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Platelets are the smallest a-nucleated blood cells. They are released into the blood by matured megakaryocytes, located mainly in the bone marrow. Human platelets, once shed, remain in the circulation for 7-10 days, and act there as regulators of hemostasis, thrombosis and other processes [1]. Following vascular injury, the circulating platelets become exposed to vascular collagen fibers with von Willebrand factor (VWF) present in the subendothelial matrix. This results in platelet adhesion, activation and plug formation, such to avoid excessive blood loss [2]. The activation and aggregation processes of platelets are induced by multiple receptor agonists [3], mostly acting via phospholipase C, with as a consequence activation of the broad-spectrum serine/threonine protein kinase C (PKC) isoforms [4,5], and furthermore transient rises in cytosolic [Ca2+]i [6,7]. This chapter provides a general background of central signaling pathways leading to platelet activation and aggregation, as far as relevant for this thesis.  
Platelet receptors and signaling in hemostasis and thrombosis  A wide variety of receptors are expressed on the platelet surface, many of which have a role in primary hemostasis and thrombosis. The receptors are commonly divided into G-protein-coupled receptors (GPCR), immunoreceptor tyrosine-based activation motif (ITAM)-linked receptors, and adhesive receptors such as integrins. At sites of vascular injury, VWF in the plasma deposits on collagen fibers in the extracellular matrix, which act under shear as a ligand for the glycoprotein (GP) Ib-IX-V receptor complex on platelets. Additionally, collagen serves as a receptor for the platelet integrin α2β1 and glycoprotein VI (GPVI) [8]. The subsequent activation of collagen-adhered platelets alters their shape; leads to the release of the contents of their granules; triggers the aggregation with other platelets via fibrinogen linking to integrin αIIbβ3; and provokes exposure of the anionic amino-phospholipid phosphatidylserine on their surface [9]. This translocation of phosphatidylserine from the internal to the external platelet membrane leaflets promotes a burst of thrombin generation and coagulation.  
G protein-coupled receptors GPCR are transmembrane proteins with seven transmembrane domains, which associate with heterotrimeric G proteins consisting of Gα and Gβγ subunits [10]. Binding of a soluble ligand causes a conformational change in the GPCR, which then activates the associated GTP-binding Gα protein via a GDP exchange for GTP. This event triggers its dissociation from the connected Gβγ subunit. As a result, the GTP-bound Gα subunits can interact with effector proteins, which conduct downstream responses [11]. In platelets, several GPCR contribute to activation or inhibition. The platelet-activating receptors include the protease-activated receptors (PAR) for thrombin, PAR1 and PAR4; the purinergic receptors P2Y1 and P2Y12 for adenosine 5′-disphosphate (ADP); the TPα receptor for thromboxane A2 (TxA2), and the 5HT2A receptors for serotonin. Platelet-inhibiting receptors include the prostacyclin receptor IP and the prostaglandin E receptors 2 and 4 (EP2 and EP4). An enhancement of platelet activation is  
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Figure 1. Key platelet receptors and signaling pathways. Thrombin cleaves PAR1/4 and ADP triggers P2Y1 leading to Gq and G12/13 activation. A receptor-induced G12/13 activation leads to shape change via Rho activation. The activation of Gq stimulates phospholipase C-β (PLCβ), which generates the secondary messengers inositol 1,4,5 trisphosphate (IP3) and 1,2-diacylglycerol (DAG), required for Ca2+ mobilization and PKC activation, respectively. The components PKC and CalDAG-GEFI mediate the activation and translocation of a small GTPase Rap1 to the plasma membrane. The effector molecule RIAM interacts with Rap1-GTP and talin-1, which results in integrin αIIbβ3 conformational changes in the extracellular domains, thereby allowing ligand binding. In addition, ADP acts via the Gi-coupled P2Y12 receptors to inhibit adenylate cyclase and activate phosphatidylinositol 3-kinase (PI3K). Collagen activates platelets via GPVI, which induces Syk docking to phosphorylated ITAM motifs. Self-activated kinase Syk propagates the signal through a tyrosine phosphorylation cascade of Bruton’s tyrosine kinase (Btk), LAT and phospholipase Cγ2 (PLCγ2). Modified from Ref. 1.  achieved by stimulation of the α2A-adrenergic receptor for adrenaline. Receptors and signaling paths most relevant for this thesis are summarized in Figure 1, and are further explained below.  Of the family of PARs, human platelets only express PAR1 and PAR4, both of which coupled to Gq and G12/13 proteins. These receptors are key regulators of platelet function, and they become activated by the serine protease thrombin, one of the most potent platelet agonists [12]. The GTP-binding form of Gqα activates phospholipase C-β (PLCβ), then produces the secondary messengers inositol 1,4,5-trisphosphate (IP3) and 1,2-diacylglycerol (DAG), which are essential for Ca2+ mobilization and protein kinase C (PKC) activation, respectively. On the other hand, G12/13 activates Rho and Rho kinases, which confer cytoskeletal rearrangements, platelet shape changes and granule release. PAR1 becomes activated when thrombin cleaves its N-terminal outer domain at between residues Arg41 and Ser42 [13]. A special feature of the PAR1 activation mechanism is that the receptor carries its own ligand, which only becomes available after 
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cleavage by thrombin at this specific site. The synthetic peptide SFLLRN (TRAP6) exhibits full agonist activity to PAR1, but in contrast to thrombin does not evoke proteolysis. The receptor PAR4 becomes activated, when thrombin cleaves the amino-terminal domain between the residues Arg47 and Gly48. A potent agonist of PAR4 is the peptide AYPGKF, and this property makes it a useful tool for studying PAR4 signaling in a variety of situations [14]. The two principal ADP receptors on platelets are P2Y1 and P2Y12. The P2Y1 receptors mediate platelet shape change, whereas the P2Y12 receptors play a strong role in platelet aggregation. When ADP binds to the Gq-coupled P2Y1 receptor, this activates PLCβ, and as such can initiate platelet activation [15]. When ADP binds to the Giα-coupled P2Y12, this leads to a decrease in platelet-inhibiting cAMP production [16], and furthermore triggers the pathway of phosphatidylinositol 3-kinase (PI3K), which leads to lipid phosphorylation and thereby to activation of the protein kinase Akt, mediating platelet aggregate formation and thrombus buildup [17]. How these various signaling pathways contribute to a transient or more permanent platelet activation state is investigated in this thesis. 
 
Glycoprotein VI as an ITAM-linked receptor Several ligands stimulate the platelet ITAM-linked receptors, GPVI, CLEC2 (C-type lectin-like receptor 2) and FcγRIIa, all of which then signal via tyrosine protein kinases and PLC isoforms [18]. The immunoglobulin receptor GPVI on platelets is considered an antithrombotic target, given the current evidence for a major role in arterial thrombosis, and a lesser role in hemostasis [19]. Collagen-induced GPVI stimulation provides a powerful signaling trigger, involving cytosolic Ca2+ mobilization, activation of integrins α2β1 and αIIbβ3, release of TxA2, secretion of storage granules, and surface exposure of phosphatidylserine [20,21]. Ligand binding to GPVI initially leads to phosphorylation of tyrosine residues in the ITAM structural domain of the co-receptor FcRγ via Src-family kinases and to the docking of the kinase Syk to this structural domain. Subsequently, Syk becomes sequentially phosphorylated at two tyrosine residues, Y323 and Y525, which then triggers a tyrosine phosphorylation cascade of several other signaling proteins, including Bruton’s tyrosine kinase (Btk), adaptor protein LAT, and effector protein phospholipase Cγ2 (PLCγ2) [22,23]. Platelet activation by GPVI can be achieved with physiological collagens as well by a synthetic triple helix collagen-related peptide (CRP) containing a repetitive pattern of GPO (glycine-proline-hydroxyproline); furthermore by convulxin (Cvx), a multimeric protein from rattlesnake venom, having a high affinity for GPVI [24,25]. Monoclonal antibody binding assays have identified different sites in the functional domain of GPVI, but some of the residues share in the binding to collagen, CRP and Cvx [26].  
Platelet integrins  Integrins form a family of non-covalently associated transmembrane heterodimers (α/β), which link extracellular ligands to intracellular signaling pathways.27 Platelets express the collagen receptor integrin α2β1, the fibronectin receptor integrin α5β1 and the laminin receptor integrin 
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α6β1; further the fibrin(ogen) and vitronectin receptors αIIbβ3 and αvβ3, respectively, all in a low-affinity state [28]. Upon platelet activation, these integrins convert into a high-affinity state, which allows a more efficient binding of their ligands. Integrin αIIbβ3 is the most abundant receptor on platelets (80,000-120,000 copies) and, as the major fibrinogen receptor, is essential for platelet aggregation. Integrin αIIbβ3 mediates bidirectional signaling responses. The inside-out signaling process activates the ligand-binding function, while outside-in signaling elicited by integrin-ligand binding allows contribution to activation responses. Common results of αIIbβ3 outside-in signaling are platelet spreading, contraction and migration [29].The bidirectional signaling by platelet integrin αIIbβ3 is considered to play a role in cancer progression and in inflammatory diseases [30,31]. Of note, integrin αIIbβ3 has also other endogenous ligands, such as VWF, fibronectin, thrombochondroitin and vitronectin [32]. Most platelet agonists induce activation of integrin αIIbβ3 with, as a consequence, platelet aggregate formation. Early data indicated that the Src family of kinases is involved in the protein phosphorylation events by integrin outside-in signaling [33]. This integrin-dependent activation of Src kinases also leads to activation of the tyrosine kinase Syk [34]. It is considered that the bidirectional signaling via integrin αIIbβ3 plays a role in the phenomenon of transient platelet activation, a subject that however still is underexplored. The platelet agonists and signaling pathways that can lead to a functionally reversible αIIbβ3 activation and transient aggregation are extensively discussed in the review Chapter 2. Although platelet integrin antagonists are for long used in the clinical setting, it is still debated how to finetune the treatment of thrombotic patients to prevent hemorrhage as a side effect. In the present thesis, I dived into better understanding the transiency of platelet activation.  
Protein kinase C and cytosolic Ca2+ in the center of the platelet activation 
status PKCs are a family of serine/threonine protein kinases with multiple intracellular sites. The PKC family includes 12 isoforms, which are classified into three categories based on the presence of four conserved structural domains (C1-C4) and five variable structural domains. The conventional or classical (cPKC) isoforms (α, βI/II and γ) contain a serial C1A-C1B structural domain, capable of binding DAG, and a C2 structural domain that binds Ca2+ [35]. The novel (nPKC) isoforms (δ, ε, η and θ) also contain the C1 domain, but lack the ability to bind Ca2+ due to the presence of a C2-like structural domain. The atypical PKC isoforms (ζ, λ) lack a C2 structural domain and moreover have an atypical C1 structural domain. Of these isoforms, human platelets mainly express cPKCα and cPKCβ, as well as nPKCδ and nPKCθ [35]. When platelets are activated, the increased cytosolic Ca2+ concentration [Ca2+]i causes the C2 structural domain of cPKC isoforms to interact with membrane phosphatidylserine (Figure 2). In cPKC isoforms the C1 structural domain binds to PLC-released DAG, causing a conformational change that discharges the pseudo-substrate structural domain from the substrate binding pocket, allowing the phosphorylation of   
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Figure 2. Activation of classical protein kinase C (cPKC) isoforms. At increased levels of cytosolic Ca2+, cPKC isoforms with affinity for phosphatidylserine (PS), bind via their C2 structural domains and thereby translocate to the plasma membrane. Subsequently, the C1a structural domain binds to 1,2-diacylglycerol (DAG). Modified after Ref. 36.  adjacent substrates [36]. In contrast, nPKCs are insensitive to Ca2+ and become only activated by DAG. In platelets, agonist-induced increases in [Ca2+]i have been reported to be enhanced by broad-spectrum PKC inhibitors [37], but the precise mechanism of this enhancement and the roles of specific isoforms are unknown. Phorbol 12-myristate 13-acetate (PMA) is a phorbol compound extracted from the Croton 
tiglium plant of the Euphorbiaceae family. As a high-affinity PKC activator, PMA has been used for many years to mimic the PKC regulation mechanism in platelets [38]. In addition, several well-characterized PKC inhibitors are known, characterized by a high-affinity for the catalytic sites of PKC isoforms. Such inhibitors either prevent PKCs from binding to their substrates, reduce the PKC expression, or neutralize the effects of PKC phosphorylation events [39]. Most PKC inhibitors are ATP-competitive by binding to the catalytic C3 domain; these include the staurosporine analog Gö6976 and the bisindolylmaleimide compounds, GF109203X and RO-318425 [5,40,41]. Some of the PKC-activity inhibitors have a similar high affinity for all PKC isoforms in platelets, whereas other are more selective for specific isoforms (Table 1). Inhibitors of PKC have already been used to elucidate PKC-dependent intracellular signaling pathways, as well as to study a variety of PKC-associated diseases, such as cancers, neurological disorders, cardiovascular diseases and infections [42]. However, the mechanism of action of each PKC isoform on platelets and the effect strength on platelet-related coagulation and hemorrhage are still unclear. Rises in cytosolic free Ca2+ level are one of the most extensively regulated aspects of cellular activity. As a second messenger, Ca2+ is involved as an intracellular mediator in many cell functions, thus explaining its role in disorders, such as immunodeficiency, the York platelet syndrome, cardiovascular and metabolic pathologies, and in cancers [43]. In resting platelets, the cytosolic Ca2+ level is well-controlled by the Ca2+ pumps, sarco-endoplasmic reticulum Ca2+- 
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Table 1. Inhibitory potential of PKC inhibitors on isolated PKC. Note that all are dissolved in DMSO and that affinities in the presence of plasma may substantially be changed. Taken from Refs. [4,35,40,41].  
Name Inhibition order RO318425 all PKC isoforms GF109203X PKCε ≥ PKCα/β/γ/ε/η ≥ PKCθ Gö6976 PKCα/β > Syk, PKD2 > PKCη > PKCε/θ Rottlerin PKCδ > PKCα > PKCγ > PKCβ >PKCη PKCθ inhibitor PKCθ > PKCδ > PKCα/β  ATPases (SERCA) and plasma membrane Ca2+-ATPases (PMCA) (Figure 3). These Ca2+ pumps transfer elevated cytosolic Ca2+ back to the endoplasmic reticulum lumen and the extracellular medium, respectively. The extracellular Ca2+ entry is mediated by a number of Ca2+ channels, where it is recognized that store-operated Ca2+ entry (SOCE) is mediated by two partners: the Ca2+ pore-forming Orai channels (Orai1-3) and as a Ca2+ storage sensor, the stromal interaction molecules 1-2 (STIM1-2). It was observed that the Ca2+ responses to specific platelet agonists (ADP, collagen and thrombin) were significantly diminished in platelets from mice lacking functional Orai1 [44]. Other ion channels and ion exchangers may also add to Ca2+ entry in platelets stimulated by ITAM-linked receptors (GPVI) or GPCRs (PAR1/4); however, the roles of these have not been systematically investigated so far.  

Blood coagulation and thrombin generation measurements The hemostatic system serves to maintain continuous blood flow in intact blood vessels, and to stop blood flow upon vascular injury. Platelet aggregates form at the site of vascular injury, the so-called platelet plug, while activation of the coagulation cascade results in thrombin generation, mediating the formation of a plug-consolidating fibrin mesh [1]. During the past decades, fluorogenic thrombin generation assays have proved to be very valuable to assess the coagulation activity in plasmas from given blood samples [45,46]. Recent work has focused on creating continuous assays that can also measure thrombin generation in whole blood in order to gain a deeper understanding of the blood (patho)physiology [47,48]. An advantage of whole-blood thrombin generation tests is that these contain all blood cells, thus allowing to determine their roles in the coagulation process. Furthermore, whole-blood methods eliminate the need for centrifugation of plasma, and hence can serve for point-of-care testing. In conventional assays with platelet-rich plasma, platelets increase the initiation and velocity of thrombin generation by releasing their granule contents, by exposing phosphatidylserine, and by interacting with coagulation proteins through their surface receptors [49,50]. Hence, activated platelets can be considered as propagating factors in thrombin generation and coagulation. Red blood cells play a variety of roles in hemostasis and thrombosis as they contribute to the viscoelasticity of the blood. There is also evidence that (activated?) red blood cells are a source  
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Figure 3. Mechanisms of Ca2+ signal generation in platelets. In resting platelets, the Ca2+ concentration in the cytosol is maintained at a low level by the Ca2+ pump action of plasma membrane Ca2+-ATPases (PMCA) and sarco-endoplasmic reticulum Ca2+-ATPases (SERCA). Upon platelet activation, inositol trisphosphate (IP3) is produced, which binds to its receptor (IP3R) in the endoplasmic reticulum (ER) membrane, then acting as a Ca2+ channel to release Ca2+ from stores in the ER. This Ca2+ store depletion allows STIM (stromal interaction molecule) to interact with the store-regulated Ca2+ entry (SOCE ) Orai channels.  of surface-exposed phosphatidylserine, although the contribution to the coagulation process has not been assessed. In addition, red blood cells via their ICAM4 receptors can interact with platelet αIIbβ3, which process enhances platelet aggregation via the release of TxA2 [51-53]. Furthermore, there is evidence that red blood cell-stimulated platelets increase in P-selectin expression and integrin αIIbβ3 activation [54]. Jointly, these pieces of evidence point to additive roles of red blood cells and platelets in blood clotting, but precisely how is unclear. 
 

Reversible platelet aggregation Under conditions of low-shear flow, platelet aggregation is mediated by integrin αIIbβ3-fibrinogen interactions. At wall-shear rates between 1000 and 10,000 s−1, platelet adhesion initially depends on the interaction of GPIbα with immobilized VWF, after which integrin αIIbβ3 stabilizes the adhesion; unstable platelet aggregates are formed [55]. In vivo analyses have shown that the initial platelet aggregates are later stabilized, so that a thrombus with a dense platelet core and an outer shell with loosely connected platelets forms [56]. The core formed at the injury site is fibrin-rich and platelets are P-selectin positive. The loosely packed platelets in the shell are most sensitive to antiplatelet therapies [57,58]. One reason for this is that the autocrine mediators ADP and TxA2 accumulate here, i.e., the current antithrombotic targets [59]. Based on these in vivo and also on in vitro findings, the mechanism of platelet integrin activation is considered as an intrinsically reversible process, such as explained in Chapter 2. The vast 
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majority of signaling receptor agonists induce platelet aggregate formation, but interestingly, under certain conditions this aggregation can be transient. Transiency can occur in response to GPVI or GPCR stimulation, and involve the signaling pathways described, above. However, the exact conditions that lead to platelet activation reversibility, platelet detachment from a thrombus, and thrombus instability are not known. As a weak agonist, ADP by itself induces platelet shape change and aggregation responses, without granule secretion [60,61]. ADP-stimulated platelets display a relatively small and transient Ca2+ signal, involving the two receptors, P2Y1 and P2Y12 [62,63]. These mild activation responses make the physiologically relevant ADP to an interesting agonist for examining the overall transiency of platelet activation processes.  
Aims and outline of this thesis This thesis aims to investigate the key signaling pathways that regulate transient platelet activation, and thereby to reveal the versatility of this process in the context of hemostasis and thrombosis. Chapter 1 provides background knowledge on the structure and function of blood platelets, on relevant signal transduction processes, and on platelets in coagulation. As an overview of the role of platelet integrin αIIbβ3 in reversible platelet aggregation, in Chapter 2 we review the signaling pathways involved herein, such as described in the literature. We also discuss the agonists and conditions that lead to transient ligand binding to integrin αIIbβ3. In order to determine which signaling pathways are most relevant for the opening and closure of integrin αIIbβ3, in Chapter 3 we investigate the effects of a selected panel of signal molecule inhibitors on the time-dependent integrin activation processes induced by the collagen receptor, GPVI, and the thrombin protease-activated receptors PAR1 and PAR4. Special attention is placed on the roles of PKC isoforms. Since it is unclear how platelet agonists and the timing of their addition affect the activation process, Chapter 4 investigates time-dependent effects on platelet aggregation and cytosolic Ca2+ elevation in response to the receptors GPVI and PAR1/4. To study if platelets are one-time responding cells, we also examine the responses to a sequential stimulation with agonists. Chapter 5 describes a study that consistently compares the time-dependent roles of GPVI and PAR1/4 stimulation on extracellular Ca2+ entry and intracellular Ca2+ mobilization (from Ca2+ stores). The work involves parallel cytosolic Ca2+ measurements in the presence of either CaCl2 or EGTA, using a 96-wells plate high-throughput assay. Particular attention is paid to the quantitative role of Orai1 Ca2+ channels in the Ca2+ entry induced by GPVI or PAR1/4 stimulation. In Chapter 6 the work is continued by studying the impact of various isoforms of PKC on the regulation of Ca2+ entry in response to GPVI or PAR1/4 stimulation. Platelets from patients with a mutation in the Orai1 channel are the regulatory protein STIM1 are also examined. In the following Chapter 7, we describe a whole-blood fluorogenic assay to elucidate the non-overlapping roles of platelets and red blood cells in whole-blood thrombin generation. Chapter 8 provides a general discussion of the most important findings of this thesis in relation to the current literature. Chapter 9 summarizes the thesis results of the research project and lists their potential clinical importance. 
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Abstract Integrin αIIbβ3 activation is essential for platelet aggregation and, accordingly, for hemostasis and arterial thrombosis. The αIIbβ3 integrin is highly expressed on platelets and requires an activation step for binding to fibrinogen, fibrin or von Willebrand factor (VWF). A current model assumes that the process of integrin activation relies on actomyosin force-dependent molecular changes from a bent-closed and extended-closed to an extended-open conformation. In this paper we review the pathways that point to a functional reversibility of platelet αIIbβ3 activation and transient aggregation. Furthermore, we refer to mouse models indicating that genetic defects that lead to reversible platelet aggregation can also cause instable thrombus formation. We discuss the platelet agonists and signaling pathways that lead to a transient binding of ligands to integrin αIIbβ3. Our analysis points to the (autocrine) ADP P2Y1 and P2Y12 receptor signaling via phosphoinositide 3-kinases and Akt as principal pathways linked to reversible integrin activation. Downstream signaling events by protein kinase C, CalDAG-GEFI and Rap1b have not been linked to transient integrin activation. Insight into the functional reversibility of integrin activation pathways will help to better understand the effects of antiplatelet agents.  
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Molecular concept of integrin activation Integrin αIIbβ3, previously known as glycoprotein (GP)IIb/IIIa, is preferentially and highly expressed on resting platelets with 60,000–80,000 copies per cell, with additional copies from the open canicular system and granules appearing upon platelet activation [1–3]. The α and β integrin peptide chains typically consist of a large extracellular part, a transmembrane spanning region and a short intracellular tail. The αIIb extracellular part contains an N-terminal β-propeller domain, a thigh domain and two calf domains. The extracellular β3 part is composed of an A domain, a plexin/semaphorin/integrin domain, four epidermal growth factor (EGF) domains and a membrane-proximal β-tail domain. Together, the extracellular αIIb β-propeller and β3 A domains form the integrin head [2,4]. In the early 2000s, the crystal structure was resolved of αvβ3 as a typical integrin [5]. By using electron microscopy, three conformations of the extracellular domains of the structurally similar integrin αIIbβ3 were demonstrated with low, intermediate and high-affinity for its ligands [6,7]. The conformation changes appeared to be accompanied by exposure of activation epitopes, known as ligand-induced binding sites (LIBS) [4,8,9]. Structural analyses suggested that, in the resting state, the membrane-proximal regions of the cytoplasmic α and β tails along with the helixes in the transmembrane regions form a complex, which locks or clasps both integrin chains [6,7]. Agonist-induced integrin activation (described as inside-out signaling) leads to unclasping in an equilibrium-controlled process, suggesting reversibility. In-depth descriptions of these structural changes of integrins are provided elsewhere in excellent reviews [4,10]. Similarly to the integrins of other cell types, the intracellular tails of αIIbβ3 form part of an adhesion complex linked to the actin cytoskeleton, which includes isoforms of kindlin and talin, several small molecule GTP-binding (SMG) proteins and a number of protein kinases [11,12]. The integrin heterodimer with αIIb and β3 subunits resembles other integrins in that the ‘unclasping’ conformational change is needed for increased ligand binding affinity. It has become clear that in the bent-closed (clasped) and the extended-closed conformations, association of the transmembrane regions of αIIb and β3 hides the extracellular ligand binding site. In the extended open conformation, when the α and β chains unclasp, the ligand-binding MIDAS site (metal ion-dependent adhesion site) becomes exposed [2,3]. Thus, in its activated form αIIbβ3 serves to bind ligands as fibrinogen, fibrin and von Willebrand factor (VWF). In the cytosol, the integrin association with talin-1 and kindlin-2/3 was found to be indispensable for the activated conformational change and the ligand binding [12,13]. Other, less abundant platelet integrins such as α2β1 (collagen receptor) and α6β1 (laminin receptor) may undergo similar conformational changes as a requirement for ligand binding [14,15]. Recently, a general model of mechanical force-dependent integrin activation has been proposed, in which the actomyosin cytoskeleton mechanically pulls and transduces a force via talin-1, and possibly kindlin, to open the resting (bent) integrin conformation, which thereby allows an integrin to bind its ligands [16]. In this model, the bent-closed state is thermodynamically favored, while cytosolic integrin inactivators such as moesin, filamin A and sharpin (all highly expressed in platelets [17]) can destabilize the active integrin structure with or without 
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mechanical actomyosin forces [16]. A stable ligand binding to the activated integrin conformation is thought to be achieved by avidity-based clustering of multiple integrins [18]. An important implication of this model is that it considers the mechanism of integrin activation as an intrinsically reversible process. In contrast, earlier literature supposed that integrin αIIbβ3 activation in response to agonists is an irreversible event, leading to permanent platelet aggregation and adhesion. Yet, over the years, an increasing number of reports has shown reversibility of the platelet aggregation process. In the present paper, we use the terms ‘reversible integrin activation’ and ‘integrin in-activation’ from a functional perspective. Thus, integrin in-activation stands for the secondary inability of αIIbβ3 to bind fibrinogen or antibodies directed at its activated conformation, such as observed in connection to platelet disaggregation. Of note, to which extent the secondary absence of ligand binding is caused by structural reversal of the integrin chains to the bent-closed conformation is unclear. Indirect support for reversibility of integrin activation comes from in vivo studies by the Philadelphia group, showing that in a microvascular thrombus loosely adhered platelets in the outer shell frequently detach from the thrombus core of densely packed platelets [19]. In the following sections, we discuss the agonists and signaling pathways that result in such reversibility. We explore the conditions that lead to platelet disaggregation, platelet detachment from a thrombus, and thrombus instability. In addition, we mention the relevance of this process for cardiovascular health and disease.  
Reversible integrin αIIbβ3 activation and inside-out signaling For long, integrin αIIbβ3 activation has been considered a hallmark of platelet responsiveness. The activated integrins on adjacent platelets bind with high affinity to the bivalent fibrinogen molecules, which results in the formation of platelet aggregates held together by αIIbβ3-fibrinogen bridges [2]. Under high-shear flow conditions, also the integrin-dependent interaction with VWF can contribute to the aggregate formation [20]. Low-level signaling through the GPIb-V-IX complex can support the binding of fibrinogen to αIIbβ3 and hence platelet aggregation [21]. The vast majority of signaling receptor agonists is capable to induce platelet aggregate formation [22,23]. These include agonists of G-protein coupled receptors (GPCRs), linked to the signal-transmitting Gqα and Giα proteins, and also agonists of immunoreceptor tyrosine-based activation motif (ITAM)-linked receptors (ILRs), such as the collagen receptor glycoprotein VI (GPVI). Accordingly, to mention the best-known ones, human platelet stimulation with epinephrine (via α2A receptors), ADP (via P2Y1 and P2Y12 receptors), thromboxane A2 (TxA2, via TP receptors), collagen (via GPVI and α2β1) and thrombin (via protease-activated receptors PAR1 and PAR4) all induce integrin αIIbβ3 activation and aggregate formation (Figure 1). 
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Figure 1. Key signaling pathways in platelets linked to (reversible) integrin activation αIIbβ3 and platelet 
aggregation. Black arrows show relative strength of activation pathway to integrin activation; red arrows represent inhibitory pathways. In short, the IP receptor for prostacyclin inhibits platelets via adenylyl cyclase (AC), while gaseous nitric oxide inhibits via guanylate cyclase (GC), which are stimuli for protein kinase A (PKA) and protein kinase G (PKG), respectively. Platelet adhesion receptors (integrins and GPIb-V-IX complex) interact with their ligands, such as fibrinogen, fibrin and VWF. The purinoceptors P2Y12 and P2Y1 operate following the autocrine release of ADP; P2Y12 acts via the G protein Giα, inhibiting AC while stimulating phosphoinositide 3-kinase (PI3K). On the other hand, P2Y1 signals via Gqα which stimulates isoforms of phospholipase C (PLC), causing Ca2+ release into the cytoplasm and activation of protein kinase C (PKC). As a strong platelet agonist, thrombin also activates Gqα-coupled receptors, namely PAR1 and PAR4. The collagen receptor GPVI activates a protein tyrosine kinase pathway involving Syk, leading to downstream activation of PLC and PI3K isoforms, the latter stimulating Akt protein kinases. The signaling to high-affinity conformational alterations of αIIbβ3 furthermore involves the small GTPase-regulating proteins CalDAG-GEFI (calcium and diacylglycerol regulated guanine nucleotide exchange factor I), Ras3a and Rap1b. The cytoskeleton-linked signaling is completed by kindlin and talin isoforms.   
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Whereas the agonist-induced signaling pathways to αIIbβ3 activation (inside-out signaling) are well understood, the subsequent events leading to (ligand-induced) integrin clustering are less clear [13]. Depending on such clustering, patches of ligand-occupied αIIbβ3 integrins can also evoke signaling responses. This is known as integrin outside-in signaling, a process that involves several protein tyrosine kinases as well as signaling adaptors and cytoskeletal components [18]. By convention, outside-in signaling is required for the spreading of platelets on a fibrinogen surface and for the contraction of a fibrin clot. It is likely, but not definitively proven, that outside-in signaling contributes to the stabilization of platelet aggregates and formed thrombi [24,25]. Below we provide a comprehensive overview on the signaling actions triggered via GPCRs or ILRs that link to reversible or transient activation of integrin αIIbβ3 and to platelet disaggregation. Herein, we focus on specific receptors, downstream signaling components, protein phosphorylations and the release of secondary mediators. 
 

ADP receptor stimulation The two platelet receptors for ADP, i.e., P2Y1 (gene P2RY1) linked to Gqα, and P2Y12 (P2RY12) linked to Giα [26], are both required for the full induction of platelet aggregation, such as monitored by light transmission aggregometry [27,28]. Upon ADP stimulation, P2Y1 induces a signaling route to phospholipase Cβ (PLCβ) and protein kinase C (PKC); whereas P2Y12 causes inhibition of adenylate cyclase and activation of phosphoinositide 3-kinase (PI3K) isoforms (Figure 1) [29].  Several reports indicate that the platelet aggregation induced by ADP (as a ‘weak’ agonist) is particularly sensitive to disaggregation (Table 1). Several drugs have been described that secondarily reverse the aggregation with ADP, in particular the αIIbβ3 antagonists (abciximab, lamifiban, SR121566, tirofiban) [30,31]. These drug effects suppose that the agonist-induced binding of fibrinogen to αIIbβ3 is reversible, in a way that integrin antagonists can compete with the ligand. Under both static and flow conditions, it has indeed been shown that integrin inhibitors compete with fibrinogen and thereby reverse platelet aggregation [32,33]. Other well-studied aggregation-reversing agents are blockers of the P2Y1 or P2Y12 receptors and the enzyme apyrase, which degrades ADP. Flow cytometric evidence has shown that, following ADP-induced αIIbβ3 activation (measured as FITC-PAC1 mAb binding to platelets), the subsequent blockage of P2Y1 or P2Y12 receptors or later ADP removal resulted in a lower extent of αIIbβ3 ligand binding [31,34]. Similarly, in platelets from patients with a defect in P2Y12 receptors, often a reversible ADP-induced aggregation is observed, even at high ADP concentrations above 10 µM [28]. The same holds for patients who are treated with P2Y12 receptor blockers. Accordingly, platelet activation via both ADP receptors appears to be required for a persistent aggregation response, such as has been concluded earlier [35]. Another way to downregulate ADP-induced platelet responses is via ecto-nucleotidases such as CD39, which hydrolyzes ATP and ADP into AMP and adenosine [36]. In an elegant approach to make use of ecto-nucleotidases, recombinant CD39 was fused with a single chain antibody  
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Table 1. Drugs/interventions reported to reverse human platelet aggregation in response to given agonists. 
Agonist Reversing inhibitor Reversing pathway Reference ADP  tirofiban, abciximab αIIbβ3 antagonism [30] ADP SR121566 αIIbβ3 antagonism [115] ADP Gas6 depletion TAM antagonism [116] ADP citrated PRP plus CaCl2 Ca2+/Mg2+ replacement [117] ADP, shear lamifiban αIIbβ3 antagonism [118] ADP, collagen ticagrelor P2Y12 antagonism [31,119] ADP, collagen TGX-221, wortmannin PI3K antagonism [31] ADP, collagen iloprost cAMP elevation [31] ADP, TRAP6 aCD62P P-selectin blockage [120] TRAP6 iloprost (+ tirofiban) cAMP elevation [110] PAR1p wortmannin PI3K antagonism [121] PAR4p 2-MeSADP P2Y antagonism [86]  
Abbreviations: TAM, Tyro, Axl and Mer receptors; PAR1p, PAR1 activating peptide.  fragment recognizing the activated αIIbβ3, named Targ-CD39 [37]. This allowed the CD39 to only hydrolyze the ADP that is released from activated and aggregated platelets in a thrombus. In a mouse model of cardiac ischemia/reperfusion, the platelet-binding Targ-CD39 construct caused protection of the reperfused tissue [38]. Other drugs that secondarily reverse the ADP-induced platelet aggregation and αIIbβ3 activation appeared to be blocking agents of PI3Kβ [31], which confirms the key role of the PI3K pathway downstream of P2Y12. Furthermore, secondary platelet inhibition with iloprost or the replacement of Mg2+ by Ca2+ (affecting the integrin MIDAS domains) were found to reverse the ADP-induced platelet aggregation (Table 1). The observations that P2Y1 and P2Y12 blocking as well as PI3K inhibition leads to disaggregation implies that both the Gqα and Giα signaling pathways are required for a persistent functional integrin activation and ligand binding. This might imply a transiency of the actomyosin force-dependent conformation change of integrins, although this has not yet been proven.  
Collagen GPVI receptor stimulation Platelet stimulation with collagen or collagen-related peptides induces a signaling pathway via GPVI and the ITAM-linked FcR g-chain, involving protein tyrosine kinases like Src, Syk and Btk [23,29]. As a result, PLCγ and PKC isoforms become activated as well as PI3K isoforms [39,40]. A noticeable aspect of the platelet aggregation with lower doses of collagen is that it relies on 
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release of the autocrine mediators, ADP and TxA2 [22]. This can explain why the secondary inhibition of either αIIbβ3, P2Y12 or PI3K can cause reversion of a collagen-induced platelet aggregation response (Table 1). In agreement with this, in microfluidics tests where whole blood is flowed over collagen, the inhibition of autocrine mediators appeared to suppress the thrombus formation and to cause disaggregation of platelets from the formed thrombi [41]. A comparison of the roles of human and mouse GPVI in platelet aggregation and thrombus stability indicated that especially the blockage of human platelet GPVI led to disaggregation [42]. In mice, most markedly a deficiency in integrin β3 led to a transient collagen-mediated platelet aggregation and an unstable thrombus formation [43].  
Thrombin PAR1 and PAR4 receptor stimulation Thrombin activates human platelets via cleavage of the GPCRs, PAR1 and PAR4, both of which receptors are coupled to Gqα and accordingly induce a common signaling route to PLCβ and PKC stimulation (Figure 1) [26,29]. Both receptors are cleaved at the N-terminus to uncover a so-called tethered ligand. The ligand peptide sequence of PAR1 consists of the sequence of SFLLRN, which as a hexapeptide (thrombin receptor-activating peptide: TRAP6) can also activate the receptor; for PAR4 the corresponding sequence consists of AYPGKF. Human platelet activation by TRAP6 via the PAR1 receptor results in granule release and in αIIbβ3 activation, of which the latter process has been shown to be reversible (Table 1). On the other hand, this reversibility has not been reported for the PAR4 peptide AYPGKF or for thrombin. In hemostasis and thrombosis, the generation of thrombin is in part triggered by vascular-exposed tissue factor. Kinetic studies with flowed blood have shown that the role of tissue factor in platelet aggregation and thrombus formation is only short-term [44]. Interestingly, one report states that this role of tissue factor can depend on factor VII activating protein (FSAP, gene 
HAPP2). Deletion of the Happ2 gene in mouse appeared to reduce the thrombus-forming process, but did not cause thrombus instability [45]. As described below, the initial role of tissue factor in thrombin generation can be taken over by procoagulant platelets, exposing phosphatidyl-serine [22].  
Integrin αIIbβ3 regulation by other extracellular proteases A variety of proteases present in the blood plasma and in the platelet cytosol are involved in the sustained integrin αIIbβ3 activation and platelet aggregation. The majority of proteases must first be activated for instance by proteolysis, as in the case of thrombin (generated from prothrombin) and plasmin (from plasminogen) [22,46]. Regarding persistent αIIbβ3 activation, a still incompletely understood role is played by the family of zinc-dependent matrix metalloproteinases (MMP) [47]. The isoforms MMP1, 2, 9, 12, 13 and 14 are all known to modulate the platelet activation processes [46]. Both MMP1 and MMP9 enhance platelet aggregation induced by collagen under flow [48,49]. The mechanism may rely on a proteolytic cleavage of PAR1 or other receptors [46]. Additionally, the isoform 
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MMP2 primes for platelet activation [50], which is also the case for MMP12 [51]. The membrane-bound isoform MMP14 may induce platelet responses by a cleavage of pro-MMP2 and pro-MMP13 [52].  
Integrin αIIbβ3 regulation via protease-dependent receptor cleavage Receptor cleavage is another way to regulate integrin activation. An example is provided by the platelet-expressed proteases ADAM10 and ADAM17 (for: a disintegrin and metalloprotease), which function as sheddases for the extracellular domains of GPVI (ADAM10) and GPIbα (ADAM17) [53,54]. It has appeared that the ADAM-induced receptor cleavages are prominent in highly activated platelets, which can provide another mechanism to abrogate the aggregation response [55]. In highly activated platelets, i.e., by thrombin plus collagen stimulation, prolonged and high cytosolic Ca2+ rises lead to opening of anoctamin-6, which is a phospholipid and ion channel, and thereby to the surface exposure of procoagulant phosphatidylserine, which promotes the assembly of coagulation factor complexes [22]. Accompanying the procoagulant response is the Ca2+-dependent prolonged activation of calpains, leading to cleavage of the intracellular domain of integrin β3 [56], as well as of several proteins that are required for integrin activation (Src, filamin-A, talin-1, kindlin-3) [57]. Accordingly, in the highly activated platelets, αIIbβ3 becomes inactivated (abolishment of PAC1 mAb binding) and the aggregation response is blocked [56,58]. Uncontrolled calpain activation thus provides another pathway for functionally switching off αIIbβ3 integrins [34].  
Reversible integrin activation and thrombus instability An accepted model of murine (microvascular) thrombus formation describes the thrombus architecture as composed of an inner core with highly activated and contracted platelets, which is surrounded by a shell region with low-activation, loosely and transiently adhered platelets [59]. This heterogeneity has been explained by a different exposure of platelets to agonists like collagen, thrombin, ADP and TxA2 together with differences in shear forces. In the core region, tissue-factor induced thrombin generation contributes to a PAR- and fibrin-dependent platelet contraction. On the other hand, the second mediators ADP and TxA2 will act as main platelet agonists in the shell region, in which the outflow of mediators restricts the agonist concentrations [59,60]. Another form of heterogeneity has been observed in thrombi generated on collagen under flow conditions. Here, patches of aggregated platelets are formed, staining for fibrinogen, and separated from these single, balloon-shaped platelets with phosphatidylserine exposure and not binding fibrinogen [61]. It has been argued that the integrin inactivation of those platelets helps to stimulate the coagulation process [46]. Whole-blood flow chamber experiments have further shown that the platelets which disaggregate from a preformed thrombus lose their ability to bind fibrinogen and hence 
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inactivate their integrins [31]. In terms of thrombus formation, the reversibility of (ADP induced) platelet integrin activation likely contributes to events as thrombus instability and dissolution. However, it needs to be stated that, in vivo, also other processes will be involved in thrombus instability, such as local high shear forces, fibrinolysis and other proteolytic activities in an occluding artery. To which extent reversible integrin activation is important in arterial thrombosis still needs to be determined. In mice, a deficiency of either P2Y1 or P2Y12 was found to affect arterial thrombus formation in 
vivo, and also caused instability of thrombi that still formed (Table 2) [62–64]. The same applied to the infusion of P2Y12 antagonist, ticagrelor [65]. That P2Y12 receptors have a thrombus-stabilizing role was also concluded from in vivo studies with Apoe-/- mice, where plaque-induced thrombus formation and stability were impaired upon receptor blockage [66]. Additionally, in mouse models, application of a reversible P2Y12 antagonist was found to dissolve the preformed platelet thrombi [67]. Together these findings point to major roles of the two platelet ADP receptors in stable arterial thrombus formation. Although the extent of activation of αIIbβ3 cannot be followed in the in vivo conditions, functional reversibility of the integrin activation is a reasonable explanation of the results.  
Integrin αIIbβ3 regulation by intracellular signaling molecules Several signaling pathways are at the center of platelet integrin activation regulation, and for some of these there is evidence for reversibility. 
 

PLC and PKC isoforms Stimulation of GPCR-dependent (via Gqα) and ILR-dependent (via Syk) signaling routes leads to activation of isoforms of PLCβ/γ and PKC, which are essential components in platelet responses like granule secretion, integrin activation and platelet aggregation [22]. The isoforms of PKC are broad-spectrum protein kinases, of which in particular PKCα, PKCε and PKCθ have been studied in platelets [68,69]. The platelets from PKCα-deficient mice are strongly impaired in aggregation and thrombus formation [70], which leads to the conclusion that PKCα is an essential protein kinase for achieving integrin αIIbβ3 activation, such as for example induced by phorbol esters. On the other hand, in mice lacking PKCε or PKCθ, platelet aggregation and thrombus formation were increased under certain conditions (Table 2) [71–73].  
PI3K isoforms Enzymes of the PI3K family phosphorylate phosphoinositide lipids at the 30 position of the inositol ring, in particular to produce phosphatidylinositol 1,4,5-trisphosphate (PIP3). Well studied in relation to platelet integrin activation are the class-I isoforms PI3K α, β and δ [74]. Upon PI3K activity, the produced PIP3 attracts key signaling proteins with so-called pleckstrin  
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Table 2. Selection of genetic defects in mouse resulting altered arterial thrombus formation whether or not accompanied by platelet disaggregation or embolization in vivo or in vitro. 
Gene defect Protein defect Thrombus Disaggregation References 
  formation or embolization        
Akt1 protein kinase Akt1 ↓ no                                      [77,80,81,122] 
Akt2 protein kinase Akt2 ↓ yes [78] 
Akt3 protein kinase Akt3 ↓ yes [79] 
Arhgef10 GEF Rho-GEF10 ↓↓ yes [96] 
Cd18 integrin β2 (CD18) ↓ no [123] 
Gp6 GPVI receptor ↓ no (human yes) [42] 
Happ2 factor VII activating (FSAP) ↓ yes [45] 
Itga2 integrin α2 0 or ↓ no [124-126] 
Itga2b integrin αIIb ↓↓ no [127] Itga6 integrin α6 ↓↓ no [128] 
Itgb1 integrin β1 ↓ yes [129-131] 
Itgb3 integrin β3 ↓↓ yes [43] 
P2ry1 P2Y1 receptor ↓↓ yes [62,63] 
P2ry12 P2Y12 receptor ↓↓ yes                               [62,64,66,67,132] 
Pik3ca PI3K alpha ↓ no [133] 
Pik3cb PI3K beta ↓↓ yes (U46619) [134] 
Pik3cg PI3K gamma ↓↓ yes (ADP) [31,135] 
Prkca PKC alpha ↓↓ no [70] 

Prkcd PKC delta 0 no [73,136] 
Prkce PKC epsilon ↑ no [71] 
Prkcq PKC theta ↓ or ↑ no                                     [72,73,137,138] 
Rasa3 GAP Rasa3 ↑ no [95] 
Rasgrp2 GEF CalDAG-GEFI  ↓↓ no [132,139] 
Rap1b GTPase Rap1b ↓↓ no [90] 
Rhoa GTPase RhoA ↓↓ no [98] 
Rras2 TC21/RRas ↓ yes [99] 
Tln1 talin 1 ↓↓ no [11,84] 
Treml1 TLT-1 ↓ no [140] 
Vasp VASP protein 0 no [103]  
Abbreviations: GAP, GTPase activating protein; GEF, GTP exchange factor; further, see text.   
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homology (PH) domains to the membrane. Earlier studies have indicated that the activity of PI3K isoforms is required for a perpetuated integrin activation [75,76]. Pharmacological analysis indicated non-redundant roles of PI3Kα and PI3Kβ in the GPVI-induced platelet activation and thrombus formation, in particular by contributing to Rap1b activation [40]. Furthermore, a post-treatment of collagen- or ADP-induced platelet aggregates with the PI3Kβ inhibitor TGX-221 appeared to result in immediate disaggregation and reversal of the binding of fibrinogen or PAC1 mAb to integrin αIIbβ3 (Table 1). Additionally, murine deficiency in either PI3Kα or PI3Kβ led to smaller sized arterial thrombi and to reversible platelet aggregation responses (Table 2).  
Akt isoforms Protein kinases of the Akt family (alternatively named protein kinase B) provide major PIP3-binding proteins in the PI3K signaling cascade (Figure 1). From both in vivo and in vitro studies, it appeared that in mouse platelets the three isoforms Akt1, Akt2 and Akt3 contribute all to aggregate formation and thrombus stability (Table 2) [77–79]. In particular the deficiency of Akt1 resulted in an impaired collagen-induced platelet aggregation [77,80,81]. On the hand, murine deficiency in either Akt2 or Akt3 led to a disaggregation of platelets after stimulation with (low doses of) ADP- or thrombin-receptor agonists [78,79]. Summarizing this places the PI3K-Akt pathway as an controlling route for (persistent) platelet aggregation.  
Small GTPases and integrin regulation Platelets contain almost 500 small GTP-binding proteins and regulators [17]. These include effector GTP-binding proteins, activating guanine nucleotide exchange factors (GEF), and signal-abrogating GTPase-activating proteins (GAP). Several of these proteins are considered to be crucial for integrin αIIbβ3 activation and can be linked to functional integrin reversibility. Relevant are: (a) Rap1b; (b) its activator CalDAG-GEFI (calcium and diacylglycerol regulated guanine nucleotide exchange factor I; gene RASGRP2); (c) Rasa3 as a Rap1b-inactivating GAP; (d) the protein ARHGEF10; (e) the small GTPase RhoA; and (f) TC21/RRas (RRAS2 gene). 
Rap1b undergoes a GDP for GTP switch in response to essentially all platelet agonists, resulting in its active, GTP-bound state [82,83]. The GTP-bound Rap1b is known to support αIIbβ3 activation through RIAM (Rap1-interacting adaptor molecule), which facilitates the integrin interaction with talin and kindlin on the plasma membrane [12,84]. Depending on the type of platelet trigger, Rap1b can be activated via two signaling pathways, one via a Ca2+-dependent CalDAG-GEFI activation route, and also via another slower but sustained PKC route [85–87]. The second route may require ADP co-stimulation via P2Y12 and PI3K [88,89]. In mouse, Rap1b deficiency caused strong defects in integrin inside-out and outside-in signaling [90,91], as well as in TxA2 release and granule secretion [91,92]. So far, there is no evidence for a particular role of Rap1b in aggregate stabilization, although its role in arterial thrombosis is clear [90]. 
CalDAG-GEFI, as a main Rap1b activator, becomes active via agonist-induced rises in cytosolic Ca2+. The protein has a low-affinity binding site for diacylglycerol, which makes a regulation via 
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physiological levels of diacylglycerol unlikely [93]. CalDAG-GEFI has been identified as a rapid and reversible control switch for integrin αIIbβ3 activation. In human, a loss-of-function mutation resulted in aberrant platelet aggregation that was associated with bleeding. Supporting evidence for such a role of CalDAG-GEFI comes from Rasgrp2 knockout mice. Platelets from these mice were severely hampered in their ability to aggregate with multiple agonists, and to contribute to arterial thrombus formation [85,94]. No thrombus instability has been reported, such in contrast to P2Y12 inhibition (Table 2). An alternative, CalDAG-GEFI-independent route to integrin activation is provided by the slower diacylglycerol and PKC-dependent route [86].  
Ras3a has been identified in platelets as key deactivator of Rap1b, catalyzing the hydrolysis of Rap1b-GTP to GDP [95]. Platelets from mice with a mutant Rasa3 form appeared to be hyperactive, suggesting that this protein keeps the circulating platelets in a quiescent state by restraining the CalDAG-GEFI and Rap1b signals [95]. It is suggested that P2Y12 signaling (via PI3K) results in Rasa3 inhibition, which further enables Rap1b-dependent platelet aggregation and thrombus formation. Autocrine released ADP indeed is a potent enforcer of platelet aggregation via P2Y12 receptors [29]. In mice lacking platelet ARHGEF10, platelet stimulation via ILRs or GPCRs resulted in aggregation responses which gradually declined. In vivo experiments pointed to an unstable arterial thrombus development and a longer tail bleeding time [96]. Mechanistically, ARHGEF10 is considered to regulate the activation of RhoA. 
RhoA is known to have a role in αIIbβ3-induced outside-in signaling, and hence supports platelet spreading, cytoskeletal reorganization and clot retraction [97]. In mouse, megakaryocyte/platelet-specific RhoA deficiency thus led to impaired platelet activation responses [98]. 
TC21/RRas is required for full GPVI-induced platelet responses, up to now according to one paper. The reported impairments include tyrosine phosphorylation, integrin activation and secretion, as well as thrombus instability in vivo, as established in deficient mice [99]. Evidence is also provided that this small GTP-binding protein can control the activation of Rap 1b.  
Platelet inhibition by protein kinases A and G Two endothelial-derived mediators, i.e., prostacyclin and nitric oxide, antagonize most platelet responses, including integrin αIIbβ3 activation and aggregate formation [29]. Prostacyclin acts via binding to a GPCR linked to Gsα, which stimulates adenylate cyclase to produce cAMP. This second messenger triggers the broad spectrum Ser/Thr protein kinase A (PKA) [100]. Nitric oxide diffuses across the platelet membrane, and directly stimulates guanylate cyclase to form cGMP, which activates protein kinase G (PKG) (Figure 1). Via stimulation of PKA and PKG a large number of proteins becomes phosphorylated, which thereby ensures a multi-targeted way of platelet inhibition, including proteins linked to integrin activation [101].  
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A particular phosphorylation substrate of both PKA and PKG, related to platelet inhibition, is vasodilator-stimulated phosphoprotein (VASP), which regulates the actin cytoskeletal dynamics [102]. In VASP-null platelets, it was observed that the cAMP- and cGMP-dependent inhibition of platelet aggregation was abolished, but not the secretion response [103]. In wild-type mice, VASP can form a complex that regulates Rap1b inhibition [104]. Of clinical interest, VASP phosphorylation at Ser239 is a standard method to establish PKA- and P2Y12-dependent phosphorylation events [105]. Both prostacyclin and nitric oxide can suppress the agonist-induced activation of Rap1b [82,106].  The two platelet-inhibitory PKA and PKG pathways are halted by a negative feedback loop of cAMP and cGMP hydrolysis through cyclic nucleotide phosphodiesterases (PDE). Of these, PDE2 and PDE3 mainly lower cAMP levels, while PDE5 lowers cGMP [107]. The feedback pathway plays a role upon platelet stimulation through the Giα-coupled receptor P2Y12, which leads to inhibition of adenylate cyclase and cAMP can no longer rise [108]. Additionally, the activity of PDE3 is increased upon thrombin stimulation [109]. The importance of PKA in suppressing platelet aggregation activation becomes clear from the fact that the secondary application of iloprost (a prostacyclin analogue) can reverse the integrin activation in response to multiple agonists (Table 1) [110]. In addition, gain-of-function mutations in the Gsα protein lead to elevated platelet cAMP levels, lower aggregate formation and a bleeding phenotype [111], whereas loss-of-function mutations leads to an impaired platelet inhibition with iloprost [100].  
Concluding remarks and relevance Overviewing the molecular signaling events that link to a reversible integrin αIIbβ3 activation, these are especially related to the ADP receptor pathways, including the conditions in which ADP acts as an autocrine mediator. The signaling alone via P2Y1 or P2Y12 receptors shows a certain transiency, leading to a transient way of integrin binding to its ligands. One can tentatively conclude that, to assure permanent integrin activation, the continued presence of ADP is essential acting via both P2Y receptors. Downstream of these receptors, especially the signaling via PI3K and Akt isoforms ensures irreversibility of the platelet aggregation process. In addition, the reversibility of collagen-induced (via GPVI) and TRAP6-induced (via PAR1) integrin activation can be linked to a transient PI3K activity and/or transient P2Y receptor functions. So far, there is no evidence for reversibility due to low PKC, CalDAG-GEFI or Rap1b activities, thus suggesting that the switch for a reversible offset of integrin αIIbβ3 ligand binding resides early in the signaling cascade.  From a (patho)physiological perspective, thrombus consolidation is a final stage of hemostatic plug formation. Platelet exposure to ‘strong’ agonists, like collagen and thrombin, appears to be required for such consolidation. The ‘weaker’ agonist ADP appears to extend and also restrict the initiating roles of collagen and thrombin, e.g., by forming the ‘loose’ outer shell of an intravascular thrombus. The fact that at least part of these ADP effects ‒ in terms of integrin activation and platelet aggregation ‒ are reversible may explain the success of anti-P2Y12 drugs 
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in thrombus suppression and possibly reversion. At the same time, realizing this, it is not a surprise that clinically used P2Y12 antagonists have bleeding as a side effect. Improved insight into the transiency of integrin-dependent molecular pathways may thus help to better understand the (patho)physiology of hemostasis and thrombosis. In this respect, the high αIIbβ3 expression and platelet activation recently observed in diabetic patients [112,113] may point to a shifted equilibrium in the ability to integrin ligand binding. It has been demonstrated that in diabetic platelets the force-induced integrin αIIbβ3 activation increases in a PI3K-dependent way, which resulted in an exaggerated shear-dependent platelet adhesion [114].  
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Abstract Platelets can respond to multiple antagonists and agonists, implying that their activation state is a consequence of past exposure to these substances. While platelets are often considered as one-time responsive cells, they likely can respond to sequential application of inhibitors and stimuli. We hypothesized that the ability of platelets to sequentially respond depends on the time and type of repeated agonist application. The present proof-of-concept data show that iloprost (cAMP elevation), tirofiban (integrin αIIbβ3 blocker) and Syk kinase inhibition sub-acutely modulate platelet aggregation, in other words halt this process even when applied after agonist. In comparison to thrombin-activated receptor (PAR) stimulation, glycoprotein VI (GPVI) stimulation needed to be blocked earlier for an effect on aggregation, with Syk inhibition as an exception. Furthermore, cytosolic Ca2+ measurements indicated that, in comparison to prior PAR stimulation, prior GPVI stimulation induced a more persistent, priming activation state that influenced the response to a next agent. Overall, these data point to an unexpected priming memory of activated platelets in sub-acutely responding to another inhibitor or stimulus, with a higher versatility and faster offset after PAR stimulation than after GPVI stimulation.  
Keywords: glycoprotein VI, platelet inhibition, platelet priming, thrombin receptors 
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Introduction Blood platelets are equipped with a broad range of adhesive and signaling receptors which synergize to trigger a common set of functional responses, in particular integrin activation, granular release and procoagulant activity [1,2]. Studies with genetically modified mice have established that hundreds of genes encoding for platelet receptors, signaling molecules and granule components regulate the functions of platelets in physiological hemostasis and pathological arterial thrombosis [3]. The common concept herein is that platelet activation is suppressed by vessel wall-derived inhibitors, and that this suppression is relieved in the presence of a weak or strong agonist. With exceptions [4], most of the literature implicitly considers platelets as 'single activating' cells, which idea supposes that after a first activation event the platelet response is 'over' [1]. However, the circulating platelets will be continuously exposed to (ant)agonists, suggesting that they will experience moments of inactivation and activation, the balance of which can be altered under pathophysiological conditions [5,6]. This notion implies that the inhibitory state of circulating platelets can be disturbed multiple times or, in other words, that platelets have the capacity over time to respond to series of agonists and antagonists. This has not been studied in detail before. In the present paper, as a proof-of-concept, we tested the hypothesis that platelets can sequentially respond to more than one agonist and/or antagonist in a time-dependent manner. We therefore treated human platelets sequentially via: (i) the ITAM-linked collagen receptor glycoprotein VI (GPVI) using cross-linked collagen-related peptide (CRP-XL); (ii) the different pathway of G-protein-coupled receptors (GPCR) using the PAR1/4 agonist thrombin, the reversible PAR1 agonist TRAP6 [7], or the P2Y1/P2Y12 agonist Me-S-ADP; (iii) the platelet-inhibiting prostacyclin analogue, iloprost, elevating cAMP levels; and/or (iv) the integrin αIIbβ3 antagonist tirofiban, suppressing platelet-fibrinogen interactions [2]. Our first research question was in which time frame platelet aggregation induced by an agonist can be suppressed by prior or later application of inhibitor. Our second question was in which time frame a first agonist can influence the platelet responses to a second agonist.  
Materials and methods 

Materials Thrombin was obtained from Enzyme Research Laboratories (South Bend IN, USA). Thrombin receptor-activating peptide 6 (SFLLRN, TRAP6) was purchased from Bachem (Bubendorf, Switzerland); cross-linked collagen-related peptide (CRP-XL) was from the University of Cambridge (Cambridge, UK); the stable ADP analog methylthio-adenosine-diphosphate (Me-S-ADP) [8] came from Santa Cruz Biotechnology (Dallas TX, USA). Fura-2 acetoxymethyl ester and human fibrinogen were obtained from Invitrogen (Carlsbad CA, USA); Pluronic F-127 from Molecular Probes (Eugene OR, USA). Integrin αIIbβ3 inhibitor tirofiban [9] and cAMP-elevating agent iloprost [2] were from Sigma-Aldrich (St. Louis MI, USA); the selective Syk kinase inhibitor 
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PRT-060318, 2-((1R,2S)-2-aminocyclohexylamino)-4-(m-tolylamino)pyrimidine-5-carboxa-mide (Syk-IN) [10] came from Bio-Connect (Huissen, The Netherlands). 
 

Blood collection Human blood was collected from healthy volunteers, after full informed consent according to the Declaration of Helsinki. Approval for the studies was obtained from the local Medical Ethics Committee (METC 10-30-023, Maastricht University). The subjects had not used antiplatelet medication for at least 2 weeks. Venous blood was collected from an antecubital vein into 3.2% trisodium citrate Vacuette tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). The first tube of blood was discarded to avoid the presence of traces of tissue factor. 
 

Preparation of washed platelets Platelet-rich plasma and washed platelets were prepared, basically as described before [9,11]. In brief, blood samples were centrifuged at 190 g for 15 min (room temperature). The yellowish upper layer of PRP was carefully collected without taking the buffy coat or the red cell bottom layer. After addition of 10 vol% ACD medium (80 mM trisodium citrate, 52 mM citric acid and 180 mM glucose), platelets in the PRP were spin down in 2 mL Eppendorf tubes at 1700 g for 2 min. Plasma was removed and the tubes were held upside down for 1 min to remove remaining plasma traces. The pellets then were resuspended into 1 mL of Hepes buffer pH 6.6 (136 mM NaCl, 10 mM glucose, 5 mM Hepes, 2.7 mM KCl, 2 mM MgCl2, apyrase at 0.2 unit ADPase/mL, and 0.1 % (w/v) bovine serum albumin). After addition of 6.6 vol% ACD, the tubes were recentrifuged, and the washed pelleted platelets were finally resuspended into 1 mL Hepes buffer pH 7.45 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose, and 0.1% bovine serum albumin). Note that apyrase during the isolation procedure retained the platelet responses to ADP and ATP [12]. Platelet count was adjusted to 250 × 109/L for aggregation and 200 × 109/L for cytosolic Ca2+ measurements. 
 

Light transmission aggregometry Aggregation responses of washed platelets were measured with a Chronology aggregometer (Havertown PA, USA) at 37 ℃ under stirring. The use of washed platelet suspensions in the presence of millimolar levels of extracellular Ca2+ and Mg2+ allowed direct comparison with the [Ca2+]i measurements, and furthermore prevented the need for recalcification of a citrate-anticoagulated PRP. The cells were pre- or post-treated with iloprost (10 nM), tirofiban (1 µg/mL) or PRT-060318 (5 µM) as indicated. For activation, sub-maximal concentrations were used of TRAP6 (10 µM) or CRP-XL (5 µg/mL). The PAR1 agonist instead of thrombin was used to prevent fibrin formation and factor XIIIa-dependent binding of fibrin to platelets [13]. Aggregation traces of % transmission (%T) were analysed for initial slope of the curves (Δ%T/ min), area under the curve (%T, 10 min after agonist addition), and maximal response [14,15].  
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Cytosolic Ca2+ measurements Pelleted platelets in Hepes buffer pH 7.45 were incubated with Fura-2 AM (3 µM) and Pluronic (600 µg/mL) in the presence of apyrase for 40 min at 37 ℃ [16]. After a wash step, the Fura-2-loaded platelet were resuspended into Hepes buffer pH 7.45, and adjusted to 200 × 109 platelets/L. For measurements of rises in cytosolic [Ca2+]i, the loaded cells in 96-wells plate were pre-incubated with sub-maximal concentrations of indicated (ant)agonist (TRAP6, CRP-XL, iloprost, Me-S-ADP, thrombin or vehicle solution) for 9 min [10]. Changes in fluorescence at 340 nm and 380 nm excitation per row over time were assessed using a FlexStation 3 robotic machine at 37 ℃, as described earlier [10]. After baseline fluorescence recording, CaCl2 (1 mM, f.c.) was added, followed by TRAP6 (10 µM, f.c.) or CRP-XL (5 µg/mL, f.c.) as a second agonist (1 min). Automated injection speed for agonist addition was set at 8 µL/s. Note that only a single agonist at a time could be automatically injected during the ratiometric fluorescence recording. After correction for background fluorescence per excitation wavelength, ratio fluorescence values were converted into levels of nanomolar levels of [Ca2+]i using minimal and maximal ratio values from calibration wells with Triton-X-100 lysed platelets [16]. 
 

Statistical analysis Normally distributed data are presented as mean ± SEM. Excel software was used for statistical analyses. Paired values were compared by a two-sided paired Student t-test, while unpaired values were compared by a two-sided 1-way ANOVA. Values of P < 0.05 were considered to be statistically significant.  
Results 

 

Prolonged activation of platelets after GPVI stimulation Platelet aggregation can be induced via the PAR1-type GPCR (for thrombin and TRAP6) or via the ITAM-linked receptor GPVI (for collagen and CRP-XL), where in either case pretreatment with the cAMP-elevating agent iloprost is known to suppress the aggregation process [1,2]. However, it has remained unclear how long such a pretreatment needs to be for affecting the platelet responses. To investigate this, we added iloprost to human platelets at various times before or after stimulation using a submaximal dose of TRAP6 or CRP-XL. Markedly, the addition of iloprost, not only before but also simultaneously with TRAP6 or CRP-XL, completely annulled the aggregation responses (Figure 1A, D). Quantification of the aggregation traces pointed to abolition of the curve slope (Figure 1B, E) and the area-under-the-aggregation-curve (Figure 
1C, F). Moreover, the inhibitory effect of iloprost retained up to 0.5-2 min after TRAP6 stimulation, in that it halted or partly reversed the initial aggregation process. However, this time frame of inhibition was shorter for up to 0.5 min in case of CRP-XL stimulation. These findings pointed to a more reduced ability of GPVI-stimulated platelets in terms of post-hoc responding to cAMP elevation. 
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Figure 1. Post-hoc inhibitory effect of iloprost on TRAP6- and CRP-XL-induced platelet aggregation. Platelets in suspension were stimulated with 10 µM TRAP6 (A-C) or 5 µg/mL CRP-XL (D-F), and aggregation was recorded by light transmission aggregometry. Iloprost (10 nM) was added before (-2, -1 or -0.5 minutes), simultaneously with (0 minutes) or after (+0.5, +1, +2 minutes) the indicated agonist. Representative traces are shown); arrows indicate addition of agonist, arrowheads addition of iloprost (A, D). Graphs of aggregation slope as %T/minutes (B, E) and aggregation-area-under-the-curve (AUC, 10 minutes) (C, F), as fractions of control without iloprost. Mean ± SE (n = 3). *P<0.05, **P<0.001 vs. control traces, paired Student t-test.  Platelet aggregation relies on integrin αIIbβ3 activation and fibrinogen-dependent platelet-platelet interactions [1]. To assess response versatility on the level of αIIbβ3 activation, we performed similar experiments, in which we applied the integrin antagonist tirofiban before or after TRAP6 or CRP-XL. The tirofiban fully suppressed the aggregation response, when added before or together with either agonist (Figure 2A, D). Quantification of the traces learned that post-addition of tirofiban for up to 2 min did not influence the initial aggregation slope (Figure 
2B, E), but partly affected the aggregation integral (Figure 2C, F) with TRAP6 or CRP-XL. 
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Figure 2. Post-hoc inhibitory effect of integrin antagonist on TRAP6- and CRP-XL-induced platelet 
aggregation. Platelets in suspension were stimulated with 10 µM TRAP6 (A-C) or 5 µg/mL CRP-XL (D-F), and aggregation was recorded by light transmission aggregometry. Tirofiban (1 µg/mL) was added before (-2, -1 or -0.5 minutes), simultaneously with (0 minutes) or after (+0.5, +1, +2 minutes) the indicated agonist. Representative traces are shown; arrows indicate addition of agonist, arrowheads addition of tirofiban (A, D). Graphs show the aggregation slope as %T/minutes (B, E) and aggregation-area-under-the-curve (AUC, 10 minutes) (C, F), as fractions of control without tirofiban. Mean ± SE (n = 3). *P<0.05, **P<0.001 vs. control traces, paired Student t-test.    
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Platelet activation induced by GPVI is known to rely on activation of the protein tyrosine kinase Syk [10]. To reveal the requirement of Syk signaling over time, we treated platelets with the selective inhibitor PRT-060318 (Syk-IN) [10] before or after stimulation by TRAP6 or CRP-XL. As expected, Syk-IN did hardly suppress the PAR1-mediated platelet aggregation at any time point (Figure 3A-C). On the other hand, Syk-IN fully abrogated the GPVI-mediated aggregation, even when given after 0.5 min, i.e. when the aggregation normally would have started (Figure 
3D-F). At later time points up to 2 min, Syk-IN remained partly effective in suppressing the overall aggregation process (Figure 3F). This suggested that a relatively prolonged GPVI signal generation via Syk is required for completion of the aggregation process. 

 

Figure 3. Post-hoc inhibitory effect of Syk blocker on CRP-XL-induced platelet aggregation. Platelets in suspension were stimulated with 10 µM TRAP6 (A-C) or 5 µg/mL CRP-XL (D-F), and aggregation was recorded by light transmission aggregometry. Syk-IN (5 µM) was added before (-2, -1 or -0.5 minutes), simultaneously with (0 minutes) or after (+0.5, +1, +2 minutes) the indicated agonist. Representative traces; arrows indicate addition of agonist, arrowheads addition of Syk-IN (A, D). Bar graphs of aggregation slope as %T/minutes (B, E) and aggregation-area-under-the-curve (AUC, 10 minutes) (C, F), expressed as fractions of control without Syk-IN. Mean ± SE (n = 3). *P<0.05, **P<0.001 vs. control traces, paired Student t-test. 
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Given the ability of either iloprost or tirofiban to influence the aggregation after agonist addition, it was interesting to examine combined effects of the two inhibitors. When added before or up to 1 min after TRAP6 or CRP-XL stimulation, iloprost + tirofiban caused substantial suppression of the aggregation process (Figure 4A-F). Typically, however, examination of the aggregation traces indicated that with TRAP6 even late application of the inhibitors (6 min) caused substantial disaggregation, while this was not the case with CRP-XL (Figure 4A-B). This again pointed to a more continued, less reversible activation signal with CRP-XL. By comparison, it appeared that iloprost postaddition after TRAP6 to a stronger extent than tirofiban postaddition (P<0.05) triggered the reversal of aggregation with 15–30% transmission. 

 

Figure 4. Post-hoc inhibitory effect of iloprost plus tirofiban on agonist-induced platelet aggregation. Platelets in suspension were stimulated with 10 µM TRAP6 (A-C) or 5 µg/mL CRP-XL (D-F), and aggregation was recorded by light transmission aggregometry. Iloprost (10 nM) in combination with tirofiban (1 µg/mL) was added before (-2, -1 or -0.5 minutes), simultaneously with (0 minutes) or after (+0.5, +1, +2, +4, +6 minutes) the indicated agonist. See Figure 1. Mean ± SE (n = 3). *P<0.05, **P<0.001 vs. control traces, paired Student t-test. In the presence of fibrinogen, iloprost on top of tirofiban also induced reversal of the aggregation response induced by Me-SADP (Suppl. Figure 1). Additional experiments indicated that, with supramaximal concentrations of TRAP6 (50 µM) or CRP-XL (25 µg/mL), the simultaneous 
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application of iloprost + tirofiban still prevented the aggregation at t = 0, but not at t = 2 min, i.e., at a time point the aggregation process was completed (data not shown). 
 

More prolonged priming of Ca2+ signaling after GPVI stimulation in comparison to PAR 
stimulation The results so far suggested an overall higher versatility of TRAP6- than of CRP-XL-induced aggregation in terms of secondary inhibition and response reversibility. To investigate how this extended to the intracellular signaling events, we measured the cytosolic [Ca2+]i rises of platelets loaded with the probe Fura-2. Measurements were performed by 340/380 nm ratio fluorometry in 96-well plates at 37 °C, in which an agonist could precisely be injected during the measurement time using a FlexStation 3 robot. This method results in diffusion-limited, but highly reproducible and calibrated [Ca2+]i rises [10]. We developed an experimental setup, in which the platelets were manually treated with a first agonist or vehicle medium in wells, and then after a time window of 10 min were evaluated for changes in [Ca2+]i using the FlexStation robot, which allowed to precisely record the signaling responses to the second agonist. In agreement with earlier findings [17], initial platelet stimulation with TRAP6 alone gave a fast and transient [Ca2+]i rise (Suppl Figure 2A). Initial stimulation with CRP-XP alone resulted in a slower and persistent [Ca2+]i rise (Suppl Figure 2B). Markedly, after prior stimulation with CRP-XL, the subsequent application of TRAP6 again showed the transient [Ca2+]i rise on top of the CRP-XL signal (Figure 5A). In contrast, prior stimulation with TRAP6 completely annulled the response to a second TRAP6 addition. In contrast, after initial stimulation with TRAP6 or CRP-XL, the subsequent addition of CRP-XL resulted in another prolonged Ca2+ signal (Figure 5B). This pointed to a relatively prolonged priming effect of the initial CRP-XL stimulation in comparison to initial PAR1 stimulation. As expected, pre-incubation with iloprost (10 min) completely annulled the [Ca2+]i rises evoked by TRAP6 (Figure 5C) or by CRP-XL (Figure 5D). However, after iloprost plus TRAP6, the cells responded to later CRP-XL by a greatly reduced [Ca2+]i rise, pointing to a residual suppression by iloprost (Figure 5D). On the other hand, after iloprost plus CRP-XL, the platelets responded to later TRAP6 by a prolonged Ca2+ signal (Figure 5E), reminiscent of the normal CRP-XL response. Suppression by iloprost was also observed upon dual addition of TRAP6 (Figure 5C). With iloprost present, dual addition of CRP-XL resulted in a slightly increased [Ca2+]i response (Figure 5F). Together, these data showed that, also in the presence of iloprost, initial CRP-XL stimulation enhanced the Ca2+ responses of later TRAP6 stimulation. To determine if such a priming effect was confined to pre-stimulation with CRP-XL, we performed similar experiments with thrombin or ADP as a first agonist (t = -10 min). Herein, prior thrombin impaired the TRAP6-induced [Ca2+]i rise (Figure 6A), whilst prior ADP was without effect (Figure 6C). On the other hand, prior thrombin (Figure 6B) but not ADP (Figure  
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Figure 5. Recurrent Ca2+ signal generation induced by consecutive agonists. Calibrated [Ca2+]i rises were recorded during 25 minutes of Fura-2-loaded platelets in 96-wells plates. Platelets were stimulated at indicated time point (arrow) as second agonist with 10 µM TRAP6 (A, C, E) or 5 µg/mL CRP-XL (B, D, F). (A, B) Pre-addition of vehicle (control), TRAP6 (10 µM) or CRP-XL (5 µg/mL) at 10 minutes before second agonist. (C, D) Pre-addition of vehicle control or iloprost (10 nM) with/without TRAP6 (10 µM) at 10 minutes before the second agonist. (E, F) Pre-addition of iloprost (10 nM) with/without CRP-XL (5 µg/mL) at 10 minutes before second agonist. Mean ± SE (n = 3 experiments). *P<0.05, **P<0.001 vs. controls at t = 1000 seconds, paired Student t-test.  
6D) enhanced the [Ca2+]i rise induced by CRP-XL. Prior TRAP6 almost completely abolished the respond to secondary thrombin or ADP (Figure 6E-F). Markedly, however, prior CRP-XL caused a prolonged and high Ca2+ signal, while the platelets still responded to thrombin or ADP (Figure 
6E-F). This indicated that PAR stimulation (with TRAP6 or thrombin) protected against secondary stimulation of these receptors. Taken together we concluded that, in terms of Ca2+ signaling, prior GPVI (CRP-XL) but not PAR stimulation provoked a prolonged, high activation state, which still allowed the platelets to respond to a second GPCR agonist, such as thrombin, TRAP6 or ADP. 
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Figure 6. Effect of agonist stimulation on Ca2+ signaling induced by a second agonist. Calibrated [Ca2+]i rises were recorded during 25 minutes of Fura-2-loaded platelets in 96-wells plates. Platelets were stimulated at indicated time point (arrow) as second agonist with 10 µM TRAP6 (A, C), 5 µg/mL CRP-XL (B, D), 1 nM thrombin (E) or 1 µM Me-S-ADP (F). (A, B) Pre-addition of vehicle (control) or thrombin (1 nM) at 10 minutes before second agonist. (C, D) Pre-addition of vehicle (control) or Me-S-ADP (1 µM) at 10 minutes before second agonist. (E, F) Pre-addition of vehicle (control), TRAP6 (10 µM) or CRP-XL (5 µg/mL) at 10 minutes before second agonist. Mean ± SE (n = 3 experiments). *P<0.05, **P<0.001 vs. controls at t = 1000 sec, paired Student t-test.  
Discussion 

 In this paper, we present new proof-of-concept data that iloprost (cAMP elevation), tirofiban (integrin αIIbβ3 blocker) and/or Syk kinase inhibition (sub)acutely affect the starting or ongoing platelet aggregation process in response to TRAP6 or CRP-XL, even when applied after these agonists. However, when compared to PAR stimulation with TRAP6, GPVI stimulation with CRP-XL provided a shorter time window for the aggregation process to stop upon secondary application of iloprost. Subacute inhibition of the tyrosine kinase Syk was only effective in case 
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of GPVI stimulation. This pointed to a more continued, less reversible activation signal with CRP-XL. In agreement with this, also the [Ca2+]i measurements showed a more persistent activation state of the platelets after GPVI stimulation than after PAR1 stimulation, thus influencing the platelet responses to a second agonist. Interestingly, it appeared that the platelets after initial PAR1 stimulation retained their responsiveness to GPVI stimulation, but became insensitive to a recurrent stimulation of the PAR1 receptor. Overall, tis work disclosed an unexpected high versatility of activated platelets in their ability to acutely respond to a subsequent receptor agonist, with a more prolonged signal memory effect after GPVI than after PAR stimulation. Iloprost as a prostacyclin mimetic has been used in the clinic for platelet inhibition and vasodilatation in pulmonary hypertension treatment [18]. Our aggregation experiments indicate that late application of this inhibitor can reverse the platelet activation process even after initial receptor stimulation, yet in a way depending on the agonist and receptor type. Typically, the post-hoc inhibitory effect of iloprost decreased in the order of TRAP6 > CRP-XL. In combination with integrin αIIbβ3 antagonist tirofiban, iloprost acted even stronger, by causing substantial disaggregation after TRAP6, but not CRP-XL stimulation. In agreement with our findings, it is known that iloprost pretreatment strongly affects TRAP6-induced platelet responses [19]. Iloprost, acting on the level of G-proteins (Gs) via adenylyl cyclase, directly competes with soluble GPCR agonists (thrombin, ADP, TxA2) also acting on adenylyl cyclase via Gi [20-22]. Hence, the joint regulation of adenylyl cyclase activity can result in a versatile modulation of cAMP levels and PKA activity. Earlier, we have established that iloprost and ADP in terms of PKA-dependent phosphorylation act partly in an antagonistic way [23]. Several of the PKA-regulated phosphorylation sites are cytoskeletal proteins, which agrees with the notion that platelet disaggregation is accompanied by a reversal of cytoskeletal changes [24]. Mechanistically, both the prior and subacute effects of iloprost will be due to an immediate elevation in cAMP and protein kinase A (PKA), which then suppresses phospholipase C activity and ensuing [Ca2+]i rises [25-27]. The more limited ability of iloprost to revert the CRP-XL induced aggregation (in comparison to TRAP6) can be explained by the longer Ca2+ signal with this GPVI agonist, implying a lower ability of PKA to overrule this signal. On the other hand, our laboratories have described that iloprost and other cAMP-elevating agents, as a pretreatment, are able to affect the collagen-induced platelet adhesion under stasis and flow conditions [28, 29]. Tirofiban as an integrin antagonist is in use for the prevention of thrombus formation in ischemic stroke [30]. The observed reversal of TRAP6-induced aggregation by tirofiban/iloprost is compatible with evidence from preclinical studies that integrin activation per se is a reversible process [1,31]. The acute halting of the CRP-XL-induced aggregation with inhibitor Syk-IN (with antithrombotic potential in mouse) is explained by the evidence that it is an upstream blocker of GPVI- and CLEC2-induced signaling pathways [10,32]. Markedly, the blockage of Syk activation (Syk-IN) or of integrin αIIbβ activation (tirofiban) primarily stopped the ongoing aggregation process without reversal. It thus appears that interference at different levels of the 
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signaling scheme (early Syk activation, or late integrin activation) can halt the further assembly of platelet aggregates, but cannot disassemble the aggregates, such as is the case with the PKA-activating compound iloprost. The [Ca2+]i measurements provided proof-of-principle evidence that platelets have the ability to respond consecutively to PAR1, P2Y and GPVI stimulation, even when these receptors are triggered 10 min apart. Interestingly, such sequential responses were not seen for dual exposure to PAR1 agonist (TRAP6, thrombin), in that a first stimulation inactivated the Ca2+ signal of a second stimulation. This points to a mechanism of thrombin receptor desensitization after platelet exposure to PAR agonists [33,34]. It also underlines the idea that platelet exposure to a gradient of GPCR agonists causes response diminishment [35]. Whilst it is known that continued receptor occupancy is needed for the completion of thrombin-induced [Ca2+]i rises [17,36], we now find that ‒ on the longer term (10-30 min) ‒, PAR1-stimulated platelets in some way become reset by a desensitization mechanism. Interestingly, such a desensitization process does not occur following GPVI stimulation, hence excluding a role of cleavage of the GPVI receptors [37]. Rather, the maintained Ca2+ signal with CRP-XL points to a longer-term high activation state (priming) of the platelets, which can be linked to the prolonged ability of store-regulated Ca2+ entry with GPVI ligands [38]. Regarding the translation relevance of our findings, at the one hand, we show that platelets have the ability to respond to multiple agonists, for instance when (in the circulation) exposed to soluble agonists or when adhered to subendothelial vascular agonists like collagen. At the other hand, our data provide more insight into the mechanism of positive and (secondarily) negative platelet priming by dual exposure to agonists and/or antagonists. More precisely, our findings suggest that the acute exposure of circulating platelets to locally generated thrombin (before it is inactivated by antithrombin) results in an only shortly increased activation state, which is antagonized by the simultaneous exposure to prostacyclin. On the other hand, it appears that platelet adhesion to vascular collagen resulting in a GPVI-mediated aggregation leads to a more persistent activation state, which influences the ensuing responses to a next agent. Summarizing, we provide novel data that GPVI stimulation causes a more prolonged and robust priming and memory activating effect on platelets, when compared to PAR or P2Y stimulation. This work thereby revealed unexpected differences between a high versatility of platelets in sequentially responding to specific agonists and antagonists.  
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Supplementary Materials to Chapter 4 
  

 
Suppl. Figure 1. Post-hoc inhibitory effect of iloprost and/or tirofiban on agonist-induced platelet 
aggregation in the presence of fibrinogen. Platelets in suspension containing 50 µg/mL fibrinogen were stimulated with 1 µM Me-S-ADP (A-D) or 10 µM TRAP6 (E, F), and aggregation was recorded by light transmission aggregometry. Iloprost (10 nM) and/or tirofiban (1 µg/mL) was added before (-2 minutes), simultaneously with (0 minutes) or after (+0.5, +1, +2 minutes) the indicated agonist. Shown are representative aggregation traces (A, C, 
E). Arrowheads indicate addition of iloprost and/or tirofiban. Bar graphs indicate the aggregation-area-under-the-curve (AUC, 10 minutes), as fractions of control (B, D, F). See further Figure 1. Mean ± SE (n = 3). **P<0.001 vs. control traces, paired Student t-test.    
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Suppl. Figure 2. Calcium responses by one agonist. Cytosolic Ca2+ rises were recorded of Fura-2-loaded platelets in 96-wells plates during 33 minutes. (A) Cells were preincubated with vehicle (control), tirofiban (1 µg/mL) or Syk-IN (5 µM). The platelets were stimulated with 10 µM TRAP6 (A) or 5 µg/mL CRP-XL (B) during fluorescence recording. Mean ± SE (n = 3 experiments).  
Supplemental 3: Datafile containing raw data of all figures. 
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Abstract In platelets, increased cytosolic Ca2+ is a crucial second messenger, directly or indirectly involved in all functional responses. As in other non-excitable cells, the platelet Ca2+ response consists of Ca2+ mobilization from the endoplasmic reticulum stores, complemented with store-operated and receptor-operated Ca2+ entry pathways. Whereas several channel types have proposed to contribute to the Ca2+ entry process, their relative strength and contribution are unknown in response to agonists of ITAM-linked receptors such as glycoprotein VI (GPVI) and G-protein coupled receptors such as the protease-activated receptors (PAR) for thrombin. Here, we used a 96-well plate-based high throughput assay to perform parallel [Ca2+]i measurements with Fura-2-loaded human platelets in the presence of external EGTA or CaCl2. Analysis resulted in sets of CaCl2, EGTA and Ca2+ entry ratio curves, all defined by six curve parameters, reflecting the relevant Ca2+ ion fluxes. We report that threshold levels GPVI or PAR, with a variable contribution of secondary mediators released by platelets, induced a maximal Ca2+ entry ratio of 3-7. Strikingly, under conditions of Ca2+-ATPase inhibition with thapsigargin, the maximal Ca2+ entry ratio increased to 400 (GPVI) and 40 (PAR), pointing to a receptor-dependent enhancement of store-operated Ca2+ entry. Upon pharmacological blockage of relevant Ca2+ channels in platelets, we found that, for both GPVI and PAR stimulation, the Ca2+ entry ratio was strongest affected by inhibition of Orai1 (2-APB, Synta66) > Na+/Ca2+ exchangers (NCE), P2X1 (only initial curve value); while the inhibition of TRPC6, Piezo-2 or STIM1 was of no effect. Together, these data reveal Orai1 and NCE as a dominating Ca2+ carriers regulating GPVI- and PAR-induced Ca2+ entry in human platelets.  
Keywords: Orai1, platelets, sodium-calcium exchange, STIM1, store-regulated calcium entry 
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Introduction Increased cytosolic Ca2+ is a crucial second messenger, involved in essentially all functional platelet responses, ranging from shape change, spreading, adhesion by integrin activation, dense and alpha-granule secretion, platelet aggregation and thrombus assembly up to the processes of clot retraction and development of platelet procoagulant activity [1–4]. Most platelet agonists induce a rise in cytosolic [Ca2+]i to steer a variety of signaling pathways, in order to regulate actin and tubulin cytoskeleton reorganization, small molecular weight GTPase activation, networks of protein kinases and phosphatases, calpain protease activation, secretome organization, thromboxane release, and phosphoinositide and other phospholipid alterations [5–8]. In situations of hemostasis and thrombosis, platelet Ca2+ signaling can be evoked by ITAM-linked receptors (ILR) acting through protein tyrosine kinases, as well as by G-protein coupled receptors (GPCR) working the Gqα and Giα proteins [9]. Regarding ILR, the collagen receptor glycoprotein VI (GPVI) has been extensively studied in the context of thrombosis and hemostasis, with several anti-GPVI drugs being evaluated in clinical trials [10]. Vascular collagens and the soluble mimetic collagen-related peptide (CRP), as established GPVI agonists, operate via tyrosine phosphorylation and activation of phospholipase Cγ2 (PLCγ2) [11]. On the other hand, activation of platelet GPCR in particular occurs by soluble agonists, like thrombin (acting via PAR1 and PAR4), ADP (acting via P2Y1 and P2Y12) and thromboxane A2 (acting via TP receptors). The common activation mechanism is Gqα-mediated activation of PLCβ isoforms with an additional Giα-mediated activation phosphoinositide 3-kinases [2,4,12]. Drugs interfering with these GPCR pathways are regularly prescribed to patients with prior cardiovascular disease. The success of the so-called secondary mediator inhibitors (SMI) ‒ i.e., aspirin to block thromboxane synthesis and ADP-receptor antagonists ‒ relies on the fact that they suppress amplification mechanisms, rather than primary processes of platelet activation [10,13]. In human and mouse platelets, classical Ca2+-signaling mechanisms operate, i.e., primary internal Ca2+ mobilization and secondary store operated Ca2+ entry (SOCE) or receptor-operated Ca2+ entry (ROCE), such as reviewed recently [4]. These pathways are crucially involved in platelet-dependent immune responses, intravascular thrombosis formation and thrombo-inflammation in mouse, and by extension also in man [4,14,15]. In brief, PLCβ/γ activity results in the formation of inositol 1,4,5 trisphosphate (InsP3), which by way of a Ca2+-induced Ca2+ release stimulates the InsP3-operated Ca2+ channels in the endoplasmic reticulum. Pumping back of the released Ca2+ from the cytosol into Ca2+ stores occurs by sarco- and endoplasmic reticulum Ca2+-ATPases (SERCAs), which are selectively inhibited by thapsigargin, a compound that prolongs the [Ca2+]i signal [9,16]. Regarding SOCE, an important role in platelets has been confirmed for the Ca2+ channel Orai1 [17], which via the BIN2 protein couples to the Ca2+ store sensor STIM1 [18]. This mechanism contributes to both the ILR- and GPCR-induced Ca2+ entry [4,19,20]. It has been shown that platelets from mice with a defect in STIM1, BIN2 or Orai1 display impaired Ca2+ responses with common agonists [20–23]. The low platelet Ca2+ responses were accompanied by a protection against arterial thrombus formation in vivo and a lowered collagen-dependent thrombus formation in vitro [4]. Similarly, in blood from immunodeficient patients with a loss-of-function 
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mutation in Orai1 or STIM1, in vitro thrombus formation on collagen was found to be impaired [24]. Yet, other studies suggest the operation of additional ROCE pathways in platelets as well [23,25]. Established for platelet activation is also the P2X1 cation channel, as a fast way to increase [Ca2+]i, in response to the secondary mediator ATP [26,27]. Other papers indicate that a significant proportion of the diacylglycerol-induced ROCE in platelets is carried by transient receptor potential C (TRPC) type of cation channels, TRPC3 and TRPC6, so far with an unclear contribution to hemostasis and thrombosis [28,29]. The murine TRPC6 protein appeared to support the Orai1-dependent SOCE mechanism [30]. Additional proteins with a possible contribution to Ca2+ entry in platelets are the mechanosensitive Piezo1/2 ion channels [31], and Na+/Ca2+ exchangers (NCE) operating in reverse mode [32]. While several channel types are considered to contribute to SOCE and ROCE in human platelets, their relative strength and contribution to the agonist-induced Ca2+ entry process are unknown. In the present paper, we investigated this in Fura-2-loaded platelets by parallel measurements of [Ca2+]i in the presence of external EGTA or CaCl2, thus blocking or allowing Ca2+ entry, respectively, using a previously established 96-well plate-based high throughput assay [33]. For the studies we used two GPVI (ILR) agonists, i.e., CRP and collagen, and two PAR (GPCR) agonists, thrombin and TRAP, as well as the SERCA inhibitor thapsigargin. By systematic comparison of the Ca2+ entry traces we were able to directly compare the effects of pharmacological blockage of Orai1, STIM1, TRPC6, P2X1, Piezo1/2 or NCE. 
Materials and methods 

Materials Thrombin was obtained from Enzyme Research Laboratories (South Bend IN, USA). Thrombin receptor-activating peptide SFLLRN (TRAP) was purchased from Bachem (Bubendorf, Switzerland); cross-linked collagen-related peptide (CRP) came from the University of Cambridge (Cambridge, United Kingdom); Fura-2 acetoxymethyl ester and human fibrinogen were obtained from Invitrogen (Carlsbad, CA, USA); Pluronic F-127 from Molecular Probes (Eugene OR, USA). 2-aminoethyl diphenylborinate (2-APB) and ORM-10,103, 2-[(3,4-dihydro-2-phenyl-2H-1-benzopyran-6-yl)oxy]- 5-nitro-pyridine were from Sigma-Aldrich (St. Louis, MO, USA), GsMTx4 was from Tocris Bioscience (Bristol, United Kingdom), MRS-2159 from Santa-Cruz (Santa-Cruz, CA, USA), ML-9 and BI-749327 were from MedChem Express (Monmouth Junction, NJ, USA). Human α-thrombin came from Kordia (Leiden, The Netherlands). Standard Horm-type collagen (dissolved in 0.1 M acetic acid) was obtained from Nycomed (Hoofddorp, The Netherlands). Synta-66, 3-fluoropyridine-4-carboxylic acid (2′,5′-dimethoxybiphenyl-4-yl) amide, came from GlaxoSmithKline (London, UK). The PAR4-activating peptide AYPGKF-NH2 was a kind gift of Synpeptide Ltd. (Pudong, Shanghai, China). Other materials were from sources, described before [34].   
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Subjects and blood collection Blood was taken by venipuncture from healthy male and female volunteers who had not taken anti-platelets in the previous ten days, after full informed consent according to the Helsinki declaration. The study was approved by the Medical Ethics Committee of Maastricht University. According to the approval, blood donor age and sex were not recorded. Blood was collected into 3.2% sodium citrate (Vacuette tubes, Greiner Bio-One, Alphen a/d Rijn, the Netherlands). Blood donors had platelet counts within the reference range, as measured with a Sysmex XN-9000 analyzer (Sysmex, Kobe, Japan).  
Platelet isolation and loading with Fura-2 Platelet-rich plasma (PRP) and washed platelets were obtained from citrated blood, as described earlier [23,35]. PRP was obtained through centrifugation of blood samples at 260 g for 10 minutes, after supplementation of 1:10 vol/vol acid citrate dextrose (ACD; 80 mM trisodium citrate, 183 mM glucose, 52 mM citric acid). The collected PRP was then centrifuged in Eppendorf tubes at 2360 g for 2 minutes. The pelleted platelets were resuspended into Hepes buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 5.5 mM glucose, and 0.1% bovine serum albumin). After addition of apyrase (1 unit/mL) and 1:15 vol/vol ACD to the platelet suspension, another centrifugation step was performed to obtain washed platelets. Based on an earlier protocol [36], the washed platelets resuspended into Hepes buffer pH 7.45 at a count of 2 × 108/mL were loaded with Fura-2 acetoxymethyl ester (3 µM) and Pluronic F-127 (0.4 µg/mL) for 40 minutes at room temperature. In comparison to a previous protocol, the loading at room temperature and the pre-mixing of probe with Pluronic F-127 prevented accumulation of de-esterified dye in the intracellular organelles [37]. Once loaded with Fura-2, the cells were centrifuged in the presence of apyrase (1 unit/mL) and 1:15 vol/vol ACD. The final platelet count after resuspension into Hepes buffer pH 7.45 was 2 × 108/mL. Adequacy of Fura-2 loading in the cytoplasm was confirmed by a >90% quenching of the isosbestic Fura-2 signal (360 nm excitation) with MnCl2 [16]. In addition, microscopic examination of spread platelets did not show compartmentalization of the Fura-2 fluorescence. The commonly used procedure of ACD and apyrase silencing of platelets prevented autocrine activation, while maintaining resting cyclic-AMP levels [38]. Platelet activation markers (P-selectin and PAC1 antigen) were <2% using the platelet isolation procedure [39].  
Calibrated high-throughput platelet [Ca2+]i measurements Changes in [Ca2+]i of Fura-2-loaded platelets were measured in 96-well plates using a FlexStation 3 robot (Molecular Devices, San Jose, CA, USA), basically as described [33,40]. The Xenon flash light-based measurements of fluorescence, in combination with the excellent optics of the FlexStation3 reader chip allowed to measure with limited fluorescence bleaching.  In brief, 200 µL samples of platelets (2 × 108/mL) per well were left untreated or were pretreated with apyrase (0.1 U/mL) and indomethacin (20 µM) for 10 minutes at room  
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Table 1. Platelet agonists, receptors and channels reported to modulate Ca2+ responses. For full inhibitor names, see methods section. Protein copy numbers per platelet were taken from Ref. [57].  
Compound 1st target Copies 2nd targets Ref. conc. Ref. 
Agonists CRP GPVI 9577 n.a. 0.1-30 μg/mL [33]  Collagen GPVI 9577 α2β1 1-10 μg/mL [35] Thrombin PAR1/4 n.a./ GPIbα 0.3-30 nM [33]                                                                              1095 TRAP PAR1 n.a. n.a. 0.5-15 μM [33] 
Modulators SMI* P2Y1, ~1000 P2Y12                                      0.1 U/mL, [33]                                           COX1                                                                                         20 μM Thapsigargin SERCA2b 25,272 SERCA3 1 μM [24] 
Channel inhibitors 2-APB Orai1 1,658 InsP3 R** 10 μM [45] BI-749327 TRPC6 1,101 n.a. 0.1 μM [47] GsMTx4 Piezo1/2    2*** n.a. 3 μM [31] ML-9 STIM1 7,423 MLCK, Akt 30 μM [46] MRS-2159 P2X1 1,441 P2Y1 1 μM [27]  ORM-10103 NCX3   578 NCX1 10 μM [32] Synta66 Orai1 1,658 n.a. 10 μM [45]   *Secondary mediator inhibitors (SMI) = apyrase + indomethacin; **InsP3 receptors type 1-3 (4,873 copies); ***for mouse platelets [58].  temperature. Where indicated, pharmacological inhibitors to block Ca2+ entry were added (at room temperature) (see Table 1). After the addition of either 0.1 mM EGTA or 2 mM CaCl2, the platelets in wells were temperature adjusted (37 ℃), and fluorescence was recorded at two excitation wavelengths for 10 minutes. During the measurements, 20 µL of agonist solution was added by automated pipetting. Note that the mixing of agonist with Fura-2-loaded platelets was diffusion-limited, and occurred by high-speed injection of 10% volume of the agonist solution. Prior to default use, injection volume and speed (125 µL/sec) were optimized as to obtain maximal platelet responses [33]. Changes in Fura-2 fluorescence (37 ℃) were measured per row by ratiometric fluorometry, using excitation wavelengths of 340 and 380 nm and a single emission wavelength of 510 nm [33]. Fura-2 fluorescence ratio values per well were obtained every 4 seconds. Separate calibration wells contained Fura-2-loaded platelets that were lysed with 0.1% Triton-X-100 in the presence of either 1 mM CaCl2 or 1 mM EGTA/Tris for determining Rmax and Rmin values [35]. After the correction for 340 and 380 nm background fluorescence levels, nanomolar changes in [Ca2+]i were calculated according to the Grynkiewicz equation with a Kd of 224 nM [41]. All measurements were completed within 2–3 hours of isolation of cells. For the present measurements, the loading concentration with Fura- 2 AM was optimized, giving a stable calibrated Ca2+ responses at 1.5 to 3 μM, and highest 340 nm fluorescent agonist signals (+22%, n = 3) and lowest a noise at 3 μM. Dye leakage from the platelets appeared to be negligible; this was observed by a minimal, <5 nM apparent [Ca2+]i rise upon addition of 1 mM CaCl2 to unstimulated cells. 
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For the relative assessment of Ca2+ entry, activation experiments were routinely performed in parallel (duplicate) wells, containing either 0.1 mM EGTA or 2 mM CaCl2. Accordingly, after calibration, sets of nM [Ca2+]i traces were obtained without (EGTA) or with (CaCl2) Ca2+ entry. 
 

Data analysis and molecular calculations The nanomolar [Ca2+]i traces (4–6 second intervals during 600 seconds) were floating-point averaged before further processing. Per agonist and inhibitor condition, then ratioed Ca2+ entry traces were calculated. These were obtained by dividing the nanomolar traces in the presence of CaCl2 by the corresponding traces in the presence of EGTA. Taking into account the assumptions mentioned below, the ratioed [Ca2+]i traces represent the relative amount of Ca2+ entry per unit of intracellular Ca2+ release (Eq. 1):   ሾCaሿi in CaCl2ሾCaሿi in EGTA = ER release + EntryER release = 1 + EntryER release    Using a script in Excel, the [Ca2+]i traces with CaCl2 or EGTA were analyzed on six curve parameters: the nM levels at start (P1), at first peak (P4) and final (P6); the initial slope after agonist addition as nM/s (P2) and the change of slope (P3); furthermore, the agonist-induced increase in area-under-curve over 600 seconds (P5). For the Ca2+ entry ratio curves, these curve parameters were calculated as well. The following assumptions were used for the molecular calculation of Ca2+ fluxes in a representative platelet (of average size). Mean platelet volume (average from 96 volunteers) was set at 10.24 fL [42]. Based on electron microscopic images [43], the volume contribution of intracellular organelles and open canicular system was set at 20%, which resulted in a mean cytosolic volume of 8.92 fL. For 0.4 × 108 platelets per well, this gave a total cytosolic volume of 3.57 × 10- 7 L. Considering the single-platelet cytosolic volume of 8.92 fL, then a [Ca2+]i increase of 1 nM represents 8.92 × 10- 24 mol, i.e. 5.37 mobilized Ca2+ ions per single platelet. Considerations for interpretation of the [Ca2+]i traces were as follows. (i) In Fura-2-loaded platelets, the low resting [Ca2+]i was set at ~20 nM. (ii) Rises in [Ca2+]i in response to agonists were considered to be the mathematical summation of InsP3-induced Ca2+ release from the endoplasmic reticulum (ER, taken as one undivided compartment) and from extracellular Ca2+ entry via ion channels and exchangers. This implies that any enforcement of InsP3 channel activity by extracellular CaCl2 via Ca2+-induced Ca2+ release [1] is attributed to the entry part. Concerning the mitochondrial and lysosomal Ca2+ compartments, of which the sizes and regulation are poorly established [4], these are considered as a providing a fixed fractional contribution to the total Ca2+ stores, not contributing to InsP3-induced Ca2+ release. (iii) It is thus assumed that measurements in the presence of 0.1 mM EGTA reflect only intracellular Ca2+ release, while measurements in the presence of 2 mM CaCl2 reflect the summed contribution of intracellular Ca2+ release and extracellular Ca2+ entry. (iv) By using suspensions of 0.4 × 108 platelets, intercellular heterogeneity due to single-cell oscillations will be averaged out [44]. (v) Transient decreases in [Ca2+]i are considered to result from the combined Ca2+-ATPase activities of SERCA and PMCA (plasma membrane Ca2+-ATPases) isoforms, unless indicated otherwise. (vi) 
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In calculations, the cytosolic Ca2+-buffering capacity of Fura-2 and the likely fractional uptake into mitochondria were discarded. (vii) Finally, the maximal [Ca2+]i level to be achieved was set at 200 × Kd (44.8 μM).  
Pharmacologic inhibition of Ca2+ responses An overview of relevant platelet receptors and channels with protein copy numbers is provided in Table 1. The table also contains the compounds reported to block Ca2+ channels or exchangers with reasonable selectivity at indicated concentration. In experiments with Fura-2- loaded platelets in the presence of EGTA or CaCl2, the indicated compounds were always tested versus relevant vehicle solution (final DMSO concentration <0.5%).  
Heatmaps and statistics Data are expressed as means ± SD. The program GraphPad Prism 8 (San Diego, CA, USA) was used for statistical analyses. Regression analysis was performed with the program R, which was also used for heatmap generation. For heatmap representation, values per curve parameter sets (P1+4+6, P2+3, or P5) were univariate-scaled at 0–100% per indicated set of conditions, as indicated in the figure legends. Statistical significance, calculated by a two-tailed t-test, was defined as P<0.05. 
Results  
High Ca2+ entry ratio in GPVI-stimulated platelets To quantify how GPVI-induced extracellular Ca2+ entry (via ILR) relied on intracellular Ca2+ mobilization in platelets, we performed dose-response experiments, using the strong agonist CRP and the weaker agonist collagen type-I for this receptor [9]. Employing the 96-well plate method with automated agonist injection [33,40], each agonist was added to Fura-2-loaded platelets in the presence of external CaCl2 or EGTA. After calibration we obtained parallel curves of nanomolar rises in [Ca2+]i for 600 seconds, either with or without Ca2+ entry, which were analyzed for 6 curve parameters (P1, basal nM level; P2, slope to initial peak; P3, change of slope; P4, first nM peak level; P5, area-under-the-activation curve; and P6, final nM level). By ratioing the two parallel curves, we obtained corresponding Ca2+ entry ratio curves, which were analyzed for the same parameters. Platelet stimulation with CRP (1–30 μg/mL) resulted in a dose dependent increased [Ca2+]i peak level, followed by a sustained phase in the presence of either CaCl2 or EGTA (Figure 1A i-ii). Quantification versus the reference condition of CaCl2/CRP 10 μg/mL indicated that the first peak level (P4) at all agonist doses was 3–5 fold higher with CaCl2 than with EGTA presence (Table 2). Further comparison of the curves indicated a longer time-to-peak, when the Ca2+ 
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entry was eliminated (Figure 1A i-ii). The Ca2+ entry ratio curves showed a dose-dependent enhancement of slope, reaching a maximal level of 4–7 (Figure 1A iii). To examine the contribution of autocrine platelet agonists (i.e. released thromboxane A2 and ADP) to the CRP-induced Ca2+ responses, the Fura-2-loaded platelets in wells were pre-incubated with secondary mediator inhibitors (SMI) apyrase (0.1 units/mL) and indomethacin (20 μM), i.e. a treatment sufficient to block the autocrine Ca2+ release events [45]. At all CRP concentrations, we observed a lowering and delay of the [Ca2+]i traces, although the SMI effects were relatively larger in the presence of CaCl2 than with EGTA (Figure 1A iv-v). Quantitation of the first peak indicated a 20–55% reduction with SMI, which percentage increased with the CRP dose in the presence of CaCl2. In contrast, there was a consistent ~25% reduction by SMI in the presence of EGTA (Table 1). Concerning in the Ca2+ entry ratio traces, the presence of SMI reduced the curve maximum from 7 to 3 in cases of ≥10 μg/mL CRP, while no agonist signal was observed at the lower doses (Figure 1A vi). Platelet stimulation with collagen (1–30 μg/mL) in the presence of CaCl2 led to relatively low [Ca2+]i peak levels (Suppl. Figure 1A i), not exceeding 9 ± 1% to 19 ± 1% of the peak levels obtained at 10 μg/mL CRP (Table 2). This is in agreement with earlier findings that collagen in platelet suspensions acts as a weak GPVI agonist [40]. The observed flat [Ca2+]i traces with EGTA indicated that the collagen-induced Ca2+ signal relied on Ca2+ entry, but with Ca2+ ratio curves not exceeding a peak value of 2 (Suppl. Figure 1A ii-iii). The presence of SMI annulled the collagen-induced [Ca2+]i traces, indicating a necessarily enforcement by autocrine agonists (Supp. Figure 1A iv-vi). Jointly, these findings indicated that a certain activation level of GPVI, supported by secondary mediators, needs to be reached to induce a Ca2+ entry ratio peak value of 3–7.  
Table 2. Relative agonist-induced first-peak rises of [Ca2+]i of platelets under conditions of Ca2+ entry (+CaCl2) or only intracellular Ca2+ mobilization (+EGTA). Experiments performed as in Figures 1-2; peak levels were reached at 75-150 seconds. Agonist doses 1-4 were ordered from low to high, as indicated.  Secondary mediator inhibitors (SMI) were used, where indicated. Peak values in nM per donor were normalized for conditions of CRP 10 + CaCl2 or thrombin (10 nM) + CaCl2. Data are mean ± SD (n = 3-7). All P<0.05 versus 100% (t test). Full data are presented in Suppl. Datafile 1.  
Condition Basal Dose 1 Dose 2 Dose3            Dose 4  CRP (0, 1, 3, 10, 30 μg/mL)    CaCl2 10 ± 4% 36 ± 4% 64 ± 5% 100%          142 ± 8%     CaCl2 + SMI 8 ± 4% 29 ± 7% 46 ± 1% 59 ± 1%       64 ± 2%    EGTA 8 ± 4% 11 ± 2% 18 ± 2% 22 ± 3%       28 ± 3%    EGTA + SMI 6 ± 2% 9 ± 1% 14 ± 1% 17 ± 1%       21 ± 3%  Thrombin (0, 0.3, 1, 3, 10 nM)    CaCl2 10 ± 4% 20 ± 3% 35 ± 8% 57 ± 6%       100%    CaCl2 + SMI 8 ± 4% 14 ± 1% 29 ± 1% 46 ± 10%     88 ± 3%    EGTA 8 ± 4% 13 ± 3% 19 ± 3% 26 ± 4%       39 ± 7%    EGTA + SMI 6 ± 2% 10 ± 1% 14 ± 2% 20 ± 2%       26 ± 4%  
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Figure 1. Dose-dependency of Ca2+ entry by strong collagen and thrombin receptor agonists. Fura-2-loaded platelets in 96-well plates were left untreated or were pre-incubated with SMI (0.1 U/mL apyrase and 20 µM indomethacin). Roboted stimulation in the presence of 2 mM CaCl2 or 0.1 mM EGTA was with CRP (1-30 µg/mL) or thrombin (0.3-10 nM). Measurements by ratio fluorometry were performed for 600 seconds using a FlexStation 3, and values were converted into calibrated nM levels of [Ca2+]i. Agonists were injected into wells at 60 seconds (t = 0) and reached platelets in a diffusion-limited way. (A-B) Calibrated [Ca2+]i traces (non-smoothed) upon stimulation with CRP (A) or thrombin (B), obtained in the absence (i-iii) or presence (iv-vi) of SMI (non-smoothed). Parallel traces were measured in the presence of CaCl2 (left panels) or EGTA (middle panels). Curves of Ca2+ entry ratio (right panels) were obtained by dividing the corresponding CaCl2/EGTA curves, indicating the relative Ca2+ entry over time. Data are representative of at least three experiments (n = 3-5 donors). For curve parameters, see Suppl. Datafile 1.  
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Moderate Ca2+ entry ratio in PAR-stimulated platelets For comparison to the GPVI-induced [Ca2+]i traces in platelets, we performed similar experiments employing the PAR agonists thrombin (activates PAR1 and PAR4) and TRAP (activates only PAR1). With CaCl2 present, thrombin (0.3–10 nM) induced transient increases in [Ca2+]i, which were dose-dependent in size (Figure 1B i). In the presence of EGTA, thrombin gave 30–50% lower peak values (Table 2), which resulted in Ca2+ entry ratio curves that reached a maximum of 3–4 (Figure 1B ii-iii). Upon incubation with SMI, thrombin provoked similar [Ca2+]i traces, which were only 20% lower regardless of the presence of CaCl2 or EGTA (Figure 
1B iv-v). With SMI present, the overall peak values were reduced to the same extent (Table 2), while the Ca2+ entry ratio curves had a more transient shape (Figure 1B vi). Accordingly, both the individual Ca2+ peak values (Table 2) and the Ca2+ entry ratio curves pointed to a higher threshold of the thrombin dose for Ca2+ entry in the presence than in the absence of SMI (3 nM versus 0.3 nM). The PAR1 agonist TRAP (0.5–15 µM) with CaCl2 present evoked similar dose-dependent [Ca2+]i traces as seen with thrombin, although at 25% lower peak values and an early decrease to basal level within 7 minutes (Suppl. Figure 1B i). The derived Ca2+ entry ratio curves showed peak values of 3–4 (Suppl. Figure 1B ii-iii). When the platelets were treated with SMI and stimulated by TRAP, the (Ca2+ entry ratio) curves were more transient (Suppl. Figure 1B 
iv-vi). These data collectively pointed to a moderate Ca2+ entry ratio upon threshold levels of PAR activation, with a relatively limited contribution of secondary mediators.  
Comparing of GPVI and PAR agonist effects on Ca2+ entry To provide an overall comparison of the various conditions of GPVI stimulation, we compared the obtained curve parameters between experiments, and averaged these per condition (for raw data, see Datafile 1). The six curve parameters P1–6 were considered to reflect the net amounts and rates of Ca2+ mobilization and entry into the cytosol, under conditions of back-pumping by Ca2+-ATPases in the endoplasmic reticulum and plasma membrane. Heatmapping after univariate scaling of relevant parameter sets was then performed to make a direct comparison of the Ca2+ responses between agonists and doses. For CRP, the obtained heatmap indicated a stronger dose-dependent increase of all scaled parameters (except for P1) in the presence of CaCl2, when compared to the EGTA condition (Figure 2A). The CaCl2-dependent effect was also apparent from the heatmapped Ca2+ entry ratio parameters. In the presence of SMI, parameter values of the CaCl2 and Ca2+ entry ratio curves were reduced to half. For the weaker GPVI agonist collagen, this scaling underlined the low, both CaCl2- and SMI-dependent responses (Figure 2B). A separate heatmap of scaled parameters for thrombin (Figure 2C) and TRAP (Figure 2D) demonstrated also dose-dependency, but with smaller differences between CaCl2 and EGTA curves than for the GPVI agonists. A reducing effect by SMI was seen that is limited at all doses. When compared to thrombin, PAR1 stimulation with TRAP gave a similar heatmap profile, but with overall lower parameter values. Taken together, these results point to a higher reliance on Ca2+ entry and secondary mediators for the prolonged [Ca2+]i traces induced by the GPVI agonists than for traces of the PAR agonists. 
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Figure 2. Comparative dose-dependent effects on Ca2+ entry by collagen and thrombin receptor agonists. Fura-2-loaded platelets were stimulated with 1-30 µg/mL CRP (A), 1-30 μg/mL collagen (B), 0.3-10 nM thrombin (C) or 0.5-15 µM TRAP (D), as in (Suppl.) Figure 1. The cells were pre-incubated with secondary mediator inhibitors (SMI), as indicated. In parallel smoothed [Ca2+]i curves were generated with CaCl2 or EGTA present, as well as Ca2+ entry ratio curves. Data are mean values from at least three experiments (n = 3-5 donors), scaled at 0-140% across CaCl2 and EGTA conditions. Scaling was separate for Ca2+ entry ratio curves. Heatmaps are shown of scaled curve parameters per agonist. Color key shows scale %. Consecutive columns indicate: level at start (P1), slope to first peak (P2), maximal change of slope (P3), maximal peak level (P4), area under the response curve over 600 s (P5), and end level after 600 seconds (P6). Note that scaling was combined for parameters of (i) all [Ca2+]i values (P1,3,6), (ii) all [Ca2+]i slopes (P2,3), and (iii) [Ca2+]i integrals (P5). For values, see Suppl. Datafile 1. 
 

Potent enforcement of GPVI-induced Ca2+ entry ratio by SERCA inhibition Considering that the SERCA inhibitor thapsigargin (Table 1) stimulates Ca2+ entry by a continued Ca2+ store depletion [4], we performed a similar series of experiments by combining the GPVI or PAR agonists with an optimal dose of 1 μM thapsigargin. When combined with thapsigargin, CRP dose-dependently induced a higher increase in [Ca2+]i in the presence of CaCl2 and EGTA (Figure 3A i-ii). Quantification of the [Ca2+]i levels at peak time indicated a 30–150 



Chapter 5 Identifying major platelet Ca2+ entry pathway  

107  

higher increase in the presence of CaCl2 (Table 2). Similarly, the Ca2+ entry ratio curves showed a progressive increase, reaching ratio levels as high of 300–400, hence pointing to a massively enhanced entry of Ca2+ (Figure 3A iii). Of note, at very high [Ca2+]i of >10 μM far above the Kd of Fura-2 of 224 nM, the traces showed fluctuations caused by even minimal changes in fluorescence ratio. When the platelets were treated with SMI, the traces with CRP + thapsigargin traces reduced 3–4 fold with CaCl2, while those with EGTA lowered by 25% (Figure 3A iv-v). The changes are also apparent from the quantified peak values (Table 3). With SMI, the Ca2+ entry ratio curves reached a lower maximum, but still reaching a value to 150 at the highest CRP dose (Figure 3A 
vi). Platelet stimulation with collagen (1–10 μg/mL) + thapsigargin (1 μM) led to higher [Ca2+]i traces in the presence of CaCl2, but not of EGTA (Suppl. Figure 2A i-ii). Of note, the highest collagen dose of 30 μg/mL gave a lower Ca2+ response, due to the presence of acetic acid and the pH sensitivity of the Ca2+ entry process [46,47]. At 10 μg/mL collagen + thapsigargin, the Ca2+ entry ratio curves still reached levels of 30–40 (Suppl. Figure 2A iii). Again, the traces flattened in the presence of SMI (Suppl. Figure 2A iv-vi). Together, these data indicate a potent enforcement of extracellular Ca2+ entry in GPVI-activated platelets under conditions of SERCA inhibition with thapsigargin.  
Moderate enforcement of PAR-induced Ca2+ entry ratio by SERCA inhibition Similar experiments were performed by activating the platelets with thapsigargin (1 μM) plus thrombin (0.3–30 nM). With CaCl2 present this led to a dose-dependent ~2 μM peak increase in [Ca2+]i, which was followed by a sustained [Ca2+]i elevation (Figure 3B i). With EGTA present, the [Ca2+]i peak maximally reached 150 nM (Figure 3B ii). The combination of thapsigargin and thrombin raised the maximal and final levels of Ca2+ entry ratio curves to 15 and 40, respectively (Figure 3B iii). This pointed to a lower Ca2+ entry than that seen with CRP. In the presence of SMI, thrombin + thapsigargin showed similarly shaped [Ca2+]i traces, although amplitudes of the CaCl2 and Ca2+ entry curves were lower (Figure 3B iv-vi). This reduction, especially at lower thrombin concentrations, also appeared from the quantified peak levels (Table 3). For platelet stimulation of TRAP plus thapsigargin, a peak increase to 2–5 μM was observed in the presence of CaCl2, which was similar to that of thrombin (Suppl. Figure 2B i). For traces in the presence of EGTA, amplitudes reached 90 nM, i.e., lower than with thrombin (Suppl. Figure 
2B ii). The Ca2+ entry ratio curves were reminiscent to those of (lower doses of) thrombin (Suppl. 
Figure 2B iii). With SMI and CaCl2 present, the [Ca2+]i traces of TRAP + thapsigargin though were markedly reduced, with Ca2+ entry ratio curves not exceeding 20 (Suppl. Figure 2B iv-vi). Accordingly, the enforcement of thapsigargin-induced Ca2+ entry was lower with PAR agonists than with the strong GPVI agonist CRP.  
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Table 3. Relative agonist-induced peak rises of [Ca2+]i in the presence of thapsigargin under conditions of 
Ca2+ entry (+CaCl2) or only intracellular Ca2+ mobilization (+EGTA). Experiments performed as in Figure 1-2; peak levels of traces with EGTA were at 75-150 seconds, and with CaCl2 at 450-500 s (CRP) or 250-300 seconds (thrombin). Agonist doses 1-4 were ordered from low to high, as indicated. Final thapsigargin concentration was 1 μM. Secondary mediator inhibitors (SMI) were present, where indicated. Peak values in nM per donor were normalized for conditions of CRP (10 μg/mL) + CaCl2 or for thrombin (10 nM) + CaCl2. Data are mean ± SD (n = 3-6). All P<0.05 versus 100%, except for *not significant (t test). Full data are presented in Suppl. Datafile 1. 
 

Condition Basal Dose 1 Dose 2                Dose 3 Dose 4 Thapsigargin + CRP (0, 1, 3, 10, 30 μg/mL)    CaCl2 3 ± 2% 23 ± 14% 56 ± 45% 100%             140 ± 98%*    CaCl2 + SMI 1.0 ± 0.1% 5 ± 4% 10 ± 8% 22 ± 19%       42 ± 46%    EGTA 0.3 ± 0.1% 0.8 ± 0.3% 0.8 ± 0.3% 0.9 ± 0.3% 0.9 ± 0.3%    EGTA + SMI 0.3 ± 0.1% 0.5 ± 0.1% 0.5 ± 0.1% 0.6 ± 0.1% 0.7 ± 0.2% Thapsigargin + thrombin (0, 0.3, 1, 3, 10 nM)    CaCl2 19 ± 8% 46 ± 24% 66 ± 35% 63 ± 29%        100%    CaCl2 + SMI 6 ± 3% 22 ± 10% 34 ± 13% 71 ± 39%*      92 ± 51%*    EGTA 1.7 ± 0.8% 4.1 ± 0.3% 4.6 ± 0.4% 5.2 ± 0.5% 7.7 ± 1.3%    EGTA + SMI 1.5 ± 0.4% 3.1 ± 0.8% 3.7 ± 0.3% 4.5 ± 0.8% 5.6 ± 0.5%  
 

Comparing of GPVI- and PAR-induced Ca2+ entry with SERCA inhibition We also constructed heatmaps of scaled curve parameters for the four agonists (CRP, collagen, thrombin, TRAP) combined with thapsigargin in the presence of CaCl2 or EGTA. The heatmaps illustrated the very potent stimulation of CRP + thapsigargin on the CaCl2 curves and the Ca2+ entry ratio curves, when compared to the other agonists (Figure 4). Nevertheless, the scaled parameters of Ca2+ entry ratio curves for all combinations with thapsigargin showed a consistent, dose-dependent enhancement of the entry of Ca2+, as well as a consistent dependency on secondary mediators. To sum up, these results point to a potent enforcement of receptor agonist-induced Ca2+ entry upon SERCA inhibition, which is partly dependent on secondary mediators. 
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Figure 3. Dose-dependency of Ca2+ entry by strong collagen and thrombin receptor agonists upon SERCA 
inhibition. Fura-2-loaded platelets in 96-well plates were left untreated or pre-incubated with SMI (0.1 U/mL apyrase and 20 µM indomethacin). Roboted stimulation in the presence of 2 mM CaCl2 or 0.1 mM EGTA was with thapsigargin (1 µM) plus CRP (1-30 µg/mL) or thrombin (0.3-10 nM). Measurements of [Ca2+]i were performed, as for Figure 1. (A-B) Calibrated [Ca2+]i traces (non-smoothed) with thapsigargin plus CRP (A), or thapsigargin plus thrombin (B), in the absence (i-iii) or presence (iv-vi) of SMI. Parallel traces were observed in the presence of CaCl2 (left panels) or EGTA (middle panels). The Ca2+ entry ratio curves (right panels) were obtained by dividing corresponding CaCl2/EGTA curves, thus representing the fractional Ca2+ entry over time. Data are representative of at least 3 experiments (n = 3-6 donors). For curve parameters, see Suppl. Datafile 1.   
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Figure 4. Comparative dose-dependent effects on Ca2+ entry by collagen and thrombin receptor agonists 
upon SERCA inhibition. Fura-2-loaded platelets in the presence of  2 mM CaCl2 or 0.1 mM EGTA were stimulated with 1-30 µg/mL CRP (A), 1-30 μg/mL collagen (B), 0.3-10 nM thrombin (C) or 0.5-15 µM TRAP (D), as in (Suppl.) Figure 3. In all conditions, thapsigargin (1 µM) was added to the agonist mixture. The cells were pre-incubated with secondary mediator inhibitors (SMI), as indicated. In parallel smoothed [Ca2+]i curves were generated with CaCl2 or EGTA present, as well as Ca2+ entry ratio curves. Data are mean values from at least three experiments (n = 3-6 donors), scaled at 0-140% across all conditions, but separately for CaCl2/EGTA curves and for Ca2+ entry ratio curves. Heatmaps are shown of the scaled curve parameters per agonist. Color key shows scale %. Consecutive columns indicate: level at start (P1), slope to first peak (P2) maximal change of slope (P3), maximal peak level (P4), area under the response curve over 600 seconds (P5) and level at end (P6). Note combined scaling of parameters of (i) all [Ca2+]i values (P1,3,6), (ii) the [Ca2+]i slopes (P2,3), and (iii) [Ca2+]i integrals (P5). For values, see Suppl. Datafile 1.  
Relative contribution of Ca2+ entry channels to GPVI- and PAR-induced Ca2+ entry For investigating the comparative roles of known or presumed Ca2+-permeable cation channels or transporters in the Ca2+ entry process, we used a panel of pharmacological inhibitors. Table 
1 gives the targets and commonly used concentrations of the used inhibitors in platelet research. The compound 2-ABP was used a blocker of the STIM1-coupled Orai1 channel, although it also affects the InsP3-induced Ca2+ mobilization [48,49]. For comparison, we used the Orai channel 
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blocker Synta66 [49], and also the STIM1 inhibitor ML-9 (also blocking MLCK and Akt isoforms) [50]. Earlier dose-response curves with human platelets showed a more selective inhibitory effect of Synta66 than 2-APB on SOCE in comparison to intracellular Ca2+ mobilization [49]. Other non-specific effects are not commonly described [51]. To block the most abundantly expressed TRPC isoform, TRPC6, we used the compound BI-749327 [52], which has recently been used as a specific TRPC6 inhibitor to improve platelet preservation upon storage [53]. Furthermore, the mechanosensitive Piezo1/2 ion channels were blocked with the compound GsMTx4 [31]. In human platelets, GsMTx4 (micromolar range) was shown not to affect Ca2+ influx via Orai1 or TRPC6 channels [54]. As a most specific antagonist of ATP-induced Ca2+ entry via P2X1 channels, we tested MRS-2159 [55,56]. Furthermore, for blockage of the NCX3 Na+/Ca2+ exchanger, we used the compound ORM-10103. In other cells types this has been described as a specific inhibitor of NCX and L-type Ca2+ currents in the 3–10 μM dose range [57]. For human platelets, dosing of ORM-10103 indicated a IC50 of ~10 μM on the Ca2+-dependent procoagulant activity induced by GPVI and PAR stimulation [32]. Although almost all of these compounds have been used in the 1–10 μM range, we first performed a 1–30 μM dose-response experiment using the standard agonist concentrations of CRP (10 μg/mL) or thrombin (10 nM). By comparing the CaCl2 and EGTA curves, the largest [Ca2+]i altering effects (if any) of 2-APB, BI-749327, ORM-10103 and Synta66 were obtained at 30 μM, while of ML-9 and MRS-21593 these were reached at 10 μM (not shown). Since for GsMTx4 no clear effects were observed, this compound was discarded. Accordingly, these concentrations were chosen for further experiments. In a large set of experiments, the six compounds were systematically tested for effects on CRP- or thrombin-induced [Ca2+]i traces in CaCl2 or EGTA medium, also using the modifying conditions with SMI and/or thapsigargin present. The resulting, representative Ca2+ entry ratio traces showed for 2-ABP a potent suppression with either agonist (Figure 5A); for BI-749327 no more than small effects (Figure 5B); for MRS-2159 small reductions in the first part of the curves (Figure 5C); for ORM-10103 longer-term reductions (Figure 5D); and for Synta66 a continued inhibition (Figure 5E). 
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Figure 5. Effect of pharmacological inhibitors on Ca2+ entry by collagen and thrombin receptor  agonists. Fura-2-loaded platelets in the presence of 2 mM CaCl2 or 0.1 mM EGTA were stimulated with 10 µg/mL CRP (left panels) or 10 nM thrombin (right panels) after pre-incubation with vehicle solution (none) or indicated inhibitor. Final concentrations were as follows: 2-APB (30 μM), BI-749327 (30 μM), ML-9 (not shown, 10 μM), MRS-2159 (10 μM), ORM-10103 (30 μM) and Synta66 (30 μM). Parallel [Ca2+]i curves generated with CaCl2 or EGTA during 600 s were converted into Ca2+ entry ratio curves. Shown are representative Ca2+ entry ratio curves for n = 3-5 independent experiments. For values, see Suppl. Datafile 2.  
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For all inhibitor experiments, we determined the curve parameters (P1–6) in the presence of CaCl2 or EGTA, as well as from the calculated Ca2+ entry ratio traces. To assess the inhibitor effects on the Ca2+ entry process, we used two approaches: a calculation of effects per parameter and curve type, and a calculation of relative effects per parameter on CaCl2 curves ratioed to EGTA curves. Upon CRP stimulation, heatmapping of the effects on Ca2+ entry ratio curves and on relative effect parameters indicated a strong, significant inhibition for all Ca2+ entry parameters (2 × 5) with 2-APB, which remained in the presence of SMI (Figure 6A). For Synta66 and ORM-10,103, most of the Ca2+ entry parameters showed a less strong, but still significant inhibition. With MRS- 2159, only the initial parameter P2 (slope to first peak) was lowered. With BI-749317 or ML-9 the Ca2+ entry parameters did not decrease or rather increased. In comparison, upon thrombin stimulation without or with SMI (Figure 6B), heatmapping showed with 2-APB again a strong and significant reduction in all Ca2+ entry parameters. The effects of Synta66 and ORM-10103, while mostly significant, were smaller in size. MRS-2159 again affected only parameter P2. While BI-749317 was without effect, ML-9 increased some parameter values although of no significance.   
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Figure 6. Integrative effects of pharmacological inhibitors on Ca2+ entry by collagen and thrombin receptor 
agonists. Fura-2-loaded platelets in the presence of 2 mM CaCl2 or 0.1 mM EGTA were stimulated with CRP (A) or thrombin (B) after pre-incubation with vehicle solution or indicated channel inhibitor. Secondary mediator inhibitors (SMI, indomethacin and apyrase) were added, where indicated. Final concentrations were as in Fig 5: 2-APB (30 μM), BI-749327 (30 μM), ML-9 (10 μM), MRS-2159 (10 μM), ORM-10103 (30 μM) or Synta66 (30 μM). Parallel [Ca2+]i curves generated with CaCl2 or EGTA were smoothed and converted into Ca2+ entry ratio curves. Curve parameters analyzed were: level at start (P1), slope to first peak (P2), maximal peak level (P4), area under the response curve (P5), and level at end (P6). Inhibitor effects compared to vehicle were calculated per experiment, curve type and parameter. In addition, the ratios of inhibitor effects for CaCl2 vs. EGTA curves were also calculated (Ratio-Calc.). Heatmaps show mean log2 fold changes (FC) of inhibitor effects per curve and parameter vs. the vehicle-control condition. Green = decrease, red = increase. Data are for n = 3-5 donors. P values of combined parameters vs. control condition are indicated for Ca2+ entry ratio curves = P(R) and for Ratio-Calc. curves = P(Calc) (repetitive t-test). For values, see Suppl. Datafile 2    
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For the inhibitors with largest effect sizes upon thrombin stimulation (PAR1+4), we also compared the effects on Ca2+ entry curve parameters in response to peptide stimulation of PAR1 (TRAP), PAR4 (AYPGKF) or the combination of PAR1+4 (TRAP + AYPGKF). As shown in Suppl. 
Figure 3, we found similar size effects on the Ca2+ entry parameters upon PAR1 and/or PAR4 stimulation, Heatmap presentation indicated that, regardless of the agonist used (thrombin TRAP, AYPGKF, TRAP+AYPGKF), suppressive effects of 2-ABP were larger than those of ORM-10103. Similar heatmaps were generated for the assessment of inhibitor effects in platelets stimulated with CRP or thrombin in the presence of thapsigargin. Representative Ca2+ entry ratio curves indicate a potent, almost abolishing effect of 2-APB on the entry process with either agonist combination (Figure 7A-B). This reduction was also apparent from generated heatmaps, which for CRP + thapsigargin showed strong and significant reducing effects of 2-APB and Synta66 on all Ca2+ entry parameters (Figure 7C). This reduction remained in the presence of SMI. For thrombin + thapsigargin, again strongly reducing effects of 2-APB and Synta66 were obtained (Figure 7D). Furthermore, for either agonist combination, also ORM-10103 showed a significant inhibitory profile on most Ca2+ entry parameters, although of a greater effect size with thrombin than with CRP (Figure 7C-D). Regarding the other inhibitors, BI-749427 and ML-9 tended to increase rather than decrease a subset of parameters, whereas MRS-2159 was essentially without effect. Altogether, these data point, for the collagen and thrombin receptor agonists, to an inhibitory effect on Ca2+ entry in the order of 2-APB > Synta66 (strongest with thapsigargin) > ORM-10103 > MRS-2159 (initial parameter) >BI-749327, ML-9. 
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Figure 7. Integrative effects of pharmacological inhibitors on Ca2+ entry by collagen and thrombin receptor 
agonists upon SERCA inhibition. Inhibitor experiments with Fura-2-loaded platelets were performed as for Figure 6, but additionally thapsigargin (1 μM) was added as agonist together with CRP (A, C) or thrombin (B, D). Effects on parameters of CaCl2, EGTA, Ca2+ entry ratio and calculated ratios (Ratio-Calc.) were also obtained as for Figure 6. Shown are representative Ca2+ entry ratio curves for 2-ABP (A, B). Furthermore, heatmaps of mean log2 fold changes (FC) of inhibitor effects per curve and parameter vs. the vehicle-control condition (C, D). Green = decrease, red = increase. Data are for n = 3-5 donors. P values of combined parameters vs. control condition are indicated for Ca2+ entry ratio curves = P(R) and for Ratio-Calc. curves = P(Calc) (repetitive t-test). For values, see Suppl. Datafile 2. 
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Discussion In this paper, we employed a high-throughput assay with Fura-2- loaded platelets, for obtaining sets of calibrated agonist-induced [Ca2+]i traces in the presence of either extracellular CaCl2 or EGTA. As reviewed earlier [1,4], these traces were assumed to reflect the summation of Ca2+ fluxes by InsP3-induced Ca2+ mobilization from stores and Ca2+ entry mechanisms, restrained by a back pumping of mobilized Ca2+ by SERCA and PMCA isoforms. Of note, when observed per individual platelet, the Ca2+ fluxes are higher than currently measured, as the steeply spiking Ca2+ transients in platelet suspensions are averaged out [16]. By considering that the traces with CaCl2 result from the addition of Ca2+ entry to the traces with EGTA, we constructed sets of Ca2+ entry ratio curves, which provide a quantitative indication of the size over time of the Ca2+ entry process. In our calculations of Ca2+ fluxes, due to lack of quantitative affinity and expression data, we did not separate out Ca2+ uptake by the mitochondrial calcium uniporter [58] or by Ca2+-induced Ca2+ release via the mitochondrial permeability transition pore [9,15]. However, for mouse platelets it was established that mitochondrial uniporters do take up Ca2+ ions in activated platelets [58], whereas the mitochondrial permeability transition pore mostly in highly activated, procoagulant platelets contributes to persistently high, entry-dependent [Ca2+]i levels [9,15]. The constructed Ca2+ entry ratio curves indicated for strong platelet agonists, i.e. CRP (GPVI ligand) and thrombin (PAR1/4 ligand), a 3–7 fold enhanced Ca2+ entry, when added above threshold doses, while these levels were lower upon inhibition of the secondary mediators ADP and thromboxane A2. On the other hand, the weaker agonists collagen (for GPVI) and TRAP (for PAR1) triggered a moderately enhanced Ca2+ entry, which again depended on secondary mediator release. Strikingly, by combining the agonists with the SERCA inhibitor thapsigargin, we observed a dramatically increased Ca2+ entry, with ratio levels reaching 400 (with CRP) or 40 (with thrombin). These values suggest a better degree of coupling of SOCE to Ca2+ store depletion in response to GPVI than to PAR stimulation. A high level of SOCE in human or mouse platelets was also previously seen with the GPVI agonist convulxin [19,49]. A novel finding is that also in the presence of thapsigargin the high Ca2+ entry greatly relied on platelet co-activation by secondary mediators. Together, these data indicate that the approach of calculating Ca2+ entry ratios can provide novel and relevant information on the agonist-induced Ca2+ entry, and by extension to the platelet activation process. Regarding the net Ca2+ fluxes in platelets, we obtained a maximal Ca2+ mobilization with CRP and thapsigargin in the presence of EGTA of 150 nM [Ca2+]i. Based on a mean cytosolic volume of platelet of 8.92 fL (see methods), this points to a net estimate of 5.37 × 150 = 805 mobilizable Ca2+ ions from stores per single platelet. With CaCl2 present, this net Ca2+ entry can raise up to 400-fold higher. For these calculations it should be noted that these do not take into account interindividual variation in platelet Ca2+ signaling [35,59,60], nor intra-individual differences between platelet populations [39,61], and neither effects of combinations of agonists [62,63]. 
Table 4 summarizes the overall effects of the various pharmacological inhibitors on extracellular Ca2+ entry and intracellular Ca2+ mobilization. The consistent inhibition of Ca2+ 
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entry with 2-APB (50–80%) and Synta66 (15–80%) point to Orai1 as a main Ca2+ channel regulating GPVI- and PAR-induced Ca2+ entry in the presence of thapsigargin. The difference between 2-APB and Synta66 can be explained by an additional, known inhibitory effect of 2-APB, but not Synta66, on Ca2+ store depletion [48,64]. This also suggests a certain degree of synergy between both processes, e.g. via the mechanism of Ca2+-induced Ca2+ release. Confirming evidence for a major role of the Orai1-STIM1 pathway indeed comes from patients with a homozygous R91W mutation in Orai1 or an R429C mutation in STIM1, where in platelets the thapsigargin-mediated Ca2+ entry was fully annulled [24]. Interestingly, the Ca2+ entry after convulxin stimulation was stronger impaired with the Orai1 mutation than with the STIM1 mutation [24], pointing to a more crucial role of the Orai1 channel activity. This may also be concluded from the absence of inhibitory effects (rather a tendency to stimulation) of the STIM1 inhibitor ML-9, with the note that it also targets MLCK and Akt isoforms (Table 1). In human platelets, the isoforms Orai2/Orai3 and STIM2 are expressed at no more than low levels [65]. 
Table 4 furthermore summarizes that the TRPC6 inhibitor BI-749327 [52] at the dose applied failed to suppress Ca2+ entry. In line with this finding, for mouse platelets, the role of TRPC6 was found to rely on Orai1 activity [30]. We note here that we did not study the oleoyl-acetyl glycerol-induced Ca2+ entry, which pathway requires TRPC6 activity [28,29]. In platelets, the ATP-induced P2X1 Ca2+ channel is an early onset which is rapidly desensitized by its ligand [26,27]. Using the inhibitor MRS-2159, our data also point to an only early contribution of P2X1 in the Ca2+ entry process (i.e., parameter P2). However, in our experiments with washed platelets, we may not have fully prevented desensitization of the channel. On the other hand, due to autocrine ATP release, P2X1 desensitization will already occur in the beginning of the 10-minute Ca2+ responses. Platelet Na+/Ca2+ exchangers (NCEs), operating in reverse mode have been shown to contribute to the prolongedly high [Ca2+]i required for the formation of procoagulant platelets, such as measured with the probe annexin A5 [32]. Our experiments with ORM-10103 point to a partial inhibition (20–60%) of Ca2+ entry, along with a smaller effect on Ca2+ mobilization (Table 4). Human platelets express five Na+/Ca2+ exchangers (genes SLC8A1,3 and SLC24A1,3,4) [65]. The compound ORM-10103 is primarily directed to NCX3 (SLC8A3). To which extent the other isoforms contribute to the regulation of Ca2+ fluxes is still unclear. Collectively, our data thus reveal Orai1 and NCE as the dominating Ca2+ transporters regulating the long-term GPVI- and PAR-induced Ca2+ entry in human platelets. For essentially all agonists and combinations, we found reducing effects on the various (ratioed) [Ca2+]i traces in the presence of SMI, blocking the autocrine effects of released ADP and thromboxane A2 (Figures 2, 4). This agrees with a reference paper reporting on the major contributions of these feedback mediators to platelet aggregation and secretion in response to GPVI or PAR agonists, sch as measured by light transmission aggregometry [66]. This study provides novel information on platelet Ca2+ signaling, but also has some limitations. First, our data provide new quantitative insight into the key importance of the Orai1-STIM1 Ca2+ entry pathway for platelet activation, such in agreement with the impaired thrombus formation reported mice or patients with a genetic Orai1 or STIM1 dysfunction [19,22,24].  
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Hence, pharmacological targeting of the Orai1 channel may be an interesting approach to treat arterial thrombosis, although it should be remarked that complete abrogation of the channel activity associates with immune deficiency [4,14]. Also new is our evidence for a general role of NCE isoforms in Ca2+ signaling, thus taking further the recognition that these ion transporters are involved in the Ca2+ elevation preceding procoagulant platelet formation [32]. The OMIM database of human genetics only reports on night blindness in carriers of an SLC24A1 mutation and on pigmentation abnormalities linked to SLC24A4 mutations [67]. The NCE channel types may thus be interesting and novel drug targets. Third, the observed effects of Orai1 or NCE inhibition in the presence of SMI (inhibiting cyclooxygenase and ADP receptors) suggests that those drugs affecting Orai1 or NCEs will be effective on top of the current antiplatelet agents, aspirin and P2Y12 inhibitors. A limitation of our approach ‒ high throughput screening setup to define and quantify Ca2+ entry mechanisms ‒ is that the multitude of assay variables did not allow simultaneous measurements of other functional responses of platelets. For the functional relevance of the Ca2+ entry process we like to refer to papers using flow cytometric or microfluidic approaches. For instance, the blockage Orai1 in human platelets with 2-APB or Synta66 has been shown to suppress collagen-induced thrombus formation and annexin A5 binding (phosphatidylserine expression) [49]. A second limitation is that we considered the intracellular Ca2+ stores of platelets as one compartment, not taking into account separate Ca2+ uptake or release from mitochondria or lysosomes. Reason for this is that the Ca2+ fluxes in these organelles were not easy to assess. Third, the followed pharmacological approach to quantify Ca2+ entry fluxes in platelets implies a certain degree of dose-dependent non-specificity of the inhibitors used. Additional preclinical studies will be needed to show the suitability of the compounds and their targets in the field of thrombosis and hemostasis.  
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Suppl. Figure 1. Dose-dependency of Ca2+ entry ratio by collagen and TRAP. Fura-2-loaded platelets in 96-well plates were left untreated or were pre-incubated with SMI (0.1 unit/mL apyrase and 20 µM indomethacin). Fura-2-loaded platelets in 96-well plates were pre-incubated with SMI (0.1 unit/mL apyrase and 20 µM indomethacin), or left untreated. Stimulation in the presence of 2 mM CaCl2 or 0.1 mM EGTA was with collagen (1-30 μg/mL) or TRAP (0.5-15 µM). Changes in [Ca2+]i were monitored over 600 seconds, as for Figure 1. (A-B) Calibrated [Ca2+]i traces after stimulation with collagen (A) or TRAP (B), in the absence (i-iii) or presence (iv-vi) of SMI. Parallel traces were observed in the presence of CaCl2 (left panels) or EGTA (middle panels). The Ca2+ entry ratio curves (right panels) were obtained by dividing the CaCl2/EGTA curves, representing the relative Ca2+ entry over time. Data are representative of at least three experiments (n = 3-5 donors). For parameters, see Suppl. Datafile 1. 
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Suppl. Figure 2. Dose-dependency of Ca2+ entry by collagen and TRAP in the presence of SERCA inhibition. Fura-2-loaded platelets in 96-well plates were left untreated or pre-incubated with SMI (0.1 unit/mL apyrase and 20 µM indomethacin). Stimulation in the presence of 2 mM CaCl2 or 0.1 mM EGTA was with thapsigargin (1 µM) plus collagen (0.3-30 nM) or thapsigargin plus TRAP (0.5-15 µM). Changes in [Ca2+]i were obtained over 600 seconds, as indicated for Figure 1. (A-B) Calibrated [Ca2+]i traces after stimulation with thapsigargin plus collagen (A) or thapsigargin plus TRAP (B), in the absence (i-iii) or presence (iv-vi) of SMI. Traces obtained with CaCl2 (left panels), EGTA (middle panels) or CaCl2/EGTA ratio curves representing Ca2+ entry ratios (right panels). Data are representative of at least three experiments (n= 3-6 donors). For parameter values, see Suppl. Datafile 1.   
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Abstract Red blood cells (RBC) and platelets contribute to the coagulation capacity in bleeding and thrombotic disorders. The thrombin generation (TG) process is considered to reflect the interactions between plasma coagulation and the various blood cells. Using a new high-throughput method capturing the complete TG curve, we were able to compare TG in whole blood and in autologous platelet-rich and platelet-poor plasma to redefine the blood cell contributions to the clotting process. We report a faster and initially higher generation of thrombin and a shorter coagulation time in whole blood than in PRP upon low concentrations of coagulant triggers, including tissue factor, Russell's viper venom factor X factor Xa, factor XIa and thrombin. The TG accelerated with increased hematocrit, and delayed after prior treatment of RBC with phosphatidylserine-blocking annexin A5. RBC treatment with ionomycin increased phosphatidylserine exposure, confirmed by flow cytometry, and increased the TG process. In reconstituted blood samples, the prior selective blockage of phosphatidylserine on RBC with annexin A5 enhanced glycoprotein VI-induced platelet procoagulant activity. In patients with anemia or erythrocytosis, cluster analysis revealed high or low whole blood TG profiles in specific cases of anemia. The TG profiles lowered upon annexin A5 addition in the presence of RBC, and thus were determined by the extent of phosphatidylserine exposure of blood cells. Profiles for patients with polycythemia vera undergoing treatment were similar to control subjects. We concluded that RBC and platelets, in a phosphatidylserine-dependent way, contribute to the TG process. Determination of the whole blood hypo-or hyper-coagulant activity may help to characterize a bleeding or thrombosis risk.  
Keywords: anemia; coagulation; erythrocytosis; phosphatidylserine; polycythemia vera             
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Introduction Enhanced blood clotting is a primary cause of venous thromboembolism [1]. To understand the pathophysiology this process, the contribution of all blood components should be considered. In addition to plasma (anti)coagulation proteins and platelets, there is evidence that also abnormalities in red blood cells (RBC) can be risk factors for thrombosis [2]. Experimental studies have indicated that RBC contribute to thrombus and clot formation, for instance by enhancing thrombus stability [3-5]. Furthermore, in patients with hemolytic anemia, sickle cell disease or polycythemia [6-8], qualitative or quantitative alterations in RBC might be linked to thromboembolic events [9,10]. It is known that (ageing) RBC express procoagulant phospha-tidylserine in a manner that is increased in sickle cell anemia [11-13]. Therefore, it is important to assess whether and how RBC can contribute in the coagulation process to achieve a thrombotic phenotype. In the past decade, fluorogenic thrombin generation (TG) assays have frequently been used to evaluate coagulation in blood plasma to link to thrombosis or bleeding risks [14,15]. However, in such plasma-based tests the contribution of blood cells is not taken into account. Initially, whole blood TG ‒ with all blood cells present ‒ was challenging due to repeated sampling and low throughput [16]. Later higher throughput methods for blood TG were hampered by RBC fluorescence quenching [17,18], which allowed to capture only the initial phase of TG [19]. For the present study, we solved earlier issues with a 96 well-plate based method using non-diluted blood samples, providing completed, calibrated kinetics of TG, and allowing direct comparison by TG of blood and plasma samples. This allowed us to test the effects of various coagulation triggers as well as the role of exposed phosphatidylserine on RBC and platelets, as potent procoagulant membrane surfaces [20]. As a proof-of-concept, we also analyzed blood samples from patients with RBC complications and an assumed pro-thrombotic phenotype. Collectively, our data point to additive roles of RBC and platelets in this coagulant process. 
 

Materials and methods An extended version of the materials and methods is available in the supplement below.  
Study subjects Human blood was collected from healthy volunteers, who had not taken medication for >2 weeks. Studies were conducted as guided by the Declaration of Helsinki and approved by the Medical Ethics Committee of Maastricht University Medical Center. The patient study was approved by the Research and Ethics Committee of Padua University Hospital. Patients with potential RBC abnormalities and day controls were included in September 2022.  
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Blood sample preparation Blood samples were collected into 3.2 % trisodium citrate Vacuette tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) [17,21] were prepared as detailed in the supplement. Double washed RBC in Hepes buffer pH 7.35 (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2, 0.1% w/v BSA and 0.1% w/v glucose) reconstituted with autologous PRP or PPP, where indicated.  
Measurement of thrombin generation in whole blood and platelet-rich plasma Calibrated measurements of TG were performed in 96-well plates at 37 °C with major modifications from previous TG measurements in whole blood [19]. Samples of citrated whole blood (WB), PRP or PPP (3 volumes) were mixed with 2 volumes Z-Gly-Gly-Arg-AMC substrate solution (ZGGR-AMC in BSA-60 buffer) and 1 volume trigger solution in BSA5 buffer. Optimized final concentrations (f.c.) of cations in blood (PRR, PPP) were 6 (11) mM CaCl2 and 3 (5.5) mM MgCl2. For mixing procedure, see supplement. The use of ZGGR-AMC as the thrombin substrate (417 μM, f.c.) together with adapted fluorescence optics allowed first measurement of complete TG curves in whole-blood. Fluorescence signals were recorded with a Fluoroskan Ascent microplate fluorometer (Thermolabsystems, Helsinki, Finland) at fluorescence wavelengths of λex 355 nm and λem 460 nm. Fluorescence was collected in parallel from sample and corresponding calibrator wells using Fluoroskan Ascent Software (version 2.6). An Excel-based calculation template was used to automatically generate first derivative TG curves from raw fluorescence data. And then five TG parameters were calculated from those first derivative TG curves corresponding blood and plasma samples: lagtime in minutes (P1), time-to-peak in minutes (TTP; P2), velocity index in nM/minutes (VI; P3), thrombin peak in nM (P4), and endogenous thrombin potential in nM × minutes (ETP; P5). Absence of hemolysis was routinely checked at the end of measurements.  
Triggering of blood and plasma samples In blood or PRP, TG was triggered as appropriate with tissue factor (0.1-1.0 pM), Rvv-X activator (dilution 1e-3 to 1e-7), factor Xa (0.1-10 nM), factor XIa (0.3-3 pM), or thrombin (0.1-10 nM). Platelet activation was induced (10 minutes) with the glycoprotein VI (GPVI) agonist cross-linked collagen-related peptide (CRP-XL, 25 μg/mL), which enhances procoagulant activity. For specific experiments, wells containing blood or PRP were preincubated with selected inhibitors of platelet activation or thrombin exosite 1/2.  
Red blood cell treatment and reconstitution Washed annexin A5-treated RBC were reconstituted with autologous PRP or PPP for TG experiments, as described in the supplemental methods. Note that the RBC treatment and washing step were performed in a way to retain annexin A5 binding to the phosphatidylserine-exposing RBC by a continued presence of millimolar CaCl2. 
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Statistical analysis and data clustering Statistical analyses were performed with GraphPad Prism 8 (San Diego, USA) and R package version 4.2.1 (www.r-project.org). Data are presented as mean ± SD. Significance was determined using a one-way or two-way ANOVA, as required (P<0.05 as statistically significant). Clustered (subtraction) heatmaps of univariate scaled parameters were constructed, as before [22]. For correlation matrices, normality was assessed with a Shapiro-Wilk’s test. When parameters were non-normally distributed, this was followed by Spearman correlation analysis. Principal component analysis and k-means clustering analysis used the scaling function in R.  
Agreement to share publication-related data The macro to calculate WB-TG parameters is freely available, and is shared by the corresponding author on reasonable request. 
 

Results  
Simultaneous assessment of a completed thrombin generation in whole blood and plasma Earlier attempts to measure thrombin generation in whole blood samples using 96-well plates only captured the first, rising part of TG [19,23]. We now improved the method using the thrombin substrate ZGGR-AMC in combination with altered fluorescence optics. Other changes were a consistent handling of the viscous blood samples in 96-well plates, adapted calibrator wells, and new data processing scripts. Application with blood from healthy subjects resulted in complete, calibrated TG curves at high throughput. Triplicate measurements with 0.1 pM tissue factor triggering gave an acceptable 5-10% intra-assay variation of curve parameters, i.e. lagtime (P1), time-to-peak (P2), velocity index (maximal initial slope, P3), thrombin peak level (P4), and endogenous thrombin potential (ETP, area-under-the-curve, P5). Since extracellular Ca2+ and Mg2+ both affect platelet and coagulant activities [24,25], we optimized the two cations concentrations by adding different combinations of these to citrated blood (0-10 mM) or PRP (0-15 mM), and triggering the TG process with 1 pM tissue factor. Heatmapping of the curve variables indicated relatively broad millimolar ranges for maximal TG curves in blood and PRP (Suppl. Figure 1A-B). Within the optimum, we choose for using 6 mM CaCl2 and 3 mM MgCl2 in citrated blood, and 11 mM CaCl2 and 5.5 mM MgCl2 in citrated PRP. In parallel blood and PRP samples, we compared the kinetics of TG induced by CaCl2/MgCl2 and distinct coagulant triggers, i.e., with vehicle, tissue factor (activating the extrinsic factor VII pathway), snake venom Rvv-X (activating factor X), factor Xa, or thrombin. With vehicle solution or low coagulant triggers, the majority of TG curves showed a faster onset and stronger response in whole blood than in PRP (Figure 1A-D panels i-ii). At higher coagulant triggers, the differences decreased, although factor Xa and thrombin remained more active in blood (Figure 
1A-D iii). Curve quantification indicated that at low Rvv-X (dilution 1e-7), factor Xa (≤0.3 nM) or 
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thrombin (≤0.3 nM) lag times were significantly shorter in blood than in PRP (Figure 1E). Furthermore, over a wider concentration range for all triggers, TG peak levels were higher in blood than in PRP (Figure 1F). In addition, triggering with factor XIa (0.3-3.0 pM) caused a more enhanced TG response in blood than in PRP (Suppl. Figure 2A). Together, this suggested that blood components other than platelets and plasma contribute to the initial phase of TG. This idea was confirmed by measuring clotting times in corresponding blood and PRP samples, indicating a significant shortening in case of blood (Suppl. Figure 2B). Considering a possible role of blood-borne tissue factor in blood samples [20], we compared the TG in blood and PRP samples preincubated with factor VIIa inhibitor (1 μg/mL) [26]. Coagulation triggering with vehicle solution or low Rvv-X (dilution 1e-6) gave similar profiles with factor VIIai present, for both blood (Figure 2A-B) and PRP (Figure 2C-D). Statistical analysis confirmed an unchanged lagtime and peak thrombin level (Figure 2E-F). On the other hand, blood pretreatment with corn trypsin inhibitor (suppressing the contact activation pathway) resulted in a marked delay in TG even at low 0.1 pM tissue factor concentration (Suppl. 
Figure 2C i). We also examined the effect of GPVI agonist CRP-XL, which enhances the procoagulant activity of platelets.[26,27] Using weak triggers (vehicle or Rvv-X 1e-6), CRP-XL accelerated and enhanced the TG in both whole blood and PRP, in which case the extra addition of factor VIIai was again without effect (Figure 2A-D). Jointly, these data indicated that, at low dose of coagulant triggers, the generation of thrombin is enhanced and increased in whole blood versus PRP by mechanisms involving other blood cells than platelets, by contact activation, and by GPVI-induced platelet activation.     
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Figure 1. Enhanced thrombin generation in blood compared to PRP for all coagulant triggers. Thrombin generation in whole blood or PRP was triggered in the presence of CaCl2/MgCl2 with vehicle medium or tissue factor (TF, 0.1-1.0 pM) (A i-iii), Rvv-X activator (dilutions 1e-3 to 1e-7) (B i-iii), factor Xa (FXa, 0.1-10 nM) (C i-iii), or 0.1-10 nM thrombin (D i-iii). Shown are representative curves of nanomolar calibrated TG for each trigger. Calibrated curves of TG were quantitatively assessed for lagtime (E) and thrombin peak level (F) per trigger and dose. Each condition was performed in parallel with whole blood and corresponding PRP from three donors (n = 3) two-way ANOVA, #P<0.10, *P<0.05, **P<0.01, ***P<0.001. Full data are provided in Datafile 1.       
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Figure 2. No detectable role of blood-borne tissue factor in whole blood thrombin generation. (A-D) Thrombin generation in whole blood (WB) or PRP was triggered with vehicle medium (A, C) or Rvv-X activator (dilution 1e-6) (B, D). Where indicated, samples were pretreated with CRP-XL (25 μg/mL) and/or factor VIIai (FVIIai, 1 μg/mL). Given are representative TG curves (n = 3), as well as the curve parameters lagtime (E) and thrombin peak level (F). Mean ± SD (n = 3), two-way ANOVA.  
Role of phosphatidylserine exposed on red blood cells A proportion of circulating RBC is known to have surface-exposed phosphatidylserine due to age-dependent eryptosis [28] and by other triggers [29-31]. We investigated RBC phosphatidylserine exposure as an explanation for the enhanced TG in blood samples. For this purposed we used the high-affinity blocking agent annexin A5, which provides 2-dimensional shields on phosphatidylserine of cells and vesicles; a mutant annexin analog lacking the four Ca2+-binding sites (M1-4 annexin A5) acted as control [21,32]. In blood triggered with 0.1 pM tissue factor, we observed a dose-dependent TG inhibition by the wildtype but not the mutant annexin A5 (Figure 3A). To check for binding to RBC, we designed 
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whole blood reconstitution experiments. We first treated isolated RBC with increasing concentrations of annexin A5 (0, 18.75, 37.5, 75 μg/mL) in the presence of CaCl2. After another triple wash in the continuous presence of CaCl2, we reconstituted the annexin A5-blocked RBC (35% hematocrit) with autologous PRP (Figure 3B). According to this procedure, the annexin A5 was retained on phosphatidylserine-exposing RBC, while the residual unbound annexin A5 was washed away. In these reconstituted samples, the RBC pretreated with the lowest dose of annexin A5 delayed showed a lowered TG, while higher treatment doses did not have a significant additional effect (Figure 3C and F). When changing in reconstituted samples the hematocrit from 20 to 40%, the TG lagtime shortened and the peak level increased (Figure 3D). However, the annexin-treated RBC invariably reduced the TG curve to the level as seen in PRP, 
i.e. absence of RBC (Figure 3D and G). Together, this pointed to a hematocrit-dependent enhancing effect on TG that was annulled by pretreatment of the RBC with annexin A5. To further confirm a role of phosphatidylserine-exposing RBC in the enhancement of whole blood TG, we also reconstituted (annexin A5-treated) RBC with PPP. In this case, we noticed an annexin-treatment dose-dependent lowering of TG (Figure 3E and H), likely due to the fact that phosphatidylserine-exposing platelets could not take over the TG process. To check for a role of the contact activation pathway, we treated part of the blood samples with corn trypsin inhibitor (CTI). When the isolated plasma samples were reconstituted with RBC, the prior CTI treatment caused a delay and suppression of TG curves (with or without platelets), similarly as in whole blood samples (Suppl. Figure 2C ii-iii). On the other hand, extra addition of WBC-enriched buffy coat to the blood did not alter the TG curves (Suppl. Figure 3). Together, this pointed to phosphatidylserine exposure on RBC and the contact activation system as major factors in the initial enhancement of TG in blood.   
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Figure 3. Contribution of red blood cell exposed phosphatidylserine to thrombin generation. (A) Thrombin generation was triggered by 0.1 pM tissue factor in whole blood (WB) in the presence of annexin A5 (A5, 0.47-7.50 μg/mL) or mutant annexin A5 (MA5, 7.50 μg/mL), which lacks Ca2+- and phosphatidylserine-binding sites. Shown are representative calibrated curves of 3 independent experiments. (B) Schematic procedure of using isolated RBC, treatment with annexin A5, triple wash in the presence of 2 mM CaCl2, and reconstitution with autologous PRP. (C and F) Thrombin generation effect of RBC treatment with different annexin A5 concentrations (A5, 18.5-75.0 μg/mL) reconstituted at 35% hematocrit in the presence of platelets. Indicated are representative TG curves (C) and thrombin peak levels (F). Means ± SD (n = 3), one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001. (D and G) Thrombin generation effect of RBC treatment with vehicle or (37.5 μg/mL annexin A5, reconstituted at 20% or 40% hematocrit. Note: 0% RBC plus annexin A5 refers to a triple washing with Hepes buffer. Representative TG curves (D) and quantified thrombin peak levels (G). Means ± SD (n = 3), two-way ANOVA, *P<0.05, **P<0.01. E and H, Thrombin generation effect of RBC treatment with different annexin A5 concentrations (A5, 18.5-75.0 μg/mL) reconstituted at 35% hematocrit in the absence of platelets. Representative TG curves (E) and quantified thrombin peak levels (H). Mean ± SD (n = 3), one-way ANOVA, *P<0.05. Full data in Datafile 1.  
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Role of platelet activation in blood and platelet-rich plasma To better examine the impact of GPVI-induced platelet activation, we compared how this agonist changed the TG at different concentrations of tissue factor. When tested in blood, CRP-XL appeared to accelerate in the absence or presence of low 0.1 pM tissue factor. On the other hand, in PRP the enhancing effect of CRP-XL continued at higher tissue factor doses (Figure 4A-B i-iv). These changes were confirmed by statistical analysis of the TG lag times and peak values (Figure 
4C-F).  

 
Figure 4. Tissue factor concentration dependent effect of glycoprotein VI-induced platelet activation in 
thrombin generation. Parallel samples of whole blood (A) and PRP (B) were triggered in the absence of tissue factor (TF, panels i), or with 0.1 pM TF (ii), 1 pM TF (iii) or 10 pM TF (iv). Pre-incubation was with 25 μg/mL CRP-XL, where indicated (+CRP). Traces are representative of three independent experiments. Plots of TG lagtime and thrombin peak levels in whole blood(C, D) or PRP (E, F). Data are Mean ± SD (n = 3), two-way ANOVA, *P<0.05, **P<0.01, ***P<0.001, ****P<0. 0001. For details, see Datafile 1.  Markedly, in whole blood with added annexin A5 ‒ most strongly at 1.88 and 3.75 μg/mL ‒ platelet pre-activation with CRP-XL caused a shortening and increase in TG (Suppl. Figure 4A). In contrast, in reconstituted RBC plus plasma (without platelets), CRP-XL was without effects, and TG was already fully blocked at 1.88 μg/mL annexin A5 (Suppl. Figure 4B). Together, these results support a procoagulant role of phosphatidylserine-positive RBC at low trigger dose, which is supplemented with CRP-XL-induced platelet procoagulant activity. 
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To further assess the roles of platelets in the whole blood system, we checked in a dose-dependent way a number of established inhibitors: the PAR1 antagonists vorapaxar and atopaxar [33], the PAR4 antagonist BMS-986120, aptamers against thrombin exosite 1 and/or 2 [34,35], integrin αIIbβ3 antagonist tirofiban and Syk kinase inhibitor PRT-060318. Heatmapping of the effects on TG parameters lagtime (P1), peak level (P4) and ETP (P5) in blood samples (Figure 5A) and in parallel PRP samples (Figure 5B) indicated no major effects of the three thrombin receptor antagonists, even not in combination. An integrin-like receptor for fibrinogen on RBC has been reported [36]. Additionally, in mice a role of fibrin(ogen) in RBC capturing has been observed [3]. This raises the option that tirofiban can also interfere in the contact of RBC with platelets and certain coagulation factors. On the other hand, inhibition of thrombin exosite 1 or exosite 1+2 prolonged and reduced the TG in blood and PRP (Figure 5A-B). Platelet integrin or Syk inhibition stronger influenced the coagulation in PRP than in whole blood, in agreement with earlier PRP data [25]. These results overall indicated a more pronounced effect of known platelet inhibitors in the PRP setting.   
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Figure 5. Effects of receptor-directed platelet inhibitors on thrombin generation. Thrombin generation was measured in parallel in whole blood (A) and autologous PRP (B). Samples were pre-incubated with vehicle medium or inhibitor at 5 increasing concentrations: vorapaxar (Vora, 0.04, 0.16, 0.63, 2.5 or 10 μM; PAR1 antagonist), atopaxar (Ato, idem), BMS-986120 (BM, idem; PAR4 antagonist), aptamer 1 (Apt1, 0.50, 1.75, 3, 9 or 15 μM; thrombin exosite-1 antagonist), aptamer 2 (Apt2, idem exosite-2), aptamer 1+2 (Apt1+2, idem exosite- 1+2), tirofiban (0.31, 0.63, 1.25, 2.5 or 5 µg/mL; integrin αIIbβ3 antagonist) or PRT-060318 (PRT, 0.02, 0.08, 0.4, 2 or 10 μM; Syk antagonist), for 10 minutes at 37 °C. Thrombin generation parameters were compared relative to the vehicle condition (set at 100%). Heatmap presentation of % treatment effect at increasing dose on lagtime (left 6 rows), thrombin peak levels (middle 6 rows), and ETP (area under the curve; right 6 rows). Color code showing increase (red) or decrease (green) in comparison to the vehicle control condition (black, 100%). Each condition was measured three times. Significance from vehicle controls, *P<0.05, **P<0.01, ***P<0.001, ****P<0. 0001 (paired t-test). 
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Modulation of red blood cell phosphatidylserine exposure Previous flow cytometric studies indicated that a small fraction of isolated human RBC expresses phosphatidylserine[37,38]. This was confirmed by flow cytometry with FITC-annexin A5, showing 0.57 ± 0.33% (mean ± SD, n = 3) in freshly washed RBC (Suppl. Figure 5A). To study the suspected procoagulant effect of phosphatidylserine-exposing RBC, we treated the washed RBC with ionomycin or unlabeled annexin A5. This resulted in increased (12%) and decreased (0.2%) percentages of positive RBC, respectively (Figure 6A-B). Microscopic examination indicated a small, spherical shape of part of the ionomycin-treated RBC (Figure 6C). Markedly, reconstitution of the ionomycin-treated RBC with PRP resulted in an over two-fold increase in the rising phase of TG, when compared to untreated RBC (Figure 6D). In agreement with a procoagulant role of the phosphatidylserine exposure, ionomycin-treated RBC strongly increased the factor Xa activity in a purified system (Figure 6E). In control experiments, we also checked for the presence of phosphatidylserine-exposing vesicles. In platelet-free plasma obtained from freshly isolated blood samples, however, TG remained very low in response to Rvv-X, but not when triggered with tissue factor plus phospholipids (Suppl. Figure 5B).  
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Figure 6. Altered thrombin generation by increasing or blocking phosphatidylserine exposure on RBC. (A-
B) Flow cytometry of phosphatidylserine exposure of washed RBC after 30 minutes treatment with 10 μM ionomycin/CaCl2 or with 7.5 μg/mL annexin A5/CaCl2 (A5), analyzed after labeling with FITC-annexin A5. Shown are representative fluorescence-scatter profiles (F1 vs. SSC) (A) and fractions of phosphatidylserine-exposing RBC (B). Visualization of RBC without or with ionomycin/CaCl2 treatment (C). Arrows indicate activated, rounded RBC. (D) Effect of RBC treatment with ionomycin/CaCl2 or annexin A5/CaCl2 and wash, in comparison to no treatment (control) on TG in PRP samples reconstituted at 10% hematocrit at 0.1 pM tissue factor. Panels give representative curves (i); quantified lag times (ii), thrombin peak levels (iii) and ETP values (iv). (E) Effect of RBC treatment with ionomycin/CaCl2 or annexin A5/CaCl2 on factor Xa generation in a purified system. Indicated are representative factor Xa generation curves (i), and increased fluorescence units over 40 minutes (ii). Mean ± SD (n = 3), one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001. 
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Proof-of-principle patient study Considering the contribution of RBC to whole blood TG, we also tested this in patients with typical RBC abnormalities. The subjects, investigated during a limited period, included healthy day-controls, five patients with mostly familial polycythemia vera (treated by phlebotomy), two patients with erythrocytosis (treated by phlebotomy), and eight untreated patients with distinct forms of anemia, two of whom had hemolytic anemia or sickle cell disease (Table 1). The treated polycythemia vera patients had mostly normal hematological parameters, the erythrocytosis patients characteristically showed high hemoglobin levels, and the anemia patients all had low RBC counts, in part of the cases together with sub-normal platelet counts (Table 1). Using the collected blood samples, we obtained triplicate TG curves triggered by vehicle, 0.1 or 1.0 pM TF, Rvv-X (1e-5, 1e-6, 1e-7) or CRP-XL. Representative curves per patient are given in Suppl. Figure 6. A subtraction heatmap of the five TG parameters per trigger (scaled 0-10) versus the means of controls indicated an overall high consistency in the alterations per patient (Figure 
7A). In particular, low values were obtained for one patient with polycythemia vera (Pcv4) and two patients with anemia (Ane1, Ane2, both had also low platelet counts). In contrast, high values were seen for other anemia patients (Ane6, Ane7, Ane8). Levels of ETP only were high for the patient with sickle cell disease (Ane7). A two-factor plot of RBC versus peak level indicated close grouping of the healthy controls and polycythemia patients, but a separation of 6 anemia patients with a relatively high TG and 2 with low TG, based on the RBC count (Figure 7B). As an unbiased approach comparing the hematological (10) and TG curve (5x6) parameters, we performed a Spearman correlation analysis, which showed high consistency within the RBC and TG parameters, but not between the parameter sets (Suppl. Figure 7). A principal component analysis (PCA) on the same dataset identified four clusters in two dimensions, explaining 80.6% of the variance (Figure 7C). The matrix for all dimensions showed a high contribution of most TG parameters to dimension 1, and stronger contribution of the RBC parameters to dimension 2 (Suppl. Figure 8). Interestingly, cluster 1 was formed by the anemia patients with relatively high TG (Ane6-8). Cluster 2 by most control subjects together with the polycythemia vera patients. Cluster 3 consisted of a mixed set of individuals, while cluster 4 included only the anemia patients with low TG and low platelet counts (Ane1, Ane2). With the various blood samples, we also studied the effect of two doses of annexin A5 on TG triggered by low tissue factor (0.1 pM). Analysis indicated overall dose-dependent annexin A5 effects by prolonging the lagtime P1 (Figure 7D) and lowering the peak level P4 (Figure 7E). Per cluster of subjects, annexin A5 addition led to similar absolute, but not relative decreases in peak level. These results hence pointed to different levels of RBC phosphatidylserine exposure in a cluster-dependent way, with in particular cluster 1 patients (sickle cell and hemolytic anemia) requiring high concentrations of annexin A5 to completely block the TG process.  
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Figure 7. Changes in thrombin generation in blood from patients with altered red blood cell traits. Blood was investigated from day-control subjects (Con), or from patients with polycythemia vera (Pcv), erythrocytosis (Ery) or anemia (Ane) of various causes (Table 1). Whole blood TG was measured in response to vehicle, tissue factor (TF, 0.1, 1.0 pM) or Rvv-X (dilutions 1e-5, 1e-6, 1e-7). Where indicated, platelets in blood were stimulated with CRP-XL (25 μg/mL, 0.1 pM TF). Parameters of TG curves were univariate scaled 0-10 across all conditions, and differences per patient vs. means of control subjects were obtained. (A) Subtraction heatmap of TG parameters (scaled 0-10) from 15 patient samples per indicated trigger. Note reversed scaling for lagtime and TTP. Differences were filtered for changes outside of mean ± SD. Color code: blue = decrease, red = increase. (B) Plot of RBC count and thrombin peak level (0.1 pM TF) per subject. (C) Results of principal component analysis of combined TG and hematological parameters (Suppl. Figures 7-8). Colors indicate 4 clusters, with each dot representing one subject. (D-E) Effect annexin A5 addition (vehicle, 1 or 2 μg/mL) on lagtime (D) and peak level (E) at 0.1 pM TF per cluster of subjects (clustered according to panel C). For full data, see Datafile 1.   
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Discussion In this paper, we describe a manner of obtaining first derivative, calibrated thrombin generation curves in 96-well plates, which for the first time allows to make a complete quantitative comparison of this coagulation process in whole blood and (platelet-rich) plasma from the same subjects. Our results revealed an initial role of RBC, a minor contribution of WBC and a secondary contribution of activated platelets in the TG process. The annexin A5 inhibition and reconstitution studies indicated a priming role of RBC surface-expressed phosphatidylserine, with an additional contribution of the contact activation system. The observation of no reduction of TG by selectively annexin A5-treated RBC we consider as proof-of-evidence of the high-affinity retainment of annexin A5 to RBC, unable to switch over to the phosphatidylserine-exposing platelets that are formed during the TG process. Kinetic analysis indicated that in whole blood the supporting role phosphatidylserine-exposing platelets was secondary to that of RBC. Similarly, we found that common platelet antagonists were less effective in blood than in PRP, although prior GPVI activation enhanced the platelet contribution. The presently developed manner of complete TG curves provides novel insight into the role of phosphatidylserine-exposing RBC in the regulation of coagulation. An earlier subsampling method did not detect an initiating role of blood-borne tissue factor in whole blood coagulation, unless monocytes were pre-stimulated with lipopolysaccharide [16]. in a follow-up study, it was concluded that TG negatively correlated with phosphatidylserine expression on RBC [4]. In earlier studies from our group [19,23], no enhancing effect of RBC on TG could be identified, because the red cells and clots caused disturbances in the signal detection. In another method of TG measurement in mouse blood, also the role of RBC was not investigated, as that work focused on coagulation amplification via factors XI and IX [39]. For long, the examined link of RBC abnormalities with venous or arterial thrombotic complications have been suggestive for a procoagulant function of RBC [9, 10, 40]. Our present data indicate that at low trigger doses the coagulation process develops faster in whole blood than in PRP. Furthermore, we found in reconstitution experiments that negative of positive manipulation of phosphatidylserine on RBC (with annexin A5 or ionomycin, respectively) markedly affected the TG process. Together, this strongly indicates that such RBC play an active role in the blood coagulation. Furthermore, we showed that phosphatidylserine-blocked RBC no longer supported a fast-onset TG, a role that could be taken over by GPVI-activated platelets. By inference, the procoagulant role of RBC may be most relevant under conditions of local blood stasis or in semi-static red venous blood clots. Earlier papers did not find a role of WBC-derived (blood borne) tissue factor in the whole blood coagulation process [16,26]. We confirmed this by checking the effect of factor VII inhibition on Rvv-X-activated blood samples. The expression of active tissue factor by platelets is still a matter of debate, with positive [41] and negative [42] evidences. A recent paper states that especially in smaller platelets its activity is antagonized by platelet-derived tissue factor pathway inhibitor (TFPI) [43]. Given the relatively high mRNA and protein expression of secretory TFPI in human platelets, when compared to tissue factor [44], our results may be explained by an overshoot of TFPI, e.g., released by CRP-XL, thus preventing tissue factor activity in whole blood or PRP. 
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In contrast, it appeared that pretreatment of blood with corn trypsin inhibitor delayed the TG process in (reconstituted) blood samples containing RBC. Recently, it was reported that RBC-derived extracellular vesicles can trigger the contact activation by a classic factor XIIa-XI-IX pathway as well as by direct kallikrein activation of factor IX [45]. Given the low levels of such vesicles seen in freshly isolated blood samples, we speculate that also intact RBC can have such an effect, likely in a phosphatidylserine-dependent way. However, this requires further research. Red blood cells are by far the most abundant cells in the blood circulation. Earlier papers indicated that a small fraction of about 0.5% of freshly isolated RBC exposes phosphatidylserine [2,46]. In patients with polycythemia very, phosphatidylserine exposure on isolated RBC can increase from 1.4 to 3.6% [47,48]. The underlying process is known as eryptosis developing by ageing, in vitro storage, and a variety of other conditions, inducing removal of the erythrocytes from the circulation [28,46]. Mechanistically, RBC phosphatidylserine externalization is regulated by phospholipid transporters such as ATP11C [7] and anoctamin-6 [49]. For instance, a mutation in the ATP11C gene associates with RBC dysfunction and hemolytic anemia [50]. Also in congenital sickle cell disease, RBC dysfunction can lead to an anemic condition. In our view, comparative measurements of TG in blood and plasma samples can now help to better resolve how blood cell-associated abnormalities alter the coagulation process. In the experiments, we noticed for several coagulation triggers, in particular factor Xa, an only shallow dose-response on TG parameters. Our tentative explanation is that low factor Xa distributes among the relatively large surface of phosphatidylserine-expressing RBC, thus preventing extra enforcement of the prothrombinase loop. An interesting finding was that PAR1 and PAR4 antagonists caused no more than small effects on the blood and PRP TG parameters. Recent work points to the formation of procoagulant platelets via S100A-protein interactions with GPIbα [51] or via Fas ligand-receptor interactions [52]. Such pathways may complement the roles of the platelet thrombin receptors, but this needs further examination. Our findings in patients with (congenital) polycythemia vera or erythrocytosis with essentially normal blood cell counts showed similar TG responses as those from healthy controls, likely linked to the normalized the RBC counts during treatment. On the other hand, we found a strong versatility in TG parameters in the heterogeneous group of patients with anemia (low RBC counts). In three patients, i.e., with hemolytic anemia or congenital sickle cell disease, the high TG was dose-dependently suppressed with annexin A5, supporting a procoagulant role for phosphatidylserine on RBC. Several other clinical conditions can induce the hemostatic response, often linked to increased risk of thrombosis, such as antiphospholipid syndrome, heparin-induced thrombocytopenia and SARS-CoV-2-induced infection [53]. This suggests that qualitative and quantitative platelet traits also contribute to the overall coagulation profile. In those patients, whole blood TG can give better insight in the interplay between RBC, platelets and the coagulation system. Limitations of our study are the small number of patients with expected RBC abnormalities investigated. Especially the anemia patients formed a heterogenous group with a wide variety of causes of the low RBC counts (Table 1). On the other hand, the included patients with primary polycythemia showed normal RBC properties due to periodic phlebotomy. Whilst our data 
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suggest that the overall level of phosphatidylserine exposure in both quality and quantity determines the TG in patient blood samples, more work is needed to draw clinically relevant conclusions.  
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Supplementary Materials to Chapter 7  
Materials Recombinant tissue factor (TF; Innovin) was purchased from Siemens Healthineers (Marburg, Germany). Fluorogenic thrombin substrate Z-Gly-Gly-Arg-aminomethylcoumarin (ZGGR-AMC) was purchased from Bachem (Basel, Switzerland). Glycoprotein VI (GPVI) agonist, collagen-related peptide (CRP-XL) was from CambCol (Cambridge, United Kingdom). TG calibrator (α2-macroglobulin-thrombin complex) was prepared in house, as described [1]. Annexin A5 and mutant annexin A5 were obtained from Tau Technologies (Kattendijke, The Netherlands) [2]. Atopaxar was purchased from Axon Medchem (Groningen, The Netherlands), vorapaxar from MedChem Express (Princeton, NJ, USA), and BMS-986120 from ChemeGen (Riverside, CA, USA). Integrin αIIbβ3 inhibitor tirofiban came from Bayer (Essen, Germany), Syk inhibitor PRT-060318 from ApexBio (Houston, TX, USA). Aptamer 1 blocking thrombin exosite I (HD1), aptamer 2 blocking thrombin exosite II (HD22), aptamer 1+2 blocking thrombin exosite I and II (combined HD1 and HD22) [3] and FITC-conjugated annexin A5 were obtained from ThermoFisher Scientific (Eindhoven, The Netherlands). Russell's viper venom factor X activator (Rvv-X, 0.189 OD) was purified, as described before [4]. Active-site inactivated FVIIa (FVIIai) came from Novo Nordisk (Bagsvaerd, Denmark). Ionomycin was from Calbiochem (San Diego, CA, USA). Human thrombin, factor Xa and factor XIa were produced by Synapse Research Institute (Maastricht, The Netherlands).  
Blood preparation and separation Blood samples were collected into 3.2 % trisodium citrate Vacuette tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands). Corn trypsin inhibitor (CTI) was added, if indicated. Platelet-rich plasma (PRP) at autologous platelet count was obtained by centrifugation of blood at 220 g for 15 minutes at room temperature [2]. The blood and collected PRP were used within 4 hours after preparation. Platelet-poor plasma (PPP) was obtained through two runs of centrifugation at 2840 g for 10 minutes at room temperature. Washed RBC were prepared by double centrifugation at 890 g for 15 minutes in Hepes buffer pH 7.35 (136 mM NaCl, 2.7 mM KCl, 10 mM Hepes, 2 mM MgCl2, 0.1% w/v bovine serum albumin and 0.1% w/v glucose) [5]. Where indicated, autologous PPP or PRP were combined with RBC to generate reconstituted samples with 20-40% hematocrit. The collection of blood samples from healthy controls and patients on citrate suppresses eryptosis induced by high Ca2+ levels [6,7]. Before use, all blood samples were checked on the absence of clots. Yet, we cannot fully exclude phosphatidylserine expression due to sample handling, although such effects would be similar for control subjects and patients.   
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Blood cell parameters Blood cell parameters were measured with a coulter counter analyzer (Beckman Coulter, Woerden, The Netherlands), or were determined with a Cell-Dyn Emerald 22 (Abbott Medical, Sesto San Giovanni, Italy).  
Pre-incubation of blood and plasma samples When required, samples in wells were pre-incubated for 10 minutes at 37 °C with vehicle control medium, PAR1 inhibitor atopaxar (0.04-10 μM), PAR1 inhibitor vorapaxar (0.04-10 μM), PAR4 inhibitor BMS-986120 (0.04-10 μM), thrombin exosite inhibitors aptamer 1 (0.5-15 μM), aptamer 2 (0.5-15 μM) or aptamer 1+2 (0.5-15 μM) [3]. Other wells were preincubated with integrin αIIbβ3 inhibitor tirofiban (0.3-5.0 µg/mL) or Syk kinase inhibitor PRT-060318 (0.04-10 μM). Vehicle controls were run at the same concentration of DMSO solvent or Hepes buffer pH 7.35.  
Blood mixing and calibration in for thrombin generation experiments Citrated whole-blood, PRP or PPP was mixed with substrate solution (Z-GGR-AMC dissolved into BSA-60 buffer, containing 20 mM Hepes, 6% w/v bovine serum albumin, pH 7.35) and trigger solution (coagulation trigger, 11 mM CaCl2 and 5.5 mM MgCl2 dissolved into BSA-5 buffer, containing 20 mM Hepes, 140 mM NaCl, 0.5% w/v bovine serum albumin, pH 7.35). The final volume ratio of WB or plasma, trigger solution and substrate solution was 3:2:1. The optimized final concentration of Z-GGR-AMC was 417 μM. The procedure using 96-well plates were as follows. Trigger solution 120 μL (row A) and the mixture of 120 μL whole-blood or plasma plus 40 μL substrate solution (row B) were prewarmed at 37 °C for 10 minutes. Then, 80 μL trigger solution was transferred from row A to row B, followed by 8 times mixing using a multi-channel pipette. Subsamples were transferred to the recording wells (rows D-F), and measurements were started. In calibration wells, the trigger solution was replaced by α2-macroglobulin-thrombin complex (corresponding to 320 nM thrombin activity). 
 

Red blood cell annexin A5 treatment and wash Washed RBC (35% hematocrit) were preincubated with annexin A5 (18.5-75 μg/mL) in the presence of 1 mM CaCl2 for 15 minutes at room temperature. After the addition of 25× Hepes buffer plus 1 mM CaCl2, the cells were centrifuged at 800 g for 15 minutes. The wash step in the presence of CaCl2 was repeated three times. This procedure retained the annexin A5-binding to the phosphatidylserine-exposing RBC. 
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The washed RBC were then resuspended in the presence of 1 mM CaCl2 at required hematocrit for TG measurements. Since the binding of annexin A5 is Ca2+-dependent [2], care was taken to keep CaCl2 present in all steps of RBC treatment. Procedures with 96 well plates were modified as follows. Trigger solution 120 μL plus RBC sample 90 μL (row A), as well as autologous PRP or PPP 60 μL plus substrate solution 40 μL (row B) were prewarmed for 10 minutes. Subsequently, 140 μL from row A was transferred to row B with 8 times mixing using a multi-channel pipette. Subsamples were transferred to the recording wells (rows D-F), and fluorescence measurements were started.  
Red blood cell treatment and reconstitution To block exposed phosphatidylserine, washed RBC (35% hematocrit) in isotonic Hepes buffer (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 5.5 mM glucose, 0.1% BSA, pH 7.35) supplemented with 1 mM CaCl2 were preincubated with annexin A5 (18.5-75 μg/mL) or vehicle in the presence of 1 mM CaCl2 for 15 minutes at room temperature. After incubation, the cells were triple washed with Hepes buffer plus 1 mM CaCl2.  
Flow cytometric analysis Freshly washed RBC (10% hematocrit) were preincubated with ionomycin (10 μM) with or without unlabeled annexin A5 (7.50 μg/mL) in the presence of 2 mM CaCl2 for 10 minutes at 37 °C. Cells were then labeled with FITC-conjugated annexin A5 in the presence of 2 mM CaCl2 for 15 minutes in the dark. After 20× dilution in Hepes buffer pH 7.35 containing BSA, glucose and 2 mM CaCl2, fluorescence was measured with an Accuri C6 flow cytometer (BD Biosciences, Flanklin Lakes, NJ, USA) [8].  
Light transmission microscopy Freshly washed RBC (10% hematocrit) were preincubated with ionomycin (10 μM) or vehicle in the presence of 2 mM CaCl2 for 10 minutes at 37 °C. The samples were diluted 3 times with Hepes buffer pH 7.35 containing 2 mM CaCl2, and examined by an inverted light transmission microscope with 63× objective (Leica DFC 3000 G, Wetzlar, Germany).  
Measurement of factor Xa activity To measure RBC-dependent factor X activation [9], 30 μL of washed RBC (10% hematocrit) were mixed with 20 μL substrate solution (containing 417 μM ZGGR-AMC and 2 mM CaCl2), and 70 μL purified factor Xa (20 μM, fc.). Fluorescence development was measured for 70 minutes at fluorescence wavelengths of λex 355 nm and λem 460 nm using Fluoroskan Ascent Software (version 2.6). The cells were preincubated with annexin A5 and/or ionomycin in the presence of 2 mM CaCl2 (10 minutes at 37 °C), as indicated.   
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Suppl. Figure 1. Optimal recalcification with CaCl2 and MgCl2 for thrombin generation in citrated whole 
blood and PRP. Parallel samples of citrated whole blood (A) and PRP (B) were supplemented with indicated concentration of CaCl2 (0-15 mM) and/or MgCl2 (0-15 mM), after which TG was triggered with tissue factor (TF, 1 pM). Shown are representative TG curves (i) at indicated conditions, as well as heatmap values of the curve parameters, lagtime (ii), thrombin peak level (iii) and ETP (iv). For the comparisons, we assumed a 33% hematocrit, meaning that 10 mM in whole blood equaled 15 mM in PRP. For heatmapping, parameter values were scaled 0-10 across conditions. Data are means from three experiments. Note that higher concentrations of MgCl2 initially stimulated and then decreased the peak and ETP parameters (panels A ii-iv). 
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Suppl. Figure 2. Trigger-induced thrombin generation and clotting in (reconstituted) whole blood and in 
corresponding plasma samples. (A) Thrombin generation in whole blood (WB, blue lines) or autologous PRP (red lines) was triggered in the presence of CaCl2/MgCl2 with vehicle medium or factor XIa (FXIa, 0.3-3.0 pM). Representative curves are shown (n = 3). (B) Recalcified WB or autologous PRP was triggered with 0.1 pM tissue factor, and mechanical prothrombin times (PT) were measured. Data are presented as means ± SD (n = 6), ****P<0.0001 (t-test). (C) Whole blood on citrate was pretreated with corn trypsin inhibitor (CTI, 50 μg/mL) or left untreated (control). Samples were used for the collection of RBC, PRP and PFP, followed by reconstitution of the plasmas with RBC at 35% hematocrit. Thrombin generation was measured in parallel in whole blood and the reconstituted blood. Coagulation was triggered upon recalcification with CaCl2/MgCl2 by 0.1 pM or 1.0 pM TF, as indicated. Representative calibrated TG curves are shown (n = 3).  
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Suppl. Figure 3. Contribution white blood cells to phosphatidylserine-dependent thrombin generation. Autologous PFP was reconstituted with washed RBC (35% hematocrit) plus 1 vol% of buffer or buffy coat (corresponding to the buffy coat volume in whole blood). Thrombin generation was triggered with CaCl2/MgCl2 and a low dose of 0.1 pM TF. Shown are TG traces, representative for 3 experiments. Final counts for buffer (buffy coat): RBC 3.53 (3.82) × 1012/L, WBC 2.70 (5.70) × 109/L, platelets 4.1 (191.3) × 109/L. 
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Suppl. Figure 4. Effect of annexin A5 (A5) addition on thrombin generation in whole blood and platelet-rich 
plasma. Whole blood of 35% hematocrit (A) or RBC reconstituted with plasma (B) was pre-incubated with CRP-XL (25 μg/mL) and/or annexin A5 (0-7.5 μg/mL) as indicated, and subsequently triggered with 0.1 pM tissue factor for measurement of TG. Shown are representative TG curves, indicating the effects of annexin A5 and CRP-XL (i). Furthermore, quantified lag times (ii), thrombin peak levels (iii) and ETP values (iv), as a function of the added annexin A5 concentration. Data are means ± SD (n = 3), one-way ANOVA, **P<0.01 and ***P<0.001. 
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Suppl. Figure 5. Phosphatidylserine expression on blood cells and extracellular vesicles. (A) Flow cytometric analysis of phosphatidylserine exposure of freshly isolated whole blood, autologous washed platelets and washed RBC. Blood cell preparations were pre-labeled with FITC-annexin A5. Where indicated, the preparations were pretreated for 10 minutes with 25 μg/mL CRP and 10 μM TRAP6. SSC = side scatter. Representative data from >3 experiments. (B) Platelet-free plasma (PFP) was isolated from citrate-anticoagulated blood samples (healthy subjects). Thrombin generation was after recalcification with CaCl2/MgCl2. Triggering was either by Rvv-X (dilution 1e-6) or by tissue factor/phospholipids (TF, 1 pM TF, phospholipids 4 μM). Curves are representative for three experiments. Note the essential absence of TG with Rvv-X.  
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Suppl. Figure 6. Thrombin generation curves with blood from investigated patients with RBC abnormalities. Blood samples from individual day-control subjects (Con, A), or from patients with polycythemia vera (Pcv, B), erythrocytosis (Ery, C) or anemia (Ane, D) were investigated for TG in response to 0.1 pM tissue factor. Representative curves are shown.   
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Suppl. Figure 7. Multivariate Spearman correlation. Analysis was performed of hematological parameters and six conditions of thrombin generation (TG) parameters for cohort of 21 control subjects and patients with altered red blood cell traits. For incorporated subjects and variables, see Figure 7A. Note the overall high consistency of all TG parameters independent of trigger. Color code: blue, negative relation; red, positive relation.       
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Suppl. Figure 8. Principal component matrix of TG and blood cell traits in investigated patients. Shown is the relative contribution to dimensions 1-21 of the principal component analysis of combined TG and hematological parameters for cohort of 21 control subjects and patients. For incorporated subjects and variables, see Figure 7A. Visualized is per dimension the relative contribution of each variable. Positive correlations are shown in blue, negative correlations in red. 
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Blood platelets are essential for normal hemostasis, i.e., the cessation of blood loss upon vascular injury, and also play a key role in the development and formation of arterial thrombosis (Chapter 1). In these (patho)physiological processes, platelets trigger the formation of occlusive clots, such in interplay with the coagulation process. It is considered that the (un)disturbed vessel wall controls the delicate balance between platelet aggregation and platelet-dependent coagulation in hemostasis to halt bleeding on one side, and intravascular thrombus formation on the other side. Additional control of this regulation remains an issue in the treatment of arterial cardiovascular disease, which still is a leading cause of death globally [1]. In 2020, an estimated 523 million people suffered from some form of cardiovascular disease, requiring drug treatment to suppress platelet activation and/or the coagulation process [2]. Importantly, current antiplatelet and anticoagulant drugs to prevent (secondary) thrombotic events are accompanied by unwanted bleeding side effects. In this thesis, I investigated key mechanisms evoking transient or persistent platelet activation and blood clotting, aiming to better define the versatility of these processes in hemostasis and thrombosis. As discussed below, the obtained results provide clues for improving the safety and efficacy of antiplatelet medication.  
Time dependency of platelet activation The overall process of platelet aggregation and thrombus formation in hemostasis and thrombosis relies on a variety of platelet agonists, receptors and signaling mechanisms [3,4]. Key platelet responses are integrin-dependent adhesion, αIIbβ3 activation, granule release, and procoagulant activity. Usually, two types of receptors are distinguished, G protein-coupled receptors (GPCR) and tyrosine kinase-activating receptors, of which glycoprotein VI (GPVI) is best known. These receptor types activate the isoforms phospholipase Cβ2/3 (PLCβ2/3) and PLCγ2, respectively, which enzymes produce the second messengers cytosolic Ca2+ and diacylglycerol (DAG) [5]. The formed DAG is critical for activation of the broad substrate protein kinase C (PKC), mediating granule release and integrin αIIbβ3 activation. In several chapters, we focused on the temporal character of these platelet responses by assessing the time frame in which they can be modulated by (ant)agonists.  
Temporal integrin αIIbβ3 activation and platelet-platelet interactions in aggregation As reviewed in Chapter 2, several platelet agonists and signaling pathways induce the enhanced affinity of integrin αIIbβ3 that is required for fibrinogen binding and, thereby, plays a key role in hemostasis and thrombosis [6]. This integrin is a clinically recognized antithrombotic target, but with a risk of bleeding [7]. Searching through the current literature learned that especially ADP (autocrine produced) distinguishes between transient and persistent ligand binding to integrin αIIbβ3 [8,9]. With this as a starting point, in Chapter 3 we found that also upon platelet   
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Figure 1. Pathways leading to partly reversible integrin αIIbβ3 activation in platelets. Activation of the receptors GPVI and PAR1 induces a mostly transient integrin αIIbβ3 activation. The current and other studies indicated that especially ADP-induced P2Y12 activation is essential for keeping the integrin αIIbβ3 in active state. The PKC pathway appears to be a most crucial regulator for integrin activation.  activation by the GPCR PAR1 (protease activated receptor-1) or by the tyrosine kinase-stimulating GPVI the activation of integrin αIIbβ3 partly reverses over a time period of 20 minutes. The reversibility of PAR1- and GPVI-induced integrin activation may be related to a transient phosphoinositide 3-kinase (PI3K) activity and to transient ADP receptor (P2Y1/P2Y12) functions [10,11]. On the other hand, platelet PAR4 stimulation caused a rather irreversible αIIbβ3 activation. This is schematically shown in Figure 1. In Chapter 3, we tested a panel of signal molecule inhibitors on the time-dependent activation processes induced by GPVI, PAR1 or PAR4 agonists, using flow cytometry. We found that under conditions of pan-PKC inhibition (i.e., of conventional and novel isoforms, cPKC and nPKC, respectively) or of P2Y12 inhibition, the activation of integrin αIIbβ3 strongly reverted (see 
Table 1). This indicated that both PKC and autocrine ADP signaling contribute to a persistent integrin αIIbβ3 activation state and hence, to stabilized platelet aggregates. Additional, less prominent pathways contained the signaling molecules GSK3α/β (contributing to both PI3Kβ/Akt-dependent and PI3K-independent pathways) and β-arrestins (regulating GPCR activities). These signaling routes are known to be activated in response to GPVI or PAR1 stimulation [12,13]. On the other hand, the specific blockage of PI3Kβ (a main PI3K isoform in platelets) or of Ras-related pathways did not affect the longer-term GPVI- or PAR1-triggered integrin αIIbβ3 activation. Further assessment of the platelet spreading response showed that inhibition of either PKC or P2Y12 led to a partial reversion of platelet shape changes. In relation 
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to our results, it was earlier reported that the platelet P2Y12 receptors act in a way more dependent on PI3K than on PKC [10]. The Bergmeier group, focusing on the small G-protein regulator CalDAG-GEFI and downstream effector Rapb1, has shown additional roles regarding integrin activation of the PKC and PI3K pathways [14,15]. Our present results, in confirmation with this literature, suggest that P2Y12-based (or PI3K-based) antiplatelet therapy cannot only inhibit platelet activation, but can also revert previously activated platelets into the circulation. In Chapter 4, we assessed functional consequences of this time-dependent integrin αIIbβ3 activation using light transmission aggregometry. We were particularly interested to find if the aggregation of platelets in response to PAR1 or GPVI agonists could be reverted by pre- or post-treatment with agents causing cAMP elevation, Syk tyrosine kinase inhibition, or blocking αIIbβ3 itself. An important finding was that the aggregation response was completely eliminated when cAMP was elevated either prior to or simultaneous with the GPVI or PAR1 agonist. However, when compared to PAR1 activation using TRAP6 (peptide SFLLRN), the GPVI activation using CRP (collagen-related peptide) had a shorter time frame for responding to cAMP elevation by the prostacyclin analog iloprost. Conversely, others have measured a rapid decline of cAMP in collagen-stimulated platelets [16]. Pre-inhibition of the tyrosine kinase Syk was only effective in case of GPVI stimulation. This is in agreement with other papers from our laboratories, pointing to a more continued ‒ and thereby perhaps less reversible ‒ activation signal with GPVI stimulation, when compared to GPCR stimulation [17,18]. On the other hand, it was verified that GPVI-mediated platelet signaling through Syk kinase was limited to the initial moments of thrombus formation. The reversal by αIIbβ3 antagonists of particularly the PAR1-induced aggregation response can be explained by a high sensitivity of the PAR1 response to autocrine ADP inhibition (Chapter 3).  
Temporal aspects of platelet cytosolic Ca2+ rises All functional responses of platelets, including shape change, integrin activation, granule secretion and procoagulant activity are mediated by intracellular second messengers, of which especially cytosolic Ca2+ is an essential factor [19]. As explained in Chapter 1, the platelet Ca2+ response consists of mobilization of Ca2+ from stores in the endoplasmic reticulum, along with extracellular Ca2+ entry, especially via the mechanisms of store-operated or receptor-operated Ca2+ entry pathways. The fluorescent ratio dye Fura-2 has for long been used in cuvette-based assays to measure, in a calibrated way, nanomolar changes in cytosolic Ca2+]i in platelets [18]. Early findings have shown that platelet stimulation via PAR1 induces a fast and transient [Ca2+]i rise, whereas stimulation via GPVI results in a slower and persistent [Ca2+]i rise [20]. In Chapter 4, we employed a 96-well plate high-throughput assay using Fura-2-loaded platelets to demonstrate the ability of platelets to consecutively respond to PAR1, P2Y1/12 and GPVI stimulation. We found that, after pre-stimulation with CRP (GPVI agonist), the subsequent administration of TRAP6 (PAR1 agonist) led to an additional, transient increase in [Ca2+]i level on top of the prior CRP-induced signal. See overview Table 1. On the other hand, after initial stimulation by TRAP6 or CRP, the subsequent administration of CRP produced a prolonged Ca2+ signal. This indicated that, in terms of Ca2+ signaling, prior GPVI but not PAR stimulation 
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provokes a prolonged, high activation state of the platelets, while the platelets can still respond to a second agonist. The continuous Ca2+ signaling evoked by CRP stimulation implies that platelets are enduring a protracted or hyperactivated phase in this case. This protracted state has been considered as a property of the GPVI-induced signaling via tyrosine kinases [21, 22], with our new data in Chapter 6 are suggesting that at least part of the mechanism is provided by releasing PKC-dependent suppression of Ca2+ entry process. Accordingly, general PKC stimulation with phorbol ester PMA downregulated the platelet Ca2+ responses (Table 1). The mechanism of platelet Ca2+ signaling, controlled by Ca2+ channels such as Orai1, we have explored in Chapter 5 via parallel [Ca2+]i measurements of agonist stimulation in the presence of extracellular CaCl2 or of calcium chelating EGTA, using the same 96-wells high-throughput assay. We found that at either condition the [Ca2+]i rises induced by the weaker agonists collagen and   

 
Table 1. Key agonists and pathways in (reversible) agonist-induced integrin αIIbβ3 activation and Ca2+ rises.  
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TRAP6 were more dependent on release of the secondary mediators ADP and thromboxane A2 than those of the strong agonists CRP and thrombin. Inhibition of the back-pumping of cytosolic Ca2+ via sarco- and endoplasmic reticulum Ca2+-ATPases, with thapsigargin [23], resulted in a prolonged and amplified Ca2+ signal. Markedly, combining thapsigargin with the GPVI or PAR1/4 stimulation strongly increased the Ca2+ entry ratio from 4 to 400 (GPVI) or to 40 (PARs), indicating a significant receptor-pathway dependent enhancement of store-operated Ca2+ entry. By pharmacological blockage, we found that the Orai1 channel inhibitor 2-APB and the Na+/Ca2+ exchange (NCX) inhibitor ORM-10103 were most effective with all agonists used. Accordingly, Orai1 and NCX appear to be major Ca2+ carriers that regulate GPVI- and PAR-induced Ca2+ entry in human platelets. This finding is supported by the signaling and functional defects of platelets from patients with dysfunctional Orai1 and from mice lacking Orai1 [24,25]. Our results are also consistent with another report that inhibition of NCX suppresses the prolonged Ca2+ response required for procoagulant platelet formation [26].  
Differential roles of PKC isoforms in platelet activation It is known that the various PKC isoforms in platelets play distinct roles, some of which are antagonistic to one another [27]. As explained in Chapter 1, platelets express the conventional PKC (cPKC) isoforms α and β, which are activated by Ca2+ and DAG; and additionally the novel PKC (nPKC) isoforms δ, η and θ, which only have a DAG-binding domain [28]. In Chapter 3, we observed that the inhibition of all PKC isoforms caused integrin αIIbβ3 closure. In addition, the combined inhibition of PKCα/β (compound Gö6976) and PKCθ (compound PKCθ-IN) could suppress the αIIbβ3 activation. This pointed to additive roles of cPKC and nPKC isoforms in the regulation of integrin activation. For a long time, it is known from platelets and other cells that PKC activity modulates the entry of extracellular Ca2+ [30-32], although the mechanism was not well understood. In Chapter 6, we investigated how PKC isoforms regulated this process in platelets stimulated via GPVI or PAR1/4. It appeared that the activation of PKC isoforms via GPVI in platelets resulted in a potent suppressive effect on extracellular Ca2+ entry through the Orai1 channel in connection with the sensor protein STIM1. This in turn downregulated platelet procoagulant activity and coagulation. Our results with thapsigargin pre-treated platelets from patients with a mutation in the Orai1 channel confirmed that the Ca2+ entry mechanism is entirely dependent on this pathway. We concluded that in human platelets, phosphorylation events by cPKC and nPKC acts as a potent negative regulator of store-regulated Ca2+ entry, extending to blood clotting. The adaptor protein BIN2 has been identified as a crucial connector of the IP3 receptor to the Ca2+ storage sensor STIM1 in the endoplasmic reticulum membrane. Mouse knockout studies indicated that BIN2 thereby controls store-operated Ca2+ entry via Orai1 channels [29]. We used an advanced label-free, bottom-up phosphorylation proteomics method to pinpoint four heavily phosphorylated polar domains in the human BIN2 protein, three of which were altered in response to GPVI stimulation and were predicted substrates for PKC isoforms. The STIM1 protein also contains one of such phosphorylation sites. From this, we inferred that the PKC-
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induced phosphorylation alters the conformations of BIN2 and STIM1 in a way to decreases the Orai1 Ca2+ channel activity. Based on the present findings, these data can now be interpreted as an inhibitory effect of platelets on the STIM1-BIN2-Orai1 axis induced by multiple PKC isoenzymes.  
Additive contribution of red blood cells and platelets in thrombin generation Under certain conditions, red blood cells can support the formation of blood clots and enhance the thrombus stability [33,34]. Considering transiency in the platelet activation state, this may indicate that in blood clotting red blood cells can take over the role of platelets under certain conditions. The process of thrombin generation provides a manner to investigate the relative contributions of these and other blood cells in clotting. Based on a previous ’incomplete’ thrombin generation assay, in Chapter 7 we describe an improved method for whole-blood thrombin generation measurements using 96-well plates. This method provides the first quantitative comparison of coagulation kinetics in whole blood and platelet-rich plasma from the same subject. Our findings suggest that red blood cells play an initial role in supporting thrombin generation, whereas white blood cells have a minor contribution. Activated platelets on the other hand play a supportive role in the thrombin generation process via GPVI and PAR1/4, which role though becomes enhanced when the red blood cells are silenced. We found that low concentrations of coagulant triggers ⎻ including tissue factor, factor X-dependent stimuli and thrombin ⎻, resulted in a faster and initially higher thrombin generation and a shorter coagulation onset time in whole blood than in platelet-rich plasma. The thrombin generation accelerated with increased hematocrit values, and was delayed if the red blood cells were treated with phosphatidylserine-blocking annexin A5. Interestingly, profiles for patients with hemolytic anemia but not with polycythemia vera were altered, likely due to a different procoagulant activity of the blood cells. These results hence indicate that next to procoagulant platelets, also red blood cells need to be taken into account in assessment of the the balance of pro- and anticoagulant processes underlying thrombin generation [35,36].  
Concluding remarks and future work Overall, this thesis provides better understanding of the transient mechanisms of human platelet activation via the receptors GPVI, PAR1/4, and P2Y1/12. The findings include: (i) persistency of the integrin αIIbβ3 activation state and consequently stabilized platelet aggregation is facilitated by signaling via  PKC and autocrine ADP; (ii) when compared to PAR or P2Y receptor stimulation, GPVI stimulation has a longer-lasting, more potent priming and memory effect on platelets; (iii) the dominant Ca2+ carriers controlling Ca2+ entry via GPVI and PAR in platelets are Orai1 and NCX; (iv) conventional and novel PKC isoforms acts as strong negative regulators of the Ca2+ entry, thereby suppressing procoagulant activity; (v) the thrombin generation process is aided next to platelets by procoagulant red blood cells. 
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The results presented in this thesis highlight that at one side the transiency of platelet activation and at the other side Ca2+-dependent platelet procoagulant activity are aspects to take into account when considering the roles of platelets in thrombosis and hemostasis. The investigated pathways underlying these processes may prove to be suitable targets for antiplatelet drugs. Furthermore, this thesis introduces as novel target the channels and ion exchange proteins that are involved in GPVI- and PAR-induced Ca2+ entry. 
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Summary Blood platelets establish the formation and development of arterial thrombi and orchestrate normal hemostasis. Current antiplatelet agents prescribed for the prevention of (secondary) thrombotic events are associated with bleeding side effects. It is considered that improved drugs will arise from a better understanding of the complex mechanisms of platelet activation. Human platelets can be stimulated via multiple receptors, with clear (patho)physiological importance of the signaling collagen receptor, glycoprotein VI (GPVI), the protease-activated receptors for thrombin, PAR1 and PAR4, the receptors for ADP, P2Y1 and P2Y12, and the thromboxane A2 receptor TP. Crucial outcomes of the platelet activation process are a change in the fibrin(ogen) receptor integrin αIIbβ3 from the inactive to the active, ligand-binding state; the secretion of storage granules (assessed as P-selectin expression); and the development of procoagulant activity. In this thesis, I examined the intrinsic reversibility of integrin αIIbβ3 activation, such in contrast to the irreversible secretion process. Furthermore, I studied the transiency in Ca2+ signaling of activated platelets, and I compared the development of procoagulant activity of platelets with that of red blood cells. The thesis thereby focuses on key signaling pathways contributing to transient state of platelet activation. 
Chapter 1 provides a brief, general background on the roles of key platelet receptors in thrombosis and hemostasis. Particular attention is paid to GPVI and PAR1/4, with as downstream signaling modes the activation of protein tyrosine kinases and protein kinase C (PKC). The chapter furthermore introduces how, next to PKC isoforms, elevated cytosolic Ca2+ can be placed in the center of the platelet activation process, also mentioning the main Ca2+ transporters in store-regulated Ca2+ entry, including the Orai1 channel. Furthermore, I describe the blood coagulation as a process that can be monitored by determining the generation and inactivation of thrombin. Chapter 2 provides an in-depth review, describing the current knowledge on platelet agonists and conditions that lead to a reversible platelet aggregation as a result of transient ligand binding to integrin αIIbβ3. Highlighted herein are the roles of the platelet ADP receptors, and the signaling pathways downstream of these via phosphoinositide 3-kinase (PI3K) isoforms. Argued is how a transient P2Y1/12 receptor function and PI3K activity relate to the observed GPVI- and PAR-dependent reversibility of integrin activation. To better understand how other signaling pathways contribute to a transient platelet integrin αIIbβ3 activation, in Chapter 3, we used a panel of pharmacological inhibitors to pre-treat or post-treat platelets activated via the GPVI, PAR, or P2Y receptors. These inhibitors targeted PKC or PI3K isoforms, glycogen synthase kinase-3 (GSK3), Ras-related proteins or β-arrestins. The most responsive platelet receptors in terms of transiency appeared to be PAR1 (triggered by the peptide TRAP6), P2Y12 (triggered by ADP) and GPVI (triggered by collagen-related peptide). We established that platelet pre-treatment with the inhibitors decreased GPVI- and PAR-induced αIIbβ3 activation and P-selectin expression in the order of PKC > GSK3 > β-arrestin > PI3K. In addition, the post-treatment with inhibitors revealed secondary αIIbβ3 inactivation (not P-selectin expression), in the same order, in which case the reversibility was confined to GPVI and PAR1 agonists. It appeared that a combined inhibition of the so-called conventional and novel PKC isoforms was more effective for integrin closure than the use of isoform-specific inhibitors 
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alone. Platelet spreading assays revealed that either PKC or P2Y12 inhibition provoked a partial conversion from lamellipods to a more discoid platelet shape. We concluded that PKC isoforms and autocrine ADP contribute to the persistent integrin αIIbβ3 activation state and hence a stabilized platelet response. In Chapter 4, we examined the time-dependency of effects of consecutive addition of agonists of the GPVI and PAR1/4 receptors. Outcome measurements were platelet aggregation and cytosolic Ca2+ rises. We confirmed that an iloprost-induced elevation of cAMP level, either before or simultaneously with GPVI or PAR1 stimulation, completely eliminated the aggregation responses. However, PAR signaling demonstrated a longer time sensitivity for post inhibition than GPVI signaling. Furthermore, also tirofiban (integrin αIIbβ3 blocker) and Syk kinase inhibition sub-acutely modulated platelet aggregation, in other words halted this process even when applied after an agonist. We also examined whether platelets are capable to react to sequential stimulation. After initial activation via PAR, the cells still responded to GPVI, but they failed to respond to repeated PAR stimulation. Cytosolic Ca2+ measurements indicated that, in comparison to prior PAR stimulation, prior GPVI stimulation induced a more persistent, priming activation state, which influenced the response to a next agent. Overall, our work revealed a high degree of versatility of platelets to rapidly react to a second receptor agonist, with a longer-term signal memory effect after GPVI than after PAR stimulation. Similarly to other cells, cytosolic Ca2+ is in platelets an important second messenger that regulates the majority of functional responses. Chapter 5 describes time-dependent effects of GPVI and PAR1/4 stimulation on intracellular Ca2+ mobilization and the accompanied extracellular Ca2+ entry, with a 96-well plate-based method also allowing calculation of the Ca2+ entry ratios. We established that, when compared to CRP and thrombin, collagen and TRAP6 act as weaker Ca2+-rising agonists that are also more dependent on the secondary mediators ADP and thromboxane A2. We also investigated the effect of the compound thapsigargin, which blocks the back-pumping of cytosolic Ca2+ by Ca2+-ATPases. When CRP or thrombin were combined with thapsigargin, the Ca2+ entry ratios greatly increased to 400 (GPVI stimulation) or 40 (PAR stimulation). This pointed to a major role of the so-called store-operated Ca2+ entry. By using a panel of pharmacological inhibitors, we could establish that the main Ca2+ carriers that control both the GPVI- and PAR-induced Ca2+ entry into platelets are the channel Orai1 and Na+/Ca2+ exchange proteins. Much less important were the ATP receptor P2X1 (only initial curve value), and the channels TRPC6 and Piezo-2. In the connected Chapter 6, we investigated the impact of novel and conventional PKC isoforms on store-operated Ca2+ entry. We found a redundant contribution by both types of isoforms in the suppression of this process. Key involvement of the Orai1 channel was confirmed using platelets from patients with a mutation in the ORAI1 gene. GPVI activation through both PKC isoforms had a significant suppressive effect on the Ca2+ entry process. When checking for an important mediator of the Orai1-STIM1 interactions, namely the adapter protein BIN2, we identified by label-free analysis of the platelet phosphoproteome 45 regulated phospho-sites in BIN2 and 18 in STIM1, of which four had the characteristics of PKC multi-isoform substrates. Functional platelet testing indicated that the negative PKC-dependent regulation of Ca2+ entry 
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was accompanied by a downregulation of GPVI-dependent phosphatidylserine exposure and a suppressed thrombin generation in the presence of plasma. In addition to platelets, red blood cells also play a role in the modulation of thrombus stability, and hence contribute to thrombosis and clot formation. In Chapter 7, we describe a novel whole-blood fluorogenic assay to elucidate the complementary roles of platelets and red blood cells in the process of thrombin generation. We find an enhancement of thrombin generation by phosphatidylserine-exposing red blood cells, independent of the coagulant trigger. Blockage of the exposed phosphatidylserine with annexin A5 appeared to enhance the GPVI-induced procoagulant activity of platelets. In patients with (hemolytic) anemia or erythrocytosis, cluster analysis revealed both high and low whole-blood thrombin generation profiles. We concluded that better determination of the whole blood hypo-or hyper-coagulant activity may help to characterize a bleeding or thrombosis risk. Chapter 8 discusses the main findings and conclusions of this thesis in the light of relevant literature. Foreseen is that the current analysis of transient aspects of platelet activation will lead to the development of improved antiplatelet medications, limiting the current bleeding risk. 
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Samenvatting Bloedplaatjes zorgen voor de vorming en ontwikkeling van arteriële trombi en bewerkstelleen de normale hemostase. De huidige plaatjesaggregatieremmers, die worden voorgeschreven ter preventie van (secundaire) trombose-incidenten gaan regelmatig gepaard met bloeding als bijwerking. Aangenomen kan worden dat de werkzaamheid van nieuwe geneesmiddelen verhoogt, wanneer we een beter begrip krijgen van de complexe mechanismen van plaatjesactivering. Humane plaatjes worden gestimuleerd via meerdere receptoren, waarin duidelijk van (patho)fysiologisch belang zijn de signalerende collageenreceptor, glycoproteïne VI (GPVI), de protease-geactiveerde receptoren voor trombine, PAR1 en PAR4, de receptoren voor ADP, P2Y1 en P2Y12, en de tromboxaan A2-receptor TP. Belangrijke responsen van het activeringsproces zijn: een structurele verandering in de fibrinogeenreceptor integrine αIIbβ3 van een inactieve naar een actieve, ligandbindende toestand; de secretie van opslag-granula (gemeten als P-selectine-expressie); en het ontstaan van procoagulante activiteit. In dit proefschrift heb ik de intrinsieke omkeerbaarheid van de integrine αIIbβ3-activatie bestudeerd, in tegenstelling tot het niet omkeerbare secretieproces. Verder heb ik de reversibiliteit in de Ca2+-signalering van geactiveerde plaatjes onderzocht, en heb ik de procoagulante activiteit van plaatjes vergeleken met die van rode bloedcellen. Het proefschrift richt zich daarmee op belangrijke signaalroutes, die bijdragen tot een transiënte toestand van de plaatjesactivering. 
Hoofdstuk 1 geeft een kort, algemeen overzicht van de functie van belangrijke plaatjesreceptoren bij trombose en hemostase. Bijzondere aandacht is besteed aan GPVI en PAR1/4, met als signalerings-mechanismes de activering van proteïne tyrosinekinasen en van proteïnekinase C (PKC). Het hoofdstuk beschrijft verder hoe, naast PKC-isovormen, verhoogd cytosolisch Ca2+ centraal staat in de plaatjesactivering. Ook worden de belangrijkste Ca2+-transporters genoemd in de zogeheten store-regulated Ca2+ instroom middels Orai1 Ca2+-kanalen. Verder beschrijf ik de bloedstolling als een proces dat kan worden benaderd door het bepalen van de vorming en inactivatie van trombine. Hoofdstuk 2 biedt een diepgaand overzicht, waarin de huidige kennis wordt beschreven over plaatjesagonisten en omstandigheden, die leiden tot een reversibele plaatjesaggregatie als gevolg van transiënte ligandbinding aan integrine αIIbβ3. In het hoofdstuk wordt ook de rol benadrukt van de ADP-receptoren, en de signaalroutes opgewekt door deze receptoren middels fosfoinositide 3-kinase (PI3K). Beargumenteerd is hoe een transiënte P2Y1/12-receptorfunctie alsmede PI3K-activiteit relateert aan een reversibele GPVI- en PAR-opgewekte integrine-activering.  
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Om beter te begrijpen hoe ook andere signaleringsroutes bijdragen aan een tijdelijke activering van integrine αIIbβ3, hebben we in Hoofdstuk 3 een panel van farmacologische remmers gebruikt. Daarmee werden plaatjes vóór- of nabehandeld, bij activering van de GPVI-, PAR- of P2Y-receptoren. De remmers waren gericht tegen PKC- of PI3K-isovormen, glycogeensynthase-kinase-3 (GSK3), Ras-gerelateerde eiwitten of β-arrestines. De meest responsieve plaatjesreceptoren in termen van transiëntie bleken PAR1 (geactiveerd door het peptide TRAP6), P2Y12 (geactiveerd door ADP) en GPVI (geactiveerd door een collageen-peptide). We konden vaststellen dat de voorbehandeling van plaatjes leidde tot vermindering van de GPVI- en PAR-geïnduceerde αIIbβ3-activering en P-selectine-expressie in de volgorde van PKC > GSK3 > β-arrestine > PI3K. Nabehandeling met deze remmers resulteerde in secundaire αIIbβ3-inactivering (niet P-selectine-expressie) in dezelfde volgorde, alhoewel hier de omkeerbaarheid beperkt bleef tot GPVI- en PAR1-agonisten. Combinatieremming van de zogeheten conventionele en nieuwe PKC-isovormen bleek effectiever voor de integrinesluiting dan een isovorm-specifieke remming alleen. Plaatjes-spreidingstesten gaven aan dat de remming van PKC of P2Y12 leidde tot een gedeeltelijke teruggang van lamellipoden naar de oospronkelijke schijfvormige plaatjesstructuur. We concludeerden dat naast PKC-isovormen ook autocriene ADP bijdraagt aan een persistente integrine αIIbβ3-activeringstoestand en daarmee aan een permanente plaatjesrespons. In Hoofdstuk 4 onderzochten we de tijdsafhankelijkheid van effecten van een opeenvolgende toevoeging van GPVI en PAR1/4 agonisten. Uitkomstmetingen waren plaatjesaggregatie en stijging van de cytosol Ca2+-concentratie. We vonden dat de door iloprost geïnduceerde verhoging van cAMP, vóór of gelijktijdig met GPVI- of PAR1-stimulering, de aggregatiereactie volledig remde. De PAR-signalering vertoonde echter een langere gevoeligheid voor post-remming dan de GPVI-signalering. Daarnaast zorgden ook tirofiban (integrine αIIbβ3-blokker) en Syk-kinase-remming voor subacute onderdrukking van de plaatjesaggregatie. Met andere woorden, deze stoffen werkten remmend, zelfs als ze werden toegediend na een agonist. We hebben ook bekeken of plaatjes in staat zijn te reageren op een tweede stimulatie. Na een initiële activering via PAR bleken ze nog steeds te reageren op GPVI, maar niet meer op een herhaalde PAR-stimulatie. Verder gaven Ca2+-metingen aan dat, in vergelijking met voorafgaande PAR-stimulering, GPVI-stimulering een meer persistente activeringstoestand induceerde, die ook de respons op een volgende agonist beïnvloedde. Over het geheel genomen toont dit werk een hoge mate van veelzijdigheid van plaatjes om snel te reageren op een tweede receptoragonist, met een langer geheugeneffect na GPVI- dan na PAR-stimulering. Net als in andere cellen vormt cytosolisch Ca2+ in plaatjes een belangrijke second messenger, die de meeste plaatjesfuncties controleert. Hoofdstuk 5 beschrijft tijdsafhankelijke effecten van de 



Chapter 9 Summary, impact,  curriculum vitae, publications, and acknowledgement  

211  

GPVI- en PAR1/4-stimulering op de intracellulaire Ca2+-mobilisatie en de daarmee gepaard gaande extracellulaire Ca2+-instroom. Hierbij gebruikten we een op 96-well platen gebaseerde methode, die ook berekening van de Ca2+-instroom ratio mogelijk maakte. Het bleek dat collageen en TRAP6, vergeleken met CRP en trombine, werken als zwakkere Ca2+-mobilizerende agonisten die meer afhankelijk zijn van de secundaire mediatoren ADP en tromboxaan A2. We onderzochten ook het effect van de verbinding thapsigargin, die het terugpompen van Ca2+ door Ca2+-ATPasen blokkeert. Wanneer CRP of trombine werd gecombineerd met thapsigargin, nam de Ca2+-instroom ratio sterk toe tot wel 400 (GPVI stimulering) of 40 (PAR stimulering). Dit duidde op een belangrijke rol van de zogeheten store-operated Ca2+-instroom. Middels een panel van farmacologische remmers konden we vaststellen dat de belangrijkste Ca2+-carriers, die zowel de GPVI- als PAR-geïnduceerde Ca2+-instroom in plaatjes controleren, bestaan uit het kanaaleiwit Orai1 en Na+/Ca2+ transporteiwitten. Veel minder belangrijk waren de ATP-receptor P2X1 (alleen initiële curvewaarde) en de kanaaleiwitten TRPC6 en Piezo-2. In het gekoppelde hoofdstuk 6 onderzochten we de impact van nieuwe en conventionele PKC-isovormen op de store-operated Ca2+-instroom. We maten een combi bijdrage van beide typen isovormen in de suppressie van dit proces. Betrokkenheid van het Orai1-kanaal kon worden bevestigd aan de hand van plaatjes van patiënten met een mutatie in het ORAI1-gen. GPVI-activering via beide PKC-isovormen had een significant onderdrukkend effect op de Ca2+-instroom. Voor bepaling van een belangrijke mediator van Orai1-STIM1-interacties, namelijk het adaptereiwit BIN2, voerden we een labelvrije analyse van het plaatjes-fosfoproteoom uit. Deze gaf 45 gereguleerde fosforylerings-plaatsen in BIN2 en 18 in STIM1, waarvan er vier de kenmerken van PKC-substraat hadden. Functionele plaatjes testen gaven aan dat de negatieve PKC regulering van Ca2+-instroom gepaard ging met een downregulatie van de GPVI-geïnduceerde fosfatidylserine-expositie en een onderdrukte trombinevorming in de aanwezigheid van plasma. Ook rode bloedcellen kunnen een rol spelen bij de modulatie van de trombusstabiliteit, daarmee bijdragen aan trombose en stolselvorming. In Hoofdstuk 7 beschrijven we een nieuwe fluorogene test in volbloed om de complementaire functies van plaatjes en rode bloedcellen bij het proces van trombinevorming op te helderen. We vonden een verbetering van de vorming van trombine door rode bloedcellen met geëxposeerd fosfatidylserine, onafhankelijk van de stollingstrigger. Na blokkade van het fosfatidylserine met annexine A5 bleek de GPVI-geïnduceerde procoagulante activiteit van plaatjes toegenomen. Clusteranalyse van de resultaten met bloed van patiënten met (hemolytische) anemie of erytrocytose toonde zowel hoge als lage trombinevormings-profielen. Onze conclusie is dat bepaling van de hypo- of hyperstollingsactiviteit in volbloed kan helpen bij het karakteriseren van een bloedings- of 
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tromboserisico. Hoofdstuk 8 bespreekt de belangrijkste bevindingen en gevolgtrekkingen van dit proefschrift in het licht van relevante literatuur. Verwacht kan worden dat de huidige analyse van temporele aspecten van de plaatjesactivering zal leiden tot de ontwikkeling van verbeterde plaatjesremmers, waarmee het huidige bloedingsrisico kan worden beperkt.    
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总结 

血小板能促进动脉血栓的形成和发展，并协调正常的止血过程。目前用于预防（继发性）血

栓事件的抗血小板药物与出血副作用有关。人们认为，只有更好地了解血小板活化的复杂机

制，才能改进药物。人体血小板可通过多种受体受到刺激，其中信号胶原受体糖蛋白 VI 

(GPVI)、凝血酶蛋白酶活化受体 PAR1 和 PAR4、ADP 受体 P2Y1 和 P2Y12 以及血栓素 A2 受

体 TP 在（病理）生理方面具有明显的重要性。血小板活化过程的关键结果是纤维蛋白（原）

受体整合素 αIIbβ3 从非活性状态转变为活性的配体结合状态；分泌储存颗粒（评估为 P-

选择素的表达）；以及产生促凝活性。在这篇论文中，我研究了整合素 αIIbβ3 激活的内在

可逆性，这与不可逆的分泌过程形成了鲜明对比。此外，我还研究了活化血小板 Ca2+ 信号的

瞬时性，并比较了血小板与红细胞促凝活性的发展。因此，论文重点研究了导致血小板活化

瞬时状态的关键信号通路。 

第一章简要介绍了血小板主要受体在血栓形成和止血中的作用。本章特别介绍了 GPVI 和 

PAR1/4，其下游信号模式是激活蛋白酪氨酸激酶和蛋白激酶 C(PKC)。本章进一步介绍了除 

PKC 同工酶外，细胞膜 Ca2+ 的升高如何成为血小板活化过程的中心，还提到了储存调节 Ca2+ 

进入的主要 Ca2+ 转运体，包括 Orai1 通道。此外，我还将血液凝固描述为一个可通过确定

凝血酶的生成和失活来监测的过程。第二章提供了一篇深入的综述，描述了目前有关血小板

激动剂的知识，以及由于瞬时配体与整合素 αIIbβ3 结合而导致血小板可逆聚集的条件。

本文强调了血小板 ADP 受体的作用，以及这些受体下游通过磷酸肌酸 3- 激酶（PI3K）同工

酶发出信号的途径。本文论证了瞬时 P2Y1/12 受体功能和 PI3K 活性与所观察到的 GPVI 和 

PAR 依赖性整合素激活的可逆性之间的关系。 

为了更好地了解其他信号通路是如何促成瞬时血小板整合素 αIIbβ3 激活的，在第三章中，

我们使用了一组药理抑制剂，对通过 GPVI、PAR 或 P2Y 受体激活的血小板进行预处理或后处

理。这些抑制剂靶向 PKC 或 PI3K 同工酶、糖原合酶激酶-3 (GSK3)、Ras 相关蛋白或 β-

阻遏素。就瞬时性而言，反应最灵敏的血小板受体似乎是 PAR1（由多肽 TRAP6 触发）、

P2Y12（由 ADP 触发）和 GPVI（由胶原相关肽触发）。我们发现，用抑制剂预处理血小板可

降低 GPVI 和 PAR 诱导的 αIIbβ3 活化和 P 选择素表达，其顺序为 PKC > GSK3 > β-

restin > PI3K。此外，用抑制剂进行后处理后发现继发性 αIIbβ3 失活（不是 P-选择素

表达），顺序相同，在这种情况下，可逆性仅限于 GPVI 和 PAR1 激动剂。联合抑制所谓的

传统 PKC 和新型 PKC 同工酶似乎比单独使用同工酶特异性抑制剂对整合素封闭更有效。血

小板铺展试验显示，无论是 PKC 还是 P2Y12 抑制剂都会导致血小板从片状部分转变为更圆盘

状。我们的结论是，PKC 同工酶和自分泌 ADP 有助于整合素 αⅡbβ3 的持续激活状态，从

而使血小板反应趋于稳定。 

在第四章中，我们研究了连续添加 GPVI 和 PAR1/4 受体激动剂的效果随时间的变化。测量

结果是血小板聚集和细胞膜 Ca2+ 上升。我们证实，在 GPVI 或 PAR1 刺激之前或同时，伊洛

前列素诱导的 cAMP 水平升高可完全消除聚集反应。然而，与 GPVI 信号传导相比，PAR 信
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号传导对抑制后的时间敏感性更长。此外，替罗非班（整合素αⅡbβ3 阻断剂）和 Syk 激酶

抑制剂也能亚急性调节血小板聚集，换句话说，即使在激动剂之后使用，也能阻止这一过程。

我们还研究了血小板是否能对连续刺激做出反应。通过 PAR 首次激活后，细胞仍对 GPVI 有

反应，但对重复的 PAR 刺激却没有反应。细胞膜 Ca2+ 测量结果表明，与之前的 PAR 刺激相

比，之前的 GPVI 刺激会诱导更持久的引物激活状态，从而影响对下一种药剂的反应。总之，

我们的研究揭示了血小板对第二种受体激动剂做出快速反应的高度多功能性，与 PAR 刺激相

比，GPVI 刺激后的信号记忆效应更持久。 

与其他细胞类似，细胞膜 Ca2+ 在血小板中也是调节大多数功能反应的重要第二信使。第 5 章

描述了 GPVI 和 PAR1/4 刺激对细胞内 Ca2+ 动员和伴随的细胞外 Ca2+ 进入的时间依赖性效

应，基于 96 孔板的方法还可以计算 Ca2+ 进入比率。我们发现，与 CRP 和凝血酶相比，胶

原蛋白和 TRAP6 是较弱的 Ca2+ 上升激动剂，而且更依赖于次级介质 ADP 和血栓素 A2。我们

还研究了 thapsigargin 这种化合物的作用，它能阻断 Ca2+-ATP 酶对细胞膜 Ca2+ 的反泵作

用。当 CRP 或凝血酶与葡糖甘结合使用时，Ca2+ 进入比率大大增加到 400（GPVI 刺激）或 

40（PAR 刺激）。这表明所谓的储存操作 Ca2+ 进入起了重要作用。通过使用一系列药理抑制

剂，我们可以确定，控制 GPVI 和 PAR 诱导的 Ca2+ 进入血小板的主要 Ca2+ 载体是通道 Orai1 

和 Na+/Ca2+ 交换蛋白。ATP 受体 P2X1（只有初始曲线值）以及通道 TRPC6 和 Piezo-2 的重

要性要小得多。 

在接下来的第六章中，我们研究了新型和传统 PKC 同工酶对储存操作的 Ca2+ 进入的影响。

我们发现这两种同工酶在抑制这一过程中的作用都是多余的。使用 ORAI1 基因突变患者的血

小板证实了 Orai1 通道的主要参与作用。通过两种 PKC 同工酶激活 GPVI 对 Ca2+ 进入过程

有显著的抑制作用。在检查 Orai1-STIM1 相互作用的一个重要介质（即适配蛋白 BIN2）时，

我们通过对血小板磷酸蛋白组进行无标记分析，在 BIN2 和 STIM1 中分别发现了 45 个和 18 

个受调控的磷酸化位点，其中 4 个具有 PKC 多异构体底物的特征。血小板功能测试表明，

PKC 对 Ca2+ 进入的负调控伴随着 GPVI 依赖性磷脂酰丝氨酸暴露的下调以及血浆存在时凝血

酶生成的抑制。 

除血小板外，红细胞也在调节血栓稳定性方面发挥作用，从而促进血栓形成和血块形成。在

第七章中，我们介绍了一种新型全血荧光测定法，以阐明血小板和红细胞在凝血酶生成过程

中的互补作用。我们发现，暴露于磷脂酰丝氨酸的红细胞能增强凝血酶的生成，而与凝血剂

的触发无关。用 annexine A5 阻断暴露的磷脂酰丝氨酸似乎能增强 GPVI 诱导的血小板促凝

活性。在（溶血性）贫血或红细胞增多症患者中，聚类分析显示全血凝血酶生成情况有高有

低。我们的结论是，更好地确定全血低凝血活性或高凝血活性可能有助于确定出血或血栓形

成风险的特征。第八章根据相关文献讨论了本论文的主要发现和结论。可以预见的是，目前

对血小板活化瞬时性的分析将有助于开发出更好的抗血小板药物，从而限制目前的出血风险。 
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Impact  Cardiovascular diseases still are a leading cause of death worldwide, and costed the European Union economy €282 billion in 2021 [1]. Platelets, the smallest blood cells, play a major role in arterial thrombosis as well as in physiological hemostasis. The use of antiplatelet therapy has become an essential component of cardiovascular disease treatment. While the inhibition of platelet responsiveness has decreased the occurrence of ischemic events, it also led to side effects of bleeding, thus perpetuating the therapeutic challenge of preventing thrombosis whilst preserving hemostasis. The future of antiplatelet therapy depends on finding new drugs that target specific platelet functions, based on better methods for assessing the risks of bleeding and thrombosis-induced ischemia [2]. The platelet integrin αIIbβ3, the collagen receptor GPVI, the thrombin receptors PAR1/4, and the ADP receptors P2Y1/12 are all suitable targets. In this thesis, I focus on a better understanding of transient platelet activation pathways by investigating how platelets can respond to different agonists and inhibitors in a time-dependent way. Integrin αIIbβ3, expressed at high level, stays in an inactive conformation on resting platelets. After platelet stimulation, it converts due to an inside-out signal from the low-affinity state into a high-affinity state, able to bind fibrinogen and other ligands. The ligand binding also promotes clustering of integrin molecules and, in turn, triggers the process of outside-in signaling [3]. This signaling cascade sets into motion a variety of cellular processes, crucial for platelet functions like spreading, aggregation, clot retraction, and the consolidation of thrombus formation. Thus, the integrin αIIbβ3-related signaling pathways are regarded as potential points for antithrombotic treatment. In Chapters 2-3, our objective was to enhance current understanding of the reversibility of integrin αIIbβ3 activation. In Chapter 3, we showed that platelet stimulation via GPVI or PAR1 caused transient integrin αIIbβ3 activation, while stimulation via PAR4 led to permanent αIIbβ3 activation. We also confirmed that the protein kinase C pathway is crucial for integrin αIIbβ3 activation, and that autocrine responses via P2Y12 are essential for a sustained integrin αIIbβ3 opening. Flow cytometry was employed in this chapter, which method can also be used for clinic testing, as it can rapidly analyze thousands of cells in complex mixtures per second. By detecting the degree of integrin activation, it assesses whether platelets are activated or not. Flow cytometry can also assist in determining the clinical dosage of drugs, and thereby improve the risk prediction of thrombosis and bleeding. In various clinical situations, it can be needed to quickly assess the hemostasis process, for instance in patients with acute bleeding symptoms. In Chapter 4, we tested several agonists that rapidly trigger platelet aggregation. Our findings suggest that it is still effective to administer antiplatelet drugs, while aggregation is already occurring. However, when compared to PAR activation, GPVI activation shows a more restricted time frame for interference in the 
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aggregation process. This may be helpful in clinical treatment of thrombosis with suspected roles of different receptors. In Chapters 5-6, we used a high throughput method to assess the GPVI and PAR-induced Ca2+ mobilization in platelets. In Chapter 5, we find that this response with weaker agonists relied more on secondary mediators, when compared to stronger agonists like collagen-related peptide and thrombin. Our findings also provide novel quantitative insight into the importance of Ca2+ entry for platelet activation. We confirmed that Na+/Ca2+ exchangers and Orai1 channels are crucial in this process, thereby building upon earlier reports [4]. In the next Chapter 6, we investigated the roles of different protein kinase C (PKC) isoforms in the regulation of Ca2+ entry. We showed that overall PKC activation via GPVI led to a robust inhibitory effect on the entry through Orai1 channels. In addition, this inhibition also suppressed platelet procoagulant activity and the coagulation process. Notably, we discovered that PKC-dependent phosphorylation of the signaling proteins BIN2 and STIM1 associates with a decreased Orai1 Ca2+-channel activity. Indeed, PKC isoforms served as potent negative regulators of the process of store-operated Ca2+ entry. These findings offer fresh perspectives on the exploration and creation of novel drugs aimed at modulating these molecular pathways. In the last experimental Chapter 7, we describe a method for obtaining calibrated thrombin generation curves in 96-well plates, thereby providing the first comprehensive quantitative comparison of this coagulation process in whole blood and platelet-rich plasma from the same subject. Our results indicated that red blood cells play an initial role in the thrombin generation, whilst activated platelets later support this process. Thrombin generation accelerated as the hematocrit level increased, and delayed when the erythrocytes were treated with annexin A5, which blocks phosphatidylserine. These findings on red blood cell properties are valuable for assessing the risk of bleeding or thrombosis in a clinical setting. Overall, this thesis elaborates how transient activation via GPVI and PARs is a major response function of platelets, and thereby likely is relevant for thrombosis and hemostasis. In addition, the thesis provides new insights into the regulation of platelet Ca2+ responses and thrombin generation. My expectation is that these discoveries will help to drive the development of antiplatelet medications and to enhance the clinical assessments of thrombosis and bleeding risks.   
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