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Summary 
	
Activated platelets and coagulation jointly contribute to physiological hemostasis. However, 

pathological conditions can also trigger unwanted platelet activation and initiation of 

coagulation resulting in thrombosis and precipitation of ischemic damage of vital organs such 

as the heart or brain. The specific contribution of procoagulant platelets, positioned at the 

interface of the processes of platelet activation and coagulation, in ischemic stroke had 

remained uninvestigated. The first section of the thesis addresses this aspect through 

experiments conducted in novel megakaryocyte- and platelet-specific TMEM16F conditional 

KO mice (cKO). cKO platelets phenocopied defects in platelets from Scott Syndrome patients 

and had severely impaired procoagulant characteristics. This led to decelerated platelet-

driven thrombin generation and delayed fibrin formation. cKO mice displayed prolonged 

bleeding times and impaired arterial thrombosis. However, infarct volumes in cKO mice were 

comparable to wildtype (WT) mice in an experimental model of ischemic stroke. Therefore, 

while TMEM16F-regulated platelet procoagulant activity is critical for hemostasis and 

thrombosis, it is dispensable for cerebral thrombo-inflammation in mice.  

The second section describes the generation and initial characterization of a novel knockin 

mouse strain that expresses human coagulation factor XII (FXII) instead of endogenous 

murine FXII. These knockin mice had normal occlusion times in an experimental model of 

arterial thrombosis demonstrating that human FXII is functional in mice. Therefore, these 

mice constitute a valuable tool for testing novel pharmacological agents against human FXII – 

an attractive potential target for antithrombotic therapy. 

Glycoprotein (GP)VI and C-type lectin-like receptor 2 (CLEC-2)-mediated 

(hem)immunoreceptor tyrosine-based activation motif (ITAM) signaling represent a major 

pathway for platelet activation. The last section of the thesis provides experimental evidence 

for redundant functions between the two members of the Grb2 family of adapter proteins - 

Grb2 and Gads that lie downstream of GPVI and CLEC-2 stimulation. In vitro and in vivo 

studies in mice deficient in both Grb2 and Gads (DKO) revealed that DKO platelets had 

defects in (hem)ITAM-stimulation-specific activation, aggregation and signal transduction that 

were more severe than the defects observed in single Grb2 KO or Gads KO mice. 

Furthermore, the specific role of these adapters downstream of (hem)ITAM signaling was 

essential for maintenance of hemostasis but dispensable for the known CLEC-2 dependent 

regulation of blood-lymphatic vessel separation.  
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Zusammenfassung 
	
Aktivierte Thrombozyten und die Gerinnungskaskade bilden gemeinsam die Grundlage der 

physiologischen Hämostase. Daneben können jedoch auch pathologische Bedingungen 

Thrombozytenaktivierung herbeiführen und die Gerinnungskaskade auslösen und somit zum 

Gefäßverschluss führen, was häufig ischämische Schäden lebenswichtiger Organe wie 

beispielsweise des Herzens oder des Gehirns verursachen kann. Prokoagulante Thrombozy-

ten befinden sich an der Schnittstelle zwischen Thrombozytenaktivierung und der Gerin-

nungskaskade, ihre Funktion bei der Pathogenese des ischämischen Schlaganfalls wurde 

jedoch bisher nicht im Detail untersucht. Der erste Teil dieser Doktorarbeit widmet sich dieser 

Fragestellung durch die Analyse von neu generierten konditionalen, Megakaryozyten- und 

Thrombozyten-spezifischen Tmem16f Knockout Mäusen. TMEM16F-defiziente Thrombozy-

ten wiesen ähnliche Defekte wie die Thrombozyten von Scott-Syndrom-Patienten sowie stark 

beeinträchtigte prokoagulante Eigenschaften auf. Diese Defekte gingen mit signifikant 

verlangsamter thrombozytenabhängiger Thrombingenerierung und verzögerter Fibrinbildung 

einher. TMEM16F-Defizienz führte zu verlängerter Blutungszeit und beeinträchtigte in einem 

experimentellen Modell die Bildung arterieller Thromben. TMEM16F-defiziente Mäuse wiesen 

jedoch im Vergleich zu wildtypischen Mäusen keinerlei Unterschiede im experimentellen 

ischämischen Schlaganfall auf. TMEM16F-gesteuerte prokoagulante Thrombozytenfunktion 

ist demnach kritisch für Hämostase und Thrombose, während sie eine untergeordnete Rolle 

in zerebraler Thrombo-Inflammation spielt. 

Der zweite Teil dieser Arbeit befasst sich mit der Generierung und Erstbeschreibung einer 

neuen Mauslinie, welche den humanen Hageman-Faktor (FXII) anstelle des endogenen 

murinen FXII exprimiert. In den resultierenden Knock-in Mäusen war die Bildung okklusiver 

arterieller Thromben nach chemisch induzierter Gefäßverletzung nicht beeinträchtigt, was 

zeigt, dass der humane FXII im Maussystem voll funktionstüchtig ist. Somit können diese 

Mäuse in der Zukunft als ein wertvolles Werkzeug zum Testen neuer pharmakologischer 

Ansätze zur Herabsetzung der FXII-Aktivität eingesetzt werden, welche einen vielver-

sprechenden Targets neuartiger antithrombotischer Behandlungsansätze darstellt. 

Die thrombozytären Rezeptoren Glykoprotein (GP)VI und C-type lectin-like receptor 2 

(CLEC-2) lösen (hem)immunoreceptor tyrosine-based activation motif (ITAM)-gekoppelte 

Signalwege aus, welche eine eine Schlüsselrolle in der Thrombozytenaktivierung spielen. 

Der dritte Teil dieser Doktorarbeit liefert experimentelle Hinweise für überlappende Funkti-

onen der Adapterproteine Grb2 und Gads in der (hem)ITAM-anhängigen Signalkaskade. In 



	 	 Zusammenfassung	
	

VI 

vitro und in vivo Studien zeigten, dass Grb2/Gads-doppeldefiziente Thrombozyten 

(hem)ITAM-spezifische Defekte in der Aktivierung, Aggregation und Signaltransduktion 

aufweisen, die im Vergleich zu einzeldefizienten Thrombozyten deutlich ausgeprägter sind 

und somit eine redundante Rolle der Adapterproteine offenbaren. Während Grb2 und Gads 

gemeinsam an der Aufrechterhaltung physiologischer Hämostase beteiligt sind, tragen sie 

nicht entscheidend zur bekannten CLEC-2-abhängigen Regulation der Trennung von Blut- 

und Lymphgefäßen bei.	
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1. Introduction 
	
1.1. Platelets and their role in primary and secondary hemostasis 
	
Platelets are anucleate cells of the hematopoietic system produced from precursor cells 

called megakaryocytes in the bone marrow. The primary role of these cells is to undertake 

meticulous surveillance of the integrity of the vessel wall. Upon any injury to blood vessels 

leading to denudation of the endothelial layer, circulating platelets are exposed to 

thrombogenic components of the subendothelial extracellular matrix (ECM) which leads to 

their rapid activation and initiation of primary hemostasis resulting in the formation of a 

hemostatic platelet plug to terminate active bleeding.1, 2 

	

	
	
Figure 1. Platelet activation. The process of platelet activation can be divided into three main stages (I) Tethering 
– the deceleration of platelets at the site of injury through interaction between platelet glycoprotein (GP)Ib-V-IX 
complex and von Willebrand factor (vWF). (II) Activation and secretion – Binding of GPVI to collagen initiates 
cellular activation that causes platelet shape change, granule release and change in conformation of integrins to 
an active state. The secondary mediators released from platelets as well as thrombin generated through the 
extrinsic and intrinsic pathways of coagulation stimulate GPCR receptors that further strengthens the activation 
response (III) Firm adhesion and thrombus growth – activated integrins mediate firm platelet adhesion to the 
vessel wall and platelet-platelet interaction through binding of integrin αIIbß3 to fibrinogen leads to thrombus 
growth. Increase in intracellular Ca2+ concentrations due to platelet activation results in phosphatidylserine 
exposure on the surface of platelets providing a catalytic surface for the assembly of the coagulation complexes 
and acceleration of thrombin production. Thrombin converts soluble fibrinogen to fibrin for the formation of a stable 
clot. Bottom - Platelet shape change from resting to procoagulant with heat map indicative of intracellular Ca2+ 
concentration (green corresponds to low and red to high intracellular Ca2+ concentration). (Modified from Versteeg 
H. et al. Physiol Rev 2011).3  

in the buildup of a multiplatelet thrombus under physiolog-
ical flow conditions. Although details may differ, various
researchers have described quite similar models of throm-
bus formation (36, 101, 186, 261, 279, 313). This is exem-
plified in FIGURE 4, which also visualizes key interactions
between platelet and coagulation processes. In brief, discoid
platelets interact via adhesive receptors with the extracellu-
lar matrix components VWF and collagen, resulting in un-
stable and later stable adhesion. The adhered platelets be-
come activated, change their shape to become rounded and
form pseudopods, express activated integrins, and secrete
autocrine agents. Multiple flowing platelets then aggregate
via fibrinogen bridges, produce fibrin clots through the ac-
tion of thrombin, and finally contract to form a tightly
packed thrombus. Patches of procoagulant platelets gener-
ate a phosphatidylserine-exposing membrane surface (188),
which dramatically increases the formation of tenase and
prothrombinase complexes of activated coagulation fac-
tors, leading to massive thrombin generation. Phosphati-

dylserine exposure thus firmly links the processes of platelet
activation and thrombin generation (332). Thrombin in
turns plays a central role in activating coagulation factors as
well as platelets (284). Recent studies point to a gradient in
platelet activation, with discoid, loosely aggregated plate-
lets at the surface of a thrombus (197), and a gradually
increased activation level deeper in the thrombus where
tight platelet-platelet contacts are formed (11, 36). Patho-
logical thrombus formation, which we will not discuss in
detail, additionally involves other factors like high shear
stress and dysfunctions of endothelial cells (255). The func-
tions and activation mechanisms of major platelet adhesive
receptors are described below.

Interaction of the GPIb-V-IX receptor with VWF is one of
the first steps in platelet adhesion and tethering. VWF is
stored inside Weibel-Palade bodies and !-granules in endo-
thelial cells and platelets, respectively, but it also circulates
in blood plasma. Once released from the endothelial cells, it
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are indicated, as described. Note that procoagulant platelets provide a phosphatidylserine (PS)-exposing
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In humans, approximately 150,000 – 400,000 platelets are present in one µL of blood with a 

life span of about 10 days, whereas in mice approximately 1,000,000 platelets/µL circulate 

with an approximate life span of 4.5 - 5.5 days. Both mouse and human platelets are discoid 

in shape but mouse platelets with an average diameter of 1-2 µm are smaller than human 

platelets that have an average diameter of 3-4 µm. Most platelets are never activated during 

their life span and old and activated platelets are cleared from the circulatory system by 

macrophages in the liver and spleen.4, 5 

	

	
	
Figure 2. There are three major families of glycoproteins on the platelet surface that mediate platelet activation, 
aggregation and thrombus growth – GPCRs, (hem)ITAM receptors and integrins. Downstream of both GPCRs 
and (hem)ITAM receptors - tyrosine phosphorylation and activation of an effector phospholipase (PL)Cγ isoform 
(PLCγ2 or PLCβ) is achieved, leading to a sustained increase in intracellular Ca2+ concentrations. This results in a 
myriad of platelet responses including shape change, granule release, integrin activation and procoagulant 
activity, ultimately leading to the formation of a primary platelet plug that halts active bleeding. (Taken from 
Stegner D. et al. J Mol Med 2011 ).1  

	
However, when these cells encounter an injury to the vessel wall, their prompt activation is 

achieved through three distinct steps – tethering, activation and secretion, followed by firm 

adhesion and thrombus growth (Figure 1). These stages of activation are accomplished with 

the involvement of several adhesion and signaling receptors present on the platelet surface. 

This includes integrins, G protein-coupled receptors (GPCRs) and (hem)ITAM receptors 

(Figure 2).  

the shift of platelet integrins from a low to a high-affinity
state, allowing firm adhesion and thrombus growth [28,
36]. Shear-resistant platelet attachment to collagen is
mediated by integrins α2β1 and αIIbβ3, which directly
and indirectly (via vWF) bind to the matrix protein,
respectively.

Mice lacking the GPVI/FcRγ-chain complex are pro-
foundly protected from experimental arterial thrombosis
and ischemic stroke in the tMCAO model [16, 19, 37, 38].
Interestingly, whereas an isolated GPVI deficiency is not
associated with a major hemostatic defect, the concomitant
lack of the integrin collagen receptor α2β1 (which by itself
has no effect on hemostasis [39]) results in severe bleeding
[40], indicating partially redundant functions of these two
structurally distinct receptors.

A few years ago, the C-type lectin-like type II
transmembrane receptor CLEC-2 was identified to medi-
ate the potent platelet activation response to the snake
venom toxin, rhodocytin [41]. CLEC-2 uses a similar
signaling pathway to GPVI (see Figs. 2 and 3) that is,
however, initiated by tyrosine phosphorylation of a single
ITAM motif, termed hemITAM, within its cytoplasmic tail
[29, 41]. The only identified physiological ligand of
CLEC-2 is podoplanin, an endothelial sialomucin glyco-
protein. Podoplanin is expressed in the lymphatic sac, and
it was shown that the CLEC-2–podoplanin interaction is

essential for the separation of the lymphatic from the
blood vascular system during embryonic development [42,
43]. The first demonstration of an important role for
CLEC-2 in thrombosis and hemostasis came from studies
in mice treated with the monoclonal anti-Clec-2 antibody,
INU1. INU1 induces the complete loss of the receptor in
platelets for several days, a phenomenon previously only
described for GPVI. Such Clec-2 depleted mice displayed
reduced thrombus stability under flow in vitro and in vivo
leading to prolonged tail bleeding times and protection
from arterial thrombus formation [44]. This unanticipated
role of CLEC-2 in thrombus stabilization was very
recently confirmed by studies on Clec-2 knockout mice
[45]. The endogenous ligand of CLEC-2 involved in
thrombus formation remains unknown, but it was sup-
posed to be present on the surface of activated platelets
[44].

Platelet activation by GPVI and CLEC-2 can be
inhibited by immunoreceptor tyrosine-based inhibition
motif (ITIM)-bearing receptors [46, 47]. Of the four
ITIM proteins, PECAM-1, G6b-B, TLT-1, and CEACM,
expressed on platelets [46, 48–51], PECAM-1 (CD31) is
best characterized and G6b-B is the most highly
expressed platelet ITIM protein [49, 52]. However, the
exact role of these ITIM proteins in platelet activation is
still unclear.

Fig. 2 Platelet receptors and
important signaling molecules
leading to platelet activation.
Soluble agonists stimulate G
protein-coupled receptors,
triggering pathways involving
the corresponding G proteins.
Cross-linking of GPVI or
CLEC-2 results in activation of
phospholipase (PL) Cγ2. TF
tissue factor, TxA2 thromboxane
A2, TP TxA2 receptor, PAR
protease-activated receptor,
RhoGEF Rho-specific guanine
nucleotide exchange factor,
PI3K phosphoinositide-3-
kinase, AC adenylyl cyclase,
PIP2 phosphatidylinositol-4,5-
bisphosphate, PIP3

phosphatidylinositol-3,4,5-
trisphosphate, IP3

inositol-1,4,5-trisphosphate,
DAG diacylglycerol

112 J Mol Med (2011) 89:109–121
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Circulating platelets are first decelerated through interactions between von Willebrand factor 

(vWF) immobilized on collagen in the ECM and the glycoprotein (GP)Ib-V-IX complex on 

platelets. This is termed tethering and allows further interaction between receptor GPVI and 

its physiological ligand collagen. GPVI binding to collagen initiates the ITAM signaling 

cascade leading to change in the conformation of integrins from a low affinity to a high affinity 

state, platelet shape change and granule release. In parallel, the secondary hemostatic 

response is initiated through the extrinsic pathway of coagulation with the interaction of 

coagulation factor VIIa and tissue factor (TF), and through the intrinsic pathway of 

coagulation with activation of coagulation factor XII, e.g. by polyphosphates released from 

activated platelets, leading to generation of thrombin. Outside-in signaling through activated 

integrins, and stimulation of GPCRs by thrombin and soluble mediators released from 

activated platelets, further strengthens the platelet activation response. Platelet-platelet 

interactions through binding of integrin αIIbß3 to fibrinogen results in aggregate formation and 

thrombus growth. The process of activation is also accompanied by rapid remodeling of the 

cytoskeleton leading to platelet shape change from discoid to spherical, to spreading on the 

reactive surface (through formation of filopodia and lamellipodia) to acquiring a ballooned 

morphology characteristic of procoagulant transformation marked by high intracellular Ca2+ 

concentration and surface exposure of phosphatidylserine (PS) (Figure 1). Procoagulant 

platelets further support the secondary hemostatic response by providing a catalytic scaffold 

for the assembly of coagulation complexes accelerating the process of thrombin generation 

and conversion of soluble fibrinogen to insoluble fibrin for the formation of a stable clot 

(Figure 1).1, 2 

	
1.2. Procoagulant platelets – role of phospholipid scramblases 
	
Like all resting cells, platelets maintain plasma membrane phospholipid asymmetry, which 

means that the neutral cholinephospholipids - phosphatidylcholine (PC) and sphingomyelins 

(SM) are predominantly located in the outer leaflet of the plasma membrane, whereas nearly 

all of the negatively charged aminophospholipids - phosphatidylserine (PS) and 

phosphatidylethanolamine (PE) - are present in the inner leaflet. This lack of symmetry in 

phospholipid distribution is maintained by the concerted activity of two transporters known as 

flippase and floppase. Flippases (aminophospholipid translocases) specifically transport PS 

and PE from the outer leaflet to the inner leaflet with relatively fast kinetics (within seconds to 

minutes). The less specific floppases transport all phospholipids, especially PC from the inner 

to the outer leaflet, but with about ten times slower kinetics. Thereby a dynamic steady state 
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of differential distribution of phospholipids between the cytosolic and extracellular leaflets of 

the plasma membrane is achieved.6-8  

	

 

	
Figure 3. Role of flippase, floppase and scramblases in maintaining phospholipid distribution between the two 
leaflets of the plasma membrane. (A) Resting platelets: Neutral cholinephospholipids (phospholipid head 
illustrated in white) are predominantly located in the extracellular leaflet of the plasma membrane. Negatively 
charged aminophospholipids (phospholipid head illustrated in blue) are principally maintained on the cytoplasmic 
leaflet of the plasma membrane. This differential distribution of phospholipids is maintained by the ATP-dependent 
activity of flippases and floppases. (B) Activated, procoagulant platelets: Platelet activation results in increase in 
intracellular calcium concentrations that attenuates the activity of the flippases and floppases and activates the 
scramblases. The non-specific bidirectional transport of phospholipids by the activity of scramblases abolishes 
phospholipid asymmetry between the two leaflets of platelet plasma membrane. Such platelets are procoagulant 
as the negatively charged aminophospholipids serve as catalytic scaffolds for binding of the tenase and 
prothrombinase complexes of the coagulation cascade. TMEM16F is the only identified scramblase in platelets. 
PL- Phospholipids. (Modified from Lhermusier et al., J Thromb Haemost 2011).9 

 

The activities of flippases and floppases bear three similarities – 1) transport of phospholipids 

is unidirectional, 2) against the concentration gradient and 3) ATP-dependent. The molecular 

identity of flippases and floppases in platelets remains uncertain, but some of the candidate 
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proteins identified in other cell types include members of the P4-ATPase family recognized to 

function as flippases (ATP11A, ATP11C), and some of the members of the family of 

multidrug resistance proteins are thought to function as floppases.7, 9, 10  

When platelets are strongly activated, resulting in significant and sustained increase in 

intracellular calcium concentrations, the activity of flippases and floppases is attenuated, and 

a third transporter known as scramblase is activated. The phospholipid transport through a 

scramblase is non-specific, bidirectional, towards equilibrium and ATP-independent. As a 

result of phospholipid scramblase activity, plasma membrane phospholipid asymmetry is 

abolished and negatively charged PS and PE also get oriented towards the outer leaflet in 

activated platelets (Figure 3).9  

	

	
	
Figure 4. Assembly of the tenase and prothrombinase complexes on procoagulant platelets. Tenase and 
prothrombinase are multimolecular enzymatic complexes that form on negatively charged phospholipids 
(phosphtidylserine - PS) present on the procoagulant platelet surface. The tenase complex includes the activated 
enzyme FIX (FIXa) which along with the non-enzymatic co-factor activated FVIII (VIIIa) activates the zymogen FX. 
The activated enzyme FX (FXa) along with co-factor activated FV (FVa) forms the prothrombinase complex over 
the procoagulant platelet surface that converts prothrombin to thrombin. When assembled in the form of 
complexes over procoagulant platelets, the catalytic efficiencies of the enzymes are dramatically increased 
compared to the intrinsic efficiencies of the enzymes. (Taken from Zwaal et al., Biochimica et biophysics acta 
2004).6 

 

Such platelets with surface-exposed PS are referred to as ‘procoagulant’ as it has been 

shown that the exposed PS serves as a catalytic anchoring site for the assembly of the 

tenase (FIXa & FVIIIa) and the prothrombinase (FXa & FVa) complexes of the coagulation 

cascade on the platelet surface (Figure 4). This amplifies the coagulation response, and the 

generation of thrombin is enhanced by five to ten orders of magnitude leading to stable clot 

formation.9 This amplification occurs in part as a consequence of concentration of the 

coagulation factors at a localized area of injury due to the scaffold provided by procoagulant 

cells (e.g. platelets) is indispensable in promoting membrane
binding and catalytic activity of two subsequent coagulation
factor complexes, culminating in thrombin [1,41,46,47]
(Fig. 2). The active protease factor IXa encounters a high
affinity binding site created by the interaction of the
nonenzymatic protein factor VIIIa with a PS-containing
membrane surface [47]. This tenase complex rapidly con-
verts the zymogen factor X into its active protease factor Xa
in the presence of Ca2+. Likewise, factor Xa interacts with
its high affinity binding site created by the interaction of the
nonenzymatic protein factor Va with a membrane surface
containing PS. This prothrombinase complex rapidly con-
verts prothrombin into thrombin.

Through its ability to promote platelet aggregation and
fibrin formation, thrombin ensures efficient hemostatic plug
formation at the site of injury, or produces undesired
thrombus formation in response to internal damage of the
vascular wall. PS is equally important in curtailing the
extent of thrombin formation by the anticoagulant protein
C pathway [48–50]. Protein C, after being activated by the
thrombin–thrombomodulin complex on endothelial cells,
degrades factors VIIIa and Va when bound to a PS-contain-
ing lipid surface, leading to disassembly of the tenase and
prothrombinase complex, respectively.

Many studies have shown that the lipid-binding proper-
ties of factors VIIa, IXa, Xa, prothrombin, and activated
protein C, are mediated in the presence of Ca2+ through a
number of highly conserved gamma-carboxylated glutamic
acid (Gla) residues near the N-terminal of the protein
molecules, introduced by postribosomal vitamin K-depen-
dent steps. Binding of the coagulation enzymes together
with their nonenzymatic cofactors VIIIa and Va to anionic

membrane phospholipids has been shown to provoke con-
formational changes that serve to induce productive en-
zyme–substrate interactions [51–53]. Moreover, the high
local protein concentrations at or near the lipid surface lead
to a dramatic drop of the apparent Km of the substrates factor
X and prothrombin from far above to far below their
respective plasma concentrations, whereas the nonenzymat-
ic proteins factors VIIIa and Va strongly increase the kcat
(Vmax) [47,54,55]. Of all anionic phospholipids, PS is the
most effective in promoting assembly and catalysis of the
tenase and prothrombinase complex. Binding of factors
VIIIa and Va to membranes is stereospecific for the natu-
rally occurring phosphatidyl-L-serine, and occurs with much
lower affinity to phosphatidyl-D-serine or other anionic
phospholipids [56,57]. The ability of PS to promote enzy-
matic activity of coagulation proteins is critically dependent
on the surrounding lipids in the membrane surface. It is
most pronounced with membranes composed of PS–PE–
PC, less with PS–PC mixtures, and strongly reduced with
PS–Sph mixtures [58,59]. Significantly, collapse of mem-
brane phospholipid asymmetry not only exposes PS but also
leads to an increase of PE and a decrease of Sph in the outer
membrane leaflet, thus producing an optimal procoagulant
surface.

5. Scott syndrome

In 1979, Weiss et al. [60] published a study on a patient
with a history of moderate to severe bleeding due to an
impaired platelet procoagulant activity. This extremely rare
bleeding disorder has been subsequently referred to as Scott

Fig. 2. Tenase and Prothrombinase. Assembly of coagulation factors on PS-containing membranes occurs in the presence of Ca2 +. The proteolytic enzyme

factor IXa (activated earlier in the coagulation cascade) interacts with the nonenzymatic protein factor VIIIa on the membrane surface to form the tenase

complex, which activates the zymogen factor X into its active form. Once activated, factor Xa assembles with the nonenzymatic protein factor Va on the

membrane surface to form the prothrombinase complex, which activates prothrombin to thrombin. (adapted from Ref. [1]).

R.F.A. Zwaal et al. / Biochimica et Biophysica Acta 1636 (2004) 119–128122
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platelets, resulting in much higher local concentrations of the proteases at the site of injury, 

as compared to their usual concentration in plasma.6 

The molecular identity of a scramblase had remained a mystery for several decades with a 

number of proteins being proposed as candidates, but eventually identified not to possess 

scramblase function. This includes the protein phospholipid scramblase 1 (PLSCR1) which 

was purified from the membrane of erythrocytes and identified to be a scramblase. Yet no 

defects in PS exposure in activated platelets from PLSCR1-deficient mice were observed, 

ruling out the hypothesis that scramblase activity is associated with PLSCR-1.11, 12  

Suzuki et al. adopted an elegant approach that eventually led to the identification of the first 

scramblase, TMEM16F (Transmembrane protein 16F). They performed several cycles of cell 

sorting on a mouse B cell line, Ba/F3 after stimulation with the calcium ionophore A23187 

that caused reversible PS exposure. Fluorescently labeled annexin A5 was used for cell 

sorting, based on its specific binding to PS. Eventually, the authors attained a subline that 

strongly exposed PS, with an annexin A5 staining a 100-fold higher than the native cell line. 

Following generation of a cDNA library and sequencing, a clone with constitutive PS 

exposure expressing a mutated form of TMEM16F was identified and TMEM16F was 

recognized to support scramblase activity.13 

	

1.2.1. TMEM16F (Calcium-dependent phospholipid scramblase) 
	
TMEM16F belongs to the transmembrane protein 16 (TMEM16) or Anoctamine (Ano) family 

of proteins which consists of 10 members – TMEM16 A to H, J & K (or Ano 1-10). The family 

of proteins was termed ‘Anoctamines’ as the first two characterized members TMEM16A & 

16B were reported to be channels for anions (calcium-activated chloride channels) and to 

possess 8 transmembrane domains (Anoctamin – Anion+Octa=8).14 However, more recent 

studies have predicted that members of the protein family are in fact organized into 10 

transmembrane domains and that all members are not anion channels.15-17. Therefore, the 

nomenclature ‘TMEM16 family’ as well as ‘Anoctamin family’ of proteins is used in parallel – 

although the name ‘Anoctamin’ or Ano is now the official HUGO nomenclature and has 

replaced TMEM16 in GenBank. 

The Ano6 gene is located on chromosome 12 in humans and chromosome 15 in mice, 

coding for the 106 kDa TMEM16F protein.  



	 	 Introduction	
	

7 

Although TMEM16F was identified to play an important role in the scramblase process, after 

its identification there was lack of consensus and evidence on whether it itself possesses 

scramblase function, or is an ion channel that regulates an as-yet unidentified scramblase.13, 

18  

Over the years a significant body of data has accumulated to indicate that TMEM16F 

possesses both functions - that of a phospholipid scramblase as well as an ion channel. 

Malvezzi et al. identified afTMEM, a homologue of mammalian TMEM16 isolated from the 

fungus Aspergillus fumigatus that displays this dual function. The authors reported both 

functions to be orchestrated by a single calcium-binding site.19 A breakthrough in ascertaining 

the possibility that a TMEM16 family member could itself function as a scramblase came in 

2014, when Brunner et al. elucidated the structure of nhTMEM16 from the fungus Nectria 

haematococca.15 The authors found nhTMEM16 to be a homodimeric protein with 10 

transmembrane helices and a conserved calcium-binding site to function as a calcium-

activated lipid scramblase (Figure 5B). Furthermore, Scudieri et al. performed studies using 

heterologous expression of splice variants of TMEM16F in HEK-293 cells, reporting both 

scramblase and channel activity, enhanced by an activating mutation and diminished upon 

silencing of endogenous TMEM16F expression.20  

	

	
	
Figure 5. The platelet calcium-dependent scramblase – TMEM16F. (A) Schematic illustration of TMEM16F – a 35 
amino acid domain located between transmembranes domains IV and V of TMEM16F is sufficient to confer lipid 
scrambling activity to TMEM16A, which is a Ca2+ activated Cl- channel without endogenous scramblase activity. 
This domain in TMEM16F is named the scrambling domain, or SCRD.21 Six glutamate and aspartate residues 
located in transmembrane segments of VI – VIII are involved in direct binding of Ca2+. (B) Ribbon representation 
of structure of nhTMEM16, a TMEM family member from the fungus Nectria haematococca. (Modified from 
Nagata et al., Cell Death and Differ. 2016 and Brunner et al., Nature 2014).8, 15  

 

was investigated by an assay that monitors the reduction of fluores-
cently labelled lipids by sodium dithionite on the outer leaflet of lipo-
somes14,20 (Fig. 1a, Extended Data Fig. 2b–d). Our results demonstrate
that nhTMEM16 catalyses the movement of nitrobenzoxadiazole-
phosphatidylethanolamine (NBD-PE) and NBD-phosphatidylserine
(NBD-PS) between the two layers of the liposome membrane (Fig. 1b, e).
The observed effect is not due to permeation of dithionite through the
protein (Extended Data Fig. 2b). Furthermore, we found that this cat-
alytic function is enhanced by Ca21 at submicromolar concentrations
(Fig. 1c). Besides Ca21, we also observed activation for Sr21 but not for
Mg21 (Fig. 1d). Scrambling in nhTMEM16 containing proteoliposomes
measured under Ca21-free conditions may either be due to constitutive
activity of the ligand-free scramblase or originate from traces of Ca21

still bound to the protein (Supplementary Discussion, Extended Data
Fig. 2d). To investigate whether nhTMEM16 would also function as ion
channel, we have attempted to study ion conduction from proteolipo-
somes fused to artificial lipid bilayers and by patch-clamp electrophy-
siology of HEK293T cells expressing the protein. However, in neither
case did we find any convincing evidence for ion channel activity (Ex-
tended Data Fig. 3 and Supplementary Discussion).

nhTMEM16 structure
For structure determination, nhTMEM16 was crystallized in two different
crystal forms (CF1 and CF2), each containing a dimer in the asymmetric
unit, for which we have collected data at 3.3 and 3.4 Å resolution respec-
tively (Extended Data Fig. 4a). Initial phases, obtained by the Se-Met
single-wavelength anomalous dispersion method, were improved and
extended by non-crystallographic symmetry and cross-crystal averaging.
The resulting electron density was of high quality and allowed the un-
ambiguous interpretation by an atomic model (Extended Data Figs 4
and 5). The structure of the dimer is depicted in Fig. 2a. Both subunits
are related by twofold symmetry and show very similar conformations.
When viewed from the extracellular side the dimer has a rhombus-like
shape with about 130 Å in the long and 40 Å in the short dimension (Ex-
tended Data Fig. 6). The topology of the nhTMEM16 subunit is shown
in Fig. 2b. Both termini are structured and located on the cytoplasmic
side of the membrane. The a-helices and b-strands of the amino-
terminal domain are organized in a ferredoxin-like fold. The three a-
helices of the carboxy terminus are wrapped around the N-terminal
domain of the adjacent subunit, thereby constituting a large part of the
subunit interface (Fig. 2c). The transmembrane domain starts with two
short a-helices (a0a and a0b), followed by ten membrane-spanning
segments (a1–a10). The two initial helices form a hairpin with amphi-
philic properties, with its hydrophobic side interacting witha-helices 1
and 8. A model of the protein embedded in a lipid bilayer suggests that
both helices only peripherally interact with the inner leaflet of the mem-
brane (Extended Data Fig. 7a, b). Helices a1–a10, in contrast, all tra-
verse the entire membrane with some of them being bent and tilted
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Figure 1 | Phospholipid scrambling by nhTMEM16. a, Scheme of the assay
depicting the reduction of NBD-labelled phospholipids in the outer leaflet of
the bilayer upon addition of dithionite (red.). b, Scrambling of NBD-PE.
Traces of protein-free liposomes and proteoliposomes containing either
nhTMEM16, the E. coli ClC transporter (ecClC) or mTMEM16A are shown.
Asterisk marks addition of dithionite. c, Ca21 dependence of NBD-PE
scrambling by nhTMEM16. d, Influence of other divalent cations on NBD-PE
scrambling by nhTMEM16. In c and d, protein-free liposomes (dashed lines)

are shown for comparison. e, Scrambling of liposomes containing NBD-PS.
Traces of protein-free liposomes and proteoliposomes containing nhTMEM16
in the absence and presence of Ca21 are shown. b–e, Traces show averages
of 3–4 measurements, standard deviations are included for selected time points.
Unless stated otherwise, solutions contain 0.3 mM of the indicated free
divalent cations. Scrambling experiments were replicated three times with
similar results.

Cα2

Cα3

Cα1
Nα1

Nα2

Nα3
Nβ1

Nβ2

Nβ3

Nβ4

1
2

3

4
5

6

6′

5′

7
8

10

0a 0b

10

9

8

7
6

54 3

2

1

90º

α
1

α
2

α
9

α
10

α
0
a

α
0
b

α5′

α
6′

N
α
1

C
α
3 C α 2

C
α
1

N
β
1

N
β
2

N
β
3

N
β
4

Nα
2

N
α

3

N

C

α
8

α
7

α
6

α
5

α
4

α
3

b d

e

a

c

Figure 2 | nhTMEM16 structure. a, Ribbon representation of the
nhTMEM16 dimer. The view is from within the membrane. Bound calcium
ions are shown as blue spheres. The membrane boundary is indicated.
b, Topology of the nhTMEM16 subunit. The transmembrane domain is
coloured in green, the N- and C-terminal domains in blue and red, respectively.
c, View of the cytoplasmic domains. The interaction of the N-terminal
domain with the C-terminal domain of the adjacent subunit is shown.
d, Transmembrane domain with a-helices shown as cylinders and labelled.
The view is as in a. e, Organization of transmembrane helices. The view is from
the extracellular side. Loop regions are omitted for clarity. Figures 2–4 and 6
were prepared with DINO (http://www.dino3d.org/) and show the structure
determined in crystal form 1 (CF1) unless stated otherwise.
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(Figure 2). Structural and chemical cross-linking analyses
indicated that TMEM16F exists as a homodimer.41,42

TMEM16F is one of the TMEM16-family proteins, also
known as anoctamins; this family has 10 members
(TMEM16A-H, J and K; or Ano1-10).43 In 2008, three groups
independently reported that TMEM16A, which is expressed
ubiquitously, functions as a Ca2+-activated Cl− channel.44–46

Since TMEM16B, which is specifically expressed in the
retina, also acts as a Ca2+-dependent Cl− channel, all
of the TMEM16-family members were thought to be
Cl− channels.43,47,48 Accordingly, several groups reported
that some TMEM16-family members, including TMEM16F, act
as ion channels.49–52 The expression of the wild-type
TMEM16F makes the cells sensitive to Ca2+-ionophore-
induced scrambling of phospholipids.40 Mouse fetal-
thymocyte and embryonic-fibroblast (MEF) cells lacking
TMEM16F lose phospholipid-scrambling ability,53 clearly
indicating that TMEM16F is indispensable for Ca2+-dependent
phospholipid scrambling. On the other hand, while TMEM16A
and 16B are robust Cl

−
channels under physiological condi-

tions, we were not able to detect Cl−-channel activity for
TMEM16F.53 Two groups recently confirmed that the ability
of TMEM16F to support phospholipid scrambling, and
concluded that TMEM16F’s ion-channel activity is a conse-
quence of phospholipid translocation54 or a secondary activity
triggered under extreme, not necessarily physiological,
conditions.55

Meanwhile, we expressed the 10 TMEM16 members in a
TMEM16F-deficient cell line and showed that not only
TMEM16F, but also TMEM16C, 16D, 16G and 16J can
scramble phospholipids at the plasma membrane53

(Table 2). TMEM16E, 16H and 16 K localize to intracellular
membranes, where they might also function as phospholipid

scramblases. The TMEM16 family is represented in all
eukaryotes.56,57 Saccharomyces cerevisiae and Aspergillus
fumigatus carry a single TMEM16 ortholog, whose biochem-
ical and physiological functions are unknown. Nematodes
carry two genes encoding TMEM16 homologs, ANOH1 and
ANOH2; ANOH1 was recently found to be involved in
Ca2+-dependent PtdSer exposure,58 as we will discuss later.
A mutation analysis with TMEM16A indicated that six

Glutamate and Aspartate residues located in transmembrane
segments of VI–VIII are involved in direct binding of Ca2+.59

These amino-acid residues are evolutionally well-conserved,
and the structure of TMEM16 fromN. haematococca indicates
that these Ca2+-binding sites are positioned close to the cavity
between two subunits.41 Regarding the scrambling of phos-
pholipids, Yu et al.54 compared the amino-acid sequences of
TMEM16F paralogues from 24 animals using a program for
Type II-divergence,60 and showed that a domain of 35 amino
acids located between the transmembrane IV and V is
sufficient to confer the lipid scrambling activity to TMEM16A.
This domain was named as a scrambling domain (SCRD). It
would be interesting to study whether any other members of
the TMEM16 family have the SCRD or not.

PtdSer Exposure in Activated Platelets

Normal, growing cells have a high intracellular ATP concen-
tration, while the Ca2+ concentration is kept low by
Ca2+-ATPase, a Ca2+ pump that removes Ca2+ from the
cells.61 Under these conditions, ATP11A and ATP11C actively
and specifically translocates PtdSer and PtdEtn from the outer
to the inner leaflet of the lipid bilayer, creating their
asymmetrical distribution in the plasma membrane. When
platelets are activated with thrombin and collagen, the
intracellular Ca2+ concentration increases locally and
transiently,62 likely reaching several hundred micromolar near
or beneath the plasma membrane.63 This local Ca2+ increase
would transiently activate TMEM16F’s scramblase function
and inactivate ATP11A’s and 11C’s flippase (Figure 3), thereby
swiftly exposing PtdSer on limited regions of the cell’s surface.
Intracellular Ca2+ levels decrease when the cell returns to a
resting state, causing TMEM16F to stop scrambling, and
ATP11A’s and 11C’s flippase activity to resume, thus re-
establishing the asymmetrical distribution of PtdSer in the
plasma membrane.

Caspase-Dependent Scramblases

In contrast to the Ca2+-induced PtdSer exposure, TMEM16F-
deficient cells have normal apoptotic PtdSer exposure,53

confirming previous suggestions that two independent
scrambling systems exist in human lymphocytes or mouse
platelets.64,65 To identify the scramblases responsible for
apoptotic PtdSer exposure, we again performed expression
cloning using the Ba/F3-PS19 cDNA library. Assuming that
scramblases, like channels, should be large membrane
proteins, we first screened a library of long cDNAs (42.5 kb)
and obtained the TMEM16F cDNA, encoding 911 amino
acids. However, this library did not appear to contain the cDNA
for a scramblase for apoptotic PtdSer exposure, so we
switched to a library of smaller cDNAs (1–2.5 kb). The library

Figure 2 Structure of TMEM16F. (a) A schematic representation of TMEM16F.
The scrambling domain (SCRD) between transmembrane regions IV and V, and the
Ca2+-binding site comprised of Aspartate and Glutamate in transmembrane regions
VI–VIII are shown by red asterisks. (b) A tertiary structure of TMEM16 from
N. haematococca. From the study by Brunner et al.41
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The nature of the channel function is still a matter of discussion.18, 22 The majority of 

investigations have identified TMEM16F to be an anion channel. However these reports differ 

in their description of the characteristics of the anion channel - it has been reported to be an 

outwardly rectifying chloride channel (ORCC),23, 24 but also to be a calcium activated chloride 

channel (CaCC, like 2 other well-known members of the family TMEM16A and TMEM16B).25, 

26 On the other hand, another report identified it to be associated with cation conductance 

and to form a small conductance calcium-activated cation channel (SCAN).27  

A lot of the current understanding of the functions of the platelet scramblase TMEM16F 

comes from studies performed in Scott Syndrome, a congenital bleeding disorder caused by 

loss of function mutations in Ano6. This aspect is described in detail in section 1.2.1.1.  

Besides TMEM16F, other members of the TMEM16 family including TMEM16C, 16D, 16G 

and 16J have also been found to possess phospholipid scramblase activity.16, 17 However, no 

other TMEM16 family member apart from TMEM16F is expressed in human platelets. The 

expression of TMEM16B, 16H and 16K is reported in mouse platelets, but with extremely 

lower expression levels compared to TMEM16F.28 

	

1.2.1.1. Scott Syndrome 
	
Scott Syndrome is a rare congenital bleeding disorder characterized by decreased ability of 

blood cells to exteriorize PS to the outer leaflet of their plasma membrane. Weiss et al. 

identified the first patient, Mrs. Scott, in 1979 with this moderate to severe bleeding disorder. 

They reported a 34-year-old woman who had suffered several provoked bleeding episodes 

over the years, such as uncontrolled bleeding post surgery, which could be controlled by 

adequate platelet coverage. However, she presented with normal coagulation parameters, 

and unaltered platelet activation and aggregation. Further studies revealed that her platelets 

displayed impaired procoagulant activity as shown by reduced prothrombin consumption. 

Further, Majerus et al. pinpointed that the defect in prothrombin consumption arises from 

diminished number of Factor V binding sites on the patient’s platelets.29  

Toti et al. described a second patient with a striking similarity to Mrs. Scott’s clinical 

presentations in the year 1996.30 In both patients, the defect in PS exposure was not only 

seen in platelets, but also in stimulated erythrocytes and immortalized lymphocytes.  

When two independent studies investigated the procoagulant activity of platelets in close, 

asymptomatic relatives of the two Scott Syndrome patients, both found indications for 
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autosomal recessive inheritance pattern, as the father, mother and son of the first patient, 

and the son and daughter of the second patient presented with a somewhat reduced 

prothrombinase activity intermediate between that of the control and that of the Scott 

Syndrome patient.30, 31  

Several years later, in 2010, Suzuki et al. identified the first scramblase TMEM16F, and 

showed a loss of function mutation in the Ano6 gene in one of the Scott Syndrome patients 

(G-to-T homozygous mutation at the splice acceptor site in intron 12 that caused skipping of 

exon 13, frame shift and premature termination of protein translation).13 Mapping of the 

genetic defects in another Scott Syndrome patient also revealed loss of function mutations in 

the Ano6 gene (compound heterozygous mutation in TMEM16F – a transition at the first 

nucleotide of intron 6 disrupting the donor splice site consensus sequence, and a nucleotide 

insertion in exon 11 predicting a frame shift and premature termination of translation).32 

These studies established firmly that TMEM16F is involved in conferring procoagulant 

potential to blood cells. 

For several years, only three Scott Syndrome patients were known.33 Recently, another 

patient was identified.34 The hallmarks of a Scott Syndrome phenotype include moderate 

bleeding, reduced prothrombin consumption, impaired calcium-induced phospholipid 

scrambling and microparticle shedding in platelets, RBCs and WBCs and defective calcium-

induced bleb formation in platelets (further described in section 1.2.1.3).33  

In addition to humans, a Scott Syndrome-like phenotype is also observed in a family of inbred 

German shepherd dogs and is known as Canine Scott Syndrome (CSS). The symptoms 

observed in these dogs are similar to those observed in humans – reduced PS exposure and 

microparticle formation in platelets, and a mild to moderate bleeding tendency.35 A point 

mutation in the Ano6 gene has been identified to result in the loss of TMEM16F protein 

expression in CSS platelets.36 

	

1.2.1.2. Procoagulant platelets in arterial thrombosis and ischemic stroke 
	
Transformation of platelets to a procoagulant state is an integral step of the hemostatic 

response initiated upon vessel wall injury that leads to effective termination of active 

bleeding. Therefore not surprisingly, uncontrolled provoked bleeding is the major clinical 

manifestation of Scott Syndrome patients.6 Constitutive TMEM16F knockout (KO) mice are 

reported to have prolonged bleeding times compared to wild-type (WT) mice in the saline 
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model for bleeding time measurement.27 In contrast Fujii et al. reported comparable bleeding 

times in megakaryocyte- and platelet- specific TMEM16F conditional KO and WT mice.28  

Notably, in an experimental model of FeCl3-induced thrombus formation in the carotid artery, 

TMEM16F constitutive KO mice were profoundly protected from arterial thrombosis.27 In 

addition, megakaryocyte- and platelet-specific TMEM16F mice challenged in a model of 

photochemical injury-induced thrombosis in testicular veins showed development of fragile 

thrombi that frequently embolized under the forces of blood flow, while stable thrombi 

developed in veins of WT mice under these conditions.28  

Overall, these findings in Scott Syndrome patients as well as TMEM16F constitutive and 

conditional KO mice indicated an important role for TMEM16F-mediated platelet procoagulant 

activity in hemostasis, and both arterial and venous thrombosis. 

It is known that both platelets and the coagulation system strongly influence infarct 

progression after ischemic stroke.37 Genetic ablation or pharmacological inhibition of 

coagulation factor XII (FXII) that initiates the intrinsic pathway of coagulation confers 

protection from development of reperfusion injury in experimental models of ischemic stroke 

as tested in both mice and rats.38-40 Thrombin, the final product of the coagulation cascade, 

and its receptors - protease activated receptors (PARs) - are also implicated in the 

progression of damage following focal cerebral ischemia.41 Thrombin concentrations are 

significantly increased in the ischemic caudate 4 h and 24 h following 90 min of transient 

middle cerebral artery occlusion (tMCAO) in rats and administration of hirudin, a specific 

inhibitor of thrombin, into the ischemic caudate significantly reduced infarct volumes following 

tMCAO in addition to ameliorating neurologic deficits.42 Antithrombin (AT) is an endogenous 

serpin that inactivates several enzymes of the coagulation cascade. Intraperitoneal 

administration of AT 3 h after tMCAO in mice and 3 h after tMCAO or permanent MCAO 

(pMCAO) in rats resulted in reduced infarct volumes and improved neurologic outcomes.43  

Taking these results into account, there is ample evidence for a prominent role of both 

platelets and components of the coagulation cascade in the pathology of ischemic stroke. 

However, the consequences of specifically targeting the crosstalk between platelet activation 

and coagulation for infarct progression after ischemic stroke are unknown. 
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1.2.1.3. The multifarious roles of TMEM16F 
 

It has been shown that both PS exposure and membrane ballooning or swelling support 

platelet procoagulant activity. Platelet ballooning is a tightly regulated process leading to 

increased surface area of the platelet membrane for augmented binding of vitamin K-

dependent coagulation factors.44, 45 Membrane ballooning is abolished in Scott Syndrome 

platelets, as well as in platelets from mice deficient in TMEM16F, revealing a role for the 

scramblase in this process.44, 46 Whether this activity is linked to the scramblase or channel 

function of TMEM16F remains to be established.  

An unexpected role for TMEM16F in bone mineralization has also been demonstrated. 

TMEM16F constitutive KO mice generated by targeted deletion of exon 1 show reduced 

skeleton size and other skeletal deformities associated with impaired bone mineralization. 

Such defects have not been reported for Scott Syndrome patients. Notably, 60% of these 

TMEM16F constitutive KO mice were reported to die at birth.47 

Mattheij et al. also documented reduced viability of TMEM16F deficient mice demonstrating a 

role for the protein in embryogenesis and survival. The authors reported embryos to present 

with major abdominal and intra-cranial bleeding and exencephaly.46 

Besides the well-established role for TMEM16F in PS exposure and microparticle formation, 

membrane swelling, survival and channel activity, in recent years its involvement in a wide 

repertoire of disease states has also become apparent. Mice deficient in TMEM16F have 

greater cartilage erosion and damage in an experimental model of rheumatoid arthritis due to 

impaired production of anti-inflammatory protein bearing microvesicles from neutrophils that 

are able to penetrate the cartilage. This revealed a protective role for TMEM16F activity in 

arthritis.48 TMEM16F also supports immune defense by macrophages.49 Intestinal epithelial 

cells express TMEM16F that contributes to precipitating diarrhea during cholera infection.50 

Using myeloid lineage specific TMEM16F conditional KO mice Batti et al. demonstrated a 

role for TMEM16F expressed on microglial cells in the pathogenesis of neuropathic pain.51 

TMEM16F was also identified as a lipid scramblase in T cells where it functions to limit 

excessive T cell responses in chronic viral infections.52 A genome-wide association mapping 

narrowed down upon Ano6 as one of the top three candidate genes to play a role in acute 

lung injury. Significant inverse association between mRNA levels of Ano6 and lung 

inflammation was reported.53 In a very recent study, binding of human immunodeficiency 
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virus (HIV) to its receptors in target cells has been shown to trigger TMEM16F-induced PS 

exposure that serves to facilitate HIV-1 entry into the cell.54 

In summary, since the identification of TMEM16F in 2010 and the recent confirmation of its 

scramblase activity, its role in several (patho)physiological processes has been increasingly 

recognized generating even further interest in identifying processes where calcium-induced 

phospholipid scrambling plays a role. 

	

1.2.2. Xkr-8 (Caspase-dependent phospholipid scramblase) 
	
The process of PS exposure through the activity of a scramblase does not only have a 

functional role for platelet activation and procoagulant activity, but in most cells it marks the 

process of apoptosis – where exposed PS serves as a signal on apoptotic cells such that 

they can be engulfed by phagocytes. Using platelets from a Scott Syndrome patient, it has 

been shown that TMEM16F independent pathways also lead to PS-exposure in platelets 

when stimulated with proapoptotic agents ABT737 or ABT263, that activate caspase-

dependent apoptosis.55 This indicated the involvement of alternative mechanisms for PS 

exposure in apoptotic cells.  

	

	
	
Figure 6. The caspase-dependent scramblase Xkr-8. For PS exposure in apoptotic cells, caspase 3 or caspase 7-
mediated cleavage inactivates flippases (ATP11C and ATP11A associated with CDC50A), whereas caspase 
cleavage of scramblase Xkr8 leads to its activation. Caspase-dependent phospholipid scrambling abolishes 
phospholipid asymmetry and causes irreversible exposure of PS on the extracellular leaflet. Macrophages 
recognize the exteriorized PS on apoptotic cells and engulf them. (Taken from Nagata et al., Cell Death Differ. 
2016).8 

	

Recently, a scramblase is reported to function in PtdSer
exposure in necrotic cell death in nematodes. Dominant
mutations in mec-4 (the core subunit of a mechanically gated
sodium channel) in touch neurons in C. elegans cause hyper
channel activity, which results in excess Ca2+ influx and
necrotic cell death.82,83 Li et al.58 recently showed that necrotic
cells in mec-4 nematodes expose PtdSer by the action of
ANOH1 (a TMEM16 homolog) and CED7 (an ABCA1-
transporter homolog). TNF-induced necroptosis and
bacteria-induced pyroptosis are mediated by calcium
influx.84,85 It will be interesting to investigate whether
TMEM16F or other TMEM16 proteins play a role in exposing
PtdSer in necroptosis or pyroptosis.

Defects in Flippases and Scramblases

Mouse WR19L cells that lack CDC50A or that express
constitutively active TMEM16F expose PtdSer but grow
normally,22,78 suggesting that cell growth may not require an
asymmetrical distribution of phospholipids at the plasma
membrane. On the other hand, and ATP11C-null mice suffer
from B-cell lymphopenia, cholestasis, anemia, dystocia and
hepatocellular carcinoma.86–89 In ATP11C-null B cells and
erythrocytes, the flippase activity is reduced and the popula-
tion of erythrocytes that expose PtdSer is slightly
increased.88,89 How this small effect on flippase activity in
ATP11C− /− cells leads to the strong phenotypes seen in
ATP11C-null mice is unclear. Lymphocytes or erythrocytes
might express only the ATP11C flippase at a specific
developmental stage; an ATP11C-null mutation may cause
the PtdSer exposure in cells at this stage, leading macro-
phages to recognize and engulf these cells or causing the
destabilization and abnormal assembly of plasma-membrane
proteins.90,91

Scott syndrome, a mild autosomal bleeding disorder, is
caused by the failure of Ca2+-dependent PtdSer exposure in
activated platelets.92 Patients in two families carrying Scott

syndrome had a homozygous null mutation or compound
heterozygous mutations in the TMEM16F gene.40,93 Canine
Scott syndrome, a naturally occurring bleeding disorder, is
found in German shepherd dogs.94 Aswith human patients, the
affected dogs lack procoagulant activity in activated platelets
and carry loss-of-function mutations in the TMEM16F gene.95

Two mouse lines lacking TMEM16F in platelets have been
established, by Yang et al.51 and by us.96 Yang et al.
established conventional TMEM16F-knockout mice in a
129/B6-mixed background; the phenotype of these mice
differs significantly from that of human or canine Scott
syndrome. Although the PtdSer exposure in activated platelets
depends significantly on TMEM16F, these mice produce
tissue-factor-induced thrombin without TMEM16F; however,
the tail-bleeding time is greatly increased in these mice. Yang
et al. concluded that this phenotype was due to a defect in
TMEM16F’s cation-channel activity. On the other hand, we
were unable to detect ion-channel activity in TMEM16F, and
our platelet-specific deletion of the TMEM16F gene in a C57/
B6 background produced mice with phenotypes matching
those in human and canine Scott syndrome. That is, the
thrombin/collagen-induced PtdSer exposure in platelets is fully
impaired in these mice, as is the tissue-factor-induced thrombin
activation. However, similar to human and canine Scott
syndrome, the tail-bleeding time is not affected in our platelet-
specific TMEM16F-null mouse. The reason for the differences
in these two TMEM16F-null mouse lines51,96 is not clear.
A defect in Xkr8 causes the loss of PtdSer exposure in

apoptotic cells, and the dead cells are not engulfed.66

Similarly, mutations in CED8, an Xkr8 ortholog in nematodes,
causes the failure of PtdSer exposure in dying cells, and the
inefficient or delayed engulfment of dead cells.71 Masking
PtdSer or deleting molecules that recognize PtdSer, such as
MFG-E8, Tim4 and TAM receptors, blocks the engulfment of
apoptotic cells, and induces the development of systemic
lupus erythematosus-type autoimmune diseases.97–101 Thus,
it is likely that Xkr8-deficient mice develop similar autoimmune
diseases, but this remains to be confirmed.

Perspectives

We have here described one flippase and two scramblase
families (Ca2+-dependent and caspase-dependent), and have
discussed how PtdSer is exposed on activated platelets and
apoptotic cells. PtdSer and PtdEtn are exposed not only on
activated platelets, but also on galectin-treated neutrophils,102

IgE-stimulated mast cells,103 activated CD4 T cells,104

capacitated sperm,105,106 aged red blood cells,107 and cells
activated through the P2X7 ATP receptor.104 PtdSer exposure
on galectin-treated neutrophils,108 activated mast cells,109

activated lymphocytes and cells activated via the P2X7

receptor110 is mediated by (or at least accompanied by)
increased intracellular calcium. It is tempting to speculate that
PtdSer exposure in these processes involves TMEM16F or
other TMEM16-family members (TMEM16C, 16D, 16F, 16G or
16J) with Ca2+-dependent scramblase activity.
Pyrenocytes (nucleus with a thin rim of cytoplasm

surrounded by a plasma membrane) extruded from
erythroblasts,111 milk-fat globules from mammary glands,112

exsosomes,113 enveloped viruses114 and microparticles

Figure 5 The PtdSer exposure in apoptotic cells. A caspase-dependent
phospholipid scramblase of Xkr8 and flippase (ATP11A/ATP11C associated with
CDC50A) are schematically shown. When cells undergo apoptosis, caspase 3 or
caspase 7 in the downstream of the caspase cascade cleaves Xkr8 to activate its
scramblase activity, while the same caspases cleave and inactivate ATP11A and
ATP11C. This is the irreversible process, and the PtdSer exposed on the cell surface
is recognized by macrophages for engulfment

Phosphatidylserine exposure
S Nagata,? et al
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The identity of a scramblase that elicits apoptotic PS exposure has only recently been 

determined. The Nagata lab, which also uncovered the scramblase activity of TMEM16F, 

identified the mammalian protein Xkr-8 and its C.elegans homologue CED-8 to promote 

apoptotic PS exposure. Mouse Xkr-8 knockout cells were unable to expose PS during 

apoptosis and were not efficiently engulfed by phagocytes.56 

Xkr-8 belongs to the family of Xk-related protein family that consists of 9 members in humans 

and 8 members in mice. In addition to Xkr-8, a report by Suzuki et al. also identified Xkr-4 

and Xkr-9 as proteins that support apoptotic PS exposure. All three proteins, Xkr 4, 8 and 9 

were found to contain caspase recognition sites in their C-terminal region, which needs to be 

cleaved during apoptosis in order to activate scramblase activity (Figure 6). However, it 

remains to be seen whether Xkr proteins are scramblases themselves, or whether they are 

proteins that promote PS exposure. 

There are key differences in apoptotic PS exposure versus activation-induced PS exposure. 

While the activity of TMEM16F requires increased intracellular calcium concentrations, the 

activity of Xkr-8 requires cleavage by caspases. Also, while activation-induced PS exposure 

is reversible in nature, apoptosis-driven PS exposure is not.8, 57, 58  

Xkr-4 is specifically expressed in the brain, and Xkr-9 is specifically expressed in eyes and 

intestine. On the other hand, Xkr-8 has broad tissue expression.57 However, platelet 

proteomics data indicates that Xkr-4, 8 or 9 are not expressed in human or mouse platelets.59 

Therefore a platelet scramblase that supports apoptotic PS-exposure remains to be 

identified.  

	
1.3. The intrinsic pathway of coagulation 
	
The coagulation cascade, the ultimate goal of which is to convert fibrinogen to fibrin, can be 

initiated either through interaction of coagulation FVII with exposed tissue factor on damaged 

subendothelium – this pathway is known as the extrinsic pathway of coagulation. 

Alternatively, it can be initiated through activation of FXII (Hageman factor) when it comes in 

contact with negatively charged surfaces – the branch of the coagulation cascade known as 

the intrinsic pathway or the contact pathway (Figure 7). For several decades, only the 

extrinsic pathway of coagulation was considered to be of physiological relevance, as humans 

with a deficiency of FXII do not suffer from hemostatic defects, and no physiological triggers 

were known that would activate zymogen FXII to the active serine protease FXIIa. On the 

other hand, deficiency of FVII in humans results in a severe bleeding diathesis. 37 
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In 2005, FXII knockout (FXII KO) mice were tested in in vivo models of hemostasis and 

arterial thrombosis for the first time. These studies revealed that similar to the situation in 

humans, deficiency of FXII has no effect on bleeding times in mice. However, surprisingly, 

FXII deficient mice were profoundly protected from thrombotic vessel occlusion, revealing a 

novel role for the coagulation factor in this pathological process.60 A year later, FXII KO mice 

were also reported to be protected in the tMCAO model of ischemic stroke with strikingly 

lower infarct volumes and improved functional outcomes 24 h after induction of 60 min focal 

cerebral ischemia followed by reperfusion.38 Interestingly, ‘rescue experiments’ were 

performed in both these studies where purified human FXII was infused i.v. into FXII KO mice 

followed by testing in models of arterial thrombosis and stroke. The presence of human FXII 

in the mouse system deficient in endogenous murine FXII reverted the phenotype observed 

in the KO mice i.e. supplementation with human FXII resulted in vessel occlusion times and 

infarct volumes comparable to WT mice in the two models respectively.38, 60 These studies 

provided important indications that human FXII is functional within murine physiology.  

	

	
	
Figure 7. Tissue factor (TF) exposed on the endothelial cells at the site of vessel wall injury triggers the extrinsic 
pathway of coagulation on interaction with activated factor VIIa. Polyphosphates released from dense granules of 
activated platelets initiate the contact (intrinsic) pathway of coagulation by activating FXII. Neutrophil extracellular 
traps (NETs) formed when activated neutrophils release protein-decorated modified chromatin, can also activate 
FXII. Both the intrinsic and the extrinsic pathways converge into the common pathway of coagulation and thrombin 
generation that converts fibrinogen to fibrin. (Taken from Fredenburgh et al. Blood 2017).61 

	
The F12 gene encoding FXII is located on chromosome 5 in humans and consists of 13 

exons, whereas it is located on chromosome 13 in mice and is composed of 14 exons. Both 

FIX is a critical amplification step.13 Therefore, TF initiates thrombin
generation via extrinsic tenase and amplifies it via intrinsic tenase.

In most cases of arterial thrombosis, it is TF exposed at sites of
atherosclerotic plaque disruption that initiates coagulation. With
venous thrombosis, the vein wall is usually intact, but the endothelial
cells lining the vein are activated in response to reduced flow or
inflammatory mediators. Activated endothelial cells express P-selectin
and other adhesion molecules on their surface, which tether TF-
expressing leukocytes and microparticles and initiate coagulation.
Therefore, TF can trigger arterial and venous thrombosis.

Role of thrombin in thrombosis

Thrombin is thefinal effector in coagulation because it converts soluble
fibrinogen tofibrin, activates platelets, and amplifies its own generation
by activating FV and FVIII, key cofactors in coagulation. Thrombin
also feeds back to activate FXI, which then activates FIX and augments
the formation of intrinsic tenase.14 Therefore, thrombin drives arterial
and venous thrombosis.

In patients with ACS, increased thrombin generation persists for 6 to
12 months after the index event.15 As a consequence, vitamin K
antagonists (VKAs), such as warfarin, are effective for secondary
prevention in patients with acute myocardial infarction, and the addition
of low-dose rivaroxaban on top of dual-antiplatelet therapy prevents
recurrent ischemiaandcoronary stent thrombosis inpatientswithACS.16

The role of the contact system in thrombosis

Although it is dispensable for hemostasis, the contact system is essential
for thrombus stabilization and growth because thrombi formed at sites
of arterial or venous injury in mice deficient in FXII or FXI are small
and prone to embolization.17,18 The contact system is composed of 2
zymogens, FXII and prekallikrein, and a cofactor, high-molecular-
weight kininogen (HK) (Figure 2).19,20 The system is initiated when
FXII binds polyanionic compounds, an interaction that triggers
autocatalytic FXII activation. FXIIa converts prekallikrein to kallikrein
in a reaction promoted by HK, which binds the polyanion and
prekallikrein and positions them in proximity to FXII. Kallikrein
activates FXII in a reciprocal manner to generate additional FXIIa,
which then activates FXI in a reaction also promoted byHK. FXIa then
activates FIX, which incorporates into intrinsic tenase and triggers FX
activation and thrombin generation. In addition to activation by FXIIa,
FXI can be back-activated by thrombin (Figure 1). Therefore, because

the pathways for its activation are bidirectional, FXI is important for
maximizing thrombin generation, thereby revealing an important role
for the contact system.

For decades, the only known activators of the contact system were
artificial surfaces, such as kaolin and ellagic acid, and extracorpo-
real circuits, such as those used for cardiopulmonary bypass or
hemodialysis.21,22 Some physiological activators were identified,
including heparin, collagen, and denatured proteins, but their
involvement in disease was unclear.23,24 This situation changed
with the recent demonstration that naturally occurring polyphos-
phates activate the contact system.11,25 These polyphosphates
includeDNAandRNA released from injured or dying cells andNETs.
Although inorganic polyphosphates released from activated platelets
have also been implicated, their role as activators of FXII has been
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Figure 1. Overview of coagulation system.

Coagulation is initiated by the extrinsic pathway
when tissue factor (TF) exposed at sites of
vascular injury binds and activates FVII. The

activated FVII (FVIIa)–TF complex activates FX
in the common pathway to generate prothrom-
binase, which generates thrombin. Additional

activation of coagulation occurs when thrombin-
activated platelets release polyphosphate (poly-

P) and activated neutrophils extrude DNA and
RNA to form NETs. NETs and poly-P activate the
contact pathway, which yields FXIa and leads to

additional thrombin generation via the common
pathway. Poly-P amplifies this pathway by pro-
moting thrombin-mediated activation of FXI.
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Figure 2. The contact system. Polyphosphates (P-P-P-P-P-P) bind FXII and
promote its autoactivation to FXIIa. HK binds polyphosphates and promotes FXI
activation by FXIIa, and the resultant FXIa then propagates coagulation leading to

thrombin generation. FXIIa also activates HK-bound prekallikrein (PK) to kallikrein (K),
which activates FXII in a reciprocal manner to promote additional FXIIa generation.

Release of bradykinin from HK cleaved by K induces an inflammatory response.
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code for an 80 kDa FXII zymogen, with a 71% amino acid sequence identity between the 

human and mouse protein.62  

In addition to its role in the intrinsic pathway of coagulation, activation of FXII also initiates the 

pro-inflammatory kallikrein-kinin system, which leads to the conversion of high-molecular-

weight kininogen to bradykinin that plays a role in various inflammatory processes. 

Non-physiological activators of FXII have long been known and include glass and the silicate 

kaolin. The latter is frequently employed to carry out the clinical diagnostic test aPTT 

(activated partial thromboplastin time) to determine blood-clotting times. Physiological 

activators of FXII have been identified more recently and are still the subject of ongoing 

research. These in vivo activators include negatively charged polyP released from platelet 

dense granules, neutrophil extracellular traps (NETs), as well as heparin and misfolded 

proteins.63  

	

1.3.1. Targeting FXII – protection from arterial thrombosis and ischemic 
stroke 

	
Currently employed antithrombotic therapies are characterized by the common adverse effect 

of inducing bleeding complications. Therefore, targeting FXII has emerged as a promising 

alternative to provide protection from thrombosis without altering hemostasis, There are 

numerous reports in literature on the use of different classes of FXII/FXIIa inhibitors including 

antibodies, small-molecule inhibitors and oligonucleotides, with favorable results in a variety 

of experimental models including extracorporeal circulatory systems, thrombosis and the 

tMCAO model of ischemic stroke.64  

The biological FXIIa inhibitor infestin-4 obtained from the midgut of Triatoma infestans fused 

to recombinant human albumin (rHA-Infestin-4) has been tested in models of arterial 

thrombosis in mice and rats and has been found to completely abolish occlusive thrombus 

formation without altering hemostasis.39, 65 Inhibition of FXIIa with rHA-Infestin-4 also provided 

protection from progression of ischemic damage in experimental models of stroke in both 

mice and rats.40, 66 A number of blocking antibodies against FXII/FXIIa have also been 

developed. The humanized antibody 3F7 that blocks FXIIa has been tested in experimental 

models of arterial and venous thrombosis where it provided protection from pathological 

thrombosis without altering bleeding times. 3F7 has also been tested as an anticoagulant in 

an extracorporeal membrane oxygenation (ECMO) cardiopulmonary bypass system in rabbits 
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where its anticoagulant activity was comparable to that of the routinely used anticoagulant 

heparin. While the gas-exchanging capillaries of the oxygenators of the ECMO system were 

blocked within minutes due to blood clotting and deposition of fibrin in the experimental setup 

where rabbits were pre-treated with saline, pre-treatment with either heparin or 3F7 

prevented fibrin deposition in the ECMO system, with 3F7 having the added advantage that it 

does not adversely affect the hemostatic response.67 Another blocking antibody, 15H8 that 

inhibits activation of FXII has been tested in a primate thrombosis model where collagen-

coated vascular grafts were inserted into arteriovenous shuts in baboons. Pre-treatment of 

the animals with 15H8 reduced fibrin and platelet accumulation within the thrombogenic 

grafts.68  

These encouraging results have highlighted the potential for the use of FXII inhibitory agents 

as treatment options for thrombo-inflammatory disease states, as well as their use as safe 

antithrombotics. 

	
1.4. (Hem)ITAM signaling in mouse platelets – GPVI and CLEC-2 
	
One of the major pathways for platelet activation involves immunoreceptor tyrosine-based 

activation motif (ITAM)-regulated signaling. Human platelets express two receptors bearing 

the classical ITAM-motif Yxx(I/L)x(6-12)Yxx(I/L), i.e. tyrosine separated from a leucine or 

isoleucine by two other amino acids, and two such sequences typically separated by 6-12 

amino acids. The first of these receptors is glycoprotein (GP)VI-FcRγ-chain complex. GPVI is 

an immunoglobulin (Ig) surface receptor that is non-covalently associated with a FcRγ-chain 

homodimer. Each chain of this homodimer contains one copy of the ITAM motif in its 

cytoplasmic tail and thus FcRγ-chain serves as the signaling subunit of the receptor 

complex.69, 70 The second ITAM receptor is the IgG constant fragment (Fc) receptor, FcγRIIA. 

In addition, human platelets also express C-type lectin-like receptor 2 (CLEC-2) that bears 

the so-called hemITAM motif i.e. a single YxxL motif in the intracellular domain. On the other 

hand, mouse platelets only express the GPVI-FcRγ-chain complex and CLEC-2 (Figure 8).71 

ITAM and hemITAM signaling in platelets bear several similarities. In both pathways the YxxL 

motifs are docking sites for a similar set of signaling molecules containing Src Homology 2 

(SH2) domains, and the activation of both initiates a tyrosine phosphorylation signaling 

cascade which finally results in the activation of the effector enzyme PLCγ2.72 Ligand binding 

of GPVI results in receptor crosslinking and activation through phosphorylation of tyrosine 

residues on the ITAM motifs of the FcRγ-chain by the Src family kinases (SFK) Fyn and Lyn. 
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This further leads to recruitment of the tandem SH2 domain bearing tyrosine kinase Syk, the 

phosphorylation and activation of which results in the recruitment and activation of the 

adapter linker for activation of T cells (LAT) and the assembly of the LAT signalosome which 

encompasses several other adapters proteins and enzymes (Figure 8). However, ITAM and 

hemITAM signaling differ from each other in the sequence of the first steps of the tyrosine 

phosphorylation cascade. Upon ligand engagement of CLEC-2, dimerization of the receptor 

takes place followed by phosphorylation of the YXXL motifs of the dimer primarily by the 

kinase Syk, whereas phosphorylation of the FcRγ-chain ITAM is SFK dependent.73, 74  

 

 

	
Figure 8. Platelet (hem)ITAM receptors. The Fc receptor FcγRIIA is expressed in human but not mouse platelets. 
It signals through an ITAM motif in its cytoplasmic tail and plays an important role in integrin outside-in signaling. 
The receptor GPVI is associated with a homodimer of FcRγ-chain that bears the ITAM motif in its cytoplasmic tail. 
Ligand binding of GPVI leads to phosphorylation of FcRγ-chain ITAM motifs by Src family kinases (SFK). This 
recruits and activates the spleen tyrosine kinase Syk which in turn results in recruitment and activation of the 
adapter LAT and the assembly of the LAT signalosome incorporating several other adapter proteins (depicted in 
orange) as well as effector proteins (depicted in green). The hemITAM receptor CLEC-2 bears a single YxxL motif 
that is phosphorylated by the kinase Syk on dimerization of the receptor following ligand engagement. This is 
followed by assembly of the LAT signalosome similar to signaling events downstream of GPVI. (Taken from 
Stegner et al., ATVB 2014).71 

 

A notable observation in studies involving a number of important players of (hem)ITAM 

signaling is the frequent existence of functional redundancy between closely related proteins. 

There are instances of absolute functional redundancy, for example Vav1 and Vav3 that play 

critical but redundant roles in the activation of PLCγ2 through GPVI.75 The Src like adapter 

1616  Arterioscler Thromb Vasc Biol  August 2014

and secondary vascular events.6 This brief review will focus 
on discussing the current methods of targeting GPVI, which 
are under development for use as antithrombotics.

Structure and Signaling of GPVI
GPVI is a platelet- and megakaryocyte-specific immuno-
globulin superfamily protein with copy numbers reported 
between 4000 and 6000 per platelet.7 It is a 58-kDa type I 
transmembrane protein that is constitutively associated with 
the Fc receptor γ (FcRγ) chain. The FcRγ chain is essential 
for GPVI function because it is not only required for GPVI 
expression in platelets but also contains the immunoreceptor 
tyrosine-based activation motif (ITAM) that forms the basis of 
GPVI signal transduction (Figure 1).8 The structure of GPVI 
and the molecular basis for its interaction with its major ligand 
collagen are discussed in detail in 2 recent reviews.9,10 In addi-
tion to collagen, GPVI also interacts with 2 other components 
of the extracellular matrix, laminin11 and fibronectin.12 GPVI 
signals via a tyrosine phosphorylation cascade, which is simi-
lar to that of other immune receptors. Ligand-induced cross-
linking of GPVI initiates the phosphorylation of the FcRγ 
chain in the ITAM motif by the Src kinases Fyn and Lyn.9,13 
This phosphorylation event induces the recruitment and 

subsequent activation of the tandem SH2 domain–containing 
kinase spleen tyrosine kinase (Syk), which in turn initiates a 
downstream signaling cascade that involves a large number 
of kinases, adaptor, and effector molecules, which form the 
GPVI signalosome (Figure 1). A central effector protein of 
the signalosome is phospholipase Cγ2, and the action of this 
protein leads to platelet activation via protein kinase C activa-
tion and store-operated calcium entry. The function of GPVI in 
hemostasis and thrombosis has been investigated using several 
mouse models of GPVI deficiency14–17 and by the assessment 
of patients who lack GPVI through either genetic defects18,19 or 
autoimmunity.20,21 All studies have demonstrated the require-
ment of GPVI for the recruitment and activation of platelets 
by collagen, in addition to functional hemostasis despite GPVI 
deficiency. However, in animal models of thrombosis, the evi-
dence on the necessity of GPVI for arterial thrombosis is less 
compelling.22,23 The variability of these results may be attrib-
uted to differences in the nature and extent of vessel injury 
in each model. In particular, under conditions of strongly 
activated coagulation, the relevancy of GPVI seems to be 
reduced. It is thought that the high levels of thrombin gener-
ated in these cases may provide a compensatory mechanism 
in triggering integrin activation.22,24,25 What does seem clear is 
that in instances where subendothelial matrix mediates platelet 
activation, GPVI is essential for stable thrombus formation.9 A 
major ligand for GPVI, fibrillar collagen type I, is enriched in 
the fibrous cap of atherosclerotic plaques, and studies in which 
experimental plaque rupture has been used to trigger thrombus 
formation have clearly revealed a central role for GPVI under 
these conditions.26,27 GPVI is therefore thought to be an essen-
tial receptor in platelet responses to vascular disease, demon-
strating the relevancy of GPVI as antithrombotic target.

Fcγ Receptor IIA
In addition to GPVI, the Fc receptor FcγRIIA also signals 
through an ITAM which it bears in its own cytoplasmic tail 
(Figure 1). Interestingly, this receptor is expressed on human 
but not mouse platelets. FcγRIIA mediates the activation of 
human platelets exposed to immune complexes, tumor cells, 
and bacteria and is critically involved in the thrombocytopenia 
and thrombosis caused by these agents.28–32 This receptor also 
enhances platelet integrin outside-in signaling, thereby con-
tributing to general thrombus stabilization.33,34

C-Type Lectin-Like Receptor 2
The third ITAM-related receptor on platelets is the recently 
discovered C-type lectin-like receptor 2 (CLEC-2). This 
receptor, like FcγRIIA, is not associated with the FcRγ 
chain but contains half an ITAM (a YXXL sequence with an 
upstream stretch of acidic amino acids) in its cytoplasmic tail 
and so is termed a (hem)ITAM receptor (Figure 1). CLEC-2 
is the target of the snake venom toxin rhodocytin35 and is the 
receptor for the sialoglycoprotein podoplanin36 but paradoxi-
cally has no known ligand expressed in the vasculature. In 
the case of CLEC-2, Src family kinases seem to be down-
stream of Syk in the ITAM cascade, which is in contrast to 
the classical understanding of ITAM signaling.37 CLEC-2 has 
been proposed as a target for antithrombotic agents because, 

Figure 1. (hem)Immunoreceptor tyrosine-based activation motif 
(ITAM) receptors in platelets. Glycoprotein VI (GPVI) is a type 
I transmembrane protein that is constitutively associated with 
the Fc receptor γ (FcRγ) chain, which bears an ITAM. Receptor 
clustering by ligands initiates phosphorylation of the FcRγ chain 
in the ITAM motif by the Src family kinases (SFK), which induce 
the recruitment and subsequent activation of spleen tyrosine 
kinase (Syk). The recruitment of Syk to the ITAM initiates a sig-
naling cascade that involves a large number of kinases, adaptor, 
and effector molecules, critically including linker for activation 
of T cells (LAT), SH2 domain–containing leukocyte protein of 76 
kDa (SLP-76), growth factor receptor–bound protein 2 (Grb-2), 
Grb2-related adapter protein 2 (Gads), Vav proteins, and phos-
pholipase C γ2 (PLCγ2), which form the GPVI signalosome. The 
Fc receptor FcγRIIA, which is expressed on human but not on 
mouse platelets, also signals through an ITAM and contributes 
to integrin outside-in signaling through Syk. C-type lectin-like 
receptor 2 (CLEC-2) contains half an ITAM (a YXXL sequence 
with an upstream stretch of acid amino acids) in its cytoplasmic 
tail and so is termed a (hem)ITAM receptor. In contrast to the 
classical ITAM signaling, the (hem)ITAM seems to be phosphory-
lated by Syk, which then, in combination with SFK activation, 
results in a tyrosine phosphorylation cascade similar to that 
downstream of GPVI.
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proteins SLAP and SLAP2 that negatively regulate (hem)ITAM signaling are also functionally 

redundant.76 Besides these, there are cases where the nature of functional compensation is 

such that one isoform plays a more important role than the other, as is the case for PLCγ 

isoforms. Between PLCγ1 and PLCγ2, it is the latter that plays a predominant role in murine 

platelets.77 Also between the Tec kinase Btk and Tec, it is the former that plays a more 

prominent role in platelet activation through GPVI.78 On the other hand, there are no known 

compensatory functional homologues for proteins Syk and SLP-76.79 

GPVI has been known to bind to, and to be activated by sub-endothelial matrix proteins 

collagen and laminin.70 Recently, two independent studies also reported the binding of GPVI 

to fibrin, the end product of the coagulation cascade.80, 81 GPVI binding to fibrin also leads to 

receptor activation. While collagen, the major physiological ligand for GPVI, is also a ligand 

for the integrin α2β1 and glycoprotein (GP)V,70, 82 collagen related peptide (CRP) and the 

snake venom toxin convulxin are known GPVI specific ligands.70 CRP contains repeat 

glycine-proline-hydroxyproline (GPO) motifs in a helical conformation, the well-defined 

structure that GPVI recognizes in collagen. Convulxin, the toxin obtained from the venom of 

rattlesnake Crotalus durissus terrificus, is capable of crosslinking four GPVI receptors and 

thus is a very powerful stimulus for GPVI activation.79, 83 

The only known physiological ligand of CLEC-2 is podoplanin, expressed in several tissues 

including kidney podocytes (hence the name), lung alveolar cells, lymphatic endothelial cells 

and some tumors.70 However, an intravascular ligand that is expressed in platelets and 

vascular endothelium remains to be determined. In vitro, binding of the snake venom toxin 

rhodocytin to CLEC-2 also initiates the hemITAM-signaling pathway.84 

	

1.4.1.  (Hem)ITAM signaling in hemostasis, thrombosis and vascular integrity  
	
It is now well recognized that the signaling processes involved in hemostasis and thrombosis 

can be partially uncoupled.85, 86 While GPCR-regulated platelet signaling pathways have been 

predominantly implicated to be important for the physiological process of hemostasis, many 

key players in the (hem)ITAM signaling pathway have been identified to play a less prominent 

role in hemostasis with a greater contribution in other processes, including pathological 

thrombosis formation.86, 87  

In mice, genetic ablation, specific antibody-induced down-regulation on circulating platelets or 

blockade of the ITAM receptor GPVI all yield protection from pathological thrombus formation 
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with minimal impact on the physiological hemostatic response.86 Antibody-mediated specific 

down-regulation of the hemITAM receptor CLEC-2 from circulating platelets in mice also 

results in profound protection from arterial thrombosis accompanied with only a moderate 

hemostatic defect.88 The kinase Syk, downstream of (hem)ITAM signaling exhibits a similarly 

skewed disposition exhibiting a greater role for thrombosis than hemostasis. Megakaryocyte- 

and platelet-specific Syk KO mice are protected from thrombosis with only moderately 

prolonged bleeding times. On the other hand, pharmacological inhibition of Syk in mice also 

resulted in protection from occlusive thrombus formation with unaltered bleeding times in 

experimental models.89, 90 In addition, demonstrating their contribution to thrombo-

inflammatory disease states, depletion of GPVI, or Syk deficiency in mice provided protection 

from ischemia/reperfusion injury without precipitating intracerebral bleeding in the 

experimental tMCAO model of ischemic stroke.89, 91 These promising results have led to the 

exploration of several of these molecules as novel targets for designing antithrombotic 

agents.  

Interestingly, studies in mice with a megakaryocyte- and platelet-specific deficiency in the 

adapter protein Grb2, a component of the LAT signalosome downstream of (hem)ITAM 

signaling revealed a greater impact of the loss of the protein on hemostasis compared to 

thrombosis.92 

Besides their classical role in hemostasis, the involvement of platelets in several other 

processes such as separation of lymphatics and blood vasculature during embryogenesis 

and vascular integrity in inflammation has been increasingly recognized. Knockout mice 

deficient in either CLEC-2, Syk, SLP-76 or PLCγ2 exhibit blood-lymphatic mixing and 

embryonic/perinatal lethality due to hemorrhages indicating an important role for hemITAM 

signaling in the proper development of lymphatic and blood vasculature.87 A specific role for 

(hem)ITAM signaling in the maintenance of vascular integrity and prevention of development 

of hemorrhages during inflammation has also been recognized. Defective GPVI and CLEC-2 

signaling, or deficiency of adapter protein SLP-76 lead to loss of platelet-mediated vascular 

integrity in experimental models of immune complex-mediated inflammation of the skin, or 

LPS-induced inflammation in the lung.93 
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1.4.2. Role of adapters in (hem)ITAM signaling 
	
Adapter proteins lack intrinsic enzymatic activity, yet they are important for protein-protein 

and protein-lipid interactions that facilitate the formation of three-dimensional signaling 

complexes. These proteins contain conserved interaction domains through which 

communication with other proteins is mediated (e.g. SH2 domain for binding to tyrosine-

based signaling motifs and SH3 domains for binding to proline-rich sequences). Therefore, 

adapter proteins help to recruit signal-transducing proteins to large signaling complexes and 

form an association between surface receptors and cytosolic signaling pathways such that 

appropriate cellular responses can be achieved to externally applied stimuli.94  

A number of adapter proteins are involved in the assembly of signaling complexes 

downstream of GPVI and CLEC-2 activation (Figure 8).71 One such protein is linker for 

activation of T cells (LAT). LAT is a transmembrane adapter protein with a short extracellular 

domain, and a large cytoplasmic domain through which it serves to recruit intracellular SH2 

domain-containing signaling molecules to the plasma membrane owing to the presence of 

numerous tyrosine residues.94 Following GPVI or CLEC-2 stimulation, tyrosine 

phosphorylation of the kinase Syk leads to recruitment and tyrosine phosphorylation of LAT 

that then associates with other adapter proteins and enzymes. The importance of LAT for 

platelet function is underscored by defective tyrosine phosphorylation of effector enzyme 

PLCγ2 in LAT-deficient platelets as well as defective hemostasis and thrombosis in LAT KO 

mice in comparison to WT mice.95, 96 The adapter proteins that are known to form a part of the 

LAT signalosome include SLP-76, Grb2, Gads and Vav proteins that are all cytosolic 

proteins.71, 94 SLP-76 is important for signaling downstream of GPVI and integrin αIIbß3.97 

Mice deficient in SLP-76 display fetal hemorrhages and perinatal lethality as well as blood 

and lymphatic vessel mixing as described in the previous section.98, 99 In addition, knock-in 

mice with tyrosine to phenylalanine mutations in SLP-76 are protected in an experimental 

model of thrombosis.100 Therefore the adapter plays an important role in platelet function 

downstream of (hem)ITAM signaling. The role of adapter proteins Grb2 and Gads for platelet 

function is described in detail in section 1.5.  

The proteins Vav1 and Vav3 are associated with adapter function in addition to being 

guanine nucleotide exchange factors (GEFs) for the Rho/Rac family of small GTP-binding 

proteins. They have been shown to play key roles in mediating platelet activation downstream 

of ITAM signaling. However, it is not known whether this activity arises due to their adapter 

function or due to their GDP/GTP exchange factor activity.75  
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1.5. Grb2 family of adapter proteins 
	
The Grb2 family of adaptor proteins consists of three members – growth factor receptor-

bound protein 2 (Grb2); Grb2 related adaptor protein (Grap) and Grb2 related adaptor protein 

downstream of Shc (Gads, also known as Grap2). All three members have a similar 

structure, with a central Src Homology 2 (SH2) domain through which binding to tyrosine 

phosphorylated sequences takes place, flanked by two Src Homology 3 (SH3) domains that 

allow direct complex formation with proline-rich regions of other proteins (Figure 9). 101 

Grb2 has a broad expression in tissues, while the expression of Grap and Gads is limited to 

the hematopoietic cells. However, only two members of this adaptor protein family are 

expressed in platelets – Grb2 and Gads.59, 102 

	

	
	
Figure 9. Schematic representation of the Grb2 family of adapter proteins. All three members, Grb2, Grap and 
Gads contain a central SH2 domain for binding to phospho-tyrosines. Two SH3 domains that mediate binding to 
proline-rich regions of other proteins flank the central SH2 domain. Gads differs from the other two family 
members as it contains a unique ‘linker region’ between the SH2 domain and the carboxy-terminal SH3 domain. 
(Modified from Liu et al., Oncogene 2001). 

 

Both Grb2 and Gads can bind to the adaptor LAT and are integral components of the LAT 

signalosome downstream of (hem)ITAM signaling. There are three sites for association of 

Grb2 with LAT, at phospho-tyrosines Y171, Y191 and Y226. Gads can associate with LAT at 

Y191, and to a lesser extent at Y171.95 

	

1.5.1. Role of Gads in platelet function 
	
Studies on effects of the loss of Gads on some aspects of platelet function were reported in 

2008 when Hughes et al. conducted experiments in mice with a constitutive deletion of Gads. 

The deficiency of Gads resulted in only minor defects in platelet function when stimulated 

SH3 SH3 SH2 Grb2 

SH3 SH3 SH2 Grap 

SH3 SH3 SH2 Gads 
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with the GPVI specific agonist CRP, or the CLEC-2 specific agonist rhodocytin. Impaired 

platelet aggregation and secretion were observed, but only on stimulation with low 

concentration of (hem)ITAM agonists. These responses were comparable to WT platelet 

responses on stimulation with the GPCR agonist thrombin or on stimulation with higher 

concentration of CRP and rhodocytin. In addition, a small decrease in tyrosine 

phosphorylation of SLP-76 and PLCγ2 was observed on stimulation with either CRP or 

rhodocytin. Surprisingly, the authors also reported a very small but consistent decrease in 

tyrosine phosphorylation of Syk, a kinase that lies upstream of the assembly of LAT 

signalosome in the (hem)ITAM signaling cascade. No defects were seen in platelet spreading 

on fibrinogen or vWF/botrocetin, as well as platelet adhesion and aggregation on collagen 

under flow conditions. Importantly, these mice were not challenged in in vivo experimental 

models of hemostasis or thrombosis.  

Based on these results, the authors reported Gads to play a relatively minor role in mediating 

platelet activation via GPVI and CLEC-2 and hypothesized that either there exist Gads- 

independent pathways of platelet activation downstream of LAT and SLP-76, or the role of 

Gads is masked by the presence of the second protein family member Grb2.95  

	

1.5.2. Role of Grb2 in platelet function 
	
Grb2 constitutive KO mice are embryonic lethal, indicating important functions of the adapter 

protein for embryo development.103 In 2014, comprehensive studies on the effects of loss of 

Grb2 on platelet function conducted in megakaryocyte- and platelet-specific conditional KO 

mice (Grb2 KO) were reported from our laboratory. Dütting et al. observed a much more 

severe (hem)ITAM specific signaling defect in platelets obtained from Grb2 KO mice than 

was reported for platelets from Gads KO mice.  

Platelets lacking Grb2 displayed severely impaired activation and aggregation responses on 

stimulation with low and intermediate concentrations of the GPVI specific agonists CRP and 

convulxin, as well as the CLEC-2 specific agonist rhodocytin, whereas the activation and 

aggregation responses were comparable to WT platelets on stimulation with GPCR agonists 

thrombin, ADP and the TxA2 analog U46619. The defects in platelet aggregation could be 

overcome on stimulation with higher agonist concentrations. Grb2 KO platelets also showed 

significantly reduced PS exposure on stimulation with CRP and rhodocytin, and impaired 

calcium mobilization on stimulation with CRP indicating a prominent role of Grb2 in promoting 
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(hem)ITAM-regulated procoagulant activity in platelets. Grb2 KO platelets also display 

dramatically reduced adhesion and aggregation on collagen under flow compared to WT 

mice as tested in an ex vivo flow chamber assay.  

These defects in activation and aggregation studies corroborated by signaling defects in 

tyrosine phosphorylation studies – while the proteins upstream of the LAT signalosome 

(CLEC-2, FcRγ-chain, Syk) had normal levels of tyrosine phosphorylation, on stimulation with 

convulxin or rhodocytin, tyrosine phosphorylation of LAT at Y191 and tyrosine 

phosphorylation of proteins downstream of LAT (PLCγ2, SLP-76, Vav3) was significantly 

reduced, but not abolished.  

	

	
	
Figure 10. In vivo consequences of megakaryocyte- and platelet-specific Grb2 deficiency with or without 
acetylsalicylic acid (ASA) treatment. (A) Experimental model of hemostasis – measurement of bleeding time by 
filter paper method. 1 mm of the tail tip of anaesthetized mice was removed with a scalpel and blood was blotted 
on a filter paper until cessation of bleeding. The impairment in hemostasis in Grb2 KO mice (Grb2-/-) was further 
exacerbated on interfering with TxA2 synthesis through i.v. administration of 1 mg/kg ASA 15 min before the start 
of the experiment. (B) Experimental model of arterial thrombosis. Thrombosis was induced by mechanical injury of 
the abdominal aorta through a single firm compression with forceps. While the time to stable vessel occlusion was 
comparable between WT and Grb2 KO animals without ASA treatment, Grb2 KO animals showed defective 
thrombosis following treatment with ASA. Each dot represents one animal. *P<0.05, **P<0.01,***P<0.001. (Taken 
from Dütting et al., Circ. Res. 2014)92 

	
Surprisingly, when Grb2 KO mice were challenged in in vivo models of hemostasis and 

thrombosis, a very different degree of impairment of platelet function was seen compared to 

the in vitro experiments. In the hemostasis assay, analyzed by measuring tail bleeding times 

by filter paper method, these mice displayed only minor defects in hemostatic function and a 
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Introduction: Pro-coagulant activity of platelets & TMEM16F 

Post ischemic infarct volumes comparable in WT and cKO mice 

cKO platelets have reduced procoagulant potential 

WT and cKO mice were subjected to 1 h 
of ischemic stroke using the transient 
middle cerebral artery occlusion model 
( t M C A O ) . I n f a r c t v o l u m e ( A ) 
quantification (B) representative images 
and functional scores (C) Bederson 
score (D) Grip test were measured 24 h 
after reperfusion. No difference was 
observed between WT and cKO mice. 

Prolonged bleeding & impaired thrombus formation in cKO mice 

(A) Flow cytometry analysis of TMEM16F WT and cKO platelets using Annexin A5 as a 
specific probe for PS. (B) Platelets with ballooned membranes formed on collagen/tissue 
factor micro-spots under flow (left, count; right, representative images).  

cKO platelets support decelerated thrombin and fibrin formation 
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AIM: To investigate the pathophysiological role of TMEM16F mediated platelet pro-coagulant activity in the setting of ischemic stroke 
using platelet and megakaryocyte specific TMEM16F knockout mice.  
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(A) cKO mice have significantly prolonged tail bleeding times (determined by the filter paper 
method) as well as (B) impaired thrombus formation (assessed by FeCl3 induced thrombosis 
in the carotid artery in vivo). 

Quantification of tissue factor initiated thrombin generation measurements at 37 °C." (A) 
lagtime, (B) time taken to reach peak thrombin levels and (C) peak thrombin concentration. 
(D) Representative Calibrated Automated Thrombogram (CAT). The cKO samples show 
altered thrombin generation kinetics in all conditions tested: i. PRP (Platelet rich plasma) ii. 
CRP/P (Co-stimulation with collagen related peptide & PAR-4 peptide) iii. Iono (Ionomycin). 
(E) Quantification of time to fibrin formation on collagen/tissue factor micro-spots under flow. 
cKO samples show impaired fibrin formation. 
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method) as well as (B) impaired thrombus formation (assessed by FeCl3 induced thrombosis 
in the carotid artery in vivo). 

Quantification of tissue factor initiated thrombin generation measurements at 37 °C." (A) 
lagtime, (B) time taken to reach peak thrombin levels and (C) peak thrombin concentration. 
(D) Representative Calibrated Automated Thrombogram (CAT). The cKO samples show 
altered thrombin generation kinetics in all conditions tested: i. PRP (Platelet rich plasma) ii. 
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(E) Quantification of time to fibrin formation on collagen/tissue factor micro-spots under flow. 
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type (Figure 4B). These results demonstrated that Grb2 is es-
sential for platelet adhesion and aggregate formation on col-
lagen under flow.

GPVI-stimulated platelets facilitate coagulation by the ex-
posure of negatively charged phosphatidylserine (PS) on their 
outer surface, thereby providing high-affinity binding sites for 
key coagulation factors.29 To test a possible role of Grb2 in the 
induction of coagulant activity, washed platelets were stimu-
lated with different agonists, and PS exposure was analyzed. 
After stimulation with the combination of CRP/thrombin or 
CRP/ADP, as well as high concentrations of rhodocytin, the 
majority of wild-type platelets exposed PS on their surface. 
In marked contrast, only partial or absent responses were 
seen in Grb2–/– platelets under these conditions, and they dis-
played virtually no PS exposure in response to CRP, which 
still produced a small increase in PS exposure in wild-type 
platelets (Figure 4C). These results revealed a prominent role 
for Grb2 in facilitating (hem)ITAM-induced coagulant activ-
ity in platelets.

Impaired Hemostasis and Partially Defective 
Arterial Thrombus Formation in Grb2–/– Mice
To study the effect of Grb2-deficiency on hemostasis, tail 
bleeding times were determined (Figure 5A). Grb2–/– mice ex-
hibited prolonged (mean bleeding time: Grb2+/+: 197±107 sec-
onds versus Grb2–/–: 381±237 seconds; P<0.0005) and highly 
variable bleeding times, suggesting thrombus instability as 
recently also described for mice lacking the adapter LAT.30,31

To examine to which extent the in vitro observed defects 
of Grb2–/– platelets influenced thrombotic events in vivo, we 
studied occlusive thrombus formation in a model where the 
abdominal aorta is mechanically injured, and blood flow is 
monitored with an ultrasonic perivascular Doppler flowmeter. 
Unexpectedly, wild-type and mutant mice formed occlusive 
thrombi with similar kinetics (mean occlusion time: Grb2+/+: 
303±101 seconds versus Grb2–/–: 351±98 seconds; Figure 5B), 
whereas the vessels of GPVI-deficient mice did not occlude.32 
We have previously shown that defective GPVI signaling can 
be compensated through TxA2-induced G protein–coupled 
receptor signaling pathways.33 Therefore, we inhibited TxA2 
synthesis in control and Grb2–/– mice by administration of a 
low dose of acetylsalicylic acid (ASA) intravenously (1 mg/
kg) and assessed thrombus formation in the injured aorta af-
ter 15 minutes. Strikingly, although ASA treatment had no 
significant effect on thrombus formation in control mice (14 
of 15 occluded, mean occlusion time: 296±84 seconds), a 

Figure 4. Impaired adhesion and defective aggregate 
formation of Grb2–/– platelets on collagen under flow and 
defective procoagulant activity. A, Whole blood from Grb2+/+ 
or Grb2–/– mice was perfused over a collagen-coated surface 
(0.2 mg/mL) at a shear rate of 1000 s–1. Representative phase 
contrast images of aggregate formation on collagen after 4 
minutes of perfusion time. Scale bar, 50 μm. B, Mean surface 
coverage (left) and relative thrombus volume expressed as 
integrated fluorescence intensity (IFI; right)±SD of 4 Grb2+/+ 
and 5 Grb2–/– mice (***P<0.001). C, Flow cytometric analysis of 
phosphatidylserine (PS) exposure in response to the indicated 
agonists in Grb2+/+ and Grb2–/– platelets. Washed platelets were 
stained with annexin V-DyLight-488 in the presence of Tyrode’s 
buffer containing 2 mmol/L Ca2+ agonist concentrations: Thr, 
0.1 U/mL; ADP, 10 μmol/L; collagen-related peptide (CRP), 20 
μg/mL. Results are mean percentage of annexin V–positive 
platelets±SD of 4 Grb2+/+ and 5 Grb2–/– mice and representative 
of 2 individual experiments (***P<0.001). RC indicates rhodocytin; 
and Thr, thrombin.

Figure 5. Impaired hemostasis and partially defective 
thrombus formation in Grb2–/– mice. A, Tail bleeding times 
of Grb2+/+ and Grb2–/– mice without or with acetylsalicylic acid 
(ASA) treatment (1 mg/kg i.v.) 15 minutes before the start of 
the experiment. Each symbol represents 1 animal. B, Time to 
stable vessel occlusion of Grb2+/+ and Grb2–/– mice without or 
with ASA treatment (1 mg/kg i.v.) 15 minutes before the start 
of the experiment. The abdominal aorta was injured by firm 
compression with a forceps, and blood flow was monitored for 
30 minutes. Each symbol represents 1 animal (*P<0.05, **P<0.01, 
***P<0.001).
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type (Figure 4B). These results demonstrated that Grb2 is es-
sential for platelet adhesion and aggregate formation on col-
lagen under flow.

GPVI-stimulated platelets facilitate coagulation by the ex-
posure of negatively charged phosphatidylserine (PS) on their 
outer surface, thereby providing high-affinity binding sites for 
key coagulation factors.29 To test a possible role of Grb2 in the 
induction of coagulant activity, washed platelets were stimu-
lated with different agonists, and PS exposure was analyzed. 
After stimulation with the combination of CRP/thrombin or 
CRP/ADP, as well as high concentrations of rhodocytin, the 
majority of wild-type platelets exposed PS on their surface. 
In marked contrast, only partial or absent responses were 
seen in Grb2–/– platelets under these conditions, and they dis-
played virtually no PS exposure in response to CRP, which 
still produced a small increase in PS exposure in wild-type 
platelets (Figure 4C). These results revealed a prominent role 
for Grb2 in facilitating (hem)ITAM-induced coagulant activ-
ity in platelets.

Impaired Hemostasis and Partially Defective 
Arterial Thrombus Formation in Grb2–/– Mice
To study the effect of Grb2-deficiency on hemostasis, tail 
bleeding times were determined (Figure 5A). Grb2–/– mice ex-
hibited prolonged (mean bleeding time: Grb2+/+: 197±107 sec-
onds versus Grb2–/–: 381±237 seconds; P<0.0005) and highly 
variable bleeding times, suggesting thrombus instability as 
recently also described for mice lacking the adapter LAT.30,31

To examine to which extent the in vitro observed defects 
of Grb2–/– platelets influenced thrombotic events in vivo, we 
studied occlusive thrombus formation in a model where the 
abdominal aorta is mechanically injured, and blood flow is 
monitored with an ultrasonic perivascular Doppler flowmeter. 
Unexpectedly, wild-type and mutant mice formed occlusive 
thrombi with similar kinetics (mean occlusion time: Grb2+/+: 
303±101 seconds versus Grb2–/–: 351±98 seconds; Figure 5B), 
whereas the vessels of GPVI-deficient mice did not occlude.32 
We have previously shown that defective GPVI signaling can 
be compensated through TxA2-induced G protein–coupled 
receptor signaling pathways.33 Therefore, we inhibited TxA2 
synthesis in control and Grb2–/– mice by administration of a 
low dose of acetylsalicylic acid (ASA) intravenously (1 mg/
kg) and assessed thrombus formation in the injured aorta af-
ter 15 minutes. Strikingly, although ASA treatment had no 
significant effect on thrombus formation in control mice (14 
of 15 occluded, mean occlusion time: 296±84 seconds), a 

Figure 4. Impaired adhesion and defective aggregate 
formation of Grb2–/– platelets on collagen under flow and 
defective procoagulant activity. A, Whole blood from Grb2+/+ 
or Grb2–/– mice was perfused over a collagen-coated surface 
(0.2 mg/mL) at a shear rate of 1000 s–1. Representative phase 
contrast images of aggregate formation on collagen after 4 
minutes of perfusion time. Scale bar, 50 μm. B, Mean surface 
coverage (left) and relative thrombus volume expressed as 
integrated fluorescence intensity (IFI; right)±SD of 4 Grb2+/+ 
and 5 Grb2–/– mice (***P<0.001). C, Flow cytometric analysis of 
phosphatidylserine (PS) exposure in response to the indicated 
agonists in Grb2+/+ and Grb2–/– platelets. Washed platelets were 
stained with annexin V-DyLight-488 in the presence of Tyrode’s 
buffer containing 2 mmol/L Ca2+ agonist concentrations: Thr, 
0.1 U/mL; ADP, 10 μmol/L; collagen-related peptide (CRP), 20 
μg/mL. Results are mean percentage of annexin V–positive 
platelets±SD of 4 Grb2+/+ and 5 Grb2–/– mice and representative 
of 2 individual experiments (***P<0.001). RC indicates rhodocytin; 
and Thr, thrombin.

Figure 5. Impaired hemostasis and partially defective 
thrombus formation in Grb2–/– mice. A, Tail bleeding times 
of Grb2+/+ and Grb2–/– mice without or with acetylsalicylic acid 
(ASA) treatment (1 mg/kg i.v.) 15 minutes before the start of 
the experiment. Each symbol represents 1 animal. B, Time to 
stable vessel occlusion of Grb2+/+ and Grb2–/– mice without or 
with ASA treatment (1 mg/kg i.v.) 15 minutes before the start 
of the experiment. The abdominal aorta was injured by firm 
compression with a forceps, and blood flow was monitored for 
30 minutes. Each symbol represents 1 animal (*P<0.05, **P<0.01, 
***P<0.001).
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large variation was recorded in bleeding times recorded for individual animals. Even more 

surprisingly, in the experimental models of arterial thrombosis, no differences were observed 

between WT and Grb2 KO mice. However, when WT and Grb2 KO animals were challenged 

in experimental hemostasis and thrombosis models after the administration of acetylsalicylic 

acid to interfere with thromboxane (TxA2) synthesis, the bleeding times in Grb2 KO animals 

was even further increased than without asprin treatment, and two populations were 

observed in the case of the thrombosis model – occlusion times were significantly prolonged 

than those observed in WT animals for some KO animals, while in others, stable vessel 

occlusion was not observed in the 30 min observation period (Figure 10). Thus, the authors 

could show experimentally that the inconsistency between the in vitro and in vivo 

observations arises partially due to compensation of the defective (hem)ITAM signaling 

through TxA2-induced GPCR signaling pathways.  

However, taking into account the residual phosphorylation of LAT and PLCγ2 in the absence 

of Grb2, and the less pronounced (hem)ITAM signaling defects in Grb2 KO mice compared to 

LAT KO mice, the authors speculated that the presence of Gads could be compensating for 

the loss of Grb2 in Grb2 KO animals.92 

	
1.6. Aims of this thesis 
	
The first aim of this thesis was to investigate the relevance of TMEM16F-mediated platelet 

procoagulant activity in the pathology of arterial thrombosis and ischemic stroke. It is now 

known that cerebral-ischemic stroke is a thrombo-inflammatory disease condition and its 

progression involves a myriad of contributing factors including platelets, immune cells and 

components of the coagulation cascade. However, the role of procoagulant platelets in these 

settings had remained uninvestigated. Therefore, platelet function and procoagulant activity 

was characterized in a novel TMEM16F conditional knockout mouse line in which the KO 

mice lack the scramblase specifically in megakaryocytes and platelets. This mouse line 

served as a model to study the impact of impaired platelet procoagulant response for arterial 

thrombosis and ischemic stroke using in vivo experimental models. 

The second section of this thesis dealt with the generation and characterization of novel 

humanized coagulation FXII knockin mice that express human factor XII instead of 

endogenous murine FXII. These mice will serve as a unique tool to test experimental anti-

thrombotic agents directed against human FXII in an in vivo system that closely mimics the 

hemodynamic and spatiotemporal interactions encountered in humans. 
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The third part of this thesis focused on examining the possibility of redundant roles between 

the closely related adapter proteins Grb2 and Gads for platelet activation and function 

downstream of (hem)ITAM signaling. Functional compensation between closely related key 

proteins downstream of (hem)ITAM signaling has been frequently observed and previous 

investigations on the role of either Grb2 or Gads in platelet function have hypothesized 

redundancy between the two proteins, although this had not been tested experimentally. 

Therefore, Grb2/Gads double knockout mice lacking both adapters in megakaryocytes and 

platelets were generated and platelet function assessed in in vitro and in vivo studies. 

	



	 	 Materials and methods	
	

26 

	
2. Materials and Methods 
	
2.1. Materials 
	

2.1.1. Kits and Reagents 
	

Reagent Company 

2,3,5-triphenyltetrazolium chloride Sigma-Aldrich (Schnelldorf, Germany) 

A23187 Merck Millipore (Darmstadt, Germany) 

Adenosine diphosphate (ADP) Sigma-Aldrich (Schnelldorf, Germany) 

Agarose Roth (Karlsruhe, Germany) 

Alexa Fluor 647-Fibrinogen Life Technologies (New York, USA) 

Amersham® Hyperfilm®, ECL GE Healthcare (Little Chalfont, UK) 

Ammonium persulphate (APS) Roth (Karlsruhe, Germany) 

Apyrase (Grade III) Sigma-Aldrich (Schnelldorf, Germany) 

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

Bovine serum albumin (BSA), low endotoxin PAA (Cölbe, Germany) 

Brij® O10 Sigma-Aldrich (Schnelldorf, Germany) 

Collagen Horm® suspension + SKF sol. Takeda (Linz, Austria) 

cOmplete, Mini protease inhibitor cocktail 
(# 11836153001) 

Roche Diagnostics (Mannheim, Germany) 

Convulxin Enzo Life Sciences (Lörrach, Germany) 

Cryo-Gel Leica Biosystems (Wetzlar, Germany) 

Dade® Innovin (tissue factor) Siemens Healthcare Diagnostics 
(Deerfield, IL, USA) 

DiOC6 AnaSpec (Reeuwijk, The Netherlands) 

dNTP Mix (10 mM) Life Technologies (Darmstadt, Germany) 
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Reagent Company 

DreamTaq hot start DNA polymerase ThermoFischer Scientific (Darmstadt, 
Germany) 

EDTA AppliChem (Darmstadt, Germany) 

Factor XII Human ELISA Kit (ab108835) Abcam (Cambridge, UK) 

Fat-free dry milk AppliChem (Darmstadt, Germany) 

FeCl3·6 H2O Roth (Karlsruhe, Germany) 

Fentanyl Janssen-Cilag (Neuss, Germany) 

Fibrinogen from human plasma (# F3879) Sigma-Aldrich (Schnelldorf, Germany) 

Fibrinogen from human plasma (# F4883) Sigma-Aldrich (Schnelldorf, Germany) 

Flumazenil AlleMan Pharma (Pfullingen, Germany) 

GeneRuler DNA Ladder Mix Life Technologies (Darmstadt, Germany) 

Glutaraldehyde solution (25%) Science Services (Munich, Germany) 

Heparin sodium Ratiopharm (Ulm, Germany) 

HEPES (4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid) 
 

Life Technologies (Darmstadt, Germany) 

IGEPAL® CA-630 Sigma-Aldrich (Schnelldorf, Germany) 

Immobilon-P transfer membrane, PVDF, 
0.45 µm 
 

Merck Millipore (Darmstadt, Germany) 

Indomethacin Sigma-Aldrich (Schnelldorf, Germany) 

Ionomycin, free acid Merck Millipore (city?) 

Isoflurane CP® cp-pharma (Burgdorf, Germany) 

Medetomidine Pfizer (Karlsruhe, Germany) 

Midazolam Roche (Grenzach-Wyhlen, Germany) 

Midori Green Advanced DNA stain Nippon Genetics Europe (Düren, 
Germany) 
 

Naloxon AlleMan Pharma (Pfullingen, Germany) 

NuPAGE® LDS Sample Buffer (4x) ThermoFischer Scientific (Darmstadt, 
Germany) 
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Reagent Company 

NuPAGE® MOPS SDS running buffer ThermoFischer Scientific (Darmstadt, 
Germany) 

NuPAGE® Novex® 4-12% Bis-Tris Gels, 
1mm, 10 well, 15 well 
 

ThermoFischer Scientific (Darmstadt, 
Germany) 

PageRuler Prestained Protein Ladder 
(# 26616, 26619) 
 

Life Technologies (Darmstadt, Germany) 

Paraformaldehyde (PFA) Sigma-Aldrich (Schnelldorf, Germany) 

Phenol/chloroform/isoamyl alcohol Roth (Karlsruhe, Germany) 

Prostacyclin (PGI2) Calbiochem (Bad Soden, Germany) 

Protease inhibitor cocktail (# P8340) Sigma-Aldrich (Schnelldorf, Germany) 

Proteinase K, recombinant, PCR grade 
(20 mg/ml) 
 

Life Technologies (Darmstadt, Germany) 

Purified Human FXII (#HCXII-0155) Haematologic Technologies (Vermont, 
USA) 
 

RiboLock RNase inhibitor (40U/µL) ThermoFischer Scientific (Darmstadt, 
Germany) 
 

RNase A (# R4875) Sigma-Aldrich (Schnelldorf, Germany) 

Rotiphorese® Gel 30 (37,5:1) acrylamide Roth (Karlsruhe, Germany) 

SeeBlue® Plus2 pre-stained standard Life Technologies (Darmstadt, Germany) 

SERVA BlueBlock PF SERVA Electrophoresis GmbH, 
Heidelberg 
 

Sodium orthovanadate Sigma-Aldrich (Schnelldorf, Germany) 

SpheroTM AccuCount fluorescent particles Spherotech (Fulda, Germany) 

Streptavidin-HRP (# 016-030-084) Jackson ImmunoResearch (West Grove, 
PA, USA) 
 

SuperScriptTM III Reverse transcriptase ThermoFischer Scientific (Darmstadt, 
Germany) 
 

Taq DNA polymerase (5 U/µl without BSA) 
(# EP0282) 
 

Life Technologies (Darmstadt, Germany) 

TEMED (N,N,N',N'-Tetramethylethylen-
ediamine) 

Roth (Karlsruhe, Germany) 
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Reagent Company 

Thrombin from human plasma 
(# 10602400001) 
 

Roche Diagnostics (Mannheim, Germany) 

TMB substrate reagent set BD Biosciences (Heidelberg, Germany) 

TRIzol® reagent ThermoFischer Scientific (Darmstadt, 
Germany) 

Tween® 20 Roth (Karlsruhe, Germany) 

U-46619 Enzo Life Sciences (Lörrach, Germany) 

Western Lightning® Plus-ECL PerkinElmer (Baesweiler, Germany) 

 

Collagen-related peptide (CRP) was generated as previously described.104 Annexin A5 was 

generously provided by Jonathan F. Tait, University of Washington Medical Center and 

conjugated to DyLight 488 by standard methods. Rhodocytin was isolated as described.105  

 

2.1.2. Antibodies 
	
Purchased primary and secondary antibodies 
 

Antibody Company 

Goat anti-rabbit IgG-HRP (#7074) Cell Signaling (Danvers, MA; USA) 

Mouse Anti-GRB2 (clone 3F2) (#05-372) Merck Millipore (Darmstadt, Germany) 

Mouse anti-phosphotyrosine (clone 4G10) Merck Millipore (Darmstadt, Germany) 

Rabbit anti-actin (#A2066) Sigma-Aldrich (Schnelldorf, Germany) 

Rabbit anti-GADS (#06-983) Merck Millipore (Darmstadt, Germany) 

Rabbit anti-GAPDH (#9545) Sigma-Aldrich (Schnelldorf, Germany) 

Rabbit anti-human FXII (#PA5-26672) ThermoFischer Scientific (Darmstadt, 

Germany) 

	
Rabbit anti-mouse IgG-HRP (#P0260) DAKO (Hamburg, Germany) 
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Rabbit anti-phospho-LAT (Y191) 

(#3584) 
 

Cell Signaling (Danvers, MA; USA) 

Rabbit anti-total-LAT (#9166) Cell Signaling (Danvers, MA; USA) 

Rabbit anti-phospho-PLCγ2 (Y759)  

(#3874) 

Cell Signaling (Danvers, MA; USA) 

Rabbit anti-phospho-Syk (Y525/526)  

(clone C87C1) (#2710) 
 

Cell Signaling (Danvers, MA; USA) 

Rabbit anti-total- PLCγ2 (B-10) (#sc-5283) Santa Cruz (Heidelberg, Germany) 

Rabbit anti-total-Syk (clone D1I5Q) 

(#12358) 

Cell Signaling (Danvers, MA; USA) 

 
Prof. Karl Kunzelmann from the Department of Physiology, University of Regensburg, kindly 

provided the rabbit anti-Ano6 antibody.24 

 
Monoclonal rat antibodies generated or modified in our laboratory 
		

Antibody Clone Isotype Antigen References 

p0p4 15E2 IgG2b GPIbα 106 

p0p3 7A9 IgG2a GPIbα 106 

DOM2 89H11 IgG2a GPV 107 

p0p6 56F8 IgG2b GPIX 107 

JAQ1 98A3 IgG2a GPVI 69 

INU1 11E9 IgG1 CLEC-2 88 

ULF1 97H1 IgG2a CD9 unpublished 

LEN1 12C6 IgG2b α2 69 

EDL1 57B10 IgG2a β3 106 

JON2 14A3 IgG2a αIIbβ3 107 

JON/A 4H5 IgG2b αIIbβ3 108 

MWReg30 5D7 IgG1 αIIbβ3 109 

WUG 1.9 5C8 IgG1 P-selectin 110 

LEN/B 23C11 IgG2b α2β1 111 
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2.1.3. Mice 
	
The generation of TMEM16F constitutive, and megakaryocyte- and platelet-specific 

conditional KO mice is described in detail in section 3.1.1 and Figure 12. Mouse Anoctamin6 

(Ano6) gene has 20 exons spanning 184 kb on chromosome 15. A targeting strategy was 

designed to conditionally delete exon 3 of the Ano6 gene by Cre-loxP system. This was 

designed to result in the generation of a frame-shift mutation and the introduction of a 

premature stop codon leading to the formation of a truncated, non-functional protein. 

For generation of humanized factor XII-knockin mice (hFXII-KI – mice that express human 

FXII instead of endogenous mouse FXII), the entire sequence of mouse F12 gene was 

replaced by the human F12 gene sequence. The targeting strategy employed is depicted in 

Figure 11. 

	

	
	
Figure 11. Generation of hFXII-KI mice. The F12 gene is located on chromosome 13 in mice and is composed of 
14 exons. Human F12 gene is located on chromosome 5 and is composed of 13 exons. Both encode for an 80 
kDa FXII with a 71% protein identity between humans and mice (A) For generation of hFXII-KI mice, the entire 
F12 mouse gene was replaced by F12 human gene. A neomycin resistance (neo) cassette flanked by Frt sites 
was used for selection of targeted alleles. (B) Mice bearing the targeted allele were intercrossed with mice 
expressing the Flp recombinase to eliminate the Neo selection cassette to obtain humanized FXII-knockin mice 
(hFXII-KI) 
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The generation of megakaryocyte- and platelet-specific Grb2 conditional knockout (Grb2 KO 

– Grb2 fl/fl Pf4-Cre+/-) mice has been previously described.92 The generation of Gads knockout 

mice (Gads KO – Gads -/-) has also been previously described.95 The Gads KO mice on a 

C57BL/6 background were received from the group of Prof. Steve Watson (Institute of 

Cardiovascular Sciences, University of Birmingham). The Grb2 KO mice were inter-crossed 

with the Gads KO mice for the generation of animals with a double deficiency of both adapter 

proteins Grb2 and Gads (Grb2/Gads double knockout mice, DKO - Gads -/-/ Grb2 fl/fl Pf4-Cre-/-). 

Animals on a C57BL/6 background, between 8-12 weeks of age were used for experiments, 

unless stated otherwise. Littermates were used as controls. Animal studies were approved by 

the district government of Lower Frankonia (Bezirksregierung Unterfranken).  

	

2.1.4. Buffers 
	
If not stated otherwise, all buffers were prepared in deionized water obtained from MilliQ 

Water Purification System (Millipore, Schwalbach, Germany). pH was adjusted with HCl or 

NaOH. 

	
Cacodylate buffer, pH 7.2  

Sodium cacodylate 0.1 M 
	
	

Coagulation medium (HEPES buffer pH 7.45)  

NaCl 136 mM 
HEPES 10 mM 
KCl 2.7 mM 
Glucose 0.1% 
CaCl2 6.3 mM 
MgCl2 3.2 mM 
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Fluorescent thrombin substrate (Thrombin generation assay)  

Z-GGR-AMC 2.5 mM 
HEPES 20 mM 
NaCl 140 mM 
CaCl2 200 mM 
BSA 6% 

	
	

Laemmli sodium dodecyl sulfate (SDS) sample buffer (4x)  

Tris-HCl, pH 6.8 200 mM 
Glycerol 40% 
Bromophenol blue (3’,3”,5’,5”-tetra-bromophenol-sulphonphthalein) 0.04% 
SDS 8% 
ß-mercaptoethanol (reducing conditions) 20% 

	
	

Laemmli running buffer for SDS-PAGE  

Tris 0.25 M 
Glycine 1.92 M 
SDS 35 mM 

	
	

Loading dye solution (6x) for analysis of PCR products  

Tris buffer (150 mM) 33% 
Glycerin 60% 
Bromophenol blue (3’,3”,5’,5”-tetra-bromophenol-sulphonphthalein) 0.04% 

	
	

Lysis buffer for DNA isolation  

Tris base  100 mM 
EDTA 5 mM 
NaCl 200 mM 
SDS 0.2% 
Proteinase K (20 mg/mL) – added just before addition to samples 100 µg/mL 
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Lysis buffer for immunoprecipitation (2x)  

NaCl 150 mM 
Tris, pH 7.5 20 mM 
Brij O10 1% 
NaF 10 mM 
Na3VO4 1 mM 
Protease inhibitor cocktail 1% 

 

Lysis buffer for platelet lysates, pH 8 

 

Tris, pH 7.4 15 mM 
NaCl 155 mM 
EDTA 1 mM 
NaN3 0.005% 
IGEPAL CA-630 1% 
Protease inhibitor cocktail 1% 

	
	

Lysis buffer (2x) for tyrosine phosphorylation studies, pH 7.5  

NaCl 300 mM 
Tris 20 mM 
EGTA 2 mM 
EDTA 2 mM 
NaF 10 mM 
Na3VO4 4 mM 
IGEPAL CA-630 1% 
Protease inhibitor cocktail 1% 

	
	

Phosphate-buffered saline (PBS), pH 7.14  

NaCl 137 mM 
KCl 2.7 mM 
KH2PO4 1.5 mM 
Na2HPO4 x 2H2O 8 mM 
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PRP reagent (Thrombin generation assay)  

HEPES 20 mM 
NaCl 140 mM 
BSA 0.5% 
Tissue factor 3 pM 

	
	

RIPA buffer  

NaCl 150 mM 
Triton X-100 1% 
Sodium deoxycholate 0.5% 
SDS 0.1% 
Tris, pH 8.0 50 mM 
Protease inhibitor cocktail 1% 

	
	

Semi-dry transfer buffer  

Tris-Ultra 75 mM 
Glycine 80 mM 
Methanol 40% 

	
	

Separating gel buffer (SDS-PAGE), pH 8.8  

Tris-HCl 1.5 M 
	
	

Sodium citrate, pH 7.0  

Sodium citrate 0.129 M 
	
	

Sorensen’s buffer, pH 7.4  

KH2PO4 100 mM 
Na2HPO4 100 mM 
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Stacking gel buffer (SDS-PAGE), pH 6.8  

Tris HCl 0.5 M 
	
	

Stripping buffer (“mild”), pH 2.0  

SDS 1% 
Glycine 25 mM 
in PBS  

	
	

TAE buffer (50x)  

Tris base 0.2 M 
Acetic acid 5.7% 
EDTA (0.5 M) 10% 

	
	

TE buffer  

Tris base 10 mM 
EDTA 1 mM 

	
	

Tris-buffered saline (TBS), pH 7.3  

Tris-HCl 20 mM 
NaCl 137 mM 

	
	

TBS-T (Wash buffer for Western blotting)  

TBS (1x)  
Tween® 20 0.1% 

	
	 	



	 	 Materials and methods	
	

37 

Tyrode-HEPES buffer, pH 7.4  

NaCl 134 mM 
Na2HPO4 0.34 mM 
KCl 2.9 mM 
NaHCO3 12 mM 
HEPES 5 mM 
MgCl2 1 mM 
Glucose 5 mM 
BSA 0.35% 

	
	
2.2. Methods 
	

2.2.1. Molecular biology and biochemistry 
	

2.2.1.1. Genotyping of mice by PCR 
	

2.2.1.1.1. Isolation of DNA from mouse ear samples 
	
For extraction and purification of DNA for mouse genotyping, ear tissue obtained by punching 

for mouse identification was used. The ear tissue was lysed by shaking overnight with 500 µL 

lysis buffer supplemented with 2.5 µL Proteinase K at 56 °C. The Phenol-Chloroform method 

of extraction was used for DNA isolation and purification. For this, a mixture of 

phenol/chloroform/isoamyl alcohol (500 µL) was added to the lysed tissue samples, followed 

by thorough mixing and then centrifugation at 10,000 rpm at room temperature (RT). The 

upper phase was carefully collected and added to 500 µL isopropanol in fresh Eppendorf 

tubes. Thorough mixing and centrifugation at 14,000 rpm at 4°C followed to pellet the DNA. 

Post centrifugation, the supernatant was decanted and the DNA pellet was washed with 70% 

ethanol. After a final centrifugation at 14,000 rpm and decantation of supernatant, the DNA 

pellet was allowed to dry at 37 °C for 30 min. The purified DNA was dissolved in 50 µL TE 

buffer by shaking at 37 °C for 30 min. This was used further for genotyping by PCR. 
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2.2.1.1.2. Polymerase chain reactions 
	
Reaction mixture for Ano6 and Pf4-Cre PCRs (25 µL final volume) 
 

Genomic DNA 1 µL 
Forward primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
Reverse primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
dNTPs (stock: 10 mM) 1 µL 
10x Taq buffer  2.5 µL 
MgCl2 (stock: 25 mM) 2.5 µL 
Taq polymerase (5 U/ µL) 0.25 µL 
H2O 15.75 µL 

	
Primers for Ano6 WT or floxed allele PCR 
 
Forward (Ano6-F): 5´ ATG TCT GTC AGA TAC TGC TCT TCA 3´ 
Reverse (Ano6-R): 5´ CAG CAA CTA GTT CAT GCA TGT GG 3´ 
 
Thermocycling conditions for PCR 
	

96 °C 3 min  
   
94 °C 30 s  
63.3 °C 30 s 35 cycles 
72 °C 60 s  
   
72 °C 10 min  

	
Results 
	

WT: 211 bp 
Floxed allele: 267 bp 

	
Primers for Pf4-Cre PCR 
 
Forward: 5´ CCC ATA CAG CAC ACC TTT TG 3´  
Reverse: 5´ TGC ACA GTC AGC AGG TT 3´ 
	
Thermocycling conditions for PCR 
	

96 °C 5 min  
   
94 °C 30 s  
54.1 °C 30 s 35 cycles 
72 °C 45 s  
   
72 °C 3 min  
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Results 
	

WT: No band 
Pf4 Cre positive: 450 bp 

	
Reaction mixture for Grb2 WT or floxed allele PCR (50 µL final volume) 
 

Genomic DNA 1 µL 
Forward primer  0.2 µL 
Reverse primer  0.2 µL 
dNTPs (stock: 10 mM) 1 µL 
10x DreamTaq Buffer  5 µL 
DreamTaq Hot Start DNA polymerase (5 U/µL) 0.5 µL 
DMSO 0.5 µL 
H2O 41.6 µL 

 
Primers for Grb2 WT or floxed allele PCR 
 
Forward (Grb2_2S): 5' CCA GCA CAC ATG TCC TGC CTT C 3' 
Reverse (Grb2_2AS): 5' GGT GGC TCA CAA CCA CCT ATA AC 3' 
 
Thermocycling conditions for PCR 
	

94 °C 4 min  
   
94 °C 20 s  
63 °C 20 s 35 cycles 
72 °C 30 s  
   
72 °C 10 min  

	
Results 
	

WT: 241 bp 
KO: 209 bp 
Heterozygous: Both bands and an additional band higher than these two 

	
Reaction mixture for GADS WT or KO PCR 25 µL final volume) 
	

Genomic DNA 1 µL 
Forward primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
Reverse primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
dNTPs (stock: 10 mM) 0.5 µL 
10x DreamTaq Buffer 2.5 µL 
DreamTaq Hot Start DNA polymerase (5 U/µL) 0.25 µL 
H2O 18.75 µL 
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Primers for GADS WT PCR 
 
Forward (GADS 1): 5´ AGA TCA GGG TCA CCG GG 3´    
Reverse (GADS 2): 5´ ACA GCG TCT CTT CAC CAC 3´ 
	
Thermocycling conditions for PCR 
	

94 °C 10 min  
   
94 °C 60 s  
56 °C 60 s 32 cycles 
72 °C 60 s  
   
72 °C 5 min  

	
Results 
	

WT: 350 bp 
KO: No band 

	
Primers for GADS KO PCR 
 
Forward (Neo 1): 5´ GCA CGC AGG TTC TCC GGC 3´ 
Reverse (Neo 2): 5´ GTC CTG ATA GCG GTC CGC C 3´ 
	
Thermocycling conditions for PCR 
	

94 °C 10 min  
   
94 °C 60 s  
56 °C 60 s 29 cycles 
72 °C 60 s  
   
72 °C 5 min  

	
Results 
 

WT: No band 
KO: 639 bp 

	
Reaction mixture for hFXII WT and hFXII-knockin PCRs ( 25 µL final volume) 
	

Genomic DNA 1 µL 
Forward primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
Reverse primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
dNTPs (stock: 10 mM) 0.5 µL 
10x DreamTaq Buffer 2.5 µL 
DreamTaq Hot Start DNA polymerase (5 U/µL 0.25 µL 
H2O 18.75 µL 
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Thermocycling conditions for PCR 
	

95 °C 5 min  
   
95 °C 30 s  
67.5 °C 30 s 40 cycles 
72 °C 30 s  
   
72 °C 10 min  

	
Primers for hFXII WT PCR 
	
Forward (hFXII-WT-F): 5´ GGA GCA AGC TTG ACC AAT CTC TAC 3´ 
Reverse (hFXII-WT-R): 5´ TCT CTC AGT CAC CTG AAC TAG CAG 3 
 
Results 
 

hFXII WT mice (expressing mouse FXII): 261 bp 
hFXII Neo-KI mice or KI mice (mice bearing the targeted allele): No band 

 
Primers for hFXII knockin PCR 
	
Forward (hFXII-WT-F): 5´ GGA GCA AGC TTG ACC AAT CTC TAC 3´ 
Reverse (hFXII-Mut-R): 5´ CTT GTA TCC ACC CAG TCT GGT TG 3´ 
	
Results 
	

hFXII WT mice (expressing mouse FXII): 
 

No band 

hFXII Neo-KI mice or KI mice (mice bearing the targeted allele with or 
without neomycin resistance cassette): 

 
342 bp 
 

	
Reaction mixture for hFXII-Geno PCR ( 25 µL final volume) 
	

Genomic DNA 1 µL 
Forward primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
Reverse primer (1:10 in H2O, stock: 100 pmol/µL) 1 µL 
dNTPs (stock: 10 mM) 0.5 µL 
10x DreamTaq Buffer 2.5 µL 
DreamTaq Hot Start DNA polymerase (5 U/µL) 0.25 µL 
H2O 18.75 µL 

	
Primers for hFXII-Geno PCR 
 
Forward (hFXII-FRTGeno-For): 5´ GGA ATC GTG GTG CGG ATA GT 3´ 
Reverse (hFXII-FRTGeno-Rev): 5´ ACC ACC ATG CCA GGC TTA AA 3´ 
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Thermocycling conditions for PCR 
 

96 °C 3 min  
   
94 °C 30 s  
65 °C 30 s 40 cycles 
72 °C 40 s  
   
72 °C 10 min  

 
Results 
	

hFXII WT mice (expressing mouse FXII): 
 

148 bp 

hFXII Neo-KI mice (mice bearing the targeted allele with the 
neomycin resistance cassette): 

 
No band 
 

hFXII KI mice (mice bearing the targeted allele without the neomycin 
resistance cassette): 

 
245 bp 

	

2.2.1.2. Reverse transcription polymerase chain reaction (RT-PCR) 
	
Washed platelets were isolated from whole blood as described in section 2.2.2.5. Platelets 

from three mice per genotype were pooled and lysed using a determined volume of RIPA 

buffer in order to adjust platelet count between samples to equal levels. The mRNA was 

isolated by the acid guanidinium thiocynate-phenol-chloroform extraction method using 

TRIzol reagent (Invitrogen). 1 mL TRIzol was added to each pooled sample and thoroughly 

mixed by vortexing, then further allowed to stand at RT for 10 min. This was followed by 

addition of 250 µL chloroform and thorough mixing. After being allowed to stand at room 

temperature for 10 min, the samples were centrifuged at 10,000 rpm for 10 min at 4 °C. The 

upper phase was carefully transferred to 1 mL ice-cold isopropanol, mixed well and stored at 

-20 °C overnight. The samples were then centrifuged at 14,000 rpm for 10 min at 4 °C to 

obtain RNA as a pellet. The pellet was washed with 70% ethanol. After decanting the ethanol 

the RNA pellet was allowed to dry at RT for 30 min. The pellet was solubilized in RNAase 

free water supplemented with Ribolock. The RNA quality and concentration was determined 

with a Nanodrop device.  

cDNA was generated from the mRNA template using SuperScript III reverse transcriptase 

(ThermoFischer Scientific) according to the manufacturer’s instructions. 
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Mastermix 1  
mRNA 1 µg 
Oligo(dT)18 primer 2 µL 
DEPC treated water to 20 µL 

	
Mastermix 2  
5x first-strand buffer 4 µL 
DTT (100 mM) 2 µL 
dNTPs 1 µL 
RiboLock RNase inhibitor (40 U/µL) 0.1 µL 
SuperScript III Reverse Transcriptase (200 U/ µL) 0.5 µL 

	
Mastermix 1 was prepared and denatured at 70 °C for 5 min followed by cooling on ice for 2 

min. This was combined with mastermix 2 and the enzymatic reaction was carried out at 42 

°C for 60 min followed by enzymatic inactivation at 70 °C for 10 min. The cDNA obtained 

was used for RT-PCR 

 

Reaction mixture: 

 

cDNA as template 1 µL 
Forward primer (1:10 in H2O, stock: 100 pmol/µL) 0.5 µL 
Reverse primer (1:10 in H2O, stock: 100 pmol/µL) 0.5 µL 
dNTPs (stock: 10 mM) 0.5 µL 
10x Taq Buffer  2.5 µL 
MgCl2 (stock: 25 mM) 2.5 µL 
Taq polymerase (5 U/ µL) 0.3 µL 
H2O 17.2 µL 

	
The following primers were used to detect the Ano6 transcript through exon 3 to exon 4: 5’-

TGACCAGACAATTGTCTGCC-3’ and 5’-CACGAGGATGAAGTCGATTC-3’ (expected 

product size 142 bp). The primers used for the detection of actin as a control were: 5’-

GTGGGCCGCTCTAGGCACCAA-3’ and 5’-CTCTTTGATGTCACGCACGATTTC-3’ 

(expected product size 500 bp). 
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Thermocycling conditions: 

 

96 °C 3 min  
   
94 °C 30 s  
56 °C 30 s 40 cycles 
72 °C 40 s  
   
72 °C 5 min  

	

2.2.1.3. Preparation of platelet lysates and Western blotting 
	
Platelet-rich plasma (PRP) was obtained from whole blood as described in section 2.2.2.5 

and then 5 % EDTA in PBS was used to wash platelets twice instead of Tyrode’s buffer. 

Platelets were adjusted to a count of 2 × 106 platelets/µL and lysed with RIPA buffer 

containing protease inhibitors, for 20 min on ice. The lysate was centrifuged at 14,000 rpm for 

10 min at 4 °C to remove cell debris. The protein concentration of the supernatant was 

determined by Bradford method and it was mixed with 4x Laemmli buffer (reducing or non-

reducing). Samples were boiled at 95 °C for 5 min. Proteins were separated on an 8 % or 

10% SDS-PAGE gel and transferred onto a PVDF membrane by wet or semi-dry transfer. 

The membrane was blocked with 5 % non-fat milk for 1 h at RT and subsequently incubated 

with the primary antibody overnight at 4 °C. Proteins were visualized following incubation with 

HRP-conjugated secondary antibody for 1 h at room temperature and using the ECL 

detection kit. 

Western blot experiments to detect Grb2 or Gads protein expression in Grb2 KO, Gads KO 

and Grb2/Gads DKO platelets were performed by Dr. Elizabeth Haining from our laboratory. 

For the Ano6 Western blot, platelet lysates were mixed with reducing Laemmli buffer and not 

boiled. 50 µg protein was loaded per lane. 1:500 anti-mouse Ano6 antibody (1 mg/mL) was 

used as primary antibody. 
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2.2.2. In vitro or ex vivo analysis of platelet function 
	

2.2.2.1. Determination of platelet count and surface glycoprotein expression 
	
For the determination of surface expression levels of the major glycoproteins on the platelet 

surface, 50 µL of blood was obtained from the retro-orbital plexus of mice in 300 µL of 20 

U/mL heparin using heparinized capillaries. This heparinized whole blood was diluted in PBS 

and 50 µL aliquots were stained with saturating amounts of FITC-labeled antibodies against 

major platelet glycoproteins as indicated in Figure 15C and listed in section 2.1.2. The 

incubation of whole blood with fluorophore-labeled antibodies was performed for 15 min at 

RT and the staining was terminated by addition of 500 µL 1x PBS. The samples were 

analyzed on a FACSCalibur (BD Biosciences) and the data obtained was analyzed on 

FlowJo version 7.6. 

Platelet count was determined as described previously.112 Heparinized blood (50 µL) was 

diluted 1:20 in PBS. 50 µL of this diluted sample was stained for 15 min at RT with 

phycoerythrin (PE)-conjugated anti-integrin αIIbβ3 antibody (clone JON2) and anti-GPV 

fluorescein isothiocynate (FITC)-conjugated antibody (clone DOM1) to identify the platelet 

population in whole blood. After 15 min, 500 µL of PBS was added, followed by addition of 

fluorescent beads of a known count (AccuCount fluorescent particles, 5.2 µm; Spherotec). 

The samples were analyzed on a FACSCalibur (BD Biosciences) for 90 s each. The platelet 

count was calculated using the following formula: 

	
𝐴
𝐵

 ×  
𝐶
𝐷

 =  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 µ𝑙	

	
A = number of events for the test sample 

B = number of events for the fluorescent particles 

C = number of fluorescent particles per 50 µL (as mentioned on the data sheet of the 

particular batch of particles used) 

D = volume of test sample initially used in µL 
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2.2.2.2. Determination of whole blood parameters 
	
Heparinized whole blood (50 µL) was obtained as described in the previous section and 

diluted 1:20 in PBS. This diluted whole blood was used to measure blood parameters in an 

automated hematology analyzer (Sysmex KX-21TM), which gave values for parameters such 

as MPV (mean platelet volume), WBC count, RBC count, hemoglobin levels and hematocrit. 

	

2.2.2.3. Isolation of plasma and measurement of coagulation parameters (aPTT & PT) 
	
Mice were bled using sodium citrate as anticoagulant. Whole blood was centrifuged at 3000 g 

for 8 min at RT to fractionate the plasma from the blood cells. Post centrifugation, the upper 

phase (plasma) was carefully collected into a fresh Eppendorf tube and stored at -80 °C until 

measurement of coagulation parameters - activated partial thromboplastin time (aPTT) and 

prothrombin time (PT) at the Central Laboratory, University Hospital of Würzburg, in 

collaboration with Dr. Sabine Herterich.   

	

2.2.2.4. Flow cytometric analysis of platelet activation 
	
Two parameters were used as a measure of platelet activation in a FACS assay. First, the 

activation of the most abundant integrin on the platelet surface αIIbß3, on agonist stimulation 

was measured by utilizing PE-coupled JON/A antibody. Second, the surface exposure of P-

selectin, which is stored in the alpha-granules of platelets, was used as a measure of 

degranulation response of platelets on agonist stimulation using a FITC-labeled anti-P-

selectin antibody. For the assay, heparinized whole blood obtained as described in section 

2.2.2.1 was washed twice in Tyrode-HEPES buffer to eliminate heparin and then diluted in 

Tyrode-HEPES buffer containing 2 mM CaCl2. Aliquots of 50 µL of this diluted blood was 

activated with the indicated concentration of agonists, and stained with antibodies JON/A-PE 

and anti P-selectin-FITC, for 8 min at 37 °C and further 8 min at RT. The reaction was 

stopped by addition of 500 µL 1x PBS. Unstimulated samples were used as resting controls. 

The samples were analyzed on a FACSCalibur (BD Biosciences) and the data obtained was 

analyzed on FlowJo version 7.6. 
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2.2.2.5. Preparation of washed platelets 
	
Mice were bled from the retro-orbital plexus under isoflurane anesthesia. Blood was collected 

in an Eppendorf tube containing 300 µL (6 U) heparin or 10% of 0.129 M sodium citrate as 

anticoagulant. The platelet-rich plasma (PRP) was fractionated from whole blood by 2 cycles 

of centrifugation at 300 g for 6 min at room temperature (RT). The upper white phase (PRP) 

was carefully collected without any contamination by the lower red phase. For the preparation 

of washed platelets, PRP was centrifuged at 800 g for 5 min at RT leading to obtain a platelet 

pellet. After re-suspension in modified Tyrodes-HEPES buffer supplemented with prostacyclin 

(0.1 µg/mL) and apyrase (0.02 U/mL) to prevent platelet activation, the platelets were washed 

twice by centrifugation at 800 g for 5 min at RT. Platelet count was measured by hematology 

analyzer (Sysmex KX-21TM) and adjusted to 5 × 105 platelets/µL by re-suspending in 

modified Tyrodes-HEPES buffer containing 0.02 U/mL apyrase. 

	

2.2.2.6. Platelet aggregation studies 
	
The aggregation response of platelets on agonist stimulation was measured on a Fibrintimer 

4 channel aggregometer (APACT Laborgeräte und Analysensysteme). An aliquot of 50 µL of 

washed platelets were diluted with 110 µL Tyrodes-HEPES buffer supplemented with 2 mM 

CaCl2 and 100 µg/mL human fibrinogen (except in the case of thrombin stimulation where 

fibrinogen was not used). The platelet suspension was continuously stirred at 1,000 rpm. 30 s 

after starting the measurement, the indicated agonists were added and the aggregation curve 

recorded for 10 min. In case of ADP stimulation, 50 µL PRP with a platelet concentration of 

1.5 × 105 platelets/µL was used instead of washed platelets. 

	

2.2.2.7. Measurement of Phophatidylserine (PS)-exposure in platelets 
	
Washed platelets were rested for 30 min at 37 °C and then diluted 1:10 in modified Tyrodes-

HEPES buffer containing 2 mM CaCl2, but no BSA, to attain a final concentration of 5 × 104 

platelets/µL. Aliquots of 50 µL of the diluted samples were co-stained with annexin A5-

DyLight-488 to label PS and JON/A-PE to label the platelet population, and stimulated with 

10 µM ionomycin, 10 µM A23187 or co-stimulated with 10 µg/mL CRP and 0.1 U/mL 

thrombin for 5 min at RT. The reaction was terminated by addition of 500 µL modified 

Tyrodes-HEPES buffer containing 2 mM CaCl2 (without BSA). Unstimulated platelet samples 

were used as resting controls. Samples were analyzed on a FACSCalibur (BD Biosciences) 
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and the data obtained was analyzed on FlowJo version 7.6. The FL-1 histogram was gated 

into three regions: 

• Annexin A5 Negative (99 % of events in WT resting condition) 
• Annexin A5 High (90 % of the events in the WT ionomycin stimulated condition)  
• Annexin A5 Low (intermediate population between Annexin A5 Negative and 

Annexin A5 High) 
 

Simultaneously, 50 µL of the diluted sample was also stimulated with the same agonists 

under similar conditions, but stained with anti P-selectin FITC antibody as a measurement of 

α-granule release and thus platelet activation.  

	

2.2.2.8. Measurement of platelet membrane ballooning through changes in light 
transmission 

	
Increase in light transmission through a suspension of platelets (i.e. clearance of turbidity) 

served as a measure of transformation of platelets to a more rounded and translucent 

morphology (membrane ballooning) when subjected to stimulation with the calcium ionophore 

ionomycin. It has been previously reported that ionomycin treatment does not lead to 

platelets aggregation, but instead causes membrane ballooning.113 Changes in light 

transmission were recorded for 10 min on a Fibrintimer 4 channel aggregometer (APACT 

Laborgeräte und Analysensysteme). Aliquots of 50 µL of washed platelets were diluted with 

110 µL Tyrodes-HEPES buffer supplemented with 2 mM CaCl2 and 100 µg/mL human 

fibrinogen. The platelet suspension was continuously stirred at 1,000 rpm. 5 µg/mL CRP was 

used to stimulate the platelet suspension after 150 s as a control to ascertain reactivity of 

platelet samples. For further measurements, 30 s after starting the measurement JON/A 

F(ab)’2 fragments were added at a concentration of 20 µg/mL to block αIIbβ3 integrins and 

thus prevent aggregation.108 120 s after addition of JON/A F(ab)’2 fragments, the platelet 

suspension was stimulated with either 5 µg/mL CRP (as a control for effective inhibition of 

platelet aggregation) or 20 µM ionomycin, to study the process of platelet ballooning. 

	

2.2.2.9. Protein phosphorylation studies 
	
Washed platelets were prepared as described in section 2.2.2.5, except that the second 

wash step was performed using Tyrodes buffer without BSA supplementation, and the 

platelet count was adjusted to 700,000/µL. The platelet suspension was allowed to rest for 10 
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min at 37 °C and then treated with 10 µM indomethacin, 2 U/mL apyrase and 5 mM EDTA to 

prevent platelet activation by second wave mediators and platelet aggregation. Following 5 

min incubation at 37 °C, the platelet suspension was taken into a cuvette and continuously 

stirred at 1,000 rpm, the temperature being maintained at 37 °C. A quarter of the sample 

volume was withdrawn as 0 s time point and immediately added to an equal volume of ice-

cold 2x lysis buffer. The remaining platelet suspension was stimulated with the indicated 

agonists (convulxin or rhodocytin), and samples were taken at 30 s, 90 s and 300 s post 

stimulation, and immediately added to equal volumes of ice-cold 2x lysis buffer. The platelet 

lysates were centrifuged at 14,000 rpm for 10 min at 4 °C and the supernatants were 

collected.   

For platelet signaling studies using phospo-specific antibodies, the platelet lysates were 

mixed with 4x SDS reducing sample buffer, incubated at 70 °C for 10 min and then subjected 

to Western blot analysis as described in section 2.2.1.3.  

For pan-tyrosine phosphorylation studies using the 4G10 antibody, the platelet lysates were 

mixed with 4x NuPAGE LDS sample buffer containing ß-mercaptoethanol and incubated at 

70 °C for 10 min. Proteins were separated on NuPAGE Novex 4-12 % gradient Bis-Tris gels 

using 1x NuPAGE MOPS SDS Running buffer. The gels were run at 4 °C in the cold room. 

Further steps were performed as described above, using the anti-phosphotyrosine antibody 

4G10 as primary antibody. 

For both kinds of experiments, SERVA BlueBlock PF protein free blocking reagent was used 

for blocking and for diluting the primary and secondary antibodies. 

 

2.2.2.10. Thrombin generation assay 
	
PRP was fractionated from citrate-anti-coagulated whole blood by two cycles of centrifugation 

at 300 g for 6 min. Platelets were pelleted from PRP by another centrifugation step at 800 g 

for 5 min and the supernatant (PPP, platelet poor plasma) was pooled from the samples 

originating from mice of the same genotype. Platelets were adjusted to a concentration of 1.5 

× 105 platelets/µL in the respective pooled PPP to form the PRP. PRP was left unstimulated 

or stimulated with the indicated agonists (10 µM A23187 or co-stimulated with 20 µg/mL CRP 

& 5 mM PAR-4 peptide) and immediately pipetted into a 96-well plate. All samples were 

pipetted in duplicate. Each well contained recombinant tissue factor (3 pmol/L). Tissue factor 

initiated thrombin generation was quantified using the calibrated automated thrombogram 

(CAT) method adapted for mouse plasma as described previously.114, 115 The machine was 
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preheated to 37 °C and thrombin generation was monitored by addition of a fluorescent 

thrombin substrate (Z-Gly-Gly-Arg aminomethyl coumarin, 2.5 mmol/L) to each well. First-

derivative curves of the accumulation of fluorescence intensity over time were converted into 

curves of nanomolar thrombin, using a thrombin calibrator. The Ca2+ ionophore A23187 was 

used in this assay and not ionomycin, as plasma proteins quench the latter. Experiments 

were performed with Sarah Beck from our laboratory. 

 

2.2.2.11. Platelet adhesion and fibrin formation on collagen/tissue factor under flow 
conditions 

	
Ex vivo assay for detection of fibrin clot formation under flow was performed as described 

previously.116 Rectangular coverslips (24 × 60 mm) were coated with microspots of 100 ng 

Horm type I collagen with/ without 10 pg recombinant human tissue factor, and were 

subsequently blocked with 1 % BSA. Citrate anti-coagulated blood (1 part Na-citrate, 9 parts 

blood) was obtained and pre-labeled with DiOC6 to mark platelets, Alexa fluor (AF)647-

fibrinogen to detect fibrin(ogen) and AF 568-annexin A5 to visualize PS exposure and platelet 

membrane ballooning. Blood was taken in a 1 mL syringe and mixed with coagulation 

medium taken in another 1 mL syringe and, with the aid of a Y-shaped flattened mixing tube 

and two pulse-free micro-pumps, perfused as a mixture (ratio 10:1) over the coated coverslip 

placed in a custom-made parallel plate flow chamber. Images were recorded using an EVOS 

AMF 4300 digital inverted microscope at 60x magnification every 1.5 min until fibrin formation 

was observed, or for an observation period of 8 min. Experiments were performed with Dr. 

Frauke Swieringa from the Department of Biochemistry, Cardiovascular Research Institute 

Maastricht (CARIM), University of Maastricht. 

 

2.2.2.12. Scanning electron microscopy (SEM) 
	
Following the ex vivo flow chamber assay for detection of fibrin clot formation, for the WT or 

cKO samples where fibrin formation was observed to take place, the coverslip was carefully 

removed from the parallel plate flow chamber 1 min after fibrin formation. The coverslip was 

rinsed with HEPES buffer (including glucose and BSA, both 0.1% w/v) followed by addition of 

300 µL of 2.5% glutaraldehyde in cacodylate buffer to fix the samples (30 min at RT, followed 

by 4 °C overnight). The coverslips were then washed with Sorenson’s buffer. The area 

bearing the fibrin clot was carefully cut out using a diamond cutter. The samples were placed 

in 6-well plates and subjected to sequential dehydration by submerging them in increasing 
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concentrations of acetone – 30% acetone for 15 min; 50% acetone for 20 min; 70% acetone 

for 30 min; 90% acetone for 45 min; 100% acetone for 30 min; fresh 100% acetone for 30 

min. The dehydrated samples were dried in a critical point dryer and mounted onto SEM 

stubs. The prepared samples were imaged on a JEOL JSM-7500F microscope. 

 

2.2.3. In vivo analysis of platelet function 
	

2.2.3.1. Anesthesia 
	
Mice were anesthetized by intraperitoneal injection of a combination of 

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

	

2.2.3.2. Tail bleeding assay (Hemostasis model) 
	
The bleeding time assay was performed using the filter paper method. Mice were 

anesthetized and 2 mm of the tail tip was cut off with a scalpel. Tail bleeding time was 

monitored by gently absorbing blood drops onto a filter paper every 20 s without making 

direct contact to the wound site. Bleeding was considered to have ceased when no blood was 

observed to blot onto the filter paper. The experiment was performed until cessation of 

bleeding, or until the end of a 20 min observation period. 

Dr. Elizabeth Haining from our laboratory performed the bleeding time assay comparing Grb2 

KO, Gads KO and Grb2/Gads DKO animals. 

	

2.2.3.3. Model of FeCl3-induced thrombosis in the carotid artery 
	
The right carotid artery of an anesthetized mouse was exteriorized through a midline incision 

in the neck. An ultrasonic flow probe (0.5PSB699, Transonic Systems) was placed around 

the vessel to measure the blood flow. Experimental thrombosis was induced in the vessel by 

topical application of a filter paper soaked with 6 % FeCl3 for 100 s, just below the placed flow 

probe. Blood flow was measured and recorded until full occlusion of the vessel (cessation of 

blood flow for at least 3 min) or until the end of an observation period of 30 min.  
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2.2.3.4. Model of FeCl3-induced thrombosis in the mesenteric arterioles 
	
Mice between the ages of 3-4 weeks were used for these experiments. Mice were 

anaesthetized and 56F8-DyLight 488 was injected i.v. to label platelets (2 µg/mouse). The 

mesentery was carefully exteriorized through a midline abdominal incision. Arterioles with a 

diameter of ~35-60 µm, free from excess fat were selected and immobilized on a petri dish 

with the help of gauze saturated with saline. Injury was induced by topical application of a 

drop of 20% FeCl3 solution, placed over the arteriole with the help of a triangular filter paper. 

The process of injury, platelet adhesion, aggregation and thrombus formation were visualized 

using an inverted fluorescence microscope (Axiovert 200 equipped with a 100W HBO 

fluorescence lamp and a CookSNAP-EZ camera, Visitron) and recorded using the MetaVue 

software. Images were acquired until full vessel occlusion (cessation of blood for more than 1 

min), or for a maximum period of 40 min. 

	

2.2.3.5. Model of mechanical injury-induced thrombosis in the aorta 
	
The abdominal aorta and the inferior vena cava of an anaesthetized mouse were visualized 

through a midline incision to access the abdominal cavity. The wall of the aorta was carefully 

separated from that of the vena cava and an ultrasonic flow probe was placed around the 

aorta to measure blood flow. Experimental thrombosis was induced by mechanically injuring 

the vessel through tight compression with forceps for 15 s, just above the placed flow probe. 

Blood flow was measured and recorded until full occlusion of the vessel (cessation of blood 

flow for at least 3 min) or until the end of an observation period of 30 min.  

	

2.2.3.6. Transient middle cerebral artery occlusion (tMCAO) model of ischemic 
stroke 

	
Dr. Eva Geuß from the Department of Neurology, University Hospital of Würzburg performed 

these experiments as described previously.117 Mice were anesthetized with 2 % isoflurane, 

and the carotid artery was exposed. A silicon rubber-coated nylon monofilament was 

advanced through the carotid artery to occlude the middle cerebral artery for 60 min, after 

which it was removed to allow reperfusion. Following 23 h of reperfusion, the mice were 

tested for global neurological defects by the Bederson score (0 - best functional outcome, 5 - 

worst deficit),118 as well as for motor functional and coordination deficits by the grip test (5 - 
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best, 0 - worst).119 The brains of the mice were also quantified for edema corrected infarct 

volumes with the aid of 2,3,5-triphenyltetrazolium chloride (TTC) staining on brain sections.  
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3. Results 
	
3.1. TMEM16F-mediated platelet membrane phospholipid scrambling is 

critical for hemostasis and thrombosis but not thrombo-inflammation in 
mice 

 

3.1.1. Generation of TMEM16F knockout mice 
	
The targeting strategy used for the generation of TMEM16F constitutive, and megakaryocyte- 

and platelet-specific conditional KO mice, is depicted in Figure 12.  

 

	
	
Figure 12. Targeting strategy for generation of TMEM16F constitutive (TMEM16F KO) and megakaryocyte- and 
platelet-specific KO mice (TMEM16F cKO). (A) Targeting vector – The gene encoding the protein TMEM16F, 
Anoctamin 6 (Ano6) has 20 exons, spanning 184 kb on chromosome 15 in mice. For generation of cKO mice, the 
targeting strategy was designed to conditionally knock out exon 3 (E3) by Cre-loxP system. This was expected to 
result in frame shift for protein translation resulting in a 27 amino acid (aa) truncated protein (23 aa N-terminal 
sequence of Ano6 and 4 aa frame-shifted nonsense aa). Compared to the full-length protein of 911 aa, this 
truncated protein was expected to be non-functional. To achieve this, loxP fragments were inserted into the 
introns flanking exon 3. A neomycin resistance (neo) cassette flanked by Frt sites was used for selection of 
targeted alleles. (B) Mice bearing the targeted allele were intercrossed with mice expressing the Flp recombinase 
to eliminate the Neo selection cassette flanked by Frt sites to obtain floxed mice (C). (D) The floxed mice were 
intercrossed with mice expressing the Cre-recombinase under the control of megakaryocyte- and platelet-specific 
precursor platelet factor-4 (Pf4) to obtain megakaryocyte- and platelet-specific conditional KO mice. Constitutive 
KO mice were obtained using the knockout-first targeting strategy, taking advantage of the presence of the 
neomycin resistance selection cassette, which was expected to prevent gene translation and protein expression 
(B). (Baig et al., ATVB 2016)120 

	
TMEM16F constitutive knockout mice (Ano6-/-  - from here on referred to as TMEM16F KO 

mice) were generated using the ‘knockout first’ strategy, based on the presence of the 
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neomycin resistance cassette that is expected to prevent gene translation and thus protein 

expression. 

A PCR-based genotyping approach confirmed the success of this targeting strategy (Figure 

13A). Matings were set up to generate 25% WT, 25% constitutive KO and 50% heterozygous 

mice. However, genotyping results revealed that as reported previously,46, 47 TMEM16F KO 

mice are embryonic lethal and hardly any KO animals survive until birth (Figure 13B).  

To determine the developmental stage beyond which TMEM16F KO embryos are unable to 

survive, embryo analysis was carried out following timed matings. These studies revealed 

that while embryos with a constitutive deletion of Ano6 gene expression are present in 

expected Mendelian ratios until embryonic day 12.5 (E12.5), this is not the case for E14.5 

(Figure 13B). Embryo resorption was frequently observed at E14.5. These results indicate 

that most TMEM16F KO mice die between E12.5 and E14.5 stages of embryonic 

development. However, visual examination of the surviving KO embryos at E12.5 did not 

reveal any obvious pathology, such as major bleedings or exencephaly as reported 

previously (Figure 13C).46  

 

	
	
Figure 13. Constitutive deletion of Ano6 gene expression results in embryonic lethality. (A) Genotyping strategy to 
distinguish between WT, heterozygous (HET) and TMEM16F KO mice. With the primers used, DNA from WT 
mice produced a band at 211 bp, DNA from KO mice produced a band at 267 bp, whereas DNA from HET mice 
produced both bands. (B) Genotypic distribution of progeny of HET x HET matings at embryonic day 12.5 (E12.5), 
E14.5, as well as postnatally. As per Mendelian distribution, this mating strategy was expected to produce 25% 
WT mice, 50% HET mice and 25% KO mice. Mice were present at an expected Mendelian ratio at E12.5, but the 
number of KO mice surviving until E14.5 was dramatically reduced, with only 8% KO mice surviving until birth. (C) 
The KO embryos surviving until E12.5 did not show any obvious pathology on visual examination. 
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To obtain conditional knockout mice (hereafter referred to as TMEM16F cKO mice), mice 

carrying the targeted allele were first intercrossed with mice expressing the Flp recombinase, 

in order to eliminate the neomycin resistance selection cassette flanked by the Frt sites 

(Figure 12B). The ‘floxed’ mice thus obtained (Figure 12C), expressing loxP fragments in the 

introns flanking exon 3 were further intercrossed with mice expressing the Cre recombinase 

under the control of the platelet factor 4 (Pf4) promoter to obtain megakaryocyte- and 

platelet-specific conditional knockout mice (cKO) (Figure 12D).  

To confirm the success of the targeting strategy, RT-PCR analysis using mRNA obtained 

from WT and cKO platelets was performed which showed the complete absence of the region 

encoded by exon 3 at mRNA level (Figure 14A). Furthermore, when lysates from WT and 

cKO platelets were analyzed in a Western blot approach using a specific antibody against 

TMEM16F, the cKO platelets lacked TMEM16F at protein level - confirming the absence of 

the protein in platelets of cKO mice (Figure 14B). The cKO mice were born with an expected 

Mendelian distribution and were observed to be healthy (Figure 14C). 

 

	
Figure 14. Generation of TMEM16F cKO mice. (A) RT-PCR of platelet cDNA samples from WT (Ano6fl/fl) and cKO 
(Ano6fl/fl Pf4-Cre+/-) mice showing absence of exon 3 encoded region of TMEM16F at mRNA level in cKO platelets. 
(B) Western blot of platelet lysates from WT and cKO animals using a specific antibody against TMEM16F 
showing its complete loss at protein level, confirming success of the targeting strategy. Actin was used as loading 
control. (C) Colony characteristics of TMEM16F cKO mouse line. Mating between Ano6fl/fl  and Ano6fl/fl Pf4-Cre+/- 
mice yielded an average litter size of 6. WT and cKO animals were born with expected Mendelian distribution 
(~50% WT and ~50% cKO). (Baig et al., ATVB 2016)120 

 

3.1.2. TMEM16F cKO animals display overall normal blood parameters 
	
The intrinsic as well as extrinsic pathways of coagulation were intact in the cKO mice as 

determined by the global coagulation assays, prothrombin time (PT) and activated partial 
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thromboplastin time (aPTT). Additionally, whole blood parameters including platelet count 

and size were comparable between WT and cKO animals (Table 1, Figure 15A,B).  

 WT cKO p 

WBC x 103/µL 8.29 ± 2.31 9.29 ± 2.44 n.s. 

RBC x 103/µL 6.50 ± 0.87 6.40 ± 0.68 n.s. 

HGB (g/dL) 9.62 ± 1.75 9.76 ± 1.20 n.s. 

HCT (%) 34.10 ± 4.67 33.65 ± 4.08 n.s. 

PT (s) 9.3 ± 0.5 9.6 ± 0.2 n.s. 

aPTT (s) 25.4 ± 1.1 27.3 ± 3.4 n.s. 

	
Table 1. TMEM16F cKO mice have normal blood counts and global coagulation times. HGB, hemoglobin; HCT, 
hematocrit; PT, prothrombin time; aPTT, activated partial thromboplastin time. Data shown as mean ± SD (n = 15 
mice per group. n.s = not significant; unpaired Student’s t test. (Baig et al., ATVB 2016)120 

 

The surface expression of major glycoproteins present on platelets was determined by a 

FACS assay employing specific FITC-labeled antibodies. There were no significant 

differences between platelets obtained from WT and cKO animals (Figure 15C). 

 

	
	
Figure 15. TMEM16F cKO animals display normal platelet count, size and platelet surface glycoprotein 
expression. (A) Absolute count of circulating platelets measured by a flow cytometric method (platelets/nL ± SD, 
n=15) (B) Platelet volume measured by a Sysmex hematology analyzer KX-21TM (MPV, mean platelet volume in 
femtolitre (fL) ± SD, n=15). cKO animals were found to have a platelet count and volume similar to WT animals. 
(C) Surface expression levels of the major glycoproteins present on the platelet surface determined by flow 
cytometry using specific fluorophore-labeled antibodies. Results are expressed as MFI ± SD (n = 4 mice per 
group; representative data of 3 individual experiments). cKO platelets were found to have an unaltered expression 
of surface glycoproteins compared to WT platelets. (Baig et al., ATVB 2016)120 
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Figure 16. TMEM16F cKO platelets have unaltered activation and aggregation responses. (A) Measurement of 
integrin αIIbβ3 activation on stimulation with indicated agonists by flow cytometry using JON/A-PE antibody. (B) 
Flow cytometry-based measurement of α-granule release as indicated by P-selectin exposure. Both experiments 
were performed to evaluate degree of platelet activation and cKO platelets were found to have unaltered 
activation responses compared to WT platelets. Results are expressed as MFI ± SD (n = 4 mice per group; 
representative data of 3 individual experiments). (C) Aggregation traces from WT or cKO platelet suspensions 
recorded on a Fibrintimer 4 channel aggregometer. The platelet suspensions were stimulated with high, 
intermediate or low doses of agonists that activate the GPCR-signaling pathways (ADP, U46619, thrombin), or 
those that stimulate the ITAM signaling pathways (CRP, collagen). Representative traces from 3 individual 
experiments using 2 vs 2 mice. (Baig et al., ATVB 2016)120 

 

Furthermore, the activation response of the mutant platelets in response to agonist 

stimulation was determined by assessing the transformation of integrin αIIbβ3 to an active 

conformation, and the exposure of P-selectin, stored in platelet α-granules in a FACS assay. 
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In both cases, cKO platelets responded to an extent comparable to WT platelets on 

stimulation with agonists that activate the major platelet signaling pathways (Figure 16A,B). 

Following initial activation, platelet-platelet interactions through binding of integrin αIIbβ3 to 

fibrinogen lead to platelet aggregation. The aggregation abilities of WT and cKO platelets 

were tested using the method of aggregometry. No differences were observed in the 

aggregation responses of WT and cKO platelets at low, intermediate or high doses of 

agonists that stimulate the GPCR or the ITAM signaling pathways (Figure 16C).  

These results demonstrated that cKO platelets undergo activation and aggregation without 

any defects in vitro. 

	

3.1.3. TMEM16F cKO platelets display severely impaired but not abolished 
procoagulant characteristics 

	
Strong platelet activation triggers a sustained increase in intracellular calcium concentrations 

leading to procoagulant transformation of the cells through exposure of negatively charged 

aminophospholipids at the outer leaflet of their plasma membrane. The ability of WT or cKO 

platelets to expose the major aminophospholipid - phosphatidylserine (PS) - to the outer 

leaflet of their plasma membrane was measured by specific binding of annexin A5 in a FACS 

analysis.  

As shown in Figure 17A, under the conditions tested - co-stimulation with CRP/Thrombin to 

activate both ITAM and GPCR signaling pathways (to produce a sustained increase in 

intracellular calcium levels), or treatment with the calcium ionophores A23187 or ionomycin, 

caused robust PS exposure in WT platelets. However, a significantly lower percentage of 

cKO platelets exposed PS as compared to WT platelets under all three conditions.  

Interestingly, the fraction of cKO platelets that exposed PS, did so to a significantly lower 

extent. To analyze this differential PS exposure in more detail, the platelet population was 

gated into three groups – annexin A5 high (platelet population with the greatest extent of PS 

exposure; 90% of events in the WT ionomycin-treated condition); annexin A5 negative 

(platelet population with no PS exposure; 99% of events in WT resting condition) and annexin 

A5 low (platelet population with a low degree of PS exposure; intermediate population 

between annexin A5 high and negative populations).   
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Figure 17. TMEM16F platelets display reduced procoagulant characteristics –significant reduction in PS exposure 
(A) Measurement of PS exposure by flow cytometry using specific binding of annexin A5 to platelet surface-
exposed PS. The platelet population was divided into 3 groups - annexin A5 negative (white bars; 99% of events 
in WT resting condition), annexin A5 high (black bars; 90% of events in the WT ionomycin - treated condition), and 
an intermediate population, annexin A5 low (gray bars). There was a dramatic reduction in the percentage of 
platelets exposing PS, especially for the annexin A5 high population. Results shown as percentage positive cells ± 
SD, significance shown for annexin A5 high population. (B) Mean fluorescence intensity values ± SD for annexin 
A5 binding in the same experiment as A, also reflecting significantly reduced PS exposure in cKO platelets. (C) 
Measurement of α-granule release and extent of platelet activation by quantification of P-selectin exposure by flow 
cytometry. cKO platelets were activated to a similar extent as WT platelets under stimulation conditions at which a 
dramatic reduction in PS exposure was observed. (D) Representative histograms for annexin A5 binding analyses 
showing gating of annexin A5 high, low and negative populations (WT histogram non-filled, cKO histogram grey-
filled). n = 4 mice per group; representative data of 3 individual experiments. *P<0.05, **P<0.01, ***P<0.001; 
unpaired Student’s t test. (Baig et al., ATVB 2016)120 

 

It was the ‘high’-annexin A5 positive fraction (black bars, Figure 17A) that was significantly 

reduced in the cKO samples in all three conditions, and almost abolished on stimulation with 

A23 or ionomycin. The cKO platelet population positive for annexin A5 only had a very low 

degree of PS exposure (Figure 17A, grey bars).  
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This significantly reduced PS exposure was also apparent by the significantly lower mean 

fluorescence intensities of annexin A5 DyLight 488 binding to cKO platelets as compared to 

WT platelets (Figure 17B). The distribution of WT and cKO platelet populations between 

annexin A5 high, low or negative binding can be seen in representative FACS histograms in 

Figure 17D. Importantly, the differences in PS exposure between WT and cKO platelets could 

not be attributed to different extents of platelet activation, as conditions of stimulation tested 

for PS exposure, led to comparable P-selectin exposure levels in both groups (Figure 17C). 

The ability of platelets to become procoagulant was further tested ex vivo under flow 

conditions in a flow chamber assay. Whole blood obtained from WT or cKO animals was 

allowed to perfuse over glass cover slides coated with micro-spots of collagen and tissue 

factor at arterial shear rates. 

Platelets were found to adhere, aggregate and form three-dimensional thrombi at the 

collagen/tissue factor micro-spots. Analysis of the surface area covered by DiOC6-labeled 

platelets revealed that both WT and cKO platelets adhered and formed aggregates to the 

same extent (Figure 18Ai), and were thus similarly activated.  

Two characteristics of procoagulant platelets were assessed in this assay – firstly, the ability 

of platelets to expose PS on the outer leaflet of their plasma membrane, assessed by positive 

staining of AF568-annexin A5. cKO platelets were found to expose significantly lower PS as 

compared to WT platelets (Figure 18Aii), confirming the results of the FACS assay.  

In addition, procoagulant platelets have been shown to acquire a ‘ballooned morphology’ 

through a regulated process to increase the surface over which PS is exposed and thus 

further augment the surface over which the coagulation factors can bind to form the tenase 

and the prothrombinase complexes.44 This transformation following activation on coming into 

contact with collagen and tissue factor was clearly visible for the WT platelets. However, a 

strikingly low number of cKO platelets were found to acquire the ballooned morphology 

(Figure 18Aiii).  
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Figure 18. TMEM16F platelets display reduced procoagulant characteristics – severely impaired ability to undergo 
membrane ballooning. (A) Whole blood from WT or cKO mice was labeled with DiOC6 to mark platelets and 
AF568-annexin A5 to mark platelet surface exposed PS. Labeled blood was perfused over a collagen/tissue factor 
micro spot on coverslips placed in a parallel flow chamber, at 1000s-1 for 4.5 min. Quantification of platelet surface 
coverage (i) and PS surface coverage (ii). Both were quantified using integrated fluorescent intensity of the 
acquired images using ImageJ software. (iii) Quantification of count of platelets with a ballooned membrane 
(number of ballooned platelets/image ± SD) and representative images showing impaired ability of adherent cKO 
platelets to acquire a ballooned morphology (scale bar, 2 µm). Data obtained from testing 9 WT vs 11 cKO mice. 
*P<0.05, ***P<0.001; unpaired Student’s t test. (B) Traces obtained from recording changes in light transmission 
through a platelet suspension on a Fibrintimer 4 channel aggregometer, as a measure of extent of platelet 
ballooning in suspension. Both WT and cKO platelets undergo classical aggregation on stimulation with CRP 
manifested as an increase in light transmission through the platelet suspensions. Aggregation on stimulation with 
CRP is abolished on pre-treatment of the platelet suspension with JON/A F(ab)’2 fragments that block αIIbβ3. Yet 
ionomycin stimulation of JON/A F(ab)’2 fragments treated WT platelets causes an increase in light transmission. 
This indicates that this increase in light transmission correlates with transformation of platelets to a more rounded 
and translucent morphology (ballooned) and not classical aggregation. The ability of cKO platelets to transform to 
a ballooned morphology on simulation with ionomycin is severely impaired. Representative data of 3 individual 
experiments, n = 4 mice per group in each experiment. (Baig et al., ATVB 2016)120 

 

Further, it was previously shown that platelets in suspension stimulated with the calcium 

ionophore ionomycin do not undergo classical aggregation, but remodel into the ballooned 

form. This allows higher light transmission through the suspension due to the translucent 
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nature of the ballooned structures.113 Therefore, recording changes in light transmission 

through a suspension of resting/activated platelets using an aggregometer was employed as 

a second method to determine membrane ballooning potential of WT and cKO platelets. 

As a positive control, WT or cKO platelet suspensions were stimulated with CRP and were 

found to aggregate to a similar extent. As expected, this ability to aggregate on CRP 

stimulation was completely blocked in platelets pre-treated with JON/A F(ab)’2 fragments 

which block platelet integrin αIIbβ3 and thus prevent platelet aggregation (Figure 18B).  

However, when WT platelets were treated with ionomycin after pre-treatment with JON/A 

F(ab)’2 fragments, increase in light transmission was still observed, not due to platelet 

aggregation, but due to transformation to a ballooned morphology. On the other hand, only a 

residual increase in light transmission was observed in cKO platelets indicating a severely 

defective ability to undergo membrane ballooning, as was also seen in the flow chamber 

assay. 

Taken together, these results showed that cKO platelets have dramatically reduced, yet not 

abolished procoagulant potential. 

	

3.1.4. TMEM16F accelerates platelet-driven thrombin and fibrin formation 
 

The role of procoagulant platelets is to provide a catalytic surface for the binding of the 

tenase and prothrombinase complexes of the coagulation cascade, to greatly amplify the 

production of thrombin. To assess the consequences of the defective procoagulant activity of 

TMEM16F cKO platelets on thrombin production, evaluation of thrombin generation kinetics 

was performed using thrombinoscope measurements. These measurements were conducted 

in unstimulated platelet-rich plasma (PRP), PRP co-stimulated with CRP and PAR-4 peptide 

(to simultaneously stimulate ITAM and GPCR-coupled signaling pathways), and PRP 

stimulated with the calcium ionophore A23187. 
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Figure 19. TMEM16F cKO platelets support decelerated thrombin generation. Tissue factor-initiated thrombin 
generation at 37 °C was measured in a thrombinoscope. (A) Representative calibrated automated thrombogram 
(CAT) curves of the three conditions tested in WT vs cKO samples (i) PRP – Platelet-rich plasma (ii) CRP/P – 
PRP co-stimulated with CRP (20 µg/mL) and PAR-4 peptide (5 mmol/L) (iii) A23187 – PRP stimulated with 
calcium ionophore A23187 (10 µM). The curves for the cKO samples are shifted to the right compared to WT 
samples, indicating decelerated onset of thrombin generation. (B) Quantification of thrombin generation kinetics. 
cKO platelets take significantly longer to initiate the production of thrombin (Lag time, left). In addition, the time 
taken to achieve peak concentration of thrombin during the measurement is also significantly delayed in the cKO 
samples compared to WT samples (Time to peak, middle). Finally, the peak concentration of thrombin produced in 
a measurement is significantly lower for the WT samples compared to the cKO samples (Thrombin, nM, right). 
Results shown as mean ± SD, data pooled from 3 independent experiments, n = 4 animals per group.  *P<0.05, 
**P<0.01, ***P<0.001; unpaired Student’s t test. (Baig et al., ATVB 2016)120 

 

The thrombograms obtained from the thrombinoscope measurements allow for the 

interpretation of three kinetic parameters. The first is ‘lag time’, which is the time gap between 

starting the measurement by addition of tissue factor and the initiation of thrombin generation 

in the sample. The lag time was significantly longer in the cKO samples as compared to WT 

samples under the conditions tested (Figure 19Bi). The second kinetic parameter is ‘time to 

peak’ which is the time required until the peak amount of thrombin production takes place in 
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the sample. Under all three conditions tested, the time to reach peak thrombin levels was 

significantly delayed in the cKO samples as compared to WT samples (Figure 19Bii). The 

third parameter is the highest concentration of thrombin produced in the sample, and the cKO 

samples produced significantly lower peak thrombin levels as compared to WT samples 

(Figure 19Biii).  

 

	
Figure 20. Total amount of thrombin production supported by TMEM16F cKO platelets is comparable to WT 
platelets. Tissue factor-initiated thrombin generation at 37 °C was measured in a thrombinoscope. Quantification 
of the integrated amount of thrombin produced over time - Endogenous Thrombin Potential (ETP), under the three 
conditions tested: PRP – Platelet-rich plasma; CRP/P – PRP co-stimulated with collagen related peptide (20 
µg/mL) and PAR-4 peptide (5 mmol/L); A23187 – PRP stimulated with calcium ionophore A23187 (10 µM). cKO 
platelets support production of total amount of thrombin comparable to WT platelets. Results shown as mean ± 
SD, data pooled from 3 independent experiments. (Baig et al., ATVB 2016)120 

 

Representative thrombograms illustrating thrombin production over time in WT vs cKO 

samples are shown in Figure 19A. Notably, the thrombin production supported by cKO 

platelets was only decelerated as compared to that supported by WT platelets and not 

reduced. At the end of the measurement, comparable total amounts of thrombin were 

generated in the WT and cKO samples, as shown by measurement of ‘Endogenous 

Thrombin Potential’ (ETP), which is the integrated amount of thrombin produced during the 

course of the measurement (Figure 20).  

Thrombin produced in a growing thrombus is required to catalyze the conversion of soluble 

fibrinogen in plasma to insoluble fibrin to form a clot. The implications of the decelerated 

thrombin production in cKO samples for generation of fibrin were tested in the ex vivo flow 

chamber assay described in section 3.1.4.  

Whole blood was pre-labeled with AF647-fibrinogen and perfused over glass cover slides 

coated with micro-spots of collagen and tissue factor. The time to appearance of the 

characteristic fibrous structure of insoluble fibrin was visually determined. Fibrin formation 
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took place in all the WT samples within the 8 min observation period. However, for the cKO 

samples, either fibrin formation did not take place within the 8 min period (in more than 50% 

of the samples), or it was significantly delayed as compared to the fibrin formation in the WT 

samples (Figure 21A).  

 

	
	
Figure 21. TMEM16F cKO platelets support delayed fibrin formation. Citrate anticoagulated whole blood from WT 
or cKO mice was labeled with AF647-fibrinogen to detect fibrin(nogen). This labeled blood was perfused over a 
collagen/tissue factor microspot on coverslips placed in a parallel flow chamber, at 1000s-1 until the characteristic 
thread-like formation of fibrin was observed (**P<0.01; unpaired Student’s t test) or until a maximum observation 
period of 8 min (*P<0.05; Fischer exact test). (A) Comparison of the recorded times of fibrin formation. Each dot 
represents one run. (B) For samples in which fibrin formation took place, coverslips were washed and prepared for 
imaging by Scanning Electron Microscopy. Representative images of fibrin fibers observed in WT and cKO 
samples. Scale bar 1 µm. (Baig et al., ATVB 2016)120 

 

The cKO samples in which delayed fibrin formation was observed were further analyzed by 

scanning electron microscopy to examine the ultrastructure of the fibrin fibers in comparison 

to those formed in the WT samples. Representative images are shown in Figure 21B. There 

were no obvious differences between the fibrin fibers in the WT and cKO samples.  

These results show that the scramblase activity of TMEM16F is required to accelerate the 

thrombin production supported by platelets, which in turn is required to accelerate fibrin 

formation. 
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3.1.5. TMEM16F in platelets is important for hemostasis and arterial 
thrombosis 

	
Scott Syndrome patients with a loss of function mutation in Ano6 are known to suffer from 

uncontrolled provoked bleeding episodes.6 In line with this, TMEM16F KO mice generated 

previously by another laboratory were reported to display prolonged bleeding times.27 

However, in both cases, not only the platelets, but also other cell types like red blood cells, 

white blood cells, as well as the endothelium lack procoagulant potential. Thus, the specific 

contribution of TMEM16F-mediated platelet procoagulant activity for the processes 

hemostasis and thrombosis had remained unclear. 

	
	
Figure 22. TMEM16F cKO mice display impaired hemostasis and are protected in an experimental model of 
arterial thrombosis. (A) Measurement of tail bleeding time using the filter paper method. Each dot represents time 
of cessation of bleeding of one mouse. TMEM16F cKO mice were found to display significantly prolonged 
bleeding times. ***P<0.001; Fischer exact test. (B) TMEM16F cKO mice are protected in an experimental model of 
FeCl3-induced arterial thrombosis in the carotid artery. The vessels in 50% of the mice tested did not occlude 
within the observation period of 30 min (*P<0.05; Fischer exact test), and in the remaining 50% of the mice, vessel 
occlusion occurred significantly later than in WT mice (Mean time to occlusive thrombus formation, WT=8.8±2.2 
min; cKO=15.3±3.9 min; *P<0.05; unpaired Student’s t test). 8 WT vs 10 cKO mice were tested in the model. (C) 
Representative chart comparing blood flow through the carotid artery of a WT (black line) and cKO (grey line) 
mouse before and after induction of thrombosis by application of FeCl3. In case of the WT vessel, blood flow 
ceased completely within 10 min of injury due to stable occlusion of the vessel, whereas for the cKO vessel, 
frequent incidences of embolization were observed and stable vessel occlusion did not occur. (Baig et al., ATVB 
2016)120 

 

To address this directly, WT and cKO mice were challenged in a tail bleeding time assay 

using the filter paper method. The majority of the cKO animals did not stop bleeding within 

the 20 min observation period during which all WT animals stopped bleeding (Figure 22A).  
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The cKO animals were also challenged in an experimental model of arterial thrombosis 

where thrombosis is induced by a chemical injury to the vessel wall with a filter paper soaked 

with FeCl3. While all WT animals tested in the model were found to form an occlusive 

thrombus in the vessel within 30 min of observation time, 50% of the cKO animals tested 

were completely protected from occlusive thrombus formation. In the remaining 50% of the 

animals, time to occlusive thrombus formation was significantly prolonged as compared to the 

WT animals (Figure 22B). These results are in good agreement with the ex vivo fibrin 

formation observed in WT vs cKO samples (Figure 21A).  

It is important to note that this impairment in occlusive thrombus formation did not arise from 

defects in initial platelets adhesion and aggregation, but was rather due to frequent 

embolization of the forming thrombi, which was observed in the majority of the cKO animals 

tested. Representative blood flow traces are shown in Figure 22C.  

These results demonstrated that TMEM16F-mediated platelet procoagulant activity plays a 

vital role in vivo for the processes of hemostasis as well as arterial thrombosis. 

 

3.1.6. Platelet TMEM16F activity does not contribute to cerebral thrombo-
inflammation 

	
Both platelets and coagulation have been shown to play a role in the progression of thrombo-

inflammation post ischemic stroke.121 However, it is not known whether the interface between 

the two through the transformation of platelets to a procoagulant state is important for the 

pathogenesis of reperfusion injury. 

As TMEM16F-mediated procoagulant activity was observed to play a role in the progression 

of arterial thrombosis, mice were subjected to the tMCAO model of ischemic stroke to 

investigate the effects of loss of platelet TMEM16F on the progression of ischemic stroke.  

In contrast to results obtained in the experimental model of arterial thrombosis, cKO animals 

developed infarct volumes similar to those observed in WT animals 24 h post tMCAO as 

revealed by TTC staining of brain sections (Figure 23A). In addition, the mice subjected to 

tMCAO were analyzed for the degree of functional dysfunction by measuring the Bederson 

score as readout of neurological deficit, and the grip test as a measure of motor deficits. The 

cKO animals had a functional outcome similar to WT mice - in terms of both motor and 

neurological function (Figure 23B,C). 
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Figure 23. TMEM16F cKO mice display infarct volumes and functional outcomes similar to WT mice in a model of 
ischemic stroke. (A) Representative images of TTC stained sections of brains from WT and cKO animals post 60 
min of ischemia followed by 23 h of reperfusion. The tissue stained pink by TTC is the viable brain tissue, whereas 
the white area is the infarcted region. (B) Edema corrected quantification of the infarct region in WT vs cKO 
brains. 15 WT vs 13 cKO animals, data shown as mean ± SD. P>0.05, unpaired Student’s t test (C) 
Representation of outcomes in measurement of Bederson score (indication of global neurological defects; 0 
normal, 5 worst deficit) and (D) Representation of analysis of motor function and coordination defects measured 
by Grip test (5 normal, 0 worst deficit). Each dot represents one animal. (Baig et al., ATVB 2016)120 

  

These results show that while the scramblase TMEM16F is important for the processes of 

hemostasis and thrombosis, it does not significantly contribute towards the patho-physiology 

of postischemic cerebral thrombo-inflammation. 

 

3.2. Generation of humanized coagulation factor XII (FXII) knockin mice as a 
model for testing novel anti-thrombotic agents 

	
The targeting strategy designed to generate humanized FXII knockin mice (hFXII KI) that 

would express human FXII instead of endogenous mouse FXII is described in section 2.1.3. 

The hFXII KI mice were distinguished from WT mice using the genotyping protocols 

described in section 2.2.1.1.2.  

To confirm the success of the targeting strategy, the plasma from heterozygous hFXII KI mice 

(hFXII KI/+) and homozygous hFXII KI mice were tested by Western blot analysis using a 

specific antibody that detects human FXII but not mouse FXII. Plasma from WT mice and 

human plasma were used as negative and positive controls respectively (Figure 24A). These 

studies confirmed the expression of 80 kDa human FXII in hFXII KI/+ and hFXII KI mice. 
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Figure 24. hFXII KI mice express human coagulation factor (FXII) and display normal occlusion times in an 
experimental model of arterial thrombosis. (A) i. Western blot of plasma from hFXII WT and heterozygous hFXII KI 
mice (hFXII KI/+) using a specific antibody against human FXII. Human plasma was used as a positive control. ii. 
Western blot of plasma from hFXII WT, hFXII KI/+ and hFXII KI mice using a specific antibody against human 
FXII. These Western blots confirmed the expression of human FXII in hFXII KI mice. (B) Quantitative ELISA for 
human FXII. The expression levels of human FXII in hFXII mouse plasma were determined using a specific 
quantitative ELISA. Human plasma was used as a positive control, and plasma from WT and FXII KO mice were 
used as negative controls. The concentration of human FXII in mutant mouse plasma was 2.4 ± 0.8 µg/mL, while 
the concentration in human plasma was 26.7 ± 6 µg/mL. (C) hFXII KI mice had occlusion times comparable to 
occlusion times in WT animals in an experimental model of FeCl3-induced arterial thrombosis in the mesenteric 
arterioles. i. Quantification of appearance of first thrombi (>10 µm), and vessel occlusion. Each dot represents one 
vessel ii. Representative images showing development of occlusive thrombi in mesenteric arterioles of WT and 
hFXII KI mice following injury with a drop of 20% FeCl3 solution. 

 

Next, the concentration of human FXII expressed in hFXII KI mice was determined using a 

specific quantitative ELISA that detects human FXII but not mouse FXII. FXII was not 
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specificity of the ELISA for human FXII. The average concentration of human FXII in hFXII KI 

mice was 2.4 ± 0.8 µg/mL, whereas the concentration in human plasma was 26.7 ± 6 µg/mL 

(Figure 24B). The normal concentration of FXII in human plasma was reported in the 

literature to be at ~30 µg/mL, and thus corresponds to the values detected in this assay.122, 123 

However, the approximately 10 fold difference in the expression of human FXII in human 

plasma and hFXII KI mice could arise either due to species specific differences between 

humans and mice, or due to presence of residual mouse FXII in the hFXII KI mice. A Western 

blot using specific antibodies against mouse FXII and a quantitative ELISA to determine 

average concentrations of FXII in WT mouse plasma are required to test these hypotheses. 

However, when challenged in an experimental model of FeCl3-induced arterial thrombosis in 

the mesenteric arterioles, the time to appearance of first thrombi greater than 10 µm, as well 

as occlusion times in the hFXII KI mice were comparable to those observed in WT animals 

(time to appearance of thrombi greater than 10 µm: WT=7.7±1.7 min, hFXII Mut=7.7±1.7 min; 

time to vessel occlusion: WT=10.5±1.6 min, hFXII KI=10.6±2 min) (Figure 24C). Therefore, 

replacement of mouse FXII with human FXII does not impair the role of the coagulation factor 

in the patho-physiology of arterial thrombosis. These results demonstrated that human FXII is 

functional within the mouse physiology, as also suggested by results in previous reports 

where i.v injection of human FXII into FXII KO mice reversed the protection from infarct 

development in the KO mice lacking endogenous FXII in the tMCAO model of ischemic 

stroke.38  

Thus, the hFXII KI mice can be used as a model to test novel antithrombotic agents 

developed against human FXII, in a convenient experimental animal model. 

	
3.3. The adapter proteins Grb2 and Gads have partially redundant roles for 

activation and hemostatic function of mouse platelets 
	

3.3.1. Generation of Grb2/Gads double knockout mice  
	
Grb2 and Gads are the only members of the Grb2 family of adapter proteins that are 

expressed in platelets.59, 102 Megakaryocyte- and platelet-specific conditional KO mice lacking 

Grb2 specifically in their megakaryocytes and platelets have been described previously.92 

Constitutive KO mice lacking the adapter protein Gads have also been described.95  
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Figure 25. Generation of Grb2/Gads double knockout mice (DKO). Grb2fl/fl Pf4-Cre +/- and Grb2fl/fl mice on a Gads-/- 
background were crossed to obtain mice double deficient for both adapter proteins. (A) Western blot of platelet 
lysates from WT, Grb2 KO, Gads Gads KO or Grb2/Gads DKO mice using specific antibodies against Grb2 or 
Gads. Complete loss of both adapters at protein level was confirmed in DKO platelets. The GPIIIa subunit of 
platelet integrin GPIIb/IIIa was used as loading control. (B) Images of mesenteric circulation of WT and DKO mice 
showing arterioles (A), venules (V) and normal blood and lymphatic vessel separation as blood filled lymphatic 
vessels were not observed. (C) Mating strategy used for generation of WT, Grb2 KO, Gads KO and DKO mice. 
Mice of all four genotypes were born with an expected Mendelian distribution. 

 

To generate double deficient mice lacking both adapter proteins in their megakaryocytes and 

platelets, the Grb2fl/fl Pf4-Cre+/- mice (Grb2 KO) were intercrossed with the Gads-/-  (Gads KO) 

mice as described in section 2.1.3. Using the mating strategy described in section 2.1.3 and 

Figure 25C, mice of all 4 genotypes – wild-type (WT, Grb2fl/fl mice), Grb2 KO (Grb2fl/fl Pf4-Cre+/- 

mice), Gads KO (Gads-/-/ Grb2fl/fl mice) & Grb2/Gads double knockout mice (DKO, Gads-/-/ 

Grb2fl/fl Pf4-Cre+/- mice) were born conforming to expected Mendelian distribution (Figure 25C). 

Western blot analysis confirmed lack of Grb2 in Grb2 KO platelets, of Gads in Gads KO 

platelets, and both Grb2 and Gads in DKO platelets at protein level, confirming the success 

of the mating strategy used for the generation of the double deficient mice (Figure 25A). 

Several components of the hemITAM signaling pathway play an important role in the 

regulation of separation of blood and lymphatic vasculature - mice deficient in CLEC-2, Syk, 

SLP76 and PLCγ2 show bood/lymphatic mixing. To investigate whether the combined 
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deficiency of Grb2 and Gads has an influence on the separation of lymphatics from blood 

vasculature, the mesenteric circulation of the DKO mice was visualized and compared with 

that of the WT mice. Distinct arterioles and venules were observed in the mesenteric 

circulation network of the DKO mice comparable to WT mice, and there was no evidence of 

blood and lymphatic vessel mixing demonstrating that the adapters Grb2 and Gads do not 

play a role in this process (Figure 25B)  

	

3.3.2. Grb2/Gads DKO animals display overall normal blood parameters 
	
A hematology analyzer was used to determine whole blood parameters including white blood 

cell and red blood cell counts, hemoglobin, hematocrit and mean platelet volume. There were 

no significant differences between WT, Grb2 KO, Gads KO and DKO mice (Table 2 and 

Figure 26B). The absolute count of platelets in the peripheral circulation was specifically 

determined by a flow cytometry-based method employing beads of a known count and was 

comparable between all four groups of mice (Figure 26A). 

	
 WT Grb2 KO Gads KO DKO 

WBC x 103/µL 6.25 ± 2.73 5.25 ± 1.98 5.25 ± 2.44 4.50 ± 0.87 

RBC x 103/µL 6.30 ± 0.74 6.48 ± 0.54 6.18 ± 0.67 5.83 ± 1.58 

HGB (g/dL) 7.75 ± 1.20 8.75 ± 0.97 8.25 ± 1.56 8.00 ± 2.00 

HCT (%) 31.50 ± 3.97 33.00 ± 2.65 30.75 ± 2.82 29.25 ± 6.70 

	
Table 2. Grb2 KO, Gads KO and Grb2/Gads DKO mice have normal blood counts. HGB, hemoglobin; 
HCT,hematocrit. Data shown as mean ± SD (n = 8 mice per group. Values obtained for the three groups of KO 
mice are not significantly different from values obtained for WT mice; unpaired Student’s t test). 

In addition, the average lifespan of platelets in WT and the three groups of KO mice was 

determined. Platelets form Grb2 KO, Gads KO and Grb2/Gads DKO mice had a lifespan 

comparable to platelets from WT mice with a similar reduction in the population of platelets 

labeled at day 0, over the observation period of four days (Figure 26C). 

A FACS assay employing specific FITC-labeled antibodies was used to determine the 

expression of major signaling glycoproteins present on the surface of platelets. There were 

no significant differences between platelets obtained from WT, Grb2 KO, Gads KO or 

Grb2/Gads DKO animals (Figure 27).  
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Figure 26. Grb2/Gads DKO animals have normal platelet count, size and lifespan. (A) Absolute count of circulating 
platelets measured by flow cytometry (platelets/nL ± SD, n=8, pooled values from two independent experiments). 
(B) Platelet volume as measured by a hematology analyzer, Sysmex KX-21TM (MPV, mean platelet volume in 
femtolitre (fL) ± SD, n=8, pooled values from two independent experiments). (C) Platelet lifespan analyzed by 
measurement of labeled platelets by flow cytometry over a period of 4 days (percentage of labeled platelets ± SD, 
n=6, pooled values from two independent experiments). Both single KO and DKO animals had a platelet count, 
size and lifespan comparable to WT animals (unpaired Student’s t test). 

 

Based on these results, the single KO animals (Grb2 KO and Gads KO) as well as the double 

deficient animals (Grb2/Gads DKO) were considered to have overall normal blood 

parameters, comparable to WT mice.  

 

 

	
Figure 27. Platelets from Grb2/Gads DKO animals have normal surface expression of major signaling 
glycoproteins. Expression levels of glycoproteins present on the platelet surface were determined by flow 
cytometry using fluorophore-labeled antibodies. Results are expressed as MFI ± SD (n = 4 mice per group; 
representative data of 3 individual experiments). The Grb2 KO, Gads KO as well as Grb2/Gads DKO platelets 
were found to have grossly normal levels of surface glycoproteins compared to WT platelets. *P<0.05; unpaired 
Students t test 
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3.3.3. Grb2 KO, Gads KO and Grb2/Gads DKO animals display a specific 
platelet activation and aggregation defect following stimulation of the 
(hem)ITAM signaling pathways 

	
The ability of platelets to be activated upon stimulation was determined by measurement of 

change of integrin αIIbβ3 to an active conformation, and the release of α-granules 

(determined by measurement of exposure of P-selectin) in a flow cytometry based assay.  

	

	
	
Figure 28. (hem)ITAM-specific activation is abolished in Grb2/Gads DKO platelets (A) Measurement of integrin 
αIIbβ3 activation on stimulation with the indicated agonists by flow cytometry using JON/A-PE antibody. (B) 
Measurement of α-granule release as indicated by P-selectin exposure. Both experiments were performed to 
evaluate degree of platelet activation. Results are expressed as MFI ± SD (n = 4 mice per group; representative 
data of 3 individual experiments). The single KO and DKO platelets are activated to a similar extent as WT 
platelets when stimulated with agonists that activate the GPCR-coupled signaling pathways (ADP, U46 - U46619 
and Thr - thrombin), but have a severely defective activation response on stimulation with agonists that activate 
the (hem)ITAM signaling pathway (CRP – collagen-related peptide, Cvx - convulxin and RC - rhodocytin). 
*P<0.05, **P<0.01, ***P<0.001; unpaired Student t test. 
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WT platelets. However, when stimulated with agonists that trigger the ITAM signaling 

pathway (CRP or convulxin), or the hem-ITAM signaling pathway (rhodocytin), platelets 

derived from all three groups of KO mice had a severely impaired activation response – seen 

for assessment of both integrin activation and degranulation. This impaired activation was 

most pronounced in platelets derived from Grb2/Gads DKO mice, followed by platelets 

derived from Grb2 KO animals. The least degree of impairment was observed for the 

platelets derived from Gads KO mice where the highest agonist concentrations activated the 

mutant platelets to an extent comparable to WT platelets (Figure 28).  

Defective DKO platelet activation on stimulation with (hem)ITAM agonists was expected as 

the adapter proteins Grb2 and Gads are known components of the LAT-signalosome that lies 

downstream of (hem)ITAM signaling. Severely defective activation on stimulation with 

(hem)ITAM agonists in platelets derived from Grb2 KO mice has been reported previously. 

Notably, however, it is interesting that the deficiency of both adapters Grb2 and Gads 

reduces the MFI values to almost resting values under conditions at which partial platelet 

activation is observed in the platelet samples derived from the single KO animals pointing 

towards redundant functions of Grb2 and Gads for platelet activation. 

Similarly, on assessing the aggregation response of the platelets from the four groups of 

mice, it was observed that the Grb2 KO, Gads KO, and the Grb2/Gads DKO platelets have 

an aggregation response comparable to WT platelets when stimulated with the GPCR 

agonist thrombin (Figure 29). However, when stimulated with the ITAM-specific agonists CRP 

or collagen, or with the hemITAM agonist rhodocytin, all three groups of KO mice show an 

impaired aggregation response. Like in the case of the assessment of platelet activation by 

flow cytometry, the degree of impairment of the aggregation response was most severe for 

the Grb2/Gads DKO platelets followed by Grb2 KO platelets.  
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Figure 29. Grb2/Gads DKO platelets display severely impaired aggregation in response to (hem)ITAM-stimulation 
but not GPCR-stimulation. Aggregation traces from WT or cKO platelet suspensions recorded on a Fibrintimer 4 
channel aggregometer. The platelet suspensions were stimulated with high, intermediate or low doses of agonists 
that activate the GPCR-signaling pathways (ADP, U46619, thrombin), or those that stimulate the ITAM signaling 
pathways (CRP, collagen). Representative traces from 3 individual experiments using 2 vs 2 mice. 

	
Furthermore, a reduction in aggregation capacity was observed for the DKO platelet samples 

at agonist concentrations at which the Grb2 KO and the GADS KO platelet samples could 

aggregate to an extent comparable to WT samples. Even with a very strong stimulation with 

CRP using a concentration as high as 40 µg/mL, the severely impaired aggregation response 

in the DKO platelets persisted.  

On stimulation with collagen, residual aggregation was observed in the DKO platelet 

samples. Since collagen stimulates both α2β1 and GPVI, the platelet samples were pre-

treated with the antibody 23C11 to block the α2β1 receptors to delineate the effect of GPVI-

mediated signaling alone on the aggregation response. Under these conditions, both the 
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Grb2 KO platelets, and the Grb2/Gads DKO platelets were unable to aggregate. The results 

of the aggregation studies thus also point towards functional redundancy between Grb2 and 

Gads. 

	

3.3.4. Grb2 and Gads in mouse platelets have partially redundant function for 
platelet activation  

	
Previous studies from our laboratory have shown that Grb2 KO mice exhibit severely 

defective platelet activation on stimulation with (hem)ITAM agonists in in vitro assays but that 

occlusion times are comparable to WT mice when challenged in in vivo experimental models 

of arterial thrombosis. It was speculated that one reason for this difference in the in vitro and 

in vivo results is functional compensation by the second member of the adapter protein 

family, Gads. In addition, TxA2-induced GPCR signaling pathways were shown to partially 

compensate for defective (hem)ITAM signaling such that treatment of Grb2 KO animals with 

acetylsalicylic acid (blocks TxA2 synthesis) predisposes the Grb2 KO animals to prolonged 

bleeding times as well as prolonged times for occlusive thrombus formation when tested in 

experimental models of hemostasis and thrombosis.92 Gruner et. al. have also reported such 

compensatory mechanisms.124 

In an effort to look at the differential impairment of platelet activation and aggregation in both 

single KO and Grb2/Gads DKO samples in more detail, and to dissect prevailing 

compensatory mechanisms, platelet activation of samples derived from mice of all four 

groups was tested following dual stimulation with a (hem)ITAM-specific agonist (CRP, 

convulxin or rhodocytin) in combination with a GPCR agonist (ADP or U46619).  

Co-stimulation of WT platelet samples with (hem)ITAM agonists in combination with the TxA2 

analog U46619 produced an additive response for platelet activation. In the case of Grb2 and 

Gads single KO samples, co-stimulation substantially rescued the impaired activation 

responses obtained on stimulation with a single (hem)ITAM agonist. However, co-stimulation 

could not ameliorate the activation responses in the Grb2/Gads DKO samples in comparison 

to stimulation with a (hem)ITAM agonist alone (Figure 30). Similar results were obtained on 

dual-stimulation using a (hem)ITAM agonist in conjunction with the GRCR agonist ADP 

(Figure 30).  
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Figure 30. Grb2 and Gads have redundant function for mouse platelet activation. (A) Measurement of integrin 
αIIbβ3 activation by flow cytometry using the JON/A-PE antibody. (B) Measurement of α-granule release as 
indicated by P-selectin exposure by flow cytometry. Results are expressed as MFI ± SD (n = 4 mice per group; 
representative data of 3 individual experiments). Stimulation of platelet suspensions with a (hem)ITAM (CRP, Cvx 
or RC) agonist in conjunction with a GPCR-agonist (ADP or U46) had a synergistic effect on platelet activation 
responses seen in single KO platelets leading to a substantial rescue of the activation defect observed on 
stimulation with (hem)ITAM agonists alone. This was not the case for DKO platelets pointing towards functional 
redundancy between Grb2 and Gads. *P<0.05, **P<0.01, ***P<0.001; unpaired Student t test. 

 

The persistent severely impaired platelet activation in samples from DKO mice confirmed 

partial functional redundancy between the adapter proteins Grb2 and Gads for platelet 

activation.  
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3.3.5. Defective phosphatidylserine (PS) exposure and (hem)ITAM signal 
transduction in Grb2/Gads DKO platelets 

	
Platelet activation that initiates the (hem)ITAM signaling cascade culminates in an increase in 

intracellular calcium concentrations through release of calcium from intracellular stores, which 

in turn activates the platelet scramblases and causes the platelets to become procoagulant 

and expose phosphatidylserine (PS) on their surface.  

The degree of calcium mobilization downstream of (hem)ITAM signaling was indirectly 

assessed through measurement of platelet PS exposure in samples from both single KO and 

Grb2/Gads DKO mice. Washed platelets were treated with different agonist and PS-exposure 

was measured through specific binding of DyLight-488-labeled annexin A5 to PS in a flow 

cytometry-based assay.  

	

	
	
Figure 31. Defective PS-exposure in Grb2 KO and Grb2/Gads DKO platelets. Measurement of PS exposure by 
flow cytometry using specific binding of annexin A5 to platelet surface-exposed PS. (A) Quantification of the 
percentage of the platelet population with PS exposure. (B) Mean fluorescence intensity values for Annexin A5 
binding in the same experiment as A. Grb2 KO and DKO platelets were found to have significantly reduced PS 
exposure following stimulation with agonists that effect increased intracellular calcium concentrations through 
stimulation of a signaling cascade. This impairment of PS exposure was not seen on stimulation with the calcium 
ionophore A23187 that effects increase in calcium concentration by directly acting on calcium stores. Results 
shown as mean ± SD, n=4 animals per group. *P<0.05, **P<0.01, ***P<0.001; unpaired Student t test. 
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treated with the calcium ionophore A23187 that bypasses any signaling and causes an 

increase in intracellular calcium by acting directly on the intracellular calcium stores, the 

degree of PS exposure, in the Gads KO, Grb2 KO and the DKO platelet samples was 

comparable to WT samples (Figure 31).  

These results indicate that while the mechanisms that lead to PS exposure following calcium 

mobilization are intact, defective (hem)ITAM signal transduction in Grb2 and Grb2/Gads DKO 

platelets is responsible for impaired calcium mobilization and subsequently impaired PS 

exposure. 

	

	
	
Figure 32. Assessment of the global tyrosine phosphorylation pattern in Grb2 KO, Gads KO and DKO platelet 
lysates in comparison to WT platelet lysates using the pan anti-phosphotyrosine antibody 4G10. (The black lines 
marking the lanes for samples from the four different genotypes are only for the purpose of clarity; samples from 
all four genotypes were run on the same gel). 

To further evaluate downstream signal transduction following (hem)ITAM stimulation in the 

three groups of KO mice, the general pattern of protein tyrosine phosphorylation was 

assessed using the pan-tyrosine phosphorylation detection antibody, 4G10. Lysates were 

prepared from platelet samples stimulated with either the GPVI specific agonist convulxin, or 

the CLEC-2-specific agonist rhodocytin under stirring conditions to stimulate the (hem)ITAM 

signaling cascades. The pattern of tyrosine phosphorylation was comparable between WT 
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samples and the samples from the three groups of KO mice – Grb2 KO, Gads KO and 

Grb2/Gads DKO (Figure 32). 

To dissect if specific signaling proteins are impaired in the absence of Grb2, Gads or both, 

the degree of tyrosine phosphorylation of individual proteins was assessed following 

stimulation of platelet suspensions. Convulxin stimulation leads to the phosphorylation of the 

ITAM motif associated with the GPVI-FcRγ-chain complex that initiates a downstream 

signaling cascade involving Src family kinase-dependent phosphorylation of tyrosine residues 

of the Syk kinase, assembly of the LAT signalosome and phosphorylation of tyrosine 

residues of the effector enzyme PLCγ2. 

	

	
	
Figure 33. Impaired ITAM-induced signal transduction in Grb2 KO, Gads KO and DKO platelets in comparison to 
WT platelets. Tyrosine phosphorylation of Syk, LAT and PLCγ2, components of the signaling cascade 
downstream of GPVI activation. Washed platelets from all four groups were stimulated with 1 µg/mL convulxin 
under stirring conditions at 37 °C. Aliquots were taken at the indicated time points and lysed in ice cold lysis 
buffer. Reduced proteins were separated on 10% SDS-PAGE gels. Phospho-specific antibodies were used to 
probe for tyrosine phosphorylation of indicated proteins. Respective total protein amounts and GAPDH served as 
loading controls. Results shown are representative blots of 3 individual experiments. 

 

On stimulation of platelet suspensions with convulxin, as reported previously,92, 95 the 
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mice and Gads KO mice at 30 s, 90 s and 300 s post stimulation - the reduction being more 

prominent in the case of Grb2 KO samples. This was even further reduced for the Grb2/Gads 

DKO samples, with barely any signal detectable at 300 s post stimulation. Similarly, 

phosphorylation of PLCγ2 was reduced in samples from all three groups of KO mice in 

comparison to the WT samples, but interestingly residual phosphorylation was observed even 

in the absence of both adapters Grb2 and Gads (Figure 33). 

	

	
	
Figure 34. Impaired (hem)ITAM-induced signal transduction in Grb2 KO, Gads KO and DKO platelets in 
comparison to WT platelets. Tyrosine phosphorylation of Syk, LAT and PLCγ2, components of the signaling 
cascade downstream of CLEC-2 activation. Washed platelets from all four groups were stimulated with 1 µg/mL 
convulxin under stirring conditions at 37 °C. Aliquots were taken at the indicated time points and lysed in ice cold 
lysis buffer. Reduced proteins were separated on 10% SDS-PAGE gels. Phospho-specific antibodies were used 
to probe for tyrosine phosphorylation of indicated proteins. Respective total protein amounts and GAPDH served 
as loading controls. Results shown are representative blots of 3 individual experiments. 

 

Surprisingly, a small decrease in phosphorylation of Syk (an event which occurs upstream of 
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phenomenon to arise from either the increased accessibility of tyrosine residues in Syk to 

protein tyrosine phosphatases in the absence of Gads, or due to defects in the feedback role 

for Syk in mediating its own phosphorylation.95 

Similarly, the degree of tyrosine phosphorylation of individual proteins was also assessed 

following stimulation of platelet suspensions with rhodocytin. As in the case of convulxin 

stimulation, phosphorylation of LAT at Y191 was markedly reduced for Gads KO, Grb2 KO 

and Grb2/Gads DKO samples – the decrease being most pronounced in the Grb2/Gads DKO 

platelet samples. This differential degree of reduction in tyrosine phosphorylation of LAT was 

mirrored for phosphorylation of PLCγ2 at Y759 (Figure 34). 

Additionally, a significant reduction in phosphorylation of Syk at Y519/520 was also observed 

on rhodocytin stimulation, most prominently for samples obtained from Grb2/Gads DKO mice, 

followed by those obtained from Grb2 KO mice. A minor reduction in Syk phosphorylation 

was also seen for samples obtained from Gads KO mice (Figure 34). 

Taken together, these results reveal defective (hem)ITAM signal transduction in the 

Grb2/Gads DKO animals which is markedly more pronounced than the defects observed in 

the Grb2 KO or Gads KO samples under the same experimental conditions. 

	

3.3.6. In vivo consequences of Grb2/Gads double deficiency 
	
In order to determine the in vivo consequences of the functional compensation observed 

between Grb2 and Gads in in vitro studies, Grb2/Gads DKO mice were challenged in in vivo 

experimental models of hemostasis and arterial thrombosis and were compared to WT mice 

and Grb2 and Gads single KO mice. 

In the experimental model of hemostasis (measurement of tail bleeding times by the filter 

paper method) the Grb2/Gads DKO mice bled significantly longer than WT mice (Figure 

35A). This defective in hemostasis was more severe that that previously reported in the Grb2 

KO mice (Figure 10).92 

In the mechanical-injury induced experimental model of arterial thrombosis, in contrast to the 

Grb2 and Gads single KO mice, Grb2/Gads DKO animals exhibited significantly prolonged 

times to occlusive thrombus formation in comparison to WT mice. Furthermore, in 

approximately 30% of the DKO animals, stable occlusive thrombi did not form in the vessels 

in the 30 min observation period (Figure 35).  
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Figure 35. Grb2/Gads DKO mice display impaired hemostasis and partially defective arterial thrombosis. (A) 
Measurement of bleeding time by filter paper method. Each dot represents time of cessation of bleeding of one 
mouse. DKO mice were found to have significantly prolonged bleeding times as compared to WT mice 
(***P<0.001; unpaired Student t test). (B) Experimental model of mechanical injury-induced arterial thrombosis in 
the abdominal aorta. Each dot represents time to occlusive thrombus in the vessel of one mouse. DKO mice were 
partially protected in this model (*P<0.05; unpaired Student t test). 

	
These results showed that the adapters Grb2 and Gads have partially redundant functions in 

platelet-mediated hemostasis and deficiency of both adapter proteins results in impaired 

hemostasis and partially defective arterial thrombosis in mice. 
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4. Discussion 
 

4.1. TMEM16F-mediated platelet membrane phospholipid scrambling is 
critical for hemostasis and thrombosis but not thrombo-inflammation in 
mice 

	
Two key defects in platelet procoagulant activity have been recognized in patients of Scott 

Syndrome, impaired surface exposure of phosphatidylserine (PS) and abolished platelet 

membrane ballooning. The data presented in this thesis demonstrated that TMEM16F cKO 

mice that lack the protein specifically in megakaryocytes and platelets phenocopy these 

established defects in Scott Syndrome platelets and can serve as a useful animal model for 

the disease.  

TMEM16F plays an important role during embryonic development as constitutive KO mice 

generated using several different approaches show embryonic or perinatal lethality. Of note, 

the abnormalities in the KO mice that result in this lethality are inconsistently reported 

between laboratories. While skeletal deformities have been identified in one investigation, 

defects as diverse as abdominal and intracranial bleeding as well as exencephaly have been 

reported in another. However, no obvious visible defects were observed in E12.5 embryos in 

the KO mouse line characterized in this thesis. Embryonic lethality could be one reason why 

so far only 4 Scott Syndrome patients have been identified. Alternatively, or in addition, this 

phenomenon could arise from the fact that the routinely used clinical tests cannot identify this 

syndrome because Scott Syndrome platelets show unaltered activation responses and the 

global coagulation parameters PT and aPTT are also normal in these patients. 

From the results obtained in this work, it is noteworthy that in the absence of platelet 

TMEM16F, PS exposure is not completely abolished and different degrees of procoagulant 

activity persist in the cKO platelets under various conditions of agonist stimulation tested. 

Such observations have also been documented previously, both in the case of Scott 

Syndrome patients55, 125 and in dogs with Canine Scott Syndrome,35 though not always 

adequately discussed or emphasized upon.  

The mechanisms underlying the disparate impairment of PS exposure in cKO platelets 

following stimulation with different agonists – a more profound impairment following 

ionophore (ionomycin or A23187) stimulation compared to CRP/thrombin dual stimulation, 

and even dissimilarities between the degree of impairment between A23187 and ionomycin 

stimulation, are currently incompletely understood. However, as the activation of scramblases 
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is dependent on intracellular calcium concentrations, distinct calcium mobilization patterns 

following stimulation with varied agonists could account for these differences.  

Only Fujii et al. have reported abolished platelet PS-exposure in megakaryocyte- and 

platelet-specific TMEM16F KO mice upon co-stimulation with CRP and thrombin,28 but the 

experimental conditions used by the authors in this particular investigation are very different 

from the experimental conditions described in this thesis. They determined ex vivo platelet 

PS exposure in a FACS assay using platelets incubated at 20 °C, much below the 

physiological temperature of 37 °C. Therefore the results cannot be employed to correlate 

with platelet function in vivo. In addition, the gating strategy used for the analysis of the flow 

cytometry histograms is different from the gating strategy used in the current thesis in that it 

does not take into account the ‘annexin A5 low’ platelet population that forms the bulk of the 

residual PS exposing population observed in our studies. Although these differences in the 

experimental setup can account for the inconsistent observations in the two studies, it is 

important to note that reanalysis of the FACS data presented in this thesis using the gating 

strategy employed by Fujii et al., or repeating experiments at 20 °C, and additionally testing 

varied agonist combinations and concentrations, could not reproduce this previously reported 

finding in our mouse model. Under all conditions, pronouncedly reduced, but residual PS 

exposure was consistently seen when stimulating cKO platelets with physiological agonist 

combinations. 

Therefore, while TMEM16F is currently the only identified scramblase in platelets, these 

results point towards the existence of alternative mechanisms that mediate activation- 

induced platelet PS exposure. The identification of these TMEM16F-independent pathways is 

required to further understand the differential impact of its absence on different agonist 

stimulations. 

The remodeling of activated platelets into a ballooned morphology, which is the second 

characteristic that determines platelet procoagulant response was also severely impaired in 

cKO platelets in comparison to WT platelets. In cells adherent on a collagen-coated surface, 

this response was almost completely abolished with negligible occurrence of ballooned 

platelets in cKO samples under conditions in which WT samples show numerous ballooned 

structures. However, in suspension, a minor residual ballooning was observed in cKO platelet 

samples as compared to WT platelet suspensions - this further argues that TMEM16F is not 

the sole mediator of platelet procoagulant response. 
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The dramatically reduced cKO platelet procoagulant potential had a definitive impact on the 

role of these cells in supporting thrombin generation and fibrin formation. Tissue factor-

initiated thrombin generation was measured in unstimulated PRP and PRP stimulated with 

either CRP/PAR-4 peptide (to mimic as closely as possible the CRP/thrombin stimulation in 

the flow cytometry assay to determine platelet PS exposure), or with A23187. Unfortunately, 

thrombin generation studies could not be performed in PRP stimulated with ionomycin, the 

agonist that shows the greatest reduction in the PS exposure in cKO platelets in the flow 

cytometry assay, as ionomycin is quenched by the albumin present in PRP.126 Unlike 

previous reports,27, 28 we observed that the lack of TMEM16F influences the kinetics of 

thrombin generation rather than the overall amounts of thrombin finally produced. This was 

apparent by the rightward-shift in the thrombograms of cKO samples in comparison to the 

WT samples. The decelerated thrombin generation translated into a delay in fibrin formation 

in blood samples from cKO mice in comparison to WT samples as evidenced by the ex vivo 

fibrin formation assay carried out by allowing blood to perfuse over a collagen/tissue factor 

microspot at arterial shear rates. 

The delayed thrombin and fibrin formation had important consequences for hemostasis and 

thrombosis in vivo that were both impaired in cKO mice in comparison to WT mice. Prolonged 

bleeding times were also reported for two TMEM16F constitutive KO mouse models, 

determined by either the filter paper or the saline method.27, 46 In contrast a recent 

investigation on TMEM16F megakaryocyte- and platelet-specific KO mice reported 

comparable bleeding times between the conditional KO mice and WT mice.28 While the 

bleeding time experiment in the current study was performed by the filter paper method, Fujii 

et al. tested bleeding times in WT and TMEM16F conditional KO mice by the saline method. 

Mechanisms underlying hemostasis are known to partially differ between these two 

experimental models.127 However, the bleeding time results in the current study correlate well 

with those from ex vivo (fibrin generation) and in vivo (arterial thrombosis) experiments 

performed and also reflect the provoked bleeding episodes that are the major clinical 

manifestation of Scott Syndrome.  

A previous investigation has reported TMEM16F constitutive KO mice to be protected in an 

experimental model of arterial thrombosis.27 In another TMEM16F megakaryocyte- and 

platelet-specific KO mouse line, unstable, fragile thrombi developed in veins of conditional 

KO mice in an experimental model of photochemical injury-induced venous thrombosis.28 The 

here presented work is the first report showing that TMEM16F cKO mice exhibited impaired 

thrombosis in an experimental model of FeCl3 injury-induced thrombus formation in the 
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carotid artery, underscoring the importance of TMEM16F-regulated platelet procoagulant 

activity for the progression of arterial thrombosis in addition to venous thrombosis. 

Furthermore, the frequent embolization of growing thrombi that was observed in the current 

study indicates an important role for TMEM16F-scramblase activity in stabilizing developing 

thrombi in pathological thrombosis. 

Both, platelets and the coagulation system are known contributors to ischemia-reperfusion 

injury,37 but interestingly the here presented results strongly suggest that TMEM16F-

mediated platelet procoagulant activity does not play a role in the pathology of this process. 

Infarct volumes and neurological and motor function outcome were similar in WT and 

TMEM16F cKO mice in the tMCAO model of ischemic stroke. In addition, neither increased 

mortality nor incidences of intracranial hemorrhage were observed in cKO mice tested in this 

experimental model. These results are noteworthy because, as briefly described in the 

introduction section, several investigations have reported a prominent role for thrombin and 

its receptors (protease-activated receptors, PARs) in ischemic brain injury. Thrombin 

receptors PARs-1,3 and 4 are abundantly expressed in the brain.41 The expression of PAR-1 

in rat hippocampal slice cultures is upregulated following exposure to ischemic conditions.128 

PAR-1 and PAR-4 KO mice are protected in experimental models of focal cerebral 

ischemia.129, 130 In addition, thrombin levels by themselves are elevated after transient global 

ischemia in the rat brain and aggravate infarct progression following ischemic injury as 

inhibition of thrombin by the inhibitor hirudin has been shown to ameliorate the outcome in 

the tMCAO model.42 However, several factors can account for unaltered stroke progression 

under conditions of decelerated platelet-driven thrombin generation in the cKO mice. A recent 

report has shown a prominent role for procoagulant endothelium in supporting 

hemostasis/thrombosis in an experimental model of laser-induced vascular injury, highlighting 

the function of procoagulant cells other than platelets in supporting thrombin generation.131 

Therefore, as ischemic stroke progresses over a longer time scale than arterial thrombosis in 

our experimental models, thrombin generation promoted by procoagulant cells other than 

platelets including activated endothelial cells, red blood cells, lymphocytes and neurons could 

potentially compensate for the impaired TMEM16F cKO platelet-driven thrombin generation. 

Definite conclusions in this regard can only be achieved through further studies such as 

generation of endothelial-specific TMEM16F conditional KO mice and testing them in 

experimental models of arterial thrombosis and ischemic stroke side by side to 

megakaryocyte- and platelet-specific TMEM16F conditional KO mice. 
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To summarize, three broad conclusions can be drawn from our studies on megakaryocyte- 

and platelet-specific TMEM16F conditional KO mice (Figure 36). Firstly, TMEM16F is not the 

sole mediator of platelet procoagulant activity. Second, the scramblase TMEM16F regulates 

kinetics of the thrombin generation supported by procoagulant platelets. And finally, the 

modulation of thrombin generation kinetics by platelet TMEM16F is important for hemostasis 

and arterial thrombosis but not for thrombo-inflammation post focal cerebral ischemia.  

	

	
	
Figure 36. An illustration of the key findings from experiments conducted on megakaryocyte- and platelet-specific 
TMEM16F conditional KO mice. TMEM16F-independent pathways lead to residual activation-induced PS 
exposure in cKO platelets that decelerates procoagulant platelet-driven thrombin generation. The platelet 
membrane phospholipid scrambling regulated by TMEM16F is vital for maintaining hemostasis as well as for the 
progression of arterial thrombosis. However, this process is dispensable for cerebral thrombo-inflammation in 
mice.120 

	
4.2. Generation of humanized coagulation factor XII (FXII) knockin mice as a 

model for testing novel anti-thrombotic agents 
	
The data presented in this thesis constitutes the initial characterization of a novel humanized 

FXII KI mouse strain. In recent years, FXII has emerged as an attractive target for 
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antithrombotic therapy giving impetus to research directed towards development of anti-FXII 

pharmacological agents.64 Previous reports in the literature provided indications that human 

FXII was functional within the murine physiology,38, 60 and studies presented herein support 

this hypothesis. However, it is necessary to investigate additional aspects of this mouse 

strain prior to utilizing them as models for testing novel anti-thrombotic agents. These 

experiments form the aim of future work in our laboratory. Global coagulation parameters PT 

and especially aPTT will be determined using plasma from hFXII KI mice, along with 

measurement of expression and activity of the other coagulation factors of the coagulation 

cascade to ensure unaltered levels. Furthermore, the basis for the inconsistent concentration 

of human FXII in plasma obtained from human controls versus mutant mice – whether this is 

a species-specific difference or is related to the targeting strategy - will be determined with 

the help of quantitative ELISAs that specifically measure murine FXII. Differences in 

concentrations of coagulation factors between mice and humans have been reported.5 

Reduced protein expression in humanized mutant mice has also been reported in the 

literature, for e.g. cDNA knockin of human Cdg1 (gene that encodes the guanine nucleotide 

exchange factor CalDAG-GEFI) into the murine Cdg1 locus resulted in approximately 90% 

reduction in expression of the CalDAG-GEFI protein in mutant murine platelets.132 

Experiments are also planned to determine whether human FXII expressed by the mutant 

mice can also compensate for murine FXII under thrombo-inflammatory conditions such as 

ischemic stroke by subjecting the mutant mice to the experimental tMCAO model. Once the 

mouse-strain is thoroughly characterized, the efficacy of two new human-FXIIa inhibitors 

under conditions of arterial thrombosis and ischemic stroke will be determined in comparison 

to the previously reported FXIIa-inhibitor rHA-infestin-4 and the humanized anti-FXIIa 

antibody 3F7.39, 67 

	
4.3. The adapter proteins Grb2 and Gads have partially redundant functions 

for activation and hemostatic activity of mouse platelets 
	
Studies investigating the role of Grb2 or Gads in platelet function have suggested that one 

adapter protein may functionally compensate for the lack of the other in platelet activation.92, 

95 The existence of functional compensation between closely related proteins downstream of 

(hem)ITAM signaling in platelets is well documented. Redundancy has been observed 

between positive regulators of (hem)ITAM signaling (Vav1 and Vav3; Btk and Tec)75, 78, as 

well as negative regulators (SLAP and SLAP2).76 The data presented in this thesis provide 

experimental evidence for redundant function between Grb2 and Gads - the two members of 
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the Grb2 family of adapter proteins expressed in platelets - through studies on platelet activity 

conducted in Grb2/Gads double knockout mice. The direct comparison of platelets from Grb2 

KO, Gads KO and Grb2/Gads DKO mice in in vitro and in vivo studies reveals that Grb2 is 

the dominant adapter protein that can markedly compensate for Gads deficiency, and plays a 

key role in signal transduction downstream of GPVI or CLEC-2 stimulation. By contrast, Gads 

plays a supportive role in this signaling pathway, especially evident in experimental models of 

hemostasis and thrombosis in vivo as opposed to in vitro studies on platelet function.  

In investigations performed by Dütting et al., the residual platelet activation and aggregation 

in the Grb2 deficient platelets was reported to be functionally relevant as significant defects in 

hemostasis and thrombosis were only observed when simultaneously blocking TxA2-induced 

GPCR signaling. Defective (hem)ITAM signaling was hypothesized to be compensated by 

GPCR-signaling in addition to putative functional compensation by Gads.92 Moreover, 

synergistic action on co-stimulation with the (hem)ITAM-agonist CRP and the GPCR-agonist 

ADP has been previously reported through studies conducted in platelets double deficient for 

the kinases Btk and Tec that also lie downstream of (hem)ITAM signaling. Btk/Tec double 

deficient platelets display dramatically impaired spreading on collagen. However, this defect 

can be rescued by co-stimulation with ADP.78 We investigated these compensatory pathways 

by determining platelet activation in Grb2 KO, Gads KO and Grb2/Gads KO platelets 

simultaneously by flow cytometry following stimulation with a (hem)ITAM agonist (CRP, 

convulxin or rhodocytin) in conjunction with a GPCR-agonist (ADP or the thromboxane-

analog U46619). For Grb2 KO and Gads KO platelets, we indeed observed a synergistic 

effect of co-stimulation with either ADP or U46618, with a substantial rescue of the platelet 

activation defect that was seen on stimulation with a (hem)ITAM agonist alone. However, 

even co-stimulation failed to elicit activation from double deficient platelets. This further 

extends the observation that Grb2 and Gads have redundant roles for platelet activation.  

Interestingly, although the combined deficiency of the two adapter proteins impacts both, 

ITAM and hemITAM signaling, it has a greater influence on GPVI- than CLEC-2-induced 

platelet activation and aggregation, demonstrating a more prominent role of the adapter 

proteins in the former signaling pathway than the latter. This observation might explain in part 

why even the loss of both adapter proteins did not lead to alterations in separation of blood-

lymphatic vasculature in Grb2/Gads DKO mice. These findings are noteworthy since the 

podoplanin-CLEC-2-axis has been shown to be essential to regulate proper separation 

between the blood and lymphatic vasculature with a severe blood-lymph mixing defect 

reported in mice deficient in either podoplanin or CLEC-2.133, 134 In addition, mutant mice that 
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lack some other components of the signaling cascade that lie downstream of CLEC-2 

activation have also been reported to present with the blood-lymph mixing defect. This 

includes mice deficient in Syk, SLP-76 and PLCγ2 – all proteins that are common to ITAM 

and hemITAM signaling.  

Signal transduction in Grb2 KO, Gads KO and Grb2/Gads DKO platelets was studied in more 

detail by directly comparing phosphorylation of tyrosine residues of key individual signaling 

proteins in platelets from all groups of knockout mice in comparison to WT platelets following 

stimulation with either convulxin or rhodocytin. Defects in tyrosine phosphorylation of LAT 

and PLCγ2 have been reported for Grb2 KO and Gads KO platelets and were confirmed in 

the current study. Notably, DKO platelets exhibit a greater reduction in LAT and PLCγ2 

phosphorylation than seen in the absence of either Gads or Grb2, in agreement with the 

results of the flow cytometry-based platelet activation studies.  

Surprisingly, we also observed a consistent decrease in phosphorylation of the kinase Syk at 

Y519/520 in all three groups of KO mice. This decrease was most prominent for Grb2/Gads 

DKO samples followed by Grb2 and Gads KO platelet samples respectively. Additionally, the 

defective Syk phosphorylation was more striking following rhodocytin stimulation in 

comparison to convulxin stimulation. This is despite the fact that Syk lies upstream of the 

assembly of the LAT signalosome in the sequence of events in the (hem)ITAM signaling 

cascade. One possible explanation for this observation is defective feedback activation of 

(hem)ITAM signaling in platelets from the three groups of KO mice. A previous report has 

described a feedback role for Syk in further augmenting its own phosphorylation in 

rhodocytin-stimulated platelets.95 Additionally a recent report has shown further enhancement 

of GPVI activation and signaling through clustering of the receptor following initial activation-

triggered increased dimerization.135 With respect to the current study, investigating tyrosine 

phosphorylation of the ITAM motifs of FcRγ-chain will potentially help to test this hypothesis. 

If the reduced tyrosine phosphorylation of Syk was due to impaired feedback activation, a 

reduced tyrosine phosphorylation of FcRγ-chain should also be observed. This hypothesis 

would also explain the differential impairment in tyrosine phosphorylation of Syk on 

rhodocytin stimulation compared to convulxin stimulation. This is because convulxin is a very 

powerful agonist for GPVI stimulation. One molecule of the snake venom toxin is capable of 

clustering four GPVI receptors, thereby potentially partially masking the impaired feedback 

activation of GPVI through clustering in the KO platelet samples. In addition, Hughes et al. 

who also previously documented a small reduction in the phosphorylation of tyrosine residues 

of Syk in Gads KO platelet samples on stimulation with (hem)ITAM agonists, speculated that 
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this may occur due to increased accessibility of tyrosine residues of Syk to protein tyrosine 

phosphatases in the absence of Gads. This hypothesis could also partially account for the 

reduced phosphorylation of tyrosine residues of Syk in Grb2 KO, Gads KO and Grb2/Gads 

DKO platelet samples in the current study. 

Another aspect of the results of the tyrosine phosphorylation studies is that albeit being 

dramatically reduced, tyrosine phosphorylation of LAT and PLCγ2 are not completely 

abolished. This demonstrates the existence of Grb2/Gads-independent pathways that 

mediate PLCγ2 activation on stimulation with (hem)ITAM agonists in the absence of both 

adapter proteins. This is in line with previously reported phosphorylation of PLCγ2 that was 

also impaired but not abolished in LAT KO platelets on stimulation with high concentrations of 

(hem)ITAM agonists.136 Moreover, residual activation of PLCγ2 is also reported on stimulation 

of SLP-76 KO platelets with collagen and CRP.137  

To dissect the functional relevance of redundant function between Grb2 and Gads for the 

processes of hemostasis and thrombosis in vivo, Grb2/Gads DKO animals were tested in 

experimental models of hemostasis and arterial thrombosis. DKO mice showed significantly 

prolonged bleeding times in comparison to WT mice. This impairment of hemostatic function 

was more severe than that previously reported in Grb2 KO mice,92 underscoring important 

redundant functions between the adapters Grb2 and Gads in maintaining hemostasis. 

Furthermore, occlusive thrombus formation was moderately impaired in DKO animals under 

conditions where vessel occlusion times in the Grb2 KO and Gads KO mice were comparable 

to those recorded for WT mice. These results are interesting as most proteins in the 

(hem)ITAM signaling pathway including GPVI, CLEC-2, Syk and LAT, are well known to play 

a more prominent function in the pathological process of thrombosis in comparison to their 

limited role for hemostasis. These results further extend the observation in Grb2 KO mice that 

display moderately impaired hemostasis but normal thrombosis.92 Taken together, these data 

shed new light on the divergent role of signaling molecules downstream of (hem)ITAM 

signaling for the processes of hemostasis and thrombosis. 

	
4.4. Concluding remarks  
	
The study on TMEM16F cKO mice elucidates key differences in the role of procoagulant 

platelets in the pathology of arterial thrombosis and ischemic stroke. However, it also opens 

several new lines for investigation. Further studies will be required to adequately address the 

cause of residual platelet procoagulant activity in cKO mice. It will also be interesting to 
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identify the cell types that predominantly contribute to increased thrombin levels in the brain 

following cerebral ischemia through studies using tissue/cell-type-specific conditional KO 

mice. Given that a genome-wide association mapping study has identified the Ano6 gene 

among the top three candidates to play a role in nanoparticle-induced acute lung injury,53 a 

strong possibility arises that whilst platelet-TMEM16F activity is dispensable for cerebral 

thrombo-inflammation, it may contribute significantly to thrombo-inflammatory processes in 

other organs and pathological conditions, and forms an interesting avenue to investigate in 

future studies. An organ-specific role for platelets has been previously described under 

conditions of inflammatory bleeding.138, 139 

Analysis of platelet function in Grb2/Gads DKO mice has revealed partially overlapping roles 

of the proteins Grb2 and Gads for platelet activity. One adapter can incompletely compensate 

for the lack of the other for activation and hemostatic function of murine platelets. 

Additionally, the specific role of these adapters downstream of (hem)ITAM signaling is 

dispensable for the regulation of blood-lymphatic vessel separation. The basis of the 

divergence in the function of the constituents of (hem)ITAM signaling cascade with respect to 

regulating separation of blood-lymphatic vasculature, hemostasis and thrombosis remains to 

be elucidated within further studies. 

The hFXII KI mice described in this thesis offer all the advantages of a rodent model – cost 

effectiveness, convenient handling and maintenance in the laboratory, and a well-

characterized genetic background that would allow reproducible studies. Most importantly, 

the hFXII KI mice have the added advantage that novel pharmacological agents can be 

directly tested against human factor XII in an in vivo system within preclinical studies to 

facilitate the process of delineating candidates for more intensive clinical studies. Therefore, 

the planned further in-depth characterization of this mouse line will allow for their utilization as 

a model for testing novel antithrombotic agents. 
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6. Appendix 
 

6.1. Abbreviations 
	
ADP adenosine diphosphate 
AF Alexa-fluor 
ATP adenosine triphosphate 
AU arbitrary units 
aPTT activated partial thromboplastin time 
BCR B cell receptor 
BM bone marrow 
BSA bovine serum albumin 
BW body weight 
CAT calibrated automated thrombogram 
cKO conditional knockout 
CLEC-2 C-type lectin-like receptor 2 
CRP collagen-related peptide 
ctrl control 
d day 
DAG diacyl glycerol 
DAPI 4’,6-diamidino-2-phenylindole 
DIC differential interference contrast 
DKO double knockout 
DNA deoxyribonucleic acid 
ECL enhanced chemi-luminescence 
ECM extracellular matrix 
EDTA ethylenediaminetetraacetate 
EGTA ethylene glycol tetraacetate 
ELISA enzyme-linked immunosorbent assay 
FcR Fc receptors 
FITC fluorescein isothiocyanate 
g gravity 
Grb2 growth factor receptor bound protein 2 
Gads Grb2 related adapter protein downstream of Shc 
Grap Grb2 related adapter protein 
GP glycoprotein 
GPCR G protein-coupled receptor 
h hour 
HCT hematocrit 
HGB hemoglobin 
HRP horseradish peroxidase 
HSC hematopoietic stem cells 
i.p. intraperitoneal(ly) 
i.v. intravenous(ly) 
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Ig immunoglobulin 
Iono ionomycin 
A23 A23187 (calcium ionophore) 
IP immunoprecipitation 
IP3 inositol-3,4,5-trisphosphate 
ITAM immunoreceptor tyrosine-based activation motif 
kDa kilodalton 
KO knockout 
LAT linker for activation of T cells 
MCA middle cerebral artery 
MFI mean fluorescence intensity 
min minute 
MK megakaryocyte(s) 
MOPS 3-(N-morpholino)propanesulfonic 
MPV mean platelet volume 
n.s. not significant 
NA numerical aperture 
o/n overnight 
PAR protease activated receptor 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PE phycoerythrin 
PF4 platelet factor 4 
PFA paraformaldehyde 
PGI2 prostaglandin I2, prostacyclin 
PIP2 phosphatidylinositol-4,5-bisphosphate 
PKC protein kinase C 
PLC phospholipase C 
PRP platelet-rich plasma 
PPP platelet poor plasma 
PS phosphatidylserine 
PE phosphatidylethanolamine 
PC phoaphatidylcholine 
SM sphingomyelins 
PVDF polyvinylidene difluoride 
PT prothrombin time 
RBC red blood cells 
rpm rotations per minute 
RT room temperature 
s seconds 
SEM scanning electron microscopy 
SDS sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SFKs Src family kinases 
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SH Src homology 
SLAP Src-like adapter protein 
SLP-76 SH2-containing leukocyte protein 76 
Syk spleen tyrosine kinase 
TBS Tris-buffered saline 
TCR T cell receptor 
TF tissue factor 
TxA2 thromboxane 
TMB 3,3,5,5-tetramethyl-benzidine 
tMCAO transient middle cerebral artery occlusion 
TTC 2,3,5-triphenyltetrazolium chloride 
U46 U46188 (thromboxane A2 analog) 
VWF von Willebrand factor 
WB Western blot 
WBC white blood cells 
WT wild-type 
Xkr Xk-related 
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