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General introduction 
  

 
 



 
 

Blood platelets play important roles in hemostasis and arterial thrombosis. When a blood 
vessel is ruptured, platelets rapidly interact with components of the extracellular matrix, 
then become activated and aggregate to form a plug, which is a first response to stop the 
bleeding 1. Similarly, platelets contribute to the pathologic process of arterial thrombosis 
through formation of occlusive thrombi in atherosclerotic arteries, thus preventing suffi-
cient blood supply to downstream tissues. Such an occlusive thrombus may result in 
coronary heart disease or stroke, both of which are major causes of death globally 2. Be-
sides platelets, also the process of blood coagulation is of key importance for both 
hemostasis and thrombosis. An important product of the coagulation cascade is thrombin, 
which acts as a potent platelet-activating agent and leads to the formation of a fibrin 
network, thus stabilizing the platelet plug or thrombus 3. 
In contrast to arterial thrombosis, where platelets play a pivotal role, the process of ve-
nous thrombosis is more critically dependent on the coagulation process. Therefore, 
arterial thrombosis is commonly treated with anti-thrombotics directed against platelet 
function (e.g., aspirin, clopidogrel), while venous thrombosis is targeted by inhibiting the 
coagulation process (e.g., with heparin or vitamin K antagonists). Although anti-
thrombotic strategies are reasonably successful, a major concern is that most current 
forms of antithrombotic therapy (against platelets and coagulation) also cause an in-
creased risk of bleeding. Therefore, considerable effort is put into the search for safer 
anti-thrombotic strategies, which combine successful prevention of thrombosis, with a 
limited risk of bleeding. In this introduction, as far as relevant for the present thesis, a 
general overview of the pathways of platelet activation and thrombus formation are de-
scribed, including a brief description of the mechanisms of Ca2+ mobilization and 
phospholipid scrambling in platelets. 
 
Platelet adhesion, activation and thrombus formation 
Upon vessel wall damage or rupture of an atherosclerotic plaque, extracellular matrix 
components are exposed to the blood stream. Platelets express adhesive receptors that 
can interact with several of these components. One of the most thrombogenic compo-
nents is collagen, in particular collagen types I and III, which are abundantly present in the 
vessel wall and in atherosclerotic plaques 4. At high, arterial shear conditions, the primary 
adhesion of platelets to collagen is mediated by von Willebrand factor (vWF), which avidly 
binds to collagen fibers. Under shear stress, the collagen-bound vWF provides a high-
affinity interaction site for glycoprotein Ib (GPIb) on the platelet surface 5-7. As platelets 
slow down by adhering to vWF, they can directly interact with the collagen fibers through 
the collagen receptors, glycoprotein VI (GPVI) and integrin α2β1. Besides collagen, also 
other components present in the vessel wall support platelet adhesion, such as fibronectin 
8,9 and laminin 10. Once a platelet binds to collagen, signaling through GPVI induces plate-
let activation 11-14. This activation causes release of secondary agonists such as ADP and 
thromboxane A2, which enhance platelet activation in an autocrine or paracrine fashion by 
stimulating the P2Y1/P2Y12 15 and TP 16,17 receptors, respectively. As a result of initial acti-
vation of the coagulation system, traces of locally produced thrombin further stimulate 
platelet activation through proteolytic cleavage of the protease-activated receptors, PAR-1 
and PAR-4 18. 
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The integrin αIIbβ3, highly expressed at the platelet surface, plays and important role in 
platelet aggregation. In an activated platelet, αIIbβ3 changes in conformational state in 
such a way, that fibrinogen can interact with this receptor, which then further facilitates 
platelet-platelet interactions through platelet-fibrinogen bridges 1. While integrin activa-
tion leads to aggregation of a main population of the platelets, another subset of platelets 
is more directly involved in the coagulation process. These so-called procoagulant plate-
lets expose phosphatidylserine (PS) on their outer cell surface, which acts as a platform for 
the Ca2+-dependent assembly of coagulation factor complexes, implicated in thrombin 
generation (Figure 1). Thus, the tenase complex, consisting of coagulation factors IXa and 
VIIIa, forms activated factor X, while the prothrombinase complex, consisting of factors Xa 
and Va, converts prothrombin into thrombin. The result is an increase in the rate of 
thrombin formation on PS-exposing lipid membranes by 5 to 6 orders of magnitude 19. 
Thrombin, apart from stimulating platelets through the receptors PAR-1 and PAR-4, accel-
erates coagulation through positive feedback on several other coagulation factors, and is 
responsible for the cleavage of fibrinogen, thus triggering the formation of a fibrin net-
work, which stabilizes the thrombus. 

Figure 1. Schematic presentation of the tenase and prothrombinase complexes in thrombin gen-
eration. Factors IXa and co-factor VIIIa bind in a Ca2+-dependent way to a surface of negatively 
charged phospholipids (red bullets) to form the tenase complex, which cleaves factor X to its active 
form factor Xa. Subsequently, factor Xa together with co-factor Va forms a prothrombinase complex 
on the same phospholipid surface. This prothrombinase complex converts prothrombin (factor II) 
into the active thrombin (factor IIa). 
 
Flow chamber models 
Fluid dynamics play an important role in thrombus formation, as they determine platelet-
matrix interactions, the kinetics of coagulation, margination of platelets to the vessel wall, 
folding of proteins like vWF, and shear-dependent platelet activation 20. Steady interest 
into better understanding the role of flow in platelet activation has led to the develop-
ment of flow-based devices, where many of the events in thrombus formation can be 
studied. In a parallel-plate flow chamber, the rheological conditions present in the vessel 
wall, can be mimicked in a well-controlled way. Baumgartner and colleagues developed 
such a device already in 1970 21. While this flow chamber consumed multiple milliliters of 
blood per experiment, in later years flow devices were gradually down-scaled, so that 
nowadays only a few hundred microliters of blood are necessary for a typical blood perfu-
sion experiment. 
A usual procedure is to coat a thrombogenic substrate like collagen on a glass cover slip of 
the flow chamber, which is transparent in order to visualize the thrombus buildup during 
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blood flow in real time. To study platelet function, most flow chamber experiments are 
performed with anticoagulated blood, i.e. by inhibiting the coagulation system. However, 
suppression of coagulation does only limitedly reflect the actual situation in vivo. Alterna-
tively, by allowing coagulation in a controlled way, it is possible to investigate thrombus 
formation under conditions where also thrombin and fibrin are formed 22. Currently, nu-
merous laboratories around the world are using flow chambers to study the process of 
thrombus formation 23. However, there is a huge variation in type of flow chamber used, 
in coating with thrombogenic substrates, and in type of anticoagulation employed. This 
variation needs to be reduced, especially for use in future clinical studies, where the po-
tency of this technique to assess thrombosis and bleeding risks will be evaluated. Given 
that many research laboratories study in vitro thrombus formation, there is a strong need 
for guidelines to standardize flow chamber experiments. These will be provided in the 
present thesis, which also reviews the numerous variables and readouts that can be used 
to assay thrombus formation under flow. 
 
Platelet calcium signaling 
Increase in the intracellular Ca2+ concentration plays an important role in platelet activa-
tion, since this mediates platelet shape change and pseudopod formation, integrin 
activation, secretion of secondary mediators, and the platelet procoagulant response. In 
platelets, the dense tubular system, which is the equivalent of the endoplasmic reticulum 
in other cell types, serves as the main intracellular Ca2+ store 24. As there is a continuous 
leakage of Ca2+ from this store, it needs to be refilled by the action of sarco/endoplasmatic 
reticulum Ca2+-ATPases (SERCA). In platelets, the isoform SERCA2b is a key Ca2+-ATPase 
involved in store refilling. It is sensitive to inhibition by thapsigargin which, accordingly, 
provokes cytosolic Ca2+ elevation. Quantitatively less important may be the isoform 
SERCA3, which is considered to regulate Ca2+ transport into 2,5-di-(t-butyl)-1,4-
hydroquinone-sensitive acidic stores 25-28. Homeostasis of Ca2+ in the platelet is further 
maintained by the action of plasma membrane Ca2+-ATPases, which function by transport-
ing Ca2+ out of the platelet 29. 
Besides the Ca2+-ATPases, platelets also possess mechanisms to actively elevate Ca2+, both 
via Ca2+ entry over the plasma membrane and via Ca2+ release from the internal stores. 
The main pathway for Ca2+ entry is the so-called store-operated Ca2+ entry (SOCE). How-
ever, also receptor-coupled and -operated Ca2+ entry mechanisms exist, e.g., involving 
P2X1 receptors and TRPC channels 30-33. 
The term SOCE refers to a mechanism, in which the release of Ca2+ from internal stores 
primes for subsequent Ca2+ entry from the extracellular environment. Inositol triphos-
phate, generated by the action of phospholipase Cβ/phospholipase Cγ2 upon collagen or 
thrombin stimulation, activates the inositol triphosphate receptor, which is a Ca2+-
permeable ion channel present in the endoplasmic reticulum membrane. This mediates 
influx of Ca2+ from the reticular compartment into the cytosol, thereby reducing the Ca2+ 
store content. In SOCE, the Ca2+ store depletion triggers activation of plasma membrane 
Ca2+ channels, which then mediate influx of Ca2+ over the plasma membrane. 
For long, the molecular identity of the SOCE channels has remained a mystery. This 
changed with the identification of Ca2+-sensing stromal interacting molecule 1 (STIM1) and 
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the Orai type of plasma membrane Ca2+ channels 34-39. The transmembrane protein STIM1 
is located in the endoplasmic reticulum membrane and contains Ca2+-binding EF-hand 
domains, which stretch into the lumen of the endoplasmic reticulum. Following Ca2+ store 
depletion, this ion no longer binds to the Ca2+-binding domains of STIM1, causing this 
protein to redistribute towards so-called punctae near the plasma membrane (Figure 2). 
At these sites, STIM1 can activate the store-operated Ca2+ channels 40. This mechanism 
was discovered by the finding that an EF-hand mutated STIM1 protein, which was unable 
to bind Ca2+, permanently opened the SOCE channels 35,36,41.  
Later, Orai1 was identified as the SOCE channel involved, when a mutated variant of Orai1 
was characterized as the cause of a hereditary form of severe combined immunodefi-
ciency due to defective T-cell function 39. Expression of wildtype Orai1 restored the 
defective SOCE function in the affected T-cells. In mouse platelets, it was established that 
genetic deletion of STIM1 or Orai1 abrogated essentially all Ca2+ entry via SOCE. Impor-
tantly, in murine thrombosis models, the lack of STIM1 or Orai1 appeared to be protective 
in platelet-mediated, collagen-dependent arterial thrombus formation and ischemic brain 
infarction 38,42. 
 

Figure 2. Schematic model of STIM1- and Orai1-mediated store-operated Ca2+ entry. In the resting 
state, platelet Ca2+-stores are filled with Ca2+. This high Ca2+ content ensures binding to the EF-hand 
in the N-terminus of STIM1. Upon stimulation with platelet agonists such as thrombin or collagen, 
inositol triphosphate (IP3) is generated, which activates the IP3 receptor in the endoplasmic reticu-
lum membrane, enabling Ca2+ mobilization through its Ca2+ channel pore. Due to a lowered luminal 
Ca2+ concentration, Ca2+ dissociates from the EF-hand of STIM1, triggering migration of STIM1 to so-
called punctae near the plasma membrane. Following this, STIM1 interacts with Orai1 dimers, creat-
ing a functional Orai1 tetramer allowing Ca2+ influx into the platelet. Modified after Ref. 68. 
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It has been recognized for long, that a potent and prolonged elevation in cytosolic Ca2+ is 
required for platelet procoagulant activity 19. However, whether SOCE in general, and Ca2+ 
entry via STIM1 and Orai1 in particular, is required for this platelet property in thrombus 
formation remains to be elucidated. In the present thesis, this is investigated under both 
coagulating and non-coagulating conditions. For this purpose, blood was used from bone-
marrow chimeric mice, which lack expression of STIM1 or Orai1 in all hematologic cells, 
including platelets. Previously, blockers of Ca2+ entry were found to suppress platelet 
aggregation 43. However, their efficacy has not been studied in more advanced models of 
thrombus formation. To answer the question whether Orai1 could be a drug target in 
thrombosis, we therefore decided to study the potential of several proposed Ca2+ entry 
blockers in arterial thrombus formation, both in vitro and in vivo. 
 
Phospholipid scrambling 
The catalytic activity of platelets to support blood coagulation particularly relies on the 
appearance of negatively charged PS in the outer leaflet of the plasma membrane (Figure 
1). In resting platelets, the aminophospholipids PS and phosphatidylethanolamine (PE) are 
kept in the cytoplasmic leaflet of the plasma membrane bilayer, while phosphatidylcholine 
and sphingomyelin are the major lipids of the outer leaflet 44. This asymmetric distribution 
is maintained by the activity of an aminophospholipid translocase 45, which continuously 
transports PS and PE from the outer leaflet to the inner leaflet at the expense of ATP. 
Upon strong platelet activation, lipid asymmetry dissipates due to inhibition of the amino-
phospholipid translocase and simultaneous activation of a phospholipid scramblase, 
catalyzing a rapid bidirectional transbilayer movement of all phospholipids 46. 
Whereas the identity of the aminophospholipid translocase has been resolved, the exact 
(molecular) identity of the scramblase is unclear. There is an important role for intracellu-
lar Ca2+ in phospholipid scrambling, taken from the observation that scramblase activity is 
induced, and translocase activity is inhibited by a high and sustained rise in cytosolic Ca2+ 
level 47,48. Collagen or thrombin, separately, induce a modest Ca2+ response in platelets, 
thereby causing PS exposure in only a minor fraction of the platelets. However, the com-
bined action of these two agonists is responsible for a sustained high Ca2+ level, which 
stimulates phospholipid scrambling resulting in PS exposure in a substantial fraction of the 
platelets. In vitro, elevation of cytosolic Ca2+ by ionomycin induces PS exposure in virtually 
all platelets 49. 
Recently, the TMEM16F gene has been identified to be critically involved in Ca2+-induced 
phospholipid scrambling 50. The TMEM16F protein belongs to a family of Ca2+-activated 
chloride channels, the so-called anoctamins. This name is derived from their anion selec-
tivity and the characteristic 8 membrane-spanning domains 51,52. Knockdown of TMEM16F 
(anoctamin 6) was found to strongly decrease PS and PE externalization in a Ba/F3 cell line 
50. Moreover, a constitutively active mutant of TMEM16F was identified, in which a point 
mutation (Asp409Gly) resulted in a strongly decreased Ca2+ sensitivity of the phospholipid 
scramblase activity 50. 
Interestingly, defective expression of TMEM16F was demonstrated in two unrelated fe-
male patients with Scott syndrome, a rare congenital bleeding disorder linked with 
impaired Ca2+-induced phospholipid scrambling in hematopoietic cells 50,53. Clinically these 
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patients can be identified by a reduced prothrombin consumption, which can be restored 
by platelet transfusion 54,55. Despite deficient platelet procoagulant activity, however, 
these patients do not bruise easily nor bleed excessively after superficial cuts. A bleeding 
tendency is though demonstrated by a high susceptibility for trauma-related hematoma, 
nose bleeds, and bleeding after tooth extraction, while there is also a risk for severe post-
partum bleeding 54. Although TMEM16F apparently seems crucial in externalizing PS, it 
remains unclear whether it is (part of) the scrambling machinery or whether it acts as a 
regulatory protein of a distinct scramblase. 
In 2008, three independent laboratories demonstrated that two members of the anoc-
tamin family, TMEM16A and TMEM16B (anoctamins 1 and 2), can serve as Ca2+-activated 
chloride channels 56-59. However, whether other members of this gene family also have the 
capacity to function as Ca2+-activated chloride channels, is not yet clear. In Jurkat T-cells, 
TMEM16F has been demonstrated to account for outwardly rectifying chloride currents 60. 
This raises the question to the relation of these apparently dual functions of TMEM16F: 
Ca2+-dependent phospholipid scrambling and Ca2+-dependent chloride channel activity. To 
investigate this, we used immortalized B-lymphocytes derived from the two Scott patients 
and from healthy subjects. 
 
Platelet apoptosis 
Platelets in the circulation have a life-span of 7-10 days. While some platelets are con-
sumed as a result of their hemostatic function, most platelets become senescent and will 
be cleared in the liver or spleen. The mechanism behind platelet clearance is still mainly 
unknown. For the clearance of transfused platelets, glycan-lectin mediated mechanisms 
were found to be important 61, but whether these also act on native, non-transfused 
platelets is questionable. Recent findings indicate that, similarly to nucleated cells, plate-
lets can go into apoptosis, i.e. the process of programmed cell death executed through 
proteolytic caspases. This contrasts to the process of necrosis, in which a pronounced role 
of ATP depletion and Ca2+-dependent calpains has been recognized 62. 
In platelets, caspases appear to become active after initiating the so-called intrinsic, mito-
chondrial, pathway of apoptosis (Figure 3). This pathway is triggered when the pro-
apoptotic proteins Bax and Bak are no longer suppressed by their anti-apoptotic counter 
parts like Bcl-xL 

63,64. In many cell types, unrestrained Bax and Bak form a pore in the outer 
mitochondrial membrane, which results in the release of cytochrome c. Cytochrome c is 
able to activate pro-caspase-9, which activates effector proteases like caspase-3, respon-
sible for the cleavage of several cytoskeletal proteins such as filamin and gelsolin. In many 
cells, including platelets, this ultimately results in membrane blebbing and exposure of PS 
at the cell surface 64. The exposed PS serves as a ligand for macrophage-produced lactad-
herin, which then facilitates the clearance of apoptotic cells from the circulation 65.  
In mice, it has been shown that dysfunctional mutations in Bcl-xL result in thrombocyto-
penia due to a reduced platelet life span, while the genetic deletion of Bak effectively 
counteracted this phenotype 63. Further support for the anti-apoptotic role of Bcl-xL in 
platelets comes from the observation that, in vitro, BH3 mimetics inhibiting Bcl-xL (such as 
ABT-737 and ABT-263 or Navitoclax) trigger platelet apoptosis 64,66, while these com-
pounds induce an acute thrombocytopenia in vivo 67. The involvement of caspases in the 
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apoptotic process is illustrated by the fact the ABT-737-induced apoptosis and PS expo-
sure in platelets are completely abrogated by general caspase inhibition 64. This suggests 
that apoptosis-mediated PS exposure likely contributes to the clearance of ageing plate-
lets from the circulation. 

 
Figure 3. Schematic overview of processes in platelet apoptosis. Bcl-xL degradation drives Bax/Bak-
mediated mitochondrial cytochrome-c release. Cytochrome C released into the cytosol, activates 
several downstream caspases. These proteolytic enzymes degrade the actin membrane cytoskele-
ton, resulting in a loss of cell integrity. Furthermore, phospholipid scrambling is induced, resulting in 
the exposure of PS at the cell surface along with membrane blebbing. Abbreviation: PLs: phospholip-
ids.  
 
Taken together, as well summarized by the Jackson group 62, apparently two distinct proc-
esses in platelets lead to PS exposure; activation with strong agonists like collagen/ 
thrombin and apoptosis upon ageing. Yet, the phospholipid scrambling in platelet activa-
tion and apoptosis must be differently regulated, since caspase inhibition does not 
suppress PS exposure after collagen/thrombin stimulation whereas, conversely, platelet 
inhibition by cyclic AMP elevation does not affect platelet PS exposure after ABT-737 
stimulation 64. Whether and how TMEM16F is implicated in ageing- or ABT-737-induced PS 
exposure in apoptosis is yet unknown. This is also investigated in the present thesis. 
 
Aims and outline of the thesis 
The studies described in this thesis aim to better understand the mechanisms of platelet 
Ca2+ entry and phospholipid scrambling in relation to platelet function. Another goal is to 
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determine the functional consequences of diminished Ca2+ entry in platelets. The general 
introduction, Chapter 1, gives a brief background on the mechanism of thrombus forma-
tion and provides information on key proteins and signaling pathways involved in platelet 
Ca2+ entry and phospholipid scrambling. The purpose of Chapter 2 is to give improved 
guidelines for the in vitro assessment of thrombus formation by flow chamber technology 
and to give a detailed overview of the various parameters that can be measured with this 
technique. Several practical issues concerning flow chamber experiments are also dis-
cussed in this chapter, which includes flow chamber assembly, substrate use and 
parameter readouts. Because residual coagulation is a major source of variation in this 
type of experiments, it is emphasized how to suppress or allow coagulation in a well con-
trolled way in such flow chambers. 
Chapter 3 concerns studies on two platelet proteins that are critically involved in store-
operated Ca2+ entry. This chapter determines the relative contributions of the endoplas-
mic reticulum Ca2+ sensor STIM1 and the Ca2+ entry channel Orai1 to platelet procoagulant 
activity and thrombus formation under flow, either in the presence or absence of coagula-
tion. Given the protective effect of Orai1 deficiency in murine experimental thrombosis 
models, it was reasoned that Ca2+ entry blockade might be a suitable strategy to suppress 
thrombosis. To test this in detail, the antithrombotic potential of several proposed Ca2+ 
channel blockers was studied in vitro and in vivo, the results of which are described in 
Chapter 4. 
As described above, TMEM16F (anoctamin 6) is supposed to be critically involved in Ca2+-
dependent phospholipid scrambling and is a defective protein in patients with Scott syn-
drome. The contribution of TMEM16F to PS exposure in platelets upon apoptosis and 
agonist stimulation is described in Chapter 5. In the subsequent Chapter 6, the role of 
TMEM16F in platelet activation and apoptosis is shown with TMEM16F-deficient mice. 
Further studies were conducted to study the role of TMEM16F in mediating Ca2+-activated 
chloride currents. Whether suppression of TMEM16F-dependent Cl- currents affects PS 
exposure is examined in Chapter 7, by comparing immortalized B-cells from healthy con-
trol subjects and Scott syndrome patients. In addition, this chapter describes the effect of 
either Cl- removal or Cl- channel blockade on PS exposure. In the general discussion of 
Chapter 8 the principal findings of this thesis are discussed in relation to the current litera-
ture. 
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Abstract 
Custom-made and commercial parallel-plate flow chambers are widely used for studies of 
platelet activation and thrombus formation in whole blood at defined shear rates. When 
used in a reproducible way, such flow chamber devices give valuable information on the 
thrombogenic potential of human, mouse, or rat blood. This article aims to provide a 
practical guide for the use of parallel-plate flow chambers in combination with routine 
microscopic imaging techniques. The following methodological aspects are addressed; 
preparation of surface coatings, calculation of blood flow and shear rate, control of pre-
analytical variables, protocols for routine performing of flow chamber tests with non-
coagulating or coagulating blood, and procedures for real-time and end-point analysis of 
thrombus formation. Frequently encountered experimental problems and artifacts are 
discussed, as well as possibilities for using flow chamber devices as a diagnostic tool to 
test antithrombotic medication. 
 
Introduction 
The formation of a platelet thrombus at sites of vascular damage is critical to normal he-
mostasis. In arteries at risk, however, uncontrolled formation of a thrombus can result in 
vessel occlusion and provoke ischemia in heart or brain. Understanding and measurement 
of the process of thrombus formation is thus of key importance for research into hemo-
stasis and thrombosis. Studies so far have distinguished three phases in thrombus 
formation under flow: initiation by adhesion of platelets to extracellular matrix compo-
nents (e.g., platelet–collagen interaction); extension through autocrine signaling (e.g., via 
adenosine diphosphate (ADP) and thromboxane) and platelet co-aggregation (via the 
fibrinogen receptor, integrin αIIbβ3); and perpetuation by thrombus contraction (via 
thrombin) and formation of a fibrin network 1-3.  
Especially, in the past decade, custom-made and commercial flow devices are widely used 
to study the process of thrombus formation in vitro 4,5. The most versatile devices consist 
of a small parallel-plate flow chamber with technology to perfuse whole blood through 
the chamber at well-defined shear conditions. These flow chambers allow measurements 
of platelet adhesion, platelet aggregation, and coagulation within one experiment, and 
hence are attractive as capacity test for determining the thrombogenic activity of human 
or animal blood 6-9. Flow studies using these chambers have also been quite valuable in 
identifying the roles of numerous platelet receptors and signaling proteins in thrombus 
formation. The possibilities and limitations of the most common flow chamber devices for 
standardized assaying of whole-blood thrombus formation have been listed in a recent 
paper of the Scientific and Standardization Committee (SSC) of the International Society 
on Thrombosis and Haemostasis (ISTH) 10.  
The present methods article aims to provide a practical guide for the reproducible use of 
parallel-plate flow chambers in combination with microscopic imaging techniques. In 
separate text boxes, we describe protocols on how to perform blood flow experiments, 
and how to record and analyze microscopic images. Where appropriate, we explain differ-
ences in the use of human, mouse, or rat blood. In addition, we discuss frequent 
experimental problems and artifacts, and we describe the use of flow chambers for moni-
toring the effects of antiplatelet drugs. 

20 
 



Measurement of whole blood thrombus formation  
using parallel-plate flow chambers - a practical guide 

 
 

Thrombogenic surfaces in flow chamber assays 
Both custom-made and commercial flow devices need to be pre-coated with throm-
bogenic components to achieve platelet adhesion and aggregation under flow conditions. 
In Table 1, an overview is given of substrates available for coating and the corresponding 
platelet receptors, while Box 1 provides a guide for preparing coated flow chambers.  
 
Collagens and related surfaces 
The fibrillar collagens, types I and III, are highly platelet-adhesive and thus can act as suit-
able substrates in whole-blood flow assays (Table 1). Both collagens bind von Willebrand 
factor (vWF) from blood plasma, and serve as ligand for the two platelet collagen recep-
tors, glycoprotein (GP)VI, and integrin α2β1 

11,37,38. The collagen-bound vWF captures plate-
lets at high-shear flow, via initially GPIb-V-IX and subsequently integrin αIIbβ3 

22,39,40. Since 
platelet-collagen interaction via GPVI causes secretion, integrin activation, and procoagu-
lant activity, coated collagens are capable to induce the whole process of thrombus 
formation within a time period of several minutes 3,12,41. Most active in promoting throm-
bus formation are those preparations of type I collagen, which form large fibers and 
thereby strongly activate GPVI. In general, type III collagens have a lower thrombogenic 
activity. Precise recommendations on the use of collagen surfaces for flow assays have 
been given in an SSC communication 42. 
When coated alone, vWF again interacts with platelets via GPIb-V-IX and αIIbβ3 at high 
shear rate (>800 s-1), and establishes membrane tether formation and platelet arrest 23,39. 

Table 1. Surface coatings for the measurement of thrombus formation with parallel-plate flow 
chambers at indicated shear rates. Indicated materials can be used with custom-made or com-
mercial flow devices. 
Coating material Concentration  

 applied  
(µg/mL)  

Platelet 
receptors  

Shear rate 
(s-1) 

Flow 
time 
(min)  

Refs.           

Collagen type Ia 50-200  GPIb, αIIbβ3, 
GPVI, α2β1 

300-1700      4-5  9,11-15  

Collagen type III
a
 50-200  GPIb, αIIbβ3, 

GPVI, α2β1 
300-1700      4-5  8,16-18 

GFOGER-(GPO)
n
 and 

vWF-BPb 
100-1000  GPIb, αIIbβ3, 

GPVI, α2β1  
150-3000      4-10  19-21 

VWF, anti-VWF mAb  100-1000  GPIb, αIIbβ3, 300-3000      4-5  2,16,22-24 
Fibronectin  300  α5β1 150-800      4-10  16,25 
Fibrinogen  100-1000  αIIbβ3 150-800      4-5  16,22,26-28 
Fibrin  1000  GPIb 150-1700      4-10  22,28-30 
Laminin  100  α6β1 300-800      4-5  16,31,32 
Atherosclerotic 
plaque preparationa  

50-160 mg  
wet weight/mL  

GPIb, GPVI, 
α2β1 

300-1700      4-5  17,33-35 

Extracellular matrix  n.d.  n.d. 300-1700      4-5  6,16,36 
Note: aPlatelet GPIb  and αIIbβ3 indirectly bind to collagen via vWF. 
bvWF-binding peptide  
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However, large thrombi with platelet aggregates are not formed on vWF surfaces, unless 
experiments are carried out at very high shear rates (>10000 s-1) 41. Surfaces coated with 
anti-vWF mAb bind vWF from plasma, and are similarly effective as coated vWF 24.  
Immobilized synthetic collagen-like peptides provide a recent alternative for the use of 
native fibrillar collagens in flow assays, allowing studying platelet adhesion under flow via 
specific collagen receptors (Table 1). Peptides containing the amino acid motif 
GPRGQOGVMGFO bind vWF, peptides with the sequence GFOGER interact with platelet 
integrin α2β1, while peptides containing multiple GPO residues interact with platelet GPVI 
19,20. Interestingly, these collagen-like peptides can also be used in combinations, or to-
gether with vWF. 
 
Box 1. Protocol for preparation of custom-made and commercial flow chamber devices. 

 
Non-collagen and complex surfaces 
Also non-collagen components present in the vasculature support platelet adhesion and 
thrombus formation, when coated in a flow chamber, though mostly at shear rates < 800 
s-1

  (Table 1) 43,44. Flowed platelets adhere to coated fibrinogen and fibronectin via 
integrins αIIbβ3/αvβ3 and α5β1, respectively 25,26. Coated laminin mediates platelet adhesion 
via integrin α6β1 

31. Such surfaces support the adhesion of only single platelets, except 
when coagulation is introduced and fibrin-containing thrombi are formed 27,45. Fibrin-

• Use devices with parallel-plate flow chambers, which are appropriately cleaned and 
blocked. 

• Preferably coat one side of the chamber with thrombogenic material of interest. Note: 
precise control is possible by coating a glass cover slip that can be mounted onto the 
chamber. In this case, the following procedure can be used; 

o degrease coverslips with 2M HCl in 50% ethanol, then wash with Milli-Q 
water; 

o apply the coating at the cover slip in a humid atmosphere. Note: pipetting of 
2 µl solution (e.g. collagen 50 µg/mL) gives coated spots of >2 mm in diame-
ter; 

o allow the coating material to adhere for 30-60 min. Prevent drying out of 
coated proteins. Note: For collagen, allow fibrils to be formed at neutral pH 
in a humid box; 

o remove non-bound coating proteins by wash with appropriate rinsing 
medium (e.g. saline). 

• Block coated surfaces with BSA-containing isotonic buffer medium (e.g. modified Ty-
rode’s buffer pH 7.45, consisting of 136 mM NaCl, 10 mM glucose, 5 mM Hepes, 2.7 
mM KCl, 2 mM MgCl2, 2 mM CaCl2, 1% BSA). 

• Connect tubing to the flow device if needed. Note: shortly before starting blood flow, 
check the assembled flow system is leak-tight. 

• Rinse the assembled system with isotonic buffer. Add anti-coagulant (e.g. heparin 1 
U/mL) to prevent coagulation, if required. 

• Carefully check the assembled system for absence of air bubbles. Note: air bubbles 
may be formed in buffer due to temperature changes. 
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coated surfaces trap vWF and mediate platelet adhesion in a GPIb-dependent but αIIbβ3-
independent fashion 28–30.  
More complex physiological coatings, representing a damaged arterial wall, have been 
used for flow perfusion studies. Examples are isolates from atherosclerotic plaques or the 
endothelial-derived extracellular matrix, where collagen and vWF appear to be the most 
active components for thrombus formation 16,17,33,34. 
An interesting development is the use of microarrays with various collagen or non-
collagen surfaces that are machine-coated on flow-chamber cover slips, so that thrombus 
formation can be assessed as a function of the surface within one run 46.  
 
Flow chamber equipment and control of blood flow  
Dedicated, well-designed equipment is needed for reproducible and standardized flow 
assays. Here, we discuss the use of flow devices constructed as parallel-plate chambers.  
 
Custom-made and commercial parallel-plate flow chambers  
Several types of parallel-plate flow chambers and microcapillaries, both non-commercial 
and commercial (e.g., Ibidi, Venaflux, Bioflux, and Glycotech) are now in routine use to 
assay thrombus formation with human, mouse, or rat blood. Specific advantages and 
disadvantages of the most common chamber devices have recently been listed 10. In con-
trast to the early flow chambers, which required relatively large volumes of blood 6,7, 
current chamber types are smaller in size and operate with smaller blood volumes, flowed 
in single pass. It is beyond the scope of this article to describe the differences between 
individual custom-made and commercial flow chamber devices. Such information is pro-
vided elsewhere 4,5. Here, we focus on common aspects of the reproducible use of 
parallel-plate type flow chambers. 
 
Chamber preparation and assembly 
Similar types of precautions need to be taken for successful use of the various (commer-
cial) flow chambers. As an example, we will concentrate here on the use of the device 
manufactured in our institute. It consists of a transparent polycarbonate block in which a 
rectangular space is engraved with a width of 3.0 or 5.0 mm and a depth of 50 or 100 µm 
(Figure 1a). At the inlet and outlet sides of the flow chamber space, tubes are drilled at an 
angle of 20° (1.5 mm diameter) to prevent flow perturbations during blood inflow. The 
block is mounted onto a glass cover slip, that can be pre-coated with collagen or other 
thrombogenic material, and provides the biologically active side of the chamber. An alu-
minum holder containing two self-tapping bolts serves to clamp chamber block and cover 
slip together in a leak-free way (Figure 1b).  
If flow chambers with cover slips are used, these need to be assembled in such a way that 
leakage does not occur. Options for preventing leakage are the use of clamps, a vacuum 
system, or glue. Many systems work with small tubing (inner diameter 1 mm), that is 
connected to the chamber end. The assembled system needs to be rinsed with bovine 
serum albumin (BSA) containing buffer to block uncoated parts of the chamber surface 
and prevent non-specific platelet adhesion and contact activation of the coagulation sys-
tem (Box 1). Furthermore, it needs to be rigorously checked for the absence of air 
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bubbles. When pre-mixing of blood with another fluid is needed, a convenient solution is 
to use y-shaped tubing, whose outlets can be connected to two syringes, so that the mix-
ing occurs immediately before blood entry into the chamber.  
Some (commercial) flow chamber devices are already pre-assembled and these, hence, 
must be coated by incubation of the closed chamber system with the thrombogenic mate-
rial of interest. Once appropriately assembled and blocked (Box 1), the coated flow 
chamber system is ready for blood perfusion. 

 
Figure 1. Custom-made flow chamber and blood volume required for measuring thrombus for-
mation. (a) Two parallel-plate flow chambers with channels (height h = 50 mm and width w = 5 or 3 
mm) engraved in polycarbonate blocks. Note the 20° angled inlet and outlet for connection to tube. 
(b) Aluminum holder with bolts for leak-tight attachment of a cover slip to the flow chamber block 
(Maastricht Instruments, Maastricht). (c) Equation, assuming a parabolic flow pattern, for calculating 
the chamber wall shear rate γ from the flow rate Q of blood. (d) Blood volumes required for perfu-
sion at indicated shear rates through chambers with indicated dimensions in height (50-100 mm) 
and width (3-5 mm). Blood consumption is shown in both mL/h and µL/4 min. 
 
Regulation of blood flow and perfusion pumps 
Assuming a parabolic flow pattern, the shear rate γ of flowing blood in a parallel-plate 
chamber is described by the equation, γ=100Q/h2w (Figure 1c), provided that the chamber 
width exceeds the height by far 4. Herein, Q is the volumetric flow rate (mL/min), h the 
chamber height (mm), and w the chamber width (mm), while the shear rate γ is expressed 
in inverse seconds (s-1). The shear stress (τ) is obtained from the viscosity (η) and shear 
rate (γ), as τ = η x γ. Obviously, the dimensions of a parallel-plate flow chamber determine 
the volume of blood that is needed for a particular flow and shear rate inside the chamber 
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(Figure 1d). For example, for a chamber of depth 50 µm and width 3.0 mm, a volume of 
300 µL blood is required for a 4-min perfusion at 1000 s-1.  
These calculations assume that blood acts as a Newtonian fluid. In reality, blood viscosity 
changes with the flow rate and even within the flow chamber, as the red blood cells are 
directed toward the center of the blood stream, forming a layer of plasma and platelets 
near the chamber wall 4. For practical purposes, this means that the presence of red cells 
is required for maximal adhesion of flow platelets to the coated chamber wall (hematocrit 
>20%). Another characteristic of blood flow in small chambers is that, once multi-platelet 
thrombi are formed, these partly obstruct the chamber lumen and thus alter the local 
shear rate and flow pattern. In other words, undisturbed parabolic flow patterns will only 
exist in the initial phase of thrombus formation.  
For the control of the blood flow rate in a chamber, high-precision pulse-free perfusion 
pumps are available, which can operate with one or two syringes in pushing or pulling 
mode. An advantage of pushing a syringe filled with blood is that leakage and appearance 
of air bubbles can better be controlled, but a disadvantage is the need of syringe replace-
ment after blood flow, which increases the chance of manual contact with blood. One 
advantage of syringe pulling is that blood can be pipetted into a reservoir, from which it is 
drawn through the flow chamber. Clearly, this requires that the system is completely leak-
tight. Blood perfusion in most laboratories is performed at constant flow rate, but inciden-
tally step-wise changes in flow rate are introduced, e.g., to determine aggregate stability 9 
or provoke coagulation 47. 
 
Use of microscopes 
With suitably designed (transparent) flow devices, the process of thrombus formation can 
be monitored by brightfield as well as fluorescence microscopy. Brightfield microscopic 
images can be captured with a microscope-attached digital charged coupled device cam-
era, preferably in combination with phase-contrast or differential interference contrast 
enhancement 48. For sensitive detection of fluorescence, a high-numerical aperture (oil) 
objective is required, given the small size of platelets. Both non-confocal (lamp or led) and 
confocal (one or more lasers) microscopes are suited for fluorescence imaging of a throm-
bus, but confocal microscopes have the advantage that z-stacks of images can be 
captured, e.g., to measure the thrombus volume 20. Many laboratories run flow perfusion 
experiments at room temperature 10, as this does not require a temperature-controlled 
stage. 
 
Control of blood anticoagulation for flow chamber assays 
Stringent control of blood coagulation is needed for reproducible flow assays. The choice 
is to either fully prevent the coagulation process or trigger it in a controlled way. 
 
Flow assays in the absence of coagulation 
In studies focusing on platelet function, coagulant activity in the flow chamber should be 
prevented completely. Since platelet adhesion and aggregation are dependent on the 
concentrations of free Mg2+ and Ca2+, the common choice is to draw blood into an antico-
agulant medium that maintains physiological, millimolar concentrations of these divalent 
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cations, instead of citrate 49. To prevent coagulation and fibrin formation in the flow 
chamber, a combination of anticoagulants is needed. Detailed procedures on how to 
collect blood are described in Box 2. Human and rat blood can well be collected into 
PPACK (d-phenylalanyl-l-prolyl-l-arginine chloromethyl ketone) or hirudin, supplemented 
with low-molecular weight heparin (inhibiting factor Xa). Mouse blood is collected into 
PPACK plus heparin (Sigma grade I-A). As an unstable chloromethyl ketone, PPACK is 
gradually consumed in the blood, and it needs to be re-added after a certain time. 
 
Box 2. Protocol for flow perfusion assays in the absence of coagulation. 

 
Several other precautions can be made to suppress residual coagulation (Box 2). A short 
incubation of drawn blood samples at 37°C will inactivate autocrine ADP and traces of 
thrombin and lead to resensitization of the platelets. The composed flow chamber system 
should be rinsed with buffer-containing anticoagulant (e.g. heparin), for inhibiting the 

• Collect blood into suitable anticoagulant medium. Ensure that coagulation is fully pre-
vented. Re-rinse the collection system with anticoagulant medium, and check for 
proper mixing of blood and this medium. Note: continuous blood flow is a good indica-
tion for absence of coagulation. 

o For human blood, draw with large 23 gauge needle to insure undisturbed 
blood flow. Use PPACK (400 µM in saline 1:10) or hirudin (200 U/mL in sa-
line, 1:10) as anticoagulant. When appropriate, add low molecular weight 
heparin (5 U/mL) or platelet inhibitor; 

o For mouse blood, if possible collect by retro-orbital or vena cava puncture. 
Use PPACK (400 µM in saline 1:10) plus (low molecular weight) heparin (5 
U/mL) as anticoagulants; 

o For rat blood, collect by aortic puncture. Use same anticoagulants as for 
human blood. 

• Incubate the collected blood at 37°C for 10–15 min to resensitize platelets. Store then 
at room temperature. Note: use human or rat blood within 3 h (in case of PPACK 
blood, re-add 10 µM PPACK after 1 h); use mouse blood within 1 h. 

• Preferentially check collected blood for normal platelet count. Note: a low platelet 
count points to platelet activation via autocrine ADP or traces of thrombin. 

• Add desired (ant)agonist, fluorescent probe, or vehicle buffer. Note: platelet adhesion 
under flow is influenced by DMSO or ethanol (0.3%), sodium azide (15 µM), or Ca2+-
chelating media such as phosphate-buffered saline. 

• Fill syringe or inlet part of the flow chamber with requested volume of blood. Note: 
when using a syringe, prevent the formation of air bubbles at connection points with 
the chamber. 

• For perfusion experiments in pushing mode, place syringe with blood on perfusion 
pump and start blood flow; for experiments in pulling mode, connect tubing to pulling 
syringe and start the blood flow. Note: check for a regular blood flow and absence of 
air bubbles. 

• Monitor platelet adhesion and thrombus formation by microscopic imaging. Note: at 
1000 s-1, platelet should form thrombi on collagen within 4-6 min for human or rat 
blood, and within 3-4 min using mouse blood. 
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contact activation pathway of coagulation. For some purposes, human citrate-
anticoagulated blood has been used in flow chamber studies without recalcification. In 
such experiments, thrombi formed on a collagen surface are more densely packed with 
highly activated platelets in comparison to perfusion at high levels of divalent cations. The 
likely explanation is that the relatively low Ca2+

 level supports human platelet integrin 
activation 49. 
 

Figure 2. Experimental artifacts resulting in abnormal thrombus formation in parallel-plate flow 
chambers. Disturbing, necrotic effect of air bubbles. Human thrombi formed on a collagen surface 
before (a) and after (b) passage of an air bubble. Initial signs of coagulation due to poor action of 
anticoagulants. Platelet–fibrin clot formed in human blood and trapped on a collagen surface (c); 
and adhesion of red blood cells (arrows) with few platelets at sites of fibrin formation (d). Signs of 
poorly controlled coagulation of human blood. Local formation of large platelet–fibrin clots (e); and 
fibrin fibers between aggregated platelets (f). Bars = 10 µm. 
 
One of the earliest indications of insufficient anticoagulation is a drop in whole-blood 
platelet count. In blood perfusion through a flow chamber, this is detected as the inciden-
tal passing and adhesion of a ‘white’ platelet–fibrin clot (Figure 2c). At a later stage, 
flowing red blood cells adhere to the chamber surface, possibly interacting with locally 
formed fibrin fibers, while platelet adhesion diminishes (Figure 2d). This stage is quickly 
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followed by the appearance of multiple platelet–fibrin clots (Figure 2e) and the formation 
of fibrin fibers (Figure 2f), especially at sites of flow disturbances within the chamber. 
Formation of air bubbles should be prevented, since these cause immediate necrosis of 
adhered platelets (Figure 2a and b), which then trigger the coagulation process. Important 
to realize is, that after one or more hours (depending on the species and anticoagulant 
type), blood samples may contain such high levels of activated coagulation factors, that 
clot formation in the chamber can no longer be prevented. 
 
Box 3. Protocol for flow perfusion assays in the presence of coagulation. 

 
Flow assays in the presence of coagulation 
Given the interdependency of platelet and coagulation activation and the role of fibrin in 
thrombus formation 50,51, there is increasing interest in performing flow chamber assays in 
the presence of coagulation 27,34,52. One way of achieving this is by mixing citrate-anticoa-
gulated human, rat, or mouse blood with CaCl2/MgCl2 medium just before it enters the 

• Collect blood into trisodium citrate (129 mM, 1:10). Insure that coagulation is fully 
prevented. Pre-rinse the collection system with anticoagulant medium, and check for 
proper mixing of blood and this medium. Note: continuous blood flow is a good 
indication for absence of coagulation: 

o for human blood, draw with large 23 gauge needle to insure undisturbed 
flow. 

o for mouse blood, if possible collect by retro-orbital or vena cava puncture. 
o for rat blood, collect by aortic puncture. 

• Ensure that the right volume of citrate anticoagulant is added. Then, incubate the 
blood at 37°C for 10–15 min to resensitize platelets. 

• If possible, check for a normal platelet count. Preferentially store blood at room 
temperature. Note: a low platelet count points to platelet activation via autocrine ADP 
or traces of thrombin. 

• Add desired (ant)agonist, fluorescent probe, or vehicle buffer. Note: platelet adhesion 
under flow is influenced by DMSO or ethanol (0.3%), sodium azide (15 µM), or Ca2+-
chelating media like phosphate-buffered saline. 

• Fill a syringe or inlet part of the flow chamber with the requested volume of blood. Fill 
a second syringe with coagulation buffer, consisting of 75 mM CaCl2 and 37.5 mM 
MgCl2. If required, add 10 pM tissue factor. 

• Connect both syringes to y-shaped inlet tubing that is connected directly before the 
flow chamber. Check for absence of air bubbles. 

• Place syringes on perfusion pumps (pushing mode), and start mixing nine volumes of 
blood with one volume of coagulation buffer. 

• Check for regular blood flow and for absence of leakage or air bubbles. Note: check 
that the mixing occurs well. 

• Monitor thrombus and fibrin formation by microscopic imaging. Note: at 1000 s-1 
platelets should form thrombi with fibrin within 5–8 min in case of human, rat, or 
mouse blood. 

• Make sure that blood flow does not stop, as this may facilitate fibrin formation and 
occlusion of the flow chamber. 
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flow chamber (Box 3). If recalcified blood is flowed over a collagen surface, coagulation is 
stimulated via the intrinsic pathway of collagen-induced factor XII activation, while GPVI 
signaling results in the formation of procoagulant platelets 52. By adding tissue factor to 
the recalcification medium, the extrinsic coagulation pathway can be stimulated as well 
27,53. Another possibility is to immobilize tissue factor on the surface 54. 
 
Real-time and end-stage measurements of thrombus formation in flow chambers 
Thrombus formation under flow can be followed, not only by brightfield imaging, but also 
with a whole range of fluorescent probes, the majority of which are suited for human, 
mouse, and rat blood (Table 2). In this section, we describe staining procedures to meas-
ure aspects of thrombus formation in real time during flow and as end stage after the flow 
experiment. 
 
Real-time measurement of platelet adhesion and Ca2+

 response 
Platelet adhesion under flow can be observed from recorded time series of brightfield 
images, but more easily from series of fluorescence images 22,38,55–57. In the latter case, 
platelets in the blood need to be labeled in such a way that the background fluorescence 
of plasma is low. This can be achieved by adding a label to the blood, which binds to plate-
lets with high-affinity, examples being antibodies against surface proteins such as GPIb 55 
or specific membrane probes such as DiOC6 

56. Alternatively, the platelets can be isolated 
and prelabeled, e.g. with Ca2+

 probe, and after a centrifugation step, re-added to the 
blood sample 38.  
In human, rat, or mouse platelets loaded with the Ca2+

 probe, Fluo-4 (or Fluo-3), flow-
dependent adhesion can directly be compared with the Ca2+ response 13,27,38. To monitor 
the Ca2+

 responses in single platelets, a sensitive shutter-controlled fluorescence imaging 
system is needed, capable to take images of Fluo-4 fluorescence at a relatively high speed 
(2 Hz) 58. Figure 3 shows some typical Ca2+

 traces, i.e. a prolonged Ca2+
 rise of a platelet 

stably adhering to collagen (Figure 3a) and a spiking Ca2+
 rise of a cell transiently adhering 

to vWF (Figure 3b). Procedures have been developed to analyze the changes in fluores-
cence in single, adhered platelets 58. Herein, traces of changes in fluorescence intensity (F) 
of regions-of-interest, each representing one platelet, are converted into traces of nano-
molar levels of Ca2+. Briefly, after background subtraction, per region-of-interest, a 
baseline fluorescence value F0 is determined, which is used for calculation of the pseudo-
ratio F0 = F/F0. Concentrations of [Ca2+]

i in nanomolar are obtained from the equation 
[Ca2+]i = Kd x F’/(F’max – F’), where Kd is the dissociation constant of the fluorescent probe 
and F’max the maximal value of a nanospot of Ca2+-bound fluorescent probe. An alternative 
procedure is to calculate fluorescence ratio values from platelets loaded with two probes 
exciting at different emission wavelengths, OG-BAPTA-1 and FuraRed 59. Note that the 
conventional dual-excitation Ca2+

 probe Fura-2 cannot be used here, because of the high 
background fluorescence of blood plasma at 340 nm excitation.  
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Real-time measurement of platelet shape and thrombus stabilization 
Adhered platelets in a flow chamber are subjected to high shear forces, and can undergo 
marked changes in shape, e.g., by producing membrane tethers as long as 20 µm 23. Such 
morphological changes of unlabeled or labeled platelets can be detected by time-lapse 
microscopy using high-magnification objectives (Table 2). The same equipment can moni-
tor platelet aggregation and thrombus contraction under flow. A common procedure to 
measure thrombus buildup is continuous fluorescence recording of the accumulation of 
DiOC6-labeled platelets at a surface. Alternatively, one can record series of z-stacks of 
confocal images of DiOC6 fluorescence 12,63–65. In the latter case, three-dimensional (3D) 
image reconstructions can be made showing the increase in thrombus volume (Figure 3c 
and d). 

Table 2. Parameters of whole blood thrombus formation as measured with brightfield and fluo-
rescence microscopy. Brightfield illumination preferentially is with contrast-enhancing optics, such 
as phase-contrast or differential interference contrast. Indicated fluorescent probes can be used 
with human, mouse, or rat blood, but monoclonal antibodies (mAb) are for use with human blood 
only, except where indicated otherwise. Probes with excitation wavelength other than ≈488nm are 
not indicated. 

Parameter  Brightfield and fluorescent probe Refs.  
Real time measurement    
Transient and stable platelet  
adhesion 

Brightfield, calcein, DiOC6  22,38,55-57  

Platelet Ca2+rises Fluo-3. Fluo-4. OG-BAPTA-1/FuraRed  13,38,58-61  

Platelet shape change and tether 
formation  

Brightfield DiOC6 23,56,62 

Thrombus buildup and contraction  FITC anti-GPIb, mAb, calcein, DiOC6 12,55,63-65 
Thrombus stability (embolization) Brightfield, DiOC6 55,66-68  
Fibrin fiber and clot formation Brightfield, OG-fibrinogen 34,47,69,70 
    
End stage measurement     

Platelet surface area coverage Brightfield, DiOC6  11,20,56,61  
Platelet aggregate size Brightfield, DiOC6 12,20,52 
Thrombus volume  
(confocal laser scanning) 

FITC anti-GPIb mAb, DiOC6 20,55,63,70 

Platelet integrin αIIbβ3/α2β1 activation FITC PAC1/FITC IAC1 mAb, 12,48,71 
 FITC JON/A mAba, OG-fibrinogen  
Platelet p-selectin exposure FITC anti-CD62 mAb 48,60,72 
Fibrin fiber and clot formation OG-fibrinogen 34,47,52,54,69 
Platelet phosphatidylserine exposure OG-annexin A5 13,14,48,61 
Platelet coagulation factor binding OG-prothrombin, OG-factor Xa, OG-

factor Va 
47,48,52 

Note: DiOC6, 3,3’-dihexyloxacarbocyanine iodide; OG, Oregon green 488; 
and FITC, fluorescein isothiocyanate. 
aFor use with mouse blood. 
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At high physiological levels of Ca2+

 and Mg2+, platelet thrombi are dynamic structures that 
can easily fall apart 55. Thrombus instability is particularly observed, when the platelet 
receptors for ADP, Gas6, or fibrinogen are non-functional 35,66,67. In such case, the αIIbβ3 

integrins will inactivate and platelet–platelet interactions are reversed. Thrombus instabil-
ity and embolization can be assessed by time-lapse recording of brightfield or 
fluorescence images during flow (Figure 3e and f). Platelet disaggregation can also be 
imaged after thrombus formation upon post-perfusion with buffers medium 55,56. Another 
method to monitor disintegration of thrombi is by applying step-wise increases in shear 
rate during blood flow 9. Flow chamber studies can furthermore identify shear-dependent 
platelet-leukocyte interactions 73,74. 

 
Figure 3. Real-time measurement of thrombus formation. Typical Ca2+ rises of single Fluo-3-loaded 
platelets during high-shear flow of human blood, which either (a) stably adhere to collagen or (b) 
transiently adhere to vWF. Measurement of thrombus volume during perfusion of human blood 
with DiOC6-labeled platelets (1000 s-1, collagen surface). 3D reconstruction of image stack after 4 
min, recorded by confocal microscopy (c); time-dependent increase in thrombus volume calculated 
from image stacks (d). Disaggregation of human platelets from thrombi on collagen during post-
perfusion with control or Gas6-free plasma. Phase-contrast images before and after 10 min of post-
perfusion (e); quantification of disaggregation events in the first 3 min and the next 7 min (f). Modi-
fied from Ref. 67, *p<0.05 vs. control. 
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Real-time measurement of coagulation parameters 
Under conditions favoring coagulation (see above), the generation of thrombin and fibrin 
during flow-dependent thrombus formation can be studied by microscopic imaging. 
Thrombin generation is measured by adding the fluorogenic thrombin substrate, Z-GGR-
AMC to the blood, and recording time series of fluorescence images at sites of a thrombus 
under stasis 47. High amounts of thrombin are generated only after a lag time, once plate-
lets in a thrombus show high rises in Ca2+

 and respond to this by contraction 27,47,52. The 
formation of clots and fibrin fibers can be followed in time by adding labeled fibrinogen 
34,69. 
 
End-stage measurements after thrombus formation 
Clear recognition of the thrombi formed in a flow chamber is helped by a short perfusion 
with rinsing buffer to remove red blood cells. Care should be taken to prevent coagulation 
(anticoagulant in rinsing buffer) and not to allow platelet disaggregation (short rinse). In 
addition, the thrombi can be post-stained by adding suitable labels to the perfusate. 
Brightfield and fluorescence images can be taken from representative microscopic win-
dows (Figure 4).  
For end-stage measurements of thrombus volume and platelet aggregate size, the same 
labels can be used as for real-time assays, e.g., the membrane probe DiOC6. Fluorescent 
markers are available to assess low and high activation states of platelets in a thrombus. 
Many of these are suitable for use with human, mouse, and rat blood (Table 2). Basically, 
the same probes can be used as in flow cytometry. Activated αIIbβ3 is stained with fluores-
cent-labeled antibodies such as PAC1 (human) or JON/A (mouse), or with fibrinogen 
(human, mouse, and rat) 12,48,71. Antibodies against P-selectin are available to mark plate-
let α-granule secretion 48,60,72. Procoagulant platelets, expressing phosphatidylserine, are 
labeled with fluorescent annexin A5 14,48,61. Interestingly, the phosphatidylserine express-
ing platelets promote fibrin formation, which is also detected with fluorescent-labeled 
fibrinogen 34,47,69. Coagulant activity is recognized from the binding of fluorescent-labeled 
coagulation factors to platelets in a thrombus, such as (pro)thrombin, factor Va, and factor 
Xa 47,48,52. 
 
Recording and analysis of microscopic images from flow assays 
Brightfield and fluorescence images from flow studies are to be recorded at well-defined 
optical and sensitivity settings for reproducible results. Box 4 provides some guidelines for 
optimal microscopic image recording and analysis. Several software packages are available 
for image analysis using semi-automatic pattern recognition, most popular being ImageJ, 
Metamorph, and ImagePro 10. En-face brightfield contrast images provide only two-
dimensional information of the thrombi formed. Yet, analyzing such images for surface-
area-coverage is a useful surrogate measure for overall platelet deposition 13,53,61. The 
surface-area-coverage usually correlates with thrombus volume, if the platelets on the 
surface are assembled in (contracted) thrombi with a pyramidal structure. On the other 
hand, when platelets are present as single structures or platelet aggregates are unstable, a 
high surface-area-coverage can be obtained at limited thrombus formation. In this case, 
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procedures are available to determine the average size of aggregates by morphometric 
analysis of individual features on the surface 20,55,61.  
 
Specific analysis tools have been developed to measure thrombus volume from z-stacks of 
recorded fluorescence images 12,20. An elegant way is to calculate the sum of the surface-
area-coverage of all images in a stack, and multiply this with the stack distance. Dividing 
this value by the field area results in a measure of thrombus formation (in units of 
µm3/µm2, Figure 3d), which reflects the mean height of all thrombi on the surface 20. 

 
Figure 4. Different platelet responses in thrombus formation without or with coagulation. (a) 
Human thrombi formed under flow on collagen in the absence of coagulation (PPACK/fragmin-
anticoagulated blood). Non-confocal images show collagen-adhered aggregated platelets and single 
procoagulant platelet staining with OG488-annexin A5. Dual-color confocal images show that the 
aggregated platelets aggregates stain for integrin β3 (CD61) and P-selectin (CD62) in green, while the 
single platelets bind AF547-annexin A5 in red. (b) Human thrombi formed under flow on collagen in 
the presence of coagulation (recalcified citrate-anticoagulated blood). Non-confocal images show 
aggregated platelets and massive coagulation with fibrin fibers. Aggregates are surrounded by 
patches of OG488-annexin A5-staining platelets. Dual-color confocal images show fibrin fibers 
stained with OG488-fibrinogen or OG488-prothrombin in green, and single procoagulant platelets in 
red. Modified from Ref. 47. Bars = 10 µm. 
 
Flow chambers and control of antiplatelet medication 
Current antiplatelet drugs employed in clinical practice are directed against P2Y12 recep-
tors (clopidogrel, previously ticlopidine), integrin αIIbβ3 (tirofiban, abciximab), or formation 
of thromboxane A2 (aspirin). These drugs prevent secondary thrombotic events, but their 
efficacy is not always complete (clopidogrel and aspirin) and they may cause an increased 
risk of bleeding (tirofiban and clopidogrel/aspirin) 75–77. Clinical trials with agents targeting 
the platelet thromboxane or thrombin receptors are still ongoing 78. Given the ongoing 
debate on how to monitor antiplatelet treatment and prevent undesired bleeding, flow 
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chamber-based assays may provide a useful method to answer these questions. Table 3 
summarizes the results from published patient studies regarding effects of antiplatelet 
medication on whole-blood thrombus formation, using collagen as a surface. It is shown 
that aspirin intake alone has a variable effect on thrombus formation, while the combina-
tion of aspirin and clopidogrel or ticlopidine causes a marked reduction 79–82. Although 
limited in number, these studies illustrate the potency of the flow chamber technology in 
this area.  
As described elsewhere, also other flow devices such as the PFA-100 and the IMPACT cone 
and plate(let) analyzer are able to measure platelet aggregate formation under high-shear 
conditions 5,84,85. However, these devices give only endpoint values (closure time or final 
thrombus size, respectively), while flow chamber measurements provide real-time infor-
mation on a whole panel of output parameters, such as platelet adhesion and activation, 
thrombus build-up, and fibrin formation/coagulation, at well-predicted venous (150 s-1) or 
arterial shear rates (>1500 s-1). The PFA-100 is sensitive for aberrant vWF levels and limit-
edly for aspirin treatment 84. Similarly, parallel-plate flow chambers detect vWF dysfunc-
tion in von Willebrand disease types 2 and 3 86–88. 
 
Box 4. Protocol for microscopic image recording and analysis. 

• During the flow of human, mouse, or rat blood, record brightfield and/or fluorescence 
images with camera or laser scanner, as required. Note: for recording clear brightfield 
images, flow chambers preferentially have a depth of 50–100 µm. 

• At predefined end point, change from perfusion with blood to perfusion with rinsing 
buffer (e.g. modified Tyrode’s buffer). If required, add fluorescent probe to the rinsing 
buffer. Note: prevent fluid stasis, since this may cause fibrin formation. 

• Record brightfield images of the formed thrombi during flow, since rapidly moving 
erythrocytes will not distort images. Note: capture images before thrombi start to fall 
apart. 

• Record fluorescence images after washing away unbound probe, to reduce back-
ground fluorescence. Note: stained thrombi might be fixed for later examination. 

• For recording brightfield and fluorescence images, check for optimal settings with re-
spect to: 

o optical focality; 
o magnification (objective, camera, and zoom); 
o phase-contrast or differential interference contrast optics; 
o sensitivity and specificity of the fluorescence detection; (lamp/laser power 

and gain, diaphragm, filters, and dichroics); 
o homogeneity of fluorescence staining; 
o low background fluorescence. 

• Record in-focus images from representative areas with thrombi. Prevent photobleach-
ing when recording fluorescence images. Note: in case of rapidly bleaching probes 
such as fluorescein and phycoerythrin, record from unexposed windows. 

• Check the recorded images for focality, homogeneity of illumination or staining, and 
absence of artifacts (clots, red blood cells, or air bubbles). 

• Analyze the recorded images blinded for the condition, using appropriate software 
and semi-automatic macros. 

34 
 



Measurement of whole blood thrombus formation  
using parallel-plate flow chambers - a practical guide 

 

Conclusions 
Parallel-plate flow chambers are suitable devices for measurement of the process of 
thrombus formation, as they allow assaying both platelet function and coagulation within 
the same experiment at predefined shear rates. By combining the flow chamber technol-
ogy with brightfield and fluorescence microscopy and image analysis, the knowledge on 
platelet receptors and signaling processes under conditions of low (venous) and high (ar-
terial) shear rates has greatly increased. With the practical information in this methods 
article, on how to perform reproducible flow chamber assays, we hope to have set a fur-
ther step forward to the accepted use of this technology in the research laboratory. For 
implementation in the clinic, a main challenge is to convert current flow chamber devices 
with complex microscopic monitoring to relatively simple devices with easy and quick 
read-out.  
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Abstract 
In platelets, STIM1 has been recognized as the key regulatory protein in store-operated 
Ca2+ entry (SOCE) with Orai1 as principal Ca2+

 entry channel. Both proteins contribute to 
collagen-dependent arterial thrombosis in mice in vivo. It is unclear whether STIM2 is 
involved. A key platelet response relying on Ca2+

 entry is the surface exposure of phos-
phatidylserine (PS), which accomplishes platelet procoagulant activity. We studied this 
response in mouse platelets deficient in STIM1, STIM2, or Orai1. Upon high shear flow of 
blood over collagen, Stim1-/- and Orai1-/-

 platelets had greatly impaired glycoprotein 
(GP)VI-dependent Ca2+

 signals, and they were deficient in PS exposure and thrombus for-
mation. In contrast, Stim2-/-

 platelets reacted normally. Upon blood flow in the presence of 
thrombin generation and coagulation, Ca2+  signals of Stim1-/- and Orai1-/- platelets were 
partly reduced, whereas the PS exposure and formation of fibrin-rich thrombi were nor-
malized. Washed Stim1-/- and Orai1-/-

  platelets were deficient in GPVI-induced PS exposure 
and prothrombinase activity, but not when thrombin was present as co-agonist. Markedly, 
SKF96365, a blocker of (receptor-operated) Ca2+

 entry, inhibited Ca2+
 and procoagulant 

responses even in Stim1-/- and Orai1-/-
 platelets. These data show for the first time that: (i) 

STIM1 and Orai1 jointly contribute to GPVI-induced SOCE, procoagulant activity, and 
thrombus formation; (ii) a compensating Ca2+

 entry pathway is effective in the additional 
presence of thrombin; (iii) platelets contain two mechanisms of Ca2+ entry and PS expo-
sure, only one relying on STIM1-Orai1 interaction. 
 
Introduction 
In platelets, elevation in cytosolic [Ca2+]i is imperative to almost all functional responses. 
Moderate and transient rises in [Ca2+]i mediate shape change, integrin αIIbβ3 activation, 
thromboxane formation, and secretion of granule contents, whereas high and prolonged 
[Ca2+]i rises are required for the procoagulant response 1,2. The latter is achieved by a Ca2+- 
activated scramblase mechanism disturbing the normal phospholipid asymmetry in the 
plasma membrane, with, as a result, the exposure of phosphatidylserine (PS)5 at the outer 
membrane surface 3,4. Exposed PS provides high affinity binding sites for key coagulation 
factors and, thereby, facilitates the assembly of tenase and prothrombinase complexes, 
which are responsible for the formation of factor Xa and thrombin, respectively 3. Because 
thrombin is one of the most potent platelet agonists, the procoagulant platelet response 
triggers a potent positive feedback loop of platelet and coagulation activation. Recent in 
vivo studies have indicated that PS exposure and ensuing thrombin generation are key 
regulatory events in murine arterial thrombus formation 5,6.  
Whereas stored platelets may expose procoagulant PS in a Ca2+-independent way, PS 
exposure in activated platelets relies on a high and prolonged rise in cytosolic [Ca2+]i 

7. 
Platelet stimulation with single G protein-coupled agonists, like thrombin and ADP, results 
in limited PS exposure 8,9, but stimulation of the tyrosine kinase-linked collagen receptor 
glycoprotein VI (GPVI), with ligands such as collagen-related peptide (CRP) or convulxin, 
results in appreciable procoagulant activity 10,11. Combined stimulation of the collagen and 
thrombin receptors though results in high PS exposure, likely because these agonists use 
different signaling pathways for mobilizing cytosolic Ca2+ 1. Although thrombin transiently 
activates Gqα and phospholipase Cβ2/β3 isoforms, activation of GPVI causes a more persis-
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tent activation of the phospholipase Cγ2 isoform 2,12. For PS exposure, entry of extracellu-
lar Ca2+ is required, complementing the Ca2+-mobilizing effect of phospholipase C stimula-
tion, to reach sufficiently high [Ca2+]i 

10,13,14. 
In platelets, like other cells, Ca2+ entry can be triggered by receptor stimulation, as well as 
by Ca2+ mobilization from stores via the processes of receptor-operated Ca2+ entry and 
store-operated Ca2+ entry (SOCE), respectively 15. For long, not only the responsible Ca2+ 
entry channels, but also the coupling mechanisms of receptor activation and Ca2+ store 
depletion to channel opening have remained elusive. In earlier work with platelets, roles 
of the TRPC1 and TRPC6 channel proteins in Ca2+ entry have been proposed 16,17. Recent 
studies, however, have shown the importance of the Orai class of plasma membrane Ca2+ 
channels. The channel Orai1 (also called CRACM1) oligomerizes and opens, following 
depletion of the Ca2+ stores, by interacting with Ca2+ sensing STIM1, which is a transmem-
brane protein located in the endoplasmic reticulum 18–20. The homologous protein STIM2 
can have a similar regulatory role in Ca2+ entry 21. Both Orai1 and STIM1 have been impli-
cated in the physiological activation of T cells and mast cells 22,23. Recent studies using 
genetically modified mice have established that STIM1 and Orai1 account for the large 
majority of SOCE in platelets. The importance of this SOCE pathway appeared from the 
finding that platelet deficiency in either Orai1 or STIM1 protects against collagen-
dependent arterial thrombus formation and brain infarction in vivo 24,25. In confirmation, 
others have provided evidence that a functional R93W mutation in Orai1 leads to impaired 
GPVI-induced platelet activation 26. In the present paper, we investigated whether the 
STIM isoforms and Orai1 provide the main Ca2+ entry mechanism responsible for PS expo-
sure and procoagulant activity in platelets stimulated by the collagen and thrombin 
receptors. The studies were carried out using mice with Stim1-/-, Stim2-/-, or Orai1-/- plate-
lets. 
 
Experimental Procedures 
Mouse strains 
Animal studies were approved by the local animal care and use committees. Mice homo-
zygously deficient in Stim1 or Orai1 were generated from embryonic stem cell clones and 
germ line transmission, as described 24,25. Because these animals suffered from early le-
thality and growth retardation, bone marrow chimeras were created which had normal 
viability. Female, 5–6-week-old C57BL/6 mice were irradiated with a single dose of 10 Gy 
and injected intravenously with bone marrow cells from donor Stim1-/-, Orai1-/-, or wild 
type mice (4 x 106 cells/animal). The recipient mice received acidified water containing 2 
g/liter neomycin sulfate for 6 weeks after transplantation. Blood was taken from the chi-
meras after >6 weeks. Mice homozygously deficient in Stim2 had a mixed genetic 
background and were compared with wild types of the same background 27. Blood cell 
counts of all mice were in the normal range. Purified platelets from (bone marrow-
transplanted) mice were subjected to Western blotting to confirm knock-out of STIM 
proteins. Deficiency in Orai1 transcripts was confirmed by reverse transcription-PCR 
analysis 25.  
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Materials 
H-Phe-Pro-Arg chloromethyl ketone (PPACK) was obtained from Calbiochem. Annexin A5 
labeled with fluorescein isothiocyanate (FITC), Fura-2 and Fluo-4 acetoxymethyl esters, 
and pluronic F-127 were from Invitrogen. Thrombin substrate, Z-Gly-Gly-Arg aminomethyl 
coumarin (Z-GGR-AMC), was from Bachem. Fibrillar type I collagen (Horm) was from Ny-
comed. Recombinant human tissue factor was from Dade Behring. Apyrase (grade V), 
bovine serum albumin (BSA), heparin, SKF96365, and thrombin were from Sigma. The 
GPVI agonist CRP was synthesized and cross-linked by Tana Laboratories. The agonist 
convulxin was purified as described 11. FITC-labeled anti-mouse P-selectin monoclonal 
antibody was from Emfret Analytics. Bovine coagulation factors and other materials were 
from sources indicated before 28.  
 
Blood collection and platelet preparation 
Mouse blood was obtained via orbital puncture under anesthesia. For perfusion studies in 
the absence of coagulation, blood was collected into a mixture of 40 µM PPACK, 5 
units/ml heparin, and 40 units/ml fragmin. For later perfusions with coagulation, blood 
was collected into 12.9 mM trisodium citrate. Citrate-anticoagulated blood was also used 
to prepare platelet-rich plasma (PRP), normalized with autologous platelet-poor plasma to 
a platelet count of 1 x 108/ml. Washed platelets were prepared from PRP by supplementa-
tion with ACD solution (85 mM sodium citrate, 78 mM citric acid, and 11 mM D-glucose) 
(1:25). After centrifugation, platelets were suspended in Hepes buffer, pH 7.45 (136 mM 
NaCl, 5 mM Hepes, 2.7 mM KCl, 2 mM MgCl2, 0.42 mM Na2HPO4, 5 mM glucose, and 0.1% 
BSA). Cells were counted with a Coulter counter.  
 
Activation of suspended platelets 
Washed mouse platelets were loaded with the ratiometric Ca2+ probe Fura-2, as described 
24. Platelets suspended in the presence or absence of 1 mM CaCl2, were preincubated with 
100 µM SKF96365 and activated with collagen and/or thrombin receptor agonists, as 
indicated. Changes in fluorescence were measured with a PerkinElmer Life Sciences 55 
fluorometer. Excitation was alternated between 340 and 380 nm, and emission was 
measured at 509 nm. Calibration parameters of nanomolar [Ca2+]i were obtained by lysis 
with 1% Triton X-100 and addition of a surplus of EGTA. For flow cytometry, unloaded 
washed platelets (1 x 108/ml) were activated in the presence of CaCl2 with the indicated 
agonists for 10 min; stirring was absent to prevent platelet aggregation 29. Surface expres-
sion of PS was detected in the presence of CaCl2 (2 mM) with FITC-annexin A5 (0.5 µg/ml). 
 
Thrombus formation on collagen 
Glass cover slips were coated with fibrillar type I collagen and blocked with BSA-containing 
Hepes buffer, pH 7.45. The cover slips were mounted in a transparent, 50 µm-deep paral-
lel-plate poly(methyl) methacrylate flow chamber 30. Mouse blood was perfused through 
the flow device at a defined shear rate under physiological, millimolar concentrations of 
divalent cations. For experiments in the absence of coagulation, PPACK/heparin-treated 
blood was flowed over collagen at 1000 s-1 for 4 min. For experiments in the presence of 
coagulation, citrate-anticoagulated blood was recalcified directly before entering the flow 

44 
 



Roles of platelet STIM1 and Orai1 in glycoprotein VI- and thrombin  
dependent procoagulant activity and thrombus formation 

 
chamber, using a two-pump system 29. Briefly, 1-ml syringes were filled with citrate-
anticoagulated blood or isotonic CaCl2/MgCl2 solution (110 mM NaCl, 13.3 mM CaCl2, and 
6.7 mM MgCl2). The syringes were connected to the flow chamber via a y-shaped inlet, 
designed to give optimal fluid mixing. By co-infusing both fluids into the chamber at an 
equal flow rate (final shear rate, 1000 s-1), coagulation was started by collagen- and factor 
XII-dependent activation 31. The thrombi on coverslips were postlabeled by perfusion with 
FITC-annexin A5 (0.5 µg/ml) in Hepes buffer, pH 7.45, containing 2 mM CaCl2 and 1 
unit/ml heparin. Brightfield and fluorescence images were recorded from at least 10 ran-
domly chosen microscopic fields 32. Images were analyzed with ImagePro software (Media 
Cybernetics). The procoagulant index of thrombi was determined as the ratio of surface 
coverage of PS-exposing platelets (FITC-annexin A5) to the coverage of total platelets 33. 
 
Single-platelet Ca2+ fluxes under flow 
Mouse platelets were loaded with Fluo-4 34 and added to PPACK/fragmin- or citrate-
anticoagulated blood from the same genotype (10% labeled platelets). During blood flow 
over collagen, 16-bit digital fluorescence images were recorded at high speed (5 Hz) using 
an EM-CCD camera 31. Regions of interest representing single adhered platelets were 
analyzed off-line for changes in fluorescence (F) 34. Pseudoratio F/Fo values were con-
verted into nanomolar concentrations of [Ca2+]i using predefined calibration parameters 35. 
For quantitative purposes, traces from individual cells were superimposed so that [Ca2+]i 

rises started at the same frame number. 
 
Prothrombinase activity 
Prothrombinase-stimulating activity was determined at linear assay conditions, as previ-
ously assessed for human platelets 36. Washed mouse platelets were diluted in Hepes 
buffer, pH 7.45, containing 3 mM CaCl2 to a count of 4 x 105/ml and incubated with 0.5 µM 
prothrombin, 2 nM factor Va, and 1 nM factor Xa (37 °C). Samples were taken after exactly 
3 min and transferred to vials containing 0.5 mM thrombin substrate S2238 for chro-
mogenic measurement of the thrombin formed. 
 
Thrombin generation 
Thrombin generation was measured in citrate- anticoagulated PRP 28. The PRP, pooled 
from three animals with the same (chimeric) genotype, was diluted with autologous plate-
let-poor plasma to a count of 1.5 x 108 platelets/ml. Samples were activated with 
convulxin (100 ng/ml), ionomycin (20 µM), or vehicle for 15 min. Aliquots (4 volumes) 
were then transferred to a polystyrene 96-wells plate (Immulon 2HB, Dynex Technolo-
gies), already containing 1 volume of buffer A (20 mM Hepes, 140 mM NaCl, 0.5% BSA, 
and 6 pM tissue factor). Coagulation was started by adding 1 volume of buffer B (2.5 mM 
Z-GGR-AMC, 20 mM Hepes, 140 mM NaCl, 100 mM CaCl2, and 6% BSA). First-derivative 
curves were converted into nanomolar thrombin concentrations using a calibrator for 
human α-thrombin 28. All analyses were in duplicate. 
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Supplemental Figure 1. Defective GPVI- and thrombin-receptor induced Ca2+ signaling in platelets 
deficient in STIM1 or Orai1. (a) Expression profiles of STIM1 protein in platelets from wild type (WT) 
and chimeric Stim1-/- or Orai1-/- mice. Western blots are given after probing with anti-STIM1 mAb; 
blots were reprobed with anti-tubulin mAb as control. (b) RT-PCR indicating absence of Orai1 tran-
script, but presence of Stim1 and Stim2 transcripts in platelets from chimeric Orai1-/- mice. (c) 
Impaired Ca2+ responses of Stim1-/- and Orai1-/- platelets especially in the presence of CaCl2. Fura-2-
loaded platelets were stimulated with 10 μg/ml CRP (upper panels) or 0.9 nM thrombin (Thr, lower 
panels) in the presence or absence of 1 mM CaCl2, as indicated. Shown are representative traces of 
rises in [Ca2+]i (n = 3-5). 
 
Statistics 
Differences between groups were tested for significance with the nonparametric Mann-
Whitney U test. Paired data were compared with Student’s t test. The statistical package 
for social sciences (SPSS 15.0) was used. 
 
Results 
Deficiency in platelet STIM1 or Orai1 impedes GPVI-mediated PS exposure and thrombus 
formation 
For the experiments, chimeric mice were generated by transplantation of irradiated wild 
type animals with Stim1-/-, Orai1-/-, or wild type bone marrow cells. Platelets from these 
mice, isolated at least 4 weeks after transplantation, were checked for the absence of 
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STIM1 protein or Orai1 transcript (supplemental Figure 1, a and b). The platelets from 
chimeric Stim1-/- and Orai1-/- mice were greatly impaired in Ca2+ rises evoked by the GPVI 
agonist CRP (a triple-helical collagen peptide), or by thrombin; most markedly when ex-
tracellular CaCl2 was present (supplemental Figure 1c), which is in full agreement with 
earlier data 24,25. In addition, Stim1-/- platelets showed reduced Ca2+ rises in the absence of 
CaCl2 and Ca2+ entry, supporting the concept that STIM1 controls the filling state of Ca2+ 
stores 24. 
Blood from these chimeric mice was anticoagulated with PPACK/heparin and perfused at 
high shear flow rate over a collagen surface. By using these thrombin inhibitors, blood 
coagulation was ablated, whereas high, physiological concentrations of free Ca2+ and Mg2+ 
were maintained. In this test of collagen-induced thrombus formation, platelets in contact 
with the collagen fibers become activated via GPVI and respond by Ca2+ elevation, PS 
exposure, and secretion of autocrine mediators, and as a result platelet aggregate forma-
tion 5,33,37. Strikingly, with blood from chimeric Stim1-/- and Orai1-/- mice, no or only small 
aggregates were formed, whereas PS exposure was almost completely absent, as appar-
ent from the lack of staining with FITC-labeled annexin A5 (Figure 1a). This contrasted to 
the large aggregates and many PS-exposing platelets observed with blood from corre-
sponding wild type mice. Analysis of microscopic images pointed to a markedly reduced 
deposition of Stim1-/- (-70%) and Orai1-/- (-46%) platelets compared with wild type. The 
procoagulant index, i.e. the relative formation of PS-exposing platelets compared with all 
adhered platelets 33, was also greatly reduced in either knockout (Figure 1b).  
Mouse platelets were loaded with Fluo-4 and back-added to blood of the same genotype 
to measure Ca2+ rises in the cells during blood flow over collagen. Wild type platelets 
showed high Ca2+ responses shortly after adhesion (Figure 2a). However, adhered Stim1-/- 
platelets gave only minute Ca2+ spikes, in a manner resembling the low responses of 
Fcer1g-/- platelets, known to lack GPVI signaling activity 34. Many of the adhered Orai1-/ 

platelets gave similar, minute Ca2+ spikes (-50%), but the remaining Orai1-/- cells showed a 
short series of medium amplitude spikes (Figure 2a). Quantitative analysis demonstrated a 
nearly complete ablation of the average Ca2+ signal in Stim1-/- platelets and a greatly re-
duced signal in Orai1-/- platelets (Figure 2b). Together, these results point to important 
roles of both STIM1 and Orai1 in collagen-dependent Ca2+ signaling, PS exposure, and 
thrombus formation under non-coagulant conditions. 
 
Deficiency in STIM1 or Orai1 does not abolish PS exposure and thrombus formation under 
coagulant conditions 
GPVI-induced platelet activation has been shown to control collagen-dependent thrombus 
formation also under conditions favoring coagulation 29. To determine the role of STIM1 
and Orai1 in this setting, citrate-anticoagulated blood from chimeric animals was co-
infused with CaCl2/MgCl2 to achieve again millimolar free Ca2+ and Mg2+ concentrations. 
Perfusion of the recalcified blood over collagen leads to onset of coagulation via collagen- 
dependent activation of factor XII 31. With wild type blood, massive and dense thrombi 
(clots) were formed within 4 min of perfusion, which were covered with PS-exposing 
platelets and connected by fibrin fibers (Figure 3a). Surprisingly, dense fibrin-containing 
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thrombi were also formed with Stim1-/- or Orai1-/- blood. These thrombi were also sur-
rounded by PS-exposing platelets, but to a lesser degree compared with wild type blood. 
 

 
Figure 1. Deficiency in STIM1 or Orai1 impedes GPVI-dependent thrombus formation and PS expo-
sure under flow. PPACK/heparin-anticoagulated blood of C57BL/6 mice transplanted with bone 
marrow from wild type, Stim1-/- or Orai1-/- animals was flowed over collagen at a shear rate of 1000 
s-1. (a) Representative contrast images after 4 min, captured at low (top panels) or high (middle 
panels) magnification. Bottom panels, fluorescence images after staining with FITC-annexin A5. 
Percentages in italic indicate area covered with platelets (scale bars, 50 µm). (b) Procoagulant index 
representing relative number of PS-exposing platelets. Data are percentage fractions of adhered 
platelets exposing PS. Means ± S.E. (error bars) are shown. n=6-8; **, p<0.01 versus wild type. 
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However, the procoagulant index was similarly high for images recorded from wild type, 
Stim1-/- , and Orai1-/- thrombi (Figure 3b). These results thus indicate that neither STIM1 
nor Orai1 is essential for collagen-dependent thrombus formation and PS exposure under 
coagulant conditions. 
Fluo-4-loaded platelets were then used to determine rises in Ca2+ under the same condi-
tions of flow and coagulation. Wild type platelets, adhered to collagen, showed prolonged, 
high Ca2+ responses (Figure 4a), which were higher in level than those measured in antico-
agulated blood (Figure 2b). With the thrombin inhibitor hirudin present, the mean Ca2+ 
rises reduced from about 400 to 250 nM, which confirmed the contribution of thrombin to 
the Ca2+ signal. Interestingly, in recalcified blood, collagen-adhered Stim1-/- and Orai1-/- 
platelets also showed prolonged Ca2+ responses, but these remained lower in magnitude 
than those of wild type platelets (Figure 4b). The effect of STIM1 knock-out was again 
more pronounced than that of Orai1 deficiency. Hence, under these conditions of in situ 
formation of thrombin, platelet Ca2+ responses seem to be sufficiently high for PS expo-
sure even in the absence of the STIM1-Orai1-SOCE pathway. 

 
Figure 2. Deficiency in STIM1 or Orai1 impedes GPVI-dependent Ca2+ responses of collagen-
adhered platelets under flow. PPACK/heparin-anticoagulated blood of wild type or chimeric Stim1-/- 
or Orai1-/- mice was supplemented with 10% Fluo-4-loaded platelets of the same genotype. Blood 
samples were flowed over collagen at 1000 s-1, and fluorescence images from the collagen surface 
were recorded at 5 Hz. (a) Single-cell rises in Ca2+ of two representative platelets per genotype. 
Arrows indicate time point of adhesion. (b) Quantitative analysis of Ca2+ responses at 30 and 60 s 
after initial Ca2+ rises. Means ± S.E. are shown. n = 35-45 cells; ***, p<0.001 compared with wild 
type. 
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Figure 3. Deficiency in STIM1 or Orai1 permits GPVI-dependent thrombus formation and PS expo-
sure in the presence of coagulation. Citrate-anticoagulated blood of the indicated mice was 
recalcified with CaCl2/MgCl2 and flowed over collagen for 4 min. Thrombi with platelets and fibrin 
(arrows) were poststained with FITC-annexin A5. (a) Representative phase contrast and fluorescence 
images after 4 min (scale bars, 50 µm). Percentages in italic indicate area covered with (fluorescent) 
platelets. (b) Procoagulant index of relative number of PS-exposing platelets. Means ± S.E. (error 
bars) are shown. n=5-7; n.s., difference between groups not significant. 
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Figure 4. Deficiency in STIM1 or Orai1 partly reduces Ca2+ signaling in the presence of coagulation. 
Citrate-anticoagulated blood of the indicated mice was supplemented with 10% Fluo-4-loaded 
platelets of the same genotype and recalcified. During blood flow over collagen, fluorescence imag-
es from the collagen surface were recorded at 5 Hz. (a) Single-cell rises in [Ca2+]i of two 
representative platelets per genotype. Arrows indicate time point of adhesion. (b) Quantitative 
analysis of Ca2+ responses at 30 and 60 s after initial [Ca2+]i rises. Means ± S.E. (error bars) are 
shown. n=15-29 cells; **, p<0.01 compared with wild type. 
 
Deficiency in STIM1 or Orai1 does not affect GPVI-induced PS exposure and prothrombi-
nase activity with thrombin present 
To investigate this further, washed platelets were stimulated with collagen (GPVI)- and/or 
thrombin-receptor agonist, and staining of the cells was observed with the PS probe, FITC-
annexin A5. Extracellular CaCl2 was present to allow Ca2+ entry. The GPVI agonist convulxin 
was used for these studies 12, which is similarly effective as CRP in wild type and Orai1-
deficient platelets 25. Flow cytometric analysis showed that convulxin stimulation of wild 
type platelets resulted in about 20% PS-exposing platelets (Figure 5a). This fraction in-
creased to 73% with thrombin as co-agonist, whereas thrombin alone had no more than 
little effect. Stimulation of platelets from chimeric Stim1-/- and Orai1-/- mice with convulxin 
resulted in impaired PS exposure, comparable with stimulation with thrombin alone. 
However, combined stimulation with convulxin and thrombin resulted in 53–58% PS-
positive platelets, which was similar to that of wild type platelets. Control experiments 
indicated that all platelets responded nearly completely when stimulated with the Ca2+  
ionophore, ionomycin. As an alternative approach, we studied the capacity of platelets to 
support prothrombinase activity, i.e. the PS-dependent cleavage of prothrombin by fac-
tors Xa and Va 13. In wild type platelets, but not Stim1-/- or Orai1-/- platelets, convulxin 
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caused a moderate increase in prothrombinase activity (Figure 5b). The combination of 
convulxin and thrombin induced a 5-fold increased prothrombinase activity with wild type 
platelets and a slightly lower increase with knock-out platelets, but this was not signifi-
cantly different from wild type. Stimulation with ionomycin/CaCl2 caused high, maximal 
prothrombinase activity in all groups. 
 

Figure 5. Deficiency in STIM1 or Orai1 permits GPVI-dependent procoagulant activity in the pres-
ence of thrombin. Platelets in buffer containing 2 mM CaCl2 (1 x 108/ml) were stimulated for 10 min 
with convulxin (100 ng/ml), thrombin (4 nM), or ionomycin (20 µM), as indicated. (a) Flow 
cytometric analysis of binding of FITC-annexin A5 to platelets (n=5). (b) Determination of 
prothrombinase activity of platelet suspensions. Activity is expressed as pmol of thrombin/min per 
106 platelets. n=7-8. Means ± S.E. (error bars) are shown. *, p<0.05; n.s., not significant compared 
with wild type. 
 
The procoagulant response of platelets was also studied in a natural plasma environment, 
by activating PRP with tissue factor/CaCl2 and measuring generation of thrombin 5. Similar 
thrombin generation curves were obtained with PRP from wild type, Stim1-/-, and Orai1-/- 
mice (Figure 6a). In all groups, prestimulation with ionomycin caused a 3–4-fold increase 
in thrombin generation, indicating that the knock-out platelets were normally capable to 
support thrombin generation (Figure 6b). Prestimulation with convulxin resulted in a sig-
nificant increase in thrombin peak height in all groups, but in this case STIM1- or Orai1-
deficient PRP was less effective than wild type PRP compared with prestimulation with 
ionomycin. The time-to-peak was less shortened in convulxin-stimulated knock-out PRP 
compared with wild type (Figure 6c). Taken together, these results show that, in the pres-
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ence of thrombin (either externally added or formed in situ), GPVI-dependent PS exposure 
and procoagulant activity are only partly affected by deficiency in platelet STIM1 or Orai1.  
 
Roles of Ca2+ entry channels other than Orai1 
The modest roles of STIM1 and Orai1 in GPVI-dependent platelet procoagulant activity in 
the presence of thrombin suggest the presence of a compensating Ca2+ entry mechanism, 
that, for instance, could be triggered in a receptor-operated fashion. In other cell types, it 
has been shown also that STIM2 regulates Ca2+ entry by controlling cytoplasmic Ca2+ levels 
38. Because mouse platelets highly express this isoform (supplemental Figure 1b), we stud-
ied the possibility that STIM2-mediated Ca2+ regulation controls the extent of PS exposure. 
Mice homozygously deficient in STIM2 are viable and have normal platelet counts 27. 
Stimulation of Fura-2-loaded Stim2-/- platelets showed unaltered Ca2+ responses upon 
stimulation of GPVI (Figure 7, a and b) or thrombin-receptors (not shown). Flow perfusion 
experiments over collagen, performed with blood from the Stim2-/- mice, indicated the 
formation of large thrombi and the presence of many PS-exposing platelets (Figure 7c). 
Furthermore, detailed image analysis pointed to an unchanged procoagulant index of 
Stim2-/- thrombi compared with Stim2-/- thrombi (Figure 7d). 
 

 
 
Figure 6. Deficiency in STIM1 or Orai1 reduces GPVI-dependent thrombin generation. Citrate-
anticoagulated PRP (1 x 108 platelets/ml) of the indicated mice was preincubated with vehicle sol-
vent (control), convulxin (100 ng/ml), or ionomycin (20 µM). Thrombin generation was triggered 
with tissue factor/CaCl2. (a), representative thrombin generation curves per genotype. (b), quantifi-
cation of thrombin peak height. (c), quantification of time to peak. Means ± S.E. (error bars) are 
shown. n=4-6. #, p<0.05 compared with wild type (ionomycin); *, p<0.05 compared with control vs. 
wild type. 
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The putative role of other Ca2+ entry channels was investigated by using the established 
Ca2+ entryblocker SKF96365 39. To compare with earlier established Ca2+ traces (supple-
mental Figure 1), Fura-2-loaded platelets were activated with GPVI agonist CRP, thrombin, 
or a combination of both. In wild type platelets, pre-treatment with SKF96365 inhibited 
the Ca2+ responses to all agonists with 60-70%, only if CaCl2 was present in the incubation 
medium (Figure 8a). On the other hand, when no CaCl2 was added and Ca2+ entry was 
prevented, SKF96365 did not have a significant effect (Figure 8b). Pre-treatment with 
SKF96365 had a similar, 70% inhibitory effect on the Ca2+ response evoked by convulxin, 
again only in the presence of CaCl2. Strikingly, in Stim1-/- and Orai1-/- platelets, SKF96365 
still suppressed both the CRP- and thrombin-induced Ca2+ responses by 40-60%, again if 
extracellular CaCl2 was present (Figure 8b). For all genotypes, the inhibition by SKF96365 
was significant in the presence of CaCl2 (p<0.001), but not without CaCl2 (p=0.05-0.38). 
The Stim1-/- and Orai1-/- platelets responded similarly, but the former had a lower residual 

Figure 7. Unchanged GPVI-dependent Ca2+ responses and thrombus formation of STIM2-deficient 
platelets. (a) Representative Ca2+ rises of Fura-2-loaded platelets from wild type and Stim2-/- mice, 
induced by CRP (10 µg/ml) plus CaCl2 (1 mM). (b) Quantification of maximal Ca2+ rises. (c) and (d) 
Thrombus formation after flow of PPACK/heparin-anticoagulated blood over collagen at high shear 
rate (4 min). (c) Representative contrast images captured at low (top panels) or high (middle panels) 
magnification. Bottom panels, fluorescence images after staining with FITC-annexin A5 (scale bars, 
50 µm). (d) Procoagulant index of relative number of PS-exposing platelets. Means ± S.E. (error bars) 
are shown. n= 4-6. The difference between groups was not significant. 
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Ca2+ signal in the presence of SKF96365, which is explained by the reduced Ca2+ store 
content in the these cells. Comparison of time traces of knock-out platelets shows that the 
SKF96365-inhibitable Ca2+ signal is a relatively slow component, operating after ≈10-60 s 
(Figure 8a). 
Further experiments demonstrated that the SKF96365-inhibitable Ca2+ entry pathway was 
important for procoagulant activity because it suppressed the GPVI/thrombin-mediated 
PS exposure in both wild type (-73 ± 8%) and Orai1-/- platelets (-34 ± 6%, p<0.05). To-
gether, these data point to the involvement of a second Ca2+ entry pathway in platelet PS 
exposure that is different from the Orai1 channels. 

 
Figure 8. Residual receptor-induced Ca2+ entry in STIM1- and Orai1-deficient platelets. Calcium 
responses were measured of Fura-2-loaded platelets from wild type (WT), chimeric Stim1-/-, or 
Orai1-/- mice, induced by CRP (10 µg/ml) and/or thrombin (Thr, 0.9 nM) and CaCl2 (1 mM), as indi-
cated. (a) Representative traces of SKF96365 (SKF, 100 µM) effect on Ca2+ rises. Arrows indicate 
addition of SKF96365 and agonist(s), respectively. B, quantitative effect of SKF96365 on Ca2+ rises. 
Total bars give rises without SKF96365; black bars indicate rises with SKF96365; and gray bars repre-
sent inhibition by SKF96365 (means ± S.E., n = 3-4). 
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Discussion 
This study examines the contribution of recently discovered Ca2+ entry pathways to the 
regulation of platelet procoagulant activity and thrombus formation. A first key finding is 
that deficiency in the Ca2+ sensor STIM1 or the Ca2+-selective channel Orai1 greatly re-
duces GPVI-dependent PS exposure and thrombus formation under conditions of flow and 
absence of coagulation. This corresponds to a major reduction in the Ca2+ responses of 
collagen-adhered Stim1-/- and Orai1-/- platelets. Thus, it can be concluded that the reduced 
GPVI-induced Ca2+ signaling leads to impaired PS exposure and platelet aggregation. Inter-
estingly, platelets from Stim2-/- mice are normally active in thrombus formation and PS 
exposure under the same flow conditions, indicating that the STIM2 homolog is not impli-
cated in these platelet responses.  
Detailed single-cell analysis yet points to discernible differences between the genotypes, 
in that a subpopulation of the collagen-adhered Orai1-/- platelets, but not of the Stim1-/- 
platelets, displays residual spiking in Ca2+. This residual Ca2+ signal will be a consequence of 
the appreciable GPVI-induced Ca2+ mobilization from internal stores of Orai1-deficient 
platelet 25, in contrast to the markedly reduced Ca2+ store mobilization of STIM1-deficient 
platelets 24. This difference between the genotypes was confirmed in CRP- and thrombin-
induced activation studies with Fura-2-loaded platelets. The present findings agree with 
the recent evidence that a dysfunctional R93W mutation of the Orai1 channel leads to 
partial impairment of GPVI-induced PS exposure 26. Collectively, our data underline the 
importance of both SOCE-regulating proteins in shear-dependent platelet activation by 
collagen, under conditions where the contribution of thrombin is absent or limited. 
The second key finding is that, under conditions of flow and coagulation, deficiency in 
platelet STIM1 or Orai1 does not abolish the capability to expose PS and to form a fibrin-
containing thrombus. Under these conditions, collagen-adhered Stim1-/- and Orai1-/- plate-
lets still show prolonged rises in Ca2+, although these are lower in magnitude compared 
with wild type platelets. Although the number of PS-exposing Stim1-/- and Orai1-/- platelets 
is still reduced, the procoagulant index is similar for all genotypes. This suggests that the 
GPVI-induced SOCE pathway mediated by STIM1 and Orai1 becomes redundant in the 
regulation of thrombus formation in cases where thrombin acts as a co-agonist. This con-
clusion is supported by the data showing that stimulation of isolated Stim1-/- or Orai1-/- 
platelets with a combination of GPVI and thrombin receptor agonists results in nearly 
unchanged PS exposure and prothrombinase activity. Furthermore, these platelets are 
partly inhibited in tissue factor-triggered thrombin generation when stimulated with GPVI 
ligand. It has been shown that polyphosphates released from platelets significantly con-
tribute to thrombin generation in PRP by activating factor XII 40. The above findings 
suggest that the polyphosphate contribution is still effective in the absence of STIM1 or 
Orai1. 
The standard protocol for assessment of SOCE is measurement of entry of extracellular 
Ca2+ after Ca2+ store depletion, e.g. by the reticular Ca2+-ATPase inhibitor thapsigargin. This 
Ca2+ entry is almost totally blocked in Stim1-/- and Orai1-/- platelets, implying that the 
STIM1-Orai1 interaction forms the principal SOCE mechanism 24,25. A similar conclusion has 
been drawn for other secretory cells, e.g. T cells and mast cells 41. However, it now ap-
pears that both Stim1-/- and Orai1-/- platelets show significant Ca2+ responses and PS 
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exposure, when co-stimulated via GPVI and thrombin receptors. This is suggestive for the 
presence of another, compensatory mechanism of Ca2+ entry, acting in a (thrombin) re-
ceptor-operated fashion. This hypothesis is supported by our finding that the imidazole 
antagonist SKF96365, which is a well studied inhibitor of Ca2+ entry in platelets 39, is still 
capable of suppressing the Ca2+ and procoagulant responses of platelets deficient in STIM1 
or Orai1. Unfortunately, this compound cannot be used in measurements of thrombus 
formation because it rapidly inactivates in the presence of blood plasma (data not shown). 
In Fura-2-loaded Stim1-/- and Orai1-/- platelets, SKF96365 still inhibits 40–60% of the Ca2+ 
signal independently of the agonist (GPVI ligand and/or thrombin). The slow, non-Orai1 
Ca2+ entry most likely does not involve the TRPC1 channel 16, because Trpc1-/- platelets 
have a fully intact Ca2+ signalling machinery 42. Other candidate target proteins of 
SKF96365 are the non-SOCE channels, TRPC6 and Orai3, both of which act in a receptor-
operated way and are expressed in platelets 17,19. Further studies are required to identify 
this channel. 
A pending question is whether the SOCE mechanism per se is implicated in the transmem-
brane scrambling of phospholipids, which is the underlying event of PS exposure. Such a 
role of SOCE has been proposed by others 43. However, the current findings do not sup-
port this because Stim1-/- and Orai1-/- platelets (both devoid of SOCE) almost normally 
expose PS upon combined collagen- and thrombin-receptor stimulation. This is in agree-
ment with the finding that platelets from Scott syndrome patients, which have a defect in 
PS exposure, show unchanged Ca2+ signals in response to collagen/thrombin 44. Together, 
this strongly argues against a role of SOCE or other Ca2+ channels as phospholipid scram-
blase proteins. 
The present findings support the idea that the Orai1 channel is an attractive target for 
pharmacological treatment of thrombosis. Previous results have demonstrated that the 
deficiency of Orai1 in mouse platelets protects from arterial thrombus formation, particu-
larly in thrombosis models that are collagen-dependent 24,25. Because collagen-indepen-
dent thrombosis models mostly rely on tissue factor exposure and thrombin generation 6, 
it is plausible that specific targeting of Orai1 (or STIM1) restricts platelet procoagulant 
activity and thrombus formation only under conditions, where the role of tissue factor is 
limited. Hence, targeting of Orai1 may be more effective to prevent thrombosis in arteries, 
where (tissue factor-dependent) thrombin accumulation is confined by the high shear flow 
conditions. In contrast, blockage of Orai1 may not impair bleeding from wounds where 
tissue factor is abundantly exposed. Indeed, mice deficient in Orai1 have only a mild pro-
longation of the tail bleeding time 25. Whether inhibition of the non-Orai1 (non-SOCE) 
channels targeted by SKF96365 also provides antithrombotic protection still needs to be 
investigated. 
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Abstract 
Objective: Platelet Orai1 channels mediate store-operated Ca2+ entry (SOCE), which is 
required for procoagulant activity and arterial thrombus formation. Pharmacological 
blockage of these channels may provide a novel way of antithrombotic therapy. There-
fore, the thromboprotective effect of SOCE blockers directed against platelet Orai1 is 
determined. Methods and Results: Candidate inhibitors were screened for their effects on 
SOCE in washed human platelets. Tested antagonists included the known compounds, 
SKF96365, 2-aminoethyldiphenylborate, and MRS1845 and the novel compounds, Synta66 
and GSK-7975A. The potency of SOCE inhibition was in the order of Synta66> 2-aminoethyl 
diphenylborate> GSK-7975A> SKF96365> MRS1845. The specificity of the first 3 com-
pounds was verified with platelets from Orai1-deficient mice. Inhibitory activity on 
procoagulant activity and high-shear thrombus formation was assessed in plasma and 
whole blood. In the presence of plasma, all 3 compounds suppressed platelet responses 
and restrained thrombus formation under flow. Using a murine stroke model, arterial 
thrombus formation was provoked in vivo by transient middle cerebral artery occlusion. 
Postoperative administration of 2-aminoethyldiphenylborate markedly diminished brain 
infarct size. Conclusion: Plasma-soluble SOCE blockers such as 2-aminoethyldiphenylbora-
te suppress platelet-dependent coagulation and thrombus formation. The platelet Orai1 
channel is a novel target for preventing thrombotic events causing brain infarction. 
 
Introduction 
Elevation in cytosolic Ca2+ is fundamental to most platelet responses to physiological ago-
nists, including pseudopod formation, integrin αIIbβ3 activation, secretion, procoagulant 
activity, and formation of platelet aggregates 1,2. Hence, elevated Ca2+ is a central signaling 
event in regulating the formation of a multi-platelet thrombus after arterial damage. Sur-
prisingly, attempts to pharmacologically attack platelet Ca2+ signaling to suppress 
thrombus formation and, hence, arterial thrombosis have so far been unsuccessful. This is 
attributable to a lack of knowledge of the molecular mechanism implicated in platelet Ca2+ 
signaling and to the absence of suitable Ca2+ signal inhibitors. 
Most platelet agonists raise cytosolic Ca2+ via inositol 1,4,5-trisphosphate (InsP3)-mediated 
mobilization of Ca2+ from internal stores in the endoplasmic reticulum, which is dramati-
cally enhanced by Ca2+ influx from the extracellular medium 1-3. Recent work has shown 
that, in both human and mouse platelets, the Ca2+ channel Orai1 (also indicated as 
CRACM1) is responsible for the majority of Ca2+ entry into activated platelets through the 
pathway of store-operated Ca2+ entry (SOCE) 4-6. The permeability of the Orai1 channel 
appears to be strictly regulated by the interaction with the Ca2+-sensing endoplasmic 
protein, stromal-interacting molecule 1 (STIM1) 7. Platelets also express other channels 
implicated in Ca2+ influx, particularly isoforms of the transient receptor potential channels, 
transient receptor potential channel 1 and transient receptor potential channel 6, of 
which only the latter plays a modest role in platelet activation via the pathway of recep-
tor-operated Ca2+ entry 8,9. In other (nonexcitable) cell types, however, these non-Orai 
Ca2+ channels can have a more important role. 
Recent data using mice deficient in Orai1 or STIM1 have shown that both proteins in plate-
lets play key roles in arterial thrombus formation, as determined in various in vivo 
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thrombosis models 4,5. In addition, deficiency in platelet Orai1 or STIM1 appeared to sup-
press experimental induction of ischemic brain infarction but did not result in a bleeding 
phenotype. In agreement with this, deficiency in platelet Orai1 or STIM1 reduced the build 
up of platelet thrombi during high-shear blood flow over a collagen surface 5,6,10. These 
studies indicated that the Ca2+ entry process via Orai1 and STIM1 enhanced the formation 
of platelet aggregates, but was essential for platelet procoagulant activity 6,10. 
Platelet procoagulant activity is induced by strong Ca2+- mobilizing agonists such as colla-
gen, activating the glycoprotein VI (GPVI) receptor, in combination with thrombin, 
activating the protease-activated receptors (PAR). This response requires a sustained rise 
in intracellular Ca2+, surpassing a threshold level of ≈400 nmol/L 1,11. This causes surface 
exposure of the negatively charged phospholipid phosphatidylserine (PS), which serves as 
a binding site for coagulation factors 12-14. By providing a key link between platelet and 
coagulation activation, the platelet procoagulant response was found to regulate arterial 
thrombus formation in vivo in various experimental mouse models 15,16. 
Considering the relevant role of Orai1 in arterial thrombosis, we hypothesized that phar-
macological blockage of the Orai1 channels may provide a novel way of antithrombotic 
therapy by suppressing platelet aggregate formation and particularly platelet procoagu-
lant activity. In this article, we first screened established and novel pharmacological 
inhibitors of SOCE for their suppressive effects on platelet Ca2+ responses and thrombus 
formation. Using Orai1-deficient platelets, we verified this channel as the target of the 
most potent inhibitors. We furthermore determined the efficacy of inhibitors to suppress 
arterial thrombus formation in an established model of ischemic brain infarction. 
 
Methods 
Mice 
Experiments with mice were approved by the local animal care and use committees. Wild 
type C57BL/6, bone marrow chimeras of C57BL/6 mice with Orai1+/+ or Orai1-/- platelets 
have been described before 10. 
 
Ca2+ entry inhibitors 
SKF96365, MRS1845, and 2-aminoethyldiphenylborinate (2APB) were from Sigma (St. 
Louis, MO). LOE-908Cl was kindly provided by Boehringer Ingelheim Pharma. The novel 
inhibitors, Synta66, 3-fluoropyridine-4-carboxylic acid (2’,5-dimethoxybiphenyl-4-yl)amide 
(compound 66 from patent WO 2005/009954 A2), and GSK-7975A, 2,6-difluoro-N-(1-{[4-
hydroxy-2-(trifluoromethyl)phenyl]methyl}-1H-pyrazol-3-yl)benzamide (compound 36 
from patent WO 2010/122089 A1), were kindly provided by GlaxoSmithKline (UK). The 
latter 2 compounds were selected by their ability to suppress ICRAC in Jurkat or basophilic 
leukemia cells (see patents). Synta66 and GSK-7975A were >99% pure, as determined by 
proton nuclear magnetic resonance spectroscopy, liquid chromatography-mass spec-
trometry, and high-performance liquid chromatography. 
 
Thrombus formation and platelet Ca2+ responses under flow 
Glass cover slips were coated with 10 µL of 50 µg/mL Horm collagen (1 cm2) for 1 hour in a 
humid box, and subsequently blocked with 1% BSA in HEPES buffer, pH 7.45. Collagen-
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coated cover slips were perfused with whole blood that was anticoagulated with PPACK/ 
fragmin (human) 17 or PPACK/heparin (mouse) 10,18. Platelets in thrombi were postlabeled 
with FITC-annexin A5. To measure single-cell Ca2+ responses under flow, platelets were 
loaded with fluo-4 acetoxymethyl ester and re-added to autologous blood at an amount of 
10% fluo-4-loaded platelets 19. Inhibitor or vehicle was added 10 minutes before perfu-
sion. 
 
In vivo thrombosis 
Wild type or chimeric Orai1-/- mice were injected with vehicle solution or 2APB (3 mg/kg) 
as indicated. In blood samples isolated 60 minutes after injection, collagen-induced 
thrombus formation was measured, as described above. To induce focal cerebral ischemia 
in mice, the middle cerebral artery (MCA) was transiently occluded for 60 minutes using 
an intraluminal filament as described elsewhere (transient MCA occlusion model) 20. Im-
mediately after reperfusion of the MCA territory, vehicle solution or 2APB (3 mg/kg) was 
injected postoperatively. Animals were euthanized on day 1 after transient MCA occlu-
sion, and brain sections were stained with 2% 2,3,5-triphenyltetrazolium chloride to 
quantify the ischemic brain volume (corrected for edema) 20.  

Supplemental Figure 1. Chemical structure of (a) Synta66, 3-fluoropyridine-4-carboxylic acid [2’,5’-
dimethoxybiphenyl-4-yl)amide, and (b) GSK-7975A, 2,6-difluoro-N-(1-{[4-hydroxy-2-(trifluoromethyl) 
phenyl]methyl}-1H-pyrazol-3-yl)benzamide. 
 
Results 
Pharmacological inhibition of platelet Ca2+ and procoagulant responses 
Several compounds known to affect agonist-evoked influx of extracellular Ca2+ were 
screened for their potency to block SOCE and exposure of procoagulant PS in washed 
human platelets. The platelets were stimulated with a combination of strong agonists, 
convulxin (activating GPVI) and thrombin (activating protease-activated receptors), which 
is a condition known to maximally trigger Ca2+ signaling 1,21. Platelet stimulation in the 
presence of low EGTA (baseline Ca2+ ≈15 nmol/L) resulted in full mobilization of Ca2+ from 
intracellular stores, which was detected as a transient Ca2+ rise peaking at 400 nmol/L 
(Figure 1a). Subsequent addition of a surplus of CaCl2 induced massive Ca2+ influx attribut-
able to SOCE, resulting in Ca2+ peak levels up to 1300 nmol/L. Candidate compounds 
tested included the known SOCE inhibitor, bimethoxyphenyl imidazole, SKF96365 22; the 
less well-studied lipophilic biaromates, Synta66 and GSK-7975A (supplemental Figure 1) 23; 
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and furthermore the diphenylborate 2APB, initially used as InsP3 receptor inhibitor at high 
concentrations, but now recognized as a more potent antagonist of Ca2+ entry 24,25. Other 
tested compounds were LOE-908Cl and the nitrophenyl pyridine, MRS1845, both of which 
block Ca2+ entry in HL-60 cells 26,27. Because platelets lack voltage-dependent Ca2+ channels 
3, specific inhibitors of these were not tested.  

Figure 1. Effects of pharmacological inhibitors on platelet Ca2+ responses. (a) Human, Fura-2–
loaded platelets (1 x 108/mL) in HEPES buffer plus 0.1 mmol/L EGTA were preincubated 10 minutes 
with vehicle (dimethyl sulfoxide), Synta66 (10 µmol/L), SKF96365 (100 µmol/L), 2APB (10 µmol/L), or 
GSK-7975A (30 µmol/L). Platelets were stimulated with convulxin and thrombin (CT, 50 ng/mL and 4 
nmol/L), after which CaCl2 (Ca, 2 mmol/L) was added to determine store-operated Ca2+ entry (SOCE). 
(b) Effects of inhibitors on SOCE; data are compared with vehicle control. (c) Dose–response curves 
of inhibitor effects. Mean ± s.e.m (n=3-5), *p<0.05 vs control. 
 
At maximally effective concentrations, Synta66 and 2APB (10 µmol/L) as well as SKF96365 
and GSK-7975A (100 µmol/L) nearly completely blocked the Ca2+ entry signal evoked by 
CaCl2 addition, whereas they moderately reduced Ca2+ mobilization from stores with 10% 
to 30% (Figure 1a and 1b). In contrast, MRS1845 up to 100 µmol/L did not suppress the 
Ca2+ entry. The compound LOE-908Cl strongly interfered with the Fura-2 fluorescence 
signal and, hence, was not used for experiments. Dose-response curves for all inhibitors 

65 
 



 
 

showed that the IC50 concentration for SOCE in washed platelets increased in the order of 
Synta66< 2APB< GSK-7975A< SKF96365< MRS1845 (Figure 1c).  
Platelet procoagulant activity resulting from surface exposure of PS is known to be greatly 
impaired by deficiency or mutations of the SOCE channel, Orai1 6,10. Using fluorescent-
labeled annexin A5, we investigated the ability of all inhibitors to affect PS exposure in 
platelets stimulated with convulxin and thrombin. Flow cytometric analysis showed that 
Synta66 (10 µmol/L), 2APB (10 µmol/L), GSK-7975A (30 µmol/L), and SKF96365 (100 
µmol/L) each potently suppressed the fractions of PS-exposing platelets (supplemental 
Figure 2). Quantitative analysis indicated that among these, at a maximally effective con-
centration, 2APB was the most potent inhibitor. These results thus show that all tested 
SOCE inhibitors restrain platelet procoagulant activity. 

 
Supplemental Figure 2. SOCE inhibitors suppress platelet procoagulant reactivity. Human platelets 
in Hepes buffer plus 2 mmol/L CaCl2 were 10 min preincubated with vehicle (control), Synta66 (10 
µmol/L), SKF96365 (100 µmol/L), 2APB (10 µmol/L) or GSK-7975A (30 µmol/L), and stimulated with 
convulxin (50 ng/mL) plus thrombin (4 nmol/L) during 15 min. Using FITC-annexin A5, PS-exposing 
platelets (marker, M1) were detected by flow cytometry. (a) Representative histograms. (B) Effects 
of various compounds on PS exposure. Mean ± s.e.m. (n=4-7), *p<0.05. 
 
SOCE bockers suppress human platelet activation in plasma and whole-blood thrombus 
formation 
In plasma or whole blood systems, lipophilic inhibitors often need to be added at 10x to 
50x higher concentrations than in nonplasma-based buffer systems to affect platelet func-
tion 28. This also appeared to be the case for the SOCE inhibitors. When added to platelet-
rich plasma, concentrations of 100 µmol/L Synta66, 2APB, or GSK-7975A were required for 
inhibition of convulxin-induced Ca2+ rises and PS exposure with 41% to 49% (data not 
shown). To verify that these inhibitors influenced platelet procoagulant activity, the ef-
fects of Synta66, 2APB, or GSK-7975A (100 µmol/L) in platelet-rich plasma were measured 
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on thrombin generation. Upon triggering with 1 pmol/L tissue factor, peak heights of 
thrombin generation were reduced with Synta66, 2APB, and GSK-7975A to 29±2%, 58±2%, 
and 28±2% of control, respectively. SKF96365 (100 µmol/L) was inactive in platelet-rich 
plasma (not shown). Because Synta66, 2APB, or GSK-7975A retained their inhibitory activ-
ity in plasma, the compounds were tested in whole-blood thrombus formation. Therefore, 
PPACK-anticoagulated human blood was flowed at high shear rate over collagen (i.e., a 
condition where the thrombus forming process is regulated via Orai1-mediated platelet 
activation) 5. In this flow perfusion assay, collagen-adhered platelets are activated in a 

Figure 2. Store-operated Ca2+ entry (SOCE) blockers suppress whole-blood thrombus formation. 
Human PPACK -anticoagulated blood was perfused 4 minutes over collagen at a shear rate of 
1000/s. Samples were preincubated for 10 minutes with vehicle, Synta66, 2APB, or GSK-7975A (each 
100 µmol/L). Platelet deposition (phase-contrast) and procoagulant platelets (FITC-annexin A5 
fluorescence) were assessed by quantitative microscopy. (a) Representative images (bars, 20 µm). 
(b) Surface area coverage (SAC) of total platelets and FITC-annexin A5-labeled platelets. Mean ± 
s.e.m. (n=6-7), *p<0.05, #p<0.1. 
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GPVI-dependent way by elevating intracellular Ca2+ and aggregating and exposing PS 15,17. 
With all 3 inhibitors, the deposition of platelets on the collagen surface was markedly 
reduced in comparison with the vehicle control, as was the number of platelets exposing 
PS (Figure 2a and 2b). Subsequent experiments with fluo-4-loaded platelets indicated that, 
at the same flow conditions, all 3 SOCE inhibitors did reduce the Ca2+ rises of collagen-
adhered platelets by 25% (Figure 3). In control flow experiments, the effect of chelation of 
extracellular Ca2+ by EGTA was examined. This resulted in the formation of small aggre-
gates on the collagen surface, while PS exposure (measured with FITC-labelled 
lactadherin) was also reduced by >90%. With EGTA present, the extra addition of 2APB, 
Synta66, or GSK-7975A (100 µmol/L) was without further effect on PS exposure and plate-
let deposition (surface area coverage: vehicle 7.8%; 2APB 7.8%; Synta66 8.3%; GSK-7975A 
7.5%). Together, these data demonstrate that the tested compounds reduce Ca2+ signaling 
and markedly suppress collagen-dependent thrombus formation of flowing human blood. 

Figure 3. Store-operated Ca2+ entry (SOCE) blockers attenuate Ca2+ signals during thrombus for-
mation. Human PPACK-anticoagulated blood was supplemented with 10% autologous fluo-4-loaded 
platelets and preincubated as described in Figure 2. Blood was perfused 4 minutes over collagen at a 
shear rate of 1000/s, while fluorescence video images were recorded to determine rises in Ca2+. (a) 
Representative Ca2+ traces from single, adhered platelets, represented as pseudo-ratio F/F0. (b) 
Averaged Ca2+ traces from >40 platelets per condition. (c) Quantification of mean Ca2+ rises during 
90 to 150 s after initial adhesion. Mean ± s.e.m., *p<0.05, **p<0.01. 
 
SOCE blockers suppress murine platelet responses and thrombus formation 
Considering that Orai1 forms the main SOCE channel in mouse platelets 2,5,10, we used 
platelets from wild type and Orai1-deficient mice to verify the selectivity of the inhibitory 
compounds for this Ca2+ channel. In Fura-2-loaded platelets from wild type mice, the GPVI 
agonist CRP caused a prominent Ca2+ rise in the presence of CaCl2 attributable to SOCE 
(supplemental Figure 3). This Ca2+ rise with CRP was inhibited by >50% with Synta66 (10 
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µmol/L), 2APB (100 µmol/L), or GSK-7975A (100 µmol/L). In Fura-2-loaded Orai1-/- plate-
lets, CRP evoked a much lower Ca2+ response because of the absence of SOCE, which is in 
confirmation with earlier results 5,10. The Ca2+ signal in knockout platelets was not affected 
by Synta66 or 2APB, whereas GSK-7975A was slightly inhibitory (supplemental Figure 3). In 
wild type platelets, all 3 inhibitors markedly suppressed thrombin-evoked Ca2+ rises, 
whereas Synta66 and GSK-7975A but not 2APB had a limited reducing effect on the al-
ready impaired thrombin-evoked Ca2+ rise in Orai1-/-  platelets. Together, these data point 
to 2APB as a most specific inhibitor of murine Orai1. 

 
Supplemental Figure 3. SOCE blockers primarily block Orai1 signaling. Rises in Ca2+ were measured 
in wild type and Orai1-/- mouse platelets, loaded with Fura-2. Stimulation was with collagen-related 
peptide (CRP, 10 μg/mL) or thrombin (0.9 nM) in CaCl2-containing Hepes buffer; preincubation was 
with vehicle (DMSO), Synta66 (10 µmol/L), 2APB (100 µmol/L) or GSK-7975A (100 µmol/L). (a,b) 
Representative traces of Ca2+ rises in the presence of 2APB or vehicle for (a) wildtype and (b) Orai1-/- 
mouse platelets. (c-f) Quantitative effect of inhibitors on maximal Ca2+ rises in wildtype (c, e) or 
Orai1-/- platelets (d, f) after activation by CRP (c, d) or thrombin respectively (e, f). Mean ± s.e.m. 
(n=3-5), *p<0.05 vs vehicle control. 

69 
 



 
 

 
Figure 4. Store-operated Ca2+ entry (SOCE) blockers suppress thrombus formation in wild type 
mice in vitro. PPACK-anticoagulated wild-type mouse blood was perfused 4 minutes over collagen at 
a shear rate of 1000/s. Samples were preincubated with vehicle (control), Synta66, 2APB, or GSK-
7975A (100 µmol/L). (a) Microscopic images of phase-contrast and FITC-annexin A5 fluorescence 
(bars, 20 µm). (b) Surface area coverage (SAC) of total and annexin A5–binding platelets. Mean ± 
s.e.m. (n=4–6), *p<0.05, #p<0.1. (c) Averaged Ca2+ traces of fluo-4–loaded wild-type platelets sup-
plemented to wild-type blood; >40 platelets per condition. 
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We then examined the efficacy of the compounds to suppress murine thrombus formation 
in flow experiments over collagen with isolated wild type blood. In comparison with the 
vehicle condition, all 3 compounds (100 µmol/L) significantly lowered platelet deposition 
by ≈30% (leaving small aggregates) and PS exposure by 50% (Figure 4a and 4b). This was 
again accompanied by a marked reduction in Ca2+ responses of the collagen-adherent 
platelets (Figure 4c). The relatively high reduction in PS exposure in comparison with 
platelet aggregate formation is compatible with the results of flow studies using Orai1-/- 
blood 5,10. Earlier data have indicated that platelet adhesion and aggregation are less de-
pendent on the Ca2+ signal than PS exposure, which requires a prolonged elevation in 
cytosolic Ca2+ 1. 
 
Flow experiments were also performed with Orai1-/- blood to check for potential non-Orai 
effects of 2APB, Synta66, and GSK-7975A (supplemental Figure 4). However, in the ab-
sence of Orai1 none of these compounds (100 µmol/L) caused a further reduction in 
platelet deposition or PS exposure. Together, this points to Orai1 as principal target of 
these inhibitors in whole-blood thrombus formation.  

Supplemental Figure 4. PPACK-anticoagulated wildtype and Orai1-/- mouse blood was perfused over 
collagen at 1000 s-1 for 4 min. Samples were preincubated with vehicle (control), Synta66, 2APB or 
GSK-7975A (100 µmol/L). Surface area coverage (SAC) of total and Annexin A5-binding platelets. 
Mean ± s.e.m. (n=3), *p<0.05. 
 
Given the marked effects of 2APB in flow experiments, this compound was used to exam-
ine the consequences of SOCE inhibition on arterial thrombus formation in vivo. Wild type 
mice were injected with a bolus of 2APB (3 mg/kg) or vehicle solution, and blood was 
taken after 60 minutes to assess collagen-dependent thrombus formation under flow. The 
in vivo 2APB treatment resulted in the formation of smaller platelet aggregates and in a 
marked decrease in platelet deposition by ≈35% (Figure 5a and 5b). This resembled the 
diminished thrombus formation after in vitro addition of 2APB (Figure 4).  
Because platelet activation via glycoprotein Ib, GPVI, and Orai1 significantly contributes to 
the development of brain infarction after thrombus formation in the cerebral arteries 5,20, 
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we tested the efficacy of 2APB on this process using an established experimental stroke 
model. Herein, ischemic stroke is evoked by transient MCA occlusion, and the brain infarct 
volume is assessed after 1 day. Administration of 2APB to wild type mice significantly 
reduced the infarction volume by ≈30% compared with the vehicle control (Figure 5c). In  
Orai1-/- mice, transient MCA occlusion caused a smaller infarction volume, which is in 
agreement with previous results 5. Importantly, administration of 2APB to Orai1-/- mice did 
not result in a further decrease in infarction size (Figure 5c and 5d). Altogether, these 
results indicate that the blockage of platelet SOCE via Orai1 has a thromboprotective 
effect. 

 
Figure 5. Suppressive effect of 2-aminoethyldiphenylborinate (2APB) on murine thrombus for-
mation and experimental stroke in vivo. (a) and  (b) Wild type mice were injected with vehicle or 
2APB (3 mg/kg). Thrombus formation on collagen surface was assessed in blood samples collected 
60 minutes after injection, as in Figure 4. Shown are representative phase-contrast images (bars, 20 
µm) and surface area coverage (SAC) of deposited platelets (n=6). (c) and (d) Wild type and Orai1-/- 
chimeric mice were injected with vehicle or 2APB (3 mg/kg) and subjected to transient middle cere-
bral artery occlusion, resulting in thrombosis and subsequent brain infarction. (c) Infarct volumes in 
brains of mice injected with vehicle or 2APB after 1 day tMCAO. Mean ± s.d. (n=8-10, *p<0.05 com-
pared with vehicle control). (d) Representative 2,3,5-triphenyltetrazolium chloride (TTC) stainings of 
brains from wild-type and Orai1-/- mice treated with vehicle or 2APB. 
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Discussion 
In the present study, we show for the first time that pharmacological blockage of platelet 
SOCE channels has a thromboprotective potential by suppressing thrombus formation and 
reducing platelet procoagulant activity. In both human and mouse platelets, the novel 
compounds, Synta66 and GSK-7975A, and 2APB, at concentrations that inhibited SOCE, 
effectively antagonized whole-blood thrombus formation and PS exposure. These results 
are in agreement with the earlier reported impaired thrombus formation and platelet 
procoagulant activity in mice with Orai1-deficient platelets 5,10 and in human platelets with 
a dysfunctional Orai1R91W mutation 6. In contrast, we found that the compound SKF96365, 
earlier identified as blocker of Ca2+ influx in platelets, was ineffective in the presence of 
blood plasma. 
We find that in suspensions of washed human platelets, 2APB, Synta66, and GSK-7975A 
effectively suppressed agonist-induced Ca2+ influx via SOCE (>85%), at concentrations 
where Ca2+ mobilization from stores was only moderately affected (10-25%). The mecha-
nism of this moderate reduction of Ca2+ mobilization is unclear. Similar to 2ABP, both 
inhibitors may modulate InsP3 receptor function (e.g., by affecting Ca2+-induced Ca2+ re-
lease). Alternatively, they may interfere in a proposed interaction of InsP3 receptors with 
Orai1 channels 29. 
Both 2APB and Synta66 abrogated GPVI-induced Ca2+ signaling in wild type but not in 
Orai1-/- mouse platelets, whereas GSK-7975A caused limited additional inhibition in Orai1-
deficient platelets. Furthermore, 2APB did not affect thrombin-induced Ca2+ signaling in 
Orai1-/- mouse platelets, thus pointing to this compound as a more selective inhibitor of 
the Orai1 channels. Synta66 has been shown to block ICRAC currents in mast cells 23, 
whereas the structural analog GSK-7975A has not been tested before. The compound 
2APB was previously considered to be an antagonist of InsP3 receptors but later identified 
as a much more potent Ca2+

 influx blocker 24,25,30, which is confirmed by the current data. 
Other tested compounds were much less effective in inhibiting SOCE and could not be 
used in the presence of blood plasma (i.e., MRS1845, and SKF96365, the first described 
antagonist of Ca2+

 influx in isolated platelets and leukocytes) 22.  
In GPVI-stimulated platelets, Synta66, GSK-7975A, and 2APB markedly inhibited the pro-
coagulant response (i.e. PS exposure) at concentrations that also affected Ca2+ responses. 
This inhibition was observed in washed platelets with thrombin as co-agonist and in colla-
gen-adhered platelets after blood perfusion. Previous studies suggested a role of Ca2+ 
influx in PS exposure of human platelets 31,32. and the present data are the first to demon-
strate that pharmacological blockage of SOCE suppresses this process in whole blood. 
However, the moderate reduction in Ca2+ responses in collagen-adhered platelets points 
to partial inhibition of SOCE in whole blood despite the presence of high concentrations 
(10-4  mol/L) of blockers, which is compatible with their incomplete inhibition of PS expo-
sure. Given the limited water solubility of all tested compounds, next generation Orai1 
antagonists preferably combine reduced hydrophobicity with increased affinity to the Ca2+ 
channel. 
Injection of a single bolus of 2APB into wild type mice effectively reduced whole blood 
thrombus formation ex vivo in mouse and significantly diminished brain infarct volume 
after middle cerebral artery occlusion (i.e., an arterial thrombosis model known to rely on 

73 
 



 
 

platelet Orai1 activity) 5. Given the fact that this model of brain infarction relies on glyco-
protein Ib- and GPVI-dependent platelet activation and on factor XII-dependent thrombin 
generation 20,33, the protective effect of 2APB can rely on the inhibition of both thrombus 
formation and platelet procoagulant activity. 
In conclusion, we have shown that SOCE inhibitors, including 2APB, directed against Orai1, 
have a high potential in reducing platelet-dependent coagulation and thrombus forma-
tion. The relatively high doses needed for the presently available SOCE (Orai1) inhibitors, 
however, urge for a search to higher affinity channel blockers before starting preclinical 
studies. Given the reported immune deficiency of patients with missense Orai1 mutations 
34, total or long-term blockage of SOCE may not be desirable in the treatment of patients 
with thrombosis. Hence, possible toxic side effects after administration of Orai1 channel 
blockers need to be monitored thoroughly. With such compounds available, our data 
indicate that the platelet Orai1 channel is a novel target for attacking arterial thrombosis 
to brain infarction. 
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Supplemental methods 
Mice 
Bone-marrow chimeras of mice with Orai1+/+ or Orai1-/- platelets at C57BL/6 background 
were generated as described 1,2. Deficiency in Orai1 was confirmed by reverse transcrip-
tion PCR analysis. Wildtype mice were at C57BL/6 genetic background. 
 
Materials 
H-Phe-Pro-Arg chloromethyl ketone (PPACK) was obtained from Calbiochem; fragmin from 
Pfizer; annexin A5 labeled with fluorescein isothiocyanate (FITC) from PharmaTarget; 
fibrillar type I collagen (Horm) from Nycomed. Fura-2, and Fluo-4 acetoxymethyl esters, 
Alexa Fluor-647 annexin A5, and pluronic F-127 were all from Invitrogen. Apyrase (grade 
V), bovine serum albumin (BSA), heparin, 2,3,5-triphenyltetrazolium chloride (TTC) and 
thrombin were from Sigma. Convulxin was purified as described 3.  
 
Blood collection and platelet preparation 
Human blood was obtained from healthy volunteers after full informed consent. For per-
fusion studies, the blood was collected into 40 µmol/L PPACK and 40 U/mL fragmin (f.c.). 
For the preparation of washed platelets, blood was collected into acid citrate dextrose 
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(ACD) anticoagulant 4. Platelets were resuspended in Hepes buffer pH 7.45 (136 mmol/L 
NaCl, 10 mmol/L Hepes, 2.7 mmol/L KCl, 2 mmol/L MgCl2, 0.1% glucose and 0.1% BSA) 5. 
For the preparation of platelet-poor plasma, blood was collected in 1/10 volume 129 
mmol/L trisodium citrate. Cells were counted with a Coulter counter. Mouse blood was 
collected via retro-orbital puncture. For perfusion experiments, blood was collected into 
40 µM PPACK and 5 U/mL low molecular weight heparin (f.c). Washed mouse platelets 
were prepared as described 1. 
 
Ca2+ measurements of platelets in suspension  
Human 6 and mouse 1 platelets were loaded with Fura-2 acetoxymethyl ester and washed, 
as described. Calcium responses in the loaded platelets  (1 x 108/mL) were measured by 
ratio fluorometry under stirring at 37°C. Calibration of Fura-2 fluorescence ratios to 
nanomolar levels of Ca2+ was performed by lysis with Triton X-100 and subsequent appli-
cation of a surplus of EGTA in Tris buffer pH 8, as reported for human and mouse platelets 
1,6. Cells were pretreated with vehicle (DMSO) or inhibitor during 10 min. 
 
Flow cytometry 
Surface exposed PS as a measure of procoagulant activity of platelets in suspension was 
determined by flow cytometry, as described 7. Briefly, cells (1 x 108/mL) were preincu-
bated with vehicle or inhibitor for 10 min, activated with the indicated agonist in the 
presence of 2 mmol/L CaCl2, and stained with appropriate label, e.g. with FITC-annexin A5 
to determine PS exposure. For measurements in plasma environment, washed platelets 
were added to plasma that was recalcified in the presence of 40 µmol/L PPACK and 40 
U/mL fragmin, as described 8. 
 
Thrombin generation  
PRP and platelet-free plasma collected on citrate were used to measure thrombin genera-
tion under standard conditions with the calibrated automated thrombogram method 5. 
Thrombin generation was initiated by 1 pmol/L tissue factor, and first-derivative curves of 
fluorescence generation from cleaved Z-GGR-AMC were made using Thrombogram soft-
ware. Thrombin peak heights were corrected for contribution of microparticles.  
 
Thrombus formation and platelet Ca2+ responses under flow 
Collagen type I coated cover slips, placed in a transparent parallel-plate flow chamber, 
were perfused with whole blood anticoagulated with PPACK/fragmin (human) 9 or 
PPACK/heparin (mouse) 2,10, thus containing physiologically high levels of free Ca2+ and 
Mg2+. Pretreatment with vehicle or inhibitors was for 10 min. After 4 min perfusion at 
arterial shear rate of 1000 s-1, platelet thrombi formed on the collagen surface were post-
labeled with FITC-annexin A5 (0.25 µg/mL) in Hepes buffer pH 7.45 containing 2 mmol/L 
CaCl2. Phase contrast and fluorescent images were recorded by a Visitech  digital imaging 
system, equipped with two intensified, charge-coupled device cameras 2. Images were 
analyzed off-line by Metamorph software. To measure single-cell Ca2+ responses under 
flow, human or mouse platelets were loaded with Fluo-4 acetoxymethyl ester, and re-
added to the autologous blood at an amount of 10% Fluo-4-loaded platelets 4. During 
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blood perfusion over collagen, Fluo-4 fluorescence images were recorded at high fre-
quency (1 Hz) from the optical plane of the collagen coating. Changes in fluorescence were 
analyzed off-line by selecting regions of interest, representing single adhered platelets. 
Traces of fluorescence intensity (F) per platelet were converted into pseudo-ratio F/F0 
values 4. 
 
Statistics 
Significance of differences was determined with the paired t-test or the independent 
samples t test, as appropriate, using the statistical package for social sciences (SPSS 11.0). 
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Abstract 
Scott syndrome, a bleeding disorder caused by defective phospholipid scrambling, has 
been associated with mutations in the TMEM16F gene. The role of TMEM16F in apoptosis- 
or agonist-induced phosphatidylserine (PS) exposure was studied in platelets from a Scott 
syndrome patient and control subjects. Whereas stimulation of control platelets with the 
BH3-mimetic ABT737 resulted in 2 distinct fractions with moderate and high PS exposure, 
the high PS-exposing fraction was markedly delayed in Scott platelets. High, but not mod-
erate, PS exposure in platelets was suppressed by chelation of intracellular Ca2+, whereas 
caspase inhibition completely abolished ABT737-induced PS exposure in both Scott and 
control platelets. On the other hand, high PS exposure induced by the Ca2+-mobilizing 
agonists convulxin/thrombin fully relied onmitochondrial depolarization and was virtually 
absent in Scott platelets. Finally, PS exposure induced by collagen/thrombin was partly 
affected in Scott platelets, and the residual PS positive fraction was insensitive to inhibi-
tion of caspases or mitochondrial depolarization. In conclusion, TMEM16F is not required 
for, but enhances, caspase-dependent PS exposure; convulxin/thrombin-induced PS expo-
sure is entirely dependent on TMEM16F, whereas collagen/thrombin-induced PS exposure 
results from 2 distinct pathways, one of which involves mitochondrial depolarization and 
is mediated by TMEM16F. 
 
Introduction 
Transbilayer lipid asymmetry in platelets and other cells is maintained by an aminophos-
pholipid translocase, an active transporter pumping aminophospholipids phosphatidyl-
serine (PS) and phosphatidylethanolamine from the outer to the inner leaflet of the 
plasma membrane. Under particular conditions, phospholipid asymmetry is disrupted by a 
“scrambling” process, in which the phospholipids become increasingly randomized over 
both plasma membrane leaflets 1. As a consequence, PS, which in resting cells is exclu-
sively located in the inner leaflet, becomes exposed at the membrane outer leaflet and 
can be probed with the PS-binding proteins annexin A5 or lactadherin. For apoptotic cells, 
externalized PS provides a signal for removal by the mononuclear phagocytic system 2. In 
blood cells, PS-exposing membranes strongly promote the process of thrombin generation 
and fibrin clot formation 3,4. In platelets, phospholipid scrambling and PS externalization 
are induced by activation with strong agonists like convulxin/thrombin and colla-
gen/thrombin, stimulating glycoprotein VI, and the platelet thrombin receptors 5,6. Known 
requirements for agonist-induced phospholipid scrambling are a sustained high intracellu-
lar Ca2+ concentration 1,3 and loss of the mitochondrial membrane potential 7,8. Hence, 
platelets lacking cyclophilin D, a positive modulator of the mitochondrial permeability 
transition pore (MPTP), are protected against PS externalization upon convulxin/thrombin 
stimulation 9.  
Scott syndrome is a rare bleeding disorder in which the Ca2+-dependent phospholipid 
scrambling of platelets and other blood cells is impaired 10. Although agonist-induced Ca2+ 
responses were found to be unchanged, Scott syndrome platelets show diminished PS 
exposure upon stimulation with convulxin/thrombin, collagen/thrombin, or Ca2+-
ionophore ionomycin compared with healthy subjects 11. Recently, TMEM16F was recog-
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nized as a protein critically involved in Ca2+-induced phospholipid scrambling. A homozy-
gous mutation in TMEM16F (IVS12–1G→T, causing premature termination of translation) 
was found in the genome of the propositus Scott patient 12. Another Scott syndrome pa-
tient appeared to be compound heterozygous in TMEM16F 13, suggesting that a defective 
TMEM16F is the cause of the Scott syndrome phenotype. 
Besides the agonist-induced pathway, platelets possess a distinct pathway to PS exposure, 
which was shown to be elicited with ABT737 or ABT263 (Navitoclax), both of which are 
BH-3 mimetics that activate caspase-dependent apoptosis in a Bax/Bak-dependent man-
ner 14,15. This apoptotic pathway may play a role in the clearance of aging platelets 16. As 
Bcl-xL is gradually degraded in such platelets, its restraint of the proapoptotic function of 
Bax and Bak will gradually diminish in time and hence prime platelets for apoptosis 17,18. 
This explains why BH3 mimetics like ABT737 and ABT263 induce thrombocytopenia and 
affect the platelet hemostatic function 19,20. Whether TMEM16F is involved in PS exposure 
upon apoptosis has not been investigated. 
In this study, we aimed to elucidate the roles of TMEM16F in agonist- and apoptosis-
induced PS exposure using platelets from a Scott patient. We provide evidence for 
TMEM16F-independent phospholipid scrambling in the apoptotic pathway that leads to 
moderate PS exposure in a caspase-dependent way. The data furthermore point to a 
TMEM16F-independent process of caspase/mitochondrial-independent PS exposure in 
response to collagen/thrombin. 
 
Methods 
Materials 
ABT737 and Ac-DEVD-AFC were obtained from Santa Cruz Biotechnology (Santa Cruz, CA), 
ABT-263 from Selleckchem (Houston, TX), and annexin A5-labeled with fluorescein 
isothiocyanate (FITC) from PharmaTarget (Maastricht, The Netherlands). Acetylsalicylic 
acid (aspirin) was from Genfarma (Maarssen, The Netherlands). Fibrillar type I collagen 
(Horm) was from Nycomed (Munich, Germany). Fluo-4 acetoxymethyl ester, Alexa Fluor-
647 (AF647)-labeled annexin A5, dimethyl BAPTA acetoxymethyl ester, ionomycin, and 
pluronic F-127 were from Invitrogen (Carlsbad, CA). Apyrase (grade V), dimethylsulfoxide, 
bovine serum albumin, human fibrinogen, MRS2179, and thrombin were from Sigma-
Aldrich (St. Louis, MO). FITC-lactadherin was from Haematologic Technologies (Essex Junc-
tion, VT). Tetramethyl rhodamine methyl ester (TMRE) was from Anaspec (San Jose, CA). 
Q-VD-Oph and cyclosporin A were from Calbiochem (San Diego, CA). A fluorometric assay 
for caspase 3 activity (BF1100) came from R&D Systems (Minneapolis, MN). Convulxin was 
purified as described before 21. Cangrelor was kindly provided by AstraZeneca (Mölndahl, 
Sweden). 
 
Blood collection and platelet preparation 
Human blood was obtained from healthy volunteers and a patient from the UK with Scott 
syndrome after they provided informed consent in accordance with the Declaration of 
Helsinki under protocols reviewed by the local ethics committees. The UK Scott patient 
was described earlier as compound heterozygous in TMEM16F with one mutation, IVS6 + 
1G→A, resulting in exon 6 skipping and another mutation (c.1219insT) leading to a prema-
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ture stop of translation, causing defective TMEM16F expression 13. Blood was collected 
into acid citrate dextrose to prepare washed platelets in N-2-hydroxyethylpiperazine-N’-2-
ethanesulfonic acid (HEPES) buffer, pH 7.45 (136 mM NaCl, 10 mM HEPES, 2.7 mM KCl, 2 
mM MgCl2, 0.1% glucose, and 0.1% bovine serum albumin) as described 22. Platelet counts 
were determined using a Coulter counter (Beckman). 
 
Measurement of PS exposure 
Washed platelets (1 x 108/mL) were preincubated with inhibitor or vehicle control (di-
methylsulfoxide) and activated with indicated agents under nonstirring conditions at 37°C. 
For aging experiments, platelets were stored at room temperature in sterile HEPES buffer, 
pH 7.45, supplemented with 0.2% penicillin/streptomycin. For experiments performed in 
the absence of extracellular Ca2+, HEPES buffer was supplied with 1 mM EGTA. Where 
indicated, intracellular Ca2+ was chelated by platelet treatment with 20 µM dimethyl 
BAPTA acetoxymethyl ester. Phospholipid scrambling was measured as PS exposure by 
labeling in the presence of 2 mM CaCl2 with fluorescent annexin A5 (0.25 µg/mL) or fluo-
rescent lactadherin (16 nM). Labeling was done by transferring 2 µL platelet suspension 
into 60 µL measurement buffer with 2 mM CaCl2. After 2 min of labeling, samples were 
analyzed with an Accuri C6 flow cytometer and Flow C6 software. Threshold forward scat-
ter and side scatter gates were set to exclude microparticles. The range M3 was defined as 
the annexin A5 fluorescence comprising 95% of maximally activated platelets using iono-
mycin. The range M1 was set to include 95% of all unstimulated platelets, and M2 was the 
range between M1 and M3. 
 
Calcium measurements 
For measurements of [Ca2+]i by flow cytometry, washed platelets (3 x 108/mL) were loaded 
for 45 min with 8 µM Fluo-4 AM in the presence of 0.4 µg/mL pluronic F-127. Following a 
wash step, the platelets were resuspended in HEPES buffer, pH 7.45, containing 2 mM 
CaCl2 and activated by convulxin/thrombin (70 ng/mL, 4 nM) at 2 x 106 platelets/mL. 
 
Detection of mitochondrial depolarization 
Platelets were loaded with TMRE (50 nM) for 30 min prior to stimulation for assessment of 
mitochondrial membrane depolarization by flow cytometry. In combination with confocal 
microscopy, platelets were allowed to adhere to fibrinogen-coated coverslips before 
stimulation with indicated agonist. Slides were precoated with 500 µg/mL fibrinogen for 
10 min. After stimulation with the indicated agonists, confocal images were taken with a 
Live-7 Zeiss line-scanning microscope system. 
 
Caspase activity assay 
Washed platelets (1 x 108/mL) were preincubated and activated as indicated. At fixed time 
points, 100 µL samples were centrifuged (2 min at 2300 g), and platelet pellets were re-
solved into 100 µL lysis buffer (caspase-3 fluorometric assay, R&D Systems). Samples in 
lysis buffer were mixed 1:1 with 50 µL caspase substrate mix containing 9.8 µM dithio-
threitol and 49 µM Ac-DEVD-AFC. Fluorescence was measured in time using a Spectramax 
M2. Caspase-3 activity was assessed as fluorescence units per minute. 
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Figure 1. Proapoptotic agent ABT737 causes PS exposure in platelets from a patient with Scott 
syndrome. Washed platelets from healthy control subjects or a patient with Scott syndrome were 
treated with ABT737 (10 µM) in the presence of 1 mM CaCl2. (a) Representative histograms (black 
lines) for AF647-annexin A5 binding after 1- or 3-h stimulation with ABT737. Markers M1, M2, and 
M3 indicate fractions of platelets with no, moderate, or high annexin A5 binding, respectively. Gray 
curves show unstimulated platelets treated with vehicle. (b) Corresponding dot plots (forward scat-
ter vs. AF647 fluorescence) of platelets treated with ABT737 or vehicle. (c) Distribution of M1, M2, 
and M3 platelet populations upon ABT737 treatment (10 µM). 
 
Statistical analysis 
Data are presented as means ± SEM. As appropriate, the significance of differences was 
determined by analysis of variance analysis with Bonferroni post-testing, paired t test, or 
the independent samples t test, using GraphPad Prism software. 
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Results 
BH3-mimetics induce delayed PS exposure in Scott syndrome platelets 
To investigate the role of TMEM16F in apoptosis-induced PS exposure, platelets from a 
patient with Scott syndrome and from healthy control subjects were treated with the BH3-
mimetic ABT737. As shown in Figure 1a, a 1 h treatment with 10 µM ABT737 caused ≈70% 
of the platelets to expose PS for both control and Scott platelets. However, whereas for 
control platelets the histogram of the annexin A5-positive fraction gave a bimodal distri-
bution with moderate (marker region M2) and high (marker region M3) PS exposure, the 
Scott platelets exhibited a fraction with mainly moderate PS exposure. Similar results were 
found at lower concentrations of ABT737, ranging from 3.3 to 0.33 µM (supplemental 
Figure 1a). 

Supplemental Figure 1. Absence of high PS-exposing fraction in Scott syndrome platelets treated 
with ABT737 (a) Washed platelets from healthy control subjects or a patient with Scott syndrome 
were stimulated by ABT737 (0.33-10 μM) in the presence of 1 mM CaCl2. Representative flow 
cytometry histograms and dot plots of AF647-annexin A5 binding after 1 hour stimulation with 
ABT737 of control (black) and Scott platelets (grey curves). (b) Fluo-4-loaded platelets were stimu-
lated with ABT737 (1 μM) for 1 hour in the presence of 1 mM CaCl2. Fluo-4 fluorescence was 
determined of the M1, M2 and M3 fractions. Mean ± S.E.M. (n=4), * p<0.05. 
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Note that the extent of annexin A5 binding in the M3 fraction of the ABT737-treated con-
trol platelets was comparable with that of platelets stimulated with ionomycin or 
convulxin/thrombin (see below). A similar bimodal labeling pattern was found with the PS-
selective probe, FITC-lactadherin (data not shown). Prolonged incubation with ABT737 up 
to 3 h increased the fraction with the highest (M3) annexin A5 binding at the expense of 
the fraction with moderate (M2) annexin A5 binding for both Scott and control platelets 
(Figure 1a-c). Similar results were obtained with the related compound ABT263 (data not 
shown). 
The ABT737-induced PS exposure in platelets was previously shown to be dependent on 
caspase proteases 14. This was confirmed by the measurement of caspase activity in plate-
lets. Comparable caspase activity was detected in Scott syndrome platelets and platelets 
from controls (supplemental Figure 2a), ruling out the possibility that a difference in cas-
pase activity attributed to the observed effects. Furthermore, the pan-caspase inhibitor Q-
VD-Oph completely abolished ABT737-induced PS exposure in both Scott syndrome and 
control platelets (supplemental Figure 2b). These data suggest that the proapoptotic agent 
ABT737 activates two mechanisms leading to PS exposure, one of which causes a gradual 
increase in PS exposure that is independent of TMEM16F and one resulting in high PS 
exposure that requires the presence of a functional TMEM16F.  
Because TMEM16F is considered to be essential for Ca2+-dependent phospholipid scram-
bling, we questioned to what extent the scrambling process observed after ABT737 
treatment is regulated by intracellular Ca2+ levels. Indeed, chelation of intracellular Ca2+ 
levels in platelets loaded with dm-BAPTA resulted in strong suppression of the high an-
nexin A5-binding population, with little effect on the moderate PS-exposing fraction 
(Figure 2a-f). 

Supplemental Figure 2. ABT737-induced PS exposure in Scott syndrome platelets is caspase-
dependent. Washed platelets from healthy control subjects or a patient with Scott syndrome were 
stimulated by ABT737 (10 μM) in the presence of 1 mM CaCl2. (a) Caspase activity after 1 hour of 
ABT737 treatment (arbitrary fluorescence units/min). (b) Effects of caspase inhibition (20 μM Q-VD-
Oph, 10 minutes) on percentage of annexin A5-positive platelets (M2 plus M3 fractions). Mean ± 
S.E.M. (n=3), * p <0.05. 
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Figure 2. High PS exposure induced by ABT737 depends on elevated intracellular Ca2+. (a-f) 
Washed platelets were stimulated by 10 µM ABT737 in the absence of CaCl2 or after loading with 
dimethyl-BAPTA (+ BAPTA) in the presence of 2 mM CaCl2. Representative flow cytometry histo-
grams (a-b) and dot plots (c-d) of AF647-annexin (Anx) A5 binding after 1 h treatment with ABT737. 
Markers M1, M2, and M3 indicate fractions of platelets with no, moderate, or high Anx A5 binding, 
respectively. (e-f) Distribution of platelet populations over M1, M2, and M3 during treatment in 
time. (g) Platelets were loaded with the intracellular Ca2+ probe Fluo-4 and stimulated with ABT737 
(10 µM, 1 h) in the presence of 1 mM CaCl2. Fluo-4 fluorescence was determined for the M1, M2, 
and M3 fractions. Dotted line represents maximal Fluo-4 fluorescence obtained with 10 µM 
ionomycin as positive control. (h) Annexin A5 binding of platelets stimulated by ABT737 in the pres-
ence of 1 mM CaCl2 or 1 mM EGTA after 1 to 3 h. (i) Caspase activity (arbitrary fluorescence 
units/min) of ABT737-stimulated platelets in the presence of 1 mM CaCl2 or 1 mM EGTA. Mean ± 
SEM (n = 3-6); *p<0.05. 
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Furthermore, Fluo-4 measurements revealed that the high annexin A5-binding fraction 
had increased Ca2+ levels compared to the moderate PS-exposing fractions (Figure 2g). 
However, chelation of extracellular Ca2+ by 1mM EGTA resulted in a significant suppres-
sion of ABT737-induced PS exposure in both the moderate and high annexin A5-binding 
populations (Figure 2h). The defective PS exposure in the presence of EGTA was not due to 
a reduction in caspase activity (Figure 2i). Further experiments with aspirin (100 µM), P2Y1 
blocker MRS-2179 (50 µM), and P2Y12 blocker cangrelor (10 µM) indicated that the frac-
tions of moderate and high annexin A5-binding platelets changed with <2% by blocking of 
the secondary mediator release. 
 
Normal PS exposure in Scott syndrome platelets during prolonged storage 
A gradual increase in surface-exposed PS can be observed in platelets that are stored for a 
prolonged time (C.S., unpublished data, 2012). To determine whether Scott syndrome 
platelets possess a similar mechanism to expose PS under aging conditions, Scott and 
control platelets were stored up to 4 days at room temperature. As shown in Figure 3, the 
patient’s platelets were equally able to expose PS upon storage as controls, indicating that 
in vitro aging-related PS exposure occurs independently of TMEM16F activity. 

Figure 3. Prolonged storage causes PS exposure in Scott syndrome platelets. Percentage of annexin 
(Anx) A5-positive platelets (M2 and M3 fractions) from healthy controls and Scott patient during 1 
day to 4 days storage at room temperature in sterile buffer medium. Mean ± SEM (n = 3). 
 
Convulxin-/thrombin-stimulated Scott platelets do not expose PS despite normal cyclophilin 
D-mediated mitochondrial depolarization and intracellular Ca2+ response 
Mitochondrial depolarization through cyclophilin D-dependent formation of the MPTP has 
been shown to be crucial for convulxin-/thrombin-induced PS exposure in platelets 9. 
Involvement of cyclophilin D-mediated mitochondrial depolarization was assessed by 
measuring TMRE fluorescence and by investigating the effect of the MPTP inhibitor cyc-
losporin A. Stimulation of Scott syndrome platelets by convulxin/thrombin did not cause 
significant PS exposure (Figure 4a), whereas in healthy controls, 40% of the platelets be-
came annexin A5 positive. This response was almost completely suppressed by cyclosporin 
A. The lack of PS exposure in convulxin-/thrombin-stimulated Scott platelets was not due 
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to the absence of mitochondrial depolarization, as demonstrated by flow cytometry (Fig-
ure 4b). The loss of TMRE from mitochondria in Scott platelets stimulated with 
convulxin/thrombin was confirmed by confocal microscopy (Figure 4e-f). No differences in 
intracellular Ca2+ levels were found between Scott syndrome platelets and healthy con-
trols after convulxin/thrombin stimulation (Figure 5a-c), which is in line with previous 
results showing normal store-operated Ca2+ entry with such agonists 11.  
Analysis of the flow cytometry histograms revealed a marked difference between ABT737 
and convulxin/thrombin stimulation. Whereas ABT737 treatment resulted in 2 populations 
of platelets with moderate and high PS exposure, after convulxin/thrombin stimulation, 
even at early time points, only high PS-exposing platelets residing in marker region M3 
were found (Figure 4c-d). Because this response was virtually absent in Scott platelets, we 
concluded that convulxin-/thrombin-induced PS exposure depends on a functional 
TMEM16F. 

Figure 4. Cvx/Thr-induced PS exposure is absent in Scott syndrome platelets despite normal 
cyclophilin D-dependent mitochondrial depolarization. (a-d) Platelets from healthy controls or a 
Scott patient were loaded with TMRE and preincubated with vehicle (dimethylsulfoxide) or 
cyclosporin A (CsA) (4 µM) for 10 min prior to stimulation by Cvx/Thr (70 ng/mL, 4 nM, for 15 min) in 
the presence of 2 mM CaCl2. Graphs show annexin (Anx) A5 binding (a) and loss of TMRE (b) of 
washed control and Scott syndrome platelets. (c-d) Representative histogram and bar graph showing 
the distribution of Cvx/Thr-stimulated control platelets (15 min) over the fractions M1, M2, and M3. 
(e-f) TMRE-loaded Scott platelets adhered to fibrinogen (10 min) were stimulated with Cvx/Thr (70 
ng/mL, 4 nM) or ionomycin (10 µM) in the presence of 2 mM CaCl2. (e) Representative images after 
15 min stimulation, (f) The percentage of TMRE-negative platelets. Mean ± SEM (n = 3-6); *P < 0.05. 
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Figure 5. Scott syndrome platelets display normal convulxin (Cvx)/thrombin (Thr)-induced Ca2+ 
responses. (a-b) Time drive of fluorescence increase of washed control (a) and Scott syndrome (b) 
platelets loaded with Fluo-4 and activated by Cvx/Thr (70 ng/mL, 4 nM) in the presence of 2 mM 
CaCl2. (c) Average change in mean fluorescence intensity (MFI), representing cytosolic Ca2+, after 10 
min stimulation. n.s., not significant. 
 
Collagen/thrombin stimulation induces an additional pathway to platelet PS exposure, 
which is independent of caspases, cyclophilin D, or TMEM16F 
In previous studies, it was found that collagen-/thrombin-induced PS exposure is only 
partially impaired in platelets from patients with Scott syndrome 10,11. We questioned 
whether the residual PS exposure observed after collagen/thrombin stimulation in Scott 
platelets results from activation of the apoptotic pathway. Figure 6a shows that caspase 
inhibition by Q-VD-Oph did not affect the fraction of PS-exposing platelets induced by 
collagen/thrombin in either Scott platelets or healthy control platelets, indicating no ap-
preciable contribution of the apoptotic pathway in collagen/thrombin-induced PS 
exposure. 
We then asked whether the residual PS-exposing activity is cyclophilin D-mediated. The 
collagen/thrombin-induced PS exposure in Scott syndrome appeared insensitive to inhibi-
tion with cyclosporin A, whereas this compound effectively reduced mitochondrial 
depolarization (Figure 6a-b). Treatment of control platelets resulted in a reduction of 
collagen/thrombin-induced PS exposure from 53% to 19% and a correspondingly reduced 
mitochondrial depolarization. These data suggest that collagen/thrombin activates 2 dif-
ferent pathways leading to PS exposure, one that requires MPTP formation and is 
dependent on TMEM16F and one that does not involve MPTP and functions independ-
ently of TMEM16F. Control studies showed that both collagen/thrombin- and convulxin-
/thrombin-induced PS exposure are entirely dependent on intracellular Ca2+, as platelet 
treatment with dm-BAPTA virtually abolished PS exposure (<4% PS-positive platelets). 
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Figure 6. Residual collagen/thrombin-induced PS exposure in Scott syndrome platelets is insensi-
tive to Q-VD-Oph or cyclosporin A (CsA). Annexin (Anx) A5 binding (a) and TMRE loss (b) of washed 
control and Scott syndrome platelets stimulated by collagen (Col)/thrombin (Thr) (10 µg/mL, 4 nM) 
for 15 min in the presence of 2 mM CaCl2 preincubated with vehicle (dimethylsulfoxide), Q-VD-Oph 
(20 µM), or CsA (4 µM) for 10 min. Mean ± SEM (n = 3-6); *p<0.05. 
 
Discussion 
In this study, we show that Scott syndrome platelets have retained the capacity to expose 
PS upon ABT737-induced apoptosis. Remarkably, though, Scott syndrome platelets show 
only moderate levels of annexin A5 binding after 1 h of ABT737 treatment, whereas 
healthy controls have an additional platelet fraction with high annexin A5 binding despite 
the fact that the total fraction of annexin-positive platelets is virtually the same for the 
patient and healthy controls. This argues for a partial role of TMEM16F in apoptotic PS 
exposure. Because TMEM16F is reported to be crucial for Ca2+-induced phospholipid 
scrambling 12 and the fraction of high annexin A5-binding platelets correlates with plate-
lets high in intracellular Ca2+, we propose that next to a TMEM16F-independent 
mechanism, a TMEM16F-dependent mechanism is activated during platelet apoptosis, 
which accelerates the appearance of PS-exposing platelets. The high annexin A5-binding 
population was effectively suppressed by chelation of intracellular Ca2+, which is in con-
cordance with TMEM16F being a Ca2+-dependent scramblase 12. Interestingly, the onset of 
the TMEM16F-dependent scrambling process (Figure 2e, platelets in the region M3) ap-
pears to be delayed compared with the initiation of the TMEM16F-independent 
scrambling (region M2). Because the apoptotic process compromises Ca2+ homeostasis 
23,24, it is not unlikely that a certain time span of increased cytosolic Ca2+ concentration is 
required to activate the TMEM16F-dependent scrambling mechanism. We do not know 
whether the actual rates of phospholipid scrambling differ between M3 and M2 platelets. 
It is tempting to speculate that the scrambling process in the M3 platelets is similar to that 
of ionomycin-induced scrambling, although it should be noted that apoptosis-induced PS 
exposure is caspase dependent, whereas ionomycin-induced PS exposure is not. Previ-
ously, induction of apoptosis in Scott syndrome lymphoid cells resulted in phospholipid 
scrambling similar to that in control lymphoid cells 25. In that study, the rate of lipid 
scrambling did not increase when apoptotic control B-lymphocytes were treated with Ca2+ 
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ionophore, suggesting different pathways leading to lipid scrambling rather than the exis-
tence of more than one scramblase protein. 

Although the role of high cytosolic Ca2+ in agonist-induced PS exposure is well recognized 
1, it is unclear how Ca2+ affects phospholipid scrambling in apoptotic cells. In this paper, we 
show an inhibitory effect of chelating extracellular Ca2+ on ABT737-induced PS exposure. 
The lack of response upon removal of extracellular Ca2+ cannot be explained by decreased 
activity of the apoptotic machinery itself, as caspase activity is not affected by removal of 
extracellular Ca2+. Previously, Schoenwaelder et al 14 have shown that ABT737-induced 
filamin and gelsolin cleavage was not affected by chelation of extracellular Ca2+. Our data 
indicate that, while the high PS-exposing platelet fraction M3 is absent upon chelation of 
intracellular Ca2+, the moderate PS-exposing fraction M2 also has a Ca2+-sensitive compo-
nent. At present, we cannot distinguish whether this Ca2+ dependency is located at the 
level of signaling events downstream of caspase activity or at the level of the scramblase 
activity. 
The most pronounced defect in Scott syndrome platelets was found upon activation with 
convulxin/thrombin; whereas these agonists induced ≈40% PS-positive platelets in healthy 
control platelets, PS exposure was virtually absent in the patient’s platelets. However, Ca2+ 
responses and mitochondrial depolarization were not affected in the patient’s platelets, 
indicating that the defect is downstream of Ca2+ signaling and MPTP formation. This find-
ing is supported by a report showing that mitochondrial depolarization is normal in a 
canine model of impaired phospholipid scrambling 26. Inhibition of MPTP formation by 
cyclosporin A almost completely abrogated agonist-induced PS exposure in healthy con-
trol platelets (Figure 4a), in line with observations by Jobe et al 9. Together, these data 
suggest that MPTP formation is required but not sufficient for agonist-induced platelet PS 
exposure via TMEM16F. 
PS exposure induced by collagen/thrombin was only partially impaired in Scott syndrome 
platelets, confirming previous observations 11,27. The residual PS exposure typically was 
insensitive to inhibition by cyclosporin A (MPTP formation) or inhibition of caspases. In 
platelets from healthy controls, cyclosporin A was unable to completely suppress colla-
gen/thrombin-induced PS exposure. Earlier, Dasgupta and colleagues 28 reported a partial 
impairment in collagen/thrombin-induced PS exposure of cyclophilin D-deficient murine 
platelets. Taken together, these data suggest that 2 distinct pathways to PS exposure 
become activated by combined collagen/thrombin stimulation: a pathway sensitive to 
cyclosporin A inhibition and dependent on TMEM16F, and another pathway, which is 
cyclosporin A insensitive and operational in the absence of TMEM16F. This may explain 
the complete deficiency of PS exposure in Scott syndrome platelets activated by con-
vulxin/thrombin, as the latter is more dependent on MPTP formation 9.  The difference in 
PS exposure between stimulation with collagen/thrombin and convulxin/thrombin is in-
teresting, because both collagen and convulxin are well-recognized GPVI agonists 21. We 
emphasize, however, that this difference has been repeatedly observed on different occa-
sions. The distinct effects observed with collagen, compared with convulxin, may indicate 
the involvement of platelet collagen receptors other than GPVI (e.g. integrin α2β1, GPIb via 
von Willebrand factor) in collagen/thrombin-induced PS exposure 29. 
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Acknowledging the inherent limitations of in vitro experimentation, this study demon-
strates that TMEM16F-dependent and -independent phospholipid scrambling can be 
induced in platelets upon apoptosis, aging, and activation. However, it is still unclear 
whether TMEM16F by itself can act as a phospholipid scramblase or whether this protein 
has a regulatory function. If TMEM16F proves to be a scramblase itself, this will imply the 
existence of at least one additional and perhaps more proteins with scramblase activity in 
platelets. The identification of novel proteins with scramblase activity or the identification 
of novel regulators of scramblase activity will create new opportunities for interfering with 
phospholipid scrambling, with consequences for platelet procoagulant activity, life span, 
and storage. 
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Abstract 
Calcium-induced phospholipid scrambling facilitates the platelet procoagulant response by 
mediating phosphatidylserine (PS) exposure in the outer leaflet of the plasma membrane. 
The membrane protein TMEM16F, deficient in Scott syndrome patients, has been shown 
to be critically involved in this process. To study its role in platelet and erythrocyte func-
tion, we used TMEM16F deficient mice, obtained in different ways. When generated via 
the AW-0382 stem cells clone, Tmem16f-/- embryos died before birth, with some showing 
major bleedings; when generated via the PAC-379 clone, several Tmem16f-/- mice could be 
obtained to study blood cells. Upon stimulation with ionomycin or convulxin/thrombin, PS 
exposure was severely impaired in Tmem16f-/- but not in Tmem16f+/- platelets. Integrin 
activation and P-selectin expression were unaltered in all genotypes. Upon stimulation 
with the pro-apoptotic agent ABT-737, PS exposure was similar in all platelets, but 
Tmem16f-/- platelets failed to show a population with high annexin A5 binding. Markedly, 
Tmem16f-/- erythrocytes were strongly and Tmem16f+/- erythrocytes were moderately 
impaired in ionomycin-induced PS exposure. Together, this indicates a role for TMEM16F 
in mouse development and Ca2+-induced scrambling of phospholipids in both platelets and 
erythrocytes. 
 

Introduction 
In resting platelets and erythrocytes, as in most eukaryotic cells, the membrane phospho-
ipids are asymmetrically distributed over the two leaflets of the plasma membrane. The 
amino-phospholipids, phosphatidylserine (PS) and phosphatidylethanolamine (PE) are 
mainly found in the inner leaflet, while the choline-containing phospholipids, phosphati-
dylcholine and sphingomyelin, are accumulated in the outer half of the plasma membrane. 
This asymmetric distribution, maintained by an active amino-phospholipid translocase, is 
abolished by activation or damage of these blood cells. Responsible for the loss in mem-
brane asymmetry is a so-called phospholipid scramblase, which facilitates rapid trans-
bilayer movement of phospholipids between the two membrane leaflets 1. The scrambling 
mechanism can be activated by high cytosolic Ca2+ levels or by the process of apoptosis. 
Recently, a critical role was reported for the transmembrane protein, TMEM16F (also 
known as anoctamin 6), in the Ca2+-dependent scrambling of platelet phospholipids 2. A 
mutant form of TMEM16F with reduced Ca2+ sensitivity supported phospholipid scram-
bling even at low levels of intracellular Ca2+. Furthermore, deleterious mutations in the 
TMEM16F gene were found in two unrelated patients with Scott syndrome, whose plate-
lets and erythrocytes are deficient in Ca2+-dependent phospholipid scrambling 2,3. The 
Scott syndrome is a rare bleeding disorder, characterized by a decreased ability of plate-
lets to enhance the coagulation process. 
Recently, we have reported that platelets from Scott patients are markedly deficient in 
phospholipid scrambling and PS exposure after stimulation with the Ca2+-ionophore iono-
mycin or after activating the collagen and thrombin receptors with the combination of 
convulxin and thrombin 4. Interestingly, the Scott syndrome platelets showed only a small 
impairment in phospholipid scrambling upon treatment with the pro-apoptotic agent, 
ABT-737, which inhibits the anti-apoptotic action of Bcl-proteins in platelets. This indicates 
that different mechanisms are involved in phospholipid scrambling upon Ca2+-dependent 
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platelet activation and (Ca2+-independent) apoptosis 4,5. Given the rare incidence of pa-
tients with Scott syndrome, it is important to extend these observations also to platelets 
and other blood cells from TMEM16F-deficient mice. 
Besides its role in phospholipid scrambling, TMEM16F is proposed to be involved in medi-
ating chloride and cation currents 6-9. In this preliminary report, we have begun to study 
the function of TMEM16F in mouse platelets. Experiments were performed with animals 
from two genetic strains, generated to cause TMEM16F deficiency. We present the obser-
vation of differential lethality in the two strains, and assessed the capacity of Tmem16f-/- 
and Tmem16f+/- platelets and erythrocytes to express PS after stimulation with Ca2+-
elevating and apoptotic agonists. 
 
Material and methods 
Materials 
ABT-737 was obtained from Santa Cruz Biotechnology, annexin A5 labeled with fluo-
rescein isothiocyanate (FITC) was obtained from PharmaTarget. Alexa Fluor-647 (AF647)-
labeled annexin A5 and ionomycin were purchased from Invitrogen. The glycoprotein VI 
(GPVI) agonist convulxin was purified as described 10. FITC-labeled anti-mouse P-selectin 
(CD62P) monoclonal antibody (mAb) as well as phycoerythrin (PE)-conjugated JON/A mAb 
directed against the active conformation of mouse integrin αIIbβ3, were from Emfret Ana-
lytics. Human α-thrombin was from Sigma-Aldrich. 
 

Mice 
Animal experiments with mice were approved by the local animal care and use commit-
tees. One strain of Tmem16f+/- and Tmem16f-/- mice (C57BL/6 background) was generated 
using the PAC-379 embryonic stem cell line, as described 11. Genotyping for heterozygous 
or homozygous deficiency in TMEM16F expression was performed by PCR, as before 11. 
In addition, an AW-0382 stem cell clone was used to generate mice with deficiency in 
TMEM16F. This clone contains a splice-acceptor sequence upstream of a β-geo (fusion of 
β-galactosidase and neomycin phosphotransferase II) reporter gene cassette, which is 
targeted against intron 3 of TMEM16F. Male C57BL/6 mouse chimeras derived from this 
embryonic stem cell line were bred to C57BL/6 females to generate heterozygous 
Tmem16f+/- mice. These mice were then cross-bred with the aim to obtain homozygously 
deficient animals. 
Mice containing megakaryocytes and platelets homozygously deficient in TMEM16A 
(anoctamin 1) were generated by crossing Tmem16afl/fl mice with transgenic mice express-
ing a Cre-recombinase after the PF4 promoter (C57BL/6 background). Nucleotide primers 
used for genotyping TMEM16A wildtype (229 bp, 2165 bp in flox): GCAGAAAAGT GCCA-
GAGACC (forward), TTTCCAATGG CCTAGACCTG (reverse); for TMEM16A (462 bp) in flox: 
ATAGCAGCTT TGCTCCTTCG (forward), CTCGTCCTGC AGTTCATTCA. 
 
Embryonic development 
After breeding Tmem16f+/- mice, pregnant female mice were sacrificed at gestational days 
10, 12 and 16. Viable embryos and dead bodies were counted, and embryos were checked 
for macroscopic abnormalities. 

97 
 



 
 

Blood collection and isolation of platelets and erythrocytes 
Blood was obtained from mice >12 weeks old via orbital puncture under anesthesia. The 
blood was collected into 1/6 volume of acid-citrate-dextrose anticoagulant (ACD: 85 mM 
sodium citrate, 78 mM citric acid, and 11 mM D-glucose). Platelets and erythrocytes were 
separated by centrifugation, washed, and then suspended in Hepes buffer pH 7.45 (136 
mM NaCl, 5 mM Hepes, 2.7 mM KCl, 2 mM MgCl2, 0.42 mM Na2HPO4, 5 mM glucose, and 
0.1% bovine serum albumin). Cell concentrations were determined with a Coulter counter. 

Figure 1. Embryonic lethality in offspring from Tmem16f+/- mice (AW-0382 clone). (a) Analysis of 
viability of embryos after in-breeding of heterozygous Tmem16f+/- mice (AW-0382 clone) at gesta-
tional days 10, 12 or 16. (b) Embryos at gestational day 12, presenting with major abdominal and 
intracranial bleeding, respectively. (c) Embryo at gestational day 16 presenting with exencephaly. 
 
Platelet and erythrocyte analysis 
Washed mouse platelets in suspension (1 x 108/ml) were stimulated with indicated ago-
nists in the presence of 2 mM CaCl2. Using flow cytometry (BD Accuri C6 flow cytometer), 
samples were analyzed for PS exposure in combination with either P-selectin expression 
or integrin αIIbβ3 activation after 10 minutes. Therefore, the cells were co-labeled with 
AF647-annexin A5 (1:200) and FITC-anti-P-selectin mAb (1:50) or PE-JON/A mAb (1:50), 
respectively. For studying apoptosis, platelets were stimulated with BH3 mimetic ABT-737, 
and analyzed for PS exposure after 1 hour incubation (37 °C). 
Washed mouse erythrocytes at a concentration of 1 x 108/ml were treated with 10 μM 
ionomycin or DMSO vehicle in presence of 1 mM CaCl2 at 37 °C. At indicated time points, 
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samples were labeled with AF647-annexin A5, and analyzed with a BD Facs Calibur or BD 
Accuri C6 flow cytometer. Data analysis was performed using the programs WinMDI or 
CFlow Plus. 
 

Results 
Different survival of mice from strains with TMEM16F deficiency 
Two independent approaches were used to generate mice deficient in TMEM16F (anoc-
tamin 6). Using the PAC-379 clone, mice were obtained heterozygously deficient in 
TMEM16F. These were bred to obtain homozygously deficient mice, as checked by PCR 
(data not shown). With this strain, about 30% of the expected number of Tmem16f-/- em-
bryos were born, which is in agreement with earlier observations with this mouse strain 11. 
In embryos dissected out of the uterus (gestational days E14.5-18.5), no lethality or obvi-
ous bleeding was observed (H. Ehlen, unpublished data). Embryos (>300, E14.5-18.5) were 
recovered at the expected Mendelian ratio. The majority of deficient embryos died around 
birth, e.g. due to asphyxia, but some Tmem16f-/- mice survived longer than 2 months, and 
these could be used for precise assessment of the platelet and erythrocyte phenotypes. 
In addition, Tmem16f+/- mice were generated using the AW-0382 stem cell clone contain-
ing a β-geo reporter gene trap in this gene. These mice produced viable offspring, which in 
part contained the insertion (checked by PCR). However, a lower than expected number of 
animals was born. Unfortunately, homozygous presence of two reporter gene inserts 
could not be established, as the exact position of the insertion could not be determined 
using a series of PCR primers (data not shown). Furthermore, various commercially avail-
able antibodies against TMEM16F (anoctamin 6) showed multiple bands on Western blots, 
so that immunological detection of TMEM16F antigen expression was also difficult to 
establish. 
As lethality of the full knockouts was expected, embryonic development was evaluated by 
breeding heterozygous females at 10, 12 and 16 days after gestation. Morphological ex-
amination indicated that, at all time points, the majority of embryos had developed 
normally (Figure 1a). This confirms a normal viability of Tmem16f+/+ and Tmem16f+/- mice. 
However, at E10-16, a certain number of death bodies and embryos with signs of abdomi-
nal or intracranial bleeding could be detected (Figure 1b). Furthermore, exencephaly was 
detected in a small portion of the embryos (Figure 1c). At later time points, most non-
viable embryos were retrieved as residual death bodies, although still some bleeding 
embryos or embryos showing exencephaly were present. This suggested that, in this 
mouse strain, full ablation of the wildtype TMEM16F gene resulted in prenatal lethality. 
 
Effect of heterozygous and homozygous TMEM16F deficiency on agonist-induced platelet 
PS exposure 
Platelet PS exposure was studied in response to Ca2+-mobilizing ionomycin or con-
vulxin/thrombin in Tmem16f+/+, Tmem16f+/- and Tmem16f-/- mice generated from the PAC-
379 clone. Ionomycin induced PS exposure in virtually all platelets from wildtype and 
heterozygous TMEM16F-deficient mice, but it induced this response in less than 5% of the 
Tmem16f-/- platelets (Figure 2a). Convulxin/thrombin-induced PS exposure was compara-
ble in wildtype and heterozygous Tmem16f+/- platelets, but was strongly impaired in 
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Tmem16f-/- platelets, showing a residual activity in about 10% of the platelets at all tested 
doses of convulxin (Figure 2a). Previously, platelets derived from a Scott syndrome patient 
did show no appreciable PS exposure in response to convulxin/thrombin 4. Ionomycin- and 
convulxin/thrombin-induced integrin αIIbβ3 activation (Figure 2b) and P-selectin expression 
(Figure 2c) were similar in wildtype, heterozygous and homozygous TMEM16F-deficient 
platelets. The lack of effect on P-selectin expression points to normal α-granule secretion 
in the deficient platelets. We emphasize that these findings need to be substantiated since 
only a limited number of animals were used for these experiments. 

Figure 2. Reduced agonist-induced PS exposure in homozygous but not heterozygous TMEM16F-
deficient platelets (PAC-379 clone). Mice heterozygously and homozygously deficient in TMEM16F 
were generated using the PAC-379 embryonic stem cell line. Washed platelets were prepared from 
Tmem16f+/+, Tmem16f+/- and Tmem16f-/- mice, and stimulated with ionomycin (20 µM) or the com-
bination of convulxin (Cvx, 25, 50 or 100 ng/ml) and thrombin (Thr, 4 nM) in the presence of 2 mM 
CaCl2 for 15 minutes. Resting platelets treated with DMSO vehicle served as control. Samples were 
used to determine PS exposure (AF647-annexin A5 binding), integrin αIIbβ3 activation (PE-JON/A 
mAb binding), and P-selectin exposure (FITC-aCD62P mAb binding). Shown are percentages of plate-
lets exposing PS (a), staining positively with JON/A (b), and expressing P-selectin (c). Means ± SD (n = 
2-3). 
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Comparable results were obtained using platelets from Tmem16f+/+ and Tmem16f+/- mice, 
generated with the AW-0382 clone. These Tmem16f+/+ and Tmem16f+/- platelets did not 
differ from each other in ionomycin- or convulxin/thrombin-induced PS exposure, αIIbβ3 

activation or P-selectin expression (Figure 3a-c). 
In line with a previous report on Scott syndrome platelets 12, ionomycin strongly sup-
pressed JON/A-binding, reflecting early integrin closure at high Ca2+ concentrations, while 
convulxin/thrombin activated integrins in a large fraction of platelets (Figure 2b, 3b). To-
gether, these data suggest that integrin αIIbβ3 activation and closure are not affected by 
TMEM16F deficiency. 

 
Figure 3. Unchanged agonist-induced PS exposure in heterozygous TMEM16F-deficient platelets 
(AW-0382 clone). Mice heterozygously deficient in TMEM16F were generated using the AW-3082 
embryonic stem cell line. Washed platelets were prepared from Tmem16f+/+ or Tmem16f+/- mice, 
and stimulated with ionomycin (20 µM) or the combination of convulxin (Cvx, 25, 50 or 100 ng/ml) 
and thrombin (Thr, 4 nM) in the presence of 2 mM CaCl2 for 15 minutes. Resting platelets treated 
with DMSO vehicle served as control. Samples were used to determine PS exposure (AF647-annexin 
A5 binding), integrin αIIbβ3 activation (PE-JON/A mAb binding), and P-selectin exposure (FITC-aCD62P 
mAb binding). Shown are percentages of platelets exposing PS (a), staining positively with JON/A (b), 
and expressing P-selectin (c). Means ± SEM (n = 3-6). 
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No effect of homozygous TMEM16A deficiency on agonist-induced platelet PS exposure 
Platelets deficient in TMEM16A, another member of the family of anoctamins, were also 
evaluated for agonist-induced PS exposure and other responses. Deficiency of platelet 
TMEM16A, however, did not affect platelet PS exposure, αIIbβ3 activation or P-selectin 
expression after activation with ionomycin or convulxin/thrombin (Figure 4a-c).  
 

 
Figure 4. Unchanged agonist-induced PS exposure in TMEM16A-deficient platelets. Mice deficient 
in platelet TMEM16A were generated by crossing Tmem16afl/fl mice with mice expressing Cre 
recombinase after the PF4 promotor. Platelets (Tmem16a-/-) were isolated from inbred mice and 
from only PF4-Cre expressing mice (Tmem16a+/+). Platelets were stimulated with ionomycin (10 µM) 
or the combination of convulxin (25, 50 or 100 ng/ml) and thrombin (4 nM) in presence of 2 mM 
CaCl2 for 15 minutes. Resting platelets treated with DMSO vehicle served as control. Samples were 
used to determine PS exposure (AF647-annexin A5 binding), integrin αIIbβ3 activation (PE-JON/A 
mAb binding), and P-selectin exposure (FITC-aCD62P mAb binding). Shown are percentages of plate-
lets exposing PS (a), staining positively with JON/A (b), and expressing P-selectin (c). Means ± SEM (n 
= 3-4). 
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Figure 5. Effect of platelet TMEM16F deficiency on apoptosis-induced PS exposure. Mice hetero-
zygously and homozygously deficient in TMEM16F were generated using the PAC-379 embryonic 
stem cell line. Washed platelets were prepared from Tmem16f+/+, Tmem16f+/- and Tmem16f+-/- mice. 
Platelets were stimulated with the BH3 mimetic ABT-737 (10 µM) in the presence of 1 mM CaCl2 for 
1 hour. Cells were then analyzed for FITC-annexin A5 binding by flow cytometry. (a) Representative 
histograms (black lines) for AF647-annexin A5 binding after 1 hour stimulation. Markers M1, M2 and 
M3 indicate fractions of platelets with no, moderate or high annexin A5 binding, respectively. Grey 
curves show unstimulated platelets treated with vehicle (DMSO). (b) Distribution of M1, M2 and M3 
platelet populations after 1 hour treatment with ABT-737. Means ± SD (n = 3). 
 
Effect of heterozygous and homozygous TMEM16F deficiency on apoptosis-induced plate-
let PS exposure 
In human platelets, apoptosis induced by the BH3-mimicking agent ABT-737 results in the 
formation of two populations of PS-exposing platelets; based on the extent of fluorescent 
annexin A5 binding, platelets with moderate and high PS exposure can be distinguished. In 
Scott syndrome platelets, the population with highest PS exposure was absent, suggesting 
secondary activation of a TMEM16F-dependent phospholipid scrambling upon platelet 
apoptosis 4. Here, we studied this phenomenon in ABT-737-stimulated platelets from 
Tmem16f+/+, Tmem16f+/- and Tmem16f-/- mice (PAC-379 clone). As shown in Figure 5b, in 
wild type and heterozygous platelets stimulated with ABT-737, a population of high an-
nexin A5-binding platelets is observed (M3). In contrast, homozygous TMEM16F-deficient 
mice failed to show a population of high annexin A5-binding platelets upon ABT-737 
treatment. It should be emphasized that the total number of PS-exposing platelets (M2 + 
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M3) was similar in all three types of platelets, and hence, not affected by the TMEM16F 
deficiency (Figure 5b). Jointly, this indicates a prominent role for murine platelet 
TMEM16F in generating this high annexin A5-binding population. 
 
Effect of heterozygous and homozygous TMEM16F deficiency on ionophore-induced PS 
exposure in erythrocytes 
In human erythrocytes, Ca2+ ionophore-induced PS exposure is known to be a relatively 
slow process, taking minutes rather than seconds such as in platelets 13. To investigate the 
role of TMEM16F herein, we treated erythrocytes from wildtype, Tmem16f+/- and 
Tmem16f-/- mice (PAC-379 clone) with ionomycin and measured PS exposure after 1 hour. 
The ionomycin-induced PS exposure was strongly, but incompletely impaired in Tmem16f-

/- erythrocytes (Figure 6). Remarkably, in heterozygous Tmem16f+/- mice, the present, 
preliminary data indicate that the proportion of PS-exposing erythrocytes was intermedi-
ate between the levels observed for wildtype and Tmem16f-/- erythrocytes. Hence, the 
expression of TMEM16F seems to be a limiting factor in Ca2+-induced phospholipid scram-
bling in mouse erythrocytes. 

Figure 6. Effect of erythrocyte TMEM16F deficiency on ionophore-induced PS exposure. Mice 
heterozygously and homozygously deficient in TMEM16F were generated using the PAC-379 embry-
onic stem cell line. Washed erythrocytes were prepared from Tmem16f+/+, Tmem16f+/- and 
Tmem16f-/- mice, and stimulated with 10 µM ionomycin (iono) in the presence of 1 mM CaCl2 for 1 
hour at 37 °C. Resting erythrocytes treated with DMSO vehicle served as unstimulated control. 
Erythrocytes were labeled with AF647-annexin A5 to determine PS exposure by flow cytometry. 
Indicated are percentages of mouse erythrocytes exposing PS after 1 hour treatment. Means ± SD (n 
= 2-3). 
 
Discussion 
In this initial report, we describe effects of murine TMEM16A and TMEM16F deficiency in 
platelets on agonist- and apoptosis-induced PS exposure and other platelet responses. We 
studied the platelets from two different mouse strains with deficiencies in TMEM16F. 
Generated through the AW-0382 stem cell clone, heterozygous Tmem16f+/- mice failed to 
generate Tmem16f-/- offspring. Part of the embryos did not survive, and some showed 
signs of major bleeding or exencephaly. Although the mechanism leading to prenatal 
death in these - likely TMEM16F-deficient - embryos is unknown, this may point to a de-

104 
 



Role of murine TMEM16F in agonist- and apoptosis-induced  
phospholipid scrambling in platelets and erythrocytes 

velopmental role of the affected TMEM16F gene. Generated by the PAC-379 clone, 
Tmem16f-/- mice could be retrieved from heterozygotes at the expected Mendelian distri-
bution, but in this case many Tmem16f-/- mice died soon after birth, as described earlier 11. 
Comparing these two strains, it is tempting to speculate that either multiple defects were 
present in the AW-0382 cells or that differences in gene expression in the PAC-379 clone 
rescue the extreme embryonic knockout phenotype observed with the AW-0382 clone. 
Platelets of Tmem16f-/- mice (PAC-379 clone) showed a major deficiency in Ca2+-mediated 
PS exposure, i.e. with ionomycin or convulxin/thrombin. This is in line with the observa-
tion of Suzuki et al., who showed that TMEM16F in transfected cells is critically involved in 
Ca2+-dependent phospholipid scrambling 2. However, the mouse platelets exhibited lim-
ited TMEM16F-independent phospholipid scrambling induced with either ionomycin or 
convulxin/thrombin, whereas in platelets from Scott patients, defective in TMEM16F, it 
was observed that ionomycin- or convulxin/thrombin-induced PS exposure was com-
pletely absent 4. The reason for this difference between mouse and patient platelets is 
unclear. 
We also determined the role of TMEM16F in PS exposure, induced by the BH3 mimetic 
ABT-737, which activates Bax/Bak proteins and caspases in a manner distinct from ago-
nist-induced platelet activation 5,14,15. Upon ABT-737 treatment of wild type platelets, two 
distinct annexin A5-binding populations were obtained, showing moderate (M2) and high 
(M3) annexin A5 binding. However, in Tmem16f-/- platelets, the M3 population was 
strongly reduced. A similar pattern of M2 and M3 populations was previously observed in 
human platelets stimulated with ABT-737. In agreement with the present results, the high 
annexin A5-binding population was absent in ABT-737-stimulated Scott syndrome plate-
lets 4. Considering the Ca2+ dependency reported for TMEM16F-mediated phospholipid 
scrambling 2,4 this is suggestive for a role of TMEM16F in (secondarily) accelerating PS 
exposure upon platelet apoptosis. 
A persistent elevated intracellular Ca2+ concentration upon treatment with Ca2+-ionomycin 
also induces PS exposure in erythrocytes, although the rate of phospholipid scrambling is 
markedly lower than in ionomycin-stimulated platelets 1. In this report, we show a reduc-
tion in the PS exposure in Tmem16f+/- erythrocytes, and a greater reduction in Tmem16f-/- 
erythrocytes, with a small residual activity remaining. This is in agreement with the obser-
vation that Ca2+-induced lipid scrambling in erythrocytes from Scott syndrome patients is 
completely absent. These observations suggest that the extent of expression of TMEM16F 
is a limiting factor in Ca2+-mediated PS exposure in mouse erythrocytes. For platelets, no 
difference was found in ionomycin-induced PS exposure between Tmem16f+/- and wild 
type cells. This may be due to the rapid process of lipid scrambling in platelets, which does 
not allow monitoring differences in rate of scrambling with the present method using 
annexin A5 binding. Using a different technique, decreased rates of scrambling were 
found in ionomycin treated platelets from a son and daughter of a French Scott patient, 
suggesting heterozygosity 16. Of note, compound heterozygosity in TMEM16F was also 
found in this Scott patient (F. Toti, personal communication). 
Besides its role in phospholipid scrambling, TMEM16F is involved in generating Ca2+-
dependent chloride 7,8,17 and cation 9 currents. Although we do not have addressed this in 
the present paper, it is worth noting that a role of chloride channel activity in mediating 
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phospholipid scrambling is unlikely, since pharmacologic blockade of TMEM16F-mediated 
chloride currents or chloride replacement did not affect ionomycin-induced PS exposure in 
immortalized B-cells 18. Recent evidence with cell lines indicates that also other members 
of the TMEM16 family (TMEM16C, TMEM16D, TMEM16G and TMEM16J) can mediate 
ionomycin-induced phospholipid scrambling 19. Introduction of TMEM16A did not enhance 
phospholipid scrambling in this cell model, which is in line with the present results show-
ing no effect of TMEM16A deficiency on PS exposure. Whether TMEM16F and family 
members contain phospholipid scrambling activity themselves, or whether they are regu-
lators of others proteins initiating phospholipid scrambling, still remains to be resolved. 
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Abstract 
Immune cells and platelets maintain plasma membrane phospholipid asymmetry. Upon 
activation, this asymmetry is disrupted by phospholipid scrambling, which is a major step 
during activation of immune cells, hemostasis and apoptosis. Anoctamin 6 (Ano6; 
TMEM16F) causes chloride (Cl-) and cation currents and is required for Ca2+-dependent 
phospholipid scrambling. It is defective in blood cells from patients with Scott syndrome, a 
rare bleeding disorder. We examined if Cl- currents and phospholipid scrambling are re-
lated, whether both processes are Ca2+-dependent, and whether Ca2+-independent 
scrambling during intrinsic and extrinsic apoptosis is controlled by Ano6. Ca2+ increase by 
ionomycin activated Ano6 Cl- currents and phospholipid scrambling in normal lympho-
cytes, but not in B-lymphocytes from two different patients with Scott syndrome. Fas 
ligand (FasL) did not increase intracellular Ca2+, but activated Cl- currents in normal but not 
in Scott lymphocytes. Whole-cell currents were inhibited by Cl- channel blockers and by 
siRNA knockdown of Ano6. In contrast, intrinsic mitochondrial apoptosis by ABT-737 did 
not induce Cl- currents inlymphocytes. Phospholipid scrambling was not inhibited by 
blockers of Ano6 or removal of Cl- ions. Remarkably, Ca2+-independent scrambling due to 
extrinsic (FasL) or intrinsic (ABT-737) apoptosis was unchanged in Scott cells. We conclude 
that: (i) Ano6 Cl- currents are activated by increase in cytosolic Ca2+, or Ca2+ independent 
by stimulation of Fas receptors; (ii) Ca2+-dependent phospholipid scrambling induced by 
Ano6 does not require Cl-currents; (iii) Ca2+-independent phospholipid scrambling does not 
require Ano6; (iv) Ano6 is necessary for Ca2+-dependent phospholipid scrambling, but not 
by increasing intracellular Ca2+. 
 
Introduction 
Endogenous or overexpressed anoctamins produce chloride (Cl-) or cation currents 1–8. 
This putative family of Cl- channels demonstrate variable Ca2+ sensitivity and are activated 
during cell swelling or by apoptotic stimuli 9–12. Anoctamins are unique as they do not 
show any obvious homology to other ion channels. Ano1 contains eight predicted trans-
membrane helices, intracellular amino- and carboxy-terminal ends, and a pore formed by 
the fifth and sixth transmembrane helices containing a p-loop dipping back into the mem-
brane 1. However, a different topology has been proposed recently 13. Anoctamins show a 
high degree of sequence similarity, particularly for the putative pore region 7. We were 
able to demonstrate that anoctamin 6 (Ano6) produces an outwardly rectifying Cl- channel 
(ORCC) in Jurkat lymphocytes and epithelial cells, which is activated during stimulation of 
the proapoptotic Fas receptor or by the pro-apoptotic compound staurosporine 9. 
Another recently identified function of Ano6 (gene TMEM16F) is the regulation of mem-
brane phospholipid scrambling 14. The so-called scramblase process disturbs the 
asymmetric distribution of membrane phospholipids of nonstimulated cells, in which the 
negatively charged phosphatidylserine (PS) distributes from the inner to the outer mem-
brane leaflet 15. Phospholipid scrambling and hence phosphatidylserine exposure can be 
induced by activation with Ca2+-mobilizing agonists, and by induction of the apoptotic 
process. We and others have shown that PS exposed at the surface of platelets has an 
essential role in the process of blood coagulation 15,16. Recent findings indicate that two 
different patients with the so-called Scott syndrome, a quite rare congenital bleeding 
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disorder, have missense mutations in the TMEM16F gene 14,17. Defective function of this 
gene can explain why Scott platelets and other hematopoietic cells are unable to perform 
Ca2+-dependent phosphatidylserine exposure and, hence, are impaired in supporting 
blood coagulation 16. Here, we analyzed Ano6-dependent Cl- currents in immortalized B 
lymphocytes from the two Scott patients with characterized TMEM16F mutations, and 
compared these with their ability to expose PS under conditions of Ca2+ activation and 
apoptosis. 
 
Results 
Expression of anoctamins in lymphocytes 
The anoctamin family comprises 10 members (Ano1-10). These channels are expressed 
abundantly in various cell types. We performed a semi-quantitative RT-PCR analysis of the 
expression of anoctamins in immortalized B lymphocytes from a healthy volunteer (wt) 
and from two different patients with Scott disease (ScottUSA, ScottUK) 18,19. Anoctamin 
expression was semi-quantified using the house keeper protein GAPDH as an internal 
standard (Supplementary Figures 1a, b). We detected expression of Ano9 and low levels of 
Ano1 in all three lymphocyte cell lines. Ano6 mRNA was detected only in control lympho-
cytes and cells from the ScottUK patient, but not in ScottUSA lymphocytes. Accordingly, no 
expression of Ano6 protein was detected in ScottUSA lymphocytes, whereas expression of 
Ano6 protein appears reduced in cells from the ScottUK patient (Supplementary Figures 1c, 
d).  

Supplementary Figure 1. a) RT-PCR analysis of the expression of anoctamins in lymphocytes from a 
healthy volunteer and from two different patients with Scott disease (ScottUSA, ScottUK). b) Quantifi-
cation of anoctamin expression from 3 semiquantitative RT-PCR reactions using the housekeeper 
GAPDH as internal standard. No Ano6-message was detected in ScottUSA lymphocytes. c) Expression 
of Ano6 in wt lymphocytes but not in ScottUSA lymphocytes (Western blot). d) Western blot analysis 
of Ano6 -expression in HEK93 cells expressing Ano6 endogenously (mock) or HEK293 cells transfect-
ed additionally with Ano6 - cDNA (Ano6), wt - lymphocytes, ScottUK lymphocytes, and ScottUSA 
lymphocytes. 
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Figure 1. Ca2+-dependent activation of whole-cell currents in normal but not Scott lymphocytes. 
Original recordings of whole-cell currents measured in normal lymphocytes (a) and lymphocytes 
from two patients with Scott disease (c and e). Cells were kept under current clamp and were volt-
age clamped in intervals from -100 to +50 mV in steps of 10 mV. Ionomycin (1 µM) activated a 
whole-cell current only in normal lymphocytes (a). Current/voltage relationships were obtained in 
normal (b) and Scott lymphocytes (d and f). Note the activation of a large whole-cell current by 
ionomycin (filled circles) in normal but not in Scott lymphocytes. (g and h) Activation of a whole-cell 
Cl- current by ionomycin (1 µM) in normal B lymphocytes, using 145mM NMDG+Cl- in pipette and 
bath. Note the outward rectification of the whole-cell current and the pronounced inhibition by 20 
µM AO1. (i) Inhibition of ionomycin-activated outward currents by replacement of extracellular Cl- 
with gluconate (5 Cl-). (j) Inhibition of ionomycin-induced whole-cell currents (current densities) and 
depolarization in normal B lymphocytes after knockdown of Ano6 expression with siRNA. Mean ± 
S.E.M. (number of cells). * denotes significant activation by ionomycin or effect of siRNA for Ano6 
(si-Ano6); p<0.05; paired t-test. 
 
Calcium induced Cl- conductance in normal lymphocytes but not in lymphocytes from Scott 
patients.  
When analyzed with the patch clamp technique, we found that normal lymphocytes had a 
resting membrane voltage (Vm) of -59±3.6 mV, whereas Vm of ScottUSA and ScottUK lym-
phocytes were significantly hyperpolarized (-79±2.8 and -75±3.7 mV) (Figures 1b, d and f). 
Membrane voltages were obtained as reversal potentials from I/V curves and were also 
measured directly under current clamp, which supplied the exact same numbers. Stimula-
tion with the Ca2+ ionophore ionomycin (1 µM) activated a large whole-cell current in 
control lymphocytes, but not in lymphocytes from ScottUSA or ScottUK patients (Figures 1, 
2a and 2b). Membrane voltage of normal lymphocytes was largely depolarized by ionomy-
cin to -10±1.6 mV, whereas it was essentially unchanged in ScottUSA lymphocytes, and only 
slightly depolarized by ionomycin in ScottUK lymphocytes. Depending on the presence of 
cations, Ano6 whole-cell currents are either linearly or outwardly rectifying 9. In lympho-
cytes, currents were linear in the presence of cations (Figure 1b), but were outwardly 
rectifying in the absence of Na+ and K+ (Figure 1g and h). Under these conditions, the Cl- 
channel inhibitor CaCCinh-AO1 (AO1; 20 µM) 20 or removal of bath Cl- (5 Cl-) largely reduced 
outward currents and shifted the reversal potential by almost 40mV (Figure 1g–i). More-
over, the whole-cell current activated in normal lymphocytes by ionomycin was 
significantly reduced after siRNA knockout of Ano6, which also significantly suppressed 
Ano6 mRNA (by 40±2.3%; n=3), as measured by quantitative real-time RT-PCR (Figure 1j). 
Taken together, activation of Ano6 not only generates a Ca2+-activated Cl- conductance, 
but also induces a nonselective cation conductance similar to Ano6 currents activated in 
HEK293 cells, thereby strongly depolarizing membrane voltage 8,9. The pronounced depo-
larization of membrane voltage beyond the equilibrium potential for Cl- probably 
corresponds to recent findings, demonstrating induction of a nonselective cation channel 
by Ano6 8. Lack of Ca2+-activated currents in ScottUK or ScottUSA lymphocytes was not be-
cause of diminished ionomycin-induced Ca2+ rise, as all three cell lines showed 
pronounced Ca2+ increase upon treatment with ionomycin as measured in single-cell 
analysis or in suspended cells (Figures 2c–e). This is in excellent agreement with previous 
findings 18. 
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Figure 2. Lack of Ano6 in Scott lymphocytes abrogates Cl- currents but does not affect Ca2+ in-
crease. (a) Whole-cell overlay currents obtained in wt lymphocytes and lymphocytes from two 
patients with Scott disease, under control conditions and after stimulation with ionomycin (1 µM). 
Cells were voltage clamped from -100 to +50 mV in steps of 10 mV. Arrowhead indicates currents at 
clamp voltage of 0 mV. (b) Summary of whole-cell current densities and membrane voltages under 
control conditions and after stimulation with ionomycin (filled bars). (c) Continuous recordings of 
380/340 ratios (Fura-2) and effects of 1 or 2 µM ionomycin (Iono1, Iono2), and Ca2+ removal in wt 
and Scott lymphocytes. (d) Summary of [Ca2+]i upon application of 1 or 2 µM ionomycin. (e) Effects 
of 10 µM ionomycin on [Ca2+]i measured in cells in suspensions (Fluo-4). Mean±S.E.M. (number of 
cells). ‘*’ denotes significant increase when compared with control; p<0.05; paired t-test. 
 
The whole-cell current induced by ionomycin was largely due to Cl- movement, as indi-
cated by replacement of extracellular Cl- with impermeable gluconate, which strongly 
inhibited ionomycin-activated whole-cell currents (Figures 1i and 3a). A number of typical 
blockers for Ca2+-activated Cl- channels were tested, such as tannic acid (TA; 20 µM) and 5-
nitro-2-(3-phenylpropylamino)benzoic acid (NPPB; 100 µM), AO1 (10 µM), and 4,4’-
diisothiocyano-2,2’-stilbenedisulfonic acid (100 µM) which all potently blocked ionomycin-
activated whole-cell conductance 20–22. A concentration of 10 µM AO1 used in the present 
study had a relatively moderate effect when compared with 20 µM AO1 used in Jurkat 
cells to inhibit Ano6 9. However, 20 µM AO1 inhibited Ano6 in human B-lymphocytes with 
similar potency as in Jurkat T-lymphocytes (Figures 1g and h) 9. Cell-dependent variations 
of the potency of these inhibitors is well known 21. Neither Cl- removal nor any of the Cl- 
channel blockers showed effects on whole-cell currents in ScottUSA lymphocytes, whereas 
the small residual whole-cell currents in ScottUK lymphocytes were attenuated by the 
inhibitors and by Cl- removal (Figures 3b and c). These data imply that the Ano6 mutant 
expressed in ScottUK lymphocytes provides a residual Cl-channel activity. It is caused by a 
transition at the first nucleotide of intron 6, leading to an in-frame deletion of 38 amino 
acids in the N-terminal cytoplasmic tail. When expressed in HEK293 cells, this Ano6 mu-
tant generated a small but significant whole-cell Cl- current (ΔI=0.82±0.13 nA; n=5) upon 
activation by ionomycin (1 µM). For comparison, ionomycin-activated whole-cell current 
in wt-Ano6-overexpressing HEK cells was 2.93±0.31 nA (n=8), whereas no current 
(ΔI=0.05±0.006 nA (n=5) was activated in mock-transfected HEK293 cells. 
In normal, but not in Scott lymphocytes, Ano6 whole-cell Cl- currents could also be acti-
vated by using a patch pipette filling solution containing 100 µM Ca2+. Shortly after 
forming a whole-cell configuration, a current was activated and the membrane voltage 
was depolarized. These Ca2+-activated whole-cell currents were potently inhibited by 
replacement of extracellular Cl- with gluconate (5 Cl-) (Figure 3d). No changes were ob-
served in ScottUSA lymphocytes, whereas a small residual Cl- current was found in ScottUK 

lymphocytes (Figure 3e). Taken together, the data indicate that whole-cell Cl- currents 
stimulated in lymphocytes by high levels of intracellular Ca2+ are because of the activation 
of Ano6. These currents are completely absent in cells, completely, lacking expression of 
Ano6 (ScottUSA), and are dramatically reduced in lymphocytes expressing mutant Ano6 
(ScottUK). 
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Figure 3. Ca2+ activates Ano6 Cl- conductance in normal but not Scott lymphocytes. (a–c) 
Ionomycin-activated whole-cell currents in normal and Scott lymphocytes. Inhibition of currents by 
replacement of extracellular Cl- with impermeable gluconate (except of 5 mM; 5 Cl-), or by applica-
tion of tannic acid (TA; 20 µM), NPPB (100 µM), CaCCinh-AO1 (AO1; 10 µM), or 4,4’-diisothiocyano-
2,2’-stilbenedisulfonic acid (100 µM). Dashed lines indicate currents before stimulation with 
ionomycin (control). No currents were activated in ScottUSA lymphocytes (b), whereas currents were 
largely reduced in ScottUK lymphocytes (c). (d) Activation of Ano6 currents by high (100 µM) pipette 
[Ca2+] in a control lymphocyte and inhibition by removal of extracellular Cl- (5 Cl-). The black arrow-
head in d indicates the time point that was chosen to read currents for generation of the summary 
bars shown in a, b, c and e. (e) Summary of current densities, indicating activation of Ano6 by pi-
pette Ca2+ (black bars) and inhibition by low Cl-. Mean±S.E.M. (number of cells). ‘*’ denotes 
significant difference compared with control; p<0.05; paired t-test. 
 
Ca2+-independent activation of whole-cell Cl- currents. 
We recently demonstrated activation of Ano6 currents in Jurkat T lymphocytes, by stimu-
lation of Fas (death) receptors 9. We therefore examined whether activation of Fas 
receptors also stimulates whole-cell currents in B lymphocytes. When normal lymphocytes 
were incubated with Fas ligand (FasL; 2 h, 0.5 µg/ml), whole-cell currents increased and 
membrane voltages were depolarized, similar to current activation by ionomycin (Figures 
4a and b). These  currents were inhibited by removal of extracellular Cl- and by application 
of the Cl- channel blockers TA (20 µM) and NPPB (100 µM) (Figures 4a–c). No whole-cell 
currents could be activated by FasL in ScottUSA lymphocytes, whereas a small NPPB-
inhibitable current was observed in ScottUK lymphocytes (Figures 4d and e). Notably, 
treatment of normal lymphocytes with siRNA for Ano6 largely reduced FasL-activated 
whole-cell currents (ΔI= 76±9.5 pA/pF; n=4), when compared with control lymphocytes 
(ΔI= 265±38 pA/ pF; n=8). Because FasL did not induce any increase in intracellular Ca2+ 

(Supplementary Figure 2c), we conclude that Ano6 Cl- currents can be activated by in-
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crease in intracellular Ca2+, or in a Ca2+-independent fashion by activation of the Fas recep-
tor, similar to Jurkat T lymphocytes 9. In Jurkat T lymphocytes, Ca2+ increase by stimulation 
of P2Y2 receptors did not activate Ano6 9. We therefore examined the effects of larger Ca2+ 
increase induced by 1 µM ionomycin. We found that also in Jurkat cells pronounced Ca2+ 
increase activates Ano6, which shows a linear I/V relationship, probably by coactivation of 
a nonselective cation current (Supplementary Figures 2e, f).  

Figure 4. Activation Ano6 Cl- currents by activation of Fas receptors. (a) Whole-cell current overlays 
obtained in normal lymphocytes before and after incubation with FasL (0.5 µg/ml; 2 h), and inhibi-
tion by Cl- replacement (5 Cl-) and tannic acid (TA; 20 µM). Cells were voltage clamped from -100 to 
+50 mV in steps of 10 mV. Arrowhead indicates currents at clamp voltage of 0 mV. (b) Current/ 
voltage relationship of the FasL-activated whole-cell current and effect of TA. (c–e) Calculated 
whole-cell conductances in normal, ScottUSA, and ScottUK lymphocytes and effects of 5 Cl-, TA and 
NPPB. Dashed line indicates conductance before incubation with FasL (control). Mean±S.E.M. (num-
ber of cells). ‘*’denotes significant inhibition; p<0.05; paired t-test. ‘#’denotes significant activation 
by FasL; p<0.05; unpaired t-test. 
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Stimulation of purinergic P2X7 receptors can activate PS and induce apoptosis in some cell 
systems 23. We therefore examined whether similar Ano6 currents are also elicited by 
activation of P2X7 receptors in lymphocytes. Using semiquantitiative RT-PCR, we detected 
expression of P2X7 receptors in wt and Scott lymphocytes, albeit at very low levels only 
(Supplementary Figure 3). Stimulation of wt lymphocytes with 3 mM ATP activated small 
but significant whole-cell currents, but did neither lead to a measureable increase in [Ca2+]i 
nor PS exposure (Supplementary Figures 2a, b), which is explained by the low level of P2X7 
receptors expression (Supplementary Figure 3). Notably, no current increase was ob-
served in lymphocytes from patients with Scott disease. 

Supplementary Figure 2. a) Summary of whole cell patch clamp experiments in lymphocytes from a 
healthy volunteer and from two different patients with Scott disease (ScottUSA and ScottUK). Effect of 
5 mM ATP on whole-cell currents. b) Effect of ATP (5 mM) on intracellular [Ca2+] as measured by 
Fura-2. c) Absolute intracellular [Ca2+] in wt lymphocytes under control conditions and after incuba-
tion with FasL (0.5 μg/ml/2 hrs) or ABT-737 (10-100 μM/2 h). d) Summary of whole cell 
conductances in lymphocytes from a healthy volunteer. Effects of incubation with ABT-737 and 
tannic acid. e) Original recording of the activation of whole cell currents by 1 μM ionomycin in Jurkat 
T-lymphocytes. Note that currents were initially outwardly rectifying and then linearized with ongo-
ing stimulation. f) Summary of the activated whole cel currents. Mean ± SEM (number of 
experiments. * significant difference when compared with control (paired t-test). 
 
Calcium-induced PS is independent of Cl- conductance. 
As Ano6 has been reported to be crucial for Ca2+- activated phospholipid scrambling 14, we 
investigated whether Ano6 Cl- currents are required for phospholipid scrambling . To 
assess phospholipid scrambling, phosphatidylserine expression was measured after stimu-
lation of lymphocytes with ionomycin or by exposure to FasL. Ionomycin treatment 
resulted in a high percentage of PS exposure in control cells, whereas PS exposure was 
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basically abolished in ScottUSA and ScottUK lymphocytes (Figure 5a). These results corre-
sponded to the function of Ano6 as a Cl- channel, which was also essentially absent in 
Scott lymphocytes. However, in contrast to the inhibition of the Cl- channel by NPPB, TA or 
Cl- replacement with gluconate, none of these maneuvers affected ionomycin-induced PS 
exposure in control lymphocytes (Figure 5b). 
Stimulation of the extrinsic apoptosis pathway by FasL resulted in appreciable PS exposure 
in control cells, as well as both Scott lymphocyte cell lines, whereas Cl- currents were only 
observed in wt lymphocytes (Figures 4, 5c). Although Ano6 Cl- currents were inhibited by 
NPPB, TA, or by Cl- replacement, these maneuvers did not affect FasL-induced PS exposure 
(Figure 5d). PS exposure in ScottUK and ScottUSA lymphocytes was slightly lower compared 
with control cells, which corresponds to a slightly reduced activation of caspase-3 in these 
cells (Figure 5e). This was confirmed by pre-treatment with the pan-caspase inhibitor, Q-
VD-Oph (QVD), which completely inhibited FasL-induced PS exposure in control and Scott 
lymphocytes (Figure 5c). Jointly, these data indicate that FasL-induced phospholipid 
scrambling is not dependent on functional Ano6. 

Figure 5. Phospholipid scrambling by ionomycin but not by FasL is impaired in Scott lymphocytes. 
(a) Percentage of phosphatidylserine (PS)-exposing lymphocytes after 10 min stimulation with 10 
µM ionomycin in presence of 1 mM CaCl2 for normal and Scott lymphocytes as measured after 
labeling with annexin A5 for 5 min. (b) Effect of NPPB (100 µM), TA (50 µM) and replacement of Cl- 
by gluconate on ionomycin-induced PS exposure in healthy control lymphocytes. (c) Percentage PS-
exposing lymphocytes after 4 h incubation with 0.5 µg/ml FasL in presence of 1 mM CaCl2 for control 
and Scott lymphocytes in presence or absence of 20 µM Q-VD-Oph. (d) No effects of NPPB (100 µM), 
TA (50 µM) and Cl- replacement on FasL-induced PS exposure in healthy control lymphocytes were 
observed. (e) Caspase-3 activity of control and Scott lymphocytes after 4 h stimulation with FasL as 
measured by a caspase activity assay. (f) Percentage of PS-exposing lymphocytes after incubation 
with 50 µM ABT-737. Mean±S.D. (n=3–12). ‘#’ denotes significant activation of PS exposure or cas-
pase; p<0.05; unpaired t-test. 
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Role of Ano6 for intrinsic apoptosis  
Activation of intrinsic (mitochondrial) apoptosis is potently induced by the compound ABT-
737, which inhibits B-cell lymphoma 2 and thus directly promotes Bax/Bak pore formation 
and consecutive release of cytochrome c 24 Although ABT-737 induced a small [Ca2+]i rise 
in lymphocytes (Supplementary Figure 2c), no whole-cell Cl- currents were activated (Sup-
plementary Figure 2d). Nevertheless, ABT-737 induced high levels of PS exposure, which 
were identical in ScottUK and ScottUSA cells (Supplementary Figure 2e). Together, these 
data indicate that Ano6 Cl- currents are activated in normal lymphocytes by elevation of 
[Ca2+]i or by stimulation of extrinsic apoptosis via Fas receptors, but not during mitochon-
drial apoptosis. PS scrambling activated directly by [Ca2+]i, extrinsic or intrinsic apoptosis 
does not require Ano6 Cl- currents. 

 
Supplementary Figure 3. Expression of P2X7 receptors: RT-PCR analysis of expression of P2X7 recep-
tors in B-lymphocytes and in transfected HEK293 cells, indicating very low levels of P2X7-expression 
in lymphocytes. GAPDH was amplified for control.  
 
Discussion 
Cl- currents and scramblase activity by Ano6 are not directly linked.  
It was recently shown that Ano6 is an essential component of ORCC in Jurkat T lympho-
cytes, that is activated by Fas receptor stimulation 9. ORCC single channels were also 
observed in membrane patches excised from Jurkat cells 9,25. Once excised into a bath 
solution containing high (1 mM) extracellular Ca2+, the channel remained active and was 
only weakly Ca2+ dependent. It was suggested earlier that very high (cytosolic) Ca2+ or 
artificial clamp voltage may activate ORCC irreversibly 26. The present data suggest that 
strong increase in intracellular Ca2+ by ionomycin in Jurkat cells also activates a whole-cell 
Cl- current, along with a nonselective cation current (Supplementary Figures 2e, f). Al-
though Ca2+ increase through receptor stimulation was insufficient to activate Ano6 in 
HEK293 cells and Jurkat lymphocytes 4,9, larger increases in [Ca2+]i such as those induced 
by ionomycin are able to activate Ano6 (Supplementary Figures 2e, f). Taken together, 
Ano6 can be activated by strong increase in intracellular Ca2+, as well as in a Ca2+-
independent fashion by FasL in both Jurkat T-lymphocytes as well B-lymphocytes. How 
FasL activates Ano6 is currently unclear. A recent paper describes release of ATP and acti-
vation of P2X7 receptors by stimulation of the Fas receptor, which would resemble one 
possibility how Fas is connected to activation of Ano6 27. However, we have preliminary 
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data indicating that preincubation (30 min) of lymphocytes with 20 µM of the broad cas-
pase inhibitor QVD completely abolished activation of Ano6 by FasL (ΔI=380±42 pA/pF 
versus ΔI=49±9 pA/pF; n=7). Thus, it may be the Fas-induced caspase itself that activates 
Ano6. A recent paper reports Ano6 as a Ca2+-activated nonselective cation channel 8. The 
paper does not report Ca2+-activated Cl- currents related to Ano6. However, apart from 
our laboratory 4, other teams also reported Ano6 as a Cl- channel 12,28. Similar to previous 
reports 29–31, we also demonstrate in the present study that Ano6 is inducing a dominating 
Cl- current when activated by high cytosolic Ca2+ concentrations, and that this Cl- current is 
paralleled by activation of a nonselective cation current. It remains to be demonstrated 
whether Ano6 is a rather nonselective ion channel, or Ano6 interacts with other ion chan-
nel proteins (which might be differentially expressed in different cell types) to generate 
both Cl- and cation currents.  
We reported recently that expression of Ano6 in HEK293 cells and activation by ionomycin 
not only activates a Cl-, but also a nonselective current 4. This Ca2+-activated nonselective 
cation might be related to the Ca2+-activated cation current observed recently in other 
Ano6-expressing cells 8. Coactivation of this cation conductance leads to strong depolari-
zation during stimulation with ionomycin to a linear I/V curve, and to attenuated 
depolarization because of removal of extracellular Cl- (Figures 1b, 3e). In contrast, when a 
145 mM NMDG+Cl- solution was used in the patch pipette and in the bath, the reversal 
potential of the Ca2+-activated Cl- current was zero, and I/V curves were outwardly rectify-
ing. The reversal potential was shifted by the removal of bath Cl-, following the Nernst 
equilibrium potential for Cl- (Figures 1g–i). Thus Ano6 produces a Ca2+-activated Cl- current 
along with a smaller nonselective cation conductance. 
More recently, defective Ano6 has been found to be the cause for the rare bleeding disor-
der Scott syndrome, which is characterized by defective Ca2+-activated PS 14,17. The present 
report, as well as results obtained in other cell types, point to abundant expression of this 
membrane protein 9,14,32,33. In the present paper, we have studied how Cl- channel function 
in healthy control and Scott syndrome lymphocytes relates to the phospholipid scrambling 
process. The results indicate that Ano6 is implicated in both Ca2+-activated Cl- channel 
activity and phospholipid scrambling, but only the former function was sensitive to phar-
macological inhibition. Thus, the ionomycin-induced Cl- conductance was potently 
suppressed by TA or NPPB, as well as by Cl- exclusion. In contrast, these interventions did 
not affect ionomycin-induced PS exposure. In other words, the Scott syndrome phenotype 
could not be reproduced by inhibition of the Ano6-mediated Cl- currents. This made us 
conclude that the Ca2+-activated phospholipid scrambling and Cl- channel activity by Ano6 
are not functionally linked. 
 
Abrogated Cl- conductance and scramblase activity by mutations of Ano6.  
An interesting observation was that ionomycin still evoked a small but significant Cl- 
current and slightly depolarized the membrane voltage in ScottUK lymphocytes. These cells 
are compound heterozygous for two Ano6 mutations: (i) a transition at the first nucleotide 
of intron 6, leading to an in-frame deletion of 38 amino acids in the N-terminal 
cytoplasmic tail and (ii) a single-nucleotide insertion in exon 11, predicting a frameshift 
and premature termination of translation at codon 411 17. In contrast, ScottUSA 
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lymphocytes are homozygous for one Ano6 mutation (IVS12–1G3T), causing exon 13 
skipping, frameshift, and premature termination of translation 14, but did not show any 
residual Cl- current. The ScottUSA mutant cells do not express any Ano6 protein and 
completely lack of Cl- channel function, whereas the ScottUK cells retained residual Cl- 
channel activity. Overexpression of this ScottUK-specific mutant in HEK293 cells suggests a 
residual Cl- channel function. In contrast, Ca2+-induced PS activity was abrogated in both 
the ScottUK and ScottUSA lymphocytes. Together, this suggests that the in-frame deletion 
mutation of ScottUK results in a protein showing limited Cl- conductance and abolished 
scramblase activity, although other Ano6-independent mechanisms cannot be excluded. 
 
Role of Ano6 for extrinsic and intrinsic apoptosis. 
Stimulation of the extrinsic apoptosis pathway by FasL activated both Cl- channels and PS 
exposure in the control lymphocytes. No Cl- currents were activated by FasL in both Scott 
lymphocyte cell lines, however, Scott cells still showed Fas receptor-induced PS exposure, 
which could be prevented by caspase inhibition and hence was apoptosis-induced. Simi-
larly, direct stimulation of Bax/Bak-dependent apoptosis with ABT-737 induced normal PS 
exposure in the Scott lymphocytes without activating Cl- currents. These data clearly point 
to a unique function of Ano6 as Cl-/nonselective cation channel, but a redundant role of 
Ano6 in the regulation of apoptotic PS exposure. We conclude that (i) Ano6 primarily 
induces a Cl- conductance along with a smaller nonselective cation conductance that is 
activated either Ca2+ dependently (ionomycin) or Ca2+ independently (Fas receptor), but 
not during mitochondrial (intrinsic) apoptosis. (ii) Ca2+-dependent phospholipid scrambling 
induced by Ano6 occurs independent of Ano6 Cl- conductance and (iii) Ca2+-independent 
phospholipid scrambling does not require Ano6. Taking into account the recent proposal 
that Ano6 in lymphocytes induces a Ca2+ conductance 8, these findings suggest that the 
‘Scott’ protein Ano6 8 acts as a Ca2+-dependent channel for both cations and anions, or 
regulates these conductances, along with activation of Ca2+-dependent phospholipid 
scrambling in lymphocytes. 
 
Material and Methods 
Cell culture  
EBV-transformed B lymphoblast cell lines from control subjects and ScottUK and ScottUSA 

patients have been described before 18,19. The lymphocytes were grown in RPMI 1640 
medium (GIBCO, 52140; Darmstadt, Germany) supplemented with 10% fetal calf serum 
(GIBCO) and penicillin/streptomycin (GIBCO). For patch clamping, cells were fixed on 
polylysine-coated coverslips. 
 
Patch clamping 
Coverslips were mounted in a heated chamber on the stage of an inverted microscope 
(IM35, Zeiss, Munich, Germany) and kept at 37°C. Cells were perfused continuously with 
Ringer solution (in mM: NaCl 145, KH2PO4 0.4, K2HPO4 1.6, D-glucose 5, MgCl2 1, Ca-
gluconate 1.3, pH 7.4). For fast whole-cell patch clamping, micropipettes were filled with 
intracellular like solution (in mM: KCl 30, K-gluconate 95, NaH2PO4 1.2, Na2HPO4 4.8, EGTA 
1, Ca-gluconate 0.758, MgCl2 1.034, D-glucose 5, ATP 3, pH 7.2) and had an input resis-
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tance of 2-4 MΩ. Changes in membrane voltage were recorded in the current clamp mode. 

Experiments were conducted as described earlier 34. 
 
Measurement of intracellular Ca2+ concentration 
Cytosolic Ca2+ was measured in a suspension of single cells. (i) Suspended cells were 
loaded with 0.5 µM Fluo-4 AM in the presence of 4 µg/ml pluronic (Molecular Probes, 
Darmstadt, Germany). After a washing step, cells were resuspended (3 x 105/ml) in Hepes 
buffer, pH 7.45 (in mM: NaCl 136, Hepes 10, KCl 2.7, MgCl2 2, glucose, and 0.1% BSA 
0.1%). Agonist-induced changes in Fluo-4 fluorescence (F) were determined by flow cy-
tometry (BD Accuri, Breda, Netherlands). Rises in Ca2+ are expressed as pseudo-ratio F/F0, 
with F0, representing the fluorescence before stimulation 35. (ii) Single-cell Ca2+ measure-
ments were performed with continuously perfused immobilized lymphocytes at 37°C, 
using an inverted Axiovert S100 (Zeiss) microscope and a high-speed polychromator sys-
tem (VisiChrome, Visitron Systems, Puchheim, Germany). Cells were loaded with 2 µM 
Fura-2 and AM (Molecular Probes) with 0.2% pluronic for 1 h at 37°C. Experiments were 
conducted as described previously 36. 
 
Phospholipid scrambling (phosphatidylserine exposure) 
Lymphocytes were washed in Hepes buffer, pH 7.45 and diluted to a concentration of 3 x 
105/ml. The cells were stimulated as indicated with ionomycin (Calbiochem, Darmstadt, 
Germany), FasL (Millipore, Darmstadt, Germany) or ABT-737 (Abbott Laboratories, Wies-
baden, Germany or Active Biochem (Maplewood, NJ, USA)) in the presence of 1-2.5 mM 
CaCl2. Pan-caspase inhibitor QVD (Millipore) was given 10 min prior stimulation. Surface 
exposure of phosphatidylserine was assessed after 5 min labeling with FITC- or Alexa647-
annexin A5 (Invitrogen, Darmstadt, Germany) by flow cytometry (BD Accuri). A gating was 
set to exclude apoptotic and dead cells. Propidium iodide labeling revealed that the latter 
cells appeared as a different population in forward/side scatter plots. Five thousand viable 
cells were analyzed per experiment. 
 
Semi-quantitative RT-PCR 
Total RNA was isolated from B lymphocytes, and reverse transcribed using a random 
primer and M-MLV reverse transcriptase (Promega, Mannheim, Germany). The RT-PCR 
reaction contained sense and antisense primers for anoctamins or GAPDH (0.5 µM; Sup-
plementary Table 1), 1 µl cDNA and GoTaq polymerase (Promega). After 2 min at 95°C, 
cDNA was amplified in 30 cycles for 30 s at 95°C, 30s at 56°C and 1 min at 72°C, and visual-
ized by loading on ethidium bromide-containing agarose gels. 
 
Western blotting 
Protein was isolated from lymphocytes in lysis buffer containing 50 mM Tris-HCl, 150 mM 
NaCl, 100 µM DTT, 0.2% Triton X-100, 5 U/ml of benzonase, and 1% protease inhibitor 
cocktail (Sigma-Aldrich, Taufkirchen, Germany). Protein was separated by 10% SDS-PAGE 
and transferred to a polyvinylidene difluoride membrane (GE Healthcare, Munich, Ger-
many) using semidry transfer (Bio-Rad, Munich, Germany). Membranes were incubated 
with anti-Ano6 mAb (1 : 5000; Santa Cruz Biotechnology, Heidelberg, Germany) and pro-
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teins were visualized using a horseradish peroxidase-conjugated secondary antibody (dilu-
tion 1 : 10.000) and ECL detection kit (GE Healthcare).  
 
Caspase-3 activity assay 
Lymphocytes were activated in the presence or absence of QVD, as indicated. Cells were 
centrifuged at 2300g, and pellets were resolved in lysis buffer. Samples in lysis buffer were 
mixed 1 : 1 with 50 µl caspase-3 substrate mix, consisting of 9.8 µM DTT and 49 µM Ac-
DEVD-AFC (Invitrogen). Fluorescence was measured in time using a Spectramax M2 
reader. Caspase-3 activity was determined as changes in fluorescence units per min, rela-
tive to unstimulated samples. 
 
Supplementary Table 1. Primers used for RT-PCR analysis of anoctamins in human lymphocytes. 
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Determining thrombus formation in vitro with parallel-plate flow chambers 
Chapter 2 of this thesis discusses the use of parallel-plate flow chambers to study in vitro 
thrombus formation. Such flow chambers, equipped with a cover slip that can be coated 
with a variety of platelet-adhesive substrates, enable platelet function to be studied at 
defined shear rates, mimicking arterial or venous flow conditions as required 1. By provid-
ing information on the roles of various platelet receptor and signalling molecules involved 
in thrombus formation, flow chamber technology has significantly contributed to a better 
understanding of the platelet aggregation process in flow conditions. In Chapter 2, re-
cently developed flow chamber devices with smaller size are discussed, which allow 
studying thrombus formation in vitro with a few hundreds of micro-litres of mouse or 
human blood. 
Although the flow-chamber assay is expected to be of predictive value for evaluating the 
risk of arterial thrombosis, caution should be taken in the translation of in vitro to in vivo 
thrombus formation. For instance, pathological thrombus formation after atherosclerotic 
plaque rupture will be triggered by multiple platelet-adhesive proteins that become ex-
posed to the blood stream, such in contrast to the common in vitro assay where a single 
thrombogenic substrate is used. In some studies this limitation is overcome by the coating 
of atherosclerotic plaque material obtained from human autopsy material or from Apoe-/- 
mice 2-4. Since the availability of native plaque material is limited (and the process of ex-
traction is labour-intensive), this is not preferred for larger size patient studies or for 
general diagnostic purposes. So far, fibrillar type I collagen appears to be the most suitable 
substrate, as it captures von Willebrand factor and other prohemostatic plasma proteins, 
and it is highly adhesive and activating for platelets 2,5. Furthermore, this collagen type 
stimulates the coagulation process via factor XII 6. In several experimental studies with 
genetically modified mice, it has been shown that in vitro whole blood thrombus forma-
tion on collagen correlates well with in vivo arterial thrombosis, when assessed in 
collagen-dependent models of vascular injury 7.  
Studies with human blood indicated that in vitro thrombus formation on collagen was 
either unchanged or reduced in subjects taking aspirin, while this process was unequivo-
cally reduced in subjects using aspirin in combination with a P2Y12 receptor inhibitor like 
clopidogrel or ticlopidine 8-10. In another study, a microchip flow-chamber system coated 
with collagen was used to determine protective effects of several platelet antagonists like 
aspirin, abciximab, the prostacyclin analogue beraprost, and the glycoprotein (GP)Ibα 
antagonist OS-1 11. These examples illustrate the potential clinical benefit of this test to 
evaluate the efficacy of antithrombotic therapy. Large clinical studies however will be 
needed to reveal, to which extent determination of in vitro thrombus formation can pre-
dict the occurrence of thrombotic or bleeding events in patients with specific 
antithrombotic therapies. 
Given the multitude of adhesive receptors on platelets, an ideal future flow chamber 
device makes it possible to test thrombus formation on multiple substrate spots in one 
run and at different shear rates. For instance, a coated fibrinogen spot may identify de-
fects in integrin αIIbβ3 expression or activation, e.g. as seen in patients with Glanzmann's 
thrombasthenia 12. Thanks to the large choice in thrombogenic substrates, shear rates and 
parameter read-outs of thrombus formation, parallel-plate flow chamber technology 
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seems ideal for studying the diverse molecular mechanisms underlying this process under 
rheological conditions mimicking those in the circulation. 
 
Roles of platelet STIM1 and Orai1 in thrombus formation 
Chapter 3 describes experiments aimed to provide more insight into the role of the endo-
plasmic reticulum Ca2+ sensor, STIM1, and the plasma membrane Ca2+ channel, Orai1, in 
platelet function. Previously, both proteins were shown to be responsible for the process 
of store-operated Ca2+ entry (SOCE) 13,14. However, the functional role of the STIM1/Orai1 
pathway in thrombus formation under coagulating and non-coagulating conditions was 
not established. Given the lethality of full knockout Stim1-/- and Orai1-/- mice 13,14, experi-
ments were performed with bone-marrow transplanted mice in which only the 
hematologic cells lacked expression of STIM1 or Orai1. We found that, in the absence of 
coagulation, in vitro thrombus formation on collagen was strongly decreased in STIM1- or 
Orai1-deficient blood, an observation in line with reports by Varga-Szabo and Braun that 
deficiency in either protein protected for arterial thrombosis in vivo 13,14. The decreased in 
vitro thrombus formation was accompanied by suppressed Ca2+ responses and diminished 
phosphatidylserine (PS) exposure, thus supporting the evidence that STIM1 and Orai1 are 
main mediators of Ca2+ entry 13-15 and Ca2+-dependent phospholipid scramblase activity 16, 

17. Interestingly, the group of Bergmeier, using STIM1-deficient platelets, did not find a 
diminished platelet aggregation under flow 18. It should however be noted, that STIM1-
deficient as well as Orai1-deficient platelets show a diminished aggregation response to 
low doses of GPVI agonists, such as collagen or collagen-related peptide 13,14,18. While 
aggregation normalizes at higher concentrations 13,14,18, it is tempting to speculate that in 
the flow experiments by Bergmeier and colleagues, platelets were more strongly acti-
vated, compared to our experiments. This might explain why deficiency in STIM1- or Orai1 
did not impact outcome in their flow system. 
A remarkable observation in chapter 3 is that GPVI-induced PS exposure was no longer 
affected in the concomitant presence of thrombin, implicating that STIM1 and Orai1 are 
redundant for this process under coagulant conditions. This can be explained by the more 
sustained Ca2+ responses with this agonist combination 19-21. Although stimulation by GPVI 
alone or by the combined action of thrombin and GPVI agonist gave reduced Ca2+ re-
sponses in STIM1- or Orai1-deficient platelets, it seems after dual agonist stimulation a 
sufficiently high and sustained Ca2+ response is achieved to induce phospholipid scram-
bling (Figure 1). In both types of knockout platelets, the general Ca2+ entry blocker SKF-
96365 22 was able to further reduce the Ca2+ responses, pointing to the existence of a 
STIM1/Orai1-independent pathway of Ca2+ entry. We have not identified the nature of this 
pathway, but it may involve receptor-operated Ca2+ entry via P2X1 channels 23, or non-
capacitive Ca2+ entry through TRPC6 24,25. The latter protein, TRPC6, is a cation channel 
activated by diacylglycerol, and is known to become more active at higher thrombin con-
centrations 24. Generation of double knock-out mice for TRPC6 and Orai1 may prove 
whether TRPC6 is responsible for the residual Ca2+ entry in the absence of Orai1. It should 
be noted that Trpc6-/- mice do not show an antithrombotic phenotype and respond nor-
mally to a wide range of agonists 25, which supports the idea that store-operated Ca2+ 
entry via STIM1 and Orai1 is the most important Ca2+ entry route in platelets. 
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Figure 1. Orai1-dependent and -independent Ca2+ entry regulate platelet PS exposure. Platelet 
stimulation with collagen receptor agonist alone (upper left) gives a moderate Ca2+ responses, which 
is further increased by the simultaneous presence of  thrombin (lower left). In either case 
Orai1/STIM1-dependent Ca2+ entry provides the major entry pathway, but with thrombin present, 
more inositol trisphosphate (IP3) is produced and also non-Orai1 Ca2+ channels become activated. 
This leads to high stimulation of PS exposure. In the absence of Orai1, collagen receptor-induced 
Ca2+ entry has mostly disappeared (upper right), but thrombin is still capable to produce IP3 and 
stimulate Orai1-independent Ca2+ entry (lower right). The result is still high stimulation of PS expo-
sure. Fractions of PS-exposing platelet in each condition are visualised by the numbers of red-
coloured platelets below the schemes. 
 
Antithrombotic potential of Ca2+ entry blockers 
Knowing that Orai1 has a key role in murine arterial thrombus formation in vivo, we stud-
ied in chapter 4 the efficacy of several pharmacological blockers of Orai1 to suppress this 
process. An overview of the results is given in Figure 2. In washed platelets, the estab-
lished Ca2+ influx inhibitors, SKF-96365 and 2-aminoethyl diphenylborate (2APB), and the 
novel Ca2+ entry blockers, Synta66 and GSK-7975A, all dose-dependently inhibited agonist-
induced Ca2+ fluxes in platelets. This is in line with earlier reports identifying SKF-96365 
and 2APB as potent inhibitors of Ca2+ entry in platelets 22,26. The other compounds, Synta-
66 and GSK-7975A, are characterized as Ca2+ entry inhibitors in mast cells 27,28. As in plate-
lets, the STIM1/Orai1 pathway is the major SOCE pathway in mast cells 29,30. Inhibition of 
platelet Ca2+ entry was accompanied with a decrease in platelet PS exposure, while only 
SKF-96365 was not able to impact thrombin generation in PRP. Interestingly, we found 
that SKF-96365, GSK-7975A and Synta66, but not 2-APB, suppressed Ca2+ responses in 
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Orai1-/- platelets upon thrombin stimulation, suggestive for some inhibition of non-Orai1 
channel by these compounds. 
The effects of these Ca2+ entry blockers - at maximal achievable concentrations - were 
then tested on whole-blood thrombus formation in vitro. In a similar way as Orai1 or 
STIM1 deficiency, the compounds 2-APB, Synta66 and GSK-7975A suppressed: (i) platelet 
Ca2+ fluxes under flow, (ii) the formation of aggregates and (iii) the exposure of PS, both in 
human and mouse blood. Furthermore, in vivo, injection of 2APB into mice suppressed 
inside wire-induced ischemic brain infarction, which is in line with a key role of platelet 
Orai1 in this experimental infarction model 14. 

Figure 2. Effect of genetic deletion of STIM1 or Orai1 (mouse), or of pharmacologic blockade (human 
and mouse) by the indicated Ca2+ entry inhibitors on platelet functions and in vitro or in vivo models 
of thrombus formation. Symbols: 0; no effect; - ; reduction; - -, strong reduction; n.d., not deter-
mined; n.a. not assessable. GPVI, glycoprotein VI; thr, thrombin. 
 
Together, chapters 3 and 4 provide proof-of-principle evidence that pharmacological 
blockage of Orai1-mediated Ca2+ entry may provide a strategy for the prevention of arte-
rial thrombus formation. Deficiency in platelet STIM1 or Orai1 was found to be protective 
for arterial thrombus formation, whereas tail bleeding was only mildly affected 13,14. 
Hence, targeting platelet Orai1 may provide an advantage over current anti-platelet 
therapies that are accompanied with an increased risk of bleeding. However, when ap-
plied in human, it should be realized that SOCE inhibitors may also act as 
immunosuppressants by blocking of the T cell Orai1 channels and suppressing T-cell func-
tions 31,32. More preclinical research is needed to address the efficacy and safety of Orai1 
inhibitors in cardiovascular disease. This will also require the synthesis of compounds with 
a better solubility and pharmacokinetic profile. 
 
Role of TMEM16F in apoptosis-induced phospholipid scrambling 
In platelets, phospholipid scrambling can be induced by Ca2+-mobilising agonists as well as 
by apoptosis. In chapter 5 and 6, we studied the contribution of the membrane protein, 
anoctamin 6 (TMEM16F), in agonist- and apoptosis-induced PS exposure. Experiments 
were performed with murine platelets deficient in TMEM16F, and with platelets from a 
Scott syndrome patient, in whom the TMEM16F gene is mutated. Platelet apoptosis was 
induced by the BH3 mimetic ABT-737. This compound activates the pro-apoptotic proteins 
Bax and Bak and stimulates caspase activity 33. Treatment of control human or mouse 
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platelets with ABT-737 resulted in the formation of two distinct PS-exposing populations, 
showing moderate or high annexin A5 binding. In Scott syndrome platelets, and also in 
murine Tmem16f-/- platelets, the high annexin A5-binding population was initially absent. 
The total percentage of PS-positive platelets (moderate and high annexin A5 binding) was 
similar in Tmem16f+/+ and Tmem16f-/- mice. Prolonged incubation with ABT-737 ultimately 
resulted in high percentages of high annexin A5-binding platelets in wild type as well as 
Tmem16f-/- mice. The same was true for human control platelets and Scott patient plate-
lets. Thus, it seems TMEM16F is not necessary for apoptotic PS exposure, but yet 
contributes to this process by accelerating PS exposure, at least in a subset of platelets. 
Since TMEM16F is essential for Ca2+-induced phospholipid scrambling 34, the question 
arises which mechanism is responsible for elevating the intracellular Ca2+ concentration in 
apoptotic platelets. Vogler et al. showed that ABT-737 has a stimulatory effect on reticular 
Ca2+ release 35. Yet, ABT-737 is unlikely to stimulate TMEM16F-dependent phospholipid 
scrambling on its own, since caspase inhibition completely blocked all PS exposure. An 
alternative explanation for elevated Ca2+ levels in a subset of apoptotic platelets is the loss 
of ATP during apoptosis, resulting in inhibition of the Ca2+ pumps 36. Alternatively, apop-
totic platelets may exhibit an increased permeability of the plasma membrane for Ca2+. In 
summary, although PS exposure during platelet apoptosis is not dependent on TMEM16F, 
this protein may accelerate phospholipid scrambling in Ca2+-dependent way (Figure 3, IIIa 
and IIIb). A limitation of this work is that it relies on the use of ABT-737, which not neces-
sarily needs to mimic platelet apoptosis in vivo 37. Another remark is that long-term in 
vitro storage may not be a good model for Bcl-xL-mediated apoptosis, as PS exposure 
during in vitro storage is driven by glucose deprivation and ATP depletion 38. 
 
Role of TMEM16F in agonist-induced phospholipid scrambling 
Phospholipid scrambling induced by Ca2+-elevating agonists is characteristically impaired 
in Scott syndrome platelets. Such platelets show no appreciable PS exposure upon activa-
tion with convulxin/thrombin, while their Ca2+ responses including SOCE and 
mitochondrial depolarisation are normal 39,40. Jobe et al. have proposed a crucial role for 
the mitochondrial permeability transition pore (MPTP) in mediating platelet PS exposure 
based on the fact that convulxin/thrombin-induced PS exposure was impaired in mice 
lacking cyclophilin D, a regulator of MPTP formation 41. In line with this, in human plate-
lets, inhibition of mitochondrial depolarisation by cyclosporin A suppressed PS exposure in 
response to convulxin/thrombin (chapter 5) or collagen-related peptide/thrombin 33. 
We confirmed the role of TMEM16F in agonist-induced phospholipid scrambling using 
Tmem16f-/- mice. Platelets from TMEM16F-deficient mice exhibited a reduced, though not 
completely annulled, convulxin/thrombin- and ionomycin-induced PS exposure. A similar 
observation has been made by Yang et al. 42 using a different mouse strain. The latter mice 
were protected against arterial thrombosis employing the FeCl3-induced injury mode 42. In 
concordance with the mild bleeding disorder in Scott syndrome patients 43,44, these mice 
had a prolonged tail bleeding time 42. 
As we found residual PS exposure in Tmem16f-/- mouse platelets after stimulation with 
convulxin/thrombin, also in platelets from Scott patients some agonist combinations (e.g. 
collagen/thrombin) cause residual PS exposure. This remaining activity was not prevented 
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by caspase inhibition, in line with a previous report that PS exposure upon platelet activa-
tion is distinct from apoptotic PS exposure 33. Jointly, these data thus may point to two 
pathways of PS exposure upon agonist stimulation, one involving TMEM16F (and cyclo-
philin D-mediated MPTP formation) and one acting independently of TMEM16F (Figure 3, 
IIa and IIb). The latter pathway, however, still relies on Ca2+ elevation. The exact mecha-
nism remains to be elucidated, but might involve one of the other TMEM16-family 
members. 

 
Figure 3. Multiple pathways towards platelet PS exposure. (I) Ionomycin-induced PS exposure is 
mediated through elevation of Ca2+ and subsequent activation of TMEM16F. (II) Collagen/thrombin-
induced signalling raises intracellular Ca2+ through store-operated- and receptor-operated Ca2+ entry 
(SOCE/ROCE) pathways. High sustained Ca2+ levels stimulate cyclophilin D-dependent MPTP forma-
tion followed by TMEM16F-dependent phospholipid scrambling (IIb), while also another pathway to 
PS exposure can be activated, independently of TMEM16F and cyclophilin D (IIa). Stimulation with 
the BH3-mimetic ABT-737, or aging-induced Bcl-xL degradation induces PS exposure via a process 
dependent on activation of Bax/Bak, cytochrome c release and caspase activity. Apoptotic PS expo-
sure occurs independently of TMEM16F (IIIa). However, TMEM16F can accelerate apoptosis-induced 
PS exposure under conditions of elevated Ca2+ (IIIb). 
 
Role of MPTP in platelet PS exposure 
Although the precise formation of MPTP in platelets with elevated Ca2+ is unknown, a 
close relationship between mitochondrial depolarisation and PS exposure has been re-
ported by various groups 45,46. One suggestion is that formation of the MPTP is a 
consequence of Ca2+ overload of the inner mitochondrial matrix 45,47. Basso et al. demon-
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strated that cyclophilin D regulates the Ca2+ sensitivity of the MPTP, as higher cytosolic 
Ca2+ levels are required to induce MPTP formation in absence of cyclophilin D 47. Likewise, 
in cyclophilin D-deficient- platelets higher Ca2+ levels are required to induce PS exposure 
45. We found that inhibition of MPTP formation by cyclosporin A strongly suppresses 
TMEM16F-dependent phospholipid scrambling. In agreement with this, others have 
shown that stimulation of MPTP formation results in increased platelet PS exposure 46. 
Together, these data point to the involvement of Ca2+-sensitive MPTP formation in the 
promotion of TMEM16F-dependent phospholipid scrambling. Of note, MPTP formation by 
itself is not sufficient to induce PS exposure, because Scott syndrome platelets do not 
show PS exposure despite normal cyclophilin D-mediated mitochondrial depolarisation. 
Upon convulxin/thrombin-stimulation, intracellular Ca2+ levels are relatively high in the 
population of PS-exposing platelets 45,48, and specifically these platelets show mitochon-
drial depolarisation. Considering that MPTP formation is a major determinant of platelet 
PS exposure, this may reflect a role of Ca2+ in the regulation of MPTP formation, with 
subsequent (downstream) PS exposure as a resultant. However, since TMEM16F also is a 
Ca2+ sensitive protein as described by Suzuki et al. 34, it could also be proposed that MPTP 
formation mediates PS exposure by a secondary further elevation of cytosolic Ca2+. This 
idea is supported by evidence that loss of the mitochondrial membrane potential reduces 
the capacity of mitochondria to buffer cytosolic Ca2+ 49,50, while following ATP depletion 
would impair the function of the plasma membrane and sarco-endoplasmic Ca2+-ATPases, 
thereby enhancing the Ca2+ response. However, this does not agree with the finding by 
Choo et al. that cyclophilin D-deficient platelet exhibit unchanged Ca2+ responses 45. A 
limitation of the latter study, however, is that Ca2+ levels were measured only after the 
first minutes of platelet activation, i.e. a period in which the majority of platelets not yet 
shows mitochondrial depolarisation and PS exposure. Together, these data indicate that 
PS exposure is not exclusively determined by Ca2+ entry, but primarily depends on the 
(mitochondrial-dependent) elevation of cytosolic Ca2+. Still, more evidence is needed to 
unravel the events occurring in the late phases of platelet phospholipid scrambling. 
 
Distinct roles of TMEM16F in hematopoietic cells 
Besides a role in phospholipid scrambling, TMEM16F is also involved in the generation of 
Ca2+-activated ion currents 42,51,52. In chapter 7, we provide evidence that TMEM16F is 
responsible for both anion and cation currents in immortalised B lymphocytes. Impor-
tantly, these currents were absent in B lymphocytes from a Scott patient (ScottUSA), lacking 
TMEM16F expression due to a mutation causing a premature stop of translation. A recent 
paper indicates that mutation of the putative pore region of TMEM16F changes the anion 
selectivity of the currents 53. This may indicate that TMEM16F is the pore-forming subunit 
of a channel or, alternatively, a channel protein with intrinsic ion-conducting properties. In 
the B lymphocytes derived from another Scott patient (ScottUK), we were able to identify a 
small residual Cl- current. The latter cells were low in expression of a mutant form of 
TMEM16F, lacking 38 amino acids in the N-terminal cytoplasmic tail of the protein 54. 
Over-expression of this mutated TMEM16F in HEK-293 cells resulted in a detectable whole 
cell current in response to Ca2+-ionophore ionomycin, although weaker than observed in 
cells expressing wildtype TMEM16F (chapter 7).  
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In spite of these differences in ion conductance, ionomycin-induced phospholipid scram-
bling was equally impaired in B lymphocytes from the UK and US Scott patients. As 
previously reported for Jurkat cells 51, we found that Fas ligand was able to induce 
TMEM16F-assigned Cl- currents, as these were present in control B lymphocytes, but 
absent in Scott B-cells. Fas ligand-induced PS exposure, however, was not affected in the 
patient-derived cells, concordant with the earlier observation that apoptosis-induced PS 
exposure occurs normally in Scott B-cells 55. As expected, ABT-737-induced PS exposure 
was normal in Scott lymphocytes. 
While investigating whether TMEM16F-mediated phospholipid scrambling relies on these 
Cl- currents, we found that neither pharmacologic blockade of chloride channel activity 
nor replacement of extracellular Cl- by gluconate- did affect ionomycin-induced phospho-
lipid scrambling in control B-cells. From this, we conclude that the TMEM16F-dependent 
phospholipid scrambling and Cl- channel activity are not functionally linked. A limitation, 
though, of these experiments is, that due to the high rate of PS exposure after ionomycin 
treatment the annexin A5-binding assay may not detect small differences in rate of phos-
pholipid scrambling. 
A phenomenon tightly associated with PS exposure is the change in platelet morphology. 
Under all conditions, platelets exposing PS typically transform into blebbing, balloon-
shaped cells with a degraded actin cytoskeleton 36,56. Strikingly, this morphological change 
does not appear to occur in Scott syndrome platelets 57. Although not described in this 
thesis, similar observations have recently been made in our laboratory using Tmem16f-/- 
mouse platelets 58. It has been speculated that such morphological changes may originate 
from differences in the rate of inward and outward movement between phospholipid 
classes, thus creating a mass imbalance between the inner and outer leaflet leading to 
exfoliation of the plasma membrane 59. The experiments in this thesis cannot conclude on 
this idea. Hence, the precise mechanisms of changes in platelet morphology, ion currents 
and phospholipid scrambling by TMEM16F remain to be elucidated. 
Chapter 6 describes that erythrocytes from heterozygous Tmem16f+/- mice show a dimin-
ished PS exposure upon ionomycin treatment when compared to wildtype erythrocytes, 
with a further reduction in Tmem16f-/- erythrocytes. This suggests that the expression 
level of TMEM16F is a limiting factor in Ca2+-mediated PS exposure at least in mouse 
erythrocytes. In contrast, ionomycin-induced PS exposure in platelets from heterozygous 
Tmem16f+/- mice was similar to that observed in wildtype platelets. This can be explained 
by the fact that Ca2+-induced phospholipid scrambling is much faster in platelets than in 
erythrocytes, implicating that the annexin A5-binding assay is insensitive for assessing 
differences in rate of lipid scrambling 55. Previously, using a different technique, reduced 
rates of ionomycin-induced phospholipid scrambling were observed in platelets from two 
heterozygous Scott patients 44, suggesting a direct link between the level of expression of 
TMEM16F and rate of phospholipid scrambling. 
The data presented in this thesis and the current literature cannot distinguish whether 
TMEM16F has intrinsic scramblase activity or is a regulator of  another protein with 
scramblase activity. If TMEM16F is a protein with intrinsic scramblase activity, other pro-
teins with scramblase activity must exist, since apoptosis-induced phospholipid scrambling 
induced by ABT-737 (platelets and lymphocytes) or Fas ligand (lymphocytes) occurs inde-
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pendently of functional TMEM16F. Furthermore, with particular agonists, Scott syndrome 
platelets and Tmem16f-/- murine platelets, show residual phospholipid scrambling activity. 
Ultimate proof for TMEM16F being a scramblase protein requires purification and recon-
stitution in proteo-liposomes, demonstrating Ca2+-induced lipid scrambling. Recent 
evidence indicates that also other members of the TMEM16 family (TMEM16C, 
TMEM16D, TMEM16G and TMEM16J) can be implicated at least in ionomycin-induced 
phospholipid scrambling 60. However in chapter 6, no such role for TMEM16A was found. 
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Platelets have prominent roles in thrombus formation. This involves their adherence  to  
extracellular matrix components,  co-aggregation to from a platelet plug, and  stimulation 
of the coagulation process. Elevation of the intracellular Ca2+ level is an essential signalling 
event in the process of platelet activation and, hence, for thrombus formation. Store-
operated Ca2+ entry is considered to be the most important Ca2+ entry route in activated 
platelets. Prolonged high intracellular calcium levels activate the scrambling of membrane 
phospholipids, resulting in  exposure of phosphatidylserine (PS) at the outer leaflet of the 
plasma membrane. The exposure of PS stimulates coagulation by providing a catalytic 
surface for the assembly of coagulation factor complexes and ensuing thrombin genera-
tion.  
In chapter 1, relevant background information is given on the roles of platelets in throm-
bosis. The role of fluid dynamics in the process of thrombus formation is discussed, as well 
as the use of parallel-plate flow chambers to determine whole blood thrombus formation. 
Furthermore, an introduction is given into the mechanisms of platelet Ca2+ signalling, with 
special attention to the functions of STIM1 and Orai1, two proteins involved in platelet 
store-operated Ca2+ entry. Current knowledge on the mechanisms of phospholipid scram-
bling is discussed, with a focus on TMEM16F (also called anoctamin 6), a protein proposed 
to be involved in Ca2+-induced phospholipid scrambling. Apart from platelet activation, 
also platelet apoptosis is mentioned  as another route by which platelets can expose PS. 
In chapter 2 practical issues are discussed regarding the use of parallel-plate flow cham-
bers for the assessment of in vitro whole-blood thrombus formation. The aim of this 
chapter is to provide new guidelines for a reproducible assessment of in vitro thrombus 
formation. The practical issues discussed encompass, among others, flow chamber assem-
bly, calculation of shear rates, common experimental artefacts, and abilities of 
microscopic image recording. Because residual coagulation can strongly influence the 
outcome of the process of in vitro thrombus formation, methods are described to restrict 
coagulation or to allow coagulation in a controlled manner. Furthermore, a wide variety of 
possible substrates and possible read-out parameters are given. Although a clear role for 
Orai1 and STIM1 in regulating platelet store-operated Ca2+ and thrombus formation has 
been demonstrated, their relative contribution to platelet procoagulant activity and 
thrombus formation under coagulating and non-coagulating conditions remains obscure. 
This issue is addressed in chapter 3. In vitro experiments, using blood from mice with 
platelet  deficiencies in STIM1 or Orai1, showed that collagen-driven thrombus formation, 
platelet Ca2+ signaling, and platelet PS exposure are significantly impaired in absence of 
STIM1 or Orai1. Notably, these effects tended to normalize upon introduction of coagula-
tion. Additional experiments in washed platelets confirmed that STIM1 and Orai1 became 
redundant in the concomitant presence of high thrombin concentrations. Also evidence 
for an Orai1-independent  Ca2+ entry pathway in platelets is presented. This alternative 
pathway appeared to become prominent upon combined collagen/thrombin stimulation. 
In contrast to STIM1, deficiency in STIM2 did not show any effect on thrombus formation 
or platelet procoagulant activity, indicating that STIM2 does not play a major role in plate-
let activation. 
Given the importance of Ca2+ entry for platelet activation and thrombus formation, poten-
tial inhibitors of Orai1 were tested for their efficacy to suppress these processes, the 
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results of which are described in chapter 4. Apart from the known platelet Ca2+ entry 
inhibitors 2-APB and SKF96365, the novel compounds Synta66 and GSK-7975A were iden-
tified as effective inhibitors of platelet store-operated Ca2+. Subsequent experiments, 
measuring whole blood thrombus formation in parallel-plate flow chambers, revealed that 
the compounds 2-APB, Synta66 and GSK-7975A all were able to suppress platelet proco-
agulant activity, Ca2+ responses, and thrombus formation under flow. In addition, 2APB 
markedly reduced the size of brain infarctions in an in vivo murine stroke model. Experi-
ments performed with Orai1-deficient blood pointed to Orai1 as primary target of these 
compounds. Altogether, the data from chapter 3 and 4 identify Orai1 as a potential target 
for development of novel anti-thrombotic agents. 
As described, elevation of intracellular Ca2+ stimulates phospholipid scrambling in plate-
lets. Scott syndrome is a rare bleeding disorder in which Ca2+-dependent phospholipid 
scrambling in platelets and other blood cells is impaired. Recently,  this defect could be 
attributed to the absence of functional TMEM16F. In chapter 5, the involvement of 
TMEM16F in various pathways to platelet PS exposure was studied by in vitro experi-
ments, using platelets from a patient with Scott syndrome. Phospholipid scrambling upon 
platelet apoptosis was determined by incubation of platelets with the BH3-mimetic ABT-
737. While platelets from Scott syndrome patients and healthy controls showed a similar 
percentage of PS exposure upon ABT-737-induced apoptosis, the Scott platelets failed to 
generate a specific, high PS-exposing population. This led to the conclusion that, although 
TMEM16F is not critically involved in PS exposure upon apoptosis, it does accelerate PS 
exposure in a subset of the apoptotic platelets. Additional experiments with the intracellu-
lar Ca2+ chelator BAPTA confirmed that the TMEM16F-mediated phospholipid scrambling 
is Ca2+ dependent. Regarding phospholipid scrambling, a major finding was that upon co-
stimulation of platelets with collagen and thrombin, next to a TMEM16F-dependent 
pathway, also a TMEM16F-independent  pathway to PS exposure is activated. The insensi-
tivity of the latter pathway to pharmacological inhibition by either the caspase inhibitor Q-
VD-Oph or the mitochondrial inhibitor cyclosporin A, suggested that it acts independently 
of caspase activity and Cyclophillin D-dependent mitochondrial depolarization.  
In chapter 6, the role of TMEM16F in phospholipid scrambling upon platelet activation and 
platelet apoptosis was confirmed using murine TMEM16F knockout platelets. Further-
more, the consequences of TMEM16F heterozygousity were tested. Platelet PS exposure 
was not affected in heterozygous TMEM16F-deficient platelets. However, Ca2+ ionomycin-
induced PS exposure was affected in heterozygous erythrocytes. These erythrocytes 
showed levels of PS exposure that were intermediate between those in wild type and 
homozygous TMEM16F-deficient erythrocytes. This suggests that TMEM16F expression is 
a limiting factor in Ca2+-induced phospholipid scrambling in mouse erythrocytes. 
Recent reports indicate that TMEM16F is a calcium-activated channel that is involved in 
conducting anion (chloride) and cation (calcium) currents. In chapter 7, these properties 
were studied using immortalized B-cells from two unrelated Scott syndrome patients and 
healthy controls. Calcium elevation was able to stimulate large whole cell currents in con-
trol lymphocytes, but not in Scott lymphocytes, although a small residual chloride current 
could be identified in the B-cells from one patient. Whole cell currents were also sup-
pressed upon knockdown of TMEM16F by siRNA, by replacement of chloride by gluconate, 
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and by pharmacologic chloride channel blockade. The process of Ca2+-induced PS exposure 
was strongly impaired in both Scott lymphocytes cell lines, while PS exposure was not 
impaired in these cells in response to apoptotic stimuli, which is in line with the defect 
found in platelets. The Ca2+-induced PS exposure in control lymphocytes could not be 
inhibited by suppression of chloride currents, by  pharmacological blockade or chloride 
replacement, suggesting that Ca2+-activated phospholipid scrambling does not rely on 
chloride currents.  
In chapter 8, the most important findings of this thesis are discussed in view of the current 
literature. 
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Bloedplaatjes hebben een veelzijdige rol in de vorming van een trombus. Dit behelst het 
aanhechten van plaatjes aan extracellulaire matrixcomponenten, het samenklonteren van 
plaatjes tot een plaatjesplug en het stimuleren van de bloedstolling. Stijging van het intra-
cellulaire calciumniveau is een essentiële signaleringsstap in het proces van plaatjes-
activatie en daarmee ook voor trombusvorming. De voornaamste route voor calciumin-
stroom in plaatjes verloopt via het mechanisme van store-operated calciuminflux. In sterk 
geactiveerde plaatjes wordt, door de langdurig hoge intracellulaire calciumniveaus, het 
proces van fosfolipiden-scrambling geactiveerd. Dit heeft de expositie van fosfatidylserine 
op de buitenzijde van het plaatjesmembraan als gevolg. De expositie van fosfatidylserine 
stimuleert vervolgens de stolling omdat het een katalytisch oppervlak vormt waarop stol-
lingsfactoren kunnen complexeren en activeren.  
In hoofdstuk 1 wordt relevante achtergrondinformatie gegeven over de veelzijdige rol van 
plaatjes in trombose. De rol van de stromingscondities in het proces van trombusvorming 
wordt besproken, evenals het gebruik van parallelplaat-flowkamers voor de bepaling van 
trombusvorming in volbloed. Verder worden de mechanismen beschreven van calcium-
signalering in plaatjes, met de nadruk op de functies van STIM1 en Orai1, twee eiwitten 
betrokken bij de store-operated calciuminstroom. Tevens wordt de huidige kennis over 
het mechanisme van fosfolipidenscrambling geïnventariseerd, met  focus op TMEM16F, 
een eiwit dat bepalend is voor calcium-gereguleerde fosfolipiden-scrambling. Niet alleen 
plaatjesactivatie, maar ook plaatjesapoptose komt aan bod, omdat dit laatste proces een 
andere manier is via welke plaatjes fosfatidylserine kunnen exposeren.  
In hoofdstuk 2 wordt praktische informatie gegeven over het gebruik van parallelplaat-
flowkamers voor de bepaling van  trombusvorming in geïsoleerd volbloed. Het doel van dit 
hoofdstuk is verbeterde voorschriften aan te dragen voor het reproduceerbaar meten van 
in vitro trombusvorming. Onderwerpen die in dit hoofdstuk aan bod komen omvatten 
onder andere de constructie van de flowkamer, het berekenen van afschuifsnelheden, 
experimentele artefacten en de wijze van opname van (fluorescentie)beelden. Omdat 
zelfs minieme trombinevorming en stolling het proces van  trombusvorming sterk kan 
beïnvloeden, wordt uitgebreid ingegaan op methodes om ofwel de stolling te voorkomen, 
ofwel op een gecontroleerde manier te laten plaatsvinden. Verder bevat hoofdstuk 2  een 
uiteenzetting van de  potentiële substraten waarop trombusvorming kan plaatsvinden, 
alsook van de diverse mogelijke uitkomstparameters. 
Alhoewel al eerder is aangetoond dat de eiwitten STIM1 en Orai1 een voorname rol spe-
len bij de regulatie van store-operated calciuminstroom en trombusvorming, is hun  
betrokkenheid bij de procoagulante respons van plaatjes en trombusvorming onder stol-
lende en niet-stollende condities nooit bepaald. Dit is onderzocht in hoofdstuk 3. Uit in 
vitro experimenten met bloed van muizen met STIM1- of Orai1-deficiënte plaatjes bleek, 
dat  collageen-afhankelijke trombusvorming, calciumsignalering en fosfatidylserine exposi-
tie significant onderdrukt zijn in afwezigheid van STIM1 of Orai1. Een opvallende bevinding 
was dat deze effecten geringer werden onder stollingscondities, dat wil zeggen met trom-
bine. Vervolgexperimenten met gewassen plaatjes bevestigden dat STIM1 en Orai1 niet 
meer bepalend zijn voor collageen-geïnduceerde plaatjesactivatie  in de aanwezigheid van 
trombine. Tevens werden aanwijzingen gevonden voor een Orai1-onafhankelijke route 
van calciuminstroom. Deze alternatieve route bleek vooral prominent na gecombineerde 

146 
 



Samenvatting 

stimulatie van plaatjes met collageen en trombine. In tegenstelling tot de effecten van 
deficiëntie van STIM1, bleek STIM2-deficiëntie niet van invloed op  trombusvorming of 
procoagulante activiteit van plaatjes. Dit impliceert dat STIM2 geen belangrijke rol speelt 
in de calciumsignalering van plaatjes. 
Gezien het belang van calciuminstroom voor plaatjesfunctie en trombusvorming, althans 
onder condities waar de stolling beperkt is, werden in hoofdstuk 4 potentiële remmers 
van Orai1 getest. Naast de bekende calciumremmers 2-APB en SKF-96365, werden de 
verbindingen Synta66 en GSK-7975A geïdentificeerd als effectieve remmers van store-
operated calciuminstroom in plaatjes. Vervolgmetingen van in vitro trombusvorming in 
parallelplaat-flowkamers, maakten duidelijk dat 2-APB, Synta66 en GSK-7975A in staat zijn 
om zowel de procoagulante activiteit van plaatjes en de calciumrespons, alsook trombus-
vorming te onderdrukken onder stromingscondities. Tevens bleek, middels een in vivo 
muismodel van ischemisch herseninfarct, dat remming van Orai1 door 2APB leidt to een 
aanzienlijke verkleining van het infarctgebied na vasculaire occlusie. Experimenten met 
Orai1-deficiënt bloed gaven aan dat plaatjes-Orai1 het primaire doeleiwit is van 2APB. 
Samenvattend, laten de data van hoofdstuk 3 en 4 zien dat Orai1 een potentieel target is 
voor de ontwikkeling van nieuwe antitrombotische medicatie. 
Zoals beschreven, stimuleert stijging van de intracellulaire calciumconcentratie het proces 
van fosfolipiden-scrambling in plaatjes. Het Scott syndroom is een zeer zeldzame bloe-
dingsaandoening, waarbij plaatjes en andere bloedcellen niet in staat zijn tot calcium-
geïnduceerde fosfolipiden-scrambling. Onlangs bleek dat de oorzaak van dit defect gele-
gen is in de afwezigheid of dysfunctie van het TMEM16F-eiwit, ook wel aangeduid als 
anoctamin 6. In hoofdstuk 5 is de betrokkenheid van TMEM16F onderzocht in de verschil-
lende signaleringsroutes leidend tot fosfatidylserine-expositie in plaatjes. Dit werd gedaan 
door in vitro experimenten, gebruikmakend van de plaatjes van een patiënt met het Scott 
syndroom. Fosfolipiden-scrambling als gevolg van apoptose werd bestudeerd door 
plaatjes te incuberen  met de verbinding ABT-737, die in gezonde cellen apoptose veroor-
zaakt. Alhoewel het proces van fosfatidylserine-expositie onder invloed van ABT-737 in de 
Scott-plaatjes als zodanig optrad, bleek een plaatjespopulatie met hoge fosfatidylserine-
expositie afwezig te zijn. Hieruit werd geconcludeerd dat TMEM16F weliswaar niet essen-
tieel is voor fosfatidylserine-expositie als gevolg van apoptose, maar dat het betrokken is 
bij de acceleratie van dit proces in een populatie van apoptotische plaatjes. Vervolgexpe-
rimenten met de intracellulaire calcium-chelator BAPTA bevestigden de veronderstelde 
calciumafhankelijkheid van de TMEM16F-gemedieerde fosfolipiden-scrambling. Bij stimu-
latie met collageen en trombine bleek, dat er zowel een TMEM16F-afhankelijke als een 
TMEM16F-onafhankelijke signaleringsroute geactiveerd werd, beide leidend tot fosfolipi-
den-scrambling. Uit het feit dat de TMEM16F-onafhankelijke route ongevoelig was voor 
de caspase-remmer Q-VD-Oph en de mitochondriële remmer cyclosporine A, werd gecon-
cludeerd  dat deze route onafhankelijk verloopt van caspase-activiteit en cyclofiline D-
gemediëerde depolarisatie van het mitochondriële membraan. 
In hoofdstuk 6 werd met behulp van TMEM16F-deficiënte muizenplaatjes de rol van 
TMEM16F bestudeerd in fosfolipiden-scrambling als gevolg van plaatjesactivatie en 
apoptose. Uit experimenten met heterozygote TMEM16F-deficiënte muizenplaatjes bleek  
dat de fosfatidylserine-expositie hier niet verstoord is. Daarentegen was er wel een ver-
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minderde fosfatidylserine-expositie als gevolg van calciumverhoging in heterozygote 
TMEM16F-deficiënte rode bloedcellen. Deze rode cellen vertoonden intermediaire ni-
veaus van fosfatidylserine-expositie, in vergelijking met wildtype of volledig TMEM16F-
deficiënte  cellen. Deze resultaten suggereren dat TMEM16F-expressie een limiterende 
factor is voor calcium-geïnduceerde fosfolipiden-scrambling in muizenerytrocyten. 
Behalve  betrokkenheid van TMEM16F bij fosfolipiden-scrambling, is in de literatuur ook 
een rol van TMEM16F beschreven als eiwitkanaal voor anionen (Cl-) en kationen (Ca2+) . In 
hoofdstuk 7 werden deze eigenschappen van TMEM16F bestudeerd met behulp van ge-
immortaliseerde B-cellen, afkomstig van twee verschillende patiënten met Scott 
syndroom en van gezonde proefpersonen. Met de patch-clamp techniek werd een calci-
um-afhankelijke chloridestroom gemeten in de controle lymfocyten, maar niet in de Scott 
lymfocyten. Zowel uitschakeling van TMEM16F middels siRNA, vervanging van chloride-
ionen door andere anionen, als farmacologische blokkade van de chloride-instroom, on-
derdrukte deze ionenstromen. De calcium-afhankelijke fosfatidylserine-expositie was sterk 
verminderd in de cellijnen van beide Scott patiënten, terwijl de fosfatidylserine-expositie 
als gevolg van apoptose normaal verliep in deze cellen, zulks in overeenstemming met de 
observaties aan Scott plaatjes. Calciumafhankelijke fosfatidylserine-expositie in controle 
lymfocyten werd niet geremd door onderdrukking van chloridestromen middels ofwel 
farmacologische blokkade, ofwel vervanging van chloride-ionen door andere anionen. Dit 
suggereert dat calcium-geïnduceerde fosfolipiden-scrambling als zodanig niet afhankelijk 
is van de chloridestromen. Ten slotte zijn in hoofdstuk 8 de belangrijkste bevindingen van 
dit proefschrift besproken in het licht van de huidige literatuur.  
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