibit PDE3, the chief effector of cAMP hydrolysis. To 

establish the role of AC in the generation of cAMP in collagen spread platelets, the 

AC activator, forskolin, was used. The reversal of formed stress fibres in collagen 

spread platelets with either of these inhibitors would suggest that the mechanism of 

PGI2 insensitivity is related to the target of the inhibitor. If there was no response 

from either inhibitor, this would suggest that there may be direct PKA inhibition, or 

another cAMP:PKA mechanism at play, likely the inhibition of an effector protein that 

would be a target for PKA-mediated phosphorylation.  

To ensure that both milrinone and forskolin were effective at the doses chosen from 

the literature, they were incubated with platelets prior to spreading on fibrinogen for 

45 minutes. Fibrinogen was chosen as the matrix as our group has previously shown 

reversal of stress fibres upon incubation with either molecule. As shown in figure 

4.4., platelets allowed to spread on fibrinogen for 45 minutes readily adhere , spread 

and form stress fibres. Consistent with the inverse relationship between actin 

nodules and stress fibres, the number of actin nodule positive platelets was 

relatively low in control conditions. Upon PDE3 inhibition with milrinone, platelet 

adhesion was significantly reduced when compared to control conditions, as was 

spread platelet surface area. Direct AC activation by forskolin treatment in platelets 

resulted in a similar effect as milrinone, also with significantly reduced platelet 

adhesion and surface area. As with PGI2 treatment in platelets, there was an 

inhibition of platelet stress fibre formation in both milrinone and forskolin. Actin 

nodule formation was drastically increased in platelets treated with milrinone or 

forskolin. This data suggests that at the doses chosen, milrinone and forskolin have 

a significant effect on platelet activity and is therefore suitable to use in collagen 

spread platelets to investigate the mechanisms of PGI2 insensitivity.  
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Figure 4.4. Platelet adhesion and spreading in response to pre-treatment with 

molecules which increase cAMP production. Platelets (2x107) were incubated with 

vehicle (0.1% DMSO), milrinone (10µM) or forskolin (1µM) for 10 minutes prior to being 

spread on 100µg/ml fibrinogen for 45 minutes. Platelets were then fixed in 4% formaldehyde 

and permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. A) 

Representative images. B) Platelet adhesion per 5 fields of view. C) Spread platelet surface 

area. D) Percentage of platelets positive for stress fibres, actin nodules, both or 

unclassifiable. Data represents the means ± SEM of four independent experiments, with 

significance defined as p ≥ 0.05. Scale bar represents 10µm. 
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4.2.4. PGI2 insensitivity in collagen spread platelets is likely through the 

inhibition of adenylyl cyclase 

Due to lack of sensitivity to PGI2-mediated cytoskeletal reversal in platelets spread 

on collagen, it was then decided that an underlying mechanism of this lack of effect 

should be investigated. This was initially investigated using inhibitors targeting the 

generation of cAMP formation in response to PGI2. To inhibit degradation of cAMP, 

milrinone was used to inhibit PDE3, the chief effector of cAMP hydrolysis. To 

establish the role of adenylyl cyclase in the generation of cAMP in collagen spread 

platelets, the AC activator, forskolin, was used. The reversal of formed stress fibres 

in collagen spread platelets with either of these inhibitors would suggest that the 

mechanism of PGI2 insensitivity is related to the target of the inhibitor. If there was 

no response from either inhibitor, this would suggest that there may be direct PKA 

inhibition, or another cAMP:PKA mechanism at play, likely the inhibition of an 

effector protein that would be a target for PKA-mediated phosphorylation.  

As can be shown in figure 4.5., platelets spread on collagen remain resistant to PGI2 

with regards to adhesion, surface area and stress fibre sustenance. This lack of 

reversal was also maintained in platelets treated with milrinone, indicating that PGI2 

resistance in collagen spread platelets is not through modulation of PDE3 function. 

Interestingly, when platelets were treated with the AC activator, forskolin, collagen 

spread platelets readily formed actin nodules, suggesting that they had reversed 

their formed stress fibres, indicated by a reduction in stress fibre sustenance. 

Because of this stress fibre reversal, platelet surface area in response to forskolin 

treatment was significantly reduced also. 

 

 

 

 

 

 

 

 

 



122 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Effect of inhibition of PDE3 and activation of AC in platelets spread on 

collagen. Platelets (2x107) were spread on 100µg/ml collagen for 25 minutes prior to 

treatment with vehicle (0.1% DMSO), PGI2 (10nM), milrinone (10µM) or forskolin (10µM) for 

a further 20 minutes. Platelets were then fixed in 4% formaldehyde and permeabilised in 

0.1% Triton x-100 before being stained in rhodamine-B phalloidin. A) Representative 

images. B) Platelet adhesion per 5 fields of view. C) Spread platelet surface area. D) 

Percentage of platelets positive for stress fibres, actin nodules, both or unclassifiable. Data 

represents the means ± SD of at least three independent experiments, with significance 

defined as p ≥ 0.05. * = p ≥ 0.05. Scale bar represents 10µm. 
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4.2.5. Investigation of collagen-specific receptors in platelet PGI2 

insensitivity 

The finding that collagen spread platelets are resistant to PGI2 and that this is 

seemingly dependent on the inhibition of AC posed the question as to which 

receptor was the cause of this effect. To understand this mechanism further, platelet 

spreading was performed on two collagen-specific peptides which independently 

activate the two main collagen receptors in platelets, GFOGER and CRP, which 

activate α2β1 and GPVI, respectively. To investigate which receptor-ligand 

interaction may be causing PGI2 insensitivity in platelet spread on collagen, platelets 

were spread on GFOGER or CRP at doses widely used in the literature in the 

presence or absence of PGI2. In addition, platelets were also spread on fibrinogen 

as a positive control to ensure the PGI2 had been appropriately administered. 

Platelets were also spread on collagen to demonstrate insensitivity to PGI2 in the 

donor per experiment, so that sensitivity in either GFOGER or CRP was attributable 

to the peptide and not due to other variables such as platelet preparation or donor 

variation.     

As shown in figures 4.6. and 4.7., platelets spread on fibrinogen are highly sensitive 

to PGI2-mediated stress fibre reversal, with a significant reduction in stress fibres 

and an increase in the number of platelets positive for actin nodules. As previously 

demonstrated, collagen spread platelets are resistant to PGI2, with no significant 

differences in platelet adhesion, average platelet surface area, or changes in actin 

structures. Interestingly, platelets spread on GFOGER peptide were significantly 

sensitive to PGI2-mediated stress fibre reversal and readily formed actin nodules in 

response to treatment. This was however not coupled with a reduction in spread 

platelet surface area, likely due to high variation among donors. There appeared to 

be a noticeable reduction in platelet adhesion in GFOGER-stimulated platelets after 

PGI2 treatment, however this was not statistically significant with the number of 

repeats performed. 

Overall, platelet adhesion on GFOGER was quite low, and may be a result of the 

relatively low expression of α2β1 in platelets (141).Conversely, platelets spread on 

CRP peptide are completely resistant to the effects of PGI2, maintaining formed 

stress fibres, spread platelet surface area and adhesion. Interestingly, sensitivity of 

stress fibre reversal was significantly different between fibrinogen spread platelets 

compared to platelets spread on GFOGER. These findings indicate that the 
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insensitivity to PGI2 in platelets spread on collagen is likely due to the activation of 

GPVI and its signalling. 
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Figure 4.6. Effect of PGI2 on platelets spread on collagen peptides GFOGER and CRP. Platelets (2x107/ml) were spread on fibrinogen (100µg/ml), 

collagen (100µg/ml), GFOGER (10µg/ml) or CRP (3µg/ml) for 25 minutes prior to treatment with vehicle (0.1% DMSO) or PGI2 (10nM) for a further 20 minutes. 

Platelets were then fixed in 4% formaldehyde and permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. Images are 

representative of at least 3 independent experiments. Scale bar represents 10µm.
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Figure 4.7. Analysis of the effect of PGI2 on platelets spread on collagen peptides 

GFOGER and CRP. Platelets (2x107/ml) were spread on fibrinogen (100µg/ml), collagen 

(100µg/ml), GFOGER (10µg/ml) or CRP (3µg/ml) for 25 minutes prior to treatment with 

vehicle (0.005% ethanol) or PGI2 (10nM) A) Platelet adhesion per 5 fields of view. B) 

Spread platelet surface area. C) Percentage of platelets positive for stress fibres, actin 

nodules, both or unclassifiable. Data represents the means ± SD of at least three 

independent experiments, with significance defined as p ≥ 0.05 (* ≤ 0.05, ** ≤ 0.01, *** ≤ 

0.001, **** ≤ 0.0001). 
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4.2.6. Activation of adenylyl cyclase causes stress fibre reversal in platelets 

spread on GPO-containing collagen related peptide 

The finding that platelets are sensitive to PGI2-mediated stress fibre reversal when 

spread on GFOGER peptide, but not CRP suggests that PGI2 insensitivity on 

collagen is related to the activation of the GPVI receptor. Like with collagen, the next 

experiment was designed to identify the mechanism by which PGI2 insensitivity was 

mediated in platelets spread on collagen peptides. Platelets were spread on 

GFOGER or CRP for 25 minutes and then treated with the PDE3 inhibitor, milrinone, 

or the AC activator, forskolin, for a further 20 minutes. Given the reversal of stress 

fibres seen in collagen spread platelets with forskolin, it was hypothesised that 

platelets spread on either GFOGER or CRP would also reverse their formed stress 

fibres in response to forskolin, as their respective receptors, α2β1 and GPVI, are the 

main two receptors for collagen. Potentially, there may be some process in play 

when platelets are activated via GPVI that can override PGI2 sensitivity.  

Platelets were also spread on fibrinogen and treated with milrinone and forskolin at 

the same time points for positive control, as platelets spread on this matrix have 

been previously shown to significantly reversed their formed stress fibres and form 

actin nodules in response to either drug (273). As shown in figures 4.8. and 4.9., 

treatment with either milrinone or forskolin, platelets readily reverse their stress 

fibres and form actin nodules, indicating that the treatments were successful. 

Changes in actin nodule formation between platelets in either treatment were 

statistically insignificant, however the incidence of sustained stress fibres between 

the two groups was significant. Platelets spread on GFOGER or CRP do not reverse 

their formed stress fibres in response to PDE3 inhibition with milrinone. Along with 

this lack of cytoskeletal response, differences in platelet adhesion and surface area 

were found not to be statistically significant with the number of repeats performed. 

Like in fibrinogen spread platelets, platelets spread GFOGER and CRP significantly 

reverse formed stress fibres in response to forskolin. This response was significantly 

different between platelets spread on these peptides, indicating that platelets 

activated through α2β1 are more susceptible to AC activation and its downstream 

effects than platelets activated through GPVI. Platelet adhesion in response to either 

milrinone or forskolin treatment on any matrix remained unchanged, consistent with 

previous findings in platelets spread on collagen. Taken together, these findings 

suggest that platelets activated through either immobilised GFOGER or CRP are 

resistant to the effects of PDE3 inhibition when compared to fibrinogen spread 
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platelets. Importantly, platelets spread on both matrices significantly reverse their 

formed stress fibres and form actin nodules in response to AC activation, however 

this response was significantly different between all three matrices tested, indicating 

that the potential for platelet reversibility may be different according to the signalling 

pathways activated during spreading.   
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Figure 4.8. Effect of cAMP elevating agents on platelets 

spread on collagen peptides. Platelets (2x107/ml) were 

spread on fibrinogen (100µg/ml), GFOGER (10µg/ml) or CRP 

(3µg/ml) for 25 minutes prior to treatment with vehicle (0.1% 

DMSO), milrinone (10µM) or forskolin (1µM) for a further 20 

minutes. Platelets were then fixed in 4% formaldehyde and 

permeabilised in 0.1% Triton x-100 before being stained in 

rhodamine-B phalloidin. Images are representative of 3 

independent experiments. Scale bar represents 10µm. 
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Figure 4.9. Analysis of the effect of cAMP elevating agents on platelets spread on 

collagen peptides. Platelets (2x107/ml) were spread on fibrinogen (100µg/ml), GFOGER 

(10µg/ml) or CRP (3µg/ml) for 25 minutes prior to treatment with vehicle (0.1% DMSO), 

milrinone (10µM) or forskolin (1µM) for a further 20 minutes. A) Platelet adhesion per 5 

fields of view. B) Spread platelet surface area. C) Percentage of platelets positive for stress 

fibres, actin nodules, both or unclassifiable. Data represents the means ± SEM of at least 

three independent experiments, with significance defined as p ≥ 0.05 (* ≤ 0.05, ** ≤ 0.01, 

*** ≤ 0.001, **** ≤ 0.0001). 

A) 

B) 

C) 
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4.2.7. Investigation of the effect of PGI2 and other PKA elevating agents in 

platelets spread on fibronectin 

To investigate if the reversal seen on fibrinogen, and lack of reversal on collagen, 

were exclusive to these matrices, another matrix protein, fibronectin, was 

investigated. Platelets were spread on 50µg/ml fibronectin for 25 minutes prior to 

treatment with either vehicle control (0.1% DMSO + 0.005% ethanol), 10nM PGI2, 

10µM milrinone or 1µM forskolin for a further 20 minutes. 

Shown in figures 4.10., platelets readily spread on fibronectin, covering an average 

area of 45.92µm2 ± 1.96 and almost exclusively forming stress fibres. In response 

to PGI2, these platelets significantly reverse their formed stress fibres into actin 

nodules. Alongside this, platelet surface area in PGI2 treated platelets appeared to 

be reduced, however this was not statistically significant with the number of repeats 

performed. Upon treatment with milrinone, platelets also significantly reverse their 

formed stress fibres into actin nodules. Like with PGI2 treatment, platelets treated 

with milrinone did not significantly reduce their platelet spreading. Forskolin 

treatment again led to a significant reduction in stress fibres, and a significant 

increase in platelets positive for actin nodules. Platelet surface area was non-

significantly reduced. These findings suggest that platelet reversibility is not 

constrained to platelets spread on fibrinogen, and that the disparity of effect between 

fibrinogen and collagen is likely due to collagen/GPVI signalling.  
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Figure 4.10. Effect of PKA elevating agents on platelets spread on fibronectin. Platelets (2x107/ml) were spread on fibronectin (50µg/ml) for 25 minutes 

prior to treatment with vehicle (0.005% ethanol), PGI2 (10nM), milrinone (10µM) or forskolin (1µM) for a further 20 minutes. Platelets were then fixed in 4% 

formaldehyde and permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. A) Representative images. B) Platelet adhesion. C) 

Mean platelet surface area. D) Percentage of platelets positive for stress fibres, actin nodule or both. Additionally, platelets that were unidentifiable were 

classified as unclassifiable.  Data is representative of 3 independent experiments with significance defined as p<0.05 (* ≤ 0.05, ** ≤ 0.01, *** ≤ 0.001, **** ≤ 

0.0001). Scale bare represents 10µm. 
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4.2.8. Investigation of markers of PKA activity in platelets spread on different 

matrices 

The finding that platelets spread on collagen are resistant, whereas platelets are 

sensitive, to PGI2 in an AC-dependent manner, suggests that levels of intraplatelet 

cAMP and thus PKA activity downstream is different among these matrices. 

Therefore, markers of downstream PKA activity were investigated.  This was initially 

done due to the high cost of quantifying cAMP levels via ELISA methodology. If a 

difference in downstream PKA signalling was identified, cAMP analysis would then 

be performed. Conversely, if there was no discernible difference in PKA activity 

among platelets spread on different matrices, then cAMP analysis would not be 

investigated.  

Possibly the most widely used marker for PKA activity has been the focal adhesion-

binding protein, VASP. pVASPser157 and pVASPser239 have been used extensively to 

demonstrate PKA and PKG activity in many cell types, respectively (272,273,307). 

To investigate this marker of PKA activation, platelets were spread on fibrinogen, 

collagen, GFOGER or CRP for 25 minutes prior to treatment with 10nM PGI2 for a 

further 20 minutes. Platelets were then lysed and probed for the presence of 

pVASPser157. As shown in figure 4.11., platelets spread on fibrinogen have very little 

pVASPser157, whereas upon treatment with PGI2, phosphorylation increases. 

Strikingly, platelets spread on either collagen or CRP have very high levels of 

pVASPser157which are comparable to those seen in fibrinogen spread platelets 

treated with PGI2. The addition of PGI2 did not significantly increase levels of 

pVASPser157, most likely due to maximal phosphorylation of its serine residues 

irrespective of treatment. This surprising data suggests that platelets spread on 

collagen or CRP (and therefore GPVI activation) results in drastically different PKA 

signalling when compared to fibrinogen or GFO (and therefore α2β1activated) 

spread platelets. 
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Figure 4.11. Phosphorylation of VASPser157 in response to PGI2 treatment in 

platelets spread on different matrices. Platelets (2x108/ml) were spread on either 

fibrinogen (100µg/ml), collagen (100µg/ml), GFOGER (10µg/ml) or CRP (3µg/ml) for 25 

minutes prior to treatment with vehicle control (0.005% ethanol) or PGI2 (10nM). In addition, 

platelets in suspension (1x109/ml) were treated with either vehicle (0.005% ethanol) or PGI2 

(100nM) for 2 minutes. After treatment platelets were lysed in 2x cell lysis buffer and protein 

quantified using a colorimetric assay. Protein was equally loaded onto a 10% gel, ran under 

electrophoresis, blotted and probed for pVASPser157. GAPDH was also probed as a 

loading control. A) Representative immunoblot demonstrating banding of pVASPser157 

(top) and GAPDH (bottom). B) Relative densities of pVASPser157. All densities were 

normalised to their GAPDH loading control and expressed as fold change over basal 

(untreated suspension) platelets. Bands and densities are representative of two 

independent repeats, however the GFO group consist of one repeat due to technical issues 

with platelet spreading. 
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The surprising finding that platelets spread on collagen or CRP have high levels of 

pVASPser157 phosphorylation, but stress fibres can form and remain sustained 

irrespective of PGI2 treatment, suggested that these platelets have become 

disengaged from typical inhibitory PKA signalling. To ensure these platelets were 

activating PKA and not some other kinase that causes and increase in pVASPser157 

levels, platelets were spread and treated identically to the previous pVASPser157 

blots and probed for the presence of phosphorylated substrates of PKA. It was 

decided that the GOFGER peptide was not investigated due to previous issues with 

platelet spreading. 

As shown in figure 4.12., platelets spread on fibrinogen have a small number of 

phosphorylated substrates notably at ~120 and ~45kDa, indicating minimal PKA 

substrate phosphorylation and therefore PKA activity in these platelets. Upon 

treatment PGI2, multiple bands of varying intensity can be seen, indicating that PKA 

was activated and was phosphorylating more target substrates than control 

platelets. These changes in phosphorylation include the appearance of likely two 

high molecular weight bands over 120kDa, and two bands at ~90kDa and ~50kDa. 

Interestingly, the band at ~45kDa in control fibrinogen spread platelets decreases 

in response to PGI2 treatment.  Strikingly, PKA substrate phosphorylation in platelet 

spread on collagen was drastically increased when compared to fibrinogen-spread 

platelets, indicating that PKA was highly activated when spread on collagen. Most 

notably, there was a highly saturated band at ~45kDa, suggesting that there is a 

substrate within collagen and fibrinogen spread platelets that is robustly 

phosphorylated in control conditions. This robust phosphorylation of the ~45kDa 

protein remained unchanged when collagen spread platelet were treated with PGI2, 

however there were several changes in the substrate profile, most notably the 

appearance of one or two high molecular weight bands at >120kDa, as seen in 

fibrinogen spread platelets treated with PGI2, and another at ~50kDa. However, this 

increase in intensity of the ~50kDa band is variable among donors, with no band 

showing in others.  The lack of difference in band intensity at ~45kDa suggests 

control spread platelet have fully saturated PKA-mediated phosphorylation of this 

substrate and cannot be phosphorylated in further detectable quantities. Similar to 

collagen spread platelets, platelets spread on 3µg/ml CRP demonstrated a similar 

phosphorylation profile, with minimal response to PGI2, further suggesting that GPVI 

is likely the receptor mediating the lack of effect of PGI2 on the spread platelet actin 

cytoskeleton. Collectively, the findings that fibrinogen spread platelets have a 



136 
 

drastically different PKA substrate phosphorylation profile to platelets spread on 

either collagen or CRP suggests that platelets spread on fibrinogen are more 

responsive to PGI2. This disappearance of the ~45kDa band in PGI2 treated platelet 

spread on fibrinogen, but not on collagen or CRP, suggests that this substrate may 

play an integral part in the cytoskeletal response.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12. Effect of PGI2 treatment on PKA substrate phosphorylation in platelets 

spread on different matrices. Representative immunoblot demonstrating banding of 

pPKA substrate (top) and GAPDH (bottom). Platelets (2x108) were spread on either 

fibrinogen (100µg/ml), collagen (100µg/ml) or CRP (3µg/ml) for 25 minutes prior to 

treatment with vehicle control (0.005% ethanol) or PGI2 (10nM). After treatment platelets 

were lysed in 2x cell lysis buffer and protein quantified using a colorimetric assay. Protein 

was equally loaded onto a 10% gel, ran under electrophoresis, blotted and probed for pPKA 

substrate abundance. GAPDH was also probed as a loading control. Blots are 

representative of three independent repeat experiments.  
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4.2.9. Effect of PGI2 and forskolin on collagen-established thrombi 

The findings surrounding stress fibre reversal in response to PGI2 indicated that 

platelets more readily respond to PGI2 when spread on fibrinogen and fibronectin or 

activated through α2β1. It was theorised that platelets on the outside of the thrombus 

predominantly interact with fibrinogen, which bridges platelets together and 

therefore would respond to PGI2 treatment, whereas platelets interacting with 

collagen would be resistant. To investigate this, anticoagulated whole blood was 

flowed over microfluidic flow channels for 2 minutes at 1000s-1 prior to being 

perfused with either vehicle control, PGI2 or forskolin for a further 20 minutes at the 

same shear rate. Due to technical issues, thrombi could not be recorded in real time. 

Taking this into account, thrombi were fixed in formaldehyde and stained once more 

using DiOC6 and imaged under epifluorescence. 

Upon perfusion of whole blood for 2 minutes and treatment with the vehicle control 

for 20 minutes, platelets readily adhere, spread and form microthrombi (shown in 

figure 4.13.). Thrombus surface coverage was measured as 50.87% ± 2.91 of the 

flow channel. Thrombus height was measured as 12.57µm ± 1.23, indicating that 

platelet had stacked to form microthrombi. Upon post perfusion of thrombi with PGI2, 

there was an observable reduction in thrombus height, however surface coverage 

of the channel remained similar as with control conditions. Thrombus height in 

response to AC activation via forskolin perfusion resulted in a diminished thrombus 

height. Interestingly, surface coverage of platelets treated with forskolin was 

reduced and may reflect the reduced spreading of the basal layers of platelets 

interacting with collagen. This seems likely, given the findings from the static platelet 

spread assays on collagen, where PGI2 had no effect on spreading or stress fibre 

reversal, whereas forskolin treatment led to a significant reduction in surface area 

and stress fibres (shown in figures 4.8. and 4.9.). These findings suggest that 

platelets interacting with collagen under flow do not respond to PGI2 in an AC 

dependent manner, however platelets in the upper layers of the thrombus, likely 

interacting with fibrinogen, are embolised.
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Figure 4.13. Effect of post-perfusion of PGI2 and forskolin on thrombi formed on collagen. Whole blood anticoagulated with PPACK (50µM) and stained 

with DiOC6 (10µM) was flowed over collagen coated (25µg/ml) microfluidic channels for 2 minutes at 1000s-1 shear rate. Formed thrombi were then perfused 

with control (0.01% DMSO, 0.005% ethanol), PGI2 (100nM) or forskolin (1µM) for a further 20 minutes.  Thrombi were fixed in 4% formaldehyde and stained 

once more with DiOC6 before being imaged and Z-stacked via epifluorescence. Main panels represent the xy plane, with lower left inserts demonstrating 

basal platelet layer spreading. Z = z stack demonstrating thrombus height. Images are representative of 2 independent repeats. Scale bar represents 20µm. 
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Figure 4.14. Analysis of the effect of post-perfusion of PGI2 and forskolin on thrombi 

formed on collagen. A) Thrombus height as measured through z-stacking of tested 

microfluidic channels, B) Percentage coverage of the channels by thrombi. Data 

representative of two independent repeats, with data representing the mean and error bars 

representing SD. 
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4.2.10. Effect of PGI2 on platelets flowed over fibrinogen 

As preliminary results showed that platelets within a collagen-activated thrombus 

have differential responses to PGI2, with those interacting with the basal collagen 

layer being resistant to PGI2, and those in the upper layers embolising away, it was 

decided that the platelet response to PGI2 when flowed over fibrinogen would be 

investigated. Anticoagulated whole blood was flowed over fibrinogen coated 

microfluidic channels for 2 minutes at 1000s-1 shear rate prior to perfusion of PGI2 

or vehicle control for a further 20 minutes. Platelets were then fixed in formaldehyde, 

permeabilised with 0.1% triton x-100 and stained for both actin and the platelet 

membrane with rhodamine-B phalloidin and DiOC6, respectively.  

As shown in figure 4.15. and analysed in figure 4.16., platelets readily adhere and 

spread on fibrinogen and treated with buffer and 0.005% ethanol. Platelet adhesion 

(B) was measured as 915 ± 154 platelets per 0.5µm2 of the flow channel. These 

platelets were mostly positive for actin stress fibres, with a small proportion of 

platelets being positive for actin nodules. Individual platelet surface area in control 

platelets was 27.33µm2 ± 3.62 and overall surface coverage of the flow channel was 

65.45% ± 2.44.  In response to PGI2 perfusion, platelet adhesion remained 

unchanged, indicating that when flowed and spread on fibrinogen, platelets remain 

adhered regardless of PGI2 treatment. There was a stark reduction in platelet stress 

fibre in response to PGI2, with no stress fibres being visible in any images taken. 

There was a massive increase in the proportion of platelets positive for actin 

nodules, and in line with this reduction of stress fibres and formation of actin 

nodules, individual platelet surface area and overall surface coverage of the channel 

was reduced. These findings indicate that platelet flowed and spread on fibrinogen 

readily form stress fibres and that these stress fibres can be reversed by PGI2 

treatment. 
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Figure 4.15. Effect of PGI2 on platelets flowed, adhered and spread over fibrinogen. Whole blood anticoagulated with PPACK (50µM) and stained with 

DiOC6 (10µM) was flowed over fibrinogen coated (300µg/ml) microfluidic channels for 2 minutes at 1000s-1 shear rate. Formed thrombi were then perfused 

with control buffer (0.005% ethanol) or PGI2 (100nM) for a further 20 minutes. Thrombi were then fixed with 4% formaldehyde and permeabilised with 0.1% 

triton x-100 before being stained again with DiOC6 and the f-actin stain, rhodamine-B phalloidin. Images were acquired via epifluorescence microscopy. 

Images are representative of two independent repeats. Scale bar represents 20µm.
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Figure 4.16. Analysis of the Effect of PGI2 on platelets flowed, adhered and spread 

over fibrinogen. A) Number of platelets adhered to the flow channel per 0.5mm2. B) 

Percentage of platelets positive for actin structures. C) Mean individual platelet surface 

area. D) Overall thrombi surface coverage of the flow channel. Data representative of two 

independent repeats, with data representing the mean and error bars representing SD. 
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4.3. Discussion 

The aim of this chapters was to determine the effect of PGI2 on collagen spread 

platelets. Previously our group had demonstrated that platelets become resistant 

to PGI2-mediated stress fibre reversal in response to PGI2, unlike fibrinogen spread 

platelets that readily reverse their stress fibres (273). A series of experiments were 

designed to uncover the mechanism(s) by which collagen induces this resistance. 

Firstly, platelets were preincubated with PGI2 and spread on a collagen-coated 

matrix (100µg/ml) for varying times to determine the temporal effect of PGI2 on 

platelet spreading. Surprisingly, it was found that PGI2 at 10nM had no effect on 

platelet adhesion or spreading, including the number of platelets positive for stress 

fibres. This was in complete contrast to fibrinogen spread platelets, which 

completely reversed their stress fibres and formed actin nodules. Although PGI2 

has been shown to inhibit platelet spreading and adhesion in platelet spreading on 

collagen, this was seen using higher concentrations of PGI2 than used here (228) 

Considering the surprising lack of effect of PGI2 preincubation on platelets 

spreading, the effect of PGI2 on platelets which were already spread on collagen 

was explored. Additionally, in this experiment, the role of the secondary mediators 

of platelet activation, ADP and TXA2, was investigated using apyrase and 

indomethacin, respectively. The impact of these was probed due to that ability for 

P2Y12 to inhibit AC and TXA2 to activate p115RhoGEF and thus the RhoA 

pathway, possibly leading to stress fibre formation (172,308,309). Similarly, with 

preincubation, spread platelets treated with PGI2 were unaffected. Formed stress 

fibres remained and there were few platelets positive for actin nodules and there 

was no difference in platelet adhesion. In the presence of apyrase and 

indomethacin there was no effect on stress fibre formation, however there 

appeared to be a large decrease in the number of platelets adhering to the matrix. 

Although this was statistically insignificant, another repeat of the experiment could 

clarify this finding. These findings indicate that; a) collagen spread platelets are 

completely resistant to PGI2; and b) this lack of effect is not due to activation of 

secondary mediator signalling and must be a result of some other mechanism.   

Having found that the lack PGI2 response in collagen spread platelets was not due 

to secondary mediator signalling, the role of cAMP synthesis and breakdown was 

next investigated. This was undertaken using both an activator of AC, forskolin, 

and the PDE3 inhibitor, milrinone. Firstly, these two compounds were validated for 
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efficacy by pre-treating platelets before being spread on fibrinogen. This was done 

to ensure that the compounds were working properly and that they showed the 

same results as our group have previously reported. As expected, treatment with 

either milrinone or forskolin led to a significant reduction in the numbers of platelet 

adhesion, platelet spreading and the number of platelets positive for stress fibres 

when interacting with fibrinogen. These findings indicated that these compounds 

were working as expected and could then be confidently used in collagen spread 

platelets. Collagen spread platelets were found not to reverse their stress fibres in 

the presence of milrinone, indicating that PDE3 activity was not causing resistance. 

Interestingly, forskolin caused a significant reversal of stress fibres in platelets, 

suggesting that the lack of response seen with PGI2 treatment was due to inhibition 

of AC. However, forskolin did not cause complete stress fibre reversal, which was 

found in fibrinogen spread platelets by our lab previously (273). This suggested 

that there might be a strong inhibition of AC, which even pharmacological activation 

cannot fully reverse.  

As collagen has two main receptors in human platelets, GPVI and α2β1, an 

experiment was designed to determine the receptor responsible for PGI2 

resistance. Platelets were spread on fibrinogen, collagen, CRP and GFOGER, the 

latter two of which specifically activate GPVI and α2β1, respectively. Consistent 

with previous findings, fibrinogen spread platelets significantly reverse their stress 

fibres and form actin nodules, whereas collagen-spread platelets are completely 

resistant. Platelets spread on GFOGER significantly reversed their actin nodules 

and formed stress fibres, whereas CRP-spread platelets did not. This finding 

suggested that the resistance in collagen-spread platelets to PGI2 was largely due 

GPVI signalling.  However, the incomplete response to PGI2 seen in GFOGER-

spread platelets suggested that there may be some residual resistance to PGI2 

and required further investigation. This was done through the use of milrinone and 

forskolin in GFOGER- and CRP-spread platelets. Here it was found that platelets 

spread on GFOGER or CRP peptides did not reverse their stress fibres in response 

to milrinone treatment, but did so in response to forskolin, which indicated that 

either matrix may have altered the activity of AC. Interestingly, when compared to 

each other, forskolin-mediated reversal of stress fibres was significantly higher in 

platelets spread on CRP than GFOGER. These findings suggested that GPVI may 

be the key player in PGI2 resistance in collagen-spread platelet, however some 

resistance may be contributed to by α2β1 activation.  
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As there was significant PGI2 resistance in both GFOGER- and CRP-spread 

platelets, it posed the question if it was in fact αIIβ3 that was the cause of the 

difference in PGI2 response. In that instance, fibrinogen would be imparting 

increased sensitivity. To address this, another matrix protein, fibronectin, was used 

to spread platelets prior to treatment with PGI2, milrinone and forskolin. This led to 

a significant reduction in the percentage of platelets positive for stress fibres and 

an increase in the number of those positive for actin nodules in response to PGI2, 

milrinone and forskolin. This indicated that fibronectin, like fibrinogen, was 

sensitive to PGI2 and further supported the hypothesis that collagen spread 

platelets are uniquely resistant.  

With the evidence that collagen specifically causes PGI2 insensitivity in spread 

platelets, which was likely due to AC inhibition through GPVI activation, the 

signalling involved in this process was investigated. A major marker in the study 

into PKA activation is the presence of pVASPser157 and was used here on platelet 

lysates which were formed by spreading platelets on fibrinogen, collagen, 

GFOGER and CRP and subsequent treatment with PGI2. Additionally, platelets in 

suspension were treated with or without PGI2 as controls to demonstrate 

pVASPser157 levels irrespective of matrix binding as a point of reference. In 

complete contrast to the hypothesised findings, platelets spread on collagen or 

CRP had higher levels of pVASPser157 compared to PGI2-treated fibrinogen-spread 

platelets or those in suspension. Importantly, platelets that had spread on 

GFOGER appeared to have lower pVASPser157 levels when untreated than those 

on collagen or CRP and had basal pVASPser157 levels more akin to fibrinogen-

spread platelets. The origin of the increase in collagen/CRP-spread platelets is 

unknown and there have been no reports of this previously. Wentworth et al. have 

previously reported the phosphorylation of VASPser157 in response to thrombin, 

which was dependent on both PKC and ROCK. This could mean that enhanced 

RhoA or ROCK activity in GPVI activated platelets was causing VASP 

phosphorylation (310). This also demonstrates that although often presented as a 

PKA-specific marker, the presence or pVASPser157 may not be completely 

exclusive with PKA activity.  

In parallel with the pVASPser157 probing, lysates were also used to probe for the 

abundance of phosphorylated PKA substrate residues. Unfortunately, there was 

no GFOGER lysate left for testing. With the remaining fibrinogen, collagen and 
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CRP lysates, it was found that pPKA substrate abundance, irrespective or PGI2 

treatment was much higher than that found in control fibrinogen spread platelets. 

Again, this was a surprising finding and may, along with the pVASPser157 findings, 

suggest that PKA was being activated, possibly in a cAMP-independent manner. 

This concept is not new to biology and there have been several reports surrounding 

cAMP-independent activation of both type I and II PKA in other cell lines (311,312). 

Perhaps more interesting is how PKA could remain active in collagen- and CRP-

spread platelets, but not cause stress fibre reversal seen with those on fibrinogen. 

This may be a result of some form of disengagement between PKA and the actin 

cytoskeleton, which would otherwise be allowed to interact in fibrinogen and 

fibronectin-spread platelets and lead to stress fibre reversal. This may demonstrate 

a proactivatory nature of PKA signalling in platelets, which has been a controversial 

topic for several years (313). Such findings suggest that PKA activation in platelets 

leads to bleb formation, procoagulant microparticle release and phosphatidylserine 

exposure. Interestingly, long-standing research has demonstrated that collagen 

but not fibrinogen surfaces induce similar effects (314), and given our findings, 

suggests that PKA signalling in collagen spread platelets is intact and activated in 

a cAMP independent manner, leading to enhanced platelet activation. Hiratsuka et 

al (2017) have recently reported the development of a PKA probe for in vivo 

detection of PKA levels. In agreement with the reduction of thrombus height in 

response to PGI2 treatment, the outer shell of the thrombus in their study was rich 

in PKA activity. Importantly, as too was the inner core that was interacting with the 

subendothelial matrix. Therefore, it seems that PKA in platelets may contribute to 

their activation and supports the theory from the Xiaoping Du lab that cyclic 

nucleotide signalling also plays a role in platelet activation (Li et al., 2003). This 

could be initially investigated by incubating platelets with inhibitors of PKA such as 

Rp-cAMPS and KT-5720, which have been used successfully in platelets in 

previous studies, and then spreading these platelets on collagen. If this hypothesis 

is correct, platelet spreading on collagen would be markedly reduced.  

In response to GPVI stimulation, this work has determined that collagen spread 

platelets are resistant to PGI2, yet counterintuitively, markers of PKA activity are 

elevated. These findings suggest that as AC function is inhibited, PKA activity is 

increased. There are currently no reports of this effect in platelets, which suggests 

that this finding is novel. However, the signalling responsible for this needs to be 

investigated further. A potential cause of collagen-mediated PGI2 resistance is the 



147 
 

intermediate of sphingolipid metabolism, sphingosine, which has been shown to 

cause cAMP-independent activation of PKA in COS cells (315). Platelets contain 

a sphingosine-1-phosphate receptor, a GPCR than signals through the AC-

inhibiting Gi protein (316). Sphingosine-1-phosphate (S1P) has been shown to 

cause platelet shape change, suggesting that the pathway used by sphingosine-

1-phosphate may converge on the regulation of contractility, such as RhoA (317). 

If this is the case, S1P may be contributing to shape change through activation of 

RhoA and the inhibition of MLCP, causing increased actin-myosin interactions and 

contractility. As there is a basal level of AC function in platelets, S1P may be 

causing inhibition of AC function through activation of Gi, much like ADP signalling. 

This agrees with the lack of PGI2 sensitivity in response to ADP signalling inhibition 

shown in figure 4.3, as it may be S1P that is causing the Gi activation required for 

AC inhibition in collagen spread platelets. This could be partly addressed by using 

inhibitors of Gi during platelet spreading on collagen. If S1P signalling is the cause 

of PGI2 resistance in GPVI-activated platelets, then inhibition of the resulting 

signalling may reinstate sensitivity, resulting in stress fibre dissolution in response 

to PGI2. To further this work, the S1P receptor modulator, Fingolimod, could be 

used in similar spreading assays to directly associate S1P with PGI2 resistance. 

Additionally, the interplay between sphingosine and its phosphorylation into S1P 

during platelet activation on collagen should also be uncovered as sphingosine 

and S1P may be concomitantly activating PKA whilst lowering cAMP, respectively. 

There are three AC isoforms detectable in platelets, AC3, AC5 and AC6. There 

has been limited work into uncovering their regulation in platelets function. The 

data presented in this chapter indicates that this should be studied further, as their 

regulation on different matrices may be a fundamental step in the regulation of 

platelet contractility, thrombus formation and consolidation. AC5/6 have been 

shown in many different cell types to be potently inhibited by high Ca2+ calcium 

concentration (318–320). Our current understanding of cAMP and Ca2+ in platelets 

is based on reports of PKA inhibiting Ca2+ release from intracellular stores and 

import through TRPC6 (208,321). However, if like in other cell types, Ca2+ can be 

shown to inhibit AC activity, which would indicate a reciprocal inhibitory relationship 

between the two in platelets that warrants detailed spatiotemporal investigation. 

GPVI stimulation has been shown to cause a large and sustained increase in Ca2+ 

flux in platelets, which suggests that it may cause inhibition of AC5/6 (322). 

Importantly, fibrinogen spread platelets have little Ca2+ release and the majority of 
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platelets show no release at all (247), which agrees with the increase in PGI2 

sensitivity in these platelets in previous work and this chapter (273)Ca2+ release in 

GFOGER and a2β1 is also somewhat sustained (323), which again agrees with the 

data shown in this chapter, where platelets spread on GFOGER were partially 

resistant to PGI2 and readily reversed their formed stress fibres when treated with 

forskolin (figures 4.7. and 4.9., respectively).  

As figures 4.1.-4.12. were performed under static conditions and therefore did not 

address the shear stress that platelets are exposed to within a thrombus, the role 

of PGI2 on platelets and thrombi under flow was investigated. Whole 

anticoagulated blood was flowed over collagen-coated microfluidic flow channels 

for 2 minutes to establish microthrombi. PGI2 or forskolin was then perfused over 

the microthrombi for a further 20 minutes, a timepoint used in the previous static 

platelet spreading assays. Control thrombi perfused with vehicle remained 

columnar in nature, brought about by the stacking of many platelets. In contrast to 

this, thrombi perfused with either PGI2 or forskolin were almost 2D and had much 

lower thrombus heights in response to treatment. Interestingly, the basal layers of 

platelets which were interacting with the collagen matrix appeared to form 

lamellipodia in control conditions. This was also seen in PGI2-treated thrombi, 

again suggesting that these platelets were resistant to PGI2, but the other upper 

layers of the thrombus had embolised away, presumably because they were 

abridged by fibrinogen and thus were sensitive to PGI2. The underlying platelets in 

forskolin-perfused thrombi also appeared to have reduced lamellipodia, which 

agreed with previous static adhesion findings and indicated that under flow 

conditions, activation of AC in collagen-interacting platelets is sufficient to cause 

reversal of platelet spreading.  

The effect of PGI2 on platelets flowed over fibrinogen was next investigated as the 

upper layers of collagen-formed thrombi embolised in response to PGI2 post-

perfusion. It was hypothesised that, in line with the reversal of stress fibres in 

statics spreading assays, that platelets flowed and spread on fibrinogen would 

reverse their stress fibres in response to PGI2. In agreement with this hypothesis, 

these platelets completely reversed their stress fibres and formed actin nodules. 

This finding is further suggestive of platelet embolisation from thrombi through the 

act of PGI2 under flow through loss of stress fibre-mediated contractility.   
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4.4. Conclusion 
In this chapter, the role of collagen in the resistance of platelets to PGI2 has been 

investigated. Collagen can impart complete resistance in platelets to PGI2 likely 

through GPVI-dependent inhibition of AC and may be a requirement for functional 

thrombus formation. This adds yet another layer in the complexity of thrombus 

formation and demonstrates how different receptor activity can establish the 

blueprint for thrombus structure, with collagen and GPVI taking centre stage. This 

process requires further investigation to highlight the signalling involved and may 

provide novel targets for antithrombotic therapy.  
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5.0 Summary 

Cells require machinery and processes for initial binding to matrices to allow for 

further, more secure binding through actin cytoskeletal rearrangement (324). It has 

previously been shown that platelets form actin-rich structures, termed actin 

nodules when initially adhering and spreading on fibrinogen, fibronectin, laminin 

and vWF (103) and that the actin nodules is critical for adhesion under high shear 

(229). Interestingly, collagen spread platelets do not form actin nodules, and as I 

have demonstrated in chapter IV, most likely due to GPVI signalling. It is also clear 

that different matrices elicit varying actin cytoskeletal responses to cyclic 

nucleotide signalling, potentially through regulation of AC isoforms or activation of 

PDEs. Following on from these findings, the aim of this chapter is to uncover the 

effect of varying fibrinogen matrix concentrations on platelet actin nodule formation 

and the overall number and dimensions of nodules.  

5.1 Introduction 

Upon platelet activation on fibrinogen, platelets undergo rapid shape change and 

begin spreading. At this time, punctate actin-rich structures termed actin nodules 

form diffusely within the platelet. The actin nodule, is a podosome-like structure 

consisting of a central bundle of filamentous actin and actin-binding proteins such 

as WASp and the Arp2/3 complex (103,229). These structures are rich in WASp 

and tyrosine phosphorylated proteins, the former of which are of unknown purpose, 

but is thought to result in extrasensory signalling cues from the underlying matrices 

which transmit downstream, leading to a nuanced platelet response. The 

importance of WASp in nodules has been demonstrated, with platelets from 

individuals with WAS being incapable of forming nodules and stable thrombi under 

shear stress ex vivo (229). Surrounding the nodule are integrins, such as αIIbβ3 for 

fibrinogen binding, and integrin binding partners, including talin and the 

mechanosensing protein, vinculin. It has been hypothesised that these integrins 

surrounding the nodule are pushed away by the ensuing bundles of actin, rather 

than an integral part of the nodule structure. Therefore, it appears that platelet actin 

nodules are closely related to podosomes seen in cells including megakaryocytes. 

Although related, these structures are not homologous, as nodules have been 

shown to be considerably smaller and shorter lived than podosomes (325). 

Although the function of actin nodules in platelets has not been fully explained, 

these nodules appear to give way to the formation of actin stress fibres, which are 
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required for resistance to shear stress within the vasculature during thrombus 

formation. Therefore, the actin nodules is believed to be an in intermediate 

adhesion complex which further facilitates secure binding through increased actin-

myosin interactions, leading to stress fibre formation, and a signalling ‘hub’ which 

transmit extracellular matrix cues through enhanced tyrosine phosphorylation. 

With a focus on the latter, seminal findings from Jirouskova et al and supporting 

evidence from Qui et al. show a clear effect of underlying matrix concentration on 

platelet activation, adhesion and spreading (247,326). Platelets spread on low-

density fibrinogen (LDF (3µg/ml)) have a higher surface area and increased 

tyrosine phosphorylation that those spread on high-density fibrinogen (HDF 

(100µg/ml)). Although no clear physiological relevance has been linked with these 

findings, there have been research demonstrating distinct areas within the 

thrombus, with differing levels of platelet activation throughout. As we have 

previously shown that formed thrombi begin to embolise upon PGI2 treatment, it 

was hypothesised that nodule formation would be impacted by the density of 

underlying matrix protein, and that this would further be differentially regulated by 

treatment with PGI2. The importance of this hypothesised effect could lead to 

further understanding of the regulation of thrombus formation in both health and 

disease. 

In this chapter I have demonstrated that fibrinogen matrix density affects actin 

nodule formation in either the presence or absence of PGI2. Platelets spread on 

LDF are more resistant to the inhibitory effects of PGI2 than those spread on HDF, 

resulting in lower numbers of platelets positive for actin nodules. Using milrinone, 

a potent PDE3 inhibitor, and forskolin, a potent AC activator, it was found that the 

resistance to PGI2 observed in LDF spread platelets was likely due to decreased 

AC activity, much like those activated on collagen/GPVI. In addition, real time 

visualisation of actin nodule formation showed that platelets spread on fibrinogen 

are more numerous and smaller, with a shorter duration than nodules forming in 

spread platelets without PGI2 treatment. Therefore, I speculate that actin nodule 

formation is primarily driven by activation of integrins, with higher numbers of 

activated integrins leading to more numerous and smaller nodules upon PGI2 

treatment. Furthermore, these smaller nodules are likely to be a result of increased 

nodule turnover, likely through blockage of an unknown process involved in 

tethering actin to the plasma membrane in order to form a mature, matrix sensing 

nodule. 
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5.2 Results 

5.2.1. Effect of PGI2 on fibrinogen spread platelets  

Washed human platelets were spread on fibrinogen (100µg/ml) for 25 minutes 

prior to washing and treatment with 10nM PGI2 or a vehicle (0.005% ethanol) 

control for a further 20 minutes. Platelets were then fixed and permeabilised before 

being stained with rhodamine-B phalloidin. As previously identified, PGI2 treatment 

did not significantly affect platelet adhesion when compared to control conditions 

(figure 5.1.). However, PGI2-treatment significantly reduced the average spread 

platelet area in comparison to control platelets.  Furthermore, platelets treated with 

PGI2 had reversed their stress fibre formation and formed actin nodules more 

readily than in control conditions. Interestingly, there appeared to be a difference 

in nodule size and number in response to PGI2 treatment. To investigate this, 

nodular actin staining was manually counted per nodule-positive platelet for 50 

platelets per condition, per repeat. Manual measurements of surface area were 

also taken by freehand drawing around nodules through the Fiji software package. 

Nodule number in response to PGI2 was significantly higher than control nodule 

positive platelets. Additionally, PGI2 treatment led to a reduction in nodule size. 

These data indicated that PGI2 treatment affects nodule size and number in 

fibrinogen spread platelets.  
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Figure 5.1. Effect of PGI2 on spread platelets and actin nodule dynamics. Washed 

platelets (2x107/ml) were spread on 100µg/ml fibrinogen for 25 minutes prior to treatment 

with 10nM PGI2 or 0.005% ethanol (control) for a further 20 minutes. Platelets were then 

fixed, permeabilised and stained for F-actin with Rhodamine-B phalloidin. A) 

Representative images acquired at x63 magnification. B) Average number of platelets 

adhered per 5 field of view. C) Average platelet surface area. D) Percentage of platelets 

positive for stress fibres or actin nodules. E) Number of nodules per nodule positive 

platelet in each condition (50 platelets per condition, per repeat). F) Actin nodule surface 

area (100 nodules per condition, per repeat). Data is representative of at least 3 

independent experiments with significance defined as p ≤ 0.05 (* ≤ 0.05, ** ≤ 0.01, *** ≤ 

0.001, **** ≤ 0.0001). Scale bar represents 10µm. 
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5.2.2. Effect of NO on nodule size and number in platelets spread on 

fibrinogen 

Having initially demonstrated that PGI2 treatment leads to an increase in nodule 

formation and a decrease in their size, we next sought to investigate if this was a 

phenomenon exclusive to PGI2, or if this effect was also observed with NO 

treatment. Images obtained in chapter III (from figure 3.1.) were analysed for 

nodule number and size. Similar to PGI2 treatment, NO treatment of spread 

platelets causes altered actin nodule characteristics (figure 5.2.). Nodule numbers 

in nodule-positive platelets were increased with GSNO treatment compared to 

control conditions. Nodule surface area was decreased upon GSNO treatment 

also. These data indicated that NO, like PGI2 can also affect nodule size and 

number in fibrinogen spread platelets. 

 

Figure 5.2. Nodule characteristics in spread platelets treated with GSNO. Platelets 

(2x107were spread on on 100µg/ml fibrinogen for 25 minutes prior to treatment with GSNO 

(1µM) for a further 20 minutes. A) Representative images. B) Average nodule number per 

platelet deemed nodule positive. 50 individual platelets per condition and repeat were 

randomly selected for nodule counting. C) Average nodule surface area. 100 nodules per 

condition, per repeat were measured manually through the Fiji software package. Data is 

representative of three independent repeat experiments, with significance defined as 

p≤0.05.Scale bar represents 5µm. 
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5.2.3. Real-time visualisation of actin nodule formation in mouse platelets 

in repose to PGI2 

The findings uncovered in figure 5.1 (E and F) suggested a change in nodule 

dynamics upon PGI2 treatment. To investigate this, real time epifluorescence 

imaging was performed on platelets isolated from LifeAct-GFP mice. The platelets 

(2x107/ml) were spread for 25 minutes in the presence of 0.01U/ml thrombin prior 

to being treated with or without 100nM PGI2 for a further 20 minutes. The time 

series captured was then analysed via the TrackMate plugin in the Fiji software 

package to determine the number of nodules and their lifetimes and movements 

within the platelets with 5 platelets per experimental condition, per repeat to be 

analysed. As mouse platelets do not readily form stress fibres on fibrinogen 

matrices, thrombin was used prior to the platelet spreading assay so to encourage 

stress fibre formation and illustrate any real-time reversal. Additionally, due to the 

use of thrombin in these platelets, initial actin nodule analysis during spreading 

could not be performed in the same experiment due to a complete lack of nodule 

formation, with platelets initially spreading with a more amoeboid, lamellipodia-rich 

phenotype. Therefore, PGI2 post-treated platelets were compared to non-treated 

counterparts, which didn’t go on to form stress fibres and formed ‘wild type’ actin 

nodules, as previously described.  

As shown in figure 5.3, lifetimes of nodules in PGI2 treated platelets were similar 

to control conditions. This lack of significant difference between both conditions 

was true when nodule lifetimes were expressed as either means. However, total 

cumulative nodule formation over the 20-minute time course was significantly 

higher in PGI2-treated platelets.    

 

 

 

 

 

 

 



157 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Real-time actin nodule dynamics in LifeAct mouse platelets treated with 

PGI2. Platelets (2 x107/ml) isolated from LifeAct-GFP mice were allowed to spread on 

100μg/ml fibrinogen coated glass bottom petri dishes in the presence of 0.01U/ml thrombin 

for 25 minutes. Upon spreading, platelets were then treated with either 100nM PGI2 or 

0.005% ethanol (vehicle) for a further 20 minutes and continually imaged every 5 seconds 

at 480nm. Analysis of nodule number and lifetimes was performed using the TrackMate 

plugin for Fiji. A) Average and B) median nodule lifetimes of 10 individual nodule positive 

platelets (per experimental repeat) in spreading platelets vs spread platelets treated with 

PGI2. C) The cumulative incidence of nodular fluorescence. D) Representative image of 

spread platelets treated with or without PGI2 for 20 minutes. Data is representative of three 

independent repeats, with significance defined as p≤0.05. White arrows indicate stress 

fibres. Yellow arrows indicated actin nodules. Scale bar represents 5µm. *** = p ≤ 0.001. 
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5.2.4. Validation of low-density and high-density fibrinogen coatings 

Although the findings shown in 5.2.1 recapitulate previous observations (273), we 

next sought to observe the effect of different fibrinogen densities on PGI2 regulation 

of the actin cytoskeleton. As different fibrinogen densities were shown to induce 

different intraplatelet signalling, it was hypothesised that PGI2 would have different 

actin cytoskeletal effects. Firstly, in house validation of fibrinogen coatings was 

performed using the high and low coating concentration of fibrinogen used by 

Jirouskova et al (247).This was for two reasons; a) materials used for spreading 

were from different manufacturers, therefore binding rates of fibrinogen to the glass 

coverslip may be altered, and b) the spreading protocol used in this study was 

different, so results between studies cannot reliably be compared. To validate 

concentration-dependent binding of fibrinogen coverslips, coverslips were coated 

in 3µg/ml and 100µg/ml AF488-fibrinogen for 1 hour prior to mounting on a glass 

slide. To ensure limited autofluorescence of the coverslip itself, a plain coverslip 

was also mounted using the same mounting media. Coverslips were imaged using 

immunofluorescence microscopy at 488nm wavelength and mean fluorescence 

intensity was obtained for each coverslip. 

As demonstrated in figure 5.4, fold change in mean fluorescence intensity in 

coatings using a concentration of 3µg/ml was significantly lower than in coatings 

using 100µg/ml, indicating that the quantity of fibrinogen immobilised onto the 

coverslips was significantly higher in the 100µg/ml coated condition. Interestingly, 

fold change in MFI in the 3µg/ml coating was not significantly different from slides 

lacking fluorescent fibrinogen, indicating that this concentration leads to minimal 

coating of the coverslip with fibrinogen. This could be clarified with further 

experimental repeats. Like with 3µg/ml coatings, MFI of coverslips with no coating 

was significantly lower than 100µg/ml. 

 

 

 

 

 

 

 



159 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Relative mean fluorescence intensities of low- and high-density 

fibrinogen coatings on glass coverslips. 13mm glass coverslips were coated using 

3µg/ml or 100µg/ml Alexa Fluor-488 conjugated fibrinogen for 1 hour prior to washing in 

PBS. Slides were also coated in PBS alone (no coat) for 1 hour prior to mounting. Slides 

were mounted using an anti-fade mounting media and imaged on an inverted 

epifluorescence microscope. 3 fields of view were taken per condition at x63 magnification 

and mean fluorescence intensity of each image was measured through Fiji. A) 

Representative images of fields of view obtained. B) Mean change in fluorescence 

intensity from the control (no coat/BSA only). Data is representative of 3 independent 

repeats, with significance defined as p<0.05 (***≤0.001, ****≤0.0001). Scale bar 

represents 50µm. 
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5.2.5. Fibrinogen concentration determines spread platelet sensitivity to 

PGI2-mediated reversal of stress fibres 

Having identified the different level of coating of fibrinogen on the glass coverslips, 

we next sort to determine how platelets spread on these different surfaces. 

Considering previous findings by Jirouskova et al, it was hypothesised that 

platelets spread on LDF would initially spread more, however due to the likelihood 

of reduced number of integrins binding to fibrinogen, platelets would more readily 

reverse their stress fibres in response to PGI2. Platelets (2x108/ml) were spread 

on varying concentration coatings of fibrinogen (3µg/ml, 10µg/ml and 30µg/ml) for 

25 minutes prior to treatment with 10nM PGI2 for a further 20 minutes.  Consistent 

with findings from Jirouskova et al and Qiu et al, platelets spread on 3µg/ml spread 

further than platelets spread on higher densities with a significant reduction in 

surface area at 30ug/ml and 100ug/ml fibrinogen (figures 5.5.and 5.6.) (247,326). 

Interestingly, platelets spread on lower densities of fibrinogen had almost no 

platelets positive for nodules in control conditions. There appeared to be a 

reduction in platelet adhesion in platelets adhering and spreading on 3µg/ml 

compared to higher density coatings, however this was not statistically significant 

and requires further experimental repeats to clarify. Upon PGI2 treatment, platelets 

spread on LDF were surprisingly more resistant to PGI2-mediated stress fibre 

reversal when compared to higher density coatings. This stress fibre reversal was 

accompanied by actin nodule formation, indicating that platelets had reversed their 

stress fibres and subsequently formed actin nodules. These findings indicated that 

fibrinogen matrix density determines PGI2-mediated effects on the actin 

cytoskeleton. 
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Figure 5.5. Effect of varying immobilised fibrinogen densities on PGI2 sensitivity in spread platelets. Platelets (2x107) were spread for 25 minutes on 

3, 10, 30 or 100µg/ml fibrinogen-coated coverslips prior to treatment with 10nM PGI2 for 20 minutes. . Platelets were then fixed in 4% formaldehyde and 

permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. Images are representative of 3 individual experiments. Scale bar 

represents 10µm. 
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Figure 5.6. Data analysis of images acquired from the investigation of the effect of 

PGI2 on platelets spread on different fibrinogen densities. A) Average numbers of 

adhered platelets per five fields of view, B) mean platelet surface area of 100 platelets per 

repeat and condition, C) percentage of platelets per condition positive for actin nodules or 

stress fibres. Data representative of three individual repeat experiments. Data was 

statistically analysed via two-way ANOVA with Tukey post-hoc analysis. Actin structures 

data was arcsine transformed prior to analysis, however percentage data is displayed. 

Statistical significance was defined as p ≤ 0.05 (*≤0.05, **≤0.01***≤0.001, ****≤0.0001). 
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5.2.6. Effect of Cyclic nucleotides on the characteristics of actin nodules in 

fibrinogen spread platelets 

The above analysis has shown that, PGI2 treatment of spread platelets significantly 

reduced the number of platelets positive for stress fibres, with a concomitant 

increase in the number of platelets positive for actin nodules, indicating a reversal 

of platelet stress fibres and a hypothesised loss of contractility. Interestingly, there 

appeared to be a difference in both the size and number of the nodules formed in 

PGI2 treated platelets compared to nodules formed in control platelets. Therefore, 

further analysis of the images obtained in 5.1 and 5.3 was performed to quantify 

both the size and number of nodules within these platelets. A minimum of 100 

nodules were measured for size per experimental condition and a minimum of 50 

nodule-positive platelets were used for platelet number counting. As shown in figure 

5.5 and table 5.1, control nodule-positive platelets appear to have a lower average 

nodule number than those treated with PGI2, however this difference was only with 

10µg/ml coatings. Treatment with PGI2 resulted in a significant reduction in nodule 

size only on 100µg/ml coatings, however, the size of nodules formed on 3µg/ml were 

significantly larger than those formed on 100µg/ml when both were treated with 

PGI2. With a lack of sufficient nodules formed in untreated platelets spread on 

3µg/ml, a comparison to 100µg/ml could not be performed.  

Table 5.1. Numerical data from the analysis of the characteristics of nodules formed 

on varying fibrinogen concentrations in the presence or absence of PGI2. 

* Data represented as means ± S.E.M. 

 

Fibrinogen 

density (μg/ml) 
Treatment Nodule number (n) Nodule size (nm2) 

3 
Control n/a n/a 

PGI2 8.125 ± 0.67 166 ± 33.53 

10 
Control 4.361 ± 0.82 182.7 ± 27.79 

PGI2 9.23 ± 0.71 127.6 ± 15.04 

30 
Control 6.31 ± 1.43 96.45 ± 9.05 

PGI2 8.167 ± 0.88 87.86 ± 27.11 

100 
Control 6.628 ± 0.42 92.3 ± 14.33 

PGI2 9.376 ± 0.75 51.47 ± 4.34  
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Figure 5.7. Fibrinogen matrix density dramatically affects nodule characteristics. 

Platelets (2x107) were spread for 25 minutes on 3,10,30 or 100µg/ml fibrinogen-coated 

coverslips prior to treatment with 10nM PGI2 for 20 minutes A) Representative images of 

platelet platelets positive for actin nodules per condition. B) Average nodule surface area 

(nm2). 100 nodules per condition, per repeat were measured through the Fiji software 

package. C) Average nodule number per platelet deemed nodule positive. 50 individual 

platelets per condition and repeat were randomly selected for nodule counting. Data 

represented as means with S.E.M and is representative of three independent repeat 

experiments, with significance defined as p ≤ 0.05 (*≤ 0.05). Scale bar represents 5µm. 
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5.2.7. cAMP levels in platelets spread on LDF and HDF in the presence or 

absence of PGI2 

The reduced numbers of platelets undergoing stress fibre reversal on LDF when 

compared to HDF when treated with PGI2 suggests that these platelets have 

somehow acquired resistance. As IP receptor activation causes the production of 

cAMP through AC activation, intraplatelet cAMP was next investigated. It was 

hypothesised that LDF spread platelets would have lower cAMP levels in response 

to PGI2 stimulation than HDF spread counterparts. To generate lysates for cAMP 

ELISA analysis, 2x108/ml platelets were spread on 100µg/ml or 3µg/ml fibrinogen 

prior to treatment with 10nM PGI2 for a further 2 or 20 minutes. Platelets were then 

lysed in kit-specific lysis buffer and stored immediately at -20oC for further batches 

to use in the assay. 

As shown in figure 5.8, control platelets spread on HDF and LDF for 20 + 2 minutes 

have similarly low average cAMP levels of 30.98fmol ± and 65.22fmol ± 34.53, 

respectively. However, upon treatment with 10nM PGI2 for 2 minutes, cAMP levels 

in HDF spread platelets significantly increased to 490.6fmol ± 137.2. Conversely, 

platelets spread on LDF have no significant difference in cAMP levels in response 

to PGI2 treatment (169.6fmol ± 100.1). When platelets spread on 3μg/ml were 

treated with PGI2 for 20 minutes, no significant difference was seen in either group 

compared to control platelets. Additionally, although seemingly increased, cAMP 

levels in 100μg/ml spread platelets treated with PGI2 were not significantly different 

from their control counterparts. Further experimental repeats could clarify this.   
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Figure 5.8. Effect of PGI2 treatment on cAMP levels in platelets spread on HDF and 

LDF. Washed platelets (2x108/ml) were spread on 3µg/ml and 100µg/ml fibrinogen prior to 

treatment with 10nM PGI2 or a vehicle control (0.005% ethanol) for both 2 and 20 minutes. 

After incubation, spread platelets were lysed in kit-specific lysis buffer and analysed for 

cAMP concentration through a colorimetric cAMP ELISA assay. Protein concentration was 

determined for each lysate, with this being used to equalise raw data with protein loading 

(femptomoles per mg).  Data represented as means with S.E.M and are representative of 

three independent experiments, with significance defined as p≤0.05 (*≤0.05, **≤0.01). 

 

 

 

 

 

 

 

 



167 
 

5.2.8. PGI2 insensitivity of platelets spread on LDF is likely regulated 

through adenylyl cyclase activity 

 After showing that a) PGI2 can cause differential stress fibre reversal in 

platelets and b) actin nodule characteristics are dependent on the density of 

underlying matrix protein, we next sought to uncover how this phenomenon occurs 

with regards to components within the cAMP:PKA pathway. Production of the cAMP 

secondary messenger is through activation of membrane-bound AC, which rapidly 

synthesises cAMP upon Gs
 activation through IP agonism. At the same time cAMP 

signals have been shown to be degraded by PDE3 in platelets. To investigate this, 

the direct AC activator, forskolin, or the PDE3 inhibitor, milrinone, was incubated on 

spread platelets. It was hypothesised that if platelets spread on LDF reversed stress 

fibres to forskolin, then a loss of AC function would likely be the cause of PGI2 

resistance. Conversely, if LDF spread platelets reversed in response to milrinone 

treatment, PGI2 resistance would likely be through enhanced activation of PDE3.  

Platelets were spread on either 3µg/ml or 100µg/ml fibrinogen for 25 minutes prior 

to treatment with or without milrinone (10µM) or forskolin (1µM) for a further 20 

minutes. As shown in figures 5.9 and 5.10, platelet surface area in LDF was 

significantly higher than in HDF, which was in agreement with previous findings 

(247). Platelet adhesion was also consistent and was similar on either density of 

fibrinogen and remain unchanged irrespective of treatment. Interestingly, when 

treated with milrinone, platelets spread on LDF were resistant to this treatment, 

indicating that an increase of PDE3 activity in platelets spread on LDF is unlikely. 

However, there was high variation in these milrinone treated platelets, which may 

suggest that some donors may respond to PDE3 inhibition and others may not on 

LDF. This may reflect the basal levels of cAMP production in response to being 

spread on LDF in different donors. For example, if an individual has a relatively high 

level of basal cAMP production, then inhibition of the PDE3 would allow this to 

accrue further, leading to platelet actin cytoskeletal reversal and potentially a 

reduction in spread platelet surface area. Conversely, if another donor’s platelets 

were to have low to no levels of basal cAMP production when spread on LDF, then 

these platelets would accrue very little cAMP, if any, in response to PDE3 inhibition. 

Direct activation of AC with forskolion on either LDF or HDF spread platelets caused 

significant stress fibre reversal compared to controls. Platelet surface area in both 

conditions seems to be reduced, however this effect was only significant in platelets 

spread on LDF. These initial findings suggest that, like in collagen-spread platelets, 
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there appears to be a resistance in LDF spread platelets to PGI2, and that this is 

seemingly mediated through regulation of AC function, as when activated with the 

potent AC activator, forskolin, platelets spread on LDF, like HDF, readily reverse 

their formed actin stress fibres into actin nodules. 
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Figure 5.9. Effect of cAMP elevating agents on platelets spread on low- and high-density fibrinogen. Platelets (2x107) were spread on fibrinogen (3 

and 100µg/ml) for 25 minutes prior to treatment with vehicle (0.005% ethanol), milrinone (10µM) or forskolin (1µM) for a further 20 minutes. Platelets were 

then fixed in 4% formaldehyde and permeabilised in 0.1% Triton x-100 before being stained in rhodamine-B phalloidin. Images are representative of 3 

individual experiments. Scale bar represents 10µm. 

Fi
b

ri
n

o
ge

n
 c

o
n

ce
n

tr
at

io
n

 (
µ

g/
m

l)
 3 

100 

Control Forskolin Milrinone 



170 
 

 

 

Figure 5.10. Analysis of the effect of cAMP elevating agents on platelets spread on 

low- and high-density fibrinogen. A) Average numbers of adhered platelets per five fields 

of view, B) mean platelet surface area of 100 platelets per repeat and condition, C) 

percentage of platelets per condition positive for actin nodules or stress fibres. Data 

representative of three independent repeat experiments. Significance was defined as 

p≤0.05 (*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001). 
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5.2.9. Nodule characteristics in LDF and HDF spread platelets upon 

treatment with cAMP elevating agents 

Next, nodule analysis was performed to determine the effect of mirlinone and 

forskolin on nodules formed on either fibrinogen density (shown in figure 5.11.). Due 

to the lack of nodule positive platelets on LDF, no measurements or analysis was 

performed. In response to milrinone treatment, there were sufficient nodule positive 

platelets to analyse. These nodules were significantly larger in size than those 

formed due to foskolin treatment. This suggests that direct AC activation can lead 

to reduction in nodule size, as seen with HDF spread platelets treated with PGI2 

(figure 5.5 and 5.6.). Oddly, on HDF, there were no significant differences in nodule 

size or number with any treatment, which may be a result of comparatively reduced 

cAMP formation in these platelets compared to PGI2, which has been shown 

previously (327).  
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Figure 5.11. Analysis of the effect of fibrinogen density and PGI2 treatment on nodule 

characteristics. Platelets (2x107) were spread on fibrinogen (3 and 100µg/ml) for 25 

minutes prior to treatment with vehicle (0.005% ethanol), milrinone (10µM) or forskolin 

(1µM) for a further 20 minutes. A) Representative images of platelet platelets positive for 

actin nodules per condition. B) Average nodule surface area (nm2). 100 nodules per 

condition, per repeat were measured through the Fiji software package. C) Average nodule 

number per platelet deemed nodule positive. 50 individual platelets per condition and repeat 

were randomly selected for nodule counting. Data represented as means with S.E.M and is 

representative of three independent repeat experiments, with significance defined as p ≤ 

0.05 (*≤ 0.05). Scale bar represents 5µm. 
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5.2.10. Characterisation of actin nodules in platelets adhered to fibrinogen 

under flow in the presence or absence of PGI2 

As the formation of nodules under flow has been shown to be critical for stable 

thrombus formation in WAS patients, nodule analysis was performed on the 

fibrinogen flow microscopy images acquired in chapter 4 (figure 4.15) in the form of 

nodule size and number. Analysis of these images indicated that nodules formed in 

PGI2 treated platelets were more numerous and have a decreased surface area 

(figure 5.12). These findings mirror those from spread platelets treated with PGI2 

under static conditions, however due to the limited number of repeats (n=2), no 

statistical analysis could be performed. Additionally, the distribution of these nodules 

appears different from those formed under static adhesion assays. Nodules formed 

under flow seem to be localised close to the membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Actin nodule characteristics in platelets adhered to fibrinogen under flow 

in the presence or absence of PGI2. A) Average nodules per nodule-positive platelet. 50 

platelets per experimental condition were analysed for nodule number via manual counting 

of nodular actin staining. B) Mean platelet nodule surface area. 100 nodules were manually 

analysed for surface coverage through the Fiji software package. Data is representative of 

two independent repeats (SD). Scale bar represents 5µm. 
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Control PGI2 
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5.3. Discussion 

This chapter reports the investigations into the effect of fibrinogen matrix density on 

platelet sensitivity to PGI2 and actin nodule characteristics. Firstly, the validation of 

previous findings reported from the lab was performed and resulted in data in 

agreement with this (figure 5.1). Fibrinogen spread platelets that were treated with 

PGI2 completely reverse their stress fibres and form actin nodules (301), possibly 

resulting in a loss of contractility. It was also found that actin nodule characteristics, 

in the form of size and number, were altered in response to PGI2. 

The effect of NO on actin nodule characteristics was next analysed using imaged 

obtained in chapter 3 (figure 3.1). This was done to determine whether the effect 

seen with PGI2 was novel, or shared with NO, which also was shown to regulate the 

same cytoskeletal signalling (273,301). NO treatment was found to also cause a 

significant increase in the number of actin nodules and a reduction in nodule size 

(shown in figure 5.2), thereby demonstrating that both PGI2 and NO can both alter 

nodule properties. This may be a due to the regulation of similar targets of NO and 

PGI2 signalling, such as RhoA, and suggests that there may be a synergistic effect 

of these two inhibitors on nodule dynamics.   

The temporal formation of actin nodules in response to PGI2 was next investigated. 

This was to ensure nodules form in real time and were not an artefact of fixing and 

staining platelets, and to uncover their dynamics during the 20 minute treatment 

window with PGI2. This was performed using LifeAct mouse platelets, which were 

spread to form stress fibres, upon which PGI2 was added and resulting actin 

cytoskeletal responses recorded. These were measured against nodules which 

were formed during platelet spreading to compare dynamics in nodules formed 

during spreading against those formed after spreading and PGI2 stimulation. 

Consistent with previously data reported in this thesis and elsewhere, stress fibres 

dismantle in response to PGI2, with subsequent formation of actin nodules. This 

validated the static stress fibre-actin nodule percentage readouts that have been 

used and demonstrated their reciprocal relationship. It was found that individual 

nodule lifetimes were similar between control condition nodules and those formed 

in response to PGI2. This was true when represented as either mean or median 

lifetime, therefore, PGI2 does not appear to increase nodule turnover rates. This 

may be due to the limited resolving power of the microscope used for videocapture, 

which Poulter et al. showed to be unfavourable in the imaging of platelet actin 
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nodules (229). Perhaps structured illumination or total internal reflection approaches 

would provide better video quality and reduce the noise seen in epifluorescence 

imaging. Nodule incidence using this method, however, did increase with PGI2 

treatment and was significantly higher than in the control, indicating that PGI2 

causes enhanced nodule formation. In these mouse platelets PGI2-induced stress 

fibre reversal appeared to diminish around 20 minutes, by which time nodules began 

to diminish and stress fibres began to reform. This is an interesting finding, and 

demonstrates in real time that platelets are refractory to PGI2 inhibition, and should 

be studied further. Perhaps platelets are refractory to many ‘rounds’ of PGI2 

stimulation, which platelets may encounter at sites of increased shear within the 

vasculature (328,329). One potential caveat of this methodology could be the 

differences in nodule structure and dynamics in murine platelets. A full comparison 

should be made between murine and human platelets regarding the size, number 

and incidence of actin nodules in response to PGI2  

There have been several reports of differing fibrinogen matrix concentrations 

affecting spreading dynamics and contractility in platelets through altered signalling 

(247,330,331). It was therefore hypothesised that platelets spread on varying 

fibrinogen densities would have different sensitivities to PGI2. This was to be 

investigated by using increasing concentrations of fibrinogen to coat glass 

coverslips for platelet spreading. However, first a validation of the relationship 

between initial fibrinogen concentration for coatings and the resulting fibrinogen 

density was performed. This was done using high- (100µg/ml) and a low (3µg/ml) 

concentrations for coverslip coating (figure 5.2). It was found that 100µg/ml coatings 

had a significantly higher MFI than 3µg/ml and BSA controls, indicating that the two 

coating concentrations led to significantly different levels of fibrinogen deposition to 

the coverslip surface. Measurement of the topology of these surfaces through 

atomic force microscopy could also highlight their stiffness’. This would be important 

as it was previously shown that different concentrations of immobilised fibrinogen 

oriented themselves differently onto glass coverslips (332). Increasing matrix 

stiffness causes increased platelet signalling and spreading, which could confer 

PGI2 resistance (305)  

Having validated the difference in fibrinogen adsorption using high and low 

fibrinogen concentrations for coating, the effect of fibrinogen density on platelet actin 

dynamics and sensitivity to PGI2 was investigated (figure 5.3). A dose response 
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curve using 3, 10 and 30 and 100µg/ml fibrinogen was used for platelet spreading 

and resulted in a significantly lower spreading surface area in 30µg/ml and 100µg/ml 

coatings compared to 3µg/ml, which was in agreement with data from Jirouskova et 

al. who also demonstrated that LDF caused increased platelet spreading (247). 

Interestingly, in control conditions, actin nodule formation seemed to increase the 

higher the matrix concentration, and was significant between higher and lower 

densities. This would suggest that a significant proportion on platelets interacting 

with high-density fibrinogen are slower spreading than those on lower densities. 

Surprisingly, in response to PGI2 treatment, there was a dose-dependent increase 

in stress fibre reversal and accompanying actin nodule formation with higher density 

coatings. There was no significant difference in stress fibre reversal between 

30µg/ml and 100µg/ml coatings, due to almost complete reversal. These findings 

although seemingly counterintuitive, agree with the literature regarding fibrinogen 

and its ability to inhibit platelet function. Owagnat et al. have shown that the 

deposition of fibrinogen onto formed thrombi in vitro prevents further thrombus 

growth when additional platelets are perfused (333). A small number of platelets 

initially attached to the shell of the thrombus, however no further aggregation of 

platelets occurred thereafter. These authors also visualised the deposition of 

fibrinogen within and on in vitro formed thrombi and found higher levels within the 

shell of the thrombus.  The inhibitory capacity of fibrinogen has also been reported 

by another group, who demonstrated that higher fibrinogen concentrations 

prevented platelet adhesion to biomaterials used in prosthetics and cardiovascular 

stents (334). Additionally, low density fibrinogen also caused an increase in platelet 

adhesion on these coatings, which was stronger, suggesting that at this density, 

fibrinogen immobilised on such devices can become prothrombotic by modulating 

platelet contractility. The data obtained in figure 5.6 may also be applicable, as this 

increase in presumed contractility may not be able to be regulated by endothelial-

derived PGI2 also, which may further exacerbate platelet adhesion and thrombus 

formation in vivo. Further investigation into platelet contractility should be 

investigated using the matrix concentrations used in figure 5.5, including any 

resulting changes in contractility in response to PGI2 treatment. In response to PGI2, 

actin nodule numbers significantly increased in 10µg/ml coatings only. Due to the 

insufficient number of nodules formed on 3µg/ml, no reliable comparison could be 

made between control and PGI2 treatment without trying to seek nodule positive 

platelets during microscopy, which would of introduced bias into the data. With PGI2 
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treatment, there was a significant difference between the size of nodules formed on 

3µg/ml and 100µg/ml coatings, indicating that nodule size could be determined by 

matrix density. More experimental repeats which could capture actin nodule positive 

platelets on 3µg/ml fibrinogen should be performed to determine the true effect of 

ligand density on nodule formation, as using PGI2 data as a proxy is not desirable. 

The diminished cytoskeletal effects of PGI2 treatment seen in platelets spread on 

LDF compared to HDF suggested that they were somehow resistant to PGI2. This 

could have been a result of either diminished downstream signalling from the IP-

receptor, or an inability for active PKA to target the actin cytoskeleton. To address 

this this question, the intracellular levels of cAMP in spread platelets in response to 

PGI2 treatment were analysed using an ELISA assay. This was performed on HDF 

and LDF spread platelets at two PGI2 treatment time points (2min and 20min). cAMP 

levels in platelets spread on either density were not significantly different at either 

time point, indicating that basal cAMP synthesis was low in both conditions. In 

response to 2 minutes of PGI2 treatment, LDF led to a small increase in cAMP levels, 

however this was not significant. Conversely, platelets spread on HDF significantly 

increased intracellular cAMP content when treated.  This increase was also 

significantly higher than cAMP levels in platelets spread on LDF, indicating that 

matrix density dramatically affects cAMP concentrations. cAMP levels at 20 minutes 

of PGI2 treatment remained similar to basal levels in LDF spread platelets, 

suggesting that they remained resistant to PGI2-induced cAMP synthesis. 

Interestingly, cAMP levels in HDF spread platelets returned to cAMP levels after 20 

minutes of treatment, which suggests cAMP hydrolysis through PDE activity. These 

findings, along with the spreading data shown in figures 5.1 and 5.3 show that 

fibrinogen density can regulate PGI2 sensitivity in spread platelets. These data also 

agree with the aforementioned inhibitory abilities of fibrinogen on platelets attaching 

to thrombi (333,334). Increased sensitivity to PGI2, according to the data presented 

here, would result in increased rates of stress fibre reversal and a diminished ability 

for platelets to remain attached to the thrombus. 

Next the source of PGI2 resistance was investigated. Due to the low levels of cAMP 

in response to PGI2 stimulation in platelet spread on LDF, it was hypothesised that 

this was a result of either AC inhibition or enhanced PDE3 activity. This was 

investigated using milrinone and forskolin, to block PDE3 or activate AC, 

respectively, in spread platelets on 3µg/ml of 100µg/ml fibrinogen coatings. 
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Consistent with previous data for our lab, no treatment caused a significant 

reduction in platelet adhesion, further demonstrating that PKA activity cannot cause 

platelet embolisation under static conditions. Changes in platelet surface area was 

found to be only significant between the 3µg/ml control and 3µg/ml forskolin 

treatment. Although it has been shown that milrinone and forskolin cause a 

reduction in spread platelet surface area previously, this was not shown in the 

platelets used for this experiment. It was found that in response to milrinone, 

platelets on HDF significantly reversed their stress fibres and formed actin nodules, 

whereas those spread on LDF did not. This suggested that HDF spread platelets 

had higher PDE3 activity at 20 minutes, which corresponds to the reduction in cAMP 

concentration measured by ELISA.  There was noticeable variation in the amount 

to stress fibres and actin nodules after milrinone treatment in LDF, which may be a 

result of donor variability in PDE activity on this density of matrix.  In response to AC 

activation, platelets spread on either density of matrix significantly reversed their 

formed stress fibres into actin nodules. Considering the lack of cAMP upon PGI2 

treatment in LDF and the lack of response to PDE3 inhibition, it appears that LDF 

causes inhibition of AC function in platelets.  

This data indicates that there may be an integral mechanism in platelets that 

controls AC function depending on fibrinogen density. This, paired with findings from 

Owagnat et al. demonstrating that plasma fibrinogen inhibits thrombus formation, 

could result in a situation where plasma fibrinogen bound to active αIIbβ3 causes 

increased sensitivity to PGI2 (333). This may also put into context the reports of low 

plasma fibrinogen levels and incidence of thrombosis (335). Further work to uncover 

this possibility would involve cAMP measurement of platelets in the presence or 

absence of PGI2 and soluble fibrinogen at varying concentrations. Additionally, 

downstream markers of PKA activity such as pVASPser157 and pPKA should be 

probed for. A possible detrimental effect of LDF-induced AC inhibition could be the 

lack of PGI2 response in platelets attached to biomaterials such as stents. The 

adhesion of platelets to these materials was shown to occur mostly at low 1-3µg/ml 

fibrinogen densities (334), which according to the data presented in this chapter, 

would become insensitive to PGI2 also, which may then permit further platelet 

activation and potential thrombus formation through sustained stress fibre 

formation.  
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The source of AC inhibition in LDF spread platelets could be through several 

mechanisms. As previously reported by Jirouskova et al. intraplatelet Ca2+ levels in 

platelets spreading on LDF are both elevated and sustained, whereas HDF are not 

(247). AC5/6 are inhibited by low, physiologically relevant micromolar levels of Ca2+ 

(318), which could mean that LDF AC5 or AC6 could be inhibited by high Ca2+ levels 

induced by LDF. To initially test this hypothesis, exogenous Ca2+ could be added to 

both LDF and HDF spread platelets prior to PGI2 stimulation. If correct, Ca2+ would 

cause AC inhibition in platelets spread on HDF, subsequent PGI2 resistance and 

lack of stress fibre reversal. 

Stress fibre reversal in response to PGI2 has been shown in figure 4.15 in chapter 

4 and may explain the embolisation of platelets from thrombi formed on collagen, 

which platelets have been shown to do when actin-myosin interactions are inhibited 

(195,336). Actin nodules are a critical factor in thrombus stability (229), and are also 

a result of stress fibre reversal under both static and shear stress conditions in 

response to PGI2 (figure 4.15, chapter 4). Like static conditions, there was a 

noticeable difference in the number and size of actin nodules in the presence or 

absence of PGI2. Therefore, further nodule analysis was performed on images 

obtained from figure 4.15, which appear to show an increase in the amount of 

nodules (per nodule positive platelet), and a reduction in their surface area (figure 

5.10). Unfortunately, no statistical analysis could be performed due to insufficient 

data sets, which should be addressed with further experimental repeats. The 

distribution of nodules after PGI2 perfusion was drastically different from control 

platelets. PGI2 stimulation cause nodules to form at the periphery of the platelet, 

which may indicate their requirement for platelet adhesion prior to stress fibre 

formation by anchoring the periphery to the matrix, thereby preventing flowing 

plasma from lifting the platelet away from the underlying matrix. As this fibrinogen 

presented in the flow channel is likely to be very stiff, this keeps the platelets in 

place, whereas a softer presentation of fibrinogen on the outside of the thrombus 

would cause embolisation through diminished shear-induced signalling.    

Although in its infancy, preliminary research into the purpose of the actin nodule has 

emphasised their requirement for stable platelet adhesion and thrombus formation 

under flow (229). This may highlight a role for actin nodules in the intermediate 

stages of platelet spreading and stress fibre formation under flow, as platelets from 

WAS patients still formed stress fibres in static adhesion assays (229). Real time 
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actin nodule data obtained in figure 5.7 demonstrated an increase in the number of 

cumulative actin nodules over time, which could mean an increase in cAMP-induced 

nodule dynamics. This suggests that platelets may require PKA for nodule formation 

and may explain why LDF results in so few nodule positive platelets. A time course 

of platelet spreading on LDF could clarify if they do form nodules before fully 

spreading. This could also be done using the PKA biosensor mice previously used 

by Hiratsuka et al. to visualise PKA activity during nodule formation (302).  

5.4. Conclusion 

This chapter has uncovered the role of fibrinogen matrix density in the regulation of 

PGI2 sensitivity and actin nodule characteristics. PGI2 insensitivity was shown to be 

a result of AC inhibition on LDF, which was not seen using HDF. Additionally, LDF 

resulted in almost no actin nodules compared to HDF. This difference was also seen 

in nodules formed in response to PGI2, where LDF nodules were significantly larger 

than those formed on HDF. Under flow, nodules appear to be smaller and more 

numerous in response to PGI2 and may be a result of increased nodule dynamics.  
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6.0. Summary 

This thesis has investigated the effect of cyclic nucleotides on the regulation of the 

spread platelet actin cytoskeleton and its effects on thrombus stability. During this 

investigation, I have demonstrated the importance of matrix type and concentration 

in the susceptibility of interacting platelets to cyclic nucleotide-mediated reversal of 

stress fibres. Taking with previous findings highlighting the need for platelet 

contractility, the findings presented here shed further light onto the critical nature of 

platelet stress fibre formation and sustenance during and after thrombus formation. 

It is clear that different matrices prevent or permit cyclic nucleotide-mediated actin 

cytoskeleton rearrangement, which may be a result of defined areas within the 

thrombus where PKG and PKA activity may or may not be required to limit thrombus 

formation. 

6.1. Matrix deposition dramatically effects platelet sensitivity to endothelial 

derived inhibitors: laying the bricks that determine thrombus structure 

There is a growing consensus that thrombi have distinct areas of contractility, where 

there is limited perfusion of plasma and retention of soluble agonists, including 

thrombin, ADP and TXA2, which leads to distinct areas of solute retention within the 

thrombus due to platelet packing (76,78,337). Currently, the distribution of matrices 

within and around the thrombus and its impact on thrombus formation has not been 

investigated. Uncovering this would be of great benefit for our deeper understanding 

of thrombus formation. It has been well documented that thrombi can take many 

forms, with some being red clots, which are red blood cell rich and platelet poor, or 

white clots, that are predominantly platelets and fibrin (338). Perhaps the distribution 

of exposed matrices upon vascular injury, among other factors, can lay out the 

blueprints for thrombus structure.  

Platelets are traditionally thought to be kept in check by NO and PGI2 prior to matrix 

adhesion and thrombus formation, with little importance stressed on the ongoing 

regulation of thrombus structure by these inhibitors. In this thesis, I have 

demonstrated that platelets, depending on the matrix protein that they are 

interacting with and its concentration, can reverse their formed stress fibres, leading 

to a reduction in platelet surface area and thrombus height under flow. These 

findings suggest that the upper-most layers of the thrombus are more sensitive to 

CN inhibition, whereas platelets within the lower levels towards the thrombus ‘core’ 

are not. In line with the previous thrombus structure findings, platelet contractility 
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within the developing thrombus may lead to distinct areas of PGI2 and NO 

permeation. In the upper layers of the thrombus, where contractility is lowest and 

spaces between platelets are larger, plasma may perfuse through and ‘bathe’ the 

platelets in inhibitory, CN-generating signals. This would then keep platelets 

attached to the outside of the thrombus in a semi-quiescent state, thereby limiting 

further platelet secretion and subsequent platelet binding. Additionally, platelets on 

the outside of the thrombus would be exposed to higher shear than those deeper 

within, which would lead to the controlled embolisation of these outer-most platelets 

if their activity level and was below that required to meet the challenge of these 

inhibitory signals. Failure to do so would lead to insufficient actin-myosin contractility 

to remain bound to the thrombus. The balance between activation and inhibition at 

the outer-most shell of the thrombus appears to be on a knife-edge, and factors 

swaying this balance could be the determining factor between occlusive and non-

occlusive thrombi. 

6.2. Nitric oxide in the regulation of thrombus size 

In chapter 3 I have demonstrated that NO and its subsequent activation of cGMP 

synthesis and PKG activation leads to the reversal of formed stress fibres on 

fibrinogen-coated matrices. This ultimately led to a reduction in the height of 

preformed thrombi on collagen-coated surfaces under flow. There are several 

implications of these findings. Normally, vascular endothelial cells produce NO, and 

due to platelet size and laminar flow, platelets are pushed towards the endothelium 

and are thought to be constantly ‘bathed’ in NO.  However, in disease states such 

as diabetes, hypocholesterolaemia and hypertension there are numerous reports of 

reduced endothelial production or platelet responsiveness to NO (339–342). This 

loss of NO production in the endothelium or platelet NO sensitivity would mean an 

increased level of stress fibre sustenance during and after thrombus formation, 

where NO helps define the boundaries of the thrombus by establishing a threshold 

between activatory and inhibitory signals to the actin cytoskeleton. NO can directly 

react with haemoglobin on the red cell membrane which would otherwise absorb the 

produced NO, diminishing the vascular endothelium’s ability to inhibit platelets and 

prevent excessive thrombus growth. Free haem has previously been experimentally 

used to absorb NO and diminish platelet inhibition (343). Radomski et al. also used 

haem to block the effect of NO to demonstrate the synergistic effect of picomolar 

and nanomolar levels of PGI2 and NO, respectively (177). The findings of NO and 

PGI2 synergism observed here support this, and further work involving this 
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synergism should be undertaken. It would be useful to understand the importance 

of free haem in the post-perfusion of NO in our flow microscopy assays, as 

conditions causing haemolysis may lead to a diminished ability for NO to inhibit 

platelet contractility (343,344).  

Shear stress encountered by platelets during thrombus formation contributes to the 

structure of the thrombus (345,346). Conversely, there has recently been a report 

of shear-induced cGMP generation in platelets at the outer-most edge of thrombi 

(298). Loss of cGMP-sGC signalling led to a significant increase in thrombosis, and 

more pertinently, a decrease in thrombus dissolution after formation compared to 

WT controls. This finding demonstrates NO-mediated thrombus consolidation, in 

agreement with collagen flow findings presented in chapter 3. Therefore, it is likely 

that this autoregulatory brake in thrombosis is modulating platelet contractility 

through inhibition of RhoA. This is an attractive concept, in which a growing 

thrombus is exposed to increasing shear rate as the thrombus grows and stenoses 

the blood vessel. By increasing susceptibility to NO, platelets ensure that excessive 

thrombus formation is impeded and blood flow to vital tissues, such as the 

myocardium, is maintained. This hypothesis is supported by the increased incidence 

of MI in families with hereditary loss of function mutations in the α-subunit of sGC, 

GUCY1A3 (200). Investigation into ex vivo thrombus formation with these 

individual’s platelets, their response to NO and any stress fibre reversibility would 

be an effective way to demonstrate any effect of NO on stress fibres.  

Although often thought of as redundant partners, NO and PGI2, are likely synergistic 

in their regulation of the platelet cytoskeleton. Seminal work from Salvador 

Moncada’s group in the late eighties showed that at low, non-effective 

concentration, NO and PGI2 could synergise to inhibit platelet aggregation (347). 

Since then, there has been little clarification of this effect. Using the same 

concentrations of these inhibitors, I have shown that NO and PGI2 alone did not 

affect the spread platelet actin cytoskeleton. However, when used together, they 

cause significant reversal of formed stress fibres. This synergistic relationship is 

further indicated by the seemingly different mechanisms that they use for inhibiting 

RhoA, with PGI2 causing phosphorylation of RhoAser188, and NO causing inhibition 

of by some other, potentially novel mechanism. These findings place emphasis on 

the relationship of NO and PGI2 and puts into context the disparity between their 

estimated plasma concentrations and those used experimentally. 
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6.3. Collagen-mediated resistance to PGI2 in spreading and spread platelets: 

the foundation in the thrombus blueprint? 

Our group has previously shown that collagen spread platelets are resistant to PGI2, 

unlike those that have spread on fibrinogen, which readily reverse their formed 

stress fibres in response to PGI2 treatment. Here in chapter 4, I have recapitulated 

this result and have shown that at the same concentration of PGI2, there was no 

effect when preincubating platelets. This demonstrates that immobilised collagen is 

a powerful mechanism that platelets can become PGI2 resistant. The importance of 

this phenomenon requires further investigation. This could be a mechanism that 

platelets utilise to form uninterrupted seeding of the thrombus. Platelet contractility 

is required for stable thrombus formation (195). This is a RhoA-dependent process, 

which our group and others, have shown to be potently regulated by PGI2 (272,273). 

The impact of impaired actin-myosin contractility has been highlighted using and the 

ROCK inhibitor, Y27632, in vivo, which drastically inhibits thrombus formation (195). 

This effect could also be a contributor to occlusive thrombi in stenosed 

atherosclerotic vessels. Upon plaque rupture, collagens are exposed to oncoming 

platelets, however in this scenario, the seeding of the thrombus begins much further 

into the vessel. As the blueprinted process of thrombus formation begins, brought 

about by the subendothelial collagen foundation, the thrombus may likely become 

occlusive, as it’s ‘core’ of thrombin-activated and granule-secreted platelets are 

highly contractile and limit plasma, thus PGI2, perfusion (76,78,79) (Figure 6.1.).  
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Figure 6.1. Proposed effect of collagen mediated PGI2 insensitivity during thrombus 

formation and in atherosclerosis. A) Under normal physiological conditions, collagen is 

retained within the subendothelium far from the opposing luminal wall. Upon endothelial 

damage, collagen becomes exposed to oncoming platelets in laminar flowing blood, which 

then bind to collagen via GPO and GFOGER peptide sequences and are resistant to PGI2 

exposure. Subsequent bulking of the aggregate leads to areas of defined solute retention, 

brought about by platelet contractility, with areas deeper down towards the core (red and 

yellow) having limited plasma permeability likely resulting in a lack of PGI2 exposure, which 

allows further unimpeded platelet contraction through RhoA function. The outside ‘shell’ of 

the thrombus has increased permeability due to a concentration gradient of generated 

thrombin, ADP, TXA2 and other agonists that permeates from the core and the middle zone 

(yellow). This permits the perfusion of PGI2 throughout the shell and the maintenance of 

these platelets’ semi-quiescent state and perfusion of blood to downstream sites. B) 

Collagen-mediated occlusion of vasculature in a stenosed atherosclerotic vessel. Due to 

increased collagen synthesis, SMC migration into the vessel lumen and other proactivatory 

factors within the atheroma, collagen is presented further into the lumen than in healthy 

vessels. Upon plaque rupture, platelets begin the concerted process of thrombus formation, 

firstly with PGI2-resistance brought about by collagen interaction. Aggregate bulking then 

begins with thrombin generation and secondary mediator release, leading to a thrombus 

that can occlude the vessel and cause downstream ischemia. Additionally, a growing 

thrombus seeded further into the lumen could cause turbulent flow, thereby disrupting the 

‘bathing’ of oncoming platelets in inhibitory signals. 

A) 

B) 
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6.4. Molecular mechanisms causing collagen mediated PGI2 resistance 

There are several findings from the data presented in chapter 4 that seem 

counterintuitive yet were consistent. Therefore, there must be one or several 

processes that occur in collagen spread platelets that lead to PGI2 resistance 

through diminished cAMP synthesis, whilst also causing concurrent PKA activity.  

Initially, it was hypothesised that ADP release was causing AC inhibition. ADP 

signalling has been shown to inhibit AC function in platelets through activation of 

Gαi via P2Y12 activation (165,348). However, this was discounted as a factor due 

to the lack of re-establishment of PGI2 sensitivity in collagen spread platelets in the 

presence of apyrase. Regulators of G protein signalling (RGS) proteins are another 

potential mechanism of AC inhibition. They act as GAPs, thereby encouraging the 

intrinsic GTPase activity of G-proteins, which leads to their inhibition (349). The 

isoform RGS2 has been identified as a selective Gs inhibitor and prevents to 

synthesis of cAMP by AC. This was later implicated in ADP-independent regulation 

of AC function in platelets by Noe et al. and showed that patients with a 

heterozygous RGS2 mutation had significantly diminished cAMP generation due to 

increased AC binding (350). Furthermore, RGS2 has been shown to inhibit AC5 

(also expressed in platelets) function in HEK293 cells in a Gαi-independent manner 

(220,351). Currently, there have been no investigations into the effect of GPVI 

activation on the function of RGS proteins in platelets. The hypothesis of this effect 

is illustrated in figure 6.2.  However, this hypothesis does not account for the 

increase in markers of PKA, although there could be several processes underway 

during collagen-mediated platelet spreading. 

The role of PKA in platelets is very different to its effect on nucleated cells. This 

could potentially be explained by differences in isoform expression and available 

substrates in each cell type. More recently, there has been increasing interest in the 

spatiotemporal regulation of PKA activity through AKAPs. These anchoring proteins 

localise PKA isoforms with many substrates depending on the AKAP conformation 

and add yet another layer of complexity to the PKA signalling pathway. However, 

only a select few have been isolated and identified in platelets, including small 

molecular AKAP (smAKAP) and moesin (228,352). Interestingly, Margarucci et al. 

observed the assembly of PKA anchoring proteins, notably AKAP9 and AKAP2 to 

the plasma membrane upon GPVI stimulation in platelets along with the two α and 

β catalytic subunits of PKA, suggesting that PKA activity may be primed upon 
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collagen stimulation (353). Conversely, the purpose of this AKAP:PKA-Cα/β binding 

may be to prevent cAMP formation and obscuring PKA catalytic subunits from being 

activated. Unfortunately, AC enrichment within these AKAPs was not analysed and 

requires further investigation. Also requiring exploration is the full screening of 

AKAPs in platelets and identifying which AKAPs associate with AC isoforms upon 

collagen and fibrinogen activation.  

 

 

Figure 6.2. Proposed mechanism of Gs and downstream AC inhibition through 

collagen-mediated activation of RGS proteins. Activation of the GPVI receptor (red) with 

fibrillar or monomeric collagen via GPO sequences leads to varying levels of downstream 

PLCγ2 activation and subsequent activation of RGS isoforms. Activated RGS can inhibit 

the function of Gs signalling downstream of the IP receptor, leading to a lack of cAMP 

synthesis in response to PGI2 stimulation.  

 

The unexplained increase in PKA substrate and VASP phosphorylation could be a 

result of non-specificity of the antibodies used, which may be binding to other 

substrates which may be phosphorylated by kinases, or promiscuity of the targeted 

phosphorylation site to other kinases. Wentworth et al. have previously 

demonstrated that pVASP can be phosphorylated at ser157 in a PKC-dependent 

manner in response to thrombin (310). It has yet to be investigated if collagen shares 

Gs 
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this similar effect. An experiment to be performed carrying forward would be the 

inhibition of PKC and its respective isoforms when spreading on Horm collagen or 

CRP, where there should be no significant increase in the levels of pPKA substrate 

or pVASPser157.  If the elevated phosphorylation pattern persists, this would 

suggest that PKA is indeed activated upon GPVI activation and would refute both 

that a) the current consensus that PKA signalling leads to platelet inhibition, and b) 

PKA is only activated in platelets with elevated cAMP levels.  

One potential mechanism that neatly brings together the disparate cAMP and PKA 

findings is collagen-mediated release of sphingosine-1-monophosphate (S1P). S1P 

release has been shown in platelets in response to PAR and GPVI stimulation (354). 

This release could result in autocrine and paracrine activation of Gαi through the 

S1P receptor reportedly expressed by platelets and lead to the inhibition of AC in 

an identical manner to ADP signalling. Importantly, sphingosine has been shown to 

increase PKA activity in a cAMP-independent manner in COS cells (312). In 

activated platelets, S1P has also been shown to be dephosphorylated into 

sphingosine by S1P phosphorylase, which could then go on to activate PKA (317). 

This would be a fitting explanation for the conflicting data. This may shed doubt onto 

the notion of PKA playing an exclusive inhibitory role in platelets, unless the PKA 

activity observed in collagen spread platelets is autoinhibitory. An illustration of this 

hypothesis is shown in figure 6.3. As this mechanism fits the current set of data 

detailed in chapter 5, the existence of this mechanism in collagen-spread platelets 

should be studied as a priority. Perhaps the effect of PKA is dependent on the 

activation method, with cAMP imparting an inhibitory role and sphingosine as an 

activatory role, alongside specific compartmentalisation with AKAPs. 
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Figure 6.3. Proposed mechanism of collagen-mediated inhibition of AC function and 

cAMP-independent activation of PKA via S1P autocrine and paracrine signalling. 

Activation of dimeric or monomeric GPVI by collagen caused increased release and/or 

synthesis or S1P in platelets. S1P then binds to the S1P receptor shown to be expressed 

on the platelet plasma membrane, leading to activation of the Gi α-protein. Activated Gi, as 

seen with P2Y12 agonism, inhibits AC function, leading to reduced cAMP formation and 

decreased cAMP dependent PKA activation. Platelet activation has been shown to cause 

the dephosphorylation of synthesised intracellular, non-granule S1P into sphingosine 

through activation of S1P phosphatase. Sphingosine can then activate PKA in a cAMP-

independent manner, potentially leading to different effects within the cell. 
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6.5. Fibrinogen density determines PGI2 sensitivity and nodule 

characteristics: implications for thrombus formation? 

In chapter 5, I have highlighted the ability of fibrinogen matrix coating density to 

impart varying levels of PGI2 sensitivity in platelets. This was found to be in a similar 

mechanism to collagen-spread platelets, with stress fibre reversal only occurring 

when AC was activated with forskolin, and not when PDE3 was inhibited by 

milrinone. This, like collagen spread platelets, indicated that levels of AC activity 

when in LDF spread platelets was much lower than in those spread on HDF. In 

agreement with this, cAMP levels in LDF spread platelets were significantly lower 

than those on HDF when treated with PGI2. The key question to address with this 

novel data is whether this effect is physiologically relevant and how this may impact 

thrombus formation in health and disease.  

Fibrinogen in suspension has been shown to inhibit platelet activity (355). In 

agreement with this, there are reported cases of thrombotic events in individuals 

with afibrinogenaemia (335). The importance of fibrinogen immobilisation as a 

requirement for platelet reactivity is well known. Qiu et al. have used 3µg/ml 

fibrinogen solutions to coat slides of varying polyacrylamide stiffnesses and showed 

that as stiffness increases, so does platelet spreading (305). Although not used in 

the study, one can speculate as to why the standard 100µg/ml fibrinogen coating 

was not used, considering the findings presented in chapter 5 and those previously 

reported by Jirouskova et al. (247). It is likely that platelets are mechanosensing 

HDF coatings as low-stiffness and are not activating as robustly as those spread on 

LDF coatings, which may be sensed as high-stiffness. The downstream signalling 

of platelet mechanosensing has been poorly investigated, with only one report into 

the mechanosensing protein, vinculin, in platelet function and thrombus formation 

(356). In this study, the authors demonstrate that vinculin knockout in mice causes 

no difference in aggregation, adhesion and spreading to several agonists, although 

there was a significant prolongation of tail bleeding times. These investigators 

however did not study the role of matrix stiffness or density on these knockout 

platelets and should be a topic for further investigation. At the time of writing this 

manuscript, new findings reported from Macwan et al indicate that when partially 

stimulated over a prolonged time, platelets show hallmarks of PKA activation, such 

as pVASPser157, indicating that both their intrinsic PKA pathway increases, as does 

their sensitivity to PGI2 (357). This agrees with findings in chapter 5 of this thesis 

and suggests that if platelets spread on HDF signal weaker than those on LDF, then 
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PGI2 sensitivity may increase in the former and decrease in the latter due this 

autoregulation. 

I have generated data that demonstrates a relationship between fibrinogen matrix 

density and actin nodule dynamics in platelets. As density decreases, nodule size 

increases and vice versa. However, in control conditions, formation of actin nodules 

is extremely low on LDF compared to HDF and suggests a different signalling 

mechanism is taking place. This may be a result of Rac1-mediated spreading as 

shown previously on LDF compared to HDF, leading to enhanced lamellipodia and 

stress fibre formation (247). There is still work underway to determine the role of 

actin nodules prior to, during and after thrombus formation and currently there has 

only been a handful of reports. Actin nodules bear striking resemblance to 

podosomes found in other cell types. They contain F-actin, the Arp2/3 complex and 

WASP, talin, vinculin, and are rich in phosphotyrosine (pTyr), which indicate that 

both nodules and podosomes have similar purposes in sensing underlying matrices 

to determine changes in cell behaviour accordingly (103). Poulter et al. have 

reported findings using WAS patient platelets that are devoid of WASP, and thus 

have diminished Arp2/3 function (229). Platelets from these individuals fail to form 

actin nodules and struggle to form stable adhesions under flow, indicating the 

importance of actin nodules in thrombus formation. The presence of vinculin further 

increases the likelihood that nodules are mechanosensing structures. This supports 

the increase in nodule size in LDF spread platelets and suggests that as fibrinogen 

density decreases, stiffness increases, leading to larger nodules. The changes in 

the quantities of pTyr in these nodules compared to HDF nodules should be 

analysed through simple immunofluorescence microscopy. A higher intensity of 

pTyr staining in LDF nodules would agree with the previous findings from Jirouskova 

et al., who showed its elevation in LDF spread platelets, indicating increased platelet 

activity (247). 

Zhang et al. have shown an inverse relationship between αIIbβ3 tension during 

platelet spreading and PS exposure (358). As platelets degranulate, integrin tension 

diminishes by over 60%. This was shown to occur after approximately 20 minutes 

of spreading, a time at which stress fibres become prevalent in human platelets that 

spread on fibrinogen (273). Considering that the actin nodule is densely surrounded 

by αIIbβ3 and is critical for thrombus formation, it is likely that nodules allow directed 

degranulation, providing the necessary secondary mediators and adhesive proteins 
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required for firm attachment at sites of injury. Fibronectin release from granule 

stores is a mechanism by which platelets can ‘fill in the gaps’ in pre-existing matrices 

and then begin to spread over (57). Possibly nodules may be directing granule 

secretion and adhesion protein deposition during platelet spreading, and the 

increased nodule size in LDF spread platelets may be a marker of this, whereas the 

smaller nodules seen in HDF reflect their constant probing of high-density matrices 

which would not require matrix deposition. To test this hypothesis, the presence of 

membrane fusion proteins and regulators of granule release at actin nodules should 

be investigated. The role of actin nodules in sensing underlying matrix properties 

should also be studied. The limited data available here and published elsewhere 

implicates nodules as key platelet components during thrombus formation, likely 

through sensing of the mechanical and proteinaceous properties of the underlying 

matrix.  

6.6. The matrix responsible for PGI2 sensitivity in spread platelets: Collagen 

or fibrinogen? 

I have shown that collagen can inhibit AC function in spread platelets and high-

density fibrinogen can cause sensitivity to PGI2. This raises the question of if it is 

primarily one of these matrix proteins or their respective receptors that is the sole 

cause of these findings. I have also shown that platelets spread on fibronectin are 

sensitive to PGI2 stress fibre reversal, which could suggest that the effect of 

insensitivity on collagen is due to GPVI activation. However, fibronectin itself can 

bind with and signal through αIIbβ3 via its RGD sequences. This could potentially 

mean that the activation of αIIbβ3 is what imparts PGI2 sensitivity in spread platelets. 

Areas throughout the thrombus that are lacking αIIbβ3 activity could therefore be 

resistant and maintain their position though RhoA-mediated contractility. This 

hypothesis should be tested using the αIIbβ3 blocking peptide, eptifibatide in platelet 

spreading on a number of different matrices prior to treatment with PGI2. If αIIbβ3 is 

the cause of sensitivity, its inhibition could impart PGI2 resistance. Conversely, the 

hypothesis that insensitivity is derived from GPVI activity could be tested by 

spreading platelets on collagen in the presence of a human GPVI blocking antibody, 

or the Fc-based Revacept. If GPVI is the cause of resistance, there would be no 

observable change in cytoskeletal phenotype upon PGI2 treatment. Recently, the 

ability of D-domain recognition by GPVI in platelets has been highlighted by 

Induruwa et al., which was shown to facilitate platelet adhesion to fibrinogen at low 

shear rate (359). Interestingly, fibrinogen D-domains have been shown to be 
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exposed in low-density coatings and causes stain on the fibrinogen monomer by 

laying horizontally (360). Considering these studies, it appears that GPVI is the 

central player in determining PGI2 resistance.  

6.7. Can platelets autonomously use PKA activity to finely control actin 

dynamics? 

The temporal action of PGI2 on spread platelets appears to be maximal at around 

20 minutes, as indicated by the return to a stress fibre positive phenotype using real 

time F-actin visualisation with LifeAct mice. This suggests that platelets are 

refractory to PGI2 stimulation and downstream PKA activation. This makes sense, 

as platelets in the vasculature are likely exposed to varying concentrations of PGI2 

throughout the body and are required to overcome this during clot formation. The 

recently reported findings from Macwan et al. also demonstrates the platelet’s ability 

to activate PKA irrespective of PGI2 treatment, as shown indicated here in collagen-

spread platelets (357). This could indicate that platelets under the correct 

experimental and physiological conditions can switch off and on PKA to regulate 

platelet function during changes within the thrombus. It is widely accepted that after 

establishing a thrombus, it is subsequently consolidated and loses most of its bulk 

through embolisation of platelets from the thrombus and increased contractility in 

the remaining platelets. As discussed previously, I propose that PGI2 perfusion 

through the outer shell of the thrombus may be a major contributor to this controlled 

embolisation. However, PKA may also be utilised in platelets as a mechanism to 

locally regulate actin dynamics. This is not a new phenomenon within cellular 

biology and has been shown to occur in migratory cells at the lamellipodial edge, 

resulting in the inhibition of RhoA and the setting of migratory pace. This system 

could be in place in platelets to control cell spreading and contractility depending on 

the underlying matrix, its concentration and the level of shear stress present. 

6.8. The therapeutic benefit of targeting PGI2 sensitivity in platelets 

Experimental inhibition of platelet actin dynamics significantly diminishes the 

formation and stability of thrombi. However, inhibition of actin dynamics in platelets 

as a therapy is not possible due to the ubiquitous nature of the actin cytoskeleton 

and its regulators. This would be a highly effective therapy if targeted correctly with 

a platelet-specific delivery method like Gp1b-linked nanoparticles or vesicles, 

however these methods are far from therapeutic use. Therefore, a more subtle 

approach must be made that targets the interlinking of pathways within the platelet 
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and allows the limiting of thrombus size whilst ensuring sufficient haemostasis; a 

common caveat with current antiplatelet therapies. Data shown in chapters 4 and 5 

demonstrate that matrix type and density can have a dramatic effect on PGI2 

sensitivity. Modifying the underlying signalling leading to this could allow the 

reestablishment of PGI2 sensitivity. For example, a correctly dosed S1P-R inhibitor 

or inhibitors of RGS proteins that are in higher abundance in platelets. However, 

these factors require thorough investigation to clarify their effect on PGI2 insensitivity 

in response to varying matrix types and concentrations. In those with vascular 

endothelial dysfunction where PGI2 synthesis could be diminished, the PGI2 analog, 

iloprost, could be used to increase basal IP-R agonism and act as a two-pronged 

approach. The enhanced sensitivity of platelets to PGI2 has been experimentally 

shown using P2Y12 antagonists, which prevent downstream activation of Gi and 

allow continued AC activity (308,361). 

Currently, the antiplatelet Fc drug, Revacept, is in stage II clinical trial and inhibits 

platelet interactions with collagen by binding to and obscuring GPO sites for GPVI 

(www.clinicaltrials.gov/ct2/show/NCT01645306). With the collagen data presented 

here, the use of this drug may at least prevent PGI2 insensitivity in platelets attaching 

to sites of vascular injury where GPVI activity predominates. This is especially 

desirable in stenosed atherosclerotic vessels, where the subendothelium is 

presented further into the lumen. By forcing PGI2 sensitivity platelets attaching to 

collagen, thrombus bulk could be diminished, and vessel occlusion prevented.  

6.9. Limitations of this work 

Although due care was taken in planning the experiments performed in this body 

of work with the resources at hand, there are limitations of these findings which 

require further work to address.  

1. Spreading experiments were performed on washed platelets, which have 

been stripped of any plasma components.  

This was required for the investigation of the effect of NO and PGI2 because there 

may be residual metabolites of PGI2 or NO which may affect individuals results due 

to non-platelet factors, such as increased synthesis of these inhibitors between 

donors. Additionally, there may also be plasma components which may interact with 

NO and PGI2 and therefore cause differential levels of their breakdown, which would 

add further variation to the findings not related to the platelets themselves. 
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Circumventing this problem with NO is problematic due its high reactivity and 

resulting millisecond half-life in the plasma. It is hypothesised that the predominant 

action of NO on platelets is due to laminar flow within the blood vessel which pushes 

platelets closest to the endothelial wall where NO and PGI2 is released (11). 

Therefore, in a static spreading assay, this effect is not present, which may result in 

the soaking up of released NO with plasma proteins. 

2. Spreading and flow experiments were performed on 2-dimensional (2D) 

glass-adsorbed matrices that were ultra-stiff. 

 The stiffness of glass coverslips is much stiffer than any structure which the platelet 

may interact with in the human body and limits the physiological relevance of the 

findings obtained, as platelets may not form the typical stress fibres seen in platelet 

spreading assays.  The 2D nature of the platelet spreading assay is also unlikely to 

be seen in the body. Thrombus formation is a swift process, and it is unlikely that 

platelets within the thrombus will be spreading only in the XY plane. These 

limitations notwithstanding, the analysis of stress fibre sustenance was valuable as 

a readout for platelet contractility.  

3. The sensitivity of spread platelets to PGI2 and NO were tested on isolated 

matrix proteins.  

Endothelial damage causes the exposure of a multitude of matrix proteins, including 

collagens, fibronectin, vitronectin and laminin (362). Additionally, vWF exposure 

from damaged endothelium and chemical interactions between matrix types further 

adds complexity to the area of injury (363,364). Therefore, areas of vascular 

damage are heterogeneous, and will result in a spectrum of platelet responses and 

thrombus characteristics. Further investigation into the role of GPVI-mediated 

platelet cAMP inhibition in mixtures of matrices should be performed. Potentially, 

the presence of collagen at sites of vascular damage can shut down cAMP formation 

in platelets irrespective of any other matrix protein that the platelet is interacting with. 

Findings from such research may further shed light on the criticality of GPVI 

signalling in thrombus formation.  
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6.10. Future directions 

1. Visualising in situ thrombi to determine matrix protein deposition 

The findings presented here show that platelet sensitivity to PGI2 is dependent on 

the type and concentration of matrix proteins that the platelet has been exposed to. 

In figure 6.1 I have taken these findings to hypothesise the effect of this 

phenomenon during and after thrombus formation. To further these findings, the 

visualisation and quantification of matrices within a thrombus should be performed. 

Although it is known that collagen resides within the subendothelium, the deposition 

and concentration of fibrinogen within a formed thrombus has not been investigated. 

In order to investigate this, thrombi will be formed within WT mice, preferably 

through laser induced injury, which imitates mechanical injury more accurately than 

ferric chloride method. This thrombus would then be fixed and stained for matrix 

proteins, including collagens, fibrinogen and fibrin. Using proatherogenic mouse 

models such as ApoE knockout mice (365), the influence of vessel stiffening, 

increased collagen synthesis and stenosis on thrombus formation could also be 

explored and compared to WT counterparts.  

2. Visualising real-time in vivo thrombus formation and sustenance in response 

to PGI2 and NO 

Individuals with hereditary mutations in NO or PGI2 signalling are at a higher risk of 

myocardial infarction and stroke (200,366), highlighting the impact of these inhibitors 

in the prevention of occlusive thrombus formation. The direct mechanism of NO and 

PGI2 action in in vivo thrombosis should be uncovered. This could be undertaken 

using mice lacking functional PKA or sGC function in in vivo thrombus formation 

assays. There have been reports of the use of such mice previously, which 

importantly don’t spontaneously thrombose (189,367). Only upon vascular damage 

do these mice form occlusive thrombi, suggesting that NO and PGI2 have little 

influence in the regulation of unstimulated platelets. This work and previous work 

from our lab has implicated cyclic nucleotide signalling in the controlled embolisation 

of platelet from preformed thrombi in vitro (273,301). By uncovering the in vivo 

effects of NO and PGI2 during and after thrombus formation, we may be able to 

demonstrate physiological relevance of our findings. To make this finding more 

specific to platelet contractility, inhibitors of actin-myosin interactions should be 

used, such as the ROCK inhibitor Y27632, and the MLCK inhibitor, ML7. 
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3. Do people with dysfunctional platelet GPVI signalling have an increased 

thrombus susceptibility to PGI2? 

There have been several reports of dysfunctional GPVI signalling, either as a result 

of homozygous mutations, or generated anti-GPVI autoantibodies, resulting in 

varying levels of bleeding phenotypes (368,369). Additionally, oral administration of 

inhibitors of downstream Bruton tyrosine kinase (Btk) causes inadvertent GPVI 

dysfunction in platelets and excessive bleeding episodes upon injury (370,371). 

Perhaps platelets from these individuals have an increased susceptibility to PGI2 

inhibition in vivo through a lack of GPVI signalling. Due to the rarity of GPVI 

mutations, it would be more appropriate to investigate the effect of Btk inhibition on 

platelet PGI2 sensitivity in CLL patients, considering the widespread use of these 

inhibitors as chemotherapy agents. This would consist of in vitro platelet spreading 

and thrombus formation on several matrices in the presence or absence of cAMP 

elevating agents. Findings from such a study could highlight both the role of GPVI 

in PGI2 resistance and a novel mechanism by which Btk antagonism causes 

bleeding 

4. Effect of matrix stiffness on platelet cyclic nucleotide sensitivity 

Due to the theorised mechanosensing capabilities of actin nodules brought about 

by vinculin enrichment within them, an investigation into the effect of different matrix 

stiffness on PGI2/NO sensitivity should be undertaken. Our data surrounding matrix 

density coatings suggest that the stiffness of matrices may also influence this, as 

increasing matrix density correlates with a decrease in stiffness. Investigations from 

the Shattil group in the University of California have shown little effect of vinculin 

deficiency in murine platelets (356). However, this work did not involve investigation 

into full platelet spreading on platelet agonists, nor their respective concentrations 

or stiffnesses. There have been several reports of the ability of platelets to 

mechanosense underlying matrices, leading to enhanced contractility and 

spreading through small RhoGTPase signaling (305,358). To investigate the role of 

matrix stiffness in PKA/PKG sensitivity in platelets, a similar approach to Qiu et al., 

would be used (305). In short, polyacrylamide gels of varying stiffnesses would be 

fabricated and fibrinogen absorbed over the gel. Unlike the previous authors, 

platelet actin dynamics would be visualised to assess stress fibre formation on 

different stiffnesses. Platelet lysates would also be made to uncover underlying 

platelet signalling, including markers of platelet contractility and PKA/PKG activity 

upon PGI2 and NO treatment, respectively.   
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6. Measurement of platelet contractility within the thrombus 

Although we have shown stress fibre formation and reversion back into an actin 

nodule phenotype upon CN signalling, this has been performed in static conditions 

and do not reflect the impact of platelet-platelet interactions on the stiffness of the 

thrombus. Although I have observed this reversal in platelets adhered and spread 

on fibrinogen at arterial shear, the direct interaction with the stiff polymer of flow 

channels is not representative of formed thrombi. Perhaps under flow, platelets do 

not form stress fibres in the upper layers of the thrombus due to a reduction in 

substrate stiffness and so are less contractile than platelets within the thrombus 

core. Chen et al. have recently reported a method of measuring platelet contractility 

within a forming thrombus (372). Called microfluidic-integrated microclot-array-

elastometry (clotMAT), this method involves the fabrication of flexible PDMS 

micropillars on a stretchable membrane base, allowing the measurement of 

thrombus contractility and stiffness. Using this method, these authors found that 

inhibition of myosin and αIIbβ3 activity through blebbistatin and abciximab, 

respectively, abolished platelet contractility using this method. This method could 

be used in the study of CN signalling on thrombi, especially considering that our 

findings indicate that fibrinogen spread platelets are sensitive to CN signalling, 

which leads to the reduction of platelet contractility through RhoA inhibition 

(273,301). 

7. Does shear rate affect platelet susceptibility to CN signalling? 

As of yet, the effect of PGI2/NO on formed thrombi under different shear rates has 

not been investigated. It would be reasonable to hypothesise that high shear leads 

to increased resistance of platelets to PGI2/NO, as integrin signalling would be 

increased as a result. However, the findings in chapter 5 suggest that increased 

integrin binding causes and increase in PGI2 sensitivity. Findings from recent work 

by Wen et al. have uncovered a role of shear stress in the induction of NO sensitivity 

and subsequent PKG activation to nanomolar concentrations of DEANONOate 

(298). Additionally, this work demonstrated that cGMP, in the absence of exogenous 

NO, is most active in platelets on the outer shell of the thrombus.  To clarify this 

effect, in vitro thrombus formation assays should be performed to establish platelet-

rich thrombi. PGI2 and/or NO should then further be perfused at different shear rates 

through the thrombus, with measurements of thrombus height/volume and surface 

coverage. Stress fibre sustenance could also be analysed in platelets spread on 
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fibrinogen in response to PGI2/NO treatment. Ideally, this experiment could be 

performed using the method outlined by Wen et al for real time cGMP formation, 

and the transgenic mouse model used by Hiratsuka et al. for real time PKA activity 

(302).  

6.11. Concluding remarks  

In this thesis I have investigated the actin cytoskeletal effects of PGI2 and NO on 

platelets that have been spread on differing matrices. I have identified a number of 

novel effects, including; 1) NO causes stress fibre reversal by inhibiting RhoA in a 

phosphorylation-independent manner, leading to a reduction in thrombus high in 

treated thrombi; 2) Immobilised collagen imparts PGI2 resistance in platelets and 

prevents stress fibre reversal likely through inhibition of cAMP synthesis; 3) 

Fibrinogen density affects PGI2 sensitivity in a dose-dependent manner by reducing 

cAMP levels; and 4) fibrinogen density modulates actin nodule size in spread 

platelets. These findings indicate that platelets can regulate their sensitivity to CN-

elevating agents and protect themselves from loss of contractility in the form of 

stress fibre reversal. Possible therapeutic targets from further investigations into the 

underlying signalling during these processes could lead to nuanced antiplatelet 

agents with limited off-target effects. 
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