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Summary 

Platelets play an important role in haemostasis by mediating blood clotting at sites of 

blood vessel damage. Platelets, also participate in pathological conditions including 

thrombosis and inflammation. Upon vessel damage, two glycoprotein receptors, the 

GPIb-IX-V complex and GPVI, play important roles in platelet capture and activation. 

GPIb-IX-V binds to von Willebrand factor and GPVI to collagen. This initiates a signalling 

cascade resulting in platelet shape change and spreading, which is dependent on the 

actin cytoskeleton. This thesis aimed to develop and implement different super-

resolution microscopy techniques to gain a deeper understanding of the conformation 

and location of these receptors in the platelet plasma membrane, and to provide insights 

into their signalling pathways. We suggest direct stochastic optical reconstruction 

microscopy (dSTORM) and structured illumination microscopy (SIM) as the best 

candidates for imaging single platelets, whereas expansion microscopy (ExM) is ideal 

for imaging platelets aggregates. Furthermore, we highlighted the role of the actin 

cytoskeleton, through Rac in GPVI signalling pathway. Inhibition of Rac, with EHT1864 

in human platelets induced GPVI and GPV, but not GPIbα shedding. Furthermore, 

EHT1864 treatment did not change GPVI dimerisation or clustering, however, it 

decreased phospholipase Cγ2 phosphorylation levels, in human, but not murine 

platelets, highlighting interspecies differences. In summary, this PhD thesis 

demonstrates that; 1) Rac alters GPVI signalling pathway in human but not mouse 

platelets; 2) our newly developed ExM protocol can be used to image platelet aggregates 

labelled with F(ab’) fragments. 



Zusammenfassung 

Thrombozyten, spielen in der Hämostase eine entscheidende Rolle, indem sie die 

Blutstillung bei Gefäßverletzung vermitteln. Sie sind jedoch auch an pathologischen 

Prozessen wie zum Beispiel der Thrombose und Entzündungen beteiligt. Bei einer 

Gefäßverletzung spielen zwei Glykoproteinrezeptoren eine wichtige Rolle bei der 

Adhäsion und Aktivierung von Thrombozyten: der GPIb-IX-V-Komplex und GPVI. GPIb-

IX-V bindet an den von-Willebrand-Faktor und GPVI an Kollagen. Dies initiiert eine

Signalkaskade, die zu einer Änderung der Morphologie der Thrombozyten führt, welche 

vom Aktin-Zytoskelett abhängig ist. Ziel dieser Doktorarbeit war die Entwicklung und 

Anwendung verschiedener hochauflösender Mikroskopietechniken, um ein tieferes 

Verständnis der Konformation und Lokalisation dieser Rezeptoren in der 

Plasmamembran der Thrombozyten zu erlangen und Einblicke in ihre Signalwege zu 

gewinnen. Hierbei etablierten wir dSTORM und die structured illumination microscopy 

(SIM) als die geeignetsten Methoden  für die mikroskopische Untersuchung einzelner 

Thrombozyten, während die Expansionsmikroskopie (ExM) ideal für die Darstellung von 

Thrombozytenaggregaten ist. Darüber heben unsere Ergebnisse zur Funktion von Rac 

im GPVI Signalweg die wichtige Rolle des Aktin-Zytoskeletts hervor. Die Hemmung von 

Rac mit EHT1864 in menschlichen Thrombozyten induzierte das Abscheiden (shedding) 

von GPVI und GPV, nicht jedoch von GPIbα. Darüber hinaus blieb die GPVI-

Dimerisierung und GPVI-Clusterbildung durch EHT1864-Behandlung unverändert, 

jedoch verringerte sich die Phosphorylierung der Phospholipase Cγ2 in humanen, aber 

nicht in murinen Thrombozyten, was Unterschiede zwischen den Spezies aufzeigt. 

Zusammenfassend zeigen die Ergebnisse dieser Doktorarbeit, dass; 1) Rac den GPVI-

Signalweg in humanen aber nicht in murinen Thrombozyten beeinflusst; 2) unser neu 

entwickeltes ExM-Protokoll zur Darstellung von F(ab’)-Fragment markierten 

Thrombozytenaggregaten verwendet werden kann. 
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1.1 Introduction to platelets 

Platelets are small anucleate blood cells that are derived from megakaryocytes (MKs) 

and play a fundamental role in haemostasis and thrombosis. They were first identified in 

1881 by Bizzozero, who observed that they are the first blood cell adhering to the 

endothelium upon damage (Bizzozero, 1881). After over a century, we have a much 

deeper understanding of their function in physiological and pathological processes, such 

as blood clotting or atherosclerosis, respectively (Harrison, 2005).  

1.1.1 Platelets biogenesis 

MKs are giant cells that have a variety of functions, including platelet formation and the 

control of hematopoietic stem cells (HSCs). MKs are derived from HSC in a process 

named megakaryopoiesis, which is regulated by several cytokines, including 

thrombopoietin (TPO) as the chief regulator (Zucker-Franklin and Kaushansky, 1996). 

Once the MKs are mature, they move to the sinus of the bone marrow and start the 

process of releasing platelets. According to the present model, MKs extend cytoplasmic 

protrusions, named proplatelets across the vessel barrier into the bloodstream (Kowata 

et al., 2014). However, the signal that induces MKs to produce the protrusions in the right 

direction is yet unknown, but it is suggested that the modulation of cytoskeletal proteins, 

including the actin cytoskeleton and microtubules (MTs), may play a role in this 

polarization (Tilburg et al., 2022). A MT-driven process produces proplatelets which start 

with the erosion of one of the MKs' poles, producing pseudopodial-like structures that 

are thin and branch to produce small tubular projections (Thon and Italiano, 2010). It is 

only at the tip of the proplatelet shaft where platelets are formed, receiving organelles 

and granules from the MK. Anuclated proplatelets become platelets by detaching from 

the MK through a process driven by MTs, forming rings that provide platelets with their 

shape, and supported by the high shear force of the blood flow (Twomey et al., 2019). 

Further, MTs facilitate the movement of mitochondria and granules into the developing 
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platelets (Richardson et al., 2005). When platelets are released into the blood, they have 

a limited life span. In humans, platelets circulate, on average, for 7-10 days at a normal 

platelet count of 150 – 400 x 103 platelets per microliter (Daly, 2011), whereas in mice 

they circulate for around 4 days at a normal platelet count of 1,000 – 1500 x 103 platelets 

per microliter (Fox et al., 2006).  Then phagocytic cells, such as macrophages in the 

spleen, and Kupffer cells in the liver, remove aged, malfunctioning, or pre-activated 

platelets from the bloodstream (Quach et al., 2018a). A homeostatic equilibrium between 

platelet generation and clearance results in a constant number of platelets in circulation. 

1.1.2 Platelets structure 

Platelets are the second most abundant blood cells. Human platelets measure around   

2 μm in diameter, while mouse platelets are even smaller reaching only approximately  

1 μm, with an average thickness of 0.5 μm. Human and murine platelets have a volume 

of 8 fL and 4 fL, respectively (Aurbach et al., 2019, Thon and Italiano, 2010). The platelet 

structure is schematised in Figure 1.1. 

Regarding the intracellular structure of platelets, they contain several cellular organelles, 

granules and mitochondria, and also microtubules and actin filaments. All derive from 

MKs, as platelets lack a nucleus. Platelet granules are classified into 3 types: α-granules, 

dense granules and lysosomal granules. α-granules are the most abundant granules 

(between 50 and 80 per human platelet) and contain several receptors, such as 

glycoprotein (GP)VI, integrin αIIbβ3, the GPIb-IX-V complex, as well as von Willebrand 

Factor (vWF), fibrinogen, P-selectin, thrombospondin, and coagulation factors (FV and 

FIX) (Michelson et al., 2019). Dense granules are smaller and the second most abundant 

granules (between 3 and 8 per human platelet). They contain high amounts of non-

protein molecules that promote platelet activation, for example, adenosine diphosphate 

(ADP), adenosine triphosphate (ATP) and calcium (Ca2+), amongst others. There are 

relatively few lysosomes in human platelets (between 0 and 2 per cell) but they play an 
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important role in extracellular functions, including receptor cleavage and matrix 

degradation. Lysosomes contain more than 10 acid hydrolases and proteases like 

cathepsin D (Sevlever et al., 2008). Finally, platelets also present glycosomes, 

containing glycogen, and mitochondria, which, as in any other cell type, provide energy 

in the form of ATP, and a dense tubular system that is a residual endoplasmic reticulum 

from MKs that seems to be empty in platelets (Heijnen and van der Sluijs, 2015, Gremmel 

et al., 2016, Twomey et al., 2019). 

The platelet surface is composed of the plasma membrane, which is a lipid bilayer that 

plays a key role in platelet activation, as it contains tissue factor (TF), and 

phosphatidylserine (PS), which upon activation flips to the outer side of the plasma 

membrane and binds coagulation factors (Reddy and Rand, 2020, Vignoli et al., 2013). 

On the extracellular side of the plasma membrane, a thick glycocalyx surrounds the 

platelet, and on the intracellular side, actin filaments and microtubules form the 

membrane skeleton, which allows platelets to change shape during spreading. Another 

fundamental component of the plasma membrane is the open canalicular system; folds 

of the plasma membrane that provide platelets with a larger surface to facilitate 

spreading (Selvadurai and Hamilton, 2018). Platelets also express a wide range of 

receptors on their plasma membrane; these are responsible for binding different platelet 

agonists/ligands, interacting with other cells and pathogens, as well as platelet signalling. 

Major receptors include integrins, with integrin αIIbβ3 the most abundant platelet 

receptor. All the integrins have an α- and β-subunit, and they bind to different ligands. 

Among others, the plasma membrane presents leucine-rich repeat receptors, such as 

GPIb/IX/V complex and Toll-like receptors, C-type lectin receptors including, P-Selectin 

and CLEC-2, and receptors belonging to the immunoglobulin superfamily, such as GPVI 

(Twomey et al., 2019). 
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Figure 1.1. The platelet structure. Schematic representation of the platelet structure. The 

platelet cytosol contains α-granules, dense granules, lysosomes, mitochondria, the dense tubular 

system (DTS), and the platelet cytoskeleton (actin network and microtubules (MT)). The cytosol 

is surrounded by the plasma membrane, which presents several receptors GPs and P-selectin, 

and the membrane has folds named the open canicular system (OCS). Image modified from 

(Durán-Saenz et al., 2022). 

 

1.1.3 Platelets receptors 

Since platelets are primarily responsible for haemostasis, it is not surprising that their 

main receptors participate in this process, either by activating platelets or by interacting 

with damaged cell walls and other platelets to build a thrombus. The diversity of receptors 

present on platelets, along with signalling pathways, underscores the capability to adapt 

their functions to several situations (Michelson et al., 2019). The main platelet receptors 

are schematised in Figure 1.2. 

Integrins 

Integrins are noncovalent-associated heterodimers formed by an α- and β-subunit that 

in resting platelets are found in a low-affinity state, and upon activation change to a high-
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affinity state. Platelets have in total 5 integrins, classified into 2 families (β1 and β3) 

(Shattil and Newman, 2004). The most important ones are integrin αIIbβ3 and α2β1.  The 

most relevant and abundant integrin (and platelet receptor) is the integrin αIIbβ3 

(CD41/CD61), also known as the GPIIb-IIIa complex. Platelets express approximately 

80,000 molecules, and more than 30,000 molecules can be added to the plasma 

membrane from the α-granules upon platelet activation (Litjens et al., 2003). The integrin 

αIIbβ3 binds to fibrinogen, fibrin, vWF, and fibronectin among other ligands.  Platelet 

activation enhances integrin lateral mobility and clustering on the plasma membrane, in 

addition to conformational alterations (Bennett, 2005). Integrin αIIbβ3 activation and 

function are described in the following section (section 1.1.4). The second most 

important integrin is α2β1 (CD49b/CD29), also known as GPIa-IIa. In platelets and other 

cells, it binds to collagen, facilitating platelet adhesion and thrombus stabilisation (Staatz 

et al., 1989).  

Leucine-rich repeat (LRR) family 

The GPIb-IX-V complex, the toll-like receptors (TLRs) and the nucleotide-binding 

oligomerisation domain 2 (NOD2) compose the platelet LRR family, which is 

characterised by repetitions of 20 to 30 amino acids rich in leucine. The GPIb-IX-V 

complex is the second most abundant platelet receptor, with approximately 50,000 

molecules per platelet (Burkhart et al., 2012), and is formed of the subunits GPIbα, 

GPIbβ, GPIX in a ratio of 1:2:1, with GPV weakly bound to GPIbα by a transmembrane 

domain interaction (Li, 2022). GPIbβ is bound to the complex by disulfate bonds; in 

contrast, GPV is weakly bound by a transmembrane domain interaction to GPIbα (Romo 

et al., 1999, McEwan et al., 2011, Bendas and Schlesinger, 2022). GPIbα (135 kDa) is 

the largest component of the complex, followed by GPV (82 kDa), GPIbβ (25 kDa), and 

GPIX (20 kDa) (Strassel et al., 2004). GPIbα is the main subunit of the complex, and its 

major ligand is vWF, but it also binds to collagen, thrombin, thrombospondin, kininogen, 
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and FXI and XII, among other ligands (Andrews and Gardiner, 2016). GPIbα is described 

in detail in section 1.3. TLRs are less abundant in platelets than the GPIb-IX-V complex, 

but we can find mainly TLR2, TLR4, and TLR9, and they are responsible for binding 

pathogens and releasing cytokines and chemokines (Hally et al., 2020). With muramyl 

dipeptide as its ligand, NOD2 is a pattern recognition receptor (Michelson et al., 2019).  

Seven transmembrane receptors 

The seven transmembrane receptors, also known as G protein-coupled receptors 

(GPCRs) are the major family of agonist receptors in cells and are particularly prominent 

in platelets, where they play an essential role in the activation of platelets. There are 

multiple GPCRs in platelets, with thrombin receptors being the most abundant and 

important. Thrombin binds to 3 GPCRs: protease-activated receptor (PAR)1 (only in 

human platelets), PAR3 (only in mouse platelets) and PAR4. All of these PARs are 

activated by thrombin-mediated cleavage of a part of their N-terminal domain, which 

reveals a new N-terminal region that functions as a tethered ligand for the receptor (Kahn 

et al., 1999). The ADP receptors bind to ADP secreted by the dense granules of the 

platelets. Platelet membranes contain two types of ADP receptors, P2Y1 and P2Y12 

(guanosine triphosphate coupled protein receptors). There are many other receptors 

included in this family, such as the glycoprotein and thromboxane (TX) receptors (Rivera 

et al., 2009). 

Immunoglobulin superfamily receptors 

The immunoglobulin (Ig) superfamily is a vast set of receptors that play a role in platelet 

activation and ligand binding. All of these receptors contain at least one Ig domain. This 

superfamily includes several receptors: GPVI, FcγRIIa, FcεRI, junction adhesion 

molecules (JAMs), intracellular adhesion molecule 2 (ICAM-2), and G6b-B among others 

(Michelson et al., 2019). I will focus only on GPVI, the major signalling collagen receptor 
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in platelets, which, together with the integrin α2β1 is essential for the early stage 

activation and adhesion of platelets. GPVI contains two extracellular IgG domains, called 

D1 and D2, and each GPVI molecule is associated with FcRγ-chain, which is responsible 

for its signalling capabilities (Moroi and Jung, 2004). GPVI is described in detail in 

section 1.2.  

C-type lectin receptor family 

C-type lectin receptor family is composed of P-Selectin, C-type lectin-like receptor-2 

(CLEC-2), cluster of differentiation (CD)72, and some others. All these receptors play a 

role in adhesion. P-Selectin, also known as CD62P, is stored in α-granules in resting 

platelets, and upon activation is transferred to the platelet plasma membrane, where 

approximately 13,000 P-Selectin molecules per platelet can be found (McEver, 2007). 

CLEC-2’s first discovered ligand was the snake venom rhodocytin (Suzuki-Inoue et al., 

2006), and its physiological ligand is podoplanin.  Interestingly, the blood vessels do not 

present natural CLEC-2 ligands, therefore the role of this receptor in haemostasis is still 

under debate (Suzuki-Inoue et al., 2007). However, it is known that CLEC-2 is 

fundamental for development and preventing blood-lymphatic mixing (Suzuki-Inoue et 

al., 2010, Finney et al., 2012), thrombosis during inflammation and vascular integrity 

(Boulaftali et al., 2013, Rayes et al., 2018).  

Tetraspanins 

As their name describes, tetraspanins (Tspan) contain four membrane-spanning 

domains. There are several in platelets, but the function of most of them is still poorly 

understood. Some of the most relevant ones are CD151, which contributes to the 

outside-in signalling of integrin αIIbβ3 (Lau et al., 2004), and Tspa9 (also known as NET-

5), which participates in the activation and lateral diffusion of GPVI along the plasma 

membrane (Haining et al., 2017). A new tetraspanin subfamily has been identified 
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recently, termed TspanC8. Three TspanC8 are present in platelets: Tspan14, Tspan15 

and Tspan33, and these have been shown to regulate A Disintegrin and 

metalloproteinase domain-containing protein 10 (ADAM10) activity in platelets (Dornier 

et al., 2012, Koo et al., 2020). ADAM10 is responsible for receptor shedding and is 

important for GPVI regulation, as detailed in Section 1.2.5. 

Figure 1.2. Platelet membrane receptors. Schematic representation of the main human platelet 

receptors and their main ligands: von Willebrand Factor (vWF), collagen, thrombin, fibrinogen and 

Thromboxane A2 (TxA2). Image modified from (Rivera et al., 2009). 

1.1.4 The role of platelets in haemostasis and thrombosis 

In primary haemostasis, platelets aggregate to form a thrombus, in order to prevent blood 

loss at an injured blood vessel while maintaining normal blood flow. Under healthy 

conditions, the endothelium does not offer an adhesive surface for platelets, but in places 

of vascular damage, where the subendothelium is exposed, platelets can adhere to 

various extracellular matrix (ECM) components, and generate a thrombus. Thrombus 

formation is accomplished in three phases: platelet adhesion, activation, aggregation 
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and subsequent thrombus formation (Clemetson, 2012). The multi-step process is 

illustrated in Figure 1.3. 

Furthermore, recent studies described a new function of platelets in maintaining vascular 

integrity and promoting tissue repair. This process is termed inflammation-associated 

haemostasis, where platelets prevent blood loss on the sites of leukocyte infiltration (Ho-

Tin-Noé et al., 2018). 

1.1.4.1 Adhesion phase 

Following vascular damage, vWF (ECM component) gets immobilised on the exposed 

collagen, initiating the adhesion process. When exposed to high shear conditions, vWF 

undergoes a conformational change, making its A1 binding domain available for GPIbα, 

allowing the tethering of platelets. This is not a stable adhesion and only allows platelets 

to roll along the endothelium (Cranmer et al., 2011). This facilitates the binding of GPVI 

and integrin α2β1 to the exposed collagen (Nieswandt and Watson, 2003). Signalling is 

initiated mainly by GPVI (Nieswandt, 2001), present in a complex with the FcRγ-chain, 

which contains an immunoreceptor tyrosine-based activation motif (ITAM) (Tsuji et al., 

1997). The binding of GPVI-FcRγ-chain to collagen results in the phosphorylation of the 

ITAM, which causes activation of the spleen tyrosine kinase (Syk). Syk is a kinase and 

therefore phosphorylates several downstream proteins. The signalling cascade 

culminates with an increase in cytosolic Ca2+ and subsequent platelet shape change, 

granule secretion, and activation of the integrins α2β1 and αIIbβ3 that strongly bind to 

collagen, vWF and fibrinogen, leading to a firm adhesion of the platelet (Jarvis et al., 

2002). 

1.1.4.2 Activation and secretion phase 

The secretion process begins when platelets adhere, become activated and change 

shape through the cytoskeleton, enhancing their adhesion and surface area. Platelets 

secrete the contents of their α-granules and dense granules such as ADP, TxA2, vWF 
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and fibrinogen, in order to amplify platelet activation. ADP binds to its receptors P2Y1 

and P2Y12, and this leads to an increase of intracellular Ca2+, protein phosphorylation, 

initial change of shape, and the inside-out activation of integrin αIIbβ3 (Andre et al., 

2003). ADP also induces TxA2 synthesis, a strong platelet agonist that also enhances 

protein phosphorylation, change of shape, aggregation, and vasoconstriction, which can 

reduce or stop the blood flow in the affected area (Smyth, 2010). Thrombin is the 

strongest platelet activator and amplifier of the activation and coagulation cascades. It is 

currently believed (known as the extrinsic pathway) that TF expressed by endothelial 

and adjacent cells initiates the coagulation cascade, which involves several factors 

released by platelets, and results in the production of thrombin from prothrombin 

(Periayah et al., 2017). Another key role of thrombin is the generation of fibrin, by 

cleaving fibrinogen, which is essential for thrombus stability (Undas and Ariëns, 2011). 

PS becomes activated, and then exposed by flipping from the inner to the outer leaflet. 

PS is important for local thrombus formation as it facilitates the assembly of coagulation 

complexes (Reddy and Rand, 2020). 

1.1.4.3 Aggregation and thrombus formation 

The last step of the primary haemostasis concludes with the aggregation of the platelets 

and thrombus formation. The main receptor involved in this process is the integrin αIIbβ3, 

which is present in a low-affinity conformation in resting platelets, but upon platelet 

activation and secretion, it shifts to a high-affinity conformation. As a result of this 

conformational change, fibrinogen is able to bind to integrin αIIbβ3 forming a bridge 

between two platelets, causing them to be in close proximity and aggregate. The 

coagulation cascade completes this process by generating fibrin networks, which 

increase thrombus stability (Rivera et al., 2009, Twomey et al., 2019).  
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Figure 1.3. Platelet adhesion, activation and aggregation upon endothelium damage. Image 

showing platelets first tethering upon the binding of GPIbα to vWF, then interacting via GPVI and 

integrin α2β1 to the exposed collagen fibres, and finally forming aggregates mediated by integrin 

αIIbβ3. Image modified from (Nieswandt et al., 2011b). 

1.1.5 The role of platelets in inflammation and other diseases 

Platelets are fundamental for primary haemostasis, but their malfunction can also lead 

to several disorders. Some conditions are caused by a change in platelet number; a 

higher than normal platelet count is termed thrombocythemia and causes blood clots that 

eventually occlude blood vessels and stop the bloodstream (Tefferi and Pardanani, 

2019), whereas a lower than normal platelet count leads to thrombocytopenia leaving 

patients at an increased risk of haemorrhage (Greenberg, 2017). It is well understood 

that inappropriate activation of platelets can also cause thrombotic disorders, such as 

myocardial infarction (Smitherman et al., 1981), ischaemic stroke (Nieswandt et al., 

2011a), and atherothrombosis (Davì and Patrono, 2007).  

Additionally, platelets have a pathological role in sepsis, diabetes mellitus, cancer, and 

coronavirus disease 2019 (COVID-19), even though they are not well characterised in 

some cases. (Tyagi et al., 2022). Sepsis is a complex process that triggers an 

uncontrolled systemic reaction to an infection. Through their haemostatic role, platelets 

play a significant role in the development of multiple organ failure in sepsis, leading to 

GPIbα 
Integrin αIIbβ3 

GPVI/integrin α2β1 
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disseminated intravascular coagulation (Yaguchi et al., 2004). Diabetes mellitus is a 

multifactorial disorder closely related to vascular complications. Platelets are involved in 

the early stages of diabetes, yet, the exact mechanism of action of platelets is unclear. 

It is known that dysregulation of some signalling pathways occurs in the platelets of 

diabetic patients, leading to hyperactivation of platelets (Santilli et al., 2015). Platelets 

also play a role in cancer, due to their capability to regulate the early and late stages of 

angiogenesis (Wojtukiewicz et al., 2017). Recent studies also demonstrated an 

important role of platelets in metastasis, where circulating tumour cells can attach to 

activated platelets and leukocytes, and form heteroaggregates that support the evasion 

from immune cells (for example natural killer cells) and aids the adhesion to the tumour 

cells to the endothelium and thereby contribute to metastasis (Nieswandt et al., 1999b, 

Gay and Felding-Habermann, 2011).  

In 2019, a new human virus named severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2) that causes COVID-19 was identified in China (Huang et al., 2020). It 

was observed that patients with mild symptoms present a slightly higher platelet count, 

whereas severe patients develop thrombocytopenia (Bi et al., 2020). Aside from 

respiratory problems, patients were also diagnosed with thrombotic events, ranging from 

microthrombi to myocardial infarction and stroke. (Boeckh-Behrens et al., 2021). This 

could be explained by some early findings indicating that platelets from COVID-19 

patience experience hyperactivation due to the vessel damage and release of different 

cytokines and chemokines (Zaid et al., 2020). However, a more recent publication, 

suggested that COVID-19 patients’ platelets are not hyperactivated, but in contrast, they 

failed to active in response to integrin αIIbβ3 (Weiss et al., 2022). Additionally, patients 

immunised with some vector-based SARS-CoV-2 vaccines, such as the one generated 

by Astra-Zeneca (AZD1222, ChAdOx1 nCoV-19, COVID-19 vaccine AstraZeneca) 
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presented rare thrombotic events including thrombocytopenia and intracranial venous 

sinus thrombosis (Wolf et al., 2021).  

Platelets are implicated in a wide range of diseases, from cardiovascular diseases to 

inflammatory diseases, which highlights the importance of understanding the activation 

mechanisms and signalling cascades of platelets to develop drugs that target any of 

these problems. 

1.2 Glycoprotein VI receptor 

In 1987, GPVI was identified as the protein recognised by autoantibodies of a patient 

suffering from autoimmune thrombocytopenic purpura when collagen could not 

aggregate platelets. (Sugiyama et al., 1987, Moroi et al., 1989). Further studies 

established GPVI as the main collagen receptor for human and murine platelets 

(Ichinohe et al., 1997, Nieswandt et al., 2000b). The absence of GPVI does not lead to 

severe bleeding, but it protects animals against induced thrombosis (Nieswandt et al., 

2001, Boylan et al., 2004, Bender et al., 2011). In the development of novel anti-

thrombotic agents, GPVI has been targeted because of its efficacy to inhibit thrombosis 

with virtually no bleeding side effects, as well as its restricted expression in 

megakaryocytes and platelets (Zahid et al., 2012). 

1.2.1 GPVI structure 

GPVI is a 64 kDa protein part of the Igs superfamily of receptors (section 1.1.3) 

(Clemetson et al., 1999). There are two Ig C2 loops, named D1 and D2 present in this 

extracellular domain. The D1 loop contains the collagen-binding domain (CBD) 

(Smethurst et al., 2004), whereas according to crystallography data the D2 loop contains 

the dimerisation domain (Slater et al., 2021). These are followed by a mucin stalk region 

that contains the cleavage site for metalloproteinases, which allows the shedding of the 

GPVI extracellular domain from the platelet plasma membrane (Ezumi et al., 2000, 
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Gardiner et al., 2007). Because GPVI lacks catalytic activity, signalling transduction 

requires to be coupled non-covalently with an FcRγ-chain containing an ITAM, which is 

defined by two conserved tyrosine residues (YxxI/Lx6-12YxxI/L). The binding site of 

GPVI and FcRγ-chain is within the transmembrane domain of GPVI via an arginine group 

(Gibbins et al., 1996). The intracellular domain of GPVI is also known as GPVI-tail, and 

it is approximately 20 kDa (Arthur et al., 2007). The GPVI-tail is critical for GPVI signalling 

because of its interaction with the Src family kinases (SFK) Lyn and Fyn (Quek et al., 

2000). Additionally, the intracellular domain also contains a calmodulin (CaM) binding 

site. In resting platelets, CaM is associated with GPVI and dissociates upon activation of 

GPVI (Andrews et al., 2002). Studies suggest that CaM could be involved in receptor 

shedding (Bender et al., 2010). The sequence of mouse GPVI is remarkably similar to 

the human, with roughly 64% identity (Jandrot-Perrus et al., 2000). The biggest 

difference is the lack of 23 amino acids in the GPVI tail of mouse GPVI, even though no 

functional significance of this difference has yet been reported. However, some 

differences in the signalling cascade and shedding mechanisms have been reported 

(Janus-Bell et al., 2021, Navarro et al., 2022).  

1.2.2 GPVI ligands 

Although GPVI can bind a variety of endogenous and exogenous ligands, collagen is its 

major ligand. In the ECM, nine types of collagen are expressed, but GPVI is most reliant 

on collagen types I and III, as they form fibrils (Jarvis et al., 2002, Jung et al., 2008). 

Horm collagen is the most frequently used collagen for platelet function assays. It is 

derived from equine tendons and is primarily composed of collagen type I (Nieswandt 

and Watson, 2003). GPVI has a higher affinity for collagen as a dimer than as a monomer 

(Miura et al., 2002, Jung et al., 2012). For many years, the binding site of collagen to 

GPVI was not clear. The crystal structure of GPVI bound to homotrimeric collagen 

peptides was published this year by Feitsma et al., which shows collagen binding to the 



Chapter 1  General introduction 

16 
 

β-sheet of the D1 domain of GPVI (Feitsma et al., 2022). Recently, two additional 

physiological ligands of GPVI were discovered, fibrin (Alshehri et al., 2015a, 

Mammadova-Bach et al., 2015) and fibrinogen  (Mangin et al., 2018). There is still a 

debate on how fibrin and fibrinogen bind to GPVI (Slater et al., 2019). First, it was 

demonstrated that only dimeric GPVI binds to immobilised fibrinogen and fibrin 

(Induruwa et al., 2018), however, Mangin et al. suggested that fibrinogen activates only 

human, but not murine platelets, by binding to monomeric GPVI (Mangin et al., 2018). 

Additionally, GPVI has several other endogenous ligands such as fibronectin, vitronectin, 

adiponectin and amyloid peptide Aβ40 (Michelson et al., 2019).   

Regarding the exogenous ligands, GPVI is known to bind to collagen-related peptide 

(CRP), convulxin (CVX) and sulfated polysaccharides including fucoidans and dextran-

sulfate (Alshehri et al., 2015b). CRP is the most frequently used synthetic GPVI agonist, 

and it was created after discovering that collagen contains repeated glycine-proline-

hydroxyproline (GPO) motifs (Morton et al., 1995a). CRP consist of a repetition of ten 

GPOs and can activate platelets specifically via GPVI, but not integrin α2β1. A recent 

crystallographic study demonstrated that CRP also binds GPVI in the D1 region (Horii et 

al., 2006). The snake venous toxin CVX is a natural but exogenous ligand of GPVI, and 

one of the most potent agonists.  

1.2.3 GPVI signalling in platelets 

As previously described in section 1.2.1, GPVI does not have a signalling motif, therefore 

it requires to be associated with FcRγ-chain for signal transduction. The dimerisation of 

GPVI leads to the phosphorylation of the tyrosine residues within the FcRγ-chain ITAM 

by SFKs (mainly Lyn and Fyn) that are associated with GPVI (Quek et al., 2000, Suzuki-

Inoue et al., 2002). These phosphorylated residues serve as docking sites for Syk, 

another kinase that undergoes auto-phosphorylation (Poole et al., 1997). By 

phosphorylating the linker for activation of T-cells (LAT), Syk initiates a phosphorylation 
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cascade in which many proteins and adapters are phosphorylated and recruited, thus 

forming the LAT signalosome (Pasquet et al., 1999, Hughes et al., 2008). One of the 

most important components of the signalosome is the phospholipase C (PLC)γ2, which 

is recruited to the plasma membrane by LAT and SH2-domain-containing leukocyte 

phosphoprotein of 76 kD (SLP-76) (Gross et al., 1999). GPVI signalling is illustrated in 

Figure 1.4. 

PLCγ2 is a protein that hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (Quek et al., 2000). The 

generated IP3 molecules bind to IP3
 receptors, and act as Ca2+ channels, and Ca2+ is 

realised from the intracellular reserves (DTS and dense granules) to the platelet cytosol, 

which results in the integrin αIIbβ3 activation  (Varga-Szabo et al., 2009).  DAG activates 

a series of molecules, with protein kinase C (PKC) being the most important one, as it 

controls granule secretion (Werner and Hannun, 1991, Kishimoto et al., 1980). 

Subsequently, platelets release the content of their dense- and α-granules, most notably 

ADP, which amplifies and sustains platelet activation (Harper and Poole, 2010). PLCγ2 

activity downstream of GPVI is also regulated by Bruton tyrosine kinase (Btk) (Quek et 

al., 1998), and by small Rho GTPase Rac1, since it has been demonstrated that Rac1-

deficient platelets present impaired IP3 production and Ca2+ mobilisation. Nevertheless, 

the exact mechanism by which Rac1 controls PLCγ2 is not clear, as PLCγ2 

phosphorylation levels were unaltered in Rac1 deficient murine platelets (Pleines et al., 

2009). 



Chapter 1  General introduction 

18 

Figure 1.4. GPVI signalling pathway. Schematic representation of GPVI binding its main ligand, 

collagen via the immunoglobulin domain D1. GPVI forms a complex with the FcRγ-chain and 

initiates a signalling cascade that begins with phosphorylation of Syk, which in turn induces 

phosphorylation of many proteins, including LAT. This activates and recruits a series of adaptor 

and effector molecules that lead to the phosphorylation and activation of PLCγ2, which mediates 

an increase of Ca2+ influx and PKC activation producing a change in platelet shape, granule 

secretion and integrin αIIbβ3 activation. Rac1, is a small Rho GTPases also activated 

downstream of GPVI signalling, and possible plays has a role in PLCγ2 activation and/or 

phosphorylation. Image created with Biorender.  

1.2.4 GPVI dimerisation and clustering 

An extensive literature debate has been going on since the turn of the century about the 

conformation (monomeric vs dimeric) of GPVI in resting and activated platelets, and 

whether it changes when platelet activation is induced by GPVI agonists (Clark et al., 

2021a). The first authors to report on this topic were Muira et al. in 2002, who found that 

fibrillar collagen binds selectively to dimeric, but not monomeric GPVI. This conclusion 

was based on experiments with a dimeric GPVI construct expressed in HEK293T cells, 

named GPVI-Fc2, which is a recombinant fusion protein that binds two GPVI molecules 

via the Fc region of an IgG (Miura et al., 2002). Four years later, the first reported 
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crystallography structure of GPVI suggested that GPVI forms a dimer back-to-back via 

the β-sheets of the D2 domain (Horii et al., 2006). The same group also reported that, in 

solution, GPVI molecules were monomers, and that dimerisation might occur in the 

platelet plasma membrane due to a weak interaction induced by a high density of GPVI 

(Horii et al., 2006). Bioluminescence resonance energy transfer (BRET) on HEK293T 

cells expressing GPVI revealed that GPVI was present as a mixture of monomers and 

dimers, and this ratio did not change in response to collagen or CVX stimulation, 

meaning that GPVI ligands do not induce receptor dimerisation (Berlanga et al., 2007). 

This result was also confirmed years later by our group also using BRET on HEK293T 

cells (Clark et al., 2021b). 

Previous studies have been limited by the fact that they were conducted on cell lines 

expressing GPVI. A dimer-specific F(ab’) fragment, m-Fab-F, was developed by Jung et 

al., allowing the study of GPVI conformation on platelets, and they found that high 

concentrations of m-Fab-F blocked collagen-induced platelet aggregation (Jung et al., 

2009). In contrast to previous findings, they demonstrated that platelet activation induces 

GPVI dimerisation from approximately 30% in resting platelets to 40% in CRP-activated 

platelets (Jung et al., 2012). In a similar study, Loyau and co-authors developed another 

dimer-specific antibody, 9E18, which doubled its signal upon platelet activation with 

thrombin and vWF, supporting the idea that GPVI dimerises upon activation (Loyau et 

al., 2012). The controversy in the literature and the few studies performed on platelets 

show that further research is needed to understand GPVI dimerisation on human and 

murine platelets.  

Higher-order clustering of GPVI on the platelet plasma membrane was first reported in 

2007, (Berlanga et al., 2007). Additionally, CVX is able to cluster up to eight GPVI 

molecules, explaining how it induces such a strong platelet activation (Horii et al., 2009). 

However, the deeper understanding of GPVI clustering started with the development of 
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super-resolution microscopy techniques. Poulter and co-workers were the first to 

visualise GPVI clusters in human platelets (Poulter et al., 2017). This finding was 

confirmed by two additional studies from our group in Birmingham. We demonstrated 

that GPVI clusters colocalise with areas where tyrosine-phosphorylated proteins such as 

Syk and LAT are enriched, and this enrichment together with increased intracellular Ca2+
 

is sustained for up to 3 hours in platelets (Pallini et al., 2021). Furthermore, GPVI clusters 

along immobilised collagen fibres were not disrupted by inhibiting phosphorylation of Syk 

and LAT, suggesting that they are not disrupted once they have formed (Pallini et al., 

2021). The second study demonstrated that neither adenosine nor forskolin affected 

GPVI clustering along immobilised collagen fibres, although both inhibited platelet 

aggregation by inhibiting the supplementary action of TxA2 (Clark et al., 2019). Overall, 

these novel insights demonstrate that GPVI clustering is a robust process that is difficult 

to disrupt, but the exact mechanism of how clustering occurs remains elusive. 

1.2.5 GPVI downregulation and shedding 

To avoid thrombotic complications, platelet activation must be tightly regulated by various 

mechanisms. Under normal conditions, endothelial cells release prostacyclin (PGI2) and 

nitric oxide that maintain platelets in a resting state (Radomski et al., 1987). However, 

platelet activation can also be inhibited by receptors containing tyrosine-based inhibition 

motifs (ITIMs). For many years, it was believed that PECAM-1 was the only ITIM-receptor 

found in platelets (Jackson et al., 1997). However, further studies revealed that platelets 

contain other ITIM-receptors, including G6b-B (Newland et al., 2007, Coxon et al., 2017). 

A reduction in platelet activation is also achieved by targeting the collagen receptor 

GPVI, thereby regulating the adhesion and activation of platelets. 

GPVI expression can be reduced either by internalising the receptor or by shedding of 

the extracellular domain, both processes remove the receptor from the platelet surface 

(Rabie et al., 2007). Internalisation of the GPVI-FcRγ-chain complex via cAMP-
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dependent endocytosis is a way to store and recycle GPVI molecules that can reappear 

in the plasma membrane (Takayama et al., 2008), whereas shedding is the irreversible 

proteolysis of the GPVI ectodomain. The shedding releases a soluble GPVI (sGPVI) 

fragment of 55 kDa into the plasma, while the remaining transmembrane and intracellular 

domains, known as GPVI-tail (approximately 10 kDa), remain anchored to the platelet 

plasma membrane (Gardiner et al., 2004). It has been shown that ADAM10 regulates 

GPVI shedding in human platelets, whereas ADAM10 and ADAM17, together with other 

metalloproteinases, are critical in murine platelets, showing the first difference between 

human and mice in this mechanism (Bender et al., 2010). However, the cleavage site of 

ADAM10 is conserved in both human and mouse GPVI molecules in the stalk region of 

the ectodomain (Gardiner et al., 2007).  

GPVI shedding inducers can either be GPVI ligands, pathological shear or antibodies. 

Since Src and Syk inhibitors block GPVI shedding, ligand-induced receptor release 

requires the activation of tyrosine kinases, while activation of integrin αIIbβ3 is 

dispensable (Gardiner et al., 2004). Additionally, different ligands induce different 

degrees of GPVI shedding, with CVX-induced shedding being stronger than collagen- 

and CRP-induced shedding (Andrews et al., 2007). GPVI ligand-induced shedding also 

requires the dissociation of CaM from the receptor endodomain (Andrews et al., 2002), 

probably to physically allow ADAM10 to reach its cleavage site.  

GPVI ectodomain shedding can be triggered solely by exposure of platelets to 

pathological shear rates, as suggested by the presence of sGPVI in the plasma of 

patients with atrial fibrillation and acute coronary syndrome (Bigalke et al., 2009). In the 

plasma of healthy donors, the level of sGPVI was around 20 ng/mL, independent of age 

and gender (Al-Tamimi et al., 2009b). However, patients from the intensive care unit who 

suffered from acute brain injury, thermal injury, and elective cardiac surgery among 

others showed an increase of 50% in sGPVI levels (Montague et al., 2018). Increased 
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levels of sGPVI were also found in patients with disseminated intravascular coagulation, 

mediated by FXa as an anti-coagulation mechanism (Al-Tamimi et al., 2011). Another 

disease characterised by GPVI loss and increased sGPVI levels is lymphoproliferative 

disorder, a type of cancer (Qiao et al., 2013). Therefore, sGPVI levels can be used as a 

marker for platelet activation in the detection of thrombotic and inflammatory diseases. 

GPVI shedding can also be induced in vitro by antibodies against GPVI, such as 9O12, 

which activates human platelets in a FcγRIIA-dependent manner (Lecut et al., 2003), 

and 1G5, which is known to activate human platelets in a FcγRIIA-independent manner 

(Al-Tamimi et al., 2009a). A murine GPVI antibody, JAQ1, can also induce GPVI 

shedding in vivo in mouse models lacking ADAM10 and ADAM17, suggesting the 

possible role of other metalloproteinases in this process (Nieswandt et al., 2001, Bender 

et al., 2010).  

To date, the biological function and physiological relevance of GPVI shedding is still 

under debate. The current hypothesis is that there is an ideal GPVI surface density for 

each person in order to maintain vascular integrity. A change inducing high surface 

density of GPVI may relate to increased thrombotic risk, whereas a decrease of GPVI in 

the platelet plasma membrane may be associated with a risk of bleeding. Further 

research is needed to understand the exact mechanism of GPVI shedding. 

1.3 GPIb-IX-V complex 

The critical role of the GPIb-IX-V receptor complex in haemostasis was discovered in 

patients with Bernard-Soulier syndrome, a bleeding disorder associated with 

thrombocytopenia, caused by mutations in the genes for GPIbα, GPIbβ, and GPIX 

(Bernard and Soulier, 1948, Jenkins et al., 1976). The GPIb-IX-V complex, particularly 

GPIbα, is essential in haemostasis because it is the first receptor to reversible attach to 

vWF exposed in damaged endothelium (Nurden and Caen, 1975). Besides haemostasis, 
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GPIb-IX-V has also been linked to thrombopoiesis, platelet clearance, and 

thrombocytopenia, among others. 

1.3.1 GPIb-IX-V complex ligands 

GPIb-IX-V complex is part of the LRR receptors family of receptors. For more information 

about the structure of the GPIb-IX-V complex, refer to section 1.1.3.  

The main ligand of the complex is vWF, which binds to GPIbα. vWF is present in the 

plasma (secreted by endothelial cells) and platelet α-granules (Andrews et al., 1997). 

Soluble vWF in the plasma does not have a strong affinity for GPIbα, but when 

immobilised onto collagen at sites of vascular injury and exposed to high shear rates, it 

undergoes a conformational change that makes its A1 binding domain available for 

GPIbα, allowing the platelets to decelerate onto damaged endothelium (Berndt et al., 

2001). The binding of vWF to GPIbα results in platelet aggregation and/or clearance 

(Deng et al., 2016, Chow et al., 1992). As an auto-regulatory mechanism, the exposure 

of vWF to high shear also unfolds its A2 domain, allowing ADAMTS13 to cleave it, 

thereby reducing its affinity for GPIbα and releasing adherent platelets (Dong, 2005). 

Deficiencies in vWF, such as those caused by vWF disease, result in bleeding, whereas 

deficiencies in ADAMTS13 result in thrombotic diseases (Emmer et al., 2016).   

The GPIb-IX-V complex also enhances platelet activation at low, but not high 

concentrations of α-thrombin (Ruggeri et al., 2010). The GPIbα extracellular domain, 

named glycocalicin, contains the binding site for thrombin and vWF (Jandrot-Perrus et 

al., 1992). Additionally, thrombin is responsible for the cleavage of GPV, but not GPIbα 

(Berndt and Phillips, 1981). There are different manners in which GPIb-IX-V can mediate 

thrombin-induced platelet activation. GPIbα could act as an adaptor facilitating the 

cleavage of PAR-1 mediated by thrombin (Vu et al., 1991, De Candia et al., 2001), or 

shedding of the GPV extracellular domain may crosslink GPIbα subunits leading to a 

stronger response to thrombin (Ramakrishnan et al., 2001). The GPIb-IX-V complex has 
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other ligands, including collagen, which binds to GPV and supports platelet adhesion 

and aggregation mediated by GPVI and integrin α2β1 (Moog et al., 2001), and integrin 

Mac-1, important for platelet leukocyte aggregates (Simon et al., 2000).  

1.3.2 GPIb-IX-V complex signalling pathway 

There is a big controversy in the literature regarding GPIb-IX-V complex signalling. 

Previous studies reported that the binding of vWF to GPIbα induces platelet activation 

via tyrosine phosphorylation of kinases like Src, Lyn, Syk and PLCγ2, concluding on 

increased cytosolic Ca2+ levels, integrin αIIbβ3 activation, and platelet aggregation 

(Asazuma et al., 1997, Marshall et al., 2002).  As this complex does not possess tyrosine 

kinase activity, it remains unclear how it would activate the kinases that trigger platelet 

activation (Figure 1.5). However, according to Kuwahara et al. the binding of GPIbα to 

vWF that allows platelet adhesion is independent of intracellular calcium increase, which 

is an indicator of platelet activation (Kuwahara et al., 1999). A hypothesis is that the 

GPIb-IX-V complex could only contribute to the signalling cascade by supporting the 

signalling of GPVI-FcRγ-chain and/or FcγRIIA. In immunoprecipitation studies, the GPIb-

IX-V complex interacts with GPVI on the plasma membrane of resting and activated 

platelets (Arthur et al., 2005), and with the FcRγ-chain on platelets activated with vWF 

(Falati et al., 1999). Recently, a study using mice lacking the intracellular domain of 

GPIbα showed an impaired platelet activation and aggregation upon stimulation with the 

GPVI ligand CRP, supporting the hypothesis that GPIbα is involved in GPVI signalling 

(Constantinescu-Bercu et al., 2021). FcγRIIA contains an ITAM domain, which enables 

it to have tyrosine kinase activity, and additionally, some studies reported that it 

colocalises with the GPIb-IX-V complex in the plasma membrane (Sullam et al., 1998, 

Sun et al., 1999).  Therefore, the GPIb-IX-V complex could also participate in this 

signalling pathway. In order to understand whether the GPIb-IX-V complex activates or 



Chapter 1  General introduction 

25 
 

supports any signalling pathways and leads to platelet activation, further research is 

needed. 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. GPIb-IX-V receptor complex signalling pathway. Image represents the binding of 

GPIbα, main subunit of the GPIb-IX-V complex to vWF. The intracellular domain of GPIbα is 

bound to calmodulin (CaM) and filamin, which connects this receptor complex to the actin 

network. It is yet not clear whether GPIbα induces any signalling pathway, and therefore the 

activation of the integrin αIIbβ3.  Image generated using Biorender. 

 

1.3.3 GPIb-IX-V complex shedding 

In this section, we will focus only on the shedding of GPIbα and GPV. The extracellular 

domain of GPIbα, known as glycocalicin, contains two mechanosensory domains (MSD), 

one at the juxtamembrane region (Zhang et al., 2015), and one at the N-terminal, where 

ligands are bound, known as leucine-rich repeat domain (LRRD) (Ju et al., 2015). In 

resting platelets, the MSD is folded, and the binding of vWF to the LRRD and high shear 

unfolds it (Bendas and Schlesinger, 2022). Glycocalicin is found at a relatively high 

concentration in the plasma of healthy donors (Coller et al., 1984), supporting the theory 
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that GPIbα is constitutively shed in resting platelets by the metalloproteinase ADAM17 

(Bergmeier et al., 2004). The cleavage site of ADAM17 is located in the MSD near the 

plasma membrane, which is accessible when the MSD is folded in resting platelets. 

When GPIbα binds to its ligand and the MSD is unfolded, ADAM17 has better access to 

the cleavage site, and therefore GPIbα shedding increases (Zhang et al., 2015). As 

treatment with CCCP, an artificial ageing agent, causes GPIb shedding, constitutive 

cleavage of GPIbα is believed to be a hallmark event of platelet ageing, indicating platelet 

lifespan (Bergmeier et al., 2003). This goes in line with the fact that GPIbα is involved in 

the clearance of platelets (Beardsley and Ertem, 1998). 

In regards to GPV cleavage, thrombin is responsible for cleaving it from the plasma 

membrane, as previously described. However, it is shed also by ADAM10 and ADAM17 

in a different cleavage site than by thrombin (Rabie et al., 2005, Gardiner et al., 2007). 

The presence of soluble GPV in plasma and the absence of constitutive GPV 

degradation indicate platelet activation in diseases like angina pectoris (Atalar et al., 

2005). Additionally, GPV can also be shed by the GPVI agonists CVX (Gardiner et al., 

2007) and CRP (Rabie et al., 2005), as well as by the inhibition of CaM, as in the case 

of GPVI, by mediating the activity of the ADAM metalloproteinases (Rabie et al., 2005).  

1.3.4 The relevance of the GPIb-IX-V complex in platelet clearance 

Platelet clearance is an important physiological process that removes modified or aged 

platelets from blood circulation. The clearance of platelets seems to be regulated by the 

GPIb-IX complex, as there is no clear evidence that GPV plays a role in this process 

(Bendas and Schlesinger, 2022). Patients with immune thrombocytopenia, who have 

autoantibodies against GPIb, show enhanced platelet clearance (Beardsley and Ertem, 

1998). Currently, there are two proposed models to explain the role of the GPIb-IX 

complex in platelet removal from the bloodstream.  
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The first model describes GPIbα clustering as the mechanism responsible for the 

clearance (Shrimpton  et al., 2002). It is well known that vWF can cluster GPIbα 

molecules from the same platelet, or crosslink GPIbα from adjacent platelets, as it has 

multiple binding sites that can bind to several GPIbα molecules (Gitz et al., 2013).  

Different anti-GPIbα antibodies that bind to two GPIbα molecules can also induce this 

dimerisation. Several studies demonstrated that injection of monoclonal anti-GPIbα 

antibodies causes fast platelet depletion in mice in vivo (Cadroy et al., 1994, Bergmeier 

et al., 2000, Cauwenberghs et al., 2000). However, only the IgG and F(ab’)2, but not the 

F(ab’) fragments induce the platelet clearance machinery, suggesting that a bivalent 

structure and dimerisation of GPIbα is needed (Nieswandt et al., 2000a, Cauwenberghs 

et al., 2000). These antibodies need high shear to induce the dimerisation, like vWF 

(Quach et al., 2018b), and only induce the dimerisation if they bind to the LRRD domain 

and not to the juxtamembrane domain (Bergmeier et al., 2000, Liang et al., 2016). 

However, there are some reservations regarding the GPIbα clustering model, since it 

has yet to be explained why antibodies binding GPIbα at the MSD do not drive platelet 

clearance, and what the exact mechanism by which antibodies trigger platelet activation 

and depletion is.  

Deng et al. (2016) suggested the second model, known as the trigger model (Figure 

1.6), which attributes a main role to the MSD in platelet clearance. As previously 

described, the binding of vWF (or antibodies) to the LRRD of GPIbα at physiological 

shear rates creates a pulling force that enables the unfolding of the MSD. This novel 

model proposes that the unfolding of the MSD exposes a trigger sequence, containing 

only 10 amino acids, that is found between the transmembrane domain and the MSD. 

Then, the extension of the trigger sequence induces platelet activation by increasing P-

Selectin levels and phosphatidylserine (PS) exposure, and most importantly, glycans on 

the platelet surface are desialylated (loss of sialic acid residues) (Deng et al., 2016, 



Chapter 1  General introduction 

28 
 

Zhang et al., 2015). The desialysation is crucial for platelet removal as it allows the 

exposure of galactose residues, which are recognised by Ashwell-Morell receptor  (AMR) 

present in hepatocytes, and leads to platelet recognition, internalisation and clearance 

(Sørensen et al., 2009, Grozovsky et al., 2015).  

Figure 1.6. GPIbα shedding induced by the trigger model. Image illustrating the binding of a 

dimeric ligand (vWF or dimeric antibody (IgG or F(ab’)2 fragment)) to GPIbα, which, together with 

high shear rates induces the unfolding of the MSD domain. Consequently, GPIbα is shed from 

the platelet plasma membrane by the metalloproteinase ADAM17, resulting in P-Selectin 

expression, PS exposure and desialysation. Image modified from (Michelson et al., 2019). 

 

GPIbα is the main receptor involved in this process since it contains approximately 80% 

of the sialic acid present on the platelet plasma membrane (Sørensen et al., 2009). The 

unfolding of the MSD also enhances the affinity of ADAM17 to bind to the MSD, resulting 

in GPIb shedding and the release of glycocalicin (Deng et al., 2016). Upon cleavage, the 

trigger sequence is exposed and this has been associated with an increased platelet 



Chapter 1  General introduction 

29 
 

clearance (Bergmeier et al., 2003, Chen et al., 2016). However, it is not the only receptor 

involved; transgenic mice lacking almost all of the GPIbα ectodomain, which is 

exchanged by the interleukin 4 receptor (IL-4R), but still containing the trigger sequence, 

present platelet clearance, albeit at a slower rate than in wild-type mice (Deng et al., 

2016, Chen et al., 2022). Some evidence suggest that other glycosylated receptors, such 

as integrin αIIbβ3 can also bind to AMR (Hoffmeister et al., 2003).   

1.4  The role of the actin cytoskeleton in platelet signalling 

The actin cytoskeleton is essential for platelet biogenesis, and activation. An actin 

filament is 7 nm wide, and is mostly responsible for forming the cytoplasmic network, 

which provides resting platelets together with microtubules and other cytoskeletal 

components the support needed to maintain the discoid shape and the structure when 

exposed to high shear rates, and serves as a structure for organelles and other 

compartments to attach (Thomas, 2019). The actin cytoskeleton dynamics enable 

platelets to change shape rapidly upon activation by polymerisation, resulting in filopodia 

and lamellipodia formation, allowing the platelet to spread. In this section, I will focus on 

the connection of the actin cytoskeleton in with the GPIb-IX-V complex and GPVI. 

The actin cytoskeleton supports and modulates the GPIb-IX-V complex. The intracellular 

domain of GPIbα associates with filamin-A, and this interaction is essential for anchoring 

the whole GPIb-IX-V complex to the membrane skeleton and therefore supporting 

platelet adhesion under high shear stress (Williamson et al., 2002). The interaction of 

GPIbα to filamin-A is crucial for protein trafficking from the cytosol to the plasma 

membrane, as well as for a correct platelet size (Kanaji et al., 2012). Also, the actin 

cytoskeleton supports the clustering/centralisation of the whole complex upon thrombin 

stimulation, using myosin II and filamin-A as adapters (Kovacsovics and Hartwig, 1996b). 

The actin cytoskeleton can also affect GPVI signalling, as blocking actin polymerisation 

with cytochalasin D or latrunculin A impairs platelet spreading and reduces dimerisation 
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and cluster formation of GPVI on collagen and CRP surfaces (Poulter et al., 2017). 

However, in a different study, blocking actin polymerisation did not impair GPVI signalling 

or aggregation response to GPVI ligands (Pollitt et al., 2010). Therefore, further research 

is needed to comprehend the linking effect of the actin cytoskeleton on GPVI signalling, 

dimerisation and clustering. 

However, the effect of GPVI activation on the actin cytoskeleton is well known. Upon 

GPVI-mediated platelet activation, the actin cytoskeleton undergoes a reorganisation, 

altering platelet morphology, leading to an increase in the platelet surface area that 

enhances their interactions with the ECM and other platelets (Hensler et al., 1992). In 

order to spread, platelets create finger-like structures, named filopodia, and sheet-like 

processes, named lamellipodia (Aslan et al., 2012). The Ras homolog (Rho) GTPases 

family are the major regulators of actin remodelling in platelets in response to several 

agonists.  RhoA, RhoB, cell division cycle 42 (Cdc42) and Ras-related C3 botulinum 

toxin substrate (Rac) form the Rho family in platelets. Platelet contractility, change of 

shape and thrombus stability are modulated by RhoA, via its role in actomyosin 

contractility (Klages et al., 1999, Pleines et al., 2012). RhoA is not necessary for platelet 

spreading, but it is required for full activation of integrin αIIbβ3 and clot retraction (Pleines 

et al., 2012). Recent studies on RhoB function suggest that it can also contribute to 

platelet function downstream of GPVI signalling (Englert et al., 2022). Cdc42  modulates 

granule secretion and spreading (Pleines et al., 2010), but its precise role remains 

unclear. Some authors demonstrated that the absence of Cdc42 in platelets inhibits 

filopodia formation on CRP- and fibrinogen-coated slides (Akbar et al., 2011), whereas 

others suggested that Cdc42 is not involved in filopodia formation of platelets spread on 

CRP and fibrinogen but is involved on vWF-coated surfaces (Pleines et al., 2010). This 

suggests a role of Cdc42 downstream of GPIbα signalling. Rac is necessary for 

lamellipodia formation during the spreading of platelets on surfaces coated with collagen, 
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fibrinogen and vWF (McCarty et al., 2005). The role of lamellipodia formation regulated 

by Rac in platelets is still under study. Older publications demonstrated that Rac1 is 

required for supporting aggregation by maintaining the stability of the aggregates (Akbar 

et al., 2007, McCarty et al., 2005), whereas a recent study suggests that lamellipodia are 

not essential for thrombus formation and stability (Schurr et al., 2019). In several other 

cell types, lamellipodia are essential for cell migration (Krause and Gautreau, 2014). A 

similar phenomenon has been demonstrated in platelets, where lamellipodia formation 

is necessary for platelets migration to sites of infection and clearing the vasculature of 

bacteria (Gaertner et al., 2017). Furthermore, lamellipodia-dependent migration detects 

inflammatory lesions on the endothelium and plugs them, preventing micro-bleeds and 

bacterial spread (Nicolai et al., 2020). There are 3 isoforms of Rac. Murine platelets 

express only Rac1 (McCarty et al., 2005), whereas human platelets express mainly 

Rac1, but also a small amount of Rac2 (Burkhart et al., 2012). A wide range of receptors 

in platelets can activate Rac, suggesting that Rac could be present in different pools that 

regulate different platelet functions (Aslan and McCarty, 2013). Stimulation of GPCRs, 

including PAR and P2Y12, with thrombin or ADP activates PLCβ, which supports Rac 

activation (Offermanns et al., 1997). Additionally, SFKs activated downstream GPVI and 

integrin αIIbβ3 also mediate Rac activation (Akbar et al., 2007, McCarty et al., 2005), 

together with 14-3-3ζ, an adapter protein that is coupled to GPIbα in resting platelets and 

releases the receptor upon vWF binding and thereby modulates Rac activity. Once 

activated, some studies demonstrated that Rac1 is essential for PLCγ2 activation and 

also that it supports integrin αIIbβ3 activation (Pleines et al., 2009, Stefanini et al., 2012). 

However, there is still little evidence detailing Rac's involvement downstream of all of 

these signalling pathways, as well as how it can facilitate PLCγ2 and integrin αIIbβ3 

activation. 
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1.5  Super-resolution microscopy techniques for platelet imaging 

Different microscopy techniques have been used to study platelets’ ultrastructure and 

molecules. Platelets were first identified in 1881 by Giulio Bizzozero using traditional light 

microscopy (Bizzozero, 1881). Despite the limitations of light microscopy, many 

significant advances have been achieved using this technique, such as identifying 

abnormalities in platelet shape and size, which is helpful for the diagnosis of disorders 

(Greinacher et al., 2017) and characterising the role of the actin cytoskeleton in platelet 

spreading (Thomas et al., 2007). However, the resolution achieved by standard light 

microscopy is determined by the wavelength of light and therefore restricted to 

approximately 200 nm. Electron microscopy (EM) is one means of overcoming this 

restriction. EM employs a beam of electrons providing the highest resolution to date, with 

outstanding visualisation of platelet ultrastructural details, including the platelet 

cytoskeleton and granules (White, 1981, Italiano et al., 1999). Nevertheless, it does not 

provide information about the dynamics of the molecules, as live imaging is not possible. 

To overcome this limitation, fluorescence microscopy can be used as multiple molecules 

can be labelled at the same time and their dynamics can be tracked in real-time (Falati 

et al., 2002). However, the diffraction limit of a fluorescence microscope is approximately 

250 nm laterally and approximately 500 nm axially. This represents a limiting factor for 

the visualisation of small molecules, such as the actin filaments (7 nm in diameter), 

microtubules (25 nm in diameter) or plasma membrane receptors that are significantly 

smaller than the diffraction limit of the microscope, which makes imaging small cells such 

as platelets even harder. The diffraction limit (d) is defined as the distance that two 

objects must at least have to be distinguishable in an optical device. It solely depends 

on the wavelength of light (λ) divided by twice the numerical aperture (NA) of the 

objective, as described in the following equation (Abbe, 1873): 

d =  
λ

2NA
      (Equation 1) 
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Super-resolution (SR) techniques are relatively new imaging modalities that 

revolutionised the microscopy field by surpassing the optical diffraction limit (Hell and 

Wichmann, 1994). Different SR microscopy techniques (Figure 1.7) break the diffraction 

limit in different manners and each of them additionally provides different advantages to 

imaging, such as reduction of photobleaching or multi-colour imaging.  

 

 

 

 

 

 

 

Figure 1.7. Summary of the main super-resolution (SR) microscopy methods. Each SR 

microscopy method includes the highest spatial resolution that it can achieve. Stimulated 

emission depletion (STED), single-molecule light microscopy (SMLM), structured illumination 

microscopy (SIM), expansion microscopy (ExM), photoactivated localisation microscopy (PALM), 

direct stochastic optical reconstruction microscopy (STORM) and Points accumulation for imaging 

in nanoscale topography (PAINT). 

 

Stimulated emission depletion (STED) was one of the first SR microscopy method, 

developed by Hell in 1994 (Hell and Wichmann, 1994). Stochastic optical reconstruction 

microscopy (STORM) (Rust et al., 2006) together with photoactivated localisation 

microscopy (PALM) (Betzig et al., 2006) were the first single-molecule light microscopy 

(SMLM) techniques allowing the visualisation of single fluorophores with relatively simple 

wide-field microscopy setups. 
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1.5.1 dSTORM 

dSTORM relies on labelling proteins of interest with antibodies tagged with a fluorophore. 

It then uses a reducing buffer that drives the fluorophores into an inactive dark state 

when a high-powered laser is applied (Rust et al., 2006). The fluorophores then 

stochastically drop out of this dark state, emitting photons, which can be captured on a 

sensitive camera (Figure 1.8). This method breaks the diffraction limit as almost all 

fluorophores are switched off, and at any time few of them that are switched on and emit 

a photon that can be detected and their localisation pinpointed with high accuracy 

(Heilemann et al., 2008). For dSTORM, the fluorophore choice is important, and Alexa 

Fluor 647 is the ideal choice because it presents high levels of blinking (Dempsey et al., 

2011). Overlapping thousands of frames in which different subsets of fluorophores are 

emitting, we obtain dSTORM images that are then reconstructed in order to obtain the 

final image, which is composed of a point cloud of the localisations of all the different 

fluorescent blinks detected during the image acquisition. dSTORM reaches a spatial 

resolution of between 10-50 nm (Thorley et al., 2014) which is the highest spatial 

resolution compared to the other methods mentioned in this thesis, and one of the 

highest to date for light microscopy. However, its main disadvantages are that the sample 

can be photobleached as the method needs 100% laser intensity, flat samples, with 

molecules closed to the coverslip are more amenable to the technique as the TIRF mode 

is often used to increase the signal-to-noise ratio, and the post-reconstruction of the 

images is extensive and laborious (Tam and Merino, 2015).  Despite these limitations, 

dSTORM has been used in numerous studies in the last years to give insights into 

platelet structure and signalling. The localisation of platelet receptors, including the highly 

abundant integrin αIIbβ3, was investigated using dSTORM (Poulter et al., 2015), as well 

as the clustering of several receptors. For the analysis of clusters in platelets,  Ripley’s 

K-function was widely used in the past to study integrin, CLEC-2, and GPVI clustering in 
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platelets (Pollitt et al., 2014, Poulter et al., 2015, Poulter et al., 2017), but also for 

instance, in T cells to image LAT, CD45 and LcK (Williamson et al., 2011, Rossy et al., 

2013). However, several recent studies demonstrated that the density-based analysis 

approach (DBSCAN), is a better alternative for cluster analysis of GPVI along collagen 

fibres than Ripley’s K-function since it analyses the entire image instead of a small region 

of interest (Pallini, 2020) (Clark et al., 2019). Additionally, dSTORM was employed in 

platelet to image areas of tyrosine phosphorylation events accumulation in actin nodules 

(Poulter et al., 2015), and also the whole platelet actin cytoskeleton was characterised 

(Lickert et al., 2018). 
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Figure 1.8. The basic principle of dSTORM and cluster analysis. An overview of the imaging, 

reconstruction and density-based clustering analysis (DBSCAN). The sample is labelled with an 

antibody against the target protein (GPVI), then 20,000 frames are acquired, and in each of the 

frames, a different set of molecules is in a bright state. Then, the image is reconstructed, obtaining 

a map with the precise location of the GPVI molecules (super-resolved image). The molecular 

locations are processed, first correcting the drift and chromatic aberrations, and then the cluster 

analysis is performed, grouping a set of molecules that are neighbours into clusters. The DBSCAN 

scheme was modified from (Khater et al., 2020). 
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1.5.2 Structured illumination microscopy (SIM) 

SIM principle was also developed at the end of the last century as a SR microscopy 

method (Neil et al., 1997). The breakage of the diffraction limit in this method is achieved 

by illuminating the sample with a pattern (known linear grid) that projects fine details into 

the image plane that can be observed (known as Moiré pattern) (Gustafsson, 2000). The 

linear grid is rotated and shifted along its diffraction direction, obtaining different Moiré 

patterns. Typically, 15 images with different illumination patterns (usually 5 lateral shifts 

from 3 different angles), where different fluorophores are covered and uncovered by the 

grid, are recorded (Figure 1.9). The final images are obtained by mathematically 

deconvolving the signal with the acquisition software, using the Fourier transformation 

(Demmerle et al., 2017). SIM improves resolution by approximately 2-fold compared to 

conventional light microscopy, reaching a spatial resolution of ∼ 100 nm (Valli et al., 

2021). The principal advantages of SIM are that the samples are prepared like for 

standard fluorescence microscopy (any dye can be used) and imaging reconstruction is 

fast. However, data reconstruction is also one of their main drawbacks, as it relies on 

complicated computational procedures that the software applies, which could lead to 

artefacts if the user is not well-trained and does not recognize them (Heintzmann and 

Huser, 2017). SIM has also been used in the platelet field to image changes in the actin 

cytoskeleton during spreading, when proteins involved in the regulation of the actin 

cytoskeleton, such as Wiskott-Aldrich syndrome protein (WASP) and actin-related 

protein 2/3 complex (Arp2/3)  are disrupted (Poulter et al., 2015, Kahr et al., 2017). 

Additionally, SIM was used to study the immunomodulatory role of CLEC-2 (Bourne et 

al., 2021).  
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Figure 1.9. SIM image acquisition overview. Individual images are illuminated with a structured 

pattern (grid), and captured by rotating the grid three times and shifting it five times. This 

generates the Moiré pattern, in which not the entire sample is illuminated. Afterwards, a computer 

algorithm produces a super-resolution image, with a resolution of around 100 nm, from the 15 

raw images. 

 

1.5.3 Point accumulation in nanoscale topography (PAINT) 

PAINT is another SR microscopy method, developed by Sharonov and Hochstrasser 

(2006). In this method fluorophores photoswitching does not occur. However, blinking 

relies on the transient immobilisation of fluorophores that are free in solution and then 

bind their target molecule, for a short period (Figure 1.10). As fluorophores diffuse fast 
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in solution, they only appear as background and can only be localised when they 

temporally bind their target  (Sharonov and Hochstrasser, 2006). PAINT has evolved into 

several different approaches. The first and most prominent one is DNA-based PAINT 

(DNA-PAINT) which uses short DNA oligomers (up to ten nucleotides long) to provide 

the transient but specific interaction that is needed for PAINT (Jungmann et al., 2010). 

There are two DNA oligomers, one known as the docking strand, that is fixed and bound 

to the target protein, and the other one, called the imager strand is found in solution 

conjugated to a fluorophore and transiently binds the docking strand (Jungmann et al., 

2010). Exchange-PAINT follows the same principle as DNA-PAINT but employs several 

DNA oligomer sequences that allow the observation and localisation of multiple targets, 

which is achieved by the exchange of the buffer that contains different imager strands 

(Jungmann et al., 2014). An alternative method is quantitative PAINT (qPAINT) which 

allows quantitative counting of the stoichiometry using single strands kinetics that is 

identified because of the known origami structure created with DNA (Jungmann et al., 

2016). One of the main benefits of DNA-PAINT is that photobleaching does not occur, 

as the fluorophore coupled to the imager strand can be constantly renewed with the 

addition of fresh buffer containing more of the imager strand. The greatest advantage of 

this technique compared to any other SR approach is that by Exchange-PAINT up to 

eight different targets can be visualised in the same sample, using the same fluorophore 

to overcome chromatic aberration (Jimenez et al., 2020). Regarding disadvantages, 

images can have a high background noise as the fluorophores (coupled to the imager 

strands) are free in the imaging buffer, and the labelling is complicated, as normal 

antibodies and fluorophores cannot be used. In order to perform the labelling, first DNA 

oligomers need to be synthesised and then coupled to antibodies and fluorophores for 

creating the docking and imager strand respectively (Lee et al., 2020). PAINT is widely 

used in several cell lines, however, it has barely been used in platelet research to date. 

An interesting study was performed to compare the radius of microtubules obtained with 
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dSTORM and PAINT, showing that DNA-PAINT surprisingly produced larger linkage 

errors than dSTORM (Früh et al., 2021). 

 

 

 

 

 

 

 

 

Figure 1.10. The blinking principle of DNA-PAINT microscopy. The sample is labelled with 

an antibody against the targeted receptor. The antibody is coupled with a docking strand (dark 

brown). During imaging, the sample is treated with the imaging buffer that contains the imaging 

strand (yellow, coupled with a fluorophore). Since the imaging strand in solution diffuses rapidly, 

it is not captured by the camera, and it is only captured when it binds the docking strand 

effectively. Image generated using Biorender. 

 

1.5.4 Expansion microscopy (ExM) 

Expansion microscopy is the newest SR microscopy method, developed by Boyden, 

Chen and co-authors, in 2015. Whereas the previously cited SR microscopy methods 

obtained a higher resolution by implementations in the microscope (e.g. SIM) or the 

labelling strategy (e.g. DNA-PAINT), in expansion microscopy the improvement is 

obtained by physically expanding the sample (in both lateral and axial directions) and to 

be imaged on a standard fluorescence microscope (Chen et al., 2015).  

The principle of expansion microscopy consists of five steps; sample fixation, labelling, 

linking (not always), gelation, digestion and expansion, some steps may vary depending 
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on the protocol (Figure 1.11). Many variations and improvements of the original 

expansion protocol have been published in the last few years (Tillberg et al., 2016, 

Chang et al., 2017, Gambarotto et al., 2019). A complete description of variations in the 

ExM protocol can be found in Chapter 5. Depending on when the staining step is 

performed, all the new ExM protocols can be categorised into two groups; pre-gelational 

staining or post-gelational staining methods (Figure 1.11). In pre-gelational staining, the 

sample is originally fixed with paraformaldehyde (PFA) (Chen et al., 2015), but several 

recent studies have demonstrated that glyoxal produces brighter images than PFA 

(Truckenbrodt et al., 2018, Heil et al., 2022). Then, the sample is labelled, and linked to 

the gel. The linking was originally performed using glutaraldehyde (Chen et al., 2015), 

however, according to a recent study, the fluorescence signal is better preserved with 

Acryloyl-X (AcX) (Tillberg et al., 2016). In pre-gelation ExM protocols, this anchoring 

process is critical for the preservation of fluorophores. Then, the gelation process starts 

using a monomer solution that contains acrylamide and the cross-linker. The sample is 

embedded in the gel once it has been polymerised. Then, the digestion is performed 

using enzymes, such as proteinase K (Truckenbrodt et al., 2018) and Lys-C (Tillberg et 

al., 2016). Finally, the sample expansion occurs by incubating the gel in water overnight. 

The post-gelational staining was developed by Gambarotto et al. (2019), and it is known 

as ultra-expansion microscopy (U-ExM). In contrast to the pre-gelation protocol, the 

sample here is fixed with a mixture of formaldehyde and acrylamide, and labelling occurs 

at the end of the protocol after the sample has been embedded in the gel and expanded, 

therefore fluorophores do not need to be linked. The other most significant difference is 

that the sample is not digested, but denatured using detergents, such as sodium dodecyl 

sulfate (SDS) (Gambarotto et al., 2019). Due to the fact that fluorophores are not 

degraded during the several steps of the expansion protocol, Gambarotto and co-authors 

achieved higher retention of fluorescent signal with this approach. In the last years, this 

method has been optimised and used for the imaging of several samples by different 
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groups. It has been extensively used for visualising from nanoscale structures such as 

mitochondria (Suofu et al., 2017) and cytoskeleton filaments (Halpern et al., 2017) to 

brain tissue for studying the neuron synapses in numerous mouse models, including 

Drosophila (Jiang et al., 2018) and zebrafish (Freifeld et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1  General introduction 

43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

F
ig

u
re

 
1
.1

1
. 

E
x
p

a
n

s
io

n
 
m

ic
ro

s
c
o

p
y
 
s
te

p
-b

y
-s

te
p

. 
D

ia
g
ra

m
 
re

p
re

s
e
n
ti
n

g
 
b

o
th

 
e
x
p
a

n
s
io

n
 
m

ic
ro

s
c
o
p

y
 
a
p
p
ro

a
c
h

e
s
; 

p
re

- 
a
n
d
 
p
o

s
t-

g
e
la

ti
o
n
a

l 
s
ta

in
in

g
 E

x
M

, 
in

c
lu

d
in

g
 t
h
e

 i
n
c
u

b
a
ti
o

n
 t
im

e
 o

f 
e
a
c
h
 s

te
p
. 

 



Chapter 1  General introduction 

44 
 

1.6 Aims of the thesis 

Platelet glycoprotein receptors play vital roles in the function of platelets, and the GPIb-

IX-V receptor complex and GPVI are two of the most important ones. GPVI downstream 

signalling has been studied in the literature, but less is known about GPVI and GPIb-IX-

V complex organisation and conformation on the plasma membrane. This thesis aims to 

develop super-resolution microscopy techniques to enable the investigation of the 

receptors and reveal novel biological functions. The specific aims of this thesis were: 

1. To understand the conformation and localisation of GPVI in resting human 

platelets, and to investigate whether or not its conformation changes upon 

platelet activation. 

2. To study the effect of inhibiting Rac, a small Rho GTPase that regulates the actin 

cytoskeleton, on GPVI location, conformation and signalling pathway in human 

platelets. 

3. To develop an expansion microscopy (ExM) protocol that can label platelets with 

antibody F(ab') fragments in order to understand GPIb conformation and location 

on single platelets and aggregates and its interaction with GPVI. 
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2.1 Materials 

2.1.1. Reagents 

Tables 2.1 and 2.2 contain information about commercial primary and secondary 

antibodies and Table 2.3 about in-house-made antibodies used for flow cytometry, 

immunofluorescence and Western blotting. Table 2.4 describes agonists and inhibitors 

and Table 2.5, the chemicals used for expansion microscopy protocols. The Rac1 

activation assay kit was obtained from Cell Biolabs (Exeter, UK). The rest of the reagents 

are described within the thesis. If unstated, the reagents were purchased from Sigma-

Aldrich (Poole, UK). 

Table 2.1. Primary antibodies 

Commercial primary antibody  
Host 

species 
Use Supplier 

α-hCD41/CD61- AF647 

conjugated (PAC-1) 
Mouse FACS: 1:50 BioLegend (San Diego, USA) 

α-hCD42P- APC conjugated  

(α-GPIbα) 
Mouse FACS: 1:50 

Thermo Fisher (Waltham, 

USA) 

α-h-CD62P-FITC conjugated 

(α-P-Selectin) 
Mouse FACS: 1:50 

BD Biosciences (San Diego, 

USA) 

α-FcRγ Rabbit 
IF: 1:200 

WB: 1:500 

Merck Millipore (Abingdon, 

UK) 

α-GAPDH Rabbit WB:  1:1000 
Cell Signaling Technology 

(Hitchin, UK) 

α-hGPVI-PE conjugated 

(HY101) 
Mouse FACS: 1:50 

BD Biosciences (San Diego, 

USA) 

α-LAT Rabbit 
IF: 1:200 

WB: 1:500 

Millipore Merck (Abingdon, 

UK) 

α- PLCγ2 (B-10) Mouse 
IF: 1:200 

WB: 1:500 

Santa Cruz Biotechnology 

(Dallas, USA) 

α-PLCγ2 (AB-753) Rabbit WB: 1:500 
Sigma-Aldrich (St. Louis, 

USA) 

α-phosphotyrosine (4G10) Mouse WB: 1:1000 
Merck Millipore (Abingdon, 

UK) 

α-phospho-LAT Tyr200   Rabbit IF:1:500 Abcam (Cambridge, UK) 
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WB: 1:500 

α-phospho-PLCγ2 Tyr1217 Rabbit 
IF: 1:200 

WB: 1:125 

Cell Signaling Technology 

(Hitchin, UK) 

α-phospho-PLCγ2 Tyr759 Rabbit WB: 1:500 
Santa Cruz Biotechnology 

(Dallas, USA) 

α-phospho-Syk Tyr525-526 Rabbit 
IF: 1:250 

WB: 1:500 

Cell Signaling Technology 

(Hitchin, UK) 

Phalloidin-AF488 conjugated  IF: 1:500 Invitrogen (Carlsbad, USA) 

α-Syk (4D10) Mouse 
IF: 1:200 

WB: 1:200 

Santa Cruz Biotechnology 

(Dallas, USA) 

α-Tubulin Mouse 
IF: 1:500 

WB: 1:1,000 

Cell Signaling Technology 

(Hitchin, UK) 

FACS: Flow cytometry, IF: immunofluorescence, WB: Western blot 

Table 2.2. Secondary antibodies 

Commercial secondary 

antibody 

Host 

species 
Use Supplier 

α-mouse-AF568 conjugated Goat IF: 1:300 Invitrogen  (Paisley, UK) 

α-mouse-AF647 conjugated Goat IF: 1:300 Invitrogen  (Paisley, UK) 

α-rabbit-AF488  conjugated Goat IF: 1:300 Invitrogen  (Paisley, UK) 

α-rabbit-AF647  conjugated Goat IF: 1:300 Invitrogen  (Paisley, UK) 

Mouse IgG-HRP conjugated Sheep WB: 1:10,000 GE Healthcare (Bucks, UK) 

Rabbit IgG-HRP  conjugated Donkey WB: 1:10,000 GE Healthcare (Bucks, UK) 

IF: immunofluorescence, WB: Western blot 

Table 2.3. In-house generated antibodies 

In-house generated antibody Clone Antigen Reference 

α-GPIbα IgG 92H12 GPIbα 
Unpublished, provided by Prof 

B. Nieswandt 

p0p4 F(ab‘)fragment and IgG 15E2 GPIbα (Bergmeier et al., 2000) 

p0p5 F(ab‘)fragment and IgG 13G12 GPIbα (Bergmeier et al., 2000) 

p0p6 IgG 56F8 GPIX (Nieswandt et al., 2000a) 

α-hGPVI F(ab‘) fragment 313A10 GPVI (Neagoe et al., 2022) 

α-hGPVI F(ab‘) fragment 336E2 GPVI 
Unpublished, provided by Prof 

B. Nieswandt 

α-hGPVI F(ab‘) fragmemt 1G5 GPVI 

Provided by Prof E. Gardiner 

(Canberra, Australia) (Jung et 

al., 2012) 
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α-hGPVI cytoplasmic tail IgG GPVI tail GPVI 

Provided by Prof E. Gardiner 

(Canberra, Australia) 

(Al-Tamimi et al., 2009a) 

JAQ1 IgG 98A3 GPVI (Nieswandt et al., 2001) 

hGPV 10C10 GPV 
Unpublished, provided by Prof 

B. Nieswandt 

HEL1 IgG 11F9 CLEC-2 (Brown et al., 2021) 

EDL1 IgG 57B10 
β3 

subunit 
(Bergmeier et al., 2000)   

MWReg30 IgG 5D7 
αIIb 

subunit 
(Nieswandt et al., 1999a)  

JON6 IgG 14A3 αIIbβ3 
Unpublished, provided by Prof 

B. Nieswandt 

JON/A IgG 4H5 αIIbβ3 (Bergmeier et al., 2002) 

WUG 1.9 IgG 5C8 P-Selectin (Schulte et al., 2003) 

 

Table 2.4. Agonists and inhibitors 

Reagent Target protein Use Supplier 

4-(2-aminoethyl) 

benzenesulfonyl fluoride 

(AEBSF) 

Serine protease 2mM 
Calbiochem (San Diego, 

USA) 

Aprotinin Serine protease 10 μg/mL 
Sigma-Aldrich (Poole, 

UK) 

Apyrase ATP 2 U/mL 
Sigma-Aldrich (Poole, 

UK) 

Collagen-related peptide 

(CRP) 
GPVI 

1, 5 and 10 

μg/mL 
Invitrogen  (Paisley, UK) 

EHT1864 Rac1 30 and 50 μM 
Tocris Bioscience 

(Bristol, UK) 

Fibrinogen (vWF and 

plasminogen depleted) 
Integrin αIIbβ3 100 μg/mL 

Enzyme Research 

laboratories (Swansea, 

UK) 

GI254023 ADAM10 inhibitor  2 μM 

Scientific Laboratory 

Supplies (Nottingham, 

UK) 

GM6001 
Metalloproteinases 

inhibitor 
100 μM 

Sigma-Aldrich (Poole, 

UK) 
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Horm collagen 
GPVI and integrin 

α2β1 

1, 5 and 10 

μg/mL 
Takeda (Linz, Austria) 

Indomethacin Cycloxygenase 100 μM 
Sigma-Aldrich (Poole, 

UK) 

Integrilin Integrin αIIbβ3 9 μM 

Hospital Queen 

Elizabeth (Birmingham, 

UK) 

Leupeptin 

Serine, threonine 

and cysteine 

protease 

10 μg/mL 
Enzo Life Sciences 

(Exeter, UK) 

PAR1 peptide PAR1  200 uM 
Alta Biosciences 

(Birmingham, UK) 

Pepstatin Aspartyl protease 10 μg/mL 
Sigma-Aldrich (Poole, 

UK) 

Prostacyclin 
G protein-coupled 

receptors  
0.1 μg/mL 

Cayman Chemicals 

(Cambridge, UK) 

Sodium Orthovanadate 

(Na3VO4) 

Tyrosine 

phosphatase 
10 μg/mL 

Caltag Medsystems 

(Buckingham, UK) 

Thrombin PAR1 and PAR4  
Sigma-Aldrich (Poole, 

UK) 

 

 

Table 2.5. Chemicals for expansion microscopy 

Reagent Supplier 

Acrylamide (AA) Sigma-Aldrich (Darmstadt, Germany) 

4-(2-hydroxyethyl)-1- 

Piperazineethanesulfonic acid (HEPES) 
Carl Roth (Karlsruhe, Germany) 

Acryloyl-X, SE Thermo Fischer (Waltham, USA) 

Ammonium Persulfate (APS) Carl Roth (Karlsruhe, Germany) 

Bovine Serum Albinum Carl Roth (Karlsruhe, Germany) 

EDTA AppliChem (Darmstadt, Germany) 

Ethanol Sigma-Aldrich (Darmstadt, Germany) 

Ethylene Glycol-Bis(β-Aminoethyl 

ether) N,N,N',N'-tetraacetic Acid (EGTA) 
Sigma-Aldrich (Darmstadt, Germany) 
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Ethylenediaminetetraacetic Acid (EDTA) AppliChem (Darmstadt, Germany) 

Fluoroshield™ Sigma-Aldrich (Darmstadt, Germany) 

Glutaraldehyde Sigma-Aldrich (Darmstadt, Germany) 

Glyoxal Sigma-Aldrich (Darmstadt, Germany) 

Guanidine HCl Sigma-Aldrich (Darmstadt, Germany) 

N,N′-Methylenbisacrylamide (BIS-AA) Sigma-Aldrich (Darmstadt, Germany) 

N,N′-Dimethylacrylamide (DMAA) Sigma-Aldrich (Darmstadt, Germany) 

N,N,N′,N′-Tetramethylethylenediamine  

(TEMED) 
Carl Roth (Karlsruhe, Germany) 

Poly-D Lysine MP Biomedicals (Santa Ana, USA) 

Proteinase K Thermo Fischer (Waltham, USA) 

Potassium Persulfate (KPS) Sigma-Aldrich (Darmstadt, Germany) 

Sodium Acrylate (SA) Sigma-Aldrich (Darmstadt, Germany) 

Sodium chloride (NaCl) Carl Roth (Karlsruhe, Germany) 

Sodium hydroxide (NaOH) Carl Roth (Karlsruhe, Germany) 

Triton X-100 Carl Roth (Karlsruhe, Germany) 

Tween 20 Carl Roth (Karlsruhe, Germany) 

 

2.1.2 Buffers and solutions 

Acid-Citrate-Dextrose (ACD) buffer, pH 4.5  

Trisodium citrate dehydrate 85 mM 

Anhydrous citric acid 65 mM 

Anhydrous glucose 110 mM 

Denaturation buffer, pH 8.0  (for post-gelation labelling ExM)  

SDS 200 mM 

NaCl 200 mM 

Tris-HCl 50 mM 
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Digestion buffer, pH 8.0  (for pre-gelation labelling ExM)  

Tris-HCl, pH 8.0 50 mM 

EDTA 1 mM 

Triton X-100 0.5 % 

Guanidine HCl, pH 8.0 0.8 M 

Supplemented with: proteinase K 8 U/mL 

dSTORM buffer, pH 7.5  

 Mercaptoethylamine 100 mM 

Glucose oxidase 50 μg/mL 

Catalase 
1 μg/mL 

Glyoxal buffer, pH 5.0  

Pure ethanol  20% (v:v) 

Glyoxal  3.15% (v:v) 

Acetic acid 0.7% 

Lysis buffer, pH 7.5  

Tris-HCl  10 mM 

NaCl 150 mM 

EDTA 1 mM 

Triton X-100 1% (v:v) 

Sodium azide 0.02% (v:v) 

Supplemented with 1:100 protease inhibitor cocktail containing:  

Na3VO4 

AEBSF 

Aprotinin 

Leupeptin 

Pepstatin 

200 mM 

20 mg/ml 

10 mg/ml 

1 mg/ml 

2.5 mg/ml 

 

Monomer solution (for 4x post-gelation labelling ExM) 
 

SA 19% (wt:v) 
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AA 10 % (wt:v) 

BIS-AA 0.1% (wt:v) 

Supplemented with:  

APS 

TEMED 

 

0.5% (v:v) 

0.5% (v:v) 

Monomer solution (for 10x pre-gelation labelling ExM)  

DMAA 2.67% (wt:wt)   

SA 0.64% (wt:wt) 

Supplemented with:  

KPS 

TEMED 

 

0.36% (v:v) 

0.4% (v:v) 

Monomer solution (for 10x post-gelation labelling ExM, T-REX)  

SA 1.1 M 

AA 2 M 

BIS-AA 0.003% (wt:v) 

Supplemented with:  

APS 

TEMED 

 

0.1% (v:v) 

0.1% (v:v) 

Phosphate buffered saline (PBS)  

NaCl 137 mM 

KCl 2.7 mM 

KH2PO4  1.5 mM 

Na2HPO4 8 mM 

5x SDS sample buffer  

Sodium dodecyl sulfate (SDS) 10 mg/ml 

Glycerol 50% (v:v) 

Stacking buffer 25% (v:v) 

2-mercaptoethanol 25% (v:v) 

Brilliant Blue Small amount 
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Stripping buffer in TBS-T  

SDS 2% (wt:v) 

2-mercaptoethanol 
1 % (v:v) 

50x Tris-acetate-EDTA (TAE) buffer  

Tris base 0.2 M 

EDTA  10% (from 0.5 M) 

Acetic acid 5.7% 

TRIS-buffered saline (TBS), pH 7.3  

NaCl 137 mM 

Tris-HCl 
20 mM 

TBS-T buffer  

Tween-20  0.1% (v:v) 

In TBS 
 

Tyrode’s-HEPES buffer, pH 7.3  

NaCl 129 mM 

Na2HPO4 0.34 mM 

KCl 2.9 mM 

NaHCO3 12 mM 

HEPES 20 mM 

Glucose 5 mM 

MgCl2 1 mM 

 

2.2 Methods 

2.2.1 Generation of mutant mice 

Mice lacking Rac1 in megakaryocytes and platelets were generated using the Pf4-Cre 

system (Tiedt et al., 2007). The mice had the Rac1 gene flanked by loxP sites, and they 

were crossed with transgenic mice that carried the Pf4-Cre transgene, obtaining Rac1 
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knock-out mice (Rac1(fl/fl)/Pf4-Cre+). Additionally, control mice (Rac1 (fl/fl)/Pf4-Cre-) 

deriving from the same breeding pairs were used as a control for wild-type platelets. 

Furthermore, knockout (KO) and wildtype (WT) mice were tested for the presence of the 

Rac1 protein by Western blotting of platelets lysates using an α-Rac1 antibody, as 

described in section 2.2.7.4. Mice with part of the GPIbα extracellular domain replaced 

by human interleukin-4 receptor α  (IL-4Rα) were obtained as previously described 

(Kanaji et al., 2002) using as background C57BL/6J mice from Charles River (Sulzfeld, 

Germany). 

2.2.2 Mouse genotyping 

Wild type and Rac1 deficient mice were genotyped by incubating an ear clipping in DNA 

lysis buffer (Viagen Biotech, Los Angeles, USA) supplemented with proteinase K for 2 h 

at 56 °C and stirring at 1,200 rpm. The reaction was finalised by incubating the sample 

for 30 min at 85 °C. Then, a polymerase chain reaction (PCR) was performed to 

determine the presence of PF4-Cre transgene as below described, for 50 μL sample 

preparation: 

2 μL DNA sample 

5 μL 10x DreamTaq buffer 

5 μL MgCl2 (25 mM) 

2 μL dNTPs (10 μM) 

2 μL Primer 1 (dilution 1:10 from stock 1 μg/μL) 

2 μL Primer 2 (dilution 1:10 from stock 1 μg/μL) 

0.5 μL DreamTaq DNA polymerase 

31.5 μL H2O 

Primers for Pf4-Cre 

Pf4-Cre forward   5’ CCC ATA CAG CAC ACC TTT G 3’ 

Pf4-Cre reverse   5’ TGC ACA GTC AGC AGG TT 3’ 
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PCR program for Pf4-Cre 

96°C 3:00 min 1 cycle 

94°C 0:30 min  

94°C 0:30 min 35 cycles 

94°C 0:45 min  

   

94°C 3:00 min 1 cycle 

94°C ∞  

Expected band size 

Wildtype No PCR product 

Pf4-Cre positive 450 base pairs (bp) 

 

2.2.3 Agarose gel electrophoresis 

The PCR product was separated on 1% agarose gel, which was prepared by diluting 4 

g agarose in 400 mL Tris-acetate-EDTA (TAE) buffer and boiled until agarose was 

dissolved. Midori Green (Biozym Scientific, Oldenburg, Germany) was added to the gel 

solution to visualize the DNA. Samples were loaded into the agarose gel together with a 

marker ranging from 100 to 10,000 bp and the gel was run for 30 min at 140 Volts. The 

gel was imaged with a gel documentation system E.A.SY. Doc plus equipped with a CCD 

camera (Herolab GmbH, Germany). 

2.2.4 Expression constructs 

Human untagged GPVI expression construct was generated in the peGFP vector using 

human GPVI cDNA as a template and was obtained from colleagues from Prof Steve 

Watson’s laboratory (University of Birmingham, UK). Human untagged FcRγ-chain 

expression construct cloned in the pcDNA3 vector, human Syk expression construct 

cloned in the pEF6 vector containing a Myc epitope, and human LAT expression 
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construct cloned in the peGFP vector containing a Myc epitope, as well as a GFP tag, 

were obtained from Dr Michael Tomlinson (University of Birmingham, UK). 

2.2.5 Cell culture and transfections 

Human embryonic kidney (HEK)-293T cells were grown in Dulbecco’s Modified Eagle 

Medium (DMEM; Merck, UK), which contained 1% penicillin, 1% streptomycin, 1% 

glutamine and 10% fetal bovine serum, at 37 °C and 5% CO2. The adherent HEK293T 

cells were incubated with Trypsin and Ethylenediaminetetraacetic acid (EDTA) for 5 min 

at 37 °C, diluted in DMEM, and then seeded at a concentration of 3 x 105 cells/well in a 

6-well plate. When the seeded cells reached a confluence of 50%, there were transfected 

by adding to each of the 50 μL serum-free DMEM, 0.25 μg DNA and 0.76 μL 

polyethyleneimine (PEI), and the cells were incubated overnight at 37 °C and 5% CO2. 

The following day, cells were washed with PBS, and 150 µL of cold lysis buffer was 

added to each well. Samples were first incubated with the lysis buffer for 20 min on ice 

and then, transferred to an Eppendorf tube and centrifuged at 14,000 rpm for 15 min at 

4 °C. Supernatant containing the cell lysate was collected, and the lysis process was 

finished by the addition of 5x SDS sample buffer, and incubation of the sample for 15 

min on ice. Samples were denatured at 100 °C for 5 min, and centrifuged at 1,500 x g 

for 10 minutes at 4 °C, obtaining the final cell lysate. Finally, the transfection was verified 

by Western blotting for the proteins of interest. 

2.2.6 Blood collection and platelet preparation 

2.2.6.1 Preparation of human washed platelets 

Blood samples were collected from healthy donors that gave their consent in accordance 

with the Declaration of Helsinki, and the licence number: ERN_11-0175 was granted by 

the University of Birmingham ethical committee. Blood was drawn via venepuncture and 

collected into 10% (v:v) sodium citrate solution, then additional  10% (v:v) (acid-citrate-

dextrose) ACD buffer was added to the blood. Whole blood was centrifuged at 200 x g 
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for 20 min at room temperature (RT) in order to obtain platelet-rich plasma (PRP). PRP 

was centrifuged at 1,000 x g for 10 min at RT in the presence of prostacyclin (0.1 μg/mL) 

to obtain platelets. The resulted platelet pellet was resuspended in modified Tyrode’s-

HEPES buffer containing ACD and prostacyclin (0.1 μg/mL) before centrifugation at 

1,000 x g for 10 min at RT. The final pellet containing washed platelets was resuspended 

in modified Tyrode’s-HEPES buffer. Platelet count was measured using the Coulter Z2 

Particle Counter (Beckman Coulter Ltd, UK) and platelets were resuspended to the 

desired concentration in Tyrode’s-HEPES buffer and were allowed to rest for 30 min at 

RT. 

2.2.6.2 Preparation of mouse washed platelets 

Blood samples were collected from mice anaesthetised in isoflurane and bled from the 

retroorbital plexus. The blood (up to 1 mL) was collected in a tube containing 300 μL 

heparin (20 U/mL, pH 7.3) diluted in Tris-buffered saline (TBS). Whole blood was spun 

down at 800 rpm for 6 min at RT. The upper phase was transferred to a new tube with 

additional 300 μL heparin (20 U/mL, pH 7.3) diluted in TBS and centrifuged again at 800 

rpm for 6 min at RT in order to obtain PRP. PRP was then supplemented with 

prostacyclin (0.1 μg/mL) and apyrase (0.02 U/mL), and centrifuged at 2,800 rpm for 5 

min at RT. The final pellet containing platelets was resuspended in Tyrode’s-HEPES 

buffer, with additional prostacyclin (0.1 μg/mL) and apyrase (0.02 U/mL) and centrifuged 

again at 2,800 rpm for 5 min at RT. After the final wash, platelet count was measured 

using the KX-21 Sysmex Cell Counter (Sysmex Europe, Germany) and platelets were 

resuspended in Tyrode’s-HEPES buffer to the desired concentration and were allowed 

to rest for 30 min at 37 °C. 
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2.2.7 Platelets function assays 

2.2.7.1 Platelet aggregation 

For analysis of platelet aggregation upon stimulation, human and murine washed 

platelets were diluted to 2 x 108 platelets/mL. Aggregometry traces were obtained using 

a Chrono-Log Optical aggregometer (Labmedics, UK) or Fibrintimer 4 channel 

aggregometer (APACT, Germany) while stirring at 1,200 rpm constantly. Platelets were 

pre-incubated with different concentrations of EHT1864 (3, 10, 30 and 50 μM) and/or 

Cytochalasin D (10 μM) for 5 minutes at 37 °C under static conditions. Then, GPVI 

agonists Horm collagen and CRP (1, 5 or 10 μg/mL) induced platelet aggregation. 

Aggregation traces were monitored for 6 min after the addition of the agonists, and the 

maximum aggregation (Amax) was measured. The blank sample was obtained by 

measuring in an aggregometer cuvette only Tyrode’s-HEPES buffer. 

2.2.7.2 Platelet spreading 

Platelet spreading assays were performed to measure platelet function and capability to 

form filopodia and lamellipodia. Human and murine washed platelets were diluted to 2 x 

107 platelets/mL. Coverslips were coated with Horm collagen (10 μg/mL) or fibrinogen 

(100 μg/mL) overnight at 4 °C. The following day the coverslips were blocked with fatty-

free bovine serum albumin (BSA) (5 μg/mL) for 1 h at RT. Control coverslips were only 

coated in BSA. When stated, platelets were pre-incubated with EHT1684 (30 or 50 μM) 

for 10 min at 37 °C. Later, platelets were spread for 30 min at 37 °C on the coated 

coverslips. Spread platelets were fixed with 10% (v:v) formalin solution for 10 min at RT. 

Then, platelets were permeabilised with 0.1% Triton X-100 for 5 min, washed 3 times 

with 1X phosphate buffered saline (PBS) and blocked with 1 % BSA supplemented with 

2% goat serum for 1 h at RT. Platelets were then stained for actin with Alexa Fluor (AF)-

488® phalloidin (1:500), and with different primary and fluorescent labelled secondary 

antibodies according to the different experiments. Stained platelets were washed 3 times 
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with PBS and mounted on slides using Hydromount solution (National Diagnostics, 

USA), except the dishes for super-resolution microscopy that were stored in PBS at 4°C 

until they were imaged.  

2.2.7.3 Platelet lysate preparation and GPVI shedding 

Human and murine platelets were diluted to 5 x 108 platelets/mL and placed in a 

thermomixer rack (Eppendorf, Germany) incubated with integrilin (9 μM), in the presence 

or absence of the metalloproteinases inhibitors GM6001 (250 μM) or GI254023X (2 μM) 

for 10 min at 37 °C under static conditions. Platelets were then pre-incubated with or 

without EHT1864 (30 or 50 μM) for 10 min at 37 °C under static conditions. Later, 

platelets were stimulated with vehicle (PBS) or CRP (5 μg/mL) for 3 min and stirred at 

900 rpm. For GPVI cleavage assay, platelets were supplemented from the beginning 

with 2 mM CaCl2 and as a positive control for shedding, platelets were treated with N-

ethyleimide (NEM; 2 mM) for 1 h at 37 °C under stirring conditions (900 rpm). Sample 

preparation was terminated by the addition to the platelets of 5x SDS sample buffer 

supplemented with 500 Mm dithiothreitol (DTT) and incubation of the sample for 15 min 

on ice. Samples were denatured at 100 °C for 5 min and centrifuged at 1,500 x g for 10 

minutes at 4 °C, obtaining finally the platelet lysate.  

2.2.7.4 SDS-PAGE and Western blotting 

Platelet lysates were loaded into commercial NuPAGE 4-12% Bis-Tris Plus (Invitrogen, 

UK) gels and additionally, one lane was loaded with a broad range of colour pre-stained 

protein standard (New England, UK) that was used to evaluate proteins’ molecular 

weight (MW). Proteins were separated by sodium sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) using NuPAGE MOPS running buffer (Invitrogen, UK). 

Then, the transfer of the proteins onto polyvinylidene difluoride (PVDF) membrane 

(Trans-Blot Turbo RTA Midi LF PVDF transfer kit, Bio-Rad, Hemel Hempstead, UK) was 

performed using a Bio-Rad semi-dry transfer system (Bio-Rad, UK) for 10 min at 25 
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Volts. PVDF membrane was then blocked in 4% (w:v) BSA dissolved in TBS-T for 1 h at 

RT and then, incubated at 4°C overnight with primary antibody diluted in 4% (w:v) BSA 

dissolved in TBS-T. The following day, membranes were washed 3 times with TBS-T 

buffer and then incubated with horseradish peroxidase (HRP) conjugated anti-rabbit or 

mouse secondary antibody (1:10,000 dilution in TBS-T) for 1 h at RT. Membranes were 

developed using ECL-Super Signal West Pic Plus chemiluminescence substrate 

(ThermoFisher Scientific, USA) and scanned using the Odyssey Fc System (LI-COR 

Biosciences, USA). For loading control, membranes were washed 3 times with TBS-T 

and then incubated twice with stripping buffer for 15 min at 80 °C. To remove the stripping 

buffer, PVDF membranes were washed 3 times with TBS-T for 10 min, blocked in 4% 

(w:v) BSA dissolved in TBS-T and incubated with loading control antibodies (GAPDH, 

tubulin or total LAT) overnight at 4 °C. The following day, the procedure was the same 

as above. The quantification of the band intensity was analysed using Image Studio Lite 

v5.2 software. The results were transferred to Excel (Microsoft, Redmond, WA, USA) 

and the relative values were normalised to the loading controls, GAPDH, tubulin or pan-

LAT. Next, the values were also normalised to the vehicle control CRP-stimulated 

sample. The percentage of GPVI shedding was calculated as follows (equation 2):   

% Shed = [GPVI tail / (GPVI full length + GPVI tail)] 

 

2.2.7.5 Flow cytometry 

Human and murine washed platelets were diluted to 2 x 107 platelets/mL and pre-

incubated for 10 min at 37 °C with vehicle (PBS) or EHT1864 (30 or 50 μM). Platelets 

were then left unstimulated or stimulated using agonists against GPVI (CRP) or GPCRs 

such as thrombin, ADP and the TxA2 analogue U46619 for 7 min at 37 °C followed by 7 

min at RT. Staining of the platelets was performed as described in the following 

subsections according to the different assays. Staining was stopped by adding 500 μL 
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PBS to the samples. Human samples were measured using a CytoFLEX flow cytometer 

(Beckman Coulter, USA) and the analysis was performed using its acquisition software 

CytoExpert (Beckman Coulter, USA), while murine samples were measured using a 

FACS Celesta cytometer (BD Biosciences, Germany) and the analysis was performed 

using the FACSDiva software (BD Biosciences, Germany). In all the flow cytometry 

assays, platelet populations were gated according to their size using forward scatter 

(FSC) vs side scatter (SSC). 

2.2.7.5.1 Platelet activation 

Platelet activation was monitored by P-selectin exposure and integrin αIIbβ3 activation. 

Unstimulated and stimulated human platelets were incubated with 10 μL of anti-human 

FITC-labelled anti-P-selectin and Alexa Fluor® 647 conjugated anti-human activated 

CD41/CD61 (clone: PAC-1) antibodies. Resting and activated murine platelets were 

labelled with 10 μL of anti-mouse FITC-labelled anti-P-selectin (clone: WUG1.9) and 

anti-mouse anti-activated integrin αIIbβ3 (clone: JON/A) antibodies. Their MFI was 

determined by flow cytometry as described above (section 2.2.7.5). 

2.2.7.5.2 Platelet glycoprotein expression 

Surface expression of the main glycoproteins on resting and activated platelets was 

performed by labelling the platelets with antibodies against GPVI, GPV, GPIbα, CLEC-2 

and integrin β3 subunit conjugated with FITC, PE or APC and determining their MFI by 

flow cytometry as described above (section 2.2.7.5). 

2.2.7.5.3 Fluorescence resonance energy transfer (FRET) in platelets 

To study GPVI dimerisation and clustering, flow cytometric FRET analysis was 

performed in human platelets. During FRET it is assumed that there is an energy transfer 

from an excited donor fluorophore (AF-488) to an acceptor fluorophore (AF-546) when 

both fluorophores are closer than 10 nm together (Hochreiter et al., 2019). Platelets were 

pre-treated with EHT1864 when cited, unstimulated or stimulated with CRP and labelled 
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with 50 μg/mL of anti-human-GPVI F(ab’) fragment 313A10 conjugated with Alexa 

Fluor® 488 (as the donor fluorophore), with Alexa Fluor® 546 (as the acceptor 

fluorophore) or unlabelled. As a negative control for the FRET assay, the integrin αIIbβ3 

and GPIX were used as they are not known to interact to form a dimer, but both are 

highly expressed on the platelet surface. The following antibodies were used: anti-

integrin αIIbβ3 (clone: MWReg30) labelled with Alexa Fluor® 488 and anti-GPIX (p0p6) 

labelled with Alexa Fluor® 546. For the flow cytometric FRET, the FACSAria (BD 

Biosciences, USA) flow cytometer was used, and the analysis was performed using the 

FACSDiva software (BD Biosciences, USA). When the MFI of each sample was 

determined, the FRET efficiency (E) was calculated as a reduction in the MFI of the donor 

in the presence of the acceptor divided by the MFI of the donor alone, as described in 

the following equation (equation 3): 

𝐸 = 1 −
𝑀𝐹𝐼𝐷𝑜𝑛𝑜𝑟 + 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟− 𝑀𝐹𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝑀𝐹𝐼𝐷𝑜𝑛𝑜𝑟− 𝑀𝐹𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
 (Vereb, 2011) 

 

2.2.8 Microscopy 

2.2.8.1 Epifluorescence microscopy 

Platelets were spread on 13 mm #1.5 glass coverslips (VWK, UK) coverslips, uncoated 

or coated with collagen or fibrinogen. Samples were imaged using a Zeiss Axio Observer 

7 epifluorescence microscope (Carl Zeiss, Germany) equipped with a Plan-Apochromat 

63x/1.4 numerical aperture (NA) oil objective lens, Hamamatsu ORCA Flash 4 LT 

sCMOS camera, Colibri 7 LED light source and, Zeiss GFP/FITC Filter Set 38 HE and 

Cy5/647 Filter Set 50. Platelets were stained with phalloidin-Alexa Fluor® 488 and with 

different primary antibodies against the protein of interest, then incubated with secondary 

antibodies labelled with Alexa Fluor® 647 and/or 594. The images were taken at optimal 

exposure time and consistent within the same experiment. For each condition, at least 5 
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separate fields of view (FOVs) were acquired using the Zeiss software Zen Pro v2.3 and 

the analysis was performed using ImageJ v2.0 (NIH, Bethesda, USA). 

2.2.8.2 Scanning electron microscopy (SEM) 

Glass coverslips were coated with 0.01% poly-L-Lysine for 15 min at RT on an orbital 

shaker at medium speed and then dried for 2 hours at 60 °C. During the coverslips drying, 

washed platelets were adjusted to 2.5 x 108 platelets/mL in Tyrode’s buffer and placed 

in the aggregometry cuvette. Washed platelets were stimulated with 50 μg/mL isotype 

IgG control or α-GPIbα IgG antibodies, and incubated for 10 min at 37 °C under stirring 

conditions in the aggregometer (1,200 rpm). Samples were then fixed by adding the 

sample volume of 2x fixation buffer (5% glutaraldehyde in cacodylate buffer; 100 mM 

sodium cacodylate-HCl pH 7.4) for 15 min at 37 °C. Carefully, fixed platelets were placed 

on the coated coverslips, with fresh 1x fixation buffer (2.5% glutaraldehyde in 50 mM 

cacodylate buffer) added, and they were incubated for 1h at RT. Coverslips were then 

dehydrated with cacodylate buffer in 30% (15 min), 50% (20 min), 75 % (30 min), 90% 

(45 min) and 100% (five times, 30 min each) acetone. Samples are then dried out, 

sputtered with gold/palladium using an SC7620 Sputter Coater (Quorum technologies, 

UK) and analysed using Phenom Pro Desktop SEM (ThermoFisher Scientific, USA). 

2.2.8.3 Super-resolution microscopy 

2.2.8.3.1 Direct stochastic optical reconstruction microscopy (dSTORM) 

In order to obtain dSTORM super-resolved images, platelets were spread on glass 

bottom dishes (MatTek Corporation, USA) coated with collagen, and blocked in BSA. 

Samples were imaged using a Nikon N-STORM microscope (Nikon Instruments, New 

York, USA) in total internal reflection fluorescence (TIRF) and dSTORM mode using a 

Plan-Apochromat TIRF 100x/1.4 NA oil objective lens, Perfect Focus System (PFS), 

Andor iXon Ultra 897 EM-CCD camera and Agilent MLC400 Monolithic Laser Combiner 

containing 405 nm, 488 nm, 561 nm and 640 nm lasers. Platelets were stained with 
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phalloidin-Alexa Fluor® 488 and the relevant primary antibodies, then secondary labelled 

with Alexa Fluor® 647 conjugated antibodies. DIC images were obtained to visualize the 

collagen fibres. Samples were imaged in oxidizing and reducing buffer (dSTORM buffer) 

that promotes the photoswitching of the fluorophores (Goossen-Schmidt et al., 2020). 

dSTORM acquisition was obtained for 20,000 frames (9.2 ms exposure time, conversion 

gain 3), and the sample was illuminated at 640 nm (continuously at 100% laser power) 

combined with a gradual increase of the 405 nm laser (5% increase every 30 sec) that 

was used to pump the 647 fluorophore blinking. The 20,000 frames were acquired using 

Nikon NIS Elements v4.5 software and reconstruction was performed using 

ThunderSTORM ImageJ plugin (Ovesný et al., 2014). 

2.2.8.3.2 DNA points accumulation for imaging in nanoscale topography (DNA-

PAINT) 

Platelets were spread on glass bottom dishes (MatTek Corporation, USA) coated as 

detailed above. DNA-PAINT sample preparation was performed as previously described 

(Schnitzbauer et al., 2017). In summary, platelets were labelled with a primary antibody 

against the protein of interest, followed by a secondary antibody that was coupled with 

the docking strand (short DNA sequence). The linking of the docking strand to the 

secondary antibody was performed using the Thunder-Link PLUS Oligo Conjugation 

System (Novus Biologicals, USA), following the company protocol. Briefly, the linking 

protocol was performed by diluting the secondary antibodies to 1 mg/mL and activating 

them using the kit Antibody Activation Reagent vial for 30 min at RT. During the 

incubation time, the separating column provided by the kit was desalted and equilibrated 

by washing it with the kit Wash Buffer at least 4 times. After 30 min activation, activated 

antibodies were mixed with the different docking strands and went through the separating 

column previously equilibrated. Wash Buffer was added to the top of the column to push 

the activated antibody with the docking strand to the base of the column, where it was 
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collected in a clean tube. When platelets were ready and labelled with the antibody 

conjugated with a docking strand, and immediately before the imaging, the imaging 

buffer C (500 mM NaCl in PBS and, supplemented with 0.05% Tween-20, pH 7.2) 

containing the imager strand (complementary DNA sequence of the docking strand) 

conjugated with Alexa Fluor® 488 or 647  was added to the MatTek dish and the imaging 

started.  Samples were imaged using a Nikon N-STORM microscope in TIRF mode 

(Nikon Instruments, New York, USA. See dSTORM section above for a complete 

description of the microscope. Images acquisition was obtained for 20,000 frames (300 

ms exposure time, conversion gain 3) and illuminated at 488 nm or 640 nm (40% laser 

power). The images were reconstructed using Nikon NIS Elements v4.5 software. 

2.2.8.3.3 Structured illumination microscopy (SIM) 

Platelets were spread on 1.5 high tolerance glass coverslip (MatTek Corporation, USA). 

Samples were imaged using the TIRF-SIM mode on a Nikon N-SIM-S microscope (Nikon 

Instruments, New York, USA) equipped with a Plan-Apochromat TIRF 100x/1.49 NA oil 

objective lens, Perfect Focus System (PFS), Cairn TwinCam imaging splitter with two 

Hamamatsu Flash 4.0 sCMOS cameras and emission filter Chroma ET525/50m and 

Chroma ET700/75m. Platelets were stained with phalloidin-Alexa Fluor® 488 and the 

relevant primary antibodies and then labelled with Alexa Fluor® 647 conjugated 

secondary antibodies. The images were taken at optimal exposure time and consistent 

within the same experiment. For each condition, at least 5 separate FOVs were acquired 

and then reconstructed using Nikon NIS-Elements v5 software, using the default settings 

for SIM.  

2.2.8.3.4 Expansion microscopy 

In order to obtain super-resolved images, platelets were expanded 4 and 10 times using 

different expansion microscopy (ExM) protocols. Washed platelets were spread on 12 

mm glass coverslips (VWK, UK) coverslips coated with 2 M glycine. Then, for each of 
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the expansion protocols, platelets were fixed, labelled, and expanded following the 

protocols described below. All the expanded samples were imaged using a Zeiss LSM 

980 Airyscan 2 microscope (Carl Zeiss, Germany) prepared with a Plan-Apochromat 

40x/1.2 NA water immersion objective, a laser bed containing 405 nm, 488 nm, 514 nm, 

543 nm, 561 nm and 639 nm lasers and 2 PMT detectors. Images were obtained with 

the ZenBlue software (Carl Zeiss, Germany). The trifunctional linkers used for ExM were 

obtained from Chrometra and the labelling of the antibodies was performed according to 

their protocol (Chrometra, The Netherlands). Briefly, mix the activation agent with the 

antibody, incubate for 1h at 37 °C, and purify the activated antibody through a spin-

column. Then, the activated antibody was added to the tube containing the reactive dye 

(Atto-488 or Atto-546). The mix of the antibody with the dye was incubated overnight at 

4 °C, and purified through a spin-column to remove the dye not coupled to the antibody. 

2.2.8.3.4.1 4x post-gelational labelling ExM 

4x ExM experiments were adapted and modified from Gambarotto et al. ultrastructure 

expansion microscopy (U-ExM) protocol (Gambarotto et al., 2019). In summary, washed 

platelets were fixed with a solution containing 0.7% formaldehyde (FA) and 2% 

acrylamide (AA) in 1x PBS for 3 h at 37 °C and then washed 3 times with 1x PBS. Then, 

gelation was carried out by adding the U-ExM 4x monomer solution to the coverslips. 

Gelation proceeded for 1h at 37 °C. Gels denaturation was performed by adding 

denaturation buffer, first for 15 min at 37 °C shaking. Then samples were boiled for 30 

min at 95 °C. Gels were expanded by exchanging water every hour at least 3 times until 

the gels are 4x bigger than the starting size (from 12 mm to ~ 5 cm). When gels were 

fully expanded, a piece was cut out and shrank in 1x PBS for 30 min several times. Gels 

containing the platelets were then stained with primary fluorescently labelled antibodies 

(10 µg/mL) diluted in 2 % (w:v) BSA in PBS for 3 h at 37 °C and gentle shaking. Labelled 



Chapter 2  Materials and methods 

67 
 

platelets were washed with 1x PBS supplemented with 0.1% Tween-20 for 10 min 3 

times. Finally, platelets were again expanded by exchanging water several times.  

2.2.8.3.4.2 10x pre-gelational labelling ExM 

Pre-gelational labelling 10x ExM experiments were adapted and modified from 

Truckenbrodt et al. protocol (Truckenbrodt et al., 2019). Briefly, washed platelets were 

fixed with Glyoxal buffer for 20 min at RT, washed 3 times with 1x PBS, and blocked with 

5% (w:v) BSA in PBS for 2 h at RT. Then, platelets were labelled with fluorescently 

labelled primary antibodies (10 µg/mL) against different glycoproteins for 30 min at 37°C. 

Labelled platelets were incubated with linking solution Acryloyl-X (0.1 mg/mL) overnight 

at RT. Gelation was performed by adding the 10x monomer solution and incubating it in 

a humidified chamber for 48 h at 4 °C. Next, digestion of the sample upon the gelation 

was induced by incubating the gel in digestion buffer plus additional proteinase K (8 

units/mL). The expansion was performed by exchanging the water for the gels at least 4 

times every 2 h. The gels should reach a size 10x bigger than the starting size (from 12 

mm to ~ 12 cm). 

2.2.8.3.4.3 Mix-Match 10x post-gelational labelling ExM 

We have created a new expansion microscopy protocol that expands the platelets 10x 

and allows a post-gelation labelling. This protocol was created by combining and 

modifying pieces from two existing protocols (Gambarotto et al., 2019, Damstra et al., 

2022), for that reason we have named our protocol Mix-Match Expansion microscopy 

(MM-ExM).  Washed platelets were fixed with 0.7 % FA and 1% AA in 1x PBS for 3h h 

at 37 °C and then washed 3 times with 1x PBS. Gelation started by placing the coverslip 

with the platelets upside-down in 50 µL 10x T-REX monomer solution for 1h at 37 °C. 

Digestion was performed by adding the denaturation buffer for 15 min at 37 °C, shaking 

and then boiling the samples for 5 min at 95 °C. Once the samples were denaturised, 

we proceeded with the expansion by exchanging water until the gels reached a size 10x 
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bigger than the initial size (~ 12 cm). The following day, the gels were shrunk in PBS and 

small pieces were extracted in order to perform the labelling. Labelling was performed 

by incubating small pieces of gels for 3 h at 37 °C (with gentle shaking) with different 

fluorescently labelled antibodies (10 µg/mL) against platelet receptors. Afterwards, gels 

were washed with PBS containing 0.1% Tween-20 for 10 min 3 times. The last step was 

to re-expand the gel pieces by exchanging water at least 4 times every 1 – 2 hours. This 

method was developed together with Prateek Gupta, from Prof Heinze laboratory. 

2.2.9 Image analysis  

2.2.9.1 Platelet spreading data analysis 

In order to quantify in an automated manner epifluorescence images of spread platelets, 

pixel classifier software ilastik (Sommer et al., 2011) was used to perform platelet binary 

segmentation and then, platelet count and surface area were analysed using KNIME 

software (Berthold et al., 2009). Platelets were manually selected in 10 random images 

per experiment in order to train ilastik software to differentiate platelets. To separate 

spread platelets that were touching other platelets, the centre of the platelets was 

manually selected using a KNIME workflow developed in our lab (Pike et al., 2021). Only 

objects bigger than 1 μm2 were considered for the platelet analysis. Data generated in 

Knime was exported to Excel for further analysis. 

2.2.9.2 dSTORM data reconstruction 

The 20,000 frames obtained from the dSTORM imaging were reconstructed in order to 

obtain the final super-resolved image using ThunderSTORM plugin for ImageJ (Ovesný 

et al., 2014). The settings used in the reconstruction and post-processing analysis were; 

Gaussian PSF model and maximum likehood estimator to fit the position of the 

fluorescent molecules, drift correction and photon intensity filter (>1000 photons). 

Further, to minimise artefacts, detection within 20 nm from another detection in two 

consecutive frames were merged as a single detection. Gaussian filter was applied to 
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visualise the reconstructed images that represent individual fluorescent blinking events, 

which are referred to as detections.  

2.2.9.3 Clustering analysis 

Single-level cluster analysis of GPVI was performed on reconstructed dSTORM Density-

Based Spatial Clustering of Applications with Noise (DBSCAN) (Ester et al., 1996), which 

was applied to group detections into clusters. DBSCAN was implemented in KNIME 

software (Berthold et al., 2009). For the clustering analysis, the following settings were 

used; the radius of the local neighbourhood was adjusted to 50 nm and the minimum 

number of reachable detection was set to 10. In order to calculate cluster area, 

detections that were within a radius of 50 nm from each other were considered as part 

of the same cluster. Cluster density was calculated as the number of detections per 

cluster divided by the cluster area. The clustering analysis was performed with the help 

of Dr Jeremy Pike (University of Birmingham, UK). 

2.2.10 Statistical analysis  

Data analysis was performed using Prism v8.0.2 software (GraphPad Software, 

California, USA). All data are shown as mean ± standard deviation (SD) unless otherwise 

stated. The number of replicates and statistical tests used for each experiment were 

detailed in the figure legends.  Significance was reached with a p-value < 0.05. 
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3.1 Introduction 

GPVI is the main collagen receptor in platelets, and therefore, it has a potential role as 

an anti-thrombotic target (Gardiner et al., 2014). Hence, it is crucial to know its 

conformation in the platelet in order to be able to design effective inhibitory agents. GPVI 

conformation was unknown for many years until Horii et al. published the first time its 

crystal structure, showing a back-to-back dimer (Horii et al., 2006). More recently, 

another domain-swapped dimeric structure was identified (Slater et al., 2021) 

demonstrating that GPVI can form a dimer. However, whether this occurs with the full-

length protein in a platelet, or whether it is important for signalling is debated (Clark et 

al., 2021a). Different studies have used dimeric GPVI-specific antibodies to understand 

GPVI conformation and showed that GPVI can be found partly as dimers in platelets 

(Jung et al., 2012, Loyau et al., 2012). We selected fluorescence resonance energy 

transfer (FRET) (Matkó et al., 1994) in combination with flow cytometry to study GPVI 

conformation, dimerisation and oligomerisation.  

Flow cytometry-based FRET is a powerful method to detect protein-protein interaction, 

changes in dimerisation/oligomerisation and protein-folding dynamics (Nagy et al., 2005, 

Okamoto and Sako, 2017). Proteins are labelled with two different fluorophores, called 

acceptor and donor respectively, and the transfer of energy (fluorescence) from the 

donor to the acceptor can be quantitated and is a measure of how close the two proteins 

are. FRET efficiency (E) is the quantum yield of the energy transfer transition, that 

describes a process of energy transfer of an electron based on dipole-dipole interactions 

that happen from an excited fluorescent molecule (donor fluorophore) to an acceptor 

molecule (acceptor fluorophore) (Figure 3.1A) (Förster, 1948). In order for this to occur, 

the donor emission spectrum should overlap with the acceptor excitation spectrum and 

the molecules should be separated by less than 10 nm (Figure 3.1B) (Lakowicz, 2006).  
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Figure 3.1. The principle of FRET. (A) Jablonski diagram describing the FRET mechanism. 

When the donor electron is excited, then falls back to the ground state realising energy as a 

photon (donor fluorescence), but the energy can also be transferred to a neighbour electron (less 

than 10 nm apart) that would get excited and therefore also release a photon (acceptor 

fluorescence). (B) Excitation and emission spectrum of Alexa Fluor 448 (green) and 546 (orange) 

fluorophores, acting as a FRET pair. Spectra overlap corresponds to FRET (dark orange).  

 

When FRET occurs, the emission of the donor fluorophore, manifested as fluorescence, 

has a lower intensity, and therefore the emission of the acceptor fluorophore is greater 

(Vereb, 2011). Many fluorophores, which spectrums overlaps, can be used as FRET 

pairs. One of the most optimal pairs is Alexa Fluor 488 and Alexa Fluor 546. Alexa Fluor 

488 is commonly used since it is very bright and has a long lifetime (Horváth et al., 2005). 

Using simulation prediction models, a study reported that a mix of monomers and dimers 

reach an efficiency of 30% while only dimers got up to 70% FRET efficiency (King et al., 

2017). Nevertheless, the FRET efficiency in cells is significantly lower than in simulated 

models, for example, integrin α4β1 in leukocytes, a well-known dimer, reached an 
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efficiency of only 37% using flow cytometric FRET (Sambrano et al., 2018). In this 

Chapter, flow cytometric FRET has been used to study the conformation of the platelet 

GPVI receptor in resting and CRP-stimulated human platelets.  

Flow cytometry-based FRET is a useful technique to determine the conformation of the 

molecules, however, it gives no spatial information on the receptor in individual cells. In 

order to have a precise knowledge of the localisation of the molecules, super-resolution 

(SR) microscopy methods can be used. The development of SR microscopy techniques 

has overcome several limitations of traditional light microscopy, as they break the 

diffraction limit of light meaning that single molecules can be resolved down to 

approximately 20 nm (Hell and Wichmann, 1994). Among all the SR microscopy 

techniques, SIM and dSTORM have been the greatest employed in platelet research. 

SIM has shown unique insights into the actin cytoskeleton (Poulter et al., 2015), and co-

clustering into α-granules (Kamykowski et al., 2011). Using dSTORM, great advances 

have been made in understanding GPVI clustering. It was first shown by Poulter et al. 

that GPVI clusters along the collagen fibres, and that some of these GPVI are dimeric 

(Poulter et al., 2017). Additionally, recent studies have tried to understand what is the 

signalling pathway driving GPVI clustering. These have demonstrated the inhibition of 

two of the main kinases downstream of GPVI; Syk and Src do not alter GPVI clustering 

after the clusters have formed (Pallini et al., 2021). Additionally, neither adenosine nor 

the adenylyl cyclase-activating compound forskolin affect GPVI clustering (Clark et al., 

2019). Therefore, there is not yet a clear mechanism describing how GPVI clustering is 

controlled. 

 

 

 



Chapter 3  Development of methods to study GPVI conformation, localisation and signalling 

74 
 

3.2 Aims 

This Chapter contains the establishment and verification of the methods that have been 

further used in Chapter 4, where we focused on the biological relevance of the results. 

In the literature, there was no agreement on whether GPVI is a monomer or dimer. 

Therefore, the goals of this Chapter were: 

1. Understanding the conformation of GPVI in human platelets, investigating 

whether GPVI is present as a monomer or dimer in resting platelets and analysing 

its conformation change upon GPVI-ligand stimulation.  

2. Studying GPVI and the proteins downstream of GPVI signalling cascade location 

in human platelets. For this reason, we have optimised the use of several super-

resolution microscopy techniques, which allowed us to obtain a clear idea of the 

distribution of proteins involved in the GPVI signalling pathway. 
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3.3 Results 

3.3.1 Evaluation of flow cytometry-based FRET efficiency 

In order to evaluate the FACS-FRET method that we intended to use for studying GPVI 

dimerisation, we studied the detectable FRET efficiency of known monomers and dimers 

on the platelet surface. Integrins are transmembrane glycoprotein heterodimers, which 

remain as heterodimers regardless of whether the platelet is in a resting or activated 

state (Bennett, 2005). Integrin αIIbβ3 is the most abundant receptor on the platelet 

plasma membrane, expressing around 80,000 copies per platelet (Wagner et al., 1996). 

These characteristics make this protein an excellent option to be used as a positive 

control for the assay. To assess the FRET efficiency of integrin αIIbβ3, mouse platelets 

were labelled with MWReg30 antibody (known to bind the αIIb subunit) conjugated with 

Alexa Fluor 488 (donor), and JON6 antibody (not known the exact binding epitope in the 

integrin αIIbβ3) conjugated with Alexa Fluor 546 (acceptor). First, the mean fluorescence 

intensity (MFI) of MWReg30, the donor, was measured by flow cytometry (Figure 3.2Ai). 

Platelets were unstimulated or stimulated with 10 μg/mL CRP, and labelled with 

MWReg30-AF488 (donor alone), or MWReg30-AF488 + JON6-AF546 (donor in the 

presence of the acceptor). To obtain FRET efficiency, MFI of the donor in the presence 

of the acceptor was divided by the fluorescence of the donor alone, as explained in 

equation 3 (Figure 3.2Aii). The result suggests that the FRET efficiency of the 

heterodimer αIIbβ3, is approximately 45% and 50% in resting and CRP stimulated 

platelets, respectively. There is no significant difference between FRET efficiency of 

resting and stimulated platelets, as the integrin stays as a heterodimer in both inactive 

and active conformation. 

For the negative control, integrin αIIbβ3 and GPIX, two highly-abundant glycoproteins in 

the platelet surface that are not known to dimerise (Heil et al., 2022), were chosen. GPIX 

was labelled with p0p6 antibody conjugated with Alexa Fluor 488, and αIIb subunit of the 
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integrin with MWReg30 antibody conjugated with Alexa Fluor 546. Then, MFI of the 

donor was measured by flow cytometry, using p0p6-AF488 (donor alone), or p0p6-

AF488 + MWReg30-AF546 (donor in the presence of the acceptor) (Figure 3.2Bi). FRET 

efficiency was calculated as described above. FRET efficiency of GPIX and integrin 

αIIbβ3, two glycoproteins not dimerising, was 7% (Figure 3.2Bii).  

  

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Positive and negative controls for the FRET assay. (A) For the positive control, 

the heterodimeric integrin αIIbβ3 was used. Murine platelets were labelled with anti-αIIbβ3 IgG 

antibodies; MWReg30-AF488 (donor) and JON6-AF546 (acceptor). Platelets were resting (white) 

or stimulated with 10 μg/mL CRP (grey) for 10 min at 37°C. (Ai) The mean fluorescent intensity 

(MFI) of donor alone (MWReg30) and donor in the presence of the acceptor (MWReg30 + JON6) 

was measured by flow cytometry. (Aii) The FRET efficiency was calculated as a difference in the 

MFI of the donor in the presence of the acceptor divided by the MFI of the donor alone in resting 

(white) and activated cells (grey) (n=2). (B) For the negative control, resting platelets were stained 

for GPIX (p0p6-AF488; donor) and integrin αIIbβ3 (MWReg30-AF546; acceptor). (Bi) The MFI of 

the donor alone (p0p6) and the donor in the presence of the acceptor (p0p6 + MWReg30) was 

measured by flow cytometry. (Bii) The FRET efficiency for GPIX and integrin αIIbβ3 was 

calculated as described in (Aii) (n=2). 
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3.3.2 Optimisation of GPVI labelling with antibodies for flow cytometry-based 

FRET 

GPVI was labelled using different in-house-made antibodies prepared in the laboratory 

of Prof Nieswandt that have been previously characterised by other laboratory members. 

The three anti-GPVI antibodies tested for the experiment were the following clones: 

313A10, 336E2 and JAQ1. It is known that all of them bind the extracellular domain of 

GPVI, however, exact epitopes have not yet been identified. To avoid cross-linking errors 

and to improve the sensitivity of antigen detections, all anti-GPVI antibodies used were 

F(ab’) fragments instead of IgGs. As their binding epitope is not known, to verify that 

CRP does not compete for the same epitope as the antibodies, GPVI was measured 

under 3 conditions in human platelets: 1) resting platelets labelled with 313A10, 336E2 

or JAQ1; 2) platelets labelled with each antibody prior to stimulation with CRP; 3) 

platelets stimulated with CRP, and then labelled with each antibody. The fluorescence 

intensity of each antibody was analysed by flow cytometry (Figure 3.3A). Preliminary 

data suggests that the 313A10 signal was not different between platelets labelled with 

the anti-GPVI antibody before, or after CRP stimulation, indicating that CRP binds to a 

different site on GPVI to that of antibody 313A10. Additionally, when platelets were 

stimulated with CRP, regardless of whether it was before or after antibody labelling, the 

fluorescence intensity increased, suggesting GPVI levels increase post-activation, as 

previously shown (Moroi et al., 2020). Studying 336E2, in the preliminary results, we 

observed that the levels of detectable GPVI decreased when samples were labelled with 

the antibody fragment and then stimulated with CRP, making this clone unsuitable for 

this assay, and indicating that it might bind close to the CRP binding epitope. The third 

antibody verified, JAQ1, showed the same dynamic as 313A10; GPVI expression 

increased in CRP-stimulated samples and did not alter depending on whether the 

antibody fragment was added before or after CRP stimulation. However, for JAQ1 the 

MFI was considerably lower than for 313A10. All these early findings together made 
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313A10 the best candidate for the FRET assay. However, a higher number of replicates 

would be necessary to firmly conclude that 313A10 is the best candidate.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Validation of antibodies for the FRET assay. (A) Platelets were unstimulated, pre- 

and post-stimulated with CRP (10 μg/mL) for 10 min at 37°C, to validate that the antibody does 

not block the CRP binding site of GPVI. Platelets were labelled for 10 min at RT and 10 min at 

37°C with 3 different in-house-made F(ab’) fragments against GPVI; 313A10, 336E2 and JAQ1 

conjugated with Alexa-Fluor 488 (10 μg/mL). Using a flow cytometer, the MFI of each antibody 

was measured (n=1). (B) Platelets were resting or pre-stimulated with CRP (10 μg/mL) for 10 min 

at 37°C, and later incubated with anti-GPVI F(ab’) fragments 313A10 and 336E2 (10 μg/mL) for 

10 min at RT. Then, platelets were stained with anti-human activated integrin αIIbβ3 (PAC-1) 

antibody conjugated with FITC, and PAC-1 MFI was measured by flow cytometry. n=3 ± SD. (C) 

Platelets were resting, and then labelled with 313A10 F(ab’) fragments conjugated with Alexa-

Fluor 488 or 546 using different concentrations (0-50 μg/mL). MFI of 313A10-AF488 and 313A10-

AF546 was measured by FACS. n=3 ± SD.  



Chapter 3  Development of methods to study GPVI conformation, localisation and signalling 

79 
 

Further, we studied whether 313A10 alters platelet activation. Data was collected by 

labelling human platelets with PAC-1 antibody conjugated with FITC and measuring the 

MFI by FACS (Figure 3.3B). PAC-1 recognises the active conformation of the integrin 

αIIbβ3 and therefore represents platelet activation. It was observed that neither 313A10, 

nor 336E2 activates resting platelets. Additionally, neither of the antibodies blocked the 

activation of platelets mediated by CRP. Yet, 313A10 was the selected antibody for this 

assay. 

Finally, a titration assay for 313A10 was performed. Based on the results, the 

concentration at which 313A10 saturated GPVI could be determined. Resting and CRP-

activated human platelets were labelled with up to 100 μg/mL 313A10 conjugated with 

Alexa Fluor 488 and 546 (donor and acceptor fluorophore, respectively), and the MFI 

was measured by flow cytometry (Figure 3.3C). Saturation was reached at 5 μg/mL for 

313A10-AF546, and at 50 μg/mL for 313A10-AF488. To use the same concentration for 

both antibodies, 50 μg/mL was selected as the saturation concentration for further 

experiments. 

3.3.3 GPVI is expressed as a mix of monomers and dimers in resting and CRP-

stimulated platelets 

Flow cytometry-based FRET was used to study the conformation of GPVI after we had 

established positive and negative controls, and also identified an antibody (313A10) with 

a high MFI that does not block CRP binding nor CRP-induced activation. We labelled 

human platelets with 50 μg/mL 313A10-AF488, 313A10-AF546 and 313A10 unlabelled 

F(ab’) fragments in the combinations detailed below. Then, platelets were stimulated with 

10 μg/mL CRP. This assay measured the MFI of resting and CRP-stimulated platelets. 

For calculating the FRET efficiency (equation 3), we need; 1) platelets labelled with 

313A10-AF488 + 313A10-AF546 (donor in the presence of the acceptor; FRET 

condition) and 2) platelets labelled with 313A10-AF488 + 313A10-unlabelled (simulating 
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the donor alone condition) (Figure 3.4A). Since we have the same antibody in two 

different colours targeting the same epitope, in theory, 50% of GPVI will always be 

labelled with the donor fluorophore and the other 50% with the acceptor fluorophore 

(FRET condition). By labelling the platelets with 313A10-AF488 + 313A10-unlabelled, 

we obtained theoretically 50% of GPVI labelled with the donor fluorophore, whereas the 

other 50% is unlabelled, which is crucial for calculating FRET efficiency, so 50% of the 

GPVI is labelled with the donor fluorophore in both conditions. As another point to 

consider, using only 313A10-AF488 as the condition of the donor alone would have 

labelled 100% of GPVI with the donor fluorophore, making this condition incomparable 

to the FRET condition. 

In the presence of the donor and acceptor fluorophores (313A10-AF488 + 313A10-

AF546), there was a similar and significant decrease in the MFI of the donor fluorophore 

alone in both resting and CRP-activated platelets compared to the labelling with the 

donor fluorophore alone (313A10-AF488). From the MFI obtained, the FRET efficiency 

for GPVI was calculated to be 32% and 33% for resting and CRP-activated platelets, 

respectively (Figure 3.4B).  

The calculated FRET efficiency for GPVI was between the FRET efficiency obtained for 

the integrin dimers (approximately 50%) and the FRET efficiency of proteins which are 

abundant but not known to form dimers and therefore act as a proxy for monomers (7%). 

This indicates that GPVI can be found as a mixture of monomers and dimers in resting 

and activated platelet and that the dimerisation does not increase significantly when the 

platelets are activated. 
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Figure 3.4. GPVI is present in human platelets as a mixture of monomers and dimers. (A) 

Human resting (white) and 10 μg/mL CRP-stimulated (grey) platelets were stained with 50 μg/mL 

anti-GPVI F(ab’) fragments. Platelets were labelled with only 313A10-AF488 (donor fluorophore), 

313A10-AF488 and 313A10-AF546 (acceptor fluorophore), or 313A10-AF488 and 313A10-

unlabelled (control). The MFI of the donor fluorophore (AF488) was measured in all the samples 

by flow cytometry (n=3). Mean ± SEM, * p < 0.05 by two-way ANOVA. (B) FRET efficiency of 

GPVI in resting (white) and 10 μg/mL CRP-activated platelets (dark grey), and of integrin αIIbβ3 

(MWReg30-AF488) and GPIX (anti-GPIX-AF546) (light grey) was calculated as a difference in 

the MFI of the donor in the presence of the acceptor divided by the MFI of the donor alone (n=2-

3).  Mean ± SEM, * p < 0.05 by one-way ANOVA, ns (not significant). Figure adapted from (Clark 

et al., 2021b). 

 

3.3.4 Validating the specificity of antibodies for microscopy 

Techniques such as microscopy rely on the labelling of proteins using antibodies. To be 

sure that you are detecting and studying the protein of interest, the antibodies need to 

be specific to that protein and function well in the assay that they are being used in. This 

project is interested in the platelet receptor GPVI and its downstream signalling proteins, 

FcRγ, Syk and LAT. To determine the specificity of antibodies against these proteins that 
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will be used in subsequent results chapters, we expressed our proteins of interest in 

human embryonic kidney 293T (HEK-293T) cells since these cells are easily transfected, 

and they do not have an endogenous expression of the platelet proteins we are 

interested in. HEK-293T cells were transfected with plasmids containing GPVI GFP-

tagged, FcRγ untagged, and Syk and LAT myc-tagged, and untransfected HEK-293T 

cells were used as a negative control. The expression of these proteins of interest was 

verified by epifluorescence microscopy. For GPVI also intrinsic GFP signal was 

recorded. Transfection with the GPVI-GFP plasmid resulted in high transfection 

efficiency as evidenced by the presence of GFP in the cells (green channel; Figure 

3.5A). The anti-GPVI antibody 1G5 (magenta channel; Figure 3.5A) only labelled cells 

that were also green, indicating specificity for the expressed GPVI protein. A non-specific 

binding of 1G5 antibodies was not observed in untransfected cells. The antibodies 

against FcRγ (Figure 3.5B), Syk (Figure 3.5C) and LAT (Figure 3.5D) also bind 

specifically to transfected cells, and no unspecific signal was detected in 

untransfected cells for these antibodies. 

Next, we validated the ability of the antibodies to bind to the same proteins in platelets. 

The same antibodies were used to stain human platelets on non-coated and collagen-

coated glass coverslips. We observed that platelets spread on an uncoated surface 

presented a homogeneous distribution of GPVI, FcRγ, Syk and LAT within the platelet 

(Figure 6A). However, as expected, in platelets spread on collagen, GPVI and FcRγ 

were densely located along the collagen fibres, whereas Syk and LAT continued to be 

uniformly distributed along the platelet (Figure 3.6B).  

All of this information combined led us to the conclusion that the tested antibodies are 

specific for the target protein and are suitable to use in further experiments. 
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Figure 3.5. Validation of antibodies using HEK-293T cells. HEK-293T cells were transfected 

with GPVI GFP-tagged, FcRγ untagged, Syk and LAT myc-tagged constructs or untransfected to 

study antibodies specificity. Transfected and untransfected cells were stained with primary 

antibodies against the expressed proteins; anti-GPVI (clone 1G5) (A), anti-FcRγ (B), anti-Syk (C) 

and anti-LAT (D), and with secondary antibodies conjugated with Alexa Fluor 647. The 

fluorescence images from the two upper rows were obtained in the 647-channel using 

epifluorescence microscopy. Additionally, for GPVI samples the 488-channel was also recorded 

to visualise the GFP signal. The presence of untransfected HEK-293T cells is shown in the bottom 

row (DIC images) (n=2). In total, at least 10 fields of view were acquired for each sample. Scale 

bar: 50 μm. 

 

Figure 3.6. Validation of antibodies using human platelets. Single colour epifluorescence 

imaging of human platelets spread on uncoated (A) and collagen-coated slides (B). Platelets were 

spread for 30 min at 37°C. Next, samples were labelled using primary antibodies against GPVI 
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(clone 1G5), FcRγ, Syk, and LAT, and then with anti-mouse and anti-rabbit secondary antibodies 

conjugated with Alexa Fluor 647 (n=3). In total, at least 10 fields of view were acquired for each 

sample. All the images include a magnification box to mark the location of the protein along 

collagen fibres or homogenously distributed. Scale bar: 50 μm. 

 

3.3.5 Comparing different super-resolution microscopy methods for platelets 

staining 

After successfully testing antibodies against GPVI, FcRγ, Syk, and LAT using 

epifluoresence microscopy, we investigated the distribution of these proteins employing 

super-resolution microscopy technologies such as SIM, dSTORM, and PAINT. Human 

platelets were spread on collagen-coated slides and stained with the same antibodies 

previously tested. SIM is one of the most common and practical super-resolution 

microscopy methods and thus has been employed in platelets previously (Poulter et al., 

2015, Westmoreland et al., 2016). However, it has not been employed to investigate in 

detail the GPVI intracellular signalling pathway.  Our results showed a clear distribution 

of GPVI and FcRγ along the collagen fibres, obtaining a greater resolution than with 

conventional fluorescence microscopy (Figure 3.7A,B). Regarding Syk and LAT, we 

observed more distinct punctate structures than with epifluoresence microscopy, which 

would be more useful for colocalisation studies, but in this case does not reveal any 

further patterns of localisation (Figure 3.7A,B). These findings are in line with previous 

literature (Pallini, 2020), where it was also shown that GPVI colocalised mainly along the 

collagen fibres, whereas total Syk and LAT were uniformly distributed in those platelets. 

Furthermore, in Chapter 4 (Figure 4.11), we study the localisation of phosphorylated Syk 

in platelets spread on collagen-coated slides, to compare it with the localisation of total 

Syk. 
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Figure 3.7. SIM provides a higher resolution on the distribution of GPVI, FcRγ, Syk and 

LAT compared to conventional fluorescence microscopy. Super-resolution imaging of 

platelets using N-SIM. Washed human platelets were spread on collagen-coated glass-bottom 

coverslips for 30 min at 37°C and stained with primary antibodies for GPVI (1G5), FcRγ, Syk, and 

LAT, and then with anti-mouse Alexa Fluor 647 (for GPVI and Syk) and anti-rabbit Alexa Fluor 

546 (for FcRγ and LAT) secondary antibodies and phalloidin-AF488 to label F-actin as detailed 

in images. (A) Single-colour epifluorescence imaging of spread platelets illustrates the location of 

GPVI and some of the proteins downstream of its signalling pathway. In total, at least 10 fields of 

view were acquired for each sample (n=3). Scale bar: 10 μm. (B) Triple-colour structured 

illumination microscopy (SIM) imaging shows the location of GPVI, FcRγ, Syk and LAT in super-

resolution, acquired using the Nikon SIM microscope. Super-resolution image reconstruction was 

performed by the Nikon NIS Elements SIM. The merged images highlight the location of some 

proteins along the collagen fibres. In total, at least 10 fields of view were acquired for each sample 

(n=3). Scale bar: 10 μm. 
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Other SR microscopy techniques, such as dSTORM and PAINT, are part of the single-

molecule light microscopy (SMLM) category, which are microscopy techniques that allow 

the visualisation of single molecules, and therefore give a higher resolution than SIM. 

We compared dSTORM and DNA-PAINT to determine which SR microscopy technique 

is more suitable for imaging platelets. dSTORM has been widely used for platelet 

imaging, emphasising on receptor clustering (Pollitt et al., 2014, Poulter et al., 2017, 

Clark et al., 2019, Pallini et al., 2021) and cytoskeleton organisation (Mayr et al., 2018, 

Chung et al., 2021). Conversely, DNA-PAINT has been barely used in platelet research, 

although it has big potential (Brockman et al., 2020). On collagen-coated coverslips, 

platelets were stained for tubulin and Syk (Figure 3.8). Microtubules were chosen, as 

their structure is well studied in platelets (Patel-Hett et al., 2008), and the original PAINT 

protocol was developed by imaging microtubules (Jungmann et al., 2014), so it provided 

a good indicator of whether the technique was working. Additionally, we labelled Syk to 

confirm which methods would be more suitable for imaging intracellular proteins involved 

in the GPVI signalling pathway that we are interested in. To verify the quality of the 

images, and detect artefacts SQUIRREL software (Culley et al., 2018) was applied. 

SQUIRREL downscales super-resolved images and compares them with their 

diffraction-limited wide-field images. The software detects artefacts that SR methods 

create during the reconstruction process. As a result, we obtained an error map and the 

Resolution Scaled Pearson (RSP) coefficient, which is calculated from the Pearson 

correlation between reference (wide-field) and super-resolution (downscaled super-

resolved) images, with values in the interval of -1 and 1. The greater the RSP, the better 

the agreement, with 1 being the perfect structural match. The advantage of SQUIRREL 

is that the quality of various images from different single-molecule super-resolution 

methods can be compared using the RSP coefficient (Culley et al., 2018). As a result, 

apparently by eye, the staining for tubulin and Syk was satisfactory for both dSTORM 

and PAINT (Figure 3.8A). However, after employing SQUIRREL, we noticed from the 
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error map and RSP value generated by the software that DNA-PAINT causes more 

inaccurate images than dSTORM, showing a lower RSP coefficient (Figure 3.8 B).  

Overall, our results demonstrate that SIM and dSTORM are the most efficient and 

accurate methods to be used for imaging platelets. PAINT has great potential, however, 

the imaging and reconstruction were not as precise as for dSTORM and will need further 

development for our cells and labels. 

 

 

 

 

Figure 3.8. As a platelet imaging tool, dSTORM imaging provides fewer artefacts compared 

to DNA-PAINT. Single-molecule super-resolution imaging of platelets and SQUIRREL analysis. 

Washed human platelets were spread on collagen-coated (10 μg/mL) glass bottom coverslips for 

30 min at 37°C and stained with primary antibodies against tubulin (left panel) and Syk (right 

panel). Samples were secondarily stained with antibodies conjugated with Alexa Fluor 647.         

(A) Representative images of platelets acquired according to each protocol (dSTORM and DNA-

PAINT) with the Nikon dSTORM microscope. (Ai) Reconstructed images were analysed by 

SQUIRREL software, using an (Aii) reference image creating an (Aiii) error map showing the 

resolution scaled Pearson (RSP) coefficient (bottom). RSP coefficient represents a value from -1 
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to 1, being 1 the perfect reconstruction, and the error map shows in yellow structures present in 

the reference image that are absent in the super-resolved image. (B) Bar graph of the 

quantification of RSP coefficient of platelets stained for tubulin and imaged with dSTORM and 

DNA-PAINT techniques (n = 2). Scale bar: 10 μm.  

 

3.4 Discussion 

The aim of this chapter was to study the conformation and localisation of GPVI and 

proteins downstream in the GPVI signalling pathway. This included the establishment of 

FACS-FRET, a technique that allowed us to understand GPVI conformation as a change 

in dimerisation/oligomerisation of the protein of interest. In addition, different super-

resolution methods, including SIM, dSTORM, and PAINT have been established, using 

the validated antibodies, to study GPVI and different protein distribution on platelets.  

Previous studies have shown discrepancies in GPVI conformation. Generating a GPVI 

dimer-specific antibody,  several groups demonstrated that GPVI is present on platelets 

as dimers (Jung et al., 2009, Loyau et al., 2012). Moroi et al., using their antibody found 

that GPVI is 30% dimeric in resting platelets, and upon stimulation, with CRP the 

dimerisation increases to 40% (Jung et al., 2012). In addition, in our group in 

Birmingham, Clark et al. confirmed by bioluminescence resonance energy transfer 

(BRET) that GPVI can be expressed as monomers and dimers in cell lines transfected 

with GPVI (Clark et al., 2021b). However, a study with human platelets was missing. We 

performed flow cytometry-based FRET to study GPVI conformation in resting and CRP-

activated human platelets. To prove the assay, we used a well-known and abundant 

platelet dimer receptor, integrin αIIbβ3, as a positive control. We obtained a FRET 

efficiency of approximately 45%. Even though in simulated models dimers obtained a 

FRET efficiency of 70% (King et al., 2017), in leukocytes the integrin α4β1 reached a 

FRET efficiency of 37% (Sambrano et al., 2018), validating, therefore, our positive 

control with the platelet integrin αIIbβ3. For the negative control, we used the integrin 

αIIbβ3 and the glycoprotein GPXI, as they are both highly expressed on platelets plasma 
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membrane but are not known to form dimers so acted as a monomer for the purpose of 

this assay. We obtained a FRET efficiency of 7%, which is consistent with the 5% 

obtained in another study for the negative control with monomers (Škerle et al., 2020). 

Once our positive and negative controls were validated, we moved forward to analyse 

the conformation of GPVI. We showed a FRET efficiency of 32% and 33% in resting and 

CRP-stimulated platelets, respectively. Based on the fact that dimers have a FRET 

efficiency of 45% while monomers have a FRET efficiency of 7%, GPVI’s FRET 

efficiency of 33% suggests that GPVI is present as a mixture of monomers and dimers 

in resting and CRP-activated platelets. Our finding supports and completes the BRET 

study performed in our group in Birmingham in cell lines concluding that GPVI exists as 

a mixture of monomers and dimers in human platelets, and that dimer proportion is not 

affected by platelet activation (Clark et al., 2021b). Our results, are also in line with the 

previous findings of (Berlanga et al., 2007), however, they are in contrast to what was 

observed previously by (Jung et al., 2012), which showed a significant increase in GPVI 

dimerisation when platelets were activated with CRP. Moreover, our results suggest that 

GPVI dimerisation alone is not essential for the amplification of the signal transduction 

in the downstream pathway and, in the final stage, of platelet activation. Additionally, 

since resting platelets already present a high proportion of dimers, it is more likely that it 

is the clustering of the dimers by the ligand which is required for signal amplification and 

platelet activation. 

Next, a variety of super-resolution microscopy methods were also developed to 

investigate the localisation of proteins involved in the GPVI signalling pathway. First, 

HEK-293T cells expressing GPVI, FcRγ, Syk and LAT, and later human platelets were 

used to demonstrate the specificity of antibodies against those proteins. By conventional 

epifluorescence microscopy, we observed that GPVI and FcRγ were located mainly 

along collagen fibres, whereas Syk and LAT were uniformly distributed. However, the 
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resolution of epifluorescence microscopy was not enough to determine a pattern in their 

distribution. For this reason, we established SIM, dSTORM and PAINT imaging in 

platelets. For the first time, SIM was used to visualise these proteins in platelets. SIM’s 

increased resolution demonstrated that GPVI and FcRγ, unlike Syk and LAT, exhibited 

enhanced localisation along the collagen fibre, which is consistent with diffraction-limited 

microscopy. While the resolution increased, no additional information was gained 

regarding global Syk and LAT location, as no pattern was recognised, however, it is 

possible that no pattern was discernible.. By using SMLM, such as dSTORM and PAINT 

together with the cluster analysis we could study the size of Syk and LAT clusters at the 

collagen fibres, and gain further information about these proteins, therefore we optimised 

these SMLM methods for platelets imaging.  

dSTORM has been used by our group and others to study platelet proteins location for 

many years (Poulter et al., 2017, Clark et al., 2019, Pallini et al., 2021). In this study, we 

compared dSTORM with PAINT, since PAINT offers more advantages than dSTORM. 

In theory, Exchange-PAINT is capable of labelling a large number of molecules with a 

single fluorophore, thereby removing chromatic aberrations and reducing 

photobleaching. Alternatively, there is quantitative (q)PAINT, which theoretically 

provides real protein numbers, but requires tedious optimisations and controls, making 

it difficult to implement (Jungmann et al., 2016). As for now, dSTORM is only a qualitative 

method that provides relative numbers for comparing treatments, although recent 

publications are working on getting quantitative information from it (Patel et al., 2021). 

All of these advantages could convert PAINT into a good replacement for dSTORM 

(Molle et al., 2016). To perform the comparison, platelets were labelled for tubulin, well 

characterised by dSTORM and PAINT, and Syk, an example protein that we are 

interested in and has a homogenous distribution on the platelet membrane. According to 

SQUIRREL software, PAINT causes more artefacts in the image reconstruction than 
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dSTORM for both proteins, which could be caused by a longer exposition time required 

for the acquisition of PAINT images. Yet, this finding goes in line with a study published 

by Früh et al. during the preparation of this thesis, in which they compared the resolution 

and size of microtubules obtained from dSTORM and PAINT and demonstrated that with 

dSTORM the images are more accurate (Früh et al., 2021).  

Overall, the findings of this Chapter demonstrate that GPVI is present as a mixture of 

monomers and dimers in resting and CRP-activated human platelets, with no increase 

detected upon stimulation, and that SIM and dSTORM are appropriate super-resolution 

microscopy methods for platelet imaging. Flow cytometry-based FRET, SIM and STORM 

will be further used in Chapter 4, to study GPVI conformation, and distribution of GPVI, 

FcRγ, Syk and LAT upon inhibitory treatments, in order to understand further their 

biological relevance.  
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CHAPTER 4 

The effect of Rac inhibition on 

GPVI signalling in human platelets 

is through GPVI shedding and 

reduction in PLCγ2 

phosphorylation 
 

Based on: Neagoe, R.A.I, Gardiner, E. E., Stegner, D., Nieswandt, B., Watson, 

S. P., & Poulter, N. S. (2022). Rac Inhibition Causes Impaired GPVI Signalling 

in Human Platelets through GPVI Shedding and Reduction in PLCγ2 

Phosphorylation. International journal of molecular sciences, 23(7), 3746. 
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4.1 Introduction 

During platelet activation, the actin cytoskeleton undergoes extensive reorganisation, 

leading to filopodia and lamellipodia formation, and platelet spreading. The Rho family 

of GTPases have been shown to drive actin remodelling in platelets in response to 

several agonists, and is critical for the control of the actin dynamics (Aslan and McCarty, 

2013). Rac is a member of the Rho family GTPases, together with Cdc42 and Rho 

(Goggs et al., 2015), and like other GTPases, can be found in two conformations, active 

(bound to GTP), and inactive (bound to GDP) (De Toledo et al., 2003). In platelets, Rac 

is activated by collagen binding to GPVI (Pleines et al., 2009) and integrin α2β1 (Morton 

et al., 1995b), or by thrombin (Pandey et al., 2009). There are 3 isoforms of Rac, but the 

most abundant in murine and human platelets is Rac1 (McCarty et al., 2005, Burkhart et 

al., 2012). The most studied function of Rac in platelets is its role in lamellipodia formation 

(McCarty et al., 2005, Pleines et al., 2009, Schaks et al., 2021). Additionally, it is known 

to be a key regulator of platelet aggregation and dense granule secretion (Akbar et al., 

2007). Rac’s significance in the different phases of platelet activation remains poorly 

understood. Pleines et al. (2009) reported that Rac1 knock-out platelets present an 

impaired PLCγ2 activation, however, the phosphorylation status of this protein was not 

affected in murine platelets. In line with these results, Guidetti et al. showed that Rac1 

inhibition downstream the integrin α2β1 did not alter PLCγ2 phosphorylation, but caused 

an impaired activation and binding to fibrinogen of integrin αIIbβ3 (Guidetti et al., 2009). 

This data complements an in vitro study where it was shown that Rac1 can activate 

PLCγ2 (Piechulek et al., 2005). Despite the promising role of Rac downstream the GPVI 

signalling cascade, data showing the effect of Rac in PLCγ2 in human platelets was still 

missing.  

Studying the effect of Rac on human platelets is important, since mice with Rac1 deficient 

platelets are prevented from arterial thrombosis (Pleines et al., 2009), and therefore 
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effective pharmacological inhibitors are required. EHT1864 is one of the widely used 

commercial Rac inhibitors that inhibits the GTP loading of Rac (Shutes et al., 2007).  It 

was previously demonstrated that concentrations over 100 μM EHT1864 generate off-

target effects including cell apoptosis (Dütting et al., 2015), thus we limited our research 

to a maximum of 50 μM EHT1864, which has been proved to be effective in platelets 

(Pollitt et al., 2010). For all experiments in this chapter, we used 30 μM and 50 μM 

EHT1864, except for the spreading assay, where 30 μM was the maximum dose. This 

could be explained by the fact that on spread platelets, the effect of the inhibitor is 

stronger since it targets single platelets, with 30 μM enough to inhibit lamellipodia 

formation. In other assays, such as aggregation, platelets become activated and 

aggregate, generating a strong wave of secondary mediators and therefore requiring a 

higher dose of the inhibitor (50 μM EHT1864). 

In view of these considerations, we chose to investigate the role of Rac in human 

platelets, focusing on its effect on GPVI organisation and clustering, and the downstream 

signalling pathway.  

 

4.2 Aims 

This Chapter aimed to study the effect of the inhibition of Rac in GPVI-dependent 

signalling in human platelets by using the Rac-specific inhibitor EHT1864. EHT1864 was 

chosen since it is the most selective, with the fewest off-target effects of all the Rac 

inhibitors currently available. We have investigated Rac’s role in GPVI clustering by 

dSTORM, GPVI conformation by FACS-FRET, and the GPVI signalling pathway by flow 

cytometry and Western blotting.  
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4.3 Results 

4.3.1 EHT1864 inhibits Rac activation and causes dose-dependently impaired 

human platelet aggregation  

To study the effect of EHT1864 on Rac activation, we performed a pull-down assay with 

control and EHT1864-treated human platelet lysates using beads coupled with the p21 

binding domain (PBD) of the p21 activated kinase 1 (PAK), which specifically recognises 

only Rac bound to GTP (active form). The absence of active Rac1 on platelets treated 

with 30 μM and 50 μM EHT1864 was confirmed by Western blot analysis (Figure 4.1A). 

Pleines et al. have demonstrated in previous studies that Rac1 knock-out mice present 

impaired murine platelet aggregation only in response to GPVI agonist, but not to 

thrombin or ADP (Pleines et al., 2009). To verify the effect of EHT1864 in response to 

GPVI agonists on human platelets, we stimulated platelets with low- and high-dose 

collagen and collagen-related peptide (CRP). By aggregometry, EHT1864-treated 

platelets showed a dose-dependent significant reduction in platelet aggregation with      

50 μM EHT1864 (Figure 4.1B, C).  
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Figure 4.1. EHT1864 causes Rac1 inactivation and impaired GPVI-mediated aggregation 

on human platelets. (A) Quantification of active Rac, GTP-bound. (Ai) Representative Western 

blot image of Rac1-GTP of human platelets pre-treated with EHT1864 (30 and 50 μM) and 

stimulated with or without CRP (5 μg/ml), and (Aii) quantification of the relative percentage of 

Rac1-GTP ± SD. (n=2), **** P < 0.0001. (B) Dose-dependent inhibition of platelet aggregation 

caused by EHT1864 (0-50 μM) on human platelets stimulated with GPVI agonist Horm collagen 

or collagen-related peptide (CRP) was recorded by light transmission aggregometry. 

Representative aggregation traces of platelets stimulation with (Bi) 1 μg/mL and (Bii) 10 μg/mL 

Horm collagen, and (Biii) 1 μg/mL and (Biv) 5 μg/mL CRP. (Ci-Civ) Bar graph of quantification of 

platelets aggregation assay. Results are given as a mean percentage (%) of Maximal Amplitude 

(Amax) ± SD. (n=3), * P < 0.05, ** P < 0.01, by paired t-test (comparing vehicle vs EHT1864 

treated platelets). Image obtained from (Neagoe et al., 2022). 
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It is known that the actin cytoskeleton plays a role in platelet aggregation, however its 

precise role is unclear. The inhibition of the cytoskeleton polymerization with 

Cytochalasin D blocks human platelet aggregation induced by GPVI agonists (Mistry et 

al., 2000, Pollitt et al., 2010). Conversely, Cytochalasin D enhances platelet aggregation 

upon stimulation with GPIbα ligand vWF (Mistry et al., 2000). Our aggregometry data 

agrees with the literature, demonstrating that at low-dose collagen stimulation, 

Cytochalasin D (1-10 μM) completely blocks platelet aggregation (Figure 4.2Ai, Bi), 

however, with 10 μg/mL collagen, even a high concentration of Cytochalasin D (10 μM) 

has no effect on the aggregation (Figure 4.2Aii,Bii). To investigate the possibility that 

Rac may enhance the effect of Cytochalasin D, we have measured the aggregation of 

platelets incubated with Cytochalasin D (10 μM) and different concentrations of EHT1864 

(3-50 μM) (Figure 4.2Aii). Surprisingly, EHT1864 does not cause any additional 

inhibition on Cytochalasin D pre-treated platelets, indicating that the effect of EHT1864 

might be mediated by the actin cytoskeleton.  

4.3.2 EHT1864 blocks lamellipodia formation on human platelets  

According to the literature, Rac1 knockout platelets do not form lamellipodia, but only 

adhere to the surface and develop filopodia (McCarty et al., 2005). To study the effect of 

Rac inhibition on human platelet spreading, we spread the platelets on uncoated, 

collagen- (10 μg/mL), and fibrinogen-coated (100 μg/mL) slides, labelled the F-actin with 

phalloidin-AF488 and studied the platelet morphology and cytoskeleton by 

epifluorescence microscopy (Figure 4.3Ai). The results confirmed that in human 

platelets the adhesion was unaltered by Rac inhibition (Figure 4.3Aii), however, the 

platelet surface area decreased in platelets treated with EHT1864 on all surfaces (Figure 

4.3Aiii). In order to investigate the reduction in surface area in more detail, the platelets 

were analysed for the four stages of spreading: 1) adhered but not spread (compact 

shape); 2) filopodia extensions; 3) filopodia and lamellipodia extensions; 4) fully spread 
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with actin stress fibres. Whilst all surfaces showed a significant reduction in the 

percentage of platelets that were fully spread, collagen showed the greatest effect of Rac 

inhibition, with over 50% of the platelets adhering but not spreading (Figure 4.3Aiv). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. The effect of Cytochalasin D on human platelet GPVI-mediated aggregation. (A) 

Dose-dependent inhibition of platelet aggregation caused by (Ai) only Cytochalasin D (0, 1, 5 and 

10 μM), or (Aii) 10 μM Cytochalasin D with additional EHT1864 (0-50 μM) on human platelets 

pre-activated with Horm collagen (1 and 10 μg/mL). Representative aggregation traces were 

recorded by light transmission aggregometry. (Bi-Bii) Bar graph of quantification of platelets 

aggregation assay. Results are given as a mean percentage (%) of Maximal Amplitude (Amax) 

(n=2).  
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Figure 4.3. Rac inhibition causes impaired spreading on human platelets. (A) Washed 

human platelets were pre-incubated with vehicle (PBS) or 30 μM EHT1864 and spread for 30 min 

on uncoated, collagen-, or fibrinogen-coated slides. (Ai) Representative immunofluorescence 

images of spread platelets stained for actin with phalloidin-AF488 imaged with an epifluorescence 

microscope. (Aii) Bar graph of the number of adherent platelets, (Aiii) mean platelet area, and 

(Aiv) percentage of spread platelets at different stages; type 1: compact shape, without 

lamellipodia or filopodia, type 2: only filopodia extensions, type 3: filopodia and lamellipodia 

extensions, and type 4: fully spread platelets (n=3). Data represented as mean ± SEM, * P < 0.05, 

** P < 0.01, **** P < 0.0001 by paired t-test (comparing vehicle vs EHT1864-treated platelets). 

Image obtained from (Neagoe et al., 2022). 
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4.3.3 Rac is not essential for GPVI cluster formation  

Our group has previously reported that GPVI clusters along collagen fibres in platelets 

spread on Horm collagen (Poulter et al., 2017), and also more recently, in platelet 

adhering to and forming thrombi on collagen under flow (Jooss et al., 2022). In order to 

determine what role, if any, Rac plays in GPVI clustering on collagen, super-resolution 

microscopy of GPVI, in combination with the Rac inhibitor EHT1864 was used. 

By single-molecule super-resolution dSTORM imaging, GPVI localisation and clustering 

were analysed in human platelets untreated or pre-treated with 30 μM EHT1864 and 

spread on a collagen-coated surface by immunolabelling with an anti-GPVI F(ab’) 

fragment (clone 1G5). The quantitative cluster analysis based on density-based spatial 

clustering of applications with noise (DBSCAN), in which each GPVI cluster was 

coloured, was used to analyse GPVI clusters. We observed from the reconstructed 

super-resolved images (Figure 4.4Ai) and DBSCAN cluster plots (Figure 4.4Aii) that 

Rac inhibition had no impact on GPVI localisation along collagen fibres, as GPVI clusters 

were still concentrated along fibrous collagen. Moreover, according to the DBSCAN 

analysis, on EHT1864-treated platelets, the number of detections, cluster density, and 

cluster area decreased, however, the decrease was insufficient to reach significance 

(Figure 4.4Bi-iv). Of note, DBSCAN quantitative analysis measures relative differences 

between different samples, not absolute numbers. These findings reveal that EHT1864 

had no effect on GPVI clustering along fibrillar collagen. 
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Figure 4.4. dSTORM cluster analysis shows that Rac inhibition does not alter the GPVI 

cluster in platelets adhering to immobilised Horm collagen. (A) Washed human platelets 

were treated with vehicle (PBS) or 30 μM EHT1864, labelled against GPVI using 1G5 F(ab’) 

fragment (2 μg/mL), spread for 30 min at 37 °C on a collagen-coated glass-bottom slide, stained 

with a secondary antibody conjugated with Alexa Fluor 647, and imaged using the Nikon 

N-STORM microscope. (Ai) Representative dSTORM reconstructed images. Scale bar: 10 μm.

Reconstruction was performed recording 20,000 frames per image and using the ImageJ

ThunderSTORM plugin. (Aii) Representative DBSCAN-based cluster plot in which individual

clusters are differently coloured. The left panels have a scale bar of 10 μm, and the middle and

right panels have a scale bar of 5 μm. (B) Bar graphs of the relative number of (Bi) detections,

(Bii) clusters, (Biii) detections per cluster, and (Biv) cluster area (n = 3). Data represented as

mean ± SEM. Image obtained from (Neagoe et al., 2022).
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4.3.4 EHT1864 does not alter GPVI dimerisation on resting and CRP-stimulated 

human platelets  

To investigate whether Rac plays a key role in GPVI dimerisation, human platelets were 

analysed by FACS-FRET. The FACS-FRET assay was described in the results in 

Chapter 3, showing the implementation of the method including as a dimer control the 

integrin αIIbβ3, where a FRET efficiency of 45% was reached, and a monomer control 

with the integrin αIIb-subunit and GPIX, obtaining a FRET efficiency of 7%. We have also 

reported in Chapter 3 that by FACS-FRET, in both resting and CRP-stimulated human 

platelets, the FRET efficiency of GPVI is approximately 30%, meaning that it is present 

as a mix of dimers and monomer, and that proportion does not change upon platelet 

stimulation (Clark et al., 2021b).  

To study the possible effect of Rac inhibition on GPVI dimerisation, due to its role in the 

rearrangement of the actin cytoskeleton, we have used the same approach as before, 

using flow cytometric FRET and labelling GPVI with F(ab’) fragments conjugated with 

two different fluorophores, AF488 (donor) and AF546 (acceptor). Despite Rac inhibition, 

FRET efficiency for resting and CRP-stimulated platelets was 25-30% (Figure 4.5). 

These data indicate that EHT1864 did not affect GPVI conformation/dimerisation after 

stimulation with the GPVI agonist CRP, indicating that Rac is not involved in these 

processes. This is consistent with the observation that Rac inhibition does not alter GPVI 

clustering either, concluding that Rac has no detectable role in GPVI dynamics. 
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Figure 4.5. Rac does not alter GPVI oligomerisation on human platelets. FRET efficiency of 

GPVI on human platelets that were pre-incubated with vehicle (PBS) or 30 μM EHT1864 for 10 

min at 37 °C, unstimulated or stimulated with 10 μg/mL CRP and stained with anti-human GPVI 

(clone 313A10) F(ab’) fragment (n=3). Mean ± SEM, by paired t-test. Image modified from 

(Neagoe et al., 2022). 

4.3.5 The effect of EHT1864 on human platelet activation and glycoprotein 

expression  

As Rac plays a key role in human platelet aggregation upon GPVI ligands stimulation 

but did not significantly alter GPVI dimerisation and clustering, we decided to study 

further the role of Rac in platelet activation and GPVI signalling. Platelet activation was 

analysed by staining platelets for the active form of the integrin αIIbβ3 (clone PAC-1) and 

α-granules secretion (P-selectin). Platelets were stimulated with 5 μg/mL CRP, causing 

platelet activation as detected by flow cytometry with PAC-1 (Figure 4.6Ai) and P-

selectin exposure (Figure 4.6Aii). Rac’s role was analysed by pre-incubating the 

samples with EHT1864. We observed on CRP-activated platelets that 30 μM and 50 μM 

EHT1864 caused a 2- and 4-fold reduction, respectively, in the integrin αIIbβ3 activation 

and a reduction trend, yet not significant, in α-granules secretion. The reduction in 

platelet activation caused by Rac could explain the loss of aggregation induced by GPVI 

agonists.  

Next, we studied whether Rac affects glycoprotein expression on human platelets by 

flow cytometry. We observed that GPVI plasma membrane abundance increased upon 
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CRP-induced activation of platelets. Surprisingly, 50 μM EHT1864 not only prevented 

the GPVI surface expression increase but also caused a significant reduction in its levels 

on CRP-stimulated samples. Additionally, treatment with 50 μM EHT1864 in resting 

platelets resulted in a slight decrease in GPVI levels (Figure 4.6Aiii). There was also 

observed a substantial decrease in surface expression levels of GPV in CRP-stimulated 

platelets pre-treated with 50 μM EHT1864 (Figure 4.6Aiv). However, the expression 

levels of GPIbα (Figure 4.6Av), integrin β3-subunit (Figure 4.6Avi), and CLEC-2 

(Figure 4.6Avii) were unaffected by Rac inhibition. 

The fact that only GPVI and GPV surface expression levels were reduced, but not the 

other examined glycoproteins, shows that the Rac mechanism is specific towards these 

two receptors. 

 

 

 

 

 

 

Figure 4.6. EHT1864 induces dose-dependent impaired platelet activation and glycoprotein 

exposure. (A) Quantitative analysis of flow cytometry data of washed human platelets pre-

incubated with vehicle (PBS), and 30 and 50 μM EHT1864, unstimulated or stimulated with 5 

μg/mL CRP. Platelets were labelled with primary antibodies conjugated with FITC, PE or APC (as 

stated in the figure) against (Ai) activated integrin αIIbβ3 (clone PAC-1), (Aii) P-Selectin, (Aiii), 

GPVI (clone HY101), (Aiv) GPV, (Av) GPIbα, (Avi) integrin-β3 subunit, and (Avii) CLEC-2 (n=3). 

Mean ± SD * P < 0.05, ** P < 0.01, *** P < 0.001 by two-way ANOVA (comparing vehicle versus 

EHT1864-stimulated platelets). Image obtained from (Neagoe et al., 2022). 
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4.3.6 Rac inhibition causes GPVI shedding through ADAM10 

In section 4.3.5, we observed that Rac inhibition reduced the expression levels of GPVI 

upon CRP stimulation, suggesting that this glycoprotein was being shed or internalised. 

This also happened to GPV, but in this Chapter, we will focus on GPVI and suggest 

further research into GPV reduction. 

GPVI removal from the platelet surface can occur via two mechanisms, mainly receptor 

shedding (Bender et al., 2010), but also internalisation could occur (Nieswandt et al., 

2001). To confirm that the cause of GPVI reduction is receptor shedding, we performed 

Western blotting with resting and CRP-activated human platelets using an antibody 

(GPVI-tail) that recognises the cytosolic tail of GPVI that remains anchored to the plasma 

membrane after the extracellular domain of the receptor has been cleaved (Al-Tamimi et 

al., 2009a). For the shedding assay, we used the thiol-modifying agent N-ethylmaleimide 

(NEM), which induces GPVI cleavage, as a positive control. We observed that both 

resting and CRP-activated platelets, presented a significant increase in the GPVI-tail 

fraction (approximately 10-kDa) when treated with 50 μM EHT1864 (Figure 4.7 Ai, Bi). 

Treatment with GM6001 (broad matrix metalloproteinase inhibitor) (Figure 4.7 Aii, Bii) 

and GI254023X (metalloproteinase ADAM10 specific inhibitor) (Figure 4.7 Aiii, Biii) 

blocked the shedding induced by EHT1864.  

These findings suggest that GPVI shedding by ADAM10 may be responsible for at least 

part of the reduced platelet activation observed in EHT1864-treated platelets. 
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Figure 4.7. EHT1864 induces GPVI shedding through ADAM10. Human washed platelets 

were pre-incubated with 30 and 50 μM EHT1864 and stimulated with vehicle (PBS) or 5 μg/mL 

CRP. (A) Representative Western blot images of platelets (Ai) non-treated, or treated with (Aii) 

250 μM GM6001 (broad metalloproteinase inhibitor) and (Aiii) 2 μM GI254023X (ADAM10-specific 

inhibitor), developed using a GPVI tail antibody. (B) Quantification of the percentage (%) of GPVI 

shedding on (Bi) non-treated, (Bii) 250 μM GM6001-treated, and (Biii) 2 μM GI254023X-treated 

human platelets (n=3). Data presented as mean ± SEM * P < 0.05, *** P < 0.001 by two-way 

ANOVA (comparing vehicle versus EHT1864-stimulated platelets). Image modified from (Neagoe 

et al., 2022). 

 

4.3.7 The effect of EHT1864 on the phosphorylation of proteins involved in the 

GPVI signalling pathway 

After confirming that EHT1864 induces GPVI shedding, which could partially explain the 

reduction in platelet aggregation caused by Rac inhibition, we examined tyrosine 

phosphorylation levels of the main proteins downstream GPVI in order to validate 

whether Rac inhibition is initiating a disruption that causes impaired platelet activation.  

To confirm the results of Pleines et al. (2009) that the absence of Rac1 in murine platelets 

did not affect PLCγ2 phosphorylation levels, we Western blotted  Rac1-/- platelets, resting 

or stimulated with CRP (5 μg/mL), with the phospho-specific antibody PLCγ2 pY1216. 
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We observed that p-PLCγ2 levels did not differ from the wild-type platelets (Figure 4.8A). 

We wanted to investigate further if the same occurs on human platelets. By total tyrosine 

phosphorylation assay using human platelets, we found no obvious reduction in any 

protein band size upon Rac inhibition, except for the 155-kDa band, corresponding to 

PLCγ2 (Figure 4.8B). To verify this finding, we performed Western blotting assays 

against our proteins of interest; PLCγ2, Syk and LAT. We found a significant reduction 

in PLCγ2 phosphorylation levels of about 30% and 40% in human CRP-activated 

platelets pre-treated with 30 μM and 50 μM EHT1864, correspondingly (Figure 4.8Ci, 

Di). We evaluated p-PLCγ2 levels in human platelets treated with the metalloproteinase 

inhibitor GM6001 to verify whether GPVI cleavage and therefore, reduction of GPVI 

surface expression was the cause of the impaired PLCγ2 phosphorylation. We observed 

that by blocking GPVI shedding with GM6001, we maintained a significant decrease in 

p-PLCγ2 levels in EHT1864 treated platelets (Figure 4.8Cii, Dii). Additionally, we 

studied the phosphorylation levels of two key proteins in the GPVI signalling pathway 

that are upstream of PLCγ2; Syk and LAT. We observed that EHT1864 did not induce a 

significant reduction in either p-Syk (Figure 4.8Diii) or p-LAT (Figure 4.8Div) levels.  

These results suggest that Rac is downstream of Syk and LAT, but upstream of PLCγ2 

in the GPVI signalling pathway and it affects p-PLCγ2 levels.  
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Figure 4.8. EHT1864 causes impaired PLCγ2 phosphorylation only in human platelets. (A) 

Analysing the phosphorylation levels of PLCγ2 on Rac1-/- platelets. (Ai) Representative Western 

Blot image of the phosphorylation levels of PLCγ2 Y1216 on resting and 5 μg/mL CRP-stimulated 

mouse platelets. GAPDH was used as a loading control. (Aii) Quantification of phosphorylated 

PLCγ2 band intensity (n = 3). (B) Determination of whole-cell tyrosine phosphorylation of human 
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platelets treated with EHT1864 (30 and 50 μM) and stimulated with vehicle or 5 μg/mL CRP. (C) 

Determination of the phosphorylation levels of PLCγ2, Syk and LAT in human platelets. 

Representative images of Western blots immunoblotted with antibodies specific for 

phosphorylated PLCγ2 (pY1216), Syk (pY525/6), and LAT (Py200) on (Ci) non-treated and (Cii) 

250 μM GM6001-treated human platelets. Pan-LAT was used as the loading control. (D) 

Normalised quantification of band intensities of p-PLCγ2 in (Di) non-treated and (Dii) GM6001-

treated human platelets, and (Diii) p-Syk and (Div) p-LAT in non-treated human platelets (n=3). 

Mean ± SD * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by two-way ANOVA (comparing 

vehicle versus EHT1864-stimulated platelets). Image modified from (Neagoe et al., 2022). 

  

4.3.8 The effect of EHT1864 on the location of proteins involved in the GPVI 

signalling pathway 

We next investigated whether EHT1864 plays a role in the localisation of proteins 

downstream in the GPVI signalling pathway, including Rac. Human platelets were 

immunolabelled with antibodies against GPVI (clone: 1G5), FcRγ, Syk, LAT, and Rac1, 

spread on a collagen-coated glass slide, and imaged using the super-resolution 

microscopy method structured illumination microscopy (SIM), validated in Chapter 3 for 

platelet imaging. We observed that control platelets have a distribution of GPVI and FcRγ 

mainly along the collagen fibre, as previously described (section 3.3.5). To evaluate the 

effect of Rac inhibition, platelets were incubated with 30 μM EHT1864. As a result of the 

EHT1864 treatment, platelets did not fully spread, developing only filopodia extension or 

maintaining a compact shape (Figure 4.9). GPVI and FcRγ appeared to also cluster 

along collagen fibres on EHT1864-treated platelets, however, because of their partial 

limitation on spreading, containing only filopodia, the visualisation was difficult even 

using super-resolution microscopy. The localisation of these proteins became even 

harder when platelets maintain their compact shape and do not spread (Figure 4.9Ai-

ii).  Similarly, when Syk and LAT were imaged, in control platelets they present a 

homogenous distribution as previously described (section 3.3.5), and their location was 

difficult to distinguish in platelets with impaired spreading due to EHT1864 treatment 

(Figure 4.9Aiii-iv).  
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Figure 4.9. Rac inhibition does not alter the localisation of proteins downstream of GPVI. 

(A) SIM super-resolved images of human washed platelets pre-incubated with vehicle (PBS) or 

30 μM EHT1864, spread on collagen (10 μg/mL), and labelled with antibodies against (Ai) GPVI 

(clone 1G5) (magenta), FcRγ (pink), Syk (magenta), and LAT (pink). Triple-colour structured 

illumination microscopy (SIM) images showing fully spread (top rows), partially spread forming 

only filopodia (middle rows) and non-spread (bottom rows) platelets, were acquired using the 

Nikon SIM microscope. Super-resolution images were reconstructed using the Nikon acquisition 

software. Additionally, F-actin was labelled with phalloidin-Alexa Fluor 488 (green). The merged 

images highlight the location of some proteins along the collagen fibres. In total, at least 10 fields 

of view were acquired for each sample (n=3). Scale bar: 10 μm. 
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Next, SIM was used to image human platelets labelled for Rac1, untreated or treated 

with 30 μM EHT1864, and spread on collagen- and fibrinogen-coated slides (Figure 

4.10). In neither collagen nor fibrinogen surfaces EHT1864 affected Rac1 location, which 

was homogenously distributed in the platelet. Interestingly, we observed actin nodules 

on spread platelets on fibrinogen-coated slides, which were maintained upon EHT1864 

incubation, and Rac1 partially colocalised with them (Figure 4.10).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. EHT1864 does not alter Rac distribution on human platelets. (A) SIM super-

resolved images of human washed platelets pre-incubated with vehicle or 30 μM EHT1864, 

spread on collagen (10 μg/mL) (top panel) or fibrinogen (100 μg/mL) (bottom panel), and labelled 

with a primary antibody against Rac1, and a secondary antibody conjugated with Alexa Fluor 647 

(magenta). F-actin was labelled with phalloidin-Alexa Fluor 488 (green) and some of the actin 

nodules are marked with yellow arrows. Dual-colour structured illumination microscopy (SIM) 

images were acquired using the Nikon SIM microscope. Super-resolution images were 

reconstructed using the Nikon acquisition software. The merged images highlight the location of 
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Rac1 within platelets. In total, at least 10 FOVs were acquired for each sample (n=3). Scale bar: 

10 μm. 

 

As the phosphorylation level of Syk was not modified by EHT1864 (section 4.3.7), we 

investigated whether its location might be altered. The epifluorescence microscopy 

analysis showed that phosphorylated Syk was present along collagen fibres 

independently of EHT1864 treatment, but the compact shape of the platelets made the 

analysis challenging. (Figure 4.11). 

These findings conclude that Rac does not play a key role in the localisation of proteins 

downstream in the GPVI signalling pathway. However, Rac is necessary for platelet 

spreading. Its inhibition by EHT1864 makes it difficult to visualise intracellular proteins 

and to distinguish any particular change in the distribution upon EHT1864 treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11. Rac inhibition does not alter the localisation of p-Syk along the collagen fibres 

on human platelets. Human platelets were spread on collagen-coated slides, pre-incubated with 

50 μM EHT1864, and imaged by epifluorescence microscopy. From left to right, representative 

images of platelets stained with phalloidin-Alexa Fluor488, a primary antibody against 

phosphorylated Syk (pY525/26) and a secondary antibody conjugated with Alexa Fluor 647, and 

the merge of anti-phosphorylated-Syk and DIC images. Arrows are marking phosphorylated Syk 

enrichment along fibrous collagen. Scale bar: 10 μm.  



Chapter 4  The effect of Rac inhibition on GPVI signalling in human platelets is through GPVI 
shedding and reduction in PLCγ2 phosphorylation 

113 
 

4.4 Discussion 

In this Chapter, we investigated the effect of the small Rho GTPase Rac on human GPVI 

localisation, clustering, shedding, and downstream signalling. The role of Rac in human 

platelets was assessed by using a Rac-specific inhibitor, EHT1864. Most of the 

experiments in this Chapter were designed to study the effect of Rac on human platelets, 

which was partially unknown, and to compare it with its effect on murine platelets, which 

has been extensively studied using Rac1 deficient platelets by several groups in the past.  

The results from this study demonstrated that Rac inhibition altered platelet spreading, 

by blocking lamellipodia formation, and reduced platelet aggregation and PLCγ2 

phosphorylation. Murine platelets deficient in Rac1 were also found to be involved in 

these processes (Pleines et al., 2009, McCarty et al., 2005). Surprisingly, unlike in mouse 

platelets, Rac1 controls the tyrosine phosphorylation of PLCγ2 (Y1216) in human 

platelets. Additionally, we found that Rac is also involved in GPVI shedding in human 

platelets, but it does not alter GPVI clustering or dimerisation in response to collagen 

and CRP.  

NSC23766 and EHT1864 are the most commonly used inhibitors to block Rac activation. 

NSC23766 binds the groove of Rac1 that is recognised by its guanine nucleotide 

exchange factors (GEFs), preventing the exchange of GDP to GTP (Gao et al., 2004), 

whilst EHT1864 binds all the Rac isoforms and leads to allosteric inhibition of GDP to 

GTP exchange, inhibiting, therefore, Rac (Désiré et al., 2005).  NSC23766 has been 

previously employed in other studies to demonstrate that inhibition of Rac causes a 

defect in human platelet secretion and aggregation in response to collagen and 

atherosclerosis plaque, which is also a collagen-rich substrate (Pandey et al., 2009, 

Dwivedi et al., 2010). Using NSC23766 they also discovered a deficiency in thrombin 

receptor activating peptide (TRAP)-induced platelet aggregation that was not present in 

mice (Dwivedi et al., 2010), thus revealing the first differences of Rac in platelet activation 
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between mice and humans. However, for our work, we chose EHT1864 as the inhibitor 

because it is more selective than NSC23766, and has no side effects if it is employed in 

concentrations up to 50 μM (Dütting et al., 2015).  

Regarding GPVI-induced platelet aggregation and spreading, we confirmed that Rac 

plays a role in human platelet aggregation, activation and lamellipodia formation, and 

therefore in the degree of spreading, which goes in line with previous data from Rac 

deficient platelets (Pleines et al., 2009). We also observed that EHT1864 did not cause 

any effect on platelets' capacity to attach to various surfaces (uncoated, collagen-, and 

fibrinogen-coated coverslips), as reported in the literature (Jiroušková et al., 2007). There 

is evidence that the involvement of Rac in the actin cytoskeleton can affect receptor 

dynamics (Bai et al., 2018, Li et al., 2019) therefore, we hypothesised that Rac could 

have a role in GPVI dimerisation and clustering. We employed dSTORM super-resolution 

microscopy to image platelets and analyse GPVI distribution. The cluster analysis 

performed by DBSCAN indicates that Rac inhibition by EHT1864 did not affect the 

number, area and density of GPVI clusters. As the inhibition of Rac was heterogeneous 

and did not affect all the platelets to the same degree, as observed in the spreading 

assay, the clustering analysis was performed on platelets that partially and fully spread 

(not affected by Rac inhibition). Additionally, it would not be possible to assess the 

clustering only on platelets partially spread due to technical difficulties. According to our 

hypothesis, GPVI cluster size is correlated with the degree of platelet activation, so 

platelets that can fully spread may be able to overcome the inhibitory effects of EHT1864. 

Previously, in our group in Birmingham, two studies showed that GPVI clustering was 

not significantly altered by using Src and Syk inhibitors (Pallini et al., 2021), or adenosine 

and forskolin (Clark et al., 2019), suggesting that GPVI clustering is a strong and complex 

process that cannot be disrupted by altering GPVI downstream signalling pathway once 

the clusters have been formed. In addition, as there is evidence that the actin 
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cytoskeleton can affect dimer levels, as detected by a dimer-specific antibody using flow 

cytometry (Poulter et al., 2015), we wanted to test whether Rac plays a role in GPVI 

dimerisation. Using flow cytometry-based FRET developed in Chapter 3, we found that 

the fraction of dimers present in either resting or CRP-activated platelets was unaffected 

by EHT1864, demonstrating that Rac does not play a role in the dimerisation process.  

Furthermore, we demonstrated by flow cytometry that EHT1864 caused an impaired 

platelet activation and a reduction in the exposure levels of two glycoproteins, GPV and 

GPVI, while others such as CLEC-2 and GPIbα remained unchanged. Despite the 

interesting fact that GPV expression levels were also reduced by EHT1864, we will focus 

this Chapter only on GPVI. Of note, our flow cytometric analysis showed a decrease in 

GPVI exposure only in activated platelets treated with EHT1864, whereas our Western 

blot analysis, using GPVI tail antibody, showed a significant increase in GPVI shedding 

in both resting and activated platelets treated with EHT1864. It remains unclear why this 

occurs, more than simply the differences between these two methods; flow cytometry is 

less sensitive and employs live cells, whereas Western blotting is more sensitive and 

uses platelet lysates.  

It is known that GPVI is cleaved only by ADAM10, while ADAM10 and ADAM17 can 

cleave GPV (Gardiner et al., 2007, Matthews et al., 2017). CLEC-2 shedding is 

independent of ADAM10 (Inoue et al., 2019), and GPIbα is cleaved only by ADAM17 

(Matthews et al., 2017). Since ADAM10 is the only metalloproteinase that GPVI and GPV 

share, we hypothesised that the shedding induced by Rac inhibition is caused by 

ADAM10. This was confirmed by incubating platelets with GI254023X, an ADAM10-

specific inhibitor, with which we observed that we were able to block the shedding.  Our 

findings go in line with the fact that, as shown in tumour cells, Rac regulates CD44 

receptor shedding from the plasma membrane through ADAM10 (Murai et al., 2006).  

Moreover, Rac activity has also been demonstrated to have a function in receptor 
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shedding in other cell lines (Bai et al., 2018, Wiens et al., 2005). How the inhibition of 

Rac affects GPVI shedding remains to be elucidated. However, there is work showing 

that ADAM10 is regulated by a group of transmembrane proteins called tetraspanins 

(Harrison et al., 2021). In platelets, it has been shown that the ADAM10/Tspan15 

complex is responsible for regulating GPVI cleavage (Koo et al., 2022) and proteomic 

studies have identified Rac1 as a potential interactor of Tspan15 (Koo et al., 2020), which 

implicates Rac1 in the GPVI shedding pathway. GPVI shedding caused by Rac1 

inhibition is a process that is still unclear, and we are unsure whether platelets are less 

active and then shed GPVI, or if they shed GPVI and are therefore less active. Further 

research is needed to understand this complex process. 

Pleines et al. demonstrated that murine Rac1 deficient platelets present a reduced IP3 

production, however, PLCγ2 phosphorylation levels were not altered (Pleines et al., 

2009). The finding that p-PLCγ2 levels were unchanged in Rac1 deficient platelets was 

also shown in this study. Nevertheless, in human platelets we demonstrated that Rac is 

crucial for PLCγ2 phosphorylation, showing another difference in Rac’s role innate to 

each species. Furthermore, we showed that Rac inhibition does affect the 

phosphorylation or location of LAT and Syk, proteins upstream of PLCγ2 in the GPVI 

signalling cascade. 

In summary, Rac plays an important role not only in human platelet aggregation and 

lamellipodia formation but also in GPVI shedding and PLCγ2 phosphorylation. Although 

Rac1 remodels the actin cytoskeleton, it does not significantly disrupt either the 

clustering and dimerisation of GPVI or the location of proteins downstream of the GPVI 

signalling, including Syk and LAT. All these findings indicate that the role of Rac in the 

GPVI signalling varies between species.  
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CHAPTER 5 

Development of ExM to study the 

localisation of platelet glycoprotein 

receptors and their conformation 
 

 

 

 

 

 

 

 

 

 

 

Part of the results shown in this Chapter has been performed together with Prateek 

Gupta (PG) and Luise Evers (LE). PG and I designed and performed ExM experiments 

together, and he acquired the microscopy data. LE performed the trifunctional 

experiments together with me, acquired the microscopy data and analysed the results of 

that assay. 
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5.1 Introduction 

We demonstrated in the previous Chapters that the visualisation of platelets is 

challenging due to their small size and the high abundance of receptors in their plasma 

membrane (Saboor et al., 2013), but this could be, at least partially, overcome by using 

SR microscopy methods such as SIM and dSTORM. However, even using these SR 

methods, non-spread or resting platelets still provide a challenge for assessing 

receptor/protein distribution as seen in Chapter 4 when Rac inhibition prevented platelet 

spreading. Recently, a new approach to obtain super-resolved images, known as 

expansion microscopy (ExM) (Chen et al., 2015) has been developed. Whereas in the 

conventional SR microscopy techniques the increased resolution is obtained by big 

advances in the microscopes, with ExM the high resolution is achieved by physically 

expanding the sample. The main steps of the technique are explained in Chapter 1 

(Figure 1.11). Since 2015, when the first expansion protocol was developed, different 

protocols have been established, increasing the resolution reached and adapting to 

different types of samples. Chen, Tillberg and Boyden obtained a lateral resolution of 70 

mm, equivalent to 4x expansion, in the original expansion protocol (Chen et al., 2015), 

which was improved by iterative expansion microscopy (iExM) (Chang et al., 2017) or 

10-times expansion microscopy (10x ExM) (Truckenbrodt et al., 2018) obtaining a lateral 

resolution of 25 nm using conventional fluorescent microscopes. The increase in the 

sample size raised the resolution but, unfortunately, also amplified the loss in 

fluorescence signal. To overcome this problem, recent protocols have focused on 

reducing the loss of signal by using a different digestion strategy (Tillberg et al., 2016) or 

labelling the sample once it has been expanded (post-expansion labelling), to avoid the 

destruction of the fluorophores during digestion (ultrastructure expansion microscopy; U-

ExM) (Gambarotto et al., 2019) (Table 5.1).  
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Table 5.1. Comparison of different ExM protocols. A summary of the available protocols for 

ExM including the developers, expansion factor, linking solution, digestion buffer and staining 

method.  

 

The biggest advantage of ExM compared to the single molecule technique dSTORM, 

which gives a similar resolution to 10x ExM, is that it does not use TIRF mode. dSTORM 

requires TIRF in order to increase the signal-to-noise ratio and image receptors at the 

adherent plasma membrane. Whilst it is possible to obtain 3D data with dSTORM (Huang 

et al., 2008) using astigmatic lenses, it is not ideal for densely packed receptors in platelet 

aggregates as there will be a lot of overlapping fluorescent ‘blinks’ making reconstruction 

of the image difficult. ExM does not have this limitation. Samples can be imaged using 

confocal microscopy, making it more suitable for imaging samples with densely packed 

receptors and particularly thicker samples where the protein of interest is not necessarily 

at the coverslip. Indeed, resolution can still be increased further by imaging ExM samples 

in combination with other SR microscopy techniques such as SIM (Wang et al., 2018). 

Recently, in the Würzburg group, Heil et al. adopted the 10x ExM protocol from 

Truckenbrodt et al. (2018) to visualise the localisation of the integrin αIIbβ3 in platelets 

 Expansion protocol 

 4x ExM 10x ExM TREx U-ExM MM-ExM 

Developed 
by 

(Tillberg et 
al., 2016) 

(Truckenbrodt 
et al., 2018) 

(Damstra et 
al., 2022) 

(Gambarotto 
et al., 2019) 

(Neagoe et 
al., in 

preparation) 

Expansion 
factor 

4x 10x 10x 4x 10x 

Linking Acryloyl-X Acryloyl-X Acryloyl-X 

Acrylamide 
and 

formaldehyd
e 

Acrylamide 
and 

formaldehyde 

Digestion 
Proteinase 

K 
Proteinase  

K 
Proteinase 

K 
Digestion 

buffer 
Digestion 

buffer 

Staining 
Pre-

gelational 
Pre- 

gelational 
Pre-

gelational 
Post-

gelational 
Post-

gelational 



Chapter 5  Development of ExM to study the localisation of platelet glycoprotein receptors 
and their conformation 

120 
 

(Heil et al., 2022). However, the study has several limitations; the 10x ExM Truckenbrodt 

protocol is long and complicated, and the gel presents low stability, which makes the 

replication of the experiments tedious. Additionally, this protocol uses a harsh digestion 

process that complicates the sample imaging because of the fluorophores 

degradation/loss. In this Chapter, we develop a new expansion microscopy method that 

combines parts of different published ExM protocols, allowing the platelets to expand 

10x but using a soft digestion process, which prevents the loss of fluorescent signal and 

optimises the process for platelet imaging. 

The GPIb-IX-V receptor complex on platelets is composed of GPIbα, GPIbβ, GPIX in the 

ratio 1:2:1 with GPV weakly associated with it (McEwan et al., 2011). It is the second 

most highly expressed receptor on platelet with an estimated copy number of 50,000 

(Romo et al., 1999) and is important for the capture and tethering of platelets to damaged 

vessels through its interaction with vWF (Andrews et al., 1997) and platelets clearance 

(Beardsley and Ertem, 1998). A series of antibodies raised against GPIbα in Prof 

Nieswandt’s laboratory have been shown to cause rapid thrombocytopenia in vivo and 

reduction in platelet count in vitro (Bergmeier et al., 2000) when used as whole IgGs, but 

not F(ab’) fragments. However, it is yet unclear what are the molecular pathways or 

conformational changes driving these processes. Our hypothesis is that the rapid 

thrombocytopenia occurring upon injection with α-GPIbα IgG antibodies is because of a 

change in the GPIb-IX-V receptor complex conformation, which could induce platelet 

GPIbα-dependent non-classical aggregation (nc-aggregation) in the absence of platelet 

activation. Therefore, ExM is the most suitable technique to assess whether this is 

occurring as it allows the imaging of thick samples and platelets aggregates.   
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5.2 Aim 

The first aim of this Chapter was to optimise the use of ExM for platelet visualisation 

stained with F(ab’) fragments. F(ab’) fragments labelling offers several advantages; 

decreases the linkage error (error measured by the physical distance between the 

fluorophore and the target protein/receptor), and avoids nc-aggregates formation, which 

is essential for studying GPIbα localisation in resting platelets. The second aim of this 

study was to use ExM to understand the role and conformation/location change of GPIbα 

in the platelet nc-aggregates formed by the addition of the anti-GPIbα IgG antibodies.  
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5.3 Results 

5.3.1 Validation of the expansion microscopy protocol 

In Würzburg, our collaborators (Heil et al., 2022), started optimising the 10x Truckenbrodt 

protocol for platelets imaging, including glyoxal as a fixative and modifying different 

incubation times. Our first step was to replicate their data and ensure that the protocol 

functioned. We stained platelets live for 15 min at 37 °C or post-fixation for 30 min at     

37 °C (both pre-gelation) with IgG antibodies against integrin αIIbβ3 (MWReg30) and 

GPIX (p0p6). Images of live-stained 10x expanded platelets revealed that integrin αIIbβ3 

was forming large clusters (Figure 5.1A, E), whereas GPIX was found homogeneously 

expressed, especially in the plasma membrane (Figure 5.1B, E), matching the previous 

results reported by Heil and co-authors. Interestingly, post-fixation staining of integrin 

αIIbβ3 showed a homogenous distribution of this receptor within the membrane (Figure 

5.1D, F).  

These results suggest that we were able to expand platelets 10x using our modified 

Truckenbrodt protocol (Heil et al., 2022), and the addition of the anti-integrin αIIbβ3 

antibody to live platelets caused this receptor clustering and internalisation. However, 

this phenome could be avoided by staining the platelets after fixation.  
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Figure 5.1. Visualisation of 10x expanded platelets in which the anti-integrin αIIbβ3 

antibody causes integrin clustering.  Murine platelets were attached to glycine-coated slides 

and expanded 10x following Truckenbrodt et al. protocol. Images were obtained using the 

AiryScan confocal microscope (Zeiss), and the reconstruction and 3D projections were obtained 

using Zen Blue software (Zeiss). Representative 3D top (top panel) and side views (bottom panel) 

of (A) live stained platelets (prior to fixation) with an anti-integrin αIIbβ3 IgG antibody (MWReg30) 

conjugated with Alexa Fluor-488 (green) and (B) anti-GPIX IgG antibody (p0p6) conjugated with 

Alexa Fluor-594 (red), and (C) merge 3D projection highlighting the cluster formation of only 

integrin αIIbβ3. Platelets were also stained after fixation (D) with an anti-integrin αIIbβ3 IgG 

antibody (MWReg30) conjugated with Alexa Fluor-488 (green). White arrows represent the 

transversal section used in the colocalisation plot, and the images include a magnification box to 

mark the presence or absence of clustering. Representative line plots of the mean grey value of 

a transversal section to study the localisation of (E) integrin αIIbβ3 and GPIX live stained platelets 

and (F) integrin αIIbβ3 in post-fixed stained platelets. The plasma membrane was represented in 

both plots with black arrows (n = 3). 
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5.3.2 Characterising anti-GPIbα antibodies function 

In the initial characterisation of the anti-GPIbα antibodies, Bergmeier et al., (2000) 

observed a significant reduction in platelet count in vitro when platelets were treated with 

an anti-GPIbα monoclonal IgG and measured by flow cytometry. We replicated this 

experiment and found that the incubation of mouse platelets with antibodies against 

GPIbα antibodies caused a 75% decrease in the platelet count, with the appearance of 

larger platelet aggregates visible in the flow cytometry scatter plots (FSC/SSC) (Figure 

5.2A). Additionally, by aggregometry, we observed that the anti-GPIbα IgG also causes 

20% aggregation (Figure 5.2B). To confirm that these results were caused by the 

binding of the antibody to GPIbα, we studied its effect using a transgenic mouse line that 

has most of the GPIbα extracellular domain replaced by the alpha subunit of the human 

interleukin 4 receptor (IL-4Rα) (Figure 5.2C). Of note, the transgenic receptor still 

contains a portion of the ectodomain that includes the juxtamembrane mechanosensory 

domain (MSD) (Kanaji et al., 2002). As expected, using GPIbα-IL-4Rα transgenic 

platelets, anti-GPIbα IgG did not cause any platelet aggregation (Figure 5.2B). Scanning 

electron microscopy (SEM) was used to image wild-type platelets from the aggregometry 

cuvette, and we found that anti-GPIbα IgG caused platelets to come close together, but 

they were still in their resting, discoid form and not activated as when they aggregate, so 

we called this GPIbα-dependent non-classical aggregation (nc-aggregation) (Figure 

5.2D).  
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Figure 5.2. Anti-GPIbα IgG antibody induces platelet nc-aggregation. Murine platelets were 

incubated with 50 μg/mL of the isotype IgG control and anti-GPIbα IgG for 15 min at R.T., and 

then platelets were placed in the aggregometry cuvette for 10 min with constant stirring at 1,200 

rpm to obtain the nc-aggregates. (A) Platelet count was measured by flow cytometry gating for 

platelet size (n=5). Left, bar graph represents platelet count, and right, represents the 

corresponding FSS/SSC plots. Data represented as mean ± SD. **** < P = 0.0001 by paired t-

test. (B) Representative aggregation traces of wild-type and GPIbα-IL-4Rα transgenic platelets 

incubated with 50 μg/mL of isotype IgG control and anti-GPIbα IgG antibody (n = 3). (C) 

Schematic representation modified from (Kanaji et al., 2002) representing GPIbα-IL-4Rα 

transgenic platelets in which most of the extracellular domain of GPIbα was exchanged by IL-

4Rα. IL-4Rα is fused by 3 glycine residues to the remaining 13 residues of the extracellular GPIbα. 

In addition, the binding site of p0p5 is marked with a blue arrow. (D) Representative scanning 

electron microscopy images of wild-type platelets obtained after the stimulation with isotype IgG 
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control and anti-GPIbα IgG antibodies after 10 min stirring in the aggregometry cuvette (n = 3). 

Scale bar: 10 μm. 

 

5.3.3 Validating anti-GPIbα antibodies specificity 

To validate our hypothesis that a change in the GPIb-IX-V receptor complex 

conformation/location occurs when nc-aggregates are induced by anti-GPIbα IgG 

antibodies, we stained the platelets with anti-GPIbα F(ab’) fragments to avoid                   

nc-aggregation formation. Additionally, F(ab’) fragments also improve the labelling 

strategy, as they reduce the linkage errors of IgGs, since they are 3 times smaller than 

IgGs, and therefore reduce the distance between the fluorophore and the target 

protein/receptor compared to IgGs. We confirmed anti-GPIbα F(ab’) fragments specificity 

using wild-type and GPIbα-IL-4Rα transgenic mice. First, by flow cytometry, we tested 

anti-GPIbα F(ab’) fragments (p0p4 and p0p5), as a control, we used IgG antibodies 

against GPIX (p0p6) and integrin αIIbβ3 (MWReg30). We demonstrate that both anti-

GPIbα antibodies only bind wild-type platelets, whereas p0p6 and MWReg30 bind both 

wild-type and transgenic mice (Figure 5.3A). By immunofluorescence we showed that 

anti-GPIbα F(ab’) p0p4 does not bind to GPIbα-IL-4Rα transgenic adherent platelets, 

proving its specificity (Figure 5.3B, C). However, p0p5 does bind the transgenic platelets 

(Figure 5.3D, E).  This could be explained by the fact that the binding epitope of p0p5 

F(ab’) is in the extracellular domain close to the plasma membrane, where the transgenic 

platelet still contains the GPIbα juxtamembrane MSD (Figure 5.2C). By flow cytometry, 

platelets are resting and in solution, therefore the MSD is most likely folded; however, by 

adhering platelets to the coverslip, GPIbα could be triggered by the interaction with the 

coverslip or the fixation process, unfolding its MSD and allowing p0p5 to bind the 

transgenic receptor. 
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Figure 5.3. GPIbα-IL-4Rα transgenic platelets show antibodies specificity. Murine 

unexpanded wild-type and GPIbα-IL-4Rα transgenic platelets were labelled with F(ab’) fragments 

against GPIbα in order to test their specificity. (A) Flow cytometric analysis of platelets labelled 

with antibodies against GPIbα (p0p4 and p0p5), GPIX (p0p6) and integrin αIIbβ3 (MWReg30). 

Data represented as mean fluorescence intensity (MFI) ± SD (n = 3). *** < P = 0.001 (ns; not 

significant) by paired t-test. Single-colour representative images of the staining performed using 

vehicle (PBS), p0p4 in (B) wild-type or (C) GPIbα-IL-4Rα transgenic platelets, and p0p5 in (D) 

wild-type or (E) GPIbα-IL-4Rα transgenic platelets. For all the conditions, 4, 10 or 20 μM of the 

F(ab’) fragments were used. (n = 3). Scale bar: 5 μm. 
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Since protein conformation and epitope exposure can change from cells in solution to 

adherent cells, these findings demonstrate that microscopy methods are better to 

demonstrate antibodies specificity when used for imaging. Additionally, we prove that 

both p0p4 and p0p5 are specific for GPIbα. 

5.3.4 Using trifunctional-labelled antibodies to visualise platelets by ExM 

After testing the specificity of the antibodies and proving their binding to unexpanded 

platelets (Figure 5.4A), the following step was to confirm that platelets could be stained 

with IgGs and F(ab’) fragments following the two standard protocols with pre-gelational 

labelling, 4x ExM developed by Tillberg et al., and 10x ExM developed by Truckenbrodt 

et al. (Table 5.1). We fixed the platelets on a lysine-coated coverslip and we observed 

that the pre-gelational staining with anti-GPIX IgG (p0p6) was successful for 4x and 10x 

protocols (Figure 5.4B, C, left). In contrast, the signal intensity of the p0p4 F(ab’) 

fragment was dim for both conditions, and platelets could not be identified (Figure 5.4B, 

C, right). It was observed that the fluorescence signal of the IgG and F(ab’) fragment 

dropped dramatically during the digestion step of the expansion protocol. (Figure 5.4E). 

After expansion, it was still possible to visualize the IgG signal, but not the F(ab’) 

fragment, because an insufficient signal was detected. 

To address this issue we tried trifunctional-conjugated antibodies. Trifunctional anchors 

were first used by Shi et al. for expansion microscopy to improve the retention of the 

labelled antibody by avoiding signal loss during the digestion process (Shi et al., 2021). 

Trifunctional anchors consist of three arms (Figure 5.4F): a label that could be a 

fluorophore such as Atto-488 or Atto-594, meth-acrylamide that anchors to the gel 

polymer, and a connector that binds to the antibody. We tested labelling p0p6 IgG and 

p0p4 F(ab’) fragment with trifunctional anchors as summarised in Table 5.2. We were 

able to label the IgG obtaining a relatively high degree of labelling (DOL) (1.27), however, 
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the labelling of the F(ab’) fragment was not that successful due to their smaller size and 

therefore fewer conjugation sites.  

 

 

 

 

Figure 5.4. Using trifunctional labelled antibodies for expansion microscopy. Two-colour 

confocal representative images of murine wild-type platelets labelled with an anti-GPIX (p0p6) 

IgG antibody conjugated with Alexa Fluor-594 (magenta, left) and anti-GPIbα (p0p4) F(ab’) 

fragment conjugated with Alexa Fluor-488 (green, right) in (A) unexpanded, (B) 4x expanded 

following Tillberg et al. protocol, and (C) 10x expanded platelets following Truckenbrodt et al. 

protocol. (D) Representative images of the trifunctional approach where murine platelets were 

stained using an antibody against GPIX (p0p6) trifunctionally-conjugated with Atto-594 (magenta, 

left) and a F(ab’) fragment against GPIbα (p0p4) trifunctionally-conjugated with Atto-488 (green, 

right), and expanding platelets using 10x Truckenbrodt et al. protocol. Scale bar: 5 μm. (E) 

Normalised loss of fluorescent intensity per platelet volume of platelets stained with anti-GPIX 

(p0p6) IgG antibody conjugated with Alexa Fluor-594 (magenta) and anti-GPIbα (p0p4) F(ab’) 

fragment conjugated with Alexa Fluor-488 (green) after each step (immunostaining, linking, gel 

polymerisation, digestion and expansion), when platelets were expanded 10x using Truckenbrodt 

et al. protocol (n = 3). (F) Schematic diagram of the trifunctional anchors, containing a connector, 

an anchor and a label (Atto-488). (G) Bar graph showing the fluorescence signal per platelet 

volume after 10x expansion of platelets labelled with Alexa Fluor-594 (right) or trifunctionally-

conjugated with Atto-594 (left) after they were imaged with the same laser intensity (n = 3). Data 

represented as single points and mean ± SD. ** < P = 0.01, *** < P = 0.001, and **** < P = 0.0001 

by paired t-test. Graphs (E) and (G) were kindly provided by Luise Evers. 
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After several attempts, the F(ab’) fragment with 0.22 DOL produced the greatest results 

(Table 5.2).  We observed that trifunctional-labelled IgG had a brighter signal in 10x 

expanded platelets than conventional-labelled IgG, even though its DOL was lower since 

the fluorophore was retained in the hydrogel because of the trifunctional anchor (Figure 

5.4D, G). However, the signal intensity of the p0p4 trifunctionally-tagged F(ab’) fragment 

remained too low to visualise (Figure 4D). Based on these results, F(ab’) fragments 

cannot be recommended for 4x and 10x expansion pre-gelational labelling protocols, 

since they are conjugated to fewer fluorophores than IgG, and therefore the harsh 

digestion of the expansion protocols prevents their visualisation. 

Table 5.2. Optimisation of labelling antibodies with trifunctional anchors. 

 

 

 

The visualisation parameter is measured as integrated density of the images. Values are ranged 

as; (-) 0-5,000, (+) 5,001-20,000, (++) 20,001-35,000, (+++) 35,001-50,000, and (++++) >50,000. 

 

5.3.5 Developing a 10x expansion post-gelational protocol to visualise F(ab’) 

fragments using expansion microscopy 

In the previous section, we found that labelling platelets with F(ab’) fragments before 

gelation, denaturation, and expansion failed due to signal loss during the process. 

Therefore we tried another approach named ultrastructure expansion microscopy (U-
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ExM) developed by Gambarotto et al., in which platelets are first embedded within the 

hydrogel, the digestion is replaced by a light denaturation process, the sample is 

expanded, and the labelling takes place as the last step (Gambarotto et al., 2019) (Table 

5.1). We observed using Gambarotto’s protocol, that 4x expanded platelets were 

successfully stained with p0p6 IgG (Figure 5.5A, top) and p0p4 F(ab’) fragment (Figure 

5.5A, bottom). Due to the still small size of the platelets, the resolution obtained with a 

4x expansion of the sample was not sufficient.  As a result, we developed a new 

expansion microscopy protocol in which the sample was expanded 10x, and labelled 

after gelation and expansion, similar to U-ExM. We named our protocol Mix & Match 

expansion microscopy (MM-ExM) as we employed the 10x monomer solution from 

(Damstra et al., 2022), and the fixation and post-gelational labelling of the U-ExM 

(Gambarotto et al., 2019). To establish and optimise the protocol for platelet imaging by 

testing different fixation conditions and denaturation times (Table 5.3). Finally, platelets 

were expanded 10 times according to protocol Av (Table 5.3), and the staining with IgG, 

as well as with F(ab') fragments was successful and allowed us to image the platelet 

receptors (Figure 5.5B). 

Figure 5.5. Developing a new 10x 

post-gelational labelling expansion 

protocol. Comparing two post-

gelational protocols, the existing 4x 

developed by Gambarotto et al. (known 

as U-ExM), and our 10x protocol, named 

mix and match expansion microscopy 

(MM-ExM). Dual-colour confocal 

representative images of wild-type 

platelets labelled with an anti-GPIX 

(p0p6) IgG antibody conjugated with 

Alexa Fluor-594 (magenta, top) and anti-

GPIbα (p0p4) F(ab’) fragment 

conjugated with Alexa Fluor-488 (green, 

bottom) using (A) 4x U-ExM and (B) 10x 

MM-ExM protocols. Scale bar: 5 μm. 
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Table 5.3. Optimisation of a new post-gelational labelling 10x expansion microscopy 

protocol.  

Protocols are colour-coded by the fixative used. The expansion parameter is measured as 

expansion factor of the expanded gels. Values are ranged as; (++) 7x-9x expansion and (+++) 

10x expansion. The visualisation parameter is measured as integrated density of the images. 

Values are ranged as; (-) 0-5,000, (+) 5,001-20,000, (++) 20,001-35,000, and (+++) 35,001-

50,000. 

 

Another advantage of our MM-ExM protocol was that we obtained platelets that were on 

average 20 μm in diameter, which is 10-fold larger than the size of unexpanded platelets 

(2 μm), demonstrating that platelets were consistently 10x larger with our protocol, 

whereas platelets were 15 μm in diameter on average with the 10x Truckenbrodt protocol 

(Figure 5.6). 
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Figure 5.6. Analysing microscopic expansion of different ExM protocols. We examined the 

microscopic expansion of murine platelets following several expansion protocols. (A) Single-

colour confocal representative images of platelets (Ai) unexpanded, (Aii) 4x expanded (Tillberg et 

al. protocol), (Aii) 10x expanded (Truckenbrodt et al. protocol), and (Aiv) 10x expanded following 

our MM-ExM protocol, and labelled with an anti-GPIX (p0p6) IgG antibody conjugated with Alexa 

Fluor-594. Scale bar: 5 μm. (B) Quantification of platelet diameter of platelets expanded following 

the protocols described in (A). A total number of 5 platelets was measured from n = 2 experiments. 

 

5.3.6 Visualising from single platelets to nc-aggregates using expansion 

microscopy 

Before, we established the 10x protocol only for resting platelets. Our next step was to 

expand and visualise activated platelets and nc-aggregates. For the imaging of activated 

platelets, we pre-activated murine them with thrombin (0.01 U/mL) and spread them on 

collagen- (10 μg/mL) or fibrinogen-coated (100 μg/mL) slides. We observed that platelets 

spread on collagen and fibrinogen were able to adhere to the gel and expanded 10 times 

(Figure 5.7A). To visualise nc-aggregates, we incubated resting platelets with the anti-

GPIbα monoclonal IgG antibody for 10 min under stirring conditions using the 
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aggregometry cuvette. When the nc-aggregates were formed, we proceeded with the 

10x expansion protocol. Unexpanded nc-aggregated platelets were tightly close together 

and single platelets were difficult to characterise (Figure 5.7B). However, using the 10x 

expansion protocol, we were able to observe single platelets within nc-aggregates 

(Figure 5.7B).  

These results suggest that activated platelets and nc-aggregates could be transferred to 

the hydrogel and therefore it would be possible to use this microscopy technique as a 

tool to study the possible conformation change in platelet receptors in nc-aggregates.   
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Figure 5.7. ExM of nc-aggregates, and single platelets spread on collagen- and fibrinogen-

coated slides.  Murine washed platelets were spread on different surfaces and expanded 10x 

following the 10x MM-ExM protocol. All platelets were stained with an anti-GPIX IgG antibody 

(p0p6) conjugated with Alexa Fluor-594. Images were obtained using the AiryScan confocal 

microscope (Zeiss), and the reconstruction and 3D projections were obtained using Zen Blue 

software (Zeiss). (A) Representative images of unexpanded (top) and 10x expanded (bottom) 

platelets spread on glycine- (left), collagen- (middle) and fibrinogen-coated (right) slides.               

(B) Murine platelets were incubated with 50 μg/mL of an anti-GPIbα IgG for 15 min at R.T., and 

then platelets were placed in the aggregometry cuvette for 10 min with constant stirring at 1,200 

rpm to obtain the nc-aggregates. Then, nc-aggregates were fixed on glycine-coated slides and 

imaged. Representative images of unexpanded (left) and 10x expanded (right) platelets. Scale 

bar: 5 μm. 
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5.3.7 Mapping GPIb-V-IX receptor complex distribution on platelets 

Following the establishment of the 10x post-gelational protocol (MM-ExM) and 

confirming that the nc-aggregates can be transferred into the gel, we proceed to study 

the distribution of the GPIb-IX-V complex, first on resting platelets. Platelets were stained 

with two different antibodies in three different combinations (Figure 5.8A). The highest 

colocalisation case was obtained using two different antibodies that bind to different 

epitopes of GPIbα (Figure 5.8, case I). Then, two different subunits of the complex, 

GPIbα and GPIX, were stained. GPIbα and GPIX have a higher distance and therefore 

we expected a lower colocalisation for this case (Figure 5.8, case III). For our case of 

study, we labelled GPIbα with the same antibody in two different colours (AF-488 and 

AF-594) to investigate a change in this receptor distribution (Figure 5.8, case II). This 

provides insights into the dynamic range of the receptors using expansion microscopy. 

Using our MM-ExM protocol we stained platelets according to the cases previously 

described (Figure 5.8). It was visible from the 3D projections that p0p4 and p0p5 

colocalised (Figure 5.8B, case I; represented in yellow), whereas for p0p4 and p0p6 we 

observed a lower proportion of colocalisation on the images (Figure 5.8B, case III). 

However, in order to verify the expected colocalisation of case I and case III, to obtain 

the precise colocalisation of case II, and to show that the resolution obtained with our 

expansion microscopy protocol is sufficient we would need to perform a colocalisation 

analysis. In the previous study (Heil et al., 2022), they used the 10x Truckenbrodt 

protocol to study the distribution of integrin αIIbβ3, and the colocalisation analysis was 

performed using the Manders’ colocalisation approach  (Manders et al., 1993). We aim 

to employ the same colocalisation approach to study GPIbα distribution on platelets. 

However, due to time constraints, the results of the colocalisation analysis cannot be 

shown in this Chapter. 
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Figure 5.8. Using our new 10x ExM protocol to study the distribution of GPIbα on resting 

platelets. (A) Schematic representation of the colocalisation cases used for the study; case I 

(maximum colocalisation expected, left), case II (aim of the study, middle), and case III (minimum 

colocalisation expected, right). (B) Washed murine resting platelets were spread on glycine-

coated coverslips, expanded 10x using the 10x MM-ExM protocol, and imaged using the AiryScan 

confocal microscope (Zeiss). The reconstructed images and 3D projections were obtained using 
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Zen Blue software (Zeiss). Representative 2D images (left) and 3D projections (right) of platelets 

stained according to case I (top), case II (middle) and case III (bottom). Merge images were taken 

to highlight the colocalisation for the different cases. Scale bar: 5 μm. 

 

According to the literature GPIbα can interact in the platelet plasma membrane with GPVI 

(Arthur et al., 2005). However, there is no super-resolution data yet available 

demonstrating this interaction. We use our 10x MM-ExM protocol to label platelets for 

GPIbα and GPVI and observe the degree of colocalisation (Figure 5.9). According to the 

preliminary results, these two receptors colocalise on platelets, but as mentioned above, 

a colocalisation analysis is still required to ensure that these two molecules interact.  

 

 

 

 

 

 

 

 

Figure 5.9. Using our new 10x ExM protocol to study the interaction of GPIbα and GPVI in 

platelets. Representative 2D and 3D projections of washed murine resting platelets were spread 

on glycine-coated coverslips, expanded 10x using the 10x MM-ExM protocol, and labelled with 

F(ab’) fragments against GPVI (JAQ1) and GPIbα (p0p4) conjugated with AF-488 (green) and 

AF-594 (red), respectively. Image acquisition was performed using the AiryScan confocal 

microscope (Zeiss). The reconstructed images and 3D projections were obtained using Zen Blue 

software (Zeiss). Merge images were taken to highlight the colocalisation of the two receptors. 

Scale bar: 5 μm. 
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5.4 Discussion 

Expansion microscopy is a relatively new microscopy technique that is constantly 

developing, with new protocols improving the labelling or increasing the sample size. We 

demonstrated that the best approach to reduce the signal loss during expansion is to 

label the sample after gelation and expansion. Additionally, we developed a new 10x 

expansion microscopy protocol that allowed us to expand platelets 10 times and post-

gelationally label the sample with F(ab’) fragments. The usage of F(ab’) fragments is 

essential in our study to label nc-aggregates induced by anti-GPIbα IgG antibodies, but 

also to improve the imaging quality in general. The majority of platelet labelling has been 

done using IgG antibodies, which have a relatively high linkage error (of approximately 

17 nm when using primary and secondary IgG antibodies) that lower the resolution 

gained through ExM. By using F(ab’) fragments, we could decrease this linkage, and 

therefore improve the effective achieved resolution. F(ab’) fragments, however, have the 

limitation of a reduced labelling density, which can result in dim images. 

Signal loss is one of the biggest disadvantages of expansion microscopy, and previous 

protocols (Tillberg et al., 2016, Truckenbrodt et al., 2018) used proteinase K in the 

digestion buffer after sample labelling. We demonstrated that there is a significant loss 

of fluorescent signal upon digestion, but the IgG remained bright enough, while the F(ab’) 

fragment was not visible. To minimise this loss, we implemented the labelling with 

antibodies (IgG and F(ab’) fragment) conjugated with trifunctional anchors. The 

trifunctional anchors were first used in expansion microscopy by Shi and co-authors (Shi 

et al., 2021) proving higher retention of the labels. In this Chapter, we show that, in line 

with the previous publication, we were able to increase the fluorescence signal of IgG 

antibodies using trifunctional labels. However, for F(ab’) fragments this approach was 

not successful, probably because the degree of labelling (DOL) we achieved for p0p4 

F(ab’) fragment was one-quarter of the DOL of the IgG. It was expected that F(ab’) 
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fragments have a lower DOL than IgGs since they only have half the binding sites to 

fluorophores, but as a result of these low DOL, samples labelled with F(ab’) fragments 

could not be visualised due to weak signals. 

The main loss of fluorescent signal was caused by digestion, as also reported by other 

groups (Büttner et al., 2021, Shi et al., 2021). We tried a different approach in order to 

visualise the F(ab’) fragments, known as post-gelation labelling, in which the labelling 

occurred upon gelation, denaturation and expansion when the platelets were embedded 

in the gel and expanded. This protocol is named 4x U-ExM (Gambarotto et al., 2019). By 

omitting the harsh digestion with the proteinase K and performing post-gelational 

labelling, we demonstrated that we were able to visualise 4x expanded platelets labelled 

with IgG and F(ab’) fragments. In addition, post-gelational labelling increases the 

fluorescent signal when compared to regular pre-gelational labelling protocols, since the 

sample is already digested when labelled, so the digestion facilitates antibody binding to 

their epitopes. 

Nevertheless, using the 4x U-ExM protocol expanded platelet size was not big enough 

to break the diffraction limit and to perform the colocalisation analysis. Therefore, we 

developed a new expansion microscopy protocol, following the principle of the U-ExM 

but using a monomer solution that allowed us to expand the sample 10x. To achieve the 

highest signal intensity, we tested different compositions of fixative as well as fixation 

and denaturation times. We called the new protocol mix and match expansion 

microscopy (MM-ExM). Using MM-ExM we proved that platelets labelled with IgG and 

F(ab’) fragments were visualised without losing the fluorescent signal. Aside from that, 

the microscopic size of expanded platelets was approximately 10x larger than that of 

unexpanded platelets, reaching 20 μm in diameter. This was an improvement compared 

to the previous 10x protocol established by Truckenbrodt et al., with which we obtained 

a platelet size of around 15 μm in diameter.  Aside from being faster, the MM-ExM 
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protocol produced more stable and firm hydrogels when compared to the 10x 

Truckenbrodt protocol, even though that was difficult to quantify.  

In this Chapter we also show that resting, collagen- and fibrinogen-activated platelets, 

and nc-aggregates could be embedded in the 10x hydrogel and imaged. This is key for 

our project as the final aim is to visualise receptors' distribution in nc-aggregates caused 

by anti-GPIbα monoclonal antibodies. The three different colocalisation cases needed 

for studying GPIbα have already been imaged, and we are currently establishing the 

colocalisation analysis based on Manders' coefficient. The colocalisation analysis would 

provide insights into the receptor dynamic on single resting platelets, and since platelet 

nc-aggregates can already be imaged using ExM, the next step would be to compare 

the distribution of GPIb and the entire GPIb-IX-V receptor complex between single 

resting platelets and nc-aggregates. The image quality of ExM could be improved by 

combining it with another SR method, such as SIM, if after performing the colocalisation 

analysis we realised that the obtained images do not have enough resolution to visualize 

individual platelets within nc-aggregates. 
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CHAPTER 6 

General discussion
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6.1 Summary of results 

Platelets play a wide variety of roles in both physiological and pathological processes 

including cardiovascular diseases (CVDs). As CVDs are still one of the leading causes 

of death worldwide (Roth et al., 2020a), platelets are often the target of novel therapies 

and it is, therefore, crucial to understand how platelets become activated. The collagen 

receptor GPVI and the vWF receptor GPIbα are two of the main glycoprotein receptors 

on the platelet plasma membrane and are involved in platelet activation. Therefore, 

understanding their signalling pathways, organisation, and conformation is important due 

to their potential role as antithrombotic targets. 

Whereas in literature we find data on the GPVI downstream signalling pathway, less is 

known about GPVI organisation and conformation on the plasma membrane. Also, little 

is published about the GPIbα signalling cascade and localisation. This lack of knowledge 

and the recent developments in the super-resolution microscopy field have driven us to 

carry out this PhD thesis. The overall aim of this project was to develop and optimised 

super-resolution microscopy techniques for the study of platelet receptors, focusing on 

GPVI and GPIbα. We demonstrated that; 1) dSTORM and SIM are the best methods to 

use for plasma membrane protein localisation in single platelets; 2) Rac does alter the 

GPVI signalling cascade but not receptor clustering and dimerisation; 3) expansion 

microscopy can be used to image receptors on single platelets and in nc-aggregates. 

6.2 Choosing the best super-resolution microscopy methods for platelet 

imaging 

The choice of which microscopy technique to use, whether super-resolution or not, is 

dependent on the question being asked and the tools that are available. Several super-

resolution microscopy methods have been developed in recent years. Each of them has 

been optimised to solve different problems and therefore provides the user with different 

advantages (Montague et al., 2020). In our group in Birmingham, we have extensive 
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experience using dSTORM, which is one of the best microscopy methods for studying 

receptor localisation because it relies on TIRF for optimal performance, making it ideal 

for looking at events occurring on the plasma membrane (Rust et al., 2006). dSTORM 

data is then further amenable to performing cluster analysis to assess receptor 

distribution. However, like all techniques, it is not without its limitations. We, therefore, 

investigated DNA-PAINT as an alternative single molecule technique, for obtaining 

super-resolved images of platelets in TIRF mode and compared this to dSTORM. In 

contrast to dSTORM, PAINT has the benefit of being a super-resolution microscopy 

technique, which negates the problems associated with chromatic aberrations that are 

amplified in super-resolution imaging (Erdelyi et al., 2013), and decreases 

photobleaching (Pallikkuth et al., 2018). Additionally, PAINT permits multiplex labelling 

of the sample using the same fluorophore, this approach is called exchange-PAINT 

(Jungmann et al., 2014). Another drawback of dSTORM is that it does not give absolute 

numbers of proteins. This is because it reports the localisations of fluorescent ‘blinks’, 

but each antibody can have several fluorophores attached and each fluorophore can 

blink multiple times. This behaviour is influenced by the photophysics of the dye and the 

buffer environment (Goossen-Schmidt et al., 2020), and therefore dSTORM can only be 

used to report relative differences between treatments or areas within the cell.  The same 

group which published Exchange-PAINT also developed a quantitative form of PAINT 

called qPAINT (Jungmann et al., 2016), a robust SR method that allows precise 

quantification and could be also useful for protein interaction studies. The biggest 

challenge with qPAINT is the number of controls and statistics analysis that need to be 

performed in order to obtain the quantification, therefore it is not a SR microscopy 

method easy to implement (Unterauer and Jungmann, 2022). 

However, in our comparison of the two techniques in Chapter 3, using SQUIRREL 

analytical approach we obtained a lower image resolution in PAINT, due to the presence 
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of more artefacts than in dSTORM super-resolved images. This artefact could be 

explained by; 1) the longer acquisition time required by PAINT compared to dSTORM, 

which increases the risk of drifting; 2) PAINT reference images showing a higher 

unspecific background signal due to the imager strand freely diffusing in the imaging 

buffer, which could lead to errors in the software analysis; 3) the antibody's linkage error, 

which is significantly larger in PAINT due to the fluorophore coupled to a DNA oligo 

conjugated-IgG (30-40 nm) compared to normal primary and secondary standard 

labelling (17 nm) (Zwettler et al., 2020). The lower resolution obtained with PAINT than 

with dSTORM is consistent with previous data where they also compared the resolution 

of microtubules using these two microscopy techniques (Früh et al., 2021).  

Nevertheless, PAINT has the potential to be a great tool for platelet imaging as it offers 

a range of advantages that other SR microscopy methods lack. The decrease in 

resolution of PAINT can be compensated by the possibility to image the entire GPVI 

signalling complex, instead of just one or two targets, and get real quantification data. We 

recommend the further optimisation of this method because of its great potential in 

platelet imaging.  

An important objective of our project was to continue studying GPVI clustering using 

cluster analysis tools. The cluster analysis of GPVI was first implemented by Poulter and 

co-authors using Ripley’s K-function-based cluster analysis (Poulter et al., 2017). 

However, several recent studies demonstrated that the density-based analysis 

approach, DBSCAN, is a better alternative for GPVI cluster analysis along collagen fibres 

than Ripley’s K-function since it analyses the entire image instead of a small region of 

interest (Clark et al., 2019, Pallini, 2020). Therefore, as a continuation of those studies, 

we used DBSCAN cluster analysis for studying GPVI spatial location on the plasma 

membrane, validating their data. There are several other clustering methods, such as 

the topological mode analysis tool (ToMATo) developed to study integrin α2β1 clustering 
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of platelets on collagen (Pike et al., 2019), which we have started to use in GPVI cluster 

analysis.   

We also demonstrated in Chapter 3 that SIM is one of the easiest methods to obtain 

stacks of super-resolved images that allows the visualisation of plasma membrane 

receptors and intracellular proteins, thus has been used in platelet imaging (Aslan et al., 

2015, Pluthero and Kahr, 2018). Recent studies have used SIM in combination with TIRF 

(TIRF-SIM) to study receptor dynamics and perform live imaging, and increase the 

spatial resolution of SIM (Roth et al., 2020b, Ranjan and Chen, 2021, Wöllert and 

Langford, 2022). TIRF-SIM is the first commercially available method that allows super-

resolution imaging of live cells and has a great potential for platelet imaging in order to 

visualise platelets spreading live, providing more insights about proteins dynamic.  

The microscopy techniques mentioned above are designed to visualise platelets and 

other cells as a monolayer on a surface. However, one of the most peculiar 

characteristics of platelets is that they aggregate upon stimulation (Geratz et al., 1978). 

The platelets in these processes come close together, making it impossible to visualize 

their individual membranes and target molecules using a conventional epifluorescence, 

TIRF or confocal microscope. For these reasons, we implemented the usage of 

expansion microscopy (ExM) as a tool for platelet imaging. Currently, ExM is an 

emerging technology and many groups are developing their expansion microscopy 

protocols to overcome the limitations of the original protocol, such as fluorescence signal 

loss and the limited expansion of the sample (Truckenbrodt et al., 2018, Shi et al., 2021, 

Cho and Chang, 2022). Recently, our group in Würzburg published the first study 

performing expansion microscopy in platelets (Heil et al., 2022) using IgG antibodies to 

labelled platelet receptors. To move forward in the topic, this project aimed to image 

platelets labelled using fluorescently-tagged F(ab’) fragments in order to avoid the higher 

linkage error of IgG and avoid nc-aggregation formation using anti-GPIbα antibodies 
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(Bergmeier et al., 2000). As described in Chapter 5, this was not possible using the most 

popular expansion microscopy protocols (Tillberg et al., 2016, Truckenbrodt et al., 2018), 

therefore we developed a new expansion microscopy protocol (MM-ExM) that allowed 

us to expand the sample 10x and labelled it with F(ab’) fragments. This is the first protocol 

allowing the imaging of 10x expanded platelets immunostained with F(ab’) fragments 

conjugated with fluorophores. We believe that our protocol is an important advancement 

for the ExM field, not only for platelet imaging, as many studies can benefit from labelling 

their samples with F(ab’) fragments. To achieve a higher spatial resolution, ExM can be 

also used in combination for instance with dSTORM (Xu et al., 2019, Zwettler et al., 

2020) and SIM (Halpern et al., 2017).  

Another method to increase ExM, and any other microscopy method, spatial resolution 

is to change the labelling strategy and use nanobodies, which are a new tool for imaging 

platelets (Bao et al., 2021). Nanobodies are recombinant variable domains of heavy-

chain-only antibodies produced by camelids. They are a tenth of the size of an antibody, 

and more suitable for imaging than an IgG antibody since their small size allows them to 

penetrate the target tissue better and increase the precision of the image (Hassanzadeh-

Ghassabeh et al., 2013). Because of their small size, they reduce the linkage error, 

reaching an average of 4 nm in combination with 10x ExM (Mikhaylova et al., 2015, 

Zwettler et al., 2020). In the Birmingham research group, we have developed the first 

nanobodies against human GPVI (Slater et al., 2021) that have been already used for 

imaging platelets under flow to study thrombus formation (Jooss et al., 2022). ExM, which 

is a great tool to image tissue and big and dense structures, could also be used in 

combination with nanobodies to study thrombus formation and obtain super-resolved 

images. 
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6.3 How does the actin cytoskeleton interact with GPIbα and GPVI 

signalling pathways? 

Platelet aggregation and thrombus generation start with the adhesion of GPVI and GPIb-

V-IX complex to their ligands. They have different ligands, GPVI binds to collagen, fibrin, 

laminin and adiponectin, while GPIbα (main ligand-binding subunit of GPIb-V-IX) binds 

to vWF, thrombin, leukocyte integrin αMβ2, and factors XI and XII among others 

(Andrews and Gardiner, 2016).  Some data indicate that both glycoproteins activate the 

same signalling pathway leading to an increase in cytosolic calcium and activation of 

integrin αIIbβ3 which induces platelet aggregation (Ozaki et al., 2005). However, there 

is not a consensus in the literature regarding GPIbα signalling, with others reporting 

activation of the integrin αIIbβ3 being independent of GPIbα and induced by vWF binding 

directly to the integrin at high shear (Feng et al., 2006). Using transgenic mice lacking 

the GPIbα intracellular domain, Constantinescu-Bercu et al. demonstrated impaired 

GPVI signalling in response to CRP stimulation, resulting in reduced P-selectin 

expression and integrin αIIbβ3 activation, confirming that GPIbα is necessary to support 

GPVI signalling (Constantinescu-Bercu et al., 2021). This could explain that GPIbα does 

not directly activate integrin αIIbβ3 but supports GPVI in the activation of this integrin. 

Regarding the localisation of these glycoproteins, it has been proven by pull-down 

assays that GPVI can be associated with GPIbα in the platelet plasma membrane (Arthur 

et al., 2005). In Chapter 5, by using ExM we suggested that GPVI and GPIbα colocalise 

in resting platelets, supporting previous findings. Further experiments will be necessary 

to determine how the signalling of the two receptors might be regulated in platelets 

activated by different ligands or in platelets in a thrombus. 

Another strong link between GPVI and GPIb-V-IX complex is the fundamental role that 

the actin cytoskeleton has on their signalling cascades and reorganisation. Also, 

activation of these two receptors results in significant modifications of platelet shape 
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because the actin cytoskeleton is reorganised (Goggs et al., 2015). GPIbα plasma 

membrane expression and distribution were altered by changes in the actin cytoskeleton 

induced by mouse platelets lacking filamin A (an actin-binding protein that controls the 

rearrangement of the actin cytoskeleton, and has a binding domain in the intracellular 

domain of GPIbα). The absence of filamin A also caused severe alteration in GPVI 

signalling, especially in Syk and PLCγ2 phosphorylation, demonstrating that another link 

between GPVI and GPIbα is their regulation by the cytoskeleton (Falet et al., 2010). In 

Chapter 4, we studied the role of the actin cytoskeleton by inhibiting Rac, a small Rho 

GTPase that controls actin redistribution and remodel (Moldovan et al., 1999). We 

observed that the disruption of the cytoskeleton mediated by Rac inhibition (using 

EHT1864) and cytochalasin D caused impaired human platelet aggregation upon GPVI 

ligand-stimulation. The same was observed in Rac1 deficient murine platelets upon 

collagen (Pleines et al., 2009). These data together suggest that the actin cytoskeleton 

is necessary for the correct aggregation of platelets mediated by GPVI, even though 

there is no evidence that this receptor directly interacts with the actin cytoskeleton. 

However, the disruption of the cytoskeleton causes dysfunction on the transportation and 

secretion of granules containing second-wave mediators necessary for aggregation, as 

well as impaired platelet remodelling and spatial relocation of different proteins that could 

potentially support platelet activation and aggregation downstream GPVI (Bury et al., 

2016, Woronowicz et al., 2010). One of the molecules that could support GPVI is GPIbα, 

which directly interacts with the actin network via Filamin A, and  has been demonstrated 

to be essential for GPVI-induced aggregation of platelets (Constantinescu-Bercu et al., 

2021).  

In Chapter 4, we described for the first time in human platelets that there is an effect on 

the GPVI downstream signalling pathway caused by the inhibition of Rac. We observed 

that the inhibition of Rac decreased phosphorylation levels of PLCγ2 in human, but not 
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in murine platelets, demonstrating that there are innate differences in the signalling 

pathway of both species. It was proposed by old literature that GPVI and GPIbα 

downstream cascades also share the activation of PLCγ2 (Figure 6.1). Nevertheless, 

one of the main differences between both signalling pathways is that GPVI induces a 

greater activation of PLCγ2 than GPIbα (Suzuki-Inoue et al., 2004). There is data 

reporting that Rac1 deficient platelets present an impaired phosphoinositide 3-kinase 

(PI3K) activation on platelets stimulated with vWF, however, there are no data yet 

available regarding PLCγ2 phosphorylation status (Delaney et al., 2012). As PLCγ2 is 

downstream PI3K in the GPIbα signalling cascade, we expect Rac inhibition to also 

decrease PLCγ2 activation on platelets stimulated with vWF. Unfortunately, we were 

unable to perform those experiments due to time constraints. Regarding the role of Rac 

on GPVI-mediated platelet spreading, we demonstrated that it affected the degree of 

spreading but not the adhesion. This is in line with previous studies that reported that 

platelets adhesion to vWF through GPIbα was also not altered in Rac1 deficient platelets 

(Delaney et al., 2012), meaning that the role of the cytoskeleton does not affect platelet 

adhesion to different ligands, including collagen, fibrinogen and vWF.  

Surprisingly, we also observed that by disrupting the inhibition of Rac using EHT1864, 

we decreased only GPVI and GPV surface expression, whereas GPIbα surface levels 

were unaltered. These glycoprotein receptors have different auto-regulatory 

mechanisms for shedding due to the different metalloproteinases involved (ADAM10 in 

GPVI and GPV shedding, and ADAM17 in GPV and GPIbα shedding) (Gardiner et al., 

2007, Bender et al., 2010) (Figure 6.1).  We expected the actin cytoskeleton to have an 

important role in GPVI and GPIb-IX-V receptor complex cleavage because, as recently 

reported, actin polymerisation is crucial for GPIbα shedding (Zhou et al., 2022). The 

authors used jasplakinolide (a peptide that induces actin polymerisation and stabilisation; 

(Bubb et al., 2000)), which impaired thrombin-, but not collagen-induced platelet 
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aggregation, and promoted GPIbα but not GPVI shedding, suggesting that GPIbα 

shedding is dependent on actin polymerisation. The mechanism described indicates that 

calpain is activated by actin polymerisation, and this hydrolyses filamin A, which results 

in ADAM17-specific induced GPIbα shedding (Zhou et al., 2022). We hypothesize that a 

similar process, where the actin filaments are involved, could happen in the GPVI 

shedding induced upon Rac inhibition. However, we demonstrated that this process is 

exclusively mediated by ADAM10, by blocking the shedding with GI254023X (a specific 

ADAM10 inhibitor). GPVI interacts with calmodulin (CaM), a protein that accelerates 

actin polymerisation in human platelets (Piazza and Wallace, 1985). Of note, CaM also 

activates Rac (Elsaraj and Bhullar, 2008) and CaM inhibition induces GPVI shedding 

(Gardiner et al., 2004). The current hypothesis is that the inactivation and therefore 

dissociation of CaM from GPVI allows ADAM10 to easily reach the cleavage site and 

therefore induces GPVI shedding (Facey et al., 2016). With our study, Rac1 is now 

included in this picture, suggesting that Rac activity may be essential to keep CaM 

associated in the platelet surface to GPVI. As an alternative, Rac could also have a role 

in modulating ADAM10 activity through tetraspanins (Tspan). In platelets, Tspan15 forms 

a complex with ADAM10, and this molecular scissor is responsible for GPVI cleavage 

(Koo et al., 2022). In a recent study, Rac was shown to bind to the cytosolic domain of 

Tspan15 (Koo et al., 2020), even though the importance of Rac in this process is 

unknown. To fully understand the mechanisms that drive GPVI shedding from platelet 

plasma membranes, and the exact role Rac plays in this, more research is 

needed. Mapping the position of Rac1, ADAM10, Tspan15 and CaM relative to GPVI 

using super-resolution microscopy methods, such as exchange-PAINT (Jungmann et al., 

2014), would be an interesting approach for further research on GPVI shedding, as it 

allows the visualisation of up to 8 target in the same sample. Yet, we started the 

optimisation of DNA-PAINT, as described in Chapter 3, however, the difficult optimisation 
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procedure did not allow us to implement exchange-PAINT for platelet imaging due to the 

limited length of the PhD. 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Schematic representation of the interaction of the signalling cascades of the 

GPIb-IX-V complex with GPVI and integrin αIIbβ3 on the platelet surface. Imaged modified 

from (Li et al., 2010), highlighting the localisation of Rac (yellow) downstream GPVI signalling 

pathway, upstream PLCγ2. The metalloproteinase ADAM10 (blue) interacts with Tspan15 (red) 

and is responsible for GPVI and GPV shedding, whereas ADAM17 (green) controls GPIbα and 

GPV shedding.  
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6.4 Challenges in analysing GPVI dimerisation and clustering in human 

platelets 

The conformation of GPVI in resting and activated platelets has been extensively 

discussed in the past years (Clark et al., 2021a). The aim of this project was to provide 

some insights into GPVI conformation by using biophysical and super-resolution 

microscopy techniques. Miura and co-authors reported that only dimeric GPVI, and not 

monomeric GPVI, could bind to collagen fibres (Miura et al., 2002). More recently, this 

data was contradicted by our group (Clark et al., 2021b), demonstrating that GPVI 

dimerisation is not fundamental for GPVI binding to collagen, and therefore activation. 

The study reported that HEK293T cells transfected with GPVI missing the D2 domain 

(that contains the GPVI dimerisation site according to crystallography data (Horii et al., 

2006, Slater et al., 2021)) were still able to bind fibrillar collagen. The main limitation of 

this study is that it did not involve platelets, so further research is needed in platelets to 

determine whether monomeric GPVI binds to collagen. However, this is challenging 

because platelets lack a nucleus that could allow the expression of modified versions of 

GPVI. Mouse models expressing a human copy of GPVI (Navarro et al., 2022), could be 

genetically modified and used to address this limitation of human platelets. 

In 2007, Berlanga and co-authors were the first to propose that GPVI is dynamic and 

could dimerise or oligomerise using transfected HEK293T cells (Berlanga et al., 2007). 

A dimeric GPVI-specific F(ab’) fragment was used to confirm this in platelets (Jung et al., 

2009). Further studies also suggested that approximately 20% of GPVI was found as 

dimers in resting platelets, and there is an increase in GPVI dimerisation upon platelet 

activation with CRP, a GPVI ligand (Jung et al., 2012, Loyau et al., 2012). In Chapter 3 

and 4, we studied GPVI dimerisation in human platelets using flow cytometry-based 

FRET analysis. We observed that, in line with the literature, GPVI was partially 

expressed as dimers in resting and CRP-activated platelets. In contrast, we did not find 
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an increase in FRET efficiency when platelets were stimulated with CRP, which would 

indicate an increase in GPVI dimerisation/oligomerisation on CRP-stimulated platelets. 

As we discussed in the previous section, we expected the cytoskeleton to have an effect 

on GPVI conformation, therefore we also studied the effect of disrupting the actin 

cytoskeleton using the Rac inhibitor EHT1864. We did not observe any significant 

change in GPVI dimerisation upon Rac inhibition. These results could be explained by 

the biophysical limitations of the technique used. In immunolabelled samples, antibody 

binding epitopes can be further than 10 μm, resulting in suboptimal FRET efficiency 

despite the receptors forming dimers. We performed a control experiment using the 

integrin αIIbβ3, which is a well-known dimer, indicating that the principle of the technique 

works in our hands. However, an ideal positive control for our flow cytometry-based 

FRET experiment studying GPVI dimerisation would be to use a cell line expressing 

dimeric GPVI-Fc and perform in that the FRET analysis using the same antibodies as in 

platelets. 

With regard to the dynamics of GPVI, the receptor clusters on the platelet plasma 

membrane in solution, forming GPVI oligomers of up to 8 molecules upon convulxin 

stimulation (Horii et al., 2009), and large clusters along immobilised fibrillar collagen 

(Poulter et al., 2017). However, the mechanism that drives GPVI clustering is still 

unknown. One explanation could be the nature of collagen that contains several GPO 

and physically brings together GPVI molecules. Research conducted by our group in 

Birmingham has attempted to understand the mechanism underlying clustering and how 

to disrupt it. Pallini et al. demonstrated that by inhibiting two of the main tyrosine kinases 

downstream GPVI signalling pathway, Src and Syk, the cluster was not disrupted and 

therefore downstream signalling is not required to maintain the clusters once they are 

formed (Pallini et al., 2021). However, these clusters are in areas enriched in signalling 

proteins such as p-Syk, suggesting they are important for maintaining the signalling. A 
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similar scenario was reported by Clark et al., in which platelets were incubated with 

adenylyl cyclase-activating compounds forskolin, and adenosine, and GPVI clustering 

was not altered (Clark et al., 2019). Up to this point, collagen-induced GPVI clustering 

has been disrupted only by losartan (angiotensin II that inhibits TXA2 and GPVI) (Jiang 

et al., 2015). As part of this PhD project (Chapter 3 and 4), we also studied GPVI 

clustering and examined the effect of inhibiting Rac and, therefore, altering the actin 

cytoskeleton on GPVI clustering in human platelets. We expected the actin cytoskeleton 

somehow to play a role in GPVI clustering and lateral mobility, as it does, for instance, 

for the GPIb-V-IX receptor complex (Kasirer-Friede et al., 2002). It has been reported 

that polymerisation is essential for GPIb-IX-V complex centralisation on the platelet 

surface (Kovacsovics and Hartwig, 1996a). We demonstrated that pre-incubation with 

EHT1864 prior to spreading does not alter GPVI cluster density, area and size on human 

platelets that have spread on fibrillar collagen. Of note, the clustering analysis was 

performed in platelets that were partially and fully spread, suggesting that EHT1864 had 

less effect on those platelets. It would be ideal to analyse only platelets with filopodia 

extensions in order to guarantee that EHT1864 is acting, but due to their small size, the 

receptor density was too high for us to perform a colocalisation analysis on those 

platelets. To overcome this problem, a solution would be to use ExM in combination with 

dSTORM (Xu et al., 2019). 

Another limitation of this study is that GPVI dynamics could not be analysed in live 

platelets, as samples were imaged post-fixation. The implementation of appropriate 

microscopy techniques could be beneficial to provide broader information about clusters' 

dynamics. Therefore, we recommend for further studies the use a super-resolution 

microscopy technique that allows live imaging, such as TIRF-SIM. Additionally, dSTORM 

and the DBSCAN cluster analysis provide qualitative analysis, which is useful for 

comparing different conditions but does provide an exact number of molecules. To 
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continue forward with the project we would like to perform the imaging using qPAINT to 

obtain a quantitative analysis that will indicate the exact number of GPVI molecules per 

cluster.  

6.5 Concluding remarks 

During this thesis, we have provided new insights into the GPVI and GPIb-IX-V complex 

signalling cascades and localisation, highlighting the special importance of the actin 

cytoskeleton, through Rac, in GPVI downstream signalling pathway and shedding in 

human platelets. We demonstrated the advantages but also the challenges of using 

super-resolution microscopy in platelets and suggest avenues for future work. 

Essentially, we have stressed the importance of choosing the right microscopy methods 

based on the question to be addressed.  
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INOUE, O., GARTNER, T. K., HUGHAN, S. C., PEARCE, A. C. & LAING, G. D. 
2006. A novel Syk-dependent mechanism of platelet activation by the C-type 
lectin receptor CLEC-2. Blood, 107, 542-549. 

SUZUKI-INOUE, K., INOUE, O., DING, G., NISHIMURA, S., HOKAMURA, K., ETO, K., 
KASHIWAGI, H., TOMIYAMA, Y., YATOMI, Y., UMEMURA, K., SHIN, Y., 
HIRASHIMA, M. & OZAKI, Y. 2010. Essential in vivo roles of the C-type lectin 
receptor CLEC-2: embryonic/neonatal lethality of CLEC-2-deficient mice by 
blood/lymphatic misconnections and impaired thrombus formation of CLEC-2-
deficient platelets. J Biol Chem, 285, 24494-507. 

SUZUKI-INOUE, K., KATO, Y., INOUE, O., KANEKO, M. K., MISHIMA, K., YATOMI, 
Y., YAMAZAKI, Y., NARIMATSU, H. & OZAKI, Y. 2007. Involvement of the 
snake toxin receptor CLEC-2, in podoplanin-mediated platelet activation, by 
cancer cells. J Biol Chem, 282, 25993-6001. 

SUZUKI-INOUE, K., TULASNE, D., SHEN, Y., BORI-SANZ, T., INOUE, O., JUNG, S. 
M., MOROI, M., ANDREWS, R. K., BERNDT, M. C. & WATSON, S. P. 2002. 
Association of Fyn and Lyn with the proline-rich domain of glycoprotein VI 
regulates intracellular signaling. Journal of Biological Chemistry, 277, 21561-
21566. 



Chapter 7  References 

179 
 

SUZUKI-INOUE, K., WILDE, J. I., ANDREWS, R. K., AUGER, J. M., SIRAGANIAN, R. 
P., SEKIYA, F., RHEE, S. G. & WATSON, S. P. 2004. Glycoproteins VI and Ib-
IX-V stimulate tyrosine phosphorylation of tyrosine kinase Syk and 
phospholipase Cgamma2 at distinct sites. Biochemical Journal, 378, 1023-
1029. 

TAKAYAMA, H., HOSAKA, Y., NAKAYAMA, K., SHIRAKAWA, K., NAITOH, K., 
MATSUSUE, T., SHINOZAKI, M., HONDA, M., YATAGAI, Y., KAWAHARA, T., 
HIROSE, J., YOKOYAMA, T., KURIHARA, M. & FURUSAKO, S. 2008. A novel 
antiplatelet antibody therapy that induces cAMP-dependent endocytosis of the 
GPVI/Fc receptor γ-chain complex. Journal of Clinical Investigation, 118, 1785-
1795. 

TAM, J. & MERINO, D. 2015. Stochastic optical reconstruction microscopy (STORM) in 
comparison with stimulated emission depletion (STED) and other imaging 
methods. Journal of Neurochemistry, 135, 643-658. 

TEFFERI, A. & PARDANANI, A. 2019. Essential Thrombocythemia. New England 
Journal of Medicine, 381, 2135-2144. 

THOMAS, S. G. 2019. The structure of resting and activated platelets. Platelets, 47-77. 
THOMAS, S. G., CALAMINUS, S. D., AUGER, J. M., WATSON, S. P. & MACHESKY, 

L. M. 2007. Studies on the actin-binding protein HS1 in platelets. BMC cell 
biology, 8, 1-8. 

THON, J. N. & ITALIANO, J. E. 2010. Platelet Formation. Seminars in Hematology, 47, 
220-226. 

THORLEY, J. A., PIKE, J. & RAPPOPORT, J. Z. 2014. Chapter 14 - Super-resolution 
Microscopy: A Comparison of Commercially Available Options. In: CORNEA, A. 
& CONN, P. M. (eds.) Fluorescence Microscopy. Boston: Academic Press. 

TIEDT, R., SCHOMBER, T., HAO-SHEN, H. & SKODA, R. C. 2007. Pf4-Cre transgenic 
mice allow the generation of lineage-restricted gene knockouts for studying 
megakaryocyte and platelet function in vivo. Blood, 109, 1503-1506. 

TILBURG, J., BECKER, I. C. & ITALIANO, J. E. 2022. Don’t you forget about 
me(gakaryocytes). Blood, 139, 3245-3254. 

TILLBERG, P. W., CHEN, F., PIATKEVICH, K. D., ZHAO, Y., YU, C. C., ENGLISH, B. 
P., GAO, L., MARTORELL, A., SUK, H. J., YOSHIDA, F., DEGENNARO, E. M., 
ROOSSIEN, D. H., GONG, G., SENEVIRATNE, U., TANNENBAUM, S. R., 
DESIMONE, R., CAI, D. & BOYDEN, E. S. 2016. Protein-retention expansion 
microscopy of cells and tissues labeled using standard fluorescent proteins and 
antibodies. Nat Biotechnol, 34, 987-92. 

TRUCKENBRODT, S., MAIDORN, M., CRZAN, D., WILDHAGEN, H., KABATAS, S. & 
RIZZOLI, S. O. 2018. X10 expansion microscopy enables 25-nm resolution on 
conventional microscopes. EMBO reports, 19, e45836. 

TRUCKENBRODT, S., SOMMER, C., RIZZOLI, S. O. & DANZL, J. G. 2019. A practical 
guide to optimization in X10 expansion microscopy. Nat Protoc, 14, 832-863. 

TSUJI, M., EZUMI, Y., ARAI, M. & TAKAYAMA, H. 1997. A novel association of Fc 
receptor gamma-chain with glycoprotein VI and their co-expression as a 
collagen receptor in human platelets. J Biol Chem, 272, 23528-31. 

TWOMEY, L., G. WALLACE, R., M. CUMMINS, P., DEGRYSE, B., SHERIDAN, S., 
HARRISON, M., MOYNA, N., MEADE-MURPHY, G., NAVASIOLAVA, N., 
CUSTAUD, M.-A. & P. MURPHY, R. 2019. Platelets: From Formation to 
Function. IntechOpen. 

TYAGI, T., JAIN, K., GU, S. X., QIU, M., GU, V. W., MELCHINGER, H., RINDER, H., 
MARTIN, K. A., GARDINER, E. E., LEE, A. I., TANG, W. H. & HWA, J. 2022. A 
guide to molecular and functional investigations of platelets to bridge basic and 
clinical sciences. Nature Cardiovascular Research, 1, 223-237. 



Chapter 7  References 

180 
 

UNDAS, A. & ARIËNS, R. A. S. 2011. Fibrin Clot Structure and Function. 
Arteriosclerosis, Thrombosis, and Vascular Biology, 31, e88-e99. 

UNTERAUER, E. M. & JUNGMANN, R. 2022. Quantitative Imaging With DNA-PAINT 
for Applications in Synaptic Neuroscience. Frontiers in Synaptic Neuroscience, 
13. 

VALLI, J., GARCIA-BURGOS, A., ROONEY, L. M., VALE DE MELO E OLIVEIRA, B., 
DUNCAN, R. R. & RICKMAN, C. 2021. Seeing beyond the limit: A guide to 
choosing the right super-resolution microscopy technique. Journal of Biological 
Chemistry, 297, 100791. 

VARGA-SZABO, D., BRAUN, A. & NIESWANDT, B. 2009. Calcium signaling in 
platelets. Journal of Thrombosis and Haemostasis, 7, 1057-1066. 

VEREB, G., NAGY, P., & SZÖLLO, J.  2011. Flow cytometric FRET analysis of protein 
interaction. In Flow Cytometry Protocols. Humana Press 371-392. 

VIGNOLI, A., GIACCHERINI, C., MARCHETTI, M., VERZEROLI, C., GARGANTINI, 
C., DA PRADA, L., GIUSSANI, B. & FALANGA, A. 2013. Tissue Factor 
Expression on Platelet Surface during Preparation and Storage of Platelet 
Concentrates. Transfus Med Hemother, 40, 126-32. 

VU, T.-K. H., HUNG, D. T., WHEATON, V. I. & COUGHLIN, S. R. 1991. Molecular 
cloning of a functional thrombin receptor reveals a novel proteolytic mechanism 
of receptor activation. Cell, 64, 1057-1068. 

WAGNER, C. L., MASCELLI, M. A., NEBLOCK, D. S., WEISMAN, H. F., COLLER, B. 
S. & JORDAN, R. E. 1996. Analysis of GPIIb/IIIa receptor number by 
quantification of 7E3 binding to human platelets. 

WANG, Y., YU, Z., CAHOON, C. K., PARMELY, T., THOMAS, N., UNRUH, J. R., 
SLAUGHTER, B. D. & HAWLEY, R. S. 2018. Combined expansion microscopy 
with structured illumination microscopy for analyzing protein complexes. Nat 
Protoc, 13, 1869-1895. 

WEISS, L. J., DRAYSS, M., MANUKJAN, G., ZEITLHÖEFLER, M. J., KLEISS, J., 
WEIGEL, M. L., HERRMANN, J., MOTT, K., BECK, S., BURKARD, P., LAM, T. 
T., ALTHAUS, K., BAKCHOUL, T., FRANTZ, S., MEYBOHM, P., NIESWANDT, 
B., WEISMANN, D. & SCHULZE, H. 2022. Uncoupling of platelet granule 
release and integrin activation suggests GPIIb/IIIa as therapeutic target in 
COVID-19. Blood Adv. 

WERNER, M. & HANNUN, Y. 1991. Delayed accumulation of diacylglycerol in platelets 
as a mechanism for regulation of onset of aggregation and secretion. Blood, 78, 
435-444. 

WESTMORELAND, D., SHAW, M., GRIMES, W., METCALF, D. J., BURDEN, J. J., 
GOMEZ, K., KNIGHT, A. E. & CUTLER, D. F. 2016. Super-resolution 
microscopy as a potential approach to diagnosis of platelet granule disorders. J 
Thromb Haemost, 14, 839-49. 

WHITE, J. G. 1981. Morphological studies of platelets and platelet reactions. Vox 
Sang, 40 Suppl 1, 8-17. 

WIENS, K. M., LIN, H. & LIAO, D. 2005. Rac1 Induces the Clustering of AMPA 
Receptors during Spinogenesis. The Journal of Neuroscience, 25, 10627-
10636. 

WILLIAMSON, D., PIKOVSKI, I., CRANMER, S. L., MANGIN, P., MISTRY, N., 
DOMAGALA, T., CHEHAB, S., LANZA, F., SALEM, H. H. & JACKSON, S. P. 
2002. Interaction between Platelet Glycoprotein Ibα and Filamin-1 Is Essential 
for Glycoprotein Ib/IX Receptor Anchorage at High Shear*. Journal of Biological 
Chemistry, 277, 2151-2159. 

WILLIAMSON, D. J., OWEN, D. M., ROSSY, J., MAGENAU, A., WEHRMANN, M., 
GOODING, J. J. & GAUS, K. 2011. Pre-existing clusters of the adaptor Lat do 
not participate in early T cell signaling events. Nat Immunol, 12, 655-62. 



Chapter 7  References 

181 
 

WOJTUKIEWICZ, M. Z., SIERKO, E., HEMPEL, D., TUCKER, S. C. & HONN, K. V. 
2017. Platelets and cancer angiogenesis nexus. Cancer Metastasis Rev, 36, 
249-262. 

WOLF, M. E., LUZ, B., NIEHAUS, L., BHOGAL, P., BÄZNER, H. & HENKES, H. 2021. 
Thrombocytopenia and Intracranial Venous Sinus Thrombosis after “COVID-19 
Vaccine AstraZeneca” Exposure. Journal of Clinical Medicine, 10, 1599. 

WÖLLERT, T. & LANGFORD, G. M. 2022. Super-Resolution Imaging of the Actin 
Cytoskeleton in Living Cells Using TIRF-SIM. Methods Mol Biol, 2364, 3-24. 

WORONOWICZ, K., DILKS, J. R., ROZENVAYN, N., DOWAL, L., BLAIR, P. S., 
PETERS, C. G., WORONOWICZ, L. & FLAUMENHAFT, R. 2010. The platelet 
actin cytoskeleton associates with SNAREs and participates in alpha-granule 
secretion. Biochemistry, 49, 4533-42. 

XU, H., TONG, Z., YE, Q., SUN, T., HONG, Z., ZHANG, L., BORTNICK, A., CHO, S., 
BEUZER, P. & AXELROD, J. 2019. Molecular organization of mammalian 
meiotic chromosome axis revealed by expansion STORM microscopy. 
Proceedings of the National Academy of Sciences, 116, 18423-18428. 

YAGUCHI, A., LOBO, F., VINCENT, J. L. & PRADIER, O. 2004. Platelet function in 
sepsis. Journal of thrombosis and haemostasis, 2, 2096-2102. 

ZAHID, M., MANGIN, P., LOYAU, S., HECHLER, B., BILLIALD, P., GACHET, C. & 
JANDROT-PERRUS, M. 2012. The future of glycoprotein VI as an 
antithrombotic target. J. Thromb. Haemostasis, 10, 2418. 

ZAID, Y., PUHM, F., ALLAEYS, I., NAYA, A., OUDGHIRI, M., KHALKI, L., LIMAMI, Y., 
ZAID, N., SADKI, K., BEN EL HAJ, R., MAHIR, W., BELAYACHI, L., 
BELEFQUIH, B., BENOUDA, A., CHEIKH, A., LANGLOIS, M. A., CHERRAH, 
Y., FLAMAND, L., GUESSOUS, F. & BOILARD, E. 2020. Platelets Can 
Associate with SARS-Cov-2 RNA and Are Hyperactivated in COVID-19. Circ 
Res, 127, 1404-18. 

ZHANG, W., DENG, W., ZHOU, L., XU, Y., YANG, W., LIANG, X., WANG, Y., 
KULMAN, J. D., ZHANG, X. F. & LI, R. 2015. Identification of a juxtamembrane 
mechanosensitive domain in the platelet mechanosensor glycoprotein Ib-IX 
complex. Blood, The Journal of the American Society of Hematology, 125, 562-
569. 

ZHOU, K., XIA, Y., YANG, M., XIAO, W., ZHAO, L., HU, R., SHOAIB, K. M., YAN, R. & 
DAI, K. 2022. Actin polymerization regulates glycoprotein Ibα shedding. 
Platelets, 33, 381-389. 

ZUCKER-FRANKLIN, D. & KAUSHANSKY, K. 1996. Effect of thrombopoietin on the 
development of megakaryocytes and platelets: an ultrastructural analysis. 
Blood, 88, 1632-8. 

ZWETTLER, F. U., REINHARD, S., GAMBAROTTO, D., BELL, T. D. M., HAMEL, V., 
GUICHARD, P. & SAUER, M. 2020. Molecular resolution imaging by post-
labeling expansion single-molecule localization microscopy (Ex-SMLM). Nat 
Commun, 11, 3388. 

 

 



Chapter 8  Appendix 

182 

CHAPTER 8: Appendix 

8.1 List of abbreviations 

4x Four times 

10x Ten times 

°C Degrees Celsius  

AA Acrylamide 

ACD Acid citrate dextrose  

AcX Acryloyl-X 

ADAM A disintegrin and metalloproteinase 

ADP Adenosine diphosphate  

AMR Ashwell-Morell receptor   

APS Ammonium peroxodisulfate  

ATP Adenosine triphosphate  

AU Arbitrary units  

AUC Area under the curve  

bp Base pair  

BPM Beats per minute  

BRET Bioluminescence resonance energy transfer 

BSA Bovine serum albumin  

Btk Bruton’s tyrosine kinase  

Ca2+ Calcium cation  

CaM Calmodulin 

CBD Collagen-binding domain 

CD Cluster of differentiation 

Cdc42 cell division cycle 42 

CLEC-2 C-type lectin-like receptor 2

COVID-19 Coronavirus disease 2019 

CRP Collagen-related peptide  

DAG Diacylglycerol  

DBSCAN Density-based spatial Clustering of applications with noise 

DDM n-dodecyl-β-D-maltoside

DIC Differential interference contrast 

DMAA N,N-dimethylacrylamide 

DMSO Dimethylsulfoxide  
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dSTORM Direct stochastic optical reconstruction microscopy 

DTS Dense tubular system 

ECM  Extracellular matrix  

EDTA  Ethylenediaminetetraacetic acid  

EHT1864 2-(4-morpholinylmethyl)-5-[[5-[[7-(trifluoromethyl)-4-

quinolinyl]thio]pentyl]oxy]-4H-pyran-4-one, dihydrochloride 

ExM Expansion microscopy 

F Factor 

FA Formaldehyde 

F(ab’) Fragment antigen binding 

FcR  Fc receptor  

FCS  Fluorescence correlation spectroscopy 

FITC  Fluorescein-isothiocyanate  

FOV Field of view 

FRET Fluorescence resonance energy transfer 

GAP GTPase-activating proteins 

GAPDH  Glyceraldehyde 3-phosphate dehydrogenase  

GEF Guanine nucleotide exchange factor 

GP  Glycoprotein  

GPCR  G-protein coupled receptor  

GPO Glycine-proline-hydroxyproline 

GTP  Guanine triphosphate  

h  Hour  

HSC Hematopoietic stem cell 

HEPES  N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid  

HRP  Horseradish peroxidase  

ICAM-2 intercellular adhesion molecule 2 

Ig Immunoglobulin  

IL-4R Interleukin 4 receptor 

IP3  Inositol-1.4.5-trisphosphate  

ITAM  Immunoreceptor tyrosine-based activation motif  

ITIM  Immunoreceptor tyrosine-based inhibitory motifs  

JAM Junction adhesion molecule 

kDa  Kilodalton  

KO Knockout 
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LAT  Linker of activated T cells  

LRR Leucine-rich repeat 

MAb  Monoclonal antibody  

MFI  Mean fluorescence intensity  

MK Megakaryocytes  

MSD Mechanosensory domains 

MT Microtubules 

NA Numerical aperture 

Nb Nanobody 

Nc-aggregation Non-classical aggregation 

NEM N-ethylmaleimide 

NOD2 Nucleotide-binding oligomerisation domain 2 

ns  Not significant  

NSC23776 N6-[2-[[4-(Diethylamino)-1-methylbutyl]amino]-6-methyl-4-

pyrimidinyl]-2-methyl-4,6-quinolinediamine trihydrochloride 

OCS Open canicular system 

PAGE  Polyacrylamide gel electrophoresis  

PAINT Point Accumulation in Nanoscale Topography 

PALM Photoactivated localisation microscopy 

PAR  Protease activation receptor  

PBS  Phosphate buffered saline  

PE  Phycoerythrin  

PF4  Platelet factor 4  

PFA  Paraformaldehyde  

PGI2  Prostacyclin  

PI3K  Phosphoinositide-3-kinase  

PIP2  Phosphatidylinositol-4,5-bisphosphate  

PIP3  phosphatidylinositol-3,4,5-trisphosphate  

PLC  Phospholipase C  

PRP  Platelet rich plasma  

PS  Phosphatidylserine  

PVDF  Polyvinylidene difluoride  

pY  Tyrosine phosphorylation  

Rac1  Ras-related C3 botulinum toxin substrate 1  

RBC  Red blood cell  
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Rho Ras homolog 

ROI Region of interest 

rpm  Rotations per minute  

RT  Room temperature  

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2 

SD Standard deviation 

SDS  Sodium dodecyl sulfate  

SEM Standard error of the mean 

SFK  Src family tyrosine kinase  

sGPVI Soluble GPVI 

SH  Src homology  

SIM Structured illumination microscopy 

SLP-76  SH2 domain-containing leukocyte protein of 76 kDa  

SMLM Single-molecule localisation microscopy 

SR Super-resolution 

STED Stimulated emission depletion microscopy 

Syk  Spleen tyrosine kinase  

TAE Tris-acetate-EDTA 

TBS  Tris-buffered saline  

TEMED  Tetramethylethylenediamine  

TF  Tissue factor  

Tg Transgenic 

TIRF Total internal reflection fluorescence 

TLR  Toll-like receptor  

TPO Thrombopoietin 

TRIS  Tris(hydroxymethyl)aminomethane  

Tspan Tetraspanin 

TTP  Thrombotic thrombocytopenic purpura  

TxA2  Thromboxane A2  

U-ExM Ultrastructure expansion microscopy 

vWF  Von Willebrand factor  

WASP Wiskott-Aldrich syndrome protein 

WT  Wildtype  

Y  Tyrosine  
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