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ABSTRACT 
 
Blood platelets are anucleate cells which initiate and support thrombus formation at 

sites of vessel injury. They are generated from their precursors, the megakaryocytes 

(MKs) which reside in bone marrow. For the activation of platelets an increase in 

intracellular calcium (Ca2+) is important. Several Ca2+ conducting ion channels 

present on the platelet surface are involved in the Ca2+ transport. The canonical 

transient receptor channel 6 (TRPC6) is one of the highly expressed ion channels in 

human and murine platelets and is also found in MKs. We investigated the role of 

TRPC6 function in MK development and platelet physiology.  

Human MKs were derived from CD34+ cord blood cells by cultivation in a cytokine 

cocktail containing thrombopoietin (Tpo). After 7 to 10 days large cells with multi-

lobed nuclei and basophilic cytoplasm expressing MK and platelet specific surface 

markers, CD61, CD41 and CD42b confirmed the differentiaton of haematopoietic 

stem cells to megakaryocytes. During the differentiation process mRNA and protein 

levels of TRPC6 also substantially increased. When MKs were stimulated in the 

presence of the activator of TRPC6, flufenamic acid, increased Ca2+ influx was 

observed. This Ca2+ entry was blocked by an inhibitor of TRPC channels, SKF96365. 

We observed that in the presence of SKF96365, MK cell proliferation was also 

inhibited. These results suggest that TRPC6 function is required for Ca2+ entry during 

the growth of MKs.  

To confirm the data regarding the function of TRPC6, platelets from TRPC6 knockout 

mice were studied. While wildtype platelets showed an increase in intracellular Ca2+ 

concentration following activation with diacylglycerol (DAG), which mediates Ca2+ 

influx, no effect was observed in TRPC6 -/- platelets. However, platelet count and 

size, P-selectin exposure, integrin activation, platelet aggregation, in vivo thrombus 

formation and bleeding time were not affected in the TRPC6-/- mice. This indicates 

that the Ca2+ entry via TRPC6 mediated by DAG is dispensable for platelet functions 

in mice. However, under normal physiological conditions in the human system where 

the strength and concentration of agonists are precisely coordinated, TRPC6 could 

still play a role in thrombus formation.  
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ZUSAMMENFASSUNG 
 

Blutplättchen sind kernlose Zellen, die eine zentrale Rolle bei der Thrombusbildung 

und dem Verschluss von Gefäßverletzungen spielen. Sie entstehen aus 

Vorläuferzellen, den sogenannten Megakaryozyten (MKs), die sich im Knochenmark 

finden. Für die Aktivierung der Blutplättchen ist die Konzentrationszunahme von 

intrazellulärem Calcium (Ca2+) von zentraler Bedeutung. Heute weiß man, dass in 

der Plättchenmembran mehrere Ca2+ Kanäle existieren, die am Calcium-Transport in 

die Zelle beteiligt sind. Einer dieser Kanäle, der kanonische transiente Rezeptor 

Kanal 6 (TRPC6), ist sowohl auf humanen als murinen Plättchen in hoher 

Konzentration exprimiert und konnte auch auf Megakaryozyten nachgewiesen 

werden. Wir haben in dieser Studie die Rolle des TRPC6 für die Entwicklung von 

MKs und für die Plättchenphysiologie untersucht. 

Zu diesem Zwecke generierten wir humane MKs aus humanen CD34+ 

hämatopoietischen Vorläuferzellen, die wir aus Nabelschnurblut isolierten.  

Die Zellen wurden 7-10 Tage in einem Zytokin-Cocktail kultiviert. Danach fanden sich 

große Zellen mit basophilem Zytoplasma in der Kultur, die die plättchenspezifischen 

Marker CD61, CD41 und CD42b auf der Oberfläche exprimierten. Der Nachweis 

dieser Marker zeigte an, dass die hämatopoietischen Stammzellen unter den 

gewählten Bedingungen zu MKs differenziert waren. Die generierten MKs enthielten 

hohe Konzentrationen von TRPC6 mRNA und Protein. Der Zusatz von Flufenamid-

Säure, einem TRPC6 Aktivator, während der Kultivierung führte zu einem erhöhten 

Ca2+ Influx. Durch die Behandlung mit SKF96365, einem Inhibitor von TRPC 

Kanälen, wurde die Ca2+ Aufnahme blockiert und es kam zu einer Inhibition der MK- 

Proliferation. Wir schließen daraus, dass TRPC Kanäle bzw. TRPC6 für die Ca2+ 

Aufnahme während des MK Wachstums erforderlich sind.  

Um unsere in der Zellkultur gemachten Beobachtungen betreffend TRPC6 zu 

bestätigen untersuchten wir Blutplättchen und ihre Funktion in einem TRPC6 knock-

out Mausmodell. Wir fanden, dass eine Behandlung mit Diacylglycerol (DAG), was 

bekanntermaßen die Calcium-Aufnahme mediiert, bei Plättchen von Wildtyp-Mäusen 

zu einer Zunahme von intrazellulärem Ca2+ führt, wohingegen bei TRPC6 -/- Plättchen 

kein  Ca2+ Anstieg zu beobachten war. Interessanterweise unterschieden sich aber 

weder die Plättchengröße, noch die Plättchenzahl, die P-selektin Konzentration, die 

Integrin-Aktivierung, die Plättchenaggregation, die in vivo Thrombusbildung oder die 

Blutungszeit bei den TRPC6 -/- Mäusen von den Wildtyp Mäusen. Daraus könnte 
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man schließen, dass bei Mäusen die über TRPC6 mediierte, DAG induzierte Ca2+ 

Aufnahme für die Plättchenphysiologie bzw. ihre Funktion nicht zwingend nötig ist. 

Allerdings ist nicht ausgeschlossen, dass TRPC6 Kanäle im Humansystem unter 

physiologischen Bedingungen, bei denen die Konzentration und Wirkung der 

Agonisten sehr präzise balanziert sind, eine Bedeutung für die Thrombusbildung 

haben.  
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Chapter  1   
 
INTRODUCTION 
 
 
1.1 Platelet biogenesis 
 
Mammalian blood platelets which circulate in a discoid form in blood represent the 

smallest cells in the circulation with a diameter of 2-3 µm 1. Their normal count in 

human blood averages between 1.5 x 104 / µl to 4 x 105 / µl 2 and in mice around 1 x 

106 / µl 3. The existence of platelets is controlled by an internal apoptotic program 4 

and human and murine platelets remain in circulation for up to 10 2 and 5 5 days, 

respectively. In the circulation, platelets are either consumed in the haemostatic 

process or removed by the reticulo-endothelial system in the liver and spleen2. Since 

only a fraction of circulating platelets is required for steady-state haemostasis, a 

majority of the platelet population is continuously cleared and replaced by fresh 

platelets. Platelets are generated from megakaryocytes (MKs) which are large and 

rare precursor cells populating the bone marrow. Megakaryopoiesis and platelet 

release occurs only in mammals, while in other vertebrates such as fish 6 and birds 7 

the equivalent of platelets are found as nucleated thrombocytes.  

The discovery of thrombopoietin, the major humoral regulator of megakaryopoiesis 

and thrombopoiesis 8,9, provided a valuable tool for cell biological studies of MK 

differentiation and platelet production, and contributed significantly to the 

understanding of these physiological processes. In addition, findings from genetically 

modified mice have unraveled the transcriptional pathways which direct MK lineage 

commitment. Thus, the combination of cellular and molecular mechanisms underlying 

the birth of platelets has gradually been unveiled over the past two decades.  

 

1.1.1  Megakaryopoiesis  
 
Anucleate platelets originate from the cytoplasm of MKs by the process of 

megakaryopoiesis (MKpoiesis). In adults, MKs are highly specialised precursor cells 

that arise from pluripotent bone marrow hematopoietic stem cells 10.  MKpoiesis is a 

continuous developmental process in which haematopoietic stem cells undergo 

proliferation and differentiation to finally yield mature MKs which then release 

platelets 11 (Figure 1). Hematopoietic stem cells (HSCs) are pluripotent with self-



 

 2 

renewal capacity, and initially give rise to multipotent progenitors (MPP) which have 

lost the ability to self-renewal. Further differentiation is restricted towards either the 

myeloid or lymphoid cell fates, with the formation of the common myeloid progenitor 

(CMP) or common lymphoid progenitor (CLP)12. The megakryocyte/erythroid 

progenitor (MEP) arises from CMP which can differentiate into MKs or erythrocytes13. 

The committed MK progenitor cells consist of the burst- forming unit-megakaryoycyte 

(BFU-MK) and colony-forming unit-megakaryoycte (CFU-MK). BFU-MKs and CFU-

MKs undergo several cell division cycles to amplify MK numbers 10. Loss of cell 

division capacity of these progenitors results in the formation of immature MKs, 

promegakaryoblasts, megakaryoblasts and promegakaryocytes, which are polyploid 

cells due to endoreduplication 14. Further cytoplasmic maturation and proplatelet 

projections characterise the mature MK which give rise to ciruculating platelets15.  

 

 
 

Figure 1. Hierarchy of cellular aspects of megakaryopoiesis. HSC, hematopoietic 

stem cells; MPP, multipotent progenitor; CMP, common myeloid progenitor; CLP, 

common lymphoid progenitor; MEP, megakaryocyte/erythroid progenitor; GMP, 

granulocyte/macrophage progenitor; CFU-MK, colony forming unit megakaryocyte; 

CFU-E, colony forming unit erythroid.   
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1.1.2 Humoral regulation of Megakaryopoiesis  
 
The primary growth-factor that regulates MK proliferation and maturation is 

thrombopoietin (Tpo)8. The availability of recombinant Tpo 8,9 has enabled 

investigators to culture and expand pure megakaryocyte (MK) populations from 

haematopoietic stem cells in vitro 16.  CD34+ haematopoietic stem cells isolated from 

peripheral blood 17, umbilical cord blood 18 and bone marrow 19 have been 

successfully differentiated and characterised along the MK lineage in cytokine 

cocktails containing Tpo. Recombinant Tpo stimulates both MK proliferation and 

differentiation in vitro 20 and in vivo8. As the primary regulator of megakaryopoiesis 

and thrombopoiesis, Tpo induces proliferation of MK progenitors, endomitosis, 

increase in MK cell volume, maturation of the membrane system and finally platelet 

release21,22. Tpo and Tpo receptor (c-mpl) deficient mice display a 90 % reduction in 

circulating platelet count, however, they do not suffer from spontaneous bleeding 23. 

In fact, these mice show normal MK morphology and platelet function, indicating that 

in vivo, Tpo is responsible for elevating MK and platelet numbers, but other cytokines 

and transcription factors are sufficient to maintain a basal level of megakaryopoiesis 

and thrombopoiesis 24 for hemostasis. Stem cell factor (SCF) acts in conjunction with 

Tpo to amplify the proliferation of MK progenitors and it stimulates differentiation25. 

IL-3 also produces an additive effect to augment proliferation of colony-forming unit 

MKs and it contributes to maintaining steady-state platelet production26. During the 

later stage of MKpoiesis, IL-6 influences the formation of cytoplasmic extensions 

termed as proplatelets 27. Stromal cell-derived factor (SDF-1) significantly influences 

thrombopoiesis and stimulates MK colony formation 28 and directs MKs towards 

vascular niches 29 for platelet release (Figure 2). Hence, a variety of cytokine 

cocktails have been tried and tested to support MKpoiesis and generate functional 

platelets in vitro. Sophisticated cytokine mixes and conditions are continually 

evaluated to produce platelets on a large-scale for transfusion use in a clinical setting 
30.   
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Figure 2. Humoural regulation of megakaryopoiesis. Interleukin-3 (IL-3), stem cell 

factor (SCF) and thrombopoietin (Tpo) are essential during MK progenitor 

proliferation while IL-6, IL-11 and stromal cell-derived factor (SDF-1) influence the 

later stages of MKpoiesis. BFU-MK, burst forming unit megakaryocyte; CFU-MK, 

colony forming unit megakaryocyte; MKblast, megakaryoblast; ProMK, 

promegakaryocyte.   

 

1.1.3 Molecular regulation of megakaryopoiesis 

Several genetic studies have provided insight into the lineage-specific transcription 

factors that direct MK development and platelet production (Figure 3). The 

transcription factors GATA-1 and GATA-2 have a key role in dictating megakaryocyte 

development. GATA-1 lineage specific knockout mice show severe 

thrombocytopenia, accumulation of primitive megakaryocytes in bone marrow and 

tissues, reduced polyploidy levels and impaired proplatelet formation of 

megakaryocytes31. GATA-1, FOG-1 and Fli-1 regulate MK-specific genes that are 

important during early and mid thrombopoiesis, and control cell replication, 

cytoplasmic maturation and organelle synthesis in preparation for platelet release32. 

The NF-E2 transcription factor has more profound effects in regulating proplatelet 

formation, platelet assembly and platelet shedding in the late stages of 

thrombopoiesis and one of its important target genes is beta-1-tubulin which is 

structurally essential for the formation of proplatelet shafts33. AML-1 (RUNX1) 
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inducible knock out mice also show a severe defect in megakaryopoiesis34. A more 

recent study indicates its role in polyploidization by repression of the non-muscle 

myosin IIB heavy chain (MYH10) gene35. Threshold levels of c-Myb influence 

progression along each hematopoietic lineage and suboptimal levels favour MK 

differentiation and thrombocytosis 36. Meis1 not only participates in HSC self-renewal 

and proliferation but also inhibits erythroid differentiation while favoring MK 

development37.  

 

 

Figure 3. Transcriptional regulation of megakaryopoiesis. C-MYB and Meis1 

levels influence committment of the MEP towards the MK lineage. GATA-1 and 2, 

FOG-1, Fli-1 and AML-1 regulate MK progenitor proliferation, survival and 

maturation. NF-E2 controls proplatelet formation and platelet shedding.  

1.1.4 Expression of surface markers during Megakaryopoiesis  

The platelet surface is richly populated with transmembrane receptors including the 

integrin glycoproteins (GP). MKs also express these cluster of differentiation markers 

which are used to characterize MK progenitors (Figure 4). The CD34 antigen 

characteristic of HSCs is gradually lost during endomitosis of megakaryoblasts. 

Surface expression of GPIIb-IIIa (CD41/CD61 or CD41b) is a relatively specific and 

early marker for megakaryopoiesis and occurs within the first 5 days of in vitro 
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culture. The integrins, GPIIb and GPIIIa, are always co-expressed and their 

appearance during MKpoiesis is simultaneous38. Interestingly, GPIIb-IIIa (CD41a) 

expression is already detectable in a small fraction of unstimulated immature CD34+ 

cells39. The GPIb-V-IX complex appears later during MK differentiation40. GPIb 

expression always follows GPIIb expression and only cells positive for the early 

GPIIIb marker go on to express GPIb. Early and late surface markers are strictly 

sequentially expressed during MKpoiesis38. GPIX appears on the surface together 

with GPIb, while GPV expression is delayed and GPV appears only during the final 

stages of MK maturation40. 

 

Figure 4. Expression of surface markers during megakaryopoiesis. CD34 is gradually 

lost during differentiation. GPIIb and GPIIIa are early markers while GPIb, GPV, 

GPVI and GPIX appear later during MKpoiesis.  

1.1.5 Thrombopoiesis 

During terminal maturation, MKs undergo endomitosis leading to polyploidy and a 

large lobulated nucleus. The DNA is amplified up to 64-fold which results in a 

polyploid, multi-lobed nucleus. During this process the cell size of human MKs 

increases up to 100 µm or more. The endomitotic cycle depends on cyclin E 

upregulation which drives MKs into the S phase where repeated rounds of 

chromosomal replication result in polyploidisation 41. The marked increase in cell size 

and accumulation of cytoplasmic volume accompanying polyploidy enable the 

synthesis of platelet proteins essential for platelet production and function42. 
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Cytoplasmic maturation concurs with protein and lipid synthesis required for the 

formation of an extensive demarcation membrane system (DMS), a continuous 

network of specialized membranes within the cytoplasm, and synthesis of numerous 

platelet-specific alpha and dense granules. The final stages of maturation involve 

preparation for platelet shedding into the blood stream. MKs form long series of 

proplatelet processes with branching ends where the DMS functions as membrane 

reservoir for newly formed proplatelets43. Proplatelets are generated by 

reorganisation of the MK cytoskeleton which involves actin polymerization and 

microtubule assembly44. Actin polymerization is required for proplatelet branching 

while microtubule sliding enables elongation of these projections45. Nascent platelets 

are released from proplatelet tips 46 directly into the circulation. In vivo imaging has 

shown that mature MKs closely associate with bone marrow sinusoids and extend 

proplatelet structures into bone marrow microvessels where proplatelets are 

fragmented to platelets by the shear forces of flowing blood47. Thrombopoiesis in vivo 

requires MK interactions with the cellular and extracellular matrix components within 

the bone marrow environment. For instance, SDF-1 (CXCL-12) stimulates MK 

migration towards the endothelium 48 while fibrinogen interaction with the GpIIb-IIIa 

integrin increases proplatelet development 49.  

 

 
1.2 Platelet physiology 
 

Platelets are involved in various physiological and pathological processes with their 

primary role being haemostasis. They possess various surface adhesion receptors, 

intracellular adhesive proteins and signalling molecules to facilitate thrombus 

formation. Under normal conditions, platelets do not interact with the endothelial cell 

layer of the vessel wall. However, when blood flow is disrupted due to damage of the 

endothelium, the sub-endothelial matrix is exposed and a series of events takes 

place to seal the injury. Platelets undergo rapid activation and adhesion in response 

to vessel wall injury. Activated platelets release agonists and provide a surface for 

thrombin generation, to recruit additional platelets which then aggregate to form an 

effective haemostatic plug at the site of damage. Under pathological conditions, such 

as in atherosclerotic plaques, inappropriate activation of platelets leads to pathologic 

formation of blood clots. In addition to their conventional role in haemostasis and 

blood coagulation, platelets are now increasingly associated with other physiological 
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and pathological processes such as lymphatic development 50, innate immunity 51, 

inflammation 52, post-natal closure of the ductus arteriosus 53, cardiovascular disease 
54 and tumour progression 55.  

 

1.2.1 Platelet activation  

Platelet activation and adhesion mechanisms are tightly regulated to ensure 

appropriate response to limit blood loss following vascular injury while preventing 

needless activation that can lead to arterial occlusion, ischemia and tissue injury.  

Platelets possess sophisticated signalling receptor systems that respond to specific 

stimuli to enable controlled activation and adhesion. 

Vascular injury exposes sub-endothelial collagen which complexes with circulating 

von Willebrand factor (vWF). Under high shear conditions, interaction of platelet 

glycoprotein Ib (GPIb), present in the GPIb-V-IX receptor complex, with immboilized 

vWF allows “tethering” or “rolling” of platelets on the damaged vessel wall which 

represents the prerequisite for firm adhesion56.  The platelet-specific immunoglobulin 

superfamily receptor GPVI binds to collagen during the rolling stage57. This 

interaction is weak but initiates an intracellular signalling cascade that results in the 

release of the soluble platelet agonists, adenosine diphosphate (ADP) and 

thromboxane A2 (TXA2)58.  Platelet activation occurs when locally produced thrombin, 

ADP and TXA2 bind to their high affinity cell-surface heterotrimeric G-protein coupled 

receptors. Downstream signalling of agonist-receptor complexes leads to activation 

of the major platelet integrin, αIIbβ3, which binds to fibrinogen and vWF59, β1 integrins, 

which bind to collagen (α2β1) 60, fibronectin (α5β1) 61 and laminin (α6β1) 62 and 

results in firm platelet adhesion and spreading on the extracellular matrix. Additional 

platelets are then recruited to the growing platelet plug via further release of ADP and 

TXA2 and attachment of adjacent platelets via fibrinogen63.     

Platelet receptor activation follows two major downstream signalling pathways, G-

protein coupled receptor (GPCR) activation or receptor-induced (immunoreceptor 

tyrosine activation motif (ITAM)) tyrosine phosphorylation, both of which lead to the 

activation of phospholipase (PLC) isoforms. Agonists which activate platelets via 

GPCRs are thrombin (via Gq and G12/13) 64,65, ADP (via Gq and Gi) 66  and TXA2 (via 

Gq and G13) 67. The activation leads to Gq-mediated activation of phospholipase 

PLCβ, activation of protein kinase C (PKC), G12-mediated activation of Rho family 
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members that support rearrangement of the actin cytoskeleton during shape change 

and Gi-mediated inhibition of adenylyl cyclase 68. Phosphorylation of platelet ITAM 

coupled receptors, the collagen receptor GPVI, or the C-type lectin-like receptor 2 

(CLEC-2) leads to a sequence of events involving several adaptor proteins and 

activation of PLCγ2 69. Platelet receptor activation induces a series of downstream 

events that ultimately leads to an increase of the intracytoplasmic concentration of 

Ca2+. The increase of intracellular Ca2+ occurs through release from intracellular 

stores and Ca2+ influx through the plasma membrane. Activation of PLCβ or PLCγ 

results in the production of two second messengers, diacylglycerol (DAG) and 

inositol-1,4,5- trisphosphate (InsP3), from the PLC induced hydrolysis of 

phosphoinositide-4,5-bisphosphate (PIP2).  DAG mediates Ca2+ influx while InsP3 

liberates Ca2+ from intracellular stores 70.  

 
1.3 Calcium signalling pathways in non-excitable cells 

 
Calcium (Ca2+) is an ubiquitous intracellular messenger responsible for controlling 

numerous biological processes such as fertilisation, memory and learning, muscle 

contraction, cell proliferation, differentiation, and cell death71. Steps in Ca2+ signalling 

consist of: 

• Stimulus to trigger Ca2+ signals 

• Increase in cytoplasmic Ca2+ - activated state 

• Stimulation of Ca2+ dependent processes and cellular pathways 

• Decrease of intracellular Ca2+ to basal level – resting state 

 

Ligand-receptor engagement at the cell surface and generation of second 

messengers stimulate the release of Ca2+ from internal stores or Ca2+ entry from the 

extracellular milieu. Depending on the stimulus, various intracellular messengers, 

such as inositol-1, 4, 5-triphosphate (InsP3), diacylglycerol (DAG) and cyclic ADP 

ribose, are produced and act on different receptors and/or channels at distinct cellular 

compartments. An increase in cytoplasmic Ca2+ concentration ([Ca2+]i) is a key 

signalling messenger used by virtually every cell to regulate distinct cell processes.  

The rise in [Ca2+]i derives from Ca2+ released from internal stores or entry of external 

Ca2+. The endoplasmic/sarcoplasmic reticulum (ER/SR) functions as the internal 

Ca2+ store. Plasma membrane ion channels mediating Ca2+ entry are defined by the 

way they are activated.  
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• Voltage-operated channels are activated by membrane depolarisation.  

• Receptor-operated channels open upon binding of an extracellular ligand.  

• Store-operated channels open in response to depletion of internal Ca2+ stores.  

As a result of channel activation, Ca2+ flows into the cytoplasm increasing the [Ca2+]i, 

constituting the Ca2+ signal, which is then translated into a cellular response. Ca2+ 

binding proteins bind Ca2+ and undergo conformational changes to activate 

downstream effectors leading to regulation of processes like gene transcription, 

cross-talk with other pathways, contraction and metabolism. Cytoplasmic Ca2+ is 

extruded to the outside through the plasma membrane Ca2+-ATPase (PMCA) and the 

Na+-Ca2+ exchanger (NCX) while the sarco-endoplasmic reticulum ATPase (SERCA) 

pump returns Ca2+ to the internal stores71.   

 

Several stimuli evoke a biphasic increase in cytosolic Ca2+ concentration where the 

initial rise is due to release of Ca2+ from the endoplasmic reticulum and this is 

followed by a sustained phase of elevated Ca2+ levels, due to Ca2+ entry through 

Ca2+ channels in the plasma membrane. Despite the ability of internal stores to 

release Ca2+, resulting in a sharp Ca2+ spike, this phase is usually transient and short 

owing to the limited storage capacity of these organelles, inactivation of the release 

channels and clearance of Ca2+ from the cytosol. Since sustained Ca2+ signalling is 

required for key cellular events, entry of Ca2+ through plasma membrane channels is 

essential in eliciting a biological response. The driving force for Ca2+ influx results 

from the concentration gradient that exists across the plasma membrane and the 

hyperpolarised resting membrane potential 72.  

Various types of Ca2+ channels co-exist on the plasma membrane and differ in their 

gating properties, selectivity, conductivity and tissue distribution. The voltage-gated 

Ca2+ channels are found in excitable cells like cardiomyocytes, neurons and skeletal 

muscle cells and have been electrophysiologically characterised. However, non-

excitable cells rely on other channel types, comprising store-dependent and store-

independent channels, to mediate Ca2+ entry.  

 

1.3.1 Store-operated calcium channels 
 
The nature of Ca2+ entry in non-excitable cells remained an enigma for many years 

until the concept of store-operated Ca2+ entry (SOCE) was proposed 73 as a 

mechanism for sustained Ca2+ entry from the extracellular space. This model 
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hypothesised that the emptying of agonist-sensitive intracellular Ca2+ stores resulted 

in the opening of Ca2+ channels in the plasma membrane with Ca2+ release and Ca2+ 

entry regulated by the second messenger inositol 1,4,5-triphosphate (InsP3). Direct 

evidence for this model came from patch-clamp experiments that identified a Ca2+-

selective current that was activated upon emptying of intracellular stores 74 and 

occurred via Ca2+ release-activated Ca2+ (CRAC) channels. Subsequent studies 

established the electrophysiological signature of CRAC channels, which were found 

to exhibit exclusive selectivity for Ca2+ and are activated regardless of the manner of 

store depletion; for example, the use of InsP3 analogues, Ca2+ ionophores or 

sarco/endoplasmic reticulum calcium ATPase (SERCA)  pump inhibitors are all 

effective at inducing SOCE. Since the discovery of the CRAC channel, efforts were 

taken to understand the molecular basis of SOCE, including how Ca2+ is sensed in 

the ER store, signalling from the ER to the plasma membrane and the molecular 

identity of the CRAC channel are achieved. Progress was limited until recently; when 

seminal work done by independent groups lead to the identification of two key 

components of SOCE; STIM1, the ER Ca2+-sensor, and Orai, which forms the CRAC 

channel pore.  

 

RNA interference (RNAi) screens used to evaluate the role of targeted genes in SOC 

influx identified stromal interaction molecule (Stim) as a critical regulator of agonist 

induced Ca2+ influx and CRAC channel function 75 in Drosophila cells and its 

mammalian homologue, STIM1, in human cells. STIM1 is a transmembrane protein 

that spans the ER membrane with its amino terminus, containing a canonical Ca2+ 

binding EF hand motif, located within the lumen of the ER and Zhang et al. 76 showed 

that Ca2+ bound to STIM is present in the ER membrane at resting state when the 

store is full. Store depletion results in dissociation of Ca2+ and STIM1, translocation of 

STIM1 to the periphery of the plasma membrane where it can interact with the pore 

forming subunit of the CRAC channel. The Ca2+ sensor model was established as the 

functional link of STIM1 to SOC influx. STIM1 thus represents a vital and conserved 

component that controls SOCE and CRAC channel activity. 

 

Although STIM1 is necessary, it is not sufficient for a fully functional SOC pathway 

since lymphocytes from patients with hereditary severe combined immuno-deficiency 

(SCID) syndrome, display impaired CRAC channel activity inspite of normal levels of 
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functional STIM1 77 suggesting the presence of a downstream molecule which 

impacts on CRAC. Feske et al. combined linkage analysis and genome-wide RNAi 

screen to identify the responsible protein, designated as Orai1, which is essential for 

CRAC channel function77. Over-expression of the wild-type Orai1 in mutated T cells 

from SCID patients resulted in full restoration of the SOCE and CRAC current 

indicating that Orai1 is a subunit or key regulator of the CRAC channel complex.  

Simultaneously, several groups reached similar conclusions on the fundamental role 

of Orai1 (also termed as CRAC modulator, CRACM) in this ubiquitous Ca2+ influx 

pathway using siRNA knockdown studies78,79. Orai1 is a plasma membrane protein 

with four transmembrane-spanning domains with CRAC channel function and Ca2+ 

selectivity80. The studies established Orai1 (CRACM1) to form the CRAC channel 

pore through multimeric assembly interacting with STIM1 at the plasma membrane.   

 

The consecutive discoveries of STIM1 and Orai1 shed new light on the much elusive 

CRAC channel and since then, there has been a major advancement in the 

understanding of SOCE which drives several physiological functions and is also 

linked to disease states due to abnormal CRAC channel activity. Thus from a clinical 

perspective, there is tremendous interest in developing a selective CRAC channel 

blocker. 

 

 
1.3.2 Store-independent calcium channels 
 
While store-operated Ca2+ entry is considered a central route for Ca2+ influx in non-

excitable cells, there is evidence for alternative pathways, activated for example by 

lipid metabolites (arachidonate-regulated calcium channel), nucleotides (purinergic 

P2 receptors) and the second messenger DAG (transient receptor potential 

channels), which are responsible for physiological Ca2+ influx 72. Non-store-operated 

Ca2+ influx channels are distinct from SOC channels on the basis of their pore 

properties. The canonical transient receptor potential (TRPC) family of ion channels 

received much attention as possible candidates of SOC entry due to their activation 

by PLC downstream of G-protein coupled receptors 81. The transient receptor 

potential ion channels are by far the best studied family of ion channels due to their 

involvement in many physiological functions. Some studies are specifically 

addressing their role for Ca2+ transport in platelets. 
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1.3.3 Calcium signalling in platelets 
 
Increased Ca2+ concentration in platelets leads to several structural and functional 

changes required for platelet aggregation. These include shape change, granule 

secretion and enzyme activation. Shape change is brought about by reorganization 

of the platelet cytoskeleton with actin polymerization and myosin light chain 

phosphorylation. Platelets change from the discoid shape to spherical with filopodial 

extensions. These spiny membrane projections allow interaction with one another 

during platelet aggregation82. Platelets contain three types of granules, alpha 

granules, dense granules and lysosomes, which release their contents in response to 

various stimuli. During thrombus formation, the release of granular components is 

essential for the activation and aggregation of additional platelets. Platelet α granules 

contain the majority of platelet factors involved in hemostasis and thrombosis 

including thrombospondin, P-selectin, platelet factor 4, fibrinogen and vWF. P-

selectin exposure on the platelet surface usually serves as degranulation marker 

during platelet activation in vitro.  Dense granules are smaller and contain high 

concentrations of Ca2+, phosphates, adenine nucleotides and serotonin 83. Increased 

Ca2+ in platelets stimulates membrane phospholipase A2 activity, which liberates 

arachidonic acid from membrane phospholipids which is then metabolized to TXA2 by 

thromboxane synthase 57.   

 
The major types of Ca2+ channels expressed in the platelet plasma membrane are 

store-operated Ca2+ (SOC) channels, receptor-operated Ca2+ (ROC) channels and 

the non-SOC channels activated by DAG (Figure 5).  The understanding of platelet 

SOCE and its underlying molecular machinery increased in the last few years. 

Stromal interaction molecule 1 (STIM1) has been shown to be a Ca2+ sensor in the 

ER membrane of platelets that upon store release activates Orai1, the major SOC 

channel in the plasma membrane. Mice lacking either STIM1 or Orai1 show severely 

reduced – though not completely abolished – Ca2+ entry in response to all major 

platelet agonists resulting in the formation of unstable thrombi in vivo 84,85. 

Interestingly, however, these platelets are still able to fulfil many of their functions in 

vitro 86 suggesting that Ca2+ from the stores and Ca2+ entry through ROC and non-

SOC channels provide a sufficient increase in [Ca2+]i.  
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Figure 5. Calcium signalling mechanisms in the platelet. Agonist-receptor 

interaction activates phospholipase PLC isoforms to hydrolyze phosphatidylinositol-

4,5-bisphosphate (PIP2) to inositol-1,4,5-trisphosphate (IP3) and diacyl-glycerol 

(DAG). InsP3 releases Ca2+ from intracellular stores and STIM1 opens Orai1 

channels in the plasma membrane, resulting in store-operated calcium entry (SOCE). 

DAG mediates non-SOCE through canonical transient receptor potential channel 6 

(TRPC6). Additionally, a direct receptor-operated calcium (ROC) channel, P2X1, and 

a Na+/ Ca2+ exchanger (NCX) contribute to the elevation in [Ca2+]i. 
Sarcoplasmic/endoplasmic reticulum Ca2+ ATPases (SERCAs) and plasma 

membrane Ca2+ ATPases (PMCAs) pump Ca2+ back into the stores or out of the cell, 

respectively. IP3R, InsP3-receptor; ATP, adenosine triphosphate; ADP, adenosine 

diphosphate; GPVI, glycoprotein VI; FcRγ, Fc receptor γ chain; FcRIIa, Fc receptor 

IIa; CLEC-2, C-type lectin-like receptor 2; PI3-K, phosphatidylinositol 3-kinase; Syk, 

spleen tyrosine kinase. (Used with permission from 70)  

 

The non-selective canonical transient receptor potential (TRPC) channels mediate 

non-SOCE, and both, human and murine platelets and megakaryocytes express 

TRPC1 and TRPC687,88. TRPC1 has also been linked to SOCE in human platelets89. 

This observation is controversial since studies on platelets from TRPC1-/- mice exhibit 

normal functional responses and display no defect in Ca2+ store release or SOCE90. 

Furthermore, the low expression level of TRPC1 in platelets and megakaryocytes 
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underscores the importance of Orai1 mediated SOCE in platelet physiology91. A 

more recent study falsifies the ability of TRPCs to functionally interact with STIM192, 

thus further questioning a role for TRPC1 in SOCE. TRPC6, on the other hand, has 

been proposed as the major store-independent channel activated by DAG in human 

platelets93. Some recent reports also suggest a dual role for TRPC6 in SOCE and 

non-SOCE by interaction with the Stim1/Orai1 complex and TRPC394, respectively. 

Conversely, there was no detectable functional interaction between native or 

transient TRPC6 and STIM1 following PLC activation of vascular smooth muscle and 

HEK293 cells92, respectively. Although it has been accepted that TRPC6 is 

expressed in human and murine platelets and contributes to store-independent Ca2+ 

entry, the physiological significance of this calcium flux is not yet known.  

 

1.3.4 Calcium signalling during megakaryopoiesis 
 
The role of calcium signalling during the development of MKs from stem cells is 

obscure. The involvement of calcium-permeable ion channels in regulating cell 

proliferation and apoptosis in vitro has been conceived from the use of channel 

blockers which influence cell survival.  Few reports have associated calcium signaling 

during megakaryopoiesis with the activation of calcium-dependent transcription 

factors and calcium binding proteins.  The nuclear factor of activated T cells (NFAT) 

transcriptional pathway is regulated by calcium-activated calcineurin and during 

MKpoiesis, the NFATc1, NFATc2 and NFATc4 isoforms are upregulated95. The 

highly specific expression of NFAT isoforms during MKpoiesis suggests a regulatory 

mechanism that tightly controls cell proliferation and platelet formation in these cells. 

Recently it has been reported that NFAT inhibits MKpoiesis by suppressing cell-cycle 

genes96. Reduced NFAT activity results in pathological expansion of MKs as 

observed in Down’s Syndrome. On the other hand, tescalcin, a high affinity calcium 

binding protein, is upregulated during in vitro MKpoiesis and controls the expression 

of the Ets family of transcription factors. Knockdown of tescalcin resulted in 

accumulation of undifferentiated progenitor MKs which lacked GpIIb expression97. 

Calcium- and integrin-binding protein 1 (CIB1) expression has been implicated in MK 

ploidy, adhesion and migration. CIB1 associates with the MK and platelet specific 

integrin, GpIIbIIIa, and mediates platelet spreading on immobilised fibrinogen98. CIB1 

has been demonstrated to negatively regulate Tpo dependent signalling since CIB1 

deletion results in increased MKs and platelets in the knockout mice. During the later 
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stages of MKpoiesis, CIB1 deletion results in impaired adhesion and migration of 

MKs to the vascular niche for platelet shedding. Hence, following platelet depletion 

platelet recovery rate is slow in CIB1 knockout mice99. It is interesting that this protein 

negatively regulates MK progenitor cell proliferation while inducing platelet release 

during thrombopoiesis. Since growth factor induced changes in [Ca2+]i are essential 

for cell cycle progression 100 and calcium is required for specific downstream 

signalling pathways during distinct stages of MK differentiation, plasma membrane 

calcium permeable ion channels have to serve as regulators of cellular differentiation.  

 

1.4 Transient receptor potential channels 
 
The super-family of transient receptor potential (TRP) channels constitutes of several 

functionally versatile cation-conducting protein channels. The first TRP gene was 

described in Drosophila, where photoreceptors displayed transient and not sustained 

depolarisation in response to continuous light stimuli due to the transient receptor 

potential (trp) mutant101. The TRP channels are conserved through evolution and 

found in most organisms, tissues and cell types. In mammals, 28 TRP channels have 

been identified and are classified into 6 sub-families based on sequence homology; 

TRPC (Canonical), TRPV (Vanilloid), TRPM (Melastatin), TRPA (Ankyrin), TRPML 

(MucoLipin) and TRPP (Polycystin) 102.  

 

TRP channels consist of six transmembrane domains with a pore-forming loop and 

intracellular N- and C- termini. The channels assemble as homo-or hetero-multimers 

within each sub-family to form a variety of uniquely functional cation channels 103. 

TRP channels are known to participate in many biological processes including 

sensory, homeostatic and motile functions. A great deal on TRP channel expression 

and functions in various tissues is still unknown. However, the TRP channels are 

indicated to have a prominent role in the regulation of intracellular Ca2+ in excitable 

and non-excitable cells. TRP channels function as modulators of [Ca2+]i either by 

acting as Ca2+ permeable channels in the plasma membrane, Ca2+ release channels 

from intracellular organelles or by altering membrane potential/polarisation. Most 

TRPs are Ca2+ permeable non-selective cation channels with variable selectivity for 

Ca2+ depending on pore structure and exhibit permeability ratios PCa/PNa ranging 

from < 1 for TRPM1 and >100 for TRPV5 and 6 104.  
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1.4.1 The TRPC subfamily 

 
TRPC1 was the first mammalian TRP channel to be cloned 105 and its initially 

assigned physiological role was the regulation of salivary fluid secretion106. Since 

then, TRPC1 has been implicated in numerous cellular functions including agonist 

mediated calcium entry during rat neural stem cell proliferation 107 and SOCE 

mediated adult neural stem cell proliferation108. The TRPC family now comprises 7 

members (TRPC1-7), is widely expressed with some cells and tissue expressing up 

to 3 or 4 of the TRPC members. The classic members of the TRP channel family 

represent important molecules involved in G-protein coupled receptor (GPCR) 

signalling pathways. GPCR mediated activation of PLCβ and receptor tyrosine kinase 

activation of PLCγ results in PIP2 hydrolysis and generation of second messengers 

InsP3 and DAG. This leads to activation of plasma membrane non-selective Ca2+ 

permeable channels and InsP3 induced release of intracellular Ca2+ which in turn 

opens highly selective Ca2+ channels. The TRPC channels participate in ROCE and 

via functional interactions with Orai1, possibly also in SOCE109.   

 

Mammalian members of the TRPC family are divided into 4 subfamilies based on 

functional similarities and sequence alignment; TRPC1, TRPC2, TRPC3/6/7 and 

TRPC4/5. TRPCs have been shown to assemble as homo- and hetero-multimers 

with functional overlap. These non-selective cation channels display Ca2+/Na+ 

permeability ratios ranging from 1 to 9 110.  In addition to receptor-mediated activation 

by PLC, growth factors, hormones and neurotransmitters have been reported to 

increase TRPC activity independent of PLC109. TRPC channels can elicit various 

cellular response depending on the cell type as well the co-expression of other 

channel types. For instance, in excitable cells TRPC channel activation leads to 

depolarisation and activation of voltage-gated channels, thus increasing Ca2+ entry. 

In non-excitable cells, the entry of Na+ alters cell volume109. The molecular responses 

resulting from TRPC channel activation demonstrate an important role for these 

channels in a variety of cellular processes.  

 
1.4.2 The TRPC3/6/7 channels 
 
 
The TRPC3, TRPC6 and TRPC7 channels share 70-80% amino acid homology 111 

and are activated by the DAG component of the phospholipase C driven signalling 
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pathway 112. Common structural features of the TRPC3/6/7 subfamily consists of four 

N-terminal ankyrin repeats, six transmembrane segments (S1-S6) with a putative 

pore region formed by a re-entrant loop between S5 and S6 and a highly conserved 

TRP box 111.  

Initially TRPC3 was suggested to be an agonist-activated store-depletion dependent 

channel 113 but later studies revealed that this was due to the constitutive activity of 

TRPC3114. Several independent groups have confirmed the activation of TRPC3/6/7 

channels by DAG independent of protein kinase C (PKC)112,115,116. Despite their 

similarity, the TPC3/6/7 subfamily differs in their constitutive channel activity (Figure 

6) and ion selectivity. Transiently expressed TRPC3 and TRPC7 show elevated basal 

channel activity which can be further increased by receptor activation but remains 

unaffected by store-depletion and in contrast, TRPC6 is a tightly regulated receptor-

activated channel 111. This difference has been attributed to the glycosylation states 

of TRPC3 and TRPC6117. The PNa/PCa permeability ratios reported for TRPC3, 

TRPC6 and TRPC7 are 1.5, 5 and 2, respectively 118.  

 

 

 
Figure 6. Current-voltage relationship of TRPC3, -6 and -7 channels. 

Electrophysiological recordings of HEK293 cells heterologously expressing these 

non-selective cation channels are shown. TRPC3 and TRPC7 display high basal 

currents in contrast to the tightly receptor-operated TRPC6 channel. (Used with 

permission from 119)  

 

The lack of specific pharmacological compounds has been a major setback in the 

analysis of TRPC channels. TRPCs are sensitive to and are inhibited by differing 

concentrations of lanthanum (La3+) and gadolinium (Gd3+) ions, SKF96365, verapamil 

and 2-aminoethoxydiphenyl borane (2-APB) 119. Flufenamic acid blocks TRP 
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channels including TRPC3 and 7, but enhances TRPC6 currents 120. More recently, 

the naturally occurring plant compound, hyperforin, has been shown to specifically 

modulate TRPC6 function by direct interaction with and activation of the channel 121. 

Derivatives of hyperforin could stimulate ectopically expressed as well as 

endogenous TRPC6 channels while TRPC3 and -7 remain unaffected 122. The 

recently developed Pyr3 compound selectively blocks TRPC3 123 and is one of the 

first selective tools available to study TRP channels. Thus, apart from the general 

TRP channel blockers, hyperforin and Pyr3 represent the first TRPC specific channel 

modulators.  

 
1.4.3 The TRPC6 channel 
 
Full-length cDNA of human and mouse TRPC6 was cloned from placenta 112 and 

brain 124, respectively. TRPC6 protein consists of 931 and 930 amino acids in human 

and mouse, respectively. Expression of human TRPC6 has been identified in heart, 

smooth muscle cells of various tissues, kidney, immune and blood cells 125, with 

prominent expression in lungs, placenta and ovary 126. Heterologous TRPC6 

expression systems show double rectifying current-voltage relationship and the 

channel appears more selective for Ca2+ than for Na+. TRPC6 has been 

characterized as a receptor-operated and not store-regulated cation channel though 

recent findings suggest sensitivity of TRPC6 to store-depletion 94. Agonist induced 

activation of TRPC6 is blocked by the PLC inhibitor, U73122, indicating G-protein 

coupled and PLC dependent activation mechanism. TRPC6 activity is increased by 

1-oleoyl-1-acetyl-sn-glycerol (OAG), a membrane-permeable analogue of 

diacylglycerol (DAG), as well as the DAG lipase inhibitor RHC80267. This identifies 

TRPC6 as the first ion channel to be directly activated by DAG in a membrane-

delimited fashion, independently of protein kinase C112. Regulation of TRPC6 

channel activity occurs by many ways; the glycosylation pattern determines the tight 

regulation of TRPC6 by PLC-coupled receptors, Ca2+/calmodulin acting from the 

intracellular side has a stimulatory effect on channel activity, tyrosine phosphorylation 

by the Src kinase, Fyn, increases activity while PKC-dependent Ser448 and PKG-

dependent Thr69 phosphorylation contributes to channel inactivation 118.  

 
TRPC6 function and dysfunction has been described in several tissues and cell 

types. In cultured neurons TRPC6 is involved in BDNF induced axon growth 96 and 
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iron transport95. Activation of TRPC6 in cardiac myocytes activates the Ca2+ -

calcineurin-NFAT signalling pathway which can lead to pathological cardiac 

remodelling when overstimulated 97. Other functions of TRPC6 include regulation of 

myogenic tone in vascular smooth muscle cells when activated by stretch98. 

Thrombin induced vascular endothelial cell permeability is dependent on increases in 

[Ca2+]i for activation of RhoA and myosin light chain kinase 127. TRPC6 also plays a 

role in Ca2+ -induced erythrocyte cell death (eryptosis)128. Overexpression and/or 

overstimulation of TRPC6 has been observed in pathophysiological conditions such 

as cardiac hypertrophy 129, pulmonary hypertension by inducing proliferation of 

pulmonary vascular smooth muscle cells 100, gain-of-function mutations associated 

with familial focal segmental  glomerulosclerosis (FSGS) 99, platelet hyper reactivity 

in diabetes mellitus 130 and proliferation of carcinoma cells 56.  

 
1.5 TRPC6 in megakaryocytes and platelets  
 

Experiments with human cells and with mice showed that TRPC6 is expressed on 

MKs but its physiological role in these precursor cells, if any, is still uncertain. TRPC 

mRNA profiling carried out on primary human MKs and MK cells lines revealed the 

expression of several TRPC transcripts. CD34+ cell derived primary (im)mature MKs 

were found to express TRPC1,-4 and -6 87. The DAMI cell line, representing 

immature MKs, predominantly expressed TRPC1 and -3, with faint detection of 

TRPC4 and -6. Conversely, the more mature CHRF-288 cells showed readily 

detectable message for TRPC-1, -3, -6 and -7 with weak expression of TRPC4, 

unpublished observations 131. On the other hand, Brownlow and Sage reported the 

expression of the TRPC proteins 1, 3, 4, 5 and 6 on platelets as determined by 

Western blotting 132. The differences in TRPC expression profiles between primary 

cells and within MK cell lines maybe related to differentiation related changes or a 

property of immortalised cells. Although cell lines are widely used, they do not reflect 

the native cellular environment and may not represent the true phenotype of 

endogenously expressed channels since the cell lines are immortalised or 

transformed. The differences in the TRPC mRNA expression between cell lines and 

CD34+ derived MKs indicates that the physiological function of TRPC6 is best 

studied in an environment that resembles the native occurrence.  
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In murine MKs, only TRPC1 and -6 were found to be expressed along with other TRP 

family members, including TRPM1, -2 and -7. Furthermore, electrophsyiological 

recordings in murine MKs revealed a major role for TRPC6 mediated cation influx 

following ADP induced P2Y receptor activation88. In human platelets and murine 

MKs, the transcript messages for Orai1 and STIM1 were higher than of TRPC 

members 91 underscoring the importance of store-operated calcium entry (SOCE) in 

platelet activation. Even though recent studies have shown that the major route for 

calcium entry to support platelet activation is via STIM1-Orai1, TRPC6 is highly 

expressed in both human and murine platelets88,93. Orai1 and STIM1 deficient 

platelets still display residual calcium entry following agonist stimulation which can be 

inhibited by SKF96365. This indicates that TRPC6 activation also contributes to 

calcium influx during platelet activation86. Moreover, findings from the Rosado group 

on washed human platelets show that TRPC6 can interact with the STIM1-Orai1 

complex to participate in SOCE94. However, the actual contribution of TRPC6 

channel function remains unknown.  

 

1.6 Scope and Aims 
 
Within the scope of this thesis, we have attempted to define the specific role for 

TRPC6 mediated calcium transport in human megakaryocytes obtained by 

differentiation of CD34+ cells. Furthermore, we evaluated the specific role for TRPC6 

in platelets using in vitro platelet assays on platelets from TRPC6 deficient mice.  

 

The specific aims were as follows: 

 

Aim 1: Develop and characterise an in vitro model of human MKs from CD34+ stem 

cells.  

Aim 2: Characterise TRPC6 expression and function in differentiating MKs. 

Aim 3: Determine function of TRPC6 in platelet physiology 
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Chapter  2  
 
Expression and function of canonical TRP channel 6 (TRPC6) in 
human megakaryocytes 
Gajalakshmi Ramanathan and Christine Mannhalter 

Department of Laboratory Medicine, Medical University of Vienna, Austria. 

 

2.1 Abstract 

Members of the transient receptor potential (TRP) family of cation conducting 

channels are found in several tissues and cell types with various physiological 

functions. The canonical TRP channel 6 (TRPC6) is present on the platelet 

membrane and appears to participate in calcium influx during platelet activation. 

Currently, limited information is available on the importance of TRPC6 in 

megakaryocytes (MKs), the precursor cells of platelets. We determined the mRNA 

expression levels of TRPC family members and investigated the role of TRPC6 for 

proliferation and differentiation of human MKs derived from CD34+ progenitor cells. 

TRPC6 transcripts were highly expressed during the differentiation of MKs and 

TRPC6 protein was detectable in MK cytoplasm by confocal staining. In MKs TRPC6 

channel activity was activated by flufenamic acid (FFA) and this lead to an increased 

intracellular Ca2+. The Ca2+ uptake through TRPC6 was inhibited by 10 µM 

SKF96365, an inhibitor of TRPCs. Already 5 µM SKF96365 induced a reduction in 

thrombopoietin-stimulated cell proliferation. Our results suggest a role of TRPC6 in 

calcium homeostasis during MK development and its importance for cell proliferation. 

 
Keywords 
 
Transient receptor potential C6, megakaryocyte, calcium, platelet, cell proliferation. 
 
Abbreviations 
 
Transient receptor potential canonical 6, TRPC6; Megakaryocyte, MK; Flufenamic 

acid, FFA; calcium, Ca2+; store operated calcium entry, SOCE; non-store operated 

calcium entry, non-SOCE; diacylglycerol, DAG. 
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2.2 Introduction 

The super-family of transient receptor potential (TRP) channels consists of several 

functionally versatile cation-conducting protein channels. The first TRP gene was 

described in Drosophila 1. In mammals, 28 TRP channels have been identified and 

based on sequence homology they are grouped into 6 sub-families; TRPC 

(Canonical), TRPV (Vanilloid), TRPM (Melastatin), TRPA (Ankyrin), TRPML 

(MucoLipin) and TRPP (Polycystin)2. TRP channels consist of six putative 

transmembrane domains (S1-S6) with a cation-permeable pore-forming loop 

between S5 and S6 and intracellular N- and C- termini 3. The channels assemble as 

homo-or hetero-multimers within each sub-family to form a variety of uniquely 

functional cation channels2. TRP channels participate in many biological processes 

including sensory, homeostatic and motile functions. A great deal on TRP channel 

expression and functions in various tissues is still unknown.  Members of the TRP 

family are found on stem cells such as mesenchymal stem cells 4, haematopoietic 

stem cells 5, myoblasts 6 and neural progenitor cells 7. The TRPC members are 

involved in G-protein coupled receptor (GPCR) signalling and phospholipase (PLC) 

activation. Growth factors, hormones and neurotransmitters have been reported to 

increase TRPC activity independent of PLC8. There are indications that TRPCs have 

a prominent role in the regulation of intracellular calcium (Ca2+) in excitable and non-

excitable cells.  

 

Platelet responses during hemostasis depend on an elevation in intracellular calcium 

concentration ([Ca2+]i). Ca2+ transport is achieved through several calcium permeable 

channels in the platelet membrane 9. A number of studies have shown a role of 

TRPCs in platelet calcium homeostasis10,11. TRPC6 has been proposed to be the 

major store-independent channel in human platelets 10 which is also highly expressed 

in mature human 12 and murine megakaryocytes (MKs)13. MKs develop from 

pluripotent hematopoietic stem cells (HSCs) committed to produce MK progenitors 

which proliferate and terminally differentiate to yield functional platelets. MK 

maturation is a unique developmental process where immature MKs undergo 

endomitosis that amplifies DNA, resulting in polyploidy. Cytoplasmic maturation 

involves the formation of an extensive demarcation membrane system (DMS), a 

continuous network of specialized membranes within the cytoplasm, and synthesis of 

numerous platelet-specific alpha and dense granules 14. Megakaryopoiesis also 
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comprises the synthesis of proteins necessary for platelet formation and function, 

including surface receptors and platelet granule components. Mature MKs are fully 

equipped with the elements necessary for platelet biogenesis via proplatelet 

formation and finally platelet release15. 

 

TRPC6 has been identified in immature CD34+ cells. Functional characterization 

suggests a role in hematopoiesis such as activation of calcium dependent 

transcription factors5. It has been observed that erythropoietin induced changes in 

cytoplasmic calcium influence the proliferation and differentiation of erythroid 

progenitors and precursors16. Recently, TRPC3 channel activation by erythropoietin 

has been found to be modulated by TRPC6 in human erythroid precursors, regulating 

intracellular calcium required for erythroid growth17. Presumably, TRPC6 also plays a 

role in modulating calcium influx in megakaryocytes, and influences their proliferation 

and cell growth. Recent research by our group in TRPC6 deficient mice showed that 

platelets lacking TRPC6 display normal activation responses to most platelet 

agonists in vitro and maintain normal haemostatic and thrombotic function in vivo 
18.These mice exhibited normal platelet count and size, indicating that TRPC6 is 

dispensable for the development of MKs and release of platelets in mice. However, 

several studies with washed human platelets illustrate a compelling role for TRPC6 in 

calcium influx and platelet function11,19,20. Thus, we investigated whether TRPC6 is of 

importance for the proliferation and development of human megakaryocytes. In our 

study we found an increasing expression of TRPC6 transcripts and TRPC6 protein 

synthesis during the development of MKs, and we could show that calcium influx is 

mediated by this channel in human MKs. 
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2.3 Materials and Methods 

Materials 

Acetoxymethyl esters of Fluo-4 and Fura Red were from Invitrogen/Molecular Probes 

(Lofer, Austria). Rabbit anti-TRPC6 antibody was from Alomone labs, Jerusalem, 

Israel. Flufenamic acid was obtained from Sigma. SKF96365.HCl was purchased 

from Calbiochem. All cytokines were purchased from Miltenyi Biotec. 

 

Cell culture 

Following informed consent umbilical cord blood (CB) was collected from healthy 

newborns and was used within 4 hours after delivery. Mononuclear blood cells were 

separated by centrifugation on a layer of Ficoll-Paque Leucosep (Greiner Bio-One 

GmbH, Austria). Human CD34+ stem cells were isolated using the CD34 microbead 

isolation kit from Miltenyi Biotec (Germany) according to the manufacturer's 

instructions. The CD34+ cells were cultured in serum-free medium (Stempro34, 

Invitrogen) containing interleukin-3 (IL-3) and stem cell factor (SCF) at 1 ng/ml and 

thrombopoietin (TPO) at 50 ng/ml, with medium changes twice weekly. After the first 

6 days of culture, the growth medium was altered and only supplemented with TPO 

at 50 ng/ml. The study was approved by the Ethics Committee of the Medical 

University of Vienna, Austria. 

 

Flow cytometry 

Cells were re-suspended in phosphate-buffered saline (PBS) containing 0.5% bovine 

serum albumin (BSA) and 2 mM EDTA. Then, they were stained with FITC-

conjugated anti-human CD41a and CD61 (eBioscience), allophycocyanin-conjugated 

anti-human CD42b (Becton Dickinson) or isotype-matched IgGs (negative controls). 

Data acquisition was performed on a FACSCalibur (Becton Dickinson) and analysed 

using FlowJo (TreeStar). 

 

Immunofluorescence 

Cultured cells were centrifuged onto adhesive microscopic glass slides and fixed with 

4% paraformaldehyde. Following permeabilization by treatment with 0.1% Triton X-

100 and blocking with 3% BSA in PBS, cells were incubated with FITC conjugated 

anti-CD61 and rabbit anti-TRPC6 (Alomone Labs). Labelling with TRPC6 was 

followed by incubation with AlexaFluor 555 (Molecular Probes). Cells were mounted 
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using ProlongGold anti-fade reagent containing 4’, 6-diamidino-2-phenylindole 

(DAPI) (Molecular Probes). Images were acquired and analysed using the Carl Zeiss 

LSM 700 laser scanning microscope. 

 

Quantitative real-time PCR 

Total RNA was isolated from CB-MKs using the RNeasy Mini Kit (QIAGEN). Up to 

1µg of total RNA was reverse transcribed using the MultiScribe reverse transcriptase 

enzyme (Applied Biosystems). The first-strand cDNA was used as a template in 

quantitative PCR (qPCR), using the EvaGreen Master Mix (Bio-rad). The cycling 

program was set as follows: denaturation at 95°C for 3 minutes, followed by 45 

cycles of 95°C for 10 seconds and 55°C for 45 seconds. Primers used for qPCR of 

TRPC ion channels were spanning at least one intron. The Abelson (Abl) and the 

GAPDH genes were used as internal controls. Primer sequences are listed in Table 

1. 

 

Measurement of intracellular free calcium 

Free cytosolic calcium in CB-MKs was measured by time-dependent flow cytometry. 

Aliquots containing 2x105 MK cells cultured for 12 days were washed and incubated 

with acetoxymethylester-derivatives of Fluo-4 (1 μM) and Fura Red (2 μM) at 37°C 

for 30 minutes in calcium free buffer. After washing to remove fluorescent dyes, cells 

were re-suspended in buffer containing calcium at 1.8 mM. After determination of 

basal calcium levels, agonists and inhibitors were added and data acquisition was 

continued. Fluo-4 signals were acquired in the FL-1 channel and Fura Red in the FL-

3 channel. Fluorescence ratio and kinetics of calcium influx analysis was performed 

using FlowJo (TreeStar). Flufenamic acid (FFA) was used as a pharmacological tool 

to investigate Ca2+ signalling via TRPC6 channels since this fenamate directly and 

specifically activates TRPC6 while inhibiting other non-selective TRPC channels21. 

 

Cell proliferation assay 

Ten days old MK cells were seeded at 2x104 cells per well in a 96-well plate. Cells 

were treated with SKF96365 and incubated at 37°C for 48 hours. After 44 hours of 

incubation, MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium]) (Promega) was added, and absorbance was measured 

at 490nm. 
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Statistical Analysis 

Results from at least 3 experiments are presented as mean (±) SD. Statistical 

differences were assessed by unpaired 2-tailed Student t test. P values <0.05 were 

considered statistically significant. 
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2.4 Results 
 
Development of MKs from haematopoietic progenitors 
 
Following cultivation in serum free media in the presence of IL-3 at 1 ng/ml, SCF at 1 

ng/ml and TPO at 50ng/ml, CD34+ haematopoietic progenitor cells presented as 

undifferentiated mononuclear MK precursors with little but highly basophilic 

cytoplasm (Figure 1A) on day 7. Upon further cultivation until day 14 with TPO only, 

cells matured and increased in cell size. Large cells with increased cytoplasmic 

volume exhibiting 2 or more nuclear lobes could now be observed. Between days 12 

and 14 cells displayed cytoplasmic extensions which indicated proplatelet formation 

(Figure 1B). 

To confirm differentiation of CD34+ to megakaryocytic cells the expression of surface 

glycoproteins was determined (Figure 1C). Flow cytometry showed 56.1% ± 12 % 

cells positive for CD61 and 52.8% ± 13.8 % cells positive for CD41a (mean±SEM of 3 

independent experiments). After 14 days, 95.8% ± 1.7% cells were CD61 and 94.6% 

± 1.4% cells were CD41 positive. CD42b was expressed on 61.0% ± 9.2% and 

91.4% ± 2.2% cells on days 7 and 14 respectively. 

 

Figure 1 
 
 A 
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B 

 
 
 
C 

 
 
 
Figure 1. Development and characterisation of megakaryocytes. (A) Morphology of 

MKs derived from cord blood CD34+ cells observed at different days by light 

microscopy after May-Grunwald staining. Scale bar represents 20 μm. (B) Proplatelet 

forming cells on day 12 of culture, proplatelets are indicated by black arrows. (C) 

Surface marker expression in developing MKs stained with anti-CD61 (red), CD41 

(green) and CD42b (blue) human antibodies on days 7 and 14 of culture. Grey line 

represents isotype control. 
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mRNA and protein expression of TRPC channels in developing MKs 
 
We observed the expression of transcripts of the TRPC family in developing MKs by 

qPCR (Figure 2A). Compared to uncultured CD34+ cells on day 0 transcript 

expression for TRPC6 increased 251 to 269-fold, for TRPC1 1.6 to 1.8-fold, for 

TRPC3 6.2 to 8.9-fold and for TRPC7 7.7 to 8.3-fold in 12 days old megakaryocytes. 

While TRPC1, TRPC3 and TRPC7 levels raised relatively quickly and were already 

high on day 3, the mRNA level of TRPC6 increased slowly but reached much higher 

levels in the later phase of MK maturation.  

 
Figure 2 
 
A 
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Figure 2. Expression of TRPC6 in developing MKs. (A) Expression profile of TRPC 

transcripts on days 3, 6, 9, 12 and 15 as determined by qPCR. Gene expression 

relative to day 0 was determined using the comparative delta delta Ct method and 

was normalised to the Abelson gene (Abl). The graph is representative of 4 

independent cultures. (B) Confocal microscopy of TRPC6 protein in human MKs 

determined on days 0, 3, 6, 9 and 12. Cells were stained with DAPI (blue), CD61 

(green) and TRPC6 (red). Scale bar represents 10 μm. Images are representative of 

4 independent cultures. 
 

We could observe the presence of TRPC6 protein already in MKs by confocal 

microscopy, and we observed small amounts already in immature MKs. We even 

B 
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found some TRPC6 expression in CD34+ stem cells. This indicates an early 

expression of TRPC6 in cultures of haematopoietic cells. The protein concentration 

increased strongly upon MK maturation (Figure 2B). TRPC6 expression appeared 

punctual indicating localisation to cellular organelles, in contrast, CD61 was present 

in the cytoplasm.  

 

Calcium entry and proliferation of MKs 
 
Members of the TRPC family are involved in calcium (Ca2+) influx in a store-

dependent and store-independent manner. Calcium entry from the extracellular 

medium was analyzed using the calcium binding fluorescent dyes Fluo-4 and Fura 

Red in time-dependent flow cytometry. The ratio of fluorescence signals indicated 

changes in intracellular calcium ([Ca2+]i). FFA, a specific activator of TRPC6, was 

used at concentrations between 50 μM to 200 μM to activate TRPC6 in MKs. 

Addition of FFA to MKs suspended in buffer without calcium (0 mM Ca2+), induced no 

change in fluorescence signals indicating that there was no effect on [Ca2+]i (Figure 

3A, left). It also showed that stimulation with FFA even at the highest concentration of 

200 μM did not result in release of Ca2+ from intracellular stores. Thus, we assume 

that FFA cannot activate SOCE which is entirely dependent on the depletion of 

internal Ca2+ stores.  In the presence of external Ca2+ (1.8 mM Ca2+), treatment of 

cells with FFA resulted in a dose-dependent increase in fluorescence signals 

indicating an increase in intracellular Ca2+ (Figure 3A, right) as result of Ca2+ entering 

from the external medium into the cells via channels that are activated independent 

of store-release. This suggests that the response induced by FFA in megakaryocytes 

is due to non-store operated calcium entry (non-SOCE) and is mediated by the 

TRPC6 cation channel. 

 

To confirm that the Ca2+ flux mediated by FFA occurred via TRPC6 we used 

SKF96365, a synthetic organic broad range inhibitor that interferes with second-

messenger activated and store-operated Ca2+ channels and blocks TRPC channels. 

When cells were pre-incubated with SKF96365 at 10 and 50 μM concentration before 

the addition of FFA, the increase in fluorescence was significantly reduced (Figure 

3B), demonstrating that FFA activates TRPC channels. This indicates a functional 

role of TRPCs in human MKs. Importantly, increasing concentrations of SKF96365 
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reduced MK cell proliferation in a dose-dependent manner suggesting that TRPC 

channels play an important role in MK proliferation (Figure 3C). 

 

Figure 3 

 
 
 

 

 
 

A 

B 

C 
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Figure 3. Induction of Ca2+ influx in MKs and effect of SKF96365 on MK cell 

proliferation. (A) Ca2+ influx was determined by time-dependent flow cytometry using 

flufenamic acid (FFA) at different concentrations in day 12 MKs in Ca2+-free buffer (0 

mM Ca2+), left, and in the presence of external Ca2+ (1.8 mM Ca2+), right. The change 

in fluorescence signals of the Ca2+ binding dyes, Fluo-4 and Fura Red was acquired 

in the FL-1 and FL-3 channels respectively, and the ratio (FL-1/FL-3) is presented as 

a function of time. The curves are representative of 3 independent experiments. (B) 

MK cells at day 12 were pre-incubated with SKF96365 at 10 and 50 μM for 3 minutes 

and then activated with 100 μM FFA in the presence of external Ca2+. (C) MK cells on 

day 10 were cultured for 48 hours in the presence of 50 ng/ml TPO with increasing 

concentrations of SKF96365. Cell proliferation was determined at the end of 48 hours 

using the MTT assay. The data shown are the mean ± S.D of triplicate 

measurements compared to the control, 0 μM SKF96365. 

 
Table 1.  Primer sequences used in qPCR 

Gene Primers 

hTRPC1 
Fwd 5' - 3' TGC AGC TTC TTT TGG ACT ACG 
Rev 5' - 3' CGA TGA GCA GCT AAA ATG ACA 

hTRPC3 
Fwd 5' - 3' GAT CGC ACC TTG CAG CAG GC 
Rev 5' - 3' AGG CAT TGA ACA CAA GCA GAC CC 

hTRPC6 
Fwd 5' - 3' AAA CGC TCC AGA GTG GTG AT 
Rev 5' - 3' GGA GAG AAG TTG CTG TTG GC 

hTRPC7 
Fwd 5' - 3' ACA AGT GGT GGC CTT CAG AC 
Rev 5' - 3' CGT TGG CTG GCA GAA TGT AT 

hABL1 
Fwd 5' - 3' TGT ATG ATT TTG TGG CCA GTG GAG 
Rev 5' - 3' GCC TAA GAC CCG GAG CTT TTC A 

hGAPDH Fwd 5' - 3' TCA AGG GCA TCC TGG GCT ACA CTG AG 
Rev 5' - 3' TGA CAA AGT GGT CGT TGA GGG CAA TG 
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2.5 Discussion 
 

CD34+ cells isolated from human umbilical cord blood and cultured in the presence 

of TPO have been successfully used to study megakaryopoiesis in vitro. The two-

step culture method used in our study with the removal of IL-3 and SCF after the first 

week of culture and supplementation with TPO alone for the remaining culture period, 

resulted in several fold increase in megakaryocyte numbers as also reported by 

others 22,23. Recent studies have demonstrated that polyploidy and cytoplasmic 

maturation are independent processes and CB-derived MKs are capable of reaching 

full MK maturation24. Cord blood-derived MKs showed low DNA content with small 

size indicating primitive MK progenitors. However, corresponding to previous 

observations the MKs we obtained displayed all surface phenotype characteristics of 

fully mature MKs 25. The yield of proplatelet forming cells in culture was around 25 to 

30% which agrees well with reported data 26. 

 

Even though it had been reported that human MKs express TRPC mRNA transcripts, 

including TRPC1, TRPC3, TRPC4 and TRPC6 12, the functional role of TRPC 

proteins in MKs is not clear. As had been described12,13,27 we observed much higher 

levels of TRPC6 expression in CB-derived MKs compared to other members of the 

TRPC family. While TRPC1 expression was observed in immature and mature MKs 
12, TRPC3 mRNA expression has not yet been reported in primary human MKs. 

However, the megakaryocytic cell lines MEG01, Dami and HEL have been shown to 

express TRPC312,28, and it was suggested that TRPC proteins may mediate cation 

influx in megakaryocytes. Several studies have investigated the TRPC3 protein and 

its role on calcium influx in platelets and have shown that it contributes to platelet 

activation11,29. Our observation of increasing concentrations of TRPC3 transcripts in 

developing human MKs corroborates reported data. Interestingly, a strong increase 

of the mRNA levels during development of MKs is only observed for TRPC6. We 

hypothesize that this upregulation of TRPC6 in the mature MKs occurs to enable the 

Ca2+ signalling in human platelets. Indeed, a dual role for TRPC6 has been 

described. While the assembly of TRPC6 and TRPC3 in resting and diacylglycerol-

activated platelets allows non-store operated calcium entry (non-SOCE), the 

interaction of TRPC6 with the Orai1-STIM1 complex TRPC6 seems to play a role in 

store operated calcium entry (SOCE)11. 
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The involvement of TRPC6 channels in Ca2+ entry has been studied in immortalized 

podocytes and HEK293 cells using FFA21. We could show that in human MKs FFA 

does not induce store-release and does not contribute to SOCE. From our data we 

can conclude that the Ca2+ influx seen in MKs in the presence of FFA is through non-

selective cation channels, presumably TRPC6, since this channel is present in 

highest concentration. The significant reduction of MK proliferation by SKF96365 

suggests an involvement of TRPC channels in TPO-induced MK progenitor 

proliferation. Indeed, it has been shown that TPO is capable of inducing Ca2+ entry in 

stem cells and (im)mature MKs 30 distinct from SOCE currents. Non-selective calcium 

channels maybe responsible for this growth factor induced Ca2+ influx, with TRPC6 

as a possible candidate5,30. High TRPC6 expression has been shown to result in cell 

cycle progression and cancer development in oesophageal carcinoma 31 and glioma 
32. These findings indicate an essential role for TRPC6 in cell proliferation in different 

cell types and support our observations in MKs. 

 

Recently, we could show that TRPC6 exclusively mediates diacylyglycerol (DAG) 

induced Ca2+ entry in murine platelets 18. We found a defective DAG-induced Ca2+ 

entry but intact store-operated calcium signalling in TRPC6-/-  platelets. However, the 

absence of TRPC6 did not affect in vitro functional assays, and TRPC6-/- mice had 

normal platelet numbers and platelet size with typical glycoprotein expression on the 

platelet membrane. Thus, in mice TRPC6 apparently does not influence the 

development of murine MKs. However, in human platelets and MKs the situation 

seems to be different. Recently, a significant role for the TRPC6 cation channel in 

platelet function and Ca2+ homeostasis has been reported11,33. 

 

From our results, we want to suggest that the high concentrations of functional 

TRPC6 in developing MKs and the impaired proliferation of MKs upon inhibition of 

TRPC channels indicate their participation in the proliferation of human MK 

progenitors. 

 
 
 
 



 

 50 

Acknowledgements 
 
This work was supported by the Austrian Science Fund (FWF), the Cell 

Communication in Health and Disease (CCHD) PhD program at the Medical 

University of Vienna and a grant from the Society of Thrombosis and Haemostasis 

Research (GTH). All confocal images were taken at the Core Facility Imaging at the 

Medical University of Vienna. 

 

Conflict of Interest 
The authors declare no conflict of interest.  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 51 

2.6 References 
 
1. Montell C, Rubin GM. Molecular characterization of the Drosophila trp locus: a 

putative integral membrane protein required for phototransduction. Neuron 

1989;2(4):1313-23. 

2. Venkatachalam K, Montell C. TRP channels. Annu Rev Biochem 2007;76:387-

417. 

3. Owsianik G, D'Hoedt D, Voets T, Nilius B. Structure-function relationship of 

the TRP channel superfamily. Rev Physiol Biochem Pharmacol 2006;156:61-

90. 

4. Torossian F, Bisson A, Vannier JP, Boyer O, Lamacz M. TRPC expression in 

mesenchymal stem cells. Cell Mol Biol Lett 2010;15(4):600-10. 

5. Park KS, Pang B, Park SJ, Lee YG, Bae JY, Park S, Kim I, Kim SJ. 

Identification and functional characterization of ion channels in CD34(+) 

hematopoietic stem cells from human peripheral blood. Mol Cells 

2011;32(2):181-8. 

6. Woo JS, Cho CH, Kim do H, Lee EH. TRPC3 cation channel plays an 

important role in proliferation and differentiation of skeletal muscle myoblasts. 

Exp Mol Med 2010;42(9):614-27. 

7. Paez PM, Fulton D, Spreuer V, Handley V, Campagnoni AT. Modulation of 

canonical transient receptor potential channel 1 in the proliferation of 

oligodendrocyte precursor cells by the golli products of the myelin basic 

protein gene. J Neurosci 2011;31(10):3625-37. 

8. Abramowitz J, Birnbaumer L. Physiology and pathophysiology of canonical 

transient receptor potential channels. FASEB J 2009;23(2):297-328. 

9. Varga-Szabo D, Braun A, Nieswandt B. Calcium signaling in platelets. J 

Thromb Haemost 2009;7(7):1057-66. 

10. Hassock SR, Zhu MX, Trost C, Flockerzi V, Authi KS. Expression and role of 

TRPC proteins in human platelets: evidence that TRPC6 forms the store-

independent calcium entry channel. Blood 2002;100(8):2801-11. 

11. Jardin I, Gomez LJ, Salido GM, Rosado JA. Dynamic interaction of hTRPC6 

with the Orai1-STIM1 complex or hTRPC3 mediates its role in capacitative or 

non-capacitative Ca(2+) entry pathways. Biochem J 2009;420(2):267-76. 



 

 52 

12. den Dekker E, Molin DG, Breikers G, van Oerle R, Akkerman JW, van Eys GJ, 

Heemskerk JW. Expression of transient receptor potential mRNA isoforms and 

Ca(2+) influx in differentiating human stem cells and platelets. Biochim 

Biophys Acta 2001;1539(3):243-55. 

13. Carter RN, Tolhurst G, Walmsley G, Vizuete-Forster M, Miller N, Mahaut-

Smith MP. Molecular and electrophysiological characterization of transient 

receptor potential ion channels in the primary murine megakaryocyte. J 

Physiol 2006;576(Pt 1):151-62. 

14. Hartwig J, Italiano J, Jr. The birth of the platelet. J Thromb Haemost 

2003;1(7):1580-6. 

15. Patel SR, Hartwig JH, Italiano JE, Jr. The biogenesis of platelets from 

megakaryocyte proplatelets. J Clin Invest 2005;115(12):3348-54. 

16. Miller BA, Scaduto RC, Jr., Tillotson DL, Botti JJ, Cheung JY. Erythropoietin 

stimulates a rise in intracellular free calcium concentration in single early 

human erythroid precursors. J Clin Invest 1988;82(1):309-15. 

17. Hirschler-Laszkiewicz I, Tong Q, Conrad K, Zhang W, Flint WW, Barber AJ, 

Barber DL, Cheung JY, Miller BA. TRPC3 activation by erythropoietin is 

modulated by TRPC6. J Biol Chem 2009;284(7):4567-81. 

18. Ramanathan G, Gupta S, Thielmann I, Pleines I, Varga-Szabo D, May F, 

Mannhalter C, Dietrich A, Nieswandt B, Braun A. Defective diacylglycerol-

induced Ca2+ entry but normal agonist-induced activation responses in 

TRPC6-deficient mouse platelets. J Thromb Haemost 2012;10(3):419-29. 

19. Harper MT, Sage SO. Src family tyrosine kinases activate thrombin-induced 

non-capacitative cation entry in human platelets. Platelets 2010;21(6):445-50. 

20. Dionisio N, Albarran L, Berna-Erro A, Hernandez-Cruz JM, Salido GM, 

Rosado JA. Functional role of the calmodulin- and inositol 1,4,5-trisphosphate 

receptor-binding (CIRB) site of TRPC6 in human platelet activation. Cell Signal 

2011;23(11):1850-6. 

21. Foster RR, Zadeh MA, Welsh GI, Satchell SC, Ye Y, Mathieson PW, Bates 

DO, Saleem MA. Flufenamic acid is a tool for investigating TRPC6-mediated 

calcium signalling in human conditionally immortalised podocytes and HEK293 

cells. Cell Calcium 2009;45(4):384-90. 



 

 53 

22. Majka M, Baj-Krzyworzeka M, Kijowski J, Reca R, Ratajczak J, Ratajczak MZ. 

In vitro expansion of human megakaryocytes as a tool for studying 

megakaryocytic development and function. Platelets 2001;12(6):325-32. 

23. Sun L, Tan P, Yap C, Hwang W, Koh LP, Lim CK, Aw SE. In vitro biological 

characteristics of human cord blood-derived megakaryocytes. Ann Acad Med 

Singapore 2004;33(5):570-5. 

24. Liu ZJ, Italiano J, Jr., Ferrer-Marin F, Gutti R, Bailey M, Poterjoy B, Rimsza L, 

Sola-Visner M. Developmental differences in megakaryocytopoiesis are 

associated with up-regulated TPO signaling through mTOR and elevated 

GATA-1 levels in neonatal megakaryocytes. Blood 2011;117(15):4106-17. 

25. Mattia G, Vulcano F, Milazzo L, Barca A, Macioce G, Giampaolo A, Hassan 

HJ. Different ploidy levels of megakaryocytes generated from peripheral or 

cord blood CD34+ cells are correlated with different levels of platelet release. 

Blood 2002;99(3):888-97. 

26. Thon JN, Italiano JE. Platelet formation. Semin Hematol 2010;47(3):220-6. 

27. Lim CK, Hwang WY, Aw SE, Sun L. Study of gene expression profile during 

cord blood-associated megakaryopoiesis. Eur J Haematol 2008;81(3):196-

208. 

28. Berg LP, Shamsher MK, El-Daher SS, Kakkar VV, Authi KS. Expression of 

human TRPC genes in the megakaryocytic cell lines MEG01, DAMI and HEL. 

FEBS Lett 1997;403(1):83-6. 

29. Woodard GE, Lopez JJ, Jardin I, Salido GM, Rosado JA. TRPC3 regulates 

agonist-stimulated Ca2+ mobilization by mediating the interaction between 

type I inositol 1,4,5-trisphosphate receptor, RACK1, and Orai1. J Biol Chem 

2010;285(11):8045-53. 

30. den Dekker E, Gorter G, van der Vuurst H, Heemskerk JW, Akkerman JW. 

Biogenesis of G-protein mediated calcium signaling in human 

megakaryocytes. Thromb Haemost 2001;86(4):1106-13. 

31. Ding X, He Z, Shi Y, Wang Q, Wang Y. Targeting TRPC6 channels in 

oesophageal carcinoma growth. Expert Opin Ther Targets 2010;14(5):513-27. 

32. Ding X, He Z, Zhou K, Cheng J, Yao H, Lu D, Cai R, Jin Y, Dong B, Xu Y and 

others. Essential role of TRPC6 channels in G2/M phase transition and 

development of human glioma. J Natl Cancer Inst 2010;102(14):1052-68. 



 

 54 

33. Salido GM, Jardin I, Rosado JA. The TRPC ion channels: association with 

Orai1 and STIM1 proteins and participation in capacitative and non-

capacitative calcium entry. Adv Exp Med Biol 2011;704:413-33. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 55 

Chapter 3 
 
Silencing of TRPC6 in CD34+ derived MKs using siRNA 
 
 
3.1 Introduction 
 

Several techniques have been used to study the role of TRPCs in mammalian cell 

systems. These include heterologous expression of the wild-type TRPC and 

interference of TRPC expression using dominant-negative constructs1. However, due 

to the ability to form homomeric and heteromeric channels, overexpressed TRPC 

proteins do not always represent the native channel assembly. Pharmacological 

modulators have also been used to investigate TRPC channel function2, and the 

application of antibodies to block TRPC channels in platelets has been reported by 

the Rosado group3. The specificity of these anti-TRPC antibodies regarding the 

inhibition of channel function is still questionable4. Therefore, inhibitors do not allow 

specific answers. Thus, it remains a challenge to investigate individual TRPC 

channels in their native environment.  

 

In consideration of the lack of specific pharmacological inhibitors to study TRPC6 

function, stable knockdown of TRPC6 in CD34+ cells will be the only way to provide 

proof for its role in human MKpoiesis. At present, the most reliable approaches to 

analyze TRPC channels involve the use of RNA interference (RNAi) for gene 

knockdown and gene targeting to generate TRPC knockout mice. In our study, we 

used a lipofection approach; however, we could not achieve a satisfactory 

knockdown of TRPC6. 
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3.2 Materials & Methods 
 
Reagents 

For silencing of TRPC6 human megakaryocytes differentiated from CD34+ cells from 

cord bloodwere prepared, pre-designed siRNAs were obtained from Dharmacon, ON-

TARGETplus SMARTpool reagent (L-004192-00). This SMARTpool reagent 

consisted of a mixture of four individual siRNAs targeting the human TRPC6 gene 

with guaranteed silencing by at least 75 % at the mRNA level under optimal 

transfection and detection protocols. ON-TARGETplus non-targeting siRNA 

(Dharmacon) was used as a negative control. The liposomal transfection reagents 

DOTAP (Roche Applied Science), Lipofectamine®2000 and 

Lipofectamine®RNAiMAX (Invitrogen) were used to deliver the siRNAs.  

 

siRNA transfection of MKs  

CD34+ derived MKs on day 10 of culture were seeded at 8 x 104 cells per well in a 

24 well plate. TRPC6 specific siRNAs and control siRNAs were used at final 

concentrations of 50 nM or 100 nM. Transfections were carried out using Dotap, 

Lipofectamine®2000 or Lipofectamine®RNAiMAX at different volumes. For 

transfections with Dotap, the siRNAs and lipid were diluted in Hepes buffered saline 

(HBS). For transfections with Lipofectamine, Opti-MEM® (Invitrogen) was used for 

dilution. All transfections were carried out in duplicate in serum-free and antibiotics-

free media. RNA knockdown was assessed 24, 48, 72 and 96 hours post transfection 

by PCR.  

 

Total RNA isolation, cDNA synthesis and PCR amplification 

Cells were harvested and washed once in phosphate buffered saline. Then, they 

were lysed and total RNA was extracted using the RNeasy Mini Kit (QIAGEN). Up to 

1µg of total RNA was reverse transcribed using the MultiScribe reverse transcriptase 

enzyme (Applied Biosystems). 1 µl of cDNA was used as template in PCR reactions. 

PCR was performed with the following program: initial denaturation at 95°C for 10 

minutes, followed by 30 cycles of 95°C for 15 seconds, 55°C (TRPC6 and Actin) or 

60°C (Abl and GAPDH) for 30 seconds and 72°C for 30 seconds with a final 

extension at 72°C for 7 minutes. The PCR products were analysed using agarose gel 

electrophoresis. Primer sequences are listed in Table 1. 
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Table 1. Primer sequences used for PCR 

Gene Primers 

TRPC6 
Fwd 5' - 3' AAA CGC TCC AGA GTG GTG AT 
Rev 5' - 3' GGA GAG AAG TTG CTG TTG GC 

Abl 
Fwd 5' - 3' TGT ATG ATT TTG TGG CCA GTG GAG 
Rev 5' - 3' GCC TAA GAC CCG GAG CTT TTC A 

GAPDH Fwd 5' - 3' TCA AGG GCA TCC TGG GCT ACA CTG AG 
Rev 5' - 3' TGA CAA AGT GGT CGT TGA GGG CAA TG 

Actin Fwd 5' - 3' TCA CCC ACA CTG TGC CCA TCT ACG A 
Rev 5' - 3' CAG CGG AAC CGC TCA TTG CCA ATG G 
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3.3 Results  
 
 
The lipid reagents, Dotap, Lipofectamine2000 and RNAiMAX were compared for their 

efficiency in delivering siRNAs to MK cells after 24, 48 or 72 hours, Dotap treated 

cells showed no change in TRPC6 mRNA expression when compared to non-

targeting controls (Figure 1). Lipofectamine2000 appeared to have some knockdown 

effect after 48 hours while RNAiMAX showed a decrease in TRPC6 expression after 

72 hours (Figure 1). Thus for further experiments, we used Lipofectamine2000 and 

RNAiMAX to optimize transfection of CD34+ derived MKs.  

 
 

 
 
Figure 1. Efficiency of lipid reagents in knockdown of TRPC6 expression. MKs were 

treated on day 10 of culture. siRNAs were applied at final concentrations of 50 nM 

and 1 µl of lipid reagent was used for each transfection. NT, non-targeting siRNA; T6, 

TRPC6 specific siRNA.  

 

To optimize the ratio of lipid reagent and siRNA, different volumes of 

Lipofectamine2000 were used to deliver siRNAs (Figure 2). An increased amount of 

lipid volume up to 1.2 µl appeared to be associated with a slight decrease in TRPC6 

expression after 48 hours. However, the knockdown effect was no longer present at 

72 and 96 hours after transfection.  
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Figure 2. Effect of lipid volume on TRPC6 silencing. Lipofectamine2000 was used at 

0.7, 1.0 and 1.2 μl to deliver siRNAs for each transfection. The final concentration of 

siRNA was 50 nM. NT, non-targeting control; T6, TRPC6 specific siRNA. Actin was 

used as control.   

 

A second transfection experiment also performed with 1.2 μl Lipofectamine2000 in a 

different culture did not show any change in TRPC6 mRNA expression (Figures 3). 

After 48 and 72 hours, the expression of TRPC6 was not different from the negative 

control. Hence, we performed further transfections with RNAiMAX.  

 

 
 

Figure 3. Effect of 1.2 μl of Lipofectamine2000 on an independent culture. The final 

concentration of siRNA was 50 nM. NT, non-targeting control; T6, TRPC6 specific 

siRNA. Actin was used as control.   

 

 

Three further cell cultures were transfected with RNAiMAX (Figure 4). Culture 1 did 

not show any change in gene expression after 48, 72 or 96 hours. Culture 2 showed 

a slight decrease in TRPC6 expression after 48 hours which was not present after 72 

hours (Figure 4). Interestingly, Culture 3 showed a marked decrease in TRPC6 

mRNA expression after 72 hours which also persisted after 96 hours. Since each 
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culture behaved differently with respect to knockdown, we repeated transfection with 

RNAiMAX on another set of cells.  

 

 
 

Figure 4. Effect of RNAiMAX on TRPC6 knockdown in 3 independent cultures of 

MKs. The final concentration of siRNA was 50 nM. NT, non-targeting control; T6, 

TRPC6 specific siRNA. Abl was used as control.   

 

Repeating the transfection using RNAiMAX on a fourth culture, did not produce the 

knockdown effect seen after 72 hours in Culture 3. An increase of the lipid volume 

and the siRNA concentration to 1.5 μl and 100 nM, respectively, had no effect.  

 

 
 

Figure 5. Effect of lipid/siRNA ratio on knockdown efficiency of RNAiMAX. The 

lipid/siRNA ratios used were 1 μl lipid with 100nM final concentration siRNA (1/100) 

and 1.5 μl lipid with 50nM final concentration siRNA (1.5/50). UT, untransfected cells; 

NT, non-targeting control; T6, TRPC6 specific siRNA. GAPDH was used as control. 
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3.4 Discussion 
 
The biological role of TRPC channels has been deduced from experiments with cell 

lines where the channel protein is heterologously expressed. However, this approach 

does not give conclusive answers due to the formation of unspecific heteromeric 

channels are not characteristic of native channel assembly 5. We used transfection of 

cells with small interfering RNA (siRNA) to downregulate TRPC6 gene expression in 

cultured cells. However, it has to be pointed out that off-target effects of siRNA are 

not uncommon6,7 and several unrelated genes can be downregulated by unspecific 

siRNA. Also, effective gene silencing may take days following introduction of the 

siRNA until the already assembled proteins are degraded.  

 
Several TRPC proteins have been knocked down by siRNA in vitro to study their 

biological effects in osteoblasts 8, neurons 9 and cardiomyocytes 10. The effect of 

knockdown of endogenous TRPC6 has mostly been studied in vascular smooth 

muscle cells11,12 and podocytes 13. We attempted to achieve silencing of TRPC6 in 

CD34+ derived MKs on day 10 by delivering siRNA using lipid based reagents. We 

used RNAiMAX (Invitrogen), Lipofectamine (Invitrogen) and DOTAP (Roche). 

Repeated attempts of transfection with various amounts of lipid/siRNA ratios did not 

produce effective silencing as observed by transcript expression 48 to 72 hours after 

transfection. According to the literature, primary murine MKs have been transfected 

with ribozymes using DOTAP, which resulted in 50% transfection efficiency14. In our 

hands this transfection efficiency could not be achieved. However, this study used 

murine MKs while we studied primary human cells. Moreover, the concentration of 

lipid used was 10 μg/ml while we applied DOTAP at a final concentration of 7 μg/ml. 

In addition, the PKCα specific ribozymes were transfected at a final concentration of 

2 μM which is much higher than the 50 nM siRNA used by us. These differences 

could account for the ineffective transfection observed using DOTAP. 

Lipofectamine2000 had been used to introduce plasmid DNA into the MK cell line, 

Meg-01. Up to 30 μl of lipid reagent was applied to deliver plasmid DNA. However, 

transfection efficiency was only 1.0 to 2.0 % 15. These authors report that among the 

available transient transfection methods, nucleofection is the most effective for MKs. 

RNAiMAX has been specifically designed for siRNA delivery into several cell types. 

Its use in primary MKs has not been described although K562 cells, a chronic 

myeloid leukemia cell line that can differentiate along the MK lineage when 
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stimulated with PMA, have been successfully transfected with siRNAs using 

RNAiMAX 16. It is well known that primary cells are inherently hard to transfect and 

the liposomal method is more efficient in transfecting adherent cells than cells in 

suspension17. Nevertheless, there are a few reports on transfection of primary cells 

using the liposomal method 18,19 but the success of these detailed protocols depends 

on several factors such as the cell type, gene of interest and growth conditions. From 

our results we can conclude that liposomal transfection methods are not suitable to 

achieve efficient reproducible silencing of TRPC6 in CD34+ derived MKs. 

 

Viral transduction for genetic manipulation of MKs is more efficient and results in 

stable transfection. Lentiviral vectors have been used to deliver siRNA into 

heamatopoietic stem cells (HSCs) to achieve efficient gene silencing. However, viral 

preparation is a time-consuming process and the method requires the use of special 

biosafety facilities. Lentiviral-mediated RNAi knockdown of RGS16 in cord blood 

CD34+ derived MKs resulted in 50% reduction of the protein and implicated its role in 

SDF/CXCR4 signalling20. Efficient retroviral transduction of cord blood derived stem 

cells was achieved by Lu et al. using a cytokine cocktail to pre-treat the cells before 

transduction and treating a small number of cells with the virus 21. Schomber et al., 

reported about 50 % transduction efficiency in CD34+ cells transduced with p53 

siRNA. The expression of p53 mRNA was reduced to 3 % and the gene silencing 

effect persisted over time22. Nucleofection® developed by Amaxa™ (Lonza) allows 

introduction of genetic material directly into the cell nucleus and has been used to 

manipulate primary cells including human CD34+ cells. It is less labour intensive and 

time consuming than the retro- and lentiviral methods but the ability to achieve stable 

transfection is questionable. Although, cell death is high using this technique, it does 

not seem to affect cell fate and lineage commitment23. Expression of transfected GFP 

was observed 9 days post transfection but longer culture periods that are required for 

primary MK development may result in loss of positive cells.  

 

The method of siRNA delivery remains the major hurdle to knockdown experiments in 

primary MKs. As our effort to accomplish gene silencing with liposomal reagents was 

not effective we are planning to apply viral transduction to produce stable transfection 

in primary MKs.  
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4.1 Abstract 

Background: Platelet adhesion, activation and aggregation at sites of vascular injury 

are essential processes for primary hemostasis. Elevation of the intracellular Ca2+ 

concentration is a central event in platelet activation but the underlying mechanisms 

are not fully understood. Store-operated calcium entry (SOCE) through Orai1 was 

shown to be the main Ca2+ influx pathway in murine platelets, but there are additional 

non-store-operated Ca2+ (non-SOC) and receptor operated Ca2+ (ROC) channels 

expressed in the platelet plasma membrane.  

Objective: Canonical transient receptor potential (TRPC) channel 6 is found both in 

human and murine platelets and has been proposed to mediate diacylglycerol (DAG) 

activated ROCE but also a role in the regulation of SOCE has been suggested.  

Methods: To investigate the function of TRPC6 in platelet Ca2+ signaling and 

activation, we analyzed platelets from mice deficient in TRPC6 using a wide range of 

in vitro and in vivo assays.  

Results: In the mutant platelets, DAG activated Ca2+ influx was found to be 

abolished. However, this did not significantly affect SOCE or agonist induced Ca2+ 

responses. Platelet function in vitro and in vivo was also unaltered in the absence of 

TRPC6.  

Conclusion: Our results indicate that DAG activated ROCE is mediated exclusively by 

TRPC6 in murine platelets, but this Ca2+ influx has no major functional relevance for 

hemostasis and thrombosis. Further, in contrast to previous suggestions, based on 

studies with human platelets, TRPC6 appears to play an insignificant role in the 

regulation of SOCE in murine platelets. 
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4.2 Introduction 

Platelet activation and thrombus formation are triggered by subendothelial collagens, 

secondary mediators, such as thromboxane A2 (TxA2) and adenosine diphosphate 

(ADP), released by activated platelets and thrombin generated by the coagulation 

cascade. Although these agonists stimulate different signalling pathways, finally all of 

them induce the activation of phospholipase C (PLC) isoforms resulting in the 

hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) to diacylglycerol (DAG) 

and inositol-1,4,5-trisphosphate (IP3). This results in the release of Ca2+ from 

intracellular stores through IP3 receptor channels and also subsequent Ca2+ influx by 

plasma membrane Ca2+ channels which finally leads to an increase in the cytosolic 

Ca2+ concentration ([Ca2+]i). 

There are three types of Ca2+ channels expressed in the platelet plasma membrane: 

(i) SOC channels which are regulated by the filling state of the intracellular stores, (ii) 

ROC channels opening through ligand binding and (iii) non-SOC channels activated 

by multiple modalities including membrane lipids, membrane insertion [1] and 

membrane layer acidification [2]. The major Ca2+ influx pathway in non-excitable cells 

– such as platelets – is store-operated Ca2+ entry (SOCE). Receptor activation 

results in Ca2+ release from the intracellular stores, such as the endoplasmic 

reticulum (ER), which in turn leads to an opening of plasma membrane SOC 

channels and extracellular Ca2+ can enter the cell. Stromal interaction molecule 1 

(STIM1) has been identified as the Ca2+ sensor in the ER membrane that upon store 

release activates Orai1, the major SOC channel in the plasma membrane [3-5]. 

Platelets from mice lacking either STIM1 or Orai1 have severely reduced, but not 

abolished Ca2+ entry in response to all major platelet agonists resulting in incomplete 

activation, impaired coagulant activity [6, 7] and the formation of unstable thrombi in 

vivo [8, 9]. Interestingly, these platelets were still able to fulfil many of their in vitro 

functions [7], suggesting that Ca2+ from the stores and Ca2+ influx through ROC and 

non-SOC channels was sufficient to maintain these functions. 

Canonical transient receptor potential (TRPC) channel 6 (TRPC6) has been 

described as a DAG operated ROC channel in different cell types [10, 11], including 

human platelets [12]. TRPC6 has also been proposed to conduct the residual Ca2+ 

entry in Orai1−/− platelets [8]. Furthermore, some reports suggested a regulatory role 
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of TRPC6 in SOCE in human platelets by its interaction with the STIM1-Orai1 

complex and TRPC3 [13]. However, the role of TRPC6 in platelet activation and 

thrombus formation is still elusive. In the present study, we have used TRPC6-

deficient (Trpc6−/−) mice to investigate the exact role of TRPC6 in platelet Ca2+ 

homeostasis and platelet function. Our study shows that the absence of TRPC6 

completely abolishes DAG activated ROCE but does not affect SOCE in murine 

platelets. Platelet activation in vitro and thrombus formation in vivo were also normal 

indicating a minor role of the channel in murine platelet physiology. 
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4.3 Materials and methods 

Mice 

Trpc6−/− mice were generated as described [14]. Animal studies were approved by 

the local authorities (Bezirksregierung Unterfranken). Trpc6−/− mice and their Wt 

littermates of C57Bl/6 background were used for experiments between 6 and 

12 weeks of age. 

Chemicals and reagents 

Anesthetic drugs: medetomidine (Pfizer, Karlsruhe, Germany), midazolam (Roche 

Pharma AG, Grenzach-Wyhlen, Germany), fentanyl (Janssen-Cilag GmbH, Neuss, 

Germany) and antagonists; atipamezol (Pfizer), flumazenil and naloxon (both from 

Delta Select GmbH, Dreieich, Germany) were used according to the regulation of the 

local authorities. Thrombin (Roche Diagnostics, Mannheim, Germany), 1-oleoyl-2-

acetyl-sn-glycerol (OAG), ADP, high-molecular-weight heparin and human fibrinogen 

(Sigma-Aldrich, Deisenhofen, Germany), U46619 (Alexis Biochemicals, San Diego, 

CA, USA), collagen (Kollagenreagents Horm; Nycomed, Munich, Germany), apyrase 

Type III (Sigma-Aldrich, Diesenhofen, Germany), thapsigargin, Fura-2 AM and 

Pluronic F-127 (Molecular Probes, Eugene, OR, USA), phorbol-12-myristate-13-

acetate (PMA) (Sigma, Deisenhofen, Germany) and PKC inhibitor Gö 6983 

(Calbiochem, Bad Soden, Germany) were purchased. Monoclonal antibodies 

conjugated to fluorescein isothiocyanate (FITC), phycoerythrin (PE), or DyLight-488 

and the antibody against the activated form of integrin αIIbβ3 (JON/A-PE) [15] were 

from Emfret Analytics (Würzburg, Germany). Collagen-related peptide (CRP) was 

generated as described [16]. Annexin V- Dylight 488 was generously provided by 

Jonathan F Tait, University of Washington Medical Center. Rabbit anti-TRPC6 

antibody was from Alomone Labs (Jerusalem, Israel) and rat anti-tubulin antibody 

from Millipore (Billerica, MA, USA). 

Platelet preparation 

Mice were bled under isofluran anesthesia by puncturing the retro-orbital plexus. Five 

hundred microlitre of blood was collected in a tube containing 7.5 U heparin. Platelet-

rich plasma (prp) was obtained by centrifugation at 300 × g for 6 min at room 

temperature (RT). For the preparation of washed platelets, prp was washed twice at 

1000 × g for 5 min at RT and the pellet was resuspended in modified Tyrode–HEPES 
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(N-2-hydroxyethylpiperazone- N′2-ethanesulfonic acid) buffer (134 mm NaCl, 

0.34 mm Na2HPO4, 2.9 mm KCL, 12 mm NaHCO3, 20 mm HEPES, 5 mm glucose, 

0.35% bovine serum albumin [BSA], pH 7.4) in the presence of prostacyclin 

(0.1 μg mL−1) and apyrase (0.02 U mL−1). Platelets were finally resuspended in the 

same buffer without prostacyclin (pH 7.4, 0.02 U mL−1 apyrase) and incubated for 

30 min at 37 °C before use. 

Western blot analysis 

Washed platelets were lysed in 1% NP-40 for 5 min at 4 °C, centrifuged, and the 

supernatants were collected. Platelet lysates were boiled for 5 min at 95 °C after 

addition of equal volume of 2 X Laemmli sample buffer containing β- 

mercaptoethanol (Roth, Karlsruhe, Germany). Platelet proteins were separated using 

10% sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred onto polyvinylidene difluoride membrane. The membranes were blocked 

with 5% skimmed milk in TBS-0.1% Tween and probed with rabbit anti-TRPC6 

antibody (1:1000). Protein bands were visualised by enhanced chemiluminescence 

(Western Lightning; PerkinElmer, Rodgau, Germany). Tubulin (Invitrogen, Karlsruhe, 

Germany) (1:1000) from the commercial stock was used as loading control. 

RNA isolation and PCR 

Platelet mRNA was isolated using Trizol reagent (Invitrogen) and cDNA was 

synthesized using Superscript reverse transcriptase (Invitrogen) as described by the 

manufacturer. RT-PCR was performed to detect different Trpc mRNAs in murine 

platelets and spleen. Trpc specific PCR primers are listed (Trpc1for.: 5′- 

catggagcatcgtatttcac-3′; Trpc1rev.: 5′-gagtcgaaggtaactcagaa-3′; Trpc2for.: 5′-

cctgccagaaggacctgtatg-3′; Trpc2rev.: 5′-cacatgcccagcaactcgaag-3′; Trpc3for.: 5′-

tgtctggtcgtgttggtcgtg-3′; Trpc3rev.: 5′-tgaacgcggcgatgaagatgg-3′; Trpc4for.: 5′-

gggctaagctgcaaaggcatc-3′; Trpc4rev.: 5′-caccaggttcctcatcacctc-3′; Trpc5for.: 5′-

tgtgggatggtggattcacgg-3′; Trpc5rev.: 5′-gcagcactaccagggagatg-3′; Trpc6for.: 5′-

acgcggttctcccatgatgtg-3′; Trpc6rev.: 5′-cgagcagccccaggaaaatg-3′; Trpc7for.: 5′-

gagggcgttaagactctgcc-3′; Trpc7rev.: 5′-cgagatgacctcagacaagcc-3′; Actinfor.: 5′-

gtgggccgctctaggcaccaa-3′; Actinrev.: 5′-ctctttgatgtcacgcacgatttc-3′). 
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Intracellular calcium measurements 

Washed platelets were resuspended in modified Tyrode-HEPES buffer without 

calcium, and loaded with Fura-2 (5 μm) by incubation with Fura-2/AM in the presence 

of Pluronic F-127 (0.2 μg mL−1) for 30 min at 37 °C. Labeled platelets were washed 

and resuspended in Tyrode-HEPES buffer containing Ca2+ at a final concentration of 

1 mm. Magnetically stirred platelets were activated with agonists and fluorescence 

was measured with a PerkinElmer LS 55 fluorimeter with excitation at 340 and 

380 nm and emission at 509 nm. Each measurement was calibrated using Triton X-

100 and EGTA [8, 9, 17]. 

Platelet aggregation 

Light transmission was recorded on a Fibrintimer 4 channel aggregometer (APACT 

Laborgeräte und Analysensysteme, Hamburg, Germany) using prp or washed 

platelets (200 μL with 0.5 × 106 platelets μL−1) over a time span of 10 min and was 

expressed as arbitrary units with 100% transmission adjusted with plasma or Tyrode-

HEPES buffer. Platelet aggregation was induced by addition of collagen, CRP, 

U46619 or thrombin at the indicated concentrations. For aggregation studies platelets 

were suspended in Tyrode-HEPES buffer per 2 mm CaCl2 and supplemented with 

100 μg mL−1 human fibrinogen for all agonists except thrombin. 

Flow cytometry 

Fifty microlitre of heparinised whole blood was diluted 1:20 in Tyrode-HEPES buffer, 

incubated with appropriate fluorophore-conjugated monoclonal antibodies for 15 min 

at room temperature and analyzed on a FACSCalibur instrument (Becton Dickinson, 

Heidelberg, Germany) to determine glycoprotein expression. For platelet activation 

studies, washed blood was incubated with different agonists incubated with JON/A-

PE and anti P-selectin-FITC antibody in the presence of 2 mm CaCl2 for 15 min at 

37 °C and then analysed using platelet FSC/SSC parameters [18]. 

Adhesion under flow conditions 

Rectangular coverslips (24 × 60 mm) were coated with 0.20 mg mL−1 fibrillar type I 

collagen (Nycomed) and blocked with 1% BSA for 1 h. Heparinised whole blood was 

labeled with Dylight-488 conjugated anti-GPIX Ig derivative (0.2 μg mL−1) and 

perfused over collagen coated coverslips through transparent flow chambers at a 
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shear rate of 1000 s−1 as previously described [19]. Platelet aggregate formation was 

visualized using a Zeiss Axiovert 200 inverted microscope (40× objective, Göttingen, 

Germany) and phase-contrast time lapse images were recorded in real time for 4 min 

followed by the perfusion of Tyrode-HEPES buffer with 2 mM CaCl2 for 1 min at the 

same shear rate. Phase-contrast and fluorescence images were recorded from 

different microscopic fields (40× objective). The images were analyzed using the 

Metavue software (Visitron, Munich, Germany). Thrombus formation was expressed 

as the mean percentage of the total area covered by thrombi. 

Determination of phosphatidylserine-exposing platelets by FACS 

The washed platelets were incubated with Annexin V-Dylight 488 after activation with 

different agonists for 15 min at 37 °C and the percentage of fluorescently labeled 

platelets were detected by flow cytometry. 

Determination of platelet life span 

Mice were intravenously injected with Dylight-488 conjugated anti-GPIX Ig derivative. 

Fifty microlitre of blood was collected 1 h (day 0) after injection and each day 

thereafter for 5 days and the percentage of fluorescently labeled platelets was 

determined by flow cytometry. 

Bleeding time assay 

The tails of mice anaesthetised intra-peritoneally (i.p.) with triple anesthesia 

(medetomidine 0.5 μg g−1, midazolam 5 μg g−1 and fentanyl 0.05 μg g−1 body weight) 

were transected at 1 mm from the tip and immediately immersed in saline at 37 °C. 

The bleeding time was determined as the time from tail transection to the moment the 

blood flow stopped for more than 60 s. Experiments were terminated after a cut-off 

time of 1200 s to prevent excessive blood loss. 

Aorta occlusion model 

Mice were anesthetized i.p. with ketamine/xylazine (100/5 mg kg−1; Parke-Davis, 

Berlin, Germany, and Bayer, Leverkusen, Germany) and the abdominal aorta was 

exposed by a longitudinal abdominal incision. An ultrasonic flow probe (0.5PSB699; 

Transonic System, Ithaca, NY, USA) was placed around the vessel and thrombosis 

was induced by a single firm compression with a forceps. Blood flow was monitored 
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until complete occlusion occurred or up to 30 min from the point of induction of the 

injury. 

Intravital microscopy of thrombus formation in FeCl3-injured mesenteric arterioles 

Four weeks old mice were anesthetized i.p. with ketamine/xylazine (100/5 mg kg−1; 

Parke-Davis and Bayer) and the mesentery was exteriorized through a midline 

abdominal incision. Endothelial damage was induced by application of a 3-mm2 filter 

paper saturated with 20% FeCl3. Arterioles were visualized using a Zeiss Axiovert 

200 inverted microscope equipped with a 100-W HBO fluorescent lamp source and a 

CoolSNAP-EZ camera (Visitron, Munich, Germany). Digital images were recorded 

and analyzed using the Metavue software. Adhesion and aggregation of fluorescently 

labeled platelets (Dylight-488 conjugated anti-GPIX antibody derivative) in arterioles 

was monitored for 40 min or until complete occlusion occurred (blood flow stopped 

for > 1 min) [20]. 

Intravital microscopy of thrombus formation in FeCl3-injured carotid artery 

Mice were anesthetized i.p. with ketamine/xylazine (100/5 mg kg−1; Parke-Davis and 

Bayer) and the right middle cerebral artery was exposed through a vertical midline 

incision in the neck. An ultrasonic flow probe (0.5PSB699; Transonic System) was 

placed around the vessel and thrombosis was induced by topical application of a 

0.5 mm by 1 mm filter paper saturated with 10% FeCl3for 2 min and 30 s. Blood flow 

was monitored with an ultasonic flow probe until full occlusion of the vessel occurred 

or 30 min [21]. 

Data analysis 

Results from at least three experiments per group are presented as mean (±) SD. 

Differences between groups of wild-type and Trpc6−/− mice were assessed by 

unpaired two-tailed Student’s t-test. For the tail bleeding times, the Mann–Whitney U-

test was used. P values < 0.05 were considered statistically significant. 
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4.4 Results 

Protein and mRNA expression of TRPC family members in Trpc6−/− platelets 

The generation of Trpc6−/− mice has been previously described [14]. Western blot 

analysis of platelets isolated from wild-type (Wt) mice showed a strong TRPC6 band 

at the expected protein size of 110 kDa, while the protein was absent in Trpc6−/− 

platelets (Fig. 1A). Since an upregulation of Trpc3 mRNA has been observed in the 

vascular smooth muscle cells of thoracic aortas and cerebral arteries of Trpc6−/− mice 

[14], we analyzed the mRNA expression of other TRPC family members known to be 

expressed in human or mouse platelets using reverse transcriptase (RT) PCR 

[22]Only Trpc1 mRNA was detected in Trpc6−/− murine platelets, whereas other Trpc 

isoforms including Trpc3 were not detected (Fig. 1B). 

 

Figure 1. TRPC6 mediates DAG-induced Ca 2+ influx in platelets. (A) Western blot 

analysis of Wt platelets shows the TRPC6 protein migrating at 110 kDa whereas no 

TRPC6 protein was detected in Trpc6−/− platelets. Tubulin (55 kDa) was used as 

loading control. (B) mRNA expression profile of the TRPC family members. mRNA 

was isolated from Wt and Trpc6−/− platelets and RT-PCR was performed. mRNA 

isolated from spleen was used as control. (C) DAG activated ROCE was measured in 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#b14
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f1
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fura-2 loaded platelets using the DAG analogue, OAG (150 μm), in the presence of 

1 mm CaCl2. (C, right panel) Statistical analysis of Ca2+ concentration upon OAG 

stimulation. (D, D lower panel) DAG activated ROCE was measured in fura-2 loaded 

platelets using the DAG analogue, OAG (150 μm). In the presence of the PKC 

inhibitor Gö6983 (300 nm) and 1 mm CaCl2 the platelets were incubated with the 

inhibitor for 50 s followed by stimulation with OAG. (E) SOCE was measured by 

incubating platelets with thapsigargin (5 μm) for 5 min followed by the addition of 

CaCl2 (1 mm). (E, right panel) Statistical analysis of Ca2+ concentrations before TG 

addition, after TG mediated store depletion and SOCE upon addition of Ca2+ for Wt 

(black) and Trpc6−/− mice (grey). 

 

TRPC6 is the major DAG activated Ca2+ channel in murine platelets 

TRPC6 and its closest relative, TRPC3, have been shown to be ROC channels 

activated by the second messenger, DAG, which is produced in response to receptor 

activated PLC stimulation [23]. To determine the contribution of TRPC6 to DAG-

activated ROCE, Wt and Trpc6−/− platelets were stimulated with the membrane 

permeable analogue of DAG, 1-oleoyl-2-acetyl-sn-glycerol (OAG), in the presence of 

extracellular Ca2+. In response to 150 μm OAG, Wt platelets exhibited a maximal 

change of 65 ± 7.6 nm in [Ca2+]i. In sharp contrast, virtually no Ca2+ influx was 

detectable in mutant platelets (Fig. 1C), establishing TRPC6 as the major DAG 

activated Ca2+ channel expressed in murine platelets. These results further showed 

that other TRPC channels could not compensate for the loss of TRPC6 function, at 

least in murine platelets. It has been shown that phosphorylation events play an 

important role in channel activity of TRPC6 [24]. Therefore, using the potent protein 

kinase C (PKC) inhibitor, Gö6983, we analysed whether PKC isoforms directly 

regulate DAG mediated Ca2+ entry in platelets. In the presence of 300 nm Gö6983, 

OAG-induced Ca2+ entry was further increased in Wt platelets. In contrast, Gö6983 

had no effect on OAG-induced Ca2+ entry in Trpc6−/− platelets (92 ± 9.4 nm for Wt 

and 18.5 ± 3.7 nm for Trpc6−/−; P value = 0.0002 (Fig. 1D). This result indicates that 

PKC down-regulates DAG mediated TRPC6 activity in murine platelets. 

Earlier studies on human platelets had proposed a regulatory role of TRPC6 in the 

activation of SOCE [25] via functional coupling of the Ca2+ channel to the IP3 receptor 

[26] and to the STIM1-Orai1 complex [13]. To test this directly, SOCE was induced in 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f1
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Wt and Trpc6−/− platelets by addition of the SR/ER Ca2+ ATPase (SERCA) inhibitor 

thapsigargin (TG). Surprisingly, no differences in SOCE were observed between Wt 

and Trpc6−/− platelets (Fig. 1E), indicating that TRPC6 – similar to TRPC1 [27] – has 

no essential role in the regulation of SOCE in murine platelets. Importantly, OAG 

activated Ca2+ entry was normal in Stim1−/− and Orai1−/− platelets, demonstrating that 

the absence of Orai1 or STIM1 does not influence DAG mediated ROCE in murine 

platelets (data not shown). 

To investigate the impact of TRPC6-deficiency on agonist induced platelet activation, 

the changes in Ca2+ influx in response to different agonists, like thrombin, ADP, 

collagen related peptide (CRP) and the TxA2 analogue U46619 in combination with 

ADP were measured in the presence of extracellular Ca2+. Unexpectedly, Trpc6−/− 

platelets displayed normal Ca2+ influx indicating that other ROC channels or SOCE 

could fully compensate for the loss of TRPC6 mediated ROCE (Fig. 2A). Apart from 

that, Ca2+ release from the intracellular stores, as measured in Ca2+ free Tyrode-

HEPES buffer was also similar in Trpc6−/− and Wt platelets (Fig. 2B). 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f1
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f2
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f2
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Figure 2. Normal calcium influx, store release and platelet life span in  Trpc6−/− 

platelets. (A) Calcium influx measured upon stimulation with thrombin (0.1 U mL−1), 

CRP (10 μg mL−1), ADP (10 μm) and U46619 (3 μm) in the presence of extracellular 

Ca2+ (1 mm). (B) Calcium store release measured upon stimulation with the above 

agonists in calcium free buffer. The maximal change in [Ca2+]i, (mean ± SD, n = 4–6) 

of Wt (black) and Trpc6−/− (grey) platelets are shown. (C) Platelet count (× 103) μL−1 

and size expressed as forward scatter (FSC) signal in flow cytometry of Wt and 

Trpc6−/− mice (n = 6). (D) Platelet life span was determined as the percentage of 

fluorescently labeled platelets in Wt (black) and Trpc6−/− mice (grey) over a 5 day 

period after i.v injection of a Dylight-488 anti-GPIX antibody derivative (0.5 mg kg−1), 

(n = 5). 

 

Normal platelet life span in Trpc6−/− mice 

Mouse platelets exhibit a life span of approximately 5 days in the circulation that is 

internally controlled by the balance of their apoptotic machinery at steady state [28, 

29]. Activation of ion channels has been implicated in the regulation of platelet life 

span and apoptosis [30]; therefore the platelet life span of Trpc6−/− mice was 

determined. Notably, platelet counts and size in Trpc6−/− animals were normal 

(Fig. 2C) and Trpc6−/− platelets displayed a life span of about 5 days in the circulation 

similar to that of Wt platelets (Fig. 2D). Additionally, the expression of the major 

surface glycoproteins on Trpc6−/− platelets was also comparable to Wt controls 

(Table 1), indicating that TRPC6 is dispensable for platelet production and not 

involved in the regulation of platelet turnover in vivo. 

 

 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f2
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f2
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#t1
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Table 1.  Platelet membrane glycoprotein expression in  TRPC6−/− platelets. Diluted 

whole blood was incubated with saturating concentrations of FITC-labeled antibodies 

for 15 min and analysed by flow cytometry. Results are shown as mean fluorescence 

intensity (MFI) ± SD of four mice per group  

  Wt  TRPC6 −/−  
GPIB 325 ± 23.0 311 ± 13.0 
GPV 210 ± 10.0 214 ± 13.4 
GPIX 481 ± 20.2 506 ± 43.0 
GPVI 42 ± 1.8 44 ± 3.3 
CD9 1637 ± 87.0 1583 ± 103.0 
αIIbβ3 509 ± 38.0 506 ± 29.0 
α-2 55 ± 2.2 57 ± 3.3 
α-β1 131 ± 2.0 142 ± 8.0 
Clec2 132 ± 13.0 144 ± 7.0 

 

Normal agonist-induced integrin activation and granule release in Trpc6−/− 
platelets 

To study the effect of the Trpc6-deficiency on platelet activation, we analysed 

agonist–induced activation of the major platelet integrin αIIbβ3 and degranulation-

dependent P-selectin exposure by flow cytometry. In accordance with the results of 

the Ca2+ measurements, activation of Trpc6−/− platelets was comparable to Wt 

controls in response to all tested agonists at different concentrations (Fig. 3A, B). 

Apart from DAG mediated ROCE by TRPC6, DAG also activates PKC resulting in 

granule secretion and platelet activation. To test whether TRPC6 influences PKC 

mediated signalling, phorbol-12-myristate-13-acetate (PMA) was used to directly 

activate PKC [23]. At both high and low doses of PMA, no significant differences 

were observed in integrin αIIbβ3 activation and P-selectin exposure between Wt and 

Trpc6−/− platelets (Fig. 3C). 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f3
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f3
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Figure 3. Agonist-induced integrin activation and degranulation in  Trpc6−/− platelets. 

(A, B) Flow cytometric analysis of integrin αIIbβ3 activation and P-selectin exposure 

in Wt (black) and Trpc6−/− (grey) platelets (n = 4). Collagen related peptide (CRP), 

convulxin (CVX) and rhodocytin (RC). Diluted whole blood was incubated with 

saturating concentrations of FITC-labeled antibodies for 15 min and analysed by flow 

cytometry for integrin activation and degranulation. (C) Washed platelets were 

activated by different concentrations of PMA to induce PKC mediated platelet 

activation. Integrin activation and degranulation was measured using flowcytometry. 

Results are shown as mean fluorescence intensity (MFI) ± SD of Wt (black) and 

Trpc6−/−mice (grey) of 4 mice per group. 

 

Platelet aggregation requires both inside-out and outside-in signalling of integrins 

which is strengthened by secondary mediators and is thereby strongly dependent on 

intracellular Ca2+ mobilization and additionally on Ca2+ influx. To study the role of 

TRPC6 in this process, standard aggregometry was performed. Again, the loss of 

DAG dependent Ca2+ entry mediated by TRPC6 did not interfere with platelet 

aggregation responses to different agonists at all concentrations tested (Fig. 4A). 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f4
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Another process requiring Ca2+ dependent outside-in signalling of integrins is platelet 

spreading on extracellular matrix proteins. To investigate the role of TRPC6 in this 

process, a spreading assay on a fibrinogen-coated surface in response to thrombin 

was performed. Trpc6−/− platelets showed similar adhesion and spreading kinetics as 

Wt platelets (Fig. 4B), indicating that Ca2+ influx through TRPC6 is not crucial for 

outside-in integrin signal transduction and for the reorganization of the actin 

cytoskeleton. 

 

 

 
 
Figure 4. Unaltered aggregation and spreading of  Trpc6−/− platelets. (A) Aggregation 

of Wt (black line) and Trpc6−/− (grey line) platelets in response to the indicated 

agonist concentrations (representative curves of 4 independent measurements). (B) 

Washed platelets of Wt and Trpc6−/− mice were allowed to spread on fibrinogen 

(200 μg mL−1) after stimulation with 0.01 U mL−1 thrombin. (B) Representative 

differential interference contrast (DIC) images of 3 individual experiments from the 

indicated time points (top) and statistical evaluation of the percentage of platelets at 

different stages of spreading (bottom). 1: roundish, 2: only filopodia, 3: filopodia and 

lamellipodia, 4: fully spread. 

 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f4
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Normal arterial thrombus formation and primary haemostasis in Trpc6−/− mice 

The above experiments showed unaltered platelet activation responses and 

aggregation in vitro despite of the loss of DAG mediated ROCE. Under high shear 

flow conditions in blood vessels, modest differences in Ca2+ homeostasis could, 

however, become a limiting factor, as agonist concentrations can drop rapidly by 

dilution and weak cell-cell interactions can result in reduced thrombus stability. 

Further, insufficient Ca2+ responses might negatively influence phosphatidylserine 

(PS) exposure and thereby impair platelet-dependent coagulation. 

To address this directly, we measured PS exposure by Annexin V-Dylight 488 

binding upon agonist induced platelet activation. Percentages of annexin V positive 

platelets were found to be similar in Wt and Trpc6−/− platelets, indicating that the Ca2+ 

influx through TRPC6 is not essential for normal procoagulant responses (Fig. 5A). 

Next, we assessed the ability of Trpc6−/− platelets to form stable aggregates on 

collagen-coated surfaces under flow at a shear rate of 1000 s−1. Wt and Trpc6−/− 

platelets subjected to this flow formed stable thrombi displaying comparable surface 

coverage and aggregate size (Fig. 5B). 

 
 
Figure 5. Procoagulant activity and flow adhesion assay of  Trpc6−/− mice. (A) 

Procoagulant activity was analysed using Annexin V-Dylight 488 binding. Platelets 

were activated with 0.1 U mL−1 thrombin, 10 μg mL−1 CRP, 1 μg mL−1 CVX and 

1.2 μg mL−1 of RC and percentage of Annexin V-Dylight 488 positive platelets were 

analysed by FACS. (B) Trpc6−/− platelets form stable thrombi on a collagen-coated 

surface (0.2 mg mL−1) in whole blood perfusion assay at a shear rate of 1000 s−1 over 

http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f5
http://onlinelibrary.wiley.com/doi/10.1111/j.1538-7836.2011.04596.x/full#f5
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a run time of 4 min. Representative phase contrast images (B, left panel) and mean 

surface coverage and relative thrombus volume (B, right panel) are shown (n = 8) for 

Wt (black) and Trpc6−/−mice (grey). 

 
To study in vivo thrombus formation, arterial thrombosis was induced using three 

different murine models. In the first experiment, mechanical injury was induced on the 

abdominal aorta by a firm compression followed by monitoring the blood flow with an 

ultrasonic flow probe for up to 30 min. Under these conditions, Wt, as well as Trpc6−/− 

mice formed irreversible occlusive thrombi within the observation period (mean 

occlusion time of 217 ± 73 (Wt) and 153 ± 4 s (Trpc6−/−), P value = 0.95; Fig. 6A). In 

a second model, the carotid artery injury model was used. Chemical injury was 

elicited by application of 10% ferric-chloride (FeCl3) and the time to occlusion was 

monitored using an ultrasonic flow probe. In this injury model, 11 out 13 Wt mice 

mice could form occlusive thrombi in comparison to 8 out of 13 Trpc6−/− mice within 

the observation period of 30 min (mean occlusion time of 370.62 ± 111.7 for Wt and 

342.72 ± 67.55 s for Trpc6−/− mice; P value = 0.87; data not shown). Futhermore, in 

vivo thrombus formation was also analysed in FeCl3 injured mesenteric arterioles 

using intravital fluorescence microscopy. The kinetics of initial adhesion and 

accumulation of fluorescently labeled platelets over time was found to be comparable 

in Wt and Trpc6−/− animals. The mean time to complete vessel occlusion was also 

similar between the two groups (15.7 ± 3.5 vs. 14.2 ± 4.0 min respectively; Fig. 6B). 

 
Finally, to determine the haemostatic function of Trpc6−/− platelets, tail bleeding times 

were measured (Fig. 6C). No significant hemostatic defect was observed in Trpc6−/− 

mice (mean tail bleeding time of Trpc6−/− was 218 ± 315 (n = 14), Wt was 114 ± 168 s 

(n = 14); P value = 0.16). Together, these results demonstrated that the absence of 

TRPC6-mediated Ca2+ signalling in platelets has no major effect on primary 

hemostasis and arterial thrombus formation in mice. 
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Figure 6.  Trpc6−/− mice display normal hemostasis and thrombosis. (A) Vessel 

occlusion times for Wt and Trpc6−/− mice after mechanical injury of the abdominal 

aorta. (B) Thrombus formation in FeCl3-injured mesenteric arterioles was monitored 

by intravital microscopy of fluorescently labeled platelets (upper panel). 

Representative images and time to complete vessel occlusion are shown. Each 

symbol represents one individual (lower panel). (C) Tail bleeding times of Wt (black) 

and Trpc6−/− (grey) mice. Each symbol represents one individual. 
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4.5 Discussion 

Recent findings have established that IP3-induced Ca2+ release from internal stores 

followed by Ca2+ entry via coupling of STIM1 to Orai1 represents the central pathway 

of SOCE in platelets [7-9]. However, parallel activation of other plasma membrane 

Ca2+ channels has been suggested to significantly contribute to agonist-evoked Ca2+ 

responses [8, 31, 32]. TRPC6 shows a prominent plasma membrane expression in 

human and murine platelets and also in megakaryocytes [12, 22, 33, 34]. Based on 

studies with human platelets, TRPC6 has been proposed to be the major DAG 

activated ROC channel in these cells [12]. DAG, produced by different PLC isoforms 

after receptor stimulation, activates TRPC6 directly in the plasma membrane [23]. In 

order to study the contribution of TRPC6 induced Ca2+ entry in PLC-DAG mediated 

signaling, DAG-activated ROCE was analysed in Wt and Trpc6−/− platelets by 

application of the membrane permeable DAG analogue OAG. Consistent with other 

reports, OAG induced a change in [Ca2+]i of approximately 50–80 nm in Wt platelets 

[35]. This transient elevation of [Ca2+]i was completely abolished in Trpc6−/− platelets, 

identifying TRPC6 for the first time as the only DAG regulated ROC channel in 

murine platelets. 

PKC isoforms play an important role in platelet function by regulating diverse 

signalling events including Ca2+ entry pathways [35-37]. Although platelets deficient 

in PKCα or PKCβ showed reduced calcium signalling, these responses were 

enhanced in the absence of PKCθ [35, 37]. PKC also phosphorylates TRPC6 and 

Orai1 in mammalian cells thereby inhibiting their activity [24, 38]. We found that the 

nonselective PKC inhibitor Gö6983 strongly potentiated OAG-induced Ca2+ entry in 

Wt, but this effect was absent in Trpc6−/− platelets. This indicates that PKC might be 

a negative regulator of TRPC6 function in murine platelets. The functional 

consequences of the phosphorylation of TRPC6 by PKCα, PKCβ or PKCθ requires 

further detailed analysis. 

PMA enhances purinoreceptor-activated ROCE [39] and non-capacitive Ca2+ entry 

[40] thereby stimulating platelet activation, the molecular identity of the Ca2+ channels 

involved in this process is still under investigation. To test whether TRPC6 is involved 

in PMA mediated platelet activation, different concentrations of PMA were used to 
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induce integrin αIIbβ3 activation and P-selectin exposure. Interestingly, both 

processes were found to be unaltered in Trpc6−/− platelets compared to Wt controls. 

Although there is consensus about the identity of TRPC6 as an essential ROC 

channel in platelets, we were unable to show any significant functional defect in 

Trpc6−/− platelets both in vitro and in vivo. Unaltered integrin αIIbβ3 activation, 

degranulation, aggregation, adhesion and occlusive thrombus formation under flow 

conditions were observed in comparison to Wt. Cytoskeletal reorganisation and 

kinetics of platelet spreading upon stimulation were also similar between the Wt and 

Trpc6−/− platelets. To study intravascular thrombus formation we performed three in 

vivo models. The kinetics of thrombus formation were studied after mechanical injury 

of the abdominal aorta as well as FeCl3 induced chemical injury on mesenteric 

arterioles and carotid artery and found to be comparable between Wt and Trpc6−/− 

mice. 

TRPC6 is highly expressed in vascular smooth muscle cells and investigation of its 

physiological role in ROCE in Trpc6−/− mice unexpectedly showed enhanced agonist-

induced smooth muscle contractility, which was then associated to an upregulation of 

the TRPC3 channel [14]. However, murine platelets do not express TRPC3 [22]; 

therefore this channel cannot compensate for the loss of TRPC6 function. Based on 

expression profiling [41], electrophysiological studies and the analysis of STIM1 and 

Orai1 function in platelets [6, 7, 9], we conclude that STIM1-Orai1 mediated SOCE is 

the dominant Ca2+ entry pathway which may override the role of TRPC6 mediated 

Ca2+ influx. Alternatively, other so far unknown Ca2+ channels could compensate for 

the lack of TRPC6. However, these channels – if existent – are not members of the 

TRPC family and cannot be activated by DAG. 

Further, a role for TRPC6 in the regulation of SOCE has been suggested [13]. The 

first report of TRPC6 mediated SOCE in human platelets came from the observation 

that incubation with an anti-hTRPC6 antibody reduced Ca2+ entry induced by TG and 

2,5-di-(tert-butyl)-1,4-hydroquinone (TBHQ) which selectively depletes Ca2+ stores of 

the dense tubular system and the acidic stores, respectively [25]. Recently, the same 

group suggested that upon Ca2+ store depletion hTRPC6 rapidly interacts with the 

STIM1-Orai1 complex and this association is displaced by hTRPC3 following 

stimulation with the DAG analogue, OAG [13]. The proposed model of dynamic 
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coupling of TRPC6 with components of the SOCE and non-SOCE pathways 

suggests a considerable role for TRPC6 in Ca2+ signalling, which we did not observe 

by the analysis of Trpc6−/− platelets. TG-induced SOCE was unaltered in Trpc6−/− 

platelets (Fig. 1C) and TRPC6 dependent Ca2+ influx induced by OAG was also 

normal in the absence of STIM1 or Orai1. Therefore, the physiological significance of 

TRPC6 coupling to the SOC complex, if there is any, remains elusive. 

Our findings present clear evidence for the central role of TRPC6 in DAG-activated 

ROCE in murine platelets. We could establish TRPC6 as the major and only DAG 

activated Ca2+ channel in these cells. Furthermore, we also show that platelet SOCE 

occurs independently of TRPC6 channel function. Surprisingly, the lack of TRPC6 

had no effect on (i) agonist dependent Ca2+ entry, (ii) platelet activation, (iii) thrombus 

formation and (iv) primary haemostasis, suggesting a minor role of TRPC6 in these 

processes. 
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Chapter 5  
 
DISCUSSION 

 
We adapted a method which had been previously published and used by others to 

obtain MKs and platelets from CD34+ cells1,2. The culture strategy to generate MKs 

for our experiments represented a two-step protocol. In the first step, the growth 

factors Tpo, SCF and IL-3 promote proliferation of immature cells. In the second step 

incubation with Tpo alone directs MK maturation and differentiation. The technique 

allows an about 70-fold expansion of MKs for downstream analysis. The majority of 

neonatal MKs from umbilical cord blood have been shown to have a DNA content of 

2N and only few cells display multilobed nuclei of 4N or 8N3. Interestingly, these low 

ploidy neonatal MKs strongly express the mature surface marker, CD42b, and also 

demonstrate well-developed cytoplasmic contents 4, a developmental difference that 

allows neonatal MKs to populate the growing bone marrow quickly while also 

maintaining peripheral platelet counts 4. The cord-blood derived MKs we obtained 

were also of low ploidy but exhibited CD61, CD41 and CD42b expression after 10 

days in culture. Platelet release was minimal in the small-scale cultures and a 

detailed characterization of the platelets could not be performed.  

 

MK and platelet ion channels have been associated with MK development 5. 

Pharmacological blocking of N-methyl-D-aspartate (NMDA) receptor subunits 

inhibited MK differentiation and proplatelet formation from CD34+ cells 6 while 

deficiency of the voltage-gated K+ channel, Kv1.3, lead to elevated platelet counts in 

mice 7. In our project we investigated the role of the transient receptor potential 

channel, TRPC6, in MK development.  

 

TRPC6 mRNA is prominently detected in human and murine MKs 8,9 and in 

agreement with others 10, we also observed the expression of TRPC-1, -3, -6 and -7 

mRNA in differentiating MKs. However, under our culture and PCR conditions we did 

not detect expression of TRPC4. The expression of TRPC1 transcripts in primary 

MKs remained low but consistent when compared to the expression levels of TRPC3, 

-6 and -7 throughout the differentiation process. In agreement with our observations 

in primary MKs, weak expression of TRPC4 was detected after 40 PCR cycles in the 

MK cell lines DAMI and CHRF-288 10.  The low TRPC1 expression in both murine 
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and human platelets is in good agreement with the findings of others11. As TRPC1 

deficient mice have normal platelet counts and exhibit typical platelet glycoprotein 

expression one can assume that this channel is not involved in murine MKpoiesis11. 

We found that TRPC3 and -7 are expressed and maintain very similar expression 

levels during the culture period. The expression of the TRPC7 transcript was low, and 

indeed, physiologically, TRPC7 had been reported to be one of the least expressed 

TRP channels 12.  Unpublished observations from the Authi group describe the 

presence of TRPC7 transcripts in CHRF-288 MKs 10. Furthermore, TRPC7 had been 

implicated in apoptosis of the K562 leukaemia cell line 13 and cardiomyocytes 14. 

Clearly, its role during MK differentiation requires further investigation. In contrast, 

TRPC6 is upregulated by several orders of magnitude. Since TRPC3, -6 and -7 

belong to the same subfamily and can assemble into heterotetramers 15, the 

presence of TRPC3 and -7 along with high expression levels of TRPC6 is not 

surprising. During erythropoiesis, expression of TRPC3 increases while TRPC6 

decreases, maintaining a TRPC3/TRPC6 ratio that is important for Ca2+ entry 

following stimulation by erythropoietin16. The cooperation of TRPC3 and -6 channels 

has also been reported during axon extension in neurons17.  

 

Despite the widespread tissue distribution of TRPC channels and their diverse 

cellular functions and pathological implications, selective pharmacological activators 

or inhibitors for these channels are non-existent. We utilised flufenamic acid (FFA) 

and SKF-96365 to demonstrate the calcium conducting function of endogenous 

TRPC6 in MKs and to examine a likely role for this channel in cell proliferation. FFA 

has been described by others to specifically enhance calcium entry mediated by 

TRPC6 while cation conductance through the closely related TRPC3 and -7 is 

diminished18,19. We observed that MKs stimulated with FFA increased their 

intracellular Ca2+ only in the presence of Ca2+ in the external buffer. Since internal 

stores were not affected by FFA, this Ca2+ entry is a result of non-store operated 

calcium entry (non-SOCE) and is presumably due to the activation of TRPC6 

channels. Previously,  increased TRPC6 channel activity in the presence of FFA was 

observed in human podocytes 20 and thrombin induced non-SOCE in human platelets 

was also increased in the presence of FFA 21. In our MKs, 10 μM SKF-96365 

completely inhibited the FFA induced calcium entry. The inhibitory effect of SKF-

96365 on platelet SOCE was found to be negligible22, but it has been demonstrated 
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that SKF-96365 can inhibit SOCE in other cell lines 23 with an IC50 ranging from 10 to 

40 μM. The concentration-response curve for SKF-96365 inhibition of TRPC6 reveals 

an IC50 of about 2 μM indicating high sensitivity of this channel towards this molecule 
24. In fact, we observed that at a concentration as low as 5 μM SKF-96365 inhibited 

Tpo induced MK proliferation of MKs by more than 50 %. Given the high TRPC6 

expression in our MK experiments and the susceptibility of this channel to SKF-

96365, we propose that the suppression of MK cell proliferation is due to inhibition of 

TRPC6 channel function. These findings indicate a role for TRPC6 in promoting cell 

proliferation in MKs.  

 

Tpo was the only growth factor present in our culture medium when MK cell 

proliferation was inhibited by SKF-96365. This suggests that Tpo induced calcium 

responses were inhibited by SKF-96365. The presence of TRPC6 already on CD34+ 

stem cells, as we and others 25 have observed, points to a role for TRPC6 mediated 

Ca2+ entry following Tpo stimulation. Tpo induced calcium spikes were observed in 

CD34+ stem cells and immature MKs26. Increase in intracellular calcium ([Ca2+]i) is 

required for cell proliferation and activation of Ca2+- dependent transcription factors 27 

and both, calcium release and influx is necessary for cell cycle progression from G0 

to G1 phase 27. Indeed, Tpo activation of proliferating MKs results in increased IP3 

and DAG production28, and DAG can then activate non-SOCE via TRPC6.  

 

RNAi mediated gene silencing is a convenient approach to study proteins of interest. 

The use of lipid reagents to deliver synthetic siRNAs in cord blood derived MKs was 

not reproducible in our experiments. Although some cultures showed a decrease in 

TRPC6 mRNA expression 48 to 72 hours post transfection, this effect could not be 

observed in all cultures. Since each primary culture consists of cells obtained from a 

single individual, it is possible that the endogenous level of TRPC6 expression is 

different between cultures and the transfection conditions only occasionally result in 

gene silencing.  

 
Analysis of blood from TRPC6 knock-out mice showed normal platelet counts and 

platelet size, indicating that the TRPC6 channel is dispensable for murine MKpoiesis. 

In addition, platelet turnover was also not affected, unlike for the voltage gated K+ 

channel, Kv1.3, deficient mice which showed moderately higher platelet numbers 
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than their wildtype counterparts 7. However, blood platelet count and their mean size 

were not altered even in the Orai1 knockout mice which showed extensive defects in 

SOCE and thrombus formation29. This preliminary blood platelet profiling indicates 

that the ion channels TRPC6 and Orai1 do not play a significant role in MK 

development and platelet release in mice. However, since the human anatomy and 

physiology is considerably different from that of mice, it still remains possible that 

these channels contribute to the development of MKs. In fact, differences between 

effects in mice and humans have been repeatedly observed when findings in human 

cell cultures are extended to mouse knockout models. The calcium binding protein, 

tescalcin, was found to be upregulated during MK differentiation of primary human 

CD34+ cells as well as the erythroleukemic cell lines, HEL and K562, which show 

features of MK differentiation when treated with PMA. Silencing of tescalcin in 

primary MKs reduced the number of MK progenitor cells as well as expression of the 

MK marker, GpIIb30, suggesting that this protein is essential during MK differentiation. 

However, mice with targeted disruption of the tescalcin gene showed normal MK and 

platelet numbers, including typical MK morphology and polyploidisation, and they had 

normal expression of the GpIIb surface marker31. Other proteins that have been 

investigated as essential factors during MK development using the K562 cell line, 

such as nerve growth factor (NGF) 32 did not have any impact on MKpoiesis in the 

knockout mouse model 33. These studies indicate that there is no single model to get 

the correct results. While PMA induced MK differentiation cannot reliably be studied 

in cell lines, mouse models also do not always reflect human platelet physiology.  

 

We observed that the calcium responses in TRPC6 deficient mouse platelets were 

normal when stimulated by the platelet agonists such as thrombin, collagen reactive 

peptide (CRP), thromboxane (TxA2) and ADP. In addition, the SOCE induced by 

thapsigargin was also found to be unaffected. However, specific activation of mutant 

platelets by 1-oleoyl-2-acetyl-sn-glycerol (OAG), a diacylyglycerol (DAG) analogue, 

resulted in a complete lack of calcium influx, but this was not the case in wildtype 

controls 34. The contribution of the DAG-induced calcium response on platelet 

function is still unknown. In comparison to the change in intracellular calcium 

concentration achieved by SOCE which is in the micromolar range, the DAG induced 

calcium entry was about 80 nM. The requirement for this DAG-induced calcium entry 

for platelet function remains elusive since most of the platelet in vitro and in vivo 
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assays that we performed, such as P-selectin exposure, integrin activation, platelet 

aggregation, spreading on fibrinogen, FeCl3-induced thrombus formation and 

bleeding time showed no differences between wildtype and TRPC6-/- mice. 

Surprisingly, a study of platelet function in TRPC6 deficient mice performed by 

another group at the same time, revealed a role for TRPC6 in haemostasis and 

thrombus formation35. These authors observed prolonged bleeding time and delayed 

vessel occlusion following FeCl3 -induced injury of the carotid artery in TRPC6-/- mice 

compared to wildtype littermates. The reasons for the contradictory results and 

conclusions drawn from our study and that of Paez Espinosa et al. can only be 

hypothesised. In fact, both studies used the same TRPC6 knockout mice generated 

by Dietrich et al.,36, eliminating differences due to the mouse genetic background or 

the gene targeting strategy. Tail bleeding time and thrombus formation in the carotid 

artery were the two principal experiments performed by Paez Espinosa et al. We 

studied 14 mice (n=14) in the tail bleeding assay while in the Espinosa study the 

authors used approximately 40 to 42 mice for both wildtype and TRPC6-/- mice. The 

higher number of mice undoubtedly reduced variability of results and ensured higher 

accuracy of any statistical significance. This may explain part of the differences as it 

is well known that the determination of tail bleeding time is not very robust. In our 

study, all wildtype controls with the exception of one animal stopped bleeding within 

1-3 minutes, which is expected for normal mice. However, the wildtype mice showed 

high variability in tail bleeding time ranging from less than a minute up to 10 minutes 

in the study by Paez Espinosa et al. A major technical difference between the two 

procedures involves the type of anesthesia applied prior to tail bleeding. We used a 

combination of the opioid, fentanyl, and the sedatives, midazolam and medetomidine, 

whereas Paez Espinosa et al., used isoflurane to induce and maintain anesthesia. 

Volatile anesthetics such as halothane and isoflurane have been associated with 

inhibition of platelet aggregation in washed human platelets37,38. It is therefore likely 

that the increased bleeding time observed in wildtype and mutant mice is partly 

associated with the anesthetic used. Nevertheless, the differences in anesthetics 

may not explain the prolonged time needed for thrombus formation in TRPC6-/- mice. 

To evaluate the risk for arterial thrombosis, we set the cut-off for occlusion time at 30 

minutes, while Paez Espinosa et al. terminated the experiment after 15 minutes. 

Again, they used 18 mice, versus 13 mice which we evaluated. The protocol for 

chemical injury was almost similar in both studies, 10 % FeCl3 for 2.5 minutes by us 
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and 7.5 % FeCl3 for 3 minutes by Paez Espinosa et al. Since, a significant role for 

non-selective cation channels in platelets has been proposed at very high 

concentrations of agonists such as thrombin 21 and collagen reactive peptide 39, 

subtle differences regarding the strength of the stimulus could account for the 

disparity observed during the formation of occlusive thrombus.   

 

A very recent study by Harper et al., 9 attempts to shed some light on the role of 

TRPC channels in platelet physiology. The authors report that platelet activation by 

thrombin in combination with collagen results in sustained Ca2+ signalling and 

involves the store-independent TRPC3 and TRPC6 channels. They show that 

TRPC3 and -6 function as Na+ entry channels which then couple to reverse-mode 

Na+/Ca2+ exchange (NCX) to increase [Ca2+]i. The maintenance of high levels of 

[Ca2+]i results in phosphatidylserine (PS) exposure on the platelets, and this provides 

a potent surface for thrombin generation within the coagulation cascade. These 

events produce locally a high concentration of agonist necessary for physiological 

thrombus formation. Interestingly, when we determined PS exposure, we found no 

difference between WT and TRPC6-/- platelets when stimulated with different agonists 
34 which can be explained by the different approaches of platelet activation. We did 

not combine activators in our study, which seems to be required for the effect on PS 

exposure 9.  

 

Briefly, the role of TRPC6 in platelet function has become even more complex with 

the new findings. As reported by the Rosado group, TRPC6 participates in both 

SOCE and non-SOCE in human platelets40. In contrast, our analyses of platelets 

from TRPC6 deficient mice indicated a role of TRPC6 only in OAG stimulated non-

SOCE, which lacked a major physiological role in murine platelets. Now, recent 

reports emphasize the importance of TRPC6 in sustained Ca2+ signaling required for 

PS exposure and the platelet procoagulant response 9.  
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