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THE LIST OF ABBREVIATIONS 

AC     adenylate-cyclase 

AIS     acute ischemic stroke 

ANT     adenine nucleotide translocase 

ASA     acetylsalicylic acid 

Bk     bongkrekic acid 

CAD     coronary artery disease 

CalDAD-GEFI Calcium and diacylglycerol regulated guanine  

nucleotide exchange factor I 

CI     cell index 

CRP     C-reactive protein 

CsA     Cyclosporin A 

CypA     Cyclophilin A 

CypD     Cyclophilin D 

CypD-/-, KO    Cyclophilin D knock-out 

DAG     1,2-diacylglycerol 

DMSO     dimethyl-sulphoxide 

DTS     dense tubular system 

et     ethanol 

FcRγ     Fc receptor γ chain 

FI-XIII     coagulation factors I-XIII 

FI-XIIIa    activated coagulation factors I-XIIIa 

FK, FK-506    tacrolimus 

Gla     γ-carboxyglutamate 

GPCR     G-protein-coupled receptor 

GPIa/IIa, IIb/IIIa, VI, Ib-IX-V glycoprotein receptors Ia/IIa, IIb/IIIa, VI, Ib-IX-V 

Hgb Hemoglobin 

IP3     inositol-1,4,5-trisphosphate 

ITAM     immunoreceptor tyrosine-based activation motif 

IVC     inferior vena cava 

MPT     mitochondrial permeability transition 

MPTP     mitochondrial permeability transition pore 
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NSTEMI    non ST-elevation myocardial infarction 

PAD     peripheral artery disease 

PAI-1     plasminogen activator inhibitor-1 

PAR1,3,4    protease-activated receptor 1,3,4 

PBS     phosphate buffered saline 

PDF     probability density function 

pdistr     p-value from Kuiper-test for distributions 

PI3K phosphoinositide 3-kinase or phosphatidylinositol 

3-kinase 

PLA2, Cß,Cγ2   phospholipase A2, Cß, Cγ2 

(H)Plt     (human) platelet 

pmed p-value resulting from one-tailed hypothesis testing 

for medians 

PPIase     peptidyl-prolyl cis-trans isomerase 

PPP     platelet-poor pooled plasma 

PS     phosphatidylserine 

Rap1b     Ras-related protein 1b 

RBC     red blood cell(s) 

RIAM     Rap1-interacting adaptor molecule 

RhoA     Ras homolog family member A 

ROS     reactive oxygen species 

rtPA     recombinant tissue-type plasminogen activator 

SD     standard deviation 

SE     standard error of mean 

SEM     scanning electron microscope 

sGC     soluble guanylate-cyclase 

sPlt     relative platelet content/surface occupancy 

Src kinase    eukaryotic sarcoma tyrosine-kinase 

STEMI    ST-elevation myocardial infarction 

STIM1     stromal interaction molecule 1 

Syk kinase    spleen tyrosine kinase 

TC     total platelet cross-section area 
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TEM     transmission electron microscope 

TF     tissue factor 

TFPI     tissue factor pathway inhibitor 

Th     thrombin 

TO     total area of membrane-bearing organelles 

tPA     tissue-type plasminogen activator 

TP     thromboxane A2 receptor 

TRIS     Tris-(Hydroxymethyl)-aminomethane 

TRPC     transient receptor potential canonical channels 

TXA2     thromboxane A2 

t10, t50    time to reach 50% or 10% of maximal turbidity 

uPA     urokinase-type plasminogen activator 

vWF     von Willebrand Factor 

WBC     white blood cell 

WT, CypD+/+    wild type 

Zi, Z0 impedance at an individual time point or at the start 

of the experiment 

#O number of observations 
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1. INTRODUCTION 

According to the World Health Organization statistics, cardiovascular diseases remain 

among the major causes of death. Ischaemic heart disease is responsible for 16% of the 

world's total deaths, showing a greatly increasing trend since 2000. Stroke is the second 

leading cause of mortality, with approximately 11% of total deaths (1). The third most 

prevalent form of cardiovascular disorders is peripheral artery disease generating a 

severe burden on health care (2).  

These medical conditions have a common underlying pathology: arterial thrombus 

formation leading to vessel occlusion and tissue hypoxia. Platelets have a long-known 

role in the formation of arterial thrombi, and most therapeutic designs of primary and 

secondary prevention rely on targeting these cell fragments. The rising incidence of 

cardiovascular disorders despite the many pharmacological options indicates gaps in our 

knowledge about some aspects of platelet physiology. For instance, their response to 

heterogeneous local activator signals remains ambiguous. Unraveling the exact 

molecular mechanisms regulating platelet function can improve our understanding of 

this complicated process and enable the further development of anti-platelet drugs. 

Our work described in this thesis focused on i) the clinical determinants of relative 

platelet content of arterial thrombi formed in coronary, peripheral artery disease, and 

acute ischemic stroke, and ii) the specific role of cyclophilin D (CypD) in platelet 

activation.  

To put our work in perspective, this chapter provides an introduction to basic platelet 

physiology. This is followed by the description of CypD function and its relation to 

platelet activation. 

Although deep vein thrombosis and its most serious complication, pulmonary embolism 

are not included in the WHO's list of top 10 causes of death, venous thromboembolism 

is the third leading vascular disease with over one million estimated VTE events or 

related deaths per year in six countries of the EU (3). The pathomechanism differs from 

arterial thrombus formation; Virchow's triad describing the precipitating factors of DVT 

includes venous stasis, vessel wall injury and hypercoagulability. The last risk factor is 

often associated with malignant diseases, e.g. pancreatic cancer (4).  

The examination of venous thrombi formed in the presence of pancreatic cancer may 

enable the fine-tuning of anticoagulant therapy in affected patients. Thus, the last part of 
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our work focused on the study of venous thrombus composition in human pancreatic 

tumor-bearing mice. 
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1.1. Platelets 

Platelets (or thrombocytes) are enucleated discoid blood cells (1-2 μm in diameter with 

0,5 μm thickness) produced primarily in the bone marrow from polyploid 

megakaryocytes during thrombopoiesis and continuously released into the circulation 

(5). The hematopoietic stem cells are activated by thrombopoietin released from the 

liver as an answer to low blood platelet counts (6) or in inflammatory states (reactive 

thrombopoiesis, stimulated by interleukin-6 (7)). The shedding of long-branching 

cytoplasmic protrusions leads to the formation of proplatelets that further develop and 

divide into platelets (5). Circulating platelets are non-reactive and interact passively 

with the endothelial layer of the vessels, partly due to the endothelial cell-derived 

platelet activation inhibitors (e.g. secreted nitric oxide, prostacyclin, or CD39, an ecto-

ADPase) (8, 9). 

These smallest blood cells have a short lifespan (7-10 days) in circulation before being 

phagocytosed in the spleen or liver (10). They have been found to take part in many 

physiological and pathological processes during their short life. Embryonic 

development (11), inflammation (12), tumor cell growth (13), and cancer metastasis 

formation (14) all require certain platelet functions, but these cells are primarily viewed 

as key mediators of hemostasis.  

The platelet-dependent process preventing blood loss from an injured vessel is called 

primary hemostasis, as it precedes the formation of a fibrin clot through the actions of 

the plasmatic coagulation factors (secondary hemostasis). Platelets create a temporary 

platelet plug that – together with vasoconstriction – closes the wound until the 

secondary hemostasis stabilizes the thrombus with the help of a developing fibrin 

network (Fig.1). The distinction between these two processes is quite arbitrary as the 

role of platelets is not limited to the initial stage; there are multiple links between the 

cellular and the plasmatic coagulation systems. (i) Platelets serve as a site for thrombin 

generation as they promote the functions of coagulation factors by providing an 

activation surface. (ii) They act as an anchor for the growing scaffold of the clot and 

modify the structure of the forming fibrin fibers through interactions between their 

membrane receptors and the extracellular proteins. (iii) They can regulate both the 

formation and the dissolution of this hemostatic protein network (fibrinolysis) through 

the secretion of substances from their granules.  
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Figure 1. Schematic depiction of the hemostatic plug formation. Adapted from (15). 

For a detailed description see text. 

 

Their hemostatic functions can be divided into three distinct phases: adhesion to 

subendothelial collagen of the injured vessel wall through specific receptors, activation 

resulting in intracellular signal transduction causing membrane and cytoskeletal 

reorganization and vesicle secretion, and the aggregation of numerous platelets with the 

help of plasma proteins (Fig. 2.). The steps of these phases are successive but happen 

with certain overlaps and redundancies. 

On one hand, platelets are indispensable in the formation of a primary hemostatic clot to 

stop blood loss at the site of vascular injury, on the other, their hemostatic roles can turn 

pathological: they play a crucial role in the development of often life-threatening arterial 

thrombi. Although many details of their activation – e.g. the mechanisms of platelet 

adhesion, aggregation, vesicle secretion, microvesicle formation, and clot 

retraction/stabilization – are well outlined and are targeted by various anti-platelet 

drugs, some aspects of their functions are not fully elucidated. 

The gaps in our current knowledge mainly concern the distinction between normal and 

pathological processes. The therapeutic goal in arterial thrombotic diseases is to inhibit 

unnecessary thrombus formation without increased risk of bleeding while maintaining 

the ability of platelets to contribute to normal hemostasis. 
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Figure 2. Stages of platelet adhesion, activation, and aggregation. Adapted from 

(16). 

GPIb/V/IX, GPIIb/IIIa, GPVI: glycoprotein receptors, VWF: von Willebrand Factor, 

TXA2: thromboxane A2, EPI: epinephrin. For a detailed description see text. 

 

1.1.1. Platelet adhesion 

At the site of vascular injury, resting circulating platelets come in contact with and 

adhere to the highly reactive components of the subendothelial layers of the vessel wall. 

There are two major (collagen and von Willebrand Factor, vWF) and several minor 

(fibronectin (17), laminin (18), and thrombospondin (19)) adhesive substrates that 

participate in the process.  

The initial, reversible interaction with exposed extracellular matrix proteins helps 

capture the platelets and trigger their activation (20). In the arteries, under high shear 

and extremely rapid blood flow, the tethering and rolling of platelets are enabled by the 

interaction of glycoprotein receptors Ib-IX-V (GP Ib-IX-V) with vWF (21). vWF is a 

multimeric plasma protein synthesized by endothelial cells and megakaryocytes (22) 

with several functional domains that offer binding sites for subendothelial matrix 

proteins (e.g. collagen, sulfated glycoproteins). It becomes immobilized through its 

collagen binding sites in A1 and A3 domains on the site of vessel wall damage (23, 24) 
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and stretched out by the high shear forces of arterial blood (25). The GPIbα receptor of 

the GPIb/IX/V complexes that can be found in high density in the platelet membrane 

forms a large number of bonds with the A1 domains of the multivalent vWF. As the 

interaction is characterized by rapid on- and off-rates, it results only in transient 

association (21). New membrane projections, filopodia form and participate in platelet 

translocation or rolling along the immobilized vWF (21, 26, 27). Their role is critical in 

decelerating and maintaining platelets in close contact with the exposed subendothelium 

allowing integrin-mediated arrest, the secondary phase of platelet adhesion.  

Additionally, platelets bind directly to subendothelial collagen, and this interaction is 

one of the most potent initiators of platelet activation and aggregation (28). The GPVI 

receptor, similarly to GPIbα has a low affinity for collagen and is unable to mediate 

stable platelet adhesion by itself. This receptor contributes to the signaling events that 

start platelet activation processes and switch on the integrin receptors α2bß3 and α2ß1 

responsible for the next phase (29, 30). In turn, the collagen-binding of the α2ß1 

receptor reinforces GPVI signaling (31, 32). 

For the irreversible, stable adhesion, receptors with relatively slower bond formation 

rates are needed (21). These integrins, the α2ß1, and α2bß3 need to be converted to a 

high-affinity state through conformational change induced by inside-out signaling (see 

detailed in section 1.1.2.3.) (33, 34). The binding of subendothelial matrix proteins 

through members of the integrin family adhesion receptors can stabilize the adhesion, as 

they have a very slow rate of bond dissociation (21).  

The loss of the protective endothelial layer at the site of vessel wall damage enables the 

contact between subendothelial tissue factor (TF)-bearing cells and the circulating FVII 

to initiate secondary hemostasis. Here, still on the surface of TF-bearing cells, through 

the activation of factors IX, X, V, and the formation of a prothrombinase complex, a 

trace amount of thrombin is formed, which contributes to the activation of adhered 

platelets (35). 

 

1.1.2. Activation 

The activation phase is initiated by insoluble and soluble platelet agonists through a 

network of intracellular signaling pathways. These result in shape change, integrin 
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activation, vesicle secretion, membrane reorganization of the platelets, and clot 

retraction. 

 

1.1.2.1. Signaling pathways activated by adhesive and soluble platelet agonists 

Platelets can be activated by many soluble and adhesive mediators through different 

signaling pathways, generally leading to the elevation of cytosolic calcium levels or the 

decrease of cAMP. Inhibitory mediators, on the other hand, act by increasing cAMP, or 

cGMP levels (PGI2, prostacyclin, or NO from the endothelial cells, respectively (36)) 

(Fig. 3.). 

The earlier receptor signaling pathways are activated by adhesive ligands collagen and 

vWF. The signaling pathways initiated by the vWF binding of the GPIb-IX-V (37) 

receptor complex include the stimulation of nonreceptor tyrosine kinases, such as Src 

family kinase Lyn (38) and lead to downstream activation of the phosphoinositide 3 -

kinase (PI3K)-Akt (39), the mitogen-activated protein kinase (40), the LIM kinase 1 

(LIMK1) (41) and the cGMP-dependent protein kinase pathways (42).  

The collagen receptor GPVI is coupled to the Fc receptor γ chain (FcRγ) (43), and its 

stimulation also involves Lyn activation, which phosphorylates the immunoreceptor 

tyrosine-based activation motif (ITAM) in the FCRγ (44), enabling spleen tyrosine 

kinase (Syk) binding and activation. Consequently, phospholipase Cγ2 (PLCγ2) is 

activated and hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into 1,2-

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP3) (45, 46). DAG and IP3 lead 

to the activation of protein kinase C and the release of calcium into the cytosol, 

respectively (47). The other main collagen receptor, the integrin α2ß1 acts 

synergistically with GPVI (32) and also operates through Syk phosphorylation and 

PLCγ2 activation (48). The calcium signal then triggers many changes within the 

platelets, altogether termed as activation. This includes thromboxane (TXA2) 

production, the release of granule contents (e.g. ADP), integrin activation, and 

phospholipid scrambling.  

TXA2, a short-lived platelet activator, is not being stored in platelet granules; instead, its 

synthesis is triggered by phospholipase A2 (PLA2) activation, which results in the 

release of arachidonic acid from the sn-2 position of phospholipids (49). 

Cyclooxygenase 1 and thromboxane synthase then convert arachidonic acid to TXA2, 
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which after its release acts as an autocrine and paracrine amplifier of platelet activation 

signals (50). 

Along with ADP (stimulating P2Y1/P2Y12 receptors), TXA2 acts as a positive 

feedback mediator, further increasing the intracellular [Ca2+] through its TP receptor 

(51). These and other soluble agonists (thrombin, serotonin, platelet-activating factor) 

elicit intracellular signaling by binding to their G-protein-coupled receptors (GPCRs) 

and activating heterotrimeric guanine nucleotide-binding proteins (G proteins) (51). Gq 

activation is coupled to the formation of second messengers IP3 and DAG and causes 

Ca2+-release, while Gi acts by inhibiting the synthesis of potent platelet inhibitory 

seconder messenger cAMP. The G12/13 pathway activates RhoA and Rho kinase, 

promoting the phosphorylation of the myosin light chain and actin-myosin-dependent 

contraction (52). The signals of the glycoprotein receptors GpIb and GPVI are 

supported and amplified through these soluble mediators to achieve optimal platelet 

activation (53).  This often requires synergy or cooperativity of different receptor 

pathways, e.g. Gi (through Gi-coupled P2Y12 receptor) and Gq (through Gq-coupled 

P2Y1 receptor) pathways are both necessary for ADP-induced platelet activation (51), 

and the TXA2 receptor TP is coupled to both Gq and G12/13 (54).  

Thrombin also has two G-protein-coupled receptors on human platelets, the protease-

activated receptor 1 and 4 (PAR1 and PAR4) (55). PAR1 has a much higher affinity for 

thrombin than PAR4 (56). The proteolytic cleavage of a PAR catalyzed by thrombin 

leads to the formation of a new N-terminal tethered ligand that activates the receptor 

(57) and consequently platelets through Gq, Gi, and G12/13 signal transduction pathways 

(58). The calcium release induced by PAR receptors is a result of phospholipase Cß 

(PLCß) activation (51). GPIbα is also able to bind thrombin, and the thrombin-induced 

signaling acts synergistically with PAR signaling (59). 

Calcium has a central role in platelet activation (60). It can be mobilized from the 

endoplasmic reticulum (via IP3 receptors), can enter the cells via the stromal interaction 

molecule 1 and Orai1 channels (store-operated Ca2+ entry) (61), or nonselective TRPC 

cation channels (with a significant role in phosphatidylserine (PS) exposure, see 

detailed in section 1.2.4.) (62). Furthermore, it can be released from the mitochondria 

through the formation of mitochondrial permeability transition pore (MPTP, see 

detailed in section 1.2.2.), leading to supramaximal Ca2+ signals (63, 64). In single 
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platelets, there is a marked difference in the calcium signal initiated by GPCR or by 

ITAM-linked receptors: ADP and thrombin evoke oscillatory, spiking Ca2+ rises (65), 

while stimulation by collagen results in a continuous Ca2+ elevation (66). Thus the 

differential exposure to agonists can alter the magnitude and duration of the Ca2+ signal 

and lead to differences in platelet response (see detailed in sections 1.1.6. and 1.2.4.). 

 

Figure 3. Main platelet receptors and signaling in platelet activation. Adapted from 

(67). VWF: von Willebrand Factor, NO: nitrogen-monoxide, PGI2: prostacyclin, 

GPIb/V/IX, GPVI: glycoprotein receptors Ib/V/IX, VI, αIIbß3, α2ß1: integrin receptors, 

IP: prostacyclin receptor, PAR1/4: protease-activated receptor 1, 4, P2Y1, P2Y12: ADP 

receptors, TXA2: thromboxane A2, TP: thromboxane A2 receptor, PLA2, Cß2, Cγ2: 

phospholipase A2, Cß2, Cγ2, sGC: soluble guanylate-cyclase, AC: adenylate-cyclase, 

DAG: diacylglycerol, IP3(R): inositol-1,4,5-trisphosphate (receptor), cAMP, cGMP: 

cyclic adenosine/guanosine-monophosphate, CalDAG-GEFI: Calcium and 

diacylglycerol regulated guanine nucleotide exchange factor I,  DTS: dense tubular 

system, Rap1b: Ras-related protein 1b, RIAM: Rap1-interacting adaptor molecule, 

STIM1: stromal interaction molecule 1. For a detailed description see text. 

 



16 

 

1.1.2.2. Shape change 

The discoid shape of resting platelets is stabilized by the cross-linked cytoplasmatic 

actin network and a so-called marginal band organized by microtubules (68, 69). When 

the cells adhere to the injured vessel wall, they must go through a shape change to 

quickly cover the open wound by increasing their contact area. This spreading of 

platelets includes the flattening and thinning of the cells and the formation of spikelike 

and sheetlike plasma membrane protrusions (called filopodia and lamellipodia, 

respectively) (27, 70, 71). The interaction of fibrinogen and the α2bß3 integrin appears 

to be a dominant factor in initiating these processes, but the ligation of major collagen 

receptors (GPVI or α2ß1), as well as PAR4 activation, are also able to affect the 

rearrangement of actin that builds up these structures (72). Later, when a blood clot 

containing a fibrin network is created, platelets further reinforce the structure by 

forming stress-fiber-like actin structures (clot retraction) (73, 74). 

 

1.1.2.3. Integrin activation by inside-out signaling 

The integrin receptor α2bß3 resides in a bent inactive form in resting platelets which 

exhibits low affinity for ligands fibrinogen and vWF. This conformation is stabilized by 

the interactions between the cytosolic regions of the α and ß subunits in the proximity of 

the cell membrane (75). Upon stimulation, Ca2+ and DAG activate the Ca2+ and 

diacylglycerol regulated guanine nucleotide exchange factor I (CalDAG-GEFI) (76) and 

the protein kinase C/PI3K pathway. As a consequence, a small GTP binding protein, 

Rap1b is activated, which builds an' activation complex' with Rap1-interacting adaptor 

molecule (RIAM) and talin (77) (Fig. 3.). This complex enables talin to bind to the ß3 

tail of the integrin receptor and connect it with actin and actin-binding proteins (78). 

The talin-integrin α2bß3 connection disrupts the clasp between the α and ß subunits (79) 

and results in the stretching of the extracellular domains exposing the ligand-binding 

sites of the receptor (80).  

 

1.1.2.4. Granule secretion 

Following adhesion, the subsequent signaling initiates the controlled release of 

bioactive molecules contained in platelet granules. The three distinguished types of 

granules, α-granules, dense- (or δ-) granules, and lysosomes (or λ-granules) are formed 
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in megakaryocytes and go through maturation in proplatelets (81, 82). The secreted 

substances from immobilized platelets act para- and autocrine to drastically amplify the 

platelet activation process; they stimulate the activation of nearby circulating platelets 

and thereby evoke secondary secretion. Granular release is differential (not all types of 

granules are necessarily secreted at once) and can selectively modulate the 

microenvironment of the activated platelets (83). At lower agonist levels, the α- and δ-

granules are exocytosed individually, while at higher levels of stimulation, compound 

exocytosis is characteristic, starting with the fusion of α-granules (84).  

The α-granules are the most abundant of platelet granules, with 50-80/platelet (85) and 

contain both membrane-associated receptors (e.g. α2bß3 and P-selectin) and more than 

300 soluble proteins (86). These can regulate a wide variety of processes, such as 

angiogenesis (e.g. vascular endothelial growth factor), inflammation (e.g. interleukin-8), 

wound healing (e.g. vitronectin, platelet-derived growth factor, transforming growth 

factor ß) and hemostasis (e.g. vWF, fibronectin, thrombospondin 1, protein C, tissue 

factor pathway inhibitor (TFPI)) (87). Some factors are pro-thrombotic 

(thrombospondin-1, multimeric vWF(88), fibrinogen, coagulation factors FII, V, XI, 

XIII, high molecular-weight kininogen); others are anti-coagulatory (TFPI, protein S, 

protein C), or anti-fibrinolytic (plasminogen activator inhibitor-1 (PAI-1)) (87, 89, 90).  

Dense granules, the second most abundant platelet granules with 3-8/platelet, mainly 

contain bioactive amines (e.g. serotonin and histamine), high concentration of cations 

(e.g. Ca2+, Mg2+, K+), adenine nucleotides (e.g. ADP), polyphosphates, and 

pyrophosphates (91). The most prominent amplifier of initial platelet activation, ADP 

binds to purinergic receptors. P2Y1 receptor binding mediates Ca2+-mobilization, shape 

change, and transient aggregation through Gq-coupled phospholipase Cß2 (PLCß2) 

activation (92). Activation of the P2Y12 receptor (and subsequent Gi signaling)  

potentiates platelet secretion and sustains irreversible aggregation (92). Stimulation of 

both receptors simultaneously is required to initiate the synthesis of the short-lived 

prostanoid, thromboxane A2 (TXA2) (93). TXA2 binds to a thromboxane receptor that 

activates Gq and G12/13 signaling pathways (94). Another adenine nucleotide, ATP is 

also released from the dense granules and stimulates P2X1 receptors leading to Ca2+-

influx and consequent shape change and secondary granule secretion (92, 95). Another 

dense granule-derived activator, serotonin binds to 5-HT2A-receptors and, through Gq-
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mediated signals, can help amplify platelet response together with ADP (96). 

Polyphosphates originating from the dense granules of platelets consist of 60-100 

monomers and can be present as linear or as precipitated, membrane-associated 

nanoparticles (97-99). They act as proinflammatory and procoagulant mediators; linear 

polyphosphates stimulate the activation of FV (100) and FXI (101) and hinder the 

inhibitory effect of tissue pathway inhibitor (TFPI) on FXa and FVIIa (100). Initially, 

the activation of FXII through negative charges was thought to be mostly stimulated by 

bacteria-derived polyphosphates. Linear polyphosphates indeed have a lower potential 

because of their smaller size, but the nanoparticle form bound to platelet surface with 

the help of Ca2+ is also able to trigger contact system activation (99, 102).  

Lysosomes (1-3/platelet) have an acidic intraluminal pH and store hydrolytic enzymes 

(e.g. ß-hexosaminidase) (103). To release their content, greater stimulation is necessary 

than for α- and δ-granules. The exact role of these enzymes is not yet completely 

understood but is thought to contribute to the regulation of thrombus formation and 

remodeling of the extracellular matrix (90, 104).  

 

1.1.2.5. Membrane reorganization 

Activated platelets regulate the plasmatic or secondary hemostasis in more than one 

way. A critical part in the interplay between platelets and the coagulation system is the 

exposure of phosphatidylserine (PS) – and to a lesser extent phosphatidylethanolamine 

– on platelets (105). These anionic phospholipids are originally situated mostly in the 

inner layer of the plasma membrane of resting platelets and are readily transported to 

the outer layer upon sufficiently high and persistent calcium signal (62). The collapse of 

the original lipid asymmetry is caused by the activation of a scramblase (anoctamin 6 or 

transmembrane protein 16F (106)) and the inactivation of an aminophospholipid 

translocase (107). This "agonist-induced" pathway of PS exposure is distinct from the 

"apoptosis-induced" activation pathway (108). The exposed anionic phospholipids can 

interact with the γ-carboxyglutamic acid (Gla) domains in the K-vitamin-dependent 

coagulation factors (FII, FVII, FIX, FX, protein C, and S) (109). The tenase (with FIXa 

as the active serine protease and FVIIIa as a cofactor) and prothrombinase (with the 

serine protease FXa and the cofactor FVa) complexes of the coagulation system can 

assemble on this negative surface with the help of Ca2+, leading to a burst of thrombin 
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which cleaves fibrinogen to fibrin (110) (Fig.4.). The catalytic efficiency of the 

proteases in the tenase and prothrombinase complexes increases by several orders of 

magnitude on the lipid surface (111-113). The PS surface serves multiple functions: i) a 

localized catalytic surface is produced that restricts coagulation to the site of endothelial 

damage, ii) reaction rate is accelerated by the increased enzyme and substrate 

concentration on the membrane surface (114), iii) trimolecular complexes of enzyme, 

substrate, and cofactor enable proper juxtaposition of active site and scissile bond, and 

iv) the ordering of prothrombin cleavage reaction ensures sufficient thrombin 

concentrations (115). Alternatively, PS might bind to discrete regulatory sites on both 

factors Xa and Va to allosterically alter their proteolytic and cofactor activities (116).  

 

Figure 4. Role of cellular surfaces in the activation of plasmatic coagulation factors 

during hemostatic coagulation. The initiation of the coagulation cascade starts on the 

surface of TF-expressing subendothelial cells and leads to the activation of FIX and FX. 

Traces of thrombin activate the cofactors (FVIII and FV) of the tenase and 

prothrombinase complexes, respectively, in the amplification phase of coagulation. 

These complexes form on the surface of PS-exposing platelets during the propagation 

phase leading to the burst of thrombin and fibrin formation. FIX, X, V: coagulation 

factors, FVIIa, Va, IXa, VIIIa, Xa: activated coagulation factors, TF: tissue factor, PT: 

prothrombin, PS: phosphatidylserine. Adapted from (117). 
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Platelets can also release membrane vesicles formed by their cell membrane 

(microvesicles) or endosomal compartments (exosomes) (118). These small particles are 

together referred to as extracellular vesicles, although they appear to be heterogeneous 

and have a very diverse cargo (e.g. lipids (119), interleukins (120), mitochondria (121)). 

This enables the modulation of physiological and pathological processes, such as 

inflammation (120, 122, 123)  and cancer growth through cell-to-cell communication 

(124, 125), as well as the exchange of molecules between cells (123). They can exert 

both pro- (126, 127) and anticoagulant (128, 129) and even fibrinolytic (130) effects on 

hemostasis and their overall action appears to be dependent on the activating stimulus 

leading to their release (131). 

 

1.1.3. Aggregation 

After a platelet monolayer is formed on the exposed subendothelial protein, platelet-

platelet interaction called aggregation allows building a hemostatic platelet plug. The 

receptors and adhesive ligands involved in this complex and dynamic process depend 

on the shear rates present at the site of injury (132). Three distinct mechanisms can 

initiate aggregation on the first layer of adherent platelets. In solution or at low shear 

rates (<1000 s-1) observed in veins platelets become predominantly bridged by the 

symmetric binding of α2bß3 receptors by fibrinogen. Although this can happen 

independently of vWF in experiments performed in flow chambers (133), in vivo mice 

studies showed that platelet aggregation is also vWF dependent under venous conditions 

(134). As the shear rates increase to the arterial range, between 1000 s-1 and 10000 s-1, a 

two-step process develops, that also involves vWF-GPIb-IX-V mediated interaction 

(135). The initial step is the translocation of discoid, non-activated platelets on adherent 

discoid platelets through the formation of membrane tethers induced by shear stress 

(136). These reversible adhesive contacts depend on vWF-GPIbα and reversible 

fibrinogen-α2bß3 interactions (137-139). In the narrow space of aggregating platelets, 

soluble agonists (e.g. ADP, thrombin, TXA2) can accumulate and induce activation, 

shape change, and degranulation of platelets. The activation results in the irreversible 

change of α2bß3 integrin to a high-affinity state and thus, a stable bond between 

platelets (140). Additionally, fibronectin also appears to contribute to aggregation (by 



21 

 

binding to α2bß3) in a major way (141), as thrombi still form in the absence of vWF 

and fibrinogen (142).  

 

1.1.4. Influence on fibrin structure, clot retraction  

Many external factors affect the formation, structure, and properties of the fibrin 

scaffold that stabilizes the platelet plug, and platelets themselves are one of them. 

Increasing the activity of the serine protease thrombin that catalyzes fibrinogen-fibrin 

conversion has the greatest impact. Prothrombin activation to thrombin is highly 

enhanced on the surface of platelets as a result of their membrane reorganization and PS 

exposure. The increased thrombin activity leads to faster fibrin polymerization and 

thereby to clots with thinner fibers, more branch points, and smaller pores between the 

fibers (143, 144). Platelet FXIIIa then stabilizes the fibrin scaffold by introducing 

covalent cross-links between adjacent fibrin monomers (145, 146) reducing fiber 

thickness (144) and porosity of clots (147). The release of polyphosphates can also 

change the fibrin strands near activated platelets and make them thicker (148).  

The structure of the forming fibrin network is also modified by the strong adhesive 

forces between platelets and the fibers. As the conformation of the integrin α2bß3 

changes during platelet activation, its binding to the extracellular fibrin(ogen) (149) is 

enabled, which initiates outside-in signaling (150). The actin-myosin-based contractile 

system of platelets activated by the Ca2+-signal promotes a shape change (151). As 

α2bß3 is connected to the intracellular actin cytoskeleton via talin (152), the contractile 

forces generated within the cells are translated to the extracellular fibrin placing the 

fibers under tension (153). This so-called' clot retraction' enables contact signaling 

between the cells, stiffens fibrin, and increases its density in the platelet-rich areas of the 

thrombi (74).  

Platelets are not the only cellular elements in the forming thrombi with a connection to 

the fibrinogen and the fibrin network. Erythrocytes (red blood cells, RBCs) also interact 

with fibrinogen through a receptor related to the α2bß3 integrin of platelets (154-156). 

As the contracting platelets pull the fibrin scaffold tighter, fibrin compresses the RBCs 

bound to the forming thrombus. This leads to their shape change from the classical 

biconcave to polyhedral enabling their close compaction in the pores between the fibrin 

fibers (157). These tightly packed RBCs build a nearly impermeable seal mimicking the 
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barrier of the endothelial cell lining of vessels (157, 158). Thus, clot contraction is an 

indispensable step in reestablishing vessel wall integrity and inhibiting further blood 

loss. The erythrocytes may also provide a surface for the assembly of coagulation 

factors through their membrane PS (159) and further modify the structure of fibrin 

through increasing thrombin concentration (160). In vitro studies show that their capture 

in the fibrin matrix reinforces the structure by promoting the formation of thinner, more 

resistant fibers against fibrinolysis (161) and by decreasing the accessibility of fibers 

through the created diffusion barrier. The role of RBCs might have a bigger impact in 

the veins, as thrombi formed under venous flow conditions contain lots of erythrocytes 

(162), although several studies observed a considerable amount of RBCs in arterial 

thrombi as well (157, 163, 164).  

 

1.1.5. Regulation of fibrinolysis 

Platelets contain a host of factors that regulate fibrinolysis. The dissolution of the fibrin 

network within the vasculature is catalyzed by the serine protease plasmin, which is 

activated through the proteolytic cleavage of its inactive proenzyme (165), plasminogen 

by a plasminogen activator (e.g. tissue-type plasminogen activator – tPA (166), 

urokinase-type plasminogen activator – uPA (167), FXIIa (168)). Fibrinolysis is tightly 

regulated by the structure of the fibrin network as well as by plasminogen activation and 

plasmin inactivation; all of which are affected by platelets (169).  

Platelet FXIIIa increases the fibrinolytic resistance of thrombi by creating covalent 

cross-links between fibrin fibers and between fibrin and α2-antiplasmin, the principal 

inhibitor of plasmin (170). Clot retraction also leads to the condensation of the cross-

linked α2-antiplasmin (171). Platelet-rich clots bind less tPA (172), and extrude both 

plasminogen and its activator through clot retraction (173), hindering plasminogen 

activation. Interestingly, the clustering of lysing fibers in the platelet-rich regions of 

clots increases local fibrin-bound tPA concentration and a second, late phase 

acceleration of fibrinolysis can be observed (174). 

The resistance against tPA-mediated lysis of platelet-rich thrombi can be further 

explained by the high number of fibrinolytic inhibitors within platelets, that are readily 

secreted upon stimulation. Platelet-derived plasminogen activator inhibitor-1 (PAI-1), 

the serine protease inhibitor of both tPA and uPA accounts for the majority of 
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circulating PAI-1 (175) and can be found in a 2-3 fold higher concentration in arterial 

thrombi containing platelet dense regions (176), compared to venous thrombi (177, 

178). Upon strong activating signals (see detailed in sections 1.1.6. and 1.2.4.) this 

serpin is translocated to the outer leaflet of the platelet membrane by an α2bß3 integrin- 

and fibrin-dependent mechanism. A 60% fraction of PAI-1 is fully released while the 

remaining 40% is bound to the platelet surface (179). The secreted PAI-1 has a short 

half-life (180) and is stabilized by vitronectin (181), an adhesive glycoprotein that binds 

PAI-1 to fibrin forming a bridge between them (182). The α-granules contain other 

serpins (e.g. platelet C1 inhibitor (183), protease nexin-1 (184)), and histidine-rich 

glycoprotein (185) that can regulate fibrinolysis, but their relative contribution and 

importance are still obscure. The thrombin activatable fibrinolytic inhibitor reduces the 

availability of tPA and plasminogen binding sites on fibrin by removing the C-terminal 

lysine residues (186) and can also be released from the α-granules in sufficient 

concentrations to down-regulate fibrinolysis (187).  

Polyphosphates originating from the dense granules elicit numerous effects not only on 

coagulation, but also on fibrinolysis. Through the alteration of the structure of the fibrin 

scaffold, they delay tPA-mediated lysis (188) by decreasing the binding of plasminogen 

and tPA to fibrin (148). They also show profibrinolytic properties as they activate FXII 

(189), which then stimulates fibrinolysis by generating plasmin itself (190, 191). 

Moreover, they have been shown to bind uPA with high affinity and enhance 

plasminogen activation by this activator (192). 

 

1.1.6. Distinct platelet populations of the hemostatic plug 

Circulating platelets are not uniform, their morphology and function are heterogeneous 

with a still uncertain link between the two. Individual megakaryocytes – from which 

platelets mature – already differ considerably in the expression levels of cytoplasmic 

and membrane proteins (193, 194). Their environment also has an influence on the 

transcriptome of the developing platelets, which then undergo further changes during 

their maturation. Resting platelets, that vary in their intrinsic properties (e.g. size, age, 

protein composition (132)) come in contact with various extrinsic factors in their 

surroundings during their activation (e.g. exposure to agonists, contact with other cells, 

local rheology (30, 195, 196)) that further differentiate these cells. Differences in the 
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extent of their activation have already been displayed by electron microscopy images in 

the 1960s (197, 198).  

As reviewed by J . W. M. Heemskerk et al. (199) at least two distinct platelet 

populations develop at the site of vascular wall injury:' procoagulant' platelets that 

promote thrombin generation and fibrin formation building a dense inner core closest to 

the opening in the endothelial layer, and a 'discoid' platelet group in the outer shell of 

the thrombus responsible for aggregation and clot retraction (Fig.5.). These populations 

differ in their surface properties, their role in the coagulation process, and their 

activation state which strongly depend on local activator concentrations. This regional 

heterogeneity develops quickly after vessel wall damage and persists for at least an hour 

(200). 

In a hemostatic plug, the platelets arriving first to the site of injury come in contact with 

collagen in the damaged vessel wall. This stimulus promotes platelet activation with the 

release of α-granules (evidenced by the P-selectin positivity of these cells), the 

formation of pseudopods and lamellipodia, and the exposure of PS on their surface. As 

a result of the PS exposure, these platelets have an increased ability to bind coagulation 

factors on their negative surface (201). They are also able to release PS-containing 

microparticles further amplifying procoagulant response (202, 203). Consequently, 

thrombin generation also occurs mainly here, on the surface of these' procoagulant' 

platelets closest to the injury and the highest subendothelial TF concentration. It seems 

to be the primary factor (along with collagen (204)) in platelet activation in the 

innermost region, where 60% of the volume is comprised of very tightly packed' 

procoagulant' platelets. Despite its outward diffusion, thrombin does not extend the full 

width of the core before declining below critical concentration (205). The developing 

thrombin gradient is also mirrored in the distribution of fibrin within the plug. It 

concentrates mostly on the site of injury stabilizing the hemostatic thrombus, while also 

extending into the vessel wall (200).  

These platelets are less adhesive as their GPIbα and GPVI receptors are cleaved by 

members of a disintegrin and metalloprotease family in a process called glycoprotein 

shedding (206). Their capability to aggregate is also decreased because of the secondary 

inactivation of the α2bß3 integrin receptors after occupation with a ligand such as 
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fibrinogen (207), which comes with the modulation of certain epitopes in the protein 

(208). 

These platelets later assume a characteristic balloon shape with a protruding' cap' on 

their membrane with high amounts of aminophospholipids (209) and bound α-granular 

proteins (210) and plasmatic coagulation factors (211). Platelet FXIII (212) and plasma-

derived plasminogen are also mostly found in this area (213), as well as the secreted 

PAI-1, that co-localizes here with its cofactor vitronectin (179). Because of their 

morphological resemblance of cells undergoing necrosis, they were also termed' 

necrotic' (108). 

A subset of' procoagulant' platelets bind α-granular proteins (FV (214), fibrin(ogen), 

thrombospondin, fibronectin, vWF (215)) on their surface and have a' coated' 

appearance (216). This assembly of secretion products and plasmatic factors on the 

outer membrane of the cells was experimentally identified after stimulation with 

collagen and thrombin but did not happen in all PS-exposing platelets, however, there 

seems to be at least a partial overlap between these two platelet populations (214, 217).  

Although aging, apoptotic platelets also expose PS and have procoagulant potential, this 

phospholipid transfer relies on a distinct signaling pathway and is anoctamin-6 

independent (108, 218). 
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Figure 5. Hierarchical organization of the hemostatic thrombus. Adapted from 

(200). KO: knock out. Sema4D: semaphorin 4D is a cell surface molecule enabling 

contact-dependent signaling between adjacent platelets. Gi2 RGSi mutation: Gi2α is 

insensitive to feedback inactivation by regulators of G-protein signaling (RGS) creating 

a gain-of-function platelet phenotype with increased duration of ADP receptor, P2Y12 

signaling. For a detailed description see text. 

 

 

The increased packing density of the central platelets reduces the penetration of soluble 

plasma molecules, e.g. inhibitors of thrombin, so that they cannot effectively constrain 

thrombin activity in the central parts of the plug, but ADP released from the activated 

platelets is small enough to reach peripheral areas, where a different subpopulation of 

platelets create an outer shell. Here, the platelets recruited by ADP (and presumably 

TXA2) are P-selectin negative, indicating their lack of granule release and show no PS-

exposure. They take up a discoid form and are more loosely packed, therefore they may 

be more prone to detach from the aggregate. They expose activated α2bß3 integrin on 

their surface and bind fibrin and other platelets. Thus, the' discoid' platelets are 

responsible for clot retraction. As the platelet-fibrin clot becomes denser, contact-
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signaling of the platelets is also enabled. The size of the outer shell is probably limited 

by the declining ADP concentrations preventing unnecessary occlusion of the affected 

vessel (200).  
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1.2. Cyclophilin D 

 

1.2.1. The structure of the mitochondrial Cyclophilin D 

Cyclophilin D (CypD), a member of the cyclophilin family of peptidyl-prolyl, cis-trans 

isomerases (PPIase), is encoded by the Ppif gene and is a cytoplasm-translated globular 

protein with a molecular weight of ~22 kDa (219). The mature protein (~19 kDa) forms 

after the removal of its mitochondrial targeting sequence (220, 221) and resides in the 

mitochondrial matrix until activation when the protein binds to the inner mitochondrial 

membrane (222, 223). According to the structural analysis of the cyclophilin family, 

CypD's structure consists of 8 antiparallel ß sheets and 2 α-helices enclosing the sheets 

(224). The name' cyclophilin' signals the molecule's ability to bind to Cyclosporin A 

(CsA, see later in section 1.2.3.) (225, 226), which is enabled by an additional short α-

helical turn containing the active site residue tryptophan (W121) (224). Two highly 

conserved pockets near the active site, the proline interaction surface pocket (S1) and 

the substrate interaction surface pocket (S2) contribute to substrate specificity, binding, 

and turnover, while the less characterized "backface" of the molecule mediates the 

many protein-protein interactions of CypD (224, 227).  

 

1.2.2.  The role of CypD in the regulation of mitochondrial bioenergetics 

The physiological function and exact mechanism of action of CypD remain elusive to 

this day, but its significant role in the regulation of mitochondrial function is confirmed 

by decades of research. It appears to supervise mitochondrial ATP-synthesis, the 

activity of the electron transport chain , and controls the opening of the mitochondrial 

permeability transition pore (MPTP) (228). 

Reducing equivalents (NADH+H+ and FADH2) originating from the oxidation of 

nutrients act as electron donors for complex I and II of the electron transport chain  in 

the inner mitochondrial membrane, that transfer these electrons through a series of 

redox reactions to further electron acceptors (ubiquinone, complex III, cytochrome c, 

complex IV and finally oxygen). The complex I, III, and IV of the electron transport 

chain  harvest the energy freed by these redox reactions to create an electrochemical 

gradient (mitochondrial membrane potential, Δψm) through the inner mitochondrial 

membrane . Through the transport of protons into the intermembrane space develops a 
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proton motive force that drives the ATP synthesis of the FoF1-ATP synthase. The 

substrates of the ATP production, ADP, and inorganic phosphate are transported to the 

site of utilization by the adenine nucleotide translocase (ANT) and the mitochondrial 

phosphate carrier, respectively.  

In various experimental setups CypD appeared to support the formation of 

supercomplexes (containing complexes I, III, and IV), or' respirasomes' that enhance the 

generation of the proton gradient across the inner mitochondrial membrane (229, 230). 

On the other hand, assembly of' synthasomes' (comprising of oligomerized ATP 

synthase, ANT, and phosphate carrier) to increase the efficiency of ATP production 

were found to be inhibited by CypD action (231). 

The effectivity of this elaborate system relies on a tight coupling of the electron 

transport chain and ATP synthase activities (232). The regulation of the mitochondrial 

coupling controls the cell's substrate utilization, ATP production, and affects cellular 

physiology and health (233). If a mitochondrion is uncoupled, the proton motive force is 

dissipated, and ATP synthesis is repressed (234-236).  

The mitochondrial permeability transition pore (MPTP), first described by Hunter and 

Hayworth (237-239) is a regulator of coupling. It is described as a high-conductance, 

relatively unselective pore, that upon voltage-dependent opening enables the movement 

of molecules of maximum 1.5 kDa molecular weight through the inner mitochondrial 

membrane. The trigger of the pore opening appears to be the accumulation of Ca2+  in 

the matrix, with many factors influencing the required Ca2+-threshold, acting as 

sensitizers (e.g. reactive oxygen species – ROS (240, 241), low [H+]matrix, low Δψm 

(242), long-chain fatty acids (243), and ANT modulators atractyloside, 

carboxyatractyloside (244, 245)), or desensitizers (Mg2+, ATP, ADP, high [H+]matrix and 

ANT inhibitor bongkrekic acid (246)) of the process (247).  

The mitochondrial permeability transition (MPT) is accompanied by the osmotic influx 

of water to the mitochondrial matrix collapsing the mitochondrial membrane potential 

and resulting in swelling of the cell organ. The impaired capability of the mitochondria 

to produce ATP deteriorates the ion homeostasis of the cell, generally resulting in cell 

necrosis. A transient opening of the pore is also possible, which is hypothesized to act 

as a release valve lowering the [Ca2+] in the mitochondrial matrix (248, 249).  
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The exact molecular structure of the MPTP is still uncertain, although many candidates 

have been proposed throughout the years, among those CypD. As several other 

mitochondrial proteins (e.g. mitochondrial phosphate carrier (227, 250), ANT (251, 

252), the translocator protein of 18 kDa (253), the voltage-dependent anion channel 

(254, 255)), CypD's role as a potential structural element of the pore was also disproved, 

as its genetic deletion did not cause the complete elimination of MPTP activity (256, 

257). It did, however, alter its regulation, namely the pore's sensitivity to Ca2+, 

inorganic phosphate, and ROS is reduced if CypD expression decreases (258, 259). 

More recently, the c subunit of the FoF1-ATP synthase appeared to be the strongest 

candidate as the main structural element (260, 261), but again its fate followed that of 

the previous contenders (262-264).  

All these failed attempts to find a sole pore-forming protein have led researchers to 

hypothesize the existence of multiple components. The deletion of the c-subunits of the 

FoF1-ATPase (265) or alternatively, the deletion of three ANT isoforms (ANT1, 2, 4) 

both resulted in some remaining MPTP activity, but the conductance measured by 

patch-clamp analysis appeared distinct from the classical MPTP (264). The theory 

arising from these findings is that both ANT and the FoF1-ATPase can form 

permeability pores in the mitochondrial membrane, and the assembly or disassembly of 

an ATP synthasome might regulate the MPTP depending on bioenergetic needs. 

According to this hypothesis, the role of CypD is to stimulate synthasome disassembly 

when certain signals are present (e.g. high Ca2+, low ADP concentrations, ROS 

formation, etc.) to promote MPTP opening (231). Further work is necessary to clarify 

the relative contribution of these proteins to the formation of the pore. 

 

1.2.3. Pharmacological modulation of MPTP and CypD function 

Cyclosporin A (CsA) is a fungal cyclic undecapeptide and a known immunosuppressive 

agent used to treat post-transplant organ rejection (267, 268) and several autoimmune 

diseases (269-272). The adverse effects associated with its clinical use include 

thrombotic complications (273, 274). The therapeutic applications were originally based 

on its inhibitory effect on calcineurin, a calcium/calmodulin-dependent Ser/Thr protein 

phosphatase that normally upregulates the interleukin 2 expression of T cells and 

thereby mediates the cellular immune response (275, 276). CsA binds to its intracellular 
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receptor cyclophilin A (CypA) and the formed CsA-CypA complex inhibits calcineurin 

phosphatase activity. Without dephosphorylation, the nuclear factor of activated T cells 

cannot translocate to the nucleus to stimulate the transcription of inflammatory genes 

(277). More recent works indicate modulatory effects on the cell of the innate immune 

system as well (278-280). CsA also binds CypD with high affinity through hydrophobic 

interactions as well as hydrogen bonds (281, 282), and inhibits the PPIase activity (220, 

228, 283). 

Bongkrekic acid (Bk) is a highly unsaturated tricarboxylic fatty acid, a bacterial toxin 

(produced by Burkholderia gladioli pathovar cocovenenans), which causes food-borne 

poisoning (284). Bk and its synthetic derivatives can be used in experiments aimed to 

study MPTP because of its inhibitory effect on the ANT. ANT is locked in its' m’ 

(matrix-oriented) conformation when bound to Bk and thereby MPT pore formation 

becomes inhibited (246, 285).  

 

1.2.4. MPTP opening in platelets 

The phosphatidylserine exposure on the platelet surface is MPTP dependent and 

proposed to be an indirect result of the [Ca2+] elevation (286).  

It requires a prolonged and substantial rise in the intracellular [Ca2+], which can be 

reached only through certain ’strong’ platelet activators (199). Adhesion to collagen in 

the vessel wall can cause appreciable PS exposure, but for it to be detectable in a 

substantial fraction of platelets, additional stimulation is necessary. Through the 

simultaneous stimulation of both PLCγ (via GPVI or α2bß3) and PLCß (via PAR1/4) 

isoforms, a sufficient Ca2+ signal can be achieved for the formation of ’procoagulant’ 

platelets. Co-stimulation by collagen and thrombin – that happens primarily through 

GPVI and PAR1 receptors, respectively – seems to be the most successful (287-289) as 

together they are able to activate receptor-operated Ca2+ entry mechanisms that are 

inactive upon singular stimulation. TRPC channels and the Na+/Ca2+ exchanger are 

involved in this process resulting in Na+ influx and consequential sustained [Ca2+] 

elevation (62).  

Another highly efficient inductor is the combination of thrombin and ROS signal (e.g. 

H2O2) (63). Reactive oxygen species (ROS) are formed by the partial reduction of 

oxygen and are natural by-products of aerobic metabolism. The term describes several 
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factors, such as superoxide anion (O2
-), hydrogen peroxide (H2O2), hydroxyl radical 

(OH-), and hypochlorous acid (HOCl). Platelets can be both the target and the source of 

ROS. They are continuously exposed to them even under physiological conditions, as 

cells of the vessel wall provide a low flux of ROS (290, 291). Platelets themselves are 

also able to produce a significant amount of ROS upon stimulation, suggesting 

autocrine or paracrine roles in platelet activation (292). Moreover, many pathological 

situations are associated with oxidative stress and elevated ROS levels, e.g. 

inflammation (293), atherosclerosis (294, 295), diabetes (296, 297). ROS can stimulate 

MPTP formation through cross-linking of cysteine thiol groups in the regulatory 

components of MPTP (298).     

Other agonists, such as vWF (299), fibrinogen, ADP, thrombospondin (300) can also 

boost PS exposure of collagen-stimulated platelets by increasing the Ca2+ signal via 

their respective receptors but are unable to cause a sufficient rise in the [Ca2+] on their 

own.  

In addition to the Ca2+ signal arising from calcium release from intracellular stores or 

import from the extracellular space, the opening of the mitochondrial permeability 

transition pore is also an absolute requirement in the process (301).   

According to the recent model of N. Abbasian et al. (64) multiple Ca2+ signaling events 

determine whether a platelet becomes procoagulant or not. Platelet agonists initiate the 

release of Ca2+ from intracellular Ca2+ stores, or the extracellular space leading to the 

elevation of cytosolic Ca2+ concentration ([Ca2+]cyt). This is followed by a passive 

calcium influx through the mitochondrial calcium uniporter, increasing the [Ca2+]mit 

levels. This initial increase in [Ca2+]cyt and the consequent rise of [Ca2+]mit varies 

between platelets depending on the activating signal. Only platelets simultaneously 

stimulated with ’strong’ agonists can reach the minimum threshold that results in the 

opening of the mitochondrial PTP. The MPTP opening then triggers a ’supramaximal’ 

Ca2+ signal in the cytosol that is necessary for the formation of a ’procoagulant’ platelet 

(64). Their studies indicate, that a Ca2+ elevation estimated at approximately 166 μM is 

reached. The low Ca2+ sensitivity of anoctamin-6 might explain why such a high 

concentration is needed for PS exposure (302, 303).  

The threshold for MPTP opening is modulated by the sensitizing effects of CypD (304), 

consequently, many investigations have been carried out to define the role of CypD in 
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platelet function. Using ’strong’ activators (thrombin and collagen-analog convulxin, or 

H2O2) in in vitro setups, these studies proved the critical function of CypD in various 

processes. The formation of ’coated’ platelets was hindered by CypD inhibition with 

CsA (as well as in the presence of the ANT-inhibitor Bk) (305). Genetic ablation of 

CypD (63, 301), as well as pharmacological inhibition (CsA) (207), resulted in 

decreased PS exposure. The epitope modulation and inactivation of α2bß3 were also 

found to be abrogated in CypD−/− or CsA-treated platelets (207, 306). Membrane 

vesiculation and the attenuation of clot retraction are also CypD dependent (63), just 

like the shape change stimulated by these activators (306).   

Several studies also applied in vivo experiments, where the consequences of the loss of 

CypD function were assessed during thrombus formation triggered by photochemical 

(63) or ferric chloride (FeCl3)-induced endothelial injury (307). In the photochemical 

experimental model both germ-line deletion of CypD (63) and platelet-specific knock-

out of the gene (306) result in accelerated thrombosis. The FeCl3-induced endothelial 

damage on the other hand leads to hampered thrombus formation in the case of CypD 

deletion (307). 
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2. OBJECTIVES 

2.1. Platelet content of arterial thrombi 

In the first part of this work, our goal was: 

 

1. To determine the platelet content of arterial thrombi from different locations 

2. To identify clinical determinants of platelet occupancy.  

 

2.2. Effects of CypD and CsA on the morphology and function of platelets 

Although the studies mentioned in section 1.2.4. have provided invaluable insight on the 

critical roles of CypD in platelet activation, a number of important details are still 

unknown. To address these questions and expand our knowledge in the field, our aims 

were the following: 

 

1. To monitor changes in platelet structure triggered by ’strong’ platelet agonists 

2. To study the role of CypD in ’mild’ stimulus-induced platelet activation  

3. To improve our understanding of the effects of MPTP-dependent and -

independent molecular pathways of CsA in platelet aggregation  

4. To introduce an impedance-based method to follow real-time platelet adhesion 

and spreading 

5. To characterize the impact of CypD on the lytic susceptibility of platelet-fibrin 

composite clots.  

 

2.3. Structural properties of cancer-associated venous thrombi  

In the last part of our study, our aim was: 

1. To determine the RBC content of venous thrombi formed in human pancreatic 

tumor-bearing mice 

2. To characterize the fibrin structure of these thrombi. 
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3. METHODS 

 

3.1. Investigations of platelet content of arterial thrombi  

 

3.1.1. Patients  

Between 2014 and 2016, 208 consecutive patients (66 coronary artery disease, CAD 

patients; 64 peripheral artery disease, PAD patients, and 78 acute ischemic stroke, AIS 

patients) were prospectively enrolled.  

 

3.1.2. Thrombus collection 

Coronary (CAD) patients with symptoms of STEMI or NSTEMI that met the inclusion 

criteria (definite diagnosis of acute myocardial infarction, eligibility for percutaneous 

coronary intervention, no previous thrombolytic therapy, TIMI thrombus grade≥3) were 

referred to primary percutaneous coronary intervention. Pretreatment with 500 mg 

aspirin, 5000 IU intravenous bolus of unfractionated heparin, abciximab (if there was no 

absolute contraindication), and 600 mg clopidogrel was administered to all patients. 

Those already on anti-platelet therapy on a regular basis received a reduced dose. This 

was immediately followed by the revascularization process: angiography and 

thromboaspiration were performed from radial or femoral access with QuickCat 

(Spectranetics Int., Leusden, Netherlands), Export (Medtronic Inc, Minneapolis, MN), 

or Eliminate (Terumo, Gifu, Japan) aspiration catheters.  

Thrombendarterectomy (with Fogarty catheter) or semi-closed endarterectomy (with 

Vollmar ring stripper) were performed on patients presenting with acute symptoms of 

peripheral artery thrombosis (PAD) under local or general anesthesia. The inclusion 

criteria were: definite radiographic and clinical diagnosis of arterial occlusion and 

eligibility for surgery. Thrombi formed in bypass-grafts or emboli stemming from 

lesions proximal to the site of occlusion were not handled separately in the study. 

During vascular reconstruction 150 IU/kg systemic heparin was given before clamping 

(308). 

In AIS, thrombi were removed via stent thrombectomy from acutely occluded large 

vessels of the circle of Willis. All patients with a definite diagnosis of AIS eligible for 

mechanical thrombectomy were included during the study period providing that a clot 
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was successfully removed. Prior to mechanical thrombectomy recombinant tissue-type 

plasminogen activator was administered to patients who were eligible for intravenous 

thrombolysis.  

The study was approved by the institutional and regional ethical board 

(Ref.#8/2014/18.09.2014) and informed written consent was obtained from all 

participants or their legal guardians. The research also conforms to the principles 

outlined in the Declaration of Helsinki. 

 

3.1.3. Scanning electron microscopic (SEM) imaging of  arterial thrombus 

composition  

Samples were placed into 100 mM Na-cacodylate pH 7.2 buffer for 24 h at 4 °C 

immediately after extraction and after repeated washes with the same buffer fixed in 1% 

(v/v) glutaraldehyde for 16 h. The dehydration of the samples carried out in a series of 

ethanol dilutions (20%-96% v/v), a 1:1 mixture of 96% (v/v) ethanol/acetone, and pure 

acetone followed by critical point drying with CO2 in E3000 Critical Point Drying 

Apparatus (Quorum Technologies). The specimens were mounted on adhesive carbon 

discs and sputter-coated with gold in SC7620 Sputter Coater (Quorum Technologies). 

Randomly selected images from separate parts of thrombi were taken with scanning 

electron microscope EVO40 (Carl Zeiss) and the manufacturer's software to control for 

composition heterogeneity (309). Altogether 10 images were taken of each thrombus 

with SEM EVO40 (Carl Zeiss GmbH, Oberkochen, Germany), using 5000x 

magnification. Surface occupancy of cellular components and fibrin network was 

determined in typically 5 images (exceptionally 4) at the lower magnification after 

dividing the images to 864 equal-sized square regions of interest using Photoshop 7.0.1 

CE (Adobe, San José, CA, USA) and based on morphological characteristics each 

region was classified as occupied by fibrin, platelets or other blood cells. Thrombus 

composition was then calculated as a percentage of regions occupied by each 

component out of the total area of the image as previously described (310).  

 

3.1.4. Statistical procedures 

Each patient was characterized by an array of routine clinical data and surface 

occupancy data from tj number of SEM images. During the analysis of the occupancy 
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data, the sections of a thrombus could not be treated as separate observations, because 

the intra-individual heterogeneity would have been neglected and the patients with 

larger sets of SEM data would be ascribed a higher weight in the conclusion derived. 

That is why the sets of occupancy data were treated as fuzzy samples. The degree of 

membership to the general population of any observation of patient number j in such a 

fuzzy sample was assumed to be 1/tj. The so formed fuzzy sample accounted for inter-

individual heterogeneity in thrombus occupancy, because each patient would influence 

the conclusions equally. 

A Kuiper statistical test for equality of distribution (311) and a one-tail statistical test 

for median equality (308) were used to identify differences in the characteristics of two 

one-dimensional continuous populations. Each of the populations was represented by 

independent and identically distributed samples of fuzzy observations. Bootstrap 

procedures that do not use any other parametric assumptions were implemented with 

10,000 pseudo-realities, equal size generation over empirical cumulative distribution 

function as previously described (312).  

 

3.2. Investigations on the effects of CypD and CsA on platelet morphology and 

function 

 

3.2.1. Animals 

WT and CypD−/− littermate mice (of C57Bl/6 J background, either sex, between 60 and 

180 days of age) were housed in a room maintained at 20–22 °C on a 12 h light-dark 

cycle with food and water available ad libitum. Experiments were performed in 

accordance with the guidelines and regulations of the Code of Animal Welfare and 

Experimentation Rules of Semmelweis University (act #106/b//2013., IX. 26) and 

approved by the Animal Care and Use Committee of Semmelweis University. 

 

3.2.2. Preparation of platelets 

After anesthesia by the intraperitoneal injection of 400 mg/kg chloralhydrate, the 

inferior cava vein was made accessible by median laparotomy and terminal blood 

collection was performed. Blood samples were then collected into pre-prepared 
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Eppendorf tubes with 85 mM trisodium citrate, 66 mM citric acid, 80 mM glucose at an 

anticoagulant/blood ratio of 1:9.  

Citrated human blood was obtained from healthy individuals. Platelet-rich plasma was 

prepared by centrifugation of samples at 150g for 10 min at 25 °C. Platelet-rich plasma 

was diluted 4-fold in 63 mM TRIS, 95 mM NaCl, 12 mM citric acid, 1 µM PGE1, 1 

U/ml apyrase, pH 6.5 and centrifuged at 600 g for 10 min at 25 °C. Platelets were 

resuspended in PBS (phosphate-buffered saline: 134 mM NaCl, 2.9 mM KCl, 20 mM 

Na2HPO4, 12 mM NaHCO3, 1 mM MgCl2, 5 mM glucose, pH 7.35), and the supernatant 

was discarded. Cell counts were determined using an Abacus Junior B Hematology 

Analyser (Diatron, Budapest, Hungary). 

 

3.2.3. Morphological imaging of platelets by scanning electron microscope (SEM) 

Washed platelets at 1.5 × 105/µl in PBS containing 2.5 mM CaCl2 were placed on glass 

cover slips coated with 0.05 mg/ml collagen G (Biochrom AG, Berlin, Germany) in 

150 mM NaCl 10 mM HEPES pH 7.4 overnight at 4 °C. Platelets were activated with 

25 nM thrombin (Serva Electrophoresis GmbH, Heidelberg, Germany, further purified 

and characterized as described previously (313, 314)) for 0/15/30 min at 37 °C in the 

absence or presence of 2 µM CsA. In certain cases, 10 µM CuSO4, 10 µM 

homocysteine, and 100 µM H2O2 (indicated as ROS whenever applied in the 

measurements) were also added. This ROS mix was selected to generate hydroxyl 

radicals through a copper/thiol-dependent chemistry (315, 316) at physiologically 

relevant concentrations of the components. Hydroxyl radical formation was confirmed 

with the fluorescent probe coumarin-3-carboxylic acid (317).  

For the preparation of fibrin clots, 6 µM fibrinogen (human, plasminogen depleted from 

Calbiochem, LaJolla, CA, USA) was supplemented with washed platelets at 0.5 × 105/µl 

in PBS containing 2.5 mM CaCl2 and 250 ng/ml convulxin ± 1 µM CsA. In another 

experimental setup washed platelets were pretreated with 2 µM CsA/50 µM FK-

506/20 µM Bk or their respective vehicles for 30 min at 37 °C. Fibrin clots were 

prepared by mixing 6 µM fibrinogen with platelets at 105/µl, 2.5 mM CaCl2, and 10 µM 

ADP in the presence or absence of the previously described ROS mix. The samples 

were clotted with 15 nM thrombin for 2 h. Platelet activation and clot formation were 

terminated using 3% glutaraldehyde in 100 mM Na-cacodylate pH 7.2. Further 
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treatment of the fixed samples, as well as generation and analysis of images, was carried 

out as described in section 3.1.3. (318). 

The morphometric analysis of these clots included the measurement of fibrin fiber 

diameters followed by evaluation of their distribution using scripts running under the 

Image Processing Toolbox of MatLab R2015a (Mathworks, Natick, MA). A grid was 

drawn over the image with 10–15 equally-spaced horizontal lines and all fibers crossed 

by them were included in the analysis. The diameters were measured by manually 

placing the pointer of the Distance tool over the endpoints of transverse cross-sections 

(always perpendicularly to the longitudinal axis of the fibers) of 300 fibers from each 

image (2-6 images per clot type) (308, 309, 319).  

 

3.2.4. Morphological imaging of platelets by transmission electron microscope 

(TEM) 

Washed platelets at 3.3 × 105/µl in PBS containing 2.5 mM CaCl2 were activated with 

25 nM thrombin and 250 ng/mL convulxin at 37 °C. In certain cases, ROS ± 2 µM CsA 

was also added. After 2 h of activation, platelets were centrifuged at 1500 g for 5 min. 

Supernatants were discarded, samples were treated with 30 µl 3% glutaraldehyde in 

100 mM Na-cacodylate pH 7.2 for 16 hours, followed by centrifugation as described 

above. The pellet was treated with 1% OsO4 (in distilled water) for 6 hours at 4 °C. 

After washing with distilled water, the cells were suspended in 10 µl of 1% low 

melting-point agarose at 40 °C. After congelation, 1 mm3 pieces were dehydrated in 20–

96% (v/v), absolute ethanol, propylene oxide, then infiltrated and embedded in 

Durcupan ACM Epoxy Resin. Resin blocks were polymerized for 48 h at 60 °C and 

80 nm sections were made using Leica UC7 ultramicrotome (Leica Microsystems, 

Wetzlar, Germany). Sections were mounted on 100-mesh nickel grids coated with 

Formvar (SPI-Chem, West Chester, PA, USA), contrasted with 1% (w/v) aqueous 

uranyl acetate and 0.08% (w/v) lead citrate, and examined using a Philips Morgagni 

268D electron microscope (FEI, Eindhoven, Netherlands) at an accelerating voltage of 

100 kV. Images were analyzed using siViewer 5.1 (Olympus Soft Imaging Solutions, 

Münster, Germany) and ImageJ (NIH, Bethesda, MD) software. From TEM images 

depicting individual platelet cross-sections, the total area of membrane-bearing 

organelles (TO) as well as total platelet cross-section area was measured (TC). 
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Normalized organelle area was calculated as TO/(n × TC) for each evaluated image, 

where n is the number of detected organelles. 

 

3.2.5. Platelet functional assays – adhesion and spreading 

Cell adhesion and surface spreading were monitored in E-plates (ACEA Biosciences, 

Ind., USA) in an xCELLigence System (Roche Applied Science, Indianapolis, USA) 

(320, 321). During the attachment of cells, an increase in the impedance can be 

registered, which depends on the local ionic environment, the number, and spreading of 

cells adhered to the surface of the electrodes at the bottom of wells. The change in 

impedance is represented as Cell Index (CI), which is calculated as CI = (Zi − Z0)/F 

where Zi is the impedance at an individual time point, Z0 is the impedance at the start of 

the experiment and F is a constant depending on the applied frequency. 

Human platelets at 2 × 105/µl in PBS were pre-incubated with 2 µM CsA or 1% ethanol 

(as vehicle control) for 30 min at 37 °C.  

PBS was added to each well and the impedance was detected for 1 h to obtain constant 

background values. Thereafter, 2.5 mM CaCl2 ± 10 µM ADP was added and a second 

baseline was measured. After the addition of the pre-incubated platelets at 105/µl, the 

impedance was recorded at 10 kHz for 24 h, using only PBS-containing wells as control. 

Impedance curves were analyzed using the Curve fitting toolbox of Matlab 7.10.0.499 

(R2010a) (The Mathworks, Natick, MA, USA) software to calculate maximal 

impedance and initial slope values. 

 

3.2.6. Platelet functional assays – aggregation assay 

Aggregation was monitored with a Carat-TX4 optical aggregometer (Carat Diagnostics, 

Budapest, Hungary) (322). Washed platelet count was adjusted to 2 × 105/µl by dilution 

with PBS containing 2.5 mM CaCl2 and 6 µM fibrinogen, and aggregation was induced 

by 10–50 µM ADP after 30 min of incubation with CsA, Bk or FK-506, or their 

vehicles. Aggregation was expressed as a percentage of maximal transparency measured 

with PBS. Aggregation curves were analyzed with the integrated software of the 

instrument to calculate initial slope and maximal aggregation values. 
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3.2.7. Platelet functional assays – tissue factor-induced clotting assay 

Washed platelets (at a final count of 105/µl) were incubated for 30 min at 37 °C with 

2 µM CsA, 50 µM FK-506 or 20 µM Bk or their vehicles (1% ethanol, 0.5% DMSO or 

2 mM NH4OH, respectively). FK506 (Tacrolimus) is a selective calcineurin inhibitor, 

also clinically used as an immunosuppressant (323). It acts by forming a complex with 

its intracellular binding protein (FK506-binding protein-12) enabling interaction with 

calcineurin (324). Using FK506, we can differentiate between the CypD- and 

calcineurin-dependent effects of CsA. After pre-activation with 10 µM ADP, platelet 

suspensions were mixed with citrated human pooled plasma at a ratio of 1:1 and 

supplemented with 12.5 mM CaCl2. Clotting was initiated by the addition of 

1200 × diluted recombinant thromboplastin Dia-PT R (Diagon Kft, Budapest, Hungary) 

and monitored at 37 °C in two assay settings. (i) Clotting time was measured in a KC-

1A electromechanical coagulometer (Amelung, Lemgo, Germany). (ii) Clot formation 

was monitored by registering the absorbance at 340 nm with a CLARIOstar microplate 

reader in a turbidimetric assay (BMG LABTECH, Ortenberg, Germany), and clotting 

time defined as time to reach half-maximal absorbance. 

 

3.2.8. Platelet functional assays – turbidimetry assay of fibrinolysis 

tPA-driven lysis was studied in clots prepared from 6 µM fibrinogen supplemented with 

0.5 µM plasminogen (isolated from human plasma(325)), 2.5 mM CaCl2, 10 μM ADP, 

in certain cases ROS, human or murine platelets at 0/1/2 × 105/µL, and clotted with 

16 nM thrombin for 60 min, in a total volume of 120 µl. Lysis was initiated by the 

addition of 100 µl of 50 µg/mL tPA to the clot surface. Clot formation and dissolution 

were followed by measuring the light absorbance at 340 nm at 37 °C with a Zenyth 

200rt microplate spectrophotometer (Anthos Labtec Instruments GmbH, Salzburg, 

Austria). Lysis curves were analyzed with a self-designed script running under the 

Matlab software to determine the time needed to reduce the turbidity of the clot to a 

given fraction of the maximal (initial) value (t50 to reach 0.5Amax, t10 to reach 0.1Amax) 

as a quantitative parameter of fibrinolytic activity (326). 
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3.2.9. Statistical procedures 

The distribution of fibrin fiber diameter data was analyzed using the algorithm 

described previously (318, 319): theoretical distributions were fitted to the empirical 

data sets and compared using Kuiper’s test and Monte Carlo simulation procedures. On 

other datasets with three or more compared subsets, ANOVA was performed. For 

datasets with small sample sizes (n < 9), where the normal distribution of the evaluated 

numeric data could not be confirmed, non-parametric statistical tests were applied. The 

Kolmogorov-Smirnov test was chosen because of its robust power to compare 

distributions of two data sets independently of their distribution. For the comparison of 

three or more datasets, the Kruskal-Wallis test was used. All statistical tests were 

performed using GraphPad Prism 6.00 (GraphPad Software, La Jolla California USA) 

and the Statistical Toolbox 7.3 of Matlab. Data are presented as mean ± standard error 

of mean (SE), except for fibrin fiber diameter given as median and bottom–top quartile 

values. 

 

3.3. Investigations of the structural properties of venous thrombi formed in human 

pancreatic tumor-bearing mice 

 

3.3.1. Cells and mouse tumor model 

Our collaborators in N. Mackman’s lab generated luciferase-expressing BxPc-3 cells, 

injected the cells into the pancreas of mice, and used an inferior vena cava (IVC) stasis 

model to obtain thrombi. They provided the thrombi samples that we studied using 

scanning electron microscopy. 

A human pancreatic cancer cell line BxPc-3 expressing the firefly luciferase reporter 

was used. The human pancreatic cancer cell line BxPc-3 was obtained from the 

American Type Culture Collection (Manassas, VA, USA). BxPc-3 cells were cultured 

in RPMI-1640 medium (Gibco, Waltham, MA, USA) with 10% fetal bovine serum 

(Omega Scientific, Tarzana, CA, USA) and 1% antibiotic–antimycotic (Gibco). 

BxPc-3 cells were infected with a Cignal Lenti Positive Control (luc) vector containing 

the luciferase reporter gene (Qiagen, Hilden, Germany). The vector (multiplicity of 

infection of 25) was added to 1.0 x 104 BxPc-3 cells in a 96-well cell culture plate 

(Corning, Corning, NY, USA). Infected BxPc-3 cells were incubated for 24 h at 37 °C, 
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and cells containing the vector were selected in RPMI-1640 containing 5 μg mL-1 

puromycin (Sigma Aldrich, St Louis, MO, USA) for 3 weeks. To confirm that the cells 

were expressing luciferase, BxPc-3 cells were incubated with Xenolight D-luciferin 

(150 μg/mL) (Perkin Elmer, Waltham, MA, USA) for 5 min at room temperature. 

Luciferase expression was measured with the IVIS Kinetic in vivo imaging system 

(Caliper Life Science, Waltham, MA, USA). 

Crl:NU-Foxn1nu male mice (nude mice) aged 6–8 weeks were purchased from the 

animal service core facility at the University of North Carolina at Chapel Hill. 

Luciferase-expressing BxPc-3 cells (2.0 x 106 cells per 40 μL of phosphate-buffered 

saline/matrigel [1:1]) were injected into the pancreas, and tumors were grown for 7–10 

weeks. Luciferase expression was measured with the IVIS Lumina in vivo imaging 

system (Caliper Life Science) every week. When the orthotopic tumors gave a signal 

count of ≥ 2.0 x 105, mice were scheduled for a thrombosis experiment. Some of the 

variations in tumor size was attributable to differential growth rates of the tumors and 

delay in scheduling the thrombosis experiments. Mice with tumors weighing ≥ 2 g were 

used for all of the thrombosis experiments. All animal studies were approved by the 

University of North Carolina at Chapel Hill Animal Care and Use Committee and 

complied with National Institutes of Health guidelines. 

 

3.3.2. Thrombosis model 

The IVC was exposed, carefully separated from the aorta, and fully ligated with 5-0 silk 

suture below the left renal vein. Any side branches close to the IVC ligation site were 

also ligated, and the back branches were cauterized. The Vevo 2100 Imaging System 

(FUJIFILM VisualSonics, Toronto, Ontario, Canada) was used to monitor the 

development of clots at 3 h, 6 h, 24 h, and 48 h after IVC ligation. Clots were harvested 

at 48 h and weighed.  

 

3.3.3. Scanning electron microscopic (SEM) imaging of venous thrombus 

composition 

Thrombi were processed as described in section 3.1.3. The same imaging method and 

evaluations were used as for the investigations regarding arterial thrombus composition. 

However, in this case, each region was classified as occupied by fibrin, red blood cells, 



44 

 

or their combination based on morphological characteristics. Thrombus composition 

was then calculated as the percentage of regions occupied by each component out of the 

total area of the image. The morphometric analysis of fibrin fibers in venous thrombi 

was also performed as described previously in section 3.2.3. 

 

3.3.4. Statistical procedures 

Multiple number of measurements on the morphometric characteristics of SEM images 

(fiber diameter or area occupied by cells) were performed in each of the experimental 

animals belonging to two groups – tumor (k=1) and control (k=2). These groups were 

composed of n1 and n2 number of mice, respectively. Thus, for the i-th mouse from the 

k-th group, we performed mi,k measurements of the respective signal (S), organized in 

the sample  1 2 i ,k

i ,k i ,k i ,k
i ,k mS ,S , ,S =  and the goal of the statistical procedure was to 

identify if there was any difference in S measured in the two groups. The distributions 

of S in the two groups could be compared at different chosen  -quantile levels. 

Typically we performed comparisons for  {0.25, 0.50, 0.75} (bottom quartile, 

median, top quartile). If i ,k was the  -quantile estimate of the i-th mouse in the k-th 

group, the random variable k  (the  -quantile estimate of the k-th group) had nk 

realizations calculated from i ,k  for i=1,2,…,nk. Then 1  and 2  could be compared by 

any numerical characteristics estimate 1,NC   and 2,NC   (NC could be median, mean, 

standard deviation, interquartile range). For example, ( )2 2,med med = was the 

median estimate of the selected  -quantile estimate of the second group, whereas 

( )1 1,IQR IQR = was the interquartile range estimate of the selected  -quantile 

estimate of the first group. The random variables k ,NC   had a single realization in the 

described experiment. To compare the distribution of a pair of random variables (e.g. 

10 5, .med  and 2 0 5, .med ), we created two samples each containing M=200 Bootstrap 

realizations of each variable. In the r-th pseudo-reality, for each mouse from the k-th 

group we generated a synthetic Bootstrap sample  r ,s
i ,k  using drawing with replacement 

from the original sample i ,k  (327). We calculated r ,s
k  from r ,s

i ,k and then compressed 

the nk synthetic quantiles into the selected numerical characteristic r ,s
k ,NC  . Finally, for 
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both groups we had a sample containing M=200 numerical characteristics of the 

selected   -quantile. The distributions of the two variables 1,NC  and 2,NC   

(represented in the two samples) were compared using Bootstrap Kuiper test with 

N=10,000 pseudo-realities (311). The evaluation procedure was performed with original 

functions - available at request - running under Matlab 9.5.0.944444 (R2018b) with 

Statistics and Machine Learning Toolbox v. 11.4 (The Mathworks, Natick, MA). 
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4. RESULTS 

 

4.1. Platelet content of arterial thrombi  

Table I. summarizes the clinical characteristics and basic laboratory findings of the 

patient cohort. If atherosclerotic plaques were found during the procedure or via carotid 

ultrasound (B mode), atherosclerosis was diagnosed. The patients with elevated fasting 

blood cholesterol or triglyceride levels or on lipid-lowering therapy were considered 

dyslipidaemic. Thrombophilia was determined from patient history. 

 

Table I. Patient characteristics. Values are provided as median ± IQR or percentages 

followed in parenthesis by the number of subjects included in the analysis. CAD: 

coronary artery disease, PAD: peripheral artery disease, AIS: acute ischemic stroke, 

WBC=white blood cell count, Plt=platelet count, CRP=C-reactive protein, 

Hgb=hemoglobin, ASA=acetylsalicylic acid, rtPA=recombinant tissue-type 

plasminogen activator. 

  CAD (66) PAD (64) AIS (78) All (208) 

Patient characteristics 

Male 68.2% (45/66) 56.3% (36/64) 61.5% (48/78) 62% (129/208) 

Patients’ age 63.4±16.4 (66) 67.1±13.7 (64) 60.8±15.4 (78) 64.5±15.1 (208) 

Laboratory findings 

WBC (103/µL) 11.0±6.4 (66) 9.1±4.2 (62) 9.7±5.4 (78) 10.2±4.8 (206) 

Plt (103 /µL) 227.5±97 (66) 195±135 (62) 208.5±82 (78) 211±103 (206) 

CRP (mg/L) 4.9±12.7 (65) 11.6±18.8 (33) 4.0±8.8 (62) 5.1±12.6 (160) 

Hgb (g/L) 137±24.2 (66) 128.9±45.1 (62) 138.6±27.4 (78) 8.4±1.8 (206) 

Fibrinogen (g/L) 3.7±1.4 (49) 4.1±1.6 (36) 2.2±1.2 (29) 3.4±1.6 (114) 

Etiology 

Thrombophilia 0% (0/66) 0% (0/17) 5.2% (4/77) 2.5% (4/159) 

Cardiac 

embolization 
0% (0/66) 11.8% (2/17) 49.4% (38/77) 25.2% (40/159) 

Atherosclerosis 100% (66/66) 70.6% (12/17) 26% (20/77) 61% (97/159) 

Dissection 0% (0/66) 0% (0/17) 3.9% (3/77) 1.9% (3/159) 
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  CAD (66) PAD (64) AIS (78) All (208) 

Cryptogenic 0% (0/66) 17.6% (3/17) 15.6% (12/77) 9.4% (15/159) 

Antithrombotic medication (prior to intervention) 

ASA 100% (62/62) 41.9% (26/62) 24.7% (18/73) 53.8% (106/197) 

Clopidogrel 100% (62/62) 22.6% (14/62) 12.3% (9/73) 43.1% (85/197) 

Oral 

anticoagulant 
- 6.7% (1/15) 19.5% (15/77) - 

rtPA - - 51.3% (40/78) - 

Comorbidities and risk factors 

Atherosclerosis 100% (66/66) 79.4% (50/63) 50.6% (39/77) 75.2% (155/206) 

Diabetes 25.8% (17/66) 31.7% (20/63) 20.8% (16/77) 25.7% (53/206) 

Hypertonia 69.7% (46/66) 79.4% (50/63) 79.2% (61/77) 76.2% (157/206) 

Hyperlipidaemia 50% (33/66) 55.6% (35/63) 35.1% (27/77) 46.1% (95/206) 

Uremia 18.2% (12/66) 9.5% (6/63) 0% (0/78) 8.7% (18/207) 

Thrombophilia 3% (2/66) 1.6% (1/63) 2.6% (2/78) 2.4% (5/207) 

Tumor 18.2% (12/66) 11.1% (7/63) 15.6% (12/77) 15% (31/206) 

Smoking 

Never 54% (34/63) 41.3% (26/63) 12.5% (2/16) 43.7% (62/142) 

Former 7.9% (5/63) 0% (0/63) 6.3% (1/16) 4.2% (6/142) 

Currently 

smoking 
38.1% (24/63) 58.7% (37/63) 81.3% (13/16) 52.1% (74/142) 

 

The SEM analysis of cellular components of thrombi retrieved from different locations 

(AIS, CAD, and PAD patients) revealed a marked difference in their platelet content 

(sPlt, Figure 6.). AIS thrombi showed 1.8-fold higher median platelet occupancy than 

PAD thrombi (sPlt 3.9 vs. 2.2%, p<0.001), whereas sPlt difference from CAD thrombi 

was observed only in male patients (4.9% in AIS vs. 2.8% in CAD, p=0.0032).  
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Figure 6. Platelet content of arterial thrombi from coronary (CAD), peripheral 

artery disease (PAD), and acute ischemic stroke (AIS). The area of scanning electron 

microscopy images occupied by platelets or platelet conglomerates (indicated by 

arrows) was determined as a percentage of the total thrombus area (sPlt) as described in 

section 3.1.3. (A). The number of observations (evaluated thrombus images, #O) were 

#OCAD=301 (from n=62 patients), #OPAD=298 (n=61) and #OAIS=376 (n=77). B: The 

columns and bars represent median and interquartile range values. p-values result from 

one-tailed hypothesis testing for medians (significant if p-value less than 0.05) using 

Bootstrap resampling of n’=10,000 for each statistical test. 

 

Several factors could be identified as modulators of platelet content (Table 2). In 

thrombi removed from diabetic patients we measured lower sPlt values (2.1% compared 

to 3.2% in non-diabetic patients, p < 0.001). In AIS with atherosclerotic etiology, the 

median of the sPlt values (2.7%) was 2-fold lower than in the rest of the AIS cases 

(5.4%), but no such etiology-related difference was seen in PAD thrombi. The presence 

of a malignant neoplasm was associated with a decreased median sPlt (1.9%) compared 

to patients with no malignant comorbidity (4.4%) only in AIS thrombi, but not in CAD 

and PAD.  

In all main groups of sufficiently large size for statistical evaluation, the thrombus 

occupancy by platelets was more than two-fold lower in active smokers compared to 

non-smokers, median sPlt 3.6% vs. 1.6% in CAD and 3.2% vs. 1.6% in PAD (there 

were only 2 documented non-smokers in the AIS group). 

 

Table 2. Platelet content (sPlt) of thrombi from coronary (CAD), cerebral (AIS), 

and peripheral (PAD) arteries in the presence and absence of comorbidities and 
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risk factors. The area occupied by platelets on SEM images of thrombi was determined 

as a percentage of the total thrombus area, as described for Fig. 6. in section 3.1.3. 

#O=number of observations (evaluated thrombus images); the numbers in parentheses 

after the #O indicate the numbers of patients included in the respective groups; 

med=median; no/yes in subscript refers to the presence of the respective 

comorbidity/risk factor; pmed=p-value resulting from one-tailed hypothesis testing for 

medians (significant if p-value less than 0.05); pdistr=p-value from Kuiper-test for 

distributions performed with Bootstrap resampling of n=10,000 for each statistical test. 

Main 

group 

Comorbidity/  

risk factor 

sPlt %  

medno 

sPlt %  

medyes 
pmed pdistr #Ono #Oyes 

C
A

D
 Smoking 3.6 1.6 0.011 0.669 166 (33) 99 (21) 

Malignant tumor 2.5 3.9 0.139 0.047 244 (50) 57 (12) 

P
A

D
 

Atherosclerosis 3.0 2.0 0.097 0.728 60 (13) 233 (47) 

Smoking 3.2 1.6 0.004 0.935 115 (24) 178 (36) 

Malignant tumor 2.0 3.4 0.059 0.207 258 (53) 35 (7) 

A
IS

 

Atherosclerosis 5.4 2.7 <0.001 0.072 175 (37) 196 (39) 

Smoking 8.0 2.4 0.164 0.771 11 (2) 67 (13) 

Malignant tumor 4.4 1.9 <0.001 1.000 308 (64) 63 (12) 

 

4.2. Effects of CypD and CsA on platelet morphology and function 

 

4.2.1. Morphological alterations of platelets activated by ’strong’ stimuli  

To mimic the environment at the site of vascular injury, platelets were allowed to 

adhere to a collagen surface, and soluble activators relevant to the core area of the 

platelet plug (thrombin and ROS) were added. ROS (hydroxyl radicals) were generated 

using physiological concentrations of Cu2+, homocysteine, and H2O2, as described 

previously in section 3.2.3 (315, 316). Human platelets activated by thrombin and 

collagen showed flattening and surface spreading, which were accompanied by 

membrane blebbing and fragmentation (e.g. Fig. 7a, upper left panel, lower right 
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corner). In the presence of CsA, membrane integrity remained more preserved (Fig. 7a, 

upper right panel). In the presence of ROS, platelets exhibited dramatic shape changes 

and extensive shedding of membrane particles, and these effects were markedly 

counteracted by CsA treatment (compare lower left and right panels of Fig. 7a). 

Thrombin plus collagen-activated CypD+/+ murine platelets also exhibited spreading and 

membrane disintegration (Fig. 7b, upper left panel, lower region, and middle region, 

respectively), while platelets isolated from CypD−/− mice showed more preserved 

membrane integrity. Similarly, differences in membrane integrity, although less 

pronounced, could be noted between platelets of different genotypes in the presence of 

ROS (compare lower left and right panels of Fig. 7b). 
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Figure 7. Adhesion and activation of platelets on collagen. (a) Washed human 

platelets and (b) wild type (WT) or CypD−/− (KO) washed murine platelets were placed 

on collagen-coated glass surfaces and simultaneously activated with 25 nM thrombin in 

the presence of additives as indicated (reactive oxygen species, ROS, cyclosporin A 

CsA). SEM images were taken following fixation with glutaraldehyde. The arrowheads 

mark representative cases of membrane blebbing and shedding, the arrows point to 

membrane fragmentation and disintegration. Scale bar = 1 µm. 
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These qualitative observations warranted further structural investigations. Because of 

the known influence of CypD and MPTP on cellular integrity (328), TEM imaging was 

performed to address the effect of CypD and CsA on the intracellular features of platelet 

activation. This technique requires that cells are activated in a suspension, therefore the 

collagen surface was replaced by its peptide analog, convulxin. For quantitative 

assessment of the ultrastructural rearrangements a parameter independent of inherent 

variances in platelet cross-sections was used: the normalized organelle area, which was 

defined as the average area of membrane-bearing organelles per unit platelet cross-

section area in the TEM micrographs. ROS induced pronounced swelling of organelles 

in thrombin+convulxin-treated human platelets (Fig. 8a, b) as reflected in the 5-fold 

increase of the normalized organelle area (Fig. 8h), which could be completely reversed 

by CsA treatment (Fig. 8c, h). Genetic ablation of CypD also caused a slight decline in 

the normalized organelle area of murine platelets, however, this tendency failed to reach 

statistical significance regardless of the presence or absence of ROS (Fig. 8h). On the 

other hand, disruption of membrane integrity —which was more frequently seen in 

murine than in human ROS-treated samples— was largely abolished in CypD−/− 

platelets (compare Fig. 8f and g). 
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Figure 8. Effects of reactive oxygen species on the subcellular morphology of 

activated platelets. Human (a–c) as well as wild-type (WT) and CypD−/− (KO) murine 

platelets (d–g) were activated by thrombin+convulxin in the presence or absence of 

ROS and examined with TEM. For each treatment regimen, 10–25 images were 

analyzed. The cumulative area (TO) and number (n) of membrane-bearing organelles, 

as well as the total platelet cross-section area (TC), were measured and the normalized 

organelle area was calculated as TO/(n × TC) and interpreted as an indicator of 

individual organelle swelling (h). The typical key changes of the organelle area are 

exemplified by the size and shape of the membrane-bearing organelles of panels (a) and 

(b). Mean values and SE are shown, the asterisk represents a difference significant at 

P < 0.05 according to a post-hoc Tukey test performed after ANOVA (separately for 

human and murine datasets). ROS: reactive oxygen species, CsA: cyclosporin A. *a: 

P = 0.0003 *b: P = 0.0038. Scale bar = 500 nm. 
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4.2.2. Structural features of fibrin formed in the presence of ’strongly activated’ 

platelets  

In the course of clot formation, stimulated platelets are not only passively entrapped in 

the fibrin network, but they also modify the clot structure. Therefore, in further studies 

‘strong’ stimuli were applied on platelets recruited to a three-dimensional fibrin matrix. 

SEM investigation of composite platelet-fibrin clots revealed that the combined 

stimulus of thrombin and convulxin caused the appearance of fragmented platelets (Fig. 

9a, arrowheads) which were surrounded by thicker clusters of fibrin fibers. In contrast, 

platelets appeared to be more intact in clots containing CypD−/− murine or CsA-treated 

human platelets with less heterogeneity in the surrounding fibrin fibers (e.g. WT vs. KO 

in Fig. 9a). Quantification of fibrin fiber diameters confirmed that incorporation of 

activated murine platelets caused a moderate thickening of fibrin fibers (the median 

diameter increased from 76.1 to 80.8 nm), while genetic ablation of CypD abolished this 

effect and reduced the heterogeneity of fiber size (Fig. 9b, left panels). Human platelets 

activated by thrombin+convulxin in the presence or absence of CsA had a minor 

influence on fiber diameters when compared with appropriate controls to account for 

vehicle effects (‘HPlt’ vs. ‘No additive’ and ‘HPlt+CsA’ vs. ‘CsA’). 
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Figure 9. Platelet morphology in a fibrin matrix. (a) Representative SEM images of 

fibrin clots prepared from 6 µM fibrinogen clotted for 2 h with 15 nM thrombin 

containing —where indicated— murine (WT: wild type or KO: CypD−/−) or human 

(HPlt) platelets at 0.5 × 105/µl. In all cases, 250 ng/ml convulxin was present in the 

clots. Where indicated, 1 µM cyclosporin A (CsA) was also added. Scale bar = 2 µm. 

Arrowheads point to platelet fragments (WT and HPlt panels), in the vicinity of which 

bundles of fibrin fibers are assembled. This phenomenon is not observed around 

CypD−/− and CsA-treated platelets (KO and HPlt + CsA panels). (b) The diameter of 300 

fibers per image was measured from 2–6 SEM images per clot type using the algorithms 

described in section 3.2.3. The graphs present the probability density function (PDF) of 

the empiric distribution (histogram) and the fitted theoretical distribution (gray curves). 

The numbers under the clot type show the median, as well as the bottom and the top 

quartile values (in brackets) of the fitted theoretical distributions. Differences significant 

at P < 0.05 level according to Kuiper’s test are indicated with the following symbols: 

*(P < 0.001) compared to ‘No additive’; #(P < 0.001) compared to ‘WT’; $(P = 0.00249) 

compared to ‘CsA’; +(P < 0.001) compared to ‘HPlt’. 

 

4.2.3. Platelet functions as a response to ’mild’ stimuli 

While platelets in the core region of thrombi are likely to be exposed to ‘strong’ 

activators, ‘mild’ stimuli, such as ADP play a key role in platelet activation in the 

peripheral zones. To investigate the effect of CsA and CypD on this process, we carried 

out functional assays focusing on ADP-induced platelet adhesion, spreading, and 

aggregation. 

To examine real-time platelet-surface interactions, we adopted an impedance-based 

method described in recent studies (320, 321). Cells were allowed to adhere to and 

spread on electrodes placed at the bottom of impedimetric wells and the change of 

impedance on the electrodes was measured. The initial, linear phase of the cell index 

(CI) curves reflect adhesion, while the maximal CI value corresponds to the area 

occupied by spreading platelets (321). Genetic ablation of CypD resulted in an 

increased slope of impedimetric curves (by 210 and 140% without and with ADP, 

respectively) and in an increased maximum CI (by 40 and 34% without and with ADP, 

respectively) when compared to wild type (WT) platelets (Fig. 10a, b), reflecting 
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increased adhesion and spreading of CypD−/− platelets. Similar trends were observed 

with human platelets: CsA-treatment resulted in increased steepness (by 91 and 76%, 

without and with ADP, respectively) and maximum CI (by 18 and 10%, without and 

with ADP, respectively) of impedimetric curves (Fig. 10c, d). 

 

Figure 10. Adhesion and spreading of platelets measured by impedimetry. 

Impedance changes during adhesion and spreading of murine (a, b) and human (c, d) 

platelets. The change in impedance is represented as Cell Index (CI), a relative and 

dimensionless value which is calculated as CI = (Zi − Z0)/F where Zi is the impedance at 

an individual time point, Z0 is the impedance at the start of the experiment and F is a 

constant depending on the applied frequency. (a, c) Impedimetry traces: representative 

mean curves from 2–3 replicas. Bars represent SE. (b, d) The steepness and maximum 

Cell Index (CI) value were calculated from the impedimetry traces and are shown in 

relative units (the mean values of the steepness and maximum CI from the replicas of 

the vehicle control for human platelets and WT results for murine platelets were 

considered to be 1 for each independent set of measurements). Data are presented as 
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means of n = 5–6, bars represent SE. Asterisks mark differences significant at P < 0.05 

between the respective data pairs according to the Kolmogorov-Smirnov test. *a: 

P = 0.0013 *b: P = 0.0013 *c: P = 0.0013 *d: P = 0.0122 *e: P = 0.0183 *f: P = 0.0122. 

CsA: cyclosporin A, WT: wild-type, KO: CypD−/−. 

 

Platelet-platelet interactions were tested in an ADP-induced aggregometry assay. In the 

presence of CsA the initial slope of aggregation curves was almost doubled (1.00 ± 0.08 

for control, 1.92 ± 0.26 for CsA) and the maximal aggregation values were also 

moderately increased (1.28 ± 0.09 with CsA compared to 1.00 ± 0.09) reflecting 

increased aggregation (Fig. 11a, c). In contrast, the absence of CypD in murine platelets 

resulted in a decreased aggregation response to ADP (Fig. 11b, d) as initial slope and 

maximal aggregation values were lower by 35 and 26%, respectively. To clarify the 

discrepancy between CsA and CypD effects, selective modifiers of calcineurin and 

mitochondrial energetics were tested in this assay. Bongkrekic acid [Bk, an inhibitor of 

adenine nucleotide translocator (ANT)] treatment resulted in a pronounced (67%) 

increase in initial slope values, while maximal aggregation remained essentially 

unchanged. FK-506 (a selective inhibitor of calcineurin) in the 100–1000 nM range had 

no effect on aggregation parameters (results not shown), while higher concentrations 

(5–50 µM) resulted in increased maximal aggregation values (1.47 ± 0.1 with FK-506 

compared to 1.00 ± 0.03) (Fig. 11c). 



59 

 

 

Figure 11. ADP-induced platelet aggregation. Washed human platelets were 

incubated with 2 µM cyclosporin A (CsA), 20 µM bongkrekic acid (BK) or 10 µM FK-

506 (FK), or their respective vehicles (1% ethanol for CsA, 2 mM NH4OH for 

bongkrekic acid, and 0.5% DMSO for FK-506) for 30 min at 37 °C. The conditioned 

human and the washed murine (WT: wild-type, or KO: CypD−/−) platelets were 

supplemented with 6 µM fibrinogen to support aggregation right before it was initiated 

by the addition of 10–50 µM ADP (to give a maximal aggregation value of at least 

30%) and 2.5 mM CaCl2. PBS was used as background for 100% transparency, and 

aggregation was recorded for 30 min. Aggregation curves from representative 

experiments using human (a) or murine (b) platelets are shown. (c, d) The measured 

initial slope and maximal aggregation values are shown in relative units (the mean value 

of the replicates of the vehicle control in each independent set of measurement was 

considered to be 1). ‘No additive’ designates samples incubated with the respective 

vehiculum of the inhibitors. Data from duplicates from at least three independent 

experiments and SE are shown. Asterisks mark differences significant at P < 0.05 

between the indicated pairs of samples according to the Kolmogorov-Smirnov test. *a: 

P = 0.0438, *b: P = 0.0111, *c: P = 0.0026, *d: P = 0.0361, *e: P = 0.0111, *f: 

P = 0.0275 *g: P = 0.0042. 
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4.2.4. Fibrin structure modification in the presence of platelets activated by ’mild’ 

stimuli 

To test how ‘mild’ activation of platelets affects the surrounding fibrin structure, 

platelets pre-treated with various modulators were activated by ADP (Table 3). Pre-

treatment of human and WT murine platelets with CsA or Bk resulted in thinner fibers, 

whereas using CypD−/− platelets Bk-treatment decreased the fiber diameter, but CsA-

treatment had no effect. Incorporation of FK-506-treated human and murine platelets 

resulted in a decrease in the median fiber diameter from 84.9 nm to 78.5 nm with human 

platelets and an increase with murine platelets (from 85.9 nm to 92.3 nm in the presence 

of WT and from 91.3 nm to 109.4 nm with CypD−/− platelets). The addition of ROS did 

not alter these tendencies, although it generally increased the diameter of fibrin fibers, 

e.g. in clots containing CypD−/− platelets median values were 17–27 nm higher in the 

presence of ROS than in their absence (compare data for inhibitor-free vehicle samples 

in Table 3, all P < 0.0001).  
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4.2.5. Effects of platelets on the tissue factor-induced clotting of plasma  

The pro-coagulant effects of platelets were examined in two experimental setups (see 

section 3.2.7.). Table 4. presents the tissue factor-induced clotting times from the 

electromechanical coagulometric assay, while Figure 12 shows the time to reach half-

maximal absorbance (t50) in the turbidimetric assay. Both assays indicate that the 

presence of platelets increases the rate of clot formation, however, no differences were 

seen in relation to the applied modulators of platelet function. 

 

Table 4. Effect of platelets on tissue factor-induced clotting time. Clotting time was 

measured with an electromechanical coagulometric assay. The table reports the 

mean±SD values of two independent experiments with three parallel measurements. 

PPP: human platelet-poor pooled plasma, Plt: platelet. The addition of ADP did not 

change the clotting time in the presence of platelets (p>0.05 for (PPP+Plt) v. 

(PPP+ADP+Plt), Kolmogorov-Smirnov statistical test). 

1.  PPP PPP+Plt PPP+ADP+Plt 

Clotting time (s) 
99.13±1.59 93.47±0.45 93.4±0.7 

84.23±3.68 80.17±0.7 81.63±1.32 
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Figure 12. The impact of platelets and modulators of their function on tissue 

factor-induced clotting of plasma. Tissue factor-induced clotting was followed by 

measuring the absorbance at 340 nm. Time to reach half of the maximal absorbance 

value (t50) was calculated. The figure shows mean t50 values with standard deviation of 

platelet-poor pooled plasma in the absence and presence of platelets and the indicated 

modulators or their respective vehicles. Each column represents the mean values of 

eight parallel measurements. The addition of different modulators did not change the 

t50 values in the presence of platelets (p>0.05, Kolmogorov-Smirnov statistical test). 

PPP: platelet-poor pooled plasma; CsA: Cyclosporin A; Bk: Bongkrekic acid; Plt: 

platelet; et: ethanol; DMSO: dimethyl-sulfoxide. 

 

4.2.6. Impact on fibrinolytic susceptibility  

At sites of their activation platelets interact with a heterogeneous fibrin network 

forming the scaffold of hemostatic clots and pathological thrombi. There is continuing 

therapeutic interest in the effective enzymatic dissolution of the fibrin network in 
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several clinical settings. In view of the role of platelets in fibrin stabilization (reviewed 

by Longstaff and Kolev (169)), we examined the effects of CsA and CypD on the 

fibrinolytic susceptibility of model thrombi. Modifying a global turbidity-based assay 

that has been successfully used in our earlier studies (326), we incorporated platelets at 

different cell counts into a fibrin matrix containing various activators. (i) Thrombin 

played a dual role in this assay catalyzing the fibrinogen-fibrin conversion and 

activating platelets. (ii) In certain cases, ROS were added to represent oxidative agents 

released from dying cells and neutrophils in thrombi. (iii) The mild activator ADP was 

used to match the milieu of peripheral regions of thrombi, which are more susceptible to 

circulating fibrinolytic agents. Proteolytic digestion of the formed clot was initiated by a 

clinically relevant fibrinolytic agent, tissue-type plasminogen activator (tPA) (Fig. 13a). 

In all experimental setups, the presence of WT murine platelets caused a delay in 

fibrinolysis (Fig. 13b, c). Remarkably, genetic ablation of CypD largely reversed this 

effect: the t10 or t50 values of fibrin containing platelets from CypD−/− mice were 

shifted towards those of platelet-free fibrin. These tendencies were more evident at 

higher platelet counts (compare left side of Fig. 13b and c), and the differences were 

most pronounced in the presence of ROS (right side of Fig. 13b and c). CsA treatment 

had no effect on the progress of lysis curves in fibrin clot models containing human 

platelets (data not shown). 
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Figure 13. tPA-induced lysis of platelet-containing fibrin clots. Fibrinogen (6 µM) 

supplemented with 0.5 μM plasminogen, 2.5 mM CaCl2, 10 μM ADP, and in the 

indicated cases, with murine platelets and modulator additives was clotted with 16 nM 
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thrombin (Th) for 60 min. Lysis was initiated by the addition of 50 µg/ml tPA to the clot 

surface and light absorbance at 340 nm was measured. (a) Representative lysis curves of 

tPA-induced lysis in clots containing reactive oxygen species (ROS) and platelets 

isolated from wild type (WT) and CypD−/− (KO) mice. The presented turbidity values 

are the measured absorbance values normalized for the maximal absorbance for each 

sample (n = 4, every 10th measurement point is shown, bars represent SE values). The 

time to reach 50% (t50) and 10% (t10) of the initial turbidity was calculated from the 

lysis curves of clots containing (b) 1 × 105/µl or (c) 2 × 105/µl platelets and presented in 

relative units: the mean value of the t50 and t10 for platelet-free fibrin (no plt) in each 

independent set of measurement was considered to be 1. Mean of n = 7–8 replicates and 

SE values are shown. Asterisks indicate significant differences at P < 0.05 according to 

the post-hoc Dunn test performed after the Kruskal-Wallis test for the respective triplets 

of data. *a: P = 0.0241, *b: P = 0.0241, *c: P = 0.0154, *d: P = 0.0021, *e: P = 0.0034, 

*f: P = 0.0009 *g: P = 0.0184, *h: P = 0.0239. 

 

4.3. Structural properties of venous thrombi formed in human pancreatic tumor-

bearing mice 

The analysis of the composition of venous thrombi by scanning electron microscopy 

showed decreased red blood cell content in thrombi from tumor-bearing mice compared 

with thrombi from control mice (Figure 14A). In addition, we observed an increase in 

fibrin density and a decrease in fibrin fiber thickness in thrombi from tumor-bearing 

mice compared with thrombi from controls (Figure 14B).  
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Figure 14. Analysis of thrombi by scanning electron microscopy. (A, B) The red 

blood cell (RBC) and fibrin content in thrombi from control and tumor-bearing mice 

were assessed by scanning electron microscopy. Upper panels are representative images 

of thrombi from control and tumor-bearing mice. RBC occupancy was quantified in 5-7 

randomly selected images from each animal (A, data from each thrombus are shown 

with the same color in the lower panel). The diameter of 300 fibrin fibers from separate 

parts of each thrombus was measured (B, every 10th measured value is plotted in the 

same color for each thrombus in the lower panel). Lines indicate the median values of 

the bottom, median, and top quartiles calculated from the data of six animals from each 

group (shown in different colors) based on 35 images in the control group and 32 

images in the tumor group. Bootstrap Kuiper test P<0.001 for all three quartiles of the 

datasets in the lower panels.  
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5. DISCUSSION 

 

5.1. Platelet content of arterial thrombi 

The development of interventional techniques in the treatment of arterial thrombosis has 

given us a new opportunity to study the structure of in vivo formed thrombi 

antemortem. The assessment of patient history, pharmacological anamnesis and 

comorbidities can provide us with novel information about the modulators of thrombus 

composition.  

The SEM analysis of cellular components of thrombi retrieved from AIS, CAD, and 

PAD patients revealed a marked difference in their platelet content (sPlt, Fig. 6). AIS 

thrombi showed 1.8-fold higher median platelet occupancy than PAD thrombi (sPlt 3.9 

vs. 2.2%, p < 0.001), whereas sPlt difference from CAD thrombi was observed only in 

male patients (4.9% in AIS vs. 2.8% in CAD, p=0.0032). These several-fold differences 

in sPlt can lead to major downstream alterations through the signal amplification of the 

coagulation cascade as platelets usually initiate clotting in arteries. Our sPlt results in 

CAD were similar to those reported before by others (329), however concerning AIS 

other studies found higher platelet content in thrombi (330, 331). The inconsistency of 

these data could be a result of many factors: group heterogeneity, the smaller sample 

size in the earlier AIS studies, variations in the rheological conditions of the culprit sites 

of emboli causing stroke.  

Several factors could be identified as modulators of platelet content (Table 2). In AIS 

with atherosclerotic etiology, the median of the sPlt values (2.7%) was 2-fold lower 

than in the rest of the AIS cases (5.4%), but no such etiology-related difference was 

seen in PAD thrombi (and all CAD cases are considered atherosclerotic). Traditionally, 

thrombi originating from the heart and caused by atrial fibrillation (cardiac ethiology) 

were thought to be erythrocyte or fibrin dominant because of the slower flow rates, but 

so far, this was not proved by histological, or immunohistochemical studies. On the 

other hand, thrombi formed in stenotic arteries (atherosclerotic ethiology) are supposed 

to be platelet-dominant due to high shear conditions. Recent studies investigating 

samples from mechanical thrombectomy found erythrocytes more frequently dominant 

in atherosclerotic thrombi (331-333), although contradictory results were also presented 

(330). The relative platelet content in other groups’ studies either showed no difference 
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in thrombi of different etiologies (331, 334) or was higher in cardioembolic thrombi 

(compared to noncardioembolic cases) (335). 

The presence of a malignant neoplasm was associated with a decreased median sPlt 

(1.9%) compared to patients with no malignant comorbidity (4.4%) only in AIS 

thrombi, but not in CAD and PAD. Others have found an increased platelet content of 

stroke thrombi in patients with active cancer compared to inactive cancer and control 

groups (336). The increased risk of venous thromboembolism in cancer patients is a 

well-known and extensively studied phenomenon (337). Similarly, a strong relationship 

between cancer and arterial thrombosis was observed in various studies (338-340). In 

the first 6 months after cancer diagnosis, the risk for ischemic stroke increased two-fold 

(341). Cancer cells can interact with platelets causing their activation and aggregation 

by secreting ADP (342), thrombin (343) or abnormally glycosylated mucins (binding to 

P-selectin on platelets) (344). Podoplanin expression of cancer-related fibroblasts, or 

even the release of podoplanin-containing microparticles can mean similar stimulus for 

platelets through the C-type lectin receptor-2 (345, 346). The physiological role of this 

interaction is yet unknown as this receptor is exclusively expressed in megakaryocytes 

and platelets, and its sole known endogenous ligand (podoplanin) (347) has only been 

identified on tumor cells and lymphatic endothelial cells(348). 

Platelet functions are affected by diabetes through many factors, involving insulin 

resistance, hyperglycemia, oxidative stress, changes in flow conditions and associated 

metabolic diseases. All of these lead to an enhanced atherosclerosis and a prothrombotic 

state resulting in various cardiovascular events. Insulin has an inhibitory effect on 

platelet adhesion and aggregation while stimulating NO synthesis, all of which are lost 

in patients with insulin resistance (349-351). The increased levels of circulating 

adipokines (e.g. resistin, leptin, PAI-1) cause a hormone insensitivity by decreasing the 

gene expression of insulin receptor substrate-1 in megakaryocytes, and thereby disturb 

signaling pathways in platelets (352). Platelets display a hyperreactivity (353) in 

chronic hyperglycemia and a decreased sensitivity to inhibitory drugs, such as aspirin 

(354, 355). The elevated ROS formation in diabetic patients also contributes to the 

increased activation of platelets (356, 357). In thrombi removed from diabetic patients 

we measured lower sPlt values (2.1% compared to 3.2% in non-diabetic patients, p < 

0.001). The SEM images depict the final state of platelets in a formed thrombus and 
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enable measurements regarding the area occupied by these cells without giving 

information about their function and reactivity. However, these results showed platelets 

concentrated to smaller areas within the thrombi, creating more compact aggregates, 

which might indicate their hyperreactive state in the associated comorbidities. 

Smoking is a recognized risk factor in ischemic cardiovascular diseases, but a recent 

study showed that in ST-elevation myocardial infarction, the platelet content of thrombi 

was not altered by smoking (358). In the current study we observed that in all main 

groups, the size of which allowed for statistical evaluation, the thrombus occupancy by 

platelets was more than two-fold lower in active smokers compared to non-smokers, 

median sPlt 3.6% vs. 1.6% in CAD and 3.2% vs. 1.6% in PAD (there were only 2 

documented non-smokers in the AIS group, thus no statistical evaluation could be 

done). This surprising finding could be attributed to a phenomenon observed in studies 

designed to evaluate platelet responsiveness to clopidogrel. Whole blood aggregation-

based assays indicated improved drug-response in smokers compared to non-smokers 

(’smokers' paradox’). However, a careful analysis of the laboratory data revealed that 

this apparent improvement in the inhibition of platelet reactivity in whole blood 

aggregation is related to an off-drug effect of hematocrit (359, 360). Smokers are known 

to have higher hemoglobin levels (361) and in our study, a similar difference was 

observed with blood hemoglobin of 138.6 g/l in smokers (n=74) versus 127.3 g/l in non-

smokers (n=61, p=0.0124), which could contribute to the observed difference in the 

platelet content of thrombi. Interestingly, blood platelet content was not associated with 

sPlt. 

 

5.2.Effects of CypD and CsA on platelet morphology and function 

Previous studies on the role of MPTP in platelet activation have suggested CypD as an 

attractive target to influence thrombus formation (63, 306, 307). However, the findings 

of these studies are controversial, possibly stemming from the spatiotemporal 

heterogeneity of platelet subpopulations in growing thrombi (9). In a photochemical 

injury model, genetic ablation of CypD accelerated thrombosis (63), and this was 

confirmed with megakaryocyte/platelet-specific CypD-knockout platelets in a 

mesenteric arterial thrombosis model (306). In contrast, deletion of CypD hampered 

thrombus formation in a study using FeCl3 injury (307). These controversial results 
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from studies using global in vivo models, as well as the thrombotic complications of 

patients treated with CsA, warranted further ex vivo investigation of CypD and CsA 

effects under specific conditions. Accordingly, with the present study, we addressed the 

consequences of the genetic deletion of CypD and its acute inhibition by 

pharmacological agents in terms of distinct platelet functions. We found that CypD-

deficiency increased spreading (Fig. 10) and impaired aggregation (Fig. 11) of murine 

platelets in response to a ‘mild’ stimulus (ADP); and accelerated the resolution of 

fibrin-platelet clots formed in the presence of ‘mild’ and ‘strong’ stimuli (Fig. 13). The 

effects of pharmacological inhibition of CypD in human platelets generally followed the 

same trends, however, important differences will also be discussed (see the summary of 

our results on Fig. 15.). 

 

 

Figure 15. Summary of the effects of CypD genetic deletion or pharmacological 

inhibition on platelet functions. Light blue background indicates results obtained in 

the presence of strong activators, while white background indicates ‘weak’ agonist-

induced changes.  

 

MPTP opening is characterized by the loss of ion gradients across the inner 

mitochondrial membrane, organelle swelling, and eventually, disruption of plasma 

membrane integrity (328). Platelets activated by ‘strong’ stimuli that induce MPTP 
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formation share these characteristics and have been termed ’procoagulant’ or ‘necrotic’ 

(307). An earlier study (63) showed that membrane integrity of fibrin-adherent murine 

platelets challenged with ‘strong’ activators could be restored by genetic ablation of 

CypD. Our SEM studies have expanded this observation using collagen-adherent as 

well as fibrin-entrapped platelets. Moreover, we report that CsA treatment of human 

platelets is able to reproduce the ultrastructural effects of CypD deletion under these 

circumstances.  

To detect and quantify another ultrastructural characteristic of MPTP opening (organelle 

swelling), we utilized TEM. To our knowledge, the aforementioned study (63) has been 

the only one in this field so far in which TEM investigations were undertaken, however, 

the authors do not show any micrographs or quantification. According to the evaluation 

of our TEM images, CsA effectively counteracted ROS effects in terms of organelle 

swelling in human platelets. Our and others’ (63) failure to detect quantifiable 

differences in subcellular structures of activated WT and CypD−/− platelets might be 

explained by chronic metabolic alterations resulting in rupture of membrane-coated 

vesicles. In our study, only organelles surrounded by membranes were measured, 

therefore excessively swollen vesicles that lost their membrane integrity were not 

included in the analysis. Alternatively, the discrepancies between the effects of CypD 

ablation and CsA effects might underline the importance of CypD-independent CsA 

effects that protect mitochondrial and cellular integrity (362).  

Adhesion and aggregation of platelets are of fundamental importance to prevent blood 

loss. Platelets are known to adhere to a variety of surfaces (collagen, fibrin, gold (363)) 

and go through consequential shape changes (flattening known as ‘spreading’). Previous 

studies have reported increased spreading in the absence of CypD (63, 306). However, 

these studies were carried out using ‘strong’ stimuli, and the methods used (SEM (63), 

fluorescent microscopy (306)) do not provide information on adhesion. The impedance-

based method enabled us to follow real-time adhesion and spreading dynamics in a 

single assay, and we found that both aspects of platelet activation were enhanced not 

only in the absence of CypD but also during its inhibition by CsA in the presence of the 

‘mild’ activator ADP. An apparent limitation of this experimental setup is the lack of 

physiological coating on electrodes. However, it is important to note that (i) for the 

purposes of our investigation, the isolated assessment of ‘mild’ stimulus (ADP) effects 
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necessitated the absence of proteins that might interfere with platelet activation (e.g. 

collagen or fibrinogen); (ii) our impedimetric curves reach maximum CI values almost 

identical to those reported in other studies (320), where the authors used collagen 

coating [although the stimuli are naturally different, the platelet counts are very similar 

in the two studies (105/μl versus 1.25 × 105/μl)].  

Regarding platelet-platelet interactions, CsA has been long shown to increase 

aggregation in vitro (364-366), in line with our current data. On the other hand, previous 

data concerning the effects of CypD-deletion on ‘strong’ stimulus-induced aggregation 

are not consistent. CypD-deletion either had no effect (63) or enhanced aggregation 

(306), while other authors have proposed that the change in light transmission measured 

in aggregometry assays in response to thrombin + convulxin reflected a shape change of 

platelets rather than aggregate formation (367). However, to our knowledge, the current 

study is the first to test aggregation of CypD−/− platelets in response to ADP, a ‘mild’ 

trigger acting independently of MPTP formation. Here we report that ADP-activated 

platelets of CypD−/− mice exhibited lower aggregation propensity compared to WT 

platelets. We tested two hypotheses that might account for the disparate aggregation 

patterns with CsA-inhibition and CypD-deletion in our study. (i) CypD-deletion might 

impair aggregation through alteration of the metabolic status of platelets. It is known 

that ablation of CypD causes substantial changes in the levels of numerous 

mitochondrial enzymes involved in intermediary metabolism (368). Such an altered 

metabolic status might lead to impaired aggregation since this response is of relatively 

high metabolic cost among ADP-induced activation events (369). As a crude model of 

this scenario, we used Bk, an inhibitor of mitochondrial ADP-ATP exchange (370). It is 

important to note that the Bk-target ANT is a well-recognized modulator of MPTP 

(371). However, in our aggregation assay, where MPTP formation is absent, the effect 

of Bk on the initial slope of aggregation could be attributed to alteration of the cellular 

metabolic status by interference with the mitochondrial ADP-ATP exchange. 

Nevertheless, Bk treatment of human platelets failed to reproduce the impaired 

aggregation response of CypD−/− platelets, suggesting a significant role for the long-

term metabolic adaptation of CypD−/− platelets in their modified functional response 

(rather than for the acute impairment of ATP generation). (ii) CypA- and not CypD-

mediated effects of CsA might dominate the aggregation response seen with human 
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platelets. It is known that CsA binds to both intra- and extracellular forms of CypA. 

However, given that extracellular CypA secreted during platelet activation promotes 

aggregation and adhesion (372), this pathway is likely to have a negligible effect in our 

and others’ (364-366) experimental systems where CsA-treatment enhanced aggregation 

and adhesion responses —in line with the thrombotic complications observed in patients 

undergoing CsA-treatment (373). Therefore, we focused on the effects of CsA on the 

intracellular form of CypA resulting in inhibition of calcineurin. Despite earlier, 

variable results with calcineurin-inhibition in platelets (365, 366), recently, deletion of 

an isoform of the catalytic subunit of calcineurin as well as FK-506-treatment have been 

shown to increase ADP-triggered aggregation (374). In line with this finding, FK-506 

and CsA had similar effects in our aggregation assay. Taken together, these results 

suggest that the positive effect of CsA in our mild stimulus-induced aggregation studies 

is primarily not exerted through CypD, rather via binding to CypA and consequent 

inhibition of calcineurin.  

During thrombus formation, platelets play a major role in shaping the characteristics of 

the fibrin scaffold. This effect is based on various mechanisms: modulation of thrombin 

concentration through the provision of pro-coagulant phospholipid surface, mechanical 

retraction caused by platelet contraction, promotion of the catalytic activity of factor 

XIII (as reviewed by Longstaff & Kolev (169)). Our coagulometric assays clearly 

showed that the pro-coagulant effect of platelets in the tissue-factor-induced clotting of 

plasma was not affected by the modulators of platelet function applied in our study 

(CypD-ablation, CsA-, FK-506- or Bk-treatment). Thus, excluding this mechanism, we 

restricted our evaluation of platelet effects on fibrin structure to a purified system using 

isolated platelets and thrombin-induced fibrin formation, in which Ca2+-dependent 

platelet contraction and factor XIII crosslinking are key determinants of fibrin structure. 

In clots containing human platelets, both CsA and FK-506 resulted in a decreased fibrin 

fiber diameter consistent with a role for calcineurin signaling in the CsA effects. 

However, CypD inhibition was also partially accountable for the effects of CsA in this 

assay, based on the finding that CsA decreased the fibrin diameter in the presence of 

WT, but not CypD−/− murine platelets. An interesting unexpected finding also supported 

the primary role of CypD inhibition in the mechanism of CsA action: despite the 

thinning effect of CsA, selective calcineurin inhibition with FK-506 resulted in thicker 
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fibers in the presence of both WT and CypD−/− platelets. These disparate effects of FK-

506 in platelets of human and murine origin indicate a species-dependent difference in 

the role of calcineurin in platelet activation. A plausible source of this difference might 

be the thrombin-sensitizing effect of protease-activated receptor (PAR) 3 on PAR4 

activation in mice, an effect absent in human platelets (375, 376). 

The therapeutic modality of thrombolysis relies on the administration of agents (e.g. 

tPA) that promote digestion of the fibrin network (fibrinolysis) resulting in the 

disassembly of the clot. Thrombolysis is the first-line treatment in ischemic stroke 

(377), an option in certain cases of deep vein thrombosis (378), as well as for selected 

patients with acute myocardial infarction (379). However, this therapeutic approach 

often fails and/or causes bleeding as a side effect (380), which warrants further studies 

on the determinants of thrombolytic efficacy. As essential constituents of hemostatic 

plugs and pathological thrombi, platelets are known to render clots resistant to 

physiological as well as therapeutic fibrinolysis through a variety of mechanisms. In 

addition to the structural modifications in fibrin discussed above, these mechanisms 

include secretion of plasminogen activator inhibitor PAI-1 and α2-plasmin inhibitor, the 

release of phospholipids, and myosin (as reviewed by Longstaff & Kolev (169)). A 

recent work of Morrow et al. found that in platelets stimulated by ’strong’ activators 

PAI-1 secretion increases, a significant amount of which remains functionally active 

and retained on the platelet surface (179). We report that while the incorporation of WT 

murine platelets in fibrin clots resulted in a delay in tPA-induced fibrinolysis, the 

absence of CypD largely abolished this effect, specifically under conditions of oxidative 

stress. Previously, increased retraction was found in plasma clots containing CypD−/− 

platelets (63), which suggests lytic resistance. However, our study has identified 

additional factors that can reverse the anti-fibrinolytic effects of enhanced clot retraction 

in the absence of CypD. (i) Electron microscopy showed preserved ultrastructural 

integrity of CypD−/− platelets, implying limited release of anti-fibrinolytic constituents 

(e.g. phospholipids, myosin, PAI-1). (ii) The presence of CypD−/− platelets resulted in 

larger fibrin fiber diameters compared to WT platelets with a stronger effect under 

oxidative stress (compare the diameters in the inhibitor-free clots for the respective 

WT/CypD−/− pairs in Table 3). Since fiber diameter is an important determinant of tPA-

induced lysis (coarse meshwork with thicker fibers being more susceptible) (318), this 
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finding might also contribute to the observed differences in tPA-induced degradation of 

clots containing WT and CypD−/− platelets.  

In summary, our findings —taken together with other published data— suggest that 

caution is necessary if therapeutic benefit is sought through modulation of CypD-

dependent pathways in platelets. Firstly, the outcome of CypD targeting is dependent on 

the stimulus of platelet activation (e.g. different effects of CypD ablation with ‘strong’ 

vs. ‘mild’ stimulus-induced aggregation). Secondly, the net impact of CypD inhibition 

on thrombosis is difficult to predict as it is likely to be a result of opposing (pro-

thrombotic and pro-fibrinolytic) effects (e.g. increased adhesion of platelets versus 

decreased fibrinolytic resistance of clots in the absence of CypD). Finally, CsA-

treatment of human platelets does not fully reproduce the effects of CypD deletion. In 

view of the thrombotic complications associated with CsA therapy, these conclusions 

warrant further in vitro and in vivo research with selective inhibitors of CypD to detect 

which of the mechanisms identified in different studies can be translated into actual 

clinical benefit. 

 

5.3. Structural properties of venous thrombi formed in human pancreatic tumor-

bearing mice 

Cancer patients have a 4- to 7-fold increased risk of venous thromboembolism (VTE) 

compared with the general population (4). However, the rates of VTE vary in different 

cancer types. For instance, breast cancer has a low rate, whereas pancreatic cancer has a 

high rate of VTE (381). This variability suggests that there may be cancer type-specific 

mechanisms of VTE (337). For instance, Mackman’s group found an association 

between levels of circulating extracellular vesicle tissue factor activity and VTE in 

pancreatic cancer in two studies and a borderline significance in a third study (382-384). 

Circulating tumor-derived, tissue factor-positive extracellular vesicles are also observed 

in mice bearing human pancreatic tumors (385-388). Importantly, these tumor-derived, 

human tissue factor-positive extracellular vesicles enhance venous thrombosis in mice 

(385). In the present study, thrombi from tumor-bearing mice had a denser fibrin 

network with thinner fibrin fibers compared with thrombi from control mice. We know 

from in vitro experiments that such thrombi are produced by higher thrombin 

concentrations (389). In our model of cancer-associated thrombosis, it is likely that 
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tumor-derived, tissue factor-positive extracellular vesicles cause the increase in 

thrombin concentration and lead to the alteration of fibrin structure.  

We observed decreased red blood cell content in thrombi from tumor-bearing mice 

compared with controls. This is consistent with the recent study of Mackman’s group 

that showed a decrease in red blood cell-rich areas in thrombi from tumor-bearing mice 

compared with controls (385).  This finding could be attributed to a tumor-related shift 

in the balance of neutrophil and red blood cells in favour of the neutrophils both in 

circulation (384) and locally in thrombi ([3]): the increased levels of inflammatory cells 

supercede the red blood cells.  
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6. CONCLUSIONS 

Our most important conclusions are the following: 

1. The relative platelet content of arterial thrombi is the highest in acute ischemic 

stroke (compared to peripheral artery disease and coronary artery disease).  

2. The presence of certain comorbidities (atherosclerosis, malignant neoplasms, 

diabetes) or smoking results in more compact platelet aggregates in thrombi possibly 

caused by increased platelet reactivity. 

3. CsA-treatment of human platelets increases the adhesion and aggregation 

induced by the ’mild’ agonist, ADP.  

4. The loss of CypD in murine platelets boosts ADP-induced adhesion but not 

aggregation. 

5. The discrepancies between the effects of CsA-inhibition and CypD-deletion on 

aggregation suggest a role for long-term metabolic adaptation of CypD-/- platelets. 

Additionally, the aggregation promoting effects of CsA are exerted via calcineurin 

inhibition.  

6. Lack of CypD function helps preserve the subcellular integration of platelets in a 

fibrin environment and increases the thickness of the fibers. 

7. The stabilizing role of platelets against enzymatic degradation of the fibrin 

network is lost without CypD function. 

8. In human pancreatic tumor-bearing mice, the relative RBC content of venous 

thrombi is decreased, and thinner fibrin fibers are formed. 

 

Implications 

1. Atherosclerosis, smoking, diabetes mellitus and malignant neoplasms are 

modulators of the platelet content of arterial thrombi.  

2. Targeting CypD-dependent pathways in platelets to prevent thrombotic events 

may lead to unpredictable outcomes as the net results depend on both the stimulus of 

platelet activation (’mild’ or ’strong’) and on the balance of the pro-thrombotic and pro-

fibrinolytic effects. 

3. Human pancreatic tumor cells affect the fibrin structure and RBC content of 

venous thrombi formed in mice.   
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7. SUMMARY 

The recent advances in thrombectomy have given a new opportunity to study the 

contribution of platelets to arterial thrombus structure. Assessing the composition of 

arterial thrombi removed during interventional treatment from coronary (CAD), 

peripheral artery disease (PAD) and acute ischemic stroke (AIS) patients, we identified 

modulators of platelet content; diabetes mellitus, atherosclerosis (in AIS), smoking (in 

CAD and PAD) and malignancy (in AIS). In the thrombi of patients with these 

comorbidities platelets assembled in more compact conglomerates.  

Different platelet populations form as a response to heterogeneous stimuli. ’Strong’ 

activators (e.g. thrombin+collagen or reactive oxygen species) lead to the opening of the 

mitochondrial permeability transition pore (MPTP) and results in a procoagulant 

platelet phenotype. When ’mild’ activators (such as ADP) are present, a discoid platelet 

population forms without MPTP opening. Cyclophilin D (CypD) is a sensitizer of the 

MPTP. We investigated the effects of CypD inhibition on platelet functions in the 

presence of ’mild’ agonist, ADP using CypD-deficient murine, and CsA-treated human 

platelets.  

Our results showed that platelets without functional CypD respond to ADP signal with 

increased adhesion and spreading, as well as an impaired anti-fibrinolytic effect in both 

species. The change in ADP-induced aggregation showed a different trend in the two 

groups (decreased in CypD-/- and increased in CsA-inhibited platelets), and our results 

with the selective calcineurin inhibitor FK506 highlighted the importance of CypD-

independent pathways regulated by CsA. We found that fibrin fibers formed in the 

presence of CypD-deficient murine or CsA-treated human platelets are thinner, while 

the inhibition of calcineurin has a species-specific impact on their structure. 

Lastly, we examined venous thrombi formed in human pancreatic cancer-bearing mice 

and found decreased erythrocyte content and thinner fibrin fibers compared to the 

control group. 

In summary, we identified modulators of platelet content in arterial thrombi and altered 

venous thrombus composition in the presence of pancreatic cancer. We found that 

CypD affects platelet activation initiated by ’mild’ stimulus and the platelet-dependent 

regulation of fibrinolysis. In view of the pro-thrombotic and pro-fibrinolytic effects of 

CypD inhibition, we suggest a cautious approach by the therapeutic targeting of  CypD.  



80 

 

8. ÖSSZEFOGLALÁS 

A trombektómiás technikák fejlődésével vizsgálhatóvá vált a vérlemezkék hozzájárulása 

artériás trombusok szerkezetéhez. Elemezve intervenciós terápia során koszorúér 

betegségben (CAD), perifériás artériás betegségben (PAD), illetve ischaemiás stroke-

ban (AIS) szenvedő betegek artériáiból eltávolított trombusok szerkezetét, a következő, 

vérlemezketartalmat meghatározó modulátorokat azonosítottuk: diabetes mellitus, 

érelmeszesedés (AIS betegekben), dohányzás (CAD és PAD betegekben) és malignus 

tumorok (AIS betegekben) jelenlétében a vizsgált trombusokban a vérlemezkék 

kompaktabb konglomerátumokba tömörültek, mint ezek hiányában. 

Heterogén stimulusra adott válaszként különböző vérlemezke-populációk keletkeznek. 

„Erős” aktivátorok (pl. trombin és kollagén, illetve reaktív oxigéngyökök) 

mitokondriális permeabilitási tranzíciós pórus (MPTP) megnyílását idézik elő, ami 

prokoaguláns vérlemezke-fenotípust eredményez. „Gyenge” aktivátorok (pl. ADP) 

jelenlétében azonban diszkoid vérlemezkék keletkeznek MPTP-nyitás nélkül. A 

Cyclophilin D (CypD) fehérje érzékenyítő hatású az MPTP-re. Munkám második 

részében a CypD-gátlás vérlemezke funkciókra kifejtett hatását vizsgáltam ADP 

jelenlétében CypD-génhiányos egér-, illetve CsA-kezelt humán vérlemezkékben. 

CypD hiányában ADP-stimulusra mindkét fajban fokozott vérlemezke-adhéziót és 

szétterülést, valamint csökkent antifibrinolítikus hatást találtunk. Az aggregáció eltérő 

tendenciát mutatott a két csoportban (csökkent CypD-/- és nőtt CsA-gátolt 

vérlemezkékben). A szelektív kalcineuringátló FK506-tal végzett kísérleteink 

rámutattak a CsA által regulált, CypD-független útvonalak aggregációban betöltött 

szerepére.  CypD-/-, illetve CsA-kezelt vérlemezkék jelenlétében vékonyabb fibrinszálak 

jöttek létre, míg a kalcineurin gátlása fajfüggő módon befolyásolta a fibrin szerkezetét.  

Végül, humán tumorsejteket hordozó egerekben képződött vénás trombusok elemzése 

során csökkent vörösvértesttartalmat és vékonyabb fibrinszálakat találtunk. 

Összefoglalva, munkánk során az artériás trombusok vérlemezketartalmát befolyásoló 

modulátorokat azonosítottunk, és megváltozott vénás trombusszerkezetet találtunk 

tumor jelenlétében. Igazoltuk a CypD szerepét „gyenge” agonista-indukálta 

vérlemezke-aktivációban, valamint a fibrinolízis vérlemezkefüggő szabályozásában. 

Figyelembevéve a CypD-gátlás protrombotikus és profibrinolítikus hatásait, óvatos 

megközelítést javaslunk a CypD-t célzó terápiás beavatkozások során. 
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