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Abstract 

Cyclic 3’, 5’ adenosine monophosphate (cAMP) signalling downstream of 

prostacyclin (PGI2) is a key inhibitory pathway in blood platelets. This pathway is 

dynamically regulated by phosphodiesterase 3A (PDE3A), which hydrolyses cAMP 

into metabolically inactive AMP. Although PDE3A is an established drug target in 

anti-platelet therapies, the molecular mechanisms that underlie its function in 

platelets remain unclear. Therefore, the major aim of this study was to further 

explore PDE3A signalling in human platelets. Using a combination of cell 

fractionation and immunoblotting we identified two PDE3A splice variants in 

platelets, PDE3A1 and PDE3A2, that were differentially localised within the cell. 

PDE3A1 was located in the membrane fraction, whereas PDE3A2 was primarily 

located in the cytosolic fraction. Treatment of platelets with PGI2 induced a 

transient phosphorylation of PDE3A2 at Ser312 in a PKA dependent manner. In 

contrast, no phosphorylation of PDE3A1 was detected. The phosphorylation of 

PDE3A2 was associated with increased PDE3A enzymatic activity, which 

suggested that cAMP signalling activated only the cytosolic form of the enzyme. In 

many cells, A-kinase anchoring proteins (AKAPs) orchestrate a coordinated 

response between PKA and its effector proteins. The phosphorylation and 

activation of PDE3A2 in response to PGI2 was blunted by a cell permeable peptide 

inhibitor of PKA-AKAP interactions suggesting that PKA-mediated activation of 

PDE3A2 was dependent on an AKAP. Using a cAMP-pull down approach to 

enrich cAMP binding proteins combined with immunoblotting, we confirmed the 

presence of two AKAP7 isoforms (δ and γ) in platelets. Additionally, we found that 

AKAP7δ co-precipitated with PDE3A2 and possessed associated PDE3A activity. 

Furthermore, AKAP7 also possessed PKA activity, which was a result of its 
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constitutive association with PKA-II. Critically, immunoprecipitated PDE3A was 

found to be co-associated with both PKA-II and AKAP7δ. The findings in this 

thesis suggest that blood platelets express multiple differentially-regulated PDE3A 

splice variants, of which PDE3A2 is regulated by PKA-II within a novel cytosolic 

AKAP7δ facilitated signalling complex. The selective inhibition of PDE3A splice 

variants and/or pharmacological disruption of PDE3A signalosomes may provide 

safer and more specific ways of controlling pathological platelet activation. 
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1 Introduction 

1.1 General introduction 

Haemostasis is an essential physiological process that prevents blood loss, 

maintains the fluidity of blood and removes haemostatic plugs following vascular 

repair. This process requires intricate interplay between vascular endothelium, 

platelets and the coagulation cascade (Versteeg et al., 2013). In healthy blood 

vessels a single layer of endothelial cells, termed the endothelium, lines the vessel 

wall. This layer serves first as an anti-thrombogenic surface and second as a 

physical barrier to separate blood from thrombogenic factors, which lie beneath its 

surface. Platelets circulate in close proximity to the endothelium, attributed to the 

forces of laminar blood flow. Here they are maintained in a quiescent state by the 

actions of endothelium-derived prostacyclin (PGI2) and nitric oxide (NO) (Schwarz 

et al., 2001). Exposure of the subendothelium through vessel trauma initiates 

immediate platelet adhesion, activation and aggregation to form a haemostatic 

plug in concert with the coagulation cascade. Thrombus size is tightly regulated by 

neighbouring endothelial cells that secrete anti-thrombogenic PGI2 and NO into 

the local environment (Clemetson, 2012). However, pathological conditions that 

comprise endothelial function and platelet sensitivity to endogenous inhibition can 

lead to uncontrolled thrombus development and growth (Gps and Ruggeri, 2002).  

The occlusion of blood flow under this circumstance can result in serious 

cardiovascular events such as a stroke or myocardial infarction. Therefore, 

improving our understanding of the mechanisms that underlie endothelial inhibition 

of platelet activation may lead to the identification of novel therapeutic targets for 

the treatment of pathological thrombosis. This chapter will review blood platelet 
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function, with a particular focus on the regulation of endogenous platelet inhibition 

by phosphodiesterase (PDE) enzymes. 

 

1.2 Platelet formation 

Platelets are small anucleate discoid cells that circulate in the blood alongside 

erythrocytes and lymphocytes. These cells function primarily as regulators of 

haemostasis, but also play secondary roles in innate immunity and angiogenesis 

(Kisucka et al., 2006; Von Hundelshausen and Weber, 2007). Platelets derive from 

long cytoplasm extensions of highly specialised megakaryocyte cells that reside 

primarily in the bone marrow (Pease, 1956).  Platelet production is predominantly 

driven by thrombopoietin (TPO) that signals through the cMpl receptor present on 

the megakaryocyte surface (Kaushansky, 2006). This process constantly renews 

the entire platelet population, measured at roughly one trillion platelets in adults, 

every 8-10 days (Harker and Finch, 1969). 

 

1.3 Platelet ultra-structure 

Quiescent platelets are 2.0 to 5.0µm in diameter and 0.5µm in thickness with a 

mean volume of 6-10 femtolitres (Hartwig and Italiano, 2003). Platelets contain a 

number of distinguishable features including the open canicular system (OCS), the 

dense tubular system (DTS), an actin-based cytoskeleton, a peripheral band of 

microtubules and numerous organelles including alpha and dense granules (Thon 

and Italiano, 2012). Upon activation, platelets undergo a series of morphological 

changes that involve the extension of membrane projections termed filopodia and 

lamellipodia, which aid adhesion and aggregation at the site of vascular damage 

(Hartwig, 1992) (Figure 1.1). 
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Figure 1.1 Morphology of resting and activated platelets. Electron microscopy 

images of platelet morphology. (A) The discoid shape of a resting platelet with 

wrinkled surfaces representing membrane invaginations. (B) Early stages of 

platelet activation with extended filopodia projections. (C) Joining of filopodia 

extensions with lamellipodia to form a (D) fully spread platelet (White, 2007). 

 

1.3.1 Platelet membrane 

The platelet membrane is composed of phospholipid bilayer embedded with 

cholesterol, glycolipids and glycoproteins. The membrane itself is covered with tiny 

folds and small openings to the surface-connected OCS. The OCS is a semi-

selective channel system that runs throughout the platelet, allowing the passage of 

small molecules (Escolar and White, 1991). The plasma membrane also contains 

A B 

C D 
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cholesterol-rich lipid rafts that play important roles in signalling and intracellular 

trafficking (Bodin et al., 2003). 

 

1.3.2 Platelet cytoskeleton 

The discoid shape of the platelet is maintained by an internal circumferential coil of 

microtubules. In addition to the coil is a supportive cytoskeleton composed of actin 

filaments and associated proteins. This cytoskeletal system can reorganise upon 

platelet activation, drastically changing the shape of the platelet (Escolar et al., 

1986) (Figure 1.1).  

 

1.3.3 Platelet organelles and granules 

Platelets contain relatively few organelles, namely lysosomes that sequester 

degradative enzymes, energy storing glycosomes and mitochondria required for 

energy metabolism (White, 2007). Located in the platelet cytoplasm is the DTS, 

constructed from residual sections of endoplasmic reticulum to form a closed-

channel network that functions as an intracellular calcium store, positioned in close 

proximity to the OCS (Van Nispen Tot Pannerden et al., 2010). Calcium release 

from the DTS is an essential requirement for platelet activation (Varga-Szabo et 

al., 2009). Specific to the platelet, are internally packaged granules that are 

released at the site of vascular injury. Alpha granules are most abundant, 50-80 

per platelet, and contain a plethora of adhesive proteins including vWF, stored in 

its potent form, and fibrinogen (Blair and Flaumenhaft, 2009). Dense granules, 

named after their electron dense matrix, are fewer in number and contain different 

prothrombotic factors namely the potent platelet agonist ADP and ATP (McNicol 

and Israels, 1999). Platelet degranulation plays an essential role in the 
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haemostatic response to vascular damage by recruiting platelets from the 

circulation to the nascent haemostatic plug and activating platelets. 

 

1.4 Haemostatic function of blood platelets 

The primary function of platelets is to arrest blood loss in the event of 

haemorrhage. This protective role can be divided into four phases: platelet 

adhesion, activation, amplification and aggregation. 

 

1.4.1 Platelet adhesion 

In healthy blood vessels, platelets circulate quiescently in close proximity to the 

endothelium. Vascular damage exposes the subendothelial matrix, which contains 

several platelet adhesive macromolecules, including collage, laminin and 

fibronectin. Stable adhesion of platelets to the subendothelial matrix is a 

coordinated process involving tethering, rolling, activation and secure adhesion. 

Initial platelet tethering is dependent on local rheological shear conditions. Under 

low shear (<1000s-1), typically within veins and large arteries, platelets adhere to 

the subendothelial matrix through the interaction between exposed collagen and 

the platelet receptors glycoprotein VI (GPVI) and integrin α2β1. However in small 

arteries and the microvasculature, which are subject to high shear rates (>1000s-

1), platelet adhesion to collagen is indirect and dependent on the interaction 

between immobilized vWF and glycoprotein Ibα (GPIb) (Ruggeri and 

Mendolicchio, 2007). 
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1.4.1.1 Direct collagen binding 

Subendothelial fibrillar collagen is a highly thrombogenic surface that supports 

platelet adhesion through both indirect and direct mechanisms. Platelets express 

several direct collagen receptors, most notably GPVI and integrin α2β1, in addition 

to GPIb and integrin αIIbβ3 that interact with collagen indirectly via vWF (Varga-

Szabo et al., 2008).  

GPVI is the major collagen receptor expressed on the platelet surface (Kehrel et 

al., 1998). This platelet exclusive type I transmembrane receptor associates with 

the Fc receptor-gamma (FcR gamma) chain, which possesses an immunoreceptor 

tyrosine-based activation motif (ITAM). Collagen binding to the GPVI receptor 

results in tyrosine phosphorylation of the ITAM, triggering platelet activating 

tyrosine kinase signalling cascades (Moroi and Jung, 2004). However, GPVI on its 

own is unable to support stable platelet adhesion due to its low affinity for collagen 

and functions primarily as an activatory receptor (Nieswandt et al., 2001). It is 

thought that GPVI works in concert with integrin receptors to provide the platelet 

with adhesive capacity. Of particular relevance is integrin α2β1, which also acts as 

a collagen receptor. Like other integrins, platelet activation by GPVI increases the 

affinity of integrin α2β1 for collagen, termed inside-out signalling, leading to stable 

adhesion and spreading (Jung and Moroi, 2000). These complementary roles of 

GPVI and integrin α2β1 simultaneously strengthen platelet adhesion to the 

subendothelial matrix and stimulate platelet activatory signalling cascades. 
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1.4.1.2 Indirect collagen binding 

The central mediator of platelet adhesion under high shear conditions is the 

multimeric glycoprotein vWF, which is found in endothelial Weibel Palade bodies, 

platelet alpha granules and blood plasma. vWF contains both binding sites for 

collagen and the platelet receptors GPIb and integrin αIIbβ3 (Ruggeri, 2003). 

Exposure of collagen results in immediate binding of vWF via its collagen binding 

A1 and A3 domains (Hoylaerts et al., 1997; Lankhof et al., 1996). In this state, 

VWF recruits platelets from the circulation through the binding of GPIb and integrin 

αIIbβ3. However in healthy vessels, vWF does not normally interact with platelets 

due to the cryptic nature of the platelet binding sites that are only unveiled when 

vWF is immobilised (Ulrichts et al., 2006). GPIb exists as part of GPIb-V-IX 

signalling complex that stimulates granule release and integrin receptor activation 

through tyrosine kinase signalling pathways when bound to immobilised vWF 

(Clemetson, 2012). The precise mechanisms by which GPIb initiates tyrosine 

kinase signalling remain undefined, but there is good evidence that it is similar to 

GPVI (Gibbins, 2004).  

The final phase in platelet adhesion is the activation and binding of several integrin 

receptors, the most abundant of which is integrin αIIbβ3. Although in its activated 

form integrin αIIbβ3 mediates adhesion of platelets to immobilised vWF, it is also 

considered the most important receptor in platelet aggregation (Ma et al., 2007). 

Due to the fast on and off rate of GPIb and integrin αIIbβ3 binding to vWF, stable 

adhesion of the growing thrombus requires both direct and indirect platelet binding 

to collagen (Moroi et al., 1996). Outside-in signalling induced by ligation of integrin 

αIIbβ3 is thought to be a driving force behind stable platelet adhesion and platelet 

spreading (Li et al., 2010). 
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Figure 1.2. Mechanisms of platelet adhesion. Initially tethering of platelets to 

the subendothelium is mediated by actions of GPIb with collagen-immobilised 

vWF. Integrin α2β1 and GPVI bind directly to collagen and activate Integrin αIIbβ3 

and granule release for firm adhesion. At the same time, tissue factor is released 

from the subendothelium that triggers the formation of thrombin via the coagulation 

cascade. Thrombin not only amplifies the mechanisms of platelet activation but 

converts integrin αIIbβ3 bound fibrinogen into supporting fibrin strands that 

strengthen the newly formed haemostatic plug (Sachs and Nieswandt, 2007). 

 

 

1.4.2 Platelet activation 

Platelet activation in response to thrombotic stimuli is a coordinated process 

involving several signalling cascades, including tyrosine kinase signalling, G-

protein coupled receptor (GPCR) signalling and inside-out activation of integrin 

receptors (Broos et al., 2011). 
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1.4.2.1 Tyrosine kinase signalling 

GPVI is thought to initiate tyrosine kinase signalling through the binding of 

collagen and subsequent tyrosine phosphorylation of the associated FcRγ-chain. 

In its phosphorylated form, FcRγ-chain recruits the tyrosine kinase Syk, which in 

turn activates phospholipase Cγ2 (PLCγ2). PLCγ2 functions to hydrolyse 

phosphatidylinositol 4,5 bisphosphate into inositol 1,4,5 trisphosphate (IP3) and 

diacylglycerol (DAG) (Watson et al., 2005). When formed, IP3 releases Ca2+ from 

the DTS intracellular calcium store through binding to the IP3 receptor calcium 

channel. Elevations in platelet Ca2+ levels triggers several mechanisms of platelet 

activation including reorganisation of the actin cytoskeleton necessary for shape 

change, granule release and integrin receptor activation (Varga-Szabo et al., 

2009). In addition to the actions of IP3, membrane-bound DAG functions together 

with Ca2+ to activate protein kinase C (PKC), a major positive regulator of platelet 

activation (Harper and Poole, 2010). 

 

1.4.2.2 G-protein coupled receptor signalling 

There are a number of G-protein coupled receptors expressed on the platelet 

surface that operate both activatory and inhibitory signalling cascades. These 

receptors transduce the effects of soluble agonists released or generated after 

initial platelet activation and include, adenosine diphosphate (ADP), thrombin and 

thromboxane A2 (TXA2). ADP, released from platelet dense granules, signals 

through two GPCRs: P2Y1 and P2Y12. P2Y1 is a Gαq coupled GPCR that activates 

platelets through calcium mobilisation from the DTS (Jin et al., 1998). The P2Y12 

receptor is coupled to the inhibition of adenylyl cyclase through Gαi (Ohlmann et 

al., 1995). In its activated state, adenylyl cyclase synthesises the secondary 
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messenger cyclic adenosine monophosphate (cAMP) from adenosine triphosphate 

(ATP); cAMP-stimulated signalling cascades are a powerful mechanism of platelet 

inhibition (Raslan and Naseem, 2014). Therefore, P2Y12 ligation of ADP reduces 

the stimuli threshold required for platelet activation and aggregation. The co-

activation of both P2Y1 and P2Y12 is required for ADP-induced platelet activation 

and aggregation, elegantly demonstrated in platelet function studies Hechler and 

colleagues using P2Y1 and P2Y12 selective inhibitors (Hechler et al., 1998). 

Similar to ADP, TXA2 functions as a positive feedback regulator of platelet 

activation. TXA2 production is initiated by elevations in Ca2+ levels, which result in 

the phosphorylation and subsequent activation of phospholipase A2 (PLA2) by P38 

mitogen activated protein kinase (MAPK). Activated PLA2 cleaves arachidonic acid 

from phospholipids, which is then transformed by COX-1 into the thromboxane 

synthase substrate PGH2. Following TXA2 production from PGH2 by thromboxane 

synthase, TXA2 is released into the haemostatic environment where upon it binds 

to its receptor (Samuelsson et al., 1978). The TXA2 receptor (TP) is a Gαq and 

Gα12/Gα13 coupled receptor that activates platelets through calcium release from 

the DTS (Thomas et al., 1998). However, the actions of TXA2 are locally restricted 

due to its short half-life (FitzGerald et al., 1983). 

Thrombin, the main effector of the coagulation cascade, is formed when circulating 

coagulation factors contact tissue factor exposed from vascular damage 

(Coughlin, 2000) and then subsequently on the platelet surface.  The main 

function of thrombin is to convert circulating fibrinogen into fibrin monomers that 

polymerise to form fibrin; the structural mesh of thrombi. However in addition to 

this function, thrombin also serves as a potent platelet agonist through ligation of 

protease-activated receptors (PAR), which are coupled to Gαq, Gα12/Gα13 and Gαi 



 Chapter 1 
 
  

Page |   
 

11 

(Offermanns, 2006). Of the four PAR receptors, human platelets express PAR1 

and PAR4. Ligation of these receptors by thrombin forms a distinct mechanism 

that involves the cleavage of the PAR receptor N-terminus to form a new N-

terminus, which by refolding acts as a ligand to the receptor (Vu et al., 1991). 

Ligation and activation of PAR receptors stimulates platelet shape, change granule 

release and integrin activation. Studies have shown that activation of either PAR 

receptor by thrombin is sufficient to activate platelets (Kahn et al., 1999). In 

conjunction, the effects of ADP, TXA2 and thrombin on their GPCRs are to activate 

and recruit platelets to the site of injury. 

 

1.4.2.3 Activation of integrin αIIbβ3 

The final stage in platelet activation is the aggregation of adjacent platelets 

through activation and crosslinking of integrin αIIbβ3 by fibrinogen (Kulkarni et al., 

2000). Under resting conditions, integrin αIIbβ3 is maintained in an inactive 

conformation, functioning as a low-affinity receptor vWF and fibrinogen (Savage 

and Ruggeri, 1991). Both inside-out and outside-in signaling cascades can 

increase the affinity of integrin αIIbβ3 for these ligands. GPVI and GPIb are 

important initiators of integrin αIIbβ3 activation through inside-out signalling. As 

previously discussed, ligation of collagen to these receptors triggers PLCγ2 to 

hydrolyze PIP2 into IP3 and DAG. IP3 releases Ca2+ from the DTS intracellular 

calcium store whilst membrane-bound DAG functions together with Ca2+ to 

activate protein kinase C (PKC) (Harper and Poole, 2010). Both of these 

mediators, Ca2+ and activated PKC, increase the affinity of integrin αIIbβ3 for vWF 

and fibrinogen (Ma et al., 2007). In contrast, outside-in signaling results from 

fibrinogen binding to integrin αIIbβ3, which promotes receptor clustering and a 
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ligand induced conformational change to the receptors cytoplasmic tail. This event 

results in the activation of Syk, which in turn activates PLCγ2 leading to 

subsequent platelet activation (Li et al., 2010). In its activated state, integrin αIIbβ3 

forms molecular bridges between platelets through fibrinogen binding. These 

bridges play an essential role in haemostatic plug formation by facilitating platelet 

interaction, aggregation and providing thrombus support. 

 

 

Figure 1.3. Platelet effectors and receptors. Schematic representation of 

platelet agonists, receptors and intracellular signalling cascades that mediate 

platelet activation. Figure adapted from (Broos et al., 2011). 
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1.4.3 Amplification of the platelet haemostatic plug 

The adhesion and activation of platelets triggers the release of platelet alpha and 

dense granular contents into the local environment, which not only activate and 

recruit platelets from the circulation but promote platelet activation in an autocrine 

manner (Broos et al., 2011). This process can drastically advance thrombus 

formation and, therefore, is highly regulated by pro and anti-thrombotic stimuli. As 

previously described, the most abundant granule in platelets is the alpha granule, 

which contains a heterogeneous content of bio-active molecules (Blair and 

Flaumenhaft, 2009). Among these molecules is vWF, stored in its more potent 

form, and fibrinogen (Gralnick et al., 1985). Once released into the extracellular 

environment, these agents activate platelets through outside-in signalling 

cascades and promote platelet aggregation via cross-linkage of integrin αIIbβ3 and 

GPIb (Canobbio et al., 2004; Shattil and Newman, 2004). In addition to adhesive 

molecules, alpha granules contain several coagulation factors to promote 

secondary haemostasis and the formation of clot stabilising fibrin. Alpha granules 

also function as reserves for adhesion receptors, namely GPVI, GPIb and integrin 

αIIbβ3 (Berger et al., 1996). These receptors are transferred to the platelet surface 

when the granule membranes fuse with the plasma membrane or OCS for content 

release (Flaumenhaft, 2003).  

Dense granules are less in number but equally important in amplifying platelet 

activation through release of the potent platelet agonist ADP and adenosine 

triphosphate (ATP) (Nurden and Nurden, 2008). As previously discussed, ADP 

activates platelets through the ligation of the P2Y1 GPCR that initiates calcium 

mobilisation from the DTS and ligation of P2Y12 GPCR, which plays an important 

role as a co-stimulatory receptor by impeding inhibitory adenylyl cyclase/cAMP-
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dependant signalling cascades, thereby reducing the threshold for platelet 

activation. ATP, on the other hand, binds to the ligand-gated cation channel P2X1 

that results in an influx of calcium into the platelet, in turn stimulating further 

granule release and cytoskeletal rearrangement (Oury et al., 2006). However the 

influx of calcium is not sustained due to rapid desensitisation of the P2X1 receptor 

(Rolf et al., 2001). 

 

1.4.4 Platelet aggregation 

Platelet aggregation is the binding together of platelets to form a fibrinogen-rich 

thrombus at the site of vascular injury. This complex and dynamic process 

involves the interplay between several platelet ligands, notably fibrinogen and 

vWF, and receptors such as GPIb and integrin αIIbβ3 (Broos et al., 2011). Like 

platelet adhesion, the mechanisms of platelet aggregation are dependent on local 

rheological shear conditions. Recently reviews have categorised platelet 

aggregation into three distinct mechanisms (Jackson, 2007). Under low shear 

rates <1000s-1, typically found within large arteries and veins, platelet aggregation 

is predominantly mediated by integrin αIIbβ3 and fibrinogen. Direct platelet-to-

platelet interactions are supported by integrin αIIbβ3 molecular bridges that are 

formed through fibrinogen binding. Although this mechanism has been shown to 

function independently of vWF binding by GPIb in vitro (Savage et al., 1998), in 

vivo mouse studies have shown vWF is a requirement for platelet aggregation 

under low shear, possibly by binding integrin αIIbβ3  (Bergmeier et al., 2008).  At 

higher shear rates between 1000s-1 and 10,000s-1, usually experienced within 

small arteries and the microvasculature platelet adhesion is mediated by the 

actions of GPIb and integrin αIIbβ3 with vWF and fibrinogen. Platelets that are 
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immobilised onto the surface of the thrombus project thin membrane tethers. 

These dynamic structures extend from platelet to platelet adhesion contacts under 

the influence of high shear rates, attaching platelets to the thrombus long enough 

for more sustained platelet-platelet interactions (Nesbitt et al., 2009). Blocking of 

integrin αIIbβ3 does not hinder tether formation, therefore, it is thought their 

formation is dependent on vWF binding to GPIb (Dopheide et al., 2002). However, 

integrin αIIbβ3 activation and binding is a prerequisite for the formation of stable 

aggregates (Ma et al., 2007).  

At shear rates greater than 10,000s-1, found within stenotic arteries, platelet 

adhesion to soluble vWF can occur independently of vessel trauma and platelet 

activation (Ruggeri, 2007). Under these extreme conditions, platelets bind to vWF 

exclusively through GPIb (Ruggeri et al., 2006). These vWF bound platelet 

aggregates are then cleared from the circulation, consequently lowering levels of 

endogenous multimeric vWF and impeding normal haemostasis (Hollestelle et al., 

2011). 

 

1.4.5 Thrombus consolidation 

The end product of platelet aggregation is a fibrinogen-rich thrombus consisting of 

platelets cross-linked together via vWF and fibrinogen binding to integrin αIIbβ3. 

These linkages are strengthened through thrombin-mediated conversion of 

integrin αIIbβ3 bound fibrinogen into fibrin to form a supportive mesh. Thrombus 

formation is completed by integrin driven clot retraction, a cytoskeletal process 

channeled through fibrin bound integrin αIIbβ3 (Brass et al., 2005). The resulting 

haemostatic structure enables protection against blood loss whilst withstanding the 

shear forces of blood flow within the vasculature.  



 Chapter 1 
 
  

Page |   
 

16 

1.5 Platelet regulation 

Spontaneous thrombus formation and uncontrolled thrombus growth can result in 

the occlusion of vital blood flow and tissue death. There are numerous 

pathological conditions that predispose the circulatory system to these morbid 

events. Healthy blood vessels possess a number of protective mechanisms that 

prevent inappropriate platelet activation and regulate thrombus size. Firstly, 

platelet agonists are only generated at sites of vascular injury with agonists 

sequestered inside platelet granules and contained within the subendothelial 

matrix under normal conditions (Chen and López, 2005). Agonists that are free 

within the circulation are quickly removed and neutralised by endothelial cells 

through the CD39/ecto-ADPase pathway thereby localising the haemostatic 

response (Marcus et al., 1997). In addition to agonist removal, the endothelium 

also synthesises and releases the anti-thrombotic factors PGI2 and NO into the 

immediate environment of circulating platelets (M. W. Radomski et al., 1987; 

Weiss and Turitto, 1979).  These important platelet inhibitors signal through cyclic 

nucleotide signalling cascades that result in the inhibition of virtually every known 

mechanism of platelet activation (Schwarz et al., 2001). The following sections will 

describe both PGI2 and NO signalling in platelets and the mechanisms of pathway 

regulation.  

 

1.5.1 Cyclic AMP signalling 

1.5.1.1 Prostacyclin 

Prostacyclin is synthesised in endothelial cells from the phospholipid metabolite 

arachidonic acid in a two-step process. Arachidonic acid is first metabolised by 
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cyclooxygenase (COX) and 5-lipoxygenase to produce prostaglandin G2 (PGG2), 

which is then further metabolised into PGH2 and finally converted into PGI2 by the 

enzyme prostacyclin synthase (Weksler et al., 1977). Once secreted from the 

endothelium, PGI2 binds to the Gαs coupled IP receptor, expressed on the platelet 

surface (Armstrong, 1996).  Upon ligand binding, the IP receptor undergoes a 

conformational change that results in the detachment of Gαs, through GDP 

exchange with GTP, which then activates the integral membrane glycoprotein 

adenylyl cyclase (AC). Following signal propagation, Gαs bound GTP is hydrolyzed 

back to GDP, prompting reattachment of Gαs to the IP receptor.  

 

1.5.1.2 Adenylyl cyclase and cyclic AMP 

Adenylyl cyclases are a ubiquitously expressed group of transmembrane proteins 

that catalyse the formation of cAMP. Platelets express the adenylyl cyclase 

isoform ADCY6 and potentially ADCY3 and ADCY5 (Burkhart et al., 2012). Upon 

stimulation by Gαs, adenylyl cyclase hydrolyses ATP to form the ubiquitous 

secondary messenger cAMP. Elevations in platelets cAMP levels are a powerful 

mechanism of platelet inhibition (Sim et al., 2016). Adenylyl cyclase activity can 

also be inhibited by the actions of Gαi, consequently lowering cAMP levels and the 

threshold for activation. The platelet agonists thrombin and ADP both signal in this 

manner (Offermanns, 2006). Thrombin binds to its PAR1 Gαi linked receptor 

whereas ADP binds to the Gαi linked P2Y12 receptor, as previously discussed in 

section 1.4.2.2. The inhibitory actions of cAMP are mediated by protein kinase A 

(PKA), the foremost effector of cAMP signalling in platelets (Raslan and Naseem, 

2014).  
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1.5.1.3 Protein kinase A 

PKA is a heterotetrameric kinase constructed from a regulatory subunit dimer (RIα, 

RIβ, RIIα, RIIβ) and two catalytic subunits (Cα, Cβ) (Skalhegg and Tasken, 2000). 

Differential expression of PKA regulatory and catalytic subunits gives rise to a 

number of different PKA permutations with each combination having distinct 

biochemical properties and cell-specific expression, further contributing to diversity 

and specificity in cAMP signalling (Taskén and Aandahl, 2004). Proteomic studies 

have shown the expression of two PKA isoenzymes in platelets, type I and type II, 

that are categorised according to their regulatory subunit (Burkhart et al., 2012). 

Furthermore, recent studies have identified differential localisation of PKA 

isoenzymes in platelets, with PKA type I targeted towards the plasma membrane 

and PKA type II present in the platelet cytosol (Raslan et al., 2015b).  

Each of the PKA regulatory domains has two cAMP binding sites, termed A and B. 

When PKA is inactive, only the B sites are available for cAMP binding. Binding of 

cAMP to the B sites enhances cAMP binding to the A sites. Occupation of both A 

and B sites on each PKA regulatory domain by cAMP triggers a conformational 

change that drives the dissociation of the catalytic subunits (Figure 1.4) (Kopperud 

et al., 2002). The free catalytic subunits go on to phosphorylate specific 

intracellular platelet proteins at a conserved consensus sequence (-Arg-Arg-X-

Ser/Thr-X) (Ubersax and Ferrell Jr, 2007). These specific PKA substrates play 

functionally important roles in the mechanisms of platelet activation. PKA 

phosphorylation is a mechanism by which the substrates function can be modified 

during stimulation of cAMP/PKA signalling in order to preserve platelets in a 

quiescent state, and in some cases, reverse transient platelet activation 

(Smolenski, 2012). To date, over 100 different PKA-regulated proteins have been 
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identified in platelets with the majority still requiring characterisation (Beck et al., 

2014). 

 

 

Figure 1.4 cAMP-mediated activation of PKA. Inactive PKA exists as a tetramer 

constructed from two regulatory subunits and two catalytic subunits. Binding of two 

cAMP molecules to each regulatory subunit initiates the disassociation of the 

catalytic subunits, which then bind to ATP and go on to phosphorylate a range of 

proteins, at specific serine and threonine residues, that play central roles in the 

mechanisms of platelet activation (Murray, 2008). 
 

1.5.2 Cyclic GMP signalling 

1.5.2.1 Nitric oxide 

Endothelium-derived NO regulates platelet activity through cGMP-dependent 

signalling cascades, in addition to acting as a modulator of vascular tone 

(Gkaliagkousi et al., 2007; Naseem and Riba, 2008). This soluble gas has a 

relatively short half-life of 6-30 seconds and is continually synthesised from the 
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amino acid L-arginine via a two-step oxidation of L-arginine into L-citrulline by 

endothelial nitric oxide synthase (eNOS, NOS3) (Palmer et al., 1988). A variety of 

stimuli have been shown to increase the activity of eNOS, including ATP, vascular 

endothelial growth factor (VEGF), bradykinin and laminar shear stress (Sessa, 

2004). Although eNOS is established the main source of vascular NO, small 

quantities of inducible NOS (iNOS) have been identified in endothelial cells 

(Cristina de Assis et al., 2002; Gross et al., 1991). Once released from the 

endothelium, NO readily diffuses through the plasma membrane of circulating 

platelets, where it activates soluble guanylyl cyclase (sGC) to produce cGMP 

(Schmidt et al., 1993). 

 

1.5.2.2 Guanylyl cyclase and cyclic GMP 

Guanylyl cyclases are a group of enzymes that when catalytically active convert 

GTP to cGMP. To date, only the soluble form of guanylyl cyclase (sGC, NO-

sensitive GC) and not the membrane-bound form is expressed in platelets, located 

in the platelet cytoplasm (Dangel et al., 2010). sGC is a heterodimeric 

haemoprotein constructed from two subunits, termed α and β, which dimerise and 

catalyse the formation of cGMP from GTP in response to NO stimulation 

(Harteneck et al., 1990). In this way, sGC acts as an intracellular receptor for NO. 

The binding of NO to the haem moiety of sGC leads to a 200-fold increase in the 

production of cGMP (Friebe and Koesling, 2003). Once synthesised, cGMP goes 

on to activate protein kinase G (PKG), the central effector molecule of cGMP 

signalling, and potentiate cAMP signalling through inhibition of regulatory 

phosphodiesterase 3A. Initial studies by Zhang and collaborators using platelet-

specific sCG knock mice reported a stimulatory role of soluble guanylyl cyclase in 
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platelets, as opposed to an inhibitory role as stated in the literature (Zhang et al., 

2011). However, this contradictory report has since been refuted by other 

investigations using the same knockout models (Gambaryan et al., 2012; 

Rukoyatkina et al., 2011). 

 

1.5.2.3 Protein kinase G  

There are two families of PKG, soluble PKG type I and membrane-bound PKG 

type II, that are the products of two separate genes (prkg1 and prkg2) (Francis et 

al., 2010). Both are homodimeric kinases containing an N-terminal dimerization 

domain, a regulatory domain and a catalytic domain (Francis et al., 2010). PKG 

type I exists as two splice variants, PKG type Iα and PKG type Iβ, differing in 

tissue expression, N-terminal structure and cGMP affinity (Massberg et al., 1999). 

In platelets, PKG type Iβ has been identified as the main intracellular receptor for 

cGMP (Eigenthaler et al., 1992). Knockout mouse studies have shown that 

platelets lacking PKG type I platelets are unresponsive to NO (Massberg et al., 

1999). The mechanism of PKG type Iβ activation is comparable to that of PKA, 

with the release of the catalytic subunits triggered by cGMP binding to four sites 

on the regulatory domains (Francis and Corbin, 1999). The activated catalytic 

subunits are then free to selectively phosphorylate an array of functionally 

important platelet proteins to effectuate platelet inhibition (Schwarz et al., 2001). 

 

1.5.3 Protein kinase A and G protein targets 

Cyclic nucleotide signalling targets and restrains multiple mechanisms of platelet 

activation including platelet receptor signalling, calcium mobilisation and 

cytoskeletal reorganisation (Aburima et al., 2013; Chaloux et al., 2007; Chen and 
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Stracher, 1989; El-Daher et al., 2000; Horstrup et al., 1994; Manganello et al., 

1999; Walsh et al., 2000). Many of the proteins targeted by cyclic nucleotide 

signalling are dually regulated by both PKA and PKG while some proteins are 

regulated in a kinase specific manner (summarised in table 1.1) (Smolenski, 

2012). In comparison to other cell types, human platelets contain particularly high 

concentrations of both PKA type I and II and PKG type Iβ, highlighting the 

functional importance of protein phosphorylation in regulating platelet inhibition 

(Eigenthaler et al., 1992). Proteomic studies have suggested hundreds of potential 

PKA-regulated platelet proteins, although only a selection of these substrates have 

been validated (Beck et al., 2014). The following section briefly describes the 

currently characterised PKA/PKG protein targets and their roles in platelet 

function. 

 

1.5.3.1 Receptor signalling events 

Platelet activation at sites of vascular damage is a concerted process that requires 

a multitude of receptors that link platelet agonists to intracellular signalling 

cascades. Many of these receptors are targeted and regulated by PKA and PKG.  

As previously described, GPIbβ is a subunit of the GPIb-V-IX signalling complex 

that stimulates granule release and integrin receptor activation through tyrosine 

kinase signalling pathways when bound to immobilised vWF (Gibbins, 2004). 

GPIbβ is phosphorylated by PKA at Ser166, resulting in a reduced vWF binding and 

vWF mediated platelet agglutination (Bodnar et al., 2002; Raslan et al., 2015b). 

The actions of TXA2, the potent and short-lived platelet agonist, are also thought to 

be regulated by cyclic nucleotide signalling. Although not yet demonstrated in 
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human platelets, investigations using human embryonic kidney (HEK)-239 cells 

have suggested that the TPα TXA2 receptor, expressed on the platelet surface, is 

desensitised in response to both PKA phosphorylation at Ser229 and PKG 

phosphorylation at Ser331 (Reid and Kinsella, 2003). In platelets, PKA has also 

been shown to phosphorylate the G-protein Gα13, employed by both TXA2 and 

thrombin receptors to transmit intracellular platelet-activating signals (Offermanns, 

2006). Phosphorylation of Gα13 has been shown to block signal transmission thus 

blunting the platelet response to these potent agonists (Manganello et al., 1999). 

In addition to direct desensitisation of platelet surface receptors, small GTPases 

that act as molecular switches in regulating platelet function, cycling between an 

inactive GDP-bound state and an active GTP-bound state, are also targeted by 

cyclic nucleotide signalling. The GTPase Rap1b is thought to play a prominent role 

in the activation of integrin αIIbβ3. Both PKA and PKG have been shown to 

phosphorylate Rap1b (Schultess et al., 2005; Siess et al., 1990). However, the 

exact role of this phosphorylation event in platelets remains to be proven 

(Subramanian et al., 2013). Another small GTPase targeted by PKA and PKG is 

RhoA. In platelets, activation of RhoA leads to the formation of a RhoA/Rho-

associated kinase (ROCK) complex that inactivates myosin light chain 

phosphatase (MLCP), resulting in phosphorylation of myosin light chain (MLC) and 

platelet shape change. Phosphorylation of RhoA by PKA has been shown to 

prevent the formation of the RhoA/ROCK complex and, therefore, restrains platelet 

shape change (Aburima et al., 2013).  
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1.5.3.2 Calcium mobilization 

Elevations in intracellular Ca2+ concentrations are an essential mechanism of 

platelet activation. Both PGI2 and NO are potent inhibitors of increases in 

intracellular Ca2+ levels (Geiger et al., 1994; Trepakova et al., 1999). Calcium 

influx occurs through IP3 facilitated release of Ca2+ from intracellular stores and 

Ca2+ entry through the plasma membrane mediated by Orai1 store-operated Ca2+ 

entry (SOCE), transient receptor potential canonical 6 (TRPC6) and P2X1 

channels (Varga-Szabo et al., 2009). Platelets are known to express all three IP3 

receptors, which are phosphorylated by both PKA and PKG at yet unidentified 

sites, which is thought to inhibit calcium release (El-Daher et al., 2000). 

Additionally, a type I IP3 receptor-associated protein termed IP3 receptor-

associated cGKI substrate protein (IRAG) has also been shown to be 

phosphorylated by PKG at Ser664 and Ser667, linked to inhibition of calcium release 

from the DTS (Antl et al., 2007). However the role that PKA and PKG play in 

regulating the influx of Ca2+ across the plasma membrane still requires elucidation, 

with TRPC6 identified as a PKA substrate (Hassock et al., 2002). 

 

1.5.3.3 Cytoskeletal reorganisation 

The actin cytoskeleton required for platelet shape change is a major target for 

regulation by cAMP and cGMP-dependant signalling cascades. Over the past 

decades a plethora PKA and PKG substrates that are associate with the 

remodelling of the platelet actin cytoskeleton have been identified, including 

Vasodilator-stimulated phosphoprotein (VASP), LIM and SH3 domain protein 

(LASP), heat shock protein 27 (HSP27), filamin-A (actin binding protein) and 

caldesmon (Butt et al., 2003, 2001, 1994; Chen and Stracher, 1989; Hettasch and 
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Sellers, 1991). Phosphorylation of VASP at Ser157 by PKA and Ser239 by PKG 

reduces actin bundling and the formation of focal adhesion points in vitro (Galler et 

al., 2006; Harbeck et al., 2000). LASP is phosphorylated by PKA and PKG at 

Ser146, which results in reduced binding affinity of LASP to F-actin in vitro (Butt et 

al., 2003). Actin polymerisation is reduced in vitro through the phosphorylation of 

HSP27 by PKG at Thr143 (Butt et al., 2001). Filamin A is required for contraction of 

the platelet cytoskeleton and PKA phosphorylation on Ser2152 stabilises the resting 

platelet cytoskeleton (Chen and Stracher, 1989). It is clear, however, that many of 

these observations require repeating in vivo as opposed to in vitro, in order to fully 

understand their significance in platelet function. 
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Table 1.1 PKA and PKG platelet substrates 

Confirmed platelet 
substrate 

Molecular 
mass (kDa) PKA PKG Function of phosphorylation 

Caldesmon 82 ✓  
Unknown (Hettasch and Sellers, 
1991) 

Filamin-A (actin 
binding protein) 

250 ✓  
Stabilisation of platelet 
cytoskeleton (Chen and 
Stracher, 1989) 

G-protein α13 subunit 44 ✓  
Inhibition of TXA2 signalling 
(Manganello et al., 1999) 

GPIbβ 24 ✓  
Inhibition vWF binding (Bodnar et 
al., 2002; Fox and Berndt, 1989) 

GSK-3α 51 ✓  Unknown (Beck et al., 2014) 

Heat shock protein 27 
(HSP27) 

27  ✓ 
Inhibition of actin polymerisation 
(Butt et al., 2001) 

IP3 receptor 260 ✓ ✓ 
Inhibition of calcium mobilisation 
(Cavallini et al., 1996) 

IP3 receptor 
associated cGMP 
kinase substrate 
(IRAG) 

98  ✓ Inhibition of calcium mobilisation 
(Antl et al., 2007) 

LASP 40 ✓  Inhibition of actin polymerisation 
(Beck et al., 2014) 

Phosphodiesterase 3A 
(PDE3A) 

110 ✓  
Enhanced cAMP hydrolysis 
(Hunter et al., 2009) 

Phosphodiesterase 5 
(PDE5) 

100  ✓ 
Enhanced cGMP hydrolysis 
(Mullershausen et al., 2003)  

Rap1b 22 ✓ ✓ 
Unknown (Subramanian et al., 
2013) 

RhoA 22 ✓ ✓ Inhibition of Rho kinase 
signalling (Aburima et al., 2013) 

TRPC6 106 ✓  Unknown (Hassock et al., 2002) 

Vasodilator-stimulated 
phosphoprotein 
(VASP) 

46/50 ✓ ✓ 
Stabilisation of platelet 
cytoskeleton (Galler et al., 2006) 
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1.6 Platelet phosphodiesterases 

Platelet cyclic nucleotide concentrations are regulated in space and time by the 

hydrolysing actions of PDE enzymes. There are currently eleven PDE family 

members defined in the literature, which selectively and non-selectively convert 

cAMP and cGMP into inactive 5’ nucleotide metabolites through the hydrolysis of 

the 3’-phosphodiester bond. Early studies investigating platelet PDEs identified 

three distinct peaks of enzymatic activity in platelet lysates using DEAE-cellulose 

chromatography (Hidaka and Asano, 1976). Using a combination of PDE inhibitors 

and hydrolytic activity measurements, Hidaka and Asano were able to characterise 

these enzymatic peaks as PDE2A, cAMP-specific PDE3A and cGMP-specific 

PDE5 (Hidaka and Asano, 1976). These three PDE isoforms differ in structure, 

selectivity, cellular distribution, regulation and sensitivity to inhibitors (Bender and 

Beavo, 2006). 

 

1.6.1 PDE2A 

Initially named the cGMP-stimulated PDE, due to the ability of cGMP to increase 

the enzyme's catalytic activity, PDE2A hydrolyses both cAMP and cGMP at similar 

maximal rates (Haslam et al., 1999). The PDE2A gene gives rise to three splice 

variants, PDE2A1, PDE2A2 and PDE2A3, with PDE2A3 containing a unique N-

terminal sequence that facilitates membrane localisation (Rosman et al., 1997). 

However, the individual expression of these splice variants in human platelets 

remains to be investigated.  

PDE2A exists as a homodimer constructed from two 105kDa subunits that each 

possess two N-terminal regulatory GAF domains, GAF-A and GAF-B, and a C-
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terminal catalytic domain, connected together by two long α-helices LH1 and LH2 

(Figure 1.5) (Pandit et al., 2009). The GAF domains, so called after the molecules 

in which they were first identified (cGMP-specific phosphodiesterases, Adenylyl 

cyclases and FhlA), specifically bind cGMP in a non-catalytic manner. 

Interestingly,  these GAF domains are structurally similar yet perform entirely 

different functions, with cGMP binding to GAF-A inducing PDE2A subunit 

dimerization and cGMP binding to GAF-B prompting movement of structural H-

loops that further unveil the PDE2A catalytic domains, thereby improving cGMP 

access and increasing PDE2A catalytic activity (Martinez et al., 2002; Pandit et al., 

2009).  

The availability of PDE2A specific inhibitors as research tools, including erythro-9-

(2-hydroxy-3-nonyl)adenine (EHNA) and BAY 60-7550, have increased our 

understanding of PDE2A function in various cell types (Bender and Beavo, 2006). 

In platelets, PDE2A regulates both cAMP and cGMP-dependent signalling 

cascades due to its dual specificity. However, the expression of PDE2A in 

platelets is low in comparison to that of PDE3A and PDE5, as confirmed by 

genomic and proteomic studies, with less than 300 copies estimated per platelet 

(Burkhart et al., 2012). Although inhibition of PDE2A alone leads to increased 

levels of cAMP, interestingly there is little effect on platelet function (Manns et al., 

2002). It is thought that PDE2A functions instead as limiting mechanism of NO 

induced cAMP accumulation that arises from cGMP-mediated inhibition of PDE3A 

(Dickinson et al., 1997). 
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Figure 1.5. Structure of human PDE2A. Computer generated model of PDE2A 

subunit structure detailing both cGMP binding GAF domains, the catalytic subunit 

and the α-helices that link them together (Pandit et al., 2009)  

 

1.6.2 PDE3A 

PDE3A, also known as the cGMP-inhibited PDE, has similar affinities for both 

cAMP and cGMP, but due to a low hydrolysis rate of cGMP, PDE3A preferentially 

hydrolyses cAMP (Schwarz et al., 2001). There are three splice variants that are 

alternatively transcribed from the PDE3A gene, PDE3A1, PDE3A2 and PDE3A3, 

which in other cell types, differ in catalytic activity, subcellular localisation and 

regulation (Hambleton et al., 2005; Vandeput et al., 2013). In terms of structure, all 

three PDE3A splice variants share a conserved catalytic domain but differ in a 
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common N-terminal sequence on PDE3A2 and PDE3A1, which contains PKA and 

PKC phosphorylation sites, and a unique N-terminal membrane localisation 

domain on PDE3A1 (Figure 1.6) (Wechsler, 2002). The expression of these three 

PDE3A splice variants in platelets is an exciting research area that remains to be 

explored. 

 

 

Figure 1.6. PDE3A splice variants. Diagram detailing PDE3A splice variant 

structure with established phosphorylation sites (Vandeput et al., 2013)   

 

The importance of PDE3A in regulating endogenous platelet inhibition through the 

breakdown of cAMP is well documented. Studies by Manns and colleagues have 

shown that selective inhibition of platelet PDE3A with cilostazol elevates resting 

cAMP levels (Manns et al., 2002). Furthermore, recent studies have also shown 

that selective inhibition of PDE3A with milrinone potentiates cAMP elevations in 

response to PGI2 (Roberts et al., 2010). In regards to platelet function, PDE3A 
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inhibition has been shown to restrain thrombin-induced aggregation, intracellular 

calcium release, integrin activation and granule secretion (Feijge et al., 2004; 

Manns et al., 2002; Sim et al., 2016; Sun et al., 2007). Moreover, this powerful 

inhibitory effect of PDE3A inhibition on platelet activation has been elegantly 

demonstrated in mouse knockout studies with the absence of PDE3A expression 

conferring a cardioprotective phenotype (Sun et al., 2007). The protective effect of 

PDE3A inhibition against pathological thrombosis is such that PDE3A inhibitors, 

including cilostazol and milrinone, have been used for the treatment and 

prevention of ischaemic cardiovascular disease (Gresele et al., 2011). 

Early studies investigating PDE3A activity in human platelets revealed that 

phosphorylation of PDE3A under PGI2 stimulated conditions increases the 

enzyme’s hydrolytic activity (Grant et al., 1988; Macphee et al., 1988). More recent 

platelet studies have identified five PKC phosphorylation sites on the PDE3A 

common N-terminal sequence, with one site at Ser312 also phosphorylated by PKA 

(Hunter et al., 2009; Pozuelo Rubio et al., 2005). It is thought that PKC 

phosphorylation of PDE3A facilitates agonist-induced platelet activation via 

increased cAMP breakdown, whereas PKA phosphorylation of PDE3A in response 

to PGI2 forms a negative feedback loop that regulates cAMP elevations (Hunter et 

al., 2009). PKB has also been shown to phosphorylate and activate PDE3A, 

however, this has been disputed by recent studies and is yet to be reported in 

other cell types (Elbatarny and Maurice, 2005; Hunter et al., 2009; Vandeput et al., 

2013; Zhang and Colman, 2007).  
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1.6.3 PDE5 

The most highly expressed PDE isoform in platelets is the cGMP-specific PDE 

isoform PDE5 (Burkhart et al., 2012). Similar to PDE2A and PDE3A, alternative 

splicing of the PDE5 gene gives rise to three splice PDE5 variants, PDE5A1, 

PDE5A2 and PDE5A3, however, it is unknown which variants are expressed in 

platelets (Lin et al., 2002). PDE5 exists as a homodimer with each subunit 

comprised of a regulatory domain containing two GAF domains, GAF-A and GAF-

B, and at least, one phosphorylation site at Ser92 near the N-terminal and a 

catalytic domain at the C-terminal (Fink et al., 1999). The GAF-A domain of PDE5 

adopts a similar function to the GAF-B domain of PDE2A, by allosterically binding 

cGMP, whereas cGMP binding to the GAF-B domain of PDE5A contributes to 

PDE5 subunit dimerization (Sopory et al., 2003; Zoraghi et al., 2005).  

In platelets and other cell types, PDE5 hydrolytic activity is increased through 

allosteric binding of cGMP to the GAF-A domain paralleled with PKG 

phosphorylation of Ser92 (Corbin et al., 2000; Mullershausen et al., 2003). It is 

thought that PKG phosphorylation of PDE5 acts a memory switch for PDE5 

activation which in turn leads to prolonged feedback regulation of NO/cGMP 

inhibitory signalling (Mullershausen et al., 2004). PDE5 inhibitors have gained 

notoriety as successful treatments for erectile dysfunction. In platelets, selective 

PDE5 inhibition with sildenafil has been shown to potentiate the inhibitory effect of 

NO on platelet aggregation in response to collagen through blockade of cGMP 

metabolism (Gudmundsdóttir et al., 2005). However, PDE5 inhibition with sildenafil 

has only been shown to induce a minor inhibitory effect on platelet aggregation in 

response to ADP and collagen (Berkels et al., 2001; Halcox et al., 2002). These 

studies suggest that cGMP production is low under resting conditions and that 
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PDE5 functions mainly as a regulator of cGMP elevations. Although a wide 

selection of specific PDE5 inhibitors and have been developed, including 

zaprinast, avanafil, sildenafil, vardenafil and tadalafil, only Dipyridamole is 

currently used in anti-platelet therapies (Gresele et al., 2011).  

 

 

Figure 1.7.  Regulation of cyclic nucleotide signalling pathways in human 
platelets. Schematic representation of cAMP and cGMP-dependent signalling 

cascade regulation by PDEs in human platelets (Schwarz et al., 2001) 
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1.6.4 PDE2A and PDE3A cross-talk 

It is well established that pharmacological inhibition of PDE3A potentiates 

elevations in cAMP and thus endogenous platelet inhibition (Feijge et al., 2004; 

Manns et al., 2002; Sim et al., 2016). There is also good evidence that this 

mechanism, to some degree, occurs physiologically in the human platelet. Studies 

have shown that stimulation of platelets with NO results not only in the 

accumulation of cGMP but also cAMP (Maurice and Haslam, 1990). These NO-

stimulated elevations in cAMP are thought to occur through cGMP-mediated 

inhibition of PDE3A (Maurice and Haslam, 1990). This mechanism of endogenous 

cGMP-mediated PDE3A inhibition is thought to account, in part, for the observed 

synergistic effect of PGI2 and NO on platelet inhibition (Haslam et al., 1999; M. W. 

Radomski et al., 1987a).  Studies by Dickinson and colleagues suggested that 

under these PDE3A-inhibited conditions, PDE2A functions as a regulator of cAMP 

elevations, as cGMP is a known stimulator of PDE2A activity and treatment of 

platelets with EHNA greatly potentiates the synergistic effect that exists between 

PGI2 and NO (Dickinson et al., 1997).  

 

1.7 Co-ordination of cyclic nucleotide signalling  

The complexity of cyclic nucleotide signalling in platelets is evident. It is becoming 

apparent that there are two main mechanisms that tightly control the specificity of 

cAMP and cGMP signalling cascades. The first being compartmentalisation of 

cyclic nucleotide concentrations into discrete subcellular domains by PDEs, and 

second, the scaffolding of domain-specific functional multiprotein signalling 

complexes by A and G-kinase anchoring proteins (AKAPs and GKAPs) 

(Lefkimmiatis and Zaccolo, 2014). 
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1.7.1 Compartmentalisation of cAMP and cGMP by PDEs 

As the only known mechanism for cyclic nucleotide degradation, PDEs are critical 

in regulating cAMP and cGMP-dependent signalling cascades. Due to their 

hydrophilic nature, cyclic nucleotides are highly diffusible molecules (Nikolaev et 

al., 2004). It would, therefore, be expected that cellular diffusion of cAMP and 

cGMP would result in simultaneous activation of all corresponding effector 

molecules, including PKA and PKG, throughout the cell. However, there are now 

numerous studies that show concentrations of cyclic nucleotides are instead 

organised into discrete microdomains, which are regulated in space and time by 

PDEs (Castro et al., 2006; Conti et al., 2013; Zaccolo and Pozzan, 2002) (Figure 

1.8). Localised to these domains are various cAMP and cGMP-signalling 

components that work within multi-protein complexes to perform specific cellular 

functions (Baillie et al., 2005). Although this concept is not yet established in 

platelets, there are several lines of supporting evidence (Raslan et al., 2015a). 

Early studies by El-Daher demonstrated that both PKA and PKG isoforms are 

differentially localised within platelets and in approximation to known substrates 

(El-Daher et al., 2000, 1996). These data are supported by platelet genomic and 

proteomic studies that have identified multiple AKAPs and GKAPs responsible for 

targeting PKA and PKG containing signalosomes to these distinct subcellular 

locations (Burkhart et al., 2012; Margarucci et al., 2011; Rowley et al., 2011). 

Furthermore, selective inhibition of either PDE2A or PDE3A, which both hydrolyse 

cAMP, in platelets leads to dissimilar functional outcomes, suggesting the 

presence of differentially regulated cAMP pools (Manns et al., 2002). However, 

even in light of these studies, the concept of PDEs regulating domain specific 

cAMP and cGMP compartments in platelets is still unknown. 
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Figure 1.8. Compartmentalisation of cAMP in cardiac myocytes by PDEs. 
FRET analysis of cAMP localisation in cardiac myocytes treated with the adenylyl 

cyclase activator forskolin (25µM) and the non-selective PDE inhibitor IBMX 

(10µM). Under resting conditions cAMP concentrations within the myocyte are low. 

Treatment with the adenylyl cyclase activator forskolin stimulates AC to synthesise 

cAMP, which is visually compartmentalised into discrete pools within the cell. The 

organisation of these pools is disrupted in the presence of the non-selective PDE 

inhibitor IBMX (Houslay, 2010; Zaccolo and Pozzan, 2002).  
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1.7.2 A and G-kinase anchoring proteins 

In many cell types, AKAPs and GKAPs target PKA and PKG, respectively, to 

specific subcellular locations often scaffolding the kinases with specific substrates 

and regulating enzymes, including PDEs, to form functional signalosomes (Michel 

and Scott, 2002). Currently, the majority of scientific attention has been directed 

towards AKAPs with over 50 different family members, including splice variants, so 

far identified (Jarnaess and Taskén, 2007).  

Each AKAP possesses a unique targeting domain that directs PKA to a distinct 

subcellular location and a highly homologous 14-18 amino acid long amphipathic 

helix which binds both PKA type I and type II by interacting with the PKA 

regulatory subunit docking and dimerization domain (D/D domain) (Figure 1.4) 

(Carr et al., 1991). Although AKAPs can bind both PKA isoforms, the majority of 

identified AKAPs bind to PKA type II with higher affinity than that of PKA type I 

(Pidoux and Taskén, 2010). Our understanding of AKAP function has been greatly 

aided with the development of cell-permeable disruptor peptides that inhibit the 

interaction between AKAPs and PKA (Calejo and Taskén, 2015). AKAP scaffolded 

complexes have been shown to play important functional roles in reproduction, 

immune function, cardiovascular function and metabolism (Taskén and Aandahl, 

2004).  

The role of AKAPs in co-ordinating platelet cyclic nucleotide signalling cascades is 

a newly emerging field in platelet biology. Platelets are thought to express up to 16 

different AKAPs (Burkhart et al., 2012; Margarucci et al., 2011; Rowley et al., 

2011) (table. 1.2). Only until very recently has the first AKAP in platelets, moesin, 

been characterised. It is thought that in platelets moesin functions to localise PKA 
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type I in proximity with GPIb to facilitate receptor phosphorylation and inhibition of 

vWF binding (Raslan et al., 2015b). It will be of great interest in future studies to 

further explore the role of AKAPs in platelet function. 

Although much less is known of GKAPs, initial studies by Ngan and colleagues 

have identified G-KAPs in rat aorta, brain and intestine using protein overlay 

techniques (Vo et al., 1998). GKAPs possess the ability to bind both PKG type I 

and type II at a regulatory region located close the GKAP N-terminal (Vo et al., 

1998). Currently, only a very small number GKAPs are recognised, which in part is 

due to low expression levels and lack of GKAP specific molecular tools (Corradini 

et al., 2015). At this point in time, proteins identified as GKAPS are GKAP1, 

huntingtin-associated protein 1 (HAP1), vimentin and myosin (Corradini et al., 

2015; MacMillan-Crow and Lincoln, 1994; Vo et al., 1998). Both myosin (myosin 

class 3, 4, 5A, 6, 9 and 18A) and vimentin are expressed in platelets, as confirmed 

by genomic and proteomic studies, however, their functional role in regards to 

PKG anchoring remains to be determined (Burkhart et al., 2012; Rowley et al., 

2011). 
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Figure 1.9. AKAP signalling. (A) Illustration detailing: (1) AKAP binding of PKA 

through interaction with the D/D domain on the PKA regulatory subunits, (2) the 

unique subcellular targeting domain that directs AKAP scaffolded signalling 

complexes to discrete locations within the cell and (3) additional binding sites on 

the AKAP for PKA substrates, PDEs and phosphatases. (B) Computer generated 

diagram representing the structure of PKA type II in association with the 

amphipathic helix of an AKAP (Pidoux and Taskén, 2010). 
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Table 1.2 AKAP expression in human platelets 

AKAP  Full AKAP name Also known as Genomic 
name 

AKAP1 
A-kinase anchoring protein 
1 

D-AKAP1, AKAP84, 
S-AKAP84, AKAP121, 
AKAP140, AKAP149 

AKAP1 

AKAP10 
A-kinase anchoring protein 
10 

 AKAP10 

AKAP11 
A-kinase anchoring protein 
11 

AKAP220 AKAP11 

AKAP13 A-kinase anchoring protein 
13 

AKAP-lbc, Brx, proto-
Lbc, Onco-Lbc 

AKAP13 

AKAP2 
A-kinase anchoring protein 
2 

 AKAP2 

AKAP7 
A-kinase anchoring protein 
7 

AKAP18, AKAP15 AKAP7 

AKAP9 
A-kinase anchoring protein 
9 

CG-NAP, Yotiao, 
Hyperion, AKAP350, 
AKAP450, AKAP120 

AKAP9 

BIG1  
ADP ribosylation factor 
guanine nucleotide 
exchange factor 1 

 ARFGEF1 

BIG2  
ADP ribosylation factor 
guanine nucleotide 
exchange factor 2 

 ARFGEF2 

Ezrin Ezrin AKAP78 EZR 

Map2 
Microtubule-associated 
protein 2 

 Map2 

Moesin 
Membrane-Organizing 
Extension Spike Protein 

Epididymis Luminal 
Protein 70, HEL70 

MSN 

Neurobeachin Neurobeachin  NBEA 

Rab32  Ras-related protein 32  Rab32 

smAKAP 
Small membrane A-kinase 
anchoring protein 

 C2orf88 

WAVE-1 
WAS protein family member 
1 

 WASF1 

 

 



 Chapter 1 
 
  

Page |   
 

41 

 

1.8 Aims of the study 

In flowing blood, platelets circulate in a quiescent state continuously scanning the 

integrity of the endothelial layer. Adhesion of platelets to sites of vascular injury is 

essential for haemostasis, but if uncontrolled may lead to serious cardiovascular 

events such as myocardial infarction and stroke. In healthy blood vessels, 

inappropriate platelet activation and thrombus size are regulated by endothelium-

derived PGI2 and NO. These inhibitory agents regulate most aspects of platelet 

function through cAMP and cGMP-dependant signalling cascades (Schwarz et al., 

2001). However, the tight spatiotemporal regulation of these cascades that allow 

PGI2 and NO to facilitate haemostasis while inhibit thrombosis is unclear. 

A major regulator of intracellular cAMP and cGMP concentrations are PDEs, which 

hydrolyse cAMP and cGMP into inactive metabolites (Haslam et al., 1999). In 

platelets, PDE3A is the leading regulator of cAMP concentrations, to such a 

degree that PDE3A knockout mice display a thrombus-protective phenotype and 

PDE3A inhibitors are used in anti-platelet therapies (Maurice et al., 2014; Sun et 

al., 2007). New and exciting research in other cell types has emerged, detailing 

alternatively regulated PDE3A splice variants and previously unknown PDE3A 

signalosomes (Vandeput et al., 2013). Despite this, the mechanisms of PDE3A 

signalling in platelets remain largely unexplored.  

The aim of this study was to investigate PDE3A signalling in human platelets with 

a particular focus on PDE3A regulation and protein interactions. This aim will be 

achieved by: 
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1. Characterising all three PDE isoforms in terms of expression, subcellular 

localisation and activity in platelets and examining their presence in 

megakaryocytes. 

 
2. Investigating PDE3A phosphorylation and regulation by PKA and determine 

its specificity, in terms of PDE3A splice variants. 

 
3. Exploring the role of AKAPs in the interaction and association of PKA and 

PDE3A in platelets.  
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2 Materials and methods 

2.1 Materials 

DC protein assay kit II, dual colour ladder, Trans-blot TurboTM polyvinylidene 

difluoride (PVDF) transfer Packs, 30% bis-acrylamide solution were obtained from 

Bio-Rad Laboratories Ltd. (Hertfordshire, UK). Biotinylated protein ladder was 

obtained from Cell Signalling Technology (Hertfordshire, UK). Phosphodiesterase 

activity assay was obtained from Enzo life sciences (Exeter, UK). Amersham 

cAMP biotrack enzyme immunoassay (EIA) system, fetal bovine serum (FBS) and 

L-glutamine were obtained from GE Healthcare Life Sciences (Buckinghamshire, 

UK). PKA activity assay was obtained from Promega (Southampton, UK). 

Crosslink co-immunoprecipitation kit and RPMI 1640 medium were obtained from 

ThermoFisher scientific (Renfrew, UK). All other general reagents and kits were 

purchased from Sigma-Aldrich Company Ltd. (Dorset, UK). All antibodies are 

listed in table 2.5. 

 

2.1.1 Pharmacological agonists, inhibitors and peptides 

8- (4- chlorophenylthio)adenosine- 3', 5'- cyclic monophosphate  (8-CPT-cAMP) 

and 8-CPT-cAMP RP isomer (RP-8-CPT-cAMP) were obtained from Biolog Life 

Science (Bremen, Germany). Collagen was obtained from Bio/Data Corporation, 

(Horsham, USA). 1-methyl-3-isobutylxanthine (IBMX), erythro-9-(2-hydroxy-2-

nonyl)adenine (EHNA), and prostacyclin (PGI2) were obtained from Cayman 

Chemical Company (Cambridge, UK). AKAP St-Ht31 Inhibitor Peptide (HT31) and 

HT31 control peptide were obtained from Promega (Southampton, UK). Forskolin, 

S-Nitrosoglutathione (GSNO), KT5720, phosphatase inhibitor cocktail, phorbol 12-
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myristate 13-acetate (PMA) and protease inhibitor cocktail were obtained from 

Sigma-Aldrich Company Ltd. (Dorset, UK). Milrinone and zaprinast were obtained 

from Tocris Bioscience (Bristol, UK). RI anchoring disruptor peptide (RIAD) and 

scrambled RI anchoring disruptor peptide were a kind gift from Prof K Tasken, 

Centre for Molecular Medicine (Oslo, Norway). 

 

2.2 Preparation of washed platelets from whole blood 

In order to preserve cyclic nucleotide signalling pathways, washed platelets (WPs) 

were prepared using the establish pH method (Mustard et al., 1989) in the 

absence of PGI2. Experiments were approved by the Ethics Committee at the Hull 

York Medical School. Venous blood was drawn from consented and drug-free 

healthy volunteers using a 21-gauge butterfly needle into filtered acid-citrate-

dextrose (ACD) (2.9mM citric acid, 113.8mM dextrose, 72.6mM sodium chloride, 

29.9mM sodium citrate, pH 6.4) at a ratio of 1:5. ACD prevents platelet activation 

during centrifugation steps by lowering the pH of platelet rich plasma to 6.4. The 

first 2ml of drawn blood was discarded to exclude artificially activated platelets. 

Whole blood was placed into 50ml falcon tubes and centrifuged at 200xg for 20 

minutes at 20˚C. The top platelet rich plasma (PRP) layer was carefully transferred 

to 15ml falcon tubes using a plastic transfer pipette and treated with citric acid 

(0.3M) at a ratio of 1:50, followed by centrifugation at 800g for 12 minutes at 20˚C. 

The resultant platelet poor plasma (PPP) was discarded and the platelet pellet 

gently resuspended in 5ml of wash buffer (36µM citric acid, 10µM EDTA, 5µM 

glucose, 5µM potassium chloride, 90µM sodium chloride, pH 6.5) and centrifuged 

at 800xg for 12 minutes at 20˚C. The wash buffer was discarded and the platelet 

pellet gently resuspended in ≤1ml of modified Tyrode’s buffer (5.6mM dextrose, 
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5mM HEPES, 0.5mM magnesium chloride, 2.7mM potassium chloride, 150mM 

sodium chloride, 7mM sodium bicarbonate, 0.55mM sodium phosphate 

monobasic, pH 7.4). In some instances, 0.1 mM EGTA was added to washed 

platelets in order to prevent platelet aggregation during experimentation. 

 

2.3 Platelet counting 

Washed platelets were counted using a Beckman Coulter Z1 Particle Counter. 

This electronic device counts cells by measuring the electrical resistance of cells 

as they are passed through a microchannel. Washed platelets (5µl) were 

suspended in 10mls of Beckman Coulter Isotone II diluent within a Beckman 

Coulter Accuvette. The Accuvette was placed within the Beckman Coulter Z1 

Particle Counter and automatically counted for platelets, displayed as platelets per 

millilitre: proportional to the washed platelet Accuvette sample.  

 

2.4 Measurement of Platelet aggregation 

Turbidimetric platelet aggregation, first described by Born in 1962, is a technique 

based on the change in light transmission between uniformly disturbed resting 

platelets and platelet aggregates within suspension (Born et al., 1962). Changes in 

light transmission through a platelet suspension are proportional to the level of 

platelet aggregation within the suspension and can be measured using a 

photocell. As can be seen in figure 2.1, platelets first undergo shape change 

where light transmission is briefly reduced, followed by two stages of aggregation, 

including the primary phase which is reversible, followed by the secondary phase 

which is irreversible and results from the release of secondary mediators from 

platelets. 
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In this study, washed platelets (250µl; 2.5x108 platelets/ml) were incubated at 37˚ 

with stirring at 800rpm for 1 minute to allow for temperature equilibration. Washed 

platelets were subsequently stimulated with agonists and platelet aggregation 

measured for 5 minutes using a multi-channel Chronolog aggregometer. For each 

sample, the aggregometer was calibrated using resting platelets for 0% 

aggregation and modified Tyrode’s buffer as 100% aggregation. Aggregation was 

expressed as percentage increase in light transmission through the platelet 

sample, relative to the light transmission through non-stimulated platelets. In some 

instances, washed platelets were pre-incubated with inhibitors at 37˚ prior to 

stimulation. 
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Figure 2.1 Turbidimetric platelet aggregation. (A) Diagram of the measurement 

of platelet aggregation (B) Representative aggregation trace of WPs stimulated 

with collagen (5µg/ml). 
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2.5 Methods for examination of intracellular protein function 

The next series of methods describes the different strategies employed to examine  

intracellular protein signalling and function, prior to analysis by SDS-PAGE and 

immunoblotting. 

 

2.5.1 Whole cell sample preparation 

For standard immunoblotting samples, washed platelets (5x108/ml) were 

incubated at 37˚ with stirring at 800rpm. Following 1 minute temperature 

equilibration, washed platelets were stimulated with agonists and inhibitors for 

selected time periods. Platelet samples were immediately lysed in 2x Laemmli 

buffer (20% glycerol (v/v), 10% 2-mercaptoethanol (v/v), 4% SDS (w/v), 50mM Tris 

base) and heated for 5 minutes at 95%. 10µl of washed platelets (5x108/ml) were 

suspended in 2x lysis buffer (150mM sodium chloride, 10mM Tris base, 10% 

Igepal (v/v), 1mM EDTA, 1mM EGTA, 1:200 phosphatase inhibitor cocktail (v/v), 

protease inhibitor cocktail 1:100 (v/v)) for future protein quantification. Samples 

were stored at -20 °C until use. 

 

2.5.2 Sub-cellular fractionation of platelets 

Sub-cellular fractionation separates cells into their membrane and cytosolic 

constituents. Here liquid nitrogen is used to lyse the cells, through rupturing of the 

plasma membrane, followed by high-speed ultracentrifugation to sediment the 

plasma and cellular membranes from the cytosol (Castle, 2004). Washed platelets 

(400µl of 7x108/ml) were incubated at 37˚ with stirring at 800rpm. Following 1 

minute temperature equilibration, washed platelets were stimulated with agonists 

and inhibitors for selected time intervals then immediately diluted in 2x 
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fractionation buffer (4mM HEPES, 320mM sucrose, 0.5mM sodium orthovanadate, 

1:200 phosphatase inhibitor cocktail (v/v), protease inhibitor cocktail 1:100 (v/v)) 

and submerged in liquid nitrogen. After 10 seconds, samples were thawed in luke 

warm water and then re-submerged in liquid nitrogen, repeated for 6 cycles. 

Lysates were then centrifuged at 1000g for 5 minutes at 4˚C to sediment any 

whole platelets. The supernatant was removed and transferred into 1.5ml 

ultracentrifugation tubes that were spun at 30,000xg for 60 minutes at 4˚C using a 

Beckman Coulter Optima MAX-XP ultracentrifuge. Following the spin, the cytosolic 

supernatant was carefully removed and the resulting membrane pellet was 

resuspended in 200µl of ice-cold fractionation buffer. Aliquots (10µl) of each 

fraction were then analysed for protein content. Finally, fractions were either 

prepared for SDS-PAGE analysis as in section 2.5.2 or stored at -80 °C until use 

in immunoprecipitation experiments. 

 

2.5.3 Quantification of sample protein concentration 

The protein concentration of platelet lysates was quantified using a Bio-Rad DC 

Bradford assay kit. In this system, sample proteins react with a copper tartrate 

solution in an alkaline environment. The copper treated proteins reduce a Folin 

reagent, by removal of 1-3 oxygen atoms, changing its colour from yellow to blue. 

The intensity of the blue colour directly correlates with the protein concentration of 

the sample, which can then be quantified by measuring absorbance at 750nm. 

The initial 1.5mg/ml BSA solution was diluted with lysis buffer to produce the 

following concentrations: 1.2mg/ml, 0.9mg/ml, 0.6mg/ml, 0.3mg/ml, and 0mg/ml. 

BSA samples (5µl) or platelet lysate (5µl) were added to a 96 well plate in 

triplicate. Solution A was then prepared from 1ml reagent A and 20ul reagent S, 
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mixed in an Eppendorf tube. To each well, 25µl of solution A and 200µl of solution 

B were added using a multichannel pipette. The plate was then placed on a gentle 

shake for 15 minutes at room temperature and absorbance read at 750nm using a 

TECAN infinite M200 microplate reader. The BSA standard curve was produced 

by plotting absorbance against protein concentration. The protein concentration of 

the platelet lysate was then plotted on the curve and protein concentration noted. 

 

2.5.4 Immunoprecipitation 

Immunoprecipitation (IP) is the technique of precipitating specific proteins from a 

cell lysate using specific antibodies (Cullen and Schwartz, 1976). A primary 

antibody is conjugated to highly porous sepharose beads coated with protein A or 

protein G. Cell lysates are then incubated with the beads to allow the conjugated 

primary antibody to bind to the protein of interest. The beads, the bound protein of 

interest and associated proteins are isolated from the lysate using centrifugation. 

Proteins are then removed from the beads with the addition of Laemmli buffer and 

sample boiling. 

In this study, the protein A/G sepharose beads were selected, dependent on the 

species of primary antibody used for immunoprecipitation. The selected beads 

were pelleted by centrifugation at 1000xg for 1 minute and ethanol containing 

supernatant removed.  The bead pellet was re-suspended in TBS-Tween at a ratio 

of 3:1 (w/v) and centrifuged again at 1000xg for 1 minute, repeated twice. The 

beads were then re-suspended in TBS-Tween at a ratio of 1:1 (w/v). 

Platelet samples were prepared as in section 2.5, lysed in lysis buffer and 

immediately placed on ice. The protein concentration of each sample was then 
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measured using a Bio-Rad DC Bradford assay kit, as described in section 2.5.2. 

Platelet lysates (500µg-1mg) were first incubated with 25µl of washed beads for 1 

hour at 4°C with gentle rotation, to remove any proteins that non-specifically bound 

to the sepharose bead support. The samples were then centrifuged at 1500xg for 

1 minute. The supernatant lysate was removed and incubated with 1-5µg of 

primary antibody per sample overnight at 4°C with gentle rotating. Following 

incubation, 25µl of washed beads were added to each sample and incubated at 

4°C for 1 hour with gentle rotating. The samples were then centrifuged at 1500xg 

for 1 minute. The supernatant was carefully removed and stored at -20°C for 

analysis using SDS-PAGE and immunoblotting. The bead pellet was re-

suspended and washed with 100µl of TBS-tween (150mM sodium chloride, 20mM 

Tris base, 1% (v/v) Tween-20, pH 7.6) with gentle inversion, followed by 

centrifugation at 5000rpm for 1 minute, repeated twice. After the third wash cycle, 

the bead pellet was re-suspended in Laemmli buffer (50µl) ready for analysis by 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

immunoblotting. 

 

2.5.5 Co-immunoprecipitation of associated proteins 

Co-immunoprecipitation is an extension of the immunoprecipitation technique that 

purifies the primary protein target with other proteins that associate to the target 

through native interactions in the sample solution. In this study, we used a 

commercial co-immunoprecipitation system developed by ThermoFisher scientific. 

This system substitutes sepharose beads with an amine-reactive resin that 

covalently couples the primary antibody. Once the protein of interest has been 

immobilised onto the resin, the resin is isolated and the protein removed using an 
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elution buffer. The antibody-coupled resin can then be washed and re-used for 

multiple experiments, saving both time and money (Figure 2.2). The system also 

minimises the handling and mixing of samples by using spin columns and 

collection tubes for the co-immunoprecipitation procedure. Additionally, there is no 

elution of the primary antibody, therefore, samples are free from antibody heavy 

and light chains that can often mask protein bands in standard 

immunoprecipitation experiments. 

First, 50µl of resin slurry was added to a spin column and washed three times with 

200µl of coupling buffer using centrifugation at 1000xg for 1 minute. Primary 

antibody (5-10µg), coupling buffer (200µl) and  sodium cyanoborohydride (3µl) 

solution were added to the resin, which was slowly rotated for 2 hours at room 

temperature. The resin was then washed three times with 200µl of coupling buffer, 

followed by washing with 200µl of quenching buffer. Sodium cyanoborohydride 

(3µl) and quenching buffer (200µl) were then added to the resin, which was 

rotated slowly at room temperature for 15 minutes. The resin was then washed six 

times with 150µl of wash buffer. Platelet lysates (500-1000µg) were added to the 

resin containing spin columns and incubated at 4°C overnight with gentle rotation. 

The resin-immobilised protein complexes were then eluted from the resin using 

50µl of elution buffer and collected in a sample tube using centrifugation at 1000xg 

for 1 minute. The eluted proteins were then prepared for SDS-PAGE analysis with 

the addition of 1mM Dithiothreitol (DTT) and a 5x lane marker. 
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Figure 2.2. Co-immunoprecipitation procedure. Schematic representing the 

amine-reactive resin based co-immunoprecipitation system. 

 

2.5.6 Enrichment of cAMP binding proteins using cAMP linked agarose 
beads 

The cAMP agarose pull-down assay is a technique used to enrich cAMP binding 

proteins from cell lysates (Wang et al., 2001). In this assay, cell lysates are 

incubated with cAMP coated agarose beads. Proteins that directly or indirectly 

bind cAMP are immobilised onto the beads, namely PKA type I, PKA type II, 

AKAPs and PKA substrates. These beads are then isolated using centrifugation 

and washing in TBS-Tween. The cAMP-bound proteins are then eluted from the 

beads and prepared for SDS-PAGE and immunoblotting analysis with the addition 

of Laemmli buffer.  

In this assay, platelet samples were prepared as in section 2.5, lysed in lysis buffer 

and immediately placed on ice. The protein concentration of each sample was 
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then measured using a Bio-Rad DC Bradford assay kit, as described in section 

2.5.2. cAMP coated beads were pelleted by centrifugation at 1000xg for 1 minute 

and suspension supernatant removed. The bead pellet was re-suspended in lysis 

buffer at a ratio of 3:1 (w/v) and centrifuged again at 1000xg for 1 minute, repeated 

twice. The beads were then re-suspended in lysis buffer at a ratio of 1:1 (w/v). 

Using an automatic pipette with a wide tip, 50µl of beads were added to 1mg of 

sample lysate and incubated with gentle rotation overnight at 4°C. Samples were 

then centrifuged at 1500xg for 1 minute. The supernatant was carefully removed 

and stored at -20°C for analysis using SDS-PAGE and immunoblotting. The bead 

pellet was re-suspended and washed with 100µl of TBS-Tween with gentle 

inversion, followed by centrifugation at 1500xg for 1 minute, repeated twice. After 

the third wash cycle, the bead pellet was re-suspended in Laemmli buffer (50µl) 

ready for analysis by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and immunoblotting. 

 

2.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

SDS-PAGE is a technique for separating proteins by molecular weight and charge 

using electrophoresis and a polyacrylamide gel  support.  

First, Laemmli buffer is used to lyse cells, denature proteins and apply a negative 

charge to each protein through the chemical action of SDS (Laemmli, 1970). The 

platelet proteins are further denatured by the presence of 2-mercaptoethanol, 

which breaks disulphide bonds. These fully denatured protein samples, existing in 

a primary conformation, can be then be loaded into porous polyacrylamide gels 

assembled from long chains of acrylamide molecules cross-linked by N, N-

methylene bis-acrylamide (bis).  The percentage of acrylamide used in the gels 



 Chapter 2 
 
  

Page |   
 

55 

construction is proportional to its molecular pore size. Application of an electrical 

current to the gel causes the negatively charged proteins to migrate through the 

gel pores. Protein migration is directly determined by charge and molecular 

weight. The separated protein can then be transferred to a PVDF membrane for 

immunoblotting or stained for direct protein visualisation. 

In this study, 10% and 18-10% gradient 1.5mm thick resolving acrylamide gels 

were used for electrophoresis (tables 2.2 and 2.3). After 1 hour setting time, a 3% 

acrylamide stacking gel was added, with well-forming combs, and left to set for 30 

minutes (table 2.4). The constructed gels were placed into a Bio-Rad\Mini Protean 

3 cell electrophoresis tank and immersed in running buffer (192mM glycine, 25mM 

Tris base, 0.1% SDS (w/v)). Platelet samples were then loaded into individual 

wells; 20µg for whole cell samples and 50µl for IP samples. Each gel was also 

loaded with 10µl of biotinylated marker. A constant voltage of 120V was applied 

across the gel using a Bio-Rad power pack 300 for 2 hours. 
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Table 2.1: Reagents required for Buffer 1 and 2 

Reagent Buffer 1 Buffer 2 
SDS (0.4% w/v) (0.4% w/v) 
Tris base 1.5M 0.5M 
 

Table 2.2: Reagents required for two 18-10% polyacrylamide gradient gels 

Reagent 18% 10% 
Acrylamide 1.961ml 1.182ml 

Distilled water 0.708ml 1.418ml 

Buffer 1 0.886ml 0.886ml 
Ammonium persulphate 
(10% w/v) 18µl 18µl 

TEMED 2µl 2µl 
 

Table 2.3: Reagents required for two 10% polyacrylamide gels 

Reagent 10% 
Acrylamide 6.4ml 

Distilled water 5.3ml 

Buffer 1 4ml 
Ammonium persulphate 
(10% w/v) 75µl 

TEMED 5.3µl 
 

Table 2.4: Reagent required for two stacking gels 

Reagent 3% 
Acrylamide 0.75ml 

Distilled water 4.87ml 

Buffer 2 1.87ml 
Ammonium persulphate 
(10% w/v) 75µl 

TEMED 10µl 
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2.7 Immunoblotting 

Immunoblotting enables the identification of proteins through the ability of 

antibodies to recognise specific protein epitopes. Following SDS-PAGE, proteins 

are electrophoretically transferred and immobilised onto polyvinylidene difluoride 

PVDF membranes based on hydrophobic interactions that occur between the 

membrane and proteins.  The PVDF membranes are then probed with primary 

antibodies that bind to proteins via specific epitopes (table 2.5). A secondary 

antibody, which recognises and binds to the primary antibody, is then added to the 

membrane. The secondary antibody is conjugated to a detection molecule, usually 

either HRP (horseradish peroxidase) enzymes or fluorescence emitting dyes. In 

the case of HRP, the addition of H2O2 and luminol to the HRP enzyme results in 

the emission of light (428 nm), which can be detected by photographic films. In the 

case of fluoresence emitting dyes, the signal is detected using an electronic 

imaging system. In this study, HRP was used as the detection method for the 

majority of immunoblots, however towards the latter end of the study fluorescence 

emitting dyes were used in conjunction with the OdysseyTM CLx electronic imaging 

system.  

Gels were removed from the electrophoresis tank and placed within a Trans-blot 

TurboTM mini PVDF transfer pack. The transfer pack was then inserted into a Bio-

Rad Trans-blot TurboTM transfer system for 10 minutes. After transfer, the gel was 

discarded and PVDF membranes placed in blocking buffer (20ml per membrane) 

containing either 5% (w/v) bovine serum albumin (BSA) or 10% (w/v) powdered 

milk in TBS-tween for 30 minutes, to reduce non-specific antibody binding. 

Blocked membranes were incubated with the primary antibody diluted in TBS-
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tween containing 2% BSA (w/v) overnight with mild shaking. Following incubation, 

membranes were washed twice for 10 minutes in TBS-tween with mild shaking.  

In the case of HRP detection, the HRP-conjugated secondary antibody was diluted 

in 10ml TBS-tween at 1/10000 (v/v) containing 1/2000 (v/v) anti-biotin and then 

added to the membranes for 1 hour with mild shaking. Membranes were washed 

six times for 10 minutes each in TBS-tween with mild shaking. ECL 1 (100mM Tris 

base, 250mM luminol, 90mM p-coumaric acid) and ECL 2 (100mM Tris base, 30% 

H2O2 (v/v)) at a ratio of 1:1 (v/v) were then applied to the membranes. After 90 

seconds incubation in the dark with mild shaking, membranes were placed into an 

exposure cassette. The cassette was transported to a specially prepared dark 

room where X-ray film was exposed to the membrane for 60 seconds and then 

developed in Kodak developer and Kodak fixer solutions.  

In the case of fluorescent dye detection, fluorescent dye-conjugated secondary 

antibodies were diluted in 10ml TBS-tween 1/15000 (v/v) and added to the 

membranes for 1 hour with mild shaking, protected from the light. Membranes 

were then washed six times for 10 minutes each in TBS-tween, protected from the 

light, and then imaged using the OdessyTM CLx electronic imaging system from LI-

COR. Resulting files were saved onto a memory stick for subsequent data 

analysis.  
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Figure 2.3. Analysis of proteins using SDS-PAGE and immunoblotting. This 

schematic describes the analysis of denatured sample proteins using SDS-PAGE 

and immunoblotting. 

 

 

Separation of proteins by 
SDS-PAGE according to 
electrophoretic mobility 

+ 

Protein samples 

Transfer of proteins to PVDF 
membrane using Bio-Rad 

turboblot system 

Binding of primary 
antibody and secondary 
antibodies to protein of 

interest 

Detection of secondary antibody 
conjugate using X-ray film or 

electronic imaging 



 Chapter 2 
 
  

Page |   
 

60 

2.7.1 Stripping PVDF membranes and re-probing 

Membrane stripping describes the removal of primary and secondary antibodies 

from a PVDF membrane while leaving the immobilised cellular proteins attached.  

The membrane can then be re-probed with primary antibodies for additional 

proteins of interest. This technique enables multiple immunoblots from one 

membrane. Following signal detection, membranes were washed twice in TBS-

tween for 15 minutes.  Membranes were then washed in stripping buffer (0.2M 

glycine, 1g SDS (w/v), 1% TBS –tween (v/v)) heated to 50°C for two 15 minute 

washes. The stripping buffer was removed with two 5 minute washes in TBS-

tween. Membranes were blocked with either BSA or milk and re-probed with a new 

primary antibody. 
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Table 2.5: Antibodies used in experimentation 

Antibody target Species Manufacturer Experimental 
concentrations 

Goat IgG Rabbit Santa Cruz Biotechnology 1:10,000 (v/v) IB 

CD41 Mouse Abd serotec 1:100 (v/v) FC 

Mouse IgG Sheep Amersham 1:10,000 (v/v) IB 

PDE2A Goat Santa Cruz Biotechnology 1:1000 (v/v) IB 

PDE3A Sheep MRC-PPU reagents 1:1000 (v/v) IB 
1:300 (w/w) IP 

PDE3A Ser312 Sheep MRC-PPU reagents 1:250 (v/v) IB 

PDE3A Ser428 Sheep MRC-PPU reagents 1:250 (v/v) IB 

PDE3A Ser465 Sheep MRC-PPU reagents 1:250 (v/v) IB 

PDE5 Rabbit Santa Cruz Biotechnology 1:1000 (v/v) IB 

Phospho-PKA 
substrate Rabbit Cell Signalling Technology 1:1000 (v/v) IB 

PKA catalytic 
subunit Mouse Cell Signalling Technology 1:1000 (v/v) IB 

PKA RI Mouse Cell Signalling Technology 1:1000 (v/v) IB 

PKA RII Mouse Cell Signalling Technology 1:1000 (v/v) IB 

PKG Rabbit Enzo life sciences 1:1000 (v/v) IB 

Rabbit IgG Goat Amersham 1:10,000 (v/v) IB 

sGC α Rabbit Sigma-Aldrich Company Ltd 1:1000 (v/v) IB 

sGC β Rabbit Sigma-Aldrich Company Ltd 1:1000 (v/v) IB 

Sheep IgG Rabbit Upstate Technology 1:10,000 (v/v) IB 

SLP-76 Sheep Upstate Technology 1:1000 (v/v) IB 

VASP Ser157 Rabbit Cell Signalling Technology 1:1000 (v/v) IB 

VASP Ser239 Rabbit Cell Signalling Technology 1:1000 (v/v) IB 

β3 Rabbit Santa Cruz Biotechnology 
(USA) 1:1000 (v/v) IB 

β-tubulin Mouse Millipore 1:1000 (v/v) IB 



 Chapter 2 
 
  

Page |   
 

62 

2.8 cAMP immunoassay 

In this study, a commercially available cAMP enzyme immunoassay (EIA) from GE 

Healthcare was used to quantify platelet intracellular cAMP concentrations. We 

selected this assay from a number of competitors as it was sensitive enough for 

platelets (25 – 6400 cAMP fmol/well), non-radioactive and comparatively fast with 

experiments completed in 12 hours. This system measures cAMP through the 

competition between cAMP in a platelet sample and a fixed quantity of peroxidase-

labelled cAMP, for a limited number of binding sites on a cAMP-specific antibody 

coated inside a well. The bound peroxidase-labelled cAMP is then visualised using 

a H2O2 containing enzyme substrate and absorbance read at 630nm as a measure 

of platelet sample cAMP concentrations (Figure 2.4). 

Washed platelets (2x108/ml) were stimulated with agonists and inhibitors for 

selected time intervals and lysed with 10x lysis buffer 1A (2.5% dodecyl 

trimethylammonium in assay buffer). Next, 100µl of each sample was diluted in 

100µl of antiserum solution and then added to the wells of a 96 well plate in 

duplicate, as per manufacturer's instructions, alongside non-specific binding and 

blank controls. The plate was incubated for exactly 2 hours at 4°C with gentle 

shaking. After incubation, 50µl of cAMP-peroxidase conjugate was then added to 

each well and incubated for 1 hour at 4°C with gentle shaking. Next, the wells 

were washed with 400µl of wash buffer, repeated four times. To each well, 150µl 

of the H2O2 containing enzyme substrate was added, resulting in the development 

of a blue colour that was read at 630nm using a TECAN InfiniteTM M200 microplate 

reader. The readings were then plotted against an AMP stand curve as a 

measurement of platelet intracellular cAMP concentrations and adjusted for cell 

count. 
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Figure 2.4. cAMP immunoassay procedure. Schematic representation of the 

cAMP enzyme immunoassay procedure. 
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50mM HEPES, 20% glycerol (v/v), 10% Igepal (v/v), 1mM, EDTA, 1:200 

phosphatase inhibitor cocktail (v/v), protease inhibitor cocktail 1:100 (v/v)) and 

immediately placed on ice. The protein content of each sample was then 

calculated using a Bio-Rad DC Bradford assay kit, as described in section 2.5.2. 

Exactly 25µl of protein A or G beads, dependent on the PDE primary antibody 

selected, and 1µg of the primary anti-PDE antibody were then added to each 

lysate containing 500µg of protein. Alongside the anti-PDE antibody containing 

samples, an IgG (1µg) control sample was also created to account for background 

phosphates. Samples were incubated for 3 hours with slow rotation at 4°C. The 

beads were then centrifuged at 1000xg and washed in 250µl of ice-cold assay 

buffer supplemented with 1:200 phosphatase inhibitor cocktail (v/v), protease 

inhibitor cocktail 1:100 (v/v). This washing step was repeated three times to 

ensure removal any non-specifically bound proteins. The beads were then 

incubated with 30µl of assay buffer, 10µl of 5’-nucleotidase and 10µl of cAMP 

(0.5mM) or cGMP (0.5mM) substrate, specifically in that order so the reaction 

begins with the final addition of cAMP/cGMP substrate. PDE inhibitors were added 

directly to reaction vessels, as the inhibitors would wash off during the 

immunoprecipitation procedure. Following the addition cAMP/cGMP, reaction 

vessels were slowly rotated at 37°C for 1 hour. Reaction vessels were then 

centrifuged for 1 minute at 1000xg to sediment the beads, and the resulting 

supernatant (50µl) transferred to a 96 well plate containing 100µl of BIOMOL 

GREEN reagent, which terminated the reaction. The 96 well plates were gently 

rotated at room temperature to allow the green colour, representing PDE activity, 

to develop. The 96 well plate was then read at 620nm using a TECAN infinite 
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M200 microplate reader. The readings were plotted against a 5’AMP/GMP stand 

curve as a measurement of PDE activity. 

 

Figure 2.5. PDE activity assay procedure. (A) Schematic representation of the 

PDE activity assay procedure. (B) Graph representing the data from one PDE3A 

activity assay experiment. 
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2.10  Protein kinase A activity assay 

In this study, associated PKA activity was measured using a non-radioactive kit 

from Promega. Briefly, protein immunoprecipitates are incubated with cAMP to 

activate associated PKA and release its catalytic subunits. The catalytic subunit 

containing supernatant is then incubated with a brightly coloured, fluorescent and 

highly specific synthetic PKA substrate kemptide (Macala et al., 1998). Kemptide 

phosphorylation by the PKA catalytic subunits changes its net charge from +1 to -

1. Phosphorylated and non-phosphorylated kemptide can then be readily 

separated by electrophoresis on an agarose gel. The band representing 

phosphorylated (negatively charged) kemptide is then excised and solubilised.  

PKA activity is quantified by measuring the absorbance of the solubilized 

phosphorylated kemptide at 570nm, following manufactures protocol. In this 

thesis, PKA activity experiments were carried out by Dr. Zaher Raslan. 

 

2.11  Proximity ligation assay 

Protein–to-protein interactions were examined ex vivo using a DuolinkTM proximity 

ligation assay from Sigma-Aldrich. This assay utilises both antibody and DNA 

properties to detect, quantify and obtain the cellular localisation of specific protein 

interactions within a single experiment (Gullberg et al., 2003). In this system, 

washed platelets are first fixed, permeabilised and mounted onto poly‐L‐lysine-‐

coated coverslips. The fixed platelets are then incubated with two primary 

antibodies raised from different species that are specific to the proteins of interest. 

Following antigen recognition, two species-specific secondary antibodies called 

PLA probes are then added to the platelets, with each probe conjugated to a 

unique short DNA sequence. Two additional DNA strands called connector 



 Chapter 2 
 
  

Page |   
 

67 

oligonucleotides are introduced alongside the PLA probes. Close proximity of the 

proteins of interest, within 30-40nm, brings together the two unique short DNA 

strands, which are then ligated together with the connector oligonucleotides 

through the addition of a reaction mixture to form a single stranded DNA circle. 

Following formation of the DNA circle, DNA polymerase present in the reaction 

mixture produces a long DNA sequence through rolling circle amplification on the 

DNA circle. This sequence is then recognised by fluorescently labelled DNA 

probes resulting in a specific detectable signal that can be analysed using 

microscopy. In this thesis, platelets were also counterstained with a fluorescent 

lectin to visualise the cells. Proximity ligation experiments were carried out by Dr. 

Zaher Raslan. 

 

2.12 MEG-01 cell culture 

MEG-01 cells are a megakaryocyte-like cell line used to study human 

megakaryocyte cells, proplatelet formation and platelet release. The cells derive 

from the bone marrow of a 55-year-old Japanese male with chronic myelogenous 

leukaemia (Ogura et al., 1985). In this study, we used MEG-01 cells to examine 

PDE isoform expression and cAMP signalling pathways in megakaryocytes.  

 

2.12.1  MEG-01 cell thawing 

A frozen vial of MEG-01 cells was taken from liquid nitrogen storage and thawed in 

a water bath set at 37°C. The contents of the vial were then gently pipetted into a 

20ml universal tube containing 5ml of reconstituted RPMI medium (500ml RPMI 

1640 medium, 50ml fetal bovine serum (FBS), 5ml L-glutamine fortified with 
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penicillin and streptomycin). The tubes were then centrifuged at 1000g for 5 

minutes at 20°C to harvest the cells. The supernatant was then carefully removed 

and the cell pellet suspended in 1ml of reconstituted RPMI medium. Cells were 

stained with Trypan blue and then counted with a haemocytometer for viability and 

cell number. Trypan blue is a vital stain that selectively colours dead cells blue 

based on the principle that living cells possess intact membranes that exclude the 

dye (Strober, 2001). 

 

2.12.2   MEG-01 cell counting and assessment 

An equal volume of MEG-01 cell suspension was mixed with Trypan blue, typically 

20µl of cell suspension with 20µl Trypan blue. The mix of MEG-01 cells and 

Trypan blue was then gently pipetted, avoiding any air bubbles, underneath a 

cover slip resting on a haemocytometer slide. Non-stained cells were then counted 

under a microscope using the 10x objective lens and then calculated for cells/ml 

with the following equation: 

       

2.12.3  MEG-01 cell maintenance and differentiation 

Having counted for viable cells, MEG-01 cells were pipetted into a T75 culture 

flask containing 15ml of reconstituted RPMI medium at a cell count ≤2x105 

cells/ml. Cell containing flasks were then incubated at 37°C, 5% CO2 for 2-3 days. 

Following incubation, flasks were taken out the incubator and viewed for cell 

confluency. If cells were sufficiently confluent, then the culture medium and cells 

Cells/ml =  
Average viable cell count in 5 large 
haemocytometer squares x dilution factor x 104 ( ( 
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were extracted into a 20ml universal tube using a pipette. Tubes were then 

centrifuged at 1000xg to pellet the cells. The supernatant medium was carefully 

removed using a pipette and MEG-01 cells suspended in 5ml of fresh 

reconstituted RPMI medium. The cells were then counted, as described in section 

2.13.2. Cells were then pipetted into 20ml of fresh reconstituted RPMI medium at a 

count of 2-4x105 cells/ml and then incubated at 37°C, 5% CO2 for 2-3 days. The 

extra MEG-01 cells produced in the incubation cycle were then used immediately 

for experimentation. Phorbol diesters can be used to differentiate MEG-01 cells 

into more mature megakaryocyte-like cells exhibiting megakaryocyte morphology, 

ultrastructure and functional changes (Ogura et al., 1988). In these experiments, 

cultures were stimulated with phorbol-12-myristate-13-acetate (PMA; 100nM) and 

incubated at 37°C 5% CO2 for 24 hours, prior to use. 

 

2.13  MEG-01 FACS analysis 

FACS (fluorescence-activated cell sorting) analysis is a technique used to 

measure various individual cell characteristics within a population. In this method, 

a flow cytometer machine hydrodynamically focuses cells from a loaded sample 

into a single stream, which is then passed through several lasers beams. As cells 

move through the lasers, the flow cytometer analyses the cells for granularity, 

measured by the scattering of light, and size, measured by forward scattered light.  

In addition to these characteristics, any pre-incubated fluorescent antibodies 

present on the cell surface are excited by the lasers to produce detectable signals. 

These signals are then read by the flow cytometer. These data can then be 

analysed using specially designed software. 
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MEG-01 cells (100µl of 2x105 cells/ml) were added to sample tubes containing 5µl 

of FITC conjugated CD41 antibody or IgG control antibody. The sample tubes 

were gently mixed and incubated in the dark for 20 minutes. MEG-01 cells were 

then fixed with 0.5ml of formyl saline (0.2%, v/v) for 30 minutes at room 

temperature. Using a BD LSR FortessaTM, fixed MEG-01 cells were analysed for 

CD41 expression, with 10,000 events being recorded for each sample. 

 

2.14  Statistical analysis 

Data expressed as mean ± SEM, were compared using Students t-test and one-

way ANOVA. Statistical tests were performed using GraphPad Prism 6 (GraphPad 

Software, La Jolla, CA). Significance was accepted at P<0.05. 
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3 Characterisation of platelet and 
megakaryocyte phosphodiesterases  

3.1 Introduction  

Blood platelets are critical in preventing haemorrhage in the event of vessel 

trauma. Under physiological conditions, platelets circulate in a quiescent state 

maintained by the endothelium-derived anti-thrombotic factors prostacyclin (PGI2) 

and nitric oxide (NO) (Jin et al., 2005). These endogenous platelet inhibitors exert 

their effects through cyclic nucleotide signalling cascades. Ligation of PGI2 to the 

Gs-protein coupled IP receptor, present on the platelet surface, results in 

activation of transmembrane adenylyl cyclases and the synthesis of cAMP from 

adenosine triphosphate (ATP). NO diffuses through the platelet membrane and 

activates cytosolic soluble guanylyl cyclase to synthesise cGMP from guanosine 

triphosphate (GTP). Elevations in cAMP and cGMP concentrations lead to the 

activation of localised protein kinase A (PKA) and protein kinase G (PKG), 

respectively. These serine-threonine kinases phosphorylate proteins that regulate 

and inhibit key mechanisms of platelet activation (Schwarz et al., 2001). 

Cyclic nucleotide signalling is a highly organised cellular process tightly regulated 

in space and time by phosphodiesterases (PDEs) (Zaccolo and Pozzan, 2002). 

These enzymes hydrolyse cyclic nucleotides into inactive 5’AMP and 5’GMP 

metabolites. Platelets express three PDE isoforms: phosphodiesterase 2A 

(PDE2A), cAMP-specific phosphodiesterase 3A (PDE3A) and cGMP-specific 

phosphodiesterase 5 (PDE5). The hydrolytic activity of these enzymes can be 
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influenced through cyclic nucleotide binding and protein phosphorylation, however, 

these mechanisms are poorly understood in platelets.  

The major aim of this study is to understand PDE3A signalling in human platelets.  

In this first chapter, we aimed to characterise all three platelet PDE isoforms in 

terms of expression, subcellular localisation and activity in platelets and explored 

their presence in the established MEG-01 megakaryocyte cell line. 

 

More specifically the objectives were to: 

• Characterise the expression and subcellular localisation of PDE2A, PDE3A 

and PDE5 in platelets. 

• Optimise a PDE activity assay that can successfully measure platelet PDE 

activity. 

• Explore PDEs and cyclic nucleotide signalling in the MEG-01 

megakaryocyte cell line. 

 

 

 

 

 

 

 



  Chapter 3 
 

Page |  73 
 

3.2 PGI2 inhibits platelet activation 

In order to preserve cyclic nucleotide signalling pathways, washed platelets were 

prepared using the established pH method (Mustard et al., 1989). This method of 

platelet isolation avoids unwanted platelet activation during centrifugation steps by 

lowering the pH of PRP to 6.4. To validate our platelet preparation protocol we 

examined the functionality of both activatory and inhibitory pathways using light 

transmission aggregometry (LTA) (Figure 3.1). Washed platelets were stimulated 

with collagen (5µg/ml) for 5 minutes, which induced an aggregation response of 

96%. This response was similar to other studies where platelets had been isolated 

using different methods (Radomski et al., 1988; Vargas et al., 1982). We next 

preincubated washed platelets for 1 minute with a PGI2 concentration range and 

measured their functional response to collagen. The collagen response was 

inhibited by PGI2 in a dose dependent manner with full platelet inhibition at 100nM 

and an IC50 value of 9.5nM. These data are comparable to studies performed by 

Aburima and colleagues, in which thrombin-induced platelet shape change was 

inhibited in a dose dependent manner by prostaglandin (PGE1) (Aburima et al., 

2013). 
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3.1. Washed platelet aggregation responses to PGI2. WP (2.5x108 platelets/ml) 

were stimulated with collagen (5µg/ml) in the presence and absence of PGI2 (2 

min. incubation). Aggregation traces were recorded for 5 minutes with stirring 

(1000rpm) at 37°. (A) Shown are representative aggregation traces generated by 

aggrolink software (B) Data presented as dose response curve of 1 experiment. 
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3.3 Platelet PDE isoform expression 

Having confirmed that washed platelets are functionally responsive to collagen 

and PGI2, we next sought to characterise platelet PDE expression and determine 

their subcellular localisation (Figure 3.2). To achieve this, we used PDE isoform-

specific antibodies in combination with SDS-PAGE and immunoblotting to search 

for PDE2A, PDE3A and PDE5 expression in whole platelet lysates and platelet 

lysates separated into membrane and cytosolic fractions. 

 

3.3.1 Human platelets express PDE2A, PDE3A and PDE5 

First, washed platelet lysates were immunoblotted for PDE2A, PDE3A and PDE5 

expression. Increasing amounts of platelet lysates were separated by SDS-PAGE 

and immunoblotted for PDE isoforms. We detected protein bands for PDE2A, 

PDE3A and PDE5A. The apparent molecular weights of these PDE protein bands 

were approximately 105kDa, 110kDa and 100kDa for PDE2A, PDE3A and PDE5, 

respectively. Furthermore, the molecular weights of the PDE protein bands 

matched the PDE protein bands from positive control tissues that were established 

in the literature to express the same isoforms; brain lysate for PDE2A, heart lysate 

for PDE3A and smooth muscle lysate for PDE5 (Bender and Beavo, 2006). 

However, the band signal for the positive controls was relatively weak in 

comparison to the platelet lysates. This could be attributed the preparation and 

age of these lysates as they were obtained from collaborative labs at an adjusted 

protein concentration of 1mg/ml. The bottom panel shows β-tubulin as evidence 

for equal loading. These data confirm that human platelets express PDE2A, 

PDE3A and PDE5. 
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Figure 3.2. Analysis of phosphodiesterase isoform expression in human 
platelets. WP (5x108cells/ml) lysates were immunoblotted for PDE2A, PDE3A and 

PDE5 with β-tubulin as a loading control. Brain, heart and smooth muscle lysates 

were used as positive controls and lung, heart and macrophage lysates were used 

as negative controls for PDE2A, PDE3A and PDE5 respectively. Immunoblot 

membranes were stripped and reprobed for β-tubulin as a protein loading control. 

Data representative of 3 independent experiments. 
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3.3.2 Platelet PDE isoforms are differentially localised within the cell 

We next sought to determine the subcellular localisation of these PDE isoforms in 

platelets. A well-established method for examining protein localisation in cells is 

cellular fractionation, in which cells are snap frozen, lysed and centrifuged into 

their membrane and cytosolic protein fractions (Castle, 2004). The fractions are 

then analysed for protein expression using SDS-PAGE and immunoblotting. We 

employed this technique to examine PDE isoform expression in platelet membrane 

and cytosolic fractions (Figure 3.3). In the top panel, we detected PDE2A 

expression primarily in platelet membrane fraction at 105kDa. We also detected a 

non-specific band with a molecular weight of 140kDa. This band may represent a 

protein that has degraded during the fractionation produce, unmasking an epitope 

that was non-specifically recognised by the anti-PDE2A antibody. The second 

panel shows PDE3A expression detected in the membrane and cytosolic fractions 

at slightly different molecular weights, between 100kDa and 115kDa.  Membrane 

localised PDE3A was expressed at high levels when compared to the expression 

of PDE3A in the cytosol. This comparable low expression of cytosolic PDE3A 

made it difficult to detect its representative protein band at 10µg without over 

exposing the bands representing membrane localised PDE3A. PDE5 expression 

in the middle panel was detected as equally expressed between the cytosol and 

membrane fractions. The lower panels show expression of the cytosolic protein 

SLP-76 and membrane protein β3 to ensure successful separation of platelet 

fractions (Kim et al., 2009; Silverman et al., 2006). Together these data reveal that 

PDE2A. PDE3A and PDE5 are differentially localised within human platelets. 
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Figure 3.3. Subcellular PDE expression in human platelets. WP (7x108cells/ml) 

lysates were fractionated into cytosolic and membrane fractions using 

centrifugation and immunoblotted for PDE2A, PDE3A and PDE5. Immunoblot 

membranes were stripped and re-probed for cytosolic protein SLP-76 and 

membrane protein β3 as fraction controls. Data representative of 3 independent 

experiments. 
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3.3.3 Characterisation of platelet PDE3A splice variants 

Splice variants of PDE3A have been identified in heart cells, differing in molecular 

mass, subcellular localisation and regulation (Vandeput et al., 2013; Wechsler, 

2002). We investigated the expression of PDE3A splice variants in platelets using 

a combination of molecular techniques (Figure 3.4). In these experiments 

polyacrylamide gels were set at an increased run time and lower temperature to 

further separate platelet proteins and increase band definition, enabling greater 

visualisation of potential PDE3A splice variants.  

First, PDE3A was purified from platelet lysates using immunoprecipitation and 

analysed by SDS-PAGE and immunoblotting. Immunoblot analysis of separated 

PDE3A Immunoprecipitates resulted in two distinct PDE3A bands detected at 

100kDa and 115kD. Next, we cross-validated our MRC-PPU anit-PDE3A antibody, 

targeted to the conserved region of PDE3A, with an antibody obtained from Santa 

Cruz, targeted towards the PDE3A C-terminus, to ensure that our immunoblotting 

signal was specific for PDE3A. The PDE3A doublet band was observed in 

immunoblot experiments using both PDE3A antibodies with a weaker signal 

generated using the Santa Cruz antibody. Lastly, platelet cytosolic and membrane 

fractions were immunoblotted for localisation of potential PDE3A splice variants. 

Under fractionation conditions, the top PDE3A band was localised specifically to 

the platelet membrane fraction and lower band to primarily the cytosol with a trace 

in the membrane. These data suggest the presence of two PDE3A splice variants 

of 100kDa and 115kDa, and that they may be differentially localised under basal 

conditions. 
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Figure 3.4. PDE3A splice variants. (A) PDE3A was immunoprecipitated from 

washed platelet lysates (500µg) and immunoblotted for total PDE3A. (B) WP 

(5x108cells/ml) lysates were immunoblotted for PDE3A (C) WP lysates  

(7x108cells/ml) were fractionated using ultra centrifugation and immunoblotted for 

PDE3A. Immunoblot membranes were stripped and re-probed for the membrane 

protein β3 and cytosolic protein SLP-76 as fraction controls. All polyacrylamide 

gels were run for an extended period of time of 4 hours at 4ºC to promote 

increased protein band separation. (A, C) data representative of 3 independent 

experiments (B) data representative of 1 independent experiment. 
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3.4 Characterisation of platelet responses to PDE inhibition 

Having examined platelet PDE isoform expression, we next measured role of PDE 

isoforms, using a range of inhibitors, in platelet aggregation (Figure 3.5). Due to 

the spectrum of important functional roles PDEs play in the human body, a number 

of isoform-specific PDE inhibitors have been developed for use in research and 

clinical settings (Lugnier, 2006). Here, washed platelets were treated with either an 

isoform-specific or non-selective PDE inhibitor for 20 minutes. We then examined 

the effects of these inhibitors on collagen-induced aggregation and on the 

inhibition of collagen-induced aggregation by PGI2 and NO.  

Stimulation with collagen (5µg/ml) induced maximal platelet aggregation at 89±3% 

light transmission (LT), reduced to 52±2% in the presence of PGI2 (10nM) 

(p<0.01).  Treatment of washed platelets with the PDE2A inhibitor erythro-9-(2-

hydroxy-3-nonyl)adenine (EHNA) (20µM) significantly reduced collagen-induced 

platelet aggregation to 62±2% LT (p<0.01). This inhibitory response was 

marginally increased to 46±4% when used synergistically with PGI2. These data 

show that inhibition of PDE2A can blunt platelet activation in response to collagen, 

however, PDE2A inhibition did not synergise with PGI2. Treatment with the PDE3A 

inhibitor milrinone (10µM) reduced collagen-induced platelet aggregation to 30±4% 

LT (p<0.01). This inhibitory effect of milrinone was significantly more potent than 

that of EHNA (p<0.01), supporting previous reports that milrinone exerts a greater 

inhibitory effect on platelet activation when compared to the effect of EHNA 

(Manns et al., 2002). When milrinone was used synergistically with PGI2, the 

inhibitory effect of PGI2 on collagen-induced platelet activation was significantly 

potentiated to near maximal platelet inhibition at 5±1% LT (p<0.01). These findings 
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show that inhibition of PDE3A can strongly enhance the effects of PGI2. Treatment 

of washed platelets with GSNO reduced collagen-induced platelet aggregation to 

37±4% LT (p<0.01), whereas inhibition of PDE5 with zaprinast (10µM) had little 

effect on platelet aggregation at 80±8% LT. However when used synergistically, 

zaprinast significantly potentiated the inhibitory effect of GSNO on collagen-

induced platelet aggregation at 16±1% LT (p<0.05). These data suggest the PDE5 

does not exert much influence on basal cGMP levels but instead regulates cGMP 

elevations in response to activation of the cGMP signalling pathway. Inhibition of 

all platelet PDE isoforms with IBMX (10µM) completely inhibited collagen-induced 

platelet aggregation to 6±2% LT (p<0.01). Data from this experiment shows that 

inhibition of PDE isoforms can modify platelet functional responses to endogenous 

platelet inhibitors and collagen. 
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Figure 3.5. Characterisation of PDE inhibitory effects on platelet 
aggregation.    WP (2.5x108 platelets/ml) were incubated with the PDE inhibitors 

milrinone (10µM), EHNA (20µM), (10µM,) and IBMX (10µM) for 20 minutes prior to 

stimulation with collagen (5µg/ml) in the presence and absence of PGI2 (10nM, 2 

minute incubation) or GSNO (50µM, 2 minutes). Aggregation traces were recorded 

for 5 minutes with stirring (1000rpm) at 37°. Data are from 3 independent 

experiments represented as means ± SEM. *P<0.01 compared with collagen. 

**P<0.01 compared with collagen + PGI2. ***P<0.05 compared with collagen + 

GSNO. 
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3.5 The activity of PDEs in platelets 

In the next set of experiments, we wished to confirm PDE activity in human 

platelets. The traditional method for measuring PDE activity is a two-step 

radiometric assay. This assay detects PDE activity by direct binding of 

radiolabeled cyclic nucleotide hydrolysis products, either AMP or GMP, to specially 

prepared resin. The immobilised radioactive hydrolysis products are then 

quantified using scintillation counting (Thompson and Appleman, 1971). There are 

alternative methods of measuring PDE activity available based on multiple step 

enzyme systems, luminescence and colorimetric changes. In this thesis, we used 

a commercially available colorimetric assay that quantifies PDE activity using a 

reagent that changes colour when in the presence of the phosphate produced 

from the cleavage of either 5’-AMP or 5’-GMP by 5’-nucleotidase. This assay first 

required optimization before platelet PDE activity could be quantified. 

 

3.5.1 The activity of purified PDE1 

The first optimization step was to quantify the activity of commercially purified 

PDE1 (Figure 3.6). Although absent in platelets, PDE1 is ubiquitously expressed 

throughout the human body with the ability to hydrolyse both cAMP and cGMP 

(Bender and Beavo, 2006). With this assay, we observed that PDE1 hydrolysed 

cAMP in a concentration and time-dependent manner. Data from this experiment 

shows that this assay system can successfully quantify PDE activity. 
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Figure 3.6.   PDE1 dose response and time course of cAMP hydrolysis. (A) 

Duplicate PDE1 enzyme samples at selected concentrations were incubated with 

cAMP (200µM) and 5’-nucleotidase (50 kU/well) at 30°C for 30 minutes (B) PDE1 

enzyme (100mU) was incubated with cAMP (200µM) and 5’-nucleotidase (50 

kU/well) at 30°C for selected time intervals. Reactions were terminated by addition 

of 100µl of BIOMOL® GREEN and read at 620nm after 30 minutes. Absorbance at 

OD620nm was converted to pmol of 5’-AMP using a standard curve. Shown are 

graphs for 3 independent experiments expressed as means ± SEM. 
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3.5.2 PDE activity assay optimisation for use in human platelets 

Next, we tested the assay using human platelets to see if we could successfully 

quantify platelet cAMP-specific PDE activity (Figure 3.7). Three different assay 

inputs were prepared including platelet rich plasma (PRP) lysates, washed platelet 

lysates and PDE3A immunoprecipitated from platelet lysates.  

In basal PRP lysates and basal washed platelet lysates, we detected cAMP 

hydrolysis rates of 2602±54 pmol/h 5-AMP and 2605±10 pmol/h 5-AMP, 

respectively. However, these readings did not change in the presence of PGI2 

(100nM) or IBMX (10µM), suggesting that these data were an artefact of 

intracellular platelet phosphates in both PRP and washed platelet samples. The 

Biomol green reagent in this assay is a highly sensitive phosphate detection 

solution that quantifies PDE activity by measuring the phosphate product from the 

cleavage of 5’-nucleotides, the output of cyclic nucleotide hydrolysis, in the assay 

system. Any external phosphates from labware and reagent solutions or, in this 

case samples, greatly increases background absorbance. In immunoprecipitated 

PDE3A samples a basal activity of 1949±66 pmol/h 5-AMP over an IgG reading of 

1139±28 pmol/h 5-AMP was recorded (*P<0.01). Stimulation of washed platelets 

with PGI2 increased PDE3A hydrolysis rate to 2551±7 pmol/h 5-AMP over IgG 

(**P<0.05). In the presence of IBMX (10µM), added directly to reaction vessels, 

PDE3A activity was reduced to 436±84 pmol/h 5-AMP (*P<0.01). These data show 

that this assay system can successfully quantify platelet PDE3A activity, that there 

is significant basal activity sensitive to IBMX and that this activity can be increased 

by PGI2. 



  Chapter 3 
 

Page |  87 
 

      

Figure 3.7. Optimisation of PDE activity assay to measure platelet PDE3A 
activity. PRP (5x108cells/ml) and WPs (5x108cells/ml) were stimulated with PGI2 

(100nM, 2 minutes) or IBMX (10µM, 20minutes) and lysed in PDE assay lysis 

buffer. PRP (5µl), WPs (5µl) and immunoprecipitated PDE3A from WPs (2µg 

antibody, 500µg protein) were incubated with cAMP (200µM) and 5’-nucleotidase 

(50 kU/vessel) at 30°C for 60 minutes. Reactions were terminated by addition of 

100µl of BIOMOL® GREEN and read at 620nm after 30 minutes. Shown are 

representative graphs for 3 independent experiments expressed as means ± SEM 

(*P<0.01, **P<0.05). 
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3.5.3 Characterisation of PDE2A, PDE3A and PDE5 activity in platelets 

Having optimised the PDE activity assay for use in platelets, we sought to 

investigate the activity of all PDE isoforms using this system. This was achieved 

by immunoprecipitating each PDE isoform from platelets under stimulated and 

non-stimulated conditions and quantifying the hydrolysis of either cAMP or cGMP 

for PDE2A, cAMP for PDE3A and cGMP for PDE5 (Figure 3.8). These data were 

then plotted on the same graph to compare nucleotide hydrolyse rates between 

platelet PDE isoforms. PDE Immunoprecipitates used in the activity assays were 

analysed by SDS-PAGE and immunoblotting to confirm successful 

immunoprecipitation.  

Our data show that PDE2A isolated from resting washed platelets had a hydrolysis 

rate of 1542±155 fmol 5-AMP/GMP/min/1x107 cells when incubated with cGMP 

and cAMP. PDE3A activity was increased from 3149±161 to 3894±141 fmol 5-

AMP/ min/1x107 under PGI2 (100nM) stimulated conditions. Stimulation of washed 

platelets with GSNO (50µM) greatly increased PDE5 activity from 2699±139 to 

7853±942 fmol 5-GMP/min/1x107 cells. The activity of all PDE isoforms was 

inhibited by addition of IBMX (10µM) to reaction vessels (± representative of 

range) (Figure 3.8 A, n=2). All three PDE isoforms were successfully 

immunoprecipitated for use in the activity assay (Figure 3.8 B, n=1). Together 

these data show that platelet PDE activity varies between each isoform in resting 

platelets and platelets stimulated with activators of cyclic nucleotide signalling 

cascades. 
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Figure 3.8. Quantification of platelet PDE isoform activity. (A) PDE2A, PDE3A 

and PDE5 were immunoprecipitated (2µg antibody, 500µg protein) from basal, 

PGI2 (100nM, 2 min) and GSNO (50µM, 2 min) stimulated WPs. 

Immunoprecipitates were incubated with both cAMP (100µM) and cGMP (100µM) 

for PDE2A or cAMP (200µM) for PDE3A and cGMP (200µM) for PDE5. Reaction 

vessels were incubated with 5’-nucleotidase (50kU/vessel) at 30°C for 60 minutes. 

Reactions were terminated by addition of 100µl of BIOMOL® GREEN and read at 

620nm after 30 minutes (B) Immunoprecipitates from activity assay were 

immunoblotted for PDE2A, PDE3A and PDE5. (A) Graph of 2 independent 

experiments represented as means±range (B) data from 1 independent 

experiment. 
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3.6 PDE enzymes in the megakaryocytic cell line MEG-01 

Elevations in platelet cyclic nucleotide concentrations are a key mechanism of 

platelet inhibition. Little is known of cyclic nucleotide signalling and its regulation 

by PDEs in megakaryocytes. With this in mind, we wanted to explore the presence 

of PDEs and cyclic nucleotide signalling pathways in megakaryocytes. To achieve 

this, we used the established megakaryoblastic cell line MEG-01 as a model for 

primary megakaryocytes in our experiments (Ogura et al., 1985). This cell line has 

been used extensively as a model for megakaryocyte maturation and platelet 

formation (Battinelli et al., 2001; Lacabaratz-p.Porret et al., 2000), with capacity to 

differentiate morphologically, ultrastructurally and biochemically into more mature 

megakaryocytes when stimulated with phorbol 12-myristate 13-acetate (PMA) 

(Ogura et al., 1988). Before using these cells in experimentation, we wanted to 

validate our MEG-01 differentiation protocol with megakaryocyte surface markers 

and morphological studies. 

 

3.6.1 MEG-01 cells express the megakaryocyte marker CD41 

CD41 (GPIIb, integrin αIIb) is an integral membrane protein specifically expressed 

on the surface of platelets and megakaryocytes. This surface protein was used as 

a marker for MEG-01 cell differentiation (Figure 3.9). MEG-01 cells were 

stimulated with a PMA concentration range for 24 hours and analysed by FACS for 

CD41 expression.  

Under non-stimulated conditions, 10% of MEG-01 cells expressed CD41. CD41 

expression peaked at 30% with 100nM of PMA. This expression declined with 

higher concentrations of PMA. Consistent with the literature, these data show that 
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MEG-01 differentiation can be induced by PMA stimulation. The optimal PMA 

concentration of 100nM was selected for future experimentation. 

 

 

Figure 3.9. CD41 expression in MEG-01 cells. MEG-01 cells 2-4x105 cells/ml 

were cultured in suspension in reconstituted RPMI 1640 medium at 37°C, 5% 

CO2. Once confluent, MEG-01 cells were stimulated with PMA at different 

concentrations for 24 hours at 37°C, 5% CO2. Cells were then analysed for CD41 

expression using fluorescence-activated cell sorting (FACS). Shown is a 

representative graph of 3 independent experiments represented as means ± SEM. 
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3.6.2 MEG-01 cells exhibit megakaryocyte morphology 

Following the confirmation of MEG-01 CD41 expression, we sought to visually 

assess the morphology of these cells under non-stimulated and PMA stimulated 

conditions (Figure 3.10). Under non-stimulated conditions, MEG-01 cells were high 

in number, uniformly spherical and grouped into small clusters (Figure 3.10, Ai). 

These cells were easily washed off the tissue culture plates (Figure 3.10, Bi). 

Stimulation with PMA resulted in low numbers of differentiated MEG-01 cells 

displaying larger more granular cell bodies with long projections and membrane 

buddings (Figure 3.10, Aii). These differentiated cells tightly adhered to culture 

flasks with spread-like morphology (Figure 3.10, Bii). The results of this 

experiment show that PMA can induce the differentiation of MEG-01 cells into 

mature megakaryocytes. 
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Figure 3.10. Brightfield microscopy of MEG-01 cell morphology and culture 
flask adhesion. (A) Non-stimulated (i) and PMA stimulated (ii) MEG-01 cells were 

visualised for morphological changes using light microscopy. (B) Non-stimulated (i) 

and PMA-stimulated (ii) MEG-01 culture flasks were gently washed with PBS and 

analysed for adherent MEG-01 cells using light microscopy. Shown are 

representative images of 2 independent experiments. 
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3.6.3 MEG-01 signalling responses to PGI2 and the nitric oxide donor GSNO 

Next, the ability of theses cells to respond to cyclic nucleotide elevating agents 

was examined (Figure 3.11). An established marker of cyclic nucleotide signalling 

events is PKA substrate phosphorylation. MEG-01 cells were stimulated with the 

adenylyl cyclase activator forskolin (10µM), PGI2 (100nM) and GSNO (50µM), and 

analysed for phosphorylation of vasodilator-stimulated phosphoprotein (VASP) 

and PKA substrate phosphorylation using SDS-PAGE and immunoblotting. 

Non-differentiated MEG-01 cells responded to forskolin and PGI2 with increases in 

VASP Ser157, Ser239 and PKA substrate phosphorylation. In contrast, GSNO 

stimulation reduced PKA substrate phosphorylation to below basal levels. In 

differentiated MEG-01 cells, we detected VASP Ser157 phosphorylation under 

basal conditions. This was attributed to the activation of PKC by PMA used to 

differentiate the MEG-01 cells, which is known to phosphorylate VASP Ser157. 

Stimulation with forskolin and PGI2 increased VASP Ser239 phosphorylation and 

surprisingly reduced PKA substrate phosphorylation. GSNO stimulation inhibited 

VASP Ser157, Ser239 and PKA substrate phosphorylation. The PKA substrate 

profiles of MEG-01 cells were not comparable to those in human platelets. Data 

from this experiment shows that MEG-01 cells respond to cyclic nucleotide 

elevators.  
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Figure 3.11. PKA signalling in MEG-01 cells. Non-differentiated and PMA-

differentiated MEG-01 cells (2x105 cells/ml) were stimulated with forskolin (10µM, 

5 min), PGI2 (100nM, 2 min) and GSNO (50µM, 2 min) and immunoblotted for 

VASP Ser157, VASP Ser239 and phosphorylated PKA substrates. WPs 

(5x108cells/ml) stimulated with PGI2 (100nM, 2 min) were immunoblotted with the 

same antibodies for cell comparison. β-tubulin was immunoblotted as a protein 

loading control. Data of one experiment. 
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3.6.4 Characterisation of PDE isoform expression in MEG-01 cells 

Having validated our MEG-01 differentiation protocol and visualised MEG-01 cyclic 

nucleotide signalling events, we investigated the expression of phosphodiesterase 

isoforms and cyclic nucleotide signalling proteins (Figure 3.12). MEG-01 lysates 

were analysed for PDE2A, PDE3A, PDE5, PKA catalytic subunit (PKAc), PKA 

regulatory subunits type 1 (PKA RI) and 2 (PKA RII), soluble guanylyl cyclase α 

(sGCα) and β (sGCβ), and protein kinase G (PKG) using SDS-PAGE and 

immunoblotting. 

In non-differentiated MEG-01 cells, we detected low expression of PDE2A and 

PDE3A. Interestingly, no expression of PDE5 was detected.  All cAMP and cGMP 

cyclic signalling proteins were detected with low expression of both sGC isoforms 

and high expression PKG when compared with platelets. In contrast, differentiated 

MEG-01 cells expressed low levels of PDE5 with no expression of PDE2A or 

PDE3A, yet displayed similar expression of cAMP and cGMP cyclic signalling 

proteins when compared to non-differentiated MEG-01 cells. Together these data 

show that differentiated MEG-01 cells express PDE5 alongside other cyclic 

nucleotide signalling proteins but are absent in PDE2A or PDE3A. 
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Figure 3.12. MEG-01 expression of PDE isoforms and cyclic nucleotide 
signalling proteins. Non-differentiated and differentiated MEG-01 lysates (20µg 

protein) were immunoblotted for expression of the PDE isoforms PDE2A, PDE3A, 

PDE5 and cyclic nucleotide signalling proteins PKAc, PKA RI, PKA RII, sGC, sGC, 

and PKG. β-tubulin was immunoblotted as a protein loading control. Data 

representative of three independent experiments. 
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3.7 Discussion  

The first important study of platelet PDEs was that of Hidaka and Asano, who 

observed three distinct peaks of PDE activity in platelet lysates (Hidaka and 

Asano, 1976). We now know these three peaks of activity to represent the PDE 

isoforms PDE2A, PDE3A and PDE5, confirmed by inhibitor and proteomic studies 

(Burkhart et al., 2012; Haslam et al., 1999). These isoforms directly regulate 

platelet cyclic nucleotide concentrations in space and time, and thus platelet 

responses to endogenous inhibition.  Recently, in other cell types, there have been 

exciting advances in our understanding of PDE3A signalling in terms of PDE3A 

splice variants, regulation, cellular localisation and protein interactions. However, 

PDE3A signalling in platelets is still poorly understood, yet its importance is well 

documented. For instance, inhibition of PDE3A is known to suppress agonist-

induced platelet aggregation in concentration dependent manner (Manns et al., 

2002). Deletion of PDE3A in mice results in a cardioprotective phenotype against 

collagen-induced thrombosis (Sun et al., 2007). Furthermore, the PDE3A inhibitors 

cilostazol and milrinone are currently used clinically as antiplatelet therapies 

(Gresele et al., 2011). The overarching aim of this thesis was to improve our 

understanding of PDE3A signalling in platelets. 

In this chapter, we sought to characterise all three PDE isoforms in platelets and 

megakaryocytes. The first step in this process was to validate our platelet 

preparation, ensuring that platelets isolated from healthy volunteers were 

responsive to activatory and inhibitory stimuli. Data from figure 3.1 shows that 

platelets isolated by the pH method aggregated normally in response to collagen. 

Pre-treatment with PGI2 inhibited collagen-induced platelet aggregation by 50% at 
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9.5nM, concurrent with previous studies (M. W. Radomski et al., 1987b; Weiss and 

Turitto, 1979). An important initial step was to confirm the expression of all three 

PDE isoforms in platelets. We detected the expression PDE2A, PDE3A and PDE5 

with a weak signal for PDE2A. Compiled data sources put the ratio of platelet PDE 

expression at 1.00:0.17:0.04 for PDE5:PDE3A:PDE2A, which may account for the 

weak PDE2A signal (Burkhart et al., 2012). Current evidence strongly supports 

that cyclic nucleotide signalling is highly compartmentalised into discrete pools that 

are regulated in space and time by anchored PDEs (Lefkimmiatis and Zaccolo, 

2014; Zaccolo and Pozzan, 2002), although it is unclear if this exists in platelets. 

With this in mind, we looked at the subcellular localisation of PDE2A, PDE3A and 

PDE5 to see if these enzymes were differentially localised within platelets. We 

showed that PDE2A and PDE3A were primarily localised to the platelet membrane 

fraction whereas PDE5 was equally localised between both the platelet membrane 

and cytosol. Interestingly, PDE3A localised to the membrane had a slightly greater 

mass than that of cytosolic PDE3A. Similar studies in cardiac myocytes have 

identified three differently localised PDE3A splice variants, PDE3A1, PDE3A2 and 

PDE3A3 (Hambleton et al., 2005; Wechsler, 2002). Excitingly, recent research has 

shown that these PDE3A splice variants are differently regulated (Vandeput et al., 

2013). Thus, we investigated the possibility the presence of PDE3A splice variants 

in platelets. Due to the small differences in splice variant molecular weight, we ran 

our polyacrylamide gels for an extended time to further separate PDE3A proteins. 

For the first time, we suggest that platelets express the PDE3A splice variants 

PDE3A1 and PDE3A2, with molecular weights and subcellular localisation profiles 

similar to that in cardiac myocytes (Faiyaz Ahmad et al., 2015). Mass spectrometry 

could be used to further strengthen this observation. 
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In order to assess the functional significance of PDEs on platelet function, specific 

and non-specific PDE inhibitors were used in platelets stimulated with PGI2 and 

the nitric oxide donor GSNO. Data from these experiments showed that inhibition 

of PDE2A activity elicits a minor inhibitory effect on platelet activation. In contrast, 

the inhibition of PDE3A induces a much stronger inhibitory effect, which is 

potentiated by PGI2. These data agree with earlier reports that inhibition of PDE3A 

has a direct effect on platelet inhibition in contrast to PDE2A inhibition that has 

relatively little effect (Manns et al., 2002). For PDE2A and PDE3A inhibition alone 

to induce platelet inhibition, adenylyl cyclase must retain some activity under non-

stimulatory conditions. This is supported by studies that show adenylyl cyclase 6 is 

basally active in other cell types (Pieroni et al., 1995). In contrast, inhibition of 

PDE5 has little effect on platelet aggregation, yet greatly potentiated the inhibitory 

effect of NO. These data suggest that soluble guanylyl cyclase has no basal 

activity and under NO-stimulated conditions PDE5 plays an important role in 

regulating cGMP levels. Comparable platelet responses have been observed in 

other research teams using the PDE5 inhibitor Sildenafil and NO donor sodium 

nitroprusside (Wilson et al., 2008) 

It was important in this work to establish a method measuring PDE hydrolytic 

activity in platelets. Traditionally, PDE activity is measured using a two-step 

radiometric assay that detects PDE activity by quantifying radiolabeled cyclic 

nucleotide hydrolysis products, either AMP or GMP, with a scintillation counter 

(Thompson and Appleman, 1971). Although scintillation counting is considered the 

“gold” standard for measuring PDE activity in cells, we sought to use an alternative 

safer method. For this study, we optimised a colourimetric assay, which quantified 

PDE activity using a reagent that changes colour when in the presence of either 
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the PDE hydrolysis products AMP or GMP. A major limitation of this assay was 

that it did not work in platelet lysates. This was due to background platelet 

phosphates reacting with the assay colour-changing reagent, which resulted in 

artificially high readings of PDE activity. As a consequence, all PDE isoforms were 

purified by immunoprecipitation for use in the assay. Findings showed that basal 

PDE2A hydrolysed cGMP and cAMP at a rate of 1542 fmol AMP/GMP/min/1x107 

cells. Basal PDE3A activity was the highest out of all three PDE isoforms tested, 

with a hydrolysis rate of 3149 fmol AMP/min/1x107 cells. This activity was 

increased to 3894 fmol AMP/min/1x107 cells, upon stimulation with PGI2. These 

data are in agreement with early reports that stimulation of platelets with PGI2 

increases PDE3A catalytic activity (Grant et al., 1988; Macphee et al., 1988). 

Stimulation of platelets with GSNO increased PDE5 basal activity from 2699 

GMP/min/1x107 cells to 7853 GMP/min/1x107 cells. However, the basal activities 

of PDE2A and PDE5 should be interpreted with caution, as cGMP added to the 

reaction vessel is known to increase their hydrolytic activity (Martins et al., 1982; 

Mullershausen et al., 2003). Together, these data suggest that PDE3A and PDE5 

function as negative feedback regulators of PGI2 and GSNO signalling, as 

stimulation of these signalling cascades increases PDE hydrolytic activity. Other 

platelet research groups have suggested this negative feedback model of platelet 

inhibition (Macphee et al., 1988; Wilson et al., 2008). It would be of interest in 

future work to examine localised PDE activity within platelet fractions, to support 

the exciting concept of PDE regulated cyclic nucleotide compartments within 

platelets (Conti et al., 2013). 

It is thought that cyclic nucleotide signalling in megakaryocytes plays important 

roles in thrombopoiesis (Begonja et al., 2013). Current evidence suggests that 
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cAMP signalling promotes megakaryocyte differentiation and suppresses platelet 

production, whereas cGMP signalling has no effect on megakaryocyte 

development but strongly promotes platelet production (Begonja et al., 2013). 

However, the regulation of these pathways by PDEs remains relatively unknown. 

To investigate this, the megakaryoblastic cell line MEG-01 was used as a model 

for primary megakaryocytes.  Differentiation of these cells with phorbol esters 

induced megakaryocyte CD41 receptor expression, megakaryocyte–like 

morphological changes and adhesion to plastic surfaces, as described in previous 

studies (Ogura et al., 1988). 

We have shown that MEG-01 cells are responsive to PGI2 and GSNO stimulation 

using markers of PKA activity in both non-differentiated and differentiated states. 

Interestingly, PDE expression in MEG-01 cells changed substantially upon 

differentiation into mature megakaryocytes. In a non-differentiated highly prolific 

state, MEG-01 cells expressed PDE2A and PDE3A, whereupon differentiation only 

PDE5 was expressed. A possible explanation of these data can be offered by the 

current understanding of cyclic nucleotide signalling megakaryocytes, which 

suggests cAMP promotes megakaryocyte differentiation and cGMP promotes 

platelet production (Begonja et al., 2013). In highly proliferative MEG-01 cells, the 

cellular energy and resources for proliferation must be preserved through down-

regulation of cell differentiation. This is shown in figure 3.10 (A), which 

demonstrates the featureless discoid shape of unstimulated proliferative MEG-01 

cells. In this case, down-regulation of cAMP signalling pathways that promote 

differentiation through the up-regulation of cAMP hydrolysing PDE expression, 

PDE2A and PDE3A, would be of great benefit to the cell. In contrast, the down-

regulation of PDE2A and PDE3A and consequent up-regulation of cAMP signalling 
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would help drive the cell differentiation process in PMA stimulation MEG-01 cells. 

However this does not explain the expression of PDE5 in differentiated MEG-01 

cells, as cGMP signalling is thought to promote platelet formation. Clearly, further 

investigations are required to tease apart the role PDEs play in megakaryocyte 

cyclic nucleotide signalling. 

In conclusion, data in this chapter has described the characteristics of all three 

platelet PDE isoforms and explored their expression in megakaryocytes. We have 

demonstrated that PDE2A, PDE3A and PDE5 are differentially localised between 

the platelet membrane and cytosol, and provided evidence for the expression of 

two platelet PDE3A splice variants. Furthermore, we have optimised an assay that 

can quantify PDE hydrolytic activity in both resting and stimulated platelets. These 

data provide the experimental foundation for successive chapters examining 

PDE3A regulation and protein interactions. 
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4 PKA-mediated regulation of PDE3A  
 

4.1 Introduction 

Cyclic AMP signalling downstream of prostacyclin (PGI2) is a key inhibitory 

pathway in blood platelets. The main effector of cAMP signalling in platelets is 

protein kinase A (PKA), a heterotetramer kinase constructed from a regulatory 

subunit dimer and two catalytic subunits. There are two PKA isoenzymes, type I 

and type II, both of which are expressed in platelets (Burkhart et al., 2012). 

Binding of cAMP to the PKA regulatory subunits triggers the disassociation of two 

PKA catalytic subunits that go on to phosphorylate over 100 different platelet 

proteins (Beck et al., 2014). Together, these phosphorylation events are thought to 

underlie the inhibition of platelet activatory signalling pathways, ultimately 

preserving platelets in their quiescent state, and in some cases reversal of 

transient platelet activation (Schwarz et al., 2001). 

There are numerous studies identifying these substrates and deciphering the 

effect PKA-mediated phosphorylation has on their function (Smolenski, 2012). One 

of these identified substrates is PDE3A, the main regulator of platelet cAMP levels. 

Phosphorylation of PDE3A is thought to contribute to enzyme regulation since 

hydrolytic activity increases upon phosphorylation. This was proposed to form a 

negative feedback loop for cAMP signalling (Grant et al., 1988; Macphee et al., 

1988). It has also been suggested that PDE3A phosphorylation influences the 

enzymes interaction with multi-protein complexes and proteins that regulate its 

function (Faiyaz Ahmad et al., 2015). Studies by Vandeput and colleagues showed 

that PDE3A splice variants in cardiac myocytes are differentially phosphorylated 
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and regulated by PKA (Vandeput et al., 2013). To date, there is only one PKA-

specific PDE3A phosphorylation site that has been identified in platelets at Ser312 

(Hunter et al., 2009). This chapter aims to fully characterise PDE3A 

phosphorylation by PKA and determine its specificity, in terms of PDE3A splice 

variants. 

 

More specifically the objectives were to: 

• Characterise the effect of PGI2 on platelet cAMP levels and PKA activity. 

• Characterise PDE3A phosphorylation and activity in response to PKA 

activation. 

• Identify the specificity of PDE3A phosphorylation by PKA. 
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4.2 PGI2 elevates intracellular platelet cAMP concentrations 

PGI2 exerts its platelet inhibitory effect through ligation of the Gs-protein coupled 

IP receptor and subsequent activation of adenylyl cyclase (AC) to synthesise 

cAMP (Siegl et al., 1979; Tateson et al., 1977). In this first experiment, we wanted 

to characterise the platelet cAMP signalling response to PGI2 and the adenylyl 

cyclase activator forskolin (Figures 4.1 and 4.2). Synthesised from the Indian 

Coleus plant (Coleus foskohlii), forskolin is a direct activator of AC isoforms 1-8, 

but not of 9, used extensively in research to raise levels of cAMP through a 

receptor-independent manner (Seamon et al., 1981). Forskolin activates AC by 

binding to the AC catalytic heterodimer within a highly conserved hydrophobic 

pocket (Tang and Hurley, 1998). We investigated intracellular cAMP responses 

using a commercially available cAMP enzyme immunoassay. This assay is based 

on the competition between the cAMP present in a platelet sample and a fixed 

quantity of peroxidase-labeled cAMP for a limited number of binding sites on a 

cAMP-specific antibody. Here, cAMP levels were measured in washed platelets 

stimulated with both PGI2 and forskolin concentration ranges and two PGI2 time 

profiles (10nM, 100nM). 

 

4.2.1 PGI2 and forskolin elevate cAMP levels in a dose dependent manner 

Washed platelets maintained a basal cAMP level of 130±32 fmol cAMP/1x107 cells 

(Figure 4.1 A). Upon stimulation with a low concentration of PGI2 (10nM), cAMP 

levels increased to 653±111 fmol cAMP/1x107 cells (p<0.05), whereas stimulation 

with a high concentration of PGI2 (1µM) increased cAMP levels to 2556±260 fmol 

cAMP/1x107 cells after 1 minute (p<0.01). Elevations in cAMP appeared to plateau 
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at ~2500 fmol cAMP/1x107 cells when washed platelets were stimulated with PGI2 

concentrations greater than 50nM. Stimulation of washed platelets with forskolin 

(10µM) raised cAMP levels to 1217 fmol cAMP/1x107 cells from a resting 

concentration of 241 fmol cAMP/1x107 cells after 5 minutes (Figure 4.1 B). cAMP 

levels reached a high of 2993 fmol cAMP/1x107 cells with 100µM of forskolin. 

These data show that PGI2 increases platelet cAMP levels in a dose-dependent 

manner. 

 

 

 

 

 

 

 

 

 

 

 

 



  Chapter 4 
 

  
 

Page | 108 

 

Figure 4.1. cAMP and dose response to PGI2 and forskolin stimulation. WP 

(1.8x108 platelets/ml) were stimulated with a (A) PGI2 concentration range (1nM, 

10nM, 50nM, 100nM, 1000nM) for 1 minute and (B) Forskolin concentration range 

(0.1µM, 1µM, 10µM, 100µM) for 5 minutes. Intracellular cAMP concentrations 

were measured at selected time intervals using a commercially available cAMP 

enzyme immunoassay system (GE healthcare). (A) Data representative of 3 

independent experiments expressed as means ± SEM (*P<0.05, **P<0.01). (B) 

Data of 1 experiment. 
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4.2.2 PGI2 elevates cAMP in a time dependent manner 

Stimulation of washed platelets with PGI2 (100nM) lead to a rapid increase in 

cAMP levels within 1 minute, peaking at 2874±125 fmol cAMP/1x107 cells, after 5 

minutes (*P<0.01) (Figure 4.2). After 15 minutes, cAMP levels remained elevated 

at 2043±308 fmol cAMP/1x107 cells, however following 60 minutes stimulation 

cAMP levels had significantly reduced to 1204±443 fmol cAMP/1x107 cells, in 

comparison to the cAMP peak at 5 minutes (*P<0.01). In contrast, stimulation with 

PGI2 (10nM) resulted in a more gradual increase in cAMP levels, yet levels also 

peaked after 5 minutes at 2552±190 fmol cAMP/1x107 cells (*P<0.01). After 15 

minutes, cAMP levels had significantly reduced to near basal levels at 498±191 

fmol cAMP/1x107 cells (*P<0.01). These data show that PGI2 increases platelet 

cAMP levels in a time and dose-dependent manner. 
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Figure 4.2. cAMP time profile to PGI2 stimulation. WP (1.8x108 platelets/ml) 

were stimulated with a PGI2 time profile (10nM and 100nM for 15s, 1min, 5min, 

15min, 60min). Intracellular cAMP concentrations were measured at selected time 

intervals using a commercially available cAMP enzymeimmunoassay system (GE 

healthcare). Data representative of 3 independent experiments expressed as 

means ± SEM (*P<0.01 when compared with basal and	† when compared with 5 

minutes). 
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4.3 PGI2 increases PKA substrate phosphorylation in platelets 

The foremost effector of cAMP signalling is PKA, which restrains platelet activation 

through the phosphorylation of numerous proteins that modulate multiple aspects 

of platelet activation (Raslan and Naseem, 2014). We wanted to examine the 

activity of PKA in response to PGI2. A sensitive marker of PKA activity is the 

phosphorylation of platelet proteins by PKA. These phosphorylation events can be 

visualised using an antibody that recognises PKA phosphorylation consensus 

sequences (-Arg-Arg-X-Ser/The-X) on platelet proteins (Ubersax and Ferrell Jr, 

2007).  

Here, platelets were stimulated with increasing concentrations of PGI2 (1-100nm) 

and analysed for PKA phosphorylation events using an anti-phospho-PKA-

substrate antibody on platelet proteins separated by SDS-PAGE (Figure 4.3). 

Under basal conditions, we detected 13 distinct PKA phosphorylation bands with a 

band at 40kDa strongly phosphorylated. This resting profile was maintained at 

1nM PGI2 stimulation with the 40kDa reducing in phosphorylation. Upon 

stimulation with PGI2 concentrations ≥10nM, we detected 18 phosphorylated 

bands, with strong phosphorylation events at 55kDa and 45kDa. To ensure these 

events were PKA-specific, platelets were incubated with cell permeable PKA 

inhibitors RP cAMP (500µM, 20 min) and KT5720 (10µM, 20 min). These agents, 

inhibit PKA through the competitive antagonism of cAMP binding sites on the PKA 

regulatory subunits and the adenosine triphosphate (ATP) binding sites on the 

PKA catalytic subunits, respectively (Dostmann, 1995; Kase et al., 1987). 

Inhibition of PKA greatly reduced the PKA substrate profile to 3 moderately 

phosphorylated bands. Of the 17 characterised platelet PKA substrates in the 
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literature (table 1.1), we were able to match 8 to the phospho-PKA substrate 

profile, according to approximate molecular weight. However we detected many 

unidentified PKA substrates, consistent with phosphoproteomic studies (Beck et 

al., 2014). It would be of interest in the future to identify these bands with mass 

spectrometry. Data from this experiment shows that PGI2 increases PKA activity at 

concentrations ≥10nM.  
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Figure 4.3. PKA substrate phosphorylation in response to PGI2. WP (5x108 

platelets/ml) were stimulated with increasing concentrations of PGI2. In some 

cases, WPs were incubated with the PKA inhibitors RP cAMP (500µM, 20 min) 

and KT5720 (10µM, 20 min), used synergistically, prior to PGI2 stimulation. 

Platelet lysates were immunoblotted for PKA phosphorylation events using an anti-

phospho-PKA antibody. Potential PKA substrates were labelled according to 

molecular weights. PDE3A was immunoblotted as protein loading control. 

Immunoblot representative of 3 independent experiments 
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4.4 Spatiotemporal dynamics of PKA substrate phosphorylation in platelets 

Having visualised PKA phosphorylation of platelet proteins in whole platelets, we 

next sought to determine the spatiotemporal dynamics of these events. In this 

experiment, platelets were stimulated with PGI2 at selected time intervals followed 

by centrifugation into membrane and cytosolic fractions (Figure 4.4). These 

fractions were then analysed for PKA phosphorylation events using an anti-

phospho-PKA-substrate antibody. We wanted to detect as many PKA substrate 

bands as possible, as fractionation can result in low protein content of samples, so 

for this experiment membranes were exposed for an increased time. 

In membrane fractions, we detected 7 phosphorylated substrates under basal 

conditions. Stimulation with PGI2 (100nM) immediately increased the number of 

phosphorylated substrates to 15, which remained phosphorylated for 

approximately 15 minutes before returning to basal after 30 minutes. Interestingly, 

two substrates at 260kDa and 23kDa displayed a delayed phosphorylation 

response, where maximal phosphorylation was attained after 5 and 15 minutes, 

respectively. After 60 minutes, substrates had returned to a non-phosphorylated 

state. Furthermore, a substrate phosphorylated under basal conditions at 26kDa 

decreased in phosphorylation status, until no representative phospho-band was 

detectable at 15 minutes (Figure 4.4).  

In cytosolic fractions, we detected 6 phosphorylated substrates under basal 

conditions. Stimulation with PGI2 did not immediately increase the number of 

phosphorylated substrates. However, over time 5 substrates at 100kDa, 60kDa, 

45kda, 32kDa and 20kDa did gradually increase in phosphorylation status, 

peaking after 15 minutes. After 60 minutes the phosphorylation profile of the 5 
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substrates returned to basal. Unexpectedly, a new phosphorylation event at 27kda 

appeared following 60 minutes PGI2 stimulation. This band may possibly represent 

a regulatory phosphatase that serves to dephosphorylate PKA substrates when 

activated by phosphorylation.  

In this experiment, it was very difficult to keep membrane samples a consistent 

volume once fractionated, due to variation in protein concentrations between 

samples; therefore, some artificial differences in band intensity are visible. 

Moreover, this experiment could be improved by immunoblotting known 

membrane and cytosolic proteins to validate the fractionation procedure. Together 

these data suggest that PKA phosphorylates proteins in different cellular locations 

and at different time points in response to PGI2. 
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Figure 4.4. Spatiotemporal profile PKA substrate phosphorylation in platelet 
fractions. WP (7x108 platelets/ml) were stimulated with PGI2 (100nM) and 

fractionated into cytosolic and membrane fractions at different time points using 

centrifugation. Fractions were immunoblotted for PKA phosphorylation events. 

Immunoblot representative of 3 independent experiments. 
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4.5 PDE3A inhibition enhances the cAMP/PKA signalling response to PGI2 

Having demonstrated the cAMP/PKA signalling response to PGI2, we next 

examined the effect of PDE3A inhibition on cAMP/PKA signalling in resting and 

PGI2 stimulated platelets (Figures 4.5 and 4.6). Here, platelet cAMP levels and 

PKA substrate phosphorylation events were analysed under PGI2 stimulated 

conditions in the presence and absence of the PDE3A inhibitor milrinone. 

 

4.5.1 PDE3A inhibition increase cAMP levels in PGI2 stimulated platelets 

Treatment of washed platelets with PGI2 (10nM) alone elevated cAMP levels from 

a resting concentration of 120±37 fmol cAMP/1x107 cells to 722±132 fmol 

cAMP/1x107 cells (*P<0.05) (Figure 4.5). This signalling response was increased 

almost fourfold in the presence of milrinone (10µm, 20min) to 2549±390 fmol 

cAMP/1x107 cells (**P<0.01). In the absence of PGI2, milrinone alone increased 

cAMP levels to 644±75 fmol cAMP/1x107 cells (*P<0.05). These data show that 

milrinone alone elevates platelet cAMP levels in addition to potentiating cAMP 

elevations in response to PGI2. This finding is comparable to similar studies 

examining the effect of PDE3A inhibition on PGE1 stimulated cAMP responses 

(Roberts et al., 2010).  
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Figure 4.5. cAMP signalling responses to PGI2 and PDE3A inhibition. WP 

(1.8x108 platelets/ml) were treated with PGI2 (10nM, 2 min) in presence and 

absence of milrinone (10µM, 20 min). Intracellular cAMP concentrations were 

measured using a commercially available GE healthcare enzyme immunoassay 

kit. Data representative of 3 independent experiments expressed at means ± SEM 

(*P<0.05, **P<0.01). 
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4.5.2 PDE3A inhibition potentiates PKA activity in PGI2 stimulated platelets 

Under resting conditions, several phosphorylated PKA substrates were detected 

as phosphorylated, at comparable molecular weights to previous experiments 

(Figure 4.6). Stimulation of washed platelets with PGI2 (10nM) visibly increased 

substrate phosphorylation with only one band at 140kDa decreasing in 

phosphorylation. Pretreatment of platelets with milrinone (10µm, 20min) further 

potentiated the actions of PGI2, with every phosphorylation event increasing in 

intensity. Interestingly, the synergistic use of PGI2 and milrinone also resulted in 

the appearance of a newly phosphorylated substrate at 24kDa. It could be 

suggested that this substrate resides in a subcellular location that under 

physiological conditions is shielded from cAMP by the actions local PDE3A. 

Treatment of platelets with milrinone alone increased the phosphorylation status of 

several substrates, eliciting an almost identical phospho-profile to PGI2 stimulation. 

Data from this experiment shows that PDE3A inhibition alone can stimulate PKA 

substrate phosphorylation in addition to enhancing the effects of PGI2. 
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Figure 4.6. PKA substrate phosphorylation in response to PDE3A inhibition. 
WP (5x108 platelets/ml) were stimulated with PGI2 (10nM, 2 min) in the presence 

and absence milrinone (10µM, 20 min). Platelet lysates were immunoblotted for 

PKA phosphorylation events using an anti-phospho-PKA antibody. PDE3A was 

immunoblotted as protein loading control. Immunoblot representative of 3 

independent experiments 
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4.6 Optimisation of anti-phospho PDE3A Ser312 antibody 

PDE3A was first identified as a PKA substrate by Macphee and colleagues, 

closely followed by Grant, Mannarino and Colman (Grant et al., 1988; Macphee et 

al., 1988). These initial investigations linked the PKA phosphorylation of PDE3A to 

the enzyme’s increase in hydrolytic activity. More recently, a single PKA 

phosphorylation site has been identified in a study examining PKC 

phosphorylation and regulation of PDE3A in platelets (Hunter et al., 2009). In this 

next set of experiments, we characterised the PKA phosphorylation of this single 

PKA phosphorylation site at serine residue 312 using the same antibody from this 

study. However, before this antibody could be used in experimentation, the 

immunoblotting conditions first had to be optimised.  

A variety of conditions were tested with the Ser312 phospho-specific PDE3A 

antibody under PGI2 stimulation (100nM) (Figure 4.7). Under BSA membrane 

blocking conditions, a very poor signal/background ratio was developed (Figure 

4.7 A-D). Blocking membranes in 5% milk (v/v) yielded a much clearer background 

(Figure 4.7 E-H) with optimal conditions consisting of blocking membranes in 5% 

milk (v/v) and diluting the primary antibody in 2% milk (v/v) (Figure 4.7 G). 
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Figure 4.7. Anti-phospho PDE3A Ser312 antibody optimisation. WP (5x108 

platelets/ml) were stimulated with PGI2 (100nM, 2 min) and immunoblotted for 

PDE3A phosphorylation at Ser312. A variety of immunoblotting conditions were 

used to optimise antibody signal in relation to the background signal. (A) 

Membrane block in 10% BSA, primary antibody diluted in 2% BSA, secondary 

diluted antibody in 2% BSA. (B) Membrane block in 10% BSA, primary antibody 

diluted in 2% BSA, secondary antibody diluted in TBS-tween, membrane washes 

in 2% BSA (C) Membrane block in 10% BSA, primary antibody diluted in 2% BSA, 

secondary antibody diluted in TBS-tween (D) Membrane block in 10% BSA, 

primary antibody diluted in TBS-tween, secondary antibody diluted in TBS-tween 

(E) Membrane block in 5% milk, primary antibody diluted in 2% milk, secondary 

antibody diluted in 2% milk (F) Membrane block in 5% milk, primary antibody 

diluted in 2% milk, secondary antibody diluted in TBS-tween, membrane washed 

in 2% milk (G) Membrane block in 5% milk, primary antibody diluted in 2% milk, 

secondary antibody diluted in TBS-tween (H) Membrane block in 5% milk, primary 

antibody diluted in TBS-tween, secondary antibody in TBS-tween. Representative 

immunoblot of 1 independent experiment.  
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4.7 Analysis of alternative serine phosphorylation sites on PDE3A 

In addition to the single PKA phosphorylation site on PDE3A at Ser312, there are 

also numerous protein kinase C (PKC) phosphorylation sites on PDE3A (Hunter et 

al., 2009). In the next experiment, we examine the phosphorylation of PDE3A in 

response to PGI2 and the PKC activator thrombin at two of these sites, Ser428 and 

Ser465, alongside Ser312 (Figure 4.8). 

Under basal conditions, no phosphorylation events were detected on PDE3A. In 

response to PGI2 (100nM), PDE3A Ser312 was phosphorylated. Thrombin 

(0.1U/ml) induced phosphorylation of all three serine sites. These data show that 

PDE3A can be phosphorylated by both PKA at Ser312 and PKC at Ser428, Ser312 

and Ser465. 
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Figure 4.8. Immunoblot analysis of PDE3A phosphorylation. WP (5x108 

platelets/ml) were stimulated with PGI2 (100nM, 2 min) and thrombin (0.1U/ml, 2 

min) and immunoblotted for PDE3A phosphorylation at serine sites Ser312, Ser428 

and Ser465. PDE3A was immunoblotted as protein loading control. Immunoblot of 1 

experiment. 
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4.8 Characterisation of PDE3A phosphorylation and activity in response to 

PGI2 

The previous results demonstrate that the phospho-specific PDE3A Ser312 

antibody was successfully optimised. The next series of experiments was 

designed to characterise the dose and temporal response of PDE3A Ser312 

phosphorylation and hydrolytic activity in response PGI2 stimulation (Figures 4.9 

and 4.10).  

 

4.8.1 PDE3A phosphorylation and activity in response to PGI2 

Stimulation of washed platelets with PGI2 (100nM) induced a concentration 

dependent phosphorylation of PDE3A Ser312 (*P<0.05) (Figure 4.9 A). This 

response was comparable to VASP Ser157 phosphorylation, an established marker 

of PKA activity. PKA inhibition with RP-cAMP (500µM) and KT5720 (10µM) 

blocked PDE3A phosphorylation and reduced VASP Ser157 phosphorylation to 

near basal levels. PDE3A hydrolytic activity was also increased in response to 

PGI2 in a dose dependent manner, however, changes in PDE3A phosphorylation 

appeared to be more sensitive to PGI2 (Figure 4.9 B).  
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Figure 4.9. PDE3A phosphorylation and activity in response to PGI2 
concentration range. WPs (5x108 platelets/ml) were stimulated with increasing 

concentrations of PGI2 for 1 minute. (A) In some cases, WPs were incubated with 

the PKA inhibitors RP cAMP (500µM, 20 min) and KT5720 (10µM, 20 min), used 

synergistically, prior to PGI2 (100nM) stimulation. Platelet lysates were 

immunoblotted for PDE3A Ser312 phosphorylation, VASP Ser157 phosphorylation 

as a marker of PKA activity and total PDE3A as a protein loading control. (i) 

Representative immunoblot and (ii) quantitative analysis of 4 independent 

experiments expressed as means ± SEM (*P<0.05). (B) PDE3A was 

immunoprecipitated from lysates and analysed for PDE3A activity. Data from 1 

experiment. 
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4.8.2 Temporal profile of PDE3A phosphorylation and activity in response 

to PGI2  

Phosphorylation of PDE3A in response to PGI2 was rapid and occurred within 15 

seconds (Figure 4.10 A). After 15 minutes PDE3A had returned to a 

dephosphorylated state (*P<0.05). VASP Ser157 phosphorylation was prolonged, 

remaining phosphorylated at 15 minutes. These phosphorylation events were 

blocked under PKA inhibiting conditions with RP-cAMP (500µM) and KT5720 

(10µM). PDE3A activity peaked after 1-minute stimulation with PGI2 before 

declining to near basal levels after 60 minutes (Figure 4.10 B). Together these 

data show that PDE3A is phosphorylated and activated in a PGI2 dose and time 

dependent manner. 
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Figure 4.10. PDE3A phosphorylation and activity time profile in response to 
PGI2. WPs (5x108 platelets/ml) were stimulated with PGI2 (100nM) and platelet 

samples extracted at select time intervals for analysis (A) In some cases, WPs 

were incubated with the PKA inhibitors RP cAMP (500µM, 20 min) and KT5720 

(10µM, 20 min), used synergistically, prior to PGI2 (1 min) stimulation. Platelet 

lysates were immunoblotted for PDE3A Ser312 phosphorylation, VASP Ser157 

phosphorylation as a marker of PKA activity and total PDE3A as a protein loading 

control. (Ai) Representative immunoblot and (Aii) quantitative analysis of 4 

independent experiments expressed as means ± SEM (*P<0.05). (B) PDE3A was 

immunoprecipitated from lysates and analysed for PDE3A activity. Data from 1  

experiment. 
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4.9 Characterisation of PDE3A phosphorylation and activity in response to 

PKA activating agents 

In addition to characterising PDE3A phosphorylation and activity in response to 

PGI2, we next investigated the effect of other PKA activating agents on these 

responses (Figure 4.11). This experiment was performed to validate our finding 

that PKA phosphorylates PDE3A Ser312, as inhibitors of PKA have been shown to 

non-specifically affect other kinases and signalling molecules (Murray, 2008). For 

this experiment, the forskolin and cAMP derivative 8-CPT-cAMP were used to 

indirectly and directly activate PKA, respectively. 8-CPT-cAMP is an analogue of 

cAMP that is cell permeable and more resistant to hydrolysis by PDEs than 

endogenous cAMP. In this experiment washed platelets were stimulated with PGI2 

(100nM), forskolin (10µM) and 8-CPT-cAMP (100µM), followed by analysis for 

PDE3A phosphorylation and activity. 

Stimulation of washed platelets with PGI2 and forskolin resulted in a 7-fold 

increase in PDE3A Ser312 phosphorylation over basal, whereas 8-CPT-cAMP 

increased PDE3A Ser312 phosphorylation 5-fold over basal (**P<0.01) (Figure 4.11 

A). PDE3A activity was increased in response to PKA activation between 20-30% 

over basal, with 8-CPT-cAMP having the weakest effect (*P<0.05) (Figure 4.11 B). 

Inhibition of PKA with RP-cAMP and KT5720 reduced PGI2 stimulated PDE3A 

phosphorylation and activity back to resting levels (*P<0.05). The data from this 

experiment shows that PKA phosphorylates PDE3A phosphorylation at Ser312 in 

response to endogenous and exogenous PKA activating agents. 
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Figure 4.11. PDE3A phosphorylation and activity in response to PKA 
activating agents. WPs (5x108 platelets/ml) were stimulated with PGI2 (100nM, 2 

min), forskolin (10µM, 5 min) and 8-CPT-cAMP (100µM, 5min). In some cases, 

WPs were incubated with the PKA inhibitors RP cAMP (500µM, 20 min) and 

KT5720 (10µM, 20 min), used synergistically, prior to PGI2 stimulation. Platelet 

lysates were immunoblotted for PDE3A Ser312 phosphorylation and total PDE3A 

as a protein loading control (*P<0.05) (B) PDE3A was immunoprecipitated from 

lysates and analysed for PDE3A activity. Data representative of 3 independent 

experiments expressed as means ± SEM (*P<0.05). 
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4.10 PDE3A phosphorylation correlates with PDE3A hydrolytic activity 

Phosphorylation represents an important mechanism of PDE regulation. Currently, 

5 of the 11 PDE families expressed in humans have been recognised as kinase 

regulated, including the PDE3 family. The effect of phosphorylation varies between 

isoforms, from enzyme activation, enzyme inhibition, protein binding and 

localisation within cells (Omori and Kotera, 2007). In this next experiment, we 

sought to investigate the relationship that exists between PKA-mediated 

phosphorylation of PDE3A and the enzymes hydrolytic activity (Figure 4.12). To 

investigate this we used calf intestinal phosphatase (CIP) to dephosphorylate 

immunoprecipitated PDE3A following PGI2 stimulation and measured the enzymes 

hydrolytic activity. As PDE3A activity has mirrored the enzymes phosphorylated 

state in previous experiments, we hypothesised that dephosphorylation of the 

enzyme would reduce its activity. 

Stimulation of washed platelets with PGI2 (100nM) resulted in PDE3A 

phosphorylation 8 fold over basal, which was reduced to basal levels when PDE3A 

was incubated with CIP (Figure 4.12 A). Incubation of PDE3A with heat inactivated 

CIP had no effect on PDE3A phosphorylation (*P<0.01). Under PGI2 stimulated 

conditions, PDE3A activity was 27±4% over basal (Figure 4.12 B). This hydrolytic 

activity was reduced to 4±2% with CIP incubation (**P<0.05). Incubation of PDE3A 

with heat inactivated CIP had little effect on PDE3A activity in its phosphorylated 

state at 30±4% (**P<0.05). These data show that PKA phosphorylation of PDE3A 

directly correlates with the enzymes hydrolytic activity.  
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Figure 4.12. PDE3A phosphorylation and activity in response to calf 
intestinal phosphatase incubation. WPs (5x108 platelets/ml) were stimulated 

with PGI2 (100nM) and lysed in ice-cold lysis buffer. PDE3A was 

immunoprecipitated from lysates, washed in phosphatase buffer and incubated 

37˚C for 60 minutes with 5 units of active or heat-inactivated alkaline phosphatase 

calf intestinal (CIP). Immunoprecipitates were then assayed for (B) PDE3A activity 

and immunoblotted for (A) PDE3A ser312 phosphorylation and PDE3A as a control. 

Data representative of 3 independent experiments expressed as means ± SEM 

(*P<0.01, **P<0.05). 
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4.11 PDE3A splice variant PDE3A2 is phosphorylated by PKA at Ser312 

In the previous chapter we identified the expression of two platelet PDE3A splice 

variants, PDE3A1 and PDE3A2, using extended separation of PDE3A proteins by 

SDS-PAGE (Figure 3.4). These splice variants are identical apart from a unique N-

terminal extension (NHR1) present on PDE3A1 (Wechsler, 2002). PKA and PKC 

phosphorylation sites are located on the common N-terminal sequence (NHR2), 

which similar to NHR1, is thought to facilitate PDE association with the cell 

membrane (Hambleton et al., 2005). As we have observed only a single band 

representing PDE3A Ser312 phosphorylation in previous experiments, we sought to 

identify the PDE3A splice variant that is phosphorylated at this site. This was 

achieved using SDS-PAGE analysis on PGI2 stimulated platelet lysates and 

running the protein containing polyacrylamide gel for prolonged periods at 4°C, in 

order to fully separate out the PDE3A splice variant proteins (Figure 4.13). We 

then immunoblotted for PDE3A Ser312 phosphorylation, followed by blotting for 

total PDE3A on the same membrane. Matching the phosphorylated band to the 

corresponding PDE3A splice variant band confirmed which PDE3A splice variant 

was phosphorylated by PKA at Ser312. Using this approach PDE3A2 was 

putatively identified as the isoform phosphorylated by PKA at Ser312 in platelets 

isolated from three individual donors. In the lower panel, VASP Ser157 was 

immunoblotted as a marker of PKA activity. These data confirm that, in platelets, 

PDE3A splice variant PDE3A2 is phosphorylated by PKA at Ser312. 
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Figure 4.13. PDE3A splice variant analysis for Ser312 phosphorylation in 
response to PGI2. WPs (5x108 platelets/ml) were stimulated with PGI2 (100nM, 2 

min) and immunoblotted for PDE3A Ser312 and VASP Ser157 phosphorylation. All 

polyacrylamide gels were run for an extended period of time of 4 hours at 4ºC to 

promote increased protein band separation. Immunoblot membranes were 

stripped and probed for total PDE3A. Immunoblot of 1 experiment. 
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4.12 Discussion 

Cyclic AMP signalling represents a major inhibitory signalling pathway in platelets. 

This pathway requires dynamic regulation such that cAMP inhibitory signalling can 

be dampened to allow platelets to perform their essential haemostatic functions, 

but also accelerated to prevent thrombosis. Intracellular cAMP concentrations 

within platelets are regulated in space and time through the hydrolysing actions of 

PDE3A and PDE2A. The precise interplay that exists between PDE3A and PDE2A 

in regulating platelet cAMP concentrations is still yet to be fully understood, but 

what is known, is that PDE3A exerts the greatest influence on endogenous platelet 

inhibition (Feijge et al., 2004; Manns et al., 2002).  

PDE3A hydrolysing activity can be controlled through protein phosphorylation and 

protein-to-protein interactions. In platelets, a single PKA phosphorylation site at on 

PDE3A at serine residue 312 has been identified (Hunter et al., 2009). However, it 

is unknown whether other PKA phosphorylation sites may also be present. It has 

been suggested that phosphorylation of PDE3A by PKA, the foremost effector of 

cAMP signalling, directly increases the enzymes hydrolytic activity thus forming a 

negative feedback loop to regulate cAMP signalling (Macphee et al., 1988). This 

chapter aimed to fully characterise PKA regulation of PDE3A and investigate its 

specificity in terms of PDE3A splice variants. 

It was important to first examine the upstream signalling events of PKA activation, 

by measuring the elevation of cAMP levels in response to PGI2.  Stimulation of 

platelets with a high dose of PGI2 that fully inhibits collagen-induced platelet 

aggregation elicited a sharp rise in cAMP levels that was sustained after 1 hour. In 

contrast, a low dose of PGI2 that inhibits collagen-induced platelet aggregation by 
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50% raised cAMP levels to the same levels as a high PGI2 dose, but at a slower 

rate. Interestingly both PGI2 doses elevated cAMP levels to the same peak 

concentration within 5 minutes, but cAMP levels only returned to near basal levels 

with a low PGI2 dose. The results from this experiment agree with previous 

observations from Gorman, Bunting and Miller, who reported cAMP concentrations 

peak after 30 seconds and reduce to near basal levels after 30 minutes (Gorman 

et al., 1977). A possible explanation for sustained cAMP elevation in response to a 

high PGI2 dose can be offered by the role PDEs play in the compartmentalisation 

of cAMP (Baillie, 2009). It could be hypothesised that highly stimulated AC 

produces cAMP at such a rate that PDEs at the periphery of the cAMP pool can no 

longer contain the response. If cAMP were to bleed out the compartment, it would 

be no longer subject to local PDE hydrolysis, thus, levels would remain elevated 

for longer.  

Next we examined the overall spatiotemporal dynamics of PKA substrate 

phosphorylation in platelets, prior to focusing on PDE3A phosphorylation. To 

achieve this we used an antibody that recognises a common PKA phosphorylation 

consensus sequence that allows the analysis of multiple PKA phosphorylation 

events (White and Toker, 2013). We showed that under resting conditions a 

number of platelet proteins were phosphorylated by PKA, representing basal AC6 

activity (Pieroni et al., 1995). PGI2 increased the number of phosphorylated 

substrates and the intensity of the phosphorylation bands. A number of these 

bands appeared to match the molecular weights of previously establish PKA 

substrates, namely the IP3 receptor (IP3 R), actin-binding protein (ABP), 

thromboxane receptor (TP receptor), vasoactive intestinal polypeptide (VASP), 

LIM And SH3 Protein 1 (LASP), Ras Homolog Family Member A  (Rho A) and 
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Ras-related protein 1 (Rap 1) (table 1.1). The phosphorylation of these proteins 

was reduced to below basal levels with the inhibition of PKA. Comparable PKA 

substrate phosphorylation profiles in platelets have been reported by El-Daher and 

colleagues using the cAMP analogue Sp-5, 6-DCI-cBiMPS. In this study it was 

reported that PKA phosphorylation events peaked after 2.5 minutes and then 

reversed over time, demonstrating the temporal kinetics of PKA signalling (El-

Daher et al., 1996). We decided to explore this concept further by examining the 

spatiotemporal kinetics of PKA signalling using platelet fractionation. In this 

experiment, immunoblots were developed for a prolonged time to identify as many 

PKA phosphorylation events as possible. We detected significant PKA activity in 

both fractions with clear temporal PKA activity. Interestingly, we detected 

phosphorylation events that were delayed past 1-minute PGI2 stimulation, most 

noticeably in the cytosolic fraction, with one substrate newly phosphorylated after 

30 minutes. It could be speculated that this band represents a phosphatase, in 

which delayed phosphorylation and activation of the phosphatase are required for 

its regulatory function of PKA phosphorylation events. This band may also 

represent a substrate that requires PKA to translocate to its location within the 

platelet, a cellular process that could take the platelet 30 minutes to complete. In 

these experiments, many detected phospho-bands again matched previously 

characterised PKA substrates. However, the number of phosphorylation events 

detected in our experiments was dwarfed by phosphoproteomic studies, which 

have identified over 100+ potential PKA substrates in platelets (Beck et al., 2014). 

This comparison clearly highlights the sensitivity threshold of immunoblotting when 

identifying protein phosphorylation profiles. What is clear from our experiments is 

that PKA signalling in human platelets is a highly complex and regulated process 
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with phosphorylation events appearing and disappearing at different time points 

and in different cellular locations. It is expected that PDE3A and PDE2A not only 

regulate the amplitude of the cAMP/PKA signalling response in platelets but also 

the duration and location. An experiment that could tease apart this role would be 

to examine the spatiotemporal dynamics of PKA substrate phosphorylation in the 

presence of PDE3A and PDE2A inhibitors. Additionally, further investigation of the 

PKA substrates visualised in this section of work could yield new insights into the 

mechanisms of cAMP-mediated platelet inhibition. A potential starting point would 

be to identify these bands using mass spectrometry analysis. 

The main regulator of platelet cAMP/PKA signalling is PDE3A, which functions to 

reduce the cAMP-modulated threshold for platelet activation (Feijge et al., 2004). 

This role has been elegantly demonstrated in PDE3A knock-out (KO) studies that 

show PDE3A KO mice are protected against collagen/epinephrine-induced 

pulmonary thrombosis and death (Sun et al., 2007). It is highly likely that this 

cardioprotective effect is due to increased platelet sensitivity to PGI2. With this in 

mind, we showed that inhibition of PDE3A with milrinone dramatically potentiated 

the effect of PGI2 on platelet cAMP levels by almost 4-fold. Interestingly, milrinone 

alone increased cAMP levels to similar levels observed with PGI2 stimulation. 

These data were mirrored by phospho-PKA immunoblotting experiments, in which 

PDE3A inhibition increased PGI2 stimulated PKA substrate phosphorylation. 

Again, in this experiment milrinone alone induced a comparable stimulatory effect 

as PGI2 with the phosphorylation of several PKA substrates. The effect of milrinone 

stimulating cAMP/PKA signalling in the absence of PGI2 can be attributed to the 

high levels of basal PDE3A activity identified in the previous chapter. It is clear 

from these experiments that the inhibition of this high basal PDE3A activity results 
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in the accumulation of newly synthesized cAMP and activation of PKA. This 

explanation is supported by studies that show AC6 possesses basal activity 

(Pieroni et al., 1995). Together these data demonstrate that PDE3A inhibition can 

potentiate the platelet response to PGI2 and also stimulate cAMP/PKA in the 

absence of PGI2.  

PDE3A itself has been identified as a PKA substrate, phosphorylated at Ser312 

(Pozuelo Rubio et al., 2005). Interestingly, in our experiments examining PKA 

substrate phosphorylation in platelets, we detected a very faint band at 110kDa 

that may represent PDE3A. Using the same antibodies as Polzeulo Rubio and 

colleagues, we characterised the dynamics of PDE3A phosphorylation in platelets. 

These antibodies required extensive optimisation to yield a clear and defined 

signal. Throughout this work, the antibodies became progressively weaker 

requiring constant attention to immunoblotting conditions. In these experiments, 

we confirmed that PDE3A is phosphorylated by both PKA and PKC at Ser312 in 

addition to other sites at Ser428 and Ser465 solely phosphorylated by PKC. These 

data are in line with observations by Hunter and colleges, who postulated PKC 

phosphorylation and activation of PDE3A in response to thrombotic stimuli 

functions to reduce cAMP levels below an inhibitory threshold (Hunter et al., 

2009). This study directly disputed work by Zhang and Coleman, who showed that 

PDE3A is phosphorylated and activated by PKB in response to thrombin (Zhang 

and Colman, 2007). However, we did not examine PKB phosphorylation of PDE3A 

in this body of work.  

We next examined the dynamics of PDE3A phosphorylation and activation in 

response to PGI2. Stimulation with PGI2 resulted in phosphorylation of PDE3A at 
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Ser312 in a time and dose-dependent manner. The temporal pattern of PDE3A 

phosphorylation was similar to that of the established PKA substrate VASP with 

PDE3A phosphorylation occurring immediately after 15 seconds and returning to 

basal after 15 minutes. This phosphorylation event was shadowed by rises in 

PDE3A activity. Under resting conditions, PDE3A displayed high levels of activity, 

as observed in the previous chapter. Stimulation with PGI2 immediately increased 

the PDEs hydrolytic activity by approximately 30%, which reduced to near basal 

levels after 15 minutes. In platelets, higher levels of PDE3A activity translates as 

increased cAMP breakdown, thus these data demonstrate the negative feedback 

regulation loop of PGI2 mediated platelet inhibition, first suggested by Macphee 

and colleagues (Macphee et al., 1988). Inhibition of PKA completely reversed 

PDE3A phosphorylation and markedly reduced VASP phosphorylation. However, 

caution must be taken when interpreting the effect of PKA inhibitors on cell 

function and signalling as they have been shown to non-specifically affect other 

kinases and signalling molecules (Murray, 2008). With this in mind, we tested 

other non-physiological PKA activating agents, namely the direct AC activator 

forskolin and cAMP analogue 8-CPT-cAMP, on PDE3A Ser312 phosphorylation and 

activity. These agents both increased PDE3A Ser312 phosphorylation and activity 

in addition to PGI2.  

Unfortunately, these data only show the correlation between PDE3A 

phosphorylation and activity and do not directly identify PDE3A se312 

phosphorylation as the driving force behind increases in hydrolytic activity. 

Therefore, we investigated the role of PDE3A Ser312 phosphorylation further by 

dephosphorylating the site ex vivo and examining the functional outcome. We 

showed that dephosphorylating PDE3A reversed the effect of PGI2 increased 
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hydrolytic activity back to basal levels. Other research teams have reported 

comparable effects of PDE3A dephosphorylation on hydrolytic activity (Hunter et 

al., 2009; Palmer et al., 2007; Resjö et al., 1999; Zhang and Colman, 2007). 

However, with these findings, we can still not hold PDE3A Ser312 phosphorylation 

accountable for regulating the enzymes activity since there could be other 

unidentified phosphorylation sites that affect enzyme activity. The gold standard 

for linking protein phosphorylation to a specific functional outcome is site-directed 

mutagenesis and it would be of great interest to use this technique in the future to 

fully establish that PDE3A phosphorylation is directly responsible for regulating the 

enzymes activity. 

In the previous chapter, we identified the expression of two PDE3A splice variants: 

PDE3A1 and PDE3A2. These variants were differentially localised in the platelet, 

with PDE3A1 targeted to the membrane and PDE3A2 primarily localised in the 

cytosol.  In our experiments, we detected only one Ser312 phosphorylation band 

yet two PDE3A splice variants, which begged the question which PDE3A splice 

variant is phosphorylated by PKA? Recent research by Vandeput and colleagues 

showed that both PDE3A1 and PDE3A2 could be phosphorylated by PKA in 

transfected HEK239 cells, irrespective of subcellular location. In the final figure of 

their work, they examined the phosphorylation of these splice variants in cardiac 

myocytes and showed primarily membrane localised PDE3A1 is phosphorylated at 

Ser312 by PKA (Vandeput et al., 2013). To answer this question in platelets, we 

used a similar technique to Vandeput and colleagues by aligning the phospho-

PDE3A Ser312 band to the total PDE3A band and matching them together. With 

this simple yet effective technique, we showed that in platelets PDE3A2 is 

phosphorylated by PKA at Ser312 and not PDE3A1.  
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This difference in PDE3A regulation between cardiac myocytes and platelets may 

arise from differences in the functional role PDE3A plays in either cell type. In 

cardiac myocytes cAMP signalling directly regulates intracellular Ca2+ cycling, 

therefore cAMP elevations localised to plasma and intracellular membranes at 

points of Ca2+ entry will likely require negative-feedback regulation by PDE3A1 

(Zaccolo, 2009). In contrast, cAMP signalling in platelets regulates a host of 

substrates many of which are cytosolic as demonstrated in our experiments. It 

could be suggested that these cytosolic substrates require more precise regulation 

by PKA and therefore in this location PDE3A2 breakdown of cAMP is also 

regulated by PKA. For the first time, data from these experiments reveal that there 

are subpopulations of PDE3A in platelets, which are differentially regulated by 

PKA. It would be of great interest to measure the activity of each splice variant to 

confirm that PKA phosphorylation of PDE3A2 is responsible for regulating 

specifically PDE3A2 activity. However at this present time, no PDE3A splice 

variant specific inhibitors are available for research. An alternative strategy could 

be to measure PDE3A activity solely in cytosolic platelet fractions, where PDE3A2 

is the only splice variant present.  

To summarise, this chapter has characterised PKA-mediated phosphorylation and 

activation of PDE3A in platelets. We have described the effect of PGI2 on 

cAMP/PKA signalling and demonstrated the potentiating effect PDE3A inhibition 

has on this pathway. We have also characterised the temporal profile of PDE3A 

phosphorylation in platelets and linked this modification event to increases in 

PDE3A hydrolytic activity. Finally, this chapter has provided evidence, for the first 

time, for the differential regulation of PDE3A splice variants in platelets. Together 
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these data give rise to an important question, “what are the mechanisms that 

facilitate and localise this interaction between PKA and PDE3A2?” 
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5 Investigating PDE3A signalosomes 
 

5.1 Introduction 

The platelet cAMP signalling pathway regulates multiple proteins that play key 

functional roles in virtually every platelet-activating mechanism. Many of these 

proteins are dual regulated by cAMP and cGMP with others specifically regulated 

by cAMP. It is clear, that the specificity of this pathway arises from tight 

organisation in space and time by the actions of adenylyl cyclase, PDE3A, PDE2A 

and A-kinase anchoring proteins (AKAPs). In many cell types, cAMP is 

compartmentalised in such a way that individual stimuli can engage a subset of 

the cAMP pathway, constrained within a defined subcellular compartment to elicit 

a specific response (Lefkimmiatis and Zaccolo, 2014; Zaccolo and Pozzan, 2002). 

PKA, the main effector of cAMP signalling, is directed to these subcellular 

compartments by AKAPs. These anchoring proteins not only localise PKA to 

discrete locations within the cell but also often scaffold the kinase together with 

other enzymes, substrates and regulators to form multi-protein signalosomes that 

perform coordinated cellular functions. However AKAPs and their roles in platelet 

function remain fairly unexplored (Raslan et al., 2015a). 

Studies in other cells have identified PDE3A as an important regulatory 

component of a number AKAP/PKA signalosomes (Ahmad et al., 2012). In cardiac 

myocytes, a novel PKA type II/AKAP7/PDE3A/PP2A/phospholamban/Serca2a 

signalosome has been identified, in which PDE3A modulates the basal contractility 

of the heart by regulating PKA phosphorylation of phospholamban and thus 

sarcoplasmic Ca2+ movement (Beca et al., 2013). In Hela cells, PDE3A has been 
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shown to localise with PKA type 1 and brefeldin A-inhibited guanine nucleotide-

exchange proteins 1 and 2 (BIG1 and BIG2), which not only catalyse the activation 

of class 1 ADP-ribosylation factors (ARFs) by accelerating replacement of bound 

GDP with GTP but also possess A-kinase anchoring domains. ARFs play critical 

roles in vesicle transport, and it is thought that PDE3A contributes to the 

modulation of ARF function via regulation of PKA-mediated BIG1 and BIG2 

inhibitory phosphorylation (Puxeddu et al., 2009). In these AKAP facilitated 

complexes, PDE3A can directly regulate PKA activity and signalosome function by 

hydrolysing local cAMP.  There is also a multitude of signalling complexes that 

contain PDE3 and PKA in the literature, in which the role of AKAPs in facilitating 

their interaction remains to be investigated (Ahmad et al., 2012). In this next 

chapter, we explored the role AKAPs play in the interaction and association of 

PKA and PDE3A in blood platelets.  

 

More specifically the objectives were to: 

• Investigate the effect of AKAP disruption on PDE3A activity and cAMP 

signalling. 

• Identify the AKAP that facilitates the interaction between PKA and PDE3A. 

• Explore the expression of a novel PDE3A signalosome in human platelets. 
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5.2 AKAP disruption blunts PDE3A phosphorylation and activity 

PKA is comprised of a regulatory dimer (RIα, RIβ, RIIα, RIIβ) and two catalytic 

subunits (Cα, Cβ, Cγ) (Skalhegg and Tasken, 2000). Platelets express both PKA 

heterotetrameric isoforms, categorised by their regulatory subunit into PKA type 1 

and PKA type 2 (Burkhart et al., 2012). Molecular tools have been developed that 

can specifically disrupt the interaction between AKAPs and individual PKA 

subtypes. These tools are in the form of cell-permeable peptides that disrupt the 

interaction between PKA and AKAPs by blocking the PKA regulatory subunit 

dimerization and docking (D/D) domain required for binding to the structurally 

conserved AKAP amphipathic helix, also known as the A-kinase binding domain 

(AKB) (Dema et al., 2015). To investigate the role AKAPs play in PKA/PDE3A2 

signalling, we used two different AKAP disruptor peptides, HT31 and RI-anchoring 

disruptor (RIAD-arg11) (Figure 5.1). HT31 interrupts PKA/AKAP interaction in an 

isoform-independent manner, whereas RIAD is specific to PKA type 1 (Carlson et 

al., 2006; Vijayaraghavan et al., 1997; Wang et al., 2006). These peptides were 

used alongside their scrambled (non-functioning) versions HT31-P and RIAD 

scrambled as experimental controls. Previous studies in platelets have shown that 

the control peptides do not affect platelet function (Raslan et al., 2015b). 

The peptide concentrations used in this experiment were selected from previous 

studies examining delineation of PKA/AKP signalling in human platelets (Raslan et 

al., 2015a). Pre-incubation of platelets with HT31 (2µM) significantly blunted PKA 

phosphorylation of PDE3A2 Ser312 and reduced total PDE3A activity by 12.42% in 

response to PGI2 (100nM) (*P<0.05). In contrast, The HT31-P control peptide had 

a marginal blunting effect on PDE3A2 Ser312 phosphorylation and only reduced 
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total PDE activity by a 0.43%. Pre-incubation of platelet with RIAD did not 

significantly reduce PDE3A Ser312 phosphorylation and only increased PDE3A 

activity by 2.25% in response to PGI2 (100nM) with RIAD scrambled inducing a 

similar non-significant effect on PDE3A phosphorylation and PDE3A activity, 

measured at an increase of 1.24%. Increasing PDE3A phosphorylation at Ser312 

did correlate with total PDE3A activation, however, we were not able to dissect the 

activity of either splice variant. As HT31 alone induced an effect on PKA/PDE3A 

signalling, whereas RIAD did not, these data suggest an AKAP, specific to PKA 

type II facilitates the regulation of PDE3A. 
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Figure 5.1. Effect of AKAP disruption on PDE3A2 phosphorylation and total 
PDE3A activity. WPs (5x108 platelets/ml) were incubated with either the non-

specific AKAP disrupter peptide HT31 (2µM), the HT31 control peptide HT31-p 

(2µM), PKA RI specific disrupter peptide RIAD (2.5µM) or the RIAD control peptide 

RIAD-scr (2.5µM), for 1 hour at 37˚C, following stimulation with PGI2 (100nM). (A) 

WPs were lysed and immunoblotted for PDE3A Ser312 phosphorylation and total 

PDE3A as a protein loading control. (i) Representative immunoblot and (ii) 

quantitative analysis of 3 independent experiments expressed as means ± SEM 

(*P<0.05). (B) PDE3A was immunoprecipitated from lysates and analysed for 

PDE3A activity. Data representative of 3 independent experiments expressed as 

means ± SEM (*P<0.05). 
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5.3 Characterising the effect of AKAP disruption on platelet cAMP 

responses 

Next, we investigated the effect of AKAP disruption upstream of PKA/PDE3A 

signalling by quantifying cAMP levels in response to HT31 and the control peptide 

HT31, under PGI2 stimulated conditions (Figure 5.2). In some cases, the PGI2 IP 

receptor was antagonised with RO1138452 (RO) to confirm that the IP receptor 

was responsible for mediating the actions of PGI2 on cAMP levels. 

Resting platelets had a cAMP concentration of 48±8 fmol cAMP/1x107 cells, which 

increased to 472±85 fmol cAMP/1x107 cells under PGI2 stimulation (10nM). This 

response was potentiated slightly in the presence of HT31 (2µM) to 657±128 fmol 

cAMP/1x107 cells, however, this increase was not statistically significant. The 

HT31 control peptide (2µM) did not have an effect on cAMP elevation with a 

measurement of 494±75 fmol cAMP/1x107 cells. The small potentiating effect of 

HT31 was also observed under stimulation with 50nM of PGI2, increasing PGI2 

(50nM) elevated cAMP levels from 1881±150 fmol cAMP/1x107 cells to 2188±254 

fmol cAMP/1x107 cells. Again, this effect was not statistically significant. 

Antagonism of the IP receptor using RO (100µM) reverted the cAMP response to 

basal levels following stimulation with both concentrations of PGI2. These data 

show that disruption of PKA/AKAP interactions has a minor, yet non-significant, 

effect on cAMP elevations in response to PGI2.  
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Figure 5.2. Effect of AKAP disruption on platelet cAMP levels. WPs (1.8x108 

platelets/ml) were incubated with either the non-specific AKAP disrupter peptide 

HT31 (2µM), the HT31 control peptide HT31-p (2µM), PKA RI specific disrupter 

peptide RIAD (2.5µM) or the RIAD control peptide RIAD-scr (2.5µM), for 1 hour at 

37˚C. WPs were then stimulated with PGI2 (10nM and 50nM for 1min). In some 

cases, the PGI2 IP receptor was antagonised with RO (100µM, 20 min) prior to 

PGI2 stimulation. Intracellular cAMP concentrations were measured at selected 

time intervals using a commercially available cAMP enzyme immunoassay system 

(GE healthcare). Data representative of 3 independent experiments expressed as 

means ± SEM. 
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5.4 PKA type II is associated with PDE3A 

Having observed that disruption of PKA type II anchoring blunts PDE3A2 

phosphorylation at Ser312 and activation of total PDE3A, we wanted to further 

investigate this potential signalling node. In this experiment, the interaction 

between PKA type II with PDE3A was verified using a commercial co-

immunoprecipitation kit (Figure 5.3). However, in this instance, we were not able to 

tailor the experiment specifically to each PDE3A splice variant, as to the best of 

our knowledge, there were no splice variant specific PDE3A antibodies available. 

The co-immunoprecipitation kit used in this experiment involved covalently binding 

the anti-PDE3A primary antibody to amino-link coupling resin. The resin could then 

be used multiple times to precipitate the PDE3A from platelet lysates using an 

elution buffer, providing a significant advantage both in cost and time, in 

comparison to conventional methods. Using this system we detected the 

association of PKA type II with PDE3A, in confirmation with our previous data in 

figure 5.1 that suggested PKA regulation of PDE3A is facilitated by a PKA type II 

specific AKAP. We did not detect any association of PKA type I. These data reveal 

for the first time that PKA type II and PDE3A are associated together in platelets. 

With these data in mind, we next sought to identify the AKAP responsible for 

orchestrating the interaction between PKA type II and PDE3A. 

 

 

 

 

 



 Chapter 5 
 

 
 

Page | 152 

 

Figure 5.3. Analysis of PKA association with PDE3A in platelets. WP lysates 

(1mg protein) were incubated with anti-PDE3A antibody (5µg) covalently coupled 

to an amine-reactive resin. Following overnight incubation at 4˚C, the resin, 

precipitated antigen and co-immunoprecipitated proteins were isolated by 

centrifugation. Proteins were eluted from the resin and immunoblotted for PKA 

type 1 and type 2 on separate membranes. PDE3A was immunoblotted to ensure 

successful immunoprecipitation. Immunoblot of 1 independent experiment. 
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5.5 Human platelets express AKAP7 

There are currently sixteen AKAPs that have been reported as expressed by 

platelets in proteomic and genomic studies; AKAP1, AKAP2, AKAP7, AKAP9, 

AKAP10, AKAP11, AKAP13, moesin, ezrin, Rab32, BIG1, BIG2, WAVE-1 

(Wiskott-Aldrich syndrome protein verprolin homologous 1), MAP2 (microtubule-

associated protein 2), smAKAP (small membrane AKAP) and neurobeachin 

(Burkhart et al., 2012; Margarucci et al., 2011; Rowley et al., 2011). In light of the 

study by Beca and colleagues, in which they identified the association between 

PDE3A and AKAP7δ in cardiac myocytes, we decided to investigate whether 

AKAP7 was the protein responsible for mediating the interaction between PKA 

type II and PDE3A in platelets  (Beca et al., 2013). The initial step in this process 

was to first confirm the expression of AKAP7. This was achieved using a 

combination of several approaches including immunoblotting, cAMP pull-down 

experiments and immunoprecipitation. 

 

5.5.1 Immunoblotting AKAP7 in human and mouse platelets 

To immunoblot AKAP7 in human platelets, we used a commercially available anti-

AKAP7 antibody that recognises all four AKAP7 splice variants, AKAP7α, 

AKAP7β, AKAP7γ and AKAP7δ with apparent molecular weights of 17kDa, 

19kDa, 37kDa and 50kDa respectively (Johnson et al., 2012) (Figure 5.4). We 

detected the expression of AKAPδ at 50kDa in human platelets, which was also 

expressed in mouse platelets and primary megakaryocytes. A band at 100kDa 

was also detected in platelet lysates, believed to be non-specific as there are no 
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AKAP7 splice variants at this molecular weight. These data suggest that human 

platelets, mouse platelet and mouse megakaryocyte cells express AKAP7δ. 

 

 

Figure 5.4. Immunoblotting AKAP7 expression in human and mouse 
platelets. Human platelet (20µg), mouse platelet (20µg) and mouse 

megakaryocyte (20µg) lysates were immunoblotted for AKAP7 expression. 

Immunoblot membranes were stripped and reprobed for β-tubulin as a protein 

loading control. Immunoblot representative of 3 independent experiments. 
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5.5.2 Enrichment of cAMP binding proteins in human platelets 

We next wanted to further demonstrate that the observed band at 50kDa 

represented AKAP7δ. This was achieved using a cAMP agarose pull-down assay, 

in which cAMP-bound agarose beads are used to enrich cAMP binding proteins 

including PKA, AKAPs and associated PKA substrates, which are then isolated 

using centrifugation and wash steps (Figure 5.5). Before using this assay to 

confirm AKAP7 expression in human platelets, we wanted to validate our protocol 

by examining all the proteins that were immobilised to the cAMP-bound beads 

using SDS-PAGE and protein staining. 

We detected multiple proteins that directly or indirectly bind to cAMP at the 

approximate molecular weights of 350kDa, 260kDa, 250kDa, 170kDa, 100kDa, 

95kDa, 80kDa, 70kDa, 65kDa, 55kDa and 50kDa. To control for non-specific 

binding, platelet lysates were also incubated with agarose beads as a control, 

however, we detected some residual protein binding to these beads. In future 

experiments, we decided to omit this control step and instead saturate platelets 

with free cAMP to inhibit the binding of proteins to the cAMP-bound beads (Wang 

et al., 2001). 
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Figure 5.5. cAMP pull down of human platelet proteins. WP lysates (1mg 

protein) were incubated with cAMP bound agarose beads (25µl) or control agarose 

beads (25µl). Following incubation, the precipitated proteins were separated by 

SDS-PAGE and stained with coomassie blue to visualise proteins. Protein Bands 

in the cAMP pull down lane were labelled according to approximate molecular 

mass. Gel agarose image of 1 experiment.  
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5.5.3 cAMP pull - down of PKA type II and AKAP7 

Having visualised the proteins purified using the cAMP-pull down assay, we next 

examined the presence of AKAP7 and PKA type II in platelets using this tool 

(Figure 5.6). We detected a strong signal representing PKA type II just below the 

50kDa marker. Using a commercially available anti-AKAP7 antibody, we detected 

AKAP7δ in the pull down at 50kDa alongside an established non-specific 60kDa 

band representing AKAP7 antibody binding to a protein other than AKAP7 (Henn 

et al., 2004). A faint band at 37kDa was also detected, which may represent 

AKAP7γ (Trotter et al., 1999). 

 

 

 

 

 

 



 Chapter 5 
 

 
 

Page | 158 

 

Figure 5.6. cAMP pull down of AKAP7. WP lysates (1mg protein) were 

incubated with cAMP bound agarose beads (25µl) +/- cAMP (50mM). Following 

incubation, the precipitated proteins were separated by SDS-PAGE and 

immunoblotted for PKA RII and AKAP7 on two separate membranes. Immunoblot 

representative of 3 independent experiments. 
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5.5.4 Immunoprecipitation of AKAP7 from platelets 

Throughout this study, we used a commercially available antibody to immunoblot 

and immunoprecipitate AKAP7. Our lab was generously given an aliquot of 

independently produced AKAP7 antibody from Professor Enno Klussmann (Max 

Delbrück Center, Berlin) (Henn et al., 2004). With this antibody, we cross-

referenced the commercial AKAP7 antibody to validate its specificity (Figure 5.7). 

AKAP7 was immunoprecipitated using the commercially anti-AKAP7 antibody and 

then immunoblotted using the independent anti-AKAP7 antibody, both raised 

towards the conserved C-terminal region on AKAP7. 

With this approach, we detected a band representing AKAP7δ at 50kDa in human 

platelets. Interestingly the non-specific 60kDa was detected in the 

immunodepleted lysate. This experiment was only performed once as we had a 

limited stock of independent anti-AKAP7 antibody. The data from these 

experiments show that human platelet express the AKAP7 splice variant AKAPδ, 

and possibly AKAP7γ. 
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Figure 5.7. AKAP7 immunoprecipitation. WP lysates (1mg protein) were 

incubated with commercial anti-AKAP7 antibody (5µg) covalently coupled to an 

amine-reactive resin. Following overnight incubation at 4˚C, the resin, precipitated 

antigen and co-immunoprecipitated proteins were isolated by centrifugation. 

Proteins were eluted from the resin using an elution buffer and immunoblotted for 

AKAP7 using an independently produced anti-AKAP7 antibody. The last resin 

wash was loaded to ensure that all non-bound proteins had been washed away. 

Immunoblot of 1 experiment. 
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5.6 AKAP7 harbours co-associated PKA activity 

AKAP7 functions to anchor PKA to specific subcellular locations within the cell 

(Pidoux and Taskén, 2010). To strengthen our finding that platelets express 

AKAP7 and to confirm its function as a PKA-anchoring protein, we tested for PKA 

activity in AKAP7 immunoprecipitates (Figure 5.8). Here, we used an assay that 

analyses samples for the ability to phosphorylate the synthetic PKA substrate 

kemptide as a measure of PKA activity (Macala et al., 1998). Using this assay we 

detected significant PKA activity in AKAP7 immunoprecipitates, 17±3% when 

compared to positive control. In contrast, the IgG control showed no increase in 

activity (*P<0.05). These data illustrate the functionality of platelet AKAP7 as an A-

kinase anchoring protein. 
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Figure 5.8. Analysis of associated PKA activity in AKAP7 
Immunoprecipitates. AKAP7 was immunoprecipitated from washed platelet 

lysates (500µg protein) and analysed for the ability to phosphorylate the synthetic 

PKA substrate kemptide as a measure of associated PKA activity. The assay used 

a positive control of recombinant PKAc to examine enzyme activity and a negative 

control where recombinant PKAc was omitted. (A) Representative Gel agarose 

image. (B) Quantification of PKA activity expressed as % PKA activity compared 

with IgG representative of 3 independent experiments expressed as means ± SEM 

(*P<0.05). This experiment was performed in conjunction with Dr Zaher Raslan. 
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5.7 AKAP7 is associated with PKA type II in platelets  

In the previous experiment, we showed that platelet AKAP7 associates with PKA, 

although these data did not distinguish between PKA isoforms. In this next 

experiment, the specific association between AKAP7 and PKA type II was 

confirmed, and visualised in situ, using proximity ligation (Figure 5.9). The 

proximity ligation assay (PLA) utilises both antibody and DNA properties to detect 

the cellular localisation of a specific protein interaction within a single experiment 

(Gullberg et al., 2003).  

Briefly, fixed and permeablised platelets are incubated with two antigen specific 

primary antibodies raised from different species. Following antigen recognition, 

secondary antibodies called PLA probes are introduced, which are conjugated to 

unique short DNA sequences. Close proximity of the antigens brings together the 

DNA sequences, which with the addition of a reaction mixture and two long 

connector oligonucleotides forms a single stranded DNA circle. This DNA circle is 

then amplified through the actions of DNA polymerase to form a long DNA 

sequence that is then recognised using fluorescently labelled DNA probes. 

Staining of platelets with wheat germ agglutinin (WGA) enabled the detection of 

multiple platelets that had been successfully immobilised on the poly-l-lysine 

coated coverslips. The small platelet size was evident using WGA staining with 

immobilised platelet presenting a resting discoid morphology. Using the PLA assay 

in platelets, we detected the association of AKAP7 with PKA type II, when both 

proteins were labelled with PLA probes. No positive signals were detected in 

platelets that had only AKAP7 labelled. A very faint signal was detected when PKA 

type II was individually labelled suggest some non-specific fluorescent DNA probe 
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binding. As a positive control, we visualised the association between PKA type I 

and PKAc. No signals were detected in samples devoid of the PLA probes or the 

primary antibodies. The data in this experiment shows that AKAP7 associates with 

PKA type II in platelets. 

 

 

Figure 5.9 Proximity ligation analysis of AKAP7 and PKA type II association. 

WP (1x107 platelets/ml) were fixed in 4% paraformaldehyde for 10 minutes 

and then washed twice with PBS. Fixed platelets were adhered on poly-l-lysine 

coated coverslips by centrifugation for 10min at 250g at 37˚C. Platelets were then 

permeablised with 0.1% Triton X-100 for 5 minutes followed by blocking with 2% 

BSA in PBS. Permeablised platelets were then probed using AKAP7, PKA RII, 

PKA-RI and PKAc antibodies. The interactions between these proteins were then 

analysed using the DuolinkTM proximity ligation assay, according to manufacturers 

instructions. Scale bar = 5µm. Images representative of 3 independent 

experiments. Experiment in conjunction with Dr Zaher Raslan. 
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5.8 Characterising the platelet PDE3A signalosome 

In light of the previous data in this chapter and studies detailing PDE3A complexes 

in other cell types (Ahmad et al., 2012; Beca et al., 2013), we next explored the 

presence of a novel PDE3A2 signalosome in platelets that potentially contained  

PKA type II, PKA catalytic subunit (PKAc) and PDE3A2, scaffolded together by 

AKAP7. To achieve this, we used a combination of co-immunoprecipitation studies 

and PDE3A activity assays (Figures 5.10, 5.11 and 5.12).  

 

5.8.1 Co-immunoprecipitation of PDE3A signalling partners 

In this first series of experiments, we used co-immunoprecipitation to examine the 

association of PKA type II, PKAc and AKAP7 with total PDE3A (Figure 5.10). 

These interactions were examined under resting and PGI2 (100nM) stimulated 

conditions, as recent studies have shown that phosphorylation of PDE3A can 

influence its interaction with signalling partners (Faiyaz Ahmad et al., 2015). Here, 

all co-associated proteins were immunoblotted from the same PDE3A IP 

experiment with samples ran on two separate gels  due to the close molecular 

weights of AKAP7 and PKA type II when immunoblotting. In this experiment, we 

detected co-association of PKA type II, PKAc and AKAP7δ with PDE3A under 

resting conditions. We also detected a faint AKAP7δ band in the IgG control 

suggesting some non-specific binding of AKAP7δ to the protein G coated 

sepharose beads. Interestingly, stimulation with PGI2 did not influence the 

formation of this complex, however, the association of PKAc was noticeably 

weaker, suggesting the disassociation of PKAc. We also detected PKA type II, 

PKAc and AKAP7δ expression in the immunodepleted lysates suggesting that only 
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a subpopulation of these proteins are in a complex with PDE3A or their interaction 

with PDE3A is not strong enough to withstand the mechanics of the co-

immunoprecipitation procedure. 

 

 

Figure 5.10. Co-immunoprecipitation of PKA RII, PKAc and AKAP7 with 
PDE3A. WPs (5x108 platelets/ml) were stimulated with PGI2 (100nM) for 2 minutes 

and lysed in ice-cold lysis buffer. Stimulated and resting platelet lysates (1mg 

protein) were incubated with anti-PDE3A antibody (5µg) covalently coupled to 

amine-reactive resin. Following overnight incubation at 4˚C, the resin, precipitated 

antigen and co-immunoprecipitated proteins were isolated by centrifugation. 

Proteins were eluted from the resin and immunoblotted for PKA RII, AKAP7 and 

PKAc. PDE3A was immunoblotted to ensure successful immunoprecipitation. 

Immunoblots representative of 3 independent experiments. 
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5.8.2 Reverse co-immunoprecipitation of PDE3A signalling partners 

Having co-immunoprecipitated PKA type II and AKAP7 with both PDE3A splice 

variants, we next performed the reverse of this experiment to confirm the 

association of PDE3A with AKAP7 and PKA type II (Figure 5.11). In PKA type II 

immunoprecipitates, we detected PDE3A2, AKAP7δ, PKAc (Figure 5.11 A). 

Immunoprecipitation of AKAP7 resulted in the association of PDE3A2, PKA type II, 

PKAc (Figure 5.11 B). In these two experiments, we detected a stronger 

interaction between AKAP7δ and PKA type II, when compared to the association 

of PDE3A to these proteins, as AKAP7δ and PKA type II protein bands were more 

intense. Interestingly, we detected minimal association of PDE3A1, represented by 

a faint protein band. 
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Figure 5.11. Co-immunoprecipitation of PKA RII, AKAP7 and PKAc with 
PDE3A. WPs lysates (1mg protein) were incubated with (A) anti-PKA RII antibody 

(5µg) and (B) anti-AKAP7 antibody (5µg) covalently coupled to amine-reactive 

resin. Following overnight incubation at 4˚C, the resin, precipitated antigen and co-

immunoprecipitated proteins were isolated by centrifugation. Proteins were eluted 

from the resin and immunoblotted for (A) PDE3A, AKAP7, PKAc and AKAP7 (B) 

PDE3A, PKA RII, PKAc and PKA. Immunoblots representative of 3 independent 

experiments. 
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5.8.3 PKA type II and AKAP7 associated PDE3A activity 

To further strengthen our PDE3A, AKAP7 and PKA type II co-immunoprecipitation 

data, we measured associated total PDE3A activity in PKA type II and AKAP7 

immunoprecipitates (Figure 5.12). In the first experiment, we measured the 

PDE3A activity of PDE3A immunoprecipitates as a control. PDE3A activity was 

recorded at 3342±382 fmol 5-AMP/min/1x107 cells, which was inhibited to 118±57 

fmol 5-AMP/min/1x107 cells with the specific PDE3A inhibitor milrinone (*P<0.01). 

We detected PKA type II associated PDE3A activity at 1056±77 fmol 5-

AMP/min/1x107 cells, which was reduced with milrinone to 236±90 5-

AMP/min/1x107 cells (*P<0.01  when PKA type II is compared to PKA type II + 

milrinone). In AKAP7 immunoprecipitates, we detected associated PDE3A activity 

at 342 5-AMP/min/1x107 cells, which was also reduced with milrinone to 104±19 5-

AMP/min/1x107 cells (**P<0.05 when AKAP7 is compared to AKAP7 + milrinone). 

These data strengthen our previous observations that describe the association of 

PKA RII, AKAP7 with PDE3A in human platelets. 
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Figure 5.12 Analysing co-associated PDE3A activity in PKA RII and AKAP7 
immunoprecipitates. (A) PDE3A (B) PKA RII and (C) AKAP7 were 

immunoprecipitated from washed platelet lysates (500µg protein) and analysed for 

PDE3A activity, in the presence and absence of Milrinone (10µM). Data 

representative of 3 independent experiments expressed as means ± SEM 

(*P<0.01, **P<0.05). 
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5.8.4 Subcellular localisation of the PDE3A signalosome 

Having identified the protein players in the PDE3A signalosome, we next 

examined the subcellular localisation within the platelet (Figure 5.13). In this 

experiment, platelets were stimulated with PGI2 and fractionated into cytosolic and 

membrane fractions. These fractions were then immunoblotted for PDE3A2 Ser312 

phosphorylation, PKA type I and type II, PDE3A and AKAP7. We detected the 

PDE3A2 Ser312 phosphorylation solely in the platelet cytosol, alongside cytosolic 

expression of PKA type II and AKAP7. PDE3A2 was primarily localised to the 

cytosol with PDE3A1 localised to the platelet membrane. Consistent with our 

previous data in figure 3.3. PKA type I was expressed in both platelet fractions 

with the majority localised to the platelet membrane. In the lower panel, β3 and 

SLP-76 were immunoblotted as fractionation controls. Interestingly, we did not 

detect any movement of the signalling proteins in response to PGI2. These data, 

together with the experiments in figures 5.10, 5.11 and 5.12, reveal for the first 

time a novel platelet PDE3A signalosome constructed from PKA type II, PKAc, 

AKAP7δ and PDE3A2, localised specifically in platelet cytosol. 
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Figure 5.13 Subcellular localisation of PDE3A2 Ser312 phosphorylation and 
signalosome proteins. WPs (7x108 platelets/ml) were stimulated with PGI2 

(100nM, 2 min), lysed using liquid nitrogen snap freezing and centrifuged into 

membrane and cytosolic fractions. Fractions were then immunoblotted for PDE3A 

Ser312 phosphorylation and total PDE3A. Immunoblot membranes were stripped 

and reprobed for PKA I, PKA II, AKAP7, β3 and SLP-76. Data representative of 1 

independent experiment. 
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5.9 PDE3A specifically regulates multiple platelet PKA substrates 

In addition to PKA and PDEs, AKAPs mediated signalling complexes often contain 

functionally important PKA substrates (Michel and Scott, 2002). In this next 

experiment, we searched for PDE3A associated PKA substrates, using 

combination of co-immunoprecipitation and fractionation (Figure 5.14). Here, 

platelets were stimulated with PGI2 or the PKC activator PMA and seperatedinto 

cytosolic and membranefractions. PDE3A was then immunoprecipitated from the 

fractions and analysed for the co-association of PKA phosphorylated proteins. In 

resting platelets, we detected two basal phosphorylated PKA substrates 

associated with membrane localised PDE3A with molecular weights of 250kDa 

and 100kDa. Under PGI2 stimulated conditions, we detected five PKA 

phosphorylation events associated with cytosolic PDE3A with molecular weights of 

110kDa, 100kDa, 90kDa, 45kDa and 35kDa, indicated by arrows. Membrane 

localised PDE3A was associated with six phosphorylated PKA substrates with 

molecular weights of 250kDa, 100kDa, 95kDa, 70kDa, 60kDa and 45kDa. 

Surprisingly, stimulation of PMA resulted in phosphorylation of a band at 45kDa 

associated with cytosolic PDE3A. It would be of great interest to further examine 

these potential novel PDE3A signalling nodes. A clear limitation of this experiment 

is that the phosphorylation of the PDE3A associated PKA substrates were only 

examined at a single time point following PGI2 stimulation. In figure 4.4, we 

showed a changing temporal profile of PKA substrate phosphorylation in response 

to PGI2. Therefore, an improvement in this experiment would be to analyse the 

phosphorylation of these substrates over time, which could potentially unveil new 

PDE3A associated PKA substrates. The data in this experiment shows for the first 

time that PDE3A in platelets is localised to multiple PKA substrates. 
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Figure 5.14 Immunoblotting PDE3A co-associated PKA substrates in platelet 
fractions. WP (7x108 platelets/ml) were stimulated with PGI2 (100nM, 2 min) and 

PMA (0.5µM, 5 min), lysed using liquid nitrogen snap freezing and centrifuged into 

membrane and cytosolic fractions. PDE3A was immunoprecipitated from fractions 

(2ug antibody, 500µg protein) and immunoblotted for associated phospho-PKA 

substrates, PDE3A and the fraction control proteins SLP-76 and β3. Immunoblot of 

1 experiment. 
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5.10 Discussion 

The phosphorylation of functionally important platelet proteins by PKA requires 

tight regulation in space and time in order to maintain platelets in their resting state 

whilst preserving their capacity for activation. In other cell types, PKA is targeted to 

specific cellular locations by the actions of AKAPs, which scaffold the kinase with 

substrates, phosphatases, and regulatory phosphodiesterases. Until very recently, 

AKAPs remained largely unexplored in platelets (Raslan et al., 2015b). In the 

previous chapter, we characterised the feedback regulation of cAMP/PKA 

signalling via PKA phosphorylation and activation of PDE3A. These data gave rise 

to an important question “what are the mechanisms that mediated this 

interaction?”. In the present chapter, we explored the answer to this question by 

examining the role AKAPs in PKA/PDE3A signalling. 

Useful tools for elucidating the function of AKAPs are AKAP-disrupting peptides. 

These cell-permeable peptides disrupt endogenous PKA/AKAP interactions and 

de-localise PKA by binding to the D/D domain of the PKA regulatory subunits 

required for AKAP interaction (Calejo and Taskén, 2015). We examined the effects 

of two of these peptides, non-PKA specific HT31 and PKA type I-specific RIAD-

Arg11, on PDE3A phosphorylation and activation by PKA in platelets. We showed 

that targeting the interaction between PKA and AKAPs with the HT31 AKAP-

disruptor peptide blunted PDE3A2 phosphorylation and total PDE3A activation in 

response to PGI2. In contrast, PKA type I-specific AKAP-disruptor peptide RIAD 

induced no significant change in PDE3A2 phosphorylation and total PDE activity in 

response to PGI2. Therefore, these data suggest an AKAP may facilitate the 

interaction between PKA type II and PDE3A in platelets. This mechanism has 
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been identified in other cell types, in which AKAPs scaffold PDE3A and PKA 

together within multi-protein signalosomes. These signalosomes usually contain 

functionally important PKA substrates, which require tight regulation by PKA 

(Faiyaz Ahmad et al., 2015; Puxeddu et al., 2009). However, in this experiment 

only the total PDE3A activity was measured, therefore, we were unable to 

determine whether AKAP disruption specifically affected PDE3A2 or both PDE3A 

isoforms. We also examined the effect of AKAP disruption upstream of 

PKA/PDE3A signalling, by measuring cAMP responses. Here, we showed that 

disruption of AKAP/PKA interactions with HT31 did not significantly alter cAMP 

responses to PGI2. This would suggest that the reduced phosphorylation of 

PDE3A2 by PGI2 in the presence of HT31 likely represents reduced access of 

PKA to its substrate rather than a reduced availability of cAMP. Interestingly, there 

was a small potentiation of cAMP elevations under AKAP disrupting conditions. 

This small elevation could be the result of the disruption of PDE containing AKAP 

complexes in proximity to adenylyl cyclase (Dessauer, 2009).  

The disruptor peptide data was suggestive of an AKAP mediated phosphorylation 

event that could potentially regulate PDE3A activity. The AKAP hypothesis of PKA 

signalling suggests that PKA, AKAP and substrate are in one complex and we 

began to explore this.  In the first step, we confirmed the associated between PKA 

type II and PDE3A in platelets, using co-immunoprecipitation. With this technique 

we detected association of PKA type II in PDE3A co-immunoprecipitates with no 

detectable signal for PKA type I.  In other cell types, PDE3A has been shown to 

interact with both PKA type I and PKA type II, however, it is rare that both isoforms 

are identified in the same PDE3A containing signalosome (Ahmad et al., 2012). 

With these data in mind, we wanted to search for the AKAP responsible for 
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scaffolding the interaction between PKA type II and PDE3A. Of the 16 different 

AKAPs identified platelets, we began our search with AKAP7, as the delta splice 

variant of this particular AKAP has been shown to scaffold PKA type II and PDE3A 

together in cardiac myocytes (Beca et al., 2013). In addition to AKAP7δ, there are 

three other AKAP7 splice variants expressed from the AKAP7 gene, which are 

AKAP7α, AKAP7β and AKAP7γ (Johnson et al., 2012). These splice variants 

share a conserved PKA regulatory subunit binding site but differ in distinct cellular 

targeting domains. AKAP7α and AKAP7β are targeted to the plasma membrane, 

whereas AKAP7γ and AKAP7δ reside in the cytosol (Henn et al., 2004; Trotter et 

al., 1999). The expression of al four AKAP splice variants was examined in 

platelets using a polyclonal anti-AKAP7 antibody in conjunction with whole platelet 

immunoblotting, cAMP pull-down assays and immunoprecipitation experiments. 

Findings showed that only the AKAP7δ at 50kDa was detected whole cell platelets 

using standard immunoblotting. A more sensitive detection method for AKAPs in 

cell lysates is the cAMP pull down assay. The assay purifies all cAMP binding 

proteins, including PKA and associated AKAPs. Before using this assay to purify 

AKAP7, we examined all the cAMP binding proteins in platelets using protein 

staining. Here we observed 11 potential cAMP binding proteins were visualised 

with the assay, with many additional proteins very faintly stained upon close 

inspection. These latter bands may represent cAMP binding proteins expressed at 

low levels or proteins that weakly associate with PKA and, therefore, cannot 

withstand the mechanics of the assay. Next, we used this assay to confirm the 

expression of AKAP7δ in platelets and to also search for the expression of 

AKAP7α, AKAP7β and AKAP7γ. AKAP7δ was detected in the cAMP pull down, 

thus strengthening our initial observations. Interestingly, we also detected the 
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possible expression of AKAP7γ at very low levels, represented by a faint protein 

band. This observation could be explained by the fact that AKAP7γ is very closely 

related to AKAP7δ, arising from an internal translation start site present in the 

AKAP7δ cDNA in human cells (Johnson et al., 2012). The final stage in confirming 

AKAP7 expression in platelets was to cross-reference the commercial AKAP7 

antibody with that provided by Professor Enno Klussmann. Using the commercial 

antibody to immunoprecipitate AKAP7 and the independent antibody to 

immunoblot AKAP7, we showed that our commercial antibody was indeed specific 

to AKAP7. 

AKAPs function to anchor PKA to discrete cellular locations in proximity to isolated 

cAMP pools allowing for efficient activation PKAc subunits and accurate substrate 

selection (Michel and Scott, 2002). We tested the PKA binding ability of AKAP7 by 

measuring associated PKA activity in AKAP7 immunoprecipitates. Our data 

showed that immunoprecipitated AKAP7 possessed significant PKA activity when 

compared to that of an IgG control. These data were important to confirm that 

AKAP7 was associated with the whole PKA holoenzyme rather simply the 

regulatory subunit. We wanted to expand on these association experiments and 

confirm that the proteins were co-localised in whole cells by employing the 

proximity ligation assay to visualise the specific anchoring of PKA type II by 

AKAP7 in platelets. The proximity ligation assay is a recent addition to our teams’ 

molecular toolbox, enabling the detection, quantification and visualisation of 

protein-protein interactions (Gullberg et al., 2003). With this assay, we confirmed 

the interaction between PKA type II and AKAP7 in platelets. However due to the 

platelets small size we were unable to pinpoint the precise subcellular location of 

this event.  
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Having examined the interactions between PDE3A and PKA type II, and the 

anchoring of PKA type by AKAP7, we next sought to characterise the entire 

PDE3A signalosome responsible for PDE3A feedback regulation of PKA. The first 

step in this process was to co-immunoprecipitate total PDE3A with PKA type II, 

PKAc and AKAP7. As with other experiments in this chapter, we were unable to 

specifically immunoprecipitate each PDE3A splice variant due to the lack of splice 

variant specific antibodies. Our data shows that PKA type II, PKAc and AKAP7δ 

can associate with PDE3A. These interactions were strong enough to withstand 

the mechanics of the co-immunoprecipitation procedure and did not require the 

use of over expression systems for investigation. In order to confirm our 

observations, we performed the reverse of this experiment by co-

immunoprecipitating PDE3A with AKAP7 and PKA type II. In line with our previous 

data, PDE3A co-immunoprecipitated with PKA type II and AKAP7, with a strong 

association of PDE3A2 and weak association of PDE3A1. In these experiments, 

we detected a stronger interaction between AKAP7δ and PKA type II, when 

compared to the association of PDE3A to these proteins. This observation may 

suggest that in the platelet cell there are AKAP7δ /PKA type II complexes locally 

regulated by PDE3A and other complexes devoid of PDE3A regulation. It would be 

of interest to investigate whether these PDE3A free signalling nodes are instead 

regulated by PDE2A (Acin-Perez et al., 2011). We next strengthened these data 

by measuring associated PDE3A activity with PKA type II and AKAP7. Using our 

PDE activity assay we again showed significant co-association of PDE3A with 

PKA type II and AKAP7 (Figure 5.11). Together these data describe for the first 

time a novel platelet signalosome containing PKA type II, AKAP7δ and PDE3A.  
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It was important in this work to characterise the subcellular localisation of this 

PDE3A signalosome in platelets. In this next experiment, we immunoblotted for 

PKA type I and II, PDE3A and AKAP7 in both platelet cytosolic and membrane 

fractions. Additionally, we examined the subcellular localisation of PDE3A 

regulation by PKA by stimulating platelets with PGI2 and immunoblotting for 

PDE3A Ser312 in platelet fractions. Data from this experiment showed that PKA 

phosphorylation of PDE3A2 Ser312 occurred specifically in the cytosol. 

Furthermore, this observation shows that feedback inhibition of cAMP/PKA 

signalling in platelets is targeted to specific regions within the platelet. 

We also detected cytosolic specific expression of PKA  type II and AKAP7. These 

data are in agreement with studies by Raslan and colleagues who showed using 

confocal microscopy that PKA type II is localised to the platelet cytosol (Raslan et 

al., 2015b). Our data is also consistent with studies that describe the cytosolic 

nature of AKAP7δ (Henn et al., 2004). However, AKAP7δ has also been shown to 

localise with the membranes of aquaporin 2 bearing vesicles important in the 

regulation of body water balance (Horner et al., 2012). We detected expression of 

PDE3A1 specifically in membrane fractions, whereas PDE3A2 was localised 

primarily to the platelet cytosol, in agreement with our previous data in figure 3.3. 

As PDE3A1 was specifically localised to the membrane, it could be concluded that 

cytosolic PDE3A2 is the likely PDE3A splice variant that is scaffolded by AKAP7δ 

in approximation with PKA type II to form a negative feedback loop of cAMP 

signalling localised to the platelet cytosol. This model could be further investigated 

by examining the temporal profile of PGI2 stimulated PKA signalling events in cells 

that contain PDE3A Ser312 specific mutants. 
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AKAP scaffolded signalosomes often contain functionally important PKA 

substrates, in which associated PKA, phosphatases and cAMP hydrolyzing PDEs 

can closely regulate the phosphorylation status of the substrate (Baillie et al., 

2005). With this in mind, we searched for the association of PKA substrates with 

PDE3A by co-immunoprecipitating PDE3A from PGI2 stimulated platelets and 

immunoblotting the PDE for associated PKA phosphorylation events. To our 

surprise, we detected multiple PKA substrates associated with PDE3A, localised 

to both the platelet cytosol and membrane. In the platelet cytosol, phosphorylation 

bands at 100kDa, 95kDa, 45kDa and 37kDa were visualised that likely represent 

PDE3A2, MLCK, Gα13 and LASP, respectively (Aburima et al., 2013; Butt et al., 

2003; Manganello et al., 1999). Localised to the platelet membrane were 

phosphorylation bands 250kDa, 100kDa, 95kDa and 45kDa, which may represent 

IP3 receptor, PDE5, MLCK and VASP, respectively (Aburima et al., 2013; Chaloux 

et al., 2007; Corbin et al., 2000; Jensen et al., 2004). These findings suggest that 

there are several PKA substrates associated with PDE3A. Moreover, these 

signalosomes are likely to be PDE3A splice variant specific, localised to distinct 

regions within the platelet. The association of PKA substrates within PDE3A 

signalosomes would permit PDE3A to directly regulate local cAMP/PKA responses 

neighbouring the substrate. It would be of great interest to identify these 

signalosomes, to uncover new mechanisms of platelet inhibition and potentially 

fruitful drug targets. 

The data in this chapter describes a novel signalling complex localised to platelet 

cytosol containing PKA type II, PKAc, AKAPδ and PDE3A2. In this signalling 

complex PDE3A2 forms a local negative feedback loop of inhibitory cAMP/PKA 

type II signalling. We have shown that disruption of this signalling complex, and 
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potentially other PKA type II/AKAP complexes, blunts PDE3A phosphorylation and 

activation in response to cAMP signalling. This is the first evidence of 

spatiotemporal regulation of feedback inhibition within the cAMP-signalling 

pathway in platelets. 
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6 Discussion 

Improving our understanding of PDE3A signalling in human platelets holds great 

value in the development of novel therapeutic strategies for treating arterial 

thrombosis. PDE3A is a powerful regulator of endogenous platelet inhibition, 

constantly hydrolysing intracellular cAMP levels to preserve a vital threshold for 

platelet activation (Feijge et al., 2004). PDE3A inhibitors are already used in 

antiplatelet therapies with several inhibitors currently undergoing clinical trials for 

the treatment of atherothrombosis and ischaemic stroke (Maurice et al., 2014). 

However, the clinical use of current PDE3A inhibitors has been linked to multiple 

side effects (Gresele et al., 2011). New insights into platelet PDE3A signalling may 

reveal novel molecular targets that can modify PDE3A activity in a safe and 

specific manner for the treatment of pathological thrombosis. The aim of this study 

was to identify novel mechanisms of PDE3A signalling in human platelets using a 

range of molecular biology techniques. Here, we investigated the characteristics of 

all three platelet PDE isoforms in platelets with a special focus on the expression 

of multiple PDE3A splice variants. Furthermore, we examined the regulation of 

PDE3A by PKA in response to endogenous platelet inhibition and explored the 

cellular mechanisms that facilitate this interaction. 

Ever since Hidaka and colleagues first reported their findings that the PDE3A 

inhibitor cilostazol inhibited platelet aggregation, PDE3A signalling in platelets has 

attracted scientific attention (Hidaka et al., 1979). In other cell types, there have 

been numerous advances in our understanding of PDE3A signalling, particularly in 

PDE3A regulation of cardiac function (Ahmad et al., 2012; Vandeput et al., 2013). 

However, these new insights have yet to be translated in platelets. The regulation 
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of cardiac function in myocyte cells is orchestrated by three PDE3A variants, 

PDE3A1, PDE3A2 and PDE3A3, which arise from alternative splicing of the 

PDE3A gene (Choi et al., 2001; Kasuya et al., 1995; Wechsler, 2002). In these 

cells, PDE3A1 is localised to the myocyte membrane through a unique N-terminal 

domain, whereas PDE3A2 and PDE3A3 are localised to both the myocyte 

membrane and cytosol (Hambleton et al., 2005; Vandeput et al., 2013). In our first 

line of experiments we report that platelets express two of these variants: PDE3A1 

and PDE3A2, with PDE3A1 localised to platelet membrane and PDE3A2 primarily 

expressed in the platelet cytosol (Figure 3.4). This observation adds to the concept 

of compartmentalised cAMP signalling in platelets, in which cAMP microdomains 

are differentially regulated in space and time within the cell (Edwards et al., 2012; 

Raslan et al., 2015a). Unfortunately at this point in time, there are no splice 

variant-specific antibodies or inhibitors available as research tools; therefore, we 

were unable to fully dissect the impact of each PDE3A splice variant on platelet 

function. The full significance of the finding that platelets express two PDE3A 

splice variants was not recognised until late in the project. Therefore we did not 

have enough time to fully visualise both PDE3A splice variants in every 

experiment using an increased gel run time. 

In platelets, PDE3A functions as a dynamic negative regulator of cAMP levels. In 

response to PGI2, PDE3A activity increases through PKA-mediated 

phosphorylation, in turn leading to enhanced cAMP hydrolysis and the 

preservation of platelet sensitivity to endogenous platelet agonists (Grant et al., 

1988; Hunter et al., 2009; Macphee et al., 1988). Additionally, PDE3A activity can 

be increased via PKC phosphorylation in response to platelet agonist binding, 

forming a positive feedback loop that lowers intracellular cAMP levels and 
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heightens the sensitivity of platelets to activatory stimuli (Hunter et al., 2009). At 

this point in time, there are multiple identified PKC phosphorylation sites on 

PDE3A with a single PKA phosphorylation identified at site Ser312 (Pozuelo Rubio 

et al., 2005). We report for the first time that only PDE3A2 is phosphorylated by 

PKA in platelets at Ser312, and not PDE3A1 (Figure 4.13). Furthermore, we provide 

evidence that this phosphorylation event is temporal suggesting the presence of 

regulatory phosphatase (Figure 4.10). The selective regulation of PDE3A2 in 

platelets indicates that PDE3A1 and PDE3A2 are likely to have distinct roles in the 

regulation of platelet inhibition. These data raise the possibility of PDE3A variant 

specific inhibitors inducing alternative effects on endogenous platelet inhibition. 

Interestingly, cardiac myocytes display a different pattern of PDE3A splice variant 

regulation with PDE3A1 and PDE3A2 both phosphorylated by PKA (Vandeput et 

al., 2013). This difference could arise from alternative localisation of PKA isoforms 

due to different physiological roles cAMP signalling plays between cell types. 

Recent studies have identified mutations in the PKC phosphorylation sites on 

PDE3A2 as a driving force behind autosomal dominant hypertension with 

brachydactyly (Maass et al., 2015; Toka et al., 2015). In these studies, PDE3A2 

phosphorylation site mutations result in permanent PDE activation and low cAMP 

levels in vascular smooth muscle cells (VSCMs), ultimately leading to enhanced 

cell proliferation and hypertension (Maass et al., 2015; Toka et al., 2015). It is 

clear that additional studies dissecting differences in PDE3A splice variant 

signalling and function are of important therapeutic value. 

In other cell types, PDE3A often regulates cAMP levels as part of multi-protein 

signalling complexes, which are tethered to specific regions of the cell to perform a 

specific physiological function (Ahmad et al., 2012). These signalosomes can 
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contain PKA isoforms, functional PKA substrates, phosphatases and other 

regulatory enzymes, scaffolded together and anchored within the cell through the 

actions of AKAPs (Ahmad et al., 2015; Beca et al., 2013). Within the signalosome, 

PDE3A can directly regulate the phosphorylation status of the functional substrate 

through breakdown of local cAMP (Baillie et al., 2005). For instance, PDE3A in 

Hela cells has been shown to localise with PKA type I and brefeldin A-inhibited 

guanine nucleotide-exchange AKAP proteins 1 and 2 (BIG1 and BIG2) to form a 

signalosome that functions in vesicle transport (Puxeddu et al., 2009). PDE3A in 

cardiac myocytes localises with PKA type II, AKAP7, PDE3A, PP2A, 

phospholamban and Serca2a to form a signalosome that regulates heart 

contractility (Beca et al., 2013). PDE3A in platelets is known to associate with 14-

3-3 proteins that regulate protein function through binding to phospho-serine 

motifs (Hunter et al., 2009). However, at this point in time, the exact function of this 

interaction is not fully understood. In this study, we provide evidence for the first 

time of a novel platelet PDE3A signalosome constructed from PDE3A2, PKA type 

II and AKAP7δ, expressed in the platelet cytosol (Figure 5.10 and 5.13). Within 

this signalosome, PDE3A2 can directly regulate PKA type II activity in response to 

local cAMP concentrations in a negative feedback manner. It can be hypothesised 

that AKAP7δ functions as a scaffold for PDE3A/PKA type II association, as 

disruption of PKA type II/AKAP interactions blunts PDE3A2 phosphorylation and 

activation. It is also likely that this novel signalosome also contains a regulatory 

phosphatase due to the temporal nature of PDE3A2 phosphorylation. These 

observations are supported by studies perform by Beca and colleagues that detail 

the interaction of PDE3A with AKAP7δ in cell function (Beca et al., 2013). 

Moreover, further studies indicated that phosphorylation of PDE3A not only 
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increases the enzymes activity but also influences the enzymes interaction with 

associated signalling partners (Ahmad et al., 2015). However, in this study, we did 

not detect phosphorylation as driving mechanism behind signalosome formation.  

A general trend of PDE3A signalosomes is the association of functional substrates 

that require tight regulation by PKA and PDE3A (Ahmad et al., 2012). Although we 

did not identify such a substrate regulated within the PDE3A2/PKA type II/AKAP7δ 

signalosome, we did detect promising signs of substrate interaction. Our findings 

suggest that there are multiple phosphorylated PKA substrates which interact with 

PDE3A in platelets, within both cytosolic and membrane regions of the cell (Figure 

5.14). Yet it is unclear whether these substrates interact with PDE3A through 

AKAP7 or other scaffolding proteins. Further research is required in platelets to 

tease apart the spatiotemporal regulation of PKA signalling in platelets and 

determine the functional outcome of PDE3A-substrate association. 

Herein, we provide the first evidence for spatiotemporal regulation of cAMP 

signalling in blood platelets. Our findings have shown human platelets express 

two PDE3A splice variants, PDE3A1 and PDE3A2, which are differentially 

localised and regulated by PKA. Furthermore, our data describes a novel platelet 

PKA type II containing PDE3A2 signalosome that is scaffolded together by 

AKAP7δ and targeted to the platelet cytosol. Within this signalosome PDE3A2 can 

directly regulate the inhibitory action of PKA signalling, in a negative feedback 

manner. Selective inhibition of PDE3A splice variants and/or pharmacological 

disruption of PDE3A signalosomes may provide new safer ways of specifically 

controlling the platelet response to endogenous inhibition for the treatment of 

arterial thrombosis (Tröger et al., 2012). 
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Figure 6.1 Revised model of PDE3A signalling in platelets as proposed by 
data in this study. PGI2 binds to the IP GPCR and activates AC to synthesise 

cAMP. Binding of cAMP to PKA type I and type II induces dissociation of PKA 

catalytic subunits that go on to phosphorylate functionally important proteins that 

ultimately results in platelet inhibition. At the same time membrane localised 

PDE3A1 and predominantly cytosolic PDE3A2 regulate the cAMP/PKA response 

by hydrolysing cAMP into inactive 5’AMP. PDE3A2 is also associated with PKA 

type II through AKAP7 δ to directly regulate PKA type II activity in a negative 

feedback manner that is driven by PKA-mediated phosphorylation and activation 

of PDE3A. 
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6.1 Future direction 

This study has shed light on the dynamics of PDE3A signalling in platelets through 

the identification of differentially regulated PDE3A splice variants and expression 

of a multiprotein PDE3A signalosome. However, data presented in this study has 

also given rise to a number of important questions that require answering. 

Therefore future work could investigate the following: 

 

§ Effect of PDE3A splice variant inhibition on platelet function. There are 

numerous studies describing the inhibitory effect of selective PDE3A 

inhibition on platelet aggregation, Ca2+ signalling, platelet activation and in 

vivo thrombus formation (Feijge et al., 2004; Manns et al., 2002; Sim et al., 

2016; Sun et al., 2007). Our findings indicate that these PDE3A inhibitors 

are actually targeting two functionally distinct PDE3A splice variants that 

are likely to have different roles in the regulation of platelet inhibition. In 

respect to current advancements in PDE3A signalling in other cell types, 

the development of PDE3A splice variant specific inhibitors can be 

expected in the near future. It would be of great interest and therapeutic 

value to evaluate the effect of selective PDE3A splice variant inhibition on 

platelet function. 

 

§ Identification of PDE3A associated substrates. Compartmentalisation of 

cAMP/PKA signalling in platelets is an emerging and exciting area of 

research in the platelet field (Raslan et al., 2015a). Within cAMP 

compartments, PDEs can regulate specific physiological processes as 

components of multiprotein complexes that are targeted to specific 
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locations within the cell. Data presented in this study suggests that there 

are multiple PKA substrates associated with PDE3A in platelets, likely 

through AKAP dependent mechanisms. The identification of these 

substrates and the PDE3A splice variant they are associated with, using 

molecular biology techniques may reveal new insights into the mechanisms 

of cAMP-mediated platelet inhibition. 

 

§ Localisation of PDE regulated cAMP and cGMP pools in platelets. 

Research has shown that stimulation of cGMP-signalling cascades in 

platelets results in the accumulation of cAMP in platelets, through cGMP-

dependant inhibition of PDE3A (Dickinson et al., 1997; Feijge et al., 2004). 

Under conditions of high cGMP, cGMP-stimulated PDE2A is thought to 

function as a regulator cAMP elevations (Haslam et al., 1999; Manns et al., 

2002).  However, the dynamics of these events is unclear, as the current 

theory of PDE cross talk in platelets is dependent on the ubiquitous access 

of cAMP and cGMP to all PDE populations within the platelet. The findings 

in this study along with similar studies in platelets and other cell types 

instead propose that cAMP and cGMP signalling is a far more organised 

and complex process (Raslan et al., 2015a, 2015b; Zaccolo and 

Movsesian, 2007). Analysis of PDE regulated cAMP and cGMP domains 

within the platelet structure using microscopy techniques may reveal new 

insights into the mechanism of PDE signalling cross-talk in platelets. 
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