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Summary 

Platelet activation and aggregation are important processes in hemostasis resulting in 

reduction of blood loss upon vessel wall injury. However, platelet activation can lead 

to thrombotic events causing myocardial infarction and stroke. A more detailed under-

standing of the regulation of platelet activation and the subsequent formation of thrombi 

is essential to prevent thrombosis and ischemic stroke. Cations, platelet surface re-

ceptors, cytoskeletal rearrangements, activation of the coagulation cascade and intra-

cellular signaling molecules are important in platelet activation and thrombus for-

mation. One such important molecule is serotonin (5-hydroxytryptamin, 5-HT), an in-

dolamine platelet agonist, biochemically derived from tryptophan. 5-HT is secreted 

from the enterochromaffin cells into the gastrointestinal tract (GI) and blood. 

Blood-borne 5-HT has been proposed to regulate hemostasis by acting as a vasocon-

strictor and by triggering platelet signaling through 5-HT2A receptor. Although platelets 

do not synthetize 5-HT, they take it up from the blood and store it in their dense gran-

ules which are secreted upon platelet activation. To identify the molecular composite 

of the 5-HT uptake system in platelets and elucidate the role of platelet released 5-HT 

in thrombosis and ischemic stroke, 5-HT transporter knock-out mice (5Htt-/-) were an-

alyzed in different in vitro and in vivo assays and in a model of ischemic stroke. In 

5Htt-/- platelets, 5-HT uptake from the blood was completely abolished and agonist-

induced Ca2+ influx through store operated Ca2+ entry (SOCE), integrin activation, 

degranulation and aggregation responses to glycoprotein (GP) VI and C-type lectin-

like receptor 2 (CLEC-2) were reduced. These observed in vitro defects in 5Htt-/- plate-

lets could be normalized by the addition of exogenous 5-HT. Moreover, reduced 5-HT 

levels in the plasma, an increased bleeding time and the formation of unstable thrombi 

were observed ex vivo under flow and in vivo in the abdominal aorta and carotid artery 

of 5Htt-/- mice. Surprisingly, in the transient middle cerebral artery occlusion model 

(tMCAO) of ischemic stroke 5Htt-/- mice showed nearly normal infarct volumes and a 

neurological outcome comparable to control mice. Although secreted platelet 5-HT 

does not appear to play a crucial role in the development of reperfusion injury after 

stroke, it is essential to amplify the second phase of platelet activation through SOCE 

and thus plays an important role in thrombus stabilization. 

To further investigate the role of cations, granules and their contents and regulation of 

integrin activation in the process of thrombus formation, genetically modified mice were 

analyzed in the different in vivo thrombosis models. Whereas Tph1-/- mice (lacking the 
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enzyme responsible for the production of 5-HT in the periphery), Trpm7KI (point muta-

tion in the kinase domain of Trpm7 channel, lacking kinase activity) and 

Unc13d-/-/Nbeal2-/- mice (lacking α-granules and the release machinery of dense gran-

ules) showed a delayed thrombus formation in vivo, MagT1y/- mice (lacking a specific 

Mg2+ transporter) displayed a pro-thrombotic phenotype in vivo. Trpm7fl/fl-Pf4Cre (lacking 

the non-specific Mg2+ channel) and RIAM-/- mice (lacking a potential linker protein in 

integrin “inside-out” signaling) showed no alterations in thrombus formation upon injury 

of the vessel wall. 
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Zusammenfassung 

Thrombozytenaktivierung und Aggregation sind wichtige Schritte der Hämostase, die 

zur Reduktion des Blutverlustes bei Gefäßwandverletzung führen. Jedoch kann die 

Aktivierung von Thrombozyten zur Thrombose führen, wodurch Herzinfarkt und 

Schlaganfall entstehen kann. Ein besseres Verständnis der Regulierung der Throm-

bozytenaktivierung und die darauf folgende Thrombusbildung sind notwendig, um 

Thrombose und Hirninfarkte zu vermeiden. Kationen, Thrombozyten-Oberflächenre-

zeptoren, Zytoskelett-Reorganisation, Aktivierung der Koagulationskaskade und intra-

zellulare Signalmoleküle sind wichtig in der Thrombozytenaktivierung und Thrombus-

bildung. Solch ein wichtiges Molekül ist Serotonin (5-hydroxytryptamin, 5-HT), ein In-

dolamin-Thrombozyten-Agonist, welcher aus Tryptophan synthetisiert wird. 5-HT wird 

aus den Enterochromaffinzellen in den Gastrointestinaltrakt (GI) und das Blut abgege-

ben. 5-HT aus dem Blut wirkt als Regulator der Hämostase durch die Wirkung als Va-

sokonstriktor und die Auslösung der Thrombozyten-Signalwege durch den 5-HT2A Re-

zeptor. Thrombozyten synthetisieren kein 5-HT, sondern nehmen es aus dem Blut auf 

und speichern es in den dichten Granula, die nach der Thrombozyten-Aktivierung frei-

gesetzt werden. Um die molekulare Zusammensetzung des 5-HT Aufnahmesystems 

in Thrombozyten zu identifizieren und die Rolle des 5-HT aus Thrombozyten in Throm-

bose und ischämischem Schlaganfalls zu klären, wurde eine 5-HT Transporter-defizi-

ente Mauslinie (5Htt-/-) in verschiedenen in vitro und in vivo Untersuchungen und im 

Model des ischämischen Schlaganfalls analysiert. In 5Htt-/- Thrombozyten ist die Auf-

nahme von 5-HT aus dem Blut vollständig geblockt und Agonisten-induzierter Ca2+ 

Fluss durch Speicher-abhängigen Ca2+ Einstrom (SOCE), Integrinaktivierung, Degra-

nulierung und Aggregation abhängig von Glykoprotein (GP) VI und C-type lectin-like 

receptor 2 (CLEC-2) waren reduziert. Diese in vitro beobachteten Defekte in 

5Htt-/- Thrombozyten konnten durch Zugabe von 5-HT normalisiert werden. Zudem 

wurden reduzierte 5-HT Werte im Plasma, eine erhöhte Blutungszeit und die Bildung 

von instabilen Thromben ex vivo unter Fluss und in vivo in der abdominalen Aorta und 

der Carotis von 5Htt-/- Mäusen beobachtet. Überraschenderweise zeigten die 

5Htt-/- Mäuse nach transientem Verschluss der A. cerebri media (tMCAO), einem Mo-

dell des ischämischen Schlaganfalls, ein normales Infarktvolumen und einen unverän-

derten neurologischen Endzustand im Vergleich zu Kontrollmäusen. Obwohl sekretier-

tes 5-HT aus Thrombozyten keine wesentliche Rolle in der Entwicklung eines Reper-

fusionsschadens nach einem Schlaganfall spielt, ist es essentiell in der Verstärkung 
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der zweiten Phase der Thrombozytenaktivierung durch SOCE und spielt eine wichtige 

Rolle in der Thrombusstabilität. 

Um die Rolle von Kationen, Granula und deren Bestandteile und der Regulierung in 

der Integrinaktivierung im Prozess der Thrombusbildung zu untersuchen, wurden ge-

netisch veränderte Mäuse in den verschiedenen in vivo Thrombosemodellen getestet. 

Während Tph1-/- Mäuse (denen das Enzym zur Produktion von 5-HT in der Peripherie 

fehlt), Trpm7KI (Punktmutation in der Kinasedomäne des Trpm7 Kanals, Fehlen der 

Kinase Aktivität) und Unc13d-/-/Nbeal2-/- Mäuse (denen die α-Granula und die Freiset-

zungsmaschinerie der dichten Granula fehlt) und keine oder eine verlangsamte Throm-

busbildung zeigten, wiesen MagT1y/- Mäuse (denen der spezifische Mg2+-Transporter 

fehlt) einen prothrombotischen Phänotyp auf. Trpm7fl/fl-Pf4Cre Mäuse (denen der nicht 

spezifische Mg2+ Kanal fehlt) und RIAM-/- Mäuse (denen ein potentielles Linker Protein 

im Integrin “inside-out” Signal fehlt) zeigten keine Veränderung in der Thrombus Bil-

dung nach Verletzung der Gefäßwand. 
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1. Introduction 

1.1. Platelet production 

Platelets are small, discoid anucleate cells with a size of 3-4 µm in humans and 1-2 µm 

in mice. In healthy humans, the number of platelets ranges between 150,000-450,000 

platelets per µL, whereas the platelet count in mice is approximately 1,000,000 plate-

lets per µL blood.1,2 The lifespan of platelets is restricted to 10 days in humans and to 

about 5 days in mice,3 with most circulating platelets never becoming activated. Aged, 

dysfunctional or pre-activated platelets are cleared in the liver and spleen by phagocy-

tosis.4 Platelets are produced by their polyploid precursor cells, the megakaryocytes 

(MKs), in the bone marrow (BM). The exact mechanism of platelet formation from MKs 

is still not fully understood. According to the current model, mature MKs reside in the 

vicinity of sinusoidal vessels into which they form and release proplatelets into the cir-

culation where final platelet formation takes place.5-7 

Due to the lack of a nucleus, platelet protein synthesis is limited. Nevertheless, plate-

lets contain MK-derived messenger RNA (mRNA) and the translational machinery for 

de novo protein synthesis.8 Furthermore, platelets enclose numerous cell organelles 

like granules and structures such as the bilamellar plasma membrane (PM) with sev-

eral channels of the open canalicular system (OCS). This OCS is a source from which 

the surface area of the membrane can be increased upon platelet activation and shape 

change from a discoid (Figure 1A) to a spherical (Figure 1B) morphology.9 In addition 

platelets contain a dense tubular system (DTS) originated from the endoplasmatic re-

ticulum (ER) of MKs, glycogen stores, mitochondria and three types of granules 

(α-granules, dense granules and lysosomes), see Figure 1C. 

Circulating platelets survey vascular integrity, thus playing a major role in hemostasis. 

Upon injury, platelets can adhere to exposed subendothelial extracellular matrix 

(ECM), leading to their activation, the release of secondary mediators and local pro-

duction of thrombin, resulting in recruitment and activation of further platelets and the 

formation of a hemostatic plug. This process is important to seal vascular injuries, to 

minimize blood loss and to prevent infections. On the other hand, uncontrolled platelet 

activation in diseased vessels can lead to thrombotic vessel occlusion. Myocardial in-

farction (MI) and stroke, triggered by thrombus embolization are severe diseases and 

the major cause of death and morbidity worldwide.10 Therefore, understanding of the 

regulation of platelet activation via inhibitory and activatory mechanisms is essential to 
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design improved therapeutic approaches for the prevention of uncontrolled platelet ac-

tivation. 

 

Figure 1: Platelet shape and content. (A) Platelet morphology in resting conditions and 
(B) upon platelet activation. (C) Schematic picture of a platelet containing open canalicular 
system (OCS) and dense tubular system (DTS), mitochondria and the three major granule 
types. The α-granules (α-G), dense granules (δ-G) and lysosomes (λ-G). (Images A+B kindly 
provided by Christian Gachet, image C is taken from: Rendu and Brohard-Bohn, Platelets 
2001)11 

1.2. Platelet granules 

There are three major granules found in platelets, α-granules, dense granules and ly-

sosomes (Figure 1C).12 

The α-granules contain around 300 distinct molecules, like adhesion molecules and 

coagulation factors, such as von Willebrand factor (vWF), fibronectin, thrombospon-

din-1, fibrinogen, plasminogen, coagulation factors (factor V, VII, XI and XII) as well as 

plasma proteins, angiogenic factors, anti-angiogenic factors, growth factors, prote-

ases, necrotic factors (e.g. TNFs) and other cytokines.12 Several adhesion molecules 

like GPIIb/IIIa and P-selectin are known to be prominent on the α-granule membrane. 

The α-granules originate from precursor granules in the trans-Golgi apparatus of MKs. 

The contents of these granules are important at sites of vessel wall injury, playing a 



Introduction  14 

significant role in hemostasis, inflammation, antimicrobial host defense, wound heal-

ing, angiogenesis, malignancy and atherosclerosis.13,14 

Dense granules contain small inorganic molecules like 5-HT, adenosine di-or triphos-

phate (ADP, ATP) and polyphosphates. Most of the molecules are derived from MKs 

and packaged into granules destined for future platelets during biosynthesis. It is hy-

pothesized that some proteins, such as fibrinogen and factor V are endocytosed from 

the blood stream by MKs and platelets and then transported to the granules.12,13 

Lysosomes store glycohydrolases which are needed for degradation of glycoproteins, 

glycolipids and glycosaminoglycans. In addition, they contain cathepsin (cathepsin D 

and E) and lysosomal membrane proteins. The release of lysosomal enzymes plays 

an important role in the final step of granule secretion and platelet activation in a form-

ing clot and is hypothesized to contribute to remodeling the site of damage.15,16 

1.3. Platelet activation and thrombus formation 

Platelet activation and thrombus formation requires ligand-receptor binding, the acti-

vation of signaling and the release of granule contents at sites of vascular injury. Plate-

let activation can be divided into three major steps: the tethering and adhesion of plate-

lets, platelet activation and finally platelet aggregation and thrombus growth (Figure 

2).17 

 

Figure 2: Platelet adhesion and activation at sites of vascular injury leading to stable 
thrombus formation. Platelet tethering on the injured vessel wall is mediated via GPIb-vWF 
interactions, enabling platelets to stay in close contact with the ECM. This interaction allows 
the binding of collagen in the ECM by its receptor on platelets, GPVI, triggering intracellular 
signaling and, resulting in Ca2+-mobilization, phosphatidylserine (PS) exposure, cytoskeletal 
rearrangement, mobilization of α-and dense granules, the release of “second wave” media-
tors and the “inside-out” activation of integrins. All these processes together lead to the re-
cruitment of further platelets into the growing thrombus. (Image is taken from: Vargo-Szabo 
et al., ATVB 2008.)17 
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Another major regulator of thrombus formation are the prevailing rheological conditions 

in the vessel at the site of an injury. 

1.4. Vessel wall and fluidity in thrombus formation 

The prevailing blood flow conditions in the vessel are an important determinant of plate-

let tethering in the process of thrombus formation. Blood flow is variable in blood ves-

sels depending on the location within the vessel lumen, due to the shearing effects of 

adjacent fluid layers and their distance to each other. The highest blood flow is found 

in the center of the vessel.18 The shear rate depends on the vessel size and can range 

from 500 s-1 to 10,000 s-1 in venules or arterioles, whereas in stenosed vessels a shear 

rate of >20,000 s-1 can be reached.18-21 There are different adhesion mechanisms 

known in platelets, operating at different shear rates.  

At shear rates around 10,000 s-1, platelets can adhere via GPIbα to collagen-bound, 

immobilized vWF on the ECM without the activation of αIIbβ3, which has been shown 

to be sufficient to trigger thrombus formation under these conditions.22 In veins and 

large arteries with low shear rates <500 s-1, the interaction between the GPIb complex 

and vWF plays a minor role.23 

At shear rates of >1,000 s-1, as found in small arteries, arterioles and stenosed arteries, 

the initial tethering starts with platelets adhering to the ECM via interactions between 

the receptor complex GPIb-V-IX and collagen-bound vWF.21-25  

These interactions are transient and do not mediate firm adhesion, but maintain the 

close contact between platelets and the surface of the ruptured vessel wall, containing 

different molecules like laminin, fibronectin and collagen. “Rolling” of circulating plate-

lets enables the interaction of the immunoglobulin-like receptor GPVI and the throm-

bogenic ECM protein collagen as the second phase of thrombus formation. The major 

collagen receptor GPVI binds collagen with a low affinity, which is sufficient to induce 

intracellular signaling, resulting in integrin activation. In addition, platelet activation 

leads to a rise of cytosolic Ca2+ concentration, cytoskeletal rearrangements, mobiliza-

tion of α- and dense granules, the release of “second wave” mediators, like ADP, ATP 

and 5-HT 26-28 and thromboxane A2 (TxA2) and the exposure of negatively charged 

procoagulant phosphatidylserine (PS) on the platelet surface. At the same time, ex-

posed tissue factor (TF) triggers local thrombin generation. Thrombin and the released 

agonists can act in an autocrine and paracrine way on G protein-coupled receptors 

(GPCR; Gq, G12/13, Gi), inducing signaling cascades downstream of the receptors, full 
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platelet activation and recruitment of additional circulating platelets. The “final common 

pathway” of platelet activation, is the conformational change of integrins, most notably 

αIIbβ3, from a low-affinity to their high-affinity, active state.29 This “inside-out” activation 

results in firm platelet adhesion, aggregation and thrombus growth.17 Besides the ma-

jor αIIbβ3 integrin (ligand: fibrinogen), platelets express other integrins, namely αvβ3 

(ligand: vitronectin), α2β1 (ligand: collagen), α5β1 (ligand: fibronectin) and α6β1 (lig-

and: laminin).30 The binding between integrin αIIbβ3 and fibrinogen leads to the bridg-

ing of activated platelets and thus the formation and stabilization of the thrombus. Ad-

ditionally, integrin αIIbβ3 is important in the formation of stable platelet aggregates by 

binding to several ligands other than fibrinogen, such as vWF, fibronectin, thrombos-

pondin and vitronectin.29 Upon ligand binding, integrins undergo “outside-in” signaling. 

The binding triggers a clustering of the integrin, leading to increased ligand affinity and 

the activation of downstream signals resulting in granule secretion. The secretion of 

the granule contents induces platelet spreading and leads to the retraction of the blood 

clot, a process which is important in facilitating wound healing by bringing wound edges 

into closer proximity.31,32 

1.5. Signaling pathways in platelet activation 

Platelet activation can occur through two principal pathways depending on the inducing 

stimulus. The first is initiated by ligand binding to the (hem)Immunoreceptor tyro-

sine-based activation motif (ITAM)-bearing receptors, like GPVI and CLEC-2. The sec-

ond is initiated by soluble agonists such as ADP, thrombin, TxA2 and 5-HT which trig-

ger platelet activation via different GPCRs and by “inside-out” and “outside-in” signal-

ing of the different integrins, expressed on the surface of platelets (Figure 3).30,31,33 

1.5.1. (hem)ITAM signaling during platelet activation 

The ITAM consists of two tyrosine residues with the highly conserved consensus se-

quence Yxx(L/I) separated by 6-12 other amino acids. This motif can be found in sev-

eral cells of the immune system including Fc-receptors (FcR) and T and B cell recep-

tors (TCR, BCR). Upon ligand binding the receptor is clustered and phosphorylation of 

the ITAM tyrosine occurs, leading to a signaling cascade involving several kinases, 

adapter proteins and effector molecules. There are only two (hem)ITAM-bearing re-

ceptors expressed in mouse platelets, GPVI and CLEC-2, whereas human platelets 

express one further receptor: the FcγRIIA.34 In CLEC-2 only “the half” of this sequence 

is present, which is why the signaling motif in the cytoplasmic tail of the receptor is 
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referred to as the (hem)ITAM. The endogenous CLEC-2 ligand podoplanin is not 

known to be expressed in the vasculature and thus other hypothesized vascular lig-

ands for CLEC-2 remain to be identified. The activation of the (hem)ITAM signaling 

pathway leads to the activation of phospholipase C (PLC)γ2 resulting in the cleavage 

of phosphatidyl-inositol-4,5-bisphospate (PIP2) to diacylglycerol (DAG), which further 

activates protein kinase C (PKC) and promotes inositol-3,4,5-trisphosphate (IP3) pro-

duction. 

 

Figure 3: Major platelet signaling pathways. Thrombin, epinephrine and “second wave” 
mediators, like ADP, TxA2, and 5-HT can couple heterotrimeric G proteins (Gq, G12/13, Gi), 
leading to the activation of downstream signaling. Ligand binding to receptors like GPVI and 
CLEC-2 lead to the activation of PLCγ2. Both pathways culminate in integrin activation, Ca2+ 
mobilization, platelet shape change, aggregation and secretion. PI3K, phosphatidylinosi-
tol-3-kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinosi-
tol-3,4,5-trisphosphate; IP3, inositol-3,4,5-trisphosphate; AC, adenylate cyclase; DAG, di-
acylglycerol; PLC, phospholipase C; CLEC-2: C-type lectin like receptor 2; PAR, prote-
ase-activated receptor; ADP, adenosine diphosphate; GDP, guanosine diphosphate; GTP, 
guanosine triphosphate; GEF, guanine nucleotide exchange factor; RhoA, Ras homolog 
gene family member A; Fg, fibrinogen; TF, tissue factor; TxA2 , thromboxane A2 ; vWF, von 
Willebrand factor; LAT, linker for activation of T cells; Syk, spleen tyrosine kinase; SFK, Src 
family kinase. (Image taken from: Stegner and Nieswandt, J Mol Med 2011)24 

Activation of these signaling molecules leads to the mobilization of Ca2+ from intracel-

lular stores and then Ca2+ entry through channels in the PM, a process called SOCE. 
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The whole (hem)ITAM signaling pathway culminates in integrin activation, platelet 

shape change, aggregation and secretion (Figure 3, Figure 4). 

1.5.2. GPVI/FcRγ-chain complex and ITAM-signaling 

The major platelet collagen binding receptor is GPVI, a 62-kDa type I transmembrane 

receptor of the Immunoglobulin (Ig) superfamily non-covalently associated with the 

ITAM-bearing FcRγ-chain. This receptor is exclusively expressed on MKs and plate-

lets. Ligand binding induces phosphorylation of the ITAM via Src family tyrosine ki-

nases (SFK), followed by the recruitment and activation of spleen tyrosine kinase 

(Syk), thus initiating the assembly of the linker for activation of T cells (LAT) signal-

osome. This further leads to the activation of effector proteins, like PLCγ2, phosphati-

dylinositol-3,4,5-trisphosphate (PI3K) and small GTPase, resulting in Ca2+ mobilization, 

integrin activation, degranulation and platelet aggregation (Figure 3, Figure 4). 

1.5.3. Platelet activation through GPCRs 

Many different ligands including amines, lipids, peptides, ions, nucleotides or prote-

ases can amplify further platelet activation via GPCRs (seven-transmembrane contain-

ing receptors coupled to G-proteins: Gq, G12/13, Gi).35 GPCRs play a major role in the 

second phase of thrombus formation, as their signaling pathways can act as a part of 

a positive-feedback loop, amplifying platelet activation and recruiting more platelets to 

a growing thrombus. The binding of ligands released from platelet granules, damaged 

endothelial cells or the binding of mediators produced after cell activation induces the 

activation of the G protein signaling pathways which culminate in the activation of PLCβ 

(via Gq coupled receptors), the activation of the PI3K/Akt signaling (via Gi coupled re-

ceptors) and the stimulation of Rho-GTPases (via G12/13 coupled receptors) (Figure 3). 

Examples of such ligands are ADP/ATP and 5-HT released from dense granules, in-

teracting with the receptors P2Y1/P2Y12 and 5-HT2A respectively. TxA2, which is pro-

duced by the metabolism of arachidonic acid (AA) by cyclooxygenase and thrombox-

ane synthase enzymes, is released upon platelet activation, binds to thrombox-

ane-prostanoid receptors (TP) α and β to promote plug formation.24,35 The major plate-

let agonist thrombin is an important protease for the stability of the platelet-rich plug by 

cleavage of plasma fibrinogen into fibrin. Upon activation of the coagulation cascade 

via the intrinsic and the extrinsic pathway, prothrombin is cleaved to thrombin.24,35 
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Figure 4: GPVI and CLEC-2 signaling in platelets. Ligand binding (GPVI: collagen, 
CLEC-2: unknown in vasculature) induces phosphorylation of the ITAM, which leads to the 
activation of a powerful downstream signaling cascade. Src family tyrosine kinase (SFK); 
spleen tyrosine kinase (Syk); linker for activation of T cells (LAT); phospholipase (PL) Cγ2; 
SH2 domain-containing leukocyte protein of 76 kDa (SLP-76); growth factor receptor-bound 
protein 2 (Grb2); Grb2-related adapter protein 2 (Gads); Vav proteins. (Image taken from 
Stegner et al., ATVB 2014)36 

1.6. Serotonin (5-HT), an important indolamine in the brain and plate-

lets 

Serotonin (5-hydroxytrytamine, 5-HT; MW 176.2) is a small indolamine which is best 

known as a monoamine neurotransmitter in the brain. 5-HT was first described in the 

early 1930’s by Dr. Vittorio Erspamer in enterochromaffin cells of the gut from which 

Dr. Erspamer isolated 5-HT and noted it caused contraction in smooth muscle cells in 

rat uterus.37 This contraction causing substance was first named enteramine and later 

re-named to 5-HT.38 Only 5 % of 5-HT is synthesized in the brain (in the Raphe nuclei), 

whereas 95 % is produced by the enterochromaffin cells of the GI, mast cells and mon-

ocytes/macrophages.39 5-HT is synthesized (Figure 5) from the essential amino acid 

L-tryptophan (TRP) to 5-hydroxytryptophan (5-HTP) by the enzyme L-tryptophan hy-

droxylase (TPH) 1 in the brain and TPH2 in the periphery. The activity of these TPH 

enzymes is the rate limiting step in the production of 5-HT. Whilst its chemical precur-

sors can pass across the blood-brain-barrier, 5-HT cannot, thereby effectively isolating 

the brain from pool of 5-HT generated in the periphery. 5-HT is metabolized in cells, 

such as neurons by two different monoamine oxidases (MAO) A and B, the products 

of this breakdown are then excreted by the kidney. 5-HT itself can also be metabolized 

via a different mechanism to melatonin as depicted in Figure 5.40-42 



Introduction  20 

5-HT is involved in diverse biological processes. In the brain it regulates several com-

plex behavioral networks, which control (for example) mood, perception, reward, an-

ger, aggression, appetite, memory, sexuality and attention. In the periphery (where 

most 5-HT is produced), 5-HT regulates heart development, heart rate, valvulopathy, 

pain, nociception, early embryonic development, local vasoconstriction or vasodilation, 

vascular resistance, blood pressure, hemostasis, platelet function and many processes 

more.43,44 

 

Figure 5: 5-HT biosynthesis and degradation. 5-HT is synthesized from tryptophan 
through hydroxylation by tryptophan hydroxylase 1 or 2, depending on the site of synthesis, 
to 5-hydrosytryptophan. The product is decarboxylated by L-aromatic amino acid decarbox-
ylase to 5-HT. 5-HT itself can be deaminated by monoamine oxidase A or B to 5-hydroxyin-
dole acetaldehyde and then dehydrogenised via the aldehyde dehydrogenase to 5-hydrox-
yindole-acetic acid, which can be secreted by the kidney. 5-HT is also the precursor for 
melatonin. 5-HT N-acetyltransferase synthesizes N-acetyl 5-HT via the 5-hydroxyindole O-
methyltransferase to produce melatonin. (Modified from Berumen et al., Scientific World J. 
2012 and Hickman et al., Mol Cell 1999)41,45 

As it is involved in the regulation of so many important functions, alterations in 5-HT 

concentration in the body are associated with many different diseases. These are as 

diverse as the functions of 5-HT and include irritable bowel syndrome, restless legs 

syndrome, sudden infant death syndrome, autism, headache, insomnia, anxiety, de-

pression, anorexia, schizophrenia, Parkinson’s and Alzheimer’s disease, pulmonary 

hypertension and MI.43,46,47 
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After its synthesis in enterochromaffin cells of the GI, 5-HT is released into the blood-

stream. 5-HT can then bind to its different receptors expressed throughout the body 

(Figure 6). There are 17 serotonin receptors, belonging to 7 different receptor subfam-

ilies: 5-HT1 (A-F, P, S), 5-HT2 (A-D), 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-HT7.48 All re-

ceptors belong to the GPCR superfamily with the exception of 5-HT3, which belongs to 

the nicotinic acetylcholine receptor superfamily and is a ligand-gated ion channel.41 In 

addition to binding its cognate receptors 5-HT can also be taken up from the circulation 

into cells via the 5-HT transporter (5Htt). After uptake 5-HT can then be stored in cel-

lular vesicles/granules via the action of vesicular monoamine transporter (VMAT) 1/2 

which is expressed in neurons, neuroendocrine cells and platelets. In platelets 5-HT is 

stored in the dense granules where it can reach concentrations of up to 65 mM49. 

1.6.1. 5-HT in neurons 

In neurons, 5-HT can be released into the synaptic cleft upon firing and then bind to 

different postsynaptic receptors (5-HT1A-F, 5-HT2A-C, 5-HT3-7), inducing signaling prop-

agation between neurons. The presynaptic neurons also express 5-HT receptors: 

5-HT1A and 5-HT1B which are thought to decrease the amount of 5-HT released into 

the synaptic cleft and therefore also the subsequent firing rate at the presynapsis.44,50 

5-HT receptor stimulation or 5-HT itself can trigger desensitization, internalization and 

receptor recycling in the presynaptic neuron.44 5-HT triggers effector signals down-

stream of postsynaptic receptors. Binding of 5-HT to 5-HTR1 couples the Gi/o protein 

alpha subunit, leading to the inhibition of adenylate cyclase (AC) and the subsequent 

reduction of cyclic adenosine-monophosphate (cAMP). Upon binding to 5-HT2, PLCβ 

is activated via the coupling of Gq/11 protein alpha. Activation of this receptor-G protein 

unit leads to the formation of IP3 and DAG and further mobilization of Ca2+. The iono-

tropic, cation-specific ligand-gated ion channel 5-HTR3 triggers no second messenger 

signal. This receptor instead influences the activation of 5-HTR2 by depolarization of 

the postsynaptic membrane. The receptors 5-HTR4,6,7 couple Gs protein alpha upon 

5-HT binding, leading to activation of AC and the increase of cAMP. The activation of 

all these signaling cascades via the different receptors triggers potassium channels, 

protein kinases and the mobilization of Ca2+, leading to the release of neurotransmitter 

from central serotonergic, noradrenergic and dopaminergic neurons.51 
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Figure 6: 5-HT biosynthesis and receptor distribution in brain and periphery. Serotonin 
(5-HT), serotonin transporter (SERT), monoamine oxidase (MAO), 5-hydroxyindole acetic 
acid (5-HIAA), 5-hydroxytryptophan (5-HTP), tryptophan (TRP), vesicular monoamine trans-
porter (VMAT). (Modified from Yubero-Lahoz et al., Curr. Med. Chem. 2013)52 

1.6.2. 5-HT in platelets 

Upon platelet activation, stored 5-HT can be released from the dense granules. 5-HT 

can then bind to the 5-HT2A receptor expressed on platelets, inducing Gq-signaling via 

PLCβ, PKC and mobilization of Ca2+ to further amplify platelet activation (Figure 7). 

There are several 5-HT receptors expressed on lymphocytes, the endothelium and 

smooth muscle cells of arteries, all of which may then be influenced by platelet re-

leased 5-HT.52 5-HT can also activate another process in platelets, termed serotonyl-

ation, in particular of small GTPases downstream of the Gq-receptor. Mobilized Ca2+ 

activates tissue transglutaminase (TG) and factor XIIIa. TG mediates the transami-

dation of small GTPases, like cytoplasmic Ras homolog gene family member A (RhoA) 

and Rab4. Serotonylation blocks the inactivation of both molecules. 

A complex consisting of Ca2+ and calmodulin (CaM) can activate guanine exchange 

factors (GEFs), which trigger the exchange of guanosine di- (GDP) to triphosphate 

(GTP) on RhoA and Rab4 and thus induces activation of the respective protein. These 

two active molecules are involved in cytoskeleton rearrangement, exocytosis of α- and 

dense granules and their contents. Some of these contents, like fibrinogen and FV are 

also known to be serotonylated. These pro-coagulant molecules are exposed on the 
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platelet surface, and are used to mark a subpopulation of highly activated, pro-coagu-

lant platelets, called the collagen and thrombin-activated (COAT) platelets. These 

COAT platelets are highly PS-positive with low integrin activity and are thought to fa-

cilitate coagulation via promotion of thrombin generation.49,53 

 

Figure 7: 5-HT receptor signaling in neurons. Signaling pathways downstream of the the 
5-HT transporter and the different 5-HT receptors 2A, B and C. Phospholipase C (PLC) β/γ; 
diacylglycerol (DAG); inositol 1,4,5-triphosphate (IP3); phophatidylinositol 4,5-bisphosphate 
(PIP2); protein kinase B/C (PK B/C); extracellular signal-regulated kinases 1 and 2 (ERK1/2); 
phospholipase A2 (PLA2); arachidonic acid (AA); phophatidylcholine (PC); phophatidic acid 
(PA); phospholipase D (PLD); mitogen-activated protein kinase (MEK); mitogen-activated 
protein kinase (MAPK); phosphohydrolase enzyme (PH); protein kinase A (PKA); 5-HT 
transporter (SERT); Ras homolog gene family member A (RhoA); RhoA-guanosine 
exchange factor (RhoA-GEF); phosphatidylinositol-3-kinase (PI3K); nuclear factor-kappaB 
(NFκB) and proteins: Src, Ras, Raf, AKT. (Image taken from Berumen et al., Scientific World 
J 2012)41 

1.6.3. Serotonin transporter (5Htt) 

Besides the above mentioned 5-HT receptors, a 5-HT transporter (SERT, 5Htt, 5-Htt) 

also exists encoded by the gene SLC6A4 and composed of 14 exons.46 The trans-

porter has 12 transmembrane domains (Figure 8A+B) with 630 amino acids. In hu-

mans, alternative promotors and differential splicing results in several mRNA species 

or splice variants, which can regulate gene expression.46 The splice variants vary in 

their length and interestingly are associated with depression, suicide, bipolar disorders, 

anxiety disorders, substance-abuse disorders, autism, neurodegenerative disorders, 

eating disorders and attention-deficit/hyperactivity disorder.46 5Htt is the major trans-
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porter for the uptake of 5-HT, besides the dopamine transporter (DAT), the noradren-

aline transporter (NET) and the organic transporter (OCT) 1/3.54,55 The 5-HT transport 

machinery is targeted by several antidepressant drugs, like the selective serotonin 

reuptake inhibitors (SSRIs), which are commonly used to treat patients with psychiatric 

disorders. The 5-HT transporters are thought to be able to compensate for one another 

where they are co-expressed. For example a recent publication demonstrated that 

5-HT can be taken up in the vena cava independently of 5Htt expression.56 

5Htt is highly expressed on neurons, endothelial cells, mast cells, natural killer cells, 

dendritic cells, B cells and platelets,57 but also in the intestine, vasculature and immune 

system.56 In the brain, this 5-HT transporter is important for the clearance of 5-HT in 

the synaptic cleft and subsequent storage in neuronal cells for later release upon stim-

ulation. 

In platelets, 5Htt is thought to mediate the uptake of 5-HT from the circulation, after 

which it is stored and then released upon platelet activation. This release of 5-HT from 

platelets is known to support the recruitment of other platelets to forming thrombi due 

to the expression of the 5-HT receptor 5-HT2A on platelets. In addition to recruiting new 

platelets to a growing thrombus 5-HT can also act in an autocrine fashion amplifying a 

positive feedback loop via 5-HT2A (the only 5-HT receptor on platelets) which syner-

gizes with other important activatory platelet signals. 

 

Figure 8: 5-HT transporter gene and protein.(A) Scheme of the gene locus of 5HTT in 
humans. Serotonin-transporter-gene-linked polymorphic region (5-HTTLPR), variable num-
ber of tandem repeats (VNTR), variable number of tandem repeats (SNPs). (B) Schematic 
illustration of the 5HTT transporter. Transmembrane segments (TMs). (Images taken from 
Murphy and Lesch, Nature Reviews 2008)46 

1.6.4. Selective serotonin reuptake inhibitors (SSRI) 

Many people suffer from psychiatric disorders during their lifetime,58 and the increased 

frequency of diagnosis over time has intensified the research for new drugs for the 

treatment of these diseases. The first antidepressant monoamine oxidase inhibitors 

(MAOIs) and tricyclic antidepressants (TCAs) were developed in the early 1950,59,60 
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followed by the development of SSRIs in the late 1970s.59 SSRIs are commonly used 

for the treatment of patients with severe depressive and anxiety disorders. SSRIs act 

in the same manner as TCAs however without the side-effects on other neurorecep-

tors.61 The SSRIs were produced to selectively inhibit the uptake of 5-HT via the 5Htt 

transporter in the brain, whilst having minimal side-effects on proteins like DAT and 

NET, that can also transport 5-HT.62 SSRIs modulate the allosteric region of the trans-

porter, leading to a conformational change and thus blocking of the uptake of 5-HT.62 

The uptake of 5-HT into neurons is important for the clearance of the synaptic cleft, 

preventing firing rates and overstimulation of receptors.63 This uptake and the later 

release is blocked upon treatment with SSRIs, like fluvoxamine, fluoxetine, nortripty-

line, citalopram and escitalopram.64 The different SSRIs vary in kinetic characteristics, 

being competitive to mixed competitive/non-competitive inhibitors. Two different bind-

ing sites on 5Htt have been identified, a low-affinity allosteric site, mediating the disso-

ciation of SSRIs from their high-affinity site, which induces the blockade of 5-HT up-

take.63 As there is no difference between 5Htt transporter expressed in brain and on 

platelets, the platelet serotonergic system mimics the presynaptic serotonergic system, 

and therefore platelets have been used to study the effects and changes on 5Htt upon 

SSRI treatment.63 Several studies reported side-effects of SSRI during treatment re-

lated to hemostasis, including an increase in bleeding risk,65,66 5-HT syndrome,61 re-

ducing incidence of MI64 and reduction of thrombotic events.64 

1.7. Platelet activation and divalent cations 

1.7.1. Ca2+ is essential for platelet activation 

Ca2+ is a second messenger in virtually all cells and regulates multiple cellular functions 

such as exocytosis, gene transcription, cell motility, cell cycle and apoptosis.67 There 

are two mechanisms leading to an increase of cytoplasmic Ca2+ concentration: 1.) is 

the uptake of Ca2+ from outside a cell via Ca2+ channels in the PM, 2.) the release of 

Ca2+ from intracellular Ca2+ stores. It is reported that Ca2+ is stored in mitochondria, 

the ER, in the DTS, in lysosomes, the Golgi apparatus, in secretory granules, like 

dense granules and in the nuclear envelope.68-71 The main channels for Ca2+ influx are 

voltage-gated Ca2+ channels, receptor-operated Ca2+ (ROC) channels and store-oper-

ated Ca2+ (SOC) channels, which mediate SOCE across the PM.67,72,73 

Ca2+ is known to be a major signaling molecule in platelet activation, regulating cyto-

skeletal rearrangement, aggregation, firm adhesion and granule secretion.74 The Ca2+ 
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store release in platelets is in the DTS and release from this store is regulated by IP3 

via its IP3 receptor (IP3R), forming a Ca2+ channel. The channel activity is mediated by 

the binding of IP3 to the N-terminus of the IP3R, a region, which also contains an inhib-

itory domain for the binding of IP3. The pore unit is located in the C-terminus of the 

receptor, regulating Ca2+ influx.75 On platelets and other cells three different isoforms 

of IP3R are present, IP3R1, IP3R2 and IP3R3. The most important isoforms in platelets 

are IP3R1 and IP3R2.76 

In resting platelets, Ca2+ pumps and exchangers in the store and cell PM ensure that 

the intracellular Ca2+ concentration stays at a constant level. Upon stimulation, PLC 

isoforms are activated, resulting in the hydroxylation of PIP2 into IP3 and DAG. The 

production of DAG leads to the activation of the ROC channel canonical transient re-

ceptor potential channel (TRPC) 6 in the PM and further induces receptor-operated 

Ca2+ entry (ROCE). Concomitantly, Ca2+ store depletion is mediated by the production 

of IP3. The changes in store Ca2+ concentrations are detected via stromal interaction 

molecule (STIM) 1 which upon Ca2+ depletion from the store activates the SOC chan-

nel, Ca2+ release-activated channel (CRAC) protein (Orai)1, inducing SOCE.77 

1.7.2. Platelet activation and Mg2+ 

Besides Ca2+, Mg2+ has also been identified as an important divalent cation in several 

physiological processes. Cellular Mg2+ is bound to ATP, due to its high binding affinity 

to polyphosphate-containing molecules, like DNA, RNA and ATP. The remaining 5 % 

of Mg2+ circulates and can act as a second messenger like Ca2+. Mg2+ is important for 

the proliferation of T cells and their stimulation via the TCR leads to an increase in 

intracellular Mg2+, where it plays an important role in T cell function and development.78 

It is also known that Mg2+ has an effect on cellular metabolism, bioenergetics and Ca2+ 

channel activity.79 Hypomagnesia is associated with impaired glucose tolerance, dia-

betes mellitus, obesity, insulin resistance and decreased insulin secretion.80 Con-

versely hypermagnesia is associated with vasospastic angina.79 

Several channels and transporters for Mg2+ have been identified. They are located in 

mitochondria, the Golgi apparatus and the PM. The most important known channels 

essential for Mg2+ influx and homeostasis belong to the group of transient receptor 

potential cation channel superfamily M (TRPM), TRPM6 and TRPM7.
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1.7.3. Divalent cations and 5-HT 

The binding of 5-HT to its receptor induces mobilization of cytosolic Ca2+, leading to 

platelet activation and other cellular processes.81,82 In addition to this mobilization of 

cytosolic Ca2+ is also known to regulate 5-HT uptake kinetics. In human platelets, the 

rise of cytoplasmic Ca2+-levels without the initiation of exocytosis induces a reduction 

in 5-HT transport into the cytoplasm and the release of 5-HT.83 In a separate study 

rabbit platelets activated in the presence of the extracellular calcium chelator ethylene 

glycol tetraacetic acid (EGTA) had a decrease in 5-HT transport.84 In line with this, 

treatment of human platelets with the membrane permeant calcium chelator 

BAPTA-AM lead to a reduction of 5-HT transport in the presence of extracellular Ca2+.83 

Both publications show that Ca2+ is important in the uptake process of 5-HT. It is hy-

pothesized that 5Htt activity is modulated by phosphorylation. Interestingly, 5Htt has 

multiple consensus sites for PKC and it has been shown that the activity of PKC is 

important for the internalization of the transporter suggesting a link between intracellu-

lar Ca2+ levels and 5-HT uptake.85-88 

1.8. Arterial thrombosis models in mice 

MI, stroke and peripheral arterial occlusion are the major causes of mortality and mor-

bidity worldwide.89 Thus, platelet activation and thrombus formation are the focus of 

intense research to understand the process of thrombosis and to avoid inappropriate 

platelet activation. Murine models of occlusive arterial thrombosis enable the testing of 

new drugs, like anticoagulants, antiplatelet or fibrinolytic agents.90 The possibility to 

delete or mutate (knock-out/in), block or inhibit a potential target in vivo with their short 

reproduction time makes mice a perfect model for this type of research.91 A further 

advantage of this model is that thrombi formed in mice are histologically similar to those 

formed in humans upon vessel wall injury.91 

There are several arterial thrombosis models known in mice. Models of venous throm-

bosis recapitulate stasis and coagulation activation in the venous system. Endothelial 

layer disruption and the subsequent activation of platelets, leading to thrombus for-

mation are central features of arterial thrombus formation. The major focus in these 

models are the changes in thrombosis upon blocking or mutation of receptors or their 

ligands (activators/inhibitors), interaction partners or signaling molecules, to develop 

new drugs.92 Endothelial damage in the arterial system is most often induced by laser, 
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mechanical, electrical or (photo-)chemical injury. The severity of the injury and throm-

bosis progression are monitored via the blood flow or by intravital microscopy allowing 

real-time analysis of the processes of thrombosis.90,92 

1.8.1. Thrombosis after chemical injury of arteries 

Arteries can be injured via the topical application of a ferric chloride (FeCl3) drop or 

with a FeCl3 saturated filter paper for a few minutes, depending on the model and the 

chosen vessel. Thrombus formation is observed via intravital microscopy or blood flow 

is measured by a Doppler flow probe to detect time to vessel occlusion. The applied 

FeCl3 diffuses through the vessel wall, from the media to the intima and then the en-

dothelium.90,93 Currently it is thought that this FeCl3 induces the generation of reactive 

oxygen species,93 leading to vessel wall injury, the denudation of the endothelial sur-

face and the exposure of the pro-coagulant subendothelial matrix. Pro-coagulant pro-

teins, such as collagen and TF, then mediate adherence and activation of platelets via 

receptors and the activation of the coagulation cascade, resulting in the generation of 

thrombin94 and subsequently lead to the formation of a thrombus.90,93 However, the 

mechanism of FeCl3-induced injury is still not entirely understood. Several groups have 

investigated FeCl3-induced endothelial injury by scanning electron microscopy and 

transmission electron microscopy.95 In contrast to other data, illustrating the denuda-

tion of the endothelial layer, a recent study has suggested that the endothelial layer 

remains intact implying that collagen and produced TF are not exposed upon FeCl3 

injury.95 Another publication stated that FeCl3 damages all layers of the vessel, besides 

the internal elastic lamina, thereby leading to the exposure of only basement mem-

brane components.94 The structure and function of important adhesive proteins, like 

fibrinogen, vWF and collagen, were shown to be affected upon FeCl3 treatment in 

vitro.94 

1.8.2. Mechanical injury of the abdominal aorta 

There are several approaches to induce a mechanical injury of the aorta, such as firm 

compression with forceps, introduction of a guide wire into the vessel or the injury of 

the vessel via rotation96 or ligation with a filament.97 To analyze the formation of an 

occlusive thrombus, a Doppler flow probe is used to detect the blood flow over time.98 

Thrombus formation in these mechanical thrombosis models is due to the exposure of 

collagen and is strongly dependent on ITAM-signaling.96
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1.8.3. Genetically modified mice assessed by in vivo thrombosis 

models 

A complex activation machinery is required for physiological platelet function, including 

soluble agonists and enzymes, ions, transporters, adapter proteins, proteins involved 

in cytoskeletal rearrangement, surface receptors, proteins essential for vesicle mobili-

zation and granule release. To understand the role of such players in the process of 

thrombosis, genetically modified mice lacking individual proteins were analyzed in the 

different thrombosis models. 

1.8.3.1. Tryptophan hydroxylase 1 (Tph1) 

Tph1-/- mice lack peripheral 5-HT in the circulation and in platelets, due to the lack of 

the enzyme that hydroxylyses tryptophan to 5-HT in the periphery.99 This mouse line 

was generated to detect alterations due to the lack of 5-HT in the body, whereas in the 

brain, 5-HT is still produced by Tph2. The lack of 5-HT in the periphery in humans is 

associated with impulsive behavior and aggression,100 irritable bowel syndrome,101 

sudden infant death syndrome,102 anxiety disorders103 and many other diseases. 

It is published that peripheral 5-HT plays a major role in several processes, like hemo-

stasis, the immune system and in many others.104 This led to the investigation of the 

Tph1-/- mice and their comparison to the 5Htt-/- mice. The lack of 5-HT in this mouse 

model is associated with decreased neutrophil recruitment to inflammatory sites, mild 

anemia, cardiopathy and diabetes.105 It is known that these mice have other deficits in 

liver regeneration, in regulation of pulmonary arterial pressure, in erythropoiesis and in 

hemostasis.104 

1.8.3.2. Unc13d/Nbeal2 

The release of platelet granule contents is important for platelet activation. The secre-

tion of the different granules is regulated by SNARE proteins expressed on granule 

and plasma membranes and is dependent on [Ca2+]i.106 The soluble N-ethylmaleimide-

sensitive-factor attachment receptor (SNARE) complex consists of numerous proteins 

including members of the Munc13 protein family.106 The whole complex is essential for 

granule fusion with the PM which ultimately results in the release of the granule con-

tents.106 Munc13-4 deficiency in mice results in abolished dense granule secretion and 

up to a 60 % reduction of α-granule secretion. General blood parameters and the sur-

face expression of the major platelet glycoproteins are normal in these mice. However, 
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due to the lack of granule content secretion, tail bleeding times are increased and the 

mice are protected from thrombosis.106,107 

One member of the BEACH-WD40 domain protein family is Neurobeachin-like 2 

(NBEAL2), a 302 kDa protein.108 The proteins of this BEACH domain family are re-

ported to be associated with protein trafficking, (others with this function include 

Nbeal1, Lyst and Lrba).108 NBEAL2, in contrast to neurobeachin, is not expressed in 

brain tissue, but is present in MKs and platelets.108 Mice lacking this protein are devoid 

of α-granules in MKs and platelets reflecting the human storage pool disease Gray 

Platelet Syndrome (GPS) in which NBEAL2 is found to be deleteriously mutated.108-110 

NBEAL2-/- mice display a moderate thrombocytopenia, with an increased platelet size. 

Upon stimulation with collagen or collagen-related peptide (CRP) platelet aggregation 

was reduced compared to Wt. In line with the lack of alpha granules, P-selectin ex-

pression was reduced compared to Wt upon activation with GPCR-, GPVI- and 

CLEC-2-specific agonists. Furthermore, the mice were protected in different throm-

bosis models and had increased tail bleeding times.108,109 

1.8.3.3. Transient receptor potential cation channel, subfamily M, 

member 7 (TRPM7) 

TRPM7 is a non-selective cation channel, permeable to Ca2+, Mg2+, Mn2+ and Zn2+. 

The channel consists of six transmembrane domains with a pore forming loop (Figure 

9). The assembly of three channels is required to form an active channel.111 This chan-

nel also functions as an enzyme, due to the carboxy-terminal serine/threonine kinase 

domain and was therefore initially termed a “chanzyme”. The receptor is regulated by 

external pH and by Mg2+, as well as Zn2+, Mn2+, Ca2+ and polyvalent cations, like neo-

mycin and spermin.78,112 The receptor can be regulated by acidification and activated 

by cytoplasmic alkalinization.112 It is widely expressed in humans, with a high copy 

number in immune cells, cardiac and smooth muscle cells.112 The channel is important 

in embryonic development, shown by the lethality of a constitutive knock-out mouse 

line.113,114 

The kinase domain of TRPM7 in the intracellular C-terminal tail resembles the myosin 

II heavy chain kinases, a member of the α-kinase family.115 TRPM7 is reported to in-

teract with myosin II and actin filaments in vitro in mammalian cells.116 The kinase has 

been proposed to be essential for the ion channel activity, but this is controversially 

discussed. It has been shown that the kinase activity does not affect channel current 
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amplitudes or channel sensitivity to Mg2+.117 On the other hand it was also published 

that the kinase activity is important in channel activity and Mg2+ uptake.112 The kinase 

domain seems to indirectly regulate the channel activity, but this is also controversially 

discussed.118 

 

Figure 9: Structure of the TRPM7 
channel. The channel is a non-selec-
tive permeable cation channel for Ca2+ 
and Mg2+, which can also act as an en-
zyme through its carboxy-terminal ser-
ine/ threonine kinase domain. Mg2+ can 
inhibit the channel activity through an 
unknown mechanism. Transient recep-
tor potential cation channel M7 
(TRPM7), Phosphatidylinositol-4,5-
bisphosphate (PtdInsP2). (Picture 
taken from Feske et al., Nature Re-
views 2012)78 

1.8.3.4. Magnesium transporter 1 (MagT1) 

MagT1 is the magnesium transporter 1 protein, a ~70 kb X-linked gene, consisting of 

10 exons encoding a 335 amino acid protein in humans.119 MagT1 is a highly con-

served, widely expressed transporter in immune and epithelial cells in humans and its 

expression upon low extracellular Mg2+ levels is up-regulated in these cells. MagT1 is 

a voltage-dependent transporter located in the PM and the four transmembrane re-

gions are highly selective to Mg2+ over Ca2+, Zn2+, Ni2+ and other cations (Figure 

10A).78,120 MagT1 consists of five transmembrane domains and an intracellular amino 

terminus.78 MagT1 is known to be important in TCR signaling. Upon stimulation of the 

TCR, MagT1 enables the influx of Mg2+, which further activates PLCγ1, leading to the 

production of IP3 and the release of Ca2+ (Figure 10B).119,121 Levels of cytosolic free 

Mg2+ levels and uptake are reduced in knockdown studies, but supplementation of 

Mg2+ or mammalian mRNA can rescue the defects, like early development arrest.122 

MagT1 is associated with the disease X-linked immunodeficiency with magnesium de-

fect, Epstein-Barr virus and neoplasia disease (XMEN). Current data showed that 

XMEN patients have a mutation in the MagT1 transporter, leading to a loss of the 

MagT1 expression at the mRNA level. 
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Figure 10: Structure of the MagT1 channel. (A) Secondary structure of the Mg2+ trans-
porter protein 1 (MagT1). Indicated are the transmembrane helices (TM) in rectangles and 
the signal peptides in the beginning of the sequence (Picture taken from Zhou and Clapham, 
PNAS 2009)122. (B) MagT1 opens upon stimulation of the T cell receptor (TCR) leading to 
an increase in intracellular Mg2+ concentrations, PLCγ1 activation and Ca2+ influx via SOCE. 
Endoplasmatic reticulum (ER), inositol-1,4,5-triphosphate (InsP3), inositol-1,4,5-triphos-
phate receptor (InsP3R), linker for activation of T cells (LAT), stromal interaction molecule 
(STIM) 1, ξ-chain-associated protein kinase of 70 kDa (ZAP70), cluster of differentiation 
(CD) 4, Calcium release-activated channel (CRAC) protein (ORAI) 1, proteins: LCK, SLP76. 
(Picture taken from Feske et al., Nature Reviews 2012)78 

1.8.3.5. Rap1 guanosine triphosphate (GTP) interacting adaptor 

molecule (RIAM) 

RIAM is a member of the Mig-10/RIAM/lamellipodin family. RIAM was thought to be an 

important mediator in αIIbβ3 integrin activation downstream of the thrombin receptors 

(protease-activated receptor (PAR)1 in humans or PAR4 in mice). Binding of thrombin 

to the PAR receptor stimulates the generation of IP3 and DAG.123 Subsequent increase 

of cytosolic Ca2+, the activation of calcium diacylglycerol guanine nucleotide exchange 

factor I (CalDAG-GEFI) and PKC leads to the conversion of Rap to its active form 

RAP1-GTP. The activation of this molecule leads to the recruitment of RIAM and its 

binding partner talin 1 to the PM.123 The head of talin 1 subsequently binds to the β3 

integrin tail, leading to integrin adopting its high-affinity state and so inducing the acti-

vation of αIIbβ3 integrin (Figure 11).123,124 Watanabe et al.125 and Han et al.126 showed 

a major role of RIAM in αIIbβ3 integrin activation by knockdown of the protein in CHO 

cells. 
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Figure 11: RIAM in “inside-out” activation of integrins. Activation cascade of αIIbβ3 integ-
rin upon binding of thrombin to PAR in Chinese hamster ovary cells, leading to the generation 
of IP3 and DAG. IP3 further stimulates the increase of cytosolic Ca2+, which together with DAG 
activates CALDAG-GEFI and PKC. These molecules are responsible for the conversion of 
RAP1 from its inactive to its active form. The active protein recruits RIAM and its binding part-
ner talin 1 to the PM. This recruitment leads to the binding of talin to the β3 integrin tail and the 
activation of the integrin. (Picture taken from Shattil et al., Nature Reviews 2010)123 

2. Aim of the study 

The aim of this study was to identify the role of platelet stored 5-HT in platelet activa-

tion, thrombosis, hemostasis and in the tMCAO model of ischemic stroke. As a first 

part of the study, 5Htt-/- mice, lacking the transporter for the uptake of 5-HT in platelets, 

were analyzed in vitro and in vivo to detect the role of 5-HT in the process of platelet 

activation and thrombosis.  

The effects of long-term treatment of depressed patients with SSRIs is mimicked by 

the 5Htt-/- mouse strain. The SSRIs block uptake of 5-HT to increase the amount of 

5-HT in the presynaptic cleft and the firing rate of the neurons. As a side effect, SSRIs 

also block the uptake of 5-HT in the periphery, such as in platelets. The mouse strain 

was analyzed in different in vivo models of hemostasis and ischemic stroke to test the 

role of 5-HT in this processes. 

In the second part of this thesis, genetically modified mouse strains were analyzed in 

different in vivo thrombosis models, namely Unc13d-/-/Nbeal2-/-, Tph1-/-, MagT1y/-, 

Trpm7fl/fl-Pf4Cre, Trpm7KI and RIAM-/- mice. 
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3. Materials and Methods 

3.1. Materials 

3.1.1. Chemicals and reagents 

If not listed otherwise chemicals and reagents were purchased from Sigma-Aldrich 

(Steinheim, Germany), AppliChem (Darmstadt, Germany) and Roth (Karlsruhe, Ger-

many). Other chemicals are listed in the table below. Primers for genotyping were pur-

chased from Metabion (Planegg-Martinsried, Germany). CRP was generously pro-

vided by Dr. Steve Watson (University Birmingham, UK). Rhodocytin (Rhd) was kindly 

provided by Johannes Eble (University Hospital Frankfurt, Germany). An-

nexin-A5-DyLight488 was kindly provided by Jonathan F. Tait (Medical Center Wash-

ington, USA). 

Table 1: Used chemicals and reagents. 

Name company 

10x Taq Buffer (+KCl, -MgCl2) Fermentas (St. Leon-Rot, Germany) 

6x loading dye solution Fermentas (St. Leon-Rot, Germany) 

Acetic acid Roth (Karlsruhe, Germany) 

Adenosindiphosphate (ADP) Sigma-Aldrich (Steinheim, Germany) 

Agarose Roth (Karlsruhe, Germany) 

Alexa Fluor488 Molecular Probes (Eugene, USA) 

Ammonium persulfate (APS) Roth (Karlsruhe, Germany) 

Apyrase (grade III) Sigma-Aldrich (Steinheim, Germany) 

GE Healthcare (Amersham, England) 

Bovine serum albumin (BSA) AppliChem (Darmstadt, Germany) 

Sigma-Aldrich (Steinheim, Germany 

Bromophenol blue Sigma-Aldrich (Steinheim, Germany) 

Calcium chloride Roth (Karlsruhe, Germany) 

Convulxin (CVX) Enzo Life Sciences (Lörrach, Germany) 

Deoxynucleotide triphosphates (dNTP) mix Fermentas (St. Leon-Rot, Germany) 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich (Steinheim, Germany) 

Dry milk, fat free AppliChem (Darmstadt, Germany) 

DyLight-488 Pierce (Rockford, USA) 

Ellagic acid Sigma-Aldrich (Steinheim, Germany) 

Enhanced chemiluminescence (ECL) detec-

tion substrate 

MoBiTec (Göttingen, Germany) 
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Eosin Roth (Karlsruhe, Germany) 

Ethylene glycol tetraacetic acid (EGTA) Sigma-Aldrich (Steinheim, Germany) 

Ethylenediaminetetraacetic acid (EDTA) AppliChem (Darmstadt, Germany) 

Eukitt® quick-hardening mounting medium Sigma-Aldrich (Steinheim, Germany) 

Fentanyl Janssen-Cilag GmbH (Neuss, Germany) 

Fibrillar collagen type I (Horm) Nycomed (Munich, Germany) 

Fibrillar collagen type I Sigma-Aldrich (Steinheim, Germany) 

Flumazenil Delta Select GmbH (Dreireich, Germany) 

Fluorescein isothiocynate (FITC) Molecular Probes (Oregon, USA) 

Forene® (isoflurane) Abott (Wiesbaden, Germany) 

Fura-2 acetoxymethyl ester Invitrogen (Karlsruhe, Germany) 

Gene Ruler DNA Ladder Mix Fermentas (St. Leon-Rot, Germany) 

Giemsa 20x Sigma-Aldrich (Steinheim, Germany) 

Glucose Roth (Karlsruhe, Germany) 

Hematoxylin Sigma-Aldrich (Steinheim, Germany) 

N-2-Hydroxyethylpiperazine-N’-2-ethanesul-

fonic acid (HEPES) 

Roth (Karlsruhe, Germany) 

Heparin-sodium-500 Ratiopharm (Ulm, Germany) 

Human fibrinogen Sigma-Aldrich (Steinheim, Germany) 

Igepal®CA-630 Sigma-Aldrich (Steinheim, Germany) 

Indomethacin Alfa Aesar (Karlsruhe, Germany) 

Integrilin® (Eptifibatide) Millennium Pharmaceuticals Inc. (Cam-

bridge, USA) 

Iron-III-chloride hexahydrate (FeCl3·6H2O) Roth (Karlsruhe, Germany) 

Magnesium chloride (MgCl2) Fermentas (St. Leon-Rot, Germany) 

Medetomidine (Dormitor) Pfizer (Karlsruhe, Germany) 

Midazolam (Dormicum) Roche (Grenzach-Wyhlen, Germany) 

Midori GreenTM Biozym Scientific (Oldenburg, Germany) 

Naloxon Delta Select GmbH (Dreireich, Germany) 

Page Ruler® Prestained Protein Ladder Fermentas (St. Leon-Rot, Germany) 

Paraformaldehyde (PFA) Roth (Karlsruhe, Germany) 

Phenol/chloroform/isoamyl alcohol AppliChem (Darmstadt, Germany) 

Pluronic F-127 Invitrogen (Karlsruhe, Germany) 

PPP-reagent Thrombinoscope (Düsseldorf, Germany) 

Polyvinylidene difluoride (PVDF) membrane Thermo Fisher (Darmstadt, Germany) 

Prostacyclin (PGI2) Calbiochem (Bad Soden, Germany) 
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Protease inhibitor cocktail Sigma-Aldrich (Steinheim, Germany) 

Proteinase K Fermentas (St. Leon-Rot, Germany) 

R-phycoerythrin (PE) EUROPA (Cambridge, UK) 

Serotonin Sigma-Aldrich (Steinheim, Germany) 

Sodium azide Sigma-Aldrich (Steinheim, Germany) 

Sodium citrate AppliChem (Darmstadt, Germany) 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich (Steinheim, Germany) 

Sodium hydroxide AppliChem (Darmstadt, Germany) 

Sodiumhydrogenphosphate Roth (Karlsruhe, Germany) 

Sodium orthovanadate Sigma-Aldrich (Steinheim, Germany) 

SPHERO™ AccuCount Particles, 5.05 µm Spherotech (Lake Forest, USA) 

SYBR Select Master Mix Life Technologies (Carlsbad, USA) 

Taq Polymerase Fermentas (St. Leon-Rot, Germany) 

Tetramethylethylenediamine (TEMED) Roth (Karlsruhe, Germany) 

Thrombin (20 U/mL) 

                (100 U/mL) 

Roche Diagnostics (Mannheim, Germany) 

Sigma-Aldrich (Steinheim, Germany) 

Thrombin calibrator Thrombinoscope (Düsseldorf, Germany) 

Thrombin substrate (fluorescently labeled) Thrombinoscope (Düsseldorf, Germany) 

Triton X-100 Sigma-Aldrich (Steinheim, Germany) 

Tween 20® Roth (Karlsruhe, Germany) 

U46619 Alexis Biochemicals (San Diego, USA) 

Water, nuclease free Roth (Karlsruhe, Germany) 

Xylol Sigma-Aldrich (Steinheim, Germany) 

β-mercaptoethanol Roth (Karlsruhe, Germany) 

 

3.1.2. ELISA 

Table 2: Used ELISA assays. 

IP-One ELISA assay Cisbio (Codolet, France) 

Serotonin ELISA Fast Track Labor Diagnostika Nord (Nordhorn, Germany) 

Serotonin Research ELISA Labor Diagnostika Nord (Nordhorn, Germany) 

5-HIAA ELISA kit Labor Diagnostika Nord (Nordhorn, Germany) 

Melatonin ELISA kit Enzo Life Sciences AG (Lausen, Austria) 
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3.1.3. Kits 

Table 3: Used Kits. 

QIAquick Gel Extraction Kit Qiagen (Hilden, Germany) 

NucleoSpin® RNA kit Macherey-Nagel (Düren, Germany) 

cDNA Reverse Transcription kit Life Technologies (Carlsbad, USA) 

3.1.4. Antibodies 

3.1.4.1. Commercially available antibodies 

Table 4: Used purchased antibodies. 

Antibody Host organism Manufacturer 

Anti-phosphotyrosine (4G10) Mouse Merck Millipore (Billerica, USA) 

Anti-β-actin Rabbit Sigma-Aldrich (Steinheim, Germany) 

Anti-SERT Rat Santa Cruz (Dallas, USA) 

Anti-rabbit IgG-HRP Goat Cell Signalling (Cambridge, UK) 

Anti-rat IgG-HRP Goat Dianova (Hamburg, Germany) 

Anti-mouse IgG-HRP Rat DAKO (Hamburg, Germany) 

3.1.4.2. Homemade monoclonal antibodies (mAb) 

Self-made antibodies, are listed below. All antibodies were available unlabeled, 

FITC-/PE/Cy5-labeled or labeled with DyLight-488. 

Table 5: Used homemade mAbs. 

Antibody Clone Isotype Antigen Reference 

EDL-1 57B10 IgG2a β3 127 

MWReg30 5D7 IgG1 αIIbβ3 128 

DOM2 89H11 IgG2a GPV 129 

INU1 11E9 IgG1κ CLEC-2 130 

JAQ1 98A3 IgG2a GPVI 131 

JON/A 4H5 IgG2b αIIbβ3 132 

JON6 14A3 IgG2b αIIbβ3 unpublished 

LEN1 12C6 IgG2b α2 133 

p0p4 15E2 IgG2b GPIbα 127 

p0p6 56F8 IgG2b GPIX 129 

ULF1 97H11 IgG2a CD9 127 

WUG1.9 5C8 IgG1 P-selectin 134 

- α-fibrinogen Cy5 - Fibrinogen 135 
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3.1.5. Buffers and solutions 

If not indicated otherwise, all buffers were prepared and diluted using aquabidest. pH 

was adjusted with HCl or NaOH. All used buffers are listed below. 

Table 6: Used buffers and media. 

Buffer Components 

2x lysis buffer 

300 mM NaCl, 20 mM TRIS, 2 mM EGTA, 

2 mM EDTA, pH 7.5; 2 % Igepal, 2 mM Na3VO4, 

10 mM NaF 

4x SDS sample buffer 

20 % β-mercaptoethanol, 20 % TRIS buffer, 

40 % glycerol, 4 % SDS, 0.04 % bromophenol 

blue 

50x TAE buffer, pH 8.0 
0,2 M TRIS, 5.7 % acetic acid, 10 % (0.5 M) 

EDTA 

50x alkaline lysis buffer, pH 12 (HOT 

Shot) 

1.25 M NaOH, 10 mM EDTA 

50x neutralizing solution, pH 5 (HOT 

Shot) 

2 M TRIS-HCL 

Blocking buffer (Western blot) 5 % BSA or fat-free dry milk in TBS-T 

Decalcification buffer, pH 7.4 1 mM EDTA in PBS 

FACS buffer PBS, 0.1 % BSA, 0.02 % NaN3 

Heparin buffer 20 U/mL heparin in TBS 

IP-buffer 
15 mM TRIS/HCl (pH 8.0), 155 mM NaCl, 1 mM 

EDTA, 0.005 % NaN3 

Laemmli buffer for SDS-PAGE, pH 8.3 40 mM TRIS, 0.95 M glycine, 0.5 % SDS 

Lysis buffer (DNA isolation) 

100 mM TRIS base, 5 mM EDTA, 200 mM 

NaCl, 0.2 % SDS, add 100 µg/mL Proteinase K 

(20 mg/mL) 

Phosphate buffered saline (PBS), pH 

7.14 

127 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 

8 mM Na2HPO4 

Separating gel buffer, pH 8.8 1.5 M TRIS/HCl 

Sodium citrate buffer, pH 7.0 0.129 M sodium citrate in NaCl 

Stacking gel buffer, pH 6.8 0.5 M TRIS/HCl 

Stripping buffer, pH 2.0 
62.5 mM TRIS, 2 % SDS, 100 mM β-mercap-

toethanol 

TE buffer, pH 8.0 10 mM TRIS base, 1 mM EDTA 

Transfer buffer (Semi-dry western blot) 50 mM TRIS ultra, 40 mM glycine, 20 % metha-

nol 

TRIS buffer, pH 6.8 13 % TRIS 

TRIS-buffered saline (TBS), pH 7.3 137 mM NaCl, 20 mM TRIS 
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Tyrode’s-HEPES buffer with Ca2+, 

pH 7.4 

137 mM NaCl, 2.7 mM KCl, 12 mM NaHCO3, 

0.43 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 

5 mM HEPES, 0.35 % BSA, 0.1 % glucose 

Washing buffer (Western blot) (TBS-T) 0.1 % Tween 20® in TBS buffer 

3.1.6. Animals 

Mice lacking the 5Htt gene were kindly provided by Prof. K. Lesch (Department of 

Neurology, University Würzburg) and were bred in our animal facility. Tph1-/- mice were 

kindly provided by Dr. Daniel Dürschmied (Heart Center, Freiburg University). 

Trpm7fl/fl-Pf4Cre (knock-out of the channel) and Trpm7KI mice were kindly provided by 

Prof. Dr. T. Gudermann and Dr. V. Chubanov (Walther-Straub Institute for Pharmacol-

ogy and Toxicology, LMU München). Trpm7KI mice have a tyrosine to arginine mutation 

in an amino acid residue of the kinase domain, leading to the inactivation of the kinase 

activity. 

Table 7: Mice used in this work. 

Genotype Background Publication 

5Htt-/- C57BL/6J 136 

Tph1-/- C57BL/6J 137 

MagT1y/- C57BL/6N unpublished 

Trpm7KI C57BL/6 117 

Trpm7fl/fl-Pf4Cre C57BL/6 113 

RIAM-/- C57BL/6 124 

Unc13d-/-/Nbeal2-/- C57BL/6J unpublished 

3.2. Methods 

3.2.1. Animals 

Animal studies were approved by the district government of Lower Franconia (Be-

zirksregierung Unterfranken). Experiments were performed using 5- to 12- week old 

littermates from 5Htt+/- breeding pairs. Mice were anesthetized with a combination of 

midazolam/ medetomidine/ fentanyl (5/0.5/0.05 mg/kg body weight) administered by 

i.p. or by isoflurane inhalation.
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3.2.2. Mouse genotyping 

3.2.2.1. Isolation of genomic DNA from mouse ear samples 

3.2.2.1.1. Phenol/chloroform isolation 

To obtain murine genomic DNA, samples from ear punching were incubated at 56°C 

with constant shaking at 1,400 rpm in 500 µL lysis buffer containing 0.1 mg/mL Pro-

teinase K for 2-3 h. By the addition of 500 µL phenol/chloroform/isoamyl alcohol 

(25:24:1) cellular proteins and lipids were removed. Samples were mixed well and cen-

trifuged for 10 min at 10,000 rpm in an Eppendorf 5417R tabletop centrifuge at room 

temperature (RT). After centrifugation the upper phase was transferred into a new tube 

containing 500 µL isopropanol to precipitate the DNA. The nucleic acids were spun 

down by centrifugation at 14,000 rpm at 4°C for 10 min. The pellet was washed and 

dehydrated by adding 500 µL 70 % ethanol with a direct centrifugation of 15 min at 

14,000 rpm at 4°C. To remove the remaining ethanol, the DNA was dried for 30 min at 

37°C and the DNA pellet was dissolved in 50 µL TE buffer at 37°C and 600 rpm for 

30 min. 1 µL of the sample was used per PCR reaction. 

3.2.2.1.2. HOT Shot method 

Alternatively the HOT Shot method was used for genotyping. Ear punching samples 

were incubated at 96°C with constant shaking at 1,400 rpm in 100 µL 1x alkaline lysis 

buffer for 2-3 h. After the samples were cooled to RT, 100 µL of 1x neutralization buffer 

was added. 1 µL of the solution was directly used for PCR reaction. 

3.2.2.2. Detection of 5Htt allele by PCR 

PCR was used to genotype the mice. The PCR mix (Table 8) with the indicated primers 

(Table 10) and the genomic DNA were mixed and cycled with the indicated PCR pro-

gram (Table 9). Resulting band sizes after electrophoresis through a 2 % agarose gel 

were analyzed, the Wt-allele showed a band size of 227 bp, whereas the Ko-allele 

resulted in a band size of 272 bp. Heterozygous mice were detected by the appear-

ance of both bands.
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Table 8: PCR mix for 5Htt Wt/Ko/Het: 

1.0 µL DNA sample (of HOT SHOT sample) 

2.5 µL 10x Taq buffer (+KCl, -MgCl2) 

2.5 µL MgCl2 [25 mM] 

0.5 µL dNTPs [25 nM each] 

0.05 µL 5HTTex2F. 

0.05 µL 5HTTi2R. 

0.05 µL 5HTTNeoF 

0.2 µL Taq-Polymerase (0.5 U/mL) 

18.15 µL H2O 

Table 9: PCR program for 5Htt Wt/Ko/Het: 

Step Temperature [°C] Time [s] Repeats [cycles] 

Denaturation 96 180 1 

Denaturation 94 30 40 

Annealing 62 30 40 

Elongation 72 30 40 

Elongation 72 300 1 

Cooling 22 ∞ 1 

 

Table 10: Primer list for 5Htt loci. 

Primer name Primer sequence 

5HTTex2F. 5’-gcg ttt tcc cta cat atg cta cca g-3’ 

5HTTi2R. 5’-aag cct cgc aca gcc tac ctt ag-3’ 

5HTTNeoF 5’-cag ctc att cct ccc act cat ga-3’ 

3.2.2.3. Agarose gel electrophoresis 

A 2 % agarose gel was used for the detection of genotyping PCR products. After cool-

ing to approximately 60°C, 5 µL Midori green per 100 mL were added and the molten 

gel was poured into a tray with a comb. The gel was positioned in an electrophoresis 

chamber after solidification of the gel. PCR reactions were mixed with 5 µL 6x sample 

loading buffer and 20 µL were loaded into the slots. The separation of the DNA bands 

was done by electrophoresis (130 V for 30 min). The size of the bands was determined 

by comparison to a 1 kb DNA ladder and bands were visualized under UV light.
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3.2.3. Quantitative PCR 

Mice were sacrificed and livers collected in liquid nitrogen and cut into small pieces. 

These samples were used for quantitative PCR. The assay was performed in the Med-

ical Clinic and Policlinic II at the University hospital of Würzburg in collaboration with 

Dr. Heike Hermanns and Donata Dorbath. RNA isolation from liver tissue was carried 

out using the NucleoSpin® RNA kit (Machery-Nagel) according to the manufacturer’s 

instructions. For cDNA synthesis, 1 µg of total RNA was reverse-transcribed with the 

High-Capacity cDNA Reverse Transcription Kit (Life Technologies). Quantitative 

real-time PCR was performed on a ViiA™7 Real-time PCR System using the SYBR 

Select Master Mix (Life Technologies) and the primers (Table 11) located in distinct 

exons of the gene. Relative mRNA expression was calculated by the comparative 

ΔΔCt-Method normalized to the housekeeping gene ribosomal protein, large, P0 

(RPLP0). All primers had melting temperatures of 58-60 °C according to the Primer 

Express 3.0 software (Life Technologies). 

Table 11: Primer list for factor V and X. 

Primer name Primer sequence (Microsynth AG) 

F7-forward 5’-tcc gct act ggg gaa aca tc-3’ 

F7-reverse 5’-gct cat ccc atc ctt ctc a-3’ 

F10-forward 5’-cac ctg ctc gga ggg att t-3’ 

F10-reverse 5’-cgg cag agt ttc cga aca aa-3’ 

3.2.4. In vitro analyses of platelet function 

3.2.4.1. Platelet preparation and platelet washing 

Mice were bled under isoflurane anesthesia from the retroorbital plexus into 300 µL 

heparin (20 U/mL) up to 1 mL. An additional 300 µL of heparin were added to the sam-

ples. Blood was centrifuged (Eppendorf centrifuge 5415C) for 6 min at 800 rpm at RT. 

The buffy coat und supernatant were transferred to a new tube containing 300 µL hep-

arin. Samples were centrifuged for 6 min at 800 rpm at RT to obtain platelet-rich 

plasma (PRP). To prepare washed platelets, PRP was transferred to a new tube con-

taining PGI2 (0.1 µg/mL) and apyrase (0.02 U/mL) and centrifuged at 2,800 rpm for 

5 min at RT. The platelet pellet was washed twice with Tyrode’s-HEPES buffer con-

taining 0.02 U/mL apyrase and 0.1 µg/mL PGI2. Platelet numbers were determined by 

taking a 1:10 dilution of the platelet suspension. Measurement was performed with a 
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Sysmex KX-21N automated hematology analyzer (Sysmex Deutschland GmbH, Ger-

many). Finally, the platelet pellet was resuspended in Tyrode’s-HEPES buffer contain-

ing 0.02 U/mL apyrase and incubated for 30 min at 37°C. 

3.2.5. Fluorescence-activated cell sorting (FACS) analyses 

3.2.5.1. Platelet counting 

For determination of platelet count and size, 50 µL blood were drawn from the retro-or-

bital plexus of anesthetized mice and collected in a tube containing 300 µL heparin 

(20 U/mL). 1 mL of Tyrode’s-HEPES buffer containing 2 mM Ca2+ was added to the 

different samples and 50 µL were used for FACS measurements. Platelets were gated 

on the basis of a double positive signal, using the fluorophore-conjugated antibodies 

14A3-PE (α-αIIbβ3) and 89H11-FITC (α-GPV). Samples were mixed well and incu-

bated for 15 min at RT. The reaction was stopped by the addition of 500 µL 1x PBS 

and a defined number of fluorescently labeled beads (AccuCount fluorescent particles, 

5.2 µm) were added and samples were measured with a FACSCalibur (BD Bioscience, 

USA) flow cytometer. FACS settings were set to the indicated values shown in Table 

13 to Table 15. The platelet count was calculated as described in Table 12. 

Table 12: Calculation for platelet count. 

A

B
 x 

C

D
 = Number of cells per µL 

A = number of events for the test samples 

B = number of fluorescent particles events  

C = number of fluorescent particles per 50 µL 

D = volume of test sample initially used in µL 

Table 13: Detector/Amps 

Parameter Detector Voltage 

P1 FSC E01 

P2 SSC 299 

P3 FL1 630 

P4 FL2 518 

P5 FL3 150 
 

Table 14: Threshold 

Value Parameter 

253 FSC-H 

52 SSC-H 

52 FL1-H 

52 FL2-H 

52 FL3-H 
 

Table 15: Compensation 

Value Parameter 

FL1 2.4 % of FL2 

FL2 7.0 % of FL1 

FL2 0 % of FL3 

FL3 0 % of FL2 

FL1 2.4 % of FL2 
 

3.2.5.2. Glycoprotein expression 

50 µL heparinized blood was taken from anesthetized mice into 300 µL heparin 

(20 U/mL). The samples were centrifuged at 2,800 rpm for 5 min at RT. Samples were 

washed twice by the addition of 1 mL Tyrode’s-HEPES buffer and centrifuged at 

2,800 rpm for 5 min at RT. The final pellet was dissolved in 750 µL Tyrode’s-HEPES 



Materials and Methods  44 

buffer containing 2 mM Ca2+ and 50 µL was used for each FACS tube. The samples 

were incubated with specific FITC-labeled mAbs for the respective glycoproteins for 

15 min at RT, stopped with 500 µL 1x PBS and analyzed on a FACSCalibur (BD Bio-

science, USA). 

3.2.5.3. Integrin activation and P-selectin exposure 

Blood was washed as described in section 3.2.4.1 and resuspended in 750 µL 

Tyrode’s-HEPES buffer containing 2 mM Ca2+ and 50 µL were used for each FACS 

tube. The samples were activated with the indicated agonists and concentrations and 

the platelets were labeled with 4H5-PE (integrin activation) and 5C8-FITC (P-selectin 

expression) in the presence or absence of 10 µM 5-HT. The samples were mixed and 

incubated for 7 min at 37°C and 7 min at RT. The samples were measured on a 

FACSCalibur (BD Bioscience, USA) after stopping the reaction with 500 µL 1x PBS. 

3.2.5.4. Phosphatidylserine (PS) exposure 

Washed platelets (5 × 105 platelets per µL) were diluted 1:10 with Tyrode’s-HEPES 

buffer containing 2 mM Ca2+. Platelets were activated with respective agonists and 

concentrations. PS-exposure was determined using fluorophore-conjugated antibody 

Annexin-A5-DyLight488 and 4H5-PE for 15 min at 37°C. The samples were analyzed 

with a FACSCalibur (BD Bioscience, USA) flow cytometer after stopping the reaction 

with Tyrode’s-HEPES containing 2 mM Ca2+. 

3.2.5.5. Collagen and thrombin activated (COAT) platelets 

Washed platelets (5 × 105 platelets per µL) were diluted 1:10 in Tyrode’s-HEPES buffer 

containing 2 mM Ca2+. The platelets were activated with respective agonists and con-

centrations. COAT platelets were determined using fluorophore-conjugated antibody 

Annexin-A5-DyLight488 and 4H5-PE for 15 min at 37°C. The samples were analyzed 

on a FACSCalibur (BD Bioscience, USA) flow cytometer after stopping the reaction 

with Tyrode’s-HEPES containing 2 mM CaCl2. 

3.2.5.6. Microparticle (MP) formation 

Washed platelets (5 × 105 platelets per µL) were diluted 1:10 in Tyrode’s-HEPES buffer 

containing 2 mM Ca2+. Activation of the platelets to form microparticles was obtained 

by the addition of respective agonists and concentrations. Microparticle formation was 

determined using fluorophore-conjugated antibodies Annexin-A5-DyLight488 and 
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14A3-PE for 15 min at 37°C. The reaction was stopped by the addition of 500 µL 

Tyrode’s-HEPES buffer containing 2 mM Ca2+ and measured on a FACSCalibur (BD 

Bioscience, USA). 

3.2.5.7. Platelet fibrinogen binding 

Washed platelets (5 × 105 platelets per µL) were diluted 1:10 in Tyrode’s-HEPES buffer 

containing 2 mM Ca2+. The binding of fibrinogen following platelet activation with the 

indicated agonists was determined using fluorophore-conjugated antibodies An-

nexin-A5-DyLight488 and α-fibrinogen-Cy5 for 15 min at 37°C. The reaction was 

stopped by the addition of 500 µL Tyrode’s-HEPES buffer containing 2 mM Ca2+ and 

measured on a FACSCalibur (BD Bioscience, USA). 

3.2.6. Aggregometry 

For the measurement of platelet aggregation, washed platelets were used (see 

3.2.4.1). 50 µL of washed platelets with the concentration of 5 x 107 platelets per µL, 

were diluted with 110 µL Tyrode’s-HEPES buffer containing Ca2+ and 70 µg/mL fibrin-

ogen, except for thrombin measurements. After 30 s of starting the measurement 

platelets were activated with 1.6 µL of different agonists (100x concentrated) in the 

presence or absence of 10 µM 5-HT. Aggregation was measured by a four-channel 

aggregometer (APACT4, Laborgeräte und Analysensysteme, Hamburg) for 10 min. 

Calibration of the channels was performed by platelet-poor plasma (PPP) to set aggre-

gation to 100 %, whereas PRP was set as 0 % aggregation. Thrombin measurements 

were performed without fibrinogen, whereas ADP measurements were performed with 

PRP analog to the other measurements. 

3.2.7. Intracellular calcium measurements 

Washed platelet pellet was resuspended in Tyrode’s-HEPES buffer and was labeled 

with fura-2 AM (5 µM) in the presence of pluronic F-127 (0.2 µg/mL) for 20 min at 37°C. 

Extracellular dye was removed by centrifugation for 5 min at 2,800 rpm and the pellet 

was resuspended in Tyrode’s-HEPES buffer containing 1 mM Ca2+. Activation of plate-

lets was performed under stirring conditions with the respective agonist concentration 

in the presence or absence of 5-HT. Fluorescence was measured with an LS 55 fluo-

rimeter (PerkinElmer, USA) with excitation at 340 and 380 nm and emission at 509 nm. 

Each measurement was calibrated using Triton X-100 and EGTA.
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3.2.8. Static adhesion of platelets on human fibrinogen 

Coverslips were coated with fibrinogen (100 µg/mL, F4883, Sigma Aldrich) and 

blocked with 1 % BSA/PBS. After washing with Tyrodes’s-HEPES buffer, washed 

platelets (3 × 105 platelets/µL) were either unstimulated or activated with 0.01 U/mL 

thrombin (10602400001, Roche). At the respective time point platelet spreading was 

stopped by addition 4 % PFA/PBS and pictures taken with a Zeiss Axiovert 200 in-

verted microscope (60x/0.60 NA objective) equipped with a CoolSNAP EZ camera 

(Visitron) and analyzed off line using ImageJ software. Four different stages of platelet 

spreading were evaluated: stage 1 – roundish; stage 2 – filopodia only; stage 3 – filo-

podia and lamellipodia; stage 4 – fully spread. 

3.2.9. Platelet adhesion under flow conditions 

Cover slips were coated with 100 µL of 200 µg/mL HORM collagen (fibrillar type I col-

lagen) over night at 37°C. Cover slips were blocked with 300 µL 1 % BSA/PBS for at 

least 30 min. Mice were bled in 300 µL 20 U/mL heparin up to 1 mL. 800 µL of hepa-

rinized blood were diluted with 400 µL Tyrode’s-HEPES buffer containing 2 mM Ca2+. 

Platelets were labeled with 56F8-DyLight488 and were incubated for 5 min at 37°C. 

Blood was filled into a 1 mL syringe and was placed in a pulsion-free pump system. 

Blood was perfused with a shear rate of 1,000 s-1 (7.53 mL/h) over the collagen coated 

coverslips in the presence or absence of 5-HT (co-infusion) in the flow chamber. Ag-

gregate formation in the flow chamber was recorded in real time and after the experi-

ment had finished bright-field and fluorescence images were taken with a Zeiss Axio-

vert 200 inverted microscope (40x/0.60 objective) equipped with a CoolSNAP-EZ cam-

era (Visitron) and analyzed off-line using ImageJ with respect to surface coverage and 

thrombus volume. 

3.2.10. PS-exposure under flow conditions 

Cover slips were coated with 100 µL of 200 µg/mL HORM collagen and dried over 

night at 37°C. Cover slips were blocked with 300 µL of 1 % BSA/PBS for at least 

30 min at 37°C. Mice were bled in 300 µL 20 U/mL heparin up to 1 mL. 800 µL of 

blood-heparin mixture were added to 400 µL Tyrode’s-HEPES buffer with 2 mM Ca2+, 

additional 5 U/mL heparin and 250 ng/mL Annexin-A5-DyLight488. Blood was filled 

into a 1 mL syringe and placed in a non-pulsing pump apparatus. Blood was perfused 

with a shear rate of 1,000 s-1 (7.53 mL/h) over the collagen coated coverslips in the 

flow chamber. Aggregate formation in the flow chamber was recorded in real time. The 
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chamber was then washed with Tyrode’s-HEPES buffer containing 2 mM Ca2+ and 

5 U/mL heparin. Afterwards bright-field and fluorescence images were taken with a 

Zeiss Axiovert 200 inverted microscope (40x/0.60 NA objective) equipped with a 

CoolSNAP-EZ camera (Visitron) and analyzed off-line using ImageJ. Covered surface 

area and procoagulant index were analyzed. 

3.2.11. Clot retraction 

Mice were bled into 100 µL sodium citrate (0.129 M) up to 1 mL. Blood was centrifuged 

at 1,800 rpm for 7 min. The upper phase was transferred into a new tube and the lower 

phase containing the erythrocytes was kept at 37°C. Samples were again centrifuged 

at 800 rpm for 5 min. The upper phase was transferred to a new tube. Samples were 

centrifuged at 2,800 rpm for 5 min at RT. The supernatant (PPP) was pooled and kept 

at 37°C. The platelet pellets were resuspended in Tyrode’s-HEPES containing 

0.02 U/mL apyrase and 0.1 µg/mL PGI2. Platelet samples diluted 1:10 in 1x PBS were 

analyzed with a Sysmex KX-21N automated hematology analyzer. The platelet sam-

ples were centrifuged at 2,800 rpm for 5 min at RT. The platelet pellet was adjusted to 

3 x 105 platelets per µL with 250 µL of the pooled plasma. Samples were pipetted into 

an aggregometry cuvette without a stirrer containing 20 mM CaCl2, 1 µL of red blood 

cells and 4 U/mL thrombin. Samples were mixed shortly and incubated in a cell culture 

incubator at 37°C with 5 % CO2. Pictures were taken at 0, 15, 30, 45, 60 min and then 

every half an hour up to 4 h. 

3.2.12. Western blotting 

3.2.12.1. Western blotting of platelet lysates 

Platelet lysates were prepared from washed platelets, washed in Tyrode’s-HEPES 

buffer without BSA. The platelet pellet (1 x 106 platelets per µL) was lysed in a calcu-

lated volume of IP-buffer containing protease inhibitors (1:100) and 1 % Igepal for 

30 min on ice. Subsequently, samples were centrifuged at 14,000 rpm for 10 min at 

4°C. The supernatant was transferred into a new reaction tube and mixed with 4x SDS 

sample buffer without or with β-mercaptoethanol for non-reducing/reducing conditions. 

The samples were boiled at 95°C for 5 min. 

Samples were loaded into 10 % acrylamide gels and run for 2-3 h at 20 mA per gel. 

Afterwards the semi-dry transfer method was used for 1 h with 0.8 mA/cm2 to transfer 

the proteins from the gel to a PVDF membrane. The membrane was afterwards 
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blocked with either 5 % BSA or 5 % milk dissolved in 1x TBS-T for 1 h. The membrane 

was incubated with the primary antibody at the indicated concentration over night at 

4°C. The membrane was washed afterwards with 1x TBS-T for 1 h. Subsequently the 

membrane was incubated with the secondary antibody diluted in 1x TBS-T. The mem-

brane was washed and then incubated with ECL solution. 

3.2.12.2. Western blotting of tyrosine phosphorylation 

Platelet lysates for tyrosine phosphorylation were prepared from washed platelets, 

washed in Tyrode’s-HEPES buffer without BSA. Platelets from several mice were 

pooled and resuspended in Tyrode’s-HEPES buffer to obtain 1 × 106 platelets per µL. 

10 µM indomethacin, 5 mM EDTA and 2 U/mL apyrase were added to the platelet sus-

pension to prevent aggregation. The platelet suspension was transferred to an ag-

gregometry cuvette and 50 µL were transferred to a tube containing 50 µL of 2x lysis 

buffer and kept on ice (resting). The respective agonist was added to the cuvette and 

at the indicated time points (15, 30, 60, 120 and 300 s) 50 µL were transferred to a 

tube containing 50 µL of 2x lysis buffer. Samples were then vortexed and incubated on 

ice. Subsequently samples were centrifuged at 14,000 rpm at 4°C for 5 min to pellet 

cell debris. The supernatant was transferred to a new tube and was mixed with 4x SDS 

reducing buffer and denaturated for 10 min at 70°C. Gel preparation and semi-dry blot-

ting was as for the previously described Western blotting conditions. After blotting, the 

membrane was blocked in 5 % BSA in TBS-T for 1 h at RT followed by the incubation 

with the primary α-phosphotyrosine antibody 4G10 (1:1,000) over night at 4°C. The 

following day, the membrane was washed in TBS-T for 1 h and incubated for 1 h at RT 

with the secondary rabbit anti-mouse IgG-HRP antibody (1:2,500). The membrane was 

afterwards washed in TBS-T and then incubated with ECL solution to detect proteins. 

3.2.13. Preparation of mouse plasma 

Mice were bled into 100 µL of sodium citrate (0.129 M) up to 1 mL. The blood was 

centrifuged twice for 5 min at 14,000 rpm at RT to obtain PPP. PPP was then stored 

or directly used for analyses. PPP was diluted 1:3 in 0.9 % NaCl solution for the meas-

urement of plasma factor levels. The assays were performed in the central laboratory 

at the University hospital of Würzburg in collaboration with Dr. Sabine Herterich.
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3.2.14. ELISA 

3.2.14.1. IP1 ELISA 

Platelets were washed with Tyrode’s-HEPES buffer without phosphate and Ca2+ and 

were resuspended in Tyrode’s-HEPES buffer without phosphate, containing 2 mM 

Ca2+, 50 mM Li+, 10 µM indomethacin and 2 U/mL apyrase with a concentration of 

8 x 105 platelets per µL. 80 µL of the platelet suspension were pipetted into different 

tubes and activated with different agonists (20x concentrated) for 5 min at 450 rpm and 

37°C. The reaction was stopped by addition of 10 % lysis reagent from the ELISA kit 

(Cisbio) and incubated for 30 min at 37°C without shaking. 50 µL of the lyzed platelets 

were used for the IP1 ELISA assay according to the manual (Cisbio, Codolet, France). 

3.2.14.2. Serotonin ELISA Fast Track 

Released platelet 5-HT was measured with washed platelets (5 × 105 platelets per µL) 

in Tyrode’s-HEPES buffer. Platelets were activated for 5 min by using the respective 

agonists and concentrations in the presence of 50 mM CaCl2 and 100 µg/mL fibrinogen 

(except for thrombin). Samples were shortly centrifuged and the supernatant was col-

lected. 5-HT concentration and release was assessed by ELISA (Serotonin ELISA Fast 

Track, LDN) according to the manufacturer’s recommendation. 

3.2.14.3. Serotonin Research ELISA 

Heparinized whole blood with 5 mM EDTA was centrifuged twice at 2,400 g for 10 min 

to obtain PPP. Degradation of 5-HT in the plasma samples was inhibited by the addi-

tion of 1 % 5-HT stabilizer from the ELISA kit. Plasma 5-HT content was analyzed by 

an ELISA (Serotonin Research ELISA, LDN) according to the manual of the manufac-

turer. 

3.2.14.4. 5-HIAA ELISA 

At midday, urine was collected from mice and used for the commercial ELISA (5-HIAA 

ELISA kit, LDN GmbH & Co. KG). 5 HIAA concentrations in the urine samples were 

analyzed according to the manufacturer’s instructions. 

3.2.14.5. Measurement of melatonin in blood plasma 

At midday, anesthetized mice were bled into 5 mM EDTA and plasma was obtained by 

centrifugation twice at 4°C for 10 min. Melatonin was extracted from the plasma and 

samples were diluted with 250 µL of 1x stabilizer and used for the ELISA (Melatonin 
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ELISA Kit, Enzo Life Sciences Inc.). The melatonin concentration in the extracted 

plasma samples was analyzed according to the manufacturer’s instructions. 

3.2.15. Thrombin generation 

Mice were bled into 50 µL 0.129 M sodium citrate with non-heparinized capillaries and 

tubes were filled up with citrate to reach 10 % sodium citrate in the blood-citrate mix-

ture. PPP preparations were pooled from 2 mice with the same genotype if necessary. 

To activate platelets, the samples were incubated with CRP (20 µg/mL) for 10 min at 

37°C. After stimulation, samples (4 vol) were transferred to a polystyrene 96-well plate 

already containing 1 vol of thrombin calibrator, 5 pM PPP reagent (Thrombinoscope 

BV, 5 pM tissue factor, 4 µM phospholipids) or ellagic acid (Sigma Aldrich). The coag-

ulation reaction was started by adding 1 vol fluorescent thrombin substrate (2.5 mM 

Z-GGR-AMC, 20 mM HEPES, 140 mM NaCl, 200 mM CaCl2, and 6 % BSA). The 

thrombin generation was measured according to the calibrated automated thrombo-

gram method.138,139 The data were analyzed using the Thrombinoscope Software 

(Thrombinocscope BV). Samples were run in duplicate. Thrombin generation assay 

was performed by Sarah Beck and Tano Marth. 

3.2.16. Sample preparation for histology 

3.2.16.1. Samples for hematoxylin/eosin staining 

Spleens and bones were taken out and were fixed in 4 % PFA/PBS over night at 4°C. 

Bones were then decalcified for 4 days in 10 % EDTA/PBS with a daily buffer change 

and then stored in 1x PBS until further proceeding. Samples were dehydrated in an 

automated tissue processor (Leica ASP200S) and embedded in paraffin. Three µm 

Sections were cut with a Microm Cool Cut HM 355 (Microm GmbH, Neuss) and were 

transferred to slides and dried over night at 37°C. 

3.2.16.2. Samples for neutrophil staining 

Brains were taken out after 24 h of the reperfusion injury and were embedded in Tissue 

Freezing Medium® and immediately frozen in liquid nitrogen (done in collaboration 

with Dr. Peter Kraft and Dr. Michael Schuhmann in the group of Prof. Guido Stoll and 

Prof. Christoph Kleinschnitz, Department of Neurology, University of Würzburg, Ger-

many).
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3.2.16.3. Hematoxylin/eosin staining of paraffin sections 

The paraffin section were deparaffinized twice for 5 min in Xylol. Afterwards the sam-

ples were dehydrated in a graded ethanol series (100 %, 90 %, 80 % and 70 %) for 

2 min each and then washed with deionized H2O. The slides were then stained for 25 s 

in hematoxylin and subsequently washed with running water for 5 min. Afterwards the 

samples were stained with 0.05 % eosin, containing 1-2 drops of 100 % acetic acid 

and washed with deionized water. Samples were rehydrated in a graded ethanol series 

(70 %, 80 %, 90 % and 100 %) for 2 min each. Samples were then twice deparaffinized 

in Xylol for 5 min. Slides were dried and then embedded with 2 drops of Eukitt solution, 

covered with a cover slip and dried over night. Five slices per animal were analyzed to 

count the number of MKs in bone and spleen. 

3.2.16.4. Neutrophil staining in brain sections 

Cryo-embedded brains from mice with a 60 min ischemia induced reperfusion injury 

were cut into 10 µm-thick sections. Immunostaining of leukocytes on brain slides was 

performed according to the description of Schumann et al.140 with Ly6B.2 antibody (rat 

anti-mouse, MCA771G, AbD Serotec, 1:500). Five slices per animal were analyzed to 

count the total number of infiltrated leukocytes in the ipsilesional hemisphere at a 10 

fold magnification. 

3.2.17. In vivo analyses of murine platelet function 

3.2.17.1. Tail bleeding time 

Mice were anesthetized by an i.p. injection of a combination of midazolam/medetomi-

dine/fentanyl (5/0.5/0.05 µg/g body weight). 1-2 mm of the tail tip was amputated with 

a scalpel and every 20 s the blood drops were absorbed onto filter paper without con-

tact to the wound site until the formation of a stable hemostatic plug (Figure 12). The 

time to complete arrest of bleeding was determined. The experiment was stopped at 

the latest after 20 min to prevent excessive blood loss. Anesthesia was antagonized 

by the injection of antidote antisedan/anexate/narcanti (5/0.1/0.4 µg/µL in 0.9 % NaCl). 
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Figure 12: Tail bleeding time as-
say with filter paper. One mm of 
the tail tip was amputated and blood 
drops were collected with filter pa-
per without touching the wound site. 
The time to formation of a stable he-
mostatic plug was determined. 

3.2.17.2. Intravital microscopy of thrombus formation after FeCl3-in-

duced injury of mesenteric arterioles 

Anesthetized 4-5 weeks old mice with a body weight of 15-20 g were used for the 

model of FeCl3-induced injury of mesenteric arterioles. After midline abdominal inci-

sion, the mesentery was exteriorized carefully. Arterioles with a diameter of 35-60 µm 

and free of fat tissue were immobilized on a Petri-dish using gauze saturated with 

0.9 % NaCl. The injury of the arterioles was induced by application of a filter paper 

(3 mm2 triangular) soaked with 20% FeCl3. Adhesion, aggregation and thrombus for-

mation of fluorescently labeled platelets (56F8-DyLight488; anti-GPIX Ig derivate) was 

monitored until complete occlusion occurred (blood flow stopped for > 1 min) or for a 

maximum of 40 min after induction of thrombus formation (Figure 13A). Images were 

recorded with a Zeiss Axiovert 200 inverted microscope (10x/0.60 NA objective, Zeiss, 

Germany) equipped with a CoolSNAP-EZ camera (Visitron, Germany). 

3.2.17.3. Intravital microscopy of thrombus formation after mechani-

cal injury of the abdominal aorta 

Mice were anesthetized and placed on a heating pad. The abdominal cavities were 

opened with a longitudinal incision. An ultrasonic flow probe (0.5 PSB 699; Transonic 

Systems, USA) was placed around the abdominal aorta. Thrombus formation was in-

duced by firm compression of the aorta with a forceps for approximately 15 s. Blood 

flow was monitored for 30 min or until complete occlusion occurred (no blood flow for 

> 3 min, see Figure 13B). 
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3.2.17.4. Carotid artery thrombosis model 

The right carotid artery of anesthetized mice was exposed through a vertical midline 

incision in the neck. The ultrasonic flow probe (0.5 PSB 699; Transonic Systems) was 

placed around the carotid artery and blood flow was measured. The injury of the vessel 

was induced by topical application of a saturated filter paper (0.5 x 1 mm) with 

6-10 % FeCl3 for 1.5-2 min. Blood flow was monitored for 30 min or until complete oc-

clusion occurred (no blood flow for > 3 min, see Figure 13C). 

3.2.17.5. Transient middle cerebral artery occlusion (tMCAO) model 

of ischemic stroke in mice 

Mice were anesthetized by isoflurane inhalation and tMCAO was performed as previ-

ously described141 using the intraluminal filament (6021PK10; Doccol Corporation 

USA) technique. The filament was advanced through the right carotid artery to reduce 

cerebral blood flow in the middle cerebral artery. The filament was removed after 1 h 

to allow reperfusion (Figure 13D, 1st image). The extent of infarction was assessed 

24 h after reperfusion on 2,3,5-triphenyltetrazolium chloride (TTC)-stained brain sec-

tions (Figure 13D, 2nd image). 24h after reperfusion the Bederson test was scored (Fig-

ure 13D, 3rd image), motor function and coordination were graded using the grip test 

(Figure 13D, 4th image).142 These experiments were carried out in collaboration with 

Dr. Peter Kraft and Dr. Michael Schuhmann in the group of Prof. Guido Stoll and Prof. 

Christoph Kleinschnitz, Department of Neurology, University Hospital of Würzburg, 

Germany. 

3.2.18. Data analyses 

The presented results are mean ± standard deviation (SD) from at least three inde-

pendent experiments per group. Differences between control and Ko mice were statis-

tically analyzed using the Student’s t-test. For a test of independence, the two tailed 

Fisher’s test for control versus the respective group was used. P values < 0.05 were 

considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). 
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Figure 13: In vivo thrombosis models and tMCAO. (A) Model of the mesenteric artery injury 
by FeCl3. Exteriorized intestine of a mouse under the microscope (left). Mesentery artery in-
jured with a FeCl3 soaked filter paper (lower panel). Representative images upon injury of a 
mesentery artery with FeCl3 at the indicated time points. Stable vessel occlusion is shown by 
a star (right). (B) Mechanical injury of the abdominal aorta. Images of the anesthetized mouse 
with a flow probe placed around the abdominal aorta. Mechanical injury of the abdominal aorta 
with a forceps and the following occlusion of the vessel by the growing thrombus. (C) Injury of 
the carotid artery with a FeCl3 saturated filter paper. Pictures and schematic images of the 
injury of the carotid artery with FeCl3. The vessel was injured by topical application of a soaked 
filter paper with FeCl3. (D) tMCAO model in mice. The filament is advanced through the right 
carotid artery to reduce cerebral blood flow in the middle cerebral artery (1st image). The brain 
sections were stained 24 h after tMCAO with TTC-staining to detect brain infarct size (2nd im-
age). Motor function and coordination were determined by the grip test (3rd image) and neuro-
logical status was scored with the Bederson score (4th image).141 
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4. Results 

4.1. In vitro and in vivo characterization of 5Htt-/- mice 

4.1.1. Unaltered platelet count and volume in 5Htt-/- mice 

5Htt+/- (Het) mice were intercrossed to obtain 5Htt-/- (Ko) and the respective littermate 

Wt control mice. Genotyping was performed by PCR on genomic DNA isolated from 

ear pieces. Figure 14A shows PCR products in 5Htt+/+ mice (Wt), 5Htt+/- (Het) and 

5Htt-/- mice. The offspring (5Htt+/+, 5Htt+/- and 5Htt-/-) were healthy and born at a normal 

Mendelian ratios, indicating that 5Htt is dispensable for embryonic development. 

Platelet count (Figure 14B) and size (Figure 14C) were analyzed by flow cytometry and 

a blood cell analyzer (Sysmex cell counter KX 21N, Sysmex Deutschland GmbH, Ger-

many) and no obvious differences in 5Htt-/- mice compared to Wt controls were ob-

served. These results indicated that the lack of 5Htt is dispensable for platelet produc-

tion. 

 

Figure 14: 5Htt-/- platelets display normal platelet count and size. (A) Genotyping of 
5Htt+/+ (Wt), 5Htt+/- (Het) and 5Htt-/- (Ko) mice by PCR, visualized on a 2 % agarose gel. DNA 
of Het mice served as positive and water as negative control. (B) Similar platelet count and 
(C) size in 5Htt-/- and Wt mice. Values are mean ± SD. (Wolf et al., PlosOne, 2016)143 

5Htt is an important transporter in the plasma membrane of platelets for the uptake of 

5-HT. To test whether the absence of this transporter has an effect on the expression 

levels of major glycoproteins on the cell surface, flow cytometric analyses were per-

formed. The levels of the major glycoproteins were similar in Wt and 5Htt-/- samples 

(Figure 15), indicating that the lack of the transporter and platelet 5-HT do not influence 

major surface glycoprotein expression. 
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Figure 15: Glycoprotein expres-
sion is unaltered in 5Htt-/- mice.Di-
luted whole blood was stained with 
fluorophore labeled antibodies di-
rected against platelet glycoproteins 
and platelets were analyzed by flow 
cytometry. Values are mean fluores-
cence intensity (MFI) ± SD. 

 

4.1.2. Unaltered hematological parameters in 5Htt-/- mice 

Since the 5Htt-/- mice were a constitutive knock-out mouse line and to rule out any 

effects of 5Htt on general hematopoiesis, blood samples from Wt and 5Htt-/- mice were 

analyzed with an automated cell counter to measure basic blood parameters. The anal-

yses showed no differences in white (WBC) and red blood cell (RBC) count, as well as 

in hemoglobin content (HGB) and hematocrit values (HCT), between Wt and 

5Htt-/- samples. 

Table 16: 5Htt-/- mice exhibit normal hematological parameters. Blood cell distribution 
was determined with a whole blood analyzer. White blood cell (WBC), red blood cell (RBC), 
hemoglobin (HGB) and hematocrit (HCT), not significant (n.s.). 

Genotype WBC 

[x103 per µL] 

RBC 

[x106 per µL] 

HGB 

[g/dL] 

HCT 

[%] 

Wt 8.5±2.2 8.6±0.4 13.3±0.8 46.3±3.1 

5Htt-/- 8.0±1.2 8.4±1.0 13.0±0.9 44.6±4.9 

significance n.s. n.s. n.s. n.s. 
 

4.1.3. 5Htt-/- alters plasma and platelet 5-HT levels and its metabo-

lites 

To test whether 5Htt represents the only route for 5-HT uptake in platelets, 5-HT re-

lease from the cells upon stimulation (Figure 16A) was analyzed. Measurement of the 

5-HT concentration in blood plasma and platelets was performed by a 5-HT-ELISA. 

Secreted platelet 5-HT was below the levels of detection in both resting and activated 

5Htt-/- platelets as was the total 5-HT concentration in platelet lysates (Figure 16A). 

Surprisingly, the concentration of 5-HT in the blood plasma was also significantly re-

duced in 5Htt-/- mice (Figure 16B). These results demonstrated that the 5-HT trans-

porter 5Htt is essential for 5-HT uptake in platelets. This appears to be in sharp contrast 
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to neurons, in which alternative compensatory 5-HT uptake mechanisms exist, such 

as DAT, NET and OCT1/3.54 Additionally, we found that the 5-hydroxyindolacetic acid 

(5-HIAA) concentration, an important metabolite product of 5-HT, was increased in the 

urine of 5Htt-/- mice (Figure 16C), whereas the melatonin concentration was normal in 

the 5Htt-/- blood plasma (Figure 16D). 

 

Figure 16: 5-HT content and levels of metabolites. (A) 5-HT content and release was de-
termined by ELISA. Washed platelets were stimulated with indicated agonists. Thrombin (Thr), 
collagen-related peptide (CRP) and resting (Rest.), n.d.: not detectable. (B) Citrate-anticoagu-
lated blood was centrifuged to obtain PPP and 5-HT levels were measured with a highly sen-
sitive ELISA. (C) 5-HIAA and (D) melatonin level in urine or plasma samples of Wt and 
5Htt-/- mice. (Wolf et al., PlosOne, 2016)143 

4.1.4. Secreted platelet 5-HT is required for maximal platelet re-

sponses to (hem)ITAM signaling 

5-HT is considered to be a “weak agonist” of platelets due to its inability to induce 

platelet aggregation by itself, but it is known to synergize with other signaling pathways 

and to potentiate aggregation responses of other platelet agonists.144 Furthermore, it 

has been shown that 5HTT itself directly interacts with integrin αIIbβ3, indicating a 

functional crosstalk between them.145 To study the consequence of abolished 5Htt 

function and the loss of platelet stored 5-HT on platelet activation, αIIbβ3 integrin acti-

vation and P-selectin surface exposure in response to different agonists were moni-

tored by flow cytometry. The contribution of platelet 5-HT or 5Htt to GPCR mediated 

platelet activation was not altered as 5Htt-/- platelet responses to thrombin, ADP and 

U46619 were comparable to Wt platelets (Figure 17A). In contrast, αIIbβ3 integrin ac-

tivation and P-selectin surface exposure in response to agonists operating via the 

(hem)ITAM coupled receptors GPVI and CLEC-2 were significantly reduced in 

5Htt-/- platelets revealing a specific role for 5-HT and/or 5HTT in GPVI and CLEC-2 

mediated platelet activation (Figure 17A). 



Results  58 

 

Figure 17: Integrin αIIbβ3 activation and degranulation in 5Htt-/- platelets. Flow cytomet-
ric analyses of (A) integrin activation and (B) degranulation, measured by P-selectin expo-
sure on the platelet surface. Washed blood was incubated for 15 min at RT with indicated 
agonist and measured with a FACSCalibur. Results are MFI ± SD. Resting (Rest), adeno-
sine-diphosphate (ADP), U46619 (stable TxA2 analog, U46), collagen-related peptide 
(CRP), rhodocytin (Rhd). * p<0.05, ** p<0.01. (Wolf et al., PlosOne, 2016)143 

4.1.5. PS-exposure and microparticle (MP) formation as well as 

COAT platelet generation is unaltered in 5Htt-/- mice 

It has recently been shown that SSRI treatment of platelets reduces the formation of 

COAT platelets and MP formation.146-150 COAT platelets are defined as highly acti-

vated, PS-positive platelets with low levels of activated integrins, due to pronounced 

integrin closure. The respective gating strategy for the analysis of COAT platelets is 

depicted in Figure 18A+B. In contrast to previous publications,147,149,151 the formation 

of COAT platelets was unaltered in Wt and 5Htt-/- mice (Figure 19B). MP formation was 

assessed by flow cytometry. Briefly, platelets (Figure 18D, ellipse) and platelet-derived 

particles (like MPs; Figure 18D, rectangle) were stained with 14A3-PE (anti-GPIIb/IIIa) 

and Annexin-A5-DyLight488. MPs were defined as double positive for both staining’s 

(Figure 18E). MP formation was found to be normal in 5Htt-/- mice (Figure 20B) thus 

excluding the possible role of 5-HT in these processes. 

To test whether the 5-HT transporter or 5-HT itself regulates procoagulant activity of 

platelets, PS exposure was determined by Annexin-A5 staining. The percentage of 

Annexin-A5 positive cells shown by flow cytometry was similar in Wt and 5Htt-/- mice. 

However, upon stimulation with Rhd less 5Htt-/- platelets were PS-positive compared 

with Wt controls (Figure 19A). 
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Figure 18: Gating strategy for COAT platelets, MP formation and fibrinogen binding. 
Flow cytometric analyses of washed blood. Platelets were stained with the indicated antibod-
ies. (A) Gating strategy of platelets. (B) Platelets were stained with 4H5-PE and An-
nexin-A5-DyLight488 to measure COAT platelets, Annexin-A5 single positive cells deter-
mined COAT platelets in this approach. (C) Gating strategy for fibrinogen binding. Platelets 
were stained with α-fibrinogen-Cy5 antibody and Annexin-A5-DyLight488. Double positive 
cells determined COAT platelets in this approach. (D) Gating strategy for MP formation. (up-
per panel). Platelets are gated based on their FSC/SCC and dual positive characteristics 
Events that fell outside of the platelet gate whilst maintaining dual positivity for 14A3-PE and 
Annexin-A5-DyLight488 were counted as platelet derived MP (lower panel). 

 

Figure 19: PS-exposure, COAT platelets and MP formation in 5Htt-/- mice. Flow cytomet-
ric analyses of Wt and 5Htt-/- platelets. (A) Washed platelets were stained with JON/A-PE and 
Annexin-A5-DyLight488 and activated with the indicated concentrations of agonists. (B) 
COAT platelets were analyzed by staining of washed platelets with 14A3-PE and An-
nexin-A5-DyLight488. Values are mean ± SD. * p<0.05. 
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4.1.6. Unaltered fibrinogen binding and MP formation in 

5Htt-/- platelets 

5-HT has been proposed to act as a linker between FV and fibrinogen derived from 

α-granules, thus stabilizing the binding of the molecules and to other platelets via ser-

otonylation.147,151  

 

Figure 20: Unaltered fibrinogen binding and MP formation in 5Htt-/- mice. Flow cytometric 
analyses of Wt and 5Htt-/- platelets. (A) Washed platelets were stained with Annexin-A5-
DyLight488 and α-fibrinogen-Cy5 and activated with the indicated agonists to measure fibrin-
ogen binding. (B) Washed platelets were stained with 4H5-PE and Annexin-A5-DyLight488 to 
detect formed MPs. The platelets were activated with the indicated agonists. Results show 
mean or MFI ± SD. (Wolf et al., PlosOne, 2016)143 

To test whether fibrinogen binding was reduced in the absence of platelet-derived 

5-HT, fibrinogen binding was analyzed in activated platelets by flow cytometry. No dif-

ference in fibrinogen binding in Wt and 5Htt-/- platelets was measured (Figure 20A). 

4.1.7. Reduced aggregation of 5Htt-/- platelets upon stimulation 

with GPVI or CLEC-2 agonists 

Previous studies have shown defects in platelet aggregation of 5Htt-/- platelets upon 

activation with high dose of several agonists, such as ADP and thrombin.145 Further-

more, hyperreactive platelets were observed upon infusion of 5-HT into Wt mice53 in-

dicating an important role for 5-HT in platelet aggregation. Similar to the effects on 

integrin activation and degranulation, defects in the ability of 5Htt-/- platelets to form 

stable aggregates were also observed. Aggregation responses were slightly reduced 

upon activation of platelets with different GPCR agonists, such as ADP, the TxA2 ana-

log U46619 and thrombin. The aggregation responses to GPVI or CLEC-2 specific 

agonists were markedly reduced, comparable to the activation responses found in flow 

cytometry experiments (Figure 21). 
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Figure 21: Reduced aggregation of 5Htt-/- platelets upon stimulation with different ag-
onists. Washed platelets were activated with the indicated agonists. Light transmission was 
recorded with a Fibrintimer 4-channel aggregometer and the addition of the agonists is indi-
cated by an arrow. Aggregometry measurements upon activation with ADP were performed 
in PRP, whereas all others were performed with washed platelets. (Wolf et al., PlosOne, 
2016)143 

4.1.8. Unaltered tyrosine phosphorylation in 5Htt-/- platelets 

Changes in protein tyrosine phosphorylation and PLCγ2 activity after GPVI or CLEC-

2 stimulation were unaltered in 5Htt-/- platelets, as assessed by Western blotting (Fig-

ure 22A+B) and inositol monophosphate (IP1) ELISA (Figure 22C), respectively.  

 

Figure 22: Tyrosine phosphorylation assay of Wt and 5Htt-/- platelets. Washed platelets 
were stimulated with 1 µg/mL CRP or 2 µg/mL Rhd for the indicated times, in the presence 
of “second wave” inhibitors (apyrase, EDTA and indomethacin). Western blot of whole cell 
lysates was performed and the membrane was probed with the anti-phosphotyrosine anti-
body 4G10 (1:1,000). Α-Actin (1:2,500) served as loading control. (C) Washed platelets were 
activated with the indicated agonists in the presence of 2 mM Ca2+, 50 mM Li+, 100 µg/mL 
fibrinogen (not included when thrombin was used) and “second wave” inhibitors. The 
activation was stopped by the addition of 10 % lysis reagent and the supernatant was used 
for the IP1 ELISA according to the manual. (Wolf et al., PlosOne, 2016)143 

Therefore, we concluded that the defects in response to (hem)ITAM stimulation were 

downstream of the initial (hem)ITAM signaling cascade. 
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4.1.9. Unaltered tyrosine phosphorylation without inhibitors of the 

“second wave” mediators in 5Htt-/- platelets 

Apyrase is a scavenger of ADP,152 whereas EDTA chelates extracellular cations, such 

as Ca2+153 and indomethacin is an inhibitor of cyclooxygenase, which is important for 

the production of TxA2.154 In the presence of all these “second wave” inhibitors, the 

feedback loops provided by ADP, TxA2 and Ca2+ mobilization are blocked. To test if 

the feedback loop is important, Western blot analyses of tyrosine phosphorylation were 

repeated in the absence of apyrase, EDTA and indomethacin and in the presence of 

integrillin (GPIIb/IIIa inhibitor) to prevent platelet aggregation. Western blotting of tyro-

sine phosphorylation upon stimulation with CRP in the presence (Figure 22B) or ab-

sence of the inhibitors of the “second wave” (Figure 23) showed no difference, indicat-

ing that the feedback loops provided by these “second wave” mediators are functional 

in 5Htt-/- platelets. 

 

Figure 23: Tyrosine phosphorylation assay of Wt and 5Htt-/- platelets in the absence 
of “second wave” inhibitors. Washed platelets were stimulated with 1 µg/mL CRP for the 
indicated times, in the absence of “second wave” inhibitors (apyrase, EDTA and indometh-
acin). Western blot of whole cell lysates were performed and the membrane was probed 
with the anti-phosphotyrosine antibody 4G10 (dilution: 1:1,000). Α-Actin (dilution: 1:2,500) 
served as loading control. 

4.1.10. 5-HT potentiation of (hem)ITAM signaling is mediated by 

SOCE 

A key factor in platelet integrin activation and degranulation is a sustained increase in 

cytoplasmic Ca2+ levels. 5-HT binds 5HT2A on the platelet surface which activates the 

Gq-PLCβ pathway and subsequent Ca2+ mobilization and PKC activation. Given that 

the initial signaling cascade downstream of (hem)ITAM containing receptors, including 
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PLC activity (Figure 22C) and IP3 dependent Ca2+ store depletion (Figure 24A) was 

unaffected in 5Htt-/- platelets, Ca2+ influx after activation was assessed (Figure 24B). 

In line with the functional defects observed in 5Htt-/- platelets, GPVI and CLEC-2 in-

duced Ca2+ influx was significantly reduced in these cells (Figure 24B). Surprisingly, 

ADP and U46619 mediated Ca2+ responses were also affected, whereas thrombin and 

5-HT mediated Ca2+ influx were similar to Wt platelets (Figure 24B). 

 

Figure 24: The lack of 5Htt leads to alterations in Ca2+ signaling. Washed platelets were 
labeled with fura-2 AM in the presence of pluronic F-127 for 20 min at 37°C. Excess dye 
was removed by centrifugation and the platelet pellet was resuspended in Tyrode’s-HEPES 
buffer containing Ca2+. Platelets were activated with the indicated agonists in the presence 
of 0.5 µM EGTA for store release (A) or for Ca2+ influx (B) under stirring conditions. (C) 
Fura2-labeled platelets were incubated with the indicated concentrations of thapsigargin to 
analyze TG-induced SOCE. (D) Reduced TG induced SOCE in 5Htt-/- platelets. Fluores-
cence was measured with a LS 55 fluorimeter.* p<0.05, ** p<0.01, *** p<0.001. (Wolf et al., 
PlosOne, 2016)143 

4.1.11. 5Htt-/- platelets mediate accelerated clot retraction in vitro 

Platelet aggregation requires integrin “inside-out” and “outside-in” activation of integ-

rins to enable the interaction with the respective ligands and downstream signaling. 

“Inside-out” signaling is triggered by increases in intracellular Ca2+ concentrations and 

describes the shift of integrins from a low to a high-affinity state for their ligands. The 

binding of a ligand to the integrin leads to clustering of the integrins and the initiation 

of signaling cascades into the platelet in a process termed “outside-in” signaling.31 Clot 
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retraction, (the contraction and consolidation of a formed thrombus) is reliant on the 

“outside-in” signaling of the αIIbβ3 integrin. Upon binding to fibrin (generated from fi-

brinogen cleavage by thrombin) a reorganization of the platelet cytoskeleton is initiated 

and as this occurs the integrin links the contractile cytoskeleton to the fibrin fibers thus 

providing the pulling forces necessary to contract and stabilize a thrombus.155 32  

 

Figure 25: Accelerated clot retraction in 5Htt-/- mice. Clot retraction of Wt and 5Htt-/- PRP 
in the presence of 4 U/mL thrombin and 20 mM CaCl2. (A) Representative images were 
taken at the indicated time points. (B) Time to initiation of clot retraction and (C) percentage 
of residual volume were analyzed in Wt and 5Htt-/- PRP. ** p<0.01. 

An in vitro clot formation and retraction assay was used to test whether the lack of 5Htt 

and platelet stored 5-HT has an effect on this process. Wt and 5Htt-/- PRP in the pres-

ence of thrombin (4 U/mL) and 20 mM Ca2+ were monitored over 4 h (Figure 25A). In 

this assay, 5Htt-/- platelets formed and retracted a similar clot, in terms of size and 

weight, which resulted in the same residual plasma volume after 4 h (Figure 25C). 

Within the observation time period however, an accelerated clot retraction was noted 

in 5Htt-/- samples as compared to Wt, with Wt platelets initiating retraction at 

83 ± 41 min and 5Htt-/- platelets at 32 ± 13 min (Figure 25B).
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4.1.12. Unaltered spreading of 5Htt-/- platelets 

Similar to clot retraction, platelet spreading requires functional integrin “outside-in” sig-

naling to coordinate and direct the generation of filo- and lamellipodia. In the presence 

of 5Htt-/- platelets clot retraction was accelerated, indicating that integrin “outside-in” 

signaling may be altered in these platelets. Therefore to have a direct analysis of the 

platelets themselves platelets from Wt and 5Htt-/- mice were allowed to spread on a 

fibrinogen coated surface in the presence (Figure 26A) or absence (Figure 26B) of 

thrombin (0.01 U/mL). 

 

Figure 26: Unaltered spreading of 5Htt-/- platelets. Washed platelets were allowed to 
spread on fibrinogen coated cover slips (A) in the presence of 0.01 U/mL thrombin or (B) 
absence of thrombin. The different stages of spread platelets at the indicated time points 
were scored according to the appearance of distinct structural features as depicted in the 
panels on the right (stage 1: roundish; stage 2: filopodia only; stage 3: filopodia and lamel-
lipodia; stage 4: fully spread). (Wolf et al., PlosOne, 2016)143 

In contrast to the results seen in clot retraction, 5Htt-/- platelets formed filopodia and 

lamellipodia with similar kinetics to Wt platelets. After 30 min approximately 40 % of 

Wt and 5Htt-/- platelets were fully spread (Figure 26) 

.
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4.1.13. Mild reduction of coagulation factors II, VII and X in the 5Htt-/- plasma 

of mice  

Activated platelets together with the activation of the coagulation system induce the 

cleavage of platelet released and plasma born fibrinogen to form fibrin- and plate-

let-rich clots. This mechanism of clot formation through the extrinsic pathway is based 

on the exposure of TF and its binding of coagulation factor FVII to the endothelium, 

leading to the activation of the coagulation factors FIX and FX and thus thrombin gen-

eration.156-158 To test whether the lack of 5Htt or platelet stored 5-HT, or indeed the 

unanticipated reduction in plasma 5-HT levels in 5Htt-/- mice has an effect on the acti-

vation of the coagulation system, plasma samples from Wt and 5Htt-/- mice were ana-

lyzed. The plasma was obtained by centrifugation to measure several coagulation fac-

tors and tests (quick, antithrombin, FII, FV, FVII, FX and FXIII). Interestingly, the only 

alteration observed was a slight reduction in the levels of the coagulation factors II, VII 

and X in 5Htt-/- plasma (Table 17). 

Table 17: Coagulation factors measured in Wt and 5Htt-/- plasma samples. Non-hepa-
rinized blood samples from Wt and 5Htt-/- were collected into sodium citrate. The samples 
were centrifuged to obtain PPP which was analyzed at the central laboratory at the Univer-
sity Hospital of Würzburg. Partial thromboplastin time (PTT), * p<0.05, ** p<0.01. 

 Wt 5Htt-/- significance 

PTT [s] 26.3±1.4 27.2±1.2 n.s. 

Quick [%] 21±0 21±0 n.s. 

Antithrombin [%] 134±13 125±19 n.s. 

Fibrinogen [g/L] 0.98±0.28 0.78±0.20 n.s. 

FII [%] 88±5 72±15 * 

FV [%] 642±0 571±52 n.s. 

FVII [%] 347±61 259±55 ** 

FVIII [%] 96±20 80±11 n.s. 

FIX [%] 127±11 108±17 n.s. 

FX [%] 347±43 281±72 * 

FXI [%] 108±24 84±9 n.s. 

FXII [%] 141±2 129±9 n.s. 

FXIII [%] 344±35 308±19 n.s. 
 

The mRNA expression levels of factor VII and X in liver samples were not altered in 

5Htt-/- mice (Figure 27). This indicated that the observed reduction in the levels of these 
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proteins was more likely due to a reduced life time in the circulation and/or their faster 

metabolism than altered protein production. 

As there was a minor reduction in coagulation factors II, VII and X detected in plasma 

samples of 5Htt-/- mice, thrombin generation was analyzed.  

 

Figure 27: Expression levels of FVII and X in liver 
samples. Livers of Wt and 5Htt-/- mice were dis-
sected, homogenized and processed for qPCR. The 
samples were analyzed in collaboration with the De-
partment of Hepatology of the University Hospital of 
Würzburg. 

The lack of the 5-HT transporter, resulting in lower amount of 5-HT in the plasma had 

no effect on the overall amount (Figure 28A) or the maximal amount (Figure 28B) of 

newly generated thrombin. The time to peak (Figure 28C), as well as the lagtime of 

thrombin generation (Figure 28D) was unaltered in 5Htt-/- plasma compared to the Wt 

samples. 

 

Figure 28: Thrombin generation was unaltered in 5Htt-/- platelets compared to Wt con-
trols. Thrombin generation was measured in unstimulated or CRP-stimulated PPP using the 
Thrombinoscope. Thrombin generation was triggered by TF and phospholipids or ellagic acid 
(EA). (A) Endogenous Thrombin Potential (ETP), (B) peak, (C) time to peak and (D) lagtime 
were unaltered in 5Htt-/- plasma compared to Wt controls. Results are mean ± SD. Analyses 
were performed by Sarah Beck and Tano Marth in our laboratory. 
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4.1.14. 5Htt-/- mice show abnormal platelet adhesion and procoagulant activity 

under flow 

To further investigate the importance of secreted platelet 5-HT for aggregation under 

shear flow conditions, heparinized blood of Wt or 5Htt-/- mice was perfused over a col-

lagen coated surface at a shear rate of 1000 s-1 in the presence of a DyLight488 con-

jugated anti-GPIX Ig derivative that labels platelets. Wt platelets initially adhered to the 

collagen surface and then recruited additional platelets resulting in the formation of 

stable, three-dimensional thrombi that finally covered about 40 % of the total surface 

area. In sharp contrast, in 5Htt-/- blood samples this process of aggregate formation 

was strongly reduced by almost three-fold (~15 % surface coverage) (5Htt-/-: 

15.79 ± 14.60 % vs. Wt: 43.18 ± 13.79 %, Figure 29B). In line with the reduced surface 

coverage, the relative thrombus volume was also reduced (5Htt-/-: 0.45 ± 0.49 vs. Wt: 

1.32 ± 0.52; Figure 29C). 

Ca2+ measurements had shown reduced Ca2+ influx in 5Htt-/- platelets. As Ca2+ influx 

is important for the generation of procoagulant platelets the possible effect of 5Htt in 

the regulation of the procoagulant activity of platelets was assessed,28,159 heparinized 

whole blood from Wt and 5Htt-/- mice was perfused over immobilized collagen at a 

shear rate of 1,000 s-1. Platelets were stained with Annexin-A5-DyLight488 to detect 

PS exposure. In addition to the surface coverage and relative thrombus volume, the 

number of platelet exposing PS was dramatically reduced in the aggregates of the 

mutant animals resulting in a significantly reduced procoagulant index (Figure 29D-F). 

4.1.15. Absence of released 5-HT leads to prolonged bleeding 

times, but unaltered thrombus formation in mesenteric arte-

rioles 

The in vitro functional analyses of 5Htt-/- platelets revealed a role for platelet stored 

5-HT release and its subsequent signaling in potentiation of Ca2+ entry initiated by 

(hem)ITAM signaling. To address the importance of this 5-HT mediated feed-forward 

pathway in the more complex processes of thrombosis and hemostasis, 5Htt-/- mice 

were subjected to bleeding time analyses and a model of in vivo thrombus formation. 

Prolonged bleeding times were observed in 5Htt-/- mice (Figure 30A) (Wt: 291 ± 194 s 

vs. 5Htt-/-: 482 ± 279 s) reflecting the increased bleeding risk described to occur upon 

SSRI treatment. 
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To test thrombus formation in vivo, we subjected the 5Htt-/- mice to the model of 

FeCl3-induced mesenteric arteriole injury. Two time points, the time to appearance of 

first thrombi and the time to full occlusion of the vessel were documented. Interestingly, 

despite the clear prolongation of bleeding seen in these mice the mean time to appear-

ance of first thrombi larger than 10 µm was similar for 5Htt-/- mice and Wt mice (5Htt-/-: 

8.03 ± 1.41 min; Wt: 8.48 ± 1.68 min; Figure 30C). The same is true for the mean time 

to vessel occlusion of Wt 16.15 ± 3.41 min compared to the 5Htt-/- mice with 

16.88 ± 5.29 min (Figure 30D). Representative images of FeCl3-injured vessel of Wt 

and 5Htt-/- mice are shown in Figure 30B. 

 

Figure 29: Reduced surface coverage, thrombus formation and procoagulant activity 
in 5Htt-/- mice. Whole blood of Wt and 5Htt-/- mice was perfused over a collagen coated 
surface with a shear rate of 1000 s-1. Phase contrast videos were recorded and platelet sur-
face coverage, relative thrombus volume and procoagulant index were analyzed. (A) Rep-
resentative images of surface coverage (left) and relative thrombus volume (right) are 
shown. Platelets were labeled with an anti-GPIX-DyLight488 derivate to obtain fluorescence 
images. Statistical evaluation of (B) surface coverage and (C) relative thrombus volume. (D-
F) Heparinized whole blood of Wt and 5Htt-/- mice was perfused over a collagen-coated 
surface with a shear rate of 1,000 s-1. Phase contrast videos were recorded and the chamber 
was rinsed with Tyrode’s-HEPES buffer containing Ca2+ and Annexin-A5-DyLight488. Plate-
let surface coverage and procoagulation index were analyzed. (D) Representative images 
of surface coverage (left) and procoagulant index (right) are shown. Statistical evaluation of 
(E) surface coverage and (F) procoagulation index. Results are mean ± SD. Bright field (BF). 
*** p<0.001. (Wolf et al., PlosOne, 2016)143 
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4.1.16. The lack of secreted 5-HT protects mice from thrombosis 

Mechanical injury of the abdominal aorta induces exposure of collagen embedded in 

the ECM. Therefore this model of experimental arterial thrombosis is understood to be 

reliant on GPVI expression and signaling.96 The blood flow in the vessel is monitored 

with an ultrasonic flow probe for 30 min or until full occlusion occurs. Strikingly, in com-

parison to the relatively mild hemostatic defect and the unaltered time until vessel oc-

clusion of mesenteric arterioles 80 % of 5Htt-/- mice were not able to form occlusive 

thrombi in response to mechanical injury of the abdominal aorta within the observed 

time period (Figure 31A), whereas 100 % of the Wt control mice did. A representative 

blood flow of Wt and 5Htt-/- mice is shown in Figure 31B. 

 
Figure 30: Prolonged bleeding times in 5Htt-/- mice, but unaltered thrombus formation 
upon chemical injury of the mesenteric arterioles in 5Htt-/-. Altered hemostasis in 
5Htt-/- mice. (A) Time to hemostatic plug formation of Wt and 5Htt-/- mice in the tail bleeding 
assay. Every symbol represents one animal. (B) Representative images of Wt and 
5Htt-/- mice upon chemical injury of mesenteric arteries. (C) Time to appearance of first 
thrombi >10 µm and (D) time to occlusion of the vessels. Every symbol represents one ar-
tery. Horizontal lines represent mean values. Hash indicates stable vessel occlusion. n.s.: 
not significant, ** p<0.01. (Wolf et al., PlosOne, 2016)143 



Results  71 

Subsequently in vivo thrombus formation was also analyzed in the chemically 

(FeCl3)-injured carotid artery. Thrombus formation in this medium sized vessel occurs 

through a collagen- and thrombin-driven mechanism.160 In the control group, all mice 

formed occlusive thrombi in 416 ± 102 s, whereas in 5Htt-/- mice, the time was pro-

longed to 678 ± 393 s or stable thrombi were not formed at all (Figure 31C). 

 

Figure 31: Altered thrombus formation in 5Htt-/- mice. (A) Time to occlusion with a stable 
thrombus in the mechanically injured abdominal aorta of Wt and 5Htt-/- mice. (B) Blood flow 
chart of a representative mechanical injured abdominal aorta of Wt and 5Htt-/- mice. (C) Time 
to occlusion of the chemical injured carotid artery (10 % FeCl3). Every symbol represents 
one mouse. Horizontal lines indicate mean time values. n.s.: not significant, * p<0.5, *** 
p<0.001. (Wolf et al., PlosOne, 2016)143 

4.1.17. Loss of 5HTT in mice does not alter brain infarct progression 

after ischemic stroke 

Platelets play a unique role in the initiation of brain infarct growth after transient ische-

mia. This process, as it is currently understood, involves a complex interplay between 

platelets and immune cells but is not dependent on platelet aggregation. Interestingly, 

SSRI treatment of stroke patients is described to enhance brain function recovery, in-

dicating a therapeutic benefit of the direct blockade of 5HTT function.161-163 Given the 

distinct mechanisms thought to be involved in thrombo-inflammation and the described 

benefit of SSRI treatment of stroke patients, 5Htt-/- mice were subjected to the tMCAO 

model of acute ischemic stroke to further investigate the direct role of 5HTT and platelet 

stored 5-HT under ischemic conditions.  

Although 5Htt-/- mice were moderately protected in the carotid artery injury model of 

thrombosis (Figure 31C), unexpectedly, these mice developed large brain infarcts fol-

lowing tMCAO (Figure 32A) with neurological outcomes indistinguishable to those in 

Wt mice as assessed by the Bederson score (Figure 32C) and grip test (Figure 32D). 

Of note, leukocyte infiltration into the infarct area was not elevated in 5Htt-/- brain tissue 
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(Figure 33), and no significant difference between Wt and 5Htt-/- mice were detected in 

the tMCAO model after 30 min ischemia (Figure 32E-H). 

 

Figure 32: Similar brain infarct volume in 5Htt-/- and Wt mice in reperfusion injury of 60 
and 30 min. (A) Representative images of 3 coronal brain sections stained with TTC 24 h 
after the 1 h tMCAO. (B) Infarct volume was analyzed by planimetry of Wt and 5Htt-/- mice 
24 h after focal cerebral ischemia in Wt and 5Htt-/- mice. (C) Bederson score and (D) grip test 
were determined 24 h after tMCAO. (E) Representative images of 3 coronal brain sections 
stained with TTC after 24 h following the 30 min tMCAO model. (F) Infarct volume was ana-
lyzed by planimetry of Wt and 5Htt-/- mice 24 h after focal cerebral ischemia in Wt and 
5Htt-/- mice. (G) Bederson score and (H) grip test were determined 24 h after tMCAO. Each 
symbol represents one animal. n.s.: not significant. The experiment was performed in collab-
oration with Dr. Peter Kraft and Dr. Michael Schuhmann in the Department of Neurology at 
the University Hospital of Würzburg, Germany. (Wolf et al., PlosOne, 2016)143 

 

Figure 33: Leukocyte infiltration in is-
chemic stroke brains of Wt and 
5Htt-/- mice. Number of infiltrated leuko-
cytes in the ischemic brain of Wt and 
5Htt-/- mice. Representative pictures of 
Ly6B.2 immunostaining shows similar 
numbers of leukocytes in ischemic brains 
of Wt and 5Htt-/- mice. Arrows indicate leu-
cocytes. Results are mean ± SD. (Wolf et 
al., PlosOne, 2016)143 
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4.2. Addition of extracellular 5-HT rescues the phenotype of 

5Htt-/- mice 

4.2.1. The integrin activation and degranulation defect of 

5Htt-/- platelets is rescued by the addition of 5-HT 

Integrin activation and degranulation in 5Htt-/- platelets was reduced upon stimulation 

with GPVI or CLEC-2 agonists (Figure 17). It is known that 5-HT infused mice show 

higher integrin activation and degranulation in comparison to saline infused mice, indi-

cating that 5-HT can promote platelet activation.53 To test whether the addition of 5-HT 

can revert the phenotype, integrin activation and P-selectin exposure in the presence 

of 5-HT were measured by flow cytometry. Integrin activation (Figure 34A) and degran-

ulation (Figure 34B) upon stimulation with GPCR agonists were unaltered in 

5Htt-/- mice, whereas it was impaired in response to GPVI and CLEC-2 agonists. 

 

Figure 34: Integrin activation and degranulation can be rescued by the addition of 
10 µM 5-HT. Flow cytometric analyses of (A, C) integrin activation and (B, D) degranulation, 
shown by P-selectin exposure on platelets. Washed blood was incubated for 15 min at RT 
with the indicated agonists and measured with a FACSCalibur. Flow cytometry analyses of 
(C) integrin activation and (D) degranulation rescued by the addition of 5-HT. Washed blood 
was incubated for 15 min at RT with indicated agonists in the presence of 10 µM 5-HT and 
measured with a FACSCalibur. Results are MFI ± SD (n = 5 vs 5 mice, 3 independent ex-
periments). Resting (rest), adenosine diphosphate (ADP), U46619 (stable TxA2 analog, 
U46), collagen-related peptide (CRP), rhodocytin (Rhd). * p<0.05, ** p<0.01, *** p<0.001. 
(Wolf et al., PlosOne, 2016)143 
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This defect upon activation with GPVI and CLEC-2 agonists was rescued by the in vitro 

addition of 10 µM 5-HT to the washed platelets. Integrin activation (Figure 34C) and 

P-selectin exposure (Figure 34D) were normalized to Wt values. These results indicate 

that not the lack of 5HTT, but the resulting lack of 5-HT in the platelets is responsible 

for the defects in integrin activation and degranulation. To be more specific, the second 

feedback loop of 5-HT triggered by the receptor 5-HT2A on the platelet surface appears 

to potentiate the signaling downstream of (hem)ITAM receptors. 

4.2.2. Aggregation responses of 5Htt-/- platelets are normalized to 

Wt platelets in the presence of 5-HT 

Aggregation responses were reduced upon stimulation with different agonists in 

5Htt-/- platelets (Figure 21). As addition of 10 µM 5-HT rescued integrin activation and 

degranulation responses in 5Htt-/- platelets, it prompted us to test if defective aggrega-

tion could also be rescued in this way. To test this platelet aggregation experiments 

were performed with a Fibrintimer 4-channel aggregometer and platelet activation was 

recorded upon stimulation with indicated agonists in the presence of 10 µM 5-HT. Con-

sistent with the results obtained in flow cytometry, platelet aggregation was rescued by 

the addition of 10 µM 5-HT (Figure 35). 

 

Figure 35: The addition of 10 µM 5-HT can rescue aggregation responses in 
5Htt-/- platelets. Washed platelets were activated with the indicated agonists and 5-HT was 
added. Light transmission was recorded with a Fibrintimer 4-channel aggregometer. Addi-
tion of the agonists is indicated with an arrow. ADP measurements were performed in PRP, 
whereas all others were done with washed platelets. (Wolf et al., PlosOne, 2016)143 

4.2.3. Ca2+-mobilization in 5Htt-/- platelets downstream of 

(hem)ITAM signaling is rescued by co-stimulation with 5-HT 

In line with the previous results, Ca2+-response in 5Htt-/- platelets upon stimulation with 

different agonists in the presence of extracellular Ca2+ was also rescued by the addition 
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of 10 µM 5-HT (Figure 36B). This result is a reflection of the well-known potentiation 

effect of 5-HT on platelet activation mediated by the Gq/11 signaling of its receptor 

5-HT2A. 

 

Figure 36: SOCE mediated Ca2+ mobilization with and without extracellular 5-HT. 
Washed platelets were labeled with fura-2AM in the presence of pluronic F-127 for 20 min 
at 37°C. Excess dye was removed by centrifugation and the platelet pellet was resuspended 
in Tyrode’s-HEPES buffer containing Ca2+. Platelets were activated with the indicated ago-
nists in the absence (A) or presence (B) of 10 µM 5-HT under stirring conditions and fluo-
rescence was measured with a LS 55 fluorimeter. n.s.: not significant, * p<0.05, ** p<0.01, 
*** p<0.001. (Wolf et al., PlosOne, 2016)143 

4.2.4. Adhesion defect of 5Htt-/- platelets under flow is rescued by 

coinfusion of 5-HT 

In vitro analyses of 5Htt-/- platelets activated with different agonists in the presence of 

5-HT showed a rescue of their phenotype, indicating that ex vivo responses of aggre-

gation and thrombus formation may also be reverted by the addition of 5-HT. 

To test the effect of extracellular 5-HT on the ability of 5Htt-/- platelets to form thrombi 

under shear conditions, heparinized whole blood coinfused with 5-HT was perfused 

over a collagen coated surface at a shear rate of 1,000 s-1. Under these conditions the 

surface coverage (5Htt-/-: 58.57 ± 6.01 % vs. Wt: 64.4 ± 4.79 %; Figure 37B) and rela-

tive thrombus formation (5Htt-/-: 1.86 ± 0.50 unit vs. Wt: 2.29 ± 0.69 unit; Figure 37C) 

in Wt and 5Htt-/- samples were not significantly different. 
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Figure 37: Surface coverage and thrombus volume in the flow chamber assay is sim-
ilar between Wt and 5Htt-/- mice coinfused with 5-HT. Whole blood was perfused over a 
collagen coated surface. (A) 5-HT was coinfused at 1,000 s-1. Afterwards surface coverage 
(B) and relative thrombus volume (C) was analyzed. Fluorescence pictures were obtained 
by staining of platelets with anti-GPIX-DyLight488. Results are mean ± SD. (Wolf et al., 
PlosOne, 2016)143 

4.3. In vivo studies of genetically modified mice in different arterial 

thrombosis models 

4.3.1. Tph1-/- mice show slightly reduced thrombus formation upon 

chemical or mechanical injury of the vessel wall 

The observed in vitro defects translated into defective in vivo thrombus formation in 

5Htt-/- mice. To investigate the role of plasma 5-HT in thrombus formation, a mouse 

strain (Tph1-/-) lacking the enzyme responsible for the production of 5-HT in the periph-

ery, leading to the absence of 5-HT in the whole circulation, but not in the brain, was 

analyzed in vivo. The platelets of Tph1-/- mice showed normal aggregation curves upon 

stimulation with U46619, thrombin and collagen, whereas bleeding times were pro-

longed in the Tph1-/- mice. The defective hemostasis in Tph1-/- mice was reflected in 

the defective in vivo thrombus formation seen in the thrombosis injury model of mes-

enteric arteries.49 

Time to appearance of first thrombi upon chemical injury of mesenteric arterioles was 

similar between Wt and Tph1-/- mice (Wt: 7.31 ± 1.27 min and Tph1-/-: 8.88 ± 3.65 min; 

Figure 38B). In line data reported by Walther et al.,49 these mice displayed a defect in 

thrombus formation upon chemical injury of the mesenteric arterioles with a slightly 

prolonged time to vessel occlusion (Wt 13 ± 4.94 min, Tph1-/- 20.05 ± 6.41 min, Figure 

38C). Similarly, the time to occlusion by mechanical or chemical injury of the abdominal 

aorta or carotid artery was also prolonged in this mouse line (Aorta: Wt: 246 ± 72 s; 
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Tph1-/-: 429 ± 188 s; Figure 38D; Carotis: Wt: 224 ± 30 s; Tph1-/-: 452 ± 177 s; Figure 

38E). 

 

Figure 38: Defective thrombus formation in Tph1-/- mice. (A) Representative images of 
thrombus formation in Wt and Tph1-/- mice. (B) Time to appearance of first thrombi (C) and 
time to occlusion in FeCl3-injured mesenteric arteries. Each symbol represents one artery. 
(D) Occlusive thrombus formation in the mechanically injured abdominal aorta in 
Tph1-/- mice.(E) Occlusive thrombus formation in the thrombosis model of chemically injured 
carotid artery in Tph1-/- mice. Each symbol represents one mouse. The horizontal lines indi-
cate the mean time to appearance of first thrombi or vessel occlusion. Hash indicates stable 
occlusion of the vessel. * = p<0.05, *** = p<0.001. 

4.3.2. Unc13d-/-/Nbeal2-/- mice have a severe defect in thrombosis 

Under physiological conditions, 5-HT is stored in dense granules of resting platelets 

and released upon stimulation. The defective occlusive thrombus formation in 

5Htt-/- mice indicated a major role of granules and their contents in thrombus formation 

and stability. Mice lacking α-granules and dense granule release (Unc13d-/-/Nbeal2-/-) 

were analyzed to investigate the role of granules and their content in the process of 

thrombus formation in vivo. 

Stegner et al.107 and Deppermann et al.,108 from our group showed a protection of the 

Munc13d and Nbeal2 single Ko mice, in different thrombosis models, indicating that 

the fusion of granules with the PM and the release of their contents plays a major role 
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in platelet activation, thrombus growth and stability. In line with these results, we could 

show a strong defect in thrombus formation and stability upon mechanical injury of the 

abdominal aorta of the double deficient mice. The mice had only small aggregates 

forming at the site of the injury, but there were no larger thrombi detected in this mouse 

line upon mechanical injury of the abdominal aorta. No occlusive thrombi were de-

tected in the arteries of the Ko mice, whereas all arteries of the Wt mice displayed 

occlusive thrombi within the normal time frame (time to occlusion Wt: 270 ± 74 s; Fig-

ure 41C). 

These results indicated a major role of granule contents in the process of thrombus 

formation and stability. Various mediators (like 5-HT, ADP, TxA2 and TGF-β), coagu-

lation factors (like FV, FXI and FXIII) and several other molecules are stored in the 

granules and are thus important in platelet activation, hemostasis and thrombosis.164 

 

Figure 39: The lack of granules and degranulation protected mice from occlusive 
thrombi upon mechanical injury of the abdominal aorta. (A) Time to occlusion of 
Unc13d-/- mice, (B) Nbeal2-/- mice and (C) Unc13d-/-/Nbeal2-/- mice in the mechanical injury 
of the abdominal aorta. Each symbol represents one mouse. The horizontal lines indicate 
the mean time to vessel occlusion. ** = p<0.01, *** = p<0.001. (Figures taken from (A) Ste-
gner et al.; JTH 2013 and (B) Deppermann et al.; J Clin Invest 2013)107,108 

4.3.3. TRPM7 channel is dispensable for thrombosis 

The uptake of 5-HT via its transporter is important to clear the external milieu from 5HT 

and to store it for later use in potentiating platelet activation and thrombus stability. 

Several other molecules or cations are also taken up and stored by platelets. To inves-

tigate the role of Ca2+/Mg2+ and its transporters in thrombus formation, three different 

mouse lines, MagT1y/- (lacking the specific Mg2+ transporter), Trpm7fl/fl-Pf4Cre (lacking 
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the non-specific Mg2+ channel) or Trpm7KI (point mutation in the kinase domain of 

Trpm7 channel, lacking kinase activity) were analyzed in in vivo models of thrombosis. 

To test the role of the Trpm7 channel activity in platelet activation, thrombus growth 

and stability was assessed in vivo. Upon chemical injury of the mesenteric arterioles, 

the time to appearance of first thrombi (8.60 ± 1.77 min; 9.16 ± 2.08 min; Figure 40B), 

as well as the time to occlusion (Wt 17.11 ± 4.70 min, Trpm7fl/fl-Pf4Cre 17.23 ±6.71 min, 

Figure 40C) was not significantly different between Wt and Trpm7fl/fl-Pf4Cre mice. 

Representative images are shown in Figure 40A. The same was also true for the me-

chanical injury of the abdominal aorta, where no difference between Wt and 

Trpm7fl/fl-Pf4Cre mice were detectable (302.64 ±116.06 s; 299.22 ±173.37 s, Figure 

40D). In line with the previous experiments, time to occlusion upon chemical injury of 

the carotid artery was similar in Wt and Trpm7fl/fl-Pf4Cre mice (Wt: 361.54 ± 80.50 s, 

Trpm7fl/fl-Pf4Cre: 504.77 ± 143.14 s, Figure 40E). 

 

Figure 40: Trpm7fl/fl-Pf4Cre mice show no alteration in the different thrombosis models. 

 (A) Representative images of FeCl3-injured mesenteric arterioles of Wt and Trpm7fl/fl-Pf4Cre 
mice. (B) Time to appearance of first thrombi and (C) time to occlusion after chemical injury 
of the mesenteric arteries. Each symbol represents one arteriole. (D) Occlusive thrombus 
formation upon mechanical injury of the abdominal aorta. One symbol represents one artery. 
(E) Occlusive thrombus formation in the FeCl3-injured carotid model. Each symbol repre-
sents one mouse. The horizontal lines indicate the mean value to appearance of first thrombi 
or vessel occlusion. Hash indicates stable vessel occlusion. 
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4.3.4. Trpm7KI mice show impaired thrombus formation upon in-

jury 

The non-selective Mg2+ channel TRPM7 is an unusual ion channel as it also contains 

an intracellular kinase domain in its C terminal tail. To determine the contribution of 

this serine/threonine alpha kinase to the function of the channel, and indeed to platelet 

function, mice were generated with a point mutation (K1646R) in the Mg2+/ATP binding 

pocket of the kinase domain resulting in abolished kinase activation. Initial in vitro stud-

ies with heparinized whole blood from Trpm7KI mice perfused over collagen showed 

reduced platelet adhesion and thrombus formation.  

 

Figure 41: Trpm7KI mice show impaired thrombus formation upon injury. (A) Repre-
sentative images of FeCl3-injured mesenteric arteries of Wt and Trpm7KI mice. (B) Time to 
appearance of first thrombi and (C) time to occlusion in the chemical injury of the mesenteric 
arterioles is shown. Each symbol represents one artery. (D) Occlusive thrombus formation 
in the FeCl3-injured carotid model. Each symbol represents one mouse. (E) Occlusive throm-
bus formation upon mechanical injury of the abdominal aorta. Each symbol represents one 
vessel. The horizontal lines indicate the mean time to appearance of first thrombi or vessel 
occlusion. Hash indicates stable occlusion in the vessel. * = p<0.05, ** = p<0.01, 
*** = p<0.001. Graphs B,C and E are combined work by Dr. Martina Morowski and Karen 
Wolf. 

Therefore we performed in vivo thrombosis analyses of this mouse line and compared 

to the results obtained from mice lacking the whole TRPM7 protein. Upon chemical 
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injury of the mesenteric arteries we could show that the time of appearance of first 

thrombi was not significantly different between Wt and Trpm7KI mice (8.43 ± 1.59 min; 

8.80 ± 1.96 min; Figure 41B). However when time to occlusion was analyzed, we could 

observe two populations. 42 % of the mice showed a prolonged time until vessel oc-

clusion and the remaining mice were protected from occlusive thrombus formation in 

the observed time period. In Wt mice all arteries occluded with a mean time to occlu-

sion of 16.10 ± 3.91 min, in Wt compared to 20.60 ± 5.66 min in Trpm7KI mice (Figure 

41C). 

Similar to the injury of the mesenteric arterioles, we could observe these two popula-

tions in the thrombosis model of mechanical injury of the abdominal aorta, a largely 

ITAM-signaling-driven thrombosis model.96 In Wt mice 92 % of the arteries were oc-

cluded, whereas in the Trpm7KI mice 42 % of the arteries showed no occlusion. Time 

to occlusion in the Trpm7KI mice was significantly prolonged in comparison to the Wt 

mice (454 ± 189 s; 297 ± 89 s; Figure 41E). 

As we could see these two populations in the two different models, we subjected these 

mice to a third thrombosis model, the chemical injury of the carotid artery. Upon chem-

ical injury of the carotis, we could observe a protection from occlusive thrombus in the 

Trpm7KI mice. Only one out of 11 arteries showed an occlusive thrombi in the Trpm7KI 

mice, whereas in 83 % of the Wt arteries an occlusive thrombi was detected upon injury 

(Figure 41D). 

4.3.5. MagT1y/- mice display a pro-thrombotic phenotype in vivo 

MagT1y/- mice showed a pro-thrombotic phenotype in different in vitro assays of plate-

let activation. To test if the in vitro defects translated into a pro-thrombotic phenotype 

in vivo, MagT1y/- mice were subjected to different thrombosis models. The concentra-

tion of FeCl3 for chemical injury of mesenteric arteries was reduced from 20 % to 13 % 

to allow the observation of potential pro-thrombotic phenotype. Under these conditions, 

Wt mice should exhibit delayed occlusive thrombus formation due to the reduced con-

centration of FeCl3 and the resulting milder injury.165  

The mean time to appearance of first thrombi upon chemical injury of the mesenteric 

arteries was significantly reduced in MagT1y/- mice (Wt: 9.28 ± 3.60 min, MagT1y/-: 

6.96 ± 1.21 min; Figure 42B). The time to occlusion in Wt mice was prolonged or they 

were not able to form stable thrombi (47 % of the vessels showed no occlusion), 
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whereas all vessels of the MagT1y/- mice occluded. Mean time to occlusion in Wt mice 

was 17.47 ± 6.29 min and reduced to 11.34 ± 3.38 min in MagT1y/- mice (Figure 42C). 

The mice were in addition subjected to the FeCl3-injured carotid model of thrombosis, 

the time to occlusion was reduced in MagT1y/- mice in comparison to Wt mice (time to 

occlusion: 370 ± 112 s vs. 699 ± 133 s, Figure 42D).  

MagT1 is expressed in many different tissues and cells throughout the body.166 As the 

MagT1y/- mouse was a constitutive knock-out model and not specific to platelets the 

results from the in vivo thrombosis model experiments were not definitive enough to 

allow the conclusion that the pro-thrombotic phenotype in these mice was solely due 

to platelet hyperreactivity. 

 
Figure 42: MagT1y/- mice show a pro-thrombotic phenotype in the chemically-induced 
injury of mesenteric arterioles and the carotis. (A) Representative images of the injury 
of the mesenteric arteries in MagT1+/+ and MagT1y/- mice. (B) Time to appearance of first 
thrombi and (C) time to occlusion of MagT1+/+ and MagT1y/- mice in the FeCl3-induced (13 %) 
injury model of mesenteric arterioles, each symbol represents one artery. (D) Occlusive 
thrombus formation in the FeCl3-injured (6 %) carotid model of MagT1+/+ and MagT1y/- mice. 
Each symbol represents one vessel.(E) FeCl3-injured (6 %) carotis model in irradiated Wt 
mice transfused with MagT1+/+ and MagT1y/- BMCs. Each symbol represents one artery. 
Hash indicates stable occlusion in the vessel and the horizontal lines indicate the mean 
value to appearance of first thrombi or vessel occlusion. ** = p<0.01, *** = p<0.001. 

To test whether the enhanced platelet activation seen in vitro was responsible for the 

pro-thrombotic phenotype of MagT1y/- mice, we analyzed irradiated Wt mice that had 
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been transplanted with bone marrow cells (BMC) of Wt or MagT1y/- mice. Similar to the 

results of the non-chimeric mice, Wt mice transplanted with MagT1y/- BMCs showed 

enhanced thrombus formation and the Wt mice transplanted with Wt BMCs showed a 

prolonged time until an occlusion of the vessel appeared upon chemical injury of the 

mesenteric arterioles. The mean time to occlusion of Wt mice transplanted with Wt 

BMCs was 795 ± 349 s, whereas in Wt mice transplanted with MagT1y/- BMCs, the 

mean time was 383 ± 104 s. (Figure 42E). 

4.3.6. RIAM-/- mice show normal thrombosis 

“Inside-out” integrin activation is an important step in platelet activation. RIAM has been 

proposed as an important linker between RAP1-GTP and talin1 in αIIbβ3 integrin acti-

vation, leading to the high-affinity state of the αIIbβ3 integrin. In contrast to these recent 

publications,125,126,167,168 we could not observe any platelet defect in vitro in the mutant 

mice. RIAM-/- mice were analyzed in the thrombosis model of chemical injury of the 

mesentery arterioles, to assess thrombus formation by RIAM-/- platelets. Time to stable 

thrombus formation in this model was similar in RIAM-/- mice compared to Wt controls 

(time to occlusion: 982 ± 230 s; 915 ± 293 s; Figure 43B). 

 

Figure 43: RIAM is dispensable for thrombus formation in vivo. (A) Representative im-
ages of FeCl3-injured mesenteric arterioles in Wt and RIAM-/- mice. (B) Time to occlusion in 
FeCl3-injured mesenteric arterioles. Each symbol represents one artery. Hash indicates sta-
ble occlusion of the vessel by thrombi. (Figures taken from Stritt et al.; Blood; 2014)124 
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5. Discussion 

The major causes of death in the western world are diseases associated with throm-

botic events such as myocardial infarction and stroke.89 Under normal conditions plate-

let activation and aggregation are essential in the process of hemostatic plug for-

mation, preventing blood loss and sealing wounds after vascular injury. However, un-

controlled platelet activation leading to pathological thrombus formation can result in 

acute cardiovascular disease states, like thrombosis and ischemic infarction. To com-

bat thrombosis-related disease, research has focused on anti-thrombotic drugs target-

ing both coagulation and platelets. These include heparin, clopidogrel, aspirin and 

platelet integrin antagonists.169,170 The limitations of these drugs lie in their bleeding 

risks, an issue most acutely relevant for surgical interventions and patients who have 

suffered stroke. Therefore, despite the success of cheap but effective drugs such as 

aspirin there remains a requirement for a more targeted and balanced approach to 

anti-platelet therapy ideally targeting new platelet pathways that play a role in throm-

bosis but are more or less dispensable for hemostasis. To achieve this aim a detailed 

understanding of platelet function in health and disease is necessary for the selection 

of new drug targets and the subsequent design of new anti-thrombotics. 

The major focus of this work was to identify the role of platelet stored 5-HT in platelet 

activation, thrombosis and hemostasis. It is known that elevated levels of circulating 

5-HT can lead to hyperreactive platelets,53,171 resulting in increased thrombotic events. 

Furthermore, humans suffering from psychiatric disorders, such as depression and 

anxiety disorders are treated with SSRIs with an interesting side effect being a reduced 

risk for thrombotic events.161-163,172 SSRIs specifically block the uptake of 5-HT into 

cells by the 5-HT transporter 5HTT. In the presynaptic neuron (where the action of this 

drug is intended), the inhibition of 5HTT leads to a high concentration of 5-HT in the 

synaptic cleft enhancing its signaling capacity in downstream neurons. Due to the fact 

that 5HTT is expressed ubiquitously, SSRIs also inhibit the uptake of 5-HT in the pe-

riphery. Long-term treatment with an SSRI can lead to reduced levels of 5-HT in cells 

throughout the body, especially in cells incapable of synthetizing 5-HT. One such cell 

type is platelets, which uptake 5-HT from the circulation and store it in their dense 

granules at concentrations up to 65 mM for later release.49 The release of this platelet 

stored 5-HT during platelet activation is known to constitute one of several so termed 

“second wave” feedback loops which promote thrombus growth and stability. To un-

derstand in more detail the importance of platelet released 5-HT and its uptake system 
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in platelets, a constitutive 5Htt-/- mouse line was generated and analyzed in several in 

vitro and in vivo studies focused on platelet activation and function in hemostasis, 

thrombosis and thrombo-inflammation. 

5.1. Platelet 5-HT is important for hemostasis, thrombosis and stroke 

In human platelets, several 5-HT transporters have been detected at the mRNA level, 

including 5Htt (Slc6a4) and DAT (Slc6a3).173 In line with a previous observation,53 ge-

netic ablation of 5Htt in mice completely blocks 5-HT uptake by platelets (Figure 16A). 

Therefore, we conclude that other pathways cannot compensate for the lack of 5HTT 

function in these cells. As platelets are the major store of 5-HT in the blood, we hy-

pothesized that blocking the platelet 5-HT uptake mechanism would increase 5-HT 

levels in the blood, as previously observed in 5Htt-/- brain.174 Surprisingly, however, we 

found strongly reduced 5-HT levels in the blood plasma of 5Htt-/- mice (Figure 16B). 

We speculate that the expected increased free 5-HT in the circulation is metabolized 

by exo-enzymes such as MAO A/B, or alternatively, removed by other cells expressing 

DAT, NET and OCT1/3 on their surface. It has been described that in the periphery, 

such as in the in vena cava, 5-HT uptake cannot be blocked with SSRI, indicating that 

5-HT is taken up via different transporters expressed in the vasculature.56 

In β3 integrin knock-out platelets 5-HT uptake was strongly reduced indicating a func-

tional crosstalk between 5HTT and β3 integrins.145 Our finding that the αIIbβ3 activa-

tion defect in response to GPVI or CLEC-2 stimulation in 5Htt-/- platelets (Figure 17) 

was fully rescued in the presence of extracellular 5-HT (Figure 34) clearly demon-

strates that the crosstalk between 5HTT and β3 is not essential for integrin activation. 

To further support this, fibrinogen binding to integrins and outside-in signaling of αIIbβ3 

integrin were normal during spreading of 5Htt-/- platelets (Figure 20A and Figure 26). 

Therefore we assume that the observed activation defect is due the lack of the secreted 

platelet 5-HT which potentiates (hem)ITAM signaling and thereby “inside-out” activa-

tion of integrins through Ca2+ dependent (CalDAGGEF) and independent pathways 

(PKC), induced by 5-HT2A-Gq-PLCβ signaling. 

Although 5-HT significantly amplifies platelet reactivity through 5-HT2A signaling and 

induces platelet shape change, it has been proposed to play a minor role in aggregate 

formation, since 5-HT alone cannot induce aggregation responses. We found that ag-

gregation responses to collagen or rhodocytin were strongly reduced in 5Htt-/- platelets 

(Figure 21) indicating an important role for 5-HT in these signaling pathways. Indeed, 
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the blockade of 5HTT with the SSRI citalopram reduces the aggregation response to 

collagen in human platelets,175 due to reduced Syk phosphorylation in the GPVI signal-

osome. Additionally, Syk can bind and phosphorylate 5HTT.176 These results sup-

ported the hypothesis that an interaction between 5HTT and Syk might contribute to 

(hem)ITAM signaling. To test this concept, we activated 5Htt-/- platelets in different ex-

perimental conditions to dissect the possible role of 5HTT in (hem)ITAM signaling. Sur-

prisingly, we could not find any abnormalities in the initial phase of tyrosine phosphor-

ylation cascade of the GPVI or CLEC-2 signalosomes (Figure 22). Demonstrating the 

indirect role of 5HTT in platelet signaling, we could completely rescue GPVI or CLEC-2 

mediated Ca2+ influx (Figure 24), integrin activation, degranulation (Figure 17A+B) and 

aggregation defects (Figure 21) in 5Htt-/- platelets by the addition of extracellular 5-HT. 

Furthermore, the significantly reduced platelet covered surface area and aggregate 

volume observed under flow conditions on a collagen coated surface in 5Htt-/- blood 

(Figure 29) was completely rescued by a 5-HT co-infusion (Figure 37). Taking these 

results together, we conclude that the published interaction between Syk and 5HTT is 

dispensable for GPVI and CLEC-2 mediated platelet activation.177 

During platelet activation both integrin activation and degranulation requires the in-

crease in [Ca2+]i levels mainly mediated by SOCE.74 Orai1 mediated SOCE is triggered 

through the release of Ca2+ from intracellular stores and is tightly regulated by func-

tional coupling of activated STIM1 to the Orai1 complex.178 Interestingly, we found a 

strongly reduced SOCE in 5Htt-/- platelets in response to stimulation with not only 

(hem)ITAM agonists. In agreement with previously published results,74,178 5-HT en-

hanced SOCE through binding to 5-HT2A which activates Gq-PLC mediated Ca2+ 

store release, thus contributing to sustained [Ca2+]i signaling. This was demonstrated 

by the normalization of SOCE responses after the addition of extracellular 5-HT.179 

Interestingly, release of Ca2+ from the platelet store (triggered by the Ca2+-ATPase 

inhibitor thapsigargin) was also reduced in 5Htt-/- platelets. To distinguish the role of 

intracellular and extracellular 5-HT in SOCE activation, Unc13d-/- platelets were used 

in which dense granule release (responsible for the secretion of many “second wave” 

mediators, including 5-HT) is abrogated.180 Similarly to 5Htt-/- platelets, TG induced 

SOCE was reduced in Unc13d-/- platelets indicating a dispensable role of intracellular 

5-HT in SOCE activation (Figure 44) and underscoring the role of secreted platelet 

5-HT in the second phase of Orai1 activation. Additionally, it has been shown that TG 

induced SOCE strongly inhibits 5-HT uptake in human platelets.83,84  
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Figure 44: Reduced store release after TG stimulation in 
Unc13d-/- platelets indicating a dispensable role of intra-
cellular 5-HT. Fura2-labeled platelets were incubated with the 
indicated concentrations of thapsigargin to analyze TG-in-
duced SOCE. Fluorescence was measured with a LS 55 fluo-
rimeter, the excitation was at 340 and 380 nm and the emis-
sion at 509 nm. 

This could be an important step to keep 5-HT outside of platelets to maximize 5-HT2A 

activation on the platelet surface. 

At sites of vascular injury, 5-HT release by activated platelets contributes to acute 

thrombotic events181,182 by promoting vasoconstriction and activation of platelets. The 

long term use of SSRI has been shown to decrease the 5-HT concentration in human 

platelets and thereby exert a significant anti-thrombotic effect.183,184  

In the carotid artery of rats, a 15-fold increase in 5-HT levels was detected upon injury 

suggesting that 5-HT release from platelets leads to high local availability of this im-

portant “second wave” mediator.185 In agreement with this result, complete block of 

5-HT synthesis in the periphery protects mice from occlusive thrombi in the thrombosis 

model of chemical-injured mesenteric arteries.49 Furthermore, a direct effect of 5-HT 

on vascular smooth muscle was found to stimulate vessel wall contraction.182,186 Based 

on published data181,182 and our results showing defective arterial thrombus formation 

in 5Htt-/- mice (Figure 30 and Figure 31) we demonstrate that platelet secreted 5-HT 

may have a paracrine effect on neighboring platelets and other cells at the site of ves-

sel wall injury acting to promote thrombus stability. Furthermore, our results clearly 

show an additional autocrine effect through 5-HT2A activation which strongly potenti-

ates SOCE activity. The lack of both paracrine and autocrine effects of 5-HT may ex-

plain the observed thrombus instability in 5Htt-/- mice. 

Several studies suggest that long term inhibition of 5-HT uptake systems with SSRI 

increases the risk of bleeding complication in humans.65,66,187 Prolonged bleeding times 

were observed in Tph1-/- 49 and 5Htt-/- mice (Figure 30) and this alteration was rescued 

by addition of extracellular 5-HT into the blood of Tph1-/- mice.49 In line with this, Ziu et 

al.171 showed that 5-HT infusion with mini-pumps generated hyperreactive platelets in 

Wt mice with reduced bleeding times and occlusion times of the carotid arteries.188 
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Interestingly, 5-HT has been proposed to be involved not only in the potentiation of 

platelet activation but also in the generation of a particular subtype of activated plate-

lets thought to be important for their pro-coagulant activity. COAT platelets are identi-

fied by their coating of adhesive and procoagulant proteins on their surface after acti-

vation. It has been demonstrated that 5-HT specifically contributes to this surface net-

work of fibrinogen and factor V through serotonylation.149 SSRI treatment has been 

shown to decrease the generation of COAT platelets in humans.147,149 In contrast to 

this hypothesis, however, COAT platelet and MP production were normal in 5Htt-/- mice 

(Figure 19 and Figure 20) which precludes a fundamental role of secreted or stored 

platelet 5-HT in these processes. 

Stroke patients often suffer from post-stroke depression.189 During SSRI treatment for 

the depression, enhanced motor functional recovery is observed in some of these pa-

tients.161-163 Neuroblast proliferation and cell migration in the brain have been shown 

to be enhanced and associated with increased microvessel density during SSRI treat-

ment, suggesting a possible role for the 5-HT uptake system in tissue repair after is-

chemic insults.161 However, using a permanent occlusion model of branches of the 

middle cerebral artery, SSRI treatment did not reduce infarct size or cerebral edema 

in mice161 suggesting that SSRI treatment cannot protect neurons or other cells in the 

brain during ischemic insults. Therefore, we conclude that SSRI treatment may have a 

long-term effect in the neurons of ischemic brain which positively influences 

post-stroke recovery. Using our tMCAO model of ischemic stroke with different time 

periods of the middle cerebral artery blockage (30min and 1 h) we could not observe 

major differences between Wt and 5Htt-/- mice (Figure 32). It is important to note that 

in the brains of 5Htt-/- mice elevated extracellular 5-HT levels were detected. Given the 

disruption of the blood brain barrier in the acute and subacute phase after ischemic 

stroke, elevated level of 5-HT in the brain may induce infiltration of detrimental inflam-

matory cells from the blood into the brain parenchyma. However, we could not observe 

increased number of leukocytes in the ischemic infarct area of 5Htt-/- mice (Figure 33). 

Further characterization of 5Htt-/- mice is necessary to understand the role of 5HT in 

the context of thrombo-inflammation during stroke and infarct progression. 

In summary, our results identify 5HTT as the major route of 5-HT uptake in platelets 

and show that platelet stored 5-HT is critical for hemostasis and thrombosis, but not 

for cerebral infarct progression in a model of experimental stroke. 



Discussion  89 

5.2. Analyses of genetically modified mice in arterial thrombosis 

models 

The chemical injury of vessels in the mouse with FeCl3 is a well-accepted and widely 

used method to induce thrombosis. The advantage of this model is the possibility to 

induce different injury strengths depending on the concentration, amount and exposure 

time of applied FeCl3. Furthermore, the composition of thrombi formed after FeCl3 in-

jury is similar to those seen in human arterial thrombosis which is important when in-

vestigating potential therapeutic targets and treatments.91 GPVI is the major platelet 

collagen receptor and has been extensively studied due to hat nature as an attractive 

anti-thrombotic target. The success of targeting the interaction of GPVI and hat ligands, 

(with current research in phase II clinical trials190) has reinforced the relevance and 

importance of continuing the focus on platelets in the search for novel anti-thrombotics. 

There are several other receptors, transporters and indeed intracellular proteins that 

critically contribute to thrombosis but which have not yet been systematically assessed 

for anti-thrombotic potential. In the following, I will discuss results from arterial throm-

bosis analysis of several mouse models which highlight the potential of some of these 

novel anti-thrombotic targets. In addition, the analysis of two mouse strains that com-

plement the 5Htt-/- mouse model are also discussed, providing further evidence to sup-

port the notion that platelet released 5-HT is a critical contributor to arterial thrombosis. 

5.2.1. The lack of TPH1 leads to reduced thrombosis 

The contribution of platelet released 5-HT to the stabilization of formed thrombi was 

confirmed by the studies of the 5Htt-/- mice. However, as these mice also had (albeit 

reduced) circulating 5-HT in the plasma the specific role of plasma 5-HT versus platelet 

released 5-HT in the process of thrombus formation and stabilization remained to be 

fully clarified. To address this question and to compare the effects of stored and circu-

lating 5-HT in thrombosis, we compared the results of different thrombosis models in 

5Htt-/- mice (lacking platelet 5-HT) and Tph1-/- mice (lacking the enzyme responsible 

for 5-HT synthesis in the periphery), leading to the absence of 5-HT in the circulation 

and in platelets. It is published that Tph1-/- mice have normal platelet counts with a 

normal platelet morphology in comparison to Wt controls providing additional evidence 

that 5-HT is not required for platelet production.49 However, the lack of 5-HT in the 

periphery leads to prolonged bleeding times,49 similar to those seen in 5Htt-/-mice 

(5Htt-/-: 490 ± 267 s vs. Wt: 304 ± 173 s), which could be normalized by the injection of 
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5-HT. In line with published data,49 we could show that thrombus formation upon chem-

ical injury of the mesenteric arterioles was reduced in the Tph1-/- mice in contrast to Wt 

controls (Figure 38). Interestingly, thrombus formation in the 5Htt-/- mice (Figure 30D) 

was normal in this thrombosis model. Surprisingly, the converse was true for the me-

chanical injury of the aorta in which 5Htt-/- mice were strongly protected from throm-

bosis (Figure 31A; 81 % of the mice did not show an vessel occlusion with a formed 

thrombi) and Tph1-/- mice showed only a mild prolongation in occlusion times (Figure 

38D; Tph1-/-: 429 ± 188 s vs. Wt: 245 ± 72 s). Similarly, after FeCl3 injury of the carotid 

artery 5Htt-/- mice clearly had destabilized thrombus formation (Figure 31C; 

678 ± 393 s) and Tph1-/- mice show only a slight delay in time to occlusion (Figure 38E 

452 ± 177 s). 

The FeCl3 injury of the mesenteric arteries is known to be primarily driven by thrombin 

generation.94 As 5Htt-/- platelets had normal responses to thrombin and other platelet 

GPCR agonists the result that these mice had no protection from thrombosis in this 

model was not surprising. A similar explanation, evidenced by the presented in vitro 

studies also explains the protection of 5Htt-/- mice in the mechanical injury model of the 

aorta. The platelet activation, SOCE and in vitro aggregate formation under flow 

demonstrated that the release of platelet stored 5-HT and the subsequent Gq-coupled 

signaling of the 5-HT2A receptor is required for maximal platelet activation and aggre-

gate formation after initiation of the (hem)ITAM signaling cascade.143 As thrombosis in 

the injury model of the aorta is known to be driven by GPVI and ITAM signaling96 the 

activation defects in 5Htt-/- platelets can clearly explain the protection seen in this 

model. 

In contrast, it is difficult to explain why, despite having the same defects as 5Htt-/- plate-

lets (due to the lack of 5-HT in their secretome), the Tph1-/- mice had opposite results 

to the 5Htt-/- mice in both thrombosis models. This suggests that plasma borne 5-HT 

also has a strong influence in the vascular system and, perhaps therefore indirectly, 

on thrombosis and hemostasis. It is well known that 5-HT and its signaling in various 

endothelial and smooth muscle cell types contributes to the regulation of vessel re-

sistance and blood pressure.182,191 Furthermore it is well described that depending on 

the 5-HT receptors expressed and the integrity of the vessel endothelium, 5-HT can 

induce vasoconstriction or vasodilation.192 In arterial blood vessels, such as the arter-

ies in the GI tract, 5-HT triggers relaxation of the smooth muscle cells by the activation 

of 5-HT1 signaling or through an inhibitory effect on 5-HT2 in the vessel endothelium.193 
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The binding of 5-HT to 5-HT1, the vessel wall can trigger the release of endothelium-de-

rived relaxing factors (EDRFs), such as nitric oxide and thus initiate vessel dilation.193 

This is caused by the activation of soluble guanylate cyclase, and the subsequent ac-

cumulation of cyclic GMP which regulate the relaxation of smooth muscle cells.193 In 

contrast high concentrations of 5-HT can induce vasoconstriction of the vessel by ac-

tivating the serotonergic receptors both on the endothelial cells and directly on smooth 

muscle cells and after vessel wall injury.193 The regulation of the balance between vas-

oconstriction and relaxation is highly complex and incompletely understood with the 

site, time and context dependent effects of the signaling of 5-HT and its various recep-

tors.182,192,194-196 Alterations in this process in the Tph1-/- mice due to chronic loss of 

5-HT in the vascular system is one hypothesis to explain both reduced thrombus sta-

bility in comparison to 5Htt-/- mice in the mesentery and the reversal of protection in the 

aorta, with increased vasodilation in the smaller mesenteric arterioles and increased 

vasoconstriction in the aorta. 

Regarding the contribution of platelet released 5-HT to this process recent evidence 

suggests that whilst the amount of platelet released 5-HT is much greater than that in 

the plasma it is unlikely that much of it would be available to bind the endothelium or 

the underlying smooth muscle cells. Recent modeling publications have indicated that 

formed thrombi are composed of different areas with different densities and packing, 

creating varying conditions within a forming thrombus. Based on these differences a 

thrombus can be divided between a dense core and a loosely packed shell.197 In the 

shell the concentration of small released molecules, such as 5-HT are much reduced 

in contrast to the core of the thrombus and, relevant to 5-HT, it was found that this 

concentration of platelet releasate in the core was because of limited diffusion in this 

part of the thrombus.197 Therefore, it is most likely that platelet released 5-HT mainly 

acts in a para- and autocrine fashion on platelets rather than on the underlying dam-

aged vessel wall, thus contributing to thrombus stability as reflected in the data from 

the analysis of 5Htt-/- mice. 

The comparison of thrombosis models in Tph1-/- and 5Htt-/- mice confirms that in larger 

blood vessels and in (hem)ITAM driven thrombosis platelet released 5-HT is critical for 

thrombus stability. However, it does appear that plasma borne 5-HT has an important 

role to play in thrombosis. Given that the sole mediator of 5-HT uptake in platelets is 

5HTT there is clear potential role for SSRIs in acute and secondary treatment for vas-
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cular events.198,199 Furthermore, as both 5-HT and platelets have roles in many pro-

cesses beyond thrombosis and hemostasis their interplay and its modulation by SSRIs 

requires further research in fields as diverse as cancer,200 inflammation,201 deep vein 

thrombosis and fibrosis.202 

5.2.2. Unc13d-/-/Nbeal2-/- mice 

As 5-HT is stored in platelet granules, along with many other proteins of the platelet 

secretome, we wanted to assess the extent of the contribution of platelet granules, 

both alpha and dense, to thrombus stability and formation. Besides 5-HT, several me-

diators for thrombus stability are stored in platelet granules, such as adhesion mole-

cules, coagulation factors and other important secondary mediators, in particular 

ATP/ADP. To investigate the role of platelet granule contents at the site of vascular 

injury, a mouse line deficient of α-granules and defective in the secretion of dense 

granules was generated and analyzed in vivo. These mice showed a reduction in P-se-

lectin exposure,203 due to the lack of the secretion of platelet granules and their con-

tents. Furthermore the platelets displayed reduced aggregation responses upon stim-

ulation with CRP or collagen,203 highlighting the role of secondary mediators stored in 

platelet granules in potentiating (hem)ITAM signaling.204 In line with this, these mice 

showed reduced aggregation and thrombus formation under flow on collagen coated 

surface.203 Due to the defects downstream of GPVI, this mouse line was analyzed in 

the thrombosis model of mechanical injury of the abdominal aorta. The analyses of the 

single knock-out mouse lines (Unc13d-/- and Nbeal2-/-) showed a protection in throm-

bus formation upon injury of the abdominal aorta (Figure 39).203 In line with this, the 

double-deficient mice were also fully protected in this thrombosis model (Figure 39), 

indicating an important role of platelet granule contents in thrombus formation and sta-

bility. 

5.2.3. TRPM7 

We could show that platelet granule contents are essential for thrombus formation and 

stability, but also cations play a major role in this process. It is well known that Ca2+ 

mobilization in platelets is the central mediator of platelet activation and thus for throm-

bus formation,74 but other much less studied cations, such as Mg2+, seems to also play 

a key role in thrombosis and hemostasis.205 

Mg2+ supplementation is proposed as a treatment for many diverse diseases and syn-

dromes including restless legs syndrome (RLS),206,207 periodic limb movements during 
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sleep (PLMS),206 muscle cramps,208 diabetes,209 cystic fibrosis,210 preeclampsia,211 mi-

graine212 and also more importantly for the following studies, for reducing cerebral is-

chemic events213 and arrhythmia suppression after MI.214 Interestingly, in many cases 

the mechanisms governing the effects of Mg2+ supplementation are unknown and in 

many tissues of the body the role of Mg2+ is largely still a mystery. One massively 

understudied area is Mg2+ and platelets and platelet signaling, thus the contribution of 

Mg2+ to thrombosis is unknown. Given the promising responses of cardiovascular pa-

tients to Mg2+ supplementation we aimed to investigate the role of Mg2+ in thrombosis 

and hemostasis and its regulation in platelets. To this end, mouse models of the only 

two Mg2+ uptake proteins in platelets, the transporter MagT1 and the channel TRPM7, 

were assessed in thrombosis models. 

5.2.3.1. Trpm7fl/fl-Pf4Cre mice displayed normal thrombus formation 

The loss of TRPM7 in the platelet specific conditional knock-out mouse Trpm7fl/fl-Pf4Cre 

resulted in a reduced Mg2+ concentrations in platelets. It has been published that low 

Mg2+ levels were detected in patients with coronary artery disease, indicating that re-

duced levels of Mg2+ maybe contribute to thrombus formation and stability. However, 

we could not observe any effect on thrombus formation in the different in vivo throm-

bosis models tested. Time to vessel occlusion was not altered in chemical injury of the 

mesenteric arterioles or carotid arteries nor in the mechanical injury of the abdominal 

aorta (Figure 40). It is published that the genetic deletion of the Mg2+ channel in 

DT40 B-cells is associated with Mg2+ deficiency in the cells, but with an upregulation 

of the gene expression of MagT1, the selective transporter for Mg2+.215 An upregulation 

of the MagT1 could be a possible explanation for the normal thrombosis upon injury 

although this remains to be assessed in the Trpm7fl/fl-Pf4Cre platelets.215 

5.2.3.2. Trpm7KI mice show defective thrombus formation in vivo 

The C-terminus of TRPM7 channel contains a kinase domain the role of which, and 

indeed the channel itself, in Mg2+ homeostasis is controversially discussed. It is pub-

lished that homozygous knock-out mice are embryonic lethal, whereas heterozygous 

mice displayed impaired channel activity, resulting in a defect in Mg2+ absorption in the 

intestine and therefore decreased Mg2+ levels in plasma, erythrocytes and bones.114 In 

contrast to this publication another group published that the kinase domain modulates 

the activity of the channel, but is not essential for its activation.118 The TRPM7 Ser/Thr 

kinase domain contains several autophosphorylation sites, important for its activation 
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and initiation of downstream signaling. One interesting substrate in terms of platelet 

activation are the phospholipase C enzymes that play a critical role in platelet Ca2+ 

mobilization. The Trpm7 kinase domain can bind the C2 domain of PLC isoforms, such 

as PLCβ, PLCγ and PLCδ.216-218 This binding leads to the phosphorylation of PLC with 

unclear effects on further Ca2+ mobilization. Our group has previously shown that the 

lack of the kinase activity leads to severe defects in integrin αIIbβ3 activation, P-selec-

tin exposure and aggregation responses upon GPVI stimuli. In addition dense granule 

content release of ATP and 5-HT upon stimulation with thrombin and CRP were im-

paired in Trpm7KI platelets. These two mediators are important in the second phase of 

platelet activation and thrombus stability. In line with this, Ca2+ mobilization and IP3 

production were reduced in mice lacking the kinase activity, potentially due to the lack 

of PLC phosphorylation by the kinase. Ex vivo analyses displayed reduced platelet 

adhesion and thrombus formation on a collagen coated surface and tail bleeding times 

were prolonged in vivo. In line with the in vitro and the previously in vivo data,219 

Trpm7KI mice showed a protection upon chemical injury of the mesenteric arteries and 

a prolonged time until occlusion of the vessel occurred (Figure 41C). The same was 

true for the mechanical injury of the abdominal aorta (Figure 41E). In agreement with 

these results, the chemical injury of the carotid artery showed a dramatic defect in 

thrombus formation. Only one of 11 Trpm7KI mice formed an occlusive thrombus, 

whereas 10 of 12 Wt mice showed occluded vessels (Figure 41D). The prolongation 

of the time to form occlusive thrombi indicated that the Trpm7 kinase is important in 

thrombosis. Interestingly the lack of the kinase activity seems to be compensated in 

some circumstances with the appearance of two populations in the different thrombosis 

models. Furthermore, it appears that the kinase domain makes a major contribution to 

thrombus formation whereas the total lack of the channel, including the kinase domain, 

causes no alteration in thrombosis or hemostasis. It is proposed that the lack of the 

kinase activity inhibits platelet function through the loss of its phosphorylation of PLC 

isoforms which are known to be especially important in platelet activation downstream 

of (hem)ITAM signaling. This negative effect is counteracted in the platelets that lack 

the total protein as Mg2+ itself is known to be an inhibitor of platelet activation and its 

reduced levels in Trpm7fl/fl-Pf4Cre platelets leads to hyperreactivity downstream of 

GPCRs leading to normal platelet function in vivo.219 Further characterization of the 

channel and the signalosome of the kinase domain is required to fully understand the 
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contribution and regulation of this protein in thrombosis and hemostasis, in addition to 

its position in the Mg2+ system in platelets. 

5.2.4. MagT1y/- mice show increased thrombus formation in vivo 

The lack of the Mg2+ channel TRPM7 causes complex alterations in several platelet 

activation mechanism that ultimately had no net effect on thrombosis and hemostasis, 

however the lack of the activity of the kinase domain in the TRPM7 channel led to a 

protection from occlusive thrombi. In line with published data regarding low intracellular 

levels of Mg2+ in platelets promoting thrombosis,205 these results indicate that the mod-

ulation of Mg2+ could be a target for anti-thrombotics. Whilst it is known that Mg2+ sup-

plementation can lead to reduced platelet aggregation in humans220 much less is 

known about the mechanism and signaling associated with hyper- or hypomagnesia in 

thrombus formation and stability. 

To further investigate the role of Mg2+ in vivo, we analyzed a MagT1y/- mouse line in 

different models of thrombosis. In line with the published data,205 we could show, that 

a lack of the Mg2+ transporter leads to a hyperreactivity of platelets due to reduced 

Mg2+ cell content. This destabilization of Mg2+ homeostasis resulted in enhanced 

thrombus formation upon vessel wall injury (Figure 42). As the MAGT1 transporter is 

ubiquitously expressed throughout the body and the MagT1y/- mouse is a constitutive 

knock-out model,122,166 BMC mice were generated to assess the contribution of plate-

lets to the prothrombotic phenotype, which showed similar results in thrombus for-

mation like the MagT1y/-. 

These results, in combination with those from investigations into TRPM7 in platelets 

show that modulation of Mg2+ levels in platelets can result in enhanced or suppressed 

thrombus formation. This adds further evidence to the potential of Mg2+ as a therapeu-

tic drug target and also begins to shed some light on the mechanisms for some of the 

effects seen after treatment of patients with magnesium supplementation. 

5.2.5. RIAM is dispensable for thrombus formation 

In the thesis we could show that platelet granule contents and cations are important in 

thrombus formation and stability. The release of platelet granule contents and the mo-

bilization of cations trigger and potentiate signaling pathways which all ultimately lead 

to “inside-out” activation of integrins. This process is regulated by a complex multistep 

process that involves many adaptor and scaffold proteins; however it is known that one 
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central effector is the cytoskeletal protein talin 1. Talin 1 is essential for integrin activa-

tion, as demonstrated by the Talin1-/- mice,221 which have severely defective primary 

hemostasis and are protected from thrombosis. Recently the adaptor molecule RIAM 

was proposed as an essential molecule for the recruitment of talin 1 to the β-tail of 

integrins in vitro and therefore for integrin activation,125,126,167,168 placing RIAM as a 

critical adaptor protein in platelet αIIbβ3 integrin activation and therefore in primary 

hemostasis. Due to the published data we hypothesized that RIAM-/- mice would phe-

nocopy the thrombosis defect seen in Talin-/- mice,221 however RIAM-/- mice showed 

no protection from thrombosis upon injury of the mesenteric arteries with FeCl3. This 

surprising result was explained by the normal αIIbβ3 integrin activation, normal aggre-

gation responses to different agonists, normal aggregate and thrombus formation ex 

vivo and normal spreading and clot retraction seen in RIAM-/- platelets.124 

These results indicate that in platelets the loss of RIAM is perhaps compensated by 

another scaffold protein of the MLR family or other Rap1 effectors. It could also be 

possible that other routes of talin 1 recruitment are sufficient to maintain normal integrin 

activation in RIAM-/- platelets, thus RIAM is dispensable for the recruitment of talin 1 in 

this cell type. Subsequent to the publication of the presented data on RIAM in throm-

bosis, it was published that RIAM is important in the activation of β2 integrins, which 

are only expressed on leucocytes.222,223 This confirms the presence of another route 

or molecule which replaces RIAM and recruits talin to the β-tail of the integrin in plate-

lets and most likely other cell types. 

5.3. Concluding remarks and future plans 

The analyses of the 5Htt-/- mice and the analyses of the other genetically modified mice 

presented here in the different in vivo thrombosis models, demonstrates the physiolog-

ical importance and /or relevance of the studied transporters, channels, receptors and 

proteins in platelet activation and their role in thrombosis and hemostasis. The major 

findings of this thesis are: 

 Confirmation that the feedback-loop of platelet released 5-HT is important in 

platelet activation, resulting in thrombus formation. 

 Platelet secreted 5-HT, and indeed that which circulates in the plasma is re-

quired for functional hemostasis and stable thrombus formation. 

 The function of platelet released 5-HT in hemostasis and thrombosis does not 

contribute to infarct progression after ischemic stroke. 
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 Together the results from the 5Htt-/- and Tph1-/- mice allow a better understand-

ing and insight into the effect of SSRIs and their use as potential anti-thrombotic 

agents 

 RIAM is dispensable for talin-1 recruitment to the β3-integrin tail and thus dis-

pensable for integrin “inside-out” activation in platelets. 

 Released platelet granule contents are important in thrombus formation and sta-

bility upon injury of the vessel wall (Unc13d-/-/Nbeal2-/-). 

 The lack of the Mg2+ channel TRPM7 results in reduced Mg2+ in platelets, but 

with normal thrombosis upon injury. 

 The lack of functional kinase activity in the TRPM7 channel leads to a protection 

from occlusive thrombus formation. 

 The lack of the transporter for Mg2+ leads to hyperreactive platelets and thus a 

prothrombotic phenotype. 

The results about the TRPM7 and MagT1 genetically modified mice showed the im-

portance of Mg2+ in hemostasis and thrombosis. The supplementation of Mg2+ could 

be a possible medication for patients lacking the MagT1 channel or having mutations 

in the TRPM7 channel. Mg2+ supplementation could be also a treatment to prevent 

stroke. Serotonin is important in hemostasis, thrombosis and ischemic stroke, con-

firmed by the experiments in this study and by published data.49,53,145 But the fact that 

the 5-HT transporter is widely expressed on different cells throughout the body and is 

also important in brain, raises the question whether the constitutive knock-out is the 

right model to use to investigate the role of platelet serotonin, particularly in the tMCAO 

model. A way to address this issue, would be the analysis of bone marrow chimeric 

mice, just lacking the transporter in all hematopoietic cells. But in this model also im-

mune cells are devoid of the transporter and not just MK’s and platelets. Another way 

to address this would be the generation of conditional knock-out mice, using the 

Cre/loxP system and Pf4-Cre transgenic mice. This system enables the specific dele-

tion of the gene of interest in MK’s and also in platelets. In this mouse line, all other 

cells express the transporter and can take up 5-HT, also in the brain like in normal 

conditions. 

The proof of principle of the mentioned hypothesis in this thesis about the role of se-

creted and plasma 5-HT in the process of thrombosis, would be platelet transfer ex-

periments between the 3 different strains, Wt, Tph1-/- mice and the 5Htt-/- mice prior 

treated with platelet-depleting anti-GPIbα antibody. 
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To prove the role of secreted 5-HT in thrombosis, the transfer of 5Htt-/- platelets to Wt 

platelet-depleted mice could show the effect of secreted 5-HT in an environment with 

normal plasma 5-HT concentrations. The transfer of Wt platelets to platelet-depleted 

Tph1-/- mice could show the specific role of plasma 5-HT in the process of thrombosis 

upon injury. 
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