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�✁✂✄☎✆✝✄ 

Platelets are highly specialised cells that play a pivotal role in the regulation of 

haemostasis and thrombosis. Accurate measurement of platelet function is 

important in identifying patients with platelet abnormalities: for example, 

platelet hyperfunction, which may result in hyperthrombotic risk, or platelet 

hypofunction, which may lead to enhanced bleeding. Also, accurate 

measurement is becoming crucial for assessing the adequacy of treatment with 

antiplatelet therapy. Platelet function testing to assess the efficacy of 

antiplatelet drugs is becoming widely used and a range of assays has been 

developed. However, assays such as Light Transmittance Aggregometry 

(LTA), VerifyNow and Multiplate Electrode Aggregometry (MEA) are 

cumbersome for regular clinical use and have many limitations. Only a limited 

number of assays offer the advantage of assessing multiple platelet activation 

pathways simultaneously. In this thesis, I describe the development of a 96-

well plate-based assay carried out in whole blood, where flow cytometry is 

used concomitantly to assess platelet aggregation (measured as the decrease in 

number of single platelets in the blood) together with platelet leucocyte 

conjugate (PLCs) formation, using lysing and non-lysing conditions 

(fluorescence triggering) ✞ both measurements performed on the same fixed 

sample of whole blood.  

 

First, this thesis evaluates the effect of blood volume and different fixation 

approaches, double fixation flow cytometry (DFF) and single fixation Ultra-Flo 
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100 (SFU), on measuring platelet aggregation in whole blood. The smallest 

blood volume that was appropriate to study platelet aggregation was 125µl. 

Both fixation methods were shown to be highly comparable. The preliminary 

results revealed the suitability of using the 96-well plate format to evaluate the 

platelet response to a range of different platelet agonists. 

  

The second part of this thesis explores the suitability of the 96-well plate 

format to study platelet aggregation, and to assess inhibition, using aspirin and 

the P2Y12 antagonist, cangrelor. The 96-well plate format has successfully 

demonstrated dose-dependent inhibition of adenosine diphosphate (ADP)-

induced platelet aggregation with cangrelor and of arachidonic acid (AA)-

induced platelet aggregation with aspirin, except when using high 

concentrations of AA. The apparent failure of aspirin to inhibit AA-induced 

platelet aggregation at a high concentration could have been due to the fact that 

endogenous ADP, which may have leaked from red blood cells (RBCs), may 

have overcome the inhibition. Dual antiplatelet therapy, using aspirin in 

conjunction with cangrelor, has confirmed this explanation and also 

demonstrated that more inhibition is obtained when antiplatelet agents are used 

in pairs. When the glycoprotein (GP) IIb/IIIa antagonist MK-0852 was used to 

block the final aggregation pathway, it failed to achieve a complete inhibition 

of platelet aggregation, when measured using the single platelet counting 

technique. This could be due to the binding of platelets to leucocytes, as 

demonstrated previously by our group. To investigate whether it was PLCs 

formation that was responsible for the decrease in the number of single 

platelets in the presence of MK-852, platelet leucocyte interaction was studied 
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using lysing and non-lysing approaches, based on a 96-well plate format. The 

findings demonstrated that PLCs formation in the presence of MK-0852 tends 

to increase, especially platelet-monocyte conjugate formation. As expected, 

there was inhibition of PLCs formation with KPL-1, an agent that blocks P-

selectin glycoprotein ligand-1 (PSGL-1) on leucocytes, to which P-selectin 

binds. In this regard, thrombocytopenia, which sometimes occurs after 

administration of a GPIIb/IIIa antagonist, and the accompanied increase in 

mortality, could be thereby explained and also implies a potential limitation to 

the use of GPIIb/IIIa antagonists.  

 

The final part of this thesis focused on the possibility of studying more than 

one platelet function and the effect of antiplatelet therapy. PLC formation can 

be measured using fluorescence triggering to capture the leucocyte population, 

instead of lysing RBCs, to avoid manipulation of the cells. The results have 

indicated that the use of more than one antiplatelet agent can achieve more 

inhibition by blocking more activation pathways than a single antiplatelet 

agent. In conclusion, 96-well plate methods have shown the advantage of 

assessing multiple platelet activation pathways using a small volume of whole 

blood. This method has the advantage of using only one sample of fixed whole 

blood to assess both aggregation and PLCs formation. Moreover, development 

of this assay can also be useful to testing the effects of new compounds on 

platelet function.  
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1.1 Platelet 

1.1.1 Production  

Platelets are the smallest cells in the circulating blood. They are derived from 

the cytoplasm of megakaryocytes in the bone marrow and typically circulate 

for 10 days, at a concentration of 150-400 X 109/L and a mean volume of a 7-

11fl (Pommer et al., 2008). The dimensions of the platelet are approximately 

2.0-4.0 by 0.5µm, thus, facilitating their margination toward the vessels wall, 

where they can frequently check the integrity of the vascular endothelium.  

1.1.2 Structure 

The platelet consists of three different zones: the peripheral zone, the organelle 

zone and the sol gel zone, as seen in Figure 1-1. Platelets play a vital role in 

haemostasis as a response to blood vessel injury, as well as in thrombotic 

events, which is accomplished by the stimulation of activated platelets toward 

thrombus formation in response to rupture of an atherosclerotic plaque. 

Platelets also interact with endothelial cells and leucocytes to promote 

inflammation, which contributes to atherosclerosis (Jennings, 2009). Human 

platelets are disc-shaped, anucleated cells  as they circulate in the blood in their 

inactivated (resting) state. When damage occurs to the blood vessel wall, 

platelets become activated and adhere to the site of injury. This is associated 

with a change in platelet morphology from disc-shaped to spherical and the 

formation of pseudopodia, as shown in Figure 1-1. This initiates a cascade of 

intracellular events (Strauss et al., 2011), resulting in the secretion of the 

contents of ✁-and dense granules, which themselves modulate platelet function. 
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There is also following exposure of adhesive protein on the platelet surface 

GPIb/V/IX and consequent binding of aggregating protein GPIIb/IIIa to 

fibrinogen. This leads to platelet aggregation and adherence to the site of 

injury, ultimately resulting in the formation of a platelet plug. Accurate 

measurement of platelet function is critical for the identification and diagnosis 

of patients with diseases featuring platelet dysfunction or hyperfunction. In 

addition, platelet function testing has become increasingly useful as an 

effective platelet monitoring tool in modern anti platelet therapy. 

 

As mentioned earlier, platelets possess two types of granules that play a role in 

the secretion process and the subsequent aggregation phase:  

 1) Dense granules, which store ADP, adenosine triphosphate (ATP), 5-

hydroxytryptamine (5-HT) and calcium ions (Ca2+).  

2) Alpha �✁✂-granules, which contain numerous platelet modulators such as  P- 

selectin, platelet factor-4 (PF-4), von Willebrand factor (VWF), fibrinogen, 

platelet derived growth factor (PDGF), factor V and ✄-thromboglobulin  

(Kaplan et al., 1979).  

 

The surface of platelets contains numerous glycoprotein receptors, such as 

GPIb/IX/V, which are important for platelet adhesion and GPIIb/IIIa binding 

during platelet aggregation. Various other receptors, such as P2Y12 and 

protease activated receptors (PAR-1 and PAR-4) for ADP thrombin ligation, 

respectively, also play an important role in the activation process. Figure 1-1 
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describes the ultrastructure of the platelet in its resting and activated states 

(George, 2000a). 

 

 

 

Figure 1-1: Electron microscopy (EM) of platelet ultrastructure. 

EM can be used to show the ultrastructure of platelets and differentiate 

between the resting (disc-shaped) and activated state (pseudopodia; (George, 

2000b). The far left schematic shows the different zones of the platelet: the 

peripheral zone, which contains the glycocalyx, plasma membrane and dense 

tubular system (DTS); the second zone, the Sol-Gel zone, which forms the 

cytoskeleton of the platelet and consists of microtubules and microfilaments; 

and the third zone, the organelle zone, which contains mitochondria and 

granules. The right electron micrograph shows morphologies of the resting 

(left) and activated (right) platelet (George, 2000a). 
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1.1.3 Function  

The main function of the platelet is to mediate haemostasis. This is 

accomplished, in part, by formation of a haemostatic plug via the following 

events: platelet adhesion, shape change, activation, aggregation and 

procoagulant ability.  

 

1.1.3.1 Adhesion 

The first step of platelet activation is adhesion; this is an important step to 

maintain the integrity of blood vessels and is also a potential target for certain 

antithrombotic drugs. Upon vascular injury, the subendothelium layer is 

exposed and causes collagen exposure. This enhances the binding of the 

subendothelial layer with VWF, through GPIb/V/IX, which acts as a bridge 

between the circulating platelets and the site of injury, as well as protecting 

factor VIII from proteolytic enzymes. GPVI on the platelet surface facilitates 

platelet binding to collagen, thereby inducing thromboxane A2 (TXA2) 

formation and release. Finally, ✁�✂✄ ☎✆✝✞✟✠✆✡ further platelet adhesion and 

activation (Jenne et al., 2013).  

 

1.1.3.2 Activation and amplification  

Following the adhesion phase, the release reaction takes place and includes the 

secretion of platelet agonists, such as ADP from dense granules and factor V, 

fibrinogen and P-selectin from ✁-granules. This induces further platelet 

activation and also initiates the coagulation response, as a result of the release 
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of factor V, and an inflammatory response in response to the exposure of P-

selectin on the platelet surface. Moreover, activated platelets generate lipid 

mediators from the plasma membrane, such as TXA2. TXA2 interacts with the 

thromboxane prostanoid (TP) receptor on the platelet surface while ADP 

interacts with the P2Y1 and P2Y12 receptors.  

 

The binding of these chemicals to their receptors on the platelet plasma 

membrane leads to induction of different intraplatelet signalling pathways. 

These signalling events alter the intracellular concentrations of Ca+2 and cyclic 

monophosphates � two ubiquitous second messengers that orchestrate main 

platelet functions. Changes in concentrations of these messengers mediate both 

activation and inhibition pathways in platelets.  

 

The elevation of cytosolic Ca+2 represents the greatest signalling event in 

platelets. This is due to ✁✂✄ ☎✆✝✞✟ capacity to trigger a variety of regulatory 

enzymes responsible for different functional responses, including granule 

release and shape change (Siess, 1989). The majority of the increase in 

cytosolic Ca+2 is attributed to Ca+2 mobilization from endoplasmic reticulum 

(ER) intracellular stores (the platelet dense tubular system) and, to a smaller 

degree, entry of Ca+2 through selective plasma membrane ion channels.  

 

Platelets are activated, in part, by the increase in intraplatelet Ca+2 through 

binding of physiological platelet agonists, TXA2, ADP, thrombin, serotonin and 

platelet activating factor (PAF). The interaction of these agonists with their 

receptors via Gq proteins promotes the activation of phospholipase C (PLC), 
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which is followed by the formation of secondary messengers, inositol 1, 4, 5-

triphosphate (IP3) and diacyl glycerol (DAG) from membrane 

phosphatidylinositol (PI) (Litosch, 2002). 

 

Finally, binding of IP3 with its receptors (IP3R) on the ER leads to prompt 

liberation of Ca+2 from ER stores. These eventually leads to a platelet shape 

change from disc-shaped to spherical, with formation of filopodial projections 

that appear as a meshwork of platelets in plug formation.  

 

1.1.3.3 Aggregation  

This process leads to a conformational change in GPIIb/IIIa receptors on the 

platelet surface, from a low affinity to a high affinity state, and triggers the 

binding together of platelets to form aggregates that accumulate and arrest 

bleeding at the site of injury. 

 

GPIIb/IIIa is the main receptor involved in platelet aggregation; an activated 

GPIIb/IIIa complex allows binding to soluble plasma fibrinogen, leading to 

platelet aggregation and promotion of spreading of the stimulated platelets 

along the site of injury. Therefore, aggregation is considerably dependent on G 

protein-coupled receptors (GPCRs) and is mediated by the bridge between 

fibrinogen/VWF (under high shear) and activated GPIIb/IIIa complexes on 

nearby stimulated platelets (Abbate et al., 2012).   

 

As well as the exposure of anionic phospholipids, exposure of 

phosphatidylserine (PS) primarily provides a surface upon which platelets can 
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support thrombin generation. Thrombin, the most powerful agonist and the 

fundamental enzyme of the coagulation cascade, acts by cleaving the protease 

activated receptor (PAR)-1. This causes further activation and local recruitment 

of platelets into the area and inclusion of leucocytes, via the interaction of their 

P-selectin glycoprotein ligand (PSGL)-1 receptor with P-selectin on platelets. 

 

However, pathophysiological states, such as atherosclerotic plaque rupture, can 

lead to abnormal platelet activation and consequent arterial thrombosis, which 

can cause myocardial infarction and ischaemic stroke. Figure 1-2 describes the 

overall haemostatic process and the signalling events involved (Broos et al., 

2011, Dorsam and Kunapuli, 2004). 
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1.1.3.4 Platelet-leucocyte interaction  

Stimulated circulating platelets promptly bind to other platelets in close 

vicinity to form platelet aggregates. Activated platelets can also bind to 

leucocytes and this is mediated by the binding of P-selectin and CD40-ligand 

(CD40L) to PSGL-1 and CD40, respectively, on the leucocyte surface, thereby 

representing the important role that platelets play in the inflammatory process. 

This binding has a fast dissociation rate (Kd), for which reason stable adhesion 

is required and is �✁✂✄☎✆✁✂ ✝✞ ✟✠-integrin Mac-1 (CD11b/CD18) and leucocyte 

function-associated antigen-1 (LFA-1). In this respect, platelet-monocyte 

conjugate formation is shown to induce tissue factor expression on the 

monocyte ✡ a strong promoter of coagulation, thereby representing a crosslink 

between inflammation and haemostasis (Zhao et al., 2003b). 

  

The crosstalk between platelets and leucocytes may have an influence on 

inhibition of the two cell types. For example, in the case where a patient 

presents with a high leucocyte count, platelet function is shown to be inhibited 

by the action of the surface enzyme, ecto-ADP-ase (CD39), unlike in healthy 

volunteers with a normal leucocyte count (Heptinstall et al., 2005). Platelets 

also release transforming growth factor-✟ ☛☞✌✍-✟✎ (Hua et al., 1998) and 

soluble P-selectin (Gamble et al., 1990), which have been shown to inhibit the 

adhesion of leucocytes to the vascular endothelium and cause generation of 

superoxide anions. 
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The presence of platelet leucocyte aggregates has been demonstrated in many 

cardiovascular diseases, such as stable and unstable angina, myocardial 

infarction and in patients undergoing percutaneous coronary intervention (PCI) 

(Cerletti et al., 2012).  

1.1.4 Natural inhibitors of platelet activation 

Once platelet aggregate formation stops the bleeding through the different 

mechanisms that involve adhesion, activation and secretion, it is normal for the 

body to then prevent continuous activation of the platelets. In this respect, 

many factors play an important role: nitric oxide (NO) and prostacyclin (PGI2) 

are released from the vascular endothelium, both of which suppress platelet 

activation via specific pathways and also have vasodilatory effects (Cines et al., 

1998). NO acts by elevating platelet cyclic guanosine monophosphate (GMP) 

levels by activating guanylate cyclase (GC) and inhibiting agonist-induced 

increases in cytoplasmic Ca2+ levels (Mendelsohn et al., 1990, Loscalzo, 2001). 

Endothelial cyclooxygenase (COX)-1 and prostaglandin G/H synthase-2 

(PGHS-2; also known as COX-2) mediate the production of PGI2, which 

activates platelet surface IP receptors through a Gs-mediated increase in 

platelet cyclic AMP (cAMP) and thereby inhibits platelet activation (Boie et 

al., 1994, Grosser et al., 2006).  

 

Adenosine is another inhibitory agent of platelet function, which interacts with 

A2A receptors and increases cAMP levels (Hove-Madsen et al., 2006). It is 

proposed that plasma adenosine levels rise during hypoxia and ischaemia; also, 

adenosine is shown to exert an antithrombotic effect in animal models of  
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thrombosis (Linden et al., 2008). In this regard, adenosine may become 

accessible when using dipyridamole as an antiplatelet drug, as it inhibits the 

adenosine uptake by erythrocytes, thereby increasing the exposure of platelets 

to adenosine and inhibiting platelet cyclic GMP-dependent phosphodiesterase 

(PDE) (Schaper, 2005).  

Platelet function can be regulated by receptor desensitization � an important 

factor in maintaining the balance in platelet responsiveness to ADP. It has been 

indicated that after repeated exposure to low concentrations of the agonist, 

platelets become insensitive to additional stimulation with ADP, in compliance 

with the term ✁desensitization✂ (O'Brien, 1965). The interaction of ADP with 

P2Y1 and P2Y12 receptors relies on different protein kinases, such as G protein-

coupled receptor kinase (GRK), leading to their phosphorylation and 

desensitization (Hardy et al., 2005). Activated P2Y1 and P2Y12 receptors are 

then internalized using ❛ clathrin-dependent pathway (Baurand et al., 2005). 

Conversely, internalized receptors are resensitised by dephosphorylation using 

protein phosphatase 2A (PP2A) and recovered back to the plasma membrane 

(Mundell et al., 2008). It is evident that the recovery of P2Y12 receptors to the 

plasma membrane is a more rapid process than the recovery of P2Y1 receptors 

(Baurand et al., 2005).  Different regulatory mechanisms govern the 

desensitization and resensitisation of P2Y1 and P2Y12 receptors, which 

demonstrates their importance in maintaining the response to ADP.  

 

The ADP platelet receptor response is also partially controlled by the enzyme 

ecto-ADP-ase/CD39, which is located on the surface membrane of leucocytes 
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and endothelial cells. CD39 acts by converting ADP into AMP, thereby 

decreasing the concentration of ADP when it is released from the activated 

platelets or erythrocytes (Atkinson et al., 2006).  

1.2 Platelets and antiplatelet drugs 

Platelets show a dual mechanism toward the normal haemostatic process. 

During primary haemostasis, platelets activate and interact with each other to 

favour platelet aggregation to the injured blood vessels; however, this can only 

stop bleeding and requires the incorporation of fibrin. During secondary 

haemostasis, platelets participate in the coagulation process by releasing 

various coagulation factors, adhesive proteins and exposing phospholipids. 

These are important initiator events of the coagulation cascade, which leads to 

stabilisation of the haemostatic plug (Franchini et al., 2008). However, 

unnecessary or uncontrolled platelet activation, as a result of atherothrombotic 

plaque, can lead to thrombosis. 

 

The use of antiplatelet drugs helps to reduce the likelihood of intravascular 

thrombus formation and adverse ischaemic as they achieve platelet inhibition. 

All of the currently clinically available antiplatelet drugs essentially interfere 

with some aspect of platelet function, which will be discussed in more detail in 

the next section (Lippi et al., 2007). 
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1.2.1 Acetylsalicylic acid 

Aspirin, also known as acetylsalicylic acid (ASA) is an important antiplatelet 

therapy for patients who have, or are at high risk of developing, atherosclerotic 

diseases. The main action of aspirin on the platelet is inhibition of the 

production of TXA2 generation. This is accomplished by irreversible inhibition 

of COX-1 via irreversible acetylation of the serine residue at position 259 of 

the protein sequence (Roth and Majerus, 1975, Thorngren and Gustafson, 

1983). ASA is absorbed very quickly from the gastrointestinal (GI) tract, 

achieves peak plasma concentration after 30-40 minutes and takes up to 6 days 

to recover half of normal platelet function. The reason for this is that platelets 

are anucleated; thus, they are unable to synthesise additional COX-1 and COX-

1 inhibition, therefore, persists for the 5-10 day life span of platelets (Bujold et 

al., 2011). ASA is bioavailable in several formats: soluble, compressed, 

delayed release and enteric-coated (Maree et al., 2007, Patrono and Rocca, 

2007).  

 

The arachidonic acid (AA) metabolism pathway is an important target for ASA 

therapy. AA is an important and dominant fatty acid in the platelet plasma 

membrane. The liberation of the membrane phospholipids by the action of 

phospholipase A2 (PLA2), and then the conversion, via the COX pathway leads 

to the formation of prostaglandin G2 (PGG2). PGG2 is then converted by 

endoperoxides to prostaglandin H2 (PGH2) (Moncada and Vane, 1979, Lagarde, 

1988). Thromboxane synthase then rapidly converts PGH2 into TXA2. Both 

PGH2 and TXA2 are extremely potent agonists that can diffuse across the 
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plasma membrane and bind to specific Gprotein-coupled platelet receptors 

(Offermanns et al., 1994). Regarding the COX enzyme, it exists in two forms: 

COX-1, which is constitutively expressed in platelets (Ahmed et al., 2000), and 

COX-2, which is upregulated during inflammation, in leucocytes and in 

endothelial cells in response to tissue injury (Smith et al., 1996).  

�✁✂ ✄☎✆✝✆✁✞✟✠✡✟✆✝☛ �✞✝✄☞✝✌✆✌✍ Collaboration revealed that ASA therapy is 

associated with a 15% reduction in vascular mortality, a 25% reduction in 

stroke in high-risk atherothrombotic disease patients and a 34% reduction in 

myocardial infarction (Antithrombotic Trialists, 2002). This trial has 

recommended a dose of ASA between 75 to 150mg for chronic therapy. 

However, antiplatelet properties of ASA have been shown to vary among 

individuals and recurrent events in some patients could be due to ASA non-

responsiveness or ASA resistance (Cattaneo, 2004). ASA resistance could have 

resulted from patient noncompliance, drug interactions ✎ especially with other 

nonsteroidal anti-inflammatory drugs (NSAIDs) ✎ genetic polymorphisms of 

COX-1 and components of other pathways of platelet activation not affected by 

ASA (Hankey and Eikelboom, 2006). 

 

1.2.2 P2Y12 antagonist 

P2X and P2Y receptor subtypes and tissue distribution 

Purinergic receptors are categorized into adenosine (P1) and nucleotide (P2) 

receptors. Nucleotide receptors are then classified into two groups: ligand-

gated ion channels (P2X) and G protein-coupled receptors (P2Y). 
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P2X receptors  

The P2X receptors are ligand-gated ion channels that mediate the fast entry of 

Ca2+ in response to extracellular ATP. There are seven members of P2X 

receptor: P2X1�P2X7. P2X1 is most widely expressed, with pronounced 

expression in platelets, megakaryocytes, smooth muscle cells and vas deferens 

epithelium. Though P2X1 is incapable of triggering platelet aggregation alone, 

it has been shown to be involved in collagen and shear-induced aggregation 

(Oury et al., 2001); hence, it is proposed to have a significant role in platelet 

activation during arterial thrombosis (Mahaut-Smith et al., 2004). Synergistic 

interaction between P2X1 and P2Y1 has been described, indicating that the 

P2X1 receptors play a priming role in the subsequent activation of P2Y1 (Vial 

et al., 2002). P2X2-P2X7 receptors are predominately expressed in the central 

and peripheral nervous system (Harden et al., 2010).  

 

P2Y receptor  

P2Y receptors can be divided into two main subgroups: the P2Y1 subfamily 

which consists of P2Y1, P2Y2, P2Y4, P2Y6, and P2Y11 receptor subtypes. They 

are all coupled to Gq to activate phospholipase C, leading to formation of IP3 

and consequent mobilisation of intracellular Ca2+, platelet shape change, 

aggregation and TXA2 generation (Wijeyeratne and Heptinstall, 2011). They 

are all activated by different nucleotides (ATP, ADP, uridine di-/triphosphate; 

UDP/UTP) while P2Y11 is the only receptor exclusively activated by ATP 

(Harden et al., 2010). These receptors confer different cellular functions in 

different tissues, namely the brain, autonomic nervous system, respiratory 
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epithelia, GI tract, kidney, eye, vascular tissue, and the immune and 

inflammatory cells (Harden et al., 2010, Ralevic and Burnstock, 1998). P2Y1, 

which is expressed in vascular endothelial cells (Wang et al., 2002), is 

responsible for vasodilation in response to the release of endothelium-derived 

hyperpolarizing factor (EDHF) and NO from endothelial cells (Malmsjo et al., 

1999). The second group of P2Y receptors, known as the P2Y12 subfamily, 

comprises the P2Y12, P2Y13, and P2Y14 subtypes, which are coupled to Gi and 

inhibit adenylate cyclase, leading to reduction of cAMP and indirect activation 

of platelets. P2Y12 and P2Y13 are largely activated by ADP, while P2Y14 is 

activated by UDP-glucose and other nucleotide sugars (Harden et al., 2010). 

The P2Y12 receptor plays a pivotal role in haemostasis, through increased 

expression on platelets, and in inflammation, by inducing microglia migration 

in the brain. P2Y13 is also expressed in the brain and in the spleen, while P2Y14 

is largely expressed in the brain, placenta, neutrophils, lymphocytes, epithelial 

cells from various tissues and in the GI smooth muscle (Harden et al., 2010). 

The binding of ADP with the P2Y12 receptor plays an important role in platelet 

activation and thrombogenesis. It also inhibits the activation of adenylate 

cyclase in response to prostacyclin, a natural inhibitor of platelet aggregation, 

as seen in Figure 1-3(Cattaneo, 2011). 
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Figure 1-3:  The role of ADP in platelet function.  

This diagram represents the important receptors situated on the platelet and 

shows their role in platelet activation, which is achieved by interaction with the 

Gi-coupled P2Y12 receptor and the inhibition of platelet by exerting the effect 

on the Gs-coupled IP receptor (Cattaneo, 2011). P2Y12 is the main receptor for 

ADP on platelets. It is also accountable for the amplification of platelet 

activation and aggregation triggered by other agonists (Storey et al., 2000b). 

Antagonism at P2Y12 receptors has been the target of antiplatelet drugs in the 

clinic due to the tissue-selective distribution of these receptors, which are 

restricted to platelets and sub-regions of the brain (Hollopeter et al., 2001). 

There are a number of agents that have shown to interact with the P2Y12 

receptor, thereby clinically reducing platelet function. Examples of these drugs 

are ticlopidine, clopidogrel, prasugrel, cangrelor and ticagrelor. These drugs 

display more effective inhibition of platelets, however, when used in 

combination with aspirin. 
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1.2.2.1 Ticlopidine 

Ticlopidine is considered to be the first P2Y12 antagonist. It belongs to the 

group of drugs known as thienopyridines, which include two other drugs, 

clopidogrel and prasugrel. These prodrugs undergo hepatic metabolism by 

cytochrome P450 to be converted from the inactive to the active state. The 

active metabolites then bind to the cysteine residues of the P2Y12 receptor, 

thereby irreversibly preventing the binding of its ligand, ADP (Herbert and 

Savi, 2003). 

 

Ticlopidine has been shown to irreversibly inhibit ADP-induced platelet 

aggregation, with greatest effect detected after 15 days of oral administration. It 

has been used as an alternate to aspirin until its many side effects, such as low 

neutrophils and thrombotic thrombocytopenia purpura, were reported due to 

toxicity. Thereby, it has been completely substituted with clopidogrel in the 

clinic (Benoit and Dogne, 2003) .  

 

1.2.2.2 Clopidogrel 

It is prodrug that has to be converted into its active form by the action of the 

enzyme CYP2C19 or cytochrome P450 in the liver (Savi et al., 2000). A 

thienopyridine, it is most widely used as an antithrombotic drug and 

recommended in the clinical setting for the prevention of acute coronary 

syndrome and ischaemic stroke (Greenhalgh et al., 2011). The irreversible 

binding of clopidogrel to the P2Y12 receptor�✁ cysteine sulfhydryl residues 
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causes blockade of ADP binding, preventing receptor, and ultimately platelet 

activation. �✁✂ ✄☎✆✝✞✟ effect on platelet function lasts 7-10 days, which is, as 

mentioned before, the life span of the platelet.   

 

The advantage of clopidogrel was studied in several trials, such as the CAPRIE 

and CURE trials. In the CAPRIE trial, a population of 19,185 patients with 

cardiovascular diseases were studied; clopidogrel was revealed to be more 

effective than aspirin and was established as an alternative drug (Committee, 

1996). Later, in the CURE trial, clopidogrel combined with aspirin was shown 

be more 20% more effective than aspirin alone in reducing death from 

cardiovascular diseases (Yusuf et al., 2001). These days, dual oral antiplatelet 

therapy with aspirin and clopidogrel has been the suggested regimen for 

patients with acute coronary syndrome (ACS) undergoing PCI (Bertrand et al., 

2000a). This was shown and clearly investigated in the more recent 

CHARISMA trial, which shows that dual antiplatelet therapy is superior to 

aspirin alone in patients with coronary artery disease (Almanaseer and Desai, 

2006).    

 

Although clopidogrel provides considerable protection against thrombotic 

events, it has some disadvantage toward platelet inhibition which ranges from 

cellular factors to clinical factors. The former include accelerated platelet 

turnover, an upregulated P2Y12 pathway and increased ADP exposure in 

conjunction with genetic factors, such as polymorphisms of CYP3A. Clinical 

factors include poor absorption and patient compliance and, in particular, drug 
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interactions are shown to influence the ability of clopidogrel to inhibit platelet 

aggregation (Snoep et al., 2007). In this respect, it has been show that certain 

drugs, such as the proton pump inhibitor, omeprazole, can inhibit the activity of 

the CYP2C19 enzyme (Azam and Jozic, 2009).  

 

A more recent drug, prasugrel, is similar to clopidogrel in that it is a prodrug; 

however, it has more rapid action after oral administration. Also, prasugrel is 

less affected by polymorphism of the CYP2C19 enzyme (Brandt et al., 2007a). 

The major disadvantage of prasugrel, which restrict its use, however, is the 

high cost. 

 

1.2.2.3 Prasugrel 

Prasugrel is a thienopyridine prodrug, like ticlopidine and clopidogrel, that 

needs to be converted to its active metabolite, R-138727, to inhibit platelet 

function. It shares the same property as clopidogrel, in which the active 

metabolite irreversibly binds to the sulphydryl groups of P2Y12 receptors to 

prevent the platelet response to ADP. However, prasugrel differs from 

clopidogrel in that it has fast onset (after 30 minutes), a long duration (72 hrs) 

of action after oral administration and it shows greater platelet inhibition in 

individual patients. In this regard, most of the patients treated with prasugrel 

show good inhbition of platelet function, while 30% of patients treated with 

clopidogrel have an unsatisfactory response (Wijeyeratne and Heptinstall, 

2011). The latter is down to to the more efficient in vivo generation of active 

metobiltes compared to clopidogrel (Sugidachi et al., 2007).  
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The TRITON-TIMI 38 study compared prasugrel and clopidogrel, revealing a 

significant improvement (18%) in composite adverse events, such as death 

from cardiovascular disease, associated with use of prasugrel. However, 

prasugrel was also associated with increased bleeding in patients, in 

comparison with those who took the standard dose of clopidogrel (Jakubowski 

et al., 2010). Despite the fact that prasugrel is shown to be a better inhibitor of 

platelet function than clopidogrel, the reason for limiting its clincal spread is 

the high cost and bleeding (Wiviott et al., 2007, Marzot and Pengo, 2009). 

These shortcomings have to be taken into consideration and might limit the the 

administration of this drug clinically.  

 

 

1.2.2.4 Ticagrelor 

Ticagrelor, also known as AZD6140, is a cyclopentyl-thiazole-pyrimidine. It  is 

metabolized to its active form, ARC124910XX, which has similar 

pharmacokinetics to the parent compound (Husted and van Giezen, 2009). The 

mode of action of ticagrelor and its active metabolite is reversible, thus, it 

cannot inhibit the platelet function as its concentration in the blood is reduced 

(upon clearance of the drug from the circulation). Similar to clopidogrel, 

ticagrelor is also a CYP450 substrate; thus, drug-drug interactions is a likely 

risk (Nawarskas and Clark, 2011). Numerous clinical trials have studied the 

effect of ticagrelor in comparison to other antiplatelet drugs. 
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The DISPERSE study investigated the pharmacodynamics of ticagrelor in 

atherosclerotic disease patients, in comparison to two other drug regimens: 

aspirin (70-100mg) once daily;  ticagrelor (50,100,200 or 400mg); and 

clopidogrel (75mg) for 28 days. These studies revealed that ticagrelor (100mg, 

200mg or 400mg) inhibited platelet aggregation more effectively and rapidly, 

both after the first dose and after 28 days of therapy. However, ticagrelor has 

demonstrated a moderate to high incidence of bleeding, unlike clopidogrel 

(Husted et al., 2006, Storey et al., 2007). Recently, the PLATO study (platelet 

inhibition and patient outcomes) compared ticagrelor with clopidogrel with 

respect to major adverse cardiac events (MACE) in patients with non-ST and 

ST-elevation ACS. This study has shown that ticagrelor was associated with a 

decrease in MACE and mortality, compared to clopidogrel (James et al., 2009).  

 

1.2.2.5 Cangrelor  

Cangrelor, also known as AR-C69931MX, is an ATP analogue that is 

administrated intravenously for direct and reversible inhibition of P2Y12 

receptors (Ingall et al., 1999). Although it cannot be given orally like 

ticagrelor, cangrelor shows very effective inhibition of platelet function � it 

disappears within minutes of infusing the drug (Storey et al., 2001). This 

demonstrates the usefulness of cangrelor during the periprocedural period in 

patients undergoing PCI.   

 

Cangrelor can be a beneficial antiplatelet agent for distinct period of time, 

according to the clinical situation (Ueno et al., 2010). In this respect, (Steinhubl 
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et al., 2008) have shown that cangrelor may counteract the effect of clopidogrel 

and prasugrel to act as reversible inhibitor of platelet function due to the 

competitive interaction between cangrelor and the active metabolite of 

clopidogrel at the P2Y12 receptor level. Based on this finding, it is proposed 

that the clopidogrel loading dose is administered after the termination of 

cangrelor infusion. 

 

Cangrelor is also used in the research setting to assess platelet inhibition via 

antagonism of the P2Y12 receptor. Various small trials have investigated the 

effect of cangrelor on platelet aggregation in comparison with other antiplatelet 

agents. First, it was compared to aspirin in healthy volunteers and showed a 

distinguished inhibition of platelet aggregation induced by ADP, PAF, 

thrombin receptor activating peptide (TRAP) and collagen. This indicated the 

important role of P2Y12 receptor in supporting platelet aggregation (Storey et 

al., 2000b). Later studies have shown the ability of cangrelor to inhibit ADP- 

and TRAP-induced platelet aggregation in vitro (Storey et al., 2001, Storey et 

al., 2002b) as well as significant inhibition of ADP-induced platelet activation 

via P-selectin and platelet-monocyte conjugate formation (Storey et al., 2002a). 

Recently, the findings of the CHAMPION-PCI clinical study have determined 

that cangrelor significantly decreases the rate of ischaemic events, including 

stent thrombosis, during PCI, with no significant increase in severe bleeding 

(Bhatt et al., 2013).  
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1.2.3 Dipyridamole 

Dipyridamole was originally recognised in 1959 as an antianginal medication, 

as it presents vasodilation which results in increased blood flow to the coronary 

arteries, without affecting the heart muscle�✁ oxygen consumption. Later, its 

effectivness as an antithrombotic agent was demonstrated in animals and 

humans (Litwack, 1962). Dipyridamole inhibits platelets by blocking platelet 

cyclic neucleotide phosphodiesterase (PDE)-III and PDE-V, resulting in 

accumulation of cAMP and cGMP, respectively, and also via the blockade of 

adenosine uptake, thereby preventing stimulation of adenylate cyclase and an 

increase in cAMP (Moncada and Korbut, 1978). In vitro and ex vivo studies 

confirmed that dipyridamole had an inhibitory effect on platelet aggregation in 

blood stimulated with PAF and AA and this inhibition was potentiated with 

adenosine (Heptinstall et al., 1986).  

 

In a study with healthy volunteers, dipyridamole was shown to increase the 

inhibitory effect of aspirin on thrombi developed on the subendothelial matrix 

(Muller et al., 1990). In early clinical trials, a combination of dipyridamole 

with aspirin produced a small decline in the risk of stroke and increased 

survival, in comparison to placebo alone (group, 1987). A following, larger 

trial (ESPS-II ; the European stroke prevention study) showed that the effect of 

dipyridamole combined with aspirin in patients with previous stroke or 

transient ischemic attack (TCA) reduced the risk of recurrent stroke and death 

by 13% and 15%, respectively (Diener et al., 1996). 
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1.2.4 GPIIb/IIIa antagonist  

This group of antiplatelet agents exert their effect by inhibiting the final 

platelet aggregation pathways that include the interaction of fibrinogen with its 

main receptors on platelets, GPIIb/IIIa and �✁✂✄☎✆�✁ ✝✞✞✟✠✡ (Coller, 1997).  

 

The first recognised GPIIb/IIIa inhibitor was abciximab, a monoclonal 

antibody fragment derived from the murine monoclonal antibody 7E3 (Coller 

et al., 1983). A remarkable benefit of using abciximab was the reduction of 

thrombotic complications in patients with refractory unstable angina 

undergoing percutaneous transluminal angioplasty (PTCA) (CAPTURE, 1997). 

Abciximab can bind up to 80% of the GPIIb/IIIa receptors within 2 hours of 

intravenous administration and its inhibitory action can last for up to 15 days 

after cessation of treatment (Mascelli et al., 1998). Tirofiban and eptifibatide 

are other GPIIb/IIIa antagonists which, if used with heparin or heparin with 

aspirin, can reduce ischaemic events in patients with unstable angina ACS or 

those undergoing PCI (Therapy, 2000). The major disadvantages of GPIIb/IIIa 

antagonists, however, are large variations in pharmacodynamics and 

pharmacokinetics between individuals, as well as limited safety and efficacy 

(Kereiakes et al., 1998). 

   

Following platelet activation by strong agonists, such as collagen or thrombin, 

up to 50% of the GPIIb/IIIa receptors are exposed on the plasma membrane 

(Wagner et al., 1996). In resting platelets, this internal pool of receptors, 

☛☞✌✍✂✄✎ �✁ ✂✏✄ ✝-granules, is not available to interact with GPIIb/IIIa 
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antagonists. This influences the clinical efficacy of the drug class to completely 

inhibit the internal pool of GPIIb/IIIa (Gawaz et al., 1998).  

 

 

Although GPIIb/IIIa inhibitors target the final aggregation pathway, they have 

no influence on platelet activation, as revealed by several studies (Tsao et al., 

1997, Klinkhardt et al., 2000). Consequently, active platelets circulate and bind 

to leucocytse to form PLCs. In this regard, PLCs formation was shown to be 

raised where platelets were activated in the presence of GPIIb/IIIa antagonists 

(Zhao et al., 2003b). This observation could explain the failure of platelet 

inhibition by orally available agents, which restricts its use to the intravenous 

administration during coronary procedures. The most commonly used 

antiplatelet drugs and their specific targets are shown in Figure 1-4.  
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Figure 1-4: Antiplatelet agents and agonists of platelet activation. 

Different platelet surface receptors initiate platelet activation, resulting in 

platelet aggregation, release of ✁- and dense granule contents, thrombin 

generation and its pro-coagulant activity triggering of the platelet surface. The 

released adenosine diphosphate (ADP) from dense granules binds to P2Y1 and 

P2Y12 receptors; hence, P2Y12 acts as a powerful amplifier of platelet activation 

and all the functional responses associated with it. The binding of collagen to 

glycoprotein (GP)-VI is an important inducer of thromboxane A2 (TXA2) 

production. The contents of ✁-granules play a role in coagulation and mediate 

the inflammatory response during thrombosis. The antiplatelet agents acting on 

their receptors on platelets are demonstrated in the figure (Gladding et al., 

2008, Storey, 2011). 
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1.3 Platelet Function Testing  

Evaluation of platelet function is of significance in identifying patients with 

platelet dysfunction, such as hyperfunction, and has become important for 

monitoring antiplatelet therapy. The majority of platelet function testing (PFT) 

has been traditionally used for the diagnosis and management of patients with 

bleeding events. In this regard, PFT is still labour intensive, time consuming 

and requires specialised equipment and expert staff to run tests. The 

identification of haemostasis defects in the laboratory, including platelet 

function abnormalities, involves a multistep process. This is because platelets 

are involved in atherothrombosis and newer tests are increasingly used for 

monitoring the efficacy of antiplatelet therapies, including any variability that 

may occur between patients, with the purpose to predict any adverse events, 

such as thrombosis or bleeding in arterial thrombotic diseases. The ultimate 

goal of PFT is to select the optimal dose of drug for the prevention or the 

treatment of thrombosis, so as to also minimising haemorrhagic events 

(Michelson, 2004). The assessment of platelet function is a stepwise procedure 

that requires clinical and laboratory cooperation in order to successfully 

diagnose platelet function defects. Table 1-1 summarises the most recent PFT 

and their clinical values (Choi et al., 2014).  
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Table 1-1: Major platelet function tests and their clinical applications (Choi et al., 2014).   

 

Name of test 

 

Principle 

 

Clinical applications 

 

Platelet aggregometry 

 

Platelet aggregation to a panel of agonists 

 

Diagnosis of inherited and acquired 

platelet defects 

 
PFA-100/200 

 
High shear platelet adhesion and aggregation 

 
Detection of inherited and acquired 
platelet defects, monitoring antiplatelet 
drugs 

 
Flow cytometry  

 
Measurement of platelet GP, secretion, MP and 
activation markers by fluorescence 

 
Diagnosis of platelet GP defects, platelet 
release, PMP, platelet activation 
markers, monitoring antiplatelet drugs 

 
Impact 

 
Measurement of platelet adhesion and aggregation 
under high shear 

 
Detection of inherited and acquired 
platelet defects, monitoring antiplatelet 
drugs 
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Thromboelastography 
( TEG/ROTEM) 

 
Monitoring rate and quality of clot formation 

 
Prediction of signal bleeding, aid to 
blood product usage, monitoring 
antiplatelet drugs 

 
VerifyNow 

 
Platelet aggregation 

 
Monitoring antiplatelet drugs 

 
Multiplate 

 
Platelet aggregation 

 
Monitoring antiplatelet drugs 

 
VASP-P 

 
Flow cytometry with phosphoprotein-
phosphorylation 

 
Monitoring P2Y12 receptor activity  

 
Microparticles 

 
Flow cytometry with calibrated beads 

 
Platelet activation markers, intracellular 
communication 

Continued Table 1-1: 
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The initial step in PFT is to obtain a fresh blood sample from a patient or 

volunteer. As the blood tends to clot in uncoated glass, anticoagulants are 

used to keep the blood in a liquid state, which is important in order to study 

platelet function in vitro. In this respect, the preparation of platelets for 

aggregation studies should always be carried out in either plastic or 

siliconized glass tubes. Studies of secretion, adhesion and platelet 

aggregation necessitate an appropriately anticoagulated blood sample. A 

variety of anticoagulants are used for this purpose, such as citrate, heparin, 

hirudin and ethylenediaminetetraacetic acid (EDTA) � each with their own 

advantages and disadvantages.  

 

As platelet aggregation relies on the presence of free Ca2+ in the plasma, 

the preferred anticoagulants for most aggregation studies are citrate and 

hirudin. However, EDTA is the preferable agent for measuring numbers of 

platelet and for morphological studies. This is because EDTA causes 

physical changes to the platelet, such as the dissociation of GPIIb/IIIa into 

its subunits, as well altering platelet function as a result of Ca2+ chelation. 

EDTA is, therefore, not suitable for aggregation testing (White et al., 

1999). Hirudin has two advantages: first, it directly inhibits thrombin and 

ultimately prevents fibrinogen from being converted into fibrin. Second, it 

maintains divalent cations, such as Ca2+, and preventing thrombin-

catalysed reactions, such as activation of factors V, VIII and XIII. Citrate 

acts in the same way as EDTA, without damaging the platelet by means of 

partial chelation of Ca2+  (Sohn et al., 2001); it also increases the 

expression of P-selectin on the platelet surface (Gurbel et al., 2007, Storey 
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et al., 2007). Sodium citrate also causes less spontaneous activation of 

platelets in vitro than EDTA (Macey et al., 2002). 

 

The major functions of platelets are adhesion to the damaged blood vessel 

walls, aggregation to form a haemostatic plug, promotion of the 

coagulation system and induction of inflammation. Thus, PFT is important 

in studies of patients with platelet defects, such as Bernard-Soulier (BS) 

syndrome, which is characterised by deficiency of the adhesion receptor 

GP/Ib/IX/V, and Glanzmann thrombasthenia (GT) � a deficiency of the 

GPIIb/IIIa receptor. Moreover, platelets play a pivotal role in the 

pathophysiology of cardiovascular diseases, as inappropriate activation 

may cause ischaemic events. In antiplatelet therapy, it is vital to perform 

platelet function tests for the following purposes: 1) to distinguish between 

responder and non-responder patients to antiplatelet therapy, 2) to evaluate 

the suitability of the antiplatelet drugs for the patients and 3) as an 

important tool for surgeons to make the decision of stopping the drugs 

before surgery to prevent the occurrence of bleeding (Mueller et al., 2009). 

Investigations of platelet function have included measurements of the 

ability of platelets to adhere, aggregate, and/or to undergo activation. The 

only standard clinical tests of platelet function are bleeding time and 

platelet aggregometry (Rodgers and Levin, 1990). Some other tests are 

being used in research settings, such as soluble P-selectin, ✂-

thromboglobulin, platelet factor 4 (PF4) and plasma and urinary assays of 

TXA2 metabolites (Venturinelli et al., 2006). 
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One of the main challenges of assessing platelet function is the complexity 

of recapitulating haemostasis in vitro (Harrison et al., 2007). This process 

is complex and very delicate as the platelets are very sensitive to 

manipulation and are also very susceptible to artefactual in vitro activation. 

 

Lastly, platelets are considered multifunctional and included into many 

pathophysiological processes such as haemostasis and thrombosis, vessels 

constriction and repair, inflammation and promotion of atherosclerosis, 

among others. Thus, PFT could evaluate any one of these essential process, 

although the majority of tests focus directly on haemostasis, as seen in 

Figure 1-5 (Harrison, 2005). 
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Figure 1-5: The multifunctional platelet. 

Platelets are involved in many pathophysiological processes in addition to 
haemostasis and thrombosis, namely maintenance of vascular tone, 
inflammation, host defence and tumour biology, among other processes as 
indicated (Harrison, 2005). 

 

1.3.1 Pre-analytical variables of platelet function testing 

PFT is time-consuming and prone to various problems due to pre-analytical 

variables such as the following:  

� An aspirin-containing compound should be avoided for at least 10 

days prior to testing because it interferes with the release reaction. 

�  The platelet studies should not be performed after a fatty meal, 

especially if optical methods involving platelet-rich plasma (PRP) are used 

to study platelet function. This is because the presence of lipids can affect 

the ability of the aggregometer to measure platelet aggregates and can lead 

to a decrease in the percentage of aggregation.  
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� The blood should be processed at room temperature, or 37°C, as 

chilling activates platelet. 

� The ratio of blood to anticoagulant should be 1:9 when citrate is the 

anticoagulant of choice and at least 20ml of blood is needed for a full 

aggregation study. 

� The pH for platelet aggregation studies should be within the 

physiological range 7.7-8.0 ( preferably 7.4) and tests have to be completed 

within two hours of blood collection (Woodhams et al., 2001). This is 

important to prevent the evaporation of carbon dioxide (CO2) after 

preparation, which leads to an increase in pH (Rogers and Des Prez, 1972). 

� PRP should be carefully separated after preparation to avoid 

contamination with red and buffy coat. 

 

 

In this method, PRP is usually diluted with platelet-poor plasma (PPP) in 

order to adjust the platelet count to a standard count of 300X109/L. 

However, there is a debate surrounding this issue as some researchers 

argue that PPP may contain some substances that affect platelet function, 

arguing that PRP is preferred and that the time-consuming process for the 

adjustment of the platelet count is unnecessary (Linnemann et al., 2008). In 

addition, others argue that dilution with PPP does not reflect the platelet 

function in vivo (Cornelia.a.k.van der stelt, 2007). However, more recent 

studies have shown that the platelet count is believed to be a major 

contributing factor to in vitro platelet aggregation (Cattaneo et al., 2007).  
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Another important concern to shed light on is centrifugation. (Merolla et 

al., 2011) suggest in their study that centrifugation has an impact on the 

platelet count; as centrifugation increases, the mean platelet volume and 

platelet aggregation decreases. Thus, it is important to standardise the 

procedure of platelet aggregation (Cattaneo et al., 2009a, Hayward, 2011). 

 

1.3.2 Platelet adhesion  

Platelet adhesion exemplifies the initial step in haemostasis and 

thrombosis. Platelet adhesion to a microplate coated with protein has 

previously been used (Bellavite et al., 1994). Following that, the technique 

has undertaken many developments to investigate platelet adhesion under 

static conditions and shows that platelet adhesion to collagen and 

fibrinogen is affected by the concentration of divalent cations (Whiss and 

Andersson, 2002). Also, it was shown that the adhesion was dependent on 

the surface to which platelets adhere; however, there is no difference 

between fibrinogen and collagen (Eriksson and Whiss, 2005). It should be 

noted that the measurement of platelet adhesion is complicated and the 

potential chance of platelet aggregation cannot be eliminated. Several 

techniques are available, such as IMPACT-R. This has been used and 

measures platelet adhesion as the percentage of the well surface covered by 

platelet aggregate under flow conditions. However; it is less accurate and 

cannot detect the efficiency of antiplatelet drugs (Bouman et al., 2011). 

Recently, new developments based on platelet adhesion assay by (Bouman 

et al., 2011) have been used. Here, a 6µm diameter spot of fibrinogen and 
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albumin was arrayed on a glass slide. Blood was then added and washed. 

To identify platelets, primary antibody (CD41) and fluorescent secondary 

antibody (goat anti-mouse IgG) were used. Platelet adhesion was 

calculated as the dot array occupancy (DAO), which represents the number 

of bound platelets/number of bound and unbound platelets X100. This 

method has the potential to personalise and improve the efficacy of 

antiplatelet therapy. Recently, a new assay development, based on the use 

of polystyrene beads coated with different protein, has shown promise as a 

tool to investigate platelet adhesion and inhibition in whole blood 

(Tynngard et al., 2015).  

 

1.3.3 Platelet activation 

1.3.3.1 Soluble activation marker 

When platelets become activated, they release their granule contents. 

Hence, a method to assess platelet function is based on the measurement of 

the products released by platelets in platelet-poor plasma (PPP). The most 

valuable tests are the radioimmunoassays (RIAs) and enzyme-linked 

immunosorbent assays (ELISAs) for platelet specific proteins. These 

proteins include soluble P-selectin (sP-�✁✂✁✄☎✆✝✞✟ ✠-TG, PF4 and 

☎✡☛☞✌✍☞✎✏✝✁ ✠2 (metabolite of TXA2) in the urine and plasma (Cerletti et 

al., 2012). 
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selectin with its counter-receptor on leucocytes, known as P-selectin 

glycoprotein ligand-1 (PSGL-1), which leads to recruitment of neutrophils 

and macrophages, along with other inflammatory mediators, and induces 

leucocytes to generate procoagulant microparticles. Also, P-selectin 

triggers increased expression of tissue factor on monocytes. Once the 

platelet is activated, P-selectin is moved from intracellular granules to the 

external membrane, while fibrinogen aggregates the platelets though the 

bridging of GPIIb/IIIa between adjacent platelets. E-selectin plays a 

significant role in the original recruitment or activation of leucocytes to the 

site of injury of inflammation. This is due to the fact that once the 

endothelial cells are activated, by molecules such as thrombin or histamine, 

during inflammation, E-selectin moves from an internal cell location to the 

endothelial cell surface.  

 

Raised levels of P-selectin are detected in several vascular diseases, such as 

myocardial infarction, unstable angina and thrombocytic thrombocytopenia 

purpura (TTP). Also, it has been suggested that P-selectin may indicate the 

functional status of platelets and endothelial cells (Koh et al., 2004).  

Soluble P-selectin (sP-selectin) is a form of P-selectin relocated from 

secretory granules to the surfaces of platelets and endothelial cells, after 

these cells have been physiologically activated, which then sloughs off into 

the plasma (Blann et al., 2008). Increased levels of soluble P-selectin are 

seen in hypercholesteraemic patients (Davi et al., 1998). 
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The most common marker, measured by flow cytometry, to assess platelet 

activation is P-selectin (CD62P) since it is a constituent of ✁-granules and 

is expressed on the surface of platelets when they are degranulated and 

activated (Blann et al., 2003). The data is usually represented as the 

percentage of CD62P-positive platelets of the total platelet population, and 

mean fluorescence of CD62P-positive cells (Merten and Thiagarajan, 

2000). This can be performed by stimulating the blood sample with an 

agonist and then labelling P-selectin with fluorescent antibodies. The 

resulting florescence is used as an indication of the degree of platelet 

activation. In this regard, the platelet research group in Nottingham have 

developed a novel strategy to study platelet activation, based on the 

measurement of P-selectin, which uses a commercial test kit (provided with 

the platelet agonists) to stimulate the platelets, followed by fixation of the 

blood with a novel fixative called PAMFix. The fixed samples were shown 

to be stable for up to nine days before testing (Fox et al., 2009). This test 

has two components: the P2Y12 P-selectin test and the aspirin P-selectin 

test. It was used to assess cardiovascular patients with platelet reactivity, 

while on treatment with aspirin or clopidogrel, which enhances the risk of 

subsequent cardiovascular events. Platelet reactivity, which is defined as 

residual platelet activity after antiplatelet drug therapy, was successfully 

demonstrated when using the P2Y12 P-selectin test; however, the aspirin P-

selectin test revealed a low response (Thomas et al., 2014). This test has, 

therefore, gained interest as a tool for measuring platelet activation, rather 

than platelet aggregation, which has been the focus of most other 

commercially available platelet function tests. Clinically, GPIIb/IIIa 
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antagonists that block platelet aggregation were not shown to better than 

P2Y12 antagonists at preventing platelet activation and aggregation. 

Therefore, it could be deduced that platelet activation may be a more 

effective target than platelet inhibition the final common pathway of 

aggregation. Accordingly, measurement of platelet activation via P-selectin 

may act as a more accurate physiological determinant of the response to 

antiplatelet therapy than measurement of platelet aggregation. Also, P-

selectin measurements can be performed in the presence of GPIIb/IIIa 

antagonists, unlike tests based on platelet aggregation (Thomas et al., 

2014).  

 

1.3.4 Platelet aggregation  

PFT is classified based on the underlying mechanisms used to assess 

platelet function, as well as the appropriateness of such methods in suitable 

clinical settings. These tests fall into three classes: platelet aggregometry 

assays, such as light transmittance aggregometry (LTA) and multiplate 

electrode aggregometry (MEA); flow cytometry; and point of care assays, 

such as VerifyNow.  

 

1.3.4.1 Light transmittance aggregometry  

The assessment of platelet function by optical aggregometry was first 

developed in 1962 (Born, 1962) (Bartlett, 1977, Barragry et al., 1979). This 

test is considered as the gold standard and is based on the stimulation of 
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platelets in PRP after addition of different agonists. such as ADP, 

epinephrine, collagen, AA and thrombin. Thrombin is often substituted by 

TRAP, which has the advantage of activating the platelet without 

converting fibrinogen to fibrin (scott D. Berkowitz, 1998). However, 

TRAP may not exhibit all aspects of thrombin-induced platelet activation 

as the bound receptor � PAR-1 � is not the only platelet receptor activated 

by thrombin. Other platelet receptors of thrombin include PAR-4 and GP1b  

(Yamamoto et al., 1991). 

 

This method is based on the idea that when platelets aggregate in response 

to the addition of an agonist, the sample of PRP becomes clear as more 

light passes through it. This reflects the percentage of aggregation, which is 

calculated by dividing the distance from baseline to the maximal 

aggregation achieved by the distance from baseline to the theoretical 100% 

aggregation, then multiplying by 100  (Pakala and Waksman, 2011) . 

 

This test can be used to determine the degree of platelet inhibition achieved 

by measuring the baseline of the sample prior to administration of the drug 

(Mahmud and Ang, 2006). ADP is considered a weak agonist of ADP 

receptors on the platelet cell surface. It shows biphasic aggregation curves; 

the initial phase represents (reversible) shape change as the platelets 

respond to the agonist, while the second phase represents irreversible 

aggregation of the platelets and degranulation.  ADP is selectively secreted 

from dense granules, as the secondary activator, after primary aggregation 

induced by collagen, thrombin or high concentrations of ADP itself. Also, 
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ADP is passively released from injured erythrocytes and endothelial cells. 

As well as this, ADP can be produced from ATP by the action of CD39 on 

the endothelium and white blood cells (Yang et al., 2010, Stafford et al., 

2003). Two types of ADP receptors, P2Y1 and P2Y12, are involved in 

platelet aggregation. The binding of ADP to P2Y1 receptors is responsible 

for shape change and Ca2+ mobilisation, which causes the primary wave of 

aggregation, while the binding of ADP to P2Y12 receptors is accountable 

for late or maximum aggregation via the inhibition of adenylate cyclase 

(Cattaneo and Lecchi, 2007).  Thienopyridine drugs, such as clopidogrel, 

are revealed to selectively inhibit the P2Y12, but not the P2Y1, receptor. It 

is, therefore, more appropriate to evaluate the inhibitory effect of 

clopidogrel via the measurement of late aggregation, achieved by P2Y12 

receptors (Linnemann et al., 2008).  

 

AA is considered to be a strong agonist and is converted to the active 

metabolite TXA2 by COX and thromboxane synthase. Aggregation induced 

by AA is normally monophasic and is followed by a short lag phase.  

 

Although LTA is considered to be the gold standard, it still has many 

disadvantages, such as poor reproducibility, requirement for an 

experienced technician, high sample volume and sample preparation 

(Mueller et al., 2009). 
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1.3.4.2 Impedance Aggregometry  

This method of whole blood aggregation (WBA) was initiated in 1980 by 

Cardinal and Flower (Cardinal and Flower, 1980). It is based on the 

measurement of the electrical resistance between two electrodes immersed 

in whole blood. The advantage of this method is that it does not require a 

centrifugation step and so less damage to the platelets is expected. 

Moreover, the test is performed under more accurate physiological 

conditions and takes less time (Dyszkiewicz-Korpanty et al., 2005).  

 

Experimental evidence has revealed that platelets aggregated onto the 

electrode contain leucocytes and erythrocytes, making this technique 

significantly more sensitive than PRP for the purpose of monitoring 

antiplatelet therapy (Nicholson et al., 1998). This method is also insensitive 

to micro-aggregation.  In respect to the amount of ADP needed to induce 

aggregation, WB requires large amounts of ADP, compared to LTA. This 

is due to the effect of RBCs and WBCs, which are able to degrade ADP by 

the enzymes ADP-ase and 5-nucleotidase (Bartlett, 1977). 

 

1.3.4.3 Multiplate Electrode Aggregometry  

This is considered to be a new generation platelet function analyser which 

identifies the electrical impedance changes between two electrodes. These 

are immersed into stirred blood sample, which is activated either by ADP 

with PGE1, AA, TRAP, and other agonists. The activated platelets adhere 
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to and accumulate on the electrodes. Platelet adhesion to the electrodes 

results in elevation of the electrical resistance, which is continuously 

measured for six minutes. 

    

This multiplate technology uses two sets of electrode pairs which confirms 

that duplicate determination is performed on each sample. Also, it uses 

disposable test cells to ensure high reliability. Different anticoagulants can 

be used, such as hirudin, citrate and heparin. Among these, hirudin is the 

most favoured one as it does not affect the Ca2+ level in the sample, which 

is known to affect platelet aggregation.  

The results can be obtained within a few minutes and are represented as the 

area under the curve (AUC) (Velik-Salchner et al., 2008). The instruments 

are easy to handle and samples can be tested between 30 and 180 min after 

venipuncture, as seen in Figure 1-7 (Toth et al., 2006b). 

 

Turbidometric platelet aggregation has been traditionally used in clinical 

trials as the PFT of choice to assess the effectiveness of antiplatelet therapy 

and to predict MACE, although the number of MACE incidents was low 

(Mueller et al., 1997, Gum et al., 2003, Matetzky et al., 2004). The 

MADONNA study (Siller-Matula et al., 2013), which was used to identify 

patients with high platelet reactivity (HPR), has demonstrated the benefit of 

tailored antiplatelet therapy in patients undergoing PCI.  The major 

disadvantages that prevent the use of this test for clinical assessment of 
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platelet function are high sample volume, the need for sample, the 

requirement of skilled personnel and a high cost (Modica et al., 2007). 

MEA has been used also to study inherited bleeding disorders and GT in 

two studies (Awidi et al., 2009, Albanyan et al., 2015).  

 

 

Figure 1-7: Multiplate Electrode Aggregometry data representation. 

During a measurement period of 6 min, the change in electrical impedance 

(AU*min) is calculated from the mean values of the two curves (Toth et 

al., 2006a).  

1.3.4.4 Plateletworks 

Plateletworks® (Helena Laboratories, Texas, USA) is a point of care 

testing that offers an immediate platelet and WBC count, haematocrit 

(HCT), haemoglobin (HGB) and red cell indices. Also, it can quantify 

platelet aggregation in whole blood after addition of the agonist. 

Aggregation kits such as this are depend on the idea of comparing platelet 
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counts with a control, after aggregating with either ADP or collagen 

(Harrison et al., 2007). The principle is based on counting the decrease in 

single platelets using impedance counting technology.  

 

Plateletworks® has many advantages:  

1. No sample preparation � it is performed on whole blood using 

pre-loaded baseline and platelet agonist tubes. 

2. A simple, rapid procedure with platelet count and aggregation 

results available under 5 min. 

3. Automatic, closed tube sampling optimises safety and ease of 

use for any operator.  

However, the fresh blood sample has to be assessed immediately, so as to 

minimize delay which can prevent accurate assessment of platelet 

aggregation.  

 

1.3.4.5 VerifyNow® 

This is a point of care test, formerly known as the Ultegra Rapid Platelet 

Function Analyser (RPFA). It is used for the measurement of aspirin, 

clopidogrel or GPIIb/IIIa antagonists-induced defects in platelet function. 

VerifyNow® (Accumetrics, San Diego, USA) utilises the same principle as 

the LTA, in which ADP is used to stimulate platelets and to monitor 

clopidogrel therapy, while AA is used to monitor aspirin therapy. 

Following activation by the agonist, fibrinogen-coated beads are able to 

bind to the activated platelet through GbIIb/IIIa on the platelet surface to 
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form the agglutinate. Three assays are currently commercially available: 

the GPIIb/IIIa assay (sensitive to GPIIb/IIIa antagonists); the P2Y12 Assay 

(sensitive to theinopyridines); and the aspirin assay (sensitive to aspirin) 

(Figure 1-8). This instrument is considered as point of care technique, 

where the tests are fully automated, without the requirements of sample 

transport, time delay or a specialised laboratory.  

 

In the aspirin assay, aspirin is capable of blocking the activity of the 

circulating enzyme COX-1, activated by AA. In contrast, the P2Y12 assay 

uses two agonist: ADP, which interacts with P2Y1 and P2Y12 receptors; 

and prostaglandin E1, which suppress the activity of P2Y1 receptors to 

reduce the intracellular free Ca2+ level (Michelson et al., 2006). 

Aspirin and anti-P2Y12 drugs are normally administered for the 

management of ACS patients, and following PCI, to lessen the prevalence 

of recurring cardiovascular events. In this regard, clopidogrel is viewed as 

one of the most commonly used P2Y12 antagonists; however, the 

pharmacodynamical response to clopidogrel varies, with a significant 

number of patients presenting with platelet reactivity irrespective of the 

treatment � which is normally associated with increased risk of 

cardiovascular outcomes (Aradi et al., 2010). In this respect, the 

VerifyNow® system has been used in two large studies, GRAVITAS and 

TRIGGER-PCI, with the intention to show the possible benefit of 

personalised antiplatelet therapy in low risk patients undergoing PCI for 

stable coronary artery disease. The GRAVITAS study did not reveal the 
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benefit of tailored antiplatelet therapy, while TRIGGER-PCI demonstrated 

an unexpectedly small number of adverse cardiovascular events (Price et 

al., 2011, Trenk et al., 2012).  

 

A decreased level of platelet inhibition, as shown by the use of the 

VerifyNow® GPIIb/IIIa assay, is coupled with increased incidence of 

MACE in patient treated with abciximab (Steinhubl et al., 2001). Using the 

VerifyNow® aspirin test in patients treated with aspirin before PCI, the 

level of platelet function or �aspirin resistance✁ ✂✄☎ associated with 

increased incidence of post-PCI myonecrosis (Chen et al., 2004).  
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Figure 1-8: Diagrammatic representation of the platelet function test by 

VerifyNow®. 

The mixing chambers contain a platelet agonist (arachidonic acid (AA), 

adenosine diphosphate (ADP) or thrombin receptor activating peptide (Iso-

TRAP) and fibrinogen-coated beads. When the anticoagulated whole blood 

is added to the mixing chambers, the platelets are activated. Then, the 

activated glycoprotein (GP)-IIb/IIIa receptors on platelets bind fibrinogen 

on the beads and cause agglutination of the platelets and beads. Light is 

then passed through the chambers and measured; light intensity increases 

as the agglutinated platelets and beads are removed out of the solution. 

Inhibition of GPIIb/IIIa receptor ligation by inhibition of arachidonic acid- 

or ADP-induced platelet activation, or direct pharmacologic blockade of 

GPIIb/IIIa receptors with antagonists, reduces agglutination in proportion 

to the amount of platelet inhibition achieved (Michelson et al., 2006).  
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1.3.4.6 Platelet function analyser, PFA-100  

 

The Platelet Function Assay (PFA)-100 (Siemens Healthcare Diagnostics, 

Illinois, USA) is a new point of care test that depends on the time needed 

for the occlusion of an aperture (known as closure time) in response to a 

specific stimulus, under conditions of high shear. This is designed so as to 

recapitulate the process that happens during vessel wall damage. Two 

membranes are used; collagen/epinephrine (CEPI) or collagen plus 

adenosine-5-diphosphate (CADP). A cartridge is introduced, PFA P2Y12 

(Siemens Healthcare Diagnostics, Illinois), specifically created for the 

purpose of clopidogrel monitoring (Ang and Mahmud, 2008).  The 

advantages of this test include low sample volume, simplicity, rapidity and 

no requirement for sample preparation, as it depends on whole blood and 

the physiologically relevant high shear state. The presence of the platelet 

activator together with a high shear rate results in platelet attachment, 

activation and aggregation. CEPI was developed to detect aspirin-induced 

defects while CADP was developed for platelet dysfunction testing 

(Mueller et al., 2009).  

 

The use of PFA-100 CEPI is useful for monitoring aspirin therapy and may 

exhibit plaque instability in coronary artery disease (Linden et al., 2007) . 

Although it is supposedly less appropriate for cases of aspirin resistance 

than other tests, it has been commonly used in clinical investigations of 

aspirin resistance (Kratzer, 2006). The test has also been show to predict 

MACE in patients in aspirin non-responder state with recurrent ischaemic 

attacks (Grundmann et al., 2003). PFA-100 has also been used to identify 
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inhibition with GPIIb/IIIa antagonists, as failure to detect non-closure is 

concurrent with increased incidence in following MACE (Madan et al., 

2002). On the other hand, PFA-100 is not suggested for monitoring 

clopidogrel therapy (Hayward et al., 2006) The PFA-100 results are highly 

reliant on the platelet count and HCT, as results under 80 x 109/L and 30% 

cause substantial prolongation of the closure time (Harrison et al., 1999). 

PFA-100 could also be used to detect intraoperative blood loss during 

surgery (Toth et al., 2006b). However, PFA-100 should preferably be used 

in combination with other tests, such as prothrombin time (PT), partial 

thromboplastin time (PTT) and thrombin time (TT).   

 

1.3.4.7  Flow Cytometry  

Flow cytometry is a technique that rapidly determines the specific features 

of a large number of individual cells. Before flow cytometry analysis, cells 

in suspension are labeled with fluorescent monoclonal antibodies, then 

passed through a flow chamber at a rate of 1,000 to 10,000 cells/min. The 

cells are focused through a beam of laser and scatter the light in forward or 

side scatter angles, corresponding to the properties of each cell. Forward 

scatter light reflects the cell size, while side scattering reflects cell 

complexity (Roussel et al., 2010).  

With regard to platelet function, flow cytometers are being used to measure 

activation�dependant changes on the platelet surface membrane receptors, 

including P-selectin (CD62b), PAC-1, GbIIb/IIIa, CD63 and GPIb/V/IX, as 

well as constitutively expressed molecules, such as CD42a, CD42b, CD40 
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and CD61 (Blann et al., 2003). In this respect, the use of flow cytometry to 

examine platelet activation markers before PCI can predict  increased risk 

of acute and subacute ischaemic events after PCI (Kabbani et al., 2003). 

Flow cytometry is also applicable to quantification of platelet-leucocyte 

interactions, particularly monocytes, which are considered as markers of 

platelet activation in vivo platelet (Michelson et al., 2001). Increased levels 

of circulating platelet leucocyte aggregates (PLA), as measured by whole 

blood flow cytometry, are shown after PCI (Michelson et al., 2001). 

Platelet monocyte aggregates (PMA), measured by flow cytometry, are 

considered to be early markers of myocardial infarction (Furman et al., 

2001). This method has the advantages of using whole blood, a small 

sample volume and requires minimal manipulation of the sample to prevent 

the loss of platelet subpopulations. However, flow cytometry has many 

disadvantages, such as the requirement of intricate sample, high cost of 

equipment and difficult maintenance (Berkowitz et al., 1998). 

 

Flow cytometry is also of importance in studying intracellular signalling 

mechanisms, such as phosphorylation; for instance, the vasodilator�

stimulated phosphoprotein (VASP) phosphorylation assay. VASP  is an 

intracellular actin regulatory protein, a substrate for both cAMP- and 

cGMP-dependent protein kinase and is abundantly expressed in platelets. 

VASP is phosphorylated at two sites, serine 157 (Ser157) and serine 239 

(Ser239) and reflects the level of cAMP and cGMP in the platelets 

(Yamamoto et al., 2008). It is considered as a marker for platelet inhibition 

as phosphorylation associates with inhibition of the P2Y12 receptor and, 
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therefore, inhibition of platelet aggregation, while the non-phosphorylated 

form is associated with basal or induced activity (Horstrup et al., 1994, 

Schwarz et al., 1999). 

 

Whole blood flow cytometry is of distinctive benefit to clinical trials, 

where samples can be taken at remote sites, with no need of specific 

expertise or platelet function analysis, and then dispatched to the core 

testing laboratory. This may result in good quality control measures, as all 

assays are performed in a single core laboratory. In this regard, VASP 

assay samples in citrated WB are shown to be stable for 72 hours, at room 

temperature, prior to analysis at the core laboratory. Recently, our group 

has invented a fixative solution termed �VASPFix✁ ✂✄ ☎✆✝ ✞✄✟ the 

measurement of VASP phosphorylation in platelets and to monitor the 

effects of P2Y12 receptor antagonists. This fixative has shown to enable 

good stability of samples for up to six months, frozen (Glenn et al., 2014).  

 

1.3.4.8 Single platelet counting  

Single platelet counting (SPC) measures platelet aggregation as the 

decrease in single platelets, as they form aggregates in stirred whole blood 

sample (Fox et al., 1982). The platelet count can be measured in small sub-

samples that are eliminated from the test tube and then fixed at different 

time points, thus, offering kinetic information about platelet aggregation.  

Platelets are then labelled with specific antibodies and counted using flow 

cytometry. In this case, RBCs are used as the internal standard for counting 
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individual platelets. This method is sensitive to micro-aggregate formation 

and also provides evidence of disaggregation of the platelets. 

 

1.3.5 Platelet-leucocyte conjugate formation 

At the site of plaque rupture, activated platelets bind to PSGL-1, present on 

the leucocytes, via P-selectin. This modifies the leucocytes� activation 

model and their recruitment, ascertaining the role of platelets in the 

inflammatory process (Merhi et al., 1997, Theilmeier et al., 1999). The 

measurement of PLCs formation may act as a stronger indicator of platelet 

activation than the detection of surface P-selectin. This is because, upon 

platelet degranulation in vivo, they lose surface P-selectin and continue to 

circulate (Michelson et al., 1996a). 

 

With respect to platelet activation, until recently, surface P-selectin 

(CD62P) has been considered the gold standard marker of platelet 

activation (Michelson et al., 2001). Different flow cytometry methods have 

been previously reported to measure PLCs formation. This was associate 

with the concern of a possibility of in vitro platelet activation that may 

result in artefactual platelet PLC formation, causing overestimation of the 

complexes formed.  

There are two approaches used to measure PLCs formation. The first 

method involves cell separation and RBC lysis to remove erythrocytes and 

permit clear separation of white cell populations (Li et al., 1997, Michelson 
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et al., 2001). The second method does not involve RBC lysis, thus, helping 

minimise platelet activation. (Hagberg and Lyberg, 2000b). In this method, 

common anti-CD45 leucocyte markers are used to discriminate 

erythrocytes from leucocytes. Then, a combination of a platelet-specific, 

anti-CD61 and monocyte-specific anti-CD14 antibodies allow for the 

detection of PLCs (Barnard et al., 2003). Both methods have been used in 

the experimental phase of this thesis, with application of different 

optimisation steps.      

 

1.3.6 Summary  

There is an increased interest in the evaluation of platelet function to 

monitor the effect of antiplatelet therapy, as a result of the variability that 

occurs between patients in the response of their platelets to antiplatelet 

drugs. This created the goal to select the optimum dose of antiplatelet drugs 

that treat thrombosis and minimise bleeding side effects. Aspirin response 

variability, or resistance, can be measured by PFT utilising AA 

(VerifyNow Aspirin assay or plateletworks) or thromboxanes as the end 

point (serum thromboxane B2 or urinary 11-dehydro thromboxane B2). 

Theinopyridine response variability, or resistance, can be measured by 

PFTs that utilise ADP (VerifyNow P2Y12 assay or plateletworks) or by 

signalling�dependent assays, such as the VASP phosphorylation assay 

(Penz et al., 2007).  

Platelet aggregation, based on turbidometry, is still regarded as the gold 

standard platelet function test, to some degree, as most large clinical trials 
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of antiplatelet drugs have used this as a final stage. However, turbidometric 

platelet aggregation has many disadvantages, such as the requirement of 

large blood volumes, expert technicians and sample preparation. Whole 

blood flow cytometry technology, therefore, offers distinctive advantages 

in clinical trials as they �✁✂✄☎ ✆✝✞✟✠✆✝ ✝✡☛✝✆☎ ☞☎✌✍✍✎ or platelet function 

analysers at the local site, and samples can be sent off to a central 

laboratory with decent quality control. 

 

POC assays, such as VerifyNow circumvent the limitations encountered 

with turbidometric platelet aggregation and reveal great potential for 

clinical usefulness in patients with coronary artery diseases treated with 

antiplatelet drugs. In those patients, the degree of platelet inhibition, as 

determined by platelet reactivity testing using VerifyNow® in the 

GRAVITAS study (Price et al., 2011), and MEA in the MADONNA study, 

(Siller-Matula et al., 2012) has been useful to predict MACE.  

 

1.4 Scope of the study 

PFT and the effects of drugs that inhibit platelet activity can help to 

facilitate the development of effective antiplatelet therapy, as well as help 

to identify individuals vulnerable to thrombosis. In our lab, some new 

approaches to platelet function testing have been developed. These 

techniques rely on the use of a fixative solution that stabilises platelet 

aggregates for up to 9 days and PLCs for up to 3 days. The studies 
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presented in this thesis address, in more detail the suitability of developing 

PFT and explore approaches that utilise small volumes of blood. The idea 

of using a 96-well plate approach to study platelet function appears to be 

promising. This, first, required that different parameters, such as platelet 

concentration and the effect of different fixative methods, were studied. 

Second, based on the established protocol to study platelet aggregation 

using a single platelet counting technique and flow cytometry, this method 

was further developed to 1) accommodate more agonists and antagonists, 

using the 96-well plate format and 2) to assess in vitro and ex vivo platelet 

inhibition after stimulation with different agonists, using small blood 

volumes. This modified method was found to be appropriate to study 

platelet aggregation and PLCs formation from the same fixed whole blood 

sample, thus, providing more clinical value to the effect of antiplatelet drug 

on the multifunctional role of platelets in haemostasis and thrombosis 

simultaneously.
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2.1 Materials 

2.1.1 Anticoagulants 

Tri-sodium citrate dehydrate (citrate) was prepared as 3.13% (w/v) solution 

in distilled water and was used at a ratio of 1:9 with blood. Evacuated tubes 

contained 3.1% tri-sodium citrate (S-Monovette 0.106M; Sarstedt, 

Leicester, United Kingdom, UK). Ethyldiaminetetraacetic acid (EDTA) 

was prepared as a 100mM solution in water, pH 7.4, and was used at a ratio 

of 1:25 with blood (final concentration of 4mM).  

 

 

2.1.2  Agonists  

Adenosine-5'-diphosphate (ADP) and thrombin receptor activated peptide 

(TRAP) were obtained from Sigma Aldrich Chemical Co. (Poole, UK). 

They were dissolved in saline at a final concentration of 2.5mmol/l. 

Arachidonic acid (AA) was prepared in ethanol at a concentration of 

25mM and stored at -20oC. A known volume of AA was dried down under 

nitrogen and reconstituted in twice the volume of 0.1M Na2CO3 to provide 

a 12.5mM stock solution. This solution was stored frozen until required. 

U46619 was prepared in ethanol at a concentration of 10mM and stored at -

20°C; this was diluted 1/400 with saline before use to provide a stock 

�✁✂✄☎✆✁✝ ✁✞ ✟✠✡☛☞ ✌✍✆� �✁✂✄☎✆✁✝ was stored frozen until required. Both AA 

and U46619 were obtained from Sigma Aldrich Chemical Co. (Poole, UK). 

The agonists were dissolved in saline at a concentration of 2.5mM 
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(25×100µM) and final working concentrations were prepared daily by 

further dilution in saline. Collagen (Horm Chemie) was obtained from 

Biomerieux (Basingstoke, UK) at a concentration of 1mg/ml. The required 

concentration of collagen was prepared daily by dissolving in the provided 

buffer.  

 

2.1.3 Antagonists 

MK-0852, a cyclic heptapeptide based on the RGD amino acid sequence 

(Merck Sharp and Dohme), was prepared as a 0.25mM solution in saline. 

Aspirin, from Sigma Aldrich Chemical Co. (Poole, UK), was kept as a 

frozen stock in saline at a final concentration of 2.5mmol/l. Cangrelor 

(ARC-C69931) was obtained from The Medicines Company (New Jersey, 

USA) and stored frozen as 25µl stock. KPL-1 (anti-PSGL-1 or anti-

CD162) from Abcam (Cambridge, UK) were stored a 4oC short term (1-2 

weeks). For long term use, aliquots were stored at -20oC or -80oC. Platelet 

antagonists were prepared in fresh saline (sodium chloride, 0.9% w/v), 

always incubated with blood for 30 minutes and then added to the whole 

blood before the agonist. Quorum sensing molecules (QSM) were obtained 

from Sigma Aldrich Chemical Co. (Poole, UK) and prepared in 99.9% 

(w/v) dimethyl sulfoxide (DMSO). 
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2.1.4 Antibodies 

CD61-PE (MCA1227F), CD62P-PRE (MCA796PE) and CD45-PerCP 

(Cat.345809) were obtained from AbD Serotec (Oxford, UK). CD14-

APCCy7 (Cat 557831) and Isotypic IgG-FITC (Cat. 345815) was obtained 

from Becton Dickinson (Oxford, UK). Mouse anti-human CD62P-FITC 

(Cat. MCA883F), CD42a-FITC (Cat. MCA 1227F) were from AbD 

Serotec (Oxford, UK).  

 

2.1.5  General materials   

96-well plate flat bottom (Co-star 3370, assay plate with low evaporation 

Lid, Non-Treated, sterile, polystyrene) were obtained from 

www.corning.com/lifesciences; 96-well plate round bottom were obtained 

from Thermo scientific (Cat No 611U96); and Optimul 96-well plates were 

prepared by Tim �✁✂✄☎✂✆✝ research group at Queen Mary University of 

London, as previously described (Chan et al., 2011), in which micro-titre 

plates were pre-coated with hydrogenated gelatine (0.75% w/v) in 

phosphate-buffered saline (PBS) to block the surface activation of platelets 

before the addition of the platelet agonists. The plates were then placed in 

an -80oC freezer for 1 hour, before being removed into a freeze-dryer and 

left overnight at -40oC. The plates were then removed from the freeze-

dryer, vacuum-sealed, foil-packed and kept at room temperature. Plates 

were either used immediately or stored for 3, 6, 12 or 24 weeks. Plate 

stickers and adhesive film for micro-plates were obtained from VWR (Cat 

No 60941-062); erythrolyse RBC lysing buffer (10x) was obtained from 



Chapter 2                                                          Materials and Methods 

64 
 

AbD Serotec (Oxford, UK), stored at room temperature, and diluted 1 in 10 

with distilled water as required. FACS tubes, FACS flow solution (Cat. 

342003) and sheath fluid for flow cytometry were obtained from Becton 

Dickinson (Oxford, UK). For QSM, steps were taken to ensure that the 

concentration of DMSO was always the same (0.1%). Saline (0.9% sodium 

chloride) was supplied by Baxter Healthcare Ltd (Thetford, UK).

 

PBS from Oxoid, ADA (adenosine deaminase) was from obtained from 

Sigma. Fixing solution (AggFixA) and (AggFixB) were obtained from 

Platelet Solutions Ltd (Nottingham, UK), while 2ml syringe, 0.2um filter 

and collagen coated plates were obtained from Becton Dickinson 

(MA01730). The CO2 incubator, safety cabinet, electronic pipette and 

polystyrene tubes (64 x 11mm) were obtained from Bibby Sterilin (Cat No. 

30908 and 95 x 16.8mm) and 10ml graduated polystyrene tubes were 

obtained from Sarstedt (Leicester , UK; Cat No (62492), FACS tubes were 

obtained from Becton Dickinson (Oxford, UK; Cat No 352052).  

  

2.1.6  Devices 

2.1.6.1  Multi-Sample Agitator  

All the aggregation studies described that used test tubes (LP3) were 

performed using a dedicated multi-sample agitator (MSA), as shown in 

Figure 2-1. The MSA (University Of Nottingham, Nottingham, UK) is a 

portable, compact piece of equipment which consists of an aluminium 



Chapter 2                                                          Materials and Methods 

65 
 

block that is surrounded by a heater pad and a magnetic stirring device, 

aimed to provide accurate temperature control and stirring. The 

temperature setting is determined by means of a temperature controller on 

the front panel of the unit. The temperature is pre-set to 37°C, but can be 

adjusted in the range of 0�50°C, as per the reference manual supplied with 

the instrument. 12 evenly spaced wells, located in the central portion of the 

block, in a circular arrangement, are designed to accommodate standard 

64×11mm polystyrene tubes, in which small 500ml aliquots of blood are 

placed. A small Teflon✁-coated magnetic flea is placed in the blood and 

agitated via a magnetic stirring device located beneath the aluminium 

block. The block also has 17 additional wells arranged in an outer circle for 

pre-incubation of blood and storage. These consist of a further 12 wells of 

the same size: central wells together with a further 5 wells, which can 

accommodate larger 95×16.8mm capped polystyrene tubes, containing up 

to 10ml of anti-coagulated blood. The MSA is used for two purposes: 1) to 

agitate the blood sample at a standard stir speed in a reproducible and 

consistent way and 2) to keep the blood sample at 37°C. It has been widely 

used by our research group in the University of Nottingham.  
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Figure 2-1: The Multi-Sample Agitator. 

 

2.1.6.2 Bio-shaker  

This small device is used to shake the 96-well plate and it has the following 

properties: fast and high-precision heating, from ambient to 99°C; fast 

shaking and mixing, up to 3,000 rpm; programmable, with two 

programmable soft keys; integrated vortex and short mix functions; wide 



Chapter 2                                                          Materials and Methods 

67 
 

range of adapters and blocks; and a stylish and compact case made of 

aluminium.  

For the experiments performed in this thesis, the following set up was used 

as follows: 5 minutes for platelet aggregation studies; 10 minutes for PLCs 

studies, at 1000 rpm and 37oC. Later, 5 minutes were adjusted to perform 

platelet aggregation and PLCs. 

 

 

Figure 2-2: Bio-shaker 

 

 

2.1.6.3 Flow cytometry  

2.1.6.3.1  FacsCantoII 

The BD FACSCanto II is the new model of the FACSCanto bench top 

analyser. It is 64 x 62 x 91cm in size (HXDXW) and has a weight of 

145Kg (320Ib). FACSCantoII uses two lasers: an argon 488-nm solid state 

laser with 20mW output and a 633 helium�neon laser with 17mW output. 
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Both lasers are air-cooled. There is an option for a third laser, which is a 

violet solid state laser at 405nm with 30mW output. As a bench top 

analyser, the optical analyser and optical alignment is fixed and requires no 

adjustment. The lasers are connected to the optical bench by the optical 

fibre. The flow cell is 180x430µm in size, a rectangular quartz. The FSC 

channel has a resolution of 1.0µm and SSC 0.5µm. The FSC detector is a 

photodiode with 488/10 bandpass (BP) filter and the SSC has 

photomultiplier tubes (PMTs) also with a 488/10 BP.   

 

Figure 2-3: FacsCantoII 

The FACSCantoII is equipped with 6 PMTs in a 4-2 standard configuration 

to detect the fluorescence signals. The optical filters and detectors are 

aligned octagonally and trigonally, respectively. This alignment offers 

better efficiency of light detection. For the FACSCantoII, the typical 

detector bands are: 

Blue laser: 

� 530nm (e.g. FITC) 

� 585nm (e.g. PE) 
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� >670nm (e.g. PerCP) 

� 780nm (e.g. PerCP-CY7) 

 

Red laser: 

� 660nm (e.g. APC) 

� 780nm (e.g. APC-Cy7) 

FACSCantoII has six compensated fluorescence parameters and two scatter 

parameters. It also has automated start, shutdown and cleaning cycles. 

FACSClean solution, BD FACS shutdown solution and BD FACSFlow are 

provided by BD to perform the cleaning cycle. Sheath fluid consumption, 

under normal operation, is 1-10L/hr and under 1mL/hr in standby mode.  

The FACSCanto uses the software BD FACSDiva (version 6.3.1) on a 

Microsoft Windows operation system.  

  

2.1.6.3.2 LSR11  

The BD LSR II flow cytometer is fully configurable with 1 to 4 fixed-

aligned, air-cooled lasers: a UV-laser with 355nm (20mW), a violet diode-

laser with 405nm (25mW), a standard solid state Coherent Sapphire blue 

laser with 488nm (20mW) and a red laser with 640nm (40mW). Similar to 

the FACSCantoII benchtop analyser, it is 56 x 157 x 86cm (HXDXW) and 

weighs 240Kg (525Ib). By distributing a large number of fluorochromes 

(up to 18 colours) over four lasers, the flow cytometer offers a wide choice 

of measurements, decreases spectral overlap and improves sensitivity. The 
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BD LSR II is the first commercially available flow cytometer to use a solid 

state UV laser. The collection optics on the BD LSR II flow cytometer 

includes patented octagon and trigon optical arrays, the same as the 

FACSCantoII. The optical arrays increase the sensitivity and flexibility of 

the BD LSR II flow cytometer, yielding more information from each 

sample. Light from four spatially separated laser beam spots is delivered by 

fibre optics to octagon and trigon detector arrays. The 488nm octagon array 

is capable of collecting up to seven colours plus SSC. The 633nm, 405nm 

and 355nm trigon arrays can each detect up to 3 fluorescent colours. The 

concept behind the optical arrays is that reflectance of light is more 

efficient than transmittance. The optical arrays transmit the highest 

wavelength to the first PMT and reflect the lower wavelength to the next 

PMT through a series of long pass dichroic mirrors. More colours can be 

detected with minimum light loss. The octagon and trigons have single-

position insertion sockets for both inner reflectance mirrors and outer 

discrimination filters. Detecting more colours does not require time-

consuming adjustments; the BD LSR II flow cytometer allows filter and 

mirror changes to be made to the optical array without diminishing 

maximum signal.  
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Figure 2-4: LSRII 

 

2.1.6.3.3 Amnis® Flow  

Amnis® imaging flow cytometers are equipped with up to 12 channels and 

up to 4 excitation lasers for each cell in a population; microscopic images 

provide qualitative and quantitative image data of every event acquired in 

flow. Amnis Flow Platform-FlowSight® is used in the experiments in this 

thesis to image PLCs. The FlowSight® Imaging Flow Cytometer has the 

benefit of producing up to 12 images of each and every cell. The unique 

image collection system simultaneously produces dark field (SSC), bright 

field and up to 10 fluorescence images. The FlowSight® Imaging Flow 

Cytometer operates at ~20X magnification, allowing visualisation of 

fluorescence from the membrane, cytoplasm, or nucleus. Identifying cell 

conjugates and single platelets was required for our experiments; single 

platelets were beautifully distinguished from PLCs.   
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Figure 2-5: Flow cytometry (Amnis®) 

 

2.1.6.4 Ultra-Flo 100  

The Ultra�Flo 100 electronic platelet counter was introduced in 1978 by 

the Becton & Dickinson Company to allow accurate measurement of 

platelet counts without separation of other blood components (Fox et al., 

1982). This technique is based on a hydrodynamic focusing technique, 

whereby diluted WB is focused into the center of the counting aperture, 

where the size of cells is electronically determined.  

 

 

The number of cells in two pre-set size categories are counted and 

referenced to platelets and RBCs. The Ultra�Flo 100 uses ratio counting, 

whereby for a given number of RBCs in a blood sample, a measure of the 

relative number of platelets is displayed. In this way, the actual RBC count 

(X 106/µL) can be set up on the machine and the actual platelet count (X 

103/µL) is displayed.  
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The percentage of platelet aggregation is calculated as the percentage fall 

in the single platelets, in comparison to the initial platelet count. This 

technique is sensitive to micro-aggregation and aggregation responses are 

reproducible over a number of hours. 

 

2.2  Methods  

2.2.1 Blood collection 

Venous blood was taken from healthy volunteers who denied taking any 

drugs, such as NSAIDs, known to affect platelet function, in the two weeks 

prior to donation. Blood was also taken ACS patients who were on aspirin 

and either clopidogrel or prasugrel. Blood was taken by forearm 

venipuncture using a polypropylene syringe and a 19G needle and 

dispensed into polystyrene tubes containing anticoagulants. In the majority 

of the experiments blood was anti-coagulated with sodium citrate, prepared 

as 3.13% (w/v) solution of tri-sodium citrate dehydrate and used at a ratio 

of 1:9 (v/v) with blood. For full blood counts (FBC), a further sample was 

taken into a commercially prepared vacutainer tube from BD that contained 

72µl of 7.5 % K2EDTA (Lavender top) (1:24, v/v) as an anticoagulant. In 

some tubes, antiplatelet agents were added to the anticoagulant at the 

required concentration. These tubes were routinely incubated at 37°C prior 

to experimentation, for approximately 30 min.  
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2.2.2 Measurement of platelet aggregation in whole blood 

by flow cytometry, using a single platelet counting 

technique  

Platelet aggregation was assessed in WB from healthy volunteers, who 

denied taking any drugs that interfere with platelet function for two weeks, 

or from ACS patients, using a single platelet counting technique (SPC). 

This technique has been used in the division of Cardiovascular Medicine at 

the Queen's Medical Centre (QMC) for many years (Fox et al., 2004b). It 

measures the drop in the number of single platelet counts as the platelets 

form aggregates. 

 

2.2.2.1 Using the MSA and test tubes  

Aliquots of citrated whole blood (final volume of 480µl) were dispensed 

into a polystyrene (LP3) tubes that contained a stirrer bar. Then the tubes 

were placed into the stirring well of the MSA, operating at 37°C and 1000 

rpm. Platelet aggregation was then induced by adding 20µl of the following 

agonists: ADP (1, 3, 10µM), collagen (1, 3, 10µg/ml) and U46619 (0.3, 1, 

3µM). The final volume in the LP3 tube was kept at 500µl. after that, 

aliquots of blood (20µl) were removed and fixed using AggFixA at 

different time points (0.5, 1 and 4 minutes). 36µl of the fixed samples were 

analysed using the Ultra-Flo 100 � a method called single fixation Ultra-

Flo 100 (SFU). The remainder of the sample was allowed to stand for 30 

minutes. The fixed samples were then fixed again with AggFixB and then 
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analysed by FACScantoII flow cytometry using round bottom 96-well 

plates � a method called double fixation flow cytometry (DFF). 

 

2.2.2.2 Using a Bio-shaker and 96-well plates 

Blood obtained from subjects was anti-coagulated with sodium citrate and 

aliquots of 3ml were dispensed into polystyrene tubes. For the platelet 

inhibition study, drugs, such as aspirin (10, 30 and 100µM), the P2Y12 

inhibitor cangrelor (10, 100, 1000nM), the GPIIb/IIIa blocker MK-0852 

(10µM) and KPL-1, the anti-P-selectin glycoprotein ligand-1 (anti-PSGL-

1) (5µg/ml), were incubated with blood for 30 minutes prior to testing. 

Saline was as added to separate blood to serve as a control. The tubes were 

capped and inverted at least 3 times to ensure enough mixing. Platelet 

agonists of different concentrations � AA (0.03, 0.1, 0.3, 0.5 and 1mM), 

ADP (0.3, 1, 3, 10 and 30µM), collagen (0.1, 0.3, 1, 3 and 10µg/ml) and 

TRAP (0.1, 0.3, 1, 3 and 10µM) � were prepared and 4µl of each was 

added to a flat bottom 96-well plate. With respect to the optimul plate, 

lyophilised agonists was already prepared and loaded into the plates. Using 

a multi-channel pipette, whole blood (46µl) was added to each well and the 

plate was shaken for 5 minutes at 1000 rpm and 37ºC; a fixative solution 

(Platelet Solutions Ltd, Nottingham, UK) was applied to stop platelet 

stimulation and stabilise samples. 17µl of AggFixA was added to the blood 

(1/3 ratio), after shaking, and left for 15-30 min at room temperature. Using 

a round bottom 96-well plate, 135µl of AggFixB, and then 15µl of the 

AggFixA blood, was mixed with AggFixB (1/10 ratio). This allowed the 
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platelets to be fixed for up to 9 days. Following fixation, another round 

bottom 96-well was used and 10µl (1:20 dilution) of FITC-CD42a, which 

is a monoclonal antibody against glycoprotein IX (GPIX), used together 

with light scatter characteristics to identify the platelet population, was 

added to the plate. After that, 5µl of AggFixB blood was then mixed with 

the antibody (1/2 ratio) and then incubated at 4oC for 25 min. Finally, 

200µl of FacsFlow was added to each well and the plate was then analysed 

using the FacsCantoII flow cytometer (Becton Dickenson, UK; equipped 

with a solid state blue laser operating at 20mM power, at a wavelength of 

488nm, and connected to a Hewlett Packard computer with FACSDiva 

acquisition software). Platelet aggregation was then measured as the 

percentage fall in the number of single platelet count compared with the 

initial platelet count in a control sample of unstimulated fixed blood 

anticoagulated with EDTA (Baseline count � sample count) / Baseline 

count x 100. Baseline count represents the EDTA count, while sample 

count represents the agonist count. 

 

 

A fixed number of RBC events (50,000 events) were acquired, following 

which platelets were identified and quantified by a gating procedure based 

on their FITC fluorescence and forward/size scatter properties. The 

schematic diagram in Figure 2-6 shows the steps involved and Figure 2-7 

shows the flow cytometry dot plot.  
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Figure 2-6: 96-well plate whole blood aggregation. 

Diagrammatic presentation of platelet aggregation using single platelet 

counting technique and a 96-well plate by flow cytometry: 

 

Summary of the steps involved 

� Blood samples are incubated with the drugs of interest 

� Platelet agonists are prepared and then loaded onto the 96-well 

plate 

� Blood samples are then added to the plate, which is mounted on a 

Bio-shaker for 5 min, at 37°C and 1000rpm 

� Blood samples are stabilised by AggFixA/AggFixB (Platelet 

solutions Ltd., Nottingham, UK ) 

� Fixed blood is incubated with platelet identifier FITC-CD42a for 25 

min at 4oC 

� Finally, Facsflow is added and analysis is performed by flow 

cytometry 
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50,000 red blood cell events were counted (region P1 on a forward scatter-

side scatter plot), as the data acquisition stopped after that, and this is 

considered as a reference for the measurement of platelet aggregation. B) 

CD42a fluorescence was plotted against forward scatter and region P2 was 

selected by drawing a curved line to include all platelet-related events, 

excluding erythrocyte/platelet co-incidence. CD42a-FITC antibody was 

used to label the platelets by interacting with GPIX on platelets and by its 

forward scatter properties. C) CD42a-positive platelet events in P2 were 

then redrawn and EDTA-anticoagulated blood containing unstimulated 

platelets was used to set 3 rectangular gates to quantify microparticles (P3), 

single platelets (P4) and micro-aggregates (P5). Counting the number of 

single platelets, no aggregation was taking place as demonstrated by high 

availability of single platelets in the EDTA sample. D) Partial aggregation 

was possibly due to inhibition by drugs, resulting in more free single 

platelets, as demonstrated by incomplete inhibition. E) Complete 

aggregation as a result of agonist induced platelet aggregation.  
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Table 2-1: Single platelet count results obtained from flow cytometry. 

Results for the control sample treated with EDTA (A), saline (B) and 

sample stimulated with ADP (30µM). 

 

 

From the results indicated in Table 2-1, the number of single platelet 

counts from the sample incubated with EDTA (A) can be seen; in example 

2923, there was no aggregation. In samples incubated with saline (B), 

example 2353 is slightly a slightly lower value than that for EDTA, which 

is due to the spontaneous aggregation. In samples stimulated with ADP 
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(C), example 109 is a low value reflecting complete which reduces the 

numbers of  free single platelets.  

 

2.2.3 Measurement of platelet aggregation in whole blood 

using the Ultra-Flo 100 whole blood platelet counter 

The blood samples fixed with AggFixA solution were gently mixed by 

repeated inversion and 36µl of the sample was added to a vial containing 

9.1ml of saline. Cells were counted immediately after dilution. All the 

platelet counts were determined with the RBC setting at 600.  

 

2.2.4 Measurement of platelet aggregation in whole blood 

using flow cytometry and quorum sensing molecules  

These experiments were done in the same way as the previously described 

experiments utilising a Bio-shaker and 96-well plates (section 2.2.2.2). 

However, here, the anti-coagulated blood was obtained from healthy 

volunteers, who denied taking antiplatelet drugs, following which 3µl 

10µM of quorum sensing molecules (QSM) was added to 3ml of the blood. 

Another tube with 0.1% DMSO served as a vehicle.  
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2.2.5 Measurement of platelet�leucocyte interaction in fixed 

and stabilised sample using lysing vs. non-lysing 

(fluorescent triggering)  

 

2.2.5.1 Antibody preparation  

A mixture of antibody solutions was prepared, consisting of CD14-APC-

CY7 (used to distinguish monocytes and neutrophils), CD62P-PRE or 

CD61-PE or CD42a-FITC (used to identify platelets) and CD45-PerCP 

(used to identify leucocytes). The tubes were then covered with foil and 

stored in the fridge before use. Antibodies were prepared for no longer than 

2 hours before use. Erythrolyse solution was prepared in distilled water at a 

1/10 dilution and then left, covered, at room temperature. 

 

2.2.5.2 Lysing protocol 

Blood sample stimulation for PLCs was performed using a 96-well plate 

format and a lysing approach. This involves lysing of RBCs using the 

erythrolyse solution. For measurements, high concentrations of ADP 

(30µM), collagen (10µg/ml) and TRAP (10µM) were prepared on the day 

of use. As with the aggregation method, 4µl agonists was added to the 96-

well plate, following which 46µl blood was dispensed into each well. The 

plate was then shaken for 10 min at 37oC and 1000 rpm. 10 min was the 

optimum shaking time, as this was shown to produce enough conjugate by 

allowing more interaction of platelets with leucocytes (Redlich et al., 

1997). After shaking the blood, 17µl AggFixA was added to each well. 
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Then 50µl fixed blood was transferred and mixed with 450µl AggFixB 

solution in FACS tube, keeping the ratio at 1:0. Then, the fixed blood was 

then centrifuged for 10 min at 1600rpm, using a bench centrifuge. The 

supernatant was removed and 20µl mixed antibody was then added to 

tubes, in turn, washing into the cells so as to mix thoroughly and then 

covered for 25-30 minutes at 4°C. After incubation, 1ml erythrolyse 

solution was added to allow the red cells to lyse. This would take 10-15 

min, depending on the blood donor. After that, 1ml facsflow was added, 

vortex-mixed and then centrifuged for 10 min at 1600rpm, using a bench 

centrifuge. The supernatant was decanted and another 2ml facsflow was 

added, the sample then centrifuged once again for 10 min at. The 

supernatant was then decanted and resuspended in 300µl facsflow, vortex-

mixed and analysed by flow cytometry. 

 

PLCs formation was quantified using the flow cytometer, LSR II  (Becon 

Dickinson). The LSR II is equipped with a solid state laser operating at 

20mM and a wavelength of 488nM, which was used for the analysis. This 

was connected to a computer with FACSDiva software. Leucocytes were 

identified by logical gating from dot plots of forward scatter, which reflect 

cell size, and of side scatter, which reflect cell granularity profiles and are 

acquired by linear amplification. Monocytes were characterised by a 

forward scatter�side scatter profile and CD14 APC-CY7 positivity, while 

neutrophils were identified in the same way, except they were negative for 

CD14 expression. Fluorescence parameters were acquired using 

logarithmic amplification. 10,000 leucocyte events were acquired for each 
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sample. Platelet�monocyte (PM) and platelet neutrophil (PN) conjugates 

were quantified as 1) the % of monocytes or neutrophils expressing CD62-

PE or CD61-PE or CD42a-FITC fluorescence greater than that of a mouse 

IgG control and 2) as median CD62-PE, CD61-PE or CD42a-FITC 

fluorescence of the monocyte or neutrophil population.    

 

2.2.5.3 Flow cytometry dot plot: 

Using the lysing technique and double label analysis, flow cytometry 

identifies the leucocyte population based on forward light scatter 

(indicative of cell size) and side scatter (indicative of cell complexity) on a 

log setting.  In all cases, a total of 10,000 events were recorded and tested 

for each sample. All the fluorescence parameters were acquired using 

logarithmic amplification. Monocytes were differentiated from the 

leucocyte population by their CD14-APC-CY7-positivity. PLCs were 

determined by gating the neutrophils and monocyte population. IgG1: FITC 

isotype matched antibody served as a negative control. The values 

presented are the % and median fluorescence of the platelet identifier 

(CD62P-PE or CD61-PE or CD42a-FITC) used in each population.  

 

In all flow cytometry dot plots (control in Figure 2-8, EDTA in Figure 2-9, 

MK-0852 in Figure 2-10 and KPL-1 in Figure 2-11), A) indicates the light 

scatter profile to obtain the leucocyte population and B) shows a plot of 

CD14-APC-CY7 vs. side scattered. Monocytes were identified by their 
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CD14-positivity. P2 and P3 were drawn to gate neutrophils and monocytes, 

respectively. C) A plot is shown of CD62P-PE (an example of a platelet 

identifier) vs. CD14-APC-CY7 to determine the PLCs P4 and P5, for 

neutrophils and monocytes, respectively.  D) and E) are plots of side scatter 

vs. CD62P-PE to distinguish PN and PM conjugates from CD62P-PE-

positive platelets, respectively. 
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and an increase in the CD62P % and median fluorescence is demonstrated, 

and is indicative of a large amount of PLCs formation.  

 

2.2.5.4 Triggering protocol 

In this method, flow cytometric analysis of PLCs is relies on unlysed whole 

blood samples � a technique based on fluorescent triggering. The steps 

involving sample stimulation with platelet agonists and fixation with 

AggFixA and AggFixB were exactly the same as those in the aggregation 

method. The AggStab blood was transferred to small Eppendorf tube (1ml) 

and centrifuged, using a small centrifuge, set for 3 min at 1000 rpm. The 

supernatant was decanted and 20µl of following antibody mix, CD45 Percp 

(1:10), CD14 APC-CY7 (1:20) and CD61 PE (1:400), was added and 

incubated in the dark for 30 min. Finally, 300µl FacsFlow solution was 

added and analysed by flow cytometry (LSRII).  In A), the blood cell 

population was collected from forward and side scatter, in logarithmic 

mode. These included leucocytes, erythrocytes and platelet aggregates and 

excluded single platelets. In all cases, a total of 10,000 events were 

collected. In B), the leucocyte population were identified by their side 

scatter characteristics and CD45-positivity. In C) and D), monocytes were 

differentiated from neutrophils by their high CD14-positivity. PLCs were 

expressed as the % and median fluorescence of CD61-positivity in each 

subpopulation.  
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2.2.5.5 Flow cytometry dot plot 

In all the flow cytometry dot plots (control in Figure 2-12, EDTA in Figure 

2-13, MK-0852 in Figure 2-14 and KPL-1 a in Figure 2-15): A) the cell 

population was collected from forward and side scattering in logarithmic 

mode, which represents leucocytes, erythrocytes, platelet aggregates and 

excludes single platelets; B) P1 was generated to identify leucocytes by 

their side scatter characteristics and CD45-positivity; C) and D) neutrophils 

and monocytes were identified on the basis of CD14 expression and side 

scatter properties. P4 and P2 were drawn for neutrophils, whereas P3 and 

P5 indicated monocytes.    

  

E) and F) PM and PN conjugates were distinguished from single platelets, 

positive for CD61-PE. The Figures 2-12 to 2-15 show flow cytometry dot 

plots using the fluorescent triggering technique: 
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2.2.7 Statistics  

Results were presented as either mean ± standard deviation (SD) or 

standard error of mean (SEM). Statistical data analysis was accomplished 

using Graphpad Prism software, using paired t-test for two groups and a 

one way or two way analysis of variance (ANOVA), combined with the 

Bonferroni test, for multiple comparisons. Graphpad Prism was also used 

to calculate the EC50, which is the required concentration of platelet 

agonist capable of achieving half the maximum of level of aggregation. 

The agonist concentration achieving EC50, where the maximal response 

reached the plateau, was calculated. Values �✁✂✄ ☎ ✆ 0.05 were considered 

statistically significant. The n number represents the number of volunteers 

or patients recruited for specific studies.   
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3.1  Introduction 

The study of platelet aggregation is one of the most widely used tests to 

identify and diagnose defects in platelet function that might lead to 

thrombosis, for example in ACS, bleeding, BS syndrome or GT. Platelet 

aggregation can be performed on different cell preparations, such WB, 

PRP, washed platelets or gel-filtered platelets. Out of these, WB has the 

advantage of involving less manipulation of platelets than PRP. PRP 

preparation involves centrifugation, which may lead to platelet activation. 

Using WB also tests platelet function in a milieu that is more physiological 

due to the presence of RBCs and WBCs (Harrison, 2005). 

 

Blood samples acquired for platelet aggregation testing are generally 

treated with 3.2 or 3.8% (w/v) tri-sodium citrate dehydrate for 

anticoagulation (Mody et al., 1999). Heparin can also be used as an 

anticoagulant; however, previous studies on platelet aggregation have 

revealed that heparin may cause platelets to aggregate together 

spontaneously, making them more difficult to work with (O'Brien et al., 

1969). Hirudin is another anticoagulant, which acts by directly inhibiting 

thrombin and keeping Ca2+ concentrations at physiological levels of 1.1 to 

1.2 mmol/l (Storey et al., 1998). These anticoagulants influence platelet 

aggregation measurements differently, making the selection of 

anticoagulant critical and in need of more investigation. Citrate, for 

example, has Ca2+-chelating properties and is known to decrease 

extracellular Ca2+ availability, which maintains the integrity of the 
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aggregation receptor, the GPIIb/IIIa complex (Fitzgerald and Phillips, 

1985). As a result, GPIIb/IIIa antagonists are more potent in blood that has 

been anticoagulated with citrate than in blood that has been treated with 

other anticoagulants, such as D-Phe-ProArg-chloromethyl-ketone 

(PPACK), which does not affect Ca2+ concentrations (Rebello et al., 2000, 

Kereiakes et al., 2001, Voss et al., 2005). Currently, the most frequently 

used anticoagulant for testing platelet function is sodium citrate (Neufeld et 

al., 1999). 

 

In WB, platelet aggregation can be successfully measured using single 

platelet counting techniques (SPC) (Butchers et al., 1980, Fox et al., 1982, 

Saniabadi et al., 1983). These methods involve stirring samples of WB in 

the presence of platelet stimulants, such as ADP, and monitoring the fall in 

the number of single platelets as aggregation takes place. Following this, 

samples may be fixed so that aggregation can be stopped at predetermined 

time points (Bevan and Heptinstall, 1985). The fixed blood can then be 

analysed using a WB platelet counter, such as an Ultra-Flo 100, or a 

Sysmex KX-21 analyser, or by flow cytometry (Fox et al., 2004b, Bacus et 

al., 1980, Iyu et al., 2011). Platelet aggregation is expressed as the decrease 

in SPC, compared to the initial platelet count, in a control sample of 

unstimulated fixed blood anticoagulated with EDTA. EDTA prevents 

aggregation by chelating Ca2+ to the degree that GPIIb/IIIa, the final 

aggregation receptor, becomes no longer functional. These methods of 

assessing platelet aggregation have been used in the Division of 
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Cardiovascular Medicine here at the University of Nottingham for many 

years (Fox et al., 1994, Heptinstall et al., 1995, Storey et al., 2002b). 

  

The WB platelet counter, the Ultra-Flo 100, depends on a change in 

electrical impedance of the cells passing through a small aperture, which 

can detect single platelets and differentiate them from RBCs (Bacus et al., 

1980). It has proved to be a useful tool in measuring platelet aggregation in 

WB, where the extent of aggregation is determined from the number of 

single platelets remaining. The Sysmex KX-21 analyser is another WB 

platelet counter that uses impedance technology. These early techniques do 

not provide comprehensive information about platelets, such as receptor 

function or cell signalling. Therefore, an alternative instrument, such as a 

flow cytometer, may be used to acquire a more in-depth understanding of 

platelet function and their interactions with other cells, such as leucocytes. 

 

Flow cytometry provides a reliable, informative and rapid analysis for the 

assessment of platelet function. The use of flow cytometry in clinical and 

research settings has risen dramatically in the past decade. This is 

attributable to flow cytometry using WB, hence, allowing platelets to be 

analysed in their physiological state, as previously mentioned, due to the 

presence of RBCs and WBCs. It also reduces the activation of platelets in 

vitro, which occurs with the preparation of PRP and washed platelets 

(Brown and Wittwer, 2000, Saboor et al., 2013). 
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The use of flow cytometry in platelet studies relies upon the identification 

of particular proteins situated on platelet membranes or inside cells. This is 

accomplished by binding specific antibodies (conjugated with 

fluorochromes) to target proteins and visualisation of the fluorescence 

emitted following fluorochrome excitation with a laser. It is preferable for 

the antibodies used for WB flow cytometry to be monoclonal, rather than 

polyclonal, so as to reliably saturate the exact epitopes of interest, avoid 

non-specific binding and remove incubation and washing steps, if a 

secondary antibody is used. Flow cytometry can also solely use light 

scattering properties to discriminate platelets from other blood cells. 

Forward scatter gives information about cell size, while side scatter reflects 

cell complexity. As far as platelet aggregation is concerned, it can be 

measured by flow cytometry of WB. In this respect, an SPC technique was 

employed to measure platelet aggregation in WB by estimating the fall in 

the number of single platelets as they form aggregates. In these 

experiments, single platelets are identified by their positivity to the platelet 

identifier, FITC-CD42a, and their gating properties (Michelson et al., 2000, 

Michelson, 2006).  

 

CD42a is a platelet membrane GP, also known as GPIX, which forms a 

non-covalent complex with GPIb and GPV, ultimately forming the 

complex, GPIb-IX -V, which mediates platelet adhesion (Michelson et al., 

1996b). The measurement of platelet aggregation by flow cytometry, using 

SPC techniques, has been already established by our research group for 

counting the fall in single platelets in relation to 50000 RBC events (Fox et 
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al., 2004b). However, measurements of platelet aggregation are influenced 

by different factors, such as the type of anticoagulants used to prevent 

blood clotting, the time between venipuncture and blood testing and the 

volume of blood needed to carry out an analysis. The fixative solution used 

is another variable and whether it is used prior to or after the antibody is 

added is controversial. In most flow cytometric methods, the blood sample 

is fixed prior to incubation with antibodies. (Atar et al., 2010). However, it 

has been shown that certain receptors, such as the GPIIb/IIIa fibrinogen 

binding sites, and the binding of the antibody, PAC-1, are significantly 

influenced by the fixative solution.    

 

The current perception is that studies of platelet function must be 

completed within about two hours, without fixation, if reliable results are to 

be obtained. However, fixation is beneficial in a clinical setting where there 

may not be immediate access to a platelet function analyser, as it allows 

measurements to be carried out at later stage. It also prevents subsequent 

artefactual platelet activation (Michelson, 1996). Fixatives, such as 

formaldehyde (FA) or paraformaldehyde (PFA), have been used by 

researchers at different concentrations to allow analysis after time periods 

of longer than two hours (Hu et al., 2000). Our research group has 

formulated a new fixative solution (AggFixA/AggFixB(S)) that has the 

advantage of fixing platelet aggregates and keeping them stable for up to 

nine days, facilitating the remote testing of platelet function (May JA, 

09/05/08). The fixation method comprising the use of one fixative is 

referred to as single, and the one with two fixatives is referred to as double. 
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The single fixation approach utilises a solution known as platelet activator 

molecule (PAM) fixative, which is normally added to the blood at a ratio of 

1:3. The single fixation method has been previously used here to 

successfully measure platelet aggregation using flow cytometry and Ultra-

Flo 100 (Fox et al., 2004b) and, also, to assess platelet activation from the 

measurement of the P-selectin (CD62P) marker (Fox et al., 2009). The 

single fixation approach is shown to preserve platelet aggregate stability 

for 15-30 min, without altering the integrity or distortion of platelets. The 

second method involves a two-stage fixation. The first stage, AggFixA, 

consists of relatively high FA and no EDTA, while the second stage, 

AggFixB(S), consists of relatively low FA with EDTA and is normally 

added in the ratio of 1:10 (May JA, 09/05/08).  

 

Temperature is an important factor that affects platelet aggregation. Many 

researchers have described THAT cooling at low temperatures, such as 

28oC, enhanced platelet aggregation in response to stimulation with ADP 

(Scharbert et al., 2006, Xavier et al., 2007). A possible explanation for this 

observation is that low temperatures increase the fragility of RBCs and, 

therefore, more ADP is produced. Stirring forces can have an impact on 

platelet aggregation, as lengthy stirring of blood without agonist can 

damage RBCs and result in the release of small amounts of ADP, which 

can cause spontaneous aggregation. This is not the case with PRP due to 

the lack of RBCs (Saniabadi et al., 1987, Goldsmith et al., 1995). 

Therefore, most platelet aggregation studies on WB are performed at 37oC 

in a test tube, using a MSA, at 37oC and 1000 rpm, which is used to agitate 
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the blood and the platelet stimulant. However, this has many drawbacks; in 

particular, that measurements are usually made only at a single time point. 

This method is also time-consuming and a relatively large volume of WB 

is required in order to get a full dose-response curve for platelet 

aggregation. Therefore, the use of 96-well plates has many advantages, 

including the requirement for only a small volume of WB, which makes it 

more convenient, especially when the volume of blood available is very 

limited. Also, several platelet activation pathways can be assessed in 

parallel by using a range of concentrations of different agonists; in 

addition, it uses a very small volume of agonist (4µl). Therefore, this 

approach may offer a high throughput test for assessing platelet function. 

By combining this with the double fixation method, samples can be 

stabilised so that analysis can be achieved remotely in a central laboratory. 

This method depends on a shaking technique using a Bio-Shaker, which is 

designed to mix the blood in a 96-well plate with the platelet stimulants. 

This differs to the previous technique that involves stirring using an MSA.  

 

The 96-well plate aggregation methodology has already been used for fresh 

agonists (Armstrong et al., 2009a, Armstrong et al., 2008, Ali et al., 2009) 

or lyophilised agonists (Chan et al., 2011). In these studies, platelet-rich 

plasma was prepared and measurements were carried out using a 96-well 

plate reader to determine the change in light absorbance as the platelets 

aggregate. LTA has been previously adapted for use with 96-well plates 

(Fratantoni and Poindexter, 1990). In the 96-well plate method, blood was 
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mixed with stimulants using a Bio- Shaker, which was adapted for the 96-

well plate.   

 

Table 3-1: Comparison of existing vs. 96-well plate methods.  

A summary of the main differences between the existing method and the 

new method in development (96-well plate). This new approach will 

eventually facilitate the remote testing of platelet function. 

 

The development of the 96-well plate assay, used to measure platelet 

aggregation, went through many improvements, including critical factors, 

such as the type of anticoagulant (citrate vs. hirudin), the type of 96-well 

bottom (flat, round and V-shaped) and the range of platelet agonists used. 

This work was conducted by the Platelet Research group in Birmingham. It 

was of particular significance to finding the most appropriate conditions 

and allowing further investigations after development of this assay.  

 Existing method 96-well plate method 

Equipment Test tube 96-well plate 

Mixing force Stirring Shaking 

Volume of 
blood/single test 

480µl 46µl 

Volume of 
agonist/single test 

Large volume (20µl) Small volume (4µl) 

Number of agonists Single agonist Multiple agonists 
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The double fixation method allows the platelet aggregate to be stable and, 

therefore, to offer more time frames for analysing fixed blood samples. 

Also, there is existing evidence that flow cytometry could be applied to 

investigate platelet aggregation using SPC techniques. Therefore, the aims 

of this chapter are to compare platelet aggregation in WB using the single 

fixation method and the Ultra-Flo 100 to count single platelets, with a 

double fixation method and flow cytometry to count single platelets. 

Additionally, the effect of reducing blood volume on platelet aggregation, 

using the double fixation method and flow cytometry, was studied. 

Subsequent optimisation of the WB assay was performed by the Platelet 

Research group in Birmingham, who recommended using 46µl of blood, a 

96-well flat bottom plate and a range of concentrations of AA, ADP, 

collagen and TRAP (wet agonists). Therefore, a further aim was to 

reproduce the pattern of platelet aggregation here using the recommended 

conditions. It was anticipated that the results obtained might provide data 

upon which further studies of platelet aggregation in WB in vitro and ex 

vivo can be based. 

 

3.2 Results 

3.2.1 Investigation of platelet aggregation in test tubes with 

agitation using the Multi Sample Agitator  

All aggregation experiments were performed using a device called the 

MSA, which stirs blood samples, or PRP, at a standard speed and 

temperature. This device is designed to agitate the blood in a reproducible 
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and consistent way. For the experiments conducted here, the temperature of 

the MSA was set at 37oC and the degree of agitation was set to 1000 rpm.  

 

3.2.1.1  Comparison of the double-fixation and single-fixation 

protocols for the measurement of platelet aggregation in 

response to ADP 

The first set of experiments was aimed at comparing the effect of these 

fixative solutions on the measurement of platelet aggregation, with platelet 

counting performed using either flow cytometry or the Ultra-Flo 100 WB 

platelet counter. This study demonstrates the use of two fixative methods 

(double vs. single) to measure ADP-, collagen- and U44619-induced 

platelet aggregation in WB using a range of concentrations at different 

times, which had been established and validated by our research group. The 

double fixation method uses two fixation stages and analysis was carried 

out on a flow cytometer using 96-well plates. However, the single fixation 

method uses a single fixative to measure the fall in the SPC using Ultra-Flo 

100.  

 

In this study, and subsequent studies, in the present chapter, platelet 

aggregation was estimated as the fall in the SPC as platelets aggregated, 

with reference to RBC. Baseline values were measured in unstimulated 

samples using blood anticoagulated with EDTA, which is a known Ca
2+

-

chelating agent, therefore providing the absolute platelet count. 

Platelet aggregation was calculated using the following formula:  
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     (Baseline platelet count�Sample platelet count) x 100 

                              Baseline platelet count 

 

Blood samples were fixed at different times (at 0.5 and 4 min) after 

stimulation with different concentrations of ADP (1, 3 and 10µM) and then 

incubated with the FITC-CD42a antibody for flow cytometry analysis. For 

single fixation measurements using Ultra-Flo 100, the fixed blood samples 

were mixed gently by repeated inversion and 36ml of the fixed blood were 

added to a vial containing 9.1ml saline. All platelet counts were determined 

with the RBC setting at 600. Aggregation results were determined using a 

flow cytometer for double-fixed blood and the Ultra-Flo 100 for single-

fixed blood.  

 

Figure 3-1: ADP-induced platelet aggregation in WB.  

Samples were fixed using double fixation and flow cytometry (DFF) (blue 

bars) and single fixation Ultra-Flo 100 (SFU) (red bars) at 0.5 and 4 

minutes. Results are expressed as mean ± SEM, n=6. Analysed with 

paired-t test. ns: no significance. 
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It is well established that the range of ADP concentrations that 

demonstrates an increase in aggregation in a dose-dependent manner are 1, 

3 and 10µM. The time course was to be of a maximum of 4 min, as after 

this time the aggregation pattern does not change dramatically. The results 

presented in Figure 3-1 (A and B) demonstrate ADP-induced platelet 

aggregation at 0.5 and 4 min, using both approaches. Dose-dependent 

increases in platelet aggregation in response to platelet stimulation, with a 

range of ADP concentrations, were also evident. For blood stimulated with 

10µM ADP, the percentage of platelet aggregation reached a maximum of 

nearly 80% at 0.5 and 4 min. However, for blood stimulated with 3µM 

ADP for 4 min, the aggregation appeared to be less (more reversible) than 

in blood stimulated for 0.5 min. Samples incubated with saline showed a 

small percentage of spontaneous aggregation. Paired t-test analysis 

performed showed no statistically significant difference between both 

fixation approaches at the lowest (1µM), intermediate (3µM) and highest 

(10µM) concentrations of ADP. 

 

The overall pattern of the aggregation values measured using both fixation 

methods gave similar results. This can be seen from the correlation curve 

(Figure 3-2), which illustrates a high correlation between the DFF and the 

SFU, �✁✂✄☎ ✆✝✞✟✁✠✄✡✁ ☛✠✟✟✝☞✞✌✂✠✄ ☛�✟✍✝ ✎✝✞✁�✟✝✎✝✄✌ ✏✑ ✒ ✓✔✕✕✖✗✘✙ ✚✛ ✒

0.9649). In this respect, DFF is advantageous in fixing platelet aggregates 

for up to 9 days. This has been confirmed by our research group, which 

showed the stability of the platelet aggregate stimulated by different 
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agonists � ADP, collagen, U46619 and sulprastone (analogue of PGE2). 

The aggregation values measured between 1-3 days were highly correlated 

with the values obtained between 6-9 days (Figure 3-3), (correlation 

values; y = 0.987x, R2 =0.9824) (May JA, 09/05/08). 

 

Figure 3-2: Correlation of platelet aggregation stimulated with ADP. 

Blue dots represent aggregation values measured by double fixation and 

flow cytometry (DFF) and single fixation using the Ultra-Flo 100 (SFU) at 

0.5 and 4 min using adenosine diphosphate (ADP) (n=6). 
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Figure 3-3: Aggregation stability obtained at 1-3 and 6-9 days. 

Dots represent the aggregation values measured using adenosine 

diphosphate (ADP), collagen, U46619 and sulprastone.   

 

3.2.1.2 Double fixation flow cytometry vs. single fixation Ultra-Flo 

100 platelet aggregation in whole blood, using collagen as a 

stimulant 

These experiments used the same methodology as the previous experiment, 

except that here collagen (Horm) was used as the stimulant at 

concentrations of 0.25, 1 and 4µg/ml, with platelets fixed at 1 and 4 min. 

This experiment was performed to determine whether the approaches used 

to measure platelet aggregation were comparable. It would also ensure that 

the results obtained using double fixative on flow cytometry correlated 

with the results obtained from single fixation using the Ultra-Flo 100 when 

another stimulant, such as collagen, was used.  
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Figure 3-4: Collagen-induced platelet aggregation in whole blood. 

Samples were fixed using double fixation and flow cytometry (DFF) (blue 

bars) and single fixation and the Ultra-Flo 100 (SFU) (red bars), measured 

at 1 and 4 min. Results are expressed as mean ± SEM, n=6. **P<0.01, 

***P<0.001 and analysed with paired-t test  

 

At a time course of one minute, the percentage platelet aggregation 

increased in, duplicate order, from 20% with blood stimulated with 

0.25µg/ml collagen, to 60% with 1µg/ml, to 80% with 4µg/ml. However, at 

a time course of 4 min, there was a dramatic increase in the percentage of 

platelet aggregation, with it reaching 100% at intermediate (1µg/ml) and 

highest (4µg/ml) concentrations. At these two concentrations, a paired t-

test showed that there was a statistically significant difference between 

double fixation flow cytometry and single fixation Ultra-Flo 100 (P<0.01 

and P<0.001).  

The overall results indicate that collagen-induced platelet aggregation in 

WB, measured using the two approaches, are comparable at 1 and 4 min 
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after platelet stimulation (Figure 3-5). The data clearly demonstrates that 

the two fixation approaches correlate well, �✁✂✄☎ ✆✝✞✟✁✠✄✡✁ ☛✠✟✟✝☞✞✌✂✠✄

analysis (y=1.0128x, R2=0.9706). 

 

Figure 3-5: Correlation of platelet aggregation stimulated with collagen. 

Dots represent values measured by double fixation and  flow cytometry 

(DFF) and single fixation using the Ultra-Flo 100 (SFU) at 1 and 4 min, 

using collagen as the stimulant (n=6). 

 

 

3.2.1.3 Double fixation Flow Cytometry vs. single fixation Ultra-Flo 

100 whole blood aggregation, using U46619 

These experiments were conducted using a different platelet stimulant 

known as U46619. U46619 is a stable analogue of the thromboxane 

receptor (TR) agonist and the endoperoxidase PGH2 (Abramovitz et al., 

2000). It shows similar properties to TXA2, causing platelet shape change 

and aggregation (Coleman et al., 1981). In these experiments, blood was 
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stimulated with a range of U46619 concentrations (0.3, 1 and 3µM) and 

stimulated for 1 and 4 min. 

 

 

Figure 3-6: U46619-induced platelet aggregation in whole blood. 

Samples were fixed using double fixation flow cytometry (DFF) (blue 

bars) and single fixation Ultra-Flo 100 (SFU) (red bars) at 1 and 4 min. 

Results are mean ±SEM, n=6. *P< 0.05, **P<0.01 analysed with the 

paired-t test. 

  

 

This experiment utilised the same principle and methodology as the 

previous experiments, but with U46619 (a thromboxane analogue) as the 

stimulant. This experiment was carried out with the intention of 

determining whether the double fixation method flow cytometer and single 

flow method Ultra-Flo 100 were comparable.  
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At 1 min, platelet aggregation in the blood stimulated with 0.3µM U46619 

exhibited higher values of 70% with DFF and 80% with SFU. However, at 

4 min, platelet aggregation was lower, with DFF shown to preserve the 

aggregate more than SFU. 

 

In blood stimulated for 1 and 4 min with 1 and 3µM U46619, platelet 

aggregation exhibited a similar pattern of nearly 100%. Platelet 

aggregation measured with DFF was demonstrated to be slightly higher 

than SFU. This was not statistically significant in blood stimulated with 

1µM of the compound. However, in blood stimulated with 3µM, the 

difference between DFF and SFU was statistically significant (p<0.05) at 1 

min and even more so at 4 min.    

 

With both approaches, there was a high correlation between the 

aggregation values as analysed by �✁✂✄☎✆✝✞☎ ✟✆✄✄✁✠✂✡☛✆✝ ✟☞✄✌✁

measurement (Figure 3-7; y=1.0125x, R2=0.9799).  
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Figure 3-7: Correlation of platelet aggregation stimulated with U46619. 

Dots represent values measured by double fixation and flow cytometry 

(DFF) and single fixation using the Ultra-Flo 100 (SFU) at 1 and 4 min, 

using U46619 as a stimulant  (n=6). 

 

The previous comparison of the two fixation methods, DFF and SFU, 

indicated that the aggregation results were highly comparable for all blood 

stimulants (ADP, collagen and U46619). It can, therefore, be concluded 

that the DFF method is comparable to the well-established electronic cell 

counter method and that they can be used interchangeably. Therefore, DFF 

can be used as the fixation method for further investigations throughout the 

present thesis.  
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It is required to minimise the blood volume used for PFT in order to carry 

out as many tests as possible on one sample; to address this issue, the next 

section focuses on studying the effects of reducing blood volume on 

aggregation measurements. This was carried out in an attempt to reduce the 

blood volume used for testing, which would make it of use for 

investigating as many platelet functions as possible (Chapter.6), and also to 

make it applicable to patients with restricted blood volumes, such as 

paediatric patients.  

 

3.2.2 Measurement of platelet aggregation using different 

blood volumes 

It has already been demonstrated that the double fixation method using 

flow cytometry is highly comparable to the single fixation Ultra-Flo 100 

method (section 3.2.1); these experiments were carried out on WB using 

the double fixation method and flow cytometry only. The present study 

aimed at determining the effects of reducing the blood volume used for 

aggregation studies and to see if this had an effect on aggregation results. 

Different volumes of blood (125, 250 and 500µl) were stimulated with a 

range of ADP concentrations (1, 3 and 10µM) and fixed at 0.5 and 4 min.  
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3.2.2.1 Using ADP 

 

Figure 3-8: Platelet aggregation stimulated with ADP, using different blood 
volumes. 

Adenosine diphosphate (ADP)-induced aggregation in whole blood using 

double fixation flow cytometry (DFF) and different blood volumes (125µl 

(white bars), 250µl (purple bars) and 500µl (blue bars)) at 0.5 (A) and 4 

(B) min. Results are expressed as mean ± SEM (n=6). *P< 0.05; analysed 

by ANOVA with the Bonferroni test.  

 

The ADP data derived at 0.5 min showed that platelet aggregation 

increased with different blood volumes and ADP concentrations, in a dose-

dependent manner. It was also observed that at different concentrations of 
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ADP the percentage of platelet aggregation was very close and showed no 

significant difference, as indicated by ANOVA. With high ADP 

concentrations (10µM), aggregation was nearly 100% with the different 

blood volumes tested. 

  

At 4 min, the data showed that there was more aggregation with the lowest 

blood volume used (125µl) and different ADP concentrations, and this 

appeared to make aggregation less reversible. However, with higher blood 

volumes (250µl and 500µl), there was less platelet aggregation, which 

tended to be more reversible at ADP concentrations of 1µM and 3µM � 

indicating that aggregation at low ADP concentrations appeared to be more 

reversible. ANOVA showed that the aggregation value measured for 125µl 

blood was statistically different from that for 250µl (P<0.05) and for 500µl 

(P<0.01), in samples stimulated with 1µM and 3µM ADP. There was no 

significant difference between aggregation values for 250µl and 500µl of 

blood. For blood stimulated with a high concentration of ADP (10µM), 

aggregation values were not significantly different from each other.      
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3.2.2.2 Using collagen 

 

Figure 3-9: Platelet aggregation stimulated with collagen, using different 
blood volumes. 

Collagen-induced aggregation in whole blood using double fixation flow 

cytometry (DFF) and different blood volumes (125µl (white bars), 250µl 

(purple bars) and 500µl (blue bars)) at 1 (A) and 4 (B) min. Results are 

expressed as mean ±SEM (n=6). *P< 0.05; analysed by ANOVA with the 

Bonferroni test. 

 
With respect to blood stimulated with collagen and fixed at 1 min, it was 

clear that platelet aggregation was approximately the same with 500µl, 

250µl and 125µl of blood, at low and high concentrations of collagen (0.25 
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and 4µg/ml). Intermediate collagen concentrations (1µg/ml) stimulating 

125µl of blood exhibited more platelet aggregation than 250µl and 500µl 

of blood. Maximal aggregation to the same extent was reflected with the 

different volumes of blood stimulated with 4µg/ml collagen. 

  

At 4 min, platelet aggregation appeared to increase with different blood 

volumes stimulated with different collagen concentrations. However, when 

using 250µl and 125µl of blood, there was higher platelet aggregation than 

when using a larger blood volume (500µl). This reflects, that with lower 

blood volumes, there is more platelet aggregation, which is more stable and 

less reversible.  
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3.2.2.3 Using U46619 

 

Figure 3-10: Platelet aggregation stimulated with U46619, using different 
blood volumes. 

U46619-induced aggregation in whole blood using double fixation flow 

cytometry (DFF) and different blood volumes (125µl (white bars), 250µl 

(purple bars) and 500µl (blue bars)) at 1 (A) and 4 (B) min. Results are 

expressed as mean ±SEM (n=6). *P< 0.05; analysed by ANOVA with the 

Bonferroni test.  

 

When U46619 was used as the platelet stimulant, platelet aggregation was 

the same with different volumes at concentrations of 1µM and 3µM, at 1 

and 4 min. At a concentration of 0.3µM U46619, results tended to be 
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variable, with 500µl and 125µl exhibiting a higher percentage of platelet 

aggregation at 1 and 4 min, respectively.   

From the experiments above, which were performed to investigate the 

effect of reducing blood volume on platelet aggregation, it can be 

concluded that blood aggregation was very similar at the highest agonist 

concentrations used and variable at low and intermediate concentrations. 

With respect to blood volume, the aggregation results did not differ hugely 

between the different volumes used.  

 

The work in this chapter demonstrated that the double fixation method has 

the great advantage of allowing measurements to be performed within a 

longer time frame (9 days) and anywhere (remote setting). Investigations 

into the influence of the volume of blood used showed that aggregation is 

more stable at lower blood volumes. Therefore, the following section 

connects these finding with others made by the Platelet Research group in 

Birmingham, leading to the use of the 96-well plate for even lower blood 

volumes (of 46µl per well or condition) � allowing many platelet 

stimulants to be investigated in parallel.   
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3.2.3 Measurement of platelet aggregation in 96-well plates 

by a shaking technique, using a WB shaker 

The traditional methods for measuring platelet aggregation are either 

labour-intensive or time-consuming; also, many platelet activation 

pathways cannot be determined in parallel with them. To overcome these 

short-comings, the aim of this work was to develop a method for assessing 

platelet function, in response to different platelet stimulants, using a 

relatively small volume of a WB sample. This was carried out using a Bio-

shaker, which was set at 37oC and 1000 rpm, with the analysis carried out 

using 96 well-plates. Fixation was performed after 5 min of shaking, using 

the double fixation approach, thereby allowing analysis to be carried out at 

a later stage. Measurements of platelet aggregation were achieved at a later 

stage using the SPC technique and flow cytometry, where the platelets 

were identified by their positivity for CD42a FITC.  

   

3.2.3.1 96-well plates with wet agonists 

96-well flat-bottomed plates were used and different concentrations of 

agonists were prepared freshly (wet agonists) on the day before 

experiments were carried out. Blood was obtained from healthy volunteers 

who declared that they did not take drugs that interfere with platelet 

function. Blood was anticoagulated with sodium citrate. The results are 

presented as percentage of platelet aggregation, measured as decreases in 

single platelets as they aggregate.  
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3.2.3.2 Optimisation 

This work was carried out in collaboration with the Birmingham Platelet 

Research group in order to optimise the technique and ensure that it is 

suitable for measuring platelet aggregation in WB. Optimisation involved 

the following: 

� Type of the plate to be used (round-, flat- or v-shaped-bottomed). 

� Volume of blood to be used. 

� Agonist and concentration range to be used. 

 

3.2.2.1 Measurements of platelet aggregation in healthy volunteers 

After we had optimised the different factors needed to ensure that the 

conditions were optimal, the following experiments were carried out to 

obtain a full dose-response curve for platelet aggregation in response to a 

range of concentrations of platelet stimulants (AA, ADP, collagen and 

TRAP). Experiments were also carried out to establish that small volumes 

of whole blood (~ 1.2 ml) could be used to generate this amount of data. 

The percentage platelet aggregation was measured as the fall in the single 

platelet count against that of blood anticoagulated with EDTA or saline, to 

determine the spontaneous aggregation without platelet stimulation. 

Aggregation data measures vs. EDTA were presented throughout.   
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Figure 3-11: Platelet aggregation in healthy volunteers in response to wet 
agonists.  

Effects of arachidonic acid, AA (0.03-1mM), adenosine diphosphate, ADP 

(0.3-30µM), collagen (0.1-10µg/ml) and thrombin receptor activated 

peptides, TRAP (0.1-10µM) on platelet aggregation. Results are expressed 

as mean ± SEM, (n= 20), vs. EDTA. 

 

 
When samples of WB were shaken with either AA, ADP, collagen or 

TRAP in 96-well plates, the extent of platelet aggregation that occurred 

depended on the concentration of the particular agonist used. In all cases, 

aggregation was complete (nearly 100%) at the highest concentration of 

agonist used (vs. EDTA and saline). EC50 was calculated for each donor 

using Graphpad Prism software to indicate the concentration of agonists 
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achieving 50% of maximum platelet aggregation. Mean EC50±sem was 

estimated as follows; AA= 0.13 ± 0.048 mM (n=10), ADP= 2.45 ± 0.073 

µM (n=10), collagen= 0.14 ± 0.06 µg/ml (n=10) and TRAP= 2.62 ± 0.06 

µM (n=10).  

 

Overall the aggregation pattern of the values measured with respect to 

EDTA was slightly higher than that with respect to saline. The aggregation 

values, which were measured in duplicate, were robust and reproducible 

(CV<10%). 

 

3.3 Discussion 

The study of the role of platelets in haemostasis and thrombosis, as in ACS, 

and when monitoring the effects of administered drugs on platelets, 

requires reliable PFT. One measure for assessing platelet function is by 

measuring platelet aggregation. This can be done by LTA on PRP, or in 

WB, by using a variety of methods, such as with point-of-care testing 

devices, Multiplate, VerifyNow® or Platelet Function Analyser-100 (PFA-

100). It can also be measured by flow cytometry using a SPC technique.  

 

The overall objective of the present chapter was to further optimise 

measurements of platelet aggregation in WB using a single platelet 

counting technique (used here in the University of Nottingham for many 

years (Storey and Heptinstall, 1999), in terms of effectiveness of fixation, 
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reducing blood volume for analysis and using a 96-well plate format. WB 

is more physiological than PRP, as erythrocytes and leucocytes are present, 

and centrifugation involved in the preparation of PRP can result in platelet 

activation (Fox et al., 2004b). 

 

In circumstances where there is no immediate access to a flow cytometer, 

fixation is preferable for the prevention of platelet activation in vitro 

(Tschoepe et al., 1991, Shattil et al., 1987). However, fixation is an 

important variable that may also involve alteration of platelet receptors. 

The stage at which fixation is performed is controversial, i.e. whether it 

should be before or after antibody labelling (Shattil et al., 1987). Using 

both methods, samples have been shown to be stable for at least 24 hrs 

(Hagberg and Lyberg, 2000a). FA or PFA of different concentrations can 

be used to fix blood for platelet aggregation measurements, with PFA 

preferred, as FA can directly induce the expression of platelet activation 

markers CD62P or CD63 (Cahill et al., 1993). For most flow cytometry 

protocols, blood samples are fixed before labelling with antibody; however, 

certain receptors such as CD41, which is specific for platelets (Michelson 

et al., 2000), or GPIIb/IIIa, which is specific for the final aggregation step 

(George et al., 1986), are affected by the fixation process. 

 

A solution based on PFA, at a final concentration of 0.5-1% (w/v), is the 

standard reagent used for fixing and stabilising blood samples for flow 
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cytometry analysis (Michelson et al., 2000). FA at a final concentration of 

0.16% (w/v) was previously established here to be optimal for platelet 

function analysis using flow cytometry (Fox et al., 2009). The first sets of 

data presented in this chapter were focused on the use of two novel 

approaches to fixation for measuring platelet aggregation in WB: double 

DFF and SFU. Blood and platelet stimulants at different concentrations 

were stirred together in a test tube using MSA and fixed at different times, 

between 0.5 minutes and 4 minutes; after this time, the percentage of 

aggregation does not change. Experiments were performed with the 

intention of checking whether both fixation methods are comparable to 

each other. If they were then double fixation could be used in further 

investigations. Single fixation involved one stage of fixation with PAM fix; 

this stabilises the platelets aggregates, thereby allowing measurements of 

free single platelets to be made. DFF offered the advantage of fixing 

platelets and keeping aggregates stable for up to 9 days, thereby allowing 

remote platelet function testing. 

 

Previously, our research group showed that there was a high correlation 

between single platelet counting (using flow cytometry vs. Ultra-Flo 100) 

after single fixation of ADP-stimulated samples in citrated anticoagulated 

blood (Fox et al., 2004b). In light of this, a comparison between double 

fixative solutions and flow cytometry, and the well-established electronic 

counting technique (Ultra-Flo 100) with single fixation method was 

performed, using different agonists. The results obtained (Figure 3-2, 

Figure 3-5 & Figure 3-7) indicated that the aggregation values measured by 
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double fixation and flow cytometry were highly correlated with those 

obtained using the established method of using an Ultra-Flo 100 whole 

blood platelet counter. 

ADP-induced platelet aggregations using both fixation methods were 

highly correlated. However, at 4 min of stirring, the percentage of 

aggregation tended to be lower due to reversible aggregation. When 

collagen was used, the same correlation pattern was shown; however, the 

DFF method tended to produce slightly higher aggregation values at the 

highest two concentrations (1 and 4µg/ml) of agonist, which was 

statistically significant. This could be explained by the fact that a double 

fixative is able to preserve the aggregate better than a single fixative 

solution. The same thing applied to blood stimulated with U46619. The 

overall results indicate that the DFF method correlates well with the SFU 

method. Therefore, a decision was made to use DFF in further experiments 

investigating the effects of reducing the volume of blood used on platelet 

aggregation.  

 

The effects of using different blood volumes on measurements of platelet 

aggregation have not been previously investigated. The aim here was to 

minimise the blood volume used for aggregation studies. The traditional 

method of measuring platelet aggregation uses a large volume of blood and 

it can be even greater when investigating the effects of antiplatelet drugs. 

Therefore, experimentation on reducing volumes was of importance here. 
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Different volumes of WB were stimulated by ADP, collagen and U46619, 

fixed with double fixative solution and analysed with flow cytometry. The 

results showed that for blood stimulated with ADP, the aggregation values 

were the same, except for lower concentrations (1 and 3µM). There was 

also a trend of greater aggregation in low blood volume samples. This 

suggests that in small blood volumes aggregation seems to be less 

reversible. Collagen produced a similar pattern of aggregation values for 

the different volumes used. In the case of U46619, the percentage of 

platelet aggregation remained the same, except for the lowest concentration 

used. The results indicate that the lower the blood volume, the more stable 

the platelet aggregate. Therefore, the next experiments were conducted 

using low blood volumes that were fixed using the DFF method in a 96-

well format. 

 

The 96-well plate format has been developed as a high throughput 

technique for measuring platelet aggregation, where blood volume can be 

even smaller. This was carried out using a WB shaker to shake plates with 

blood and agonist. Prior to use, different factors were investigated, such as 

the choice of anticoagulant, the type of bottom of the 96-well plates, and 

the range of concentrations of platelet agonists used. A decision was made 

to use citrate as the anticoagulant. Plates with flat bottoms were chosen, as 

this design allows blood to be warmed evenly at 37oC and inhibits 

sedimentation of blood at the bottom of plates (this could happen with V-or 

U-shaped 96-well plates. Afterwards, combining double fixation with 96-
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well plates enabled the assessment of platelet aggregation and its inhibition 

by a wide range of agonists and antagonists.  

The aggregation measurements conducted on healthy volunteers showed 

that all of the agonists investigated produced significantly higher platelet 

aggregation responses in a dose-dependent manner (Figure 3-11). This 

shows that the assay is able to demonstrate different platelet activation 

pathways by different agonists, which platelet antagonists can act upon. 

This corroborates previous studies, where investigators were able to scan 

platelet responses to different platelet agonists. However, those 

investigations were done in PRP, using measurements of light absorbance 

to measure platelet aggregation (Armstrong et al., 2009b, Peace et al., 

2008). The assay developed here requires only a small volume of blood 

(46µl) per well and approximately 1.2 ml of blood for the whole test. 

Clearly, this would be of great benefit in circumstances when the volumes 

of blood allowed to be taken are very small, such as from neonates and 

infants. Being able to fix the blood and stabilise it for a longer may allow 

measurements in areas remote from the patients, where there is no 

immediate access to flow cytometry.  

 

In this chapter, I have described a simple method for measuring platelet 

aggregation in response to different agonists, using double fixation flow 

cytometry. The novel method is comparable to using the traditional SFU 

method, using a SPC technique. Data obtained from optimisation 
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experiments demonstrate the appropriate protocol for assessing platelet 

aggregation using 96-well plates and flow cytometry. In the next chapter, 

results of whole blood aggregation assays based on SPC techniques, which 

can be used with a very small volume of blood, will be presented. In 

combination with the 96-well plate format and shaking method, this 

represents a promising tool for the study of platelet function and inhibition 

by antiplatelet drugs in vitro and ex vivo.  
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4.1 Introduction 

We checked the parameters that influence the measurement of platelet 

aggregation, such as the appropriateness of the double fixation approach 

and the 96-well plate format in normal volunteers. More importantly, we 

minimised the volume of blood and agonists used for the measurement of 

platelet aggregation. We then decided to develop this assay further in order 

to investigate platelet inhibition by commonly-used antiplatelet drugs, in 

vitro and ex vivo.  

 

In particular, 96-well plate optimisation processes showed that this assay 

could be used further to investigate platelet inhibition by antiplatelet drugs 

in vitro and ex vivo. In clinical settings, platelet aggregation can be 

inhibited by drugs that target either their activation or the final aggregation 

pathway. The most commonly used inhibitors of platelet aggregation target 

the COX1 enzyme, the ADP receptor, P2Y12, and GPIIb/IIIa. Aspirin acts 

by inhibiting COX1, thereby, blocking the production of TXA2 in platelets 

(Vane and Botting, 2003). ADP receptor antagonism can be achieved by 

many drugs, such as cangrelor, clopidogrel and prasugrel. Cangrelor is a 

direct and reversible antagonist of the P2Y12 receptor, which does not 

require conversion to an active metabolite for its antiplatelet action 

(Bouman et al., 2009). Clopidogrel is another P2Y12 receptor antagonist, 

which needs to be hepatically converted to its active metabolite, allowing it 

to bind irreversibly to P2Y12 receptors (Storey, 2006). Like clopidogrel, 
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prasugrel has to be converted to an active metabolite in order to inhibit 

platelet function. Prasugrel, however, differs from clopidogrel in that it has 

a more rapid onset of action after oral administration (Michelson, 2009). 

Drugs such as abciximab, tirofiban, eptifibatide and MK-0852 are 

antagonists of GPIIb/IIIa receptors and interfere with the attachment of the 

GPIIb/IIIa receptor to fibrinogen, thereby blocking the final common 

pathway of platelet aggregation (Kereiakes et al., 1997).  

 

Blood platelets play a significant role during the vessel-obstructing cascade 

of ACS, as a result of atherosclerotic plaque rupture, or during PCI. To 

inhibit this cascade, dual antiplatelet therapy (DAPT), comprising both 

aspirin and P2Y12 antagonists, is routinely administered to ACS patients 

(Schulz and Massberg, 2012). This has been previously demonstrated in 

the CURE study, which highlighted the advantage of using clopidogrel to 

inhibit platelet function when it was administered concomitantly with 

aspirin (Fox et al., 2004a). To study the role of platelets in the pathogenesis 

of this disease, and monitor antiplatelet drug effects, requires reliable PFT; 

different techniques are available to measure platelet aggregation. 

  

The current technique for investigating platelet inhibition, LTA, is 

considered by many researchers to be the gold standard method for 

assessing platelet reactivity to different agonists, such as AA and ADP, 

after the administration of aspirin and clopidogrel (Hankey and Eikelboom, 
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2006, Michelson, 2004). However, it is time-consuming, laborious, 

requires expert staff and a specialized laboratory - these drawbacks limit its 

use in a clinical setting. Also, the preparation of PRP and the practice of 

adjusting the platelet count with PPP could introduce another factor, such 

as ADP, which is introduced due to high speed centrifugation and may 

inhibit platelet aggregation, due to receptor desensitization (Cattaneo et al., 

2007). In light of this, LTA lacks the required sensitivity for determining 

the effect of P2Y12 antagonists. It is very important to use WB, as this 

offers the advantage of testing blood in a more physiological environment, 

due to the presence of RBCs and WBCs. Also, an easy and rapid test to 

assess platelet function in vitro and ex vivo might prove to be useful in 

clinical practice. At present, a range of near-patient testing, POC testing 

devices, are used to assess platelet function in whole blood, such as: the 

VerifyNow® system (Accumetrics, San Diego, CA), the Platelet Function 

Analyser-100 (PFA-100, Dade Behring, Marburg, Germany) (Michelson, 

2005, Harrison et al., 2007) and the Multiplate analyser (Dynabyte, 

Munich, Germany) (Paniccia et al., 2009). Although these methods have 

been in use in the clinical setting, their value remains to be proved (Mani et 

al., 2004). These tests of platelet function cannot provide extensive 

information about platelet-drug interactions as the results obtained are 

single numerical values.  

 

Therefore, it is of importance to find a robust, easily performed and 

reproducible test for measuring platelet aggregation and assessing platelet 
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inhibition by antiplatelet drugs (Lordkipanidze et al., 2007, Cattaneo, 

2007). The idea of adapting 96-well plates for measuring platelet 

aggregation was important. The SPC technique was employed for 

measurement of platelet aggregation, and the loss of platelets after 

stimulation of anti-coagulated blood, using flow cytometry. A 96-well plate 

was adapted as a tool for measuring platelet aggregation using a Bio-

Shaker. As previously explained, a 96-well plate requires only a small 

volume of blood to investigate various platelet activation pathways in 

response to a range of platelet agonists.  

 

In this chapter, the use of 96-well plates with wet platelet agonists will be 

used to investigate platelet inhibition by antiplatelet drugs, in WB, in vitro 

and ex vivo. Also, the use of 96-well plates with the lyophilised platelet 

agonist, Optimul, will be investigated in parallel with wet agonists. 

 

4.2 Methods 

4.2.1 In vitro studies  

Blood was obtained from healthy volunteers who reported that they had not 

taken any antiplatelet drugs for the past two weeks. Blood was then 

incubated with the tested drug at 37oC for 30 min. During the incubation 

period, a range of different platelet agonists was prepared and 4µl added to 

flat-bottomed 96-well plates. Using a multi-channel pipette, 46µl blood 
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was transferred to the plate and the plate was shaken for 5 min using a Bio-

Shaker (37oC and 1000 rpm). To fix the blood, 17µl AggFixA was added 

and it was left for 10-15 min. Using another round-bottomed 96-well plate, 

135µl AggFixB solution was added. Then, 15µl AggFixed blood was 

added to the round-bottomed 96-well plate containing AggFixB blood. The 

final step involved incubation with a FITC-CD42a-labeled antibody, where 

10µl antibody was incubated with 5µl AggFixB blood. 

 

The Optimul plate is a flat-bottom 96-well microtiter plate, pre-coated with 

hydrogenated gelatine in PBS, to block the surface activation of platelets 

before the addition of platelet agonists. The agonists used were AA, ADP, 

epinephrine, collagen, TRAP-6, U46619, and ristocetin (in lyophilised 

formats), where the same procedure applied. 

4.2.2 Ex vivo studies  

ACS patients who were on dual antiplatelet therapy (aspirin with either 

clopidogrel or prasugrel) were recruited to the ACS clinic in the Division 

of Cardiovascular Medicine in Nottingham.   

4.3 Results  

The preliminary data presented in the previous chapter, which was obtained 

using 96-well plates, with added wet agonists, and the double fixation flow 

cytometry method, indicated that the 96-well plate assay development 
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offered an advantage as an alternative tool for detecting platelet inhibition 

with antiplatelet drugs. The chapter demonstrated a platelet aggregation 

curve with a range of platelet agonists, which are used regularly in research 

and clinical practice for assessing platelet function. Aggregation increased 

in a dose-dependent manner. Therefore, the following experiments will 

look at the effects of the antiplatelet drugs, such as aspirin, the P2Y12 

antagonist cangrelor and the GPIIb/IIIa antagonist MK-0852 in vitro. Also, 

the ex vivo inhibition of platelets in patients, particularly those with ACS, 

on dual therapy will be assessed.  

 

The results were presented as a percentage of platelet aggregation, 

calculated from the following formula:  

       (Baseline platelet count�Sample platelet count) x 100 

                              Baseline platelet count 

Baseline count was obtained from a sample treated with either EDTA or 

saline. Therefore, the percentage of aggregation results calculated from 

EDTA and saline analyses were termed ✁aggregation vs. EDTA✂ and 

✁aggregation vs. saline✂✄ ☎✆✝✞✆✟✠✡☛✆☞✌. The reason for this is to see if there is 

any difference between the aggregation measurements with EDTA, which 

chelates Ca2+, thereby prevents aggregation, and those with saline, which 

could cause the platelets to spontaneously aggregate and affect the results. 

As the results obtained showed a similar pattern of platelet responses,  

aggregation measurements vs. EDTA were only presented.  
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4.3.1 Effects of aspirin on platelet aggregation 

One method of inhibiting platelet activation is with the use of aspirin. 

Aspirin decreases formation of TXA2 by blocking the COX enzyme. The 

aim of the following experiments was to determine the effect of a range of 

concentrations of aspirin on platelet aggregation, in response to a range of 

different agonist concentrations. Blood was incubated with a range of 

aspirin concentrations (10, 30 and 100µM) for 30 min and then stimulated 

with a range of concentrations of the agonists, AA, ADP, collagen and 

TRAP. After that, plates were shaken for 5 min at 37°C and 1000 rpm.  
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Figure 4-1: Effects of aspirin on platelet aggregation. 

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA) (0.03- 1mM), adenosine diphosphate (ADP) (0.3-30µM), 

collagen (0.1-10µg/ml) and thrombin receptor activating peptide (TRAP) 

(0.1-10µM) and the effects of 10, 30 and 100µM aspirin. Results are 

expressed as mean ± SEM (n=10) vs. EDTA. *P<0.05, repeated measures 

two-�✁✂ ✄☎✆✝✄ ✞✟✠✠✟�✡☛ ☞✂ ✌✟✍✞✡✎✎✟✍✏✑✒ ✓✟✒✔-test. **P<0.01 (10 µM 

ASA vs. saline) using AA. *** P<0.001 (30 and 100µM vs. saline) using 

AA. **** P<0.0001 (10, 30 and 100µM vs. saline) using collagen. 

 

The results obtained show that aspirin inhibited AA-induced platelet 

aggregation to the same extent, except at the highest concentration of AA. 
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Repeated two-way ANOVA indicated that inhibition using 10µM ASA vs. 

saline was statistically significant (P<0.01), as well as inhibition using 30 

and 100µM ASA vs. saline  (P<0.001). Less inhibition was observed with 

high concentrations (0.5 and 1mM) of AA. ASA-inhibited collagen-

induced platelet aggregation was statistically significant (P<0.0001) for all 

concentrations of ASA (10, 30 and 100µM) vs. saline. Inhibition by any 

concentration of ASA was not, however, statistically significant in blood 

stimulated by ADP and TRAP. The pattern of aggregation and inhibition 

was similar vs. EDTA or saline, but slightly less with saline.  

 

Aspirin reduced the extent of the aggregation induced by lower 

concentrations of AA and collagen. Higher concentrations of AA or 

collagen overcame the inhibition of aggregation seen with aspirin. The 

results obtained were similar irrespective of the concentration of aspirin 

used. In contrast, there was little or no effect of aspirin on aggregation 

induced by ADP or TRAP. To summarise, the results of the present study 

show that aspirin significantly inhibited platelet aggregation induced by 

AA, but the degree of inhibition decreased at higher concentrations of AA 

(0.5 and 1mM). Aspirin partly inhibited platelet aggregation induced by 

collagen and had little or no effect on ADP- and TRAP-induced 

aggregation. Subsequent experiments were focused on looking at the effect 

of the P2Y12 antagonist, cangrelor, on platelet aggregation.  
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4.3.2 Effects of cangrelor on platelet aggregation 

These experiments were aimed at checking the suitability of the developed 

96-well plate assay for detection of platelet inhibition induced by a range 

of concentrations of cangrelor. In these experiments, blood was incubated 

with a range of cangrelor concentrations (10, 100 and 1000nM) and then 

stimulated with a range of concentrations of the agonists, AA, ADP, 

collagen and TRAP.   
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Figure 4-2: Effects of cangrelor on platelet aggregation.  

Platelet aggregation induced with a range of concentrations of arachidonic 

acid (AA) (0.03-1mM), adenosine diphosphate (ADP) (0.3-30µM), 

collagen (0.1-10µg/ml) and thrombin receptor activating peptide (TRAP) 

(0.1-10µM) and the effects of 10, 100 and 1000nM cangrelor. Results are 

expressed as mean ± SEM (n=10) vs. EDTA. *P<0.05, repeated measures 

two-�✁✂ ✄☎✆✝✄ ✞✟✠✠✟�✡☛ ☞✂ ✌✟✍✞✡✎✎✟✍✏✑✒ ✓✟✒✔-test. **** P<0.0001 

(1000nM vs. saline) using AA. *** P<0.001 (10nM vs. saline) using ADP. 

**** P<0.0001 (100 and 1000nM vs. saline) using ADP. **** P<0.0001 

(10, 100 and 1000nM vs. saline) using collagen. ** P<0.01 (10nM vs. 

saline) using TRAP. **** P<0.0001 (100 and 1000nM vs. saline) using 

TRAP.     
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The results show that cangrelor inhibited ADP-induced platelet aggregation 

in a dose-dependent manner and inhibition was statistically significant as 

follows: P<0.001 for 10nM cangrelor vs. saline; and P<0.0001 for 100 and 

1000nM cangrelor vs. saline. Inhibition of TRAP-induced platelet 

aggregation showed a similar pattern to that of ADP for blood incubated 

with 100 and 1000nM cangrelor. However, in blood incubated with 10nM, 

TRAP was inhibited to a lesser extent (P<0.01). When using collagen, 

similar, strong inhibition of platelet aggregation was observed with 

different blood concentrations (10, 100 and 1000nM vs. saline) (P<0.0001). 

Inhibition of AA-induced platelet aggregation was not evident with 10 or 

100nM cangrelor. However, blood incubated with 1000nM demonstrated 

greater inhibition, which was statistically significant (P<0.0001).  

 

In conclusion, cangrelor reduced the extent of aggregation induced by all 

concentrations of AA, with 1000nM cangrelor producing the strongest 

inhibition (Figure 4-2). Cangrelor also reduced the extent of the 

aggregation induced at lower collagen concentrations. Cangrelor inhibited 

aggregation induced by ADP in a dose-dependent manner and also 

inhibited aggregation induced by TRAP. 
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4.3.3 Effects of a combination of aspirin and cangrelor on 

platelet aggregation 

As previously indicated in section 4.3.1, platelet inhibition induced by 

aspirin in blood stimulated with high AA concentrations (>0.5mM) was to 

be less than expected. One possible explanation for this might be the 

presence of endogenous ADP in WB, which may have leaked from RBCs 

from highly concentrated AA. Therefore, these experiments were carried 

out to investigate the hypothesis that ADP is present at higher 

concentrations of AA (0.5 and 1mM), as demonstrated by incomplete 

inhibition. Also, the additional inhibition observed when both drugs were 

used together with all agonists could be tested. 

  

Blood was incubated with a range of cangrelor concentrations (10, 100 and 

1000nM) plus 100µM aspirin, and then stimulated with a range of 

concentrations of the agonists: AA (A), ADP (B), collagen (C) and TRAP 

(D).  
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Figure 4-3: Effects of aspirin and cangrelor on platelet aggregation. 

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA) (0.03-1mM), adenosine diphosphate (ADP) (0.3-30µM), 

collagen (0.1-10µg/ml) and thrombin receptor activating peptide (TRAP) 

(0.1-10µM) and the effects of 100uM aspirin alone or in combination with 

10, 100 and 1000nM cangrelor. Results are expressed as mean ± SEM 

(n=10) vs. EDTA. *P<0.05, repeated measures two-way ANOVA followed 

�✁ ✂✄☎✆✝✞✞✄☎✟✠✡ ☛✄✡☞-test. * P<0.05 (10nM vs. saline) using AA. **P<0.01 

(100nM vs. saline) using AA. ****P<0.0001 (1000nM vs. saline) using 

AA. * P<0.05 (10nM vs. saline) using ADP. ***P<0.001 (100nM vs. 

saline) using ADP. **** P<0.0001 (1000nM vs. saline) using ADP. * 

P<0.05 (100nM vs. saline) using collagen. **** P<0.0001 (1000nM vs. 

saline) using collagen.   
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The results obtained from blood incubated with 10 and 100nM cangrelor 

were statistically significant different to those from blood incubated with 

saline and stimulated with AA (P<0.05 and P<0.01, respectively). Strong 

inhibition of blood incubated with 1000nM was obtained, in comparison to 

saline. This confirms that ADP is involved at high concentrations of AA, as 

its effect was reduced with cangrelor in a concentration-dependent manner. 

The results revealed slight inhibition of blood incubated with 10nM 

cangrelor vs. saline and stimulated with ADP (P<0.05). More inhibition 

was obtained with blood incubated with 100nM vs. saline and even greater 

inhibition of the blood incubated was achieved with the highest 

concentration of cangrelor used (1000nM) vs. saline. Collagen-induced 

platelet aggregation was not inhibited by the lowest concentration of 

cangrelor (10nM). Slight inhibition (P<0.05) of collagen-induced platelet 

aggregation was observed when blood was incubated with 100nM 

cangrelor, with greater inhibition achieved by the maximum concentration 

of cangrelor (P<0.0001). Finally, there was no inhibition observed in the 

blood stimulated with TRAP.  

 

In summary, this study indicates that a combination of aspirin and 

cangrelor produced additive inhibition of aggregation, compared to aspirin 

alone. This can be seen clearly with all four agonists used. Cangrelor, when 

�✁✁✂✁ ✄☎ ✄✆✂ ✝�✞✟✝�✠ ✡☎☛✡✂☛✄☞�✄✟☎☛ ☎✌ �✍✎✟☞✟☛ ✏✑✒✒✓✔✕✖ ✟☛✆✟✗✟✄✂✁ ✎✠�✄✂✠✂✄

aggregation induced by AA further, confirming that ADP plays a 

significant role in the mechanism of platelet aggregation measured in WB. 
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This may explain the incomplete inhibition of AA-induced aggregation in 

WB by aspirin alone. 

 

4.3.4 Effects of MK-0852 (anti-GPIIb/IIIa) on platelet 

aggregation  

The following experiments were carried out to investigate the suitability of 

the 96-well plate assay for detecting inhibition of the final platelet 

aggregation pathway, which involves the GPIIb/IIIa receptor. The 

antagonist MK-0852 was used. To conduct this experiment, blood was 

incubated with 10µM MK-0852 (anti-GPIIb/IIIa) and then stimulated with 

a range of concentrations of the agonists: AA (A), ADP (B), collagen (C) 

and TRAP (D). 
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Figure 4-4: Effects of MK-0852 on platelet aggregation.  

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA), adenosine diphosphate (ADP), collagen and thrombin receptor 

activating peptide (TRAP) and the effects of 10µM MK-0852 (anti-

IIb/IIIa). Results are expressed as mean ± SEM (n=7) vs. EDTA. Repeated 

two-�✁✂ ✄☎✆✝✄ ✞✟✠✠✟�✡☛ ☞✂ ✌✟✍✞✡✎✎✟✍✏✑✒ ✓✟✒✔-test. **P<0.01 (10µM 

MK-0852 vs. saline) using ADP. ****P<0.0001 (10µM MK-0852 vs. 

saline) using collagen.   

 

The results obtained show that incubation of blood with 10µM MK-0852 

caused slight inhibition when blood was stimulated with ADP, as indicated 

in (B); inhibition was statistically significant in blood stimulated with 

collagen  (P<0.0001). Repeated two-way ANOVA demonstrated that 

inhibition of blood stimulated with AA (A) and TRAP (D) was not 

statistically significant. Overall, the results indicate that platelet 
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aggregation in WB, subjected to the SPC technique and 96-well plates, is 

not completely inhibited by MK-0852. This result requires further 

investigation. I anticipated that delays in fixing blood could have resulted 

in some inhibition, as reflected by the increase in the number of the single 

platelets. The following experiments were designed to investigate this 

observation.  

 

4.3.5 Effects of MK-0852 and MK-0852 fixed after a 10 min 

delay in stimulation 

Previous results showed that inhibition of platelets by antagonism with 

GPIIb/IIIa resulted in partial inhibition. A possible explanation for this 

observation may be delays in fixing blood treated with MK-0852, as it took 

place after fixing saline-treated blood. Therefore, the following 

experiments were performed to investigate the effects of delaying the 

fixation of blood incubated with MK-0852 after stimulation with a range of 

concentrations of the agonists: AA (A), ADP (B), collagen (C) and TRAP 

(D). One set of stimulated blood was fixed soon after shaking and another 

was fixed after a 10 min delay in stimulation. 
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Figure 4-5: Effects of MK-0852 on platelet aggregation fixed at different 
times.  

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA), adenosine diphosphate (ADP), collagen and thrombin receptor 

activating peptide (TRAP) and the effects of 10µM MK-0852 (anti-

IIb/IIIa). Results are expressed as mean ± SEM (n=7) vs. EDTA. *P<0.05 

(MK-0852 vs. �✁✂✄☎✆✝ ✁☎✞ ✟ ✠✡☛☞☛✌ ✍✎✏-0852 after 10 minutes vs. saline). 

Analysed with repeated measures two-way ANOVA followed by 

✑✒☎✓✆✔✔✒☎✄✕� ✖✒�✗-test. 

 

The results demonstrate that the pattern of inhibition was similar for blood 

stimulated with ADP (B) (P<0.05), whether blood was fixed straight after 

stimulation or after 10 min. The inhibition was shown to be statistically 

significant (P<0.001 and P<0.01) with MK-0852, and after 10 min, when 

using collagen vs. saline. Inhibition was not statistically significant with 
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TRAP (D) and AA (A). Also, differences in inhibition were not statistically 

significant between WB incubated with 10µM MK-0852 and with fixation 

10 min after blood stimulation. These experiments show that a slight delay 

in fixing the blood treated with MK-0852 after shaking (by 5 min) did not 

lead to different results from those observed with fixation straight after 

shaking, confirming that fixation delay is not the problem in these 

experiments. Alternatively, this could imply that partial inhibition was due 

to the fact that the fall in single platelets is a result of the binding of 

platelets to other cells and not to the time delay after stimulation.  This 

observation will be investigated more thoroughly in the next chapter.  

 

4.3.6 Effect of Quorum Sensing Molecules on platelet 

aggregation 

After demonstrating the benefit of the 96-well plate assay in investigating 

the effect of antiplatelet drugs on platelet function, the following studies 

were aimed to look at the possible effect of quorum sensing molecules 

(QSMs), produced by Pseudomonas aeruginosa, on platelet function by 

measuring platelet aggregation. Molecules, such as 3O-C12-HSL, act 

through multiple signalling pathways, e.g., Ca2+ mobilization, activation of 

Rho GTPases and mitogen activated protein kinases (MAPK) � all of 

which control diverse functions in host cells, such as cytoskeleton 

remodelling, chemotaxis and migration (Williams and Camara, 2009). 

Chemotaxis and migration toward quorum sensing are paralleled by 

cytoskeletal F-actin accumulation in the leading edge of neutrophils; 
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specifically, by increased F-actin to G-actin ratio and via activation of Rho 

GTPases Rac1 and Cdc42 (Karlsson et al., 2012). Blood was obtained from 

healthy volunteers, who denied taking antiplatelet drugs, and 3µl of the 

following QSM (3O-C12-HSL, PQS and Methyl PQS) was added to 3ml of 

blood. Blood was then stimulated by the following agonists; AA, ADP, 

collagen and TRAP.  
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Figure 4-6: Effects of QSM on platelet aggregation. 
 

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA) (0.03-1mM), adenosine diphosphate (ADP) (0.3-30µM), 

collagen (0.1-10µg/ml) and thrombin receptor activating peptide (TRAP) 

(0.1 - 10µM) and the effects of 10µM of 3O-C12-HSL, 10µM of PQS and 

10µM of Methyl PQS. Results are expressed as mean ± SEM (n=6) vs. 

EDTA. 

 

As can be seen in Figure 4-6, blood incubated with different QSM had no 

significant effect on platelet aggregation induced by the different agonists.  
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4.3.7 Platelet aggregation in patients receiving dual 

antiplatelet therapy 

After demonstrating that the 96-well assay could be used to study the 

effects of aspirin and cangrelor in vitro, the following set of experiments 

were conducted to see if this assay could detect platelet inhibition in ACS 

patients who were on aspirin (75mg) plus either clopidogrel (75mg) or 

prasugrel (10mg). Blood obtained from ACS patients was transferred to the 

lab as soon as possible after venipuncture and then stimulated with a range 

of concentrations of the agonists: AA (A), ADP (B), collagen (C) and 

TRAP (D).  
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Figure 4-7: Ex vivo inhibition of platelet aggregation using wet agonists. 

Platelet aggregation induced with a range of concentrations of arachidonic 

acid (AA), adenosine diphosphate (ADP), collagen and thrombin receptor 

activating peptide (TRAP) in patients receiving dual antiplatelet therapy 

with aspirin plus either clopidogrel (n=14) or prasugrel (n=14). Results are 

expressed as means ± SEM (n=28) vs. EDTA. *P<0.05 (clopidogrel or 

prasugrel vs. �✁✂✄☎✆✝ ✁☎✞ ✟ ✠✡☛☞☛✌ ✍✎✂✏✑✄✞✏✒✓✆✂ vs. prasugrel). Analysed 

with mixed two-way ANOVA.  

 

The results illustrated significant platelet inhibition in blood stimulated 

with AA, ADP, collagen and TRAP, which was obtained from patients on 

prasugrel (10mg) or clopidogrel (75mg) vs. saline. Both drugs block the 
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interaction of ADP with its receptor, P2Y12, on platelets and therefore 

reduce ADP-induced aggregation to a different extent. There was a slight 

difference in the inhibition observed between blood from patients on 

clopidogrel and prasugrel (P<0.05) in blood stimulated by AA. A greater 

difference in inhibition was observed in blood stimulated with ADP 

(P<0.001). This indicated that blood from patients on prasugrel exhibited 

more inhibition than clopidogrel, as seen in blood stimulated by AA and 

ADP. Inhibition of blood from patients on prasugrel or clopidogrel was not 

statistically significant with either collagen or TRAP stimulation.  

 

Overall, the results obtained showed that blood from patients on 

clopidogrel inhibited platelet aggregation to the same extent as prasugrel. 

However, blood from patients on prasugrel showed a more pronounced 

inhibition than clopidogrel in blood stimulated with ADP and slight 

inhibition with AA. In summary, the results obtained show that the novel 

assay developed could be used to investigate platelet inhibition in patients 

receiving dual antiplatelet therapy. 

 

We have demonstrated that the 96-well plate assay using wet agonists 

could be used as a useful tool for studying platelet aggregation in WB and 

detecting platelet inhibition in vitro and ex vivo. However, there may be 

some variation between laboratories with respect to preparation of the 

agonists. The following experiments were performed using Optimul plates 
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(96-well plates with a lyophilised agonist). This study involved in vitro and 

ex vivo inhibition of platelets with antiplatelet drugs.  

4.3.8 Lyophilised agonists with 96-well plates (Optimul) 

This method involved the use of Optimul plates, where all platelet agonists 

had been prepared previously and were in a lyophilised form. Optimul 

plates offer more choice of platelet agonists, similarly to wet plates plus 

epinephrine and ristocetin, which induce agglutination of platelets in the 

presence of von Willebrand factor and U46619. This also had the 

advantage of removing the unnecessary step of preparing the agonist, 

thereby providing a faster and more effective test of platelet function. The 

protocol for this is exactly the same as for the one used for wet plates, 

except for agonist preparation.   

 

4.3.8.1 Measurement of platelet aggregation in healthy volunteers 

Platelet function was assessed in blood from 20 healthy volunteers who did 

not take drugs that interfere with platelet function. Blood was shaken with 

a range of different concentrations of various agonists (AA, ADP, collagen, 

TRAP, epinephrine, U46619 and ristocetin), which were all in a lyophilised 

form. The aims of these experiments were to determine the effectiveness of 

using lyophilised agonist for investigating platelet aggregation and 

inhibition by antiplatelet drugs in vitro and ex vivo, using flow cytometry.    
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Figure 4-8: Platelet aggregation in healthy volunteers in response to 
lyophilised agonists.  

Effects of arachidonic acid (AA), adenosine diphosphate (ADP), collagen, 

thrombin receptor activating peptide (TRAP), epinephrine, U46619 and 

ristocetin on platelet aggregation. Results are expressed as mean ± SEM 

(n=20) vs. EDTA. 

 

The dose curve analysis showed that the extent of platelet aggregation that 

occurred depended upon the concentration of the particular agonist used. 

EC50 was calculated for each donor using GraphPad Prism software, 

indicating the concentration of agonists achieving 50% of maximum 

platelet aggregation. Mean EC50 ±sem was estimated as follow: AA =0.11 
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± 0.03 mM (n=20), ADP =1.56 ± 0.08 µM (n=20), collagen =0.33 ± 0.14 

µg/ml (n=20), TRAP =0.17± 0.1 µM (n=20), epinephrine =0.01± 0.18 µM 

(n=20), U46619=0.16± 0.21 µM, (n=20) and ristocetin =53 ± 0.11 ng/ml 

(n=20). 

The same applied here, when a small volume of blood was used for testing. 

This was similar to 96-well plate aggregation using fresh agonist. 

 

4.3.8.2 In vitro platelet inhibition with antiplatelet drugs 

This set of experiments was carried out by the Birmingham Platelet 

Research group and the aim was to examine the use of lyophilised agents to 

study platelet inhibition by antiplatelet drugs. The results obtained show 

that aspirin alone resulted in inhibition of AA- and collagen-induced 

aggregation. Cangrelor induced a shift in the dose-response to most 

agonists, in addition to profound inhibition of the ADP response.  

  

4.3.8.3 Effect of antiplatelet drugs in ACS patients 

Platelet inhibition by antiplatelet drugs ex vivo was assessed using 96-well 

plates and lyophilised agonist. This was designed to investigate the 

usefulness of this assay for detecting platelet inhibition in ACS patients. 

Blood was obtained from 20 ACS patients, who were receiving aspirin and 

either clopidogrel (11) or prasugrel (9), and was transferred to the lab as 

soon as possible after venipuncture. Blood was then stimulated with a 
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range of concentrations of the following agonists: AA (A), ADP (B), 

collagen (C), TRAP (D), epinephrine (E) , U46619 (F) and ristocetin (G). 

 

Figure 4-9: Ex vivo inhibition of platelet aggregation using lyophilised 
agonists. 

Platelet aggregation induced by a range of concentrations of arachidonic 

acid (AA), adenosine diphosphate (ADP), collagen, thrombin receptor 

activating peptide (TRAP), epinephrine, U46619 and ristocetin in patients 

receiving dual antiplatelet therapy with aspirin and either clopidogrel 

(n=11) or prasugrel (n=9). Results are expressed as mean ± SEM (n=20) 

vs. saline. Results are expressed as mean ± SEM, n=20 vs EDTA. *P<0.05 

(clopidogrel or prasugrel vs. normal controls. Analysed with mixed two-

way ANOVA. 
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The results showed that there was large inhibition of platelet aggregation in 

blood from patients on prasugrel or clopidogrel vs. control, which was 

stimulated with the agonists AA, TRAP, ADP, U46619, collagen, 

epinephrine and ristocetin (P<0.0001). There was no difference in platelet 

inhibition in blood from patients on clopidogrel and prasugrel. In summary, 

this study clearly shows inhibition of platelet aggregation by both P2Y12 

receptor antagonists, to a similar extent, with different platelet stimulants 

However, it did not demonstrate the strong inhibition obtained in blood 

from patients on prasugrel, when using fresh agonists.  

 

4.4 Discussion 

We had conducted further optimisation of platelet aggregation in WB, 

carried out previously, with respect to the fixation approach, the 

anticoagulants, and type of 96-well plate used. Therefore, this chapter 

focuses solely on 96-well plates and whether they could be used in further 

developments involving a 96-well plate format, which would offer the 

advantage of using less blood volume. After this, combining double 

fixation with 96-well plates allowed an assessment of platelet aggregation 

and inhibition by a wide range of agonists and antagonists. To our 

knowledge, this is the first study that characterises platelet aggregation and 

inhibition in vitro and ex vivo using a 96-well format and flow cytometry.  

 



Chapter 4                                                  Platelet Aggregation Inhibition 

166 
 

In terms of 96-well plate assay development, the aggregation 

measurements conducted on blood from healthy volunteers in the previous 

chapter showed that all of the agonists investigated produced a dose-

dependent increase in platelet aggregation responses, where it reaches the 

maximum at the highest concentrations of the agonist used. This reflects 

that the assay is able to demonstrate different platelet activation pathways, 

which platelet antagonists can act upon. This is in agreement with other 

studies, where investigators were able to scan the responses of platelets to 

different platelet agonists. However, these investigations were carried out 

on PRP using measurements of light absorbance to measure platelet 

aggregation (Armstrong et al., 2009b, Peace et al., 2008). This novel assay 

requires only a small blood volume (46µl) per well and approximately 

1.2ml of blood for the whole test, as well as a small volume of agonists.  

 

Clearly, this would be of great benefit in circumstances where the volume 

of blood that can be taken is very small, as with neonates and infants. Also, 

it would be very advantageous to perform more than one platelet function 

test on a single sample, such as platelet aggregation and PLCs formation. 

The results obtained indicate that this assay could be used further to detect 

platelet inhibition using antiplatelet drugs in vitro and ex vivo. 

  

The first results focused on the use of aspirin, which blocks the COX 

enzyme downstream of the AA pathway and, therefore, decreases the 
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production of TXA2, thereby reducing aggregation (Burke et al., 2003). 

The results obtained demonstrate a dose-dependent inhibition of AA-

induced platelet aggregation at concentrations below 0.5mM. Higher 

concentrations of AA appeared to overcome the inhibition, irrespective of 

the aspirin concentration used. A possible explanation could be that high 

concentrations of AA may lead to increases in the activity of PLA2, which 

can cause RBC lysis, resulting in the release of ADP (Stoykova et al., 

2013). RBCs are regarded as a source of ADP, which causes platelets to 

aggregate, and, therefore, may account for the minute inhibition observed 

at high AA concentrations (Hollopeter et al., 2001). In these experiments, 

involving AA-induced platelet aggregation, RBC haemolysis was 

visualised macroscopically on the 96-�✁✂✂ ✄✂☎✆✁✝✞ �✁✂✂✟ ✠✡☛✠☞☎✆✠✡✌ ✆✍✁

occurrence of haemolysis with 0.5 and 1mM AA. Another study 

(Greenberg et al., 2000) showed variability in platelet aggregation in 

response to stimulation by 1mM AA and that the inhibition of platelet 

aggregation by low doses of aspirin can be overcome with high AA 

concentrations, making the selection of the concentration of this agonist 

critical in clinical studies.  

 

Assessing platelet function in WB needs to be carried out with caution; 

many factors could be implicated in the findings, such as the use of WB 

and the mixing forces that rely on the shaking technique. The current 

guidelines for AA concentrations state between 0.5-1mM in PRP, and 
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the inhibition of platelet aggregation by aspirin was more prominent in 

blood that had been anti-coagulated with citrate.  

Using the novel assay, cangrelor produced a dose-dependent inhibition of 

ADP-induced platelet aggregation. This is in line with previous findings 

(Storey et al., 2000a), which have shown that the inhibitory effect of the 

selected antagonist was concentration-dependent. In this regard, another 

P2Y12 antagonist, prasugrel, behaves similarly as shown by (Frelinger et 

al., 2007). Cangrelor also inhibited collagen-induced platelet aggregation at 

low concentrations, suggesting that secondarily-released ADP is important 

in collagen-induced platelet aggregation (Herbert et al., 1999). At high 

collagen concentrations, aggregation becomes ADP-independent, as 

demonstrated by the inhibition being overcome. Inhibition was dose-

dependent when TRAP was used as an agonist and cangrelor had no effect 

on AA-induced aggregation.  

 

As previously demonstrated, in studying the effect of aspirin on AA-

induced platelet aggregation, there is a possibility that ADP could be 

implicated in overcoming the inhibition, as shown in Figure 4-3. To 

investigate this finding, a combination of different concentrations of 

cangrelor with the maximal aspirin concentration (100µM) resulted in an 

additive inhibition of both ADP- and AA-induced aggregation. This 

demonstrates the involvement of an endogenous ADP component in WB 

and makes it critical to evaluate inhibition with high concentrations of AA 
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agonist. The present study also shows augmentation brought about when 

aspirin and cangrelor were used concomitantly.  

Platelet agonists initiate platelet aggregation through binding to GPCRs, 

which leads to an inside-out signaling mechanism, thus, resulting in 

conformational changes in GPIIb/IIIa receptors. In this way, the receptors 

are made available for fibrinogen binding. Fibrinogen forms bridges 

between platelets leading to aggregation.  

 

Therefore, in order to block the final aggregation pathway, a blocking 

agent, MK-0852, which inhibits the GPIIb/IIIa receptor, was used. High 

concentrations of platelet inhibitors at concentrations of 10µM were used 

to obtain a given inhibition of platelet aggregation (Nurden, 1997). This 

was needed because potent platelet agonists, such as collagen and 

thrombin, are known to increase the surface expression of GPIIb/IIIa 

receptors by up to 50%, requiring high concentrations of inhibitors 

(Wagner et al., 1996). The results obtained from this experiment, as shown 

in Figure 4-4, show incomplete inhibition using the novel assay utilising 

SPC. SPC was more sensitive, detecting inhibition at low concentrations of 

collagen (<1µg/ml). However, at high collagen concentrations, inhibition 

tended to be less. On the contrary, when using the Multiplate, which relies 

on MEA technology, GPIIb/IIIa receptor antagonists had significant 

inhibitory effects at higher collagen concentrations of 2.5µg/ml. This may 

be due to the fact that SPC techniques measure the enrolment of platelets 

into aggregates (micro-aggregates), which may be as small as two platelets, 



Chapter 4                                                  Platelet Aggregation Inhibition 

171 
 

while MEA is reliant on the firm attachment of platelets to a metal sensor 

(macro-aggregate) (Toth et al., 2006a). Our findings could be explained as 

follows: the blockade of the GPIIb/IIIa receptor can result in the production 

of extra free single platelets that can go through other routes by binding to 

other cells, such as leucocytes, causing a false reduction in the number of 

single platelets, which is detected as more aggregation or as incomplete 

inhibition. In other words, platelet interaction with, for example, leucocytes 

leads to a fall in the single platelet count, which gives rise to a low platelet 

count � seen as high platelet aggregation when assessed with the SPC 

technique. This agrees with previous work conducted by our research 

group (unpublished data), where a similar pattern of incomplete inhibition 

using the SPC technique was shown. However, when MEA was compared 

to the standard SPC technique for measuring platelet aggregation in WB, it 

reflected good inhibition, indicating that MEA is more sensitive for 

detecting macro-aggregates than micro-aggregates. However, mixing 

forces relied on stirring rather than shaking. (Mascelli et al., 1997) 

demonstrated greater sensitivity to platelet inhibition by GPIIb/IIIa 

antagonism, similarly to our findings. 

  

Using SPC in PRP, the antagonism of GPIIb/IIIa receptors results in more 

effective inhibition of platelet aggregation compared to whole blood 

(Storey et al., 1998). This is due to the fact that PRP has no leucocytes 

available for the activated single platelets to interact with. An increase in 

active platelets, as demonstrated by CD62P markers, has been reported in 

vitro and ex vivo following the inhibition of GPIIb/IIIa receptors 
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(Klinkhardt et al., 2000, Matzdorff et al., 2000, Schneider et al., 2000). 

This incomplete inhibition will be investigated further in the following 

chapter.  

 

A combination of drugs, DAPT, that interfere with more than one 

activation pathway, such as aspirin and P2Y12 inhibitors, is effective in a 

clinical settings for inhibiting platelet aggregation in ACS patients (Hamm 

et al., 2012). Following our demonstration of in vitro inhibition of platelet 

aggregation using this novel assay, the next set of experiments were aimed 

at investigating the suitability of this assay for detecting inhibition of 

platelet aggregation in ACS patients. This assay showed inhibition of 

platelet aggregation in these patients, when compared to drug-free control, 

with all agonists used. However, prasugrel produced more inhibition than 

clopidogrel in ADP- and AA-induced platelet aggregation. Several studies 

have shown that prasugrel provides greater, and more consistent, 

platelet inhibition than clopidogrel due to earlier and more extensive 

formation of its active metabolite, thus, indicating that prasugrel is 

approximately 10-fold more potent than clopidogrel at inhibiting platelet 

aggregation (Brandt et al., 2007b, Weerakkody et al., 2007). 

The new assay based on a 96-well format seems feasible to investigate the 

effect of new compound on platelet function. Molecules known as QSM, 

produced by Pseudomonas aeruginosa, were investigated to see if they had 

any effect on platelet aggregation. Based on the fact that QSM in their 

effect on neutrophil chemotaxis and increase calcium mobilisation has a 
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relevant signalling pathway to that occurring in  platelets especially that 

involve tyrosine activation (Holm and Vikstrom, 2014). The results 

obtained showed no significant effect of these molecules on platelet 

aggregation.  

 

Although the 96-well approach developed was shown to be superior to the 

existing method, it still requires platelet stimulants to be freshly prepared. 

This means that the technique would be limited to specialised laboratories 

and may show some variation. To address this issue, platelet aggregation 

and inhibition were investigated in vitro and ex vivo, using lyophilised 

agonists, by using Optimul plates. This was aimed to investigate the 

potential to reduce variation, especially in agonist preparation.  

 

Optimul plates were able to detect concentration-dependent platelet 

aggregation with all agonists studied. The AA dose-response curve for 

lyophilized vs. wet agonists was approximately similar, as calculated form 

the mean EC50. Collagen-induced aggregation demonstrated a slightly 

higher concentration of the lyophilized agonist needed to achieve 50% of 

maximum aggregation than wet agonist. ADP and TRAP-induced platelet 

aggregation showed a lower concentration of the lyophilized agonist, 

achieving 50% of maximum platelet aggregation than wet agonists. Paired-

t test analysis of the mean EC50 of the blood stimulated with AA, ADP, 

and collagen showed no statistical difference between wet vs. lyophilized 
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agonists. However, blood stimulated with TRAP, showed a statistically 

significant difference (P=0.0024) difference between them. 

The main finding from the ex vivo study was that the pattern of responses 

seen in blood obtained from patients receiving P2Y12 antagonists was 

similar to that seen in blood obtained from normal volunteers, which had 

been incubated with these agents in vitro.  Also, the effect of antiplatelet 

agents was seen beyond their pharmacological targets, which indicated 

shifts in the dose-response curve with the majority of platelet agonists. 

 

The in vitro study with aspirin detected inhibition of platelet aggregation in 

response to AA and collagen, while cangrelor induced profound inhibition 

of ADP-induced aggregation. Optimul plates also successfully detected the 

inhibition of platelet aggregation in ACS patients. This series of 

experiments implies that the Optimul approach could be useful for 

assessing antithrombotic drugs for inhibiting platelet aggregation in vitro 

and ex vivo. 
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In summary, the development of a SPC technique using a 96-well plate 

format, which requires a relatively small volume of whole blood, has been 

assessed. The assay technique uses a more physiological milieu for 

assessing platelet function through the measurement of platelet 

aggregation. The assay developed is capable of detecting platelet 

aggregation and inhibition using a range of agonists and antagonists. 

Platelet antagonism using MK-0852, which blocks the GPIIb/IIIa receptor, 

indicated incomplete inhibition, possibly due to the binding of platelets to 

leucocytes. Further measurements will be conducted using the initial step 

of the 96-well plate format. 
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5.1 Introduction  

Out of the results presented in the previous chapter, the ones specifically 

examining the effects of GPIIb/IIIa antagonism will be examined further 

here. The results showed incomplete inhibition using the SPC technique, 

which could be due to the fact that, although GPIIb/IIIa receptors were 

inhibited, platelet activation was not, thus, more active single platelets 

could then adhere to leucocytes, as reflected by the increase in platelet-

leucocyte interactions. This has been studied extensively and demonstrated 

previously by our Nottingham research group. Our group and others have 

previously demonstrated that PLCs formation is enhanced when platelets in 

WB are activated in the presence of MK-0852 and other GPIIb/IIIa 

antagonists (Sanderson et al., 1998, Scholz et al., 2002, Zhao et al., 2003c). 

GPIIb/IIIa antagonism partially inhibits platelet aggregation, but does not 

have an effect on P-selectin. 

  

Platelet activation in injured arteries can result in the formation of a 

thrombus. Upon vascular injury, sub-endothelium layer interruption leads 

to exposure of collagen, which in turn results in platelet activation. This 

can lead to the release of the contents of platelet granules, such as ADP and 

TXA2. These chemicals can activate other platelets and induce platelet 

aggregation. As a result of this, formation of platelet/fibrin deposits 

obstructs blood vessels and results in various clinical manifestations such 

as heart attacks, unstable angina and strokes (Heptinstall et al., 2006, 

Ruggeri, 2002). Also, activated platelets may bind to leucocytes, mainly 
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monocytes, in vivo to form PLCs. This is achieved by the binding of 

platelet P-selectin (CD62P) to its receptor on the leucocyte P-selectin 

glycoprotein ligand-1 (PSGL-1), or via fibrinogen or thrombospondin 

(Entman and Ballantyne, 1996, Sarma et al., 2002). PSGL-1 is 

constitutively expressed on the surface of circulating leucocytes (Yip et al., 

2013). In this respect, an earlier study in developed mice, deficient in 

PSGL-1, has been used to approve the concept that P-selectin-PSGL-1 

binding is needed for the early attachment of leucocytes to the injured 

vessel wall (Yang et al., 1999). 

 

Beyond the initial attachment, P-selectin-PSGL-1 is also involved in signal 

transduction. With respect to monocytes, this binding, for example, can 

induce tissue factor expression, which initiates the coagulation system in 

vivo and results in the release of inflammatory mediators, such as tumour 

necrosis factor-✁ (TNF-✁) and the chemokine monocyte chemotactic 

protein 1 (MCP-1) (Lindmark et al., 2000, Weyrich et al., 1995, Koike et 

al., 2000). Stabilisation of PLCs is achieved by numerous mechanisms, 

comprising the binding of glycoprotein Ib✁ and leucocytes Mac-1 

(CD11b/CD18) (Simon et al., 2000), as shown in Figure 5-1. Cross-talk 

and binding of platelets to leucocytes have been investigated in various 

cardiovascular diseases. Also, they have been suggested as potential 

predictive markers for clinical outcomes (Klinkhardt and Harder, 2005). 

Circulating PLCs are considered to be a sensitive marker of the interaction 

that exists between inflammation and thrombosis. This interaction 

provokes WBC activation with upregulation of CD11b/CD18, cytokine 
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production, and expression of tissue factors and pro-coagulant activity in 

monocytes. 

 

It has been recognised that when platelets are in the active state, they also 

express the CD40 ligand on their surfaces (Henn et al., 1998). The 

attachment of CD40L to CD40 on monocytes leads to their activation and 

production of cytokines, including IL-6, which is related to unstable angina 

and also increases the production of C-reactive protein (CRP) (Bataille and 

Klein, 1992, Alderson et al., 1993, Biasucci et al., 1996). Taking PSGL-1 

into account as an important receptor for the initial attachment of platelets 

and leucocytes, in a study by (Bournazos et al., 2008), it was detected that, 

in the absence of apparent activation of PSGL-l, P-selectin binding of 

platelets to monocytes represents a normal physiological process, which 

has a minor influence on the possibility of monocytes to cause vascular 

injury.  

 

Measurements of platelet-leucocyte conjugates are believed to be a more 

sensitive marker of platelet activation than the detection of surface P-

selectin on single platelets. This is due to the fact that degranulated 

platelets promptly lose surface P-selectin in vivo but continue to circulate 

(Michelson et al., 1996a). It has been shown that PM conjugates remain 

detectable in the peripheral blood for a considerably longer time 

(Michelson et al., 2001). Binding of unstimulated platelets has no effect on 

receptor expression and chemokine production. However, binding of active 
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platelets does promote the inflammatory response. It has been determined 

that increased levels of P-selectin on the surface of active platelets, or the 

binding of various platelets to a monocyte, is required to initiate monocyte 

activation via PSGL-1. In this respect, it has been shown that inhibiting 

platelet adhesion through P-selectin decreases inflammation. The extent of 

platelet monocyte activation is highly dependent on platelet activation 

(Furman et al., 1998) and to a lesser extent on monocyte activation (Li et 

al., 2000). Based on this assumption, GPIIb/IIIa antagonism increases 

agonist-induced PLCs by preventing platelet aggregation, thus, leading to 

more activated platelets being available to adhere to (Zhao et al., 2003c). In 

addition to this, there is also the probability that MK-0852 may participate 

in platelet activation through outside�in signalling at the level of GPIIb/IIIa 

receptors (Scarborough et al., 1999). Formed PLCs were more frequently 

monocytes than neutrophils. In this regard, it has been indicated that 

monocytes were more active than neutrophils (80% of monocytes 

compared to half that proportion of neutrophils) in forming conjugates 

(Xiao and Theroux, 2004). 

 

As indicated in the previous chapters, measurement of platelet aggregation 

is influenced by pre-analytical variables. With respect to the measurement 

of PLCs, technical and methodological considerations must be taken into 

account. Different methods have been used for the measurement of PLCs 

formation utilising flow cytometry. The high sensitivity of the assay makes 

it highly vulnerable to artefactual activation in vitro. There are many 

factors, which have been studied and revealed to have a possible effect on 
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measurements, such as type of anticoagulant and the blood sample 

collection and processing technique (Li et al., 1997, Michelson et al., 2000, 

Barnard et al., 2003). EDTA anticoagulation significantly decreases 

platelet-leucocyte interactions in vitro by cation chelation. On the other 

hand, unfractionated heparin activates platelets and increases PLC 

formation by a P-selectin-dependent mechanism (Sarma et al., 2002). 

PPACK, a direct thrombin inhibitor, does not cause cation chelation and 

has been established to be reliable for the measurement of PLCs formation 

(Harding et al., 2007). Anticoagulants based on CTAD (0.109M buffered 

sodium citrate, or sodium citrate 0.106M, 15mM theophylline, 3.7mM 

adenosine and 0.198mM dipyridamole) prevent platelet activation 

following venipuncture (Pearson et al., 2009). 

 

It is important to process samples for PLCs measurements as soon as 

possible, as (Harding et al., 2007) demonstrated that PLCs increase in a 

time-dependent fashion, irrespective of the type of the anticoagulant used. 

The anticoagulant used for PLCs measurements in this thesis is based on 

citrate. It has been shown that the rate of increase in PLCs appears slow, 

and this is very advantageous in a situation where there is a possible delay 

in sample fixation and staining with antibodies. They have also indicated 

that if the samples are kept at 4oC, after fixation and immune-staining, they 

remain stable for 24 hrs. In this respect, a fixation process based on 

AggFixA and AggFixB solutions, by Platelet Solution, has been used to fix 

blood for PLCs measurements, as it has been shown to allow analysis for 

up to 3 days. The method of blood collection may also have an effect on 
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PLCs measurement. Samples obtained by intravenous cannula increase 

PLCs with time; however, they do not change with time when samples are 

collected by venipuncture.  

 

To study PLCs formation, many techniques have been described (Li et al., 

1997, Hagberg and Lyberg, 2000b, Barnard et al., 2003) and, in this 

chapter, the standard protocol involving RBC lysis will be considered. 

There are different views regarding RBC lysis performed during sample 

processing. The aforementioned study (Harding et al., 2007) indicated that 

RBC lysis allows effective and accurate discrimination of leucocyte 

subpopulations and, therefore, flow cytometry can be performed easily. In 

this respect, performing RBC lysis along with immediate fixation does not 

result in an increase in PLCs and is less time consuming to perform. (Li et 

al., 1997) have, however, suggested that the practise of RBC lysis may lead 

to artificial increases in platelet-leucocyte aggregation, although in the 

presence of erythrocytes, analysis of PLC formation by flow cytometry 

becomes difficult and cumbersome.    
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5.2 Methods 

Blood was obtained from healthy volunteers, who reported that they had 

not taken antiplatelet drugs in the past two weeks. The blood was placed in 

polystyrene tube containing tri-sodium citrate (3.2%), as an anticoagulant, 

in the presence of saline (control) and antiplatelet drugs, such as MK-0852 

(10µM). An agent, KPL-1 (5µg/ml), was also used to block leukocyte 

PSGL-1 (Snapp et al., 1998). Blood was incubated with the drug of interest 

at 37oC for 25-30 min and then transferred into 96-well plates with platelet 

agonists at maximal concentrations: ADP (30µM), collagen (10µg/ml) and 

TRAP (10µM). Blood was shaken for 10 min (set up for 37oC and 1000 

rpm), as this time is indicated to be optimal for conjugate formation and, 

thereafter, there is a tendency for the number of conjugates to decrease 

(Redlich et al., 1997). Then blood was fixed using AggFixA solution and 

left for 15 min. Fixed blood was then transferred into FACS tubes and 

stabilised with AggFixB. Then, the lysing approach was performed on 

samples, as explained in the methods section 2.2.5.2. Results are presented 

as mean ± SD. *P<0.05 was considered to be statistically significant. Data 

was analysed with paired t-tests or one way�ANOVA repeated measures, 

as indicated in the legend of each figure.    

 

5.2.1 In vitro  

Blood was taken from healthy volunteers, who refrained from taking any 

drugs known to interfere with platelets, two weeks prior to analysis.  
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5.2.2 Ex vivo  

Blood was obtained from ACS patients in the ACS clinic of the Division of 

Cardiovascular Medicine in Nottingham. These patients were on aspirin 

and either clopidogrel or prasugrel. Samples were immediately transferred 

to the lab for PLCs measurements.  
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Flow cytometry 

PLCs formation was measured using a flow cytometer (LSR-II) equipped 

with a 5W laser, operating at 15mW power and a wavelength of 488nM. 

To determine PLCs, a total of 10000 leucocyte events were collected using 

a combination of forward scatter (reflection of cell size) and side scatter 

(reflection of cell granularity). Subsets of leucocytes were differentiated 

from one another on the basis of their differential light scattering properties 

and CD14-positivity.  

 

5.3 Results 

PLCs were presented as 1) the percentage of neutrophils (%PN) or 

monocytes (%PM), which were positive for platelet markers (CD62P, 

CD42a or CD61), thus, reflecting the number of leucocytes with platelets 

bound to them or 2) the median (CD62P-PE, CD42a-FITC or CD61-PE) 

fluorescence of the whole monocyte (M-MF) and neutrophil (N-MF) 

population.  

 

5.3.1 Uses of CD62P-PE as a platelet identifier to study the 

effect of MK-0852 on platelet�leucocyte conjugate 

formation 

These experiments were designed to study the effects of MK-0852 (10µM) 

as a fibrinogen receptor antagonist on platelet leucocyte (neutrophil and 
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monocyte) conjugate formation (PLCs; PN; PM). CD62P was used in these 

experiments as an identifier of the platelets forming the conjugate. P-

selectin (CD62P), is a component of the ✁-granule membrane of resting 

platelets, expressed only on platelet surfaces during or after platelet 

degranulation and secretion (Woollard, 2005). In this respect, P-selectin is 

considered to be the gold standard marker of platelet activation (Michelson, 

1996, Ault et al., 1999).  

 

5.3.1.1 Neutrophils median fluorescence and percentage platelet-

positive neutrophils  

 

 

Figure 5-2: Detection of platelet-leucocyte conjugates (neutrophils) 
formation using CD62P-PE.  

Effects of MK-0852 (10µM) on platelet neutrophil conjugate (PLCs) 

formation based on neutrophil median fluorescence (N-MF) (A) and 

platelet-positive neutrophils (%PN) (B) using CD62P-PE. Results are 

expressed as mean ± SD (n=6). *** P< 0.001 (MK-0852 vs. control) of 

(%PN) using TRAP. 
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Figure 5-2 demonstrates that the median fluorescence of CD62P-PE was 

not enhanced by antagonism with MK-0852 and reflected by low MF 

values with different blood stimulation. %PN was high, but demonstrated 

no potentiation of conjugate formation in blood incubated with MK-0852. 

However, blood stimulated with TRAP and incubated with MK-0852 

revealed a significant inhibition of %PN formed (P<0.001). 

 

5.3.1.2 Monocyte median fluorescence (M-MF) and percentage 

platelet positive monocytes (%P/M):  

 

 

Figure 5-3: Detection of platelet-leukocyte conjugate formation 
(monocytes) formation using CD62P-PE. 

Effects of MK-0852 (10µM) on platelet-monocytes (PM) conjugate 

formation based on monocyte median fluorescence (M-MF) (A) and  %PM 

(B) using CD62P-PE. Results are expressed as mean ± SD (n=6). * P< 0.05 

MK-0852 vs. control analysed with paired t-test. * P< 0.05 (control vs. 

MK-0852) of monocyte MF using collagen and %P/M using ADP.  
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Platelets stimulated with different agonist in control samples demonstrated 

a low M-MF value. However, the sample incubated with MK-0852 and 

stimulated with collagen, has shown a distinct increase in the amount of 

PM conjugates formed and presented as MF. %PM was slightly enhanced 

following shaking of blood with collagen stimulation. This enhancement 

was higher in blood incubated with MK-0852 and stimulated only with 

ADP. Again, blood stimulated with TRAP and incubated with MK-0852 

was inhibited, although to a lesser extent than neutrophils. 

 

Overall, it can be seen from these experiments that PM conjugate 

formation is more extensive than PN conjugate formation, with the latter 

more readily inhibited by MK-0852 antagonism, especially in blood 

stimulated with TRAP.  

 

5.3.2 Uses of CD42a-FITC as a platelet identifier to study 

the effect of MK-0852 and KPL-1 on platelet�

leucocyte conjugate formation  

These experiments were performed to determine the suitability of using the 

CD42a platelet marker and the effects of MK-0852, as a fibrinogen 

receptor antagonist, on PLCs formation (PN and PM). Also, in order to 

evaluate the contribution of PSGL-1 to PLCs formation, and the effect of 

KPL-1, a mouse anti-PSGL-1 monoclonal antibody was used, which blocks 

the PSGL-1 receptor, thereby inhibiting the interaction of P-selection 

(expressed upon the activation of platelets) with its counter receptor on 
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leucocytes. MK-0852 and KPL-1 were incubated with blood for 30 min to 

allow the interaction of these drugs with both receptors; this has been 

established to be the optimum time to block receptors (Snapp et al., 1998).  
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5.3.2.1 Neutrophil median fluorescence and percentage platelet-

positive neutrophils  

  

 

Figure 5-4: Detection of platelet-leucocyte conjugate (neutrophils) 
formation using CD42a-FITC. 

Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on platelet neutrophil 

conjugate (PLCs) formation based on neutrophil median fluorescence (N-

MF) (A) and percentage platelet-positive neutrophils (%PN) (B) using 

CD42a-FITC. Results are expressed as mean ± SD (n=6). * P< 0.05, 

analysed by one-way ANOVA repeated measures.   

 

All of the results obtained showed low N-MF intensity and %PN in blood 

stimulated with ADP, collagen and TRAP and incubated with saline and 

MK-0852 ± KPL-1. There was no potentiation of conjugate formation upon 

treatment with MK-0852. There was no difference between samples treated 

with saline and MK-0852 and with the addition of KPL-1.  
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The number of neutrophils with bound platelets were few, with slight 

increases observed in blood stimulated with ADP and TRAP, which was 

shown to be statistically significant (P<0.05). There was also a subtle 

increase in blood stimulated with collagen; however, ANOVA showed that 

this was not statistically significant. A reduction in the percentage of PN 

was observed in blood incubated with KPL-1 and stimulated with ADP and 

collagen, but not with TRAP. Samples incubated with MK-0852 plus KPL-

1, and stimulated with ADP, showed an increase in conjugates compared to 

samples incubated only with KPL-1.  
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5.3.2.2 Monocyte median fluorescence and percentage platelet 

positive-monocytes  

 

Figure 5-5: Detection of platelet-leucocyte conjugate (monocytes) 
formation using CD42a-FITC. 

Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on platelet monocyte 

conjugate (PLCs) formation based on monocyte median fluorescence (M-

MF) (A) and percentage platelet-positive monocytes (%PM) (B) using 

CD42a-FITC. Results are expressed as mean ± SD (n=6). * P< 0.05 

analysed by one-way ANOVA repeated measures.  

 

As expected, with respect to monocytes, EDTA showed a low M-MF value 

due to the fact that it chelates the Ca2+ required to form platelet-leucocyte 

aggregates. The same pattern was demonstrated with saline.  
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Blood incubated with MK-0852 and stimulated with ADP and TRAP 

showed a slight increase in the median fluorescence intensity. A dramatic 

increase in the median florescence was exhibited with collagen. Blood 

incubated with KPL-1 decreased the median fluorescence to control levels. 

Addition of MK-0852 + KPL-1 showed similar values to those seen with 

KPL-1 alone.  

 

Different blood stimulation produced an increase in %PM in blood 

incubated with MK-0852. Addition of KPL-1 abrogated the %PM, 

irrespective of the agonist used. This scenario was the same with blood 

incubated with MK-0852 plus KPL-1, and stimulated with ADP and 

TRAP, but not collagen. Collagen produced an increase in the conjugates 

formed, which was shown to be significantly different (P<0.01) from KPL-

1 alone. 

 

To summarise, M-MF using CD42a antibody to identify platelets show 

similar results to the previous antibody used (CD62P), with respect to MF. 

%PM increased when MK-0852 was present in samples stimulated with 

ADP, TRAP and collagen � prominent in producing conjugate formation. 

Addition of KPL-1 led to a reduction in the %PM in blood stimulated by 

different agonists.  
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5.3.3 Uses of CD61-PE as a platelet identifier to study the 

effect of MK-0852 and KPL-1 on platelet�leucocyte 

conjugate formation 

After demonstrating the use of different markers, such as CD62P and 

CD42a, as platelet identifiers and studying their usefulness for 

investigating PLCs formation, the experiments described here were aimed 

at using CD61 as the platelet identifier, in order to select the most 

appropriate marker for further studies. CD61 comprises the IIIa component 

of the GPIIb/IIIa receptor (Konopka et al., 2009). The CD61 antigen is 

constitutively expressed on platelet membranes that associate with CD41 

(IIb) to form the heterodimeric complex, GPIIb/IIIa (CD41/CD61), which 

is expressed predominantly in platelets and megakaryocytes. The samples 

were incubated and stimulated in a similar manner as in previous 

experiments, with the intention of observing increases in conjugate 

formation with MK-0852 and blockade of PSGL-1 by KPL-1, in order to 

confirm the binding of platelets to leucocytes via PSGL-1.  
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5.3.3.1 Neutrophil median fluorescence and percentage platelet- 

positive neutrophils  

 

 

Figure 5-6: Detection of platelet-leucocyte conjugate (neutrophil) 
formation using CD61-PE.   

Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on platelet neutrophil 

conjugate (PLCs) formation based on neutrophil median fluorescence (N-

MF) (A) and percentage platelet-positive neutrophils (%PN) (B) using 

CD61-PE. Results are expressed as mean ± SD (n=6). * P< 0.05 analysed 

by one-way ANOVA repeated measures. * P<0.05 of blood incubated with 

MK-0852, KPL-1 and MK-0852+KPL-1 vs. controls in blood stimulated 

with TRAP. 

 

In these experiments, the incubation of blood with MK-0852 did not result 

in an increase in the median intensity of fluorescence and demonstrated 

very low values, except with collagen. KPL-1 inhibited the conjugate 

formed by the different stimulants used. Interestingly, when collagen was 
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used, MK-0852 plus KPL-1 exhibited a similar pattern to that seen with 

MK-0852. %PN did not increase in conjugates formed in blood treated 

with MK-0852; however, the results indicated a decrease in %PN with 

blood stimulated with ADP and collagen (ns) and TRAP (P<0.05). This 

was even less with KPL-1 and MK-0852 in blood stimulated with collagen 

and TRAP.  

 

5.3.3.2 Monocyte median fluorescence and percentage platelet-

positive monocytes  

 

 

Figure 5-7: Detection of PLCs (monocyte) formation using CD61-PE.   

Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on platelet monocyte 

conjugate formation based on M-MF (A) and %P/M (B) using CD61-PE. 

Results are expressed as means ± SD, n=6. * P< 0.05 analysed by one-way 

ANOVA repeated measures.  
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Collagen produced a dramatic increase in M-MF, in blood incubated with 

MK-0852. This did not occur with blood stimulated with ADP and TRAP 

as the agonist. In blood treated with KPL-1, M-MF dropped significantly 

with different blood stimulations. MK-0852+KPL-1 exhibit a similar 

pattern to results with KPL-1 alone. 

Blood with saline treatment (control) showed a higher percentage of 

conjugates (nearly 70 % with ADP and 90 % with collagen and TRAP). 

The antagonism of GPIIb/IIIa with MK-852 resulted in a slight increase in 

the amount of conjugate formed from control, which was not statistically 

significant. With TRAP, there was slightly less conjugate with MK-0852 

from control. 

 

Addition of KPL-1 resulted in a significant reduction in %PM conjugate 

formation in samples stimulated with ADP, TRAP (P<0.001) and collagen 

(P<0.05) � this clearly indicates that platelets stick to leucocytes. Samples 

incubated with MK-0852 plus KPL-1 in the differential blood stimulations 

resulted in reverse increases in conjugates formed, thereby supporting the 

idea that the GPIIb/IIIa receptor is not contributing in a significant way to 

the formation of circulating PLCs. 

 

Overall, PM conjugate formation was much higher than PN. All results 

with differential blood treatments incubated with EDTA showed a 

reduction in %PM, which is attributed to the fact that EDTA chelates Ca2+, 
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which is necessary for the formation of platelet conjugates. However, 

saline induced less conjugation with neutrophils than with monocytes. 

 

For the following experiments, CD61-PE was used as the platelet 

identifier, investigating the in vitro (not shown) and ex vivo effects of 

antiplatelet drugs on PLCs formation.  
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5.3.4 Ex vivo effect of antiplatelet drugs on platelet-

leucocyte conjugate formation in ACS patients  

The study described here aimed at checking the usefulness of the new 

assay based on the 96-well format, using the standard protocol involving 

RBC lysis to look at the ex-vivo inhibition of PLC formation in ACS 

patients who were on aspirin and either clopidogrel (n=11) or prasugrel 

(n=9). 
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5.3.4.1 Neutrophil median fluorescence and percentage platelet- 

positive neutrophils  

 

 

Figure 5-8: Inhibition of platelet-leucocyte conjugate (neutrophils) 
formation in ACS patients.  

Ex-vivo inhibition of platelet-neutrophil (PN) conjugate formation based on 

neutrophil median fluorescence (N-MF) (A) and %PN (B). Results are 

expressed as mean ± SD (n=11) clopidogrel and (n=9) prasugrel. * P< 0.05 

analysed by simple one-way ANOVA.  

 

N-MF values tend to be small with low reduction of the conjugate 

formation in both patients group (clopidogrel and prasugrel). %PN 

indicated that there was no effect on platelet conjugates formed in 

clopidogrel and prasugrel patients, in blood stimulated with the maximal 

concentration of ADP. Using collagen as the stimulant, patients who were 
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on clopidogrel and prasugrel exhibited a significant reduction in PN 

conjugates. In blood stimulated with TRAP, a similar pattern of inhibition 

was observed in ACS patients who were on clopidogrel and prasugrel. 

 

5.3.4.2 Monocyte median fluorescence and percentage platelet- 

positive monocytes  

 

Figure 5-9: Inhibition of platelet-leucocyte conjugate (monocytes) 

formation in ACS patients. 

 Ex vivo inhibition of platelet-monocyte (PM) conjugate formation based 
on monocyte median fluorescence (M-MF) (A) and %PM (B). Results are 
expressed as mean ± SD, (n=11) clopidogrel and (n=9) prasugrel. * P< 
0.05 analysed by simple one-way ANOVA.  

  

With respect to M-MF, a similar level of conjugates were obtained in the 

control samples and stimulated with ADP and collagen. Platelets 
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stimulated with TRAP have shown the greatest amount of conjugate. 

Patients on clopidogrel, and stimulated with TRAP, demonstrated less 

conjugate, compared to control, which was even less in blood from patients 

on prasugrel. 

  

%PM in blood stimulated with ADP shows a reduction in conjugates to 

approximately 40% in both patient categories. Blood stimulation with 

collagen resulted in a significant reduction in conjugates formed in patients 

who were on clopidogrel and prasugrel. Both reductions were shown to be 

statistically significant (P<0.001 and P<0.0001). When blood was 

stimulated with TRAP, conjugates were also greater and similar to those 

observed with collagen; however, less reduction was observed in 

clopidogrel patients and prasugrel patients, which was not significantly 

different in both groups.  

 

From the results of the experiments described here, it can be seen that the 

level of monocyte conjugates is higher than that of neutrophil conjugates. 

In ACS patients, the extent of the reduction in the conjugate formed with 

neutrophils or monocytes was shown to be similar in both groups. 

However, statistical analysis reveals more inhibition in blood from 

prasugrel- than in clopidogrel-treated patients. 
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5.3.5 Platelet-leucocyte conjugate formation using the 

Amnis Imaging Flow Cytometer  

From the experiments performed previously, PLC formation, specifically 

with monocytes, is high � particularly in blood stimulated with collagen, 

with slight increases upon treatment with MK-0852. State of the art 

technology, such as the Amnis Imaging Flow Cytometer, is available. The 

aim of the experiments performed in this section, therefore, was to 

investigate platelet binding to human monocytes using the Amnis Flow 

Cytometer so as to visualise platelet binding. In these experiments, samples 

were incubated with platelet idenfying markers in order to identify postive 

platelets (CD61-PE-positive platelets) and markers to identify monocytes 

(CD14-positive monocytes).  

 

5.3.5.1 Separation of single cells from the debris and multicellular 

aggregates 

Single cells were separated from debris and multicellular aggregates in the 

bright field channel, using the IDEAS features aspect ratio and area. The 

aspect ratio is the minor axis divided by the major axis and, thus, a measure 

✁✂ ✄☎ ✆✝✄✞✟✠✡ roundness (a perfect circle will have an aspect ratio of 1; 

doublets typically have aspect ratios of around 0.5). The area is measured 

by counting the number of pixels in the image, which are converted to 

square microns. Typically, multicellular aggregates have areas three or 

more times the mean area of single cells. Cell debris will have a small area 

and a range of aspect ratios, depending upon the shape of the debris. Figure 
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5.4 Discussion 

In the introduction to this chapter, it was indicated that when blocking platelet 

�platelet interactions by using MK-0852 (GPIIb/IIIa antagonist), and then 

measuring platelet inhibition using the SPC technique, the results showed 

partial inhibition of platelet aggregation. It was anticipated that blocking 

platelet-platelet interactions would reflect antagonism of the final pathway that 

involves GPIIb/IIIa receptors; however, platelets may still be active and 

therefore, interact with leucocytes to form PLCs. PLCs formation is a 

consequence of the interactions between activated platelets and leucocytes. 

Previously, our research group demonstrated that the fibrinogen receptor 

antagonist, MK-0852, does not completely inhibit platelet aggregation using 

SPC in WB aggregation. The SPC approach measures the drop in the number 

of single platelets as they form aggregates; however, platelets could also form 

PLCs after activation in whole blood (Scholz et al., 2002).   

 

Platelet aggregation in the formation of a thrombus, as a result of plaque 

rupture (as demonstrated in Figure 5-13), supports the accumulation of 

leucocytes � neutrophils and monocytes. This implies that activated platelets 

express the complete adhesive and signaling machinery necessary for the 

multistep adhesion cascade essential for leucocyte recruitment under shear 

conditions (Palabrica et al., 1992, Kirchhofer et al., 1997). Different 

mechanisms have been proposed to interfere with platelet binding to 

leucocytes.  
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Figure 5-13: Plaque rupture. 

At the site of vascular damage, platelets attract leucocytes to promote 

inflammation. After plaque rupture, exposed collagen induces platelet 

aggregation via the release of platelet stimulants, such as adenosine 

diphosphate. Activated platelets express glycoprotein (GP)-VI, which 

stimulates thrombus formation. Platelets also bind to heterotypic cells, such as 

leucocytes, via a P-selectin-P-selectin glycoprotein ligand-1 mechanism.    

 

Normally, agonist-induced platelet activation is associated with the 

translocation of CD62P from ✁-granule membranes to the cell surface, and this 

is important for effective PLC formation through PSGL-1 (Jungi et al., 1986, 

Rinder et al., 1991b, de Bruijne-Admiraal et al., 1992, Spangenberg et al., 

1993). However, leucocyte activation, as reflected by measuring CD11b on 

both monocytes and neutrophils, does not lead to the formation of platelet- 

leucocyte aggregate formation (Chen et al., 1994).  

When using MK-0852 with platelet stimulation, PLCs formation tends to be 

higher. In this respect, the first set of data reported here focused on the 
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measurement of PLCs using different platelet markers. This demonstrated that 

inhibition of platelets by IIb/IIIa antagonism resulted in an increase in PLCs, 

with predominately monocytes rather than neutrophils. This could be due to 

possible differences in the expression of PSGL-1, the ligand for P-selectin, on 

the two cell types and/or the involvement of other receptor ligand interactions, 

which may stabilise the adhesion of platelets to monocytes. In the experiments 

performed, collagen induced PLCs formation, resulting in increased conjugates 

than with ADP and TRAP � presented as M/N-MF or %PM/PN. This is 

consistent with previous findings by our group, in which we observed a 

dramatic increase in PLCs when blood was incubated with MK-0852 and 

stimulated with collagen (Zhao et al., 2003a). However, in a study by (Kling et 

al., 2013) activation with TRAP resulted in high P-selectin expression and 

provided higher PLCs formation than ADP, collagen and AA. It is important to 

note that mixing forces relied upon shaking, rather than normal stirring, and 

this was not an issue. Also, the time was set to 10 min, as the conjugate 

formation was shown to be maximal at this time point (Redlich et al., 1997). 

From the experiments conducted, CD61PE was established to be the preferred 

marker as it demonstrates good stability (data not shown) and, hence, was used 

for further experiments.   

 

Figure 5-14 demonstrates that antagonism by the GPIIb/IIIa receptor results in 

more free platelets being available to adhere to leucocytes, while Figure 5-15 

shows the blockade of platelet-leucocyte interactions by KPL-1. As the 

mechanism that governs PLCs formation in adults, via P-selectin-PSGL-1, is 



Chapter 5                                        Platelet-Leucocyte Interaction (Lysing) 

211 
 

well characterized, it is notable that conjugate formation in healthy children is 

enhanced without increasing the expression of P-selectin, thus suggesting a 

different mechanism, independent of P-selectin (Yip et al., 2013). In the same 

study, it was also confirmed that the antagonism of P-selectin (CD62P) on 

platelets did not affect PLCs formation. 

 

 

Figure 5-14: Blockade of the glycoprotein (GP)-IIb/IIIa receptor using MK-
0852.  

Upon platelet activation, the platelet ✁-granules release their contents and P-

selectin is expressed on the activated platelet surface.  

 

To confirm PLCs formation, an agent called KPL-1 was used to block the 

PSGL-1 receptor at the leucocyte end (Snapp et al., 1998). In all the in vitro 

studies on the effect of PSGL-1 blockade, KPL-1 has been shown to be 

sufficient for inhibiting and reversing the formation of PLCs (neutrophils & 
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monocytes). This finding is consistent with the study by (Fernandes et al., 

2003) and the results suggest that PLC formation is mostly dependent on 

PSGL-1. Also, PLCs (neutrophil or monocyte) formation was suppressed 

irrespective of the use of ADP, collagen or TRAP to stimulate platelets. In line 

with this finding, PSGL-1 inhibition alone decreased PLC formation to pre-

stimulation levels, also resulting in the disengagement of cells after complexes 

had formed. It could be assumed that if GPIIb/IIIa-mediated firm adhesion 

played a significant role in the formation of PLCs, blockade of PSGL-1 alone 

would not be able to disaggregate PLC complexes. This is clearly illustrated in 

Figure 5-15. A direct WB �✁✂✄☎ �✆✄✝✞✂✟ ✠✝✆✡ ☛☎✝☞✡✆✌� �✆✄✝✞✍ ✄� ✄✞ ✄✟✟✝✆✝✎✞✄✏

confirmation of the presence of PLCs, showed the binding of platelets to 

leucocytes (monocytes), as demonstrated previously (Zhao et al., 2003c), 

where KPL-1 successfully prevented the formation of PM complexes, 

irrespective of the platelet agonist used.  
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Figure 5-15: Platelet- leucocyte conjugate formation.  

Platelets become attached to leucocytes through PSGL-I. P-selectin/PSGL-I 

mediates this interaction; however, there are several mechanisms by which 

platelet-leucocyte complexes (PLCs) are formed. KPL-1 blocks P-selectin 

glycoprotein ligand 1 (PSGL-1) receptors on leucocytes, confirming the 

dependence of PLCs formation on the P-selectin-PSGL-1 mechanism.        

 

Interestingly, when MK-0852 was incubated with KPL-1, PLCs formation 

increased slightly again, which may suggest the binding of platelets to 

leucocytes via a different mechanism that does not involve PSGL-1. Also, 

EDTA consistently and successfully inhibited PLCs formation, consistent with 

earlier findings, suggesting the dependence of conjugate formation on divalent 

cations (Spangenberg et al., 1993). Previous studies have shown that Ca2+ is 

required for leucocytes to bind  platelet P-selectin (Jungi et al., 1986). The 

binding of Ca2+ to P-selectin mediates a conformational change in the lectin 

domain that is essential for leucocyte adhesion (Geng et al., 1991).    
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There are many ways to block PLCs formation and in the study conducted here 

KPL-1 was used. However, other blockers are available, such as those that 

prevent the mechanism involving P-selectin (CD62P) on platelets. In this 

respect, a novel human anti-P-selectin antibody, inclacumab, has been 

developed for therapeutic treatments and for the prevention of cardiovascular 

disease (Kling et al., 2013, Tardif et al., 2013). The results obtained from this 

study showed that inclacumab successfully inhibited the PLC formation 

induced by platelet stimulation due to different agonists (ADP, collagen, AA 

and TRAP) and this suggests that inclacumab prevents formation of new PLCs 

irrespective of the pathway contributing to PLCs formation.    

 

The initial section of the results presented in this chapter was aimed at 

optimising the method for measuring PLC formation, in order to select the 

most suitable antibodies for identifying platelets. With CD42a-FITC and 

CD62P-PE, the number of CD42a-positive neutrophils increased with time. 

CD61-PE appeared to be the most suitable marker, as it demonstrated good 

stability (data not shown) and clear inhibition with KPL-1. Having established 

a method based on the lysing of RBCs, and utilising the 96-well plate format 

with a fixation method to quantify the formation of platelet � monocyte and 

platelet�neutrophil conjugate formation, this method indicated the increase in 

PLCs formation in blood samples incubated with MK-0852. This validates our 

assay, especially in the first set, which involved blood stimulation using a 96-

well plate. The next sections were aimed at studying the in vitro and ex vivo 

effects of antiplatelet drugs on PLCs formation. 



Chapter 5                                        Platelet-Leucocyte Interaction (Lysing) 

215 
 

The in vitro study involving the inhibition of PLCs formation using aspirin and 

cangrelor alone did not show PLCs formation inhibition. Then a combination 

of both drugs was used, based on the fact that a combination of different 

antiplatelet drugs, with different mechanisms of action ,may afford a better 

protection than an individual drug used on its own; this is frequently used in 

the prevention of sub-acute thrombosis � a seemingly safe and effective 

therapy (Kolansky et al., 2000, Muller et al., 2000). However, a combination of 

both drugs tended to show slight and variable inhibition. This may suggest that 

this  96-well plate assay, which involves blood shaking, is not favorable for 

investigating PLCs formation in vitro (data not shown). Previous work by our 

group, where stirring with variable force was used, indicated that a 

combination of two agents is not as effective as a triple antiplatelet in 

preventing PLCs formation (Zhao et al., 2001). 

The connection of platelet-leucocyte interactions ACS has been well 

established in various clinical settings (Furman et al., 2001, Sarma et al., 2002). 

This is recognized to be a potential target for antiplatelet therapy in ACS 

patients. The data on the ex vivo effects of antiplatelet drugs on PLCs 

formation in ACS patients indicated that significant inhibition was obtained 

when clopidogrel was used with different agonists. Clopidogrel reduced 

spontaneous aggregation of PLCs. This is in line with previous studies, 

showing the clinical significance of clopidogrel, as an anti-inflammatory agent, 

in reducing the number of PLCs formed (Storey et al., 2002a, Klinkhardt et al., 

2003). However, in this study, collagen and TRAP-induced PLCs formation 

was sensitive to the effect of clopidogrel. This supports previous 
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documentation of the significance of ADP and P2Y12 receptors in augmenting 

and modulating the effects of various platelet agonists, including the effect of 

thrombin on PAR-1(Trumel et al., 1999). In all the ex vivo experiments 

conducted, blood from ACS patients taking prasugrel showed further inhibition 

of PLCs formation. This indicates that, in our experiments, prasugrel was better 

at inhibiting PLCs formation possibly due to the generation of more active 

metabolites in vivo (Totani et al., 2012).   

 

Perhaps the main message arising from the work conducted in this chapter is 

that the flow cytometric procedure, based on RBC lysis, using 96-well plates 

and fixation, can be used to obtain information on PLCs formation. Also, the 

effect of different agonists and antagonists on PLCs formation was 

investigated. However, the data from experiments examining the in vitro effect 

of antiplatelet drugs on PLCs formation is not promising, and could imply that 

the methodology is not suitable for this purpose.  

 

The effect of the different agonists and inhibitors suggests the involvement of 

certain adhesive proteins in the cell-cell interactions that occur. My project is 

based on the development and optimisation of PFT. Previously, PLCs 

formation was assessed by stirring; however, in this study, blood was mixed by 

shaking 96-well plates and fixed using AggFixA and AggFixB, allowing fixed 

blood to be processed for up to three days. Blood was shaken for 10 min and 

PLCs contained predominately monocytes, rather than neutrophils. Using 
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different platelet stimulants (ADP, collagen and TRAP), collagen induced the 

greatest PLC formation, specifically of monocytes, rather than neutrophils. 

KPL-1 appears to inhibit PLCs formation, irrespective of the conjugate formed. 

In vitro data may not be suitable for developing this assay. Ex vivo studies 

clearly demonstrate that inhibition of PLCs formation in ACS patients taking 

prasugrel was slightly greater than in blood from those taking clopidogrel. 

These results may reflect another application of the 96-well plate.  

 

In conclusion, flow cytometry measurements of PLCs, using standard protocols 

involving RBC lysis and a 96-well assay format, might prove advantageous 

over existing PFT, especially in clinical situations where drugs that affect 

degranulation might be associated with an anti-inflammatory effect, by 

reducing PLCs formation. In the following chapter, experiments aimed at 

optimising the technique further will be described; these will use a triggering 

approach and the 96-well plate format. A comparison of the effect of MK-0852 

on inducing PLCs formation in blood, when stimulated by ADP, collagen or 

TRAP and shaken for 5 or 10 min, will be performed. Finally, more 

investigations of the simultaneous assessment of platelet aggregation and PLCs 

formation from the same blood sample will be considered.  



Chapter 6                                        Platelet-Leucocyte Interaction (Non-Lysing) 

218 
 

 

  

 

 

 

 

 

 

6 �✁✂✄☎✆✁✝✁✞✟ ✠✡ ☛☞✂✟✁☞✁✟ ✂✌✌✆✁✌✂✟✍✠✞ ✂✞✎

☞✁☎✏✠✏✑✟✁ ✍✞✟✁✆✂✏✟✍✠✞ ☎✄✍✞✌ ✂ ✟✆✍✌✌✁✆✍✞✌

✂☛☛✆✠✂✏✒ 
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6.1 Introduction 

WB flow cytometric studies of platelet activation (Michelson, 1996) and 

platelet aggregation (Fox et al., 2004b) have several advantages. These include 

less manipulation and RBC loss, as a result of sample handling and a 

separation process that involves centrifugation. Flow cytometry can also be 

used to investigate PLCs formation. As explained in the previous chapter, 

PLCs formation can be studied by flow cytometry using different methods, 

such as the standard lysing protocol, which involves the lysing of RBCs, or a 

non-lysing protocol (triggering technique). Non-lysing, as the name implies, 

involves no RBC lysis and uses the pan-leucocyte MAb CD45 marker to 

identify the overall leucocyte scatter population, without distinguishing 

leucocyte sub-populations, such as neutrophils and monocytes. This method 

has many advantages over the lysis method, in which RBC lysis can result in 

the release of large amounts of ADP. This may activate platelets and lead, 

artefactually, to enhanced PLCs formation. Also, RBC lysis may enhance 

leucocyte integrin expression, thereby increasing PLCs formation (Forsyth and 

Levinsky, 1990, Rinder et al., 1991a). 

 

Analysis of samples for PLCs within three hours appears to provide a reliable 

measurement of PLCs formation. However, PLCs formation tends to increase 

after three hours if a sample is not fixed. Therefore, a fixative solution, based 

on PFA, was used in the 96-well plate assay developed to fix the blood and to 

indicate the stability of leucocyte conjugate formation, for up to three days 

(May JA, 09/05/08).  
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ADP, thrombin and collagen activate platelets via different mechanisms, 

involving different platelet receptors (Offermanns, 2006), and their ability to 

induce PLCs formation varies, with collagen being most potent, as indicated 

previously by our group (Zhao et al., 2003a) and by the results obtained in this 

thesis.    

 

There is clinical proof that combining antiplatelet agents which have differing 

means of action yields more favourable antithrombotic effect than using agents 

alone (Diener et al., 1996, Yusuf et al., 2001, Steinhubl et al., 2002). This is 

achieved by blocking agents that inhibit different platelet activation pathways 

and the aggregation that results. These agents reduce the availability of 

GPIIb/IIIa receptors on the platelet surface, ultimately resulting in the binding 

of fibrinogen and causing platelets to aggregate. It can also be achieved by 

directly inhibiting GPIIb/IIIa receptors using agents such as eptifibatide, 

abciximab and tirofiban. These drugs do not interfere with platelet activation, 

as a result of platelet stimulation, but block the binding of fibrinogen to the 

activated GPIIb/IIIa receptor (Topol et al., 1999). By blocking both activation 

and the final aggregation pathway, better inhibition of platelet aggregation can 

be obtained.  

 

In order to make the assay for measuring PLCs easy to perform, and avoid 

complex sample manipulation within the standard protocol, a fluorescent 

triggering technique was used to capture the leucocyte population � rather than 

lysing RBCs, as in the original protocol. If the results obtained were 
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comparable to those using the standard method, the adapted protocol would be 

used in all further experiments.  

 

In our assay to study platelet function, 96-well plates were shaken for 5 min. 

This was optimised to study platelet aggregation. To investigate PLCs 

formation, 96-well plates were shaken for 10 min, based on a previous study 

(Redlich et al., 1997) and our own laboratory � both of which demonstrated 

that 10 min is optimum for PLCs formation measurement. Therefore, for 

studies into the difference between 5 vs. 10 min shaking for PLCs 

measurement, it is highly desirable to combine both measurements from the 

same fixed whole blood. 

 

The studies described in this chapter were also aimed at investigating PLCs 

formation using our 96-well plate assay and fluorescent triggering protocol, 

which has been widely used previously (Hagberg and Lyberg, 2000b). Also 

these studies were concerned with the optimum blood shaking time to 

investigate PLCs formation, lowering it to a convenient time of 5 min. Finally, 

studies were conducted, and described here, to study the effect of MK-

0852±KPL-1, aspirin or cangrelor on platelet aggregation and PLCs formation 

simultaneously from the same fixed WB sample. 
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6.2 Results  

6.2.1 Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on 

platelet-leucocyte conjugate formation using CD61-PE as 

a platelet identifier 

These experiments aimed to investigate the effects of MK-0852, which has 

been shown to increase PLCs formation, and KPL-1, which blocks PLCs 

formation. They also aimed to translate the findings of a method, other than the 

standard method, which involves RBC lysing. In these experiments, blood was 

incubated with saline and MK-0852 ± KPL-1, then stimulated with a range of 

collagen concentrations and shaken for 10 min. Blood was fixed using 

AggFixA and AggFixB. The triggering (non-lysing) approach was used to 

study PLCs formation. Results, based on M-MF and %PM, will be shown.  
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6.2.1.1 Monocyte median fluorescence and percentage platelet-positive 

monocytes  

 

Figure 6-1: Detection of platelet-leucocyte conjugate (monocytes) formation 
using CD61-PE and triggering. 

Effects of MK-0852 (10µM) and KPL-1 (5µg/ml) on platelet-monocyte (PM) 

conjugate formation based on monocyte median fluorescence (M-MF) (A) and 

%PM (B) using CD61-PE. Results are expressed as mean ± SD (n=6). * P< 

0.05 analysed by one-way ANOVA repeated measures.   
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With respect to M-MF, MK-0852 enhances the increase of PLCs in a dose-

dependent manner from control (saline). Considering %PM, the amount of 

conjugates tends to be high in the control sample, with different platelet 

stimulations. Addition of MK-0852 decreases the conjugate formed in blood 

stimulated with 0.1 and 0.3µg/ml collagen. In blood stimulated with 1, 3, and 

10µg/ml, there was a dose-dependent increase in conjugates formed, with no 

potentiation of PLCs upon treatment with MK-0852 from control. Blocking 

PLCs formation with KPL-1 resulted in a significant decrease in PLCs 

formation, which was noticeable with the following concentrations of collagen 

(1, 3 and 10µg/ml), presented as M-MF and %PM. Concurrent antagonism 

using MK-0852 + KPL-1, which involves blocking platelet-platelet and 

platelet-leucocyte aggregates, showed a reverse increase in PLCs formation. 

This finding is similar to that obtained when investigating PLCs formation 

using the lysing protocol.  

       

In conclusion, this technique, utilising fluorescent triggering and the adaptation 

of 96-well plates, has been shown to successfully measure PLCs formation, as 

the results obtained indicate an increase in the conjugate formed � especially 

with monocytes. KPL-1 inhibited conjugate formation, with a slight increase 

when added together with MK-0852.  
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6.2.2 Comparison of triggering and lysing methods for the 

detection platelet-leucocyte conjugate formation  

The value obtained from the pooled data of PLCs formation induced by the 

maximal collagen concentration (10µg/ml) of agonists (saline, MK-0852, KPL-

1, MK-0852+KPL-1), and analysed using lysing and triggering approaches, 

were compared. These values were expressed and plotted as N-MF, %PN, M-

MF and %PM. This was done to see if both approaches (lysing vs. triggering) 

were comparable. The results will assure if the new triggering approach is 

useful for further development.  
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Figure 6-2: The correlation of platelet-leucocyte conjugate (neutrophils and 
monocytes) formation.  

Platelet leucocyte conjugates (PLCs) values presented as neutrophil median 

fluorescence (N-MF) (A), monocyte median fluorescence (M-MF) (B), % 

platelet-neutrophil (%PN) (C) platelet-monocyte (%PM) conjugates and (D) 

analysed using the triggering vs. lysing technique.  

 

�✁✂✄☎✆✝✞☎ ✟✆✄✄✁✠✂✡☛✆✝ ✟☞✄✌✁ ✂✝✂✠✍☎☛☎ ☎✎✆✏☎ ✂ ✎☛✑✎ ✟✆✄✄✁✠✂✡☛✆✝ ✆✒ ✡✎✁ ✓✂✡✂, 

representing conjugate formation as MF or % platelet-positive, which was 

analysed using triggering vs. lysing. This value was estimated as N-MF 

(0.9284), %P/N (0.7897), M-MF (0.8664) and %P/M (0.8007). More detailed 

comparisons was estimated using a paired t-test for the different conditions 

(Figure 6-3). 
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Figure 6-3: The comparisons of platelet-leucocyte conjugate (neutrophil and 

monocyte) formation.  

Platelet-leucocyte conjugate (PLCs) values presented as neutrophil mean 
fluorescence (N-MF) (A), % platelet-neutrophils (%PN) (B), monocyte median 
fluorescence (M-MF) (C) and % platelet-monocytes (%PM) (D) and analysed 
using the triggering vs. lysing technique and the effect of (saline, MK-0852, 
KPL-1 and MK-0852+KPL-1) in the blood stimulated with collagen 
(10µg/ml). Results are expressed as mean ± SD (n=6). * P<0.05 of (MK-0852 
and MK-0852+KPL-1 of triggering vs. lysing) and presented as M-MF, 
analysed with paired t-test. 
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The results obtained from the comparison indicated that triggering is highly 

comparable to the standard lysing approach and can be used for further 

investigation. However, in blood incubated with MK-0852 and MK-

0852+KPL-1, PLCs formation, represented as M-MF, was higher than 

estimated using the lysing technique.  

 

Then, a comparison of 5 min (optimised for aggregation measurements) and 10 

min (appropriate for conjugate measurements) blood shaking was made. This 

would facilitate combining both measurements from the same fixed whole 

blood. 

 

6.2.3 The effect of different shaking times of whole blood on 

platelet-leucocyte conjugate formation 

These experiments were aimed at comparing the effect of blood shaking at 

different time points, 5 min vs. 10 min, on PLCs formation. In these 

experiments, blood samples were stimulated with ADP (30µM), collagen 

(10µg/ml) and TRAP (10µM) and then fixed using AggFixA and AggFixB. 

Two separate sets of 96-well plates were used and the same experimental 

protocol for measuring PLCs, using the triggering, was used, as explained 

previously � except for shaking the blood at different times. If the results after 

5 min and 10 min shaking were not hugely different, platelet aggregation and 

conjugate formation experiments could be performed concomitantly on the 

same fixed WB sample for 5 min. 



Chapter 6                                        Platelet-Leucocyte Interaction (Non-Lysing) 

229 
 

6.2.3.1  Neutrophil median fluorescence and percentage platelet-positive 

neutrophils  

 

 

Figure 6-4: Detection of platelet-leucocyte conjugate (neutrophil) formation in 
sample shaken for 5&10 minutes. 

Effects of MK-0852 (10µM) on platelet-neutrophil (PN) conjugate formation 

based on neutrophil mean fluorescence (N-MF) (A) and %PN (B) in blood 

samples shaken for 5 vs. 10 min and incubated with EDTA, saline, ADP 

(30µM), collagen (10µg/ml) and TRAP (10µM). Results are expressed as mean 

± SD (n=6).* P< 0.05 analysed with paired t-test. 

 

The amounts of platelets bound to neutrophils (N-MF) were low in blood 

incubated with saline and MK-0852, following stimulation with different 

agonists. Blood samples that were shaken for 5 min exhibited a similar pattern 

to those shaken for 10 min. The amount of PN conjugates (%PN) was higher, 

specifically under stimulation with collagen, with no further increase upon 
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treatment with MK-0852. However, in blood stimulated with TRAP, MK-0852 

decreased t conjugate formation to the same level in 5 and 10 min shaking 

protocols.  

 

6.2.3.2 Monocyte median fluorescence and percentage platelet-positive 

monocytes  

 

 

Figure 6-5: Detection of platelet-leucocyte conjugate (monocyte) formation in 
sample shaken for 5 and 10 min. 

Effects of MK-0852 (10µM) on platelet-monocyte (PM) conjugate formation 

based on monocyte median fluorescence (M-MF) (A) and %PM (B) in blood 

samples shaken for 5 vs. 10 min and incubated with EDTA, saline, ADP 

(30µM), collagen (10µg/ml) and TRAP (10µM). Results are expressed as mean 

± SD (n=6). * P< 0.05 analysed with paired t-test.  
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With respect to M-MF, PLCs formation was extremely high in blood incubated 

with MK-0852 and stimulated with collagen at 5 and 10 min of shaking, in 

which the values were very comparable. The data obtained for %PM exhibits 

higher conjugates, which further increased when blood was incubated with 

MK-0852 and stimulated with only ADP. This was estimated by ANOVA to be 

statistically significant (P<0.05), to the same extent in blood shaken for 5 vs 10 

min. Blood samples incubated with saline and shaken for 10 min exhibited 

more conjugates compared to blood shaken for 5 min.  

 

From the results obtained, it may be concluded that 5 min vs. 10 min blood 

shaking does not make a huge difference; therefore, simultaneous assessment 

of platelet aggregation and PLCs can be carried out reliably on blood shaken 

for 5 min.       

 

6.2.4 Simultaneous measurement of platelet aggregation and 

platelet-leucocyte conjugate formation   

I have demonstrated the usefulness of the platelet aggregation assay, based on 

the platelet counting technique and the 96-well format, to generate platelet 

activation pathways upon stimulation with the most commonly used agonists 

(AA, ADP, collagen and TRAP) and platelet inhibition with aspirin and/or the 

P2Y12 antagonist, cangrelor (Dovlatova et al., 2013). Furthermore, fixing blood 

using AggFixA and AggFixB enables the measurement of platelet function to 

be carried out at a later stage, facilitating remote testing for up to 9 days after 
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(for platelet aggregation) and up to 3 days  after (for PLC formation) (Fox et 

al., 2013). Additionally, I have confirmed the agreement of the triggering 

approach with the standard lysis protocol, while also checking the suitability of 

5 min blood shaking, in performing PLCs formation studies with combined PA 

and PLCs measurements.  I then decided to use fixed blood to perform both 

platelet aggregation and PLCs measurements of the same blood. Platelet 

aggregation requires only 5µl of fixed blood, while the remainder of the blood 

can be utilised for PLCs measurements. 

  

6.2.4.1 Stability of PA and PLCs formation in vehicle-treated blood 

samples analysed on the same and next day  

In these studies, the stability of both measurements of platelet aggregation and 

PLCs was tested on the same day, and the next day, of analysis � as a way of 

validating the 96-well format and blood fixation protocol, when both 

measurement were carried out simultaneously. Blood samples were incubated 

with saline and then stimulated with a range of collagen concentrations (0.1, 

0.3,1,3 and 10µg/ml). Then, the experiment was done as described in section 

2.2.6.   
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Figure 6-6: Analysis of platelet aggregation and platelet-conjugate formation 
performed on the same vs. the next day. 

Percentage of platelet aggregation (A) induced by a range of collagen 
concentrations (0.1, 0.3, 1, 3, 10µg/ml) and comparison of samples performed 
on the same day vs. the next day. Results are expressed as mean ± SD, (n=6) 
vs. EDTA and analysed using non-linear regression curve. Platelet-leucocyte 
conjugate (PLCs) formation was based on neutrophil median fluorescence (N-
MF) (B), % platelet-neutrophils (%PN) (C), monocyte median fluorescence 
(M-MF) (D), % platelet-monocytes (%PM) (E) induced by a range of collagen 
concentrations (0.1, 0.3, 1, 3, 10µg/ml) and comparison of samples analysis 
performed on the same day vs. the next day. Results are expressed as mean ± 
SD, (n=6) and analysed with paired t-test. 
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Aggregation measurements, when performed on the same vs. the next day, 

demonstrated the same pattern of increased platelet aggregation with a range of 

collagen concentrations in a dose-dependent manner, thereby assuring stability. 

In vehicle-treated blood, in response to the range of collagen concentrations, 

PLCs formation was judged by % CD61-positive monocytes and neutrophils, 

or by median CD61 fluorescence. The degree of PM conjugate formation was 

much greater than the degree of PN conjugate formation, especially with the 

highest three concentrations. Also, the PLCs measured on the same day was 

not statistically different than those measured on the next day, as estimated by 

the paired t-test.  

 

Based on this finding, which confirms that samples are stable for analysis 

performed simultaneously and at different times (same vs. next day), the next 

set of experiments will be looking at the effect of MK-0852 on platelet 

aggregation and PLCs formation from the same fixed blood.  
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6.2.4.2 The effect of MK-0852 on platelet aggregation and platelet-

leucocyte conjugate (monocytes) formation 

It has been demonstrated in this thesis that MK-0852 failed to achieve 

complete inhibition, using the SPC technique to measure platelet aggregation. 

This was confirmed later, by the involvement of leucocytes, to be implicated in 

the loss of single platelets, especially at high collagen concentrations. Also, 

having checked the stability of the platelet-counting platelet activation assay in 

WB and fluorescent triggering, to measure PLCs simultaneously, the following 

experiments investigated the effect of MK-0852 on platelet aggregation and 

PLCs formation, translating this finding when both measurement were done 

together. PLCs formation data based, on M-MF and %PM will, be shown.  
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Figure 6-7: Effects of MK-0852 on platelet aggregation and platelet-leucocyte 

conjugate (monocyte) formation. 

Platelet aggregation (A) and platelet-leucocyte conjugate formation based on 
monocyte median fluorescence (M-MF) (B) and % platelet-monocytes (PM) 
(C) induced by a range of collagen concentrations, and the effect of MK-0852 
(10µM). Results are expressed as mean ± SD, (n=6) vs. EDTA. * P<0.05, 
repeated measures two-�✁✂ ✄☎✆✝✄ ✞✟✠✠✟�✡☛ ☞✂ ✌✟✍✞✡✎✎✟✍✏✑✒ ✓✟✒✔-test.  

 

 

Successfully, the results obtained here mirror the previous findings, which 

showed inhibition of platelet aggregation in blood stimulated with low 

concentrations of collagen. At high collagen concentrations, there seemed to be 

less aggregation, consistent with high PLCs (monocytes) formation in the 

sample incubated with MK-0852 from saline. This was reflected by the M-MF, 
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which increased in a dose-dependent manner. The data presented here is part of 

the data presented in Figure 6-8.  

6.2.4.3 The effect of MK-0852 and KPL-1 on platelet aggregation and 

platelet-leucocyte conjugate formation 

The previous subchapter described the importance of this assay in performing 

platelet aggregation and PLCs studies on the same fixed WB, indicating that 

platelets become bound to leucocytes following activation with collagen (with 

more platelets binding to monocytes than neutrophils). I then investigated the 

sensitivity of the assay, in order to confirm the involvement of PLCs formation 

as a decrease in the number of single platelets and, thus, a reduced inhibitory 

effect of MK-0852.  

 

Blood samples were incubated with saline and MK-0852 ± KPL-1 and 

stimulated with a range of collagen concentrations. Blood was shaken for 5 min 

and fixed using AggFixA and AggFixB, which allowed stability of blood 

platelet aggregates, thereby allowing the analysis to be carried out at a later 

stage.  
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Figure 6-8: Effects of MK-0852 and KPL-1 on platelet aggregation and 
platelet-leucocyte conjugate (monocyte) formation.  

Platelet aggregation (A) and platelet-monocyte (PM) conjugate formation 

based on monocyte median fluorescence (M-MF) (B) and % platelet-

monocytes (PM) (C) induced by a range of collagen concentrations and the 

effect of MK-0852 (10µM) and KPL-1 (5µg/ml). Results are expressed as 

mean ± SD, (n=6) vs. EDTA. * P<0.05, repeated measures two-way ANOVA 

�✁✂✂✁✄☎✆ ✝✞ ✟✁✠�☎✡✡✁✠☛☞✌ ✍✁✌✎-test.  

 

 

With high collagen concentrations (3 and 10µg/ml), there was incomplete 

inhibition of aggregation by MK-0852. This was concomitant with high 

conjugate formation. To confirm the latter, 5µg/ml of specific agent KPL-1, 

which blocks the PSGL-1 receptor on leukocytes, inhibited PLCs and did not 
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affect the aggregation measurement. However, when combined with MK-0852, 

it did not show further inhibition � instead inhibition was slightly reduced. 

 

In terms of measuring M-MF, there was no increase in PLCs formation with 

respect to 1) the blood incubated with saline and MK-0852 and stimulated with 

the lowest concentrations (0.1 and 0.3µg/ml) and 2) slight increases in the 

blood incubated with MK-0852 and stimulated with intermediate 

concentrations (1µg/ml). However, a similar pattern was observed in blood 

stimulated with 3 and 10µg/ml, in which PLCs formed were readily inhibited 

by KPL-1 and increased again slightly following addition of MK-0852.  

 

With respect to the %PM, there was generally a greater amount of conjugate 

formed and a slight increase in the conjugate formed upon treatment with MK-

0852 for all agonists, except for 0.1 and 0.3µg/ml collagen. Incubating blood 

with KPL-1 decreased the amount of conjugate formed significantly for all 

agonists, except for 0.1µg/ml. Blood incubation with MK-0852+KPL-1 again 

increased conjugate formation. 

  

These results proved to be successful for the measurement of platelet 

aggregation and PLCs formation, to study the effect of MK-0852 ± KPL-1 

simultaneously.   
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6.2.4.4 In vitro effect of antiplatelet drugs on platelet aggregation and 

platelet-leucocyte conjugate formation 

After I have validated the advantages of the new t 96-well plate assay format 

for the measurement of platelet aggregation and PLCs formation, to study the 

effect of MK-0852 and KPL-1 in the same fixed WB, the following 

experiments were aimed to investigate the in vitro effect of the maximal 

concentration of aspirin (100µM) and cangrelor (1000nM) on 1) platelet 

aggregation using AA and ADP over a range of concentrations and 2) PLCs 

formation, using maximal and submaximal concentrations of AA and ADP as 

platelet stimulants. 
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6.2.4.4.1 Detection of the antiplatelet effect of aspirin and the P2Y12 

antagonist cangrelor on AA-and ADP-induced platelet 

aggregation and platelet-leucocyte conjugate formation: 

 

Effects of aspirin 

 

Figure 6-9: Effects of aspirin on platelet aggregation and platelet-leucocyte 
conjugate (monocyte) formation. 

Platelet aggregation (A) induced by a range of AA concentrations (0.03 - 

1mM) analysed using non-linear regression curve. Platelet-monocyte (PM) 

conjugate formation based monocyte median fluorescence (M-MF) (B) and 

%PM (C) induced by 0.5 and 1mM concentrations of AA and the effects of 

aspirin (100µM). Results are expressed as mean ± SD, (n=3) vs. EDTA.* 

P<0.05, repeated measures two-way ANOVA followed by Bonfer�✁✂✄☎✆ ✝✁✆✞-

test.  

 

In the 96-well plate assay, it was perceived that inhibition of platelet 

aggregation is dependent on the concentration used, with low response to high 

concentration of AA 0.5 and 1mM, as demonstrated before. In contrast, aspirin 
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demonstrated good inhibition of PLCs formation in blood stimulated with 

maximal and submaximal AA.  

Effects of cangrelor  

 

Figure 6-10: Effects of cangrelor on platelet aggregation and platelet-leucocyte 
conjugate (monocytes) formation. 

Platelet aggregation (A) induced by a range of ADP concentrations (0.3-30µM) 

and analysed using non-linear regression curve.  Platelet-monocyte (PM) 

formation based on monocyte median fluorescence (M-MF) (B) and %P/M (C) 

induced by 10 and 30µM concentrations of ADP and the effects of cangrelor 

(1000nM). Results are expressed as mean ± SD, (n=3) vs. EDTA. * P<0.05, 

repeated measures two-�✁✂ ✄☎✆✝✄ ✞✟✠✠✟�✡☛ ☞✂ ✌✟✍✞✡✎✎✟✍✏✑✒ ✓✟✒✔-test.  

  

Cangrelor inhibited platelet aggregation induced by ADP. However, minimal 

inhibition of PLC formation was observed.  
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6.3 Discussion 

The triggering method seems to be the most desirable for studying platelet 

PLCs formation using WB and less sample manipulation. The study conducted 

by (Li et al., 1997) indicated that RBC lysis, with continuous washing and 

centrifugation, results in a 3-5 fold increase in PLCs formation. On these 

grounds, it was suggested that the triggering method may reflect in vivo PLCs 

formation as closely as possible. It has been known that ADP, collagen and 

TRAP activate platelets by different receptor-mediated pathways (Takano et 

al., 2004). The ability to produce PLCs varied with platelet agonist potency. 

When collagen was used as a stimulant in the presence of MK-0852, it showed 

the production of a large number of conjugates. In this respect, previous studies 

by our group indicated the same findings, as well as with other stimulants, such 

as PAF (Zhao et al., 2003a).   

 

In this chapter, a whole new blood flow cytometric method has been described, 

involving less manipulation of cells and adaptation of 96-well plates. This 

method used a fixative solution that allows the measurement of both 

aggregation and PLCs formation to be carried out simultaneously at a later 

stage. The method is simple, rapid and may be appropriate for studies of 

platelet aggregation and PLCs formation in vivo. Also, the effects of blocking 

platelet aggregation and PLCs formation, concomitantly, was examined  in 

order to elucidate the extent of artefactual in vitro aggregate formation, as well 
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as to investigate the ligands and receptors which may be involved in aggregate 

formation induced by agonist stimulation. 

 

The initial data obtained demonstrated that the triggering approach is suitable 

for studying PLCs formation, as it clearly shows good agreement with the 

standard lysing protocol � justifying its use for further development. 5 min of 

blood shaking was proven to be comparable to 10 min for detection of PLCs 

formation. This facilitates the use of the same blood for measuring PA and 

PLC formation.  

 

Previous work has used 96-well plates to study either platelet aggregation or 

PLCs, with the use of a cell-fixing solution patented by our Platelet research 

group in Nottingham, which has been successfully used and favors the stability 

of the sample. Therefore, a longer time is available for measurements. The next 

work aimed to carry out both measurements, on the same fixed sample of 

blood, as a measure of validating the assay and to confirm the stability of the 

data, when performed at different time interval. The results, shown in Figure 

6-6, demonstrated a high comparison and assure the stability of the 

measurement when performed at different time intervals. Then, sensitivity of 

the assay was examined by studying the effect of M-0852, which has been 

shown to cause incomplete inhibition of platelet aggregation, along with 

increased PLCs formation. This measurement was achieved from the same 

fixed blood. With incomplete inhibition of aggregation, we tended to observe a 

significant increase in PLCs formation. This confirmed that the apparent lack 
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of the inhibitory effect of MK-852 is due to a reduction in the number of single 

platelets, as they bind to leucocytes. Then, PLCs formation was inhibited with 

the specific agent, KPL-1. Additionally, we wanted to check if any PLC 

formation was taking place in the normal aggregation measurements, thereby 

potentially compromising measurements. The aggregation measurements 

generated indicated that the decrease in single platelet counting was, indeed, 

only caused by platelet�platelet aggregate formation.  

GPIIb/IIIa antagonism with drug, such as tirofiban and abciximab, is 

administered concurrently with P2Y12 antagonists, clopidogrel and aspirin, in 

some patients PCI (Shattil et al., 1997). Therefore, it was of importance to 

investigate the in vitro inhibition of platelet aggregation and PLCs 

simultaneously to study the effect of aspirin and/or cangrelor ± MK-0852, in 

order to assess the interaction between these antiplatelet agents. It has already 

been demonstrated that GPIIb/IIIa antagonists are less potent inhibitors of 

platelet micro-aggregation than macro-aggregation, and substantial micro-

aggregation occurs at therapeutic levels of these antagonists, yielding up to 

100% inhibition of macro-aggregation (Storey et al., 2001). The data obtained 

clearly indicated that additional inhibition occurred when either aspirin or 

cangrelor were combined with GPIIb/IIIa antagonism (results not shown). This 

was observed equally with respect to both AA- and ADP-induced platelet 

aggregation. Also, triple antiplatelet therapy, comprising aspirin and cangrelor 

± MK-0852, has shown similar effects to either aspirin or cangrelor ± MK-

0852 in inhibiting AA- and ADP-induced platelet aggregation. This finding 

concurs with other studies that have demonstrated the benefits of dual 
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antiplatelet therapy, such as GPIIb/IIIa and P2Y12 antagonism (Judge et al., 

2005). However, in this study, maximal concentrations of collagen and TRAP 

were used as it was found to be independent of TXA2 formation, whereas ADP 

was secreted at the highest concentration of the agonist studied. The method 

used here to assess the effect of antiplatelet agents relied upon the 

measurement of a single loss, which is a sensitive technique allowing the 

detection of platelet micro-aggregates that may consist of only doublets of 

platelets. The lack of a complete effect of GPIIb/IIIa antagonists, when studied 

alone, is due to the existence of platelet-leucocytes aggregates (not detected by 

this technique), which can result in incomplete inhibition, as we have 

demonstrated previously. However, GPIIb/IIIa antagonists add to the inhibition 

observed with aspirin or cangrelor, when studied in combination, as this clearly 

removes distinct pathways involved in the amplification of platelet activation. 

 

The broader application of GPIIb/IIIa antagonists in combination with P2Y12 

antagonists may have clinical benefits. For example, the results obtained from a 

previous trial (Valgimigli et al., 2012) showed that when the P2Y12 antagonist, 

prasugrel, was administered with or without the GPIIb/IIIa antagonist, 

tirofiban, in ST-segment elevation acute myocardial infarction patients taking 

aspirin, platelet inhibition was suboptimal (as measured by ADP-induced 

aggregation). This effect lasted for at least two hours with prasugrel alone, 

whereas the addition of tirofiban led to a significantly higher degree of 

inhibition. These studies, combined with ours, indicate that GPIIb/IIIa 

antagonists are beneficial in inhibiting platelet function when used in 

combination with aspirin or P2Y12 antagonists. The effect of these drugs alone, 
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or in combination, demonstrate that the use of combinations of antiplatelet 

agents, which block three discrete pathways involved in the amplification of 

platelet activation, leads to greater inhibition of platelet functions, such as 

aggregation and PLCs, thereby reducing inflammatory responses.  

To conclude, the results presented in this chapter demonstrate the advantage of 

the triggering method for assessing PLCs formation, as it causes less harm to 

cells. The adaptation of the 96-well plate as a tool for investigating the effect of 

antiplatelet drugs on platelet aggregation and PLCs, concomitantly, from the 

same fixed WB has also been demonstrated.    
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7.1 General discussion 

Platelets play a fundamental role in haemostasis, by sustaining the integrity of 

the blood vessel wall via physiological haemostatic plug formation, to stop 

bleeding when vascular injury occurs. However, hyperplatelet activity can 

develop in pathological thrombosis, and hence, the subtle regulation of platelet 

function in vivo is crucial to maintain the balance between platelet behaviour 

causing thrombosis and haemostasis. Platelet agonists interact with their 

receptors on the platelet plasma membrane to alter platelet function and trigger 

outside-inside signalling, which eventually leads to a conformational change of 

the platelet GPIIb/IIIa receptor and platelet aggregation, through bridging with 

fibrinogen. Platelets can also interact with leucocytes and this is facilitated via 

the interaction of P-selectin (CD62P) on the surface of an active platelet with 

its counter receptor PSGL-1, present on leucocytes (Dole et al., 2007, Harding 

et al., 2007). This interaction represents the link between inflammation and 

thrombosis, with the former counted as the main contributor to the formation of 

pathophysiological atherosclerotic plaques on blood vessel walls (Singh et al., 

2002). Sequentially, atherosclerosis in the walls of coronary vessels, with 

resulting plaque rupture and thrombus formation, exemplify the main 

underlying events of ACS. Platelet involvement in the pathogenesis of ACS is 

well documented and has been established by the clinical benefit of antiplatelet 

drugs in ACS (Kumar and Cannon, 2009).     

   

After platelets enter the active condition, they release the content of their ✁- 

and dense granules, such as ADP, ATP, PF4, coagulation factor V, and Von 
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Willebrand Factor (VWF). Furthermore, the liberation of phospholipid from 

the plasma membrane through the action of PLA2 produces AA, which is then 

converted by the COX1 enzyme into TXA2. These molecules bind with their 

receptors present on platelets and represent an appropriate drug target for 

interference in their platelet activation role. Such molecules are referred to as 

�antiplatelet drugs✁ and have been used interchangeably to prevent 

cardiovascular diseases. 

   

Aspirin (ASA) is a well-recognised non-steroidal anti-inflammatory drug 

(NSAID) used to cure inflammation, fever, pain and also to prevent platelet 

activation and aggregation. The latter effect inhibits thrombus formation, 

thereby providing cardio protection ✂ the basis for the use of ASA in the 

prevention of myocardial infarctions. Low dose ASA (75 to 100 mg) yields an 

antithrombotic effect by irreversibly acetylating COX-1 and, thus, inhibiting 

platelet generation of TXA2. Higher doses of ASA also inhibit COX-2, which 

blocks prostaglandin production, leading to analgesic and antipyretic effects 

(Antithrombotic Trialists et al., 2009, Patrono and Baigent, 2009).  Platelet 

inhibition reduces the likelihood of coronary artery thrombosis, the pathogenic 

mechanism of acute ischaemic events. 

 

ADP plays a critical role in thrombosis via the interaction of two purinergic 

receptors, P2Y1 and P2Y12 (Murugappa and Kunapuli, 2006), and the 

antagonism of these receptors results in the significant inhibition of ADP-

mediated platelet function (Wijeyeratne and Heptinstall, 2011). Antagonism at 
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the P2Y12 receptor has been presented to be more efficient in the clinical 

setting, due to the selective distribution of this receptor in comparison to that of 

P2Y1. The P2Y12 receptor plays an important role in providing continual ADP-

induced aggregation and increasing the platelet response to other agonists 

(Silvain et al., 2014).  

 

Numerous drugs have been presented to block the P2Y12 receptor, which 

represents one of the main targets of antiplatelet therapy. Clopidogrel and 

ticlopidine are prodrugs that are commonly used to treat patients with 

cardiovascular diseases. However, in clinical practice, ticlopidine has been 

substituted with clopidogrel, as a result of its toxic effects and its role in 

causing neutropenia and TTP (Cattaneo, 2006). Cangrelor is a direct, fast-

acting P2Y12 receptor inhibitor, but is obtainable only in an intravenous format. 

It has mainly been used in the research setting, although Storey et al. (2002b) 

indicated that the addition of cangrelor to blood samples from patients on 

clopidogrel has resulted in nearly complete inhibition of platelet aggregation.  

 

A new P2Y12 antagonist, prasugrel, is characterised by its reliable and faster 

onset of action of platelet inhibition. These features are the cause for less 

MACE and higher bleeding episodes among ACS patients arranged for PCI, 

compared to clopidogrel, as exhibited in the TRITON TIMI 38 randomised 

clinical trial. Therefore, prasugrel appears to be a valid replacement for 

clopidogrel, although its use has been shown to be unsuccessful in about 30% 

of treated patients. Therefore, it would be important to measure the effect of the 
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various P2Y12 antagonists, in order to be able to show which drugs are 

achieving better inhibition without causing bleeding (Bellemain-Appaix et al., 

2010).  

 

Collagen is another platelet activator and represents an influential inducer 

substrate of platelet adhesion, activation and aggregation. There are more than 

20 forms of collagen in the human genome; fibrillar type I and III are the major 

components of the extracellular matrix (ECM) of blood vessels and have been 

the focus of attention. The network forming type IV collagen is the major form 

within the subendothelial basement membrane. A number of receptors exist on 

the platelet membrane which are known to interact with collagen � most 

remarkably, the immunoglobulin superfamily member GPVI, which is the main 

platelet collagen receptor to mediate activation and aggregation, in addition to 

✁✂✄☎ (Nieswandt and Watson, 2003, Farndale et al., 2004).  

       

TRAP-6 is a synthetic peptide ligand of the thrombin-receptor PAR-1 family, 

and a member of the GPCRs found on platelets. Investigations have 

demonstrated that TRAP-6-induced platelet aggregation can be inhibited by 

antagonism of the P2Y12 receptor in vitro and ex vivo, but not when ASA is 

present. This finding clearly shows that activated PAR-☎ ✆✝✞✟✠✡☛☞ ✌✠✡✝✍✌✡✟✎ ✏✁✑

protein and enhances the release reaction. The released ADP enhances platelet 

aggregation primarily due to P2Y12, even though inhibition at P2Y1 by 

MRS2179 has little effect on platelet aggregation, since P2Y1 receptor-linked 

✏✁✑ ✝✎ ✌☛✞✟✌✆☞ ✝✒ ✡✓✟ ✌✠✡✝✍✟ ✎✡✌✡✟✔ ✕✓✟ influence of the antagonism has been 
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found to be reliant on the concentration of TRAP-6, through an inversely 

proportional relationship; hence, suggesting that the release ADP is of 

significant importance at a lower concentration of TRAP-6, which is in 

agreement with previous finding by Nylander et al. (2003).  

 

Elevation or reduction of platelet function testing can reflect any abnormalities 

that may occur either through inheritance or are acquired. Decreased platelet 

function can resulted from an inherited defect of platelet function, such as in 

BS or GT syndrome, or as a result of the use of antiplatelet agents that are 

directed against specific receptors present on platelets, to decrease the risk of a 

heart attack or stroke (Harrison et al., 2011). In this regard, the majority of PFT 

is limited to the research setting, rather than the clinical setting, due to the 

deficiency of reliability and standardisation of the techniques involved. 

Therefore it was the aim of the work in this thesis to conduct a test which could 

provide an easy to use assay to assess platelet function � preferably near a 

patient, without the need for sophisticated instruments or experienced staff.  

For decades, LTA was regarded by many researchers as the gold standard for 

measuring platelet function, as it is an informative technique with many 

benefits, such as indicating the dynamic information about platelet aggregation. 

However, it also has many shortcomings, such as the requirement for a large 

volume of WB and the multiple steps required to prepare PRP. Besides, it is 

labour-intensive, time consuming and there is variation in the performance of 

LTA between different laboratories (Jennings et al., 2008, Cattaneo et al., 
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2009b). These obstacles have restricted the value of using this assay in the 

clinical setting.  

 

In order to circumvent these issues, new technologies have been developed, 

such as Multiple Electrode Aggregometry (MEA, Multiplate®, Roche 

Diagnostics International Ltd, Rotkreuz, Switzerland) and the VerifyNow® 

system (Accumetrics, San Diego, CA). These technologies are much simpler 

and are less time- and labour-consuming, compared to LTA; however, they 

utilise extremely costly consumables to conduct the tests, which makes them an 

unfavourable alternative. Another avenue that indicates the importance of PFT 

is when assessing the effect of a new drug on platelets, which requires a 

simple, non-expensive test kit � such as the one created by our research group, 

which is ideal and allows a sample to be processed within a convenient 

timeframe.  

 

The overall aim of the research presented in this thesis was to develop a high 

throughput technique to measure platelet function testing, such as platelet 

adhesion, aggregation and PLCs. This mainly focused on the utility of the 96-

well plate format as a tool, or vesicle, to incubate the blood sample and the 

platelet stimulants in small reaction wells. In addition, the utility of this format 

to measure platelet aggregation and PLCs formation from the same fixed WB 

was explored, together with the use of flow cytometry-based techniques, which 

have the advantage of using a small volume of WB and can cover multiple 

parameters of platelet function. Fixative solution was used throughout the 
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experiments performed in this thesis to indicate the suitability of it to stabilise 

the sample for longer than 2 hrs.  

 

Our group at the University of Nottingham have invented a test kit to measure 

the activation state of platelets via the measurement of the activation marker P-

Selectin (CD62P). This technique utilises a solution known as PAMFix (patent 

reference (PCT/GB2008/050169), which has been shown to stabilise the 

activation marker on platelets in WB for up to 9 days; recent studies have even 

achieved stability for as long as 28 days (Dovlatova et al., 2015). As previously 

demonstrated by our group (Fox et al., 2009), the measurement of platelet 

activation via the expression of the P-selectin marker on the platelet surface, in 

response to stimulation with a specific agonist, has been shown to offer a 

sensitive and robust means of estimating the level of platelet reactivity. Using 

this approach, the measurement of HPR was also shown to envisage the risk of 

recurrent thrombotic events in patients who developed ACS during treatment 

with the antiplatelet drug, clopidogrel (Thomas et al., 2014).  

 

There is a wide range of techniques accessible to measure platelet function; 

however, these are constrained in that measurements have to be conducted on a 

fresh blood sample within 2-4 hours following venipuncture (Cattaneo et al., 

2013). Consequently, this limits the testing of platelet function to a laboratory 

which is fully equipped with the appropriate instruments and has highly skilled 

personnel to perform the tests. 
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The first experiments (not presented) mainly focused on the study of platelet 

adhesion, which represents the initial event in haemostasis and is the most 

important physiological function of platelets. In addition, platelet adhesion may 

have an effect on plaque progression and stability in the development of 

atherosclerosis (Ruggeri, 2002). Therefore, early work focused on the 

development of an assay to investigate the measurement of platelet adhesion in 

fixed WB or PRP, using 96-well collagen-coated plates under static conditions; 

the influence of various platelet activators and inhibitors was also investigated. 

Collagen was chosen as the protein to which the platelets were to adhere as it 

represents up to 60% of all the proteins present in atherosclerotic plaques (Bou-

Gharios et al., 2004). These experiments were unsuccessful when using WB, as 

the blood sediment in the base of the wells obscured the reading measurements. 

When PRP was used, different platelet counts were obtained, demonstrating an 

increase in platelet adhesion with increased platelet counts. This was used to 

establish the range at which platelet adhesion can be detected and the upper and 

lower limits.  

 

In order to investigate the effect of MK-0852, a blocker of platelet aggregation, 

treatment of PRP with MK-0852 surprisingly resulted in a reduction in platelet 

adherence, which clearly demonstrated the existence of platelet adhesion and 

aggregation within the same well. However, the trend of an increase in adhered 

platelets was present. Several experiments were conducted to look at the effect 

of hydrogen sulphide (H2S) on platelet adhesion, on the basis of its effect in 
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inhibiting platelet aggregation (Zagli et al., 2007), but the results showed no 

effect of H2S on platelet adhesion.  

 

To circumvent the limitation of this development, and the necessity to use a 

more physiological form of sample (i.e. WB), the concept of using polystyrene 

beads coated with collagen and fibrinogen or fibronectin appeared promising. 

This novel method uses flow cytometry and different protein-coated beads, 

such as collagen, fibrinogen and bovine serum albumin (BSA). The same 

approach has already been used to study P-selectin expression and up-

regulation of fibrinogen receptors on adherent platelets (Kao et al., 2003). The 

data obtained by Tynngard et al. (2015) revealed that collagen beads showed 

moderate platelet adhesion, which was unaffected by platelet activation or 

inhibition. Fibrinogen beads also showed moderate platelet adhesion; however, 

in contrast to collagen, the adhesion increased significantly when platelets were 

activated by TRAP-6 or ADP and decreased when P2Y12 or GPIIb/IIIa was 

inhibited. This finding demonstrates that fibrinogen is sensitive to platelet 

activation or inhibition in this assay. It would be of interest to investigate 

phosphotidyl serine (PS) exposure on platelets in response to platelet collagen 

binding, as demonstrated previously (Cauwenberghs et al., 2007). This would 

represent another application of the developed assay, in addition to adhesion 

and activation through the measurement of PS, which could be a further 

application in transfusion medicine to 1) study the exposure of PS on platelets 

and 2) to determine platelet viability during storage. Such studies have been 

undertaken by Albanyan et al. (2009), using probes, such as annexin V and 
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lactadhrin. Unfortunately platelet adhesion using beads was very challenging 

due to the difficulty in replicating the assay in Nottingham.  

 

One of the major limitations of the available technique to assess platelet 

function is that testing has to be accomplished using a fresh blood sample 

within 2-4 hrs of blood collection (Cattaneo et al., 2013). Therefore the work 

presented in Chapter 3 aimed to assess the suitability of fixation techniques 

using two different approaches, DFF and SFU, as results indicate that there is 

good agreement between them. The utilisation of state of the art flow 

cytometry techniques to measure platelet aggregation, using the SPC technique 

on fixed blood samples, offers a huge advantage, as only a small volume of 

WB is required and there is good sensitivity. The fixative solution tested 

demonstrated good stability of the sample for up to 9 days. This method has 

been widely used by our research group, and in work generated from this 

thesis, and is based on a fall in the SPC, as platelets aggregated in stimulated 

and stirred whole blood (Fox et al., 2004b). The platelet count can be measured 

in a small blood volume, removed from a test tube, and then fixed at different 

time points, thereby providing in-depth information about the dynamics of 

platelet aggregation. This method is extremely sensitive to micro-aggregate 

formation and can provide information on platelet disaggregation. Another 

technique which relies on counting the decrease in single platelets, is the 

commercially available Plateletworks® (Helena Laboratories, Beaumont, TX), 

which is used to measure platelet aggregation in WB; although, this technique 

relies on impedance technology, which is less accurate than flow cytometry, 
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based counting and analysis which has to be performed immediately on a fresh, 

unfixed blood sample. Therefore, the flow cytometry method is superior, as the 

sample can be fixed and then shipped to a central laboratory, where 

sophisticated instruments and experienced staff are available. The measurement 

of platelet aggregation in WB using flow cytometry is highly advantageous and 

the stirring technique using a test tube can exhibit the kinetics of aggregation; 

however, the restriction of the minimal sample concentration to be used and, 

therefore, required to investigate a range of drug actions on platelets would 

require a very large volume of blood � thus, less information would be 

acquired.   

 

The existing method for measuring platelet aggregation has many drawbacks, 

such as only being able to examine a few samples at any one time, leading to 

the requirement for a large volume of blood, together with local rules, such that 

generally, only a small number of different agonists can be tested at a limited 

range of concentrations. A broader range of agonists may be tested using a 96-

well plate method, but this is also limited by the need to use freshly prepared 

agonists. 

 

The adoption of the 96-well plate format offers a simple measure for the 

simultaneous assessment of several platelet activation pathways, using only a 

very small volume of WB, as previously demonstrated by Lordkipanidze et al. 

(2013). Using this novel assay, WB can be activated by a range of the most 

commonly used agonists, such as AA, ADP, collagen and TRAP, requiring just 



Chapter 7                                                                            General Discussion 

260 
 

1.2 ml of WB; hence making it attractive in cases where blood volumes are 

very limited. It would also be ideal for examining the effect of the most 

commonly used antiplatelet drugs or in new drug development. In our assay, 

flow cytometry was used and the mixing forces were based on shaking; 

however, platelet aggregation can only be measured at only one time point - 5 

min. 

 

Based on the previous results, the data presented in Chapter 4 demonstrated 

that the new assay, based on a 96-well format, can detect platelet inhibition by 

ASA and cangrelor in vitro, in blood stimulated with the most commonly used 

agonists. It also indicated the additive effect when a combination of ASA and 

cangrelor are used together. There was an additive effect when ASA was used 

in conjunction with cangrelor, leading to greater inhibition, specifically with 

AA- and ADP-induced platelet aggregation. Previous studies within our 

research group have demonstrated even further inhibition when triple 

antiplatelet therapy is utilised (Zhao et al., 2001). This reveals that 

combinations of three anti-platelet drugs, which act via different mechanisms, 

are more effective than single drugs or pairs of drugs in altering the activity of 

platelets (causing homo- or hetero-platelet aggregation).  Ex vivo data has also 

demonstrated the suitability of this assay in detecting platelet inhibition in ACS 

patients and has clearly shown greater inhibition in patients taking prasugrel, 

compared to patients taking clopidogrel, upon stimulation with AA and ADP.  
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As the new assay relies on the use of fresh agonist, this may be responsible for 

variation in the results obtained. To overcome this effect, a 96-well plate with a 

lyophilised agonist was used, together with flow cytometry, and a dose-

response curve was observed, which offers a greater agonist choice. In vitro 

results showed platelet inhibition with ASA and cangrelor, as well as in the ex 

vivo study, which demonstrated platelet inhibition in ACS patients. These 

findings clearly indicate the suitability of the Optimul plate as an alternative to 

the 96-well plate with freshly prepared agonist. A 96-well plate using 

lyophilised agonist is vulnerable to interpatch variation. The Optimul 96-well 

platelet aggregation assay has a high level of sensitivity, specificity for 

detecting platelet defects that result in bleeding. The requirement for a small 

volume of blood, and the uncomplicated nature and rapidity of the assay, make 

Optimul a favourable screening test in bleeding patients. To date, the 

adaptation of a 96-well plate using fresh or lyophilised agonist, and flow 

cytometry, has not been previously reported.   

The final studies performed in Chapter 4 were aimed at blocking the final 

aggregation pathway using the antagonist of GPIIb/IIIa, an agent that interferes 

with the binding of fibrinogen to GPIIb/IIIa receptors. These drugs have been 

widely used as antithrombotic agents for the management of patients with ACS 

(Kereiakes et al., 1996, Kereiakes et al., 1997). For example, MK-0852 has 

demonstrated incomplete inhibition of platelet aggregation, when assessed 

using SPC, which could be due to a different environment to where platelet 

aggregation occurs. Previous work by our group using PRP has revealed 

complete platelet inhibition; it has also been demonstrated that incomplete 

inhibition in WB would not inhibit platelet activation and that there was an 
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increase in P-selectin expression (Klinkhardt et al., 2000, Matzdorff et al., 

2000, Schneider et al., 2000), therefore resulting in more single active platelets. 

Platelets positive for P-selectin can adhere to the leucocyte PSGL-1 receptor, 

under WB conditions. Therefore, the formation of PLCs could lead to a fall in 

the SPC and lead to a low platelet count being described as a high level of 

aggregation, when measured by SPC techniques. In other words, platelet 

aggregation measured by SPC comprises o both platelet-platelet aggregates and 

platelet-leucocyte aggregates. In PRP there are no leucocytes available for 

activated single platelets to interact with and previous studies by our group 

have demonstrated better effectiveness of GPIIb/IIIa antagonism to inhibit 

platelet aggregation. In addition to the different environment in which testing is 

taking place, the type of test employed may reflect different findings, as 

previous work performed by our group using MEA � another technique to 

measure platelet aggregation � demonstrated complete inhibition by the 

antagonism of GPIIb/IIIa  (unpublished data). This finding supports the notion 

that the SPC technique, using flow cytometry, could be used as a measure of 

micro-aggregation, whilst impedance through the use of MEA is a measure of 

macro-aggregation.  

 

It is very important to hypothesize on the pathological process of GT, which 

presents with a GPIIb/IIIa deficiency and results in bleeding, with in vitro 

antagonism of the GPIIb/IIIa receptor with MK-0852. Platelet aggregation in 

response to different stimulants is absent in patients with GT because of the 

defect in the binding of platelets to fibrinogen (Nair et al., 2002, Michelson et 
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al., 2006). LTA is regarded as the gold standard technique for detecting 

patients with GT; however, it has many downsides which limit its use. 

Therefore, a reliable, fast and appropriate standardised method to test for 

platelet function for the diagnosis of GT would be of great importance. A new 

method that has lately become available is MEA (Dynabyte, Munich, 

Germany), which measures platelet aggregation in WB and may circumvent 

some of the disadvantages presented by LTA (Toth et al., 2006a). MEA is 

currently the focus of interest in antiplatelet therapy studies and two studies, by 

Awidi et al. (2009) and Albanyan et al. (2015), have shown its value in 

diagnosing patients with GT. It would have been interesting to investigate 

platelet aggregation in GT patients using 96-well plates and SPC in flow 

cytometry; however the limited availability of patients made this impossible. In 

addition, Burgess-Wilson et al. (1987) showed a normal aggregation pattern 

when platelet agonists were added to WB from patients with GT.     

Although platelet aggregation is prevented, platelet activation was not; thus, P-

selectin-positive single platelets are available to bind to leucocytes, specifically 

monocytes. If this in vitro observation were to occur in vivo, then this may 

account for the thrombocytopenia that sometimes occurs following the 

administration of GPIIb/IIIa antagonists to patients with vascular disease.  

 

The last set of data demonstrates the value of the fixation approach to 

simultaneously assess both platelet aggregation and PLCs formation from the 

same fixed WB sample. The latter was performed with limited manipulation of 

the cells, as it involved the fluorescent triggering approach. GPIIb/IIIa 
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antagonism with MK-0852 markedly promoted platelet adhesion to monocytes, 

while adhesion of platelets to neutrophils, in response to all the agonists 

investigated, was not significantly increased. This may show that the 

monocytes had a competitive advantage over neutrophils for adhesion to the 

activated platelets in the experiments performed. This finding shows the failure 

of GPIIb/IIIa to prevent platelet activation. This is regarded as a major 

drawback of GPIIb/IIIa antagonism, as the intensity of thrombi is not inhibited 

and, accordingly, there is an increased formation of PLCs. 

 

The success of GPIIb/IIIa antagonists in the clinical setting of acute ischaemic 

syndrome and PCI occurs when a combination of antiplatelet, anticoagulants or 

thrombolytic agents are used together (Berkowitz, 2000, Bertrand et al., 

2000b). In these conditions, the use of these agents seems to be an effective 

regimen for counteracting the milieu of platelet activation, thrombin generation 

and fibrin formation in patients treated with GPIIb/IIIa antagonists. The in vitro 

data obtained confirmed that the combination of these three agents had an 

inhibitory effect on platelet aggregation and showed a reduction in PLCs. 

 

To conclude, the existing platelet function tests have many disadvantages, such 

as in the VerifyNow® assay, which uses a single agonist concentration and, 

therefore, produces only a single numerical result. This cannot be probed and 

offers no opportunity to examine the dynamic range of platelet responses in 

any one sample. Therefore, this thesis has aimed to simplify the tests being 
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performed and to increase the amount of information obtained from a small 

volume of WB, which is more physiologically relevant.  

    

Many discrepancies in platelet responses using a variety of agonists have been 

associated with the venipuncture technique: anticoagulants, temperature, pH, 

platelet count, posture, sex, race, genetics, smoking, and alcohol consumption 

(Taylor et al., 1992, Tiffany, 1983, O'Donnell et al., 2001). Sodium citrate is 

the most commonly used anti-coagulant for platelet activation studies 

(Schemitz et al., 1998) and it was used throughout the experiments performed 

in this thesis. Therefore the focus in Chapter 3 was to further extend the 

optimisation of platelet aggregation in WB and to compare the fixation 

methods used. The experiments conducted demonstrated the advantage of the 

fixation when using flow cytometry and was used to further the development 

process. In Chapter 4, a 96-well plate method was shown to be rapid, easy to 

perform and enable simultaneous measurement of a panel of platelet activation 

markers both in vitro and ex vivo. This was achieved through flow cytometric 

analysis of platelet activation and aggregation, with WB methods 

demonstrating several advantages (Michelson, 1996), including minimisation 

of artefacts and cell damage introduced by sample handling and separation 

procedures. A great body of experimental evidence reveals that the 

pathogenesis of thrombosis is multifactorial and includes interactions between 

blood cells and the vessel wall, as well as between different cells within the 

blood (Li et al., 1997). An important observation from the studies conducted is 

that MK-0852 markedly enhanced the number of platelets adhered to 



Chapter 7                                                                            General Discussion 

266 
 

leucocytes and this has led to the assessment of platelet aggregation and PLCs 

formation, simultaneously. The ex vivo study showed that clopidogrel reduces 

platelet aggregation and PLC formation in blood samples from ACS patients 

(Xiao and Theroux, 2004). Fixation solution (platelet solution) was used 

throughout the experiments, which has already been optimised to maintain 

platelet aggregate stability for up to 9 days and PLCs for up to 3 days. 

However, fixation has been implicated in increasing PLCs formation as a result 

of a reverse in fibrinogen binding  (Janes et al., 1993) and an increase in 

platelet P-selectin expression  (Cahill et al., 1993).   

Future work arising from this thesis  

� Comparison of the 96-well plate WB aggregation method to the gold 

standard LTA could be beneficial  

� Comparison of the 96-well plate WB aggregation method to the MEA 

method to study the effect of MK-852 

� Studying effect of QSM produced by Pseudomonas aeruginosa on PM 

or PN conjugate formation 

� Platelet adhesion, using collagen coated beads, could be tested again as 

there is potential for their use in the 96-well plate format  

� Checking the usefulness of the 96-well WB aggregation method to 

study platelet aggregation in GT patients  
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