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Abstract 

Introduction: Connexins (Cxs), a large family of proteins, are expressed in numerous 

mammalian cells. Cxs oligomerise into hexameric hemichannels in the plasma 

membrane. The hemichannels on adjacent cells can dock together to form gap junctions 

(GJs), which regulate the direct trafficking of molecules (up to approximately 1 kDa) 

from one cell to another, and serve to allow coordinated responses between cells in 

tissues. Cx37 and Cx40 are expressed in human platelets and their selective inhibition 

in human platelets or deletion in transgenic mice attenuates platelet function. Notable 

levels of Cx62 transcripts have been reported in megakaryocytes, although nothing is 

known of the protein expression or function of this relatively recently discovered Cx in 

any tissue. The objective of this study was to determine the role of Cx62 in human 

platelets. 

Results: The expression of Cx62 in human and mouse (Cx57, mouse homologue) 

platelets was confirmed by western blotting and immunocytochemistry. A novel 

mimetic peptide that targets the second extracellular loop of Cx62 was designed in this 

study. The newly designed Cx62 mimetic peptide, 62Gap27, reduced hemichannel 

permeability and GJ-mediated intercellular communication. Several features of agonist-

induced platelet activation, such as aggregation, degranulation, fibrinogen binding to 

integrin αIIbβ3, Ca2+ mobilisation and integrin αIIbβ3 outside-in signalling (which 

controls clot retraction and spreading), were inhibited by 62Gap27. No effects were 

observed after treatment with the scrambled peptide control. The selectivity of 62Gap27 

for Cx62 was confirmed using Cx57 knockout mice. Additionally, Cx62 hemichannels 

were observed to function independently of Cx37 and Cx40 hemichannels. Thrombus 

formation (in vitro and in vivo) and tail bleeding were inhibited substantially by 

62Gap27, suggesting that Cx62 regulates thrombosis and haemostasis, respectively. 
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Experiments performed to explore the effects of Cx62 inhibition on platelet signalling 

revealed that treatment with 62Gap27 can negatively-regulate tyrosine phosphorylation 

of multiple glycoprotein VI (GPVI) signalling mediators, including Syk, LAT 

phospholipase Cγ2; it also negatively regulates PKC substrate phosphorylation. In 

addition, treatment of resting and activated platelets with 62Gap27 increased protein 

kinase A (PKA) activation, as observed via vasodilator-stimulated phosphoprotein 

VASP S157 phosphorylation. This activation was induced in a cyclic adenosine 

monophosphate (cAMP) -independent manner.  

Conclusion: Cx62 and Cx57 are expressed in human and mouse platelets, respectively, 

where they play a fundamental role in platelet function, thrombus formation, and 

thereby haemostasis and thrombosis. Future work is required to determine the protein 

interactions of Cx62 and the mechanisms that allow platelets to control Cx function. 

Furthermore, the nature of the molecules that traffic through Cx62 hemichannels in 

isolated platelets or GJs within a thrombus also requires investigation. 
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1.1 Summary of the Purpose of the Project 

Platelets perform an essential role through their ability to recognise and respond to 

tissue injury. This initiates a rapid response that culminates in singular platelets sticking 

together to form a thrombus or 'haemostatic plug'. Recent studies have demonstrated 

that contact-dependent signalling between platelets maintains thrombus growth and 

stability. Connexin (Cx) 37 and Cx40 play integral roles in contact-dependent 

interactions by forming hemichannels and gap junctions (GJs), which facilitate inter-

cellular communication between platelets that serves to ensure full activation and 

thrombus stability (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). It was also reported 

that megakaryocytes (MK) express notable levels of Cx62 mRNA. Cx62 protein 

expression has not yet been reported in any cell type. This, and lack of reagents to 

block the function of Cx62 has hindered progress to establish the functions of this new 

connexin family member.  

This study provides for the first time evidence for Cx62 and Cx57 (the mouse 

homologue) expression in human and mouse platelets respectively. We describe the 

design of a Cx62-selective peptide inhibitor (62Gap27) that offers insights into the 

mechanism through which Cx62 hemichannels and GJs mediate their functions in 

platelets to facilitate haemostasis and thrombosis.   

1.2 Platelets: A Historical Perspective  

Platelets were originally known as ‘the dust of blood’ (Addison, 1841; Bizzozero, 

1881; Bizzozero, 1882; Tocantins, 1948; Coller, 1984; Kuter, 1996). Several 

researchers claimed that they were the first to identify these blood components. In 

1873, the disc-like structure of platelets was reported by Osler (Osler, 1873). Seven 

years later, Bizzozero carried out an anatomical study of platelets and reported their 
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involvement in haemostasis and experimental thrombosis (Bizzozero, 1881; Bizzozero, 

1882; Coller, 1984). He also discovered that the formation of aggregates at an injury 

site mainly involves the adherence of platelets to the walls of blood vessels (Bizzozero, 

1869; Bizzozero, 1882; Born, 1965; Coller, 1984). Researchers have been studying the 

mechanisms involved in the formation of platelets for more than a century (Born, 

1967a; Born, 1967b). The generation of platelets by giant bone marrow 

megakaryocytes (MKs) was first demonstrated by James Homer Wright in 1906 

(Wright, 1906; Kuter, 1996). Although Bizzozero discovered bone marrow MKs, he did 

not identify them as the precursors of platelets. Wright synthesised a polychrome 

staining solution (Wright’s stain), with which he studied the similarities in the colours 

and shapes of MKs and the red-to-violet granules of platelets (Lee et al., 2002). Based 

on this demonstration, he is acclaimed as pioneer in the field of platelet formation 

studies. Since Bizzozero’s ground-breaking research, the literature has expanded to 

include many studies, which have strengthened our knowledge of the structure and 

formation of platelets and their contribution to thrombosis and haemostasis (Born, 

1965; Coller, 1984). 

1.3 Platelet – Key Regulators of Haemostasis and Wound Repair 

The processes of wound repair and blood clotting require platelets. Following vascular 

injury, the subendothelial extracellular matrix (ECM) is exposed. When platelets 

circulating in the blood encounter the ECM, they become activated; as a result, a 

haemostatic plug that prevents blood loss is formed. This process is critical for 

haemostasis and the prevention of excessive bleeding. Many physiological mechanisms 

are responsible for the regulation of platelet activity. These mechanisms prevent 

inappropriate, unwanted platelet activation. However, clots may be formed in the 

absence of vessel injury, a process known as thrombosis. Thrombosis is among the 



    Chapter 1 

4 

 

most common causes of death globally (Gaziano et al., 2010). Thrombosis can occur 

through many mechanisms. For instance, rupture of an atherosclerotic plaque in an 

artery may lead to development of thrombus, which may cause its occlusion leading to 

myocardial infarction or stroke. Thrombosis is also a common pregnancy- or surgery-

related complication (Elyamany et al., 2014; Otsuka et al., 2016; Khan et al., 2017). In 

2014, 15% of all male deaths and 10% of all female deaths in the UK, a total of 69,000 

mortalities, were associated with coronary heart disease. In the same year, 155,000 

deaths were associated with cardiovascular disease and almost 2 million people 

suffered related episodes in UK hospitals; the number of cardiovascular disease-related 

prescriptions that year exceeded 313 million (Townsend et al., 2015). The effects of 

thrombosis on human health and the economy are undeniable. Hence, platelets have 

become the chief targets for existing and innovative antithrombotic drugs.  

1.4 Platelet Formation 

MKs are responsible for the production of platelets. They are bone marrow cells that 

arise from haematopoietic stem cells (HSCs) via a process known as megakaryopoiesis. 

MKs comprise 0.05%–0.1% of nucleated cells in the bone marrow; they may also be 

found in the pulmonary tract and blood (Levine et al., 1993; Huang et al., 2016). Every 

MK is capable of producing 5,000 to 10,000 platelets (Italiano and Shivdasani, 2003). 

The cytokine thrombopoietin, which is produced in the kidneys and the liver, regulates 

the formation of platelets. Thrombopoietin binds to the c-Mpl surface receptor on the 

megakaryocyte, which stimulates endomitosis a process in which MKs undergo cycles 

of DNA replication without the associated cell division, transforming megakaryocytes 

into giant cells with a large cytoplasm and thereby forming polyploid nucleus cells (de 

Sauvage et al., 1994; Kaushansky et al., 1994; Ravid et al., 2002; Italiano Jr and 

Hartwig, 2013). The process can generate a cell with a DNA content up to 128n within 
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one polylobulated nucleus (Gurney et al., 1994; Zimmet and Ravid, 2000; Sim et al., 

2016). Endomitosis is responsible for generating an abundance of mRNA and protein, 

which is required for platelet synthesis and the development of the membrane system 

that forms proplatelet membranes (Zimmet and Ravid, 2000; Schulze et al., 2006; 

Machlus et al., 2014).  

Changes in the cytoskeleton regulate the production of proplatelets from the elongated 

branching processes of the MKs. Thon et al. (2010) demonstrated how microtubule-

based twisting forces affect the elongation of proplatelets and studied the role of actin 

in the process (Patel et al., 2005). The main role of microtubules is thought to be the 

transportation of organelles and granules into developing proplatelets (Richardson et 

al., 2005). The site of proplatelet formation is thought to be the bone marrow sinusoidal 

blood vessels. Blood flow helps to detach platelets from proplatelets via a biophysical 

process (Junt et al., 2007). The biomolecular mechanisms responsible for regulating 

this process have not been identified. Zhang et al. (2012) linked sphingosine 1-

phosphate with the shedding of proplatelets in the sinusoidal blood vessels as mice 

lacking its receptor displayed thrombocytopenia.  

The synthesis of platelets in the lung has been recognised for almost a century (Howell 

and Donahue, 1937). However, its importance was not completely understood until 

recently. Lefrançais et al. (2017) recently performed a study that showed the migration 

of bone marrow MKs into mouse lungs, where the extravascular spaces contain an 

abundance of mature and immature cells, including haematopoietic progenitor cells. 

Large quantities of platelets are produced by these lung MKs, accounting for half of all 

murine platelet production. In thrombocytopenic conditions, the progenitor cells in the 

lungs migrate back into the bone marrow, which helps to elevate low platelet counts 
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(Lefrançais et al., 2017). Therefore, the lungs are proposed to be one of the main 

platelet production sites. 

1.5 The Regulation of Platelet Activation 

Platelets are responsible for the essential defence mechanism of haemostasis. Under 

ideal physiological circumstances, platelets are dormant. Immediately upon the 

detection of an injury, platelets bind to collagen, the extracellular matrix (ECM) protein 

in the vascular subendothelium. The ECM protein collagen is detected by glycoprotein 

(GP) receptors on the surfaces of the platelets. The interaction between collagen and 

GP receptors, which is part of a series of rapid reactions in the creation of a monolayer, 

that recruits more platelets which assists in healing to halt the loss of blood (Moroi et 

al., 1996; Polanowska-Grabowska et al., 1999; Nuyttens et al., 2011). 

The reaction of platelet GPs with ECM proteins initiates tyrosine kinase signalling 

pathways that lead to their rapid activation. The downstream effects include 

intracellular Ca2+ mobilisation, the secretion of platelet granule contents and the 

activation of platelet integrins. Granule secretion and integrin activation result from the 

immediate mobilisation of Ca2+. A positive feedback occurs in platelets due to the 

variety of activatory molecules released from the platelet granules; which prompts the 

platelets in close proximity to aggregate. Enhanced affinity for fibrinogen, amongst 

many other ligands, is achieved by the stimulation of a conformational change in 

integrin IIb3. The stimulation of this integrin is seen in all platelet activation 

pathways. In addition to increasing the affinity of the integrin, this reaction catalyses 

fibrinogen binding, the creation of divalent crosslinks with fibrinogen and the 

accumulation of high numbers of platelets (Ma et al., 2007; Sánchez-Cortés and 

Mrksich, 2009). 
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The roles of platelets in clotting and the subsequent generation of a stable thrombus are 

as important as their roles in wound healing through activation and aggregation. 

Activated platelets translocate phosphatidylserine (PS) to the outer leaflet of the platelet 

surfaces, creating a platform for the assembly of protein complexes that control 

coagulation cascades. Also, procoagulant platelets have high levels of cytosolic Ca2+ 

and expose phosphatidylserine (PS) on their surfaces (Heemskerk et al., 2002; Keuren 

et al., 2005). Tenase and prothrombinase complexes are assembled by procoagulant 

platelets to help with the activation of coagulation factor X (FX) and prothrombin into 

FXa and thrombin (a soluble platelet agonist), respectively; binding sites for factor XI 

(FXI) and prothrombin are also provided by platelets (Heemskerk et al., 2002). 

Podoplelova et al. (2016) recently conducted a study to identify the procoagulant ‘cap’ 

regions in platelets. The coagulation factors are distributed randomly in procoagulant 

platelets, but there are high concentrations of the coagulation factors in the caps of the 

platelets. When activated, platelets release microparticles, which have strong 

procoagulant activity; the microparticles bind to factor VIII (FVIII) and FVa and assist 

in the formation of the prothrombinase complex (Sims et al., 1988; Gilbert et al., 1991). 

The procoagulant activity of these microparticles is 50- to 100-fold greater than that of 

the activated platelets (Sinauridze et al., 2007). The role played by platelets in the 

coagulation process is essential for the production of thrombin and the processing of 

fibrinogen into fibrin. Fibrin plays a crucial role in vessel injury healing; the developing 

clot is mainly composed of fibrin, which promotes the aggregation of blood cells to 

form a stable thrombus (Falati et al., 2002; Ariëns, 2013). Figure 1.1 shows a diagram 

of platelet activation and thrombus formation. 
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Figure 1.1:The different stages of platelet activation and thrombus formation. 

Upon blood vessels injury, GPIbα, a component of the GPIb-IX-V complex, binds to collagen-bound von 

Willebrand factor (VWF), thereby initiating the adhesion of platelets. This is followed by direct binding 

between collagen and GPVI, resulting in the activation of platelets. This causes platelets to change shape, 

thereby activating integrins and stimulating the secretion of granules, resulting in conformational 

alterations in integrin αIIbβ3. This alteration improves the affinity of the integrin for VWF and fibrinogen. 

The activated form of integrin αIIbβ3 is essential for the aggregation of platelets and stabilization of the 

resultant thrombus. 
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1.6 Platelet Structure  

Platelets are small cells with a diameter of 1–3.5 m. They lack nuclei and range in 

volume from 7 to 10.5 fl. The circulating human platelet count ranges from 150 - 450 × 

109 platelets/L (Giles, 1981; Martin et al., 1982). Each day humans produce 

approximately 1 × 1011 platelets, which have a lifespan of approximately 8–10 days 

before clearance after they enter the circulation (Stuart et al., 1975; Grozovsky et al., 

2015). The clearance of platelets is not completely understood. Phagocytes in the liver 

and spleen eliminate old or defective platelets from the circulation (Italiano Jr and 

Hartwig, 2013). Some studies have suggested clearance via Ashwell-Morell receptor-

mediated recognition and removal of senescent, desialylated platelets in the liver along 

with the clearance of apoptotic cells. The role of this receptor in stimulating TPO 

synthesis, which drives thrombopoiesis has also been suggested (Mason et al., 2007; 

Grewal et al., 2008; Grozovsky et al., 2015). 

Various cell surface receptors are expressed on the platelet plasma membrane (PM); 

they are important for platelet activation and accumulation. Among these receptors are 

adhesion receptors, G-protein-coupled receptors (GPCRs) and integrins. They are 

discussed in greater detail in Section 1.7 and Section 1.8. A complicated cytoskeleton 

provides structural support to the platelet PM (Shin et al., 2017), as shown in Figure 

1.2. This cytoskeleton is mainly composed of microtubules and actin filaments, along 

with spectrin networks, and is critical for the maintenance of the resting discoid shape 

of platelets. When the cytoskeletal network is activated, it is dynamically restructured 

by depolymerisation, reorganisation and polymerisation, which generates the shape 

alteration observed in activated platelets (Hartwig, 1992; Kaushansky et al., 2015; 

Sandmann and Koster, 2016). 
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Behnke (1967) described the two membrane channel structures in platelets: the open 

canalicular system (OCS) and the dense tubular system (DTS) (Figure 1.2). The OCS is 

the site of granule release and substance entry via the platelet PM (Escolar and White, 

1991; Fogelson and Wang, 1996; White, 2013). There are various channels in the DTS, 

which originate from the MK smooth endoplasmic reticulum, that are extensively 

distributed throughout the platelet and unlike OCS, are not contiguous with the external 

surface of the platelet (White, 1972; White, 2013). Ca2+ is actively sequestered in the 

DTS of quiescent platelets and quickly released after activation. Due to this movement 

of Ca2+, there are rapid increases in the cytoplasmic Ca2+ levels of platelets that are 

crucial to their activation, as described in Section 1.9 (Gerrard et al., 1978; Ware et al., 

1986; Ebbeling et al., 1992). ATPases in the DTS, which are important for the 

regulation of adenylyl cyclase (AC) activity, take part in managing GPCR downstream 

signalling (Cutler et al., 1978). Several secretory granules are present in platelets: -

granules, dense granules and lysosomes (Figure 1.2). -granules are spherical granules 

with a diameter of approximately 200–500 nm. They are the main secretory granules in 

platelets (approximately 40–80 per platelet) (Italiano and Battinelli, 2009). They 

contain various molecules that are important for platelet adhesion and aggregation: 

proteins like von Willebrand Factor (VWF), fibronectin and fibrinogen; coagulation 

factors; growth factors like platelet-derived growth factor; and chemokines such as 

platelet factor 4 and transforming growth factor  (Stenberg et al., 1984; Harrison and 

Cramer, 1993; Maynard et al., 2007). In addition, they contain various transmembrane 

receptors, like integrin IIb3, platelet–endothelial cell adhesion molecule 1 (PECAM-

1) and GPIb-V-IX complex, the surface exposure of which is enhanced by platelet 

activation (Cramer et al., 1994; Berger et al., 1996; Jones et al., 2009; Clemetson and 

Clemetson, 2013). -granules may be categorised by their types of cargo Italiano et al. 
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(2008), which include pro- and anti-angiogenic products that are released in distinct 

ways by platelets. Sehgal and Storrie (2007) provided support for this categorisation 

with their observation that fibrinogen and VWF are packaged in and secreted from -

granules in distinct manners. There are only 3–5 dense granules per platelet. They 

contain lower-molecular-weight components that are essential for regulating activation, 

such as adenosine diphosphate (ADP), adenosine triphosphate (ATP), Mg2+, Ca2+ and 

serotonin (Gear and Burke, 1982; Meyers et al., 1982; Jonnalagadda et al., 2012; 

Golebiewska and Poole, 2015).  

After platelets are activated, - and dense- granules release their contents across the 

OCS (where there is separate release of - and dense granules) or across the non-OCS 

surface of the PM. The contents of the granules cause the further activation of platelets. 

The target platelet may be the same platelet (autocrine) or an adjacent platelet 

(paracrine); cumulatively, this process generates the positive feedback in platelets 

(Goggs et al., 2013; Golebiewska and Poole, 2015). Section 1.10 explains the granule 

secretion process. There have been considerably fewer studies on platelet lysosomes, 

which are defined by their acidic nature and their contents, like acid hydrolases. 

Lysosomes are also secreted in vivo following platelet activation (Ciferri et al., 2000; 

Polasek, 2005). Glycogen particles are also found in platelets where they function as an 

important source of energy, also, approximately 4–7 mitochondria are present in the 

granule zone of each platelet (Smyth et al., 2010a), and participate in prothrombotic 

redox signalling and apoptosis. Figure 1.2 shows a diagram of the ultrastructure of the 

platelet (Zharikov and Shiva, 2013; Rocha et al., 2014). 
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Figure 1.2: Diagrammatic representation of platelet ultrastructure. 

An external glycoprotein coat surrounds the platelet plasma membrane. The sub-membrane area has 

abundant actin, microtubules and microfilaments that ensure that the resting platelets maintain their 

discoid shape and that modify the shape of activated platelets. There are various organelles in the cytosol, 

such as α- and dense granules, mitochondria, glycogen granules and lysosomes. There are two membrane 

systems in platelets: the open canalicular system (OCS), which provides for the transmission of 

molecules in and out of the platelets, and the dense tubular system (DTS), which functions as a store of 

Ca2+.
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1.7 Platelet Receptors  

Platelet activation is a rapid, dynamic process. This complicated process is rigorously 

regulated by several proteins in a variety of pathways. When an agonist binds its 

surface receptor on a platelet, this serves as a stimulus that starts a signal transduction 

cascade through tyrosine kinase-dependent phosphorylation of several proteins, or 

stimulation of G-protein signalling which ultimately permits platelets to create 

aggregates. There are three broad classes of platelet receptors: (1) receptors that attach 

to immobilised matrix proteins like collagen, including the GPIb-V-IX complex, 

integrin α2β1 and GPVI (Gibbins, 2004; Li et al., 2010); (2) GPCRs, the activation of 

which is brought about by soluble mediators in the plasma or secreted by platelets, 

including thrombin, ADP or thromboxane A2 (TxA2) (Rivera et al., 2009); and (3) 

receptors that stabilise the thrombus, such as integrin αIIbβ3 and Eph receptors (Brass et 

al., 2004; Gibbins, 2004; Li et al., 2010). A detailed explanation of the signalling 

pathways downstream of these receptors is presented in Section 1.8.  

1.8 Platelet Signalling  

Platelets are involved in a wide range of intercellular interactions via complicated 

signalling mechanisms. Several signalling pathways are activated by the recruitment of 

signalling molecules to ligand-bound receptors, leading to conformational changes in 

platelets. Multiple factors may induce platelet signalling, including adhesion process or 

exposure to agonists, such as collagen, which triggers the secretion of granules 

resulting in an inside-out activation of integrin αIIbβ3, causing platelets to aggregate and 

form haemostatic plug (Badimon and Vilahur, 2008). 
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1.8.1 Platelet Collagen-Mediated Signalling 

Almost 40% of all proteins that make up the ECM of the blood vessel wall are 

collagens. They are present as insoluble scaffolds with a triple helical structure made of 

three distinct polypeptide α-chains (Smethurst et al., 2007). The vessel wall receives 

mechanical and structural strength from the collagen, which also serves as a substrate 

for the attachment and activation of platelets (Farndale et al., 2004; Roberts et al., 

2004). Twenty-five different varieties of collagen have been discovered, of which 10 

are present in the human blood vessel; types I, II, III, IV, V, VI, VIII, XII, XIII and 

XIV. However, types I, III, V and VI (fibrillar collagens) and types IV and VIII (non-

fibrillar collagen) are inherently thrombogenic (Barnes and Farndale, 1999; Ricard-

Blum, 2011; Kauskot and Hoylaerts, 2012). Collagen-induced platelet activation 

commences with the interaction of the platelet GPIb–V–IX receptor complex with 

VWF bound to exposed collagen at the site of injury. This slows the movement of 

platelets, allowing a stable interaction of platelets with collagen via collagen receptors 

GPVI and integrin α2β1, which leads to adhesion. The clustering of GPVI leads to the 

stimulation of intracellular tyrosine kinase signalling that leads to Ca2+ mobilisation, 

granule secretion, integrin αIIbβ3 activation and the creation of platelet aggregates (Jaffe 

et al., 1974; Alevriadou et al., 1993; Gibbins et al., 1997; Emsley et al., 1998; Knight et 

al., 1999; Cole et al., 2003; Inoue et al., 2003; Wu et al., 2003; Gibbins, 2004; Li et al., 

2010; Nuyttens et al., 2011; Peyvandi et al., 2011). 

1.8.1.1 VWF Receptor: the GPIb-IX-V Complex 

GPIb-IX-V is a receptor complex with a unique structure that is exclusively found on 

MKs and platelets. A single platelet expresses up to 25,000 copies of the receptor 

(Berndt et al., 2001). Also, researchers proposed that the receptor comprised a single 

GPV subunit, two GPIX subunits, two GPIbβ subunits and two GPIbα subunits (Berndt 
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et al., 2001). More recently, however, researchers determined that GPIbα, GPIbβ, GPIX 

and GPV are present in the molar ratio of 2:4:2:1  (Luo et al., 2007a). Members of the 

leucine-rich repeat protein superfamily encode these subunits (Berndt et al., 2001). 

Upon injury, initial tethering of platelets occurs via interaction between GPIb-IX-V 

complex (on platelet) and the plasma protein VWF (attached to collagen), which 

represents the first interaction between platelets and the damage area. The process 

requires the increased shear rates found in stenosed arteries, arterioles and small arteries 

(Savage et al., 1998). Tethering decreases the velocity of the platelets and facilitates 

their interaction with the damaged tissue via different receptors. GPIb-IX-V captures 

platelets at the site of damage. Integrin activation is crucial for stabilising platelet 

adhesion. Researchers had proposed that the on/off rate for GPIb-IX-V and VWF may 

be too transient to initiate signalling (Savage et al., 1996). 

However, it was later demonstrated that GPIb-IX-V mediates weak intracellular 

signalling via PLCγ2 and SFK pathways, thereby leading to platelet activation and 

aggregation mediated by integrin αIIbβ3 (Yap et al., 2002; Mangin et al., 2003). Ozaki et 

al. (2005) proposed a hypothetical GPIb-IX-V signal transduction pathway, primarily 

located in lipid rafts. Mangin et al. (2004) and Mu et al. (2008) proposed the existence 

of constitutive binding between GPIb-IX-V and the p85 subunit of PI3K via 14-3-3ζ, 

which would be consistent with the Ozaki model. Moreover, GPIb-IX-V interacts with 

VWF to induce Src interaction with PI3K, thereby causing downstream signalling, such 

as PLCγ2 activation. 

Individuals with dysfunctional GPIb-IX-V or who lack GPIb-IX-V develop Bernard-

Soulier syndrome (Lopez et al., 1998), which is a congenital bleeding disorder 

characterised by giant platelets and mild thrombocytopenia. VWF is the primary ligand 
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for GPIb-V-IX and the lack of interaction between them majorly contributes towards 

the progression of Bernard-Soulier syndrome. Additionally, it has been reported that 

GPIb-V-IX interacts with various coagulation factors such as thrombin and factors VII, 

XI and XII. The absence of these interactions may also play a role in the bleeding 

defect manifested by Bernard-Soulier syndrome patients (Dumas et al., 2003; Lanza, 

2006; Vanhoorelbeke et al., 2007).  

1.8.1.2 Collagen Receptors: GPVI and α2β1 

The two main collagen receptors expressed by platelets are integrin α2β1 and the 

immunoreceptor GPVI (Nieswandt and Watson, 2003; Pozgajova et al., 2006). Binding 

has been observed between α2β1 and GFOGER, GPVI and GPO repeat sequences 

(collagen related peptide with GPO repeats where: G-Glycine, P-Proline, O-

Hydroxyproline) and between α2β1 or GPVI and non-specific regions of collagen 

fibrils. The receptors have distinct affinities for their cognate motifs. For instance, 

activated α2β1 binds with high affinity, whereas GPVI binds with low affinity. GPVI 

first produces a rapid signal, after which activated α2β1 mediates firm adhesion (Lanza 

et al., 1986; Nieswandt and Watson, 2003). These receptors work together, but must 

perform distinct roles to control platelet adhesion and thrombus development 

(Holtkotter et al., 2002; Massberg et al., 2003; Sarratt et al., 2005).  

1.8.1.2.1 GPVI/FcRγ Complex 

The physiological ligands of GPVI include laminin and collagen, which are present in 

the ECM surrounding damaged endothelial cells (ECs) (Inoue et al., 2006; Ruggeri and 

Mendolicchio, 2007). To study downstream signalling actions that are independent of 

integrin α2β1 in vitro, synthetic ligands are used such as snake venom toxin convulxin, 

which binds GPIb-IX-V and GPVI (Jandrot-Perrus et al., 1997; Kanaji et al., 2003; 
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Canobbio et al., 2004; Wei et al., 2009), and collagen-related peptide, which binds only 

to GPVI (Asselin et al., 1997). 

Human chromosome 19 carries the gene for GPVI, a 62-kDa type I transmembrane 

receptor (Clemetson et al., 1999; Wei et al., 2009) that is found only on platelets and 

MKs (Moroi and Jung, 2004; Jackson, 2011). It comprises an extracellular mucin-like 

stalk, a pair of immunoglobulin (Ig)-like domains, a transmembrane region, and a 

cytoplasmic tail of only 51 amino acids. In murine GPVI, the cytoplasmic tail 

comprises only 27 residues, indicating that the missing residues are not crucial for the 

function of GPVI (Moroi and Jung, 2004; Jackson, 2011).  

As described by Horii et al. (2009), a fraction of GPVI is found on the surface of 

platelets as a dimer, which is believed to be associated with causing an increase in 

affinity for collagen. Signalling through Src family kinases (SFKs) is stimulated by 

ligand-mediated clustering of GPVI. The transmembrane region of GPVI is 

constitutively, non-covalently bound to FcRγ through a positively charged arginine 

residue (Nieswandt and Watson, 2003; Watson et al., 2005). The binding between 

GPVI and the γ-chain is crucial not only for signalling, but also for GPVI expression 

(Gibbins et al., 1996; Poole et al., 1997; Quek et al., 2000; Severin et al., 2012). 

Severin et al. (2012) reported that SFKs are sequentially activated by GPVI. GPVI 

largely signals through Lyn and Fyn in addition to Src that minorly contributes in this 

process. Suzuki-Inoue et al. (2002) reported constitutive binding between the Src 

homology 3 (SH3) domain of Lyn and the cytoplasmic tail of GPVI, which is rich in 

proline residues. This binding causes phosphorylation of the Yxx[L/I]x6-12Yxx[L/I] 

motif in FcRγ. This conserved sequence is an immunoreceptor tyrosine-based 

activation motif (ITAM) (Gibbins et al., 1996; Poole et al., 1997). Binding of Syk, via 
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its Src homology 2 (SH2) domain, with the phosphorylated FcRγ ITAM causes 

autophosphorylation and additional SFK-mediated phosphorylation (Watson et al., 

2005). The resultant activated protein promotes downstream signalling events in lipid 

rafts, including production of the linker for activation of T cells (LAT) signalosome, 

which comprises the adaptors LAT and SH2 domain-containing leukocyte protein of 76 

kDa (SLP-76), Tec family kinases, Gads/Grb2, effector proteins like phospholipase C 

(PLC) γ2 and phosphoinositide 3-kinase (PI3K) and the Vav family of guanine 

nucleotide exchange factors (Watson et al., 2005). This leads to formation of inositol 

1,4,5-trisphosphate (IP3) and the secondary messenger diacylglycerol (DAG). As 

shown in Figure 1.3, IP3 and DAG stimulate Ca2+ release from intracellular spaces and 

protein kinase C (PKC) activation, respectively. These signalling events promote 

thrombus growth; they are reinforced by the activation of integrins, the discharge of α-

granules and dense-granules and the release of the secondary mediators TxA2 and ADP 

(Nieswandt and Watson, 2003; Offermanns, 2006). 

Since redundant platelet receptors can mediate platelet activation, only rare cases of 

bleeding diathesis have been reported in individuals with qualitative or quantitative 

defects in GPVI. A recently reported case of bleeding diathesis was caused by a genetic 

defect in GPVI (Hermans et al., 2009; Matus et al., 2013). In addition, clinical cases of 

idiopathic thrombocytopenic purpura caused by low GPVI expression have been 

reported. The patients with idiopathic thrombocytopenic purpura produce 

autoantibodies against GPVI, which cause GPVI shedding and the removal of the 

GPVI/FcRγ complex from the surfaces of platelets (Boylan et al., 2004). Studies in 

GPVI-deficient mice have demonstrated the requirement of GPVI for collagen-induced 

platelet activation (Konishi et al., 2002; Lockyer et al., 2006; Matsumoto et al., 2007). 
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Figure 1.3: Glycoprotein VI signalling pathway.  

Src family kinases (SFKs) Fyn and Lyn bind the glycoprotein (GP) VI receptor once GPVI binds to the 

collagen. Autophosphorylation of SFKs, which occurs due to collagen-induced GPVI clustering, leads to 

phosphorylation of the tyrosine residues in the Fc receptor γ-chain (FcRγ). The phosphorylated residues 

in FcRγ serve as docking sites for the protein-tyrosine kinase Syk, which contains a Src homology 2 

domain. Syk phosphorylates the linker for activation of T cells (LAT) tyrosine residues, leading to the 

generation of the LAT signalosome. The signalosome comprises Gads, Vav and Src homology 2 domain-

containing leukocyte protein of 76 kDa (SLP-76); and it is responsible for recruiting phosphoinositide 3-

kinase (PI3K), which triggers the conversion of phosphatidylinositol 4,5-bisphosphate to 

phosphatidylinositol 3,4,5-trisphosphate. The interactions between Tec kinases and Btk aid the activation 

and phosphorylation of phospholipase C (PLC) γ2. Activated PLCγ2 produces diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). DAG activates protein kinase C and IP3 mobilises intracellular Ca2+. 

These signalling events result in degranulation and enhance the affinity of integrin αIIbβ3. Ultimately, the 

signalling cascade promotes platelet aggregation. 
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1.8.1.2.2 Integrin α2β1 

Integrin α2β1, which is also called GPIa/IIa, is the most primitive known receptor 

expressed on platelets. It primarily acts as an adhesion receptor (He et al., 2003; 

Nieswandt and Watson, 2003). The expression of this receptor varies among 

individuals, from 2,000 to 4,000 copies per platelet (Best et al., 2003; Samaha et al., 

2004), and preferentially binds to collagen types I–V (Holtkotter et al., 2002; Leitinger 

and Hogg, 2002). After platelet activation, its expression level remains unchanged. 

Resting platelets mostly express integrins in their low-affinity states; the integrins adopt 

their high affinity states after conformational changes instigated by inside-out 

signalling, which occurs upon platelet interaction with collagen (Jung and Moroi, 

2000a; Jung and Moroi, 2000b). 

In addition to its role in platelet adhesion, integrin α2β1 binding improves the binding of 

collagen with GPVI. Therefore, it strengthens signalling via Ig receptors (Jung and 

Moroi, 2000a; Jung and Moroi, 2000b; Nieswandt and Watson, 2003). However, α2β1 

signalling is weaker than GPVI signalling and may make a relatively minor 

contribution to the formation of the thrombus, despite signalling through many of the 

GPVI signalling mediators, like PLCγ2, SLP-76, Syk and Src (Inoue et al., 2003). 

Pharmacological and genetic studies have revealed that α2β1 makes only a small 

contribution to the formation of platelet aggregates and it inhibition/deletion is not 

against arterial thrombosis (Holtkotter et al., 2002; He et al., 2003; Farndale et al., 

2004). 

He et al. (2003) reported that mice deficient in integrin α2β1 demonstrated reduced 

platelet attachment to collagen substrates. However, an intravital fluorescence 

microscopy study demonstrated that mice deficient in α2β1 have equivalent platelet 
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adhesion and thrombus formation to wild type mice (Gruner et al., 2003). According to 

Nieswandt et al. (2001), β1-null platelets are capable of attachment to collagen under 

high and low shear stress. Moreover, the size and number of normal and β1-null platelet 

aggregates were comparable. However, platelet adhesion was not observed in the 

absence of GPVI expression.  

1.8.1.3 CLEC-2 receptor 

Human and mouse platelets express CLEC-2 on their surfaces (Suzuki-Inoue et al., 

2006; Severin et al., 2011). Human chromosome 12 encodes the CLEC-2 gene. CLEC-

2 is a type II membrane protein comprising a carboxyl-terminal (C-terminal) 

extracellular domain, an amino-terminal (N-terminal) cytoplasmic domain and a single 

transmembrane region. In addition to platelets, inflammatory dendritic cells express 

CLEC-2. Podoplanin, a type I transmembrane GP, is the endogenous ligand for the 

receptor (Chaipan et al., 2006; Suzuki-Inoue et al., 2007). Strong platelet aggregation is 

induced by podoplanin-expressing cancer cells (Tsuruo and Fujita, 2008). Moreover, 

podoplanin and CLEC-2 are important for lymphatic development, since mice lacking 

either demonstrate blood–lymphatic mixing (Uhrin et al., 2010; Herzog et al., 2013). 

Rhodocytin, a toxin from snake venom, is used in vitro for CLEC-2-mediated platelet 

activation through Src and Syk family kinases, which leads to activation of PLCγ2. The 

toxin, obtained from Calloselasma rhodostoma, has also been used to affinity-purify 

CLEC-2 (Severin et al., 2011; Suzuki-Inoue et al., 2011). CLEC-2 induced protein 

tyrosine phosphorylation and platelet activation are blocked by the Syk inhibitors PRT-

060318 and R406 (Spalton et al., 2009; Hughes et al., 2013) and SFK inhibitors like 

PP2 (Severin et al., 2011). 
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CLEC-2 signals through a mechanism distinct from that of GPVI. It signals via a 

hemITAM sequence (YxxL) in its tail region, which is phosphorylated by Syk (Severin 

et al., 2011; Hughes et al., 2013). CLEC-2 signalling involves the two SH2 domains of 

Syk and, accordingly, its signalling is inhibited by point mutations in these domains 

(Fuller et al., 2007). Syk activation results in the assembly of the LAT signalosome and 

downstream regulation is thereby similar to that stimulated by GPVI (Suzuki-Inoue et 

al., 2006; Fuller et al., 2007). 

1.8.2 Platelet Activation through Activation of GPCRs 

GPCRs constitute a large group of membrane receptors; the human genome contains 

more than 800 GPCRs  (Fredriksson and Schioth, 2005). Structurally, they consist of an 

intracellular C-terminus, seven transmembrane domains and an extracellular N-

terminus. Although the transmembrane and extracellular domains serve as binding 

pockets for certain ligands, the N-terminus is the primary ligand-binding site (Dohlman 

et al., 1987; Lerner et al., 1996; Verrall et al., 1997). Important receptors for the 

activation of platelets include TP receptor, which is activated by TxA2, the ADP 

receptors P2Y1 and P2Y12 and the thrombin protease-activated receptors PAR-1 and 

PAR-4 on human platelets (PAR-3 and PAR-4 on mouse platelets). Immediately upon 

agonist binding with GPCRs, the GPCR intracellular and transmembrane subunits 

undergo conformational changes leading to G-protein interaction and activation. The 

heterotrimeric protein structure of G-proteins comprises G, G and G subunits. The -

subunit is bound to guanosine diphosphate (GDP) in an inactive resting state. 

Activation of G-proteins involves the replacement of GDP with guanosine triphosphate 

(GTP), followed by dissociation of the -subunit from the G dimer (Sondek et al., 

1996; Oldham and Hamm, 2008).  
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Classification of G-proteins is done on the basis of the sequence and function of their 

Gα subunits, which includes four families; Gαq, Gαs, Gαi and Gα12/13. Gαq family signals 

via the activation of activation of Phospholipase Cβ (PLCβ). Gαs is coupled with 

adenylyl cyclase, whereas, Gαi function by down-regulating adenylyl cyclase activation 

and thus modulating cyclic adenosine monophosphate (cAMP) levels within the cell. 

Gα12/13 involves signalling via activation of RhoGTPase nucleotide exchange factors 

(RhoGEFs) (Liebmann and Bohmer, 2000; Ellis, 2004; Siehler, 2009; Harden et al., 

2011). The G dimer also stimulates intracellular signals that activate platelets through 

various pathways. When the GTP bound to the -subunit is hydrolysed to GDP, the G 

subunit again binds the G dimer and the G-protein trimer links with the GPCR 

(Kleuss et al., 1994). A schematic diagram of the GPCR signalling that causes platelet 

activation is shown in Figure 1.4. 
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Figure 1.4: Major G-protein-coupled receptor-mediated signalling pathways in platelets.  

Upon activation, platelets release numerous soluble agonists that trigger activatory signalling through G-

protein-coupled receptors. The adenosine diphosphate (ADP) receptor P2Y1, the protease-activated 

receptor (PAR)-1 and PAR-4 receptors for thrombin and the thromboxane A2 receptor (TP) are 

associated with Gαq, which coordinates with phospholipase C (PLC) β to cause phosphatidylinositol 3,4-

bisphosphate (PIP2) cleavage, thereby forming inositol 1,4,5-trisphosphate (IP3) and diacylglycerol 

(DAG). These events stimulate the secretion of granules and increases in cytosolic Ca2+ levels, which 

enhance the affinity of αIIbβ3 for fibrinogen. PAR-1, PAR-4 and TP also signal through Gα13. The myosin 

light chain (MLC) is phosphorylated by Rho kinase, which causes degranulation, cytoskeletal 

rearrangement and, ultimately, conformational changes in platelets. The ADP receptor P2Y12, which is 

associated with Gαi, decreases cyclic adenosine monophosphate (cAMP) formation triggered by adenylyl 

cyclase. These events suppress the activation of protein kinase A (PKA) and enhance the activation of 

platelets. Also, RASA3 activity is inhibited by P2Y12 sensitisation upon platelets activation which 

promote Rap1b activation. The Gβ/γ dimer also signals through phosphoinositide 3-kinase (PI3K) 

activation, which causes protein kinase B (PKB) activation. 
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1.8.2.1 Thrombin Receptors: PARs 

The coagulation cascade involves multiple enzymatic reactions which take place at sites 

of injury, leading to the formation of the soluble plasma serine protease thrombin, 

which is also known as factor IIa (Hoffman and Monroe, 2001). The inactive zymogen 

prothrombin is converted into active thrombin, which generates insoluble fibrin 

polymers from soluble fibrinogen via its serine protease activity. Thrombin also serves 

as a major agonist for platelets (Coughlin, 2000). Thrombin activates platelets through 

cleavage of protease activated receptors (PARs) on the cell surface (Coughlin, 2005). 

There are two PAR receptors, PAR-1 and PAR-4, expressed on human platelets (Kahn 

et al., 1999). PAR-4 is found on human and mouse platelets, whereas PAR-1, the chief 

thrombin receptor on human platelets, is absent from mouse platelets where PAR-3 

replaces PAR-1 (Kahn et al., 1998). Human platelets express approximately 1,000–

2,000 copies of PAR-1 (Brass et al., 1992; Ramstrom et al., 2008). 

Coughlin (2000) reported that PAR-1 and PAR-4 couple with the heterotrimeric G-

proteins Gα12/13 and Gq. PAR-1 and PAR-4 trigger PLCβ to generate DAG and IP3, 

leading to the discharge of Ca2+ and PKC activation. These two receptors bind the -

subunit of the Gq proteins. In addition, these receptors activate the Gα12/13 pathway. 

This, in turn, causes Rho kinase activation and cytoskeletal rearrangements. Like PAR-

4, PAR-3 is expressed on mouse platelets. However, PAR-3 is not involved in 

transmembrane signalling. In contrast to the other members of its family, PAR-3 serves 

as a cofactor that positions thrombin in the proximity of PAR-4 on platelets in 

mice(Coughlin, 2000). 
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1.8.2.2 ADP Receptors: P2Y1 and P2Y12 

Damaged endothelial cells (ECs), red blood cells and activated platelets release ADP in 

the region of a vascular injury. ADP supports the activation of platelets via positive 

feedback. It is also crucial for recruiting platelets to the developing thrombus 

(Offermanns, 2006). Platelets express two ADP receptors: P2Y1 and P2Y12 (Gachet et 

al., 2006). Human platelets express 10 times fewer P2Y1 molecules (approximately 

150) than P2Y12 molecules. The coactivation of these two ADP receptors is important 

for ADP-induced platelet activation, as the experimental deletion or inhibition of one of 

the receptors results in reduced platelet aggregation (Gachet, 2006; Gachet et al., 2006; 

Murugappa and Kunapuli, 2006). This finding implies that these receptors work in 

coordination to rapidly, stably activate platelets. 

P2Y1 associates with the Gq and P2Y12 associates with the Gi heterotrimeric G-protein 

-subunit. In platelets, P2Y1 is responsible for the mobilisation of Ca2+, conformational 

changes and transient aggregation. On the other hand, P2Y12 inhibits adenylyl cyclase 

(AC)-dependent increases in the concentration of cyclic adenosine monophosphate 

(cAMP) and activates Rap1b and PI3K which are required for integrin activation (Lova 

et al., 2002; Dorsam and Kunapuli, 2004; Hardy et al., 2004; Gachet et al., 2006).  

It has been demonstrated that Ras GTPase-activating protein 3 (RASA3) antagonises 

the activation of Rap1b through CalDAG-GEFI in order to balance the activation and 

inhibition of integrins on platelets (Stefanini et al., 2015; Stefanini and Bergmeier, 

2016). The levels of expression of CalDAG-GEFI and RASA3 are comparable, as 

revealed by plateletomic studies (Rowley et al., 2011; Simon et al., 2014). Based on 

these reports, researchers have highlighted possible role of RASA3 to play in platelet 

activation. Researchers validated this function of RASA3 by demonstrating RASA3-
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mediated inhibition of Rab1-dependent platelet activation (Stefanini et al., 2015; 

Stefanini and Bergmeier, 2016).  

Moreover, a potential model for the involvement of RASA3 in Rab1 signalling was 

proposed by Stefanini et al. (2015) based on these findings. They proposed that a highly 

active form of RASA3 is maintained on the platelet plasma membrane, which impedes 

the activation of Rab1 through CalDAG-GEFI and sustains the quiescent state of the 

platelets. On the other hand, activated platelets cause P2Y12 sensitisation and 

consequential PI3K activation. RASA3 activity is inhibited by activated kinases, which 

depresses the fast exchange of nucleotides on Rap1 and integrin activation (Stefanini et 

al., 2015; Stefanini and Bergmeier, 2016). Furthermore, the activation of P2Y12 leads to 

constant aggregation of platelets and amplification of signalling induced by integrin 

αIIbβ3, TxA2 and collagen (Lova et al., 2002; Dorsam and Kunapuli, 2004; Hardy et al., 

2004; Gachet et al., 2006). 

1.8.2.3 TxA2 Receptor: TP 

TxA2 is a short-lived lipid mediator. It is released by activated platelets to improve and 

stabilise activation signals and to recruit more platelets to the developing thrombus 

(Hamberg et al., 1975). Its role as a strong vasoconstrictor has also been established 

(Francois et al., 2004). Activated platelets generate TxA2 from prostaglandin H2 via 

thromboxane A synthase (TxS) (Huang et al., 2004; Nakahata, 2008). Since TxA2 is 

lipid soluble, it can cross the plasma membrane to bind TP expressed by the same or a 

nearby platelet (Shen and Tai, 1998; Suzuki-Inoue et al., 2002; Davi and Patrono, 

2007). Like the ADP receptor P2Y1 and the thrombin receptors PAR-1 and PAR-4, 

activated TP associates with the G12/13 and Gq -subunits (Djellas et al., 1999). 

Individuals with abnormally low levels of TxA2 develop a minor bleeding disease, 
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suggesting that TxA2 is an important positive-feedback agonist for platelets (Mumford 

et al., 2010; Dawood et al., 2012). In agreement with this, TP-deficient mice experience 

prolonged bleeding (Thomas et al., 1998).  

1.8.3 Integrin αIIbβ3 Signalling 

Integrin αIIbβ3 is a GP that is expressed abundantly on the surface of platelets. A single 

resting human platelet may express 60,000 to 80,000 copies of this GP, which is also 

known as GPIIb/IIIa. The GPIIa and GPIIb genes reside on human chromosome 17 

(Shattil et al., 1998). Platelet α-granules also contain αIIbβ3, which is transported to the 

platelet surface upon activation, thereby causing a 30%–50 % increase in the surface 

exposure of this integrin (Shattil et al., 1998; Shattil and Newman, 2004). Shattil and 

Newman (2004) reported that αIIb subunit is found in only platelets and MKs, although 

the β3 subunit is expressed by various cells. Integrin αIIbβ3 facilitates platelet binding 

with VWF, fibronectin and fibrinogen. Resting platelets contain this GP in its low-

affinity state. The stimulation of platelet-activation pathways, as through P2Y receptors, 

PARs and GPVI, usually results in the activation of integrin αIIbβ3 through a 

phenomenon referred to as inside-out signalling (Ma et al., 2007). This process results 

in dramatic conformational changes in integrin αIIbβ3 (Offermanns, 2006). 

The interaction between the membrane-proximal cytosolic regions of the α- and β-

subunits of integrin αIIbβ3 maintains the integrin in its inactive conformation by forcing 

the extracellular domains to remain in the bent position (Luo et al., 2007b). Platelet 

activation results in DAG production and an increase in the Ca2+ concentration. 

Consequently, calcium- and diacylglycerol-regulated guanine nucleotide exchange 

factor I (CalDAG-GEFI) is activated and subsequently activates Rap1b (Crittenden et 

al., 2004; Stefanini et al., 2009; Joo, 2012). There is a strict preservation of the fine 
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balance between the GTP loading and unloading of Rab1 in platelets. This balance is 

important to avoid needless platelet activation and subsequent thrombosis. Rab1 can 

switch between GTP-bound active and GDP-bound inactive states with the help of a 

pair of regulatory proteins. The guanine nucleotide exchange factor CalDAG-GEFI 

exchanges GDP for GTP, which leads to Rab1 activation, and GTPase activating 

proteins (GAPs) are responsible for GTP hydrolysis, which inhibits Rab1 activation 

(Bos et al., 2007).  

The GAP RASA3 is crucial for restraining Rab1 activation by CalDAG-GEFI; RASA3 

in platelets is maintained in an extremely active state, thereby down regulating Rab1 

activation and keeping platelets in a non-adhesive, quiescent state. However, platelet 

activation terminates RASA3 activity, which permits GTP loading and activation of 

Rab1, leading to integrin activation (Iwashita et al., 2007; Stefanini et al., 2015; 

Stefanini and Bergmeier, 2016). The P2Y12 receptor is targeted by the antithrombotic 

drug clopidogrel bisulphate, which mainly works by prevention of RASA3 inactivation, 

thereby limiting Rab1 signalling and integrin activation (Stefanini et al., 2015; Stefanini 

and Bergmeier, 2016). 

Activated Rap1b is required for integrin activation via the development of the integrin 

activation complex (Crittenden et al., 2004; Stefanini et al., 2009; Joo, 2012), which 

until recently was believed to comprise talin, Rap1b and Rap1b-interacting adaptor 

molecule (RIAM). The attachment of talin to the β-subunit breaks the bond of the β-

subunit with the α-subunit of the integrin, leading to a conformational change. This 

change occurs with a switchblade-like movement and activates the integrin so that it 

can bind to its substrate molecules (Han et al., 2006; Luo et al., 2007b; Banno and 

Ginsberg, 2008; Li et al., 2010). 
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RIAM-null mice have recently been developed (Stritt et al., 2015), and are viable, 

fertile and healthy. In RIAM-null mice, platelets surprisingly demonstrate intact β3 and 

β1 integrin activation, normal aggregation and adhesion under flow conditions and in 

static environments. Likewise, arterial thrombus development and haemostasis are 

indistinguishable in RIAM-null and wild type mice. This implies that the activation and 

normal functioning of integrins do not essentially require RIAM and that there may be 

alternative pathways of talin recruitment (Stritt et al., 2015). Kindlin-3 is also involved 

in the activation of integrin αIIbβ3. The dysfunction or absence of this protein in humans 

or mice, respectively, causes impaired integrin activation (Moser et al., 2008; Malinin 

et al., 2009). 

Ligand-mediated αIIbβ3 clustering activates outside-in signalling, formation of filopodia 

and lamellipodia, secretion and clot retraction (Shattil et al., 1998). The outside-in 

signalling is required for platelet adhesion and aggregation at the site of damage (Shattil 

and Newman, 2004). GPVI signalling and αIIbβ3-mediated outside-in signalling events 

share similarities (Watson et al., 2005; Kasirer-Friede et al., 2007). Moreover, αIIbβ3 

clustering induced by fibrinogen binding results in the sequential activation of SFKs 

and Syk, the recruitment of SLP-76 and other adaptor proteins and the downstream 

activation of enzymes such as Vav, PI3K and PLCγ2 (Watson et al., 2005; Kasirer-

Friede et al., 2007).  

As in signalling downstream of GPVI activation, after integrin clustering, Fyn and Src 

bind the β3 subunit and interact with Syk (Woodside et al., 2001). However, there are 

also important differences between GPVI and integrin αIIbβ3 signalling. It is not known 

if Syk interacts independently with the β3 subunit or if an ITAM-expressing protein 

supports this interaction (Woodside et al., 2001; Mocsai et al., 2006; Hughes et al., 
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2015). Finally, the transmembrane adaptor protein LAT is not involved in αIIbβ3 

signalling, but it is important for GPVI signalling (Wonerow et al., 2002). There are 

also differences between integrin αIIbβ3 signalling in the platelets of mice and humans. 

For instance, FcγRIIa is involved in αIIbβ3 signalling in humans, but not in mice 

(Boylan et al., 2008). 

Perturbation of αIIbβ3 function or the absence of αIIbβ3 causes a serious bleeding disease 

called Glanzmann thrombasthenia. The disease is characterised by defective platelet 

adhesion and aggregation (Nurden, 2006). It is phenocopied in mice by the removal of 

the αIIb or β3 subunit (Hodivala-Dilke et al., 1999). Mice lacking the αIIb and β3 subunits 

have been used to explore haematopoiesis and the role of platelets (Tropel et al., 1997; 

Emambokus and Frampton, 2003). Mice deficient in the β3 subunit experience 

increased tail bleeding times and spontaneous haemorrhage, and intravital microscopy 

has revealed that such mice are incapable of forming thrombi at damaged sites (Ni et 

al., 2000).  

Owing to its crucial role in platelet adhesion and accumulation, αIIbβ3 serves as a 

pharmacological target for preventing ischaemic cardiovascular events. The function of 

αIIbβ3 can be inhibited with humanised antibodies (e.g. abciximab), analogues of an 

RGD-containing peptide and peptides based on those (e.g. eptifibatide) derived from 

snake venom (Coller and Shattil, 2008). However, these inhibitors are used infrequently 

due to the associated risk of excessive bleeding (Quinn et al., 2003). 

1.9 Calcium Signalling in Platelets  

Intracellular Ca2+ is an important second messenger for the regulation of numerous 

cellular mechanisms. Cardiomyocyte function, for example, is controlled by calcium-

induced release of Ca2+ (Berridge et al., 2003). Elevation of the intracellular Ca2+ 
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concentration is as an important signalling step for most of the main mechanisms 

involved in platelet activation, including PKC activation, integrin inside-out signalling, 

calmodulin (CaM) binding, Ca2+-dependent protease activity and cytoskeletal 

rearrangements (Hathaway and Adelstein, 1979; Varga-Szabo et al., 2009; Li et al., 

2010).  

Ca2+ can enter the cytosol of a platelet from the extracellular environment via ion 

channels or by release from the endoplasmic reticulum within the cell. Upon depletion 

of calcium from DTS, there is a rapid influx of calcium across the plasma membrane 

(Liou et al., 2005; Grosse et al., 2007; Tolhurst et al., 2008). This process is regarded as 

store-operated calcium entry (SOCE). Stromal interaction molecule 1 (STIM1) is a 

calcium sensor located on the membrane of DTS in a bound state with calcium through 

its EF-hand domain. (Zhang et al., 2005; Stathopulos et al., 2008). Depletion of calcium 

from the DTS is followed by dissociation of calcium-EF domain complex (Liou et al., 

2005; Grosse et al., 2007). Zhang et al. (2005) demonstrated that this bond is broken in 

response to IP3-triggered release of Ca2+ from the DTS. After detachment, STIM1 is 

transported to the cell membrane, and its subsequent interaction with Orai1, allowing 

calcium influx (Vig et al., 2006; Tolhurst et al., 2008). Hou et al. (2012) et al. (2012) 

reported that Orai1 proteins contain 4 transmembrane domains (TMDs). Moreover, 

crystal structure studies have revealed that the fourth TMD interacts with STIM1.  

SOCE-independent pathways also mediate Ca2+ influx into platelets via transient 

receptor potential cation channel subfamily C member 6 (TRPC6), which serves as a 

store-independent, non-selective cation entry channel. Ca2+ enters via this channel after 

it is activated by agonist (Hassock et al., 2002; Mahaut-Smith, 2012; Vemana et al., 

2015). Ca2+ may also use direct, receptor-operated pathways to enter platelets. The 
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P2X1 purinoceptor, for instance, binds ATP and acts as a homomeric, non-selective 

cation channel (Vial et al., 1997; Sage et al., 2000; Mahaut-Smith et al., 2004; Mahaut-

Smith et al., 2011; Mahaut-Smith, 2012). The abovementioned means for Ca2+ entry 

work to elevate the cytosolic concentration of calcium after activation of platelet. 

Calcium- and DAG-regulated guanine nucleotide exchange factor I (CalDAG-GEFI) is 

an intracellular signalling molecule expressed in MKs and platelets. Ca2+ binding to 

their respective motifs in CalDAG-GEFI results in TxA2 generation, granule secretion 

and integrin activation (Crittenden et al., 2004; Bergmeier and Stefanini, 2009). 

Persistently elevated Ca2+ concentrations trigger scramblase enzyme activity, leading to 

the expression of PS on the plasma membrane, which reinforces the activation and 

aggregation of platelets (Ramstrom et al., 2003; Freyssinet and Toti, 2010). 

1.10 Platelet Degranulation 

Dense and α-granules in platelets contain various activatory molecules (Section 1.6). 

After platelet activation, these granules combine with the membrane of the OCS or the 

PM and release their contents into the extracellular environment where the contents 

function in an autocrine or paracrine way to further stimulate platelet activation 

(Golebiewska and Poole, 2015). Soluble NSF attachment protein receptors (SNAREs) 

are at the centre of the molecular systems that form the basis of platelet granule 

secretion (Sollner et al., 1993; Blair and Flaumenhaft, 2009). These membrane-

associated proteins are related to platelet granules (vesicular SNAREs or vSNAREs) or 

the OCS/PM (target SNAREs or tSNAREs) (Duman and Forte, 2003; Sudhof and 

Rothman, 2009). The interaction between the coiled-coil domains in these two groups 

of SNAREs leads to the secretion of granules. The interaction causes the granules to 

come into contact with the OCS or PM, thereby producing energy, causing membrane 
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fusion, creating pores, and ultimately leading to the secretion of the contents of α- and 

dense granules (Harbury, 1998; Antonin et al., 2002).  

SNAREs are related to various chaperone proteins that participate in granule secretion. 

The actin cytoskeleton also plays an extensive role, particularly through actin 

polymerisation and association with SNARE proteins (Polgar and Reed, 1999; 

Woronowicz et al., 2010). There is a high degree of similarity between the mechanisms 

through which - and dense granule are secreted, although distinct SNARES are 

involved ((Flaumenhaft et al., 1999; Golebiewska et al., 2015). There is also an 

association between the regulatory proteins Sec1/Munc and SNARES, suggesting the 

existence of a mechanism that prevents incorrect granule secretion (Shirakawa et al., 

2004). 

1.11 Platelet Regulation by the Endothelium 

Although platelets are essential for haemostasis, their inappropriate activation can cause 

thrombotic conditions such as myocardial infarction. Hence, platelet activity is 

constitutively blocked so that circulating platelets are maintained in a quiescent state in 

normal conditions. In the setting of tissue injury and thrombus development, the size of 

the developing thrombus is controlled by these negative regulatory pathways. Platelets 

are negatively regulated by prostacyclin (PGI2) and nitric oxide (NO) generated by the 

healthy vascular endothelium (Figure 1.5) (Marcus and Safier, 1993; Clemetson, 1999).  
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Figure 1.5:  Inhibitory signalling pathways mediated by GPCRs. 

Binding of prostacyclin (PGI2) with prostacyclin receptors (IP) coupled to Gαs induces inhibitory 

signalling in platelets. The receptor triggers adenylyl cyclase (AC) activity to produce cyclic adenosine 

monophosphate (cAMP), which causes protein kinase A (PKA) phosphorylation. Consequently, Ca2+ 

mobilisation, Rap1b activation and platelet adhesion are suppressed, thereby preventing the activation of 

platelets. Nitric oxide (NO) also binds the guanylyl cyclase (sGC), which inhibits platelet activation via 

cyclic guanosine monophosphate (cGMP) generation and protein kinase G (PKG) phosphorylation. ATP, 

adenosine triphosphate; GTP, guanosine triphosphate 
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1.11.1 Platelet Regulation by NO 

Normal ECs generate NO, which is biosynthesised by NO synthases (NOS) (Furchgott 

and Zawadzki, 1980). L-arginine is oxidised by NOS, which leads to the generation of 

NO and L-citrulline (Radomski et al., 1990). NOS exists as three isoforms with 

differential tissue expression: NOS1 (neuronal), NOS2 (inducible) and NOS3 

(endothelial, known as eNOS) (Hanafy et al., 2001). NO can pass across the cell 

membrane, enabling it to bind its intracellular receptor guanylyl cyclase (sGC) 

(Bellamy and Garthwaite, 2002). The binding of NO causes a conformational change in 

sGC, which improves its catalytic activity. Consequently, GTP hydrolysis is initiated to 

form cyclic guanosine monophosphate (cGMP), thereby increasing the concentrations 

of cGMP in platelets (Figure 1.5). The chief effector target of cGMP is protein kinase G 

(PKG) (Naseem and Roberts, 2011).  

PKG is a member of the AGC kinase family, comprises three functional domains: the 

catalytic, regulatory and N-terminal domains. Two cGMP-binding sites constitute the 

regulatory domain, which is responsible for the conformational change that leads to 

enzyme activation (Hofmann, 2005). PKG exists in two isoforms, PKGI and PKGII; the 

former is more abundant in platelets. The isoforms have different N-terminal domains, 

which confer different substrate specificities (Hofmann, 2005). Activated PKG 

phosphorylates the serine/threonine residues of different substrates, leading to the 

inhibition of platelet activation (Bult et al., 1988). Massberg et al. (1999) reported an 

increase prothrombotic phenotype in mice deficient in PKG. Conversely, Zhang et al. 

(2011) reported defective platelet aggregation in platelet-specific sGC-knockout mice 

suggesting stimulatory role of sGS. 
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1.11.2 Platelet Regulation by PGI2  

PGI2 is a physiological inhibitor of platelet activation and a strong vasodilator with a 

half-life of only 3 minutes (Vane and Botting, 1995; Parente and Perretti, 2003). The 

membrane phospholipids of platelets are hydrolysed by calcium-dependent cytosolic 

Phospholipases A2 (PLA2) at their sn-2 position, resulting in the generation of lyso-

lipids and arachidonic acid (Irvine, 1982). Platelet cyclooxygenase 1 (COX1) oxidises 

arachidonic acid to generate prostaglandin G2, which can be converted by the 

hydroperoxide activity of COX1 into the unstable prostaglandin endoperoxide H2 

(PGH2). Subsequently, various synthases may act on PGH2 to form TxA2, PGI2, 

prostaglandin E2, prostaglandin D2 and prostaglandin F2α. Although platelets are 

deficient in prostaglandin D2, they express TxS, which forms TxA2 from PGH2 

(Needleman et al., 1976). PGI2 synthase, which is abundantly expressed in ECs, 

generates PGI2 from PGH2. PGI2 is then discharged into the bloodstream (Vane and 

Botting, 1995). When PGI2 binds the IP receptor, AC is activated, leading to the 

activation of the cAMP signalling pathway and elevated protein kinase A (PKA) 

expression causing inhibition of various aspects of platelet activation such as Ca2+ 

mobilisation, integrin activation and cytoskeleton rearrangement (Figure 1.5) (Yan et 

al., 2009). 

PGI2 is one of the strongest physiological inhibitors of platelets (Moncada et al., 1976; 

Weksler et al., 1977; Moncada, 1982). Increased PGI2 generation has been reported 

during platelet aggregation in atherosclerotic mice (FitzGerald et al., 1984). Deficiency 

of the gene for PGI2 synthase, results in platelet hypersensitivity and increased 

vulnerability to vascular diseases in mice (Yokoyama et al., 2002). Reduced 

concentrations of PGI2 have been linked with atherosclerosis, stroke (Narumiya et al., 

1999; Gawaz, 2004) and cardiovascular conditions, such as myocardial infarction 
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(Stein et al., 1985; Akopov et al., 1993). Rubin (1995) also reported a link between the 

decreased generation of PGI2 and the pathogenesis of pulmonary hypertension. Patients 

with vascular disorders demonstrate reduced PGI2 sensitivity (Sinzinger et al., 1981; 

Fitscha et al., 1985). These effects have been proposed to exist due to damage to PGI2-

mediated regulatory pathways (Murata et al., 1997; Yang et al., 2002).  

1.12 Cellular Communication 

All biological systems communicate with their environments via various mechanisms. 

The cells of higher organisms have developed a wide range of communication 

mechanisms due to the structural and functional complexity of these organisms. Cell–

cell communication usually involves the exchange of spatial and temporal information, 

which is vital for the organisation of tissues and the preservation of the living system. 

Cell signalling has been extensively studied due to its involvement in the pathogenesis 

of human diseases. Soluble chemical messengers are produced by cells during cell–cell 

communication. Target cells receive these signals via receptors, then second 

messengers spread the signal within the receiving cell. Signalling occurs not only 

between the cells of a single organism, but also between the cells of different living 

systems. For instance, cell signalling occurs between the uterus and the embryo 

(Mohamed et al., 2005). In addition, Saccharomyces cerevisiae releases a peptide signal 

into the environment during mating. This signal, mating-factor pheromone, binds its 

receptor on other cells, thereby rendering the receptive cell ready for mating (Lin et al., 

2004). Similarly, bacterial cells exchange signals with other bacterial cells, immune 

cells and epithelial cells within the human gastrointestinal tract (Clarke and Sperandio, 

2005). 
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Cell signalling is categorised by the target cell and its distance from the signalling cell. 

Endocrine signals, such as hormones, are carried by the blood to distant target cells. 

Paracrine signals, like neurotransmitters, target nearby cells. Juxtacrine signals can 

target the signalling cell or immediately adjacent cells. They pass through membrane 

lipids or proteins. Autocrine signals are produced by a cell, secreted, then influence the 

same cell via receptor binding. Finally, intracrine signals remain inside the signalling 

cell (Clarke and Sperandio, 2005).  

Cell-to-cell contact is required for some methods of cellular communication. In other 

cases, gap junctions (GJs) are formed that link the cytoplasms of communicating cells. 

In cardiac muscle, GJs facilitate the transmission of an action potential from the site of 

a cardiac pacemaker to surrounding cells, thereby mediating heart contraction (Rohr, 

2004). The immune system uses all these mechanisms of cell–cell communication.  

1.12.1 Direct Intercellular Communication 

Cellular communication can be intercellular or intracellular. Intracellular signaling is 

triggered by extracellular signals that generate responses within a target cell equipped 

with appropriate receptors to respond to external stimuli. Whereas, direct intercellular 

communication occurs between cells that are physically connected with each other and 

can therefore transmit signals/molecules directly from the cytosol of one cell to another 

through channel-like structures (See section 1.13) (Mittelbrunn and Sanchez-Madrid, 

2012; Torday and Rehan, 2012).  

More than 50 years ago, Furshpan and Potter (1959) identified low-resistance electrical 

transmission between the axons of crayfish. Later, researchers found that very small 

cellular junctions, which allow the passage of minute entities, are formed between non-
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neuronal cells (Revel and Karnovsky, 1967). These structures became known as GJs 

which are involved in intercellular communication (Goodenough and Revel, 1970). 

1.13 Connexins and GJs 

1.13.1 Structure and Location of Connexins 

Connexins (Cxs) are a large group of proteins with similar basic structures: C- and N-

terminal domains present near the cytoplasmic side of the cell membrane, one 

intracellular loop, two extracellular loops and four transmembrane α-helices (Figure 

1.6) (Harris, 2001). Mice have 20 Cx family proteins, whereas humans have 21. The 

proteins are differentiated by their molecular masses (Table1.1) (Sohl and Willecke, 

2003; Martin and Evans, 2004). The isoforms have different molecular masses because 

of variations in the amino acid sequences of their C-terminal domains. Researchers 

have also detected variations in their cytoplasmic loops (van Veen et al., 2001). Several 

tyrosine, threonine and serine residues are present in the C-terminus; these residues can 

be phosphorylated and have been implicated in the regulation of Cxs (Kemp and 

Pearson, 1990; Bevans and Harris, 1999). 
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Figure 1.6: The basic structure of connexins.  

Connexins are proteins that contain an amino-terminus (N-terminus, or N) and carboxyl-terminus (C-

terminus, or C) in the cytoplasm, one intracellular loop, two extracellular loops (E1 and E2) and four 

transmembrane domains (M1–M4). The amino acid sequences of the four transmembrane domains, 

which are highly conserved between family members, are crucial for docking in the cellular membrane. 

However, the amino acid sequences and lengths of the cytoplasmic domains vary. 
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1.13.1.1 Transmembrane Domains 

Topological experiments revealed that approximately 20 amino acid residues constitute 

each transmembrane domains (connexin four transmembrane domains). Detailed 

analysis led to the hypothesis that the third transmembrane domain (M3) comprises a 

chain of well-organised polar amino acids that form an amphipathic α-helix. 

Accordingly, the M3 domain of a Cx is believed to form the innermost lining of the 

transmembrane pore (Milks et al., 1988).  

1.13.1.2 Cytoplasmic Domains 

The cytoplasmic domains of Cxs, in contrast to the extracellular and transmembrane 

domains, contain varied amino acids sequences. The disparities between the different 

Cxs arise from structural disparities in their cytosolic regions (Vinken et al., 2006). 

Acidification and X-ray diffraction experiments revealed that the cytoplasmic domains 

of all Cxs are structurally different. Moreover, they demonstrate great flexibility in the 

intercellular channel where they participate in the opening and closing of the pore 

(Makowski et al., 1977). According to the particle–receptor hypothesis, the cytoplasmic 

carboxyl group, particularly in Cx43, serves as an independent binding site which 

identifies and binds non-covalently with a distinct peptide sequence near the pore, 

thereby opening and closing the pore of the channel (Morley et al., 1996). Post-

translational modifications, like phosphorylation, primarily affect the cytoplasmic 

carboxyl tails of Cxs that control their arrangement into GJs (Warn-Cramer et al., 

1998).  

1.13.1.3 Extracellular Domains 

The highest degree of sequence conservation has been observed in the extracellular 

loops E1 and E2. These loops characteristically feature three cysteine residues in the 
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conserved motifs CX6CX3C in E1 and CX4CX5C in E2 (Hoh et al., 1991; Elfgang et al., 

1995), where X signifies any amino acid and the numeral indicates the number of 

residues. The cysteine residues in the extracellular loops have been proposed to be 

involved in the formation of disulphide bridges within molecules. Although there are no 

disulphide bonds between opposing connexons, they do exist between pairs of 

extracellular loops (Dupont et al., 1989; John and Revel, 1991; Rahman and Evans, 

1991; Foote et al., 1998). The function of GJs is perturbed by the disruption of these 

motifs. The secondary and tertiary structures arising from disulphide bonding are 

functionally important (Dahl et al., 1992).  

1.13.2 GJ Intercellular Channels 

GJs are membrane-bound protein channels comprising of tightly packed, clustered 

molecules that link the cytoplasm of two cells and facilitate bidirectional transmission 

of entities like metabolites, ions, electrical currents, peptides (up to 1 kDa) and second 

messengers (Goodenough et al., 1996; Neijssen et al., 2005). Transmission of a wide 

variety of entities through these structures is crucial for phenomena like cell death, 

inflammation and development (Montecino-Rodriguez et al., 2000; Matsue et al., 

2006). 

1.13.2.1 Structure of GJ Channels 

GJs are composed of building blocks known as hemichannels Figure 1.7. Each 

hemichannel contains six Cx subunits organised to form a central pore; the hexameric 

transmembrane structure is known as a connexon. Connexons can dock with the 

connexons of nearby cells or may function as hemichannels. Hemichannels were 

previously proposed to be formed only temporarily during GJ formation (Unger et al., 

1999; Hemler, 2005; Saez and Leybaert, 2014), but may also work as free channels. 
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Connexons can be heteromeric or homomeric. Homomeric connexons comprise six 

identical Cxs, whereas heteromeric connexons contain multiple Cx isoforms (He et al., 

1999). 
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Figure 1.7: Gap junctions develop between opposing membranes of adjacent cells.  

Connexons on all cell surfaces dock with those on a nearby cell to create conductive channels. A gap 

junction plaque is formed by a large grouping of these channels. Every connexon comprises six connexin 

protein subunits, which are positioned at right angles to the cell membrane to form a central pore. The 

pore functions as a conduit for ions and molecules with a low molecular mass (up to 1 kDa). Homomeric 

connexons comprise only one kind of connexin subunit, whereas heteromeric connexons have a mixture 

of different kinds of connexins. Gap junction channels may comprise homotypic channels or heterotypic 

channels; adapted from (Bloomfield and Volgyi, 2009). 
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1.13.3 Assembly of GJ Intercellular Channels 

During the GJ intercellular channel formation stage, the Cx genes are transcribed and 

translated. Then, six Cx monomers are non-covalently oligomerised into connexons and 

transferred to the cell membrane. Finally, they dock with adjacent connexons in the 

membrane and aggregate to form GJ plaques. GJ channels are removed by 

internalisation as whole plaques or parts of a GJ. Connexons and their constituent Cx 

proteins are then degraded (Figure 1.8) (Evans et al., 2006; Koval, 2006; Laird, 2006).  

1.13.3.1 Half-life of Plasma Membrane GJ Plaques 

In pulse–chase analyses, labelled Cxs in tissue-cultured organs and cells have a half-life 

of only 1.5–3.5 hours (Traub et al., 1989; Darrow et al., 1995; Beardslee et al., 1998; 

Musil et al., 2000; Thomas et al., 2005). Cell membrane proteins usually have a 

turnover rate >24 hours, whereas nuclear and cytosolic proteins involved in signal 

transduction are degraded rapidly. A short turnover rate is of crucial importance for a 

regulatory factor. Since GJ organisation seems to be a coordinated self-assembly 

phenomenon, slower degradation of Cx would result in increased formation of GJs and 

increases intercellular exchange. Reducing the turnover rate of Cxs quickly leads to 

organisation of cell surface Cx43 into functional, persistent GJs (Musil et al., 2000; 

VanSlyke and Musil, 2002; Laird, 2006).  

1.13.3.2 Biosynthesis and Assembly of Cxs into GJ Intercellular Channels 

Once synthesised, Cxs are sent to the endoplasmic reticulum where they exist as four- 

transmembrane domain proteins (Falk et al., 1994; Zhang et al., 1996; Falk and Gilula, 

1998; Ahmad et al., 1999). Although the exact site of oligomerisation is still unclear, it 

has been reported to occur in endoplasmic reticulum–Golgi apparatus intermediates. It 

has also been proposed to occur in the trans-Golgi network, from which the connexons 
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are transported to the cell membrane (Zhang et al., 1996; Ahmad and Evans, 2002). 

Vanslyke et al. (2009) found that the levels of expression of Cx43 and Cx32 affect 

connexon organisation during transportation to the trans-Golgi network. This finding 

implies that the folding, oligomerisation and transport of connexons takes place 

gradually. 

The usual secretory mechanism transports connexons to the cell surface. Connexons are 

sent from the endoplasmic reticulum to the cis-medial and trans-Golgi cisternae. Then, 

they enter the trans-Golgi network prior to transfer to the cell membrane (Musil and 

Goodenough, 1993; Laird et al., 1995; Koval et al., 1997; VanSlyke and Musil, 2000; 

Lauf et al., 2002; Thomas et al., 2003). 

In tissue culture, fluorescent Cxs utilise several transport intermediates of various 

shapes and sizes before reaching the cell surface (Jordan et al., 1999; Lauf et al., 2002; 

Thomas et al., 2005). Microtubules may participate in the transportation of Cxs by 

increasing the efficiency of the transport process, as exposure to nocodazole, which 

causes microtubular disruption, perturbs the localisation of Cxs (George et al., 1999; 

Martin et al., 2001; Johnson et al., 2002; Lauf et al., 2002; Thomas et al., 2005). 

However, brefeldin A, which disrupts the Golgi apparatus, does not alter Cx 

transportation, indicating that the process can use an alternative mechanisms that does 

not require the Golgi network (George et al., 1998; George et al., 1999; Martin et al., 

2001). After reaching the cell membrane, Cxs undergo lateral diffusion and dock with 

adjacent connexons, thereby forming GJs. This regulated process involves N- and E-

cadherin (Musil et al., 1990; Jongen et al., 1991; Meyer et al., 1992; Wei et al., 2005). 

Fluorescent recovery after photobleaching and pulse–chase experiments indicated that 
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newly synthesised GJ channels reside at the edge of GJ plaques and that older channels 

accumulate in the centres of the plaques (Gaietta et al., 2002; Lauf et al., 2002). 

Under normal physiological conditions, hemichannels or undocked connexons in the 

cell membrane remain closed (Saez et al., 2005; Evans et al., 2006). They open in 

conditions with low extracellular Mg2+ and Ca2+ concentrations (Valiunas and 

Weingart, 2000; Valiunas et al., 2002). The phosphorylation status of connexons and 

the surrounding physiological conditions determine if hemichannels dock or remain 

independent (Saez et al., 2005).  

1.13.3.3 GJ Degradation 

The turnover of GJs requires cooperation between cells. Annular junctions are formed 

to internalise intact GJ plaques into the cytosol of one of the junction-forming cells 

(Jordan et al., 2001). The factors that determine which cell internalises the vesicle 

remain to be determined.  

Electron microscopic imaging revealed that the old channels in the centre of a plaque 

are internalised. This finding implies that large parts of membrane can be endocytosed. 

Moreover, connexons can be degraded without the destruction of the whole GJ (Gaietta 

et al., 2002; Falk et al., 2009). The number of GJs can be controlled by endocytosis by 

either internalisation of whole GJ plaques or the internalisation and degradation of 

small vesicles from the centre of the GJ, which renews the channels in a plaque (Falk et 

al., 2009).  

Cxs are degraded by either lysosomes or ubiquitin-regulated proteasomes. Electron 

microscopy studies utilising lysosomal enzyme inhibitors, like ammonium chloride and 

leupeptin, revealed that Cx-enriched portions of membrane fuse with lysosomes after 
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internalisation (Qin et al., 2003; Berthoud et al., 2004; Leithe and Rivedal, 2004a). 

Similarly, studies with specific inhibitors of proteasomal degradation revealed that 

Cx43 serves as a ubiquitin substrate (Laing and Beyer, 1995; Musil et al., 2000; Leithe 

and Rivedal, 2004b). Some researchers propose that lysosomes are responsible for the 

degradation of Cxs from the cell membrane and that proteasomes are responsible for 

the degradation that occurs in the endoplasmic reticulum as a quality control 

mechanism for protein folding and arrangement (Laird, 2006; Salameh, 2006). 
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Figure 1.8: Formation and dissociation of gap junctions, and the generation and transport of 

connexin hemichannels.  

Gap junctions are formed and regulated via multiple stages. (1) Connexin hemichannels (red/new 

hemichannel) are formed in the initial stages of the secretory pathway. (2 and 3) Connexin hemichannels 

are translocated through the secretory pathway, involving areas of the Golgi apparatus and the 

endoplasmic reticulum. (4) A poorly studied insertion mechanism that involves connexin 26 and 

potentially other connexins has been reported. It does not include direct involvement of the Golgi 

apparatus. Connexin hemichannels are inserted into the plasma membrane. (5) The inserted connexin 

hemichannels dock with their binding partners. (6) The connexin binding partners on the attached cell 

open the channels. (7) The processes of channel-gating and regulation may occur while gap junction 

channels aggregate into large plaques. (8) The gap junctions are internalized (blue) into one of the 

attached cells and (9) Lysosomal hydrolysis degrades the gap junctions (Evans et al., 2006). C, carboxyl-

terminus; N, amino-terminus 
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1.13.4 GJ Modulators 

GJ intercellular communication (GJIC) occurs in all multicellular living systems. Few 

reagents are known to block the process. GJ channels are protected from the 

extracellular space and are, thus, not subject to direct modulation.  

1.13.4.1 Chemical Inhibitors 

Chemicals capable of blocking communication through GJs are called GJ blockers. 

Researchers have performed in vitro studies with these blockers to explore the function 

of electrical synapses. Communication through GJs can be assessed as the transfer of 

dye between cells and the electrical coupling of nearby cells (Guan et al., 1997; 

Cruikshank et al., 2004). There is limited information on the influence of these blockers 

on the physiology of the brain and the behaviour of living systems. However, chemicals 

that have been established as good GJ blockers have been used to treat disorders like 

cardiac arrhythmia, ulcer and malaria (Wenckebach, 1923; Pinder et al., 1976; Achan et 

al., 2011; Noubiap, 2014). Unfortunately, these chemicals have well-established side 

effects in humans and many studies have reported the toxicity of these chemicals in 

experimental animal models (Manjarrez-Marmolejo and Franco-Perez, 2016).  

1.13.4.2 Glycyrrhetinic acid 

Glycyrrhetinic acid (GA) is a strong, non-selective blocker of hemichannels (IC50 for 

Cx46 and Cx50 are 250 μM and 100 μM, respectively) (Eskandari et al., 2002) and GJ 

channels (IC50 of 18α-GA and 18β-GA are 1.5 μM and 2 μM, respectively) (Davidson 

et al., 1986; Davidson and Baumgarten, 1988). GA also inhibits 11β-hydroxysteroid 

dehydrogenase (IC50 = 300 nM) (Su et al., 2007). Like carbenoxolone, 18β-GA inhibits 

voltage-sensitive calcium currents (Matchkov et al., 2004). Prolonged exposure to mild 

concentrations and short exposure to high concentrations of GA cause water and 



    Chapter 1 

52 

 

sodium retention, elevated potassium excretion, increases in body weight, suppression 

of the renin–angiotensin–aldosterone system, alkalosis, muscle paralysis and 

hypertension (Omar et al., 2012). 

GA is a component of liquorice which is employed as a flavouring compound in drugs, 

foods and beverages (Asl and Hosseinzadeh, 2008). Heavy intake of liquorice may 

result in headache and hyper-mineralcorticoidism, leading to oedema, loss of 

potassium, sodium retention, paralysis, hypokalaemia and renin–angiotensin–

aldosterone (Dobbins and Saul, 2000; van den Bosch et al., 2005; Asl and 

Hosseinzadeh, 2008). Researchers have used GA in vitro to explore the roles of GJs in 

neuronal oscillations, neurotoxicity induced by glutamate and epileptic discharges (de 

Curtis et al., 1998; Hughes et al., 2004; Leznik and Llinas, 2005; Proulx et al., 2006). 

1.13.4.3 Carbenoxolone 

The glycyrrhetinic acid derivative carbenoxolone is a GJ blocker. It is structurally 

similar to steroids and molecules in the root of the liquorice plant. It is used to treat 

inflammation and oral, oesophageal and peptic ulceration. Upon systematic 

administration, it may cause electrolyte imbalance (Spray et al., 2002).  

Although it does not demonstrate specificity for a specific Cx, carbenoxolone blocks 

GJs in mutant human fibroblast cell lines (half maximal inhibitory concentration [IC50] 

= 3 μM) (Davidson et al., 1986; Davidson and Baumgarten, 1988). It also blocks 

voltage-gated Ca2+ channels (IC50 = 48 μM) (Vessey et al., 2004). In addition, it inhibits 

11β-hydroxysteroid dehydrogenase, thereby improving the efficiency of endogenous 

glucocorticoid hormones (Bujalska et al., 1997).  
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1.13.4.4 Cx Mimetic Peptides 

Researchers have developed short synthetic peptides, called Cx mimetic peptides, 

which are comparable to selected sequences in the extracellular loops of Cxs. To 

develop these peptides, researchers screened different peptides from external loop 1 and 

2 of Cx32 for their efficiencies in slowing the synchronised contraction caused by the 

clustering of myocytes isolated from the hearts of chicks (Warner et al., 1995). These 

myocytes express an unknown Cx with sequence similarity to the well-studied 

mammalian Cx32 (Barker and Gourdie, 2002). Likewise, Bao et al. (2004) used short 

synthetic Cx peptides to analyse the docking of connexons on paired Xenopus embryos. 

Inhibitor peptides synthesised from the extracellular sequences adjacent to the 2nd and 

4th transmembrane domains of Cx43, called GAP26 (VCYDKSFPISHVR) and GAP27 

(SRPTEKTIFII and SRPTEKNVFIV), respectively, have proven to be experimentally 

useful (Dahl et al., 1994; Chaytor et al., 1997; Oviedo-Orta et al., 2000; Oviedo-Orta et 

al., 2001). The SRPTEK sequence, which is present in the majority of Cxs, is mimicked 

by GAP27. Moreover, the efficiency of this GJ-inhibitory peptide is considerably 

improved by adding the amino acids found in the 4th transmembrane domain (Chaytor 

et al., 1999). 

Researchers have reported the usefulness of these reversible GJIC inhibitors for 

experimentally manipulating GJs. The inhibitors can block electrical communication 

and the transmission of calcium waves across sets of confluent cells (Boitano and 

Evans, 2000; Isakson et al., 2001). They also block the transfer of fluorescent dyes in 

different cells culture (Oviedo-Orta et al., 2000; Oviedo-Orta et al., 2001). Owing to 

technical issues, it is difficult to demonstrate the influence of mimetic peptides on 

GJIC. However, the specificities of these peptides for GJs make them suitable for 

exploring the functions of organs and tissues.  
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1.13.5 Permeability of GJ Channels 

Many factors influence GJ-mediated intercellular coupling, including the probability of 

a single channel being open, the permeability or conductance of a single channel and 

the number of channels available for conductance (van Veen et al., 2001). Up to 1 kDa 

molecules can pass through GJs (Harris, 2001). The pore diameter, usually in the range 

of 6.5 to 15 Å, is determined by the type of connexon (Veenstra et al., 1994; Beblo and 

Veenstra, 1997; Harris, 2001). This pore size is sufficient to permit the transport of 

water, anions and cations (e.g. Ca2+, K+, Na+ and Cl−) and the majority of second 

messengers (e.g. IP3, ATP, adenosine, ADP, cGMP, cAMP, glutamate, small 

interfering RNAs and polypeptides) (Bevans et al., 1998; Harris, 2001). Junctional 

channels are non-selectively permeable to smaller molecules. However, the selectivity 

of the channel becomes evident for larger molecules (Harris, 2001).  

The permeability of a GJ is not solely determined by molecular size; the net charge of 

the permeant is also influential. Fluorescent probes of the same size but with opposite 

charges have varying permeabilities through GJs comprising different connexon 

isoforms (Kanaporis et al., 2011). GJs comprising Cx43 or Cx32 demonstrate variations 

in selectivity. The former demonstrates greater cation selectivity than the latter. 

However, GJ channels comprising Cx43 exhibit a maximal unitary conductance 

approximately twice that of GJs comprising Cx32 (Harris, 2002). In addition, the 

permeabilities of those GJs to AMP, ADP, ATP and adenosine are different (Goldberg 

et al., 2002). 

There are at least two distinct mechanisms of GJ gating (Bukauskas and Peracchia, 

1997; Bukauskas and Peracchia, 2000; Skerrett et al., 2000; Harris, 2001; Moreno et al., 

2002). These mechanisms are voltage gating and chemical or loop gating. The voltage 
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gating pathway is faster; it is voltage-driven and can change the conformation of the 

channel from completely open to almost closed within milliseconds (ms). Chemical 

gating is a slower mechanism (up to 30 ms) that completely closes a channel in 

response to chemical changes (chemical gating) or voltage alterations (loop gating). 

(Bukauskas and Peracchia, 1997; Harris, 2001; Bukauskas et al., 2002).  

The number of open channels (often termed the ‘open probability’) and the unitary 

conductivity of open junctional channels influence the macroscopic GJ conductivity. 

Regulatory pathways can have contrasting consequences for the probability of the open 

state and the average conductivity of open channels or the size of the channel opening. 

This implies that a single stimulus can decrease the permeability of the channel for 

large-sized molecules while enhancing the passage of small ions and improving 

electrical coupling (Kwak et al., 1995; Dhein, 1998). This phenomenon has been 

demonstrated for Cx43 in numerous cell lines. For Cx43, the residual state 

demonstrates greater anion selectivity and permits the maintenance of cell-to-cell 

communication while discouraging metabolic coupling (Bukauskas et al., 2002). Thus, 

it is difficult to define the effects of various conditions on GJs as ‘increases’ or 

‘decreases’ in GJ-mediated intercellular coupling. It is more accurate to state how the 

permeability, selectivity and electrical coupling are affected. 

1.13.6 Cx Regulation 

Different factors are involved in the strict regulation of the synthesis of Cxs, the 

assembly and breakdown of GJs and the conductance and permeability of junctional 

channels. These factors include the transmembrane potential (Vm), transjunctional 

voltage (Vj), phosphorylation status, CaM binding, intracellular Ca2+ concentration and 

pH (Figure 1.9) (Rabionet et al., 2002).  
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Figure 1.9: Connexin regulation by environmental and intracellular factors.  

Different factors regulate connexins, such as voltage, phosphorylation status and pH adapted from 

(Rabionet et al., 2002). EL-1, extracellular domain 1; EL-2, extracellular domain 2; M1, transmembrane 

domain 1; M2, transmembrane domain 2; M3, transmembrane domain 3; M4, transmembrane domain 4; 

N-T, NH2 terminus; C-T, COOH terminus 
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1.13.6.1 Transmembrane Potential (Vm) and Transjunctional Voltage (Vj) 

Cx channels in the membrane are subjected two kinds of voltage: Vj, the voltage 

between the cytoplasm of two connected cells, and Vm, the voltage between the 

cytoplasm and the extracellular space (Segal, 2000; Bargiello and Brink, 2009; 

Bavamian et al., 2009). 

Voltage changes have different effects on the GJ channels, depending on their Cx 

isoforms. Some channels are affected only by Vj, whereas others are affected by Vj and 

Vm. Our understanding of the mechanisms underlying voltage gating is still 

rudimentary. However, researchers have proposed that each connexon is equipped with 

two different gates, a fast gate regulated by Vj and a slow gate regulated by Vj plus Vm, 

at different structural locations in the Cxs, based on the observation that mutations in 

different parts of the proteins cause changes in these gates (Gonzalez et al., 2007).  

At either of the two voltage polarities, the fast Vj-gating transforms the channel from its 

completely open state to a residual state. Based on the isoform of the Cx, hemichannels 

close under positive or negative potentials at the cytoplasmic surface. Cxs 31, 32, 37, 

40, 43, 45 and 57 close in response to negative potential and Cxs 26, 30 and 50 close in 

response to positive potential. Intriguingly, Cx46 closes in response to both via 

different gating mechanisms (Rackauskas et al., 2010). Earlier research studies 

indicated that charged residues behave as voltage sensors. They are present at the N-

terminal domain and regulate the voltage polarity of the fast Vj-gating mechanism 

(Bukauskas et al., 2002). Thus, although the N-terminal domain contributes to gating, 

the most acknowledged mechanism for fast Vj-gating is the chain-and-ball model, 

which involves binding of the flexible C-terminal domain with the cytoplasmic loop, 

leading to partial closure of the pore (Gonzalez et al., 2007).  
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Negative cell potentials always result in the closure of the slow Vj gate, which mediates 

changes between the residual and the completely closed state. Chemical gating is also 

linked with this mechanism because reductions in pH and exposure to lipophiles and 

Ca2+ completely close the residual-state, slow, Vj-sensitive gates (Bukauskas and 

Peracchia, 1997; Peracchia, 2004). Conversely, a completely closed channel results 

from Vm depolarisation, which increases the rate of the slow transitions (Bukauskas and 

Weingart, 1994). Revilla et al. (2000) investigated mutations in Cx43 and found that its 

Vm sensor is in a distinct area of the C-terminal domain rather than in the area that 

participates in fast Vj-gating. Nevertheless, interactions between the two gating sensors 

remain worthy of consideration. 

1.13.6.2 Intracellular pH 

As described by Stergiopoulos et al. (1999), increased acidification of the cytoplasm 

adversely affects GJ-mediated intercellular communication. However, different 

channels demonstrate varying sensitivities to pH based on their Cx isoforms. Cx43 

channels partially close in response to minor decreases in intracellular pH. On the other 

hand, a similar degree of closure of Cx32 GJ channels requires a greater reduction in 

pH (Morley et al., 1996). Researchers have studied the pH sensitivities of different Cx 

isoforms in oocyte pairs and found that the relative pH sensitivities of Cxs are 50 > 46 

> 45 > 26 > 37 > 43 > 40 > 32 (Stergiopoulos et al., 1999). According to Liu et al. 

(1993), channel pH sensitivity may depend on the C-terminal portion of the protein, 

since removal of that portion abrogates the pH regulation of Cx43. Similarly, 

Stergiopoulos et al. (1999) reported similar findings for Cxs 37, 40 and 50, but not 45. 

Intriguingly, these investigations also demonstrated that channels comprising truncated 

Cx43 or Cx40 can be regulated by the C-terminal domain of the other molecule. 
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The residual state of GJ channels can be changed by removing the C-terminal domain; 

this alteration can be reversed through the co-expression of the carboxyl group as a 

distinct protein (Anumonwo et al., 2001; Moreno et al., 2002). Based on these 

observations, some researchers proposed that a ball-and-chain mechanism may regulate 

pH and chemical gating, as for fast Vj-gating (Delmar et al., 2004). Nevertheless, 

doubts remain that pH gating can be engaged through direct protonation of certain 

histidine residues in the carboxyl domain (Trexler et al., 1999) or through indirect 

protonation of intracellular amino sulfonates, such as taurine (Harris, 2001). 

1.13.6.3 Intracellular Ca2+ Concentrations and CaM 

Numerous researchers have studied the role of Ca2+ in the regulation of GJ channels 

(Peracchia, 2004; Lurtz and Louis, 2007). They initially found that electrical 

uncoupling is triggered by intracellular administration of Ca2+ (De Mello, 1975; Rose 

and Loewenstein, 1975). The pathways that induce uncoupling in conditions such as 

ischaemia are associated with several pathophysiological phenomena, such as the 

accumulation of amphipathic lipid metabolites and gradual and persistent increases in 

the intracellular levels of H+ and Ca2+ (Wu et al., 1993; Dekker et al., 1996). 

Uncoupling also plays roles in arrhythmias and conduction abnormalities downstream 

of other inducers (Beardslee et al., 2000).  

The cell type also determines the sensitivity of GJ channels to intracellular levels of 

Ca2+. However, it remains to be determined if Ca2+ influences gating directly or through 

intracellular messengers. Several studies have reported that Ca2+ may cause the closure 

of GJs by activating CaM, which can directly act as a gating regulator (Peracchia et al., 

2000; Peracchia, 2004). According to Sotkis et al. (2001), the acid-soluble protein CaM 

interacts with Ca2+ and the resulting complex binds basic amphiphilic α-helix domains. 
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CaM has been found to colocalise with Cxs and interacts with Cx isoforms 38, 32, 37, 

43, 44 and 50. Rackauskas et al. (2010) have reported that GJ closure by intracellular 

Ca2+ during ischaemia may contribute to protecting healthy cells from membrane 

depolarisation and the release of metabolites through the GJ by isolating these cells 

from damaged cells in a process called ‘healing over’. 

1.13.6.4 Phosphorylation 

Phosphorylation regulates Cxs by altering the molecular structures of their channels, 

their mean open time, open probability, intracellular trafficking and their assembly into 

GJ plaques. However, this mechanism must be more extensively characterised. The 

impact of phosphorylation may vary based on the biochemical environment, the site of 

phosphorylation and the Cx isoform (van Veen et al., 2001). Numerous protein kinases 

may be able to phosphorylate tyrosine, threonine and serine residues that are 

abundantly present in the C-terminal domain. The cytoplasmic loops of Cx36 and Cx56 

may undergo phosphorylation (Rackauskas et al., 2010).  

Some of the Cx43 serine residues that undergo phosphorylation include 255, 279, 282, 

364 and 368. Mitogen-activated protein kinases (MAPKs) can phosphorylate serines 

255, 279 and 282, PKC can phosphorylate 368, and PKA phosphorylates 364. The net 

charge of the protein can be affected by phosphorylation, which may cause changes in 

pH or voltage sensitivity. Extensive study of the regulation of Cx43 through 

phosphorylation has indicated that PKA phosphorylates Cx43, resulting in elevated 

channel permeability and cell-to-cell communication (Lampe and Lau, 2000). 

Conversely, Cx43 phosphorylation by MAPK and PKG decreases GJ intercellular 

communication in cardiomyocytes. The impact of Cx43 phosphorylation by the α and ε 

isoforms of PKC is even more complicated. It increases electrical conductance between 
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paired cardiomyocytes, but also reduces cell-to-cell permeability and channel 

conductance (Kwak and Jongsma, 1996; Schulz and Heusch, 2004). 

1.14 GJs in Health and Disease 

Hemichannels and GJIC are involved in the regulation of the signalling and physiology 

of various organs and organ systems, including cardiac myocytes, arterial ECs, bone 

marrow stromal cells and oocytes, and the cells of the skin, bone, breast, ovary, testis, 

kidney, ear, retina, lung, liver, lens, heart and central nervous system as summarised in 

Table 1.1. Connexons also act as channels for molecular exchange between the 

extracellular space and the cytoplasm (Dorshkind et al., 1993; Kidder and Mhawi, 

2002; Goodenough and Paul, 2003; John et al., 2003; Rohr, 2004; Pointis and 

Segretain, 2005; Bruzzone and Dermietzel, 2006; McLachlan et al., 2007; Gershon et 

al., 2008; Figueroa and Duling, 2009; Goodenough and Paul, 2009; Hanner et al., 2010; 

Batra et al., 2012).  

A wide range of human disorders involve mutations in the Cx genes. A mutation in 

Cx26 accounts for over 50% of hereditary skin problems and deafness (Denoyelle et al., 

1997; Kelsell et al., 1997). Cx32 mutations result in X-linked Charcot–Marie–Tooth 

syndrome, a widespread peripheral demyelinating condition (Bergoffen et al., 1993). 

Similarly, Paznekas et al. (2003) reported that a mutation in Cx43 causes 

oculodentodigital dysplasia (ODDD). A mutation in Cx47 causes Pelizaeus–

Merzbacher-like disease, a central demyelinating condition (Uhlenberg et al., 2004). 

Mutations in Cx46 or Cx50 are seen in cataract patients (Gong et al., 2007; Jiang, 

2010). As shown in Table 1.1, some mutations cause total channel function loss and 

other mutations cause changes in the properties of the channels compared to their wild 

type counterparts (Schalper et al., 2009).  
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Table 1.1: Connexin (Cx) proteins, genes, and their sites of expression and related disorders 

(Oyamada et al., 2005; Pfenniger et al., 2011; Morel, 2014) 

Cx 

(Human) 

Cx 

(Mouse) 

EXPRESSION FUNCTION ASSOCIATED 

DISEASES 

Cx26 

(GJB2) 

Cx26 

(GJB2) 

Cochlea, skin, 

liver, placenta, 

breast, lung, and 

brain 

Involved in hearing. 

Growth, maturation & 

stability of the 

epidermis. 

Bart-Pumphrey 

syndrome 

Vohwinkel syndrome 

Cx30 

(GJB6) 

Cx30 

(GJB6) 

Brain, inner ear,  

hair follicles and 

skin 

Transport of ions and 

nutrients between 

adjacent cells. 

Clouston syndrome 

Nonsyndromic 

deafness 

Cx31 

(GJB3) 

Cx31 

(GJB3) 

Skin, cochlea, 

placenta, kidney, 

testes, eye, and 

PNS 

Auditory functions Erythrokeratodermia 

variabilis 

Cx32 

(GJB1) 

Cx32 

(GJB1) 

Liver, pancreas, 

kidney, nervous 

system (Schwann 

cells) and Platelets 

Communication across 

the outer myelin layers 

and the interior of the 

Schwann cell.  

Charcot Marie Tooth 

syndrome, 

Demyelination 

neuropathy 

Cx37 

(GJA4) 

Cx37 

(GJA4) 

Brain, heart, ovary 

uterus and 

endothelial cells of 

blood vessels 

Intercellular 

communication between 

platelet 

Erythrokeratodermia 

variabilis 

Cx40 

(GJA5) 

Cx40 

(GJA5) 

Vascular cells 

(Blood and 

lymphatic vessels) 

and Platelets 

Regulation of vasomotor 

tone (nervous 

stimulation inside the 

muscles of blood vessels 

that maintain 

contraction) 

Cardiac arrhythmia 

Hypertension 

Cx 43 

(GJA1) 

Cx 43 

(GJA1) 

Ubiquitously 

present including 

skin, heart, eye, 

and brain 

Development of cardiac 

muscles and ensures 

synchronous contraction 

of muscles 

Heart abnormalities 

Oculodentodigital 

dysplasia 

Cx 45 

(GJC1) 

Cx 45 

(GJC1) 

Heart Development and 

function of the 

embryonic heart along 

with maintenance of 

cardiac rhythmicity. 

Cardiac arrhythmia 

Cx 47 

(GJC2) 

Cx 47 

(GJC2) 

Oligodendrocytes Synthesis of multi-

lamellar myelin 

membranes surrounding 

axons. 

Hypomyelinating 

leukodystrophy 

Lymphedema 

Cx50 

(GJA8) 

Cx50 

(GJA8) 

Lens Development and 

maturation of lens  

Cataract 

Cx46 

(GJA3) 

Cx46 

(GJA3) 

Lens Lens hemostasis Cataract 

Hypoxia 

Cx62 

(GJA10) 

Cx57 

(GJA10) 

Cx57 Retinal cell 

mouse. 

Cx62 unknown  

 Unknown Unknown 
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1.15 GJs in Circulating Cells 

1.15.1 Lymphocyte Gap Junctional Communication and Antigen-mediated 

Responses 

Specialised mechanisms enable the immune system to recognise, analyse and respond 

to foreign and self-antigens. These mechanisms depend on molecular structures in 

immune cells, which include antigen-presenting cells (APCs), B cells and T cells. Cx43 

is the chief GJ protein in the immune system. The immunological synapse also uses 

Cx43 (Mendoza-Naranjo et al., 2011). A growing number of reports indicates a role for 

Cx43 in the intercellular and intracellular signalling that activates lymphocytes 

(Oviedo-Orta et al., 2010; Machtaler et al., 2011). Several studies have demonstrated 

the roles of Cx43 in antigen-specific effector T cell responses, such as the destruction 

of tumour cells by cytotoxic T lymphocytes (CTLs) (Benlalam et al., 2009), antigen 

presentation (Neijssen et al., 2005) and phagocytosis (Anand et al., 2008). Although the 

function of GJ channels in the development of lymphocytes has been studied by 

numerous researchers, the investigations are hindered by the short lifespans of primary 

cells and the inability of the lymphocytes to adhere with the culture supports. However, 

research on the involvement of Cx43 in the peripheral and central immune responses in 

inflammatory and normal conditions has benefited from the utilisation of animal 

models, especially tissue-targeted knockout mice (Nguyen and Taffet, 2009).  

It has been recently demonstrated that GJs composed of Cx43 might contribute to 

antitumor responses in individuals infected with bacteria, as the GJs aid in the transfer 

of antigenic peptides to dendritic cells, where they are processed and presented to CTLs 

to promote the destruction of cancer cells (Benlalam et al., 2009). This research 

strengthens the hypothesis that GJs promote antigen-specific antitumor killing using 
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bacteria or components of bacterial cells (Terman et al., 2006; Fuchs and Bachran, 

2009).  

1.15.2 Communication of Platelets via GJs 

Platelets express a broad range of signalling molecules and receptors that are 

responsible for regulating the development of firm contacts between platelets and may 

stimulate adherence-dependent signalling through homotypic interactions (Brass et al., 

2004). GJ proteins, particularly Cx37 and Cx40, have recently been detected in 

platelets, where they are proposed to have essential functions (Angelillo-Scherrer et al., 

2011; Vaiyapuri et al., 2012; Vaiyapuri et al., 2013).  

Our research group have demonstrated that platelets strongly express two members of 

the Cx family, Cx37 and Cx40, which are involved in hemichannel formation. Inhibitor 

(human) and knockout (mice) experiments have provided evidence that these two Cxs 

play roles in clot retraction, a coordinated phenomenon that is dependent on platelets 

(Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). Researchers have demonstrated that the 

inhibition of Cx37 and Cx40 with the Cx-mimetic peptides 43,37Gap27 and 40Gap27, 

respectively, decreases outside-in signalling via integrin αIIbβ3, which is responsible for 

clot retraction. The same two Cxs function in other activation stages, such as platelet 

aggregation, integrin activation, α-granule secretion and Ca2+ signalling (Vaiyapuri et 

al., 2012; Vaiyapuri et al., 2013).  

Subsequent studies with Cx37 inhibitors in Cx40-deficient platelets and Cx40 inhibitors 

in Cx37-deficient platelets showed that these Cxs perform their roles independently of 

each other. These findings are consistent with the observation that these Cxs were 

unable to exhibit heterotypic interactions during co-immunoprecipitation experiments. 

The physiological significance of Cx40 for sustained haemostasis is highlighted by the 
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inhibitory effect of 40Gap27 on haemostasis, studied in the phenotype of Cx40–/– mice 

(Vaiyapuri et al., 2013). Taken together, the available studies indicate that GJ blockers 

inhibit thrombosis and thrombus formation in vitro in human blood under arterial flow 

conditions. However, additional studies are required to investigate the exact 

mechanisms by which platelet Cxs regulate these processes.  

In contrast with our group findings, the deletion of Cx37 (Cx37−/−) results in enhanced 

platelet aggregation in response to collagen, thrombin or ADP stimulation in 

comparison to wild type mice (Cx37+/+). Furthermore, treatment with 37,43Gap27 

enhances platelet aggregation above the level observed in scrambled control treated 

samples (Angelillo-Scherrer et al., 2011). It was also observed that Cx37−/− knockout 

mice show increased thrombus propensity compared to wild type mice (Cx37+/+) which 

indicated that thrombus propensity is limited by communication via Cx37 GJ channels 

(Angelillo-Scherrer et al., 2011). Angelillo-Scherrer et al. (2011) concluded that earlier 

studies provided evidence that GJ intercellular communication between Cx37-

expressing platelets can control thrombus propensity. 

1.16 Expression of Cxs during Atherosclerosis 

The vasculature normally expresses four Cxs. Cx37 and Cx40 are chiefly found on ECs 

in healthy arteries. They form complexes with eNOS, which implies that they may be 

involved in NO-mediated, endothelium-dependent vasodilation (Kwak et al., 2002; 

Alonso et al., 2010; Pfenniger et al., 2010). Moreover, Wolfle et al. (2007) 

demonstrated that endothelium-dependent vasodilation of small arteries, such as 

arterioles, in mice requires Cx40. Gabriels and Paul (1998) reported higher expression 

of Cx43 by some ECs at the branching points of arteries. These areas are subjected to 

increased turbulent flow. Similarly, Kwak et al. (2002) reported the expression of Cx43 
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and Cx45 on SMCs in the arterial media. Intriguingly, research in an atherosclerosis 

model in LDL-receptor-deficient mice revealed alterations in the expression of Cxs in 

large arteries, such as the aorta, during atherosclerosis (Figure 1.10) (Meens et al., 

2012).  

Unique Cx expression is the distinguishing feature of plaques at different stages, such 

as advanced atheromas or initial fatty streaks (Kwak et al., 2002). Cx37 and Cx40 are 

expressed by ECs in early atheroma development. Cx37 is also expressed by 

macrophage-derived foam cells. Similarly, intimal SMCs upregulate Cx43 compared to 

SMCs that are not associated with plaques. Further alterations in Cx expression are 

seen in advanced atheromas (Burnier et al., 2009; Meens et al., 2012). No Cxs are 

expressed on the ECs coating an advanced atheroma, except for Cx43-expressing ECs 

found in the shoulder region. Cx37 and Cx43 are expressed by foam cells near the 

necrotic centre, and intimal SMCs downregulate Cx43 expression compared to that in 

non-plaque-associated SMCs. Within the medial layer of the artery in an advanced 

atheroma, SMCs begin to express Cx37. Alterations in the patterns of Cx expression 

can cause differential regulation of the interactions between different atheroma-

associated cell types (Burnier et al., 2009; Meens et al., 2012).  
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Figure 1.10: Differential expression of connexins during the development of atherosclerotic 

plaques.  

Connexin (Cx) 37 is expressed by monocytes and endothelial cells in the healthy vessel wall (left). On 

the other hand, macrophages and smooth muscle cells express Cx37 in the atherosclerotic plaque (right). 

Cx37 is not expressed by the endothelial cells that cover the lesion (Meens et al., 2012).  
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1.17 Aims 

Under normal physiological conditions, platelets are independently circulating cells; 

however, upon activation, they come into close contact with each other to form a 

thrombus. This contact endures for an extended period, during which the platelets 

collaborate. The stability of a thrombus is regulated by persistent internal signalling. 

The consequential clot retraction is also regulated by this signalling and is essential for 

repair of the damaged artery tissue (Calderwood, 2004). GJs and connexons have been 

studied in various cell types, where they mediate stable cell interactions. However, 

recent reports indicate that Cxs are also capable of regulating the activities of 

circulating cells, such as T cells and monocytes. This enables the transfer of small 

molecules between the cytosol of adjacent cells, facilitating contact-dependent inter-

cellular communication that enables coordinated cellular responses (Wong et al., 2006; 

Bermudez-Fajardo et al., 2007; Derouette et al., 2009a; Derouette et al., 2009b; 

Oviedo-Orta et al., 2010; Kar et al., 2012; Koval et al., 2014). 

Communication via hemichannels alone in isolated cells has also been observed. The 

functions of Cxs (mainly Cx37, Cx40 and Cx43) have been well characterised in the 

cardiovascular system, including the vasculature (Brisset et al., 2009; Elgueta et al., 

2009; Jansen et al., 2010). However, the expression of Cxs in circulating blood cells, 

such as platelets, macrophages, lymphocytes, neutrophils and dendritic cells, is a 

relatively recent finding that suggests more widespread roles for these proteins and 

intercellular communication than previously recognised (Anand et al., 2008; Sarieddine 

et al., 2009; Machtaler et al., 2011; Glass et al., 2015; Vaiyapuri et al., 2015a; Molica et 

al., 2017).  



    Chapter 1 

69 

 

The expression of Cx37 and Cx40 in platelets has recently been reported. Treatment 

with selective mimetic peptides that target Cx37 and Cx40 (37,43Gap27 or 40Gap27, 

respectively) interfered with hemichannel and GJ function and inhibited platelet 

fibrinogen binding, aggregation and degranulation (Vaiyapuri et al., 2012; Vaiyapuri et 

al., 2013). Both Cxs positively regulate platelet function as their selective deletion in 

mice reduces platelet function. A fluorescence recovery after photobleaching (FRAP) 

study facilitated the detection of intercellular communication between the platelets in a 

thrombus mediated by Cx37 GJs; this communication was prevented by treatment with 

37,43Gap27 and non-selective GJ blockers (Angelillo-Scherrer et al., 2011; Vaiyapuri et 

al., 2012). Clot retraction, a process that consolidates and stabilises thrombus 

formation, was also attenuated in 37,43Gap27- or 40Gap27-treated samples (Vaiyapuri et 

al., 2012; Vaiyapuri et al., 2013). These findings indicate a possible role for GJs in the 

regulation of thrombus stability in a contact-dependent manner. 

In addition to Cx37 and Cx40, notable levels of Cx62 mRNA transcripts in MKs have 

been detected (Vaiyapuri et al., 2012). The levels observed were comparable to or 

higher than those in other circulating cells, such as B cells, T cells and monocytes. 

Cx62 is a newly identified member of the Cx family and its expression at the protein 

level has yet not been reported in any cell types. However, mouse Cx57, which is 

homologous to human Cx62, has been detected in retina cells (Sohl and Willecke, 

2003; Oyamada et al., 2005; Sohl et al., 2010; Morel, 2014). In contrast to other 

extensively studied Cx family members, such as Cx37, Cx40 and Cx43, little is known 

about the role of Cx62. The lack of reagents to block the function of Cx62 has hindered 

research progress.  
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The hypothesis of this project is that the physiological functions of platelets are 

controlled by cellular communication mediated through Cx62 (hemichannels and GJs), 

and that this communication plays a role in the development of thrombotic disease.  

The main goals of the research were to:  

• determine if Cx62 and Cx57 are expressed in human and mouse platelets, 

respectively 

• formulate a selective inhibitor that targets the second external loop of Cx62 

• identify the functions of platelet Cxs in haemostasis and thrombotic disease  

• analyse the mechanism of Cx-mediated signalling in the regulation of platelets 

The findings of the study may reveal new mechanisms and molecules to target 

therapeutically.
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2.1 Materials 

2.1.1 Reagents 

 

Professor Richard Farndale (University of Cambridge, Cambridge, UK) supplied the 

crosslinked collagen-related peptide (CRP-XL). Protease-free bovine serum albumin 

(BSA) was obtained from First Link (Wolverhampton, UK). Cx62 mimetic peptide 

(62Gap27), scrambled peptide, Gly-Pro-Arg-Pro (GPRP), cangrelor, indomethacin, 

rabbit anti-GJA10 antibody, bovine thrombin, digitonin, phosphate-buffered saline 

(PBS) tablets, EGTA (Ethylene glycol-bis(-aminoethyl ether)-N,N,N’,N’-tetraacetic 

acid), fibrinogen from human plasma, ADP, 3,3′-dihexyloxacarbocyanine iodide 

(DiOC6; 98%), H89, GF109203X, LY29400 and the AKT inhibitor IV were purchased 

from Sigma–Aldrich (Poole, UK). Vena8 Fluoro+™ Biochips were purchased from 

Cellix OEM Microfluidic Solutions (Dublin, Ireland). MRS2179 was obtained from 

Abcam (Cambridge, UK). Poly-L-lysine-coated 12-mm coverslips were obtained from 

VWR (Leicestershire, UK). ProLong™ Gold Antifade Mountant was purchased from 

Life Technologies (Carlsbad, CA, USA). Microscopic slides (glass) and Alexa Fluor® 

488-conjugated phalloidin were purchased from Thermo Fisher Scientific 

(Loughborough, UK). Whatman 3-mm chromatography paper, Fura-2 AM, calcein AM 

and Tris were obtained from Thermo Fisher Scientific (Waltham, MA, USA). 

Formaldehyde (16%) was purchased from Agar Scientific (Essex, UK). The Chrono-

Log CHRONO-LUME® kit was obtained from Chrono-Log (Havertown, PA, USA). 

Mini-PROTEAN® TGX™ precast polyacrylamide gels (4%–20% and 10% gradient), 

dual-stained molecular weight markers and polyvinylidene difluoride (PVDF) 

membranes were purchased from Bio-Rad (Hemel Hempstead, UK). U46619 (a TxA2 

analogue), SQ 22536, PKI 14-22 and Rp-adenosine 3′,5′-cyclic mono-phosphorothioate 
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(Rp-8-CPT-cAMPS) were obtained from Tocris Biosciences (Bristol, UK). Black and 

clear 96-well flat bottom plates were purchased from Greiner Bio-One (Frickenhausen, 

Germany). The thromboxane B2 (TxB2) enzyme-linked immunosorbent assay (ELISA) 

kit was obtained from Cayman Chemical (Cambridge, UK). A cAMP ELISA kit was 

purchased from Cell Signaling Technology (Hitchin, UK). All other reagents were of 

analytical grade and purchased from Sigma–Aldrich or Thermo Fisher Scientific.  

2.1.2 Animals 

Wild type (Cx57+/+) and Cx57-deficient (Cx57−/−) mice were provided by International 

Mouse Phenotyping Consortium. C57BL/6 mice were purchased from Envigo 

(Huntingdon, UK). 

2.1.3 Antibodies 

All details regarding the primary and secondary antibodies used in this project, 

including their applications and dilutions, are listed in Table 2.1 and Table 2.2, 

respectively. 
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Table 2.1: Primary antibodies that were used for this project 

 

Antibody Host Application Dilution Source and  

catalogue no. 

 

Polyclonal  

anti-Cx62 

Rabbit Western blotting 

Immunofluorescence 

STORM microscopy 

 

1:1,000 

1:100 

1:50 

Sigma–Aldrich 

(Poole, UK) 

SAB2105481  

Monoclonal  

anti-GPIb  

Mouse Immunofluorescence 

 

1:100 Thermo Fisher 

Scientific 

(Loughborough; 

UK) 

 PM6/248 

 

Monoclonal  

anti-Integrin β3 

Mouse STORM microscopy 

 

1:50 Santa Cruz 

Biotechnology 

(Calne, UK) 

sc-52685 

 

Polyclonal anti-

human fibrinogen 

FITC conjugated  

 

Rabbit 

 

Flow cytometry 

 

 

1:50 

 

Dako (Glostrup, 

Denmark) 

F0111 

 

Anti-human 

CD62P 

monoclonal 

antibody–PE-

Cy™5 

Mouse Flow cytometry 

 

1:50 BD Biosciences  

(Franklin Lakes, 

New Jersey, USA)  

551142 

 

Monoclonal anti-

integrin α2 chain 

(GPIa) 

Rat Flow cytometry 

 

1:50 emfret 

ANALYTICS 

(Würzburg, 

Germany) M070-1 

Monoclonal anti-

GPVI 

Rat Flow cytometry 

 

1:50 emfret 

ANALYTICS 

M011-1 

Monoclonal anti- 

Integrin αIIbβ3 

Rat Flow cytometry 

 

1:50 emfret 

ANALYTICS 

M025-2 

Monoclonal anti- 

GPIba 

Rat Flow cytometry 

 

1:50 emfret 

ANALYTICS 

M040-2 

Anti-phospho-

VASP (Ser157) 

Rabbit Western blotting 1:1,000 Cell Signaling 

Technology  

(Hitchin, UK) 

3111 
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Table 2.1: Primary antibodies that were used for this project 

Antibody Host Application Dilution Source and  

catalogue no. 

 

Phospho-VASP 

(Ser239) 

Rabbit Western blotting 1:1,000 Cell Signaling 

Technology (Hitchin, 

UK) 

3114 

 

Anti-phospho-

tyrosine 4G10 

Mouse Western blotting 1:1,000 Merck Millipore 

(Watford, UK) 

05-321 

 

Anti-phospho-

tyrosine PKC 

Rabbit Western blotting 1:1,000 Cell Signaling 

Technology #2261 

 

Anti-phospho-

Syk  

(Y525/526) 

Rabbit Western blotting 1:1,000 Abcam (Cambridge, 

UK) 

ab58575 

 

Anti-phospho-

LAT  

(Y200) 

Rabbit Western blotting 1:1,000 Abcam 

ab68139 

 

Anti-phospho-

PLCγ2 (Y1217) 

Rabbit Western blotting 1:1,000 Cell Signaling 

Technology 3871 

Monoclonal  

anti-14-3-3 ζ  

Mouse Western blotting 1:1,000 Santa Cruz 

Biotechnology 

(Calne, UK) 

sc-293415 

 

Polyclonal 

anti-actin 
Goat Western blotting 1:1,000 Santa Cruz 

Biotechnology 

sc-1615 

DyLight® 649 

anti-GPIbα 
Rat In vivo thrombosis 

assay 
0.2 µg/gm 

weight of 

mice 

emfret ANALYTICS  

M040-3 
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Table 2.2: Secondary antibodies that were used for this project 

Antibody Host Application Dilution Source and  

catalogue no. 

 

Alexa Fluor® 

488-conjugated 

anti-mouse IgG 

Donkey Immunofluorescence 

Western blotting 

1:500 

1:1,000 

Life Technologies 

(Paisley, UK) 

A-21202 

Alexa Fluor® 

488-conjugated 

anti-goat IgG 

Donkey Western blotting 1:1,000 Life Technologies 

A-11055 

Alexa Fluor® 

555-conjugated 

anti-mouse IgG 

Donkey STORM microscopy 

 

1:50 

 

Life Technologies 

A-31570 

Alexa Fluor® 

647-conjugated 

anti-rabbit IgG 

Donkey Immunofluorescence 

STORM microscopy 

Western blotting 

1:500 

1:50 

1:1,000 

Life Technologies  

A-31573 

 

Cy5-conjugated 

anti-rabbit IgG 

Goat Western blotting 1:1,000 Life Technologies 

A-10523 
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2.2  Methods 

2.2.1 Cell Preparation 

2.2.1.1 Preparation of Washed Human Platelets 

On the day of experimentation, healthy volunteers (drug-free) donated their blood after 

providing informed consent according to procedures approved by the University of 

Reading Research Ethics Committee. Platelets were prepared by differential 

centrifugation. Blood (50 mL) was drawn into a syringe containing the anticoagulant 

3.8% (w/v) sodium citrate (5 mL). Acid citrate dextrose (ACD; 7.5 mL; 85 mM sodium 

citrate, 71 mM citric acid and 110 mM glucose) was added to the blood samples, which 

were then centrifuged at 102 g for 20 minutes to obtain platelet-rich plasma (PRP) that 

was free of erythrocytes and leukocytes. The platelets were then separated by 

subjecting the PRP to centrifugation at 1,413 g for 10 minutes following the addition of 

PGI2 (10 μL; prepared at 125 μg/mL in ethanol). 

Platelets were resuspended and washed in modified Tyrode’s-HEPES buffer (25 mL; 

134 mM NaCl, 2.9 mM KCl, 0.34 mM Na2HPO4, 12 mM NaHCO3, 20 mM HEPES, 1 

mM MgCl2 and 5 mM glucose; pH 7.3) with ACD (3 mL) and PGI2 (10 μL; 125 

μg/mL). Platelet counts were determined using a model Z2™ COULTER COUNTER® 

(Beckman Coulter, High Wycombe, UK). The platelets were then pelleted by 

centrifugation at 1,413 g for 10 minutes, resuspended in modified Tyrode’s-HEPES 

buffer (1 mL) and adjusted to the desired concentration with modified Tyrode’s-HEPES 

buffer. Prior to the use of washed platelets, they were incubated at 30 °C for 30 minutes 

to ensure the recovery of functional platelet responses. 
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2.2.1.2 ADP-sensitive platelets 

To prepare ADP-sensitive washed platelets, blood was collected into 3.8% (w/v) 

sodium citrate (without ACD). The blood was subjected to centrifugation for 20 

minutes at 102 g and 20 °C to generate PRP. PRP was collected and subjected to 

centrifugation for 20 minutes at 350 g to isolate platelets. During preparation, the 

discharge of ADP from platelets was minimised by carrying out centrifugation at low 

speeds to minimise the desensitisation of ADP receptors that can be caused by high-

speed centrifugation. The supernatant was discarded and the pellet was resuspended in 

modified Tyrode’s-HEPES buffer (4 × 108 cells/mL).  

2.2.1.3 Preparation of PRP 

Whole blood was collected in vacutainers containing 3.2% sodium citrate to prepare 

PRP. The vacutainers were subjected to centrifugation at 102 g for 20 minutes. The 

resulting PRP was then separated and allowed to rest at 30 °C for 30 minutes in a water 

bath to assure the recovery of functional platelet responses prior to experimentation. 

2.2.1.4 Preparation of Mouse Platelets 

On the day of the experiment, mouse blood was collected through cardiac puncture 

after termination by rising CO2 concentration and cervical dislocation as per Schedule 1 

of the Animals (Scientific Procedures) Act 1986. After the mice were euthanised, their 

blood was drawn through cardiac puncture into a syringe containing 4% sodium citrate 

(1 part sodium citrate to 9 parts blood). Red blood cells and leukocytes were eliminated 

by reducing the concentration of blood with Tyrode’s-HEPES buffer (1 mL) followed 

by centrifugation at 203 g for 8 minutes. The upper layer comprising PRP was gently 

aspirated with a pipette. After the addition of PGI2 (final concentration, 12.5 ng/mL) to 

the PRP, the platelets were subjected to centrifugation at 1,028 g for 5 minutes. The 
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resulting platelet pellet was resuspended in modified Tyrode’s-HEPES buffer (4 × 108 

cells/mL) and left to rest at 30 °C for 30 minutes.  

2.2.2 Western Blot Analysis 

2.2.2.1 Sample Preparation 

Mouse or human platelets prepared by differential centrifugation (as described in 

Sections 2.2.1.1 and 2.2.1.4) were lysed in 6× Laemmli sample treatment buffer 

comprising 4% (w/v) sodium dodecyl sulphate (SDS), 20% (v/v) glycerol, 0.5 M Tris, 

0.001% (w/v) Brilliant Blue R and 10% (v/v) 2-mercaptoethanol. The samples were 

heated for 5 minutes at 95 °C. 

2.2.2.2 Platelet Signalling Studies 

Washed human platelets (4 × 108 cells/mL), used to study platelet signalling, were 

incubated with reagents to block secondary signalling (20 µM indomethacin, 1 µM 

cangrelor, 100 µM MRS2179 and 1 mM EGTA), which diminish the propensity of 

platelets to aggregate. Platelets were exposed to appropriate control or Cx inhibitor or 

cell signalling inhibitors for 5 minutes, followed by stimulation with thrombin or CRP-

XL under stirring conditions in an aggregometer (1,200 rpm at 37 °C). Samples were 

lysed with 6× Laemmli reducing buffer. Prior to storage at −20 °C, the samples were 

heated for 5 minutes at 95 °C. 

2.2.2.3 SDS-Polyacrylamide Gel Electrophoresis 

The proteins in the extracts of the platelet lysates were separated by SDS-

polyacrylamide gel electrophoresis (PAGE) after heating to 95 °C for 10 minutes in 6× 

Laemmli reducing buffer. The samples and molecular weight standards were loaded 

onto 4%–20% acrylamide gradient gels (Bio-Rad precast gels; Bio-Rad, Watford, UK). 
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The gels were run at a constant voltage (100 V) for 90 minutes in a Mini-PROTEAN® 

II apparatus (Bio-Rad, Watford, UK) with Tris-glycine buffer (2 mM Tris, 192 nM 

glycine and 0.1% [w/v] SDS; pH 8.3) in the running reservoir. 

The separated proteins were transferred to PVDF membranes (Bio-Rad, Watford, UK) 

by semi-dry transfer. PVDF membranes, soaked in methanol, were placed under the 

resolving gels. Four sheets of 3-mm filter paper soaked in anode buffer (300 mM Tris 

base and 20% [v/v] methanol; pH 10.4) were placed below the membranes and 4 sheets 

of 3-mm filter paper soaked in cathode buffer (25 mM Tris base and 40 mM 6-amino-n-

hexanoic acid; pH 9.4) were placed above the resolving gels. The proteins were 

transferred from the gels to the membranes by applying a constant voltage (15 V) for 2 

hours. 

2.2.2.4 Immunoblotting 

The PVDF membranes were blocked with 5% (w/v) BSA dissolved in 1% (v/v) Tris-

buffered saline–TWEEN® 20 (TBST; 20 mM Tris, 137 mM NaCl and 0.1% [v/v] 

TWEEN® 20; pH 7.6) for 1 hour at room temperature. The membranes were incubated 

with the primary antibodies, which were diluted in 1% (v/v) TBST with 2% (w/v) BSA, 

overnight at 4 °C.  

After overnight incubation, the membranes were washed with TBST (3 × 5 minutes) to 

remove unbound antibodies. Fluorescently labelled secondary antibodies diluted in 1% 

(v/v) TBST containing 2% (w/v) BSA were then applied to the membranes, which were 

incubated for 1 hour at room temperature in the dark. The membranes were then 

washed with TBST (3 × 5 minutes) and their fluorescence visualised using a Typhoon 

FLA 9500 fluroimager (Amersham Biosciences, Buckinghamshire, UK). Image Quant 
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software version 8.1 (GE healthcare) was used to quantify the fluorescence intensities 

of the individual bands.  

2.2.3 Immunofluorescence Microscopy of Human Platelets 

Human PRP was prepared from whole blood as described in Section 2.2.1.3. The PRP 

was fixed with 4% (v/v) formaldehyde for 15 minutes, then subjected to centrifugation 

at 950 g for 11 minutes. The pellet was resuspended twice in Tyrode’s-HEPES buffer 

(1 mL), followed by final centrifugation at 950 g for 10 minutes. 

The final pellet was resuspended in Tyrode’s-HEPES buffer (500 µL) containing 1% 

(w/v) protease-free BSA. Poly-L-lysine-coated 1.5-mm glass coverslips were placed in 

6×6-well culture plates accompanied by a wet tissue in the empty spaces to maintain 

humidity. Platelets (90 µL) were added to each coverslip using a cut pipette tip, then 

incubated at 37 °C for 90 minutes. 

The non-adhered platelets were removed by washing with PBS (3 × 2 minutes) and the 

coverslips were blocked with 0.2% (v/v) Triton™ X-100, 2% (v/v) donkey serum and 

1% (w/v) BSA for 60 minutes at room temperature. Following permeabilization, fixed 

platelets were stained with primary antibodies diluted 1:100 in 0.2% (v/v) Triton™ X-

100, 2% (v/v) donkey serum and 1% (w/v) BSA. The unbound antibodies were 

removed by washing with PBS (3 × 2 minutes). 

The coverslips were further incubated with secondary antibodies diluted 1:200 in 0.2% 

Triton™ X-100, 2% donkey serum and 1% BSA for 60 minutes at room temperature in 

the dark. The unbound antibodies were removed by washing with PBS (3 × 2 minutes). 

The platelets were fixed in 4% formaldehyde for 5 minutes. The coverslips were 

washed with PBS (3 × 2 minutes) and mounted with mounting medium (Life 
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Technologies, Carlsbad, CA, USA). The platelets were imaged with a 100× oil 

immersion lens on a Nikon A1R confocal microscope. Two filters were used: one to 

visualise Alexa Fluor® 488 (excitation at 490 nm and emission at 525 nm) and the 

other to visualise Alexa Fluor® 647 (excitation at 650 nm and emission at 665 nm). 

2.2.4 Super Resolution Stochastic Optical Reconstruction Microscopy 

PRP was obtained as described (section 2.2.1.3). Tyrode’s-HEPES buffer was used to 

dilute the PRP (1:20). The polymerisation of fibrin was prevented by treatment with 

GPRP (0.5 mg/mL). The samples were activated with thrombin (1 U/mL) for 5 

minutes, then the unstimulated and stimulated samples were fixed with 2% (v/v) formyl 

saline and subjected to centrifugation for 15 minutes at 500 g. After removal of the 

supernatants, the pellets containing the platelets were resuspended in Perm Buffer III 

(100 μL; BD Biosciences, Oxford, UK) and incubated on ice for 30 minutes. Then, the 

platelets were washed with Tyrode’s-HEPES buffer (2 × 20 minutes) and subjected to 

centrifugation at 500 g. The supernatant was discarded and the resultant pellet was 

resuspended in Tyrode’s-HEPES buffer (50 μL). The samples were incubated with the 

primary antibodies (diluted 1:50; mouse monoclonal IgG against integrin β3 and rabbit 

polyclonal IgG against Cx62) at 4 °C overnight. The following day, platelets were 

washed twice with Tyrode’s-HEPES buffer (2 mL) followed by centrifugation for 20 

minutes at 550 g. The samples were incubated with the secondary antibodies (diluted 

1:50 in Tyrode’s-HEPES buffer; Alexa Fluor® 647-labelled donkey anti-rabbit to 

detect Cx62 and Alexa Fluor® 555-labelled goat anti-mouse to detect β3 integrin) at 37 

°C for 30 minutes. Then, the platelets were washed with Tyrode’s-HEPES buffer (2 

mL) and subjected to centrifugation for 20 minutes at 550 g. The resulting pellet was 

suspended in Tyrode’s-HEPES buffer (100 μL). Finally, platelets (100 μL) were 

applied to ibidi® slides coated with poly-L-lysine. The slides were incubated at 4 °C 
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overnight to allow the platelets to adhere. The next day, the unbound platelets were 

removed and blinking buffer was added (Stock A: 0.90 g/mL catalase [Sigma–Aldrich], 

0.182 mM Tris [2-carboxyelthyl] phosphine hydrochloride [Sigma–Aldrich], 2.27% 

[v/v] glycerine, 1.14 mM KCl, 0.91 mM Tris-HCl [pH 7.5], 0.045 mg/mL glucose 

oxidase [Sigma–Aldrich] and 5 mL diH2O; stock B: 36 mg/mL glucose, 3.6% [v/v] 

glycerine and 36 mL H2O; and stock C: 0.09 M mercaptoethylamine-HCl [Sigma–

Aldrich] and 1 mL diH2O). For 3D stochastic optical reconstruction microscopy 

(STORM) imaging of the platelets, the 100× oil immersion lens of the microscope was 

used. 

2.2.5 Platelet Subcellular Fractionation Using a Sucrose Density Gradient 

Prior to the day of experiment, 60%–55%, 50%–45% and 40%–35% sucrose solution 

gradients in PBS were prepared by layering 2 mL of each concentration of the sucrose 

in the designated tubes (60% at the bottom and 35% on the top). The tubes were 

incubated at 4 °C overnight to form linear sucrose gradients. On the day of the 

experiment, drug-free, healthy individuals donated blood (100 mL) after providing full 

consent. The blood was collected in two syringes containing 3.8% (w/v) sodium citrate 

(5 mL). The blood in both syringes was treated with ACD (7.5 mL; 85 mM sodium 

citrate, 71 mM citric acid and 110 mM glucose) then subjected to centrifugation at 102 

g for 20 minutes to pellet the red and white blood cells. PRP was collected and treated 

with PGI2 (20 μL, 125 μg/mL in ethanol). The PRP was subjected to centrifugation at 

1,413 g for 10 minutes to pellet the platelets from the plasma. Thereafter, the platelet-

poor plasma was removed and the pelleted platelets were resuspended in Tris-citrate 

buffer (15 mL; 63 mM Tris, 95 mM NaCl, 5 mM KCl and 12 mM citric acid; pH 

6.5/HCl) with PGI2 (10–15 μL), then subjected to centrifugation for 10 minutes at 

1,413 g. The platelet pellet was resuspended in Tris-citrate buffer (2.5 mL) and 
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maintained in a water bath (37 °C) for 30 minutes. Non-aggregating conditions were 

maintained by treating the platelets with the calcium chelator EGTA (1 mM), and 

indomethacin (10 μM) or apyrase (10 U/mL) to minimise the release of TxA2 or 

metabolism of ADP, respectively. The platelets were homogenised by nitrogen 

cavitation (4639 Cell Disruption Vessel, Parr Instrument Company). A pressure of 1200 

psi N2 was applied to the platelet suspension, then quickly released after 15 minutes a 

total of three times. The platelet homogenates were subjected to centrifugation at 500 g 

for 10 minutes at 4 °C to eliminate partially disrupted cells and other cellular debris. 

Then, the supernatants were placed over a linear sucrose gradient (35%–60%) and 

subjected to ultracentrifugation at 200,000 g for 2 hours at 10 °C. Thirteen fractions (1 

mL each) were carefully obtained from the tops of the gradients and preserved at −20 

°C for future testing. 

2.2.6 Calcein Dye Efflux 

Before preparing washed platelet suspensions (section 2.2.1.1), PRP was loaded with 

calcein AM (0.5 μM; Thermo Fisher Scientific, Waltham, MA, USA) for 30 minutes at 

37 °C. The platelets were then treated with scrambled peptide or 62Gap27 for 5 minutes. 

Next, the platelets were stimulated with thrombin (0.1 U/mL). In order to prevent fibrin 

polymerisation, the thrombin-treated samples were also treated with GPRP (25 μg/mL). 

Stimulation was carried out with gentle mixing for different time periods over 5 

minutes. Finally, the reaction was stopped with 0.2% (v/v) formyl saline. Flow 

cytometry (488 nm excitation, 530 ± 30 nm emission) was performed with a BD 

Accuri™ C6 flow cytometer (BD Biosciences, Oxford, UK). For each sample, 10,000 

events, gated on platelets by forward scatter (1,520–16,000,000) and side scatter (152–

1,600,000), were collected. The data were analysed with the built-in BD Accuri™ C6 

Plus software (version 1.0.264.21). 
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2.2.7 Fluorescence Recovery after Photobleaching (FRAP) 

The 100× objective of a Nikon AIR confocal microscope was employed for FRAP. 

Each of the eight wells of each ibidi® slide was coated with fibrinogen (100 g/mL) 

and collagen (10 g/mL) in modified PBS for 1 hour. Then, 1% (w/v) BSA was added 

to the wells followed by a 1-hour incubation to prevent the binding of platelets to the 

glass. The wells were washed three times with PBS. Calcein-loaded PRP was added to 

the coated coverslips and incubated for 45 minutes. Unbound platelets were washed 

from the wells with PBS (three washes). The samples were then treated with the 

scrambled peptide or 62Gap27 (100 µg/mL) for 5 minutes.  

A high-intensity laser (488 nm) was trained on the central circular area (8-μm-diameter 

region of interest [ROI]) of the thrombus for 300 milliseconds, resulting in an 85% loss 

of fluorescence. Then, a 488-nm wavelength laser was used to excite the samples and 

the fluorescence emission was detected at 500–520 nm. Finally, fluorescence recovery 

was recorded for 500 seconds. The 100× oil immersion objective of an A1R confocal 

microscope was used to capture images of single sections every second for 500 

seconds. Five thrombi from each of seven donor samples treated with scrambled 

peptide or 62Gap27 were analysed. NIS-Elements software (Nikon, Tokyo, Japan) was 

used to compute the mean fluorescence intensities. For each time point, the average 

fluorescence intensities were computed for the background, non-bleached (reference) 

and bleached areas. The correction of the fluorescence signals for background was 

performed and the recovery rate was calculated as follows: 
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where Bx refers to the fluorescence intensity of the bleached ROI recorded at x seconds, 

Rx refers to the fluorescence intensity of the reference ROI (non-bleached region) 

recorded at x seconds, Bb refers to the fluorescence intensity of the bleached ROI 

immediately after photobleaching, Rb refers to the fluorescence intensity of the 

reference ROI immediately after the photobleaching, Bi refers to the initial fluorescence 

intensity of the bleached ROI, Ri refers to the initial fluorescence intensity of the 

reference ROI and Bg refers to the average fluorescence intensity of the background 

ROI. 

2.2.8 Platelet Aggregation Assay 

Aggregation assays on washed platelets were performed by light transmission 

aggregometry in an optical platelet aggregometer (Chrono-Log, Havertown, PA, USA). 

Platelets (225 µL; 4 × 108 cells/mL) were incubated with an inhibitor of Cx function or 

an appropriate control for 5 minutes. The platelets were stimulated with CRP-XL or 

thrombin (12.5 µL) while being stirred at 1,200 rpm at 37 °C. The aggregation traces 

were recorded for up to 3 minutes. 

2.2.9 α-granule Secretion and Fibrinogen Binding 

P-selectin exposure and fibrinogen binding to the platelet surface were detected by flow 

cytometry as measures of the secretion of α-granules and integrin αllbβ3 activation, 

respectively. Fluorescein isothiocyanate (FITC)-labelled rabbit anti-human fibrinogen 

antibody (Dako, Ely, UK) was used to measure fibrinogen binding. PE-Cy™5-labelled 
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mouse anti-human CD62P antibody (BD Biosciences, Oxford, UK) was used to 

measure the exposure of P-selectin. The assay volume (50 µL), comprising human or 

mouse PRP (5 µL), an inhibitor of Cx function or appropriate control (5 µL) and each 

of the antibodies (1 µL) in modified Tyrode’s-HEPES buffer (39 µL), was incubated 

for 5 minutes at room temperature in the dark. 

The platelet agonists thrombin (in the presence of 25 µg/mL GPRP to prevent fibrin 

polymerisation) or CRP-XL (5 µL) were added and incubated for an additional 20 

minutes. The reaction was stopped by the addition of 0.2% (v/v) formyl saline. Suitable 

isotype controls, EGTA (final concentration, 1 mM; for fibrinogen binding) or isotype 

controls for P-selectin exposure were used as negative controls for the antibody 

responses. A BD Accuri™ C6 flow cytometer (BD Biosciences, Oxford, UK) and BD 

Accuri™ C6 software were used for the acquisition of the flow cytometry data. The 

median fluorescence intensity was calculated for 10,000 gated events. Fluorescence in 

FL1-A and FL3-A channels were used to analyse fibrinogen binding and P-selectin 

exposure, respectively. 

2.2.10 Platelet Receptor Expression  

To quantify the expression of receptors in Cx57+/+ and Cx57−/− platelets, mouse PRP 

(Cx57+/+ or Cx57−/−) was incubated with antibodies against integrin α2β1 (FITC-

labelled), integrin α2β3 (FITC-labelled), GPVI (Cy5-labelled) and GPIb (Cy5-labelled) 

for 10 minutes. The samples were left unstimulated or stimulated with CRP-XL (0.5 

µg/mL), then fixed with 0.2% (v/v) formyl saline (250 µL). The samples were analysed 

(10,000 events each) on a BD Accuri™ C6 flow cytometer (BD Biosciences, Oxford, 

UK). The events were gated on platelets using forward scatter (1,520–16,000,000) and 

side scatter (152–1,600,000). BD Accuri™ C6 Plus software (version 1.0.264.21) was 

used for data analysis. 
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2.2.11 Dense Granule Secretion 

Dense granule secretion was determined by measuring changes in the extracellular ATP 

concentration. These changes were observed concurrently with aggregation in a Model 

700 Whole Blood/Optical Lumi-Aggregometer with the use of a luciferase kit (Chrono-

Log, Havertown, PA, USA). ATP release from dense granules was monitored with a 

bioluminescence system comprising D-luciferin, firefly luciferase and magnesium. 

ATP interactions with these reagents produce light, in direct proportion to the ATP 

concentration, which is observed and quantified using a lumi-aggregometer.  

Platelets (4 × 108 cells/mL; 200 µL) were pre-treated with an inhibitor of Cx function 

or appropriate control (12.5 µL) at 37 °C for 5 minutes. Luciferase (25 µL) was added 

under stirring conditions during the last 2 minutes of the incubation. The platelets were 

stimulated with the indicated concentrations of thrombin or CRP-XL (12.5 µL) under 

stirring conditions (1,200 rpm at 37 °C). ATP release and aggregation at 37 °C were 

recorded for 3 minutes.  

2.2.12 TxB2 ELISA 

The TxB2 measurements were performed with a TxB2 immunoassay kit based on a 

competitive ELISA (Cayman Chemical, Cambridge, UK), according to the 

manufacturer’s instructions. Washed platelets (4 × 108 cell/mL; 225 µL) were treated 

with an inhibitor of Cx function or appropriate control (12.5 µL) in glass cuvettes and 

incubated for 5 minutes. The samples were then activated with CRP-XL or thrombin 

(12.5 µL). After 5 minutes, stop solution (1 mM EGTA and 10 µM indomethacin) 

was added to terminate the reaction. The samples were then immediately subjected to 

centrifugation for 2 minutes at 12,000 rpm and the supernatants were frozen at −80 

°C. Later, the supernatants were thawed and diluted 1:40 in ELISA buffer (0.01% 

[w/v] sodium azide, 1 mM EDTA, 400 mM NaCl, 0.1% [w/v] BSA and 100 mM 
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phosphate). The dilutions (50 µL) were plated in wells coated with polyclonal goat 

anti-mouse IgG antibodies. To determine the relationship between the TxB2 

concentration and absorbance, TxB2 standards (serial dilutions, 50 µL) were prepared. 

TxB2-acetylcholinesterase (50 µL) and anti-TxB2 monoclonal antibody (50 µL) were 

added to each well, then the plate was incubated at room temperature for 2 hours. After 

incubation, the plate was washed 4 times with washing buffer. Next, Ellman’s reagent 

(200 µL) was added to each well and the plate was incubated in the dark. A NOVOstar 

plate reader (BMG Labtech, Aylesbury, UK) was used to determine the absorbances of 

the wells at 405 nm. A standard curve was plotted using the absorbance readings for the 

TxB2 standards. The inverse function was used to compute the TxB2 concentrations 

from the test sample readings. 

2.2.13 Analysis of Intracellular Ca2+ Mobilisation 

The mobilisation of Ca2+ from intracellular stores into the platelet cytosol was 

measured in a fluorescence-based 96-well plate assay. As described in Section 2.2.1.1, 

whole human blood was used to prepare PRP. PRP was incubated with 2 µM Fura-2 

AM for 60 minutes at 30 °C. The PRP was washed and subjected to centrifugation at 

350 g for 20 minutes, then resuspended in modified Tyrode’s-HEPES buffer at (4 × 108 

cell/mL).  

Fura-2-loaded platelets were incubated with an inhibitor of Cx function or appropriate 

control for 5 minutes at 37 °C, then stimulated with the agonists thrombin and CRP-

XL. A NOVOstar plate reader (BMG Labtech, Aylesbury, UK) was used to measure 

the fluorescence (excitation at 340 and 380 nm and emission at 510 nm).  

The ratio of the excitation signals at 340 and 380 nm was used to estimate the 

concentration of Ca2+. The cells were lysed with digitonin (5 µM) to release the Fura-2 
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into the assay buffer (which contained 1 mM CaCl2) and facilitate the measurement of 

the maximum fluorescence ratio. The minimum fluorescence ratio was measured by 

chelating Ca2+ ions with EGTA (10 mM) and Tris base (10 mM; added to ensure that 

the pH remained alkaline for optimum Ca2+ buffering by EGTA). Non-Fura-2-loaded 

cells at the same final density were used to measure the autofluorescence levels 

(Ohlmann et al., 2004). Using the calibration values from above, experimental [Ca2+]i 

concentrations were calculated using the following equation: 

 

 

where Kd is the dissociation constant of Fura-2 (224 nm); Sf and Sb are the values of the 

fluorescence after excitation at 380 nm, corrected for autofluorescence, with zero or 

saturating levels of Ca2+, respectively; R is the ratio of 340/380 nm fluorescence, 

corrected for background fluorescence; Rmin and Rmax are the ratio limits at zero or 

saturating levels of Ca2+, respectively. 

2.2.14 Clot Retraction Assay 

As described in Section 2.2.1.3, human PRP was prepared and rested at 30 °C for 30 

minutes. Red blood cells (5 µL) and an inhibitor of Cx function or appropriate control 

were mixed with the PRP (200 µL). The mixture was adjusted to a final volume of 1 

mL with modified Tyrode’s-HEPES buffer and incubated for 5 minutes at room 

temperature. Thrombin (50 µL; final concentration, 1 U/mL) was added to initiate clot 

generation. A surface for the formation and contraction of the clot was established by 

placing a sealed glass capillary in the middle of a glass test tube. Clots were observed at 

[𝑪𝒂𝟐+]𝒊 =  𝑲𝒅  ×  
𝑺𝒇

𝑺𝒃
 ×  

𝑹 − 𝑹𝒎𝒊𝒏

𝑹𝒎𝒂𝒙 − 𝑹
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30-minute intervals for 90 minutes and recorded by photography. At the end of the 

study, the clots were weighed with a microbalance (lower weight means greater 

contraction). 

2.2.15 Platelet Spreading 

To study platelet spreading, glass coverslips coated with fibrinogen (100 μg/mL in 

modified PBS) were placed in 6-well plates. After coating for 1 hour, 1% (w/v) BSA 

was added to the coverslips followed by a 1-hour incubation to prevent platelets from 

binding the glass. The coverslips were then washed three times with PBS. The washed 

platelet suspensions (2 × 107 cells/mL) that had been incubated for 5 minutes with an 

inhibitor of Cx function or appropriate control were then added to the coverslips and 

incubated at 37 °C for 45 minutes. Unbound platelets were removed and the coverslips 

were washed three times with PBS. Then, the coverslips were fixed in 0.2% (v/v) 

formyl saline for 10 minutes. The coverslips were again washed three times with PBS. 

Next, the platelets were permeabilised with 0.2% (v/v) Triton™ X-100 for 5 minutes, 

then washed three times with PBS. The coverslips were incubated with Alexa Fluor® 

488-conjugated phalloidin for 1 hour in the dark to label filamentous actin. The 

supernatants were removed, the coverslips were washed with PBS and placed on glass 

slides and fluorescence was preserved by adding ProLong™ Gold Antifade Mountant. 

The 100× oil immersion lens of the Nikon A1R confocal microscope (Nikon, Tokyo, 

Japan) was used to image samples (excitation at 488 nm from an argon laser, emission 

between 500 and 520 nm). Images were taken in a single focal plane. In order to 

determine platelet adhesion, the numbers of platelets in five random images of each 

coverslips were counted. Platelets were categorised as spread fully (lamellipodia 

formed), partially spread (defined as filopodia) or adhered (not spreading). Finally, the 

relative frequencies of these groups were computed.  
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2.2.16  cAMP ELISA 

A cAMP immunoassay kit based on a competitive ELISA (Cell Signaling Technology, 

Hitchin, UK) was used to assess cAMP levels, according to the protocol provided by 

the manufacturer. Washed platelets (4 × 108 cell/mL; 225 µL) were added to a glass 

cuvette. An inhibitor of Cx function or appropriate control (12.5 µL) was added to the 

cuvettes, which were then incubated for 5 minutes. Then, thrombin or CRP-XL (12.5 

µL) was added for activation. After 5 minutes of stimulation, lysis buffer (Triton™ 

X-100: 1% polyethylene glycol octylphenol ether) was added to the samples, which 

were immediately frozen at −20 °C. The samples (50 µL) were later thawed and 

added to microwells coated with cAMP XP® rabbit monoclonal antibody. The 

association between cAMP concentration and absorbance was determined using cAMP 

standards (serial dilutions, 50 µL). The assay plate was covered and incubated on a 

horizontal orbital plate shaker for 3 hours at room temperature. After incubation, the 

contents of the wells were removed and the wells were washed with 1× washing buffer 

three times. Then, 3,3',5,5'-tetramethylbenzidine substrate (100 µL) was added to the 

wells and the plate was incubated for 30 minutes. Stop solution was added to terminate 

the reaction. The absorbance at 450 nm was periodically determined with a NOVOstar 

plate reader (BMG Labtech, Aylesbury, UK). A standard curve was plotted from the 

absorbance readings of the cAMP standards. cAMP concentrations were computed for 

the test sample readings via the inverse function. 

2.2.17 In Vitro Thrombus Formation under Flow 

Whole human blood was incubated with the lipophilic dye DiOC6 (5 M) at 30 °C for 

1 hour. Vena8 BioChip microfluidic channels were coated with type I collagen (100 

µg/mL) for 1 hour. Channels were washed with modified Tyrode’s-HEPES buffer to 

remove excess collagen. Whole blood was incubated with an inhibitor of Cx function or 
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an appropriate control for 5 minutes. Then, the blood samples were perfused through 

the collagen-coated channels at an arteriolar shear rate of 20 dyn/cm2. An argon laser 

was used to excite fluorescence (488 nm) and emission was recorded at 500–520 nm. 

Thrombus formation on the microfluidic chip was observed through the 20× objective 

of the Nikon A1R confocal microscope. Images of single sections were obtained every 

second for 600 seconds. Finally, NIS-Elements software (Nikon, Tokyo, Japan) was 

used to compute the mean thrombus fluorescence intensity. 

2.2.18 In Vivo Thrombus Formation 

The protocol described by Falati et al. (2002) was used to study in vivo thrombus 

formation. C57BL/6 mice were anaesthetised with intraperitoneally administered 

atropine (0.25 mg/kg), xylazine (12.5 mg/kg) and ketamine (125 mg/kg). When needed, 

pentobarbital (5 mg/kg) was used to sustain anaesthesia. After exteriorisation of the 

cremaster muscle and removal of the connective tissue, an incision was made in the 

muscle, resulting in its adherence as a single layer to the glass slide. A buffer (135 mM 

NaCl, 4.7 mM KCl, 2.7 mM CaCl2 and 18 mM NaHCO3; pH 7.4) was used to hydrate 

the muscle.  

Before the injury (made with a MicroPoint Ablation Laser Unit; Andor Technology, 

Belfast, UK), an inhibitor of Cx function or appropriate control and DyLight® 649-

conjugated anti-GPIb antibody (to label platelets; 0.2 g/g mouse weight), were 

introduced into the circulation through a cannula in the carotid artery. After 5 minutes 

of administration of an appropriate control or inhibitor of Cx function, the formation of 

thrombi was observed with an Olympus BX61W1 microscope (Olympus, Tokyo, 

Japan). A Hamamatsu digital camera (C9300; Hamamatsu Photonics, Welwyn Garden 

City, UK) with charge-coupled device camera in 640×480 format was used to obtain 
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images before and after injury. The images were analysed with SlideBook 6 software 

(Intelligent Imaging Innovations, Denver, CO, USA).  

The protocol from the Home Office licence was followed for the sacrifice of the mice. 

The protocol was also approved by the Animal Welfare and Ethics Research Board and 

the University of Reading local ethics review panel. Since the procedure calls for 

expertise in microsurgery, it was performed with the assistance of Dr Parvathy 

Sasikumar. 

2.2.19 Tail Bleeding Assay 

C57BL/6 mice were anaesthetised by intraperitoneal administration of xylazine (12.5 

mg/kg) and ketamine (125 mg/kg). Moreover, an inhibitor of Cx function or 

appropriate control was administered through injection via the femoral vein. After 5 

minutes of infusion, the tips of the tails (0.3 cm) were cut with a scalpel and 

immediately placed in tubes with saline in a manner that prevented the cut ends of the 

tails from touching the walls of the tubes. The bleeding time was recorded until blood 

flow stopped or for up to 20 minutes. 

The mice were sacrificed according to the protocol that was approved by the University 

of Reading local ethics review panel, the Animal Welfare and Ethics Research Board 

and the Home Office. These assays were performed with the assistance of Dr Lisa 

Holbrook. 

2.2.20 Statistical Analyses 

The statistical significance of the findings for more than two groups was determined by 

one-way analysis of variance (ANOVA) with post-hoc Dunnett’s multiple comparisons 

test. Student’s t-test was used for comparisons between two groups. The in vitro 

thrombus formation assay was analysed by two-way ANOVA with Sidak’s multiple 
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comparisons test. The tail bleeding and in vivo thrombosis assay data, which were not 

normally distributed, were analysed by non-parametric Mann–Whitney U-test. Data for 

which the P-value for the mean ± standard error of the mean was ≤0.05 were 

considered statistically significant. The statistical analyses were performed with Prism 

software (version 7.00, GraphPad, San Diego, CA). 
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3 Expression of Cx62 in Platelets and Design of a 

Cx62 Mimetic Peptide 62Gap27  
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3.1 Introduction 

Cxs comprise 4 helical transmembrane domains, a pair of extracellular loops, an 

intracellular loop, a C-terminus and an N-terminus. Transmembrane domains 1–4 and 

extracellular loops 1 and 2 are highly conserved in all members of the Cx family. 

Conversely, the intracellular loop, C-terminus and N-terminus in the cytoplasm are of 

variable compositions and lengths; these components are distinctive for each kind of 

Cx. After synthesis in the endoplasmic reticulum, Cxs undergo oligomerisation in the 

endoplasmic reticulum and Golgi apparatus or the trans-Golgi network, thereby 

forming hexameric connexons (Laird, 2006; Thevenin et al., 2013). This is followed by 

transportation of the connexons to the cell membrane. After reaching the cell 

membrane, connexons from one cell may dock with corresponding connexons on an 

adjacent cell, thereby forming a GJ channel which allows the transportation of entities 

up to ~1 kDa. Based on the Cx isoforms that form the channels, they are categorised as 

homomeric or heteromeric (Koval et al., 2014).  

The importance of Cxs for tissue homeostasis is illustrated by the polymorphisms and 

mutations in Cx genes that are linked with pathological conditions (Pfenniger et al., 

2011; Kelly et al., 2015). In recent years, researchers have studied the formation and 

roles of Cx37 and Cx40 in platelets (Angelillo-Scherrer et al., 2011; Vaiyapuri et al., 

2012; Vaiyapuri et al., 2013). Interestingly, MKs express higher levels of Cx62 

transcripts than other blood cells, such as monocytes, T cells and B cells (Vaiyapuri et 

al., 2012).  

Cx62 protein expression has not been reported in any cells. Accordingly, the aim of this 

chapter was to determine if Cx62 and Cx57 are expressed in human and mouse 

platelets, respectively. Cx57 in mouse is reported to be homologous to human Cx62 
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(Sohl and Willecke, 2003; Morel, 2014). In addition, a mimetic peptide targeting the 

second external loop of Cx62 (62Gap27) was developed to explore the functions of 

Cx62 hemichannels and GJs in platelets.  
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3.2 Expression of Cx62 in Platelets 

mRNA transcriptomic profiling established the expression of notable levels of Cx37, 

Cx40 and Cx62 in MKs (Vaiyapuri et al., 2012). The expression of Cx37 and Cx40 

proteins have been confirmed in human platelets through immunoblot analysis 

(Angelillo-Scherrer et al., 2011; Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). The aim 

of this initial section of work was to determine if Cx62 (human) and Cx57 (mouse) are 

expressed in platelets.  

Immunoblotting was performed with polyclonal rabbit anti-human Cx62 antibodies that 

target the N-terminus of Cx62. Given the ˃98% sequence similarity of the N-terminus 

of human Cx62 and mouse Cx57, it was anticipated that the antibody binds Cx62 

proteins on human cells and Cx57 protein on mouse cells.  

The proteins from human and mouse platelet lysates (4 × 108 cells/mL) were separated 

by SDS-PAGE, then immunodetected with rabbit polyclonal anti-Cx62. The PVDF 

membranes were further incubated with a fluorescently labelled secondary antibody 

prior to visualisation with a Typhoon™ FLA 9500 fluorimager. Bands of sizes ranging 

between 50 and 75 kDa were detected in extracts from the human (lanes 1, 2, 3 and 4) 

and mouse (lanes 5 and 6) platelets from different donors (Figure 3.1). A protein of 

approximately 62 kDa was also detected in MEG-01 cells (lane 7). The HeLa cells 

(lane 8) were not found to express Cx62, which is in agreement with previous studies 

reporting the absence of any form of Cx in HeLa cells (Saez et al., 2005).  
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Figure 3.1: Expression of Cx62/57 in mouse and human platelet lysates and a MEG-01 lysate.  

Immunoblot analysis verified the presence of Cx62 in human (lanes 1–4, each representing a different 

donor) and Cx57 in mouse (lane 5 and 6) platelets and in the MEG-01 cell lysate (lane 7). MEG-01 cells 

and human or mouse platelets (4 × 108 cells/mL) were collected through differential centrifugation and 

lysed using reducing Laemmli buffer. A HeLa cell lysate (lane 8) served as negative control. Loading 

control showed that there are no differences between samples. A Typhoon™ FLA 9500 fluorimager was 

used for membrane visualisation (GE Healthcare, UK). Data are representative of 4 separate experiments.  
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3.3 Subcellular Localisation of Cx62 in Platelets 

Although the expression of Cx62 and Cx57 was verified in human and mouse platelets, 

respectively, the subcellular locations of the Cxs within the platelets remained 

unknown. The large numbers of Cxs could reside in the membranes of platelets and 

form GJs with the connexons of other platelets upon stimulation. In order to test this 

hypothesis, permeabilised resting and activated platelets were immunostained for Cx62 

and visualised by confocal microscopy. 

Human PRP from the blood was incubated for 30 minutes to allow platelets to rest. 

Then, platelets were activated with U46619 (non-aggregating condition) in the presence 

of integrilin (4µM). U46619 was used as an agonist because it stimulates gentle 

activation of platelets with minimal shape change, which is helpful for the study of the 

distribution of Cxs. Resting and activated platelets were then fixed in 4% (v/v) 

formaldehyde for 15 minutes. Next, the platelets were permeabilised with 0.2% (v/v) 

Triton™ X-100, then incubated with or without the rabbit polyclonal anti-Cx62 

antibody. The GPIb surface receptor was detected with mouse monoclonal anti-GPIb 

antibody (in order to stain the exterior surface of the plasma membrane (PM). Finally, 

the samples were incubated with Alexa Fluor®647- and Alexa Fluor®488-conjugated 

secondary antibodies for the detection of Cx62 and GPIb, which are shown in red and 

green, respectively (Figure 3.2). Human platelets without primary antibody treatment 

were used as a negative control. 

The expression of Cx62 in platelets was detected by confocal imaging. Cx62 was found 

to be organised in a punctate fashion in platelets with low levels of the molecules 

detected close to the plasma membrane of unstimulated platelets (The GPIb staining 

marked the cell boundary) (Figure 3.2a). In contrast, following stimulation of platelets 
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with U46619, the majority of Cx62 appeared to mobilise toward the platelet plasma 

membrane where it was localised in a punctate appearance (Figure 3.2b). 



Chapter 3 

 

103 

 

 

Figure 3.2: Detection of the localisation of Cx62 in platelets by immunocytochemistry. 

(a) Resting and (b) activated (with 5 μΜ U46619 in the presence of integrelin) platelets were fixed in 4% (v/v) formaldehyde, then permeabilised with 1% BSA, 2% 

donkey serum and 0.2% Triton™ X-100. After washing, the platelets were subjected to blocking followed by incubation with 1 μg/mL anti-Cx62 and anti-GPIb. 

Secondary antibodies conjugated with Alexa Fluor® 488 (GPIb; green) and Alexa Fluor® 647 (Cx62; red) were used to detect the binding of the primary antibodies. 

A Nikon A1R confocal microscope and 100× oil immersion lens were used for visualisation. 
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3.4 Subcellular Distribution of Cx62 Studied using Super-Resolution 

Microscopy (STORM) 

Considering the punctate distribution of Cx62 and its mobilisation toward the plasma 

membrane after platelet activation, it was hypothesised that platelets may have multiple 

storage pools of Cx62. However, it is not possible to verify this possibility by 

conventional confocal microscopy, owing to the small size of platelets (2–5 μm in 

diameter), the limited spatial resolution of the technique and the limitations of the 

diffraction resolution of the system (~250 nm) (White et al., 1987; Jonkman and 

Brown, 2015; Westmoreland et al., 2016). These limitations can be overcome by 

Stochastic Optical Reconstruction Microscopy (STORM), which provides the highest 

resolution of the existing light microscopy systems. This enables the observation of the 

trafficking and localisation of proteins in small cells like in platelets within a 

nanostructure scale (20 to 25 nm resolution) (Olivier et al., 2013). Thus, form of super 

resolution microscopy enables substantially greater resolution than confocal 

microscopy. Therefore, STORM was used to visualise the localisation of Cx62 in 

permeabilised resting and activated human platelets.  

Human PRP was rested for 30 minutes at 37 °C and diluted in HEPES buffer. Platelets, 

either resting or thrombin-activated (1 U/mL, as optimised in our lab for this assay; in 

the presence of 25 µg/mL GPRP), were fixed in 2% [v/v] formyl saline, then subjected 

to centrifugation for 15 minutes at 500 g. The pellet was resuspended in 

permeabilisation buffer (BD Phosflow Perm Buffer III). The platelets were washed 

twice in HEPES buffer, then incubated with rabbit polyclonal anti-Cx62 and mouse 

monoclonal anti-β3 integrin antibodies. Secondary antibodies conjugated to Alexa 

Fluor® 555 (green) and Alexa Fluor® 647 (red) were used to detect β3- and Cx62-

probed platelets. Human platelets without primary antibody treatment were used as a 
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negative control. The prepared slides were observed using a Nikon N-STORM using a 

100× oil immersion lens. Data acquisition was performed using NIS-Elements 

software. 

It was observed that Cx62 molecules were distributed distinctly inside the cytosol of 

resting platelets with few molecules on the surface (Figure 3.3a). A large proportion of 

Cx62 seemed to be transported to platelet membrane upon activation, and were 

observed arranged in a clustered appearance which may represent the formation of 

hemichannels (Figure 3.3b). These data are in alignment with the previous observations 

obtained by confocal microscopy (Figure 3.2). 
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Figure 3.3: Distribution of Cx62 in resting and activated platelets as assessed by STORM microscopy.  

Resting (a) and activated (b) platelets visualised by STORM. Resting and thrombin (1 U/mL)-activated platelets were fixed in 2% (v/v) formyl saline and 

permeabilised with BD Phosflow™ Perm Buffer III. Secondary antibodies conjugated to Alexa Fluor® 555 (green) and Alexa Fluor®  647 (red) were used to detect 

the β3- and Cx62-probed platelets, respectively. A Nikon N-STORM, NIS-Elements and a 100× oil immersion lens were used for visualisation. Data are representative 

of ˃3 separate experiments. 
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3.5 Distribution of Cx62 in Platelet Subcellular Fractions 

After determining the subcellular localisation of Cx62 and observing that it is 

transported to the membrane after activation, the potential link between the cytoplasmic 

pool of Cx62 in resting platelets and the various subcellular fractions was explored. 

Nitrogen cavitation was used to obtain platelet lysates that were then fractionated via 

sucrose density gradient ultracentrifugation. This resulted in the separation of the 

organelles and granular compartments of the platelets from the membranes and cytosol 

(Niessen et al., 2007; Crescente et al., 2016). 

Washed human platelets (12 × 108 cells/mL) were subjected to homogenisation by 

nitrogen cavitation in a cell disruption vessel (Section 2.2.5). Homogenised platelets 

were then introduced to the top of the sucrose density gradient (35%–60%) followed by 

centrifugation for 2 hours at 200,000 g at 10 °C. Thirteen subcellular fractions (1 mL 

each), ranging from low to high density, were obtained from the platelets. The fractions 

were subjected to SDS-PAGE, then immunoblotted for the detection of Cx62. The low-

density fractions (1–7) are known to contain surface proteins and other membrane 

structures, like cytosol-derived proteins and components of the DTS. Conversely, high-

density fractions (8–13) are known to contain heavy cellular compartments such as 

granules and intact organelles. 

The distribution of these molecules was verified based on the localisation of marker 

proteins in the fractionation blots. β3 integrin, a surface protein, was principally found 

in the low-density fractions. However, it was also detected in the high-density fractions, 

consistent with the presence of integrin β3-bearing α-granules. The cytosolic marker 

Rab GDP dissociation inhibitor (RabGDI) and the DTS-resident protein calreticulin 

were restricted to the low-density fractions (1, 2 and 3). Thrombospondin -1 (TSP-1), 
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which marks α-granules, was mostly found in the high-density fractions. Surprisingly, it 

was also found in the low-density fractions, likely because mechanical stresses exerted 

during nitrogen cavitation resulted in the dissociation of the granules and consequent 

discharge of their contents into the low-density fractions, which has been reported by 

Crescente et al. (2016) (Figure 3.4).  

Cx62 was isolated in the low-density fractions along with membrane proteins, in 

accordance with the immunofluorescence findings. Intriguingly, the localisation of 

Cx62 was similar to that of the DTS marker calreticulin. Moreover, the high-density 

fractions that contain granules did not contain Cx62, indicating that the punctate 

organisation of Cx62 observed by immunofluorescence imaging is unlikely to be 

associated with granules (Figure 3.4). 
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Figure 3.4: Cx62 is distributed in low-density subcellular platelet fractions.  

Ultracentrifugation was utilised to separate platelet homogenates on a sucrose density gradient. The 

fractions were separated by SDS-PAGE and immunoblotted for Cx62, β3 integrin, calreticulin, RabGDIb 

and TSP-1. The lower-density platelet fractions (lanes 1–6) are identified by the surface marker integrin 

β3, the DTS protein calreticulin and the cytosolic marker RabGDIb. The α-granule protein TSP-1 was 

used to identify the heavier fractions. A Typhoon™ FLA 9500 fluorimager was utilised to examine the 

immunoblots (GE Healthcare, UK). The results are representative of 3 individual experiments.  
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3.6 Deletion of Cx37 or Cx40 Does Not Alter the Expression of Cx57 in 

Platelets  

The deletion of a gene from any cell may result in altered expression of other protein in 

that cell. This phenomenon has been noted for some Cx proteins (Nelles et al., 1996; 

Nagy et al., 2003; Simon and McWhorter, 2003). It has been reported that the deletion 

Cx37 or Cx40 does not affect the expression of Cx40 or Cx37, respectively, in platelets 

(Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). In this study, the potential influence of 

the ablation of Cx57 on the expression Cx37 and Cx40 was investigated. This is 

important because compensatory effects would limit the understanding gained from 

experimental work with Cx57−/− mice and its relevance to Cx62 in human platelets. 

Furthermore, the effect of the deletion of Cx37 or Cx40 on the expression of Cx57 was 

evaluated. 

In addition, it is possible that Cx57 could play a previously unrecognised role in Cx37-

deficient (Cx37−/−) and Cx40-deficient (Cx40−/−) platelet functions. To address these 

issues, the expression levels of Cx57, Cx37 and Cx40 were evaluated in the platelets of 

wild type, Cx57−/−, Cx37−/− and Cx40−/− mice by immunoblotting (Figure 3.5). 

After SDS-PAGE to separate proteins from the murine platelet lysates (wild type, 

Cx57−/−, Cx37−/− and Cx40−/− samples), the membranes were incubated with antibodies 

against Cx57, Cx37 and Cx40. Fluorescently labelled secondary antibodies were used 

to detect specific staining and the membranes were visualised with a Typhoon™ FLA 

9500 fluorimager. As shown in Figure 3.5a and b, Cx57 was not detected in the Cx57−/− 

platelet lysates. This is also confirming the specificity of the Cx62/57 antibody. 

Similarly, Cx37 (Figure 3.5c) and Cx40 (Figure 3.5d) were not detected in their 

respective gene-deficient mouse platelets. However, the levels of Cx57 expression were 

comparable in wild type, Cx37−/− (Figure 3.5c) and Cx40−/− (Figure 3.5d) platelets. In 
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addition, similar levels of Cx37 (Figure 3.5a) and Cx40 (Figure 3.5b) were observed in 

platelets from wild type and Cx57−/− mice. Thus, the ablation of Cx57 does not affect 

the expression of Cx37 or Cx40 in platelets, indicating an independent mode of Cx 

expression (Figure 3.5).   
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Figure 3.5: Characterisation of Cx57−/−, Cx37−/−and Cx40−/− platelets confirmed the independent 

expression of the Cxs in platelets.  

Wild type (Cx57+/+) and connexin 57-deficient (Cx57−/−) platelets were used to analyse the expression of 

(a) Cx37 and (b) Cx40 by immunoblotting. The Cx57 expression level was assessed in (c) wild type 

(Cx37+/+) and Cx37-deficient (Cx37−/−) and (d) wild type (Cx40+/+) Cx40-deficient (Cx40−/− platelets. 

Actin was detected by immunoblotting as a loading control. A Typhoon™ FLA 9500 fluorimager was 

used to image the immunoblots (GE Healthcare, UK). The results are representative of 3 individual 

experiments. 
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3.7 Design of the Cx62 Mimetic Peptide: 62Gap27 

There are few chemical inhibitors available for the study of Cx-mediated intercellular 

communications (Salameh and Dhein, 2005; Bodendiek and Raman, 2010; Verselis and 

Srinivas, 2013). For instance, carbenoxolone is a potent Cx function blocker (Spray et 

al., 2002). However, beside targeting Cxs, it blocks several other channels, such as 

pannexins, which limits its use substantially (Vaiyapuri et al., 2012; Taylor et al., 

2014). Therefore, the inhibition of Cx-mediated intercellular communication is 

generally accomplished through short, ‘designer’ Cx mimetic peptides that rapidly and 

reversibly prevent Cx channel function. For example, Gap26 and Gap27 target the first 

and second extracellular loops of Cxs, respectively, and have been used to study the 

roles of Cx37, Cx43 and Cx40. Initially, mimetic peptides (Gap26 and Gap27) were 

used to inhibit gap junctional coupling in various mammalian cells and tissues (Warner 

et al., 1995; Kwak and Jongsma, 1999; Ujiie et al., 2003; Martin et al., 2005; Young et 

al., 2008; Billaud et al., 2011). The mimetic peptides bind to Cx hemichannels, thereby 

lowering their electrical conductivity and potently hindering the entry of small dyes and 

the discharge of signalling molecules.  

Having established the presence of Cx62 in human platelets, we further explored its 

function in human platelets. Due to the lack of an existing Cx62 targeting peptide, a 

mimetic peptide (62Gap27) that targets the second external loop of Cx62 was designed. 

The second external loop of most of the Cxs have been targeted extensively while 

designing Gap27 mimetic peptides and this concept was utilised for the development of 

62Gap27 (Evans et al., 2012). For example, the mimetic peptides 40Gap27 and 

37,43Gap27 target the second external loops of Cx40 and Cx37, respectively, in platelets; 

they are associated with down-regulation of a range of platelet functions (Vaiyapuri et 
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al., 2012; Vaiyapuri et al., 2013). Their specificities have been confirmed using 

knockout mouse platelets (Vaiyapuri et al., 2013).  

The Cx sequences were accessed in the PubMed database. Thereafter, UniProt 

(http://www.uniprot.org/uniprot/Q969M2) was used to examine the structure of Cx62, 

including the positions and lengths of all topological and transmembrane domains, 

which aided in the identification of the second external loop. ClustalW 

(www.ebi.ac.uk/tools/clustalw) was used for multiple sequence alignments of the 

human Cx sequences (Appendix 8.1). To avoid false positive data, a negative control 

scrambled peptide was designed using Mimotopes 

(http://www.mimotopes.com/peptideLibraryScreening.asp), a web-based tool. 

Basic Local Alignment Search Tool (BLAST) was used to ensure that the sequences are 

not present in proteins other than Cx62. Similarly, this test was applied to the 

scrambled peptide. As the sequence of human Cx62 is homologous to Cx57 in mouse 

(Morel, 2014), the sequence of the Cx62 mimetic peptide targets the second external 

loop of Cx62 and Cx57 (Appendix 8.2). The sequences of the Cx62 mimetic peptide 

and the scrambled peptide are shown in Figure 3.6.  
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Figure 3.6: The design of 62Gap27 and the targeted location within Cx62.  

(a) Cxs are proteins with their N-termini (NT) and C-termini (CT) in the cytoplasm; they also contain 

one intracellular loop, two extracellular loops (EL-1 and EL-2) and four transmembrane domains (M1-

M4). (b) The location of 62Gap27, which targets the second external loop of Cx62 (in red), along with the 

sequence of the scrambled control peptide (in black). 
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3.8 The actions of 62Gap27 on Platelets 

62Gap27 was investigated for its potential mode of actions in platelets by evaluating its 

effects on the permeability of hemichannels and GJs that contribute to intracellular and 

intercellular communication in platelets.  

3.8.1 62Gap27 Inhibits the Permeability of Hemichannels 

The varied tasks of many tissues and cells are achieved through coordinated cell 

interactions. Cell-to-cell interactions via GJs organise cell functions, including 

intercellular propagation of calcium waves and the spread of electric potentials. 

Currently, researchers speculate that undocked hemichannels may permit the 

diffusional exchange of ions and small molecules between intra- and extracellular 

spaces (Patel et al., 2014). This concept is supported by the fact that hemichannel 

opening permits the release of small signalling molecules (e.g. cyclic nucleotides, ATP, 

nicotinamide adenine dinucleotide [NAD+], glutamate and adenosine) and the influx of 

metabolically relevant molecules (e.g. glucose) (Patel et al., 2014; Saez and Leybaert, 

2014). This role of hemichannels is evident in the homeostatic disparities in various 

diseases; cell death in numerous pathological conditions is modulated by enhanced 

hemichannel opening. Cellular damage in a number of animal models of human 

diseases can be reduced by hemichannel blockade using Gap27 (Retamal and Saez, 

2014; Saez and Leybaert, 2014). The effect of the 62Gap27 inhibitor peptide was tested 

on hemichannel permeability. 

Flow cytometry was performed to investigate the efflux of calcein (anionic, 0.62-kDa 

fluorescent dye) from calcein-loaded platelet cytosol. Calcein-loaded PRP was treated 

with scrambled control peptide (100 µg/mL) or 62Gap27 (100 µg/mL) for 5 minutes 

prior to stimulation with thrombin. The reaction was stopped with 0.2% (v/v) formyl 
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saline and the samples were analysed using flow cytometry. The median fluorescence 

intensities of the platelet samples were recorded and compared with the unstimulated 

sample. Upon stimulation with thrombin (0.1 U/mL), calcein-associated fluorescence 

was approximately 50% lower in the scrambled peptide-treated cells in comparison to 

the non-stimulated cells, indicating release of dye. However, treatment with 62Gap27 

prevented this stimulation-induced loss of fluorescence (Figure 3.7). This finding 

suggests that Cx62 hemichannels regulate platelet permeability and the trafficking of 

molecules across the plasma membrane (PM).  

At the same concentration of thrombin (0.1 U/mL), 62Gap27 was unable to inhibit P-

selectin exposure on the platelet surface (a marker of α-granule secretion and platelet 

function). This suggests that the effects of 62Gap27 observed on the permeability of 

hemichannels were not simply due to a reduction in the activity of platelets.  

  



Chapter 3 

 

118 

 

 

 

Figure 3.7: Thrombin-induced efflux of the anionic dye calcein through hemichannels is blocked by 

62Gap27.  

The efflux of calcein was calculated using flow cytometric analysis. Calcein-loaded platelets incubated 

with 62Gap27 or scrambled peptide (100 μg/mL) were stimulated with thrombin (0.1 U/mL). (a) 

Histograms of calcein fluorescence for unstimulated platelets (green) and thrombin-stimulated platelets 

in the presence of scrambled peptide (blue) or 62Gap27 (100 µg/mL) (orange). (b) Calcein efflux 

following thrombin stimulation for varying time periods as indicated. Median fluorescence intensity was 

analysed for unstimulated and stimulated samples treated with scrambled peptide or 62Gap27. Data 

represent Mean ± SEM (n = 6). ****P ≤ 0.0001 was calculated by two-way ANOVA. 
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3.8.2 62Gap27 Blocks Intercellular Communication through platelet GJs 

Cell–cell communication is a major aspect of developmental biology, which may be 

possible to harness for the engineering or repair of tissues. Intercellular chemical and 

mechanical signals comprise cell-to-cell communication, which are important for tissue 

homeostasis. GJs permit the exchange of small metabolites, ions and second 

messengers. GJIC, or direct signalling, occurs through GJ channels and is particularly 

important for coordinating the activities of cells. Cx-mediated GJIC plays essential, 

varied roles in diverse tissues and cells, such as cell growth, differentiation and 

apoptosis. In cardiac muscle, GJs facilitate the transmission of an action potential from 

the site of a cardiac pacemaker to surrounding cells, thereby mediating heart 

contraction (Rohr, 2004). Alterations to GJ channels by Gap27 change their properties; 

they lower their electrical conductivity and block the entry of small reporter dyes and 

the discharge of small molecules, like ATP (Evans and Boitano, 2001; Evans et al., 

2006; Yeager and Harris, 2007; Dobrowolski and Willecke, 2009). Therefore, the 

ability of 62Gap27 to modulate GJIC between platelets was investigated. 

Fluorescence recovery after photobleaching (FRAP) experiment was performed to 

examine direct intercellular communication between platelets in calcein-loaded 

platelets that were allowed to spread on fibrinogen and collagen. Prior to 

photobleaching, platelets were permitted to spread for 45 minutes, then incubated with 

scrambled control peptide (100 µg/mL) or 62Gap27 (100 µg/mL) for 500 seconds.  

The level of fluorescence intensity was examined in the region of interest (ROI) 

(diameter, 8 µm) as described in Chapter 2 (Section 2.2.7). It was observed that the 

fluorescence intensity of scrambled peptide-treated platelet aggregates recovered by 

17% (in 500 seconds) in comparison to the pre-bleached value (Figure 3.8a) However, 
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the recovery was restricted to only 8% in the 62Gap27-treated samples (Figure 3.8b). 

These results suggest the involvement of Cx62 GJ-mediated intercellular 

communication between the platelets in a thrombus. 
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Figure 3.8: 62Gap27 inhibits intercellular communication through GJs.  

Calcein-loaded platelets were treated with scrambled peptide or 62Gap27 (100 µg/mL) for 5 minutes prior to their stimulation on fibrinogen- and collagen-coated 

coverslips for 45 minutes and FRAP analysis was performed. The samples were excited at 488 nm with an argon laser and emission was detected at 500–520 nm. A 

Nikon A1R confocal microscope (100× objective) was used to analyse the fluorescence recovery. (a) Representative images show fluorescence recovery (Pre-bleach, 

At-bleach and Post-bleach) in samples treated with scrambled or 62Gap27. (b) Quantified data shows mean fluorescence recovery intensity of scrambled and 62Gap27-

treated samples, which were normalised to the level of fluorescence at bleach point (shown in red circle). Data represent Mean ± SEM (n = 7). **P ≤ 0.01 was 

calculated by two-way ANOVA. 
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3.9 Discussion 

Platelets circulate as independent discoid bodies in the intact vasculature. Using 

integrin αIIbβ3 and the adhesion proteins fibrinogen and VWF (Gibbins, 2004), platelets 

aggregate after injury to form a thrombus. As suggested by Prevost et al. (2005), 

sustained signalling between the aggregated platelets stabilises the thrombus. Once 

thrombus formation is complete, the synchronised process of clot contraction occurs, 

including thrombus retraction via platelet integrin αIIbβ3 and the binding of the ends of 

the wound (Calderwood, 2004).  

Cxs comprise a family of channel-forming proteins that are distributed in several cell 

types. A hemichannel is formed by oligomerisation of six Cx monomers in the 

endoplasmic reticulum, which is later conveyed to the PM. Another observation 

revealed that communication can occur by hemichannels alone in isolated cells 

(Retamal and Saez, 2014). A GJ is formed by the docking of hemichannels on 

neighbouring attached cells (size of the pore, ~2–3 nm); which allows the direct flow of 

signalling molecules (up to 1 kDa). The intercellular communication mediated by GJs 

facilitates the synchronisation of cellular responses. The roles of various Cxs, especially 

Cx37, Cx40 and Cx43, are well characterised in the vasculature. More recently, 

researchers have demonstrated the expression of Cxs in circulating blood cells, such as 

platelets, neutrophils, monocytes and lymphocytes (Angelillo-Scherrer et al., 2011; 

Vaiyapuri et al., 2012; Pfenniger et al., 2013; Vaiyapuri et al., 2013; Glass et al., 2015). 

This suggests a wider-ranging role for these proteins and intercellular communication 

than previously appreciated. 
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3.9.1 Cx62 is Expressed by Platelets and MKs 

An ultrastructural analysis of the bone marrow along with bone marrow cultures 

showed that Cxs are expressed in and form GJs between reticular cells and 

haematopoietic cells, suggesting that leukocytes and platelets could express Cxs 

(Campbell, 1980; Allen and Dexter, 1982). The possibility that Cxs play important 

roles in platelet aggregation was supported by the finding that Cxs mediate important 

intercellular communication and adhesion functions in inflammatory and epithelial cells 

(Kameritsch et al., 2012; Naus and Giaume, 2016). The expression of Cxs in platelets 

was confirmed by transcriptomic analysis of MKs, which revealed the expression of 

mRNAs for 16 Cxs, amongst which Cx37, Cx40 and Cx62 were the most highly 

expressed; Cx37 and Cx40 protein were also found to be in human platelets (Vaiyapuri 

et al., 2012). However, the lack of a specific Cx62 detection antibody prevented the 

analysis of its expression in platelets. The expression of Cx62 and Cx57 in human and 

murine platelets and MKs was confirmed, which supports a megakaryocytic origin for 

human Cx62. 

3.9.2 Subcellular Distribution of Cx62 in Human Platelets 

The formation of GJs between aggregated platelets has been reported in a number of 

studies. It is important to note that a number of methods and techniques have been 

employed to track the passage of various fluorescent dyes through aggregated platelets 

(Angelillo-Scherrer et al., 2011; Vaiyapuri et al., 2012). The role of Cxs in platelet 

function is supported by the observation that inhibition or deletion of Cx37 hinders dye 

diffusion within a platelet thrombus (Angelillo-Scherrer et al., 2011).  

Cx37 and Cx40 were the only Cxs known to be expressed and function in platelets. 

This study shed light on the previously unknown role of Cx62 in platelets and 
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compared its function to those of Cx37 and Cx40 by analysing Cx62 and Cx57 in 

human and murine platelets, respectively. The scattered, punctate subcellular 

localisation of Cx62 in platelets was revealed by confocal microscopy. In resting 

platelets, minimal immunofluorescent Cx62 staining was observed at the platelet 

surface and the majority of Cx62 appeared to be distributed throughout the cytoplasm 

in a punctate arrangement. However, platelet activation tended to mobilise a large 

proportion of Cx62 toward the platelet surface, suggesting the creation of functional 

GJs and a possible contribution to platelet activation. 

To better interpret the pattern of Cx62 staining, super-resolution microscopy was used 

in resting and stimulated platelets. Undocked hemichannels have been reported on the 

cell surface (Laird, 2006; Patel et al., 2014; Saez and Leybaert, 2014), which is 

consistent with the minimal surface distribution of Cxs in resting platelets and may 

reflect a minor pool of Cx62 hemichannels that facilitate the release or uptake of 

various mediators at the platelet surface. On the other hand, the reports of GJs in 

platelet aggregates explain the peripheral mobilisation of Cx62 following platelet 

stimulation and suggest that Cx62 GJs participate in platelet activation. 

3.9.3 Cx62 Co-fractionates with Low-density Fractions of Platelet Proteins 

Synthesis of Cxs takes place in the endoplasmic reticulum, as for standard 

transmembrane proteins (Falk et al., 1994). The structures of the proteins change so that 

they are similar to their native transmembrane oligomerised arrangement (Falk and 

Gilula, 1998) before they are conveyed to the PM by the Golgi apparatus (Musil and 

Goodenough, 1993; Laird et al., 1995; Koval et al., 1997; Thomas et al., 2004). In fact, 

anucleated platelets do not have all distinct organelles present in nucleated cells, but 

they include the membranous dense tubular system (DTS), which is considered the 
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remnant of the smooth endoplasmic reticulum (White, 1972). Our analysis of the 

subcellular fractions demonstrated that Cx62 was present exclusively where the DTS 

and several other membrane systems are present in the lighter fractions, but not in the 

high-density fractions that contain granules. Cx62 has an intriguingly similar 

distribution pattern to calreticulin, which is used to label the DTS compartment 

amongst the platelet fractions (van Nispen Tot Pannerden et al., 2009). Comparable 

localisation of Cxs to the endoplasmic reticulum in nucleated cells is also supported by 

this observation (Falk et al., 1994) and emphasises that the punctate staining for Cx62 

in the platelet may be due to its DTS localisation. Furthermore, it has been suggested 

that Cxs are chaperoned by protein disulphide-isomerases, as the extracellular loops of 

Cxs that are exposed in the endoplasmic reticulum form disulphide bonds (John and 

Revel, 1991). Protein disulphide-isomerases are also thought to localise to the platelet 

DTS and mobilised in activated platelets, which was dependent on actin polymerisation 

and independent of membrane fusion (Crescente et al., 2016). Taken together, these 

findings suggest that localisation of Cx62 to the DTS, rather than the platelet cytosol, 

accounts for its distribution in the low-density fractions and the surface-linked pools. 

3.9.4 Ablation of Cx57 has no Effect on the Expression of Cx37 and Cx40 in 

Platelets 

At the site of vessel damage, where platelets adhere, crosslink and aggregate to form a 

thrombus, the platelets come into close proximity with each other. A number of 

receptors and adhesion proteins on the platelet surface and several soluble mediators 

support and facilitate platelet function (Angelillo-Scherrer et al., 2011). Different 

possibilities exist that might explain the potential role or functions of connexons and 

GJs in platelet function, based on the nature of GJ-facilitated intercellular 

communication in different cells and tissues, such as oocytes (Kidder and Mhawi, 
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2002), nerve cells (Bruzzone and Dermietzel, 2006), bone marrow stromal cells 

(Dorshkind et al., 1993) and cardiac muscle (Rohr, 2004).  

Several studies confirmed the expression of Cx40 and Cx37 in MKs and platelets and 

investigated their possible roles in controlling platelet functions by utilising Cx deletion 

and inhibition (Angelillo-Scherrer et al., 2011; Vaiyapuri et al., 2012; Vaiyapuri et al., 

2013). Similarly, the priority in this study was to analyse the effects of Cx62 inhibition 

and deletion on platelets.  

The ablation of the expression of a target Cx can alter the expression of other Cxs, 

suggesting a possible interdependency amongst the isoforms of Cx proteins. Atrial 

myocytes in which Cx43 has been ablated have lower immunofluorescence signals for 

Cx45 and Cx40 than non-ablated controls (Desplantez et al., 2012a). Moreover, in the 

liver, inhibition of Cx32 was accompanied by lower expression of Cx26 (Nelles et al., 

1996). Cx ablation commonly results in lower expression of non-ablated Cxs (Simon 

and McWhorter, 2003). However, overexpression is also possible; Cx32-deficient 

mouse brain tissue has higher Cx43 and Cx47 expression than wild type brain tissue 

(Nagy et al., 2003). No compensatory or ablative effects on the expression of the 

abundantly expressed Cx37 or Cx40 were observed in Cx57−/− platelets. The results of 

this study are consistent with those in Cx40−/− platelets, in which no compensatory 

effects on the expression of Cx37 were observed (Vaiyapuri et al., 2013). Similarly, no 

compensation in the level of Cx40 was reported by the same group following the 

ablation of Cx37−/− (Vaiyapuri et al., 2012). 

3.9.5 Design of 62Gap27 Mimetic Peptide  

Following the confirmation of the expression of Cx62 in platelets, a mimetic peptide 

that targets the second external loop of Cx62 was designed using ClustalW 
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(www.ebi.ac.uk/tools/clustalw). This mimetic peptide also targets the second external 

loop of Cx57 in mice. In addition, a scrambled peptide was developed as a control 

which help to avoid false positive results. Both of the peptides are absent from other 

protein sequences and the specificity of 62Gap27 for Cx62 (human) and Cx57 (mouse) 

was confirmed using BLAST.  

3.9.6 62Gap27 Modulates Hemichannel and GJ Functions  

Gap27 peptides designed against different Cxs have been shown bind to unopposed 

hemichannels and alter their functions, such that molecules like glutamate (e.g. Cx43 in 

astroglia) or ATP (e.g. Cx43 in leukocytes) are not released (Eltzschig et al., 2006; 

Orellana et al., 2011; Retamal and Saez, 2014; Saez and Leybaert, 2014). Upon longer 

incubation times, the peptides inhibit gap junctional communication, possibly by 

interfering with the docking of apposed hemichannels to create functional GJ channels 

(Evans and Boitano, 2001; Leybaert et al., 2003). Broadly speaking, hemichannel 

activity, GJ formation and gap junctional conductance in cells or tissues can be 

influenced by mimetic peptides; it has been suggested that the peptide Gap27 may have 

specific effects on Cx43 as opposed to Gap26, which may affect an array of Cxs 

(Wright et al., 2009). 

The findings suggest that single hemichannels that have not formed GJs or GJs formed 

to release molecules are reduced by 62Gap27 as observed in Figure 3.7 and Figure 3.8. 

The release of molecules can be limited by 62Gap27, which binds to the external 

domains of the channels, resulting in closure. Moreover, intercellular coupling 

communication is impaired by the formation of Cx62 hemichannel–62Gap27 peptide 

complexes which move crosswise in the PM and cause the close of GJs. Closure can 

also be mediated by 62Gap27 peptides that diffuse into intercellular spaces and bind 
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Cx62 hemichannels and GJs. In the sub-plasma membrane, Cx channel gating may be 

controlled indirectly by changes in Ca2+. 62Gap27 may also affect Ca2+ entry into cells, 

thereby causing hemichannel and GJ closing. In addition, researchers have speculated 

that Gap27 and Gap26 may diffuse into pre-existing GJ plaques and change their 

channel conductances without disrupting their structures (Martin et al., 2005). 

The findings presented in this chapter demonstrate the expression and localization of 

Cx62 and Cx57 in human and mouse platelets, respectively. Cx62 traffics towards the 

plasma membrane upon stimulation, suggesting that it plays a role in inter-cellular 

communication through the formation of hemichannels and GJs. Moreover, expression 

of Cx62 is not altered by deletion of Cx37 and Cx40 genes in platelets. A novel 

mimetic peptide targeting the second external loop of Cx62/57 (62Gap27) was 

successfully designed. It regulated the permeability of the Cx62 hemichannel and inter-

cellular communication via GJs. The next chapter will investigate the effects of 

62Gap27 on platelet function and the selectivity of 62Gap27. 
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4 62Gap27 Negatively Regulates Platelet Function and 

Acts Selectively Via Cx62  
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4.1 Introduction  

Connexins (Cxs) can be formed on the surface of platelets where they participate in 

cell–cell adhesion and support the activity of adhesive receptors such as ephrins and 

Eph kinases. However, the functions of gap junctions (GJs) in the regulation of platelet 

adhesion requires detailed research (Brass et al., 2004; Vaiyapuri et al., 2015a; 

Vaiyapuri et al., 2015b) 

In the 1980s, research on the formation of GJs between stromal cells and 

haematopoietic cells in the bone marrow and cell cultures suggested that Cxs may be 

expressed on the surfaces of leukocytes and platelets (Campbell, 1980; Allen and 

Dexter, 1982; Campbell, 1986). In more recent studies by our laboratory, the mRNA 

transcripts of 16 Cxs were detected in MKs, amongst which Cx37, Cx40 and Cx62 

were the most highly expressed (Vaiyapuri et al., 2012). The expression of two Cx 

proteins, notably Cx37 and Cx40, has been confirmed in platelet (Angelillo-Scherrer et 

al., 2011; Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). Moreover, GJ formation 

within thrombi has been demonstrated using techniques that permit the tracking of the 

transfer of fluorescent dyes (neurobiotin and calcein) between platelets. Remarkably, 

the diffusion of these dyes is inhibited upon blocking or deletion of Cx37 (Angelillo-

Scherrer et al., 2011; Vaiyapuri et al., 2012). Although Cx32 and Cx43 mRNA 

transcripts have also been detected in platelets, only studies on the functions of Cx37 

and Cx40 on platelet aggregation and thrombus formation have been performed.  

Our lab identified the roles of Cx37 and Cx40 hemichannels and GJs in platelets. The 

deletion of Cx37 was associated with reduced fibrinogen binding and granule secretion 

by platelets (Vaiyapuri et al., 2012). This suggests the involvement of hemichannels in 

the regulation of platelet functions. Similarly, blocking or deletion of Cx40 in platelets 
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inhibits the expression of P-selectin, a marker of α-granules, on the surface of activated 

platelets (Vaiyapuri et al., 2013). Haemostasis and thrombus formation in vitro and in 

vivo were also suppressed in samples treated with 37,43Gap27 or 40Gap27 (Vaiyapuri et 

al., 2012; Vaiyapuri et al., 2013).  

Blocking Cx37 with 37,43Gap27 in Cx40−/− murine platelets reduced P-selectin exposure 

and fibrinogen binding in platelets stimulated with CRP-XL. Similarly, blocking Cx40 

with 40Gap27 in Cx37−/− platelets inhibited P-selectin exposure and fibrinogen binding 

in CRP-XL-stimulated platelets. Taken together, these data suggest that these two Cx 

hemichannels operate independently (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). 

Importantly, 37,43Gap27 and 40Gap27 have been confirmed to selectively and 

specifically inhibit Cx37 and Cx40, respectively, in experiments using Cx37−/− and 

Cx40−/− mouse platelets (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013).  

In contrast to these findings, Angelillo-Scherrer et al. (2011) reported that the deletion 

of Cx37 results in enhanced platelet aggregation in response to collagen, thrombin or 

ADP stimulation. This discrepancy may be due to: 

(i) the concentration of the agonist used to study the function Cx37 in platelets 

is either too high or too low (e.g. 2µM ADP is generally not sufficient to 

cause platelet aggregation in many donors)  

(ii) the failure of the Cx blocker such as carbenoxolone, 18β-GA and 37,43Gap27 

to cause platelet activation or increase platelet sensitivity (Vaiyapuri et al., 

2012). 

Cx62 is a comparatively recently identified member of the Cx family; its expression has 

not been reported in any cell types. However, Cx57, the mouse homologue to Cx62, has 

been identified in retina (Sohl et al., 2010). Little information is available on the role of 
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Cx62, in contrast to that available on the roles of the members of the Cx family (e.g. 

Cx37, Cx40 and Cx43) that have been investigated extensively in different cell types. 

Cx62 mRNA transcripts have been detected in megakaryocytes (MKs). However, an 

investigation of its function in platelets has been impeded by the lack of reagents to 

study its function. In this study, the expression of Cx62 in platelets was confirmed and 

the mimetic peptide 62Gap27 was developed to study functions of Cx62 in platelets. 

The major objective of this chapter was to determine the roles of Cx62 hemichannels 

and GJs in platelet function. 
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4.2 Role of Cx62 in the Regulation of Platelet Aggregation 

Platelet aggregation in the presence of 62Gap27 was investigated to determine whether 

modulating the function of Cx62 had an impact on platelet activation. The effects of 

62Gap27 were evaluated on the responses induced by a range of platelet agonists that 

target different pathways of platelet activation, including crosslinked collagen-related 

peptide (CRP-XL, a selective GPVI agonist) (Knight et al., 1999); thrombin; ADP and 

U46619, a TxA2 receptor agonist.  

4.2.1 62Gap27 Inhibits CRP-XL-induced Platelet Aggregation 

It has been previously observed that mimetic peptides targeting Cx37 and Cx40 were 

able to inhibit platelet aggregation stimulated by CRP-XL. To investigate the effects of 

62Gap27 on CRP-XL-mediated platelet aggregation, washed human platelets (4 × 108 

cells/mL) were incubated with a range of concentrations of 62Gap27 (25, 50 and 100 

μg/mL) or scrambled peptide (100 μg/mL) for 5 minutes. These concentrations were 

selected based on previous studies using other Gap27 peptides (Vaiyapuri et al., 2012; 

Vaiyapuri et al., 2013). To maintain consistency amongst the donors, the concentration 

of CRP-XL used to stimulate platelets was optimized for each donor to attain 50% of 

the maximum level of aggregation (EC50) in 3 minutes (concentrations ranged from 

0.25 to 0.30 μg/mL). Aggregation responses (changes in light transmission) were 

recorded using an optical aggregometer with constant stirring (1,200 rpm) for 3 minutes 

at 37 °C.  

The effects of the treatment of platelets with 62Gap27 or scrambled peptide for 5 

minutes prior to a 3-minute stimulation with CRP-XL are shown in Figure 4.1a. A 

substantial, concentration-dependent reduction in platelet aggregation was observed in 

3 minutes (∼42% and ∼65% inhibition in samples treated with 50 and 100 μg/mL 
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62Gap27, respectively, in comparison to scrambled peptide-treated samples; Figure 

4.1b). No differences in platelet aggregation were observed between the scrambled 

peptide-treated and untreated samples (data not shown). These findings indicate that 

62Gap27 inhibits platelet aggregation downstream of GPVI stimulation. 
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Figure 4.1: 62Gap27 inhibits CRP-XL-induced platelet aggregation.  

Washed human platelets (4 × 108 cells/mL) were pre-incubated for 5 minutes with 62Gap27 (25, 50 and 

100 μg/mL) or scrambled peptide (100 μg/mL), then stimulated with CRP-XL (EC50: 0.25–0.3 µg/mL). 

Changes in light transmission were monitored and recorded for 180 seconds. (a) Representative 

aggregation traces. (b) Cumulative data from multiple donors. The percentage of aggregation was 

measured at 180 seconds with the aggregation of the scrambled peptide group set as 100%. Data 

represent the mean ± SEM (n ≥ 5) analysed by one-way ANOVA. ***P ≤ 0.001 
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4.2.2 62Gap27 Inhibits Thrombin-induced Platelet Aggregation 

Thrombin is a highly potent platelet agonist that belongs to the serine protease family. 

PAR-1 and PAR-4 are thrombin receptors that are expressed on the surface of human 

platelets and belong to the class of G-protein-coupled receptors (GPCRs). In mice, 

PAR-1 receptor is replaced by PAR-3. PAR-1 can respond to low concentrations of 

thrombin, whereas PAR-4 becomes activated only at higher concentrations (Angiolillo 

et al., 2010; Li et al., 2010) and collectively stimulate powerful activation of platelet 

function. Given its inhibition of platelet aggregation downstream of GPVI stimulation, 

the effects of 62Gap27 were investigated on thrombin stimulation to determine whether 

its actions are restricted to GPVI pathway or it functions through a general mechanism. 

Washed human platelets (4 × 108 cells/mL) were pre-incubated with 62Gap27 (25, 50 

and 100 μg/mL) or scrambled peptide (100 μg/mL) for 5 minutes and stimulated with 

thrombin for 3 minutes. As for CRP-XL, we determined the EC50 concentration of 

thrombin over 3 minutes (concentration ranged from 0.05 to 0.07 U/mL).  

Changes in light transmission were assessed for 180 seconds as a measure of 

aggregation (Figure 4.2a). Incubation with 50 and 100 µg/mL 62Gap27 reduced 

significantly thrombin-stimulated platelet aggregation by approximately 35% and 60%, 

respectively, in comparison to treatment with the scrambled peptide (Figure 4.2b). No 

differences in thrombin-stimulated platelet aggregation were observed between the 

scrambled peptide-treated and untreated samples (data not shown). Thus, 62Gap27 can 

influence platelet aggregation induced by the GPVI receptor agonist CRP-XL and the 

GPCR agonist thrombin.  
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Figure 4.2: 62Gap27 inhibits thrombin-induced platelet aggregation.  

Washed human platelets (4 × 108 cells/mL) were pre-treated with the 62Gap27 (25, 50 and 100 μg/mL) or 

scrambled peptide (100 μg/mL) for 5 minutes. Thrombin (EC50: 0.05–0.07 U/mL) was then used to 

stimulate the platelets. Changes in light transmission were measured for 180 seconds to assess 

aggregation. (a) Representative aggregation traces. (b) Cumulative data from different donors. The 

percentage of aggregation obtained with the scrambled peptide treatment was set as 100%. Data represent 

the mean ± SEM (n ≥ 4) analysed by one-way ANOVA. **P ≤ 0.01 and ***P ≤ 0.001 
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4.2.3 62Gap27 Attenuates ADP- or U46619-stimulated Aggregation 

Sustained platelet activation downstream of CRP-XL or thrombin relies, to an extent, 

on the release of prothrombotic secondary agonists (Nieswandt and Watson, 2003). 

Amongst the critical factors responsible for the propagation of the growing thrombus is 

GPCR signalling driven by the binding of the soluble ligands ADP and TxA2 (Woulfe, 

2005; Offermanns, 2006). ADP binds to its receptors P2Y1 and P2Y12, which are 

coupled to Gq and Gi, respectively (Hechler et al., 1998; Jin et al., 1998; Hollopeter et 

al., 2001). TxA2 binds to the TP receptor, which is coupled to the G proteins Gq and 

Gα13 (Knezevic et al., 1993; Djellas et al., 1999; Paul et al., 1999). Given the 62Gap27-

mediated inhibition of thrombin stimulation, the effect of 62Gap27 was examined on 

platelet aggregation induced by other GPCR agonists, including U46619 (TP receptor 

agonist) and ADP. 

62Gap27 impaired U46619-mediated (EC50 range: 0.25–0.4 μM, identified for each 

donor) platelet aggregation by ~50% and ~65% at concentrations of 50 and 100 μg/mL, 

respectively, in comparison with treatment with the scrambled peptide (Figure 4.3ai, 

aii). Similarly, 62Gap27 negatively regulated the platelet aggregation induced by ADP 

(EC50 range: 5–10 μM, identified for each donor) by ~45% and ~70% at concentrations 

of 50 and 100 μg/mL, respectively (Figure 4.3bi, bii). Moreover, treatment with 

62Gap27 resulted in partially reversible platelet aggregation, a feature which is 

frequently observed when granule secretion is inhibited (Born, 1962). No differences in 

ADP- or U46619-stimulated platelet aggregation were observed between the scrambled 

peptide-treated and untreated samples (data not shown). 

These findings suggest that 62Gap27 negatively regulates platelet aggregation induced 

by a range of agonists that stimulate cell signalling through different receptors. These 
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findings are similar to those observed after inhibition with the mimetic peptide that 

targets Cx37 and Cx40, suggesting a potential common mechanism of Cx action. 
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Figure 4.3: 62Gap27 inhibits U46619- and ADP-mediated platelet aggregation.  

Washed human platelets (4 × 108 cells/mL) were treated with scrambled peptide or 62Gap27 (25, 50 and 

100 µg/mL) followed by stimulation with (a) U46619 (EC50: 0.25–0.4 µM) or (b) ADP (EC50: 5–10 µM). 

The changes in light transmission were recorded for 180 seconds at 37 °C with stirring (1,200 rpm). (i) 

Representative traces of platelet aggregation induced by U46619 or ADP after treatment with 62Gap27 

are shown. (ii) The percentage of aggregation in scrambled peptide-treated samples was set as 100%. The 

statistical differences in the mean ± SEM (n ≥ 3) were assessed by one-way ANOVA. **P ≤ 0.01, ***P 

≤ 0.001 and ****P ≤ 0.0001 
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4.3 Integrin αIIbβ3 Affinity is Inhibited by 62Gap27 

Integrin αIIbβ3 plays an essential role in platelet aggregation and is necessary for 

thrombus formation. All platelet agonists, which act via different platelet receptors, 

transform integrin αIIbβ3 from its low-affinity state to a high-affinity state in activated 

platelets; this process is called inside-out signalling. This feature is vital for the 

formation of platelet aggregates (Shattil and Newman, 2004; Ma et al., 2007; Li et al., 

2010). Since, 62Gap27 negatively regulated platelet aggregation stimulated by a range 

of agonists, its effects on integrin αIIbβ3 activation were examined, an event that 

precedes platelet aggregation. 

Fibrinogen binding to integrin αIIbβ3 was studied by flow cytometry (on individual 

platelet populations) as a measure of the extent of integrin αIIbβ3 activation. Human 

PRP was mixed with HEPES buffer containing FITC-labelled rabbit anti-human 

fibrinogen antibody, which fluoresces at 519 nm following excitation at 495 nm. The 

samples were incubated with 62Gap27 (25, 50 and 100 µg/mL) or scrambled peptide for 

5 minutes. The platelets were then stimulated for 20 minutes (with occasional gentle 

mixing) with CRP-XL (0.25 µg/mL) or thrombin (0.05 U/mL) in the presence of the 

peptide Gly-Pro-Arg-Pro (GPRP 25 µg/mL) to prevent fibrin polymerisation. Samples 

were fixed with 0.2% (v/v) formyl saline and median fluorescence of 10,000 platelet-

gated events was measured using a flow cytometer.  

Treatment with 50 and 100 µg/mL 62Gap27 inhibited fibrinogen binding by 35% and 

55%, respectively, after stimulation with CRP-XL (0.25 μg/mL) in comparison with 

treatment with the scrambled peptide control (Figure 4.4a). Moreover, approximately 

30% and 60% reductions in binding were caused by 50 and 100 µg/mL 62Gap27, 

respectively, in thrombin-stimulated (0.05 U/mL) samples in comparison with the 
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binding in the scrambled peptide-treated controls (Figure 4.4b). No differences in CRP-

XL- or thrombin-mediated fibrinogen binding were observed between the scrambled 

peptide-treated and untreated samples (data not shown). This inhibition of fibrinogen 

binding is consistent with the ability of 62Gap27 to negatively regulate platelet 

aggregation after CRP-XL (Figure 4.1) or thrombin (Figure 4.2) stimulation. 
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Figure 4.4: 62Gap27 inhibits CRP-XL- and thrombin-mediated fibrinogen binding.  

Human PRP was incubated with 62Gap27 (25, 50 and 100 μg/mL) or scrambled peptide for 5 minutes, 

then stimulated with (a) CRP-XL (0.25 μg/mL) or (b) thrombin (0.05 U/mL) for 20 minutes and 

analysed by flow cytometry. Integrin αIIbβ3 activation was measured by the binding of anti-fibrinogen 

antibody to the platelets. Unstimulated platelets treated with FITC-conjugated anti-human fibrinogen 

antibody served as negative control (Neg). The degree of fibrinogen binding in the presence of scrambled 

peptide was set as 100%. Data represent the mean ± SEM (n ≥ 6) of the median fluorescence values. Data 

were analysed with one-way ANOVA. **P ≤ 0.01 and ***P ≤ 0.001 
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4.4 62Gap27 Inhibits α-Granule Secretion by Platelets  

α-granules release a range of platelet-activating factors, coagulation proteins, protease 

inhibitors, soluble adhesion proteins and growth factors upon platelet activation. 

Platelet interactions with leukocytes within thrombi are supported by the exposure of P-

selectin, which is released from α-granules, on the platelet surface (Koedam et al., 

1992). The exposure of P-selectin, a classical marker of platelet α-granules, on the 

surface of platelets was measured to assess the effects of 62Gap27 on α-granule 

secretion.  

P-selectin exposure on platelet surface was measured by flow cytometry following 

incubation with a PE-Cy™5-labelled mouse anti-human CD62P (P-selectin) antibody, 

which fluoresces at 670 nm following excitation at 488 nm. Median fluorescence values 

of platelet samples treated with the control and inhibitory peptides were obtained to 

determine the potential contribution of Cx62 to the extent of P-selectin exposure. 

Human PRP was incubated in HEPES buffer containing PE-Cy™5-labelled mouse 

anti-human CD62P antibody for 5 minutes at room temperature in the presence of the 

62Gap27 mimetic peptide (25, 50 and 100 µg/mL) or the scrambled peptide. Prior to 

analysis by flow cytometry, the platelets were stimulated for 20 minutes with CRP-XL 

(0.25 µg/mL) or thrombin (0.05 U/mL) in the presence of GPRP (25 µg/mL). Reactions 

were terminated by fixing samples with 0.2% (v/v) formyl saline and median 

fluorescence intensities for 10,000 platelet-gated events were recorded by a flow 

cytometer.  

As shown in Figure 4.5a, a concentration-dependent inhibition of P-selectin exposure 

was observed in samples incubated with 62Gap27 (∼30% and ∼50% inhibition by 50 

and 100 µg/mL, respectively, compared to the exposure in scrambled peptide-treated 



Chapter 4 

 

145 

 

samples) following stimulation with CRP-XL. On the other hand, 50 µg/mL and 100 

µg/mL 62Gap27 facilitated reduction of ~25% and ~55%, respectively, in samples 

treated with thrombin (Figure 4.5b). No differences in CRP-XL- or thrombin-mediated 

P-selectin exposure were observed between the scrambled peptide-treated and untreated 

samples (data not shown). These outcomes were consistent with and comparable to the 

reduction in fibrinogen binding following platelet stimulation with CRP-XL or 

thrombin in the presence of 62Gap27 (Figure 4.4a, b). 
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Figure 4.5: P-selectin exposure mediated by CRP-XL or thrombin is inhibited by 62Gap27.  

Human PRP was treated with 62Gap27 (25, 50 and 100 μg/mL) or scrambled peptide, followed by 

stimulation with (a) CRP-XL (0.25 μg/mL) or (b) thrombin (0.05 U/mL) for 20 minutes. The α-granule 

secretion was then measured by flow cytometry as the level of P-selectin exposure on the platelet surface. 

Unstimulated platelets incubated with PE-Cy™5-labelled mouse anti-human CD62P (P-selectin) 

antibody served as negative control (Neg). The level of P-selectin exposure in the presence of the 

scrambled peptide was set as 100%. Data represent the mean ± SEM of the median fluorescence 

intensities (n ≥ 6). Data were analysed by one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 
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4.5 Cx62 Hemichannels Function Independently of Cx37 and Cx40 in 

Platelets 

As Cx amino acid sequences, including the Gap27 sequence, are very similar (80%–

95% identical), studying the specificity of a mimetic peptide is important. The 

specificities of the actions of the selective inhibitors of Cx40 (40Gap27) and Cx37 

(37,43Gap27) have been tested previously to confirm the absence of inhibitory influence 

on Cx40−/− and Cx37−/− mouse platelets, respectively (Vaiyapuri et al., 2012; Vaiyapuri 

et al., 2013). Hetero-oligomeric GJs (isoforms of two different hemichannels) can 

function on various cell types (He et al., 1999; Bloomfield and Volgyi, 2009). The 

heteromeric or homomeric associations between Cx37 and Cx40 in murine platelets 

have also been explored using 40Gap27 or 37,43Gap27 on Cx37−/− and Cx40−/− platelets. 

Cx37 and Cx40 were unable to form hetero-oligomeric hemichannels and regulated 

platelet function independently of each other (Vaiyapuri et al., 2012; Vaiyapuri et al., 

2013). A similar approach was used in this study to clarify the specificity of 62Gap27 by 

assessing its effects on Cx40−/− and Cx37−/− knockout mouse platelets. 

The independence of Cx57 hemichannels from Cx37 and Cx40 was assessed by 

measuring CRP-XL-stimulated fibrinogen binding in Cx37−/−, Cx37+/+, Cx40−/− and 

Cx40+/+ mouse PRP that had been treated with 62Gap27. CRP-XL-stimulated (0.5 

µg/mL) fibrinogen binding in Cx37−/− mouse platelets was hindered by 62Gap27 (100 

µg/mL) to the same extent as that in Cx37+/+ platelets (approximately 30%; Figure 4.6a, 

b). Similarly, a comparable level of inhibition (approximately 30%) of fibrinogen 

binding was exhibited by 62Gap27 (100 µg/mL) in Cx40−/− and Cx40+/+ mouse platelets 

(Figure 4.7a, b).  

Taken together, these findings indicate that Cx62 hemichannel contributes to platelet 

regulation independently of Cx37 and Cx40 and supports the selectivity of 62Gap27. 
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However, the selectivity of 62Gap27 would need to be conclusively established in 

Cx57−/− mouse or Cx62 gene knockdown experiments.  
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Figure 4.6: The regulation of platelet function by Cx62 hemichannel is not dependent on Cx37 

hemichannel.  

Mouse PRP was incubated with 62Gap27 (100 µg/mL) or scrambled peptide for 5 minutes in the presence 

of a FITC-labelled anti-fibrinogen antibody. The fibrinogen binding levels of (a) wild type Cx37+/+ and 

(b) Cx37−/− knockout mouse platelets were recorded by flow cytometry after CRP-XL (0.5 µg/mL) 

stimulation. The figure shows the median fluorescence intensity of fibrinogen binding in the presence of 

62Gap27 compared with binding in the presence of the scrambled peptide. Data are shown as mean ± 

SEM (n = 3), analysed by Student’s t-test. *P ≤ 0.05 and **P ≤ 0.01 
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Figure 4.7: The regulation of platelet function by Cx62 hemichannel is independent of Cx40 

hemichannel.  

Mouse PRP was incubated with 62Gap27 (100 µg/mL) or scrambled peptide (100 µg/mL) in the presence 

of FITC-labelled anti-fibrinogen antibody. The degree of fibrinogen binding in (a) wild type Cx40+/+and 

(b) Cx40−/− knockout mouse platelets was recorded by flow cytometry after CRP-XL (0.5 µg/mL) 

stimulation. The figure shows the median fluorescence intensity of fibrinogen binding in the presence of 

62Gap27 compared with that in the presence of the scrambled peptide. Data represent the mean ± SEM (n 

= 4), analysed by Student’s t-test. *P ≤ 0.05 
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4.6 62Gap27 Selectively Inhibits the Function of Cx62 

Cx62 is structurally similar to Cx57 in mouse and 62Gap27 targets identical sequences 

in the second external loops of human Cx62 and mouse Cx57 (Appendix 8.2). 

Moreover, other Gap27 mimetic peptides target multiple Cxs that share specific 

sequences. 37,43Gap27 targets Cx37, Cx43 and Cx46, which share its target sequence. 

The effects of 62Gap27 were assessed in Cx57−/− mice (homologous to human Cx62) 

(obtained from the International Mouse Phenotyping Consortium) to determine the 

selectivity of 62Gap27 for Cx62.  

In order to determine that the effects of 62Gap27 are indeed mediated via Cx57, the 

specificity of 62Gap27 was examined by comparing the CRP-XL-stimulated fibrinogen 

binding in control (Cx57+/+) and Cx57−/− mouse platelets in the presence of 62Gap27. 

Prior to the investigation of 62Gap27 selectivity, the expression levels of GPVI (Figure 

4.8a), integrin α2β1 (Figure 4.8b), integrin αIIbβ3 (Figure 4.8c) and GPIb (Figure 4.8d) 

were evaluated in control and Cx57−/− mice to assess if the deletion of Cx57 influenced 

the expression of these receptors in platelets. The expression of these receptors on the 

wild type and Cx57−/− platelets were noted to be similar under resting and activated 

(CRP-XL, 0.5 µg/mL) conditions. 
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Figure 4.8: Cx57 ablation does not affect receptor levels on mouse platelets.  

The expression levels of platelet receptors on resting and activated (CRP-XL, 0.5 μg/mL) platelets from 

control (Cx57+/+) and Cx57−/− mice were analysed by flow cytometry: (a) GPVI, (b) integrin α2β1, (c) 

integrin αIIbβ3 and (d) GPIb. The mean ± SEM (n = 6) of the median fluorescence intensities are shown. 
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To assess the selectivity of 62Gap27, mouse PRP (obtained from both Cx57−/− and 

Cx57+/+) was incubated with FITC-conjugated anti-human fibrinogen antibody, then 

with 62Gap27 (100 μg/mL) or scrambled control (100 µg/mL) for 5 minutes. The PRP 

was further stimulated at room temperature with CRP-XL (0.5 µg/mL) for 20 minutes 

with occasional gentle mixing. Samples were then fixed in 0.2% (v/v) formyl saline and 

analysed by flow cytometry (10,000 platelet-gated events). 

62Gap27 inhibited CRP-XL-mediated fibrinogen binding in wild type mouse platelets 

by 50% compared with the scrambled control (Figure 4.9a). However, it had no impact 

on CRP-XL-stimulated Cx57−/− mouse platelets (Figure 4.9b). These data confirm that 

the inhibitory actions of 62Gap27 on platelets are mediated through Cx57/62. 
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Figure 4.9: Cx62 is selectively inhibited by 62Gap27. 

PRP from (a) wild type Cx57+/+ or (b) Cx57−/− knockout mice was incubated with FITC-labelled rabbit 

anti-fibrinogen antibody prior to treatment with scrambled peptide or 62Gap27 (100 μg/mL) for 5 

minutes. Then, the samples were stimulated with CRP-XL (0.5 μg/mL) for 20 minutes. The cells were 

fixed in 0.2% formyl saline and the samples were examined on a flow cytometer. The data were analysed 

with Student’s t-test and displayed as the mean ± SEM (n = 6). *P ≤ 0.05 
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4.7 The Role of Cx62 in the Regulation of Dense Granule Secretion upon 

Platelet Activation  

Human platelets contain 3–8 dense granules each. The granules are rich in nucleotides 

(ADP and ATP), serotonin, calcium and polyphosphates (Morrissey, 2012). Platelet 

aggregation is associated with the secretion of dense granules, which contribute to 

agonist-induced platelet exocytosis and platelet activation via the autocrine and 

paracrine actions of the released factors. The reinforcement of the initial activation 

events and propagation of the activation signal require the release of these mediators 

from dense granules. The release of ATP from dense granules as a secondary event 

during platelet aggregation has been identified as a fundamental step in the formation of 

platelet aggregates and is vital for the development of stable aggregates (Hechler and 

Gachet, 2011). Therefore, the effects of 62Gap27 on ATP release were investigated as a 

marker of dense granule secretion.  

This assay involves monitoring ATP release from dense granules using a 

bioluminescent system comprising D-luciferin, firefly luciferase and magnesium. The 

interactions of these reagents with ATP produce light, in direct proportion to the ATP 

concentration, which is detected and quantified using a lumi-aggregometer. 

Platelets were pre-incubated with 62Gap27 (25, 50 and 100 µg/mL) or scrambled 

peptide (100 µg/mL) for 5 minutes and then stimulated with CRP-XL (0.5 µg/mL) or 

thrombin (0.05 U/mL) for 3 minutes before the levels of ATP release were assessed. 

As shown in Figure 4.10ai, incubation of platelets with 62Gap27 (50 and 100 µg/mL) 

inhibited CRP-XL-stimulated ATP release by approximately 45% and 65%, 

respectively, in comparison to treatment with scrambled peptide control (Figure 4.10aii). 

Similarly, ATP release in thrombin-stimulated platelets was inhibited by approximately 
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35% and 50% in the presence of 62Gap27 (50 and 100 µg/mL, respectively) (Figure 

4.10bi, bii). The scrambled peptide had no effect on the level of ATP release when 

compared with non-peptide treated samples (data not shown). 

These data indicate that 62Gap27 influences the secretion of dense granules in platelets. 

Furthermore, such findings may explain the mimetic peptide-induced reduction in 

platelet aggregation, as dense granules are rich in ADP, ATP, and serotonin, which act 

as secondary platelet agonists. 
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Figure 4.10: ATP secretion by CRP-XL- and thrombin-stimulated platelets is inhibited by 62Gap27.  

ATP release was measured from platelets pre-incubated with 62Gap27 (25, 50 and 100 µg/mL) or 

scrambled peptide (100 µg/mL) for 3 minutes, then stimulated with (a) CRP-XL (0.5 µg/mL) or (b) 

thrombin (0.05 U/mL). Changes in ATP release were observed concurrently with aggregation in an 

optical lumi-aggregometer with a luciferase detection system. (i) Representative ATP release over 3 

minutes. (ii) ATP secretion quantified data. The traces are representative of 5 individual experiments. 

Data represent the mean ± SEM (n = 5) as analysed by one-way ANOVA. *P ≤ 0.05 and **P ≤ 0.01 
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4.8 62Gap27 Decreases Thromboxane B2 (TxB2) Production 

TxA2 is a platelet agonist and potent vasoconstrictor that is produced by platelets 

(Gryglewski et al., 1978). The release of Ca2+ from intracellular stores is associated 

with the activation of platelet phospholipase A2, which leads to the hydrolysis of 

membrane phospholipids and the release of arachidonic acid (Balsinde et al., 2002). 

The aforementioned conversion occurs owing to the actions of the aspirin-sensitive 

cyclo-oxygenase (COX-1) and thromboxane synthase (TxS) and leads to the production 

of TxA2 (Tazawa et al., 1996). TxA2 disseminates across the plasma membrane (PM) 

and acts in an autocrine or paracrine fashion, due to its short half-life, to promote 

positive-feedback activation and aggregation (FitzGerald, 1991; Schrör, 2016). 

Unstable TxA2 is rapidly converted to the inactive but stable lipid TxB2 (Hamberg et 

al., 1975; FitzGerald, 1991). Since 62Gap27 negatively regulated platelet aggregation 

and secretion from both α- and dense granules, its effects on TxA2 production were 

studied. Given the short half-life (approximately 30 seconds) of TxA2 and its non-

enzymatic hydrolysis into its inactive form TxB2, the levels of TxB2 were measured as 

an indirect approximation of the concentration of TxA2 (Seidel et al., 2011). 

Washed platelets were treated with 62Gap27 (50 and 100 μg/mL) or scrambled peptide 

for 5 minutes. Then, aggregation was induced by CRP-XL (1 μg/mL) or thrombin (0.1 

U/mL) for 5 minutes. To ensure the maximum production and release of TxB2 from 

activated platelets, high concentration of agonists was used. Non-stimulated samples 

served as negative controls. After stimulation with CRP-XL or thrombin in an 

aggregometer, the platelets that had been treated with scrambled peptide or 62Gap27 

were separated from the supernatant by centrifugation at 12,000 rpm for 2 minutes. 

Levels of TxB2 in the plasma samples were evaluated by ELISA. A standard curve, 
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obtained by running a set of standards, was used to determine the TxB2 levels in the 

62Gap27- and scrambled peptide-treated samples and the unstimulated samples. 

The unstimulated samples did not contain detectable levels of TxB2, whereas the 

scrambled treated samples stimulated with CRP-XL (Figure 4.11a) or thrombin (Figure 

4.11b) contained approximately 1,800 pg/mL to 2,000 pg/mL, respectively. TxB2 levels 

were diminished by approximately 50% upon incubation with 62Gap27 (100 μg/mL) 

compared with the levels following scrambled peptide treatment (Figure 4.11a, b).  

In conclusion, 62Gap27 negatively regulates the secretion of positive-feedback 

mediators from platelets, which further suppresses platelet aggregation and, possibly, 

thrombus formation.  

  



Chapter 4 

 

160 

 

 

Figure 4.11: 62Gap27 inhibits TxB2 production.  

Washed human platelets (4 × 108 cells/mL) were pre-incubated with 62Gap27 or scrambled peptide for 5 

minutes, then activated with (a) CRP-XL (1 μg/mL) or (b) thrombin (0.05 U/mL) in an aggregometer for 

5 minutes at 37 °C. At the end of the reactions, 1 mM EGTA with 20 μM indomethacin was added, then 

the samples were subjected to centrifugation at 12,000 rpm for 2 minutes at room temperature to separate 

the supernatants, which were immediately frozen at −80 °C. A TxB2 ELISA kit was used to measure the 

concentration of TxB2, the stable metabolite of TxA2, in accordance with the manufacturer’s standards. 

The figures show the TxB2 levels (pg/mL) following incubation of the platelets with 62Gap27 or 

scrambled peptide and activation with (a) CRP-XL or (b) thrombin. Data, presented as the mean ± SEM 

(n = 5), were analysed by one-way ANOVA. *P ≤ 0.05 and **P ≤ 0.01  



Chapter 4 

 

161 

 

4.9 The Inhibitory Effects of 62Gap27 on CRP-XL- or Thrombin-induced 

Activation are Independent of their Signalling through TP or ADP 

Receptors 

Full platelet activation requires the synergistic actions of prothrombotic factors, such as 

ADP or TxA2, that are released by activated platelets and signal through platelet surface 

receptors to augment platelet activation (Hirata et al., 1991; Daniel et al., 1998). Having 

observed the ability of 62Gap27 to inhibit platelet aggregation stimulated by ADP and 

U46619 (TxA2 mimetic peptide), experiments were performed to determine if the 

inhibitory effects of 62Gap27 on CRP-XL or thrombin-stimulated platelet aggregation 

are solely due to their ability to inhibit the actions of TxA2 and ADP secreted after 

stimulation, or whether this may be attributed to the direct actions of other aspects of 

platelet activation. 

CRP-XL- or thrombin-mediated platelet aggregation assays were performed on washed 

platelets (4 × 108 cells/mL) incubated with the cyclooxygenase (COX-1) inhibitor 

indomethacin and the ADP receptor antagonists MRS2179 (blocks P2Y1 receptor) and 

cangrelor (blocks P2Y12 receptor) for 5 minutes to block secondary mediator effects. 

The saturating concentration of each of these inhibitors was identified by treating 

platelets with a range of concentrations. The chosen concentrations [20 µM 

indomethacin, 1 µM cangrelor and 100 µM MRS2179 for CRP-XL-stimulated 

aggregation (Figure 4.12a, b) and 30 µM indomethacin, 1 µM cangrelor and 100 µM 

MRS2179 for thrombin-stimulated aggregation (Figure 4.13a, b)] were sufficient to 

completely abolish secondary mediator signalling. Higher concentrations of CRP-XL (1 

μg/mL) or thrombin (0.1 U/mL) were used than in the earlier experiments to ensure 

50% aggregation was still achieved within 5 minutes despite the inhibition of secondary 

mediator signalling. 
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Inhibition of COX-1 by the saturating concentration of indomethacin inhibited platelet 

aggregation by 40% upon CRP-XL stimulation (Figure 4.12a) and by 20% upon 

thrombin stimulation (Figure 4.13a). Reductions in platelet aggregation of 30% in 

response to CRP-XL- (Figure 4.12b) and 35% in response to thrombin (Figure 4.13b) 

were observed upon treatment with saturating concentrations of the ADP receptor 

antagonists cangrelor and MRS2179. A combination of saturating concentrations of all 

three inhibitors inhibited platelet aggregation by 55% after CRP-XL (Figure 4.12c) or 

60% after thrombin (Figure 4.13c) stimulation. Having established the effects of the 

inhibitors that target the secondary mediators, further experiments were performed in 

the presence of 62Gap27. In the presence of the high concentrations of CRP-XL or 

thrombin, 62Gap27 had no effect. However, in the presence of cangrelor, MRS2179 and 

indomethacin, the addition of 62Gap27 caused a 20% greater inhibition of platelet 

aggregation following stimulation with CRP-XL (Figure 4.12c, d) or thrombin (Figure 

4.13c, d).  

These findings suggest that defects in the secretion of ADP or synthesis of TxA2 were 

not the only factors associated with the inhibitory effects of 62Gap27 on platelet 

functions. 
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Figure 4.12:The effects of 62Gap27 on CRP-XL-mediated platelet aggregation are not restricted to 

the inhibition of granule secretion.  

Washed platelets (4 × 108) were incubated with different concentrations of (a) indomethacin (I; 5, 10 and 

20 μM) or (b) the ADP receptor antagonists cangrelor (C; 0.5, 1 and 2 μM) and MRS2179 (M; 50, 100 

and 200 μM). Platelet aggregation was induced with CRP-XL (1 μg/mL). Aggregation was observed for 

5 minutes to determine the saturating concentrations. (c) CRP-XL-stimulated platelet aggregation in the 

presence and absence of 62Gap27 (100 μg/mL) along with indomethacin (I; 20 μM) or cangrelor (C; 1 

μM) and MRS2179 (M; 100 μM) or the combination of all inhibitors. The figure shows representative 

aggregation traces. (d) The platelet aggregation data for platelets stimulated with CRP-XL in the 

presence or absence of 62Gap27 with indomethacin (I+62Gap27) or cangrelor and MRS2179 

(C+M+62Gap27) or the triple combination (I+C+M+62Gap27). Aggregation of scrambled peptide-treated 

platelets in the absence of secondary mediator inhibitors was set as 100% platelet aggregation. Data 

represent the mean ± SEM (n = 5), analysed by Student’s t-test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 

Abbreviations: I – Indomethacin, C – Cangrelor, M – MRS2179, S – Scrambled Peptide and 62Gap27 – 

connexin 62 mimetic peptide 
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Figure 4.13:The inhibitory effects of 62Gap27 on thrombin-induced platelet aggregation are not 

solely dependent on defects in ADP release or TxA2 synthesis. 

Washed platelets (4 × 108) were incubated with different concentrations of (a) indomethacin (I; 5, 10 and 

20 μM) or (b) the ADP receptor antagonists cangrelor (C; 0.5, 1 and 2 μM) and MRS2179 (M; 50, 100 

and 200 μM). Platelet aggregation was induced with thrombin (0.1 U/mL). Aggregation was observed for 

5 minutes to determine the saturating concentrations. (c) Thrombin-stimulated platelet aggregation in the 

presence and absence of 62Gap27 (100 μg/mL) along with indomethacin (I; 20 μM) or cangrelor (C; 1 

μM) and MRS2179 (M; 100 μM) or the combination of all inhibitors. The figure shows representative 

aggregation traces. (d) The platelet aggregation data for platelets stimulated with thrombin in the 

presence or absence of 62Gap27 with indomethacin (I+62Gap27) or cangrelor and MRS2179 

(C+M+62Gap27) or the triple combination (I+C+M+62Gap27). Aggregation of the scrambled peptide-

treated platelets in the absence of secondary mediator inhibitors was set as 100% platelet aggregation. 

Data represent the mean ± SEM (n = 5), analysed by Student’s t-test. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 

0.001 

Abbreviations: I – Indomethacin, C – Cangrelor, M – MRS2179, S – Scrambled Peptide and 62Gap27 – 

connexin 62 mimetic peptide 
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4.10 Role of Cx62 in CRP-XL- and Thrombin-stimulated Ca2+ Mobilisation 

Platelet activation in haemostasis and thrombosis requires agonist-induced 

amplification of cytosolic Ca2+ concentrations. Calcium plays a central role in multiple 

steps of platelet activation, such as the reorganisation of the actin cytoskeleton during 

conformational changes (Hathaway and Adelstein, 1979), degranulation and inside-out 

activation of integrin αIIbβ3 (Shattil and Brass, 1987). Thus, platelet activation is 

accompanied by an elevation of the cytosolic Ca2+ concentration. The main sources of 

intracellular Ca2+ are the agonist-induced release of Ca2+ that had been sequestered in 

the DTS and subsequent Ca2+ influx through the plasma membrane (PM). Several ion 

channels, which are store- or receptor-operated, facilitate the entrance of Ca2+ into the 

cell from the extracellular environment (Varga-Szabo et al., 2009; Li et al., 2010; 

Mahaut-Smith et al., 2011; Mahaut-Smith, 2012). The entrance of Ca2+ into platelets 

mainly occurs through store-operated Orail channels (via SOCE) and purinergic P2X1 

channels (Hoth and Penner, 1992; Berridge et al., 2003; Mahaut-Smith et al., 2004; 

Fung et al., 2007; Tolhurst et al., 2008; Bergmeier and Stefanini, 2009; Smyth et al., 

2010b). It has also been established by Hassock et al. (2002) that thrombin activates the 

transient receptor potential channel 6 (TRPC6) via the production of DAG. 

Intriguingly, researchers have found that Ca2+ entrance via TRPC6 channels usually 

occurs in the presence of greater levels of thrombin. Therefore, it can be postulated that 

this mechanism affects platelet physiology depending on the extent of platelet 

stimulation (Harper and Poole, 2011; Mahaut-Smith, 2012). As the release of Ca2+ from 

platelets plays important roles in granule secretion and inside-out platelet activation 

signalling, the effects of 62Gap27 on intracellular Ca2+ mobilisation and the influx of 

Ca2+ following CRP-XL or thrombin stimulation were studied. 
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The ratiometric dye Fura-2AM was used to monitor the levels of calcium. This dye 

binds to free intracellular Ca2+; it is excited by wavelengths between 340 and 380 nm 

and emits at 510 nm. The emission values directly relate to intracellular Ca2+ levels. 

Ca2+ mobilisation was measured in the presence or absence of EGTA. Since EGTA 

chelates extracellular Ca2+, thereby enabling the measurement of only Ca2+ that is 

released from the internal stores. Fura-2AM-loaded platelets were incubated with 

62Gap27 (50–100 μg/mL) or scrambled peptide (100 μg/mL) for 5 minutes, then 

stimulated with CRP-XL (0.25 μg/mL) or thrombin (0.05 U/mL) for 3 minutes. 

Intracellular Ca2+ mobilisation was measured by spectrofluorimetry.  

Treatment with 50 and 100 µg/mL 62Gap27 following CRP-XL stimulation inhibited 

peak Ca2+ mobilisation by approximately 30% and 45%, respectively, compared with 

the treatment with the scrambled peptide (Figure 4.14ai, aii). Likewise, treatment with 

50 and 100 µg/mL 62Gap27 inhibited peak Ca2+ levels by 30% and 55%, respectively, 

in thrombin-stimulated platelets (Figure 4.14bi, bii). 

Ca2+ mobilisation was also measured in the presence of EGTA. Treatment with 

saturating EGTA levels (2 mM) in the presence of 100 µg/mL scrambled peptide 

inhibited peak Ca2+ mobilisation by 50% in comparison to treatment with scrambled 

peptide control alone. Following stimulation with CRP-XL or thrombin, treatment with 

62Gap27 (100 μg/mL) in the presence of EGTA inhibited peak Ca2+ mobilisation by 

45% compared with treatment with the scrambled peptide in the presence of EGTA 

(Figure 4.15a, b). The scrambled peptide had no effect on the level of Ca2+ mobilisation 

when compared with non-peptide treated samples (data not shown). 



Chapter 4 

 

167 

 

These data provide evidence that the negative regulation of Ca2+ mobilisation by 

62Gap27 can be at least partially explained by its inhibitory effect on Ca2+ release from 

intracellular stores. However, an influence on Ca2+ influx cannot be ruled out. 

  



Chapter 4 

 

168 

 

 

Figure 4.14: Cytosolic Ca2+ mobilisation is inhibited by 62Gap27. 

Fura-2AM-loaded platelets were incubated with 62Gap27 (50 or 100 μg/mL) or scrambled peptide (100 

μg/mL) for 5 minutes, then stimulated with (ai) CRP-XL (0.25 μg/mL) or (bi) thrombin (0.05 U/mL) for 

3 minutes. Spectrofluorimetry was used to measure the intracellular mobilisation of Ca2+. (aii and bii) 

The inhibition of the peak cytoplasmic Ca2+ concentration after treatment with 62Gap27 compared with 

treatment with the scrambled peptide; traces are representative of 7 individual experiments. The data 

represent the mean ± SEM (n = 7), as analysed by one-way ANOVA. *P ≤ 0.05 and **P ≤ 0.01 
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Figure 4.15: 62Gap27 inhibits cytosolic Ca2+ mobilisation in the presence of EGTA. 

 
Fura-2AM-loaded platelets were incubated with 62Gap27 (50 or 100 μg/mL) or scrambled peptide (100 

μg/mL) for 5 minutes in the presence of EGTA, then stimulated with (ai) CRP-XL (0.5 μg/mL) or (bi) 

thrombin (0.05 U/mL) for 5 minutes. Spectrofluorimetry was used to measure intracellular mobilisation 

of Ca2+. (aii and bii) The inhibition of the peak cytoplasmic Ca2+ concentration after treatment with 

62Gap27 in contrast to treatment with scrambled peptide; traces are representative of 5 individual 

experiments. The mean ± SEM (n = 5) are depicted. Data were analysed by one-way ANOVA. *P ≤ 0.05 

and **P ≤ 0.01 
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4.11 62Gap27 Attenuates Platelet Adhesion and Spreading on Fibrinogen 

Signals can be transferred bidirectionally via integrin αIIbβ3 across the plasma 

membrane. ‘Inside-out signalling’ is initiated in platelets by the binding of talin and 

kindlin to the cytoplasmic domains of integrin β subunits, which leads to increased 

affinity of integrin αIIbβ3 for fibrinogen (Tadokoro et al., 2003; Moser et al., 2008). The 

high-affinity integrin binds fibrinogen, which creates fibrinogen bridges between 

platelets and leads to the development of stable platelet aggregates (Bonnefoy et al., 

2001). In addition to the physical interaction that this facilitates, the binding of 

fibrinogen to integrin IIb3 activates intracellular signalling known as ‘outside-in’ 

signalling. Following integrin binding to fibrinogen, G13 interacts with the cytoplasmic 

tail of 3, which stimulates SFKs, particularly c-Src, to bind 3 (Obergfell et al., 2002; 

Gong et al., 2010). This leads to tyrosine phosphorylation of the cytoplasmic tail of 3, 

leading to improved interactions between 3 and cytoskeletal proteins, such as myosin 

heavy chain. The improved interactions stimulate cytoskeletal reconfiguration and clot 

retraction (Jenkins et al., 1998). c-Src also causes transient inactivation of RhoA, which 

encourages platelet spreading (Arthur et al., 2000). The impact of 62Gap27 on outside-

in signalling can be assessed by investigating platelet distribution on fibrinogen.  

Glass coverslips were coated with fibrinogen (100 g/mL) for 1 hour, then blocked 

with bovine serum albumin (BSA) for 1 hour to prevent binding of the platelets to the 

glass. The washed platelets (2 × 107 cells/mL) were incubated with 62Gap27 or 

scrambled peptide for 5 minutes, then plated on the coated coverslips. Unbound 

platelets were removed after 45 minutes at 37 °C by washing with phosphate-buffered 

saline (PBS). Next, the samples were fixed in 0.2% (v/v) formyl saline, washed with 

PBS, and permeabilised with 0.2% Triton™ X-100. After washing, the samples were 
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incubated with Alexa Fluor® 488-conjugated phalloidin to stain the actin in the 

adhered platelets for visualisation with a confocal microscope. For each sample, five 

images were obtained from random locations on each slide. Images were analysed blind 

and platelets categorised into 3 groups: adhered (not spread), filopodia (partially 

spread) or lamellipodia (fully spread). The percentage of platelets in each group was 

computed for the distinct experimental treatments. 

Representative images of platelet adhesion and spreading on fibrinogen after treatment 

with scrambled peptide or 62Gap27 are presented in Figure 4.16a. Incubation with 

62Gap27 (50 and 100 μg/mL) inhibited the adhesion of platelets to fibrinogen-coated 

coverslips by approximately 70% compared to that observed after incubation with 

scrambled peptide (Figure 4.16b).  

Platelets treated with 62Gap27 (50 and 100 μg/mL) and allowed to adhere to fibrinogen 

were prevented from completely spreading as compared to the scrambled peptide-

treated controls (Figure 4.16c). Approximately 80% of the platelets were completely 

spread in scrambled peptide-treated samples, but the percentage decreased to 45% and 

35% for those treated with 50 and 100 μg/mL 62Gap27, respectively. After treatment 

with 50 and 100 μg/mL 62Gap27, 35% and 45% of platelets, respectively, had filopodial 

extensions as compared to 18% in the scrambled control group. Finally, a higher 

percentage of samples treated with 62Gap27 (20% for 50 μg/mL and 25% for 100 

μg/mL) adhered to fibrinogen, but did not spread, than scrambled control-treated 

platelets (2%; Figure 4.16c).  

Taken together, these data indicate that integrin αIIbβ3 is incapable of attaining a high-

affinity state after treatment with 62Gap27, which decreases its ability to attach to 

fibrinogen and reduces platelet spreading. These findings are in agreement with the 
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62Gap27-induced decrease in fibrinogen binding to integrin αIIbβ3 in CRP-XL- or 

thrombin-activated samples. 
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Figure 4.16: 62Gap27 inhibits platelet adhesion to and spreading on fibrinogen.  

Washed human platelets (2×107) were treated with scrambled peptide or 62Gap27 for 5 minutes, then 

transferred to fibrinogen-coated (100 µg/mL) coverslips for 45 minutes at 37 °C. The samples were fixed 

in 0.2% (v/v) formyl saline and permeabilised with 0.2% Triton™ X-100. The coverslips were incubated 

with Alexa Fluor® 488-conjugated phalloidin for 1 hour, then mounted to slides using ProLong™ Gold 

Antifade Mountant. The samples were visualised with a Nikon A1R confocal microscope and a 100× oil 

immersion lens. (a) For every sample, five images were obtained at different locations on the slide. 

Representative images of platelet adhesion and spreading on fibrinogen are shown. (b) The numbers of 

platelets (average) adhered in each different condition are shown. (c) Spreading platelets were grouped 

into three categories: adhered (not spread), filopodia (partially spread) and lamellipodia (fully spread). 

The findings are presented as the percentage of the total platelets adhered. The data represent the mean ± 

SEM (n = 5) and were analysed by one-way ANOVA. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ****P ≤ 

0.0001 
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4.12 Effect of 62Gap27 on Clot Retraction 

Fibrinogen binding results in platelet clustering, which propagates outside-in signalling 

to reinforce platelet activation and render aggregation irreversible. The purpose of the 

cascade is to assist in platelet conformational changes, spreading and clot retraction to 

balance the aggregates and subsequent thrombus (Shattil et al., 1998; Shattil and 

Newman, 2004; Li et al., 2010). After development of the clot, contractile forces are 

exerted by the platelets through the actin–myosin cytoskeleton. The cytoskeleton is 

attached to the internal domain of integrin αIIbβ3 and the fibrin network in the clot is 

bound to the external domain; the contractile forces reduce the size of the clot (Shattil 

et al., 1998; Shattil and Newman, 2004; Li et al., 2010). This process is known as clot 

retraction; it is believed to be important for wound repair and stable thrombus 

formation (Law et al., 1999a; Tucker et al., 2012; Cines et al., 2014). It has been 

reported previously that Cx37 and Cx40 play an important role in regulating contact-

dependent signalling in platelets, which is initiated following the formation of thrombus 

(Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). Therefore, the impact of 62Gap27 on 

intra-clot signalling was studied in a clot retraction assay. 

Human PRP (200 µL) was pre-incubated with 62Gap27 (25, 50 and 100 µg/mL) or 

scrambled peptide (100 µg/mL) at room temperature for 5 minutes. Red blood cells (5 

µL) were added to aid visualisation. Thrombin (50 µL; final concentration 1 U/mL) 

was added to the samples to initiate clot formation. A sealed glass capillary was 

situated in the centre of the glass test tube to establish an area for the formation and 

retraction of the clot. Pictures of clot formation were taken every 30 minutes and the 

clots were weighed (indicative of clot retraction) after 90 minutes, at which point the 

scrambled peptide-treated sample appeared to retract completely. 
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The clot weight in the 62Gap27-treated sample (100 µg/mL) was three-fold higher than 

that in the scrambled peptide sample (Figure 4.17). The clot weight was influenced by 

the 62Gap27 mimetic peptide, which confirms that Cx62 plays an important role in the 

modulation of integrin αIIbβ3-mediated outside-in signalling. 
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Figure 4.17: 62Gap27 inhibits clot retraction.  

Human PRP and red blood cells (5 µL) were incubated with scrambled peptide (100 µg/mL) or 62Gap27 

(25, 50 and 100 µg/mL) at room temperature for 5 minutes. Thrombin (1 U/mL) was used to stimulate 

clot generation. A surface was provided for clot formation by situating a glass capillary in the centre of a 

glass tube. (a) Clots were monitored over a period of 90 minutes. (b) Clot retraction was recorded after 

90 minutes by calculating clot weight (mg). The cumulative data show the mean ± SEM of the clot 

weight (n = 5) as analysed by one-way ANOVA. *P ≤ 0.05 
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4.13 Discussion 

Within the intact vasculature, platelets circulate as independent discoid bodies. 

However, following injury, they bind amongst themselves to create a thrombus, using 

integrin αIIbβ3 as well as the adhesion proteins fibrinogen and VWF (Gibbins, 2004). 

According to Prevost et al. (2005), the thrombus is stabilised by sustained signalling 

between the platelets within the thrombus. However, not much information is available 

about the regulation of this process. Thrombus formation is followed by clot 

contraction, which is a synchronised response stimulated by platelet integrin αIIbβ3 that 

leads to thrombus retraction, further stabilisation of the clot and binding of the wound 

ends (Calderwood, 2004). Since platelets are regulated both (i) in isolation in the 

plasma and (ii) in a contact-dependent manner in a thrombus, researchers have studied 

their expression of Cx hemichannels and GJs in platelets and the roles they play in the 

various stages of platelet function (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). 

Previous studies confirmed the expression of Cx37 and Cx40 in platelets (Angelillo-

Scherrer et al., 2011; Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). Platelet functions, 

including aggregation, fibrinogen binding and granule secretion, are inhibited by 

specific peptide inhibitors of Cx37 and Cx40, indicating regulatory roles for Cx40 and 

Cx37 in platelet function. Cx37 and Cx40 mimetic peptides also inhibit thrombus 

formation in vitro and in mouse models (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). 

Research on mouse platelets that lack Cx37 or Cx40 has confirmed that these two Cxs 

appear to function independently of each other (Vaiyapuri et al., 2013). 

4.13.1 62Gap27 Affects a Range of Platelet Functions 

The aggregation of platelets upon stimulation with different platelet agonists was 

analysed in the presence of the selective mimetic peptide 62Gap27, which targets the 
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second external loop of Cx62. Platelet responses were suppressed in the presence of 

62Gap27 following stimulation with a range of agonists, suggesting that GPVI and 

GPCR receptor function may be controlled by Cx62.  

Platelet aggregation was inhibited by 62Gap27 at a stage prior to the development of 

platelet aggregates, indicating 62Gap27-mediated regulation of GJs. Typically, primary 

signalling events are amplified by the secretion of key molecules, which are stored in 

intracellular granules, that trigger platelet aggregation. Reduced binding of fibrinogen 

to integrin αIIbβ3 hinders the stabilisation of platelet aggregates. The level of fibrinogen 

binding to the integrin αIIbβ3 receptor in CRP-XL- or thrombin-stimulated platelets was 

studied to explore the role of Cx62 on the affinity activation of integrin αIIbβ3. 
62Gap27 

inhibited the enhancement of the affinity of integrin αIIbβ3 for and binding to fibrinogen. 

These data were consistent with the ability of 62Gap27 to inhibit platelet aggregation 

responses to CRP-XL and thrombin stimulation. 

Incubation with 62Gap27 blocked the secretion of platelet α-granules and dense 

granules, as it dampened P-selectin exposure on the platelet surface and ATP release, 

respectively. Also, fibrinogen binding was reduced upon treatment with 62Gap27.Flow 

cytometric analysis facilitates the evaluation of the activity of a single platelet. Thus, 

the fibrinogen binding and P-selectin exposure data indicate that 62Gap27 regulates 

hemichannels in platelets (early stage of platelet activation). Thus, Cx62, like Cx37 and 

Cx40 (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013), may play an important role in 

both the initiation and stabilisation of thrombi. In addition, the inhibitory effects of 

62Gap27 in the presence of cangrelor, MRS2179 and indomethacin suggest that the 

blockade of ADP receptors and TxA2 synthesis are not the only mechanisms 

responsible for the inhibition of platelet aggregation. 
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4.13.2 62Gap27 Specifically Acts through Cx62 and does not Cross-react with 

Cx37 and Cx40 

Gap27 peptides are widely used to study the functions of Cxs in different cell types. 

These mimetic peptides, which target the second external loops of Cxs, work by closing 

hemichannels and preventing the formation of GJs (Evans et al., 2012). Previous 

studies have shown that Gap27 peptides can inhibit a wide range of platelet functions 

(Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). Similarly, 62Gap27 impaired many 

platelet functions in this study. The selectivity of a Gap27 mimetic peptide is crucial 

due to the high degree of similarity between Cx sequences. The selectivity studies for 

62Gap27, which were performed in Cx57−/− mice, revealed that 62Gap27 acts 

specifically via mouse Cx57 (homologous to human Cx62). In addition, Cx62 

hemichannels contribute to platelet regulation independently of Cx37 and Cx40, as 

demonstrated by the effects of 62Gap27 in Cx37−/− or Cx40−/− mouse platelets. 

Therefore, 62Gap27 is not cross-reactive with Cx37 and Cx40.  

4.13.3 62Gap27 Inhibits Ca2+ Mobilisation in Platelets 

The activation of GPVI and thrombin receptors initiates the recruitment of Ca2+ from 

internal stores. This Ca2+ mobilisation influences granule secretion and the 

conformational changes that enhance the affinity of integrin αIIbβ3 for fibrinogen, 

thereby leading to platelet aggregation and thrombus formation. 62Gap27 inhibited Ca2+ 

mobilisation in platelets stimulated with CRP-XL or thrombin. This decrease accounts 

for the reductions in α- and dense granule release, integrin αIIbβ3 affinity modulation 

and subsequent platelet aggregation. In addition, in the presence of EGTA, which 

blocks Ca2+ influx, the overall levels of cytosolic Ca2+ were lower than those in the 

absence of EGTA. 62Gap27 also inhibited the cytosolic Ca2+ elevation stimulated 

through CRP-XL or thrombin in the presence of EGTA. This observation indicates that 
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Cx62 modulates cytosolic Ca2+ levels both following release from intracellular stores 

and via calcium influx. 

The effects of 62Gap27 on Ca2+ mobilisation may be due to its influence on ion channel 

functionality. For example, it may act in cooperation with Orai1 (Braun et al., 2009), 

TRPC6 (Hassock et al., 2002) or P2X1 (Fung et al., 2007), which are important Ca2+ 

channels in platelets. Our results indicate that Cxs have an important impact on the 

discharge of Ca2+ from the intracellular stores in platelets. They may also regulate Ca2+ 

influx through the plasma membrane. Notably, hemichannel opening in other cell types 

is controlled by extracellular Ca2+ levels (Goodenough and Paul, 2003), although the 

precise mechanism is unclear. Thus, intercellular signalling by diffusion of messengers, 

such as IP3 and Ca2+
, amongst platelets is stimulated by Cxs upon contact or 

improvements in the interactions that encourage outside-in signalling. 

4.13.4 62Gap27 Suppresses Clot Retraction and Spreading 

The effects of 62Gap27 on outside-in signalling in clot retraction were also studied. This 

enabled an understanding of the effects of 62Gap27 on platelets in a more physiological 

environment that includes the coagulation system, plasma proteins and other blood cells 

(Shattil et al., 1998; Osdoit and Rosa, 2001; Shattil and Newman, 2004; Li et al., 2010). 

Previous studies have shown that Cx37 and Cx40 mimetic peptides can block clot 

retraction (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). In agreement with the 

findings of those studies, clot weight increased three-fold following treatment with 

62Gap27 compared with the weight of the scrambled peptide-treated sample, which 

indicates that 62Gap27 influences outside-in signalling via integrin αIIbβ3. 

In addition, treatment with 62Gap27 inhibited platelet spreading on fibrinogen, which 

suggests that it suppressed outside-in signalling. Inadequate adhesion to fibrinogen 
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suggests that integrin αIIbβ3 did not adopt an open conformation after treatment with 

62Gap27. This may partially explain the decreases in spreading and clot retraction, as 

the binding of fibrinogen to integrin αIIbβ3 is required to initiate outside-in signalling, 

which is regulated by Gα13 and Rho GTPase (Arthur et al., 2000; Flevaris et al., 2007).  

Despite our limited knowledge about the mechanisms through which Cx62 modulates 

platelet function, a wide range of platelet functions were inhibited by 62Gap27. These 

include Ca2+ mobilisation and dense granule secretion. In conjunction with results from 

previous studies, our data suggest that many important functions are controlled by Cx62 

via currently unknown hemichannels. Previous work showed that GJs form amongst 

platelets in a thrombus, which suggests that GJs may play a role in constant contact-

dependent signalling to control thrombus stability and clot retraction (Vaiyapuri et al., 

2012; Vaiyapuri et al., 2013). 

The possibility remains that the development of aggregates after platelet stimulation 

strictly requires the function of hemichannels and GJs between neighbouring platelets. 

A better understanding of the nature of the GJ- and hemichannel-dependent signalling 

events that modulate platelet activation and clot retraction is necessary. In addition, the 

roles of the Cxs expressed on platelets in the interactions of platelets with the cells of 

the vasculature must be identified. It is critical to determine the type of signalling 

molecules that are transmitted by the platelet hemichannels or GJs. 

In summary, the results presented in this chapter demonstrate an inhibitory effect of 

62Gap27 on human and mouse platelet function. Platelet aggregation stimulated by a 

range of agonists was inhibited by 62Gap27 treatment whereas treatment with a 

scrambled peptide did not affect aggregation. 62Gap27 inhibited CRP-XL- or thrombin-

stimulated fibrinogen binding, P-selectin exposure, ATP release and TxB2 synthesis, 
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indicating a fundamental role for Cx62 hemichannels in platelet activation, granule 

secretion and the inside-out signalling that leads to affinity upregulation of integrin 

IIb3. Consistent with this, treatment of platelets with 62Gap27 also reduced peak Ca2+ 

mobilisation, platelet spreading and clot retraction. Taken together, these findings 

suggest that Cx62 regulates inside-out and outside-in signalling. The effect of 62Gap27 

was selective for Cx62, as observed using Cx57−/− mice, and Cx62/57 hemichannels 

function independently of Cx37 and Cx40. The negative regulation of numerous 

platelet functions via 62Gap27 may be due to its influence on different signalling 

pathways (GPVI and GPCR) in platelets. The next chapter will discuss the inhibitory 

effects of 62Gap27 on thrombus formation (in vitro and in vivo) and on haemostasis. It 

also focuses on the mechanisms through which Cx62 function is controlled in platelets.
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5 62Gap27 Regulates GPVI and Cyclic Nucleotide 

Signalling in Platelets to Reduce Thrombosis 
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5.1 Introduction 

Following vascular injury, circulating platelets tether to the injured site, leading to 

platelet adhesion, aggregation and, ultimately, the formation of a haemostatic plug. The 

aggregation stage involves the secretion of signalling molecules by the platelets that act 

via autocrine and paracrine signalling systems to ensure the stimulation and 

accumulation of other platelets at the injury site. ADP, which binds to P2Y1 and P2Y12 

receptors, is released from the dense granules of activated platelets (Jantzen et al., 

1999). Similarly, TxA2 is a signalling molecule that is rapidly secreted by activated 

platelets; it binds to the TP receptor (Li et al., 2003).  

Complicated intracellular signalling pathways in platelets control their responses and 

activation statuses based on external signals. For example, PKC and PLC are vital 

signals for the recruitment, stimulation and accumulation of platelets at the site of 

injury. Upon PKC and PLC signalling, the levels of Ca2+ and DAG are increased, 

leading to inside-out signalling (Balendran et al., 2000).  

In contrast, cGMP and cAMP are vital signals that negatively regulate platelets 

ensuring that in the undamaged circulation they remain in a quiescent state and prevent 

unnecessary platelet activation. The activation of sGC and AC elevates the levels of 

cGMP and cAMP respectively. This is followed by cGMP and cAMP mediated 

activation of PKG and PKA respectively, which down-regulates thrombus growth. 

These pathways mainly function to negatively regulate platelet activation via different 

pathways (Massberg et al., 1999; Offermanns, 2006).  

62Gap27 can inhibit various platelet activities, such as aggregation, degranulation, 

outside-in signalling and Ca2+ mobilisation, that are essential processes for platelet 

activation and thrombus formation and are directly regulated by different signalling 
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pathways in platelets. In this chapter, the effects of 62Gap27 on thrombosis and 

haemostasis were investigated. Additionally, this study was extended to determine if 

the 62Gap27-mediated effects on platelets are due to its ability to regulate platelet 

signalling mechanisms. 
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5.2 62Gap27 Inhibits Thrombus Formation In Vitro 

Given the ability of 62Gap27 to restrict platelet activation downstream of various 

platelet activators, such as GPVI (CRP-XL) and GPCR (thrombin, ADP and U46619) 

agonists, further experiments were performed to investigate its effects on the regulation 

of thrombus formation in vitro under arterial flow conditions. It is critical to examine 

the impact of 62Gap27 in a flow assay that approximates physiological conditions. The 

assessment of thrombus formation in whole blood using a flow assay facilitates the 

exploration of the impact of 62Gap27 on platelets under condition more akin to those 

encountered in vivo. Traditional in vitro assays, like the aggregation assay, are 

performed with isolated platelets that are stirred in the presence of an agonist. 

Therefore, in those assays, various factors that affect thrombus formation are not 

considered. For example, platelets are briefly exposed in vivo to subendothelial 

collagens, which facilitates the formation of a platelet monolayer. Then, prothrombotic 

molecules secreted from platelets are mainly responsible for the recruitment of 

additional platelets to augment thrombus formation. In addition, under physiological 

conditions, platelets are consistently affected by other blood cells, plasma proteins and 

shear rates, which regulate their function and the stability of the thrombus.  

Vena8 Biochips were coated with type I collagen (100 μg/mL) and citrated human 

blood (collected in a vacuum-sealed tube) was incubated with the lipophilic dye 3,3′-

dihexyloxacarbocyanine iodide (DiOC6; 5 μM) for 1 hour at 30 °C. Excess collagen 

was washed from the coated channels of the microfluidic chips with modified Tyrodes-

HEPES buffer. The DiOC6-loaded blood was incubated with the scrambled peptide or 

62Gap27 (100 μg/mL) for 5 minutes at 30 °C prior to perfusion across the collagen-

coated microfluidic channels under arterial flow conditions (20 dyn/cm2). An argon 

laser was used to excite fluorescence at 488 nm and emission was observed at 500–520 
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nm. Images of thrombus formation, focused on a single section, were obtained with a 

Nikon A1R confocal microscope (20× objective lens) every second for 600 seconds. 

NIS-Elements software was used to determine mean thrombus fluorescence intensity, 

which was normalised to the level of fluorescence near the end of the experiment in the 

sample incubated with the scrambled peptide.  

Figure 5.1 shows representative images from near the end of the experiment. The 

scrambled peptide-treated samples created large, bright, stable thrombi that continued 

to grow in fluorescence intensity over 600 seconds. The thrombi in the 62Gap27-treated 

samples were smaller and unstable dissociating under the flow conditions and therefore 

they did not reach to the level of thrombus size developed in the absence of 62Gap27. 

Overall, 62Gap27 decreased the fluorescence intensities of thrombi by approximately 

65% after 600 seconds (Figure 5.1a, b). This observation suggests that 62Gap27 inhibits 

platelet stimulation, even when plasma proteins and other blood cells are present, and 

has the potential to impact substantially on thrombus formation. 
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Figure 5.1: 62Gap27 attenuates thrombus formation in vitro.  

Citrated human blood was incubated with DiOC6 (5 μM) for 1 hour at 30 °C, then treated with scrambled 

peptide or 62Gap27 (100 μg/mL) for 5 minutes. The loaded blood was then perfused across Vena8 

Biochips (coated with 100 μg/mL collagen) under arterial flow conditions (20 dyn/cm2). (a) Images are 

representative of thrombus formation (endpoint) in samples treated with scrambled peptide or 62Gap27. 

An argon laser was used to excite the samples and emission was observed at 500–520 nm. A Nikon A1R 

confocal microscope (20× objective) was used to observe thrombus formation; images were saved every 

second for 600 seconds. (b) The mean thrombus fluorescence intensities for the scrambled peptide- and 

62Gap27-treated samples are shown. The values were obtained using NIS-Elements software and 

normalised to the fluorescence level of the scrambled peptide-treated sample at the end of the 

experiment. Data represent the mean ± SEM (n = 5), analysed by two-way ANOVA. *P ≤ 0.05, ***P ≤ 

0.001 and ****P ≤ 0.0001 
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5.3 62Gap27 Does Not Alter Platelet Adhesion to Collagen 

A thrombus mainly comprises platelets working together, but the base of the thrombus 

includes platelets that interact directly with collagen. Hence, to study if 62Gap27 

decreased thrombus size by preventing preliminary platelet–collagen interactions, in 

vitro thrombus formation experiments were performed in the presence of the integrin 

αIIbβ3 antagonist integrilin to block platelet–platelet interactions. The lack of interaction 

between platelets would prevent thrombus formation, allowing the study of the effects 

of 62Gap27 specifically on platelet adhesion. 

Whole human blood loaded with DiOC6 and pre-treated with integrilin (4 μM) to 

prevent aggregation was perfused through Vena8 Biochips coated with type I collagen 

(100 μg/mL) along with scrambled peptide or 62Gap27 under arterial flow conditions 

(20 dyn/cm2). The samples were excited with an argon laser and emission was observed 

at 500–520 nm. Thrombus formation was observed with a Nikon A1R confocal 

microscope (20× objective) and images were obtained every second for 300 seconds. 

62Gap27 did not alter platelet adhesion to collagen (Figure 5.2a, b). Thus, 62Gap27 

appears to regulate platelet activity within thrombi thereby influencing the propagation 

and growth of thrombi, but has no effect on the initial attachment of platelets to 

collagen.  
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Figure 5.2: 62Gap27 does not decrease platelet adhesion to collagen during thrombus formation in 

vitro.  

Citrated human blood was incubated with DiOC6 (5 μM) for 1 hour at 30 °C, then treated with the 

scrambled peptide or 62Gap27 (100 μg/mL) for 5 minutes in the presence of integrilin (4 mM). The 

loaded blood was perfused across Vena8 Biochips (coated with 100 μg/mL collagen) under arterial flow 

conditions (20 dyn/cm2). (a) The images are representative of thrombus formation (endpoint) in the 

samples treated with the scrambled peptide or 62Gap27. An argon laser was used to excite the samples 

and emission was observed at 500–520 nm. A Nikon A1R confocal microscope (20× objective) was used 

to observe thrombus formation; images were saved every second for 300 seconds. (b) The mean 

thrombus fluorescence intensities for the scrambled peptide- and 62Gap27-treated samples are shown. 

The values were obtained using NIS-Elements software and normalised to the fluorescence level of the 

scrambled peptide-treated sample at the end of the experiment. Data represent the mean ± SEM (n = 5). 
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5.4 62Gap27 Inhibits Thrombosis and Haemostasis in Mice  

Given that 62Gap27 negatively regulates thrombus formation in vitro, its influence on 

thrombosis and haemostasis was analysed in vivo. The in vivo thrombus formation 

assay allows examination of platelet function in a more physiological environment than 

the in vitro assay due to presence of factors such as endothelial derived factors, blood 

pressure, blood flow and metabolism.  

This in vivo assay measures the potential of fluorescently labelled platelets to create 

thrombi after laser-induced injury to an arteriole in the mouse cremaster muscle. The 

cremaster muscles of the testicles of anaesthetised C57BL/6 mice were exteriorised, the 

connective tissue was removed, and an incision was created. The muscle was placed on 

a glass slide as a single sheet and completely hydrated with buffer. The platelets were 

labelled with DyLight® 649-conjugated anti-GPIbα antibody. Scrambled control 

peptide (100 µg/mL) or 62Gap27 (100 μg/mL) were injected intravenously. The 

cremaster arteriole wall was injured with a MicroPoint ablation laser unit. Previous 

work from our lab has established that this injury causes damage to endothelial cells 

(ECs) and exposure of collagen but does not rupture the vessel (Sasikumar et al., 2018). 

Thrombus formation was monitored for 5 minutes. Images were obtained with a digital 

camera prior to and following injury, then analysed with SlideBook (version 6) 

software. Procedures on these mice require micro-surgery expertise and were therefore 

performed in collaboration with Dr P Sasikumar. 

Large, stable thrombi were formed in the scrambled peptide-treated mice (100 µg/mL) 

(Figure 5.3ai), which is typical of non-treated mice (Unsworth et al., 2017a). 62Gap27 

treatment (100 µg/mL) had an adverse effect on the production and stability of thrombi, 

as indicated by constant thrombus mobilisation and reconstruction. The peak 
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fluorescence intensity was used to determine the maximum size of the thrombus. The 

intensity of the peak fluorescence was almost 80% lower in mice that had undergone 

treatment with 62Gap27 than in mice treated with the scrambled control peptide (Figure 

5.3aii, aiii). This finding suggests that fewer platelets accumulate to create a thrombus 

following 62Gap27 treatment compared to treatment with scrambled peptide.  

A tail bleeding assay was performed on C57BL/6 mice to determine the effects of 

62Gap27 on haemostasis. The volume of 62Gap27 (stock: 2 mg/ml) or scrambled peptide 

(stock: 2 mg/ml) injected into their femoral veins was expected to give a concentration 

of 100 μg/mL in the blood, assuming a total blood volume of 2 mL in a 25-g mouse. 

After 5 minutes, the tips of the tails (≤0.3 cm) were removed with a sharp razor blade 

and placed in sterile saline (37 °C). The time until the bleeding stopped (seconds) was 

measured.  

The scrambled peptide-treated mice bled for approximately 450 seconds, whereas the 

mean bleeding time for the mice treated with 62Gap27 extended to almost 983 seconds 

(Figure 5.3b). Prolonged bleeding time in 62Gap27-treated mice reflects the potential 

involvement of Cx62/57 in the regulation of haemostasis in vivo.  
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Figure 5.3: 62Gap27 restricts thrombus formation and increases bleeding time in C57BL/6 mice. 

(a) Thrombus formation in C57BL/6 mice was assayed by intravital microscopy in a laser-induced injury model. DyLight® 649-conjugated anti-GPIbα antibody was used to 

fluorescently label the platelets. The scrambled peptide or 62Gap27 was injected intravenously into C57BL/6 mice. After 5 minutes, a laser injury was inflicted. (ai) The 

representative images of thrombi were captured at the indicated intervals. The direction of blood flow is shown by an arrow.  (aii) The median fluorescence intensities of 21 

thrombi from 5 mice each in the scrambled and 62Gap27 groups and (aiii) the means of the peak fluorescence intensities of the thrombi were calculated. (b) C57BL/6 mice 

that had been treated with the scrambled peptide or 62Gap27 (100 μg/mL) for 5 minutes (n = 10) were tail-bled to determine the bleeding time following the cutting of the tail 

tip. Data represent the mean ± SEM. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 were calculated with the non-parametric Mann–Whitney U test. 
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5.5 62Gap27 Suppresses GPVI-mediated Signalling 

62Gap27 significantly inhibited several CRP-XL-regulated platelet functions and 

thrombus formation in vivo. These findings indicate that the inhibitory effects of 

62Gap27 may result from the modulation of signalling downstream of GPVI. Therefore, 

the impact of 62Gap27 on the GPVI signal transduction pathway was examined. 

Binding of GPVI to collagen leads to GPVI clustering and phosphorylation of the FcR 

γ-chain on the immunoreceptor tyrosine activation motif (ITAM) by Src family kinases 

(SFKs), including Lyn and Fyn, (Gibbins et al., 1996; Briddon and Watson, 1999). 

Following the phosphorylation of FcR γ-chain, Syk binds to this and is stimulated 

(Shiue et al., 1995) and in turn activated form of Syk phosphorylates the adaptor 

protein LAT (Zhang et al., 1998).  

LAT serves as nucleus for the assembly of a signalling complex of proteins 

(signalosome) incorporating key effectors for platelet activation (Gibbins et al., 1998; 

Gross et al., 1999). The signalosome results in the recruitment of phosphoinositide 3-

kinase (PI3K) and the subsequent conversion of PIP2 into PIP3, followed by PIP3-

induced activation and phosphorylation of PLCγ2 at the platelet membrane (Barry and 

Gibbins, 2002). Activated PLCγ2 catalyses the production of IP3 and DAG, which are 

essential messengers (Quek et al., 1998; Oda et al., 2000). IP3 stimulates the release of 

Ca2+ from intracellular storage sites (Varga-Szabo et al., 2009) and DAG activates 

some PKC isoforms. These events are indispensable for the modification of platelet 

shape, integrin activation and the release of granule contents into the circulation 

(Hathaway and Adelstein, 1979; Shattil and Brass, 1987; Watson et al., 2005). 

The impact of 62Gap27 on GPVI signalling was examined by first incubating washed 

platelets (4 × 108 cell/mL) with indomethacin (20 µM), cangrelor (1 µM), MRS2179 
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(100 µM) and EGTA (1 mM) to prevent platelet aggregation (stimulated by secondary 

mediators such as TxA2 and ADP), then treated with scrambled peptide (100 µg/mL) or 

62Gap27 (50 and 100 µg/mL) for 5 minutes before activation with CRP-XL (1 µg/mL) 

for 90 seconds. Finally, the tyrosine phosphorylation of GPVI signalling proteins was 

observed by immunoblotting. 

Consistent with previous studies, treatment with CRP-XL caused a substantial increase 

in the tyrosine phosphorylation of several proteins (Unsworth et al., 2017a). Pre-

incubation with 62Gap27 treated samples had a significantly lower total tyrosine 

phosphorylation level compared to scrambled peptide-treated sample. Approximately 

32% lower phosphorylation was observed after treatment with 50 µg/mL 62Gap27, with 

further reduction to 41% in samples treated with 100 µg/mL 62Gap27 (Figure 5.4a, b). 
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Figure 5.4: 62Gap27 inhibits tyrosine phosphorylation in CRP-XL-activated platelets.  

Platelets (4 × 108 cells/mL) were pre-treated with scrambled control peptide or 62Gap27 (50 and 100 

µg/mL) for 5 minutes, then activated with CRP-XL (1 µg/mL) for 90 seconds in the presence of 

indomethacin (20 µM), cangrelor (1 µM), MRS2179 (100 µM) and EGTA (1 mM). Laemmli sample 

buffer was used to lyse the samples and whole cell lysates were resolved by SDS-PAGE, transferred to 

PVDF membranes and immunoblotted with an anti-phospho-tyrosine antibody (4G10) to detect tyrosine 

phosphorylation. (a) A representative immunoblot is presented. (b) The quantified tyrosine 

phosphorylation level after treatment with 62Gap27 is shown as the proportion of the phosphorylation in 

the scrambled peptide-treated samples. 14-3-3-ζ was detected by immunoblotting as the loading control. 

The results are displayed as the mean ± SEM (n ≥ 3). **P ≤ 0.01 and ***P ≤ 0.001 were calculated by 

one-way ANOVA. 

Abbreviations: S – Scrambled Peptide  
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Since total CRP-XL-mediated tyrosine phosphorylation was suppressed by 62Gap27, 

the effect of 62Gap27 was further analysed on the preliminary GPVI signalling events, 

with a specific focus on Syk, LAT and PLCγ2. In alignment with previous studies, 

treatment with scrambled peptide resulted in CRP-XL-mediated increases in 

phosphorylation of these signalling components, which were similar to those observed 

in untreated samples (Unsworth et al., 2017a). 62Gap27 inhibited the phosphorylation of 

Syk at its autophosphorylation site Y525/526 (Sada et al., 2001). Pre-treatment with 50 

and 100 µg/mL 62Gap27 for 5 minutes inhibited CRP-XL-stimulated (90 seconds) 

tyrosine phosphorylation of Syk by 20% and 45%, respectively (Figure 5.5ai, ii). 

Activated Syk phosphorylates the transmembrane protein LAT, thereby triggering a 

signalosome complex to form that organises downstream signalling. Scrambled 

peptide-treated samples demonstrated a profound CRP-XL-stimulated enhancement in 

the phosphorylation of LAT at Y200 (the equivalent of Y171; phosphorylated by SFKs 

and Syk) (Jiang and Cheng, 2007). Incubation with 62Gap27 suppressed this tyrosine 

phosphorylation by 29% and 50% at the concentrations of 50 and 100 µg/mL, 

respectively (Figure 5.5bi, ii).  

The LAT signalosome participates in the recruitment and phosphorylation of PLC2. 

Consistent with the suppression of the phosphorylation of the initial GPVI signalling 

proteins Syk and LAT, lower levels of PLC2 phosphorylation at Y1217 (a Bruton's 

tyrosine kinase (Btk) phosphorylation site) (Watanabe et al., 2001) were observed in 

the presence of 62Gap27. PLC2 phosphorylation was decreased by nearly 25% and 

52% upon treatment with 50 and 100 μg/mL 62Gap27, respectively (Figure 5.5ci, ii). 

The negative impact of 62Gap27 may not be limited to the modulation of early GPVI 

signalling. It may affect downstream entities, as both PLCγ2 activation and CRP-XL-
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triggered Ca2+ mobilisation are also inhibited by 62Gap27. In particular, IP3-stimulated 

Ca2+ mobilisation and serine/threonine PKC family activation through DAG, which are 

events that take place after the phosphorylation of PLCγ2 (Yacoub et al., 2006; Varga-

Szabo et al., 2009; Bye et al., 2016). 

Hence, the effect of 62Gap27 on PKC activity was investigated with an antibody raised 

against phosphorylated PKC substrate recognition sequence. Upon stimulation with 

CRP-XL, scrambled peptide-treated samples exhibited an increase in PKC substrate 

phosphorylation, which was reduced by approximately 40% and 50% in the presence of 

50 and 100 μg/mL 62Gap27, respectively (Figure 5.6a, b).  
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Figure 5.5: 62Gap27 inhibits CRP-XL-stimulated Syk, LAT and PLC2 tyrosine phosphorylation.  

Washed platelets (4 × 108 cells/mL) were treated with the scrambled peptide or 62Gap27 (50 and 100 

µg/mL) for 5 minutes, then activated with CRP-XL (1 μg/mL) for 90 seconds in the presence of 

indomethacin (20 µM), cangrelor (1 µM), MRS2179 (100 µM) and EGTA acid (1 mM). Laemmli sample 

buffer was used to lyse the samples, which were separated by SDS-PAGE and transferred to PVDF 

membranes. Site-specific phospho-antibodies for Syk (Y525/526), LAT (Y200) and PLCγ2 (Y1217) 

were used to determine their phosphorylation levels. Representative immunoblots are shown for the 

phosphorylation levels of (a) Syk, (b) LAT and (c) PLCγ2 following treatment with scrambled peptide or 

62Gap27. The quantifications of the phosphorylation levels of (a) Syk, (b) LAT and (c) PLCγ2 in samples 

treated with 62Gap27 are presented as the proportions of the levels in the scrambled peptide-treated 

samples. Actin or 14-3-3-ζ was detected by immunoblotting as the loading control. The results represent 

the mean ± SEM (n ≥ 3). *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 were calculated by one-way ANOVA. 
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Figure 5.6: 62Gap27 inhibits CRP-XL-stimulated PKC substrate recognition sequence 

phosphorylation.  

The washed platelets (4 × 108 cells/mL) were incubated with the scrambled peptide or 62Gap27 (50 and 

100 µg/mL) for 5 minutes, then activated with CRP-XL (1 μg/mL) for 90 seconds in the presence of 

indomethacin (20 µM), cangrelor (1 µM), MRS2179 (100 µM) and EGTA (1 mM). Laemmli sample 

buffer was used to lyse the samples, which were separated by SDS-PAGE and transferred to PVDF 

membranes. An antibody against the phosphorylated PKC substrate recognition sequence was used to 

determine its level of phosphorylation in the blot. (a) A representative immunoblot for 62Gap27-treated 

samples is shown. (b) The quantified data for the levels of PKC substrate phosphorylation in the 

presence of 62Gap27 were calculated as the percentage of that in the scrambled peptide-treated controls. 

14-3-3-ζ was detected by immunoblotting as the loading control. The results represent the mean ± SEM 

(n ≥ 3). **P ≤ 0.01 and ***P ≤ 0.001 were calculated by one-way ANOVA. 

Abbreviations: S – Scrambled Peptide  
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5.6 62Gap27 Does Not Affect Initial GPCR Signalling in Platelets 

Given the established negative regulation of 62Gap27 on the GPCR agonist thrombin-

mediated platelet aggregation, degranulation and Ca2+ mobilisation, an investigation of 

thrombin-induced platelet signalling in presence of 62Gap27 was carried out. Thrombin 

is a platelet agonist that signals through Gαq. The thrombin receptors PAR-1 and PAR-4 

are coupled to Gαq proteins (Brass, 2003). The phosphorylation of PLCβ following 

receptor activation drives the cleavage of PIP2 to generate IP3 and DAG. As a result, 

DAG and IP3 increase the intracellular Ca2+ levels, activate PKC, promote 

degranulation and upregulate integrin αIIbβ3 (Offermanns, 2006).  

Washed platelets (4 × 108 cells/mL) were incubated in non-aggregating conditions with 

indomethacin (20 µM), cangrelor (1 µM), MRS2179 (100 µM) and EGTA (1 mM), 

followed by incubation with the scrambled peptide or 62Gap27 (50 and 100 µg/mL) for 

5 minutes. Finally, the platelets were activated with thrombin (0.1 U/mL) and tyrosine 

phosphorylation was assessed via immunoblotting. 

Treatment with scrambled peptide resulted in a considerable rise in the level of 

thrombin-induced total tyrosine phosphorylation. No differences in total tyrosine 

phosphorylation levels were observed between the platelets treated with 62Gap27 (50 

and 100 µg/mL) and those treated with the scrambled peptide for 5 minutes after 

activation with thrombin (0.1 U/mL) (Figure 5.7a). Given the decrease in thrombin-

stimulated Ca2+ mobilisation, which is related to the PKC activator DAG, in the 

presence of 62Gap27, the effect of the mimetic peptide on the degree of serine/threonine 

PKC substrate phosphorylation was assessed. Upon stimulation with thrombin, 

scrambled peptide-treated samples exhibited increased PKC substrate phosphorylation. 
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Similarly, platelets pre-incubated with 62Gap27 had comparable thrombin-activated 

phosphorylation of PKC to scrambled peptide-treated platelets (Figure 5.7b).  

Although 62Gap27 has inhibitory effects on various platelet functions and Ca2+ 

mobilisation downstream of GPCR agonists (Chapter 4, section 4.10), no evidence was 

found that it affects total tyrosine and PKC phosphorylation. This may be because the 

impact of 62Gap27 on platelet activity and Ca2+ mobilisation was observed only at low 

GPCR agonist concentrations (determined mainly using EC50). As it was not possible to 

detect phosphorylation levels at such low agonist concentrations, the impact of 62Gap27 

was examined in the presence of a high agonist concentration, which may explain the 

lack of effect on GPCR signalling. Furthermore, the impact of 62Gap27 on GPVI 

signalling and its ability to restrict platelet responses to various agonists were modest. 

This indicates that there may be another mechanism that accounts for the ability of 

62Gap27 to restrict platelet functions activated by various agonists acting on distinct 

signalling pathways. 
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Figure 5.7: Thrombin-induced total tyrosine and PKC phosphorylation levels are not altered in the 

presence of 62Gap27. 

Washed human platelets (4 × 108 cells/mL) incubated in the presence of indomethacin (20 µM), 

cangrelor (1 µM), MRS2179 (100 µM) and EGTA (1 mM) were treated with the scrambled peptide or 

62Gap27 (50 and 100 μg/mL) for 5 minutes, followed by thrombin stimulation (0.1 U/mL). Laemmli 

sample buffer was used to lyse the samples and whole cell lysates were resolved by SDS-PAGE and 

transferred to PVDF membranes. Antibodies to detect (a) total tyrosine phosphorylation and (b) PKC 

phosphorylation were used for immunoblotting. 14-3-3-ζ was detected by immunoblotting as a loading 

control. Representative blots from 5 distinct experiments are presented.  

Abbreviations: S – Scrambled Peptide  
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5.7 62Gap27 Upregulates Inhibitory Pathway-mediated Signalling 

62Gap27 did not affect GPCR-regulated signalling in platelets (4G10 and PKC). 

However, 62Gap27 inhibited various platelet functions, including thrombus production 

(in vitro and in vivo) and haemostasis, downstream of different agonists across several 

signalling pathways. This may suggest another mechanism that explains the ability of 

62Gap27 to inhibit platelet functions activated by various agonists acting on the GPVI 

and GPCR signalling pathways. Hence, the study was expanded to assess if the 

aforementioned effects of 62Gap27 on platelets are mediated by platelet signalling 

pathways distinct from GPVI signalling. 

The principal endothelium-borne inhibitors of platelet stimulation are PGI2 and NO. 

These inhibitors raise the levels of the cyclic nucleotides cAMP and cGMP. AC is 

activated by PGI2 through the IP receptor, a Gs-coupled receptor (Offermanns, 2006). 

Subsequently, PKA is activated, triggering the phosphorylation of various signalling 

molecules, including Rap1b (Grunberg et al., 1995), which regulates integrin activation. 

However, the details of the mechanism are still unclear. The elevation of PKA mediated 

protein phosphorylation is associated with the downregulation of various aspects of 

platelet activation, such as aggregation, Ca2+ mobilisation and spreading (Yan et al., 

2009). 

In contrast, NO directly activates sGC. NO diffuses passively across the platelet 

membrane, where it attaches to and activates sGC. This causes the synthesis of cGMP, 

which, in turn, stimulates PKG activity (Radomski et al., 1987a; Radomski et al., 

1987b). The activated form of PKG suppresses integrin activation, platelet adhesion 

and aggregation (Roberts et al., 2004). Therefore, the effects of 62Gap27 on the 

inhibitory systems in platelets were examined.  
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The effects of 62Gap27 on the levels of phosphorylation of VASP-S157 and VASP-

S239 (PKA- and PKG-selective phosphorylation sites, respectively) were investigated 

in resting human platelets.  

To establish that the assay was capable of detecting PKA- and PKG-dependent 

phosphorylation of VASP, platelets were stimulated with PGI2 and PAPA-Nonoate (a 

NO donor), which stimulated high levels of VASP-S157 and -S239 phosphorylation, 

respectively (Figure 5.8a, b). Following treatment of platelets with 62Gap27 (50 and 100 

μg/mL) for 5 minutes, the phosphorylation of VASP-S157 was increased by 

approximately 7 and 12 folds, respectively (Figure 5.8ai, aii), but not VASP-S239 

phosphorylation (Figure 5.8bi, bii). The scrambled peptide did not affect the 

phosphorylation of either site. Taken together, these findings indicate that the inhibitory 

influence of 62Gap27 on platelet activation is also regulated by the upregulation of PKA 

activity and cyclic nucleotide signalling.  
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Figure 5.8: 62Gap27 upregulates PKA but not PKG activity in resting platelets.  

Resting washed human platelets (4 × 108 cells/mL) were treated with the scrambled peptide (100 μg/mL) 

or 62Gap27 (50 and 100 μg/mL) for 5 minutes. Platelets were treated with PGI2 (1 μg/mL) or PAPA-

Nonoate (100 μM) for the stimulation of PKA- and PKG-mediated phosphorylation, respectively. 

Laemmli sample buffer was used to lyse the samples before separation by SDS-PAGE and transfer to 

PVDF membranes. The samples were then tested for VASP-S157 and VASP-S239 phosphorylation (the 

PKA- and PKG-selective phosphorylation sites, respectively). 14-3-3-ζ was detected by immunoblotting 

as a loading control. The results represent the mean ± SEM (n ≥ 5). **P ≤ 0.01 and ***P ≤ 0.001 were 

calculated by one-way ANOVA. 

Abbreviations: S – Scrambled Peptide and NO –   PAPA-Nonoate 
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5.8 62Gap27 Does Not Modulate cAMP Levels 

cAMP is an important second messenger in cells. It participates in signal transduction 

in platelets to ensure that they remain inactive and do not form blood clots (Armstrong 

et al., 1989). When PGI2 from the endothelium binds its Gαs-coupled receptors on 

platelets, it increases cAMP concentrations by activating AC, which converts ATP to 

cAMP (Baragli et al., 2008). When the levels of cAMP are increased, PKA is activated, 

which inhibits platelets through the phosphorylation of VASP-S157 (Aszodi et al., 

1999). Given the increased phosphorylation of VASP-S157 in the presence of 62Gap27, 

the dependence of the increase on cAMP was investigated.  

Unstimulated or stimulated (CRP-XL: 1 μg/mL or thrombin: 0.1 U/mL) washed 

platelets were pre-incubated for 5 minutes with scrambled peptide (100 μg/mL) or 

62Gap27 (50 and 100 μg/mL), then stirred in an aggregometer for 5 minutes. Lysis 

buffer was used to stop the reaction. Treatment with PGI2 served as a positive control. 

The concentrations of cAMP in the samples were examined with a cAMP ELISA kit 

(Cell Signaling Technology, Hitchin, UK). A standard curve was produced using 

cAMP provided in the assay kit that was used to determine cAMP concentrations in the 

samples.  

Interestingly, cAMP levels were not elevated in the presence of 50 and 100 μg/mL 

62Gap27 or scrambled peptide. Elevated cAMP levels were, however, detected in PGI2-

treated samples (Figure 5.9a, b, c). These findings suggest that 62Gap27-induced 

phosphorylation of VASP-S157 is mediated through a mechanism that does not involve 

the elevation of cAMP levels. It was, therefore, important to determine whether the 

phosphorylation of VASP-S157 was indeed mediated by PKA. 
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Figure 5.9: 62Gap27 does not augment cAMP levels in platelets.  

Washed human platelets (4 × 108 cells/mL) were incubated with the scrambled peptide (100 µg/mL) or 

62Gap27 (50 or 100 µg/mL), then left unstimulated (a) or stimulated with (b) CRP-XL (1 μg/mL) or (c) 

thrombin (0.1 U/mL) for 5 minutes at 37 °C in an aggregometer. Treatment with PGI2 (1 μg/mL) was 

used as a positive control. Lysis buffer was used to stop the reactions and the samples were frozen. A 

cAMP ELISA kit was used according to the manufacturer’s instructions to determine the concentrations 

of cAMP. The concentrations (pg/mL) produced by platelets incubated with 62Gap27, scrambled peptide 

or PGI2 in (a) unstimulated conditions or after stimulation with (b) CRP-XL or (c) thrombin are 

presented. The data represent the mean ± SEM (n = 12). 
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5.9 62Gap27 Activates PKA Independently of cAMP 

PKA is a heterotetramer comprised of a dimer of regulatory subunits (R-subunits) that 

are attached to each other via two catalytic submits (c-subunits). Four molecules of 

cAMP attach cooperatively at the cAMP-binding sites on the R-subunits, thereby 

releasing the active c-subunits to phosphorylate the serine and threonine residues of 

PKA substrates (Skalhegg and Tasken, 2000). The PKA c-subunit structure includes an 

N-terminal loop, a small linker sequence and a larger helical C-terminal loop. The c-

subunit N-terminal region participates in Mg-ATP binding and the C-terminal region 

includes the substrate binding sequence and initiates the catalytic reaction (Taylor et al., 

2008).  

Various compounds exploit the structural hallmarks of PKA to decrease its function. 

For example, H89 is a competitive antagonist that binds the ATP-binding region on the 

PKA c-subunit (Chijiwa et al., 1990). When the ATP-binding site is blocked on the c-

subunit, it is unable to phosphorylate the corresponding serine and threonine residues, 

thereby inhibiting its function. PKA can also be inhibited by compounds like Rp-

adenosine 3′,5′-cyclic mono-phosphorothioate (Rp-8-CPT-cAMPS), which compete for 

the cAMP-binding site on the R-subunit of PKA and prevent enzyme activation (de Wit 

et al., 1984). Furthermore, SQ 22536, (also known as 9-(tetrahydro-2-furanyl)-9H-

purin-6-amine) inhibits AC activity and prevents cAMP production (Unsworth et al., 

2017a; Unsworth et al., 2017b). 62Gap27 has the ability to increase VASP-S157 

phosphorylation without influencing cAMP levels. Hence, it is important to identify the 

underlying mechanisms through which 62Gap27 controls VASP-S157 phosphorylation 

in the presence of these compounds (AC, cAMP and PKA blockers).  
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Further studies on the impact of 62Gap27 on VASP-S157 phosphorylation were 

performed in resting human platelets. Resting platelets were incubated with H89 (10 

µM), SQ 22536 (100 µM) or Rp-8-CPT-cAMPS (200 µM) for 5 minutes, then treated 

with 100 µg/mL scrambled peptide or 62Gap27 for 5 minutes. The concentrations of 

these inhibitors were based on previously reported concentrations optimised in our lab 

for these assays (Unsworth et al., 2017a; Unsworth et al., 2017b).  

The washed platelet samples treated with the positive control PGI2 showed high levels 

of VASP-S157 phosphorylation. Following treatment with H89 (10 µM) (Figure 5.10a), 

SQ22536 (100 µM) (Figure 5.10b) and Rp-8-CPT-cAMPS (200 µM) (Figure 5.10c), 

VASP phosphorylation was reversed and no elevation was seen in the presence of PGI2. 

These findings demonstrate that PGI2-mediated VASP-S157 phosphorylation is 

mediated by PKA in cAMP dependent manner.  

In contrast, after treatment with the PKA inhibitor H89 (10 µM), 62Gap27-stimulated 

VASP-S157 phosphorylation was reversed (Figure 5.10a). This finding confirms that 

the effects of 62Gap27 on VASP-S157 are mediated via the upregulation of PKA 

activity. 62Gap27-stimulated PKA phosphorylation was not inhibited after treatment 

with SQ 22536 (100 µM) (Figure 5.10b), the inhibitor of AC function, or by Rp-8-CPT-

cAMPS (200 µM) (Figure 5.10c), the competitive inhibitor of cAMP binding in PKA. 

This suggests that 62Gap27 utilises a PKA activation mechanism that is induced 

independent of cAMP. 
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Figure 5.10: 62Gap27 modulates PKA independently of cAMP. 

Resting washed human platelets (4 × 108 cells/mL) were treated with (a) H89 (10 µM), (b) Rp-8-CPT-

cAMPS (200 µM) or (c) SQ 22536 (100 µM) for 5 minutes before treatment with the scrambled peptide 

or 62Gap27 (100 μg/mL) for 5 minutes. Then, the samples were assayed for VASP-S157 phosphorylation. 

Treatment with PGI2 (1 μg/mL), which activates PKA by stimulating AC, was used as a positive control. 

Lysis of the samples was carried out using Laemmli sample buffer prior to separation by SDS-PAGE, 

then the samples were transferred to PVDF membranes. 14-3-3-ζ was detected by immunoblotting as a 

loading control. The impact of 62Gap27 on VASP-S157 phosphorylation is shown in representative blots 

from 4 distinct experiments.  
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To exclude the impact of other serine/threonine kinases that may have a role in VASP-

S157 phosphorylation, the effects of additional kinase inhibitors were examined. 

VASP-S157 may also be directly phosphorylated in vitro by PKC (Chitaley et al., 

2004). In thrombin-stimulated platelets, VASP-S157 is phosphorylated by PKC-

dependent and -independent methods (Pula et al., 2006; Wentworth et al., 2006). 

Various proteins, including GSK3α (Sakamoto et al., 2006) and 14-3-3-ζ (Powell et al., 

2002), are considered common substrates of PKB/AKT and PKA. PI3K, upstream of 

PKB, stimulates VASP-S157 and the inhibition of PI3K has been reported to partially 

restrict thrombin-stimulated VASP-S157 phosphorylation (Gambaryan et al., 2010). 

Therefore, the phosphorylation of VASP-S157 in 62Gap27-treated platelets downstream 

of PKC, PKB/AKT and PI3K was examined.  

Prior to these investigations, the effects of 62Gap27 were examined on the baseline 

tyrosine (Figure 5.11a) and PKC substrate phosphorylation (Figure 5.11b) levels in 

unstimulated samples and compared with samples treated with scrambled peptide. The 

phosphorylation levels were found to be similar to each other (Figure 5.11a, b).  

The experiments were performed in resting human platelets with PKC, PKB/AKT or 

PI3K inhibitors. Resting platelets were incubated with pan-PKC inhibitor GF109203X 

(10 µM), PI3K inhibitor LY29400 (100 µM) or AKT inhibitor IV (5 µM) for 5 

minutes, then treated with scrambled peptide or 62Gap27 (100 µg/mL) for 5 minutes. 

The concentrations of these inhibitors were based on previously reported concentrations 

optimised in our lab for these assays (Unsworth et al., 2017a; Unsworth et al., 2017b). 

62Gap27-induced VASP phosphorylation in platelets was not inhibited after treatment 

with pan-PKC inhibitor GF109203X (10 µM) (Figure 5.12a), PI3K inhibitor LY29400 

(100 µM) (Figure 5.12b) or AKT inhibitor IV (5 µM) (Figure 5.12c). In alignment with 
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experiments done to evaluate baseline phosphorylation levels, these findings reflect a 

direct effect of 62Gap27 on PKA activation. The established restricted platelet 

activation induced by 62Gap27 may be attributable to its regulation of GPVI signalling 

and PKA activity independently of cAMP.  
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Figure 5.11: 62Gap27 does not enhance total tyrosine phosphorylation and PKC phosphorylation. 

Resting washed human platelets (4 × 108 cells/mL) were treated with the scrambled peptide or 62Gap27 

(50 and 100 μg/mL) for 5 minutes. Scrambled peptide-treated samples stimulated with CRP-XL (1 

μg/mL), which induces total tyrosine phosphorylation and PKC phosphorylation, was used as positive 

controls. Laemmli sample buffer was used to lyse the samples and whole cell lysates were resolved by 

SDS-PAGE and transferred to PVDF membranes. Antibodies to detect total tyrosine phosphorylation (a) 

and PKC phosphorylation (b) were used for immunoblotting. 14-3-3-ζ was detected by immunoblotting 

as a gel loading control. Representative blots from 5 distinct experiments are presented. 

Abbreviations: S – Scrambled Peptide 
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Figure 5.12: 62Gap27 modulates PKA independently of PKB, PKC and PI3K.  

Washed resting human platelets (4 × 108 cells/mL) were treated with (a) GF109203X (10 µM), (b) 

LY29400 (100 µM), or (c) AKT inhibitor IV (5 µM) for 5 minutes, then with scrambled peptide or 

62Gap27 (100 μg/mL) for 5 minutes. Then, the phosphorylation of VASP-S157 was assessed. Laemmli 

sample buffer was used to lyse the samples before separation by SDS-PAGE and transfer to PVDF 

membranes. 14-3-3-ζ was detected by immunoblotting as a loading control. The impact of 62Gap27 on 

VASP-S157 phosphorylation is depicted in representative blots from 5 distinct experiments. 
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5.10 Discussion 

A multitude of inhibitory and activatory signalling pathways regulate platelet function, 

haemostasis and thrombosis. Platelet activation is suppressed by inhibitory signals 

produced by the healthy vasculature. Platelet activation and thrombus formation are 

initiated when activatory signals are produced at an injured site. The growth of the 

thrombus is counteracted by negative signalling regulators that suppress the activatory 

signals. The positive activation mechanisms occur rapidly and if they occur when not 

needed, severe issues like stroke and myocardial infarction may occur. As demonstrated 

in the previous chapter, 62Gap27 blocks platelet activation and Cx62 activity. These 

effects were observed for PRP and washed platelets. In this chapter the effects of 

62Gap27 on thrombus formation (in vivo and in vitro) and haemostasis were studied 

along with the mechanism through which 62Gap27 regulates platelet activation.  

5.10.1 Inhibition of Thrombus Formation and Haemostasis by 62Gap27 

Since 62Gap27 inhibited several pathways linked with the activation of platelets, it 

appears that Cx62 is important for the regulation of haemostasis and thrombus 

formation. It suppressed thrombus formation and stability in vitro. In addition, 62Gap27 

suppressed integrin αIIbβ3-mediated fibrinogen binding. Compared with the scrambled 

peptide-treated controls, the 62Gap27-treated samples displayed attenuated platelet–

platelet interactions, leading to persistent thrombus dissociation and reduced thrombus 

growth. 

Given the observed inhibition of thrombus formation by 62Gap27 in vitro, the influence 

of 62Gap27 on haemostasis and thrombosis was studied. 62Gap27 treatment caused a 

considerable reduction in arterial thrombosis upon laser-mediated vessel injury. 

Moreover, 62Gap27 treatment considerably prolonged tail bleeding time. This indicates 
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that blocking Cx62 perturbs the regulation of the haemostatic response and that Cx62 

serves as a crucial factor for the activation of platelets after injury.  

5.10.2 Negative Regulation of the GPVI-mediated Signalling Pathway in Platelets 

By 62Gap27 

Given the inhibitory effect of 62Gap27 on platelet function, haemostasis and 

thrombosis, its effects on the different pathways involved in platelet signalling were 

examined. Ca2+ mobilisation from intracellular reserves and CRP-XL-stimulated total 

tyrosine phosphorylation were inhibited by 62Gap27. These phenomena play crucial 

roles in ensuring persistent platelet activation. Their inhibition by 62Gap27 led us to 

investigate its influence on specific molecules in the GPVI signalling pathway. 

62Gap27 inhibited Syk phosphorylation. Syk is essential for the activation of other 

effectors that cause αIIbβ3 activation (Suzuki-Inoue et al., 2004; Hughes et al., 2010). 

Accordingly, Syk inhibition after GPVI stimulation inhibits all downstream functional 

responses (Zhang et al., 1998; Law et al., 1999b; Andre et al., 2011). In agreement with 

earlier reports, considerable inhibition of LAT phosphorylation downstream of Syk 

inhibition was observed. LAT is an adaptor molecule that acts as a Syk substrate 

(Zhang et al., 1998). 62Gap27 also inhibited PLCγ2 phosphorylation. PLCγ2 induces the 

dissociation of PIP2 to form DAG and IP3. The discharge of Ca2+ from the DTS of 

platelets is stimulated by IP3. Thus, the inhibition of PLCγ2 phosphorylation may 

account for the decreased mobilisation of Ca2+ in 62Gap27-treated platelets (Watson et 

al., 2005). 

In addition to affecting the initial steps of GPVI-stimulated signalling, 62Gap27 

decreased considerably PKC phosphorylation. According to Harper and Poole (2010), 

PKC plays a supportive role in the regulation of thrombus formation, platelet 



Chapter 5 

 

218 

 

aggregation, integrin activation, TxA2 synthesis and the secretion of granules. Other 

researchers have reported negative regulatory functions of PKC on the discharge of 

Ca2+ and receptor desensitisation (Mundell et al., 2006; Strehl et al., 2007; Harper and 

Poole, 2010; Unsworth et al., 2011). As PKC is the chief protein involved in GPVI 

signalling pathways, it appears that 62Gap27 affects the initial and late steps in GPVI 

receptor signalling. 

PLCγ2 and Syk phosphorylation participate in both inside-out and outside-in signalling. 

Given the 62Gap27-mediated inhibition noted in their phosphorylation levels to regulate 

GPVI signalling, it is plausible that the inhibition of these proteins also regulates 

outside-in signalling via integrin αIIbβ3, as observed in the inhibition of platelet 

spreading and clot retraction. Once bound to VWF or fibrinogen, the integrin αIIbβ3 

stimulates tyrosine phosphorylation-dependent signalling within the platelet, thereby 

stabilising the developing thrombus (Arias-Salgado et al., 2003) together with PLCγ2 

(Wonerow et al., 2003) and Syk (Woodside et al., 2001). In agreement with these 

findings, 62Gap27 reduced thrombus formation.  

5.10.3 PKA Activation by 62Gap27 is Independent of cAMP 

Although 62Gap27 has substantial inhibitory activity for various platelet functions 

induced by different agonists, it does not influence thrombin-stimulated, GPCR-

mediated platelet signalling. This finding implies that platelet functions triggered by 

different agonists may be inhibited by 62Gap27 through different mechanisms. Hence, 

the effects of 62Gap27 on various inhibitory pathways affecting platelets were 

investigated. 

Resting platelets were used in this study to examine the influence of 62Gap27 on the 

degree of phosphorylation of VASP-S239 and VASP-S157 (PKG- and PKA-specific 
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phosphorylation sites, respectively). When resting platelets were treated with 62Gap27, 

VASP phosphorylation was upregulated considerably compared to phosphorylation 

levels in samples treated with scrambled peptide. Conversely, VASP-S239 

phosphorylation was unaffected. 

Treatment with the PKA inhibitor H89 (10 µM), which inhibits binding between PKA 

and ATP, reversed the effect of 62Gap27 on VASP phosphorylation. PKA 

phosphorylation commonly occurs through increased cAMP generation induced by AC. 

Despite phosphorylation of VASP at S157, no increase in the cAMP concentration in 

platelets treated with 62Gap27 was observed. Accordingly, exposure to another PKA 

inhibitor (Rp-8-CPT-cAMPs; 200 µM) that competes for the cAMP-binding site in 

PKA did not control the PKA phosphorylation triggered by 62Gap27. This finding 

implies that PKA is regulated independently of cAMP. Researchers have previously 

reported increases in PKA activity irrespective of cAMP levels (Wentworth et al., 

2006; Gambaryan et al., 2010). 

PKB/AKT, PI3K and PKC reportedly participate in VASP phosphorylation (Unsworth 

et al., 2017a; Unsworth et al., 2017b). However, treatment with AKT inhibitor IV (5 

μM), PI3K inhibitor LY29400 (100 μM) or pan-PKC inhibitor GF109203X (10 μM) 

did not prevent the 62Gap27-induced phosphorylation of VASP, indicating that PKA 

activation is regulated by Cx62 through 62Gap27.  

VASP plays an essential role in the regulation of platelet activation. It belongs to the 

Ena/VASP family and is found in focal adhesions, cell–cell contacts and stress fibres 

(Reinhard et al., 2001). According to Fox (2001), VASP regulates the polymerisation of 

actin and the bundling of actin filaments through profilin binding, thereby mediating 

the recruitment of actin monomers to sites containing VASP. Harbeck et al. (2000) 
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reported that binding between VASP and actin filaments is reduced by VASP 

phosphorylation by PKA, which inhibits the supportive role of VASP for actin 

polymerisation. Jensen et al. (2004) also reported the involvement of VASP in the 

inhibition of platelet shape changes mediated by cAMP/PKA. This finding is in 

agreement with the observation that VASP-S157 phosphorylation by PKA is strongly 

linked with the inhibition of platelet conformational changes. 

VASP participates in the activation of αIIbβ3. In the absence of VASP, the inhibitory 

effect of cAMP on collagen-mediated platelet activation is considerably reduced 

(Aszodi et al., 1999). Moreover, there is a correlation between the inhibition of αIIbβ3 

activity and VASP-S157 phosphorylation mediated by increased cAMP/PKA activity 

(Horstrup et al., 1994). These findings suggest that the phosphorylation of VASP is 

important for the inhibition of integrin αIIbβ3 activation mediated by cAMP/PKA. 

IP3 binds to and activates the IP3 receptor (IP3R)/Ca2+ channel. This IP3R (channel) is a 

substrate of PKA (Ferris et al., 1991). PKA-mediated phosphorylation interferes with 

IP3 production/binding, thereby inhibiting platelet function (Cavallini et al., 1996).  

These findings indicate the presence of another mechanism, besides GPVI signalling, 

through which 62Gap27-mediated inhibition of platelet activation occurs via cAMP-

independent PKA upregulation. The increase in PKA phosphorylation appears to be the 

chief effect of 62Gap27 treatment, since it is observed before platelet stimulation. This 

finding implies that the effects of 62Gap27 were caused by increased PKA activity, 

irrespective of cAMP, which negatively regulates platelet functions. 
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6 General Discussion 
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6.1 Introduction 

Vascular injury is normally followed by the formation of a blood clot by platelets and 

coagulation cascade to stop bleeding (Gibbins, 2004). In diseased blood vessels, 

unnecessary platelet activation may occur, for example by events like the rupture of 

atherosclerotic lesions, leading to the development of blood clots in vessels or 

thrombosis. Development of thrombosis in veins (venous thrombosis) may lead to 

localised blockage of the blood flow, whereas arterial thrombosis may hinder the flow 

of blood to other organs, like the heart or brain, leading to myocardial infarction or 

ischaemic stroke, respectively (Gibbins, 2004; Davi and Patrono, 2007). 

Antithrombotic treatment is capable of lowering the risk of thrombosis, yet, the anti-

platelet treatments available at present are not refined and they lack efficacy in many 

patients and can cause serious side effects, particularly bleeding (Barrett et al., 2008). 

Hence, there is a clinical need to develop effective and safe antithrombotic drugs. This 

calls for detailed research into new drug targets to facilitate the development of novel 

drugs targeting new mechanisms of action.  

Circulating platelets aggregate into a multicellular structure called a thrombus upon 

activation, a highly reactive process controlled by complex signalling (Gibbins, 2004). 

The process of platelet activation culminates with integrin αIIbβ3 present on the platelet 

surface binding with fibrinogen, which supports platelet–platelet adhesion and thereby 

brings the cells close to one another to facilitate signalling dependent on cell–cell 

contact (Gibbins, 2004; Davi and Patrono, 2007; Barrett et al., 2008; Li et al., 2010). In 

addition to intracellular signalling, intercellular communication also occurs upon 

platelet aggregation. Studies indicate that GJs regulate contact-dependent signalling 
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events in platelets within a thrombus and contribute to the stability and growth of the 

thrombus (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). 

In contrast to intracellular signalling, intercellular communication occurs in tissues via 

GJs, which are formed by the docking of hemichannels from two cells in close 

proximity to each other. Hemichannels are hexameric structures formed from 

monomers of Cxs. When two hemichannels dock with each other, a pore is formed with 

a diameter of approximately 2–3 nm. Molecules of up to 1 kDa can be transported 

through this pore in either direction (Goodenough and Paul, 2009). Hemichannels are 

also known to act as conduits for the transport of molecules (Goodenough and Paul, 

2003; John et al., 2003). Researchers have discovered more than 20 Cxs in mammals, 

which are capable of constructing heteromeric or homomeric hemichannels that form 

diversely regulated GJs with differing conductances (Falk et al., 1997; Segretain and 

Falk, 2004). The physiology of hemichannels and GJs has been researched extensively 

in various cells with persistent contact. However, it has recently been discovered that 

Cxs can regulate the function of certain circulating cells, like T cells and monocytes 

(Oviedo-Orta et al., 2010). Although platelets are anucleated circulating cells, they 

come close to each other in a thrombus where persistent signalling between platelets is 

required for thrombus stability (Prevost et al., 2003). 

Researchers have recently discovered that Cx37 and Cx40 are expressed in human 

platelets where they are involved in the construction of hemichannels and GJs. 

Targeting these Cxs with their selective inhibitors (37,43Gap27 for Cx37 and 40Gap27 for 

Cx40) or deletion of Cx genes (Cx37 or Cx40) in mice was associated with significant 

inhibition of different platelet functions, such as reduced fibrinogen binding, α-granule 

secretion, Ca2+ mobilisation and platelet aggregation. In addition, clot retraction was 

substantially decreased by Cx37 and Cx40 inhibition, which indicates decreased 
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outside-in signalling via integrin αIIbβ3 (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). 

The same researchers detected considerable expression of mRNA transcripts for Cx37, 

Cx40 and Cx62 in MKs (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013). However, the 

functions of Cx62 remained unknown until this study. 

The hypothesis explored in this study was that platelets may express Cx62, which could 

be involved in GJ formation to permit cell–cell interactions and the signalling required 

for thrombus endurance. 

6.2 Cx62 in Platelets 

Cx37, Cx40, Cx43 and Cx45 are the main, abundantly expressed cardiovascular Cxs. 

Cx37 is encoded by the GJA4 gene on human chromosome 1 (Sohl and Willecke, 

2003), Cx40 by the GJA5 gene on chromosome 17, Cx43 by the GJA1 gene on 

chromosome 6 and Cx45 by the GJA7 gene on chromosome 17. Base on gene structure, 

the length of the cytoplasmic loop and the sequences of the conserved domains, Cxs are 

categorised into five groups, which are signified by Greek letters (Cruciani and 

Mikalsen, 2006; Abascal and Zardoya, 2013). Cx37, Cx40 and Cx43 are members of 

the α (GJA) group, Cx32 belongs to the β group and Cx45 belongs to the γ group. The 

regional expression of these Cxs differs in the heart and vascular system. Cxs are also 

found on the surfaces of blood cells. Although red blood cells do not express Cxs, they 

do express Pannexin 1 on their surfaces (Begandt et al., 2017). Cx37 and Cx40 are 

expressed on platelets at notable levels, whereas Cx32 and Cx43 are expressed at low 

levels (Vaiyapuri et al., 2015a; Molica et al., 2017). Monocytes express Cx37 and 

Cx43. Cx43 is also found on T cells, B cells and neutrophils (Pfenniger et al., 2013; 

Glass et al., 2015). 
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Notable levels of the mRNA transcripts of different Cxs are expressed in MKs as they 

bud into vessels in bone marrow. MKs also expresses a variety of Cx proteins, 

including substantial levels of Cx37, Cx40 and Cx62 (Vaiyapuri et al., 2012). Cx37 and 

Cx40 have been studied extensively in different types of cells, whereas Cx62 is a newly 

discovered Cx that needs to be characterised. It belongs to the α group and is encoded 

by the GJA10 gene found on human chromosome 6. Mouse Cx57 is homologous to 

human Cx62 and is also encoded by GJA10 (Sohl and Willecke, 2003).  

The expression of Cx62 on human and mouse platelets was confirmed in this study. 

The internal structures of platelets contain notable levels of Cx62 (in the resting state) 

and a large proportion of these proteins is transported to the cell membrane upon 

activation. This observation suggests that, upon activation, this Cx forms hemichannels 

in the cell membrane followed by the formation of GJs through docking with 

hemichannels on nearby platelets, thereby permitting communication amongst platelets. 

The mechanism involved in the transport of Cx62 to the cell membrane upon platelet 

activation still needs to be determined. Cxs are synthesised in the endoplasmic 

reticulum, then sent to the cell membrane through forward trafficking. This transport 

involves the secretory pathway and the Golgi apparatus. The majority of Cx proteins 

are known to be transported in this way. However, Cx26, which is expressed in the 

liver, Schwann cells, cochlea and oligodendrocytes, is transported through Golgi-

independent (Martin et al., 2001) and Golgi-dependent (Thomas et al., 2005) 

mechanisms. The oligomerisation of Cxs to form hemichannels is initiated in the 

endoplasmic reticulum. The oligomerisation continues in the Golgi apparatus and is 

stabilised in the trans-Golgi network (Laird, 2006). Certain Cxs, like the eye lens-

specific Cx46 and the cardiovascular-specific Cx43, remain monomeric in the 

endoplasmic reticulum and Golgi apparatus, only oligomerising in the trans-Golgi 
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network. Vesicles carrying hemichannels, particularly the ones formed of Cx43, are 

sent to the cell membrane via microtubules and actin filaments. This transport process 

is promoted by the tethering of microtubule plus ends at adherens junction proteins 

(Shaw et al., 2007).  

These compartments are not present in nucleus-lacking platelets, but platelets possess a 

specialised, membranous DTS, which can be regarded as a primitive endoplasmic 

reticulum (White, 1972). During subcellular fractionation, Cx62 was only present in the 

lower-density cells fractions, which are anticipated to carry the DTS and other 

membrane structures (but not granules). It was intriguing to observe the similar 

distribution patterns of Cx62 and calreticulin. The protein calreticulin marks the DTS 

(van Nispen Tot Pannerden et al., 2009). This similarity in distribution suggests that in 

nucleated cells, Cx62 is likely localise to the endoplasmic reticulum (Falk et al., 1994). 

6.3 Design of 62Gap27 

After the expression of Cx62 was detected in human platelets in this study, its role in 

platelet physiology was investigated. As no Cx62 mimetic peptides had previously been 

developed, the mimetic peptide 62Gap27 was developed for this study. The second 

external loop of Cx62 is targeted by this peptide. The second external loops of the 

majority of Cxs have been targeted for the development of mimetic peptides. However, 

a high level of sequence similarity exists between Gap27 peptides that target different 

Cx isoforms. Consequently, careful consideration is required while designing Gap27 

inhibitors to minimise cross-reactivity. 37,43Gap27, for instance, targets Cx37, 43 and 

46. Considering that Gap27 has been used to target other Cx isoforms, the selectivity of 

62Gap27 had to be tested to reduce the chances of false positive results. In this study, 

selectivity was determined by the gold standard of testing the effect of the peptide in 
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mice that are deficient in Cx57. 62Gap27 was found to be selective and active against 

only Cx62 (Cx57 in mice) since treatment of Cx57−/− platelets with 62Gap27 did not 

affect CRP-XL-stimulated fibrinogen binding. 

Cx62 hemichannel permeability and GJIC were inhibited by 62Gap27. However, the full 

mechanism of the inhibitory activity of the peptide requires elucidation. Although this 

mechanism is unknown for other Cxs and their mimetic peptides, numerous hypotheses 

have been put forward by researchers (Evans and Boitano, 2001). One hypothesis 

suggests that the peptides may inhibit the docking of hemichannels, which is required 

to give rise to a GJ, by binding the second external loop of hemichannels (Leybaert et 

al., 2003). Consequently, fewer hemichannels would be available for the formation of 

GJs. Since the half-life of a Cx is 1–5 hours, the inhibition of GJs is anticipated to take 

place in a comparable time period. Interestingly, using electrophysiological analysis, 

the kinetics of Gap26/Gap27 inhibition of Cx43 GJs has been revealed as a few minutes 

(Desplantez et al., 2012b). Interestingly, Cxs are detected in platelets where no protein 

synthesis occurs. This might be due to two possibilities: (i) Cxs last longer in platelets 

than in other cell types or (ii) their expression is detected predominantly in the newest 

platelets within the population. 

Another hypothesis is that 62Gap27 may interact directly with GJs, thereby causing the 

dissociation of hemichannels from GJs or negatively affecting the permeability of GJs. 

The dissociation of hemichannels from GJs is possible and, if persistent, would cause 

GJs to be unzipped, internalised and broken down. Such internalisation could be 

prompted via different physiological stimuli, such as wound healing and ischaemia 

(Solan and Lampe, 2014). Researchers have proposed that particular phosphorylation 

patterns of Cx43 determine if the GJs are unzipped and completely internalised (Solan 

and Lampe, 2014). Although it is plausible that mimetic peptides could reach the 
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intercellular space between hemichannels through the edge of the junctional plaque, 

there is scant evidence for the unzipping action in the available literature. 

The interaction of the Gap27 peptide with the GJ may negatively affect the 

permeability of the GJ, as has been reported with P180–195, a peptide that targets the 

second extracellular loop of Cx43. This peptide comprises amino acids S180–Q195 and 

has been shown to reduce dwelling in sub-conductance whereas the main conductance 

state remains unaffected (Kwak and Jongsma, 1999). However, in that study, the cells 

were exposed to the peptide for a long period (overnight). Considering the scarcity of 

evidence for the unzipping of GJs and for the interactions between mimetic peptides 

and GJs affecting permeability, these mechanisms require study in greater depth.  

The available literature contains evidence for interactions between Gap27 peptides and 

single hemichannels, rather than hemichannels in GJs (Leybaert et al., 2003). 

Desplantez et al. (2012b) reported that the inhibition of hemichannels occurs more 

quickly than that of GJs. Using macroscopic current measurements, researchers have 

observed the inhibition of hemichannels within 5 minutes. Conversely, the inhibition of 

GJs occurs within 10 minutes to hours (Desplantez et al., 2012b). These findings 

suggest that hemichannels are inhibited initially, which eventually results in GJ 

inhibition. Although hemichannel inhibition occurs within a few minutes, this is not 

considered a quick process given channel dynamics. The process may be slow because 

the interaction site on the extracellular loop is initially unavailable and access requires 

conformational changes, like unfolding in order for peptide to access this. It could also 

be due to the fact that other associations with Cx domains occur deep within the pore of 

the channel and the inhibition can only occur in the open state of the channel. This 

second possibility requires further investigation. 
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6.4 The Role of Cx62 in Platelet Function 

After verifying the expression of Cx62/57 on human and mouse platelets, the role of 

this Cx in platelet function was studied with the novel inhibitor 62Gap27. Treatment 

with 100 μg/mL 62Gap27 caused an inhibition of almost 50% of the aggregation 

induced by various agonists, including U46619, ADP, thrombin and CRP-XL. This 

finding implies that Cx62 can regulate platelet physiology via various pathways. 

Accordingly, decreased agonist-stimulated fibrinogen binding (50%) was observed in 

mice lacking Cx57 compared to that in wild type mice.  

The importance of Cx62 for the maintenance of haemostasis was revealed by 

examination of bleeding time in mice. Mice treated with 62Gap27 bled for 983 seconds, 

whereas mice treated with the scrambled peptide bled for 450 seconds. Similarly, the 

volume, size and number of thrombi were smaller in the samples treated with the 

inhibitor than in those treated with the scrambled peptide in the in vitro thrombus 

formation assay. Thrombus growth was 70% lower in the in vivo thrombus formation 

assay in the mice treated with the mimetic peptide. Clot retraction was also suppressed 

by the inhibitor, indicating the vital role of gap junctional intercellular communication 

(GJIC in the reinforcement of thrombi. These findings were in agreement with the 

earlier findings following the inhibition of Cx37 by 37,43Gap27 and Cx40 by 40Gap27 

(Vaiyapuri et al., 2012; Vaiyapuri et al., 2013; Vaiyapuri et al., 2015a; Molica et al., 

2017). 

6.5 The Functions of Cx62 Hemichannels in Initial Platelet Activation 

Several functional studies performed on individual platelets revealed that hemichannels 

containing Cx37 and Cx40 are essential for initial platelet activation. The involvement 

of hemichannels in the trafficking of different signalling entities between the 
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extracellular space and the cytoplasm has been studied in different cell types, including 

leukocytes (Vaiyapuri et al., 2012; Pfenniger et al., 2013; Vaiyapuri et al., 2013; Glass 

et al., 2015; Vaiyapuri et al., 2015a). In this study, the roles of Cx62 hemichannels in 

early platelet activation, the binding of fibrinogen and secretion of granules were 

studied through flow cytometry on individual platelet populations. Similarly, isolated 

platelets from mice deficient in Cx57 revealed the potential role of Cx57 hemichannels 

in fibrinogen binding. Thus, hemichannels comprising Cx62 are involved in early 

platelet activation and recruitment to the developing thrombus. However, the signalling 

entities transported through these channels remain unknown.  

6.6 The Functions of Cx62 GJs in Thrombus Formation and the 

Maintenance of Stability 

GJs are responsible for permitting the transport of signalling entities between cells; they 

also participate in cell–cell adhesion to ensure persistent contact. Inside the thrombus, 

platelets strongly adhere to each other. Although the importance of fibrinogen binding 

via integrin αIIbβ3 for the maintenance of contact between platelets is well established, 

studies are on-going to identify other important receptors, cell adhesion proteins (like 

Eph kinases) and their respective ligands that are involved in fibrinogen binding. The 

role of ephrins in controlling contact-based cell communication is also well established 

(Brass et al., 2004; Vaiyapuri et al., 2015b). 

Our lab have recently investigated the roles of Cx37 and Cx40 in the regulation of 

thrombus stability and various platelet functions by treating platelets with specific 

inhibitors (Vaiyapuri et al., 2012; Vaiyapuri et al., 2013; Vaiyapuri et al., 2015a). In 

contrast to our lab findings Angelillo-Scherrer et al. (2011), reported that the deletion of 

Cx37 results in enhanced platelet aggregation in response to different agonists. In this 

study, when Cx62/57 was inhibited with 62Gap27 in human or mouse platelets, 
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thrombus formation and stability were lower than in the scrambled peptide-treated 

controls. Moreover, clot retraction was also suppressed by treatment with 62Gap27. 

These findings indicate that GJs comprising Cx62 are required for platelet adherence 

and communication between platelets within a thrombus, which are required for clot 

retraction. Nevertheless, the signalling entities exchanged via these channels must be 

identified. 

6.7 Attenuation of Ca2+ Mobilisation by 62Gap27 

In this study, Ca2+ mobilisation was negatively regulated by 62Gap27. This inhibition 

was identified to be partly an outcome of reduced Ca2+ release from the internal store in 

platelets treated with 62Gap27. However, its effect on the influx of Ca2+ cannot be 

denied. Platelets contain numerous channels for Ca2+, like P2X1, TRPC6, STIM1 and 

Orai1. These channels work in coordination to control intracellular Ca2+ exchange 

(Varga-Szabo et al., 2009; Li et al., 2010; Procter et al., 2016). Tolhurst et al. (2008) 

identified the association between Orai1 and STIM1 for the control of Ca2+ 

mobilisation. Noe et al. (2010) found that Cx43-based GJs can link with P2X1 in 

cardiomyocytes. Hence, it is possible that Cx62 associates with another calcium 

channel to influence Ca2+ mobilisation. 62Gap27 can negatively influence the 

permeability of Cx62-based hemichannels. The passage of IP3 through the cell 

membrane may be affected by this reduced permeability, thereby negatively influencing 

Ca2+ mobilisation. 

6.8 62Gap27 Downregulates Platelet Function Through the Activation of 

PKA  

Phosphorylation is the chief regulatory step in many cellular phenomena. The increased 

phosphorylation observed in cancers (Radivojac et al., 2008) and genetic disorders 
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(Cohen, 2001) indicates the importance of reversible phosphorylation. In cells other 

than platelets, the downstream effects of cAMP are mediated by exchange proteins that 

are directly activated by cAMP (Epac) (de Rooij et al., 1998), PKA (Hayes and Mayer, 

1981) and cyclic nucleotide-gated ion channels (Nakamura and Gold, 1987). 

Conversely, in platelets, cAMP signalling is mediated by only PKA due to the scarcity 

of cAMP-activated Epac. In addition, cyclic nucleotide-gated ion channels are not 

expressed in platelets (Schwarz et al., 2001; Schmidt et al., 2013). 

The available literature contains substantial evidence of the involvement of PKG and 

PKA in the regulation of the phosphorylation of different Cxs, including Cx32, C35/36, 

Cx40, Cx43 and Cx50, in various cells (van Rijen et al., 2000; Shah et al., 2002; Lampe 

and Lau, 2004; Ouyang et al., 2005; Liu et al., 2011; Pidoux and Tasken, 2015). In this 

study, 62Gap27 increased the phosphorylation of PKA but not the cAMP level. Indeed, 

other studies have also reported that the phosphorylation of PKA can be stimulated by 

collagen or thrombin in a cAMP-independent manner (Wentworth et al., 2006; 

Gambaryan et al., 2010). Therefore, PKA phosphorylation inhibits platelet activation 

by affecting the secretion of granules and cytoskeletal rearrangements and by 

increasing Ca2+ levels (Schwarz et al., 2001).  

6.8.1 PKA Regulates Platelet Rearrangement and Secretion 

The role of integrin αIIbβ3 in platelet activation is well established. Platelet activation 

also involves cytoskeletal proteins that drive the polymerisation of actin filaments and 

cytoskeletal rearrangements downstream of signalling. Actin polymerisation is 

regulated by VASP, a well-known membrane-bound protein that acts as a substrate for 

PKA (Harbeck et al., 2000). When VASP is phosphorylated by PKA at S157, the 

binding of VASP with filamentous actin is suppressed, which suppresses actin 
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polymerisation. Researchers have also found an association between the 

downregulation of the fibrinogen receptor αIIbβ3 and VASP-S157 phosphorylation 

(Horstrup et al., 1994). In addition, when VASP is knocked out in mice, platelet 

aggregation is perturbed (Aszodi et al., 1999), which indicates the importance of VASP 

in the regulation of platelet function. 

In addition to its effects on cytoskeletal proteins, PKA also acts on IP3R, an 

intracellular channel for the transportation of Ca2+ (Ferris et al., 1991). IP3, produced in 

response to agonist-stimulated platelet activation, binds to its receptor, thereby opening 

the channel and causing an increase in the intracellular concentration of Ca2+. This 

process is impeded by PKA-mediated phosphorylation, which causes platelet inhibition 

(Cavallini et al., 1996).  

6.8.2 The Role of PKA in TP Desensitisation 

In this study, 62Gap27 inhibited the synthesis of TxA2. In platelets, Gα13 is 

phosphorylated at T203 by PKA (Manganello et al., 1999; Manganello et al., 2003). 

This phosphorylation of Gα13 inhibits platelet Rho activation, leading to the inhibition 

of the Rho/Rho-kinase pathway via destabilisation of the association between Gα13 and 

its βγ subunit and stabilisation of the association between Gα13 and TxA2 receptors 

(Manganello et al., 2003). Moreover, TP is a PKA substrate in HEK293 cells (Habib et 

al., 1997). Researchers have found that TP undergoes desensitisation mediated by PGI2 

or the prostaglandin D2 receptor. This desensitisation takes place via phosphorylation 

of TPβ isoform of the human TXA2 receptor at S329 by PKA. Even though the 

phosphorylation of TxA2 receptor in platelets has not been verified yet; desensitisation 

of this receptor by PGI2 or the prostaglandin D2 receptor has been detected in human 

platelets. Moreover, the PKA inhibitor H89 inhibits this desensitisation (Walsh et al., 
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2000; Foley et al., 2001). Taken together, these findings indicate that TP is desensitised 

by PKA through the phosphorylation of relevant G-proteins or TP, leading to the 

inhibition of the Rho pathways or PLC activation.  

6.8.3 Possible Mechanisms of the Upregulation of PKA Phosphorylation by 

62Gap27 

In this study, 62Gap27 induced PKA phosphorylation; however, the exact mechanism 

involved remains unclear. A number of possible hypotheses can be tested to determine 

the mechanism. Firstly, when platelets are activated, Cx62 hemichannels are 

transported to the PM where they give rise to GJs to permit intercellular communication 

between platelets within the thrombus. It is possible that PKA remains inactive as a 

component of the regulatory mechanism for Cx62. Treatment with 62Gap27 may 

activate PKA. This hypothesis can be tested by immunoprecipitation or co-

immunoprecipitation experiments. Due to limited resources, this hypothesis was not 

tested during this study.  

Secondly, Cxs are subjected to several post-translational modifications and are 

regulated through phosphorylation. The translocation of Cx43 towards plasma 

membrane involves two kinases: PKA and PKB (Paulson et al., 2000; Shah et al., 

2002). This could explain the increase in PKA activity in platelets treated with 62Gap27. 

The blockade of Cx62 could lead to interference in GJIC in the thrombus.  

Finally, it is also possible that Cx62 associates with a kinase anchoring protein (AKAP) 

to regulate signalling through GJs via PKA. The regulation of subcellular 

microdomains is mediated by PKA bound to an AKAP, which ensures the maintenance 

of the specificity of cAMP–PKA signalling in response to extracellular stimuli. GJs are 

channels made up of Cxs that allow the transport of small molecules between cells. 
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Although PKA signalling is required for the promotion of human trophoblast fusion, 

signalling through Cx43 GJs is also required for this phenomenon. Ezrin, a well-known 

AKAP, has recently been shown to regulate trophoblast fusion. Furthermore, the 

dissociation of the ezrin–Cx43 bond inhibits Cx43 phosphorylation by PKA, thereby 

inhibiting GJ signalling and, eventually, cell fusion (Pidoux and Tasken, 2015). 

Researchers have hypothesised that the opening of the Cx43 GJ is regulated by the 

PKA–ezrin–Cx43 macromolecular complex in response to nucleotide signalling in 

various cell types (Pidoux and Tasken, 2015). It is, therefore, possible that Cx62 uses 

the same mechanism to interact with PKA. These hypotheses should be investigated in 

detail. 

6.9 Conclusions and Future Research 

The available literature provides evidence of the importance of hemichannels and GJs 

for the control of haemostasis and thrombosis (Vaiyapuri et al., 2012; Vaiyapuri et al., 

2013; Vaiyapuri et al., 2015a). The early stages of platelet activation require 

hemichannels; GJs are required in the later stages of thrombus development and 

stabilisation. Together, hemichannels and GJs permit the transport of signalling entities 

between platelets, which may include cyclic nucleotides, IP3 and Ca2+. In particular, 

hemichannels mediate the trafficking of molecules between the extracellular space and 

platelets, whereas GJs are responsible for the regulation of the signalling amongst 

platelets in the thrombus and clot retraction. However, more work is required to 

establish this. GJs accumulate on the cell surface to form GJ plaques, thereby sustaining 

cell–cell adhesion and allowing effective coordination between cells (Goodenough and 

Paul, 2009). These plaques can be formed on the surfaces of platelets where they 

participate in cell–cell adhesion and support the activity of adhesive receptors like 

ephrins, Eph kinases and integrin αIIbβ3 (Prevost et al., 2003; Brass et al., 2004; Prevost 
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et al., 2005; Vaiyapuri et al., 2015b). However, the functions of GJs for the regulation 

of platelet adhesion require further detailed research. It remains unclear if Cxs on the 

surfaces of platelets mediate functional interactions between cells circulating in vessels. 

Another important area of research is the determination of the different signalling 

entities that are transported through hemichannels and GJs. Similarly, an understanding 

of the molecular mechanisms involved in controlling the conductance of these channels 

will prove to be immensely helpful in exploring the therapeutic, particularly 

antithrombotic, potential of these structures. 

6.9.1 Identification of the Signalling Molecules Transported Through Cx62 GJs 

Functional studies must be performed to identify the intercellular signalling that occurs 

through the Cx62 GJs. This can be achieved with a ligand microarray that enables the 

spatial organisation of the platelets associated with fibrinogen. The exact locations of 

the platelets can be determined through micro-collection of fibrinogen-coated spots. By 

spreading on the fibrinogen, platelets can adhere with other nearby platelets, resulting 

in the formation of a network that can be used to investigate intercellular signalling, 

channel regulation and the entities being transported. 

The exchange of signals between platelets can be studied in vitro by ligand array of 

thrombi developed from human or mouse blood. In this study, intercellular 

communication between calcein-loaded platelets was studied through FRAP. In the 

future, the respective contribution of every Cx should be identified using selective 

inhibitors for the each of the Cxs. The available literature lacks thorough information 

about the entities transported through gated channels. However, ADP, ATP, Ca2+, 

cyclic nucleotides and IP3 are known to be transported through these structures (Evans 
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and Boitano, 2001; Evans et al., 2006; Yeager and Harris, 2007; Dobrowolski and 

Willecke, 2009; Leybaert et al., 2017).  

6.9.2 Cx62 Protein Phosphorylation 

Researchers have identified tyrosine, threonine and serine phosphorylation sites in 

Cx43. Mutagenesis experiments revealed that these sites are involved in transport 

through Cxs, membrane insertion, GJ formation, internalisation and permeability 

regulation (Solan and Lampe, 2009; Johnstone et al., 2012; Chen et al., 2013). They 

may also work in coordination; their combined action remains unclear, although they 

are likely to be involved in the main steps of regulating signalling through GJs. Kinases 

like casein kinase, PKA, PKC, Src, and MAPK and Ca2+/CaM-dependent mechanisms 

have been reported to be involved in the regulation of Cxs (Saez et al., 1990; Richards 

et al., 2004; Solan and Lampe, 2009; Johnstone et al., 2012), but the importance of 

Cx62 phosphorylation remains unclear. 

6.9.3 Cx62 GJ–Protein Interactions 

Cx62 GJIC may be regulated by Cx-associated proteins like protein kinases (PKG, 

PKA and c-Src) and regulatory protein phosphatases. In addition, structural proteins 

like microtubules and zona occludens have recently been detected in the GJs formed by 

Cx32, Cx36, Cx43 and Cx45. Researchers have also proposed that Cxs can be involved 

in processes other than the trafficking of molecules, like regulation of the cytoskeleton 

and transcription (Leybaert et al., 2017). Hence, it will be important to identify other 

proteins that interact with Cx62 GJs to understand their coordinated actions. 

6.9.4 Concluding Remarks: 

• Cx62/57 is expressed in human and mouse platelets and transported towards the 

cell membrane upon platelet activation 
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• The new mimetic peptide 62Gap27 selectively targets the second external loop 

of Cx62/57 

• Treatment with 62Gap27 inhibits a wide range of platelet functions 

• Cx62 hemichannel functions independently of Cx37 and Cx40 in platelets 

• Thrombus formation (in vitro and in vivo) and haemostasis were inhibited by 

62Gap27 

• 62Gap27 stimulates PKA phosphorylation independently of cAMP  
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8 Appendix 

8.1 Appendix 1: Multiple alignments of connexins protein obtained from 

ClustalW (www.ebi.ac.uk/tools/clustalw). The green and red colours 

represent 62Gap26 and 62Gap27 sites, respectively. 

 
Full=Connexin-31.1      ---MNWSIFEGLLSG-VNKYSTAFGRIWLSLVFIFRVLVYLVTAERVWSDDHKDFDCNTR 56 

Full=Connexin-30.3      ---MNWAFLQGLLSG-VNKYSTVLSRIWLSVVFIFRVLVYVVAAEEVWDDEQKDFVCNTK 56 

Full=Connexin-31        ---MDWKTLQALLSG-VNKYSTAFGRIWLSVVFVFRVLVYVVAAERVWGDEQKDFDCNTK 56 

Full=Connexin-25        ---MSWMFLRDLLSG-VNKYSTGTGWIWLAVVFVFRLLVYMVAAEHVWKDEQKEFECNSR 56 

Full=Connexin-26        ---MDWGTLQTILGG-VNKHSTSIGKIWLTVLFIFRIMILVVAAKEVWGDEQADFVCNTL 56 

Full=Connexin-30        ---MDWGTLHTFIGG-VNKHSTSIGKVWITVIFIFRVMILVVAAQEVWGDEQEDFVCNTL 56 

Full=Connexin-32        ---MNWTGLYTLLSG-VNRHSTAIGRVWLSVIFIFRIMVLVVAAESVWGDEKSSFICNTL 56 

Full=Connexin-59        --MGDWNLLGDTLEE-VHIHSTMIGKIWLTILFIFRMLVLGVAAEDVWNDEQSGFICNTE 57 

Full=Connexin-37        --MGDWGFLEKLLDQ-VQEHSTVVGKIWLTVLFIFRILILGLAGESVWGDEQSDFECNTA 57 

Full=Connexin-43        --MGDWSALGKLLDK-VQAYSTAGGKVWLSVLFIFRILLLGTAVESAWGDEQSAFRCNTQ 57 

Full=Connexin-46        --MGDWSFLGRLLEN-AQEHSTVIGKVWLTVLFIFRILVLGAAAEDVWGDEQSDFTCNTQ 57 

Full=Connexin-40        --MGDWSFLGNFLEE-VHKHSTVVGKVWLTVLFIFRMLVLGTAAESSWGDEQADFRCDTI 57 

Full=Connexin-50        --MGDWSFLGNILEE-VNEHSTVIGRVWLTVLFIFRILILGTAAEFVWGDEQSDFVCNTQ 57 

Full=Connexin-62        --MGDWNLLGGILEE-VHSHSTIVGKIWLTILFIFRMLVLRVAAEDVWDDEQSAFACNTR 57 

Full=Connexin-31.9      --MGEWAFLGSLLDA-VQLQSPLVGRLWLVVMLIFRILVLATVGGAVFEDEQEEFVCNTL 57 

Full=Connexin-40.1      --MEGVDLLGFLIIT-LNCNVTMVGKLWFVLTMLLRMLVIVLAGRPVYQDEQERFVCNTL 57 

Full=Connexin-36        --MGEWTILERLLEAAVQQHSTMIGRILLTVVVIFRILIVAIVGETVYDDEQTMFVCNTL 58 

Full=Connexin-45        ---MSWSFLTRLLEE-IHNHSTFVGKIWLTVLIVFRIVLTAVGGESIYYDEQSKFVCNTE 56 

Full=Connexin-47        MTNMSWSFLTRLLEE-IHNHSTFVGKVWLTVLVVFRIVLTAVGGEAIYSDEQAKFTCNTR 59 

Full=Connexin-31.3      ---MCGRFLRRLLAE-ESRRSTPVGRLLLPVLLGFRLVLLAASGPGVYGDEQSEFVCHTQ 56 

Full=Connexin-23        ---MSLNYIKNFYEG-CVKPPTVIGQFHTLFFGSIRIFFLGVLGFAVYGNEALHFICDPD 56 

                                :            .  . .   .   :*:..        : ::   * *..  

 

Full=Connexin-31.1      QPGCSNVCFDEFFPVS-HVRLWALQLILVTCPSLLVVMHVAYREVQEKRHREAHGENS-- 113 

Full=Connexin-30.3      QPGCPNVCYDEFFPVS-HVRLWALQLILVTCPSLLVVMHVAYREERERKHHLKHGPNA-- 113 

Full=Connexin-31        QPGCTNVCYDNYFPIS-NIRLWALQLIFVTCPSLLVILHVAYREERERRHRQKHGDQC-- 113 

Full=Connexin-25        QPGCKNVCFDDFFPIS-QVRLWALQLIMVSTPSLLVVLHVAYHEGREKRHRKK------- 108 

Full=Connexin-26        QPGCKNVCYDHYFPIS-HIRLWALQLIFVSTPALLVAMHVAYRRHEKKRKFIKGEIKS-- 113 

Full=Connexin-30        QPGCKNVCYDHFFPVS-HIRLWALQLIFVSTPALLVAMHVAYYRHETTRKFRRGEKRN-- 113 

Full=Connexin-32        QPGCNSVCYDQFFPIS-HVRLWSLQLILVSTPALLVAMHVAHQQH-IEKKMLRLEGHG-- 112 

Full=Connexin-59        QPGCRNVCYDQAFPIS-LIRYWVLQVIFVSSPSLVYMGHALYRLRVLEEERQRMKAQLRV 116 

Full=Connexin-37        QPGCTNVCYDQAFPIS-HIRYWVLQFLFVSTPTLVYLGHVIYLSRREERLRQKEGELRAL 116 

Full=Connexin-43        QPGCENVCYDKSFPIS-HVRFWVLQIIFVSVPTLLYLAHVFYVMRKEEKLNKKEEELKVA 116 

Full=Connexin-46        QPGCENVCYDRAFPIS-HIRFWALQIIFVSTPTLIYLGHVLHIVRMEEKKKEREEEEQLK 116 

Full=Connexin-40        QPGCQNVCYDQAFPIS-HIRYWVLQIIFVSTPSLVYMGHAMHTVRMQEKRKLREAERAKE 116 

Full=Connexin-50        QPGCENGCYDEAFPIS-HIRLWVLQIIFVSTPSLMYVGHAVHYVRMEEKRKSREAEELGQ 116 

Full=Connexin-62        QPGCNNICYDDAFPIS-LIRFWVLQIIFVSSPSLVYMGHALYRLRAFEKDRQRKKSHLRA 116 

Full=Connexin-31.9      QPGCRQTCYDRAFPVS-HYRFWLFHILLLSAPPVLFVVYSMHR-------AGKEAGGAEA 109 

Full=Connexin-40.1      QPGCANVCYDVFSPVS-HLRFWLIQGVCVLLPSAVFSVYVLHRGATLAALGPRRCPDPRE 116 

Full=Connexin-36        QPGCNQACYDRAFPIS-HIRYWVFQIIMVCTPSLCFITYSVHQSAKQRERRYSTVFLALD 117 

Full=Connexin-45        QPGCENVCYDAFAPLS-HVRFWVFQIILVATPSVMYLGYAIHKIAKMEHGEAD-----KK 110 

Full=Connexin-47        QPGCDNVCYDAFAPLS-HVRFWVFQIVVISTPSVMYLGYAVHRLARASEQERRRALRRRP 118 

Full=Connexin-31.3      QPGCKAACFDAFHPLS-PLRFWVFQVILVAVPSALYMGFTLYHVIWH------------- 102 

Full=Connexin-23        KREVNLFCYNQFRPITPQVSFSALQLVIVLVPGALFHLYAACKSINQECILQKP------ 110 

                        :      *::   *::       :: : :  *      .                      

 

Full=Connexin-31.1      ------------------------------------------------------------ 

Full=Connexin-30.3      ------------------------------------------------------------ 

Full=Connexin-31        ------------------------------------------------------------ 

Full=Connexin-25        ------------------------------------------------------------ 

Full=Connexin-26        ------------------------------------------------------------ 

Full=Connexin-30        ------------------------------------------------------------ 

Full=Connexin-32        ------------------------------------------------------------ 

Full=Connexin-59        ELEEVEFEMPRDRRR--------------------------------------------- 131 

Full=Connexin-37        PAKDPQVERALAAI---------------------------------------------- 130 

Full=Connexin-43        QTDGVNVDMHLKQI---------------------------------------------- 130 

Full=Connexin-46        RESPSPKE---------------------------------------------------- 124 

Full=Connexin-40        VRGSGSYEYPVAE----------------------------------------------- 129 

Full=Connexin-50        QAGTN--GGPDQG----------------------------------------------- 127 

Full=Connexin-62        QMENPDLDLEEQQRI--------------------------------------------- 131 

Full=Connexin-31.9      AAQC-------------------------------------------------------- 113 
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Full=Connexin-40.1      PASG-------------------------------------------------------- 120 

Full=Connexin-36        RDPPESIGGPGGTGGGGSGGGKREDKKLQNAIVNGVLQNTENTSKETEPDCLEV------ 171 

Full=Connexin-45        AARSKPYAMRWKQHRALEETEEDNEEDPMMYPEMELESDK-------------------- 150 

Full=Connexin-47        GPRRAPRAHLPPPHAGWPEPADLGEEEPMLGLGEEEEEEETGAAEGAGEEAEEAGAEEAC 178 

Full=Connexin-31.3      ----------------WELSGKGKEEETLIQ----------------------------- 117 

Full=Connexin-23        ------------------------------------------------------------ 

                                                                                     

 

Full=Connexin-31.1      ------------GRLYLNPGKKR-----GGLWWTYVCSLVFKASVDIAFLYVFHSFYPKY 156 

Full=Connexin-30.3      ------------PSLYDNLSKKR-----GGLWWTYLLSLIFKAAVDAGFLYIFHRLYKDY 156 

Full=Connexin-31        ------------AKLYDNAGKKH-----GGLWWTYLFSLIFKLIIEFLFLYLLHTLWHGF 156 

Full=Connexin-25        --------------LYVSPGTMD-----GGLWYAYLISLIVKTGFEIGFLVLFYKLYDGF 149 

Full=Connexin-26        ------------EFKDIEEIKTQKVRIEGSLWWTYTSSIFFRVIFEAAFMYVFYVMYDGF 161 

Full=Connexin-30        ------------DFKDIEDIKKQKVRIEGSLWWTYTSSIFFRIIFEAAFMYVFYFLYNGY 161 

Full=Connexin-32        ------------DPLHLEEVKRHKVHISGTLWWTYVISVVFRLLFEAVFMYVFYLLYPGY 160 

Full=Connexin-59        ---------LEQELCQLEKRKLNKAPLRGTLLCTYVIHIFTRSVVEVGFMIGQYLLY-GF 181 

Full=Connexin-37        ----------ERQMAKISVAEDGRLRIRGALMGTYVASVLCKSVLEAGFLYGQWRLY-GW 179 

Full=Connexin-43        ----------EIKKFKYGIEEHGKVKMRGGLLRTYIISILFKSIFEVAFLLIQWYIY-GF 179 

Full=Connexin-46        ----------PPQDNPSSRDDRGRVRMAGALLRTYVFNIIFKTLFEVGFIAGQYFLY-GF 173 

Full=Connexin-40        -----------KAELSCWEEGNGRIALQGTLLNTYVCSILIRTTMEVGFIVGQYFIY-GI 177 

Full=Connexin-50        -----------SVKKSSGSKGTKKFRLEGTLLRTYICHIIFKTLFEVGFIVGHYFLY-GF 175 

Full=Connexin-62        ---------DRELRRLEEQKRIHKVPLKGCLLRTYVLHILTRSVLEVGFMIGQYILY-GF 181 

Full=Connexin-31.9      ------------APGLPEAQCAPCALRARRARRCYLLSVALRLLAELTFLGGQALLY-GF 160 

Full=Connexin-40.1      ------------QRRCPRPFGERGGLQVPDFSAGYIIHLLLRTLLEAAFGALHYFLF-GF 167 

Full=Connexin-36        -------KELTPHPSGLRTASKSKLRRQEGISRFYIIQVVFRNALEIGFLVGQYFLY-GF 223 

Full=Connexin-45        ------ENKEQSQPKPK--HDGRRRIREDGLMKIYVLQLLARTVFEVGFLIGQYFLY-GF 201 

Full=Connexin-47        TKAVGADGKAAGTPGPTGQHDGRRRIQREGLMRVYVAQLVARAAFEVAFLVGQYLLY-GF 237 

Full=Connexin-31.3      -------GREGNTDVPG---AGSLR-----LLWAYVAQLGARLVLEGAALGLQYHLY-GF 161 

Full=Connexin-23        -----------------------------IYTIIYILSVLLRISLAAIAFWLQIYLF-GF 140 

                                                          *   :  :             ::    

 

Full=Connexin-31.1      ILPPVVKCH--ADPCPNIVDCFISKPSEKNIFTLFMVATAAICILLNLVELIYLVSKRCH 214 

Full=Connexin-30.3      DMPRVVACS--VEPCPHTVDCYISRPTEKKVFTYFMVTTAAICILLNLSEVFYLVGKRCM 214 

Full=Connexin-31        NMPRLVQCAN-VAPCPNIVDCYIARPTEKKIFTYFMVGASAVCIVLTICELCYLICHRVL 215 

Full=Connexin-25        SVPYLIKCD--LKPCPNTVDCFISKPTEKTIFILFLVITSCLCIVLNFIELSFLVLKCFI 207 

Full=Connexin-26        SMQRLVKCN--AWPCPNTVDCFVSRPTEKTVFTVFMIAVSGICILLNVTELCYLLIRYCS 219 

Full=Connexin-30        HLPWVLKCG--IDPCPNLVDCFISRPTEKTVFTIFMISASVICMLLNVAELCYLLLKVCF 219 

Full=Connexin-32        AMVRLVKCD--VYPCPNTVDCFVSRPTEKTVFTVFMLAASGICIILNVAEVVYLIIRACA 218 

Full=Connexin-59        HLEPLFKCH--GHPCPNIIDCFVSRPTEKTIFLLFMQSIATISLFLNILEIFHLGFKKIK 239 

Full=Connexin-37        TMEPVFVCQ--RAPCPYLVDCFVSRPTEKTIFIIFMLVVGLISLVLNLLELVHLLCRCLS 237 

Full=Connexin-43        SLSAVYTCK--RDPCPHQVDCFLSRPTEKTIFIIFMLVVSLVSLALNIIELFYVFFKGVK 237 

Full=Connexin-46        ELKPLYRCD--RWPCPNTVDCFISRPTEKTIFIIFMLAVACASLLLNMLEIYHLGWKKLK 231 

Full=Connexin-40        FLTTLHVCR--RSPCPHPVNCYVSRPTEKNVFIVFMLAVAALSLLLSLAELYHLGWKKIR 235 

Full=Connexin-50        RILPLYRCS--RWPCPNVVDCFVSRPTEKTIFILFMLSVASVSLFLNVMELGHLGLKGIR 233 

Full=Connexin-62        QMHPLYKCT--QPPCPNAVDCFVSRPTEKTIFMLFMHSIAAISLLLNILEIFHLGIRKIM 239 

Full=Connexin-31.9      RVAPHFACA--GPPCPHTVDCFVSRPTEKTVFVLFYFAVGLLSALLSVAELGHLLWKGRP 218 

Full=Connexin-40.1      LAPKKFPCT--RPPCTGVVDCYVSRPTEKSLLMLFLWAVSALSFLLGLADLVCSLRRRMR 225 

Full=Connexin-36        SVPGLYECN--RYPCIKEVECYVSRPTEKTVFLVFMFAVSGICVVLNLAELNHLGWRKIK 281 

Full=Connexin-45        QVHPFYVCS--RLPCPHKIDCFISRPTEKTIFLLIMYGVTGLCLLLNIWEMLHLGFGTIR 259 

Full=Connexin-47        EVRPFFPCS--RQPCPHVVDCFVSRPTEKTVFLLVMYVVSCLCLLLNLCEMAHLGLGSAQ 295 

Full=Connexin-31.3      QMPSSFACR--REPCLGSITCNLSRPSEKTIFLKTMFGVSGFCLLFTFLELVLLGLG--- 216 

Full=Connexin-23        QVKSLYLCDARSLGENMIIRCMVPEHFEKTIFLIAINTFTTITILLFVAEIFEIIFRRLY 200 

                               *          : * :..  **.::             : . ::          

 

Full=Connexin-31.1      ECLA-ARKAQAMCTGH------HPHGTTSSCKQD--DLLSGDLIFLGSDSHPPLLPDRPR 265 

Full=Connexin-30.3      EIFG-PRHRRPRCREC------LPDTCPPYVLSQGGHPEDGNSVLMKAGSAPVDAGGYP- 266 

Full=Connexin-31        RGLH-KDKPRGGCSPS------SSASRASTCRCHH-KLVEAGEVDPDPGNNKLQASAPNL 267 

Full=Connexin-25        KCCL-QKYLK-----------------KPQVLSV-------------------------- 223 

Full=Connexin-26        GKSK-KPV---------------------------------------------------- 226 

Full=Connexin-30        RRSK-RAQTQKNHPNH------AL-----KESKQNEMNELISD---SGQNAITGFPS--- 261 

Full=Connexin-32        RRAQ-RRSNPPSRKGS------GFGHRLSPEYKQNEINKLLSEQDGSLKDILRRSPGTGA 271 

Full=Connexin-59        RGLWGKYKLKKEHNEF------HANKAKQNVAKYQSTSANSLKRLPSAPDYNLLVEKQTH 293 

Full=Connexin-37        RGMRARQGQDAPPT-------------QGTS-SDPYTD-----QVFFYLP------VGQG 272 

Full=Connexin-43        DRVKGKSDPYHATS-------------GALSPAKDCGS-----QKYAYFNGCSSPTAPLS 279 

Full=Connexin-46        QGVTSRLGPDASEAPL------GTADPPPLPPSSRPPA-----VAIGFPPYYAHTAAPLG 280 

Full=Connexin-40        QRFVKPRQH------------------MAKCQLSGPS-------------------VGIV 258 

Full=Connexin-50        SALKRPVEQPLGEIPE------KSLHSIAVSSIQKAKGYQLLEEEKIVSHYFPLTEVGMV 287 

Full=Connexin-62        RTLYKKSSSEGIEDETGPPFHLKKYSVAQQCMICSSLPERISPLQANNQQQVIRVNVPKS 299 

Full=Connexin-31.9      R--------------------------AGERDNRCNRAHEEAQKLLPPPPPPP------- 245 

Full=Connexin-40.1      RRPGPPTSPSIRKQS------------GASGHAEGRRTDEEGGREEEGAPAPPGARAGGE 273 

Full=Connexin-36        LAVR-----------------------GAQAKRKSIYEIRNKDLPRVSVPNFGRTQSSDS 318 

Full=Connexin-45        DSLNSKR---------------------RELEDPGAYNYPFTWNTPSAPPGYNIAVKPDQ 298 

Full=Connexin-47        DAVRGRRGPPASAP--------------APAPRPPPCAFPAAAAGLACPPDYSLVVRAAE 341 

Full=Connexin-31.3      ---RWWR----------------------------------TWKHKSSSSKYFLTSESTR 239 

Full=Connexin-23        FPFRQ------------------------------------------------------- 205 
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Full=Connexin-31.1      DHVKKTIL---------------------------------------------------- 273 

Full=Connexin-30.3      ------------------------------------------------------------ 

Full=Connexin-31        TPI--------------------------------------------------------- 270 

Full=Connexin-25        ------------------------------------------------------------ 

Full=Connexin-26        ------------------------------------------------------------ 

Full=Connexin-30        ------------------------------------------------------------ 

Full=Connexin-32        GLAEKSDRCSAC------------------------------------------------ 283 

Full=Connexin-59        TAVYPSLNSSSVFQPNPDNHSVNDEKCILDEQETVLSNEISTLSTSCSHFQHISSNNNKD 353 

Full=Connexin-37        PSSPP----------------------------CPTYNG---LSSS-------------- 287 

Full=Connexin-43        PMSPPGYK---------------LVTGDRNNSSCRNYN----KQAS-------------- 306 

Full=Connexin-46        QARAVGYPGAPP--PAADFKLLALTEARGKGQSAKLYNGHHHLLMT-------------- 324 

Full=Connexin-40        QSCTPPPD------------FNQCLE---NGPGGKFFNPFSNNMAS-------------- 289 

Full=Connexin-50        ETSPLPAKP-----------FNQFEEKISTGPLGDLSRGYQETLPSYAQVGAQEVEGEGP 336 

Full=Connexin-62        KTMWQIPQPRQLEVDPSNGKKDWSEKDQHSGQLHVHSPCPWAGSAGNQHLGQQSDHSSFG 359 

Full=Connexin-31.9      -----------------------------------PPPALPSRRPGPEPCAP-----PAY 265 

Full=Connexin-40.1      GAGSPRRTSRVSGHTKIPDEDESEVTSSASEKLGRQPRGRPHREAAQDPRGSGSEEQPSA 333 

Full=Connexin-36        AYV--------------------------------------------------------- 321 

Full=Connexin-45        ---IQYTELSNAKIAYKQNKANTAQEQQYGSHEENLPADLEALQREIRMAQERLDLAVQA 355 

Full=Connexin-47        RARAHDQNLANLALQALRDGAAAGDRDRDSSPCVGLPAASRGPPRAG-APASRTGSATSA 400 

Full=Connexin-31.3      ---------------------------RHKKATDSLPVVET---------KEQFQEAVPG 263 

Full=Connexin-23        ------------------------------------------------------------ 

                                                                                     

 

Full=Connexin-31.1      ------------------------------------------------------------ 

Full=Connexin-30.3      ------------------------------------------------------------ 

Full=Connexin-31        ------------------------------------------------------------ 

Full=Connexin-25        ------------------------------------------------------------ 

Full=Connexin-26        ------------------------------------------------------------ 

Full=Connexin-30        ------------------------------------------------------------ 

Full=Connexin-32        ------------------------------------------------------------ 

Full=Connexin-59        THKIFGKELNGNQLMEKRETEGKDSKRNYYSRGHRSIPGVAIDGENNMRQSPQTVFSLPA 413 

Full=Connexin-37        --EQNWANLTTEER--------LASSRPPLF----------------------------- 308 

Full=Connexin-43        --EQNWANYSAEQNRMGQAGSTISNSHAQPFDF--------------------------- 337 

Full=Connexin-46        --EQNWANQAAERQPPALKAYPAASTPAAPSPVGSSSPPLAHEAEAGAAPLLLDGSGSSL 382 

Full=Connexin-40        --QQNTDNLVTEQVRGQE--QTPGEGFIQVRYGQKPEVP--------------------- 324 

Full=Connexin-50        PAEEGAEPEVGEKKEEAERLTTEEQEKVAVPEGEKVETP--------------------- 375 

Full=Connexin-62        LQNTMSQSWLGTTTAPRNCPSFAVGTWEQSQDPEPSGEPLTDLHSHCRDSEGSMRESGVW 419 

Full=Connexin-31.9      AHPAPASLRECGSGRGKASPATGRRDLAI------------------------------- 294 

Full=Connexin-40.1      APSRLAAPPSCSSLQPPDPPASSSGAPHLRARKSEWV----------------------- 370 

Full=Connexin-36        ------------------------------------------------------------ 

Full=Connexin-45        YSHQNNPHGPREKKAKVGSKAGSNKSTASSKSGDGKTSVWI------------------- 396 

Full=Connexin-47        GTVGEQGRPGTHERPGAKPRAGSEKGSASSR--DGKTTVWI------------------- 439 

Full=Connexin-31.3      RSLAQ------EKQRPVGPRDA-------------------------------------- 279 

Full=Connexin-23        ------------------------------------------------------------ 

                                                                                     

 

Full=Connexin-31.1      ------------------------------------------------------------ 

Full=Connexin-30.3      ------------------------------------------------------------ 

Full=Connexin-31        ------------------------------------------------------------ 

Full=Connexin-25        ------------------------------------------------------------ 

Full=Connexin-26        ------------------------------------------------------------ 

Full=Connexin-30        ------------------------------------------------------------ 

Full=Connexin-32        ------------------------------------------------------------ 

Full=Connexin-59        NCDWKPRWLRATWGSSTEHENRGSPPKGNLKGQFRKGTVRTLPPSQGDSQSLDIPNTADS 473 

Full=Connexin-37        -----------------------LDPPPQNGQKPPS-------------RPSSSASKKQY 332 

Full=Connexin-43        --------PDDNQNSKKLAAGHELQPLAIVDQRPSS-------------RASSRASSRPR 376 

Full=Connexin-46        EGSALAGTPEEEEQAVTTAAQMHQPPLPLGDPGRAS-------------KASRASSGRAR 429 

Full=Connexin-40        --------NGVSPGHR--------LPHGYHSDKR----------------RLSKASSKAR 352 

Full=Connexin-50        --------GVDKEGEKEEPQSEKVSKQGLPAEKTPSLCPELTTDDARPLSRLSKASSRAR 427 

Full=Connexin-62        IDRSRPGSRKASFLSRLLSEKRHLHSDSGSSGSRNSSCLDFPHWENSPSPLPSVTGHRTS 479 

Full=Connexin-31.9      ------------------------------------------------------------ 

Full=Connexin-40.1      ------------------------------------------------------------ 

Full=Connexin-36        ------------------------------------------------------------ 

Full=Connexin-45        ------------------------------------------------------------ 

Full=Connexin-47        ------------------------------------------------------------ 

Full=Connexin-31.3      ------------------------------------------------------------ 

Full=Connexin-23        ------------------------------------------------------------ 
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Full=Connexin-31.1      ------------------------------------------------------------ 

Full=Connexin-30.3      ------------------------------------------------------------ 

Full=Connexin-31        ------------------------------------------------------------ 

Full=Connexin-25        ------------------------------------------------------------ 

Full=Connexin-26        ------------------------------------------------------------ 

Full=Connexin-30        ------------------------------------------------------------ 

Full=Connexin-32        ------------------------------------------------------------ 

Full=Connexin-59        LGGLSFEPGLVRTCNNPVCPPNHIVSLTNNLIGRRVPTDLQI------------------ 515 

Full=Connexin-37        V----------------------------------------------------------- 333 

Full=Connexin-43        PDDLEI------------------------------------------------------ 382 

Full=Connexin-46        PEDLAI------------------------------------------------------ 435 

Full=Connexin-40        SDDLSV------------------------------------------------------ 358 

Full=Connexin-50        SDDLTV------------------------------------------------------ 433 

Full=Connexin-62        MVRQAALPIMELSQELFHSGCFLFPFFLPGVCMYVCVDREADGGGDYLWRDKIIHSIHSV 539 

Full=Connexin-31.9      ------------------------------------------------------------ 

Full=Connexin-40.1      ------------------------------------------------------------ 

Full=Connexin-36        ------------------------------------------------------------ 

Full=Connexin-45        ------------------------------------------------------------ 

Full=Connexin-47        ------------------------------------------------------------ 

Full=Connexin-31.3      ------------------------------------------------------------ 

Full=Connexin-23        ------------------------------------------------------------ 

                                                                                     

 

Full=Connexin-31.1      ---- 

Full=Connexin-30.3      ---- 

Full=Connexin-31        ---- 

Full=Connexin-25        ---- 

Full=Connexin-26        ---- 

Full=Connexin-30        ---- 

Full=Connexin-32        ---- 

Full=Connexin-59        ---- 

Full=Connexin-37        ---- 

Full=Connexin-43        ---- 

Full=Connexin-46        ---- 

Full=Connexin-40        ---- 

Full=Connexin-50        ---- 

Full=Connexin-62        KFNS 543 

Full=Connexin-31.9      ---- 

Full=Connexin-40.1      ---- 

Full=Connexin-36        ---- 

Full=Connexin-45        ---- 

Full=Connexin-47        ---- 

Full=Connexin-31.3      ---- 

Full=Connexin-23        ---- 
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8.2 Appendix 2: Multiple alignments of connexin 62 in human and 

connexin 57 in mouse obtained from ClustalW 

(www.ebi.ac.uk/tools/clustalw). The red highlighting represents Gap27 

sites. 

Connexin62              MGDWNLLGGILEEVHSHSTIVGKIWLTILFIFRMLVLRVAAEDVWDDEQSAFACNTRQPG 60 

Connexin57              MGDWNLLGGILEEVHSHSTIVGKIWLTILFIFRMLVLGVAAEDVWDDEQSAFACNTQQPG 60 

                        ************************************* ******************:*** 

 

Connexin62              CNNICYDDAFPISLIRFWVLQIIFVSSPSLVYMGHALYRLRAFEKDRQRKKSHLRAQMEN 120 

Connexin57              CNNICYDDAFPISLIRFWVLQIIFVSSPSLVYMGHALYRLRDFEKQRQKKKLYLRAQMEN 120 

                        ***************************************** ***:**:** :******* 

 

Connexin62              PDLDLEEQQRIDRELRRLEEQKRIHKVPLKGCLLRTYVLHILTRSVLEVGFMIGQYILYG 180 

Connexin57              PELDLEEQQRVDKELRRLEEQKKIHKVPLKGCLLRTYVLHILTRSVLEVGFMIGQYILYG 180 

                        *:********:*:*********:************************************* 

 

Connexin62              FQMHPLYKCTQPPCPNAVDCFVSRPTEKTIFMLFMHSIAAISLLLNILEIFHLGIRKIMR 240 

Connexin57              FQMHPIYKCTQAPCPNSVDCFVSRPTEKTIFMLFMHSIAAISLLLNILEIFHLGIRKIMR 240 

                        *****:*****.****:******************************************* 

 

Connexin62              TLYKKSSSEGIEDETGPPFHLKKYSVAQQCMICSSLPERISPLQANNQQQVIRVNVPKSK 300 

Connexin57              ALDGKSSSGNTENETGPPFHSTNYSGTQQCMVCSSLPERISLLQANNKQQVIRVNIPRSK 300 

                        :*  **** . *:******* .:** :****:********* *****:*******:*:** 

 

Connexin62              TMWQIPQPRQLEVDPSNGKKDWSEKDQHSGQLHVHSPCPWAGSAGNQHLGQQSDHSSFGL 360 

Connexin57              SMWQIPHPRQLEVDVSCGKRDWAEKIESCTQLHVHSPCPHDRSARIQHPGQQPCHSVFGP 360 

                        :*****:******* * **:**:** : . *********   **  ** ***. ** **  

 

Connexin62              QNTMSQSWLGTTTAPRNCPSFAVGTWEQSQDPEPSGEPLTDLHSHCRDSEGSMRESGVWI 420 

Connexin57              KNAMSQSWFGTMTASQHRPSSALETWERSQGPEASGRSLTDRQSHFQGSDGSARESGVWT 420 

                        :*:*****:** **.:: ** *: ***:**.**.**..*** :** :.*:** ******  

 

Connexin62              DRSRPGSRKASFLSRLLSEKRHLHSDSGSSGSRNSSCLDFPHWENSPSPLPSVTGHRTSM 480 

Connexin57              DRLGPGSRKASFLSRLMSEKGQRHSDSGSSRSLNSSCLDFSHGENSPSPLPSATGHRASM 480 

                        **  ************:*** : ******* * *******.* *********.****:** 

 

Connexin62              VRQAALPIMELSQELFHSGCFLFPFFLPGVCMYVCVDREADGGGDYLWRDKIIHSIHSVK 540 

Connexin57              VSKSSH-----VDSPPHS-----SFIIHETYVYVY------------------------- 505 

                        * :::       :.  **     .*::  . :**                           

 

Connexin62              FNS 543 

Connexin57              --- 

                    

 

 

http://www.ebi.ac.uk/tools/clustalw

