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Summary. Platelet adhesion, activation and aggregation on

the exposed subendothelial extracellular matrix (ECM) are

essential for haemostasis, but may also lead to occlusion of

diseased vessels. Binding of the glycoprotein (GP)Ib-V-IX

complex to immobilised von Willebrand factor (VWF)

initiates adhesion of flowing platelets to the ECM, and

thereby enables the collagen receptor GPVI to interact with

its ligand and to mediate platelet activation. This process is

reinforced by locally produced thrombin and platelet-derived

secondary mediators, such as adenosine diphosphate (ADP)

and thromboxane A2 (TxA2). Together, these events promote

a shift of b1 and b3 integrins from a low to a high affinity

state for their ligands through �inside-out� signalling allowing

firm platelet adhesion and aggregation. Formed platelet

aggregates are stabilised by fibrin formation and signalling

events between adjacent platelets involving multiple platelet

receptors, such as the newly discovered C-type lectin-like

receptor 2 (CLEC-2). While occlusive thrombus formation is

the principal pathogenic event in myocardial infarction, the

situation is more complex in ischaemic stroke where infarct

development often progresses despite sustained early reper-

fusion of previously occluded major intracranial arteries, a

process referred to as �reperfusion injury�. Increasing exper-

imental evidence now suggests that early platelet adhesion

and activation events, orchestrate a �thrombo-inflammatory�
cascade in this setting, whereas platelet aggregation and

thrombus formation are not required. This review summa-

rises recent developments in understanding the principal

platelet adhesion receptor systems with a focus on their

involvement in arterial thrombosis and ischaemic stroke

models.
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Introduction

Platelets are anucleated blood cells released from bone marrow

megakaryocytes through a complex process that is not fully

understood [1,2]. At sites of vascular injury, platelets come into

contact with exposed subendothelial components such as

collagens or laminins, and form a plug to prevent excessive

blood loss. However, if this process occurs in an uncontrolled

manner it may also lead to thrombotic events causing life-

threatening disease states such as myocardial infarction or

ischaemic stroke [3,4]. During the last years, substantial

progress has been made in understanding the molecular

function of platelet receptors and associated signalling machin-

eries, and in dissecting their involvement in thrombotic disease.

Inmany cases, genetic mousemodels have been instrumental in

this research.

Platelet adhesion and activation is a multistep process

involving multiple platelet receptor-ligand interactions. Upon

vessel wall injury, circulating platelets are rapidly decelerated

by transient interactions between the glycoprotein (GP) Ib-V-

IX complex and von Willebrand factor (VWF) bound to

collagen [5]. This interaction retains platelets close to the vessel

wall and facilitates the contact between GPVI and collagen [6].

The GPVI-collagen interaction induces intracellular signalling

leading to cellular activation and subsequent synthesis and

release of secondary platelet agonists, most importantly

thromboxane A2 (TxA2) and adenosine diphosphate (ADP).

These soluble agonists together with locally produced thrombin

further contribute to platelet activation through G protein

coupled receptors (Gi, Gq, G12/13) (reviewed in Ref. [7]). All

these signalling pathways synergise to induce complex cellular

responses, such as activation of integrins, release of granule

contents and coagulant activity [8,9].

A detailed molecular understanding of platelet function in

haemostasis and thrombosis in vivo is critical for the develop-

ment of better antithrombotic agents to prevent or treat

ischaemic disease. Mice are the most frequently used species in

thrombosis research, and genetic methods that allow targeted
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manipulations in the mouse genome have been exceptionally

successful in unravelling protein function in platelets. In

parallel, a large number of experimental models have been

established to allow in vivo observation and kinetic analysis of

thrombus formation. Arterial lesions can be induced in

different branches of the vascular system and by different

methods (reviewed by Day et al. [10]), most notably by (i)

application of a high energy laser pulse [11], (ii) mechanical

injury of the endothelial layer by vessel constriction/compres-

sion [12,13] or via insertion and removal of a wire [14,15], and

(iii) chemical injury via systemic injection of the photoreactive

substance Rose Bengal and transillumination of green light

[16,17], or by topical application of ferric chloride [18]. The

latter method allows variable levels of injury in different

vascular beds and thrombus formation can be monitored by

microscopic visualisation and blood flow measurements.

However, high variability in the experimental protocols has

caused controversial discussions on the pathogenic significance

of certain platelet receptors and signalling pathways in this

model.

Another major thromboembolic disease is ischaemic stroke,

the second leading cause of death worldwide [19]. Whereas

approximately 20% of strokes represent intracerebral haem-

orrhages, about 80% are caused by cerebral ischaemia. In the

latter case, embolism to the brain mostly derives from

extracranial artery stenoses or from the heart, especially in

atrial fibrillation [20]. Thromboembolic occlusion of major or

multiple smaller intracerebral arteries leads to focal impair-

ment or cessation of the downstream blood flow, and to

secondary thrombus formation within the cerebral microvas-

culature. Therefore, re-establishment of blood flow is a

primary goal in stroke treatment. However, although early

reperfusion of occluded major intracranial arteries is achieved

in more than 80% of patients, progressive stroke may develop

in a process termed �reperfusion injury� [21,22]. Different

experimental stroke models have been established among

which the transient middle cerebral artery occlusion (tMCAO)

model is considered most relevant [23]. In this rodent model, a

thread occludes the middle cerebral artery for a certain time

(typically 30–60 min) before reperfusion is allowed. Despite

this recanalisation, the animals develop large infarcts within

24 h, reproducing the reperfusion injury seen in human stroke

patients. Recent studies have revealed that after tMCAO

early, but not late, platelet adhesion and activation mecha-

nisms critically contribute to infarct growth, apparently by

orchestrating inflammatory processes rather than thrombus

formation. These observations led to the hypothesis that acute

ischaemic stroke may in fact represent a �thrombo-inflamma-

tory� disorder [22].
In the following, we will give an overview of the considerable

progress that has been made in understanding platelet adhe-

sion/activation receptors and their involvement in arterial

thrombus formation and acute ischaemic stroke. We will

mainly focus on the prominent platelet adhesion (GPIb-V-IX

and integrins) and activation (GPVI and CLEC-2) molecules.

The role of G protein coupled receptors (GPCRs) in platelet

activation has recently been reviewed [7] and is not discussed

here.

Platelet adhesion and activation

The GPIb-V-IX complex

The GPIb-V-IX receptor complex is highly expressed on the

platelet surface in the ratio 2:2:2:1 (approximately 25 000

copies of GPIba, GPIbb, and GPIX, and 12 500 of GPV per

cell [24]) and belongs to the leucine-rich repeat protein family.

Its subunit GPIb binds many ligands, including VWF, P-

selectin, macrophage antigen 1 (Mac-1), and the coagulation

factors XI, XII and thrombin. In humans, lack or dysfunction

of GPIb-V-IX is associated with a rare autosomal recessive

disorder, the Bernard-Soulier syndrome (BSS) [25] which is

characterised by a bleeding phenotype, thrombocytopenia and

giant platelets [26]. A similar phenotype is also seen in mice

genetically engineered to lack GPIba [27] or GPIbb [28].

Notably, no mutations within the Gp5 gene have been

described in BSS patients and GPV deficiency in mice did

not cause a BSS-like phenotype [29].

At high shear flow rates, as found in arteries or moderately

stenosed vessels, the initial capture of circulating platelets on

the ECM is mediated by the interaction of GPIba and

collagen-bound VWF [5]. This interaction is, however,

transient and does not allow firm adhesion of the cells, as

demonstrated by rolling of platelets on a VWF layer [5].

Efficient firm attachment under these rheological conditions

requires cellular activation through other receptors, most

notably GPVI and GPCRs which trigger full cellular

activation allowing integrin-mediated platelet adhesion and

aggregation [9,30]. However, recent reports have suggested

that at extremely high shear rates (> 10 000 s)1), platelet

adhesion and aggregation is exclusively dependent on the

GPIb-VWF interaction without obvious requirement for

integrin activation [31–33]. This concept is supported by the

observation that platelets lacking the 45 kDa N-terminal

domain of GPIba failed to incorporate into growing arterial

thrombi in wild type mice. In contrast, platelets lacking b3
integrins were still able to incorporate into thrombi under

these experimental conditions [34].

GPIb-VWF interaction induces weak intracellular signalling

events that eventually lead to integrin activation (for review see

Ref. [35,36]), but the underlying mechanisms are only begin-

ning to be understood. During the last few years, a number of

new molecules have been proposed to be involved in GPIb-

induced signalling [35–37]. Among these was phospholipase

(PL) D1 which may represent a potential linker between GPIb

ligation and integrin aIIbb3 activation [38]. Despite these

advances, the exact nature of the GPIb-triggered signalling

cascade in platelets is still elusive and will remain an area of

intense research.

The essential role of GPIb in arterial thrombus formation

was revealed by in vivo studies with an antibody (p0p/B) that

blocks the VWF binding site of the murine receptor and in
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GPIbmutant mice. Fab fragments of p0p/B virtually abolished

platelet adhesion to the injured carotid artery and protected the

animals from occlusive thrombus formation in vivo [15].

Similarly, mice in which the extracellular domain was replaced

by the human interleukin 4 (IL-4) receptor (IL4Ra/GPIba) [39]
were profoundly protected from occlusion following chemical

injury of the carotid artery [40] and ofmesenteric arterioles [34].

This effect was more profound than that seen in VWF)/) mice

suggesting that also other ligands of GPIb may be involved in

thrombus formation [34]. In another study, mice in which the

GPIbb subunit was ablated reproduced the BSS phenotype and

showed significantly decreased thrombotic activity in different

arterial thrombosis models [41]. The antithrombotic potential

of targeting theVWF-GPIb axis was also demonstrated in non-

human primates. Treatment of baboons with Fab fragments of

the blocking anti-GPIb antibody, 6B4, significantly reduced

platelet deposition onto a collagen-coated surface ex vivo [42].

Interestingly, blockade of the VWF-collagen interaction by an

anti-VWF antibody (82D6A3) prevented arterial thrombus

formation in vivo in baboons, whereas the bleeding time was

not significantly prolonged, indicating that inhibition of VWF-

collagen binding might be a promising pharmacological target

for the prevention of arterial thrombosis [43].

An alternative strategy to passivate GPIb function could be

the controlled downregulation of the receptor from the platelet

surface. Platelets can downregulate GPIba through proteolytic

cleavage of the approximately 130 kDa extracellular domain of

the receptor (glycocalicin, GC) and a disintegrin and metallo-

proteinase 17 (ADAM17) has been identified as the major

sheddase to mediate this proteolysis in vitro and in vivo. Mice

lacking functional ADAM17 were unable to cleave GPIba
after incubation with different shedding-inducing reagents and

the animals displayed significantly reduced plasma GC levels

[44,45]. Based on these results, onemay speculate that the direct

selective activation of ADAM17 in platelets might have strong

antithrombotic potential.

GPVI

The central activating platelet collagen receptor, GPVI, is a

platelet-specific transmembrane type I receptor that non-

covalently associates with the immunoreceptor tyrosine-based

activation motif (ITAM) containing Fc receptor (FcR) c-chain
in the plasma membrane [6,46]. The FcRc-chain becomes

tyrosine phosphorylated upon ligand-induced GPVI clustering

and initiates a series of tyrosine phosphorylation events finally

resulting in PLCc2 activation [47,48], Ca2+ mobilisation and

entry [49–53], integrin activation, granule secretion, and

coagulant activity [9,48,54]. In addition, results by Inoue et al.

[55] indicated that murine and human integrin a6b1 are able to
facilitate activation of GPVI upon binding to laminin, thereby

contributing to platelet activation.

Only a few patients suffering from a mild bleeding disorder

have been reported with GPVI-related defects mainly being

caused by autoantibody-induced downregulation of the recep-

tor in circulating platelets [56]. However, recently two groups

independently described patients with proven mutations in the

Gp6 gene [57,58]. The overall normal haemostatic function in

those patients and the unresponsiveness of their platelets to

collagen are phenocopied in GPVI-deficient mice [59–61].

Importantly, the phenomenon that autoantibodies cause a

GPVI deficiency in humans could be reproduced in mice by

injection of anti-GPVI antibodies. This treatment induced the

downregulation of the receptor from the platelet surface

resulting in a sustained �GPVI knockout-like� phenotype and

long-term antithrombotic protection in vivo [12,62,63]. Simi-

larly, the antibody-induced loss of GPVI was demonstrated in

human platelets circulating in NOD/SCID mice [64], suggest-

ing that anti-GPVI treatment could be a powerful strategy to

specifically passivate the collagen-GPVI pathway in platelets.

GPVI downregulation can occur through internalisation

or metalloproteinase-dependent ectodomain shedding [65]

and the latter has been shown to be mediated by ADAM10

and 17 under certain experimental conditions in vitro

[44,65,66]. However, the antibody-induced GPVI loss

in vivo appears to involve at least one additional, yet

unidentified, platelet-expressed proteinase [44]. In a very

recent study, Al-Tamimi et al. [67] demonstrated that GPVI

shedding can also be triggered by activated coagulation

factor X (FXa), which directly or indirectly activates

ADAM10 (and possibly other metalloproteinases) in plate-

lets, thereby providing a novel negative feedback mechanism

in the thrombotic cascade [68].

Different mouse models of GPVI deficiency (FcRc-chain-
deficient [61], GPVI-depleted, Gp6)/)) have been utilised to

assess the function of the receptor in platelet activation in

haemostasis and thrombotic disease. Platelets lacking GPVI

fail to firmly attach and form aggregates on collagen in vitro

[59,60,69] or to build occlusive arterial thrombi in vivo as

revealed in different experimental thrombosis models, such as

transluminal wire-induced injury of the femoral artery [14] or

after different injuries of the carotid artery (ligation, wire-

induced arterial denudation) [15]. Also in models of ferric

chloride-induced vascular injury, GPVI deficiency provided

strong antithrombotic protection [15,40,70,71], although one

group could not identify a role for GPVI in their ferric chloride

injury model [72]. It is worth mentioning that thrombin plays a

very important role in this model and the presence of high

concentrations of thrombin can overcome the effect evoked by

the lack of GPVI [73]. Moreover, it has been described that

GPVI has no [70,74] or only a minor [73,75] role in thrombus

formation after laser-induced heat injury where the process is

also suggested to be largely dependent on thrombin generation.

In contrast, one group could not confirm these results and

reported a role of GPVI in this model [76].

Thus, although minor controversies exist concerning the

functional role of GPVI in certain thrombosis models, the

receptor is now widely accepted as a promising antithrombotic

target. In line with this, the first study with Fab fragments of

anti-GPVI antibodies in cynomolgus monkeys demonstrated a

strong inhibition of collagen-induced thrombus formation

ex vivo with only mildly prolonged bleeding times [77,78].
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CLEC-2

CLEC-2 is a C-type lectin-like type II transmembrane receptor

that was originally identified in immune cells [79,80] and only

recently revealed to be expressed in platelets where it serves as

the receptor for rhodocytin, a very potent platelet activating

protein isolated from the Malayan pit viper Calloselasma

rhodostoma [81]. Based on the observation that rhodocytin-

induced platelet activation shares some similarities with the

responses elicited by collagen, integrin a2b1 and GPIba were

initially proposed to be targets of the protein [82–84] but this

was shortly later disproven by the finding that rhodocytin fully

activated platelets in the absence of these receptors [85].

CLEC-2 uses a similar signalling pathway as the GPVI/

FcRc-chain complex but in contrast to the latter it involves

tyrosine phosphorylation of only a single cytoplasmic YXXL

motif (hemITAM) [79,81,86]. CLEC-2 forms monomers and

dimers on resting platelets [87], and is active upon dimerisation

or oligomerisation [87,88]. Upon CLEC-2 engagement, hemI-

TAM phosphorylation of CLEC-2 is mediated by the tyrosine

kinase Syk which is absolutely required for signalling and

downstream phosphorylation of effector proteins, including

PLCc2 [89]. The sequential activation of (i) Syk and (ii) Src [89]
and the only partial dependence of signalling on the cytoplas-

mic adaptor proteins SLP-76/BLNK [81,86] are different from

the signalling events evoked by GPVI ligation. However, all

other tested downstream events involved in CLEC-2 andGPVI

signalling seem to be very similar [90].

A developmental role for CLEC-2 has been described as the

constitutive CLEC-2 knockout led to embryonic/neonatal

lethality in mice caused by blood-lymphatic misconnection and

severe oedema [91,92], a phenotype similar to the one observed

in mice lacking different proteins such as Syk [93,94], PLCc2
[95], SLP-76 [96] or podoplanin [97,98]. How platelets mediate

vessel separation is at present unclear, but it is speculated that it

involves rather platelet degranulation than aggregation as mice

with aggregation-incompetent platelets do not develop blood-

lymphatic vessel connections [99].

Due to its impressive platelet activating potential, it was early

speculated that CLEC-2 might become a target for antithrom-

botic agents [100], but the lethality of CLEC-2 knockout mice

has made studies on the function of the receptor in haemostasis

and thrombosis difficult. The first experiments that directly

addressed this question were performed with mice in which

CLEC-2 was immunodepleted in circulating platelets by

antibody treatment [101]. Intravenous injection of the mono-

clonal anti-CLEC-2 IgG antibody INU1 led to a downregu-

lation of the receptor from the platelet surface for more than

6 days [101]. Similar to antibody (JAQ1)-mediated downregu-

lation of GPVI [62], the platelet count recovered after 4 days

and the newly produced platelets lacked CLEC-2. The

mechanism of receptor downregulation is currently not known,

but the Fc-part of the antibody or dimerisation of the receptor

are not essential since Fab fragments of INU1 were equally

efficient [101]. Both, ectodomain shedding and receptor

internalisation, might be involved because it was demonstrated

in cell lines that CLEC-2 can be cleaved [102] and internally

degraded via ubiquitination [103]. CLEC-2 depleted platelets

were unresponsive to rhodocytin and this defect was highly

specific as platelet activation and aggregation in response to all

other tested agonists was unaltered [101]. Shortly after, two

groups reported the same defined activation defect in chimeric

mice lacking CLEC-2 in the hematopoietic system (Clec2)/))

[92,104].

Further studies revealed an important role of CLEC-2 for

aggregate stabilisation. In a whole blood perfusion assay,

CLEC-2 depleted platelets were able to adhere normally to a

collagen-coated surface, but subsequent stable aggregate for-

mation was strongly impaired at intermediate to high shear

rates (1000, 1700 s)1) [101]. The defect in thrombus stability

was also observed in vivo in ferric chloride-injured mesenteric

arterioles, evident as normal platelet adhesion to the injured

vessel wall but abolished occlusive thrombus formation [101].

In line with this, Suzuki-Inoue et al. [92] described that

adhesion of Clec2)/) platelets to different matrices was normal

whereas aggregate stabilisation under flow (2000 s)1) in vitro,

as well as upon laser injury in vivo was affected. Based on these

results one may speculate that CLEC-2 contributes to throm-

bus growth by �taking over� the function of GPVI in platelets

recruited to a growing thrombus that will not get in contact

with collagen (Fig. 1). However, in contrast to the described

studies, others have reported normal aggregate formation of

Clec2)/) platelets under flow in vitro [104]. The reason for this

discrepancy is currently unclear.

CLEC-2 seems to play only a minor role in haemostasis

because either no [92,104] or only a moderate [101] increase in

bleeding time was observed in mice lacking the receptor

in platelets. However, previously it was speculated [81] that the

(hem)ITAM receptors in platelets, GPVI and CLEC-2, may

compensate for each other in preventing blood loss because,

surprisingly, patients [105–107] and mice [59–61] lacking GPVI

displayed only mild bleeding tendencies. This issue could be

important concerning the treatment of patients with defects in

one of the (hem)ITAM signalling pathways that might cause

uncontrolled bleeding when targeting the other respective

(hem)ITAM receptor.

The physiological ligand of CLEC-2 involved in platelet–

platelet interaction is unknown at present. It has been proposed

that it could be expressed or immobilised on activated platelets

[101]. One group proposed homophilic interaction of CLEC-2

to play a role here [92], but this has been questioned by others

[104].

Integrins

Integrins comprise a large family of heterodimeric adhesion

receptors that are formed by non-covalent association of

different a and b chains and mediate cell adhesion to the

ECM, as well as cell-cell interactions [108]. In platelets,

integrins are absolutely essential for firm adhesion and

aggregation in vitro and in vivo. Platelets express three b1
integrins: a2b1 (collagen receptor), a5b1 (fibronectin
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receptor), and a6b1 (laminin receptor). Integrin a2b1 was for

a long time considered to be the major platelet collagen

receptor [109]. However, studies with mice lacking integrin

a2b1, all b1 integrins or GPVI revealed that a2b1, as well as
the other b1 integrins, play a supportive rather than essential

role for firm platelet adhesion and established GPVI as the

major activating collagen receptor on the platelet surface (see

above) [30,69,110,111].

Platelets express two b3 integrins, aIIbb3 and aVb3. While

aIIbb3 is present in high copy numbers (up to 100 000 per

platelet) and its function is well-characterised (see below), aVb3
(binding to vitronectin, fibronectin and osteopontin) is

expressed only at very low levels (approximately 500 per

platelet) and its physiological significance is largely unclear

[112]. Integrin aIIbb3 binds several ligands each containing an

arginine-glycine-aspartic acid (RGD) sequence, such as fibrin-

ogen, fibrin, VWF, fibronectin, thrombospondin and vitronec-

tin. The integrin plays an essential role for platelet aggregation

and thrombus formation by bridging of adjacent platelets via

its main ligand fibrinogen, or, at high shear rates, VWF

[113,114]. In addition, the aIIbb3 integrin is of major impor-

tance for platelet adhesion on the ECMmediated by binding of

the aforementioned ligands, as well as fibronectin and vitro-

nectin [5,30,69].

Inherited deficiency or dysfunction of integrin aIIbb3 in

humans results in a disorder called Glanzmann Thrombasthe-

nia, characterised by defective platelet aggregation and a severe

bleeding diathesis (for review see Ref. [115]). Mice lacking

either the aIIb (GPIIb) or b3 (GPIIIa) subunit display a similar

phenotype, namely defective platelet aggregation and clot

retraction in vitro, as well as prolonged bleeding times and

cutaneous and gastrointestinal bleeding in vivo [116,117].

Due to the importance of aIIbb3 integrin in platelet

aggregation it has become an attractive pharmacological target

for the prevention of ischaemic cardiovascular events. Strate-

gies to inhibit its function include antibodies (abciximab), cyclic

peptides adapted from a snake venom disintegrin (eptifibitide)

and nonpeptide analogues of an RGD peptide (tirofiban and

lamifiban) that inhibit ligand binding [118]. Although these

inhibitors are beneficial for patients undergoing percutaneous

coronary intervention, they do not have widespread clinical use

due to their side effect of unwanted bleeding [118]. Interest-

ingly, a recent study showed that a human single-chain

fragment (scFv) directed against GPIIIa is able to specifically

bind to and dissolve platelet aggregates in vitro and in vivo

without affecting the function of the integrin [119]. This

approach may open new avenues for the development of novel

aIIbb3 (GPIIbIIIa) inhibitors that do not cause bleeding

complications (for review see Ref. [120]).

To ensure firm platelet adhesion exclusively at sites of injury,

integrins are present on the surface of resting platelets in a low-

affinity state. In response to cellular activation through other

receptors (GPCR, ITAM or GPIb), they shift to a high affinity

state through �inside-out� signalling, thus enabling tight ligand

binding. Ligand-occupied integrins in turn transduce �outside-
in� signals that orchestrate cellular responses, such as platelet

spreading and clot retraction [121]. This �outside-in� signalling
results in activation of Src family kinases (SFK) through a

process that involves binding of the Ga13 subunit [122] and is

followed by activation of Syk and PLCc2, thereby promoting

sustained platelet activation [121,123].

A large number of intracellular proteins have been identified

to be involved in integrin regulation, among which Talin-1 and

Kindlin-3 have central roles. Both proteins bind to integrin b

GPIb-V-IX

Collagen

vWF
Fibrinogen

Resting
activatedGPVI/FcRγ

CLEC-2
CLEC-2
ligand

Integrins

Tethering Activation Firm adhesion
thrombus growth
Integrins/CLEC-2GPVIGPIb

ADP
TxA2

TF

Thrombin

??

Fig. 1. Simplified model of adhesion receptor involvement in thrombus formation. Platelet tethering is mediated by the GPIb-VWF interaction which

enables binding of GPVI to collagen. Cellular activation and inside-out upregulation of b1- and b3 integrin affinity is essential for firm platelet adhesion.

Released ADP and TxA2 amplify integrin activation on adherent platelets and mediate thrombus growth by activating additional platelets. Exposed tissue

factor (TF) locally triggers thrombin generation that also contributes to platelet activation. The growing thrombus is stabilised by signalling through

CLEC-2, whose ligand/counter-receptor remains to be identified. This model only includes adhesion/activation receptors discussed in this review and does

not exclude the involvement of other receptors.
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tails and are indispensable for �inside-out� activation of b1 and

b3 integrins in platelets [124–126]. Platelets of Talin-1- and

Kindlin-3-deficient mice were unable to activate aIIbb3 and

a2b1 integrins in response to any tested agonist in vitro and this

defect translated into abolished thrombus formation in FeCl3-

injured vessels and infinite bleeding times in vivo. Several

mutations in KINDLIN-3 have been identified in humans that

give rise to a rare disorder called leukocyte adhesion deficiency

type III (LAD-III) [127–129]. Similar to the phenotype

observed in Kindlin-3-deficient mice, hematopoietic cells from

patients suffering from LAD-III display defective �inside-out�
activation of b1, b2 and b3 integrins causing immune deficiency

and severe bleeding.

Multiple further proteins have been identified as critical

regulators of �inside-out� activation of platelet integrins,

including Rap1b [130], CalDAG-GEF [131], phospholipase

(PL) D1 (see above) [38] and RIAM [132], although the latter

has not been confirmed by a knockout approach.

In contrast to a large number of studies addressing the

propagation of integrin �inside-out� and �outside-in� signalling,
little is known about its negative regulation. C-terminal

cleavage of b3 by the cysteinyl proteinase calpain in subpop-

ulations of activated platelets has been demonstrated, which

may serve to inhibit �outside-in� signalling in the late phase of

activation [133–135]. However, whereas regulation of other

platelet receptors, such as GPIb and GPVI, by proteolytic

cleavage is well established, the possibility that ectodomain

shedding is also involved in platelet integrin regulation remains

largely uninvestigated. Nonetheless, there are indications of

integrin cleavage by ADAM sheddases in other blood cells,

such as neutrophils, giving rise to speculations on a possible

role for ADAM metalloproteinases also in platelet integrin

shedding (reviewed in Ref. [136]).

Thrombus growth and stability

The stabilisation of a newly formed thrombus is essential to

arrest bleeding at sites of vascular injury. The final thrombus is

embedded in a fibrin network to withstand the shear forces

generated by the flowing blood. In addition, outside-in

signalling through ligand-occupied integrin aIIbb3 plays a

central role in thrombus stabilisation and beside CLEC-2,

whose involvement in thrombus perpetuation is currently

under discussion (see above) [92,101,104], other proteins

including CD40L [137], SLAM (signalling lymphocyte activa-

tion molecule) [138], Gas6 (growth arrest-specific gene 6) [139]

and semaphorin 4D [140] have been established to participate

in platelet–platelet interaction. It has also been reported that

blockade of Eph kinases/ephrins interactions resulted in a

decreased thrombus volume in vitro under flow conditions,

suggesting that this interaction contributes to the stabilisation

of platelet–platelet contacts [141]. It can be anticipated that

other platelet receptors will be identified to be involved in

promoting platelet plug stability and possible candidates

include JAM-A, JAM-C, CD226 and CD84 [142,143]. How-

ever, molecules that limit thrombus growth were also identified.

Mice lacking the endothelial cell specific adhesion molecule

(ESAM) [144] or platelet endothelial cell adhesion molecule-1

(PECAM-1) [145] developed larger thrombi in vivo as com-

pared to control mice, indicating that these molecules serve as

negative regulators of thrombus formation, although the

effects may be limited [146].

Ischaemic stroke – a thrombo-inflammatory disorder?

Stroke is the second leading cause of death and the most

frequent cause of permanent disability worldwide [19]. In

patients, extracranial artery stenoses are major sources for

thromboembolism in the brain and therefore anti-platelet

drugs and anticoagulants are in clinical use for stroke

prevention. In contrast, the complex cellular interactions

leading from thromboembolic vessel occlusion to infarct

development within the brain parenchyma in the setting of

acute stroke are poorly understood. Thus, the only approved

and effective treatment in acute ischaemic stroke is immediate

thrombolysis (within 4.5 h after onset), which is, however,

associated with potentially harmful bleeding complications.

Importantly, a significant number of patients develop progres-

sive stroke despite reperfusion of previously occluded major

intracranial arteries, a process referred to as �reperfusion injury�
[147].

Considerable progress in understanding the pathophysiology

of ischaemic brain infarction has been made by using animal

models of experimental stroke. In particular rodent models

play a central role in stroke research, although due to different

variables a direct extrapolation of the data to the human

situation may be difficult (e.g. species-specific differences,

gender, sex, age) (reviewed in Ref. [23]).

Experimental studies revealed that reperfusion injury is

characterised by dramatic molecular alterations of the micro-

vascular bed including dysfunction of the cerebral endothelium

and a rapid onset of neuroinflammation that potentially affects

neuronal function and survival [148,149]. The underlying

pathomechanisms are not understood but it is becoming

increasingly clear that T cells [150,151] and other compart-

ments of the immune system trigger inflammatory processes

that significantly contribute to infarct progression in acute

stroke (reviewed in Ref. [22]). This is in accordance with early

findings from human patients showing the presence of mono-

cytes and leukocytes in infarcted brain areas [152].

Studies on the involvement of platelet receptor-ligand

interactions in acute stroke using the tMCAO model in mice

revealed that interference with early steps of platelet adhesion

and activation, but surprisingly not aggregation, limits infarct

progression without increasing the risk of intracranial bleeding

[153]. Thus, it appears likely that platelets may contribute to

stroke progression also in patients by mechanisms that at least

partially differ from those involved in thrombus formation.

There is compelling evidence that GPIb might represent a

valuable pharmacological target to prevent or treat acute

ischaemic stroke [154]. In the mouse tMCAOmodel, inhibition

of the VWF binding site on GPIb via prophylactic and
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therapeutic administration of anti-GPIba Fab fragments (p0p/

B) resulted in a marked protection from stroke progression

(Fig. 2) and consequently the mice had significantly better

neurological scores. Remarkably, this protection was not

associated with increased incidence of intracranial haemor-

rhage, although tail bleeding times were prolonged in these

animals [153]. The central role of the GPIb-VWF axis in the

development of ischaemic stroke was further supported by the

analysis of VWF)/) mice revealing significantly reduced infarct

volumes and better neurological scores compared to controls

[155,156]. Importantly, and in line with the above described

results, studies on mice expressing mutant forms of VWF

revealed that interaction of VWF with GPIb and collagen, but

not aIIbb3, is crucial for progression of acute stroke [157].

Conversely, mice lacking the VWF-cleaving enzyme ADAM-

TS13 developed larger infarction after tMCAO, while infusion

of recombinant ADAMTS13 into wild-type mice was stroke-

protective [158].

Further studies also revealed a major role for GPVI in acute

experimental stroke. In the tMCAO model, GPVI-depleted

mice developed significantly reduced brain infarct volumes

(Fig. 2) and this was not accompanied by an increase in

bleeding complications. This demonstrates that after loss of the

microvascular integrity [159] the interaction betweenGPVI and

exposed collagen is involved in stroke development [153].

Although the reduction in brain infarct sizes was less than after

GPIb blockade,GPVImight nevertheless be a suitable target in

the treatment of acute stroke [153,160]. Importantly, in

patients, elevated GPVI expression levels in platelets have been

shown to be associated with an increased risk of stroke

development [161], and indirect evidence for increased GPVI

activation in acute ischaemic stroke has been provided [162].

Strikingly, besides the possible importance of GPIb and

GPVI in the regulation of microvascular thrombus formation

in the setting of acute stroke, these molecules also exhibit pro-

inflammatory properties that may at least in part explain their

role in infarct growth (Fig. 3). GPIba binds to Mac-1, an

integrin expressed on neutrophils and monocytes [163], and

Mac-1-deficient mice were shown to be less susceptible to

cerebral ischaemia and reperfusion injury than controls in

experimental stroke [164]. Thus,GPIb-Mac-1 interactionmight

mediate the formation of platelet-leukocyte complexes and

thereby promote inflammation in cerebral ischaemia. Further-

more, GPIb binds coagulation factor XII (FXII), thereby

linking platelet activation to the intrinsic pathway of coagu-

lation, but also inflammation, since FXII is the starting point

for the kallikrein-kinin system leading to the generation of the

pro-inflammatory peptide hormone bradykinin (reviewed in

Ref. [165]). In line with this notion, deficiency or inhibition of

FXII protected mice from experimental ischaemic stroke

[166,167], but also bradykinin receptor-deficient mice showed

reduced infarct sizes in the tMCAOmodel [168]. Less is known

about the potential pro-inflammatory properties of GPVI.

However, studies with mice recently demonstrated that GPVI-

induced platelet microparticle formation promoted inflamma-

tion in experimental rheumatoid arthritis independently of
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and subjected to tMCAO (60 min). Infarcts were analysed after 24 h. (A, top) Brain infarct volumes in mice treated with control IgG, anti-GPIb Fab,
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Results of all experiments are presented as mean ± SD. Figure was modified from Kleinschnitz et al. [153].
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thrombus formation [169]. Furthermore, GPVI stimulated

platelets release inorganic polyphosphates (PolyP) which are

potent triggers of the intrinsic coagulation pathway and

inflammation via FXII [170].

In contrast to GPIb and GPVI, interference with platelet

receptors important for aggregation did not positively affect

stroke outcome (Fig. 2). The clinical utility of aIIbb3 inhibitors
in acute ischaemic stroke is controversially discussed and a

large phase III trial testing abciximab in acute stroke patients

was prematurely terminated due to lack of efficacy and

increased rates of intracranial haemorrhage and mortality

[171,172]. This is in line with tMCAO studies in mice and

baboons in which overall no positive outcome on infarct size

but increased intracranial bleeding compared to controls was

observed following treatment with higher doses of aIIbb3
antagonists [153,173–175]. In contrast to inhibitor studies,

GPIIb-deficient mice undergoing tMCAO were found to

display moderately reduced brain infarction sizes compared

to wild-type, however the effect of GPIIb deficiency on

intracranial bleeding was not analysed [176]. Finally, although

inhibition of CLEC-2 in platelets abrogates occlusive arterial

thrombus formation at sites of vascular injury (see above), it

did not reduce infarct growth in the tMCAOmodel supporting

the notion that thrombus growth may not be a central

pathomechanism in infarct progression [B. Nieswandt, F.May,

S Bräuninger and Stoll G unpublished data].

Taken together, the currently available experimental and

clinical data support the hypothesis that acute ischaemic

stroke/reperfusion injury is a thrombo-inflammatory disease

with platelet activation contributing not only to thrombotic

vessel occlusion, but also to inflammatory processes [22]. Since

patients reach the clinic with a highly variable delay after stroke

onset it will be important to identify pathomechanisms during

lesion development that can be targeted at subacute stages

outside the time window for thrombolysis.

Conclusion

In summary, both in vitro and in vivo studies on the function of

platelet adhesion receptors have provided new insights into

how platelets interact with the injured vessel wall and thereby

initiate haemostasis and thrombosis. In addition, it is increas-

ingly recognised that platelets may also act as initiators and/or

amplifiers of inflammatory processes and that the contributing

receptors and signalling pathways are partially different from

those mediating thrombus formation. A better understanding

of the mechanistic interplay between platelet receptors and

inflammatory signalling pathways might therefore provide the

basis for more effective and safer therapies for thrombotic and

thrombo-inflammatory diseases.

Acknowledgements

Research in the authors� laboratory has been supported by the

Deutsche Forschungsgemeinschaft (SFB 688 A1, B1 and

Ni556/8-1). We would like to thank G. Stoll and C.

Kleinschnitz for their continuous support and long-standing

collaboration in the area of stroke research. We thank L.

Chakarova and D. Stegner for proofreading the manuscript.

Disclosure of Conflict of Interests

The authors state that they have no conflicts of interests.

References

1 Italiano JE Jr, Patel-Hett S, Hartwig JH. Mechanics of proplatelet

elaboration. J Thromb Haemost 2007; 5 (Suppl. 1): 18–23.

2 Bender M, Eckly A, Hartwig JH, Elvers M, Pleines I, Gupta S,

Krohne G, Jeanclos E, Gohla A, Gurniak C, Gachet C, Witke W,

Nieswandt B. ADF/n-cofilin-dependent actin turnover determines

platelet formation and sizing. Blood 2010; 116: 1767–75.

Immune cell
recruitment

GPIb

Platelet
tethering

Integrin activation
secretion

Microparticle
formation

polyP
release

Inflammation
??

Bradykinin

FXIIGPVI

CLEC-2
ADP/TxA2

Firm adhesion
aggregation Thrombus formation/

ischaemia

Thrombo-inflammation/
e.g. ischaemic stroke

αIIbβ3

Fig. 3. Diverging pathomechanisms involved in thrombus formation and thrombo-inflammatory disease (e.g. acute stroke). GPIb initiates haemostasis

and thrombosis by recruiting platelets to the injured vessel wall, but is also involved in immune cell recruitment under inflammatory conditions. GPVI is the

central activating platelet collagen receptor required for thrombus formation on the ECM but may also promote inflammation through platelet micro-

particle formation and release of inorganic polyphosphates (PolyP). It is proposed that subsequent events may be different between thrombotic and

thrombo-inflammatory disease states. While CLEC-2, integrins and secondary mediators are critical for thrombus formation, but not important for

thrombo-inflammatory processes, FXII-dependent bradykinin formation and other, yet undefined platelet-mediated processes promote inflammatory

reactions independently of thrombus formation and the molecules involved herein.

Platelet adhesion and activation mechanisms 99

� 2011 International Society on Thrombosis and Haemostasis



3 Ruggeri ZM. Platelets in atherothrombosis. Nat Med 2002; 8: 1227–

34.

4 Stoll G, Kleinschnitz C, Nieswandt B. Molecular mechanisms of

thrombus formation in ischemic stroke: novel insights and targets for

treatment. Blood 2008; 112: 3555–62.

5 Savage B, Almus-Jacobs F, Ruggeri ZM. Specific synergy of multiple

substrate-receptor interactions in platelet thrombus formation under

flow. Cell 1998; 94: 657–66.

6 Nieswandt B, Watson SP. Platelet-collagen interaction: is GPVI the

central receptor? Blood 2003; 102: 449–61.

7 Offermanns S. Activation of platelet function through G protein-

coupled receptors. Circ Res 2006; 99: 1293–304.

8 Varga-Szabo D, Braun A, Nieswandt B. Calcium signaling in plate-

lets. J Thromb Haemost 2009; 7: 1057–66.

9 Nieswandt B, Varga-Szabo D, Elvers M. Integrins in platelet acti-

vation. J Thromb Haemost 2009; 7 (Suppl. 1): 206–9.

10 Day SM,Reeve JL,MyersDD, FayWP.Murine thrombosis models.

Thromb Haemost 2004; 92: 486–94.

11 Falati S, Gross P, Merrill-Skoloff G, Furie BC, Furie B. Real-time in

vivo imaging of platelets, tissue factor and fibrin during arterial

thrombus formation in the mouse. Nat Med 2002; 8: 1175–81.

12 Gruner S, Prostredna M, Aktas B, Moers A, Schulte V, Krieg

T, Offermanns S, Eckes B, Nieswandt B. Anti-glycoprotein VI

treatment severely compromises hemostasis in mice with reduced

alpha2beta1 levels or concomitant aspirin therapy. Circulation 2004;

110: 2946–51.

13 Massberg S, Brand K, Gruner S, Page S, Muller E, Muller I, Berg-

meierW, Richter T, LorenzM,Konrad I, Nieswandt B, GawazM.A

critical role of platelet adhesion in the initiation of atherosclerotic

lesion formation. J Exp Med 2002; 196: 887–96.

14 Konishi H, Katoh Y, Takaya N, Kashiwakura Y, Itoh S, Ra C,

Daida H. Platelets activated by collagen through immunoreceptor

tyrosine-based activation motif play pivotal role in initiation and

generation of neointimal hyperplasia after vascular injury.Circulation

2002; 105: 912–6.

15 Massberg S, Gawaz M, Gruner S, Schulte V, Konrad I, Zohlnhofer

D, Heinzmann U, Nieswandt B. A crucial role of glycoprotein VI for

platelet recruitment to the injured arterial wall in vivo. J Exp Med

2003; 197: 41–9.

16 Kikuchi S, Umemura K, Kondo K, Saniabadi AR, Nakashima M.

Photochemically induced endothelial injury in the mouse as a

screening model for inhibitors of vascular intimal thickening. Arte-

rioscler Thromb Vasc Biol 1998; 18: 1069–78.

17 Matsuno H, Uematsu T, Nagashima S, Nakashima M. Photo-

chemically induced thrombosis model in rat femoral artery and

evaluation of effects of heparin and tissue-type plasminogen activator

with use of this model. J Pharmacol Methods 1991; 25: 303–17.

18 Denis C, Methia N, Frenette PS, Rayburn H, Ullman-Cullere M,

Hynes RO, Wagner DD. A mouse model of severe von Willebrand

disease: defects in hemostasis and thrombosis.ProcNatl Acad Sci U S

A 1998; 95: 9524–9.

19 Lopez AD,Mathers CD, Ezzati M, Jamison DT,Murray CJ. Global

and regional burden of disease and risk factors, 2001: systematic

analysis of population health data. Lancet 2006; 367: 1747–57.

20 Hughes M, Lip GY. Stroke and thromboembolism in atrial fibril-

lation: a systematic review of stroke risk factors, risk stratification

schema and cost effectiveness data. Thromb Haemost 2008; 99: 295–

304.

21 del Zoppo GJ. Acute anti-inflammatory approaches to ischemic

stroke. Ann N Y Acad Sci 2010; 1207: 143–8.

22 Stoll G, Kleinschnitz C, Nieswandt B. Combating innate inflamma-

tion: a new paradigm for acute treatment of stroke?AnnNYAcad Sci

2010; 1207: 149–54.

23 Braeuninger S, Kleinschnitz C. Rodent models of focal cerebral

ischemia: procedural pitfalls and translational problems. Exp Transl

Stroke Med 2009; 1: 8.

24 FoxJE,AggerbeckLP,BerndtMC.Structure of the glycoprotein Ib.IX

complex from platelet membranes. J Biol Chem 1988; 263: 4882–90.

25 Nurden AT, Didry D, Rosa JP. Molecular defects of platelets in

Bernard-Soulier syndrome. Blood Cells 1983; 9: 333–58.

26 Howard MA, Hutton RA, Hardisty RM. Hereditary giant platelet

syndrome: a disorder of a new aspect of platelet function. Br Med J

1973; 2: 586–8.

27 Ware J, Russell S, Ruggeri ZM. Generation and rescue of a murine

model of platelet dysfunction: the Bernard-Soulier syndrome. Proc

Natl Acad Sci U S A 2000; 97: 2803–8.

28 Kato K, Martinez C, Russell S, Nurden P, Nurden A, Fiering S,

Ware J. Genetic deletion of mouse platelet glycoprotein Ibbeta pro-

duces a Bernard-Soulier phenotype with increased alpha-granule size.

Blood 2004; 104: 2339–44.

29 Kahn ML, Diacovo TG, Bainton DF, Lanza F, Trejo J, Coughlin

SR. Glycoprotein V-deficient platelets have undiminished thrombin

responsiveness and Do not exhibit a Bernard-Soulier phenotype.

Blood 1999; 94: 4112–21.

30 Gruner S, ProstrednaM, Schulte V, Krieg T, Eckes B, Brakebusch C,

Nieswandt B.Multiple integrin-ligand interactions synergize in shear-

resistant platelet adhesion at sites of arterial injury in vivo. Blood

2003; 102: 4021–7.

31 Maxwell MJ, Westein E, Nesbitt WS, Giuliano S, Dopheide SM,

Jackson SP. Identification of a 2-stage platelet aggregation process

mediating shear-dependent thrombus formation. Blood 2007; 109:

566–76.

32 Nesbitt WS, Westein E, Tovar-Lopez FJ, Tolouei E, Mitchell A, Fu

J, Carberry J, Fouras A, Jackson SP. A shear gradient-dependent

platelet aggregationmechanism drives thrombus formation.NatMed

2009; 15: 665–73.

33 Ruggeri ZM, Orje JN, Habermann R, Federici AB, Reininger AJ.

Activation-independent platelet adhesion and aggregation under

elevated shear stress. Blood 2006; 108: 1903–10.

34 Bergmeier W, Piffath CL, Goerge T, Cifuni SM, Ruggeri ZM, Ware

J, Wagner DD. The role of platelet adhesion receptor GPIbalpha far

exceeds that of its main ligand, von Willebrand factor, in arterial

thrombosis. Proc Natl Acad Sci U S A 2006; 103: 16900–5.

35 Canobbio I, Balduini C, Torti M. Signalling through the platelet

glycoprotein Ib-V-IX complex. Cell Signal 2004; 16: 1329–44.

36 Ozaki Y, Asazuma N, Suzuki-Inoue K, Berndt MC. Platelet GPIb-

IX-V-dependent signaling. J Thromb Haemost 2005; 3: 1745–51.

37 Pleines I, Eckly A, Elvers M, Hagedorn I, Eliautou S, BenderM,Wu

X, Lanza F, Gachet C, Brakebusch C, Nieswandt B. Multiple

alterations of platelet functions dominated by increased secretion in

mice lacking Cdc42 in platelets. Blood 2010; 115: 3364–73.

38 Elvers M, Stegner D, Hagedorn I, Kleinschnitz C, Braun A, Kuijpers

ME, Boesl M, Chen Q, Heemskerk JW, Stoll G, Frohman MA,

Nieswandt B. Impaired alpha(IIb)beta(3) integrin activation and

shear-dependent thrombus formation in mice lacking phospholipase

D1. Sci Signal 2010; 3: ra1.

39 Kanaji T, Russell S, Ware J. Amelioration of the macrothrombocy-

topenia associated with the murine Bernard-Soulier syndrome. Blood

2002; 100: 2102–7.

40 Konstantinides S, Ware J, Marchese P, Almus-Jacobs F, Loskutoff

DJ, Ruggeri ZM. Distinct antithrombotic consequences of platelet

glycoprotein Ibalpha and VI deficiency in a mouse model of arterial

thrombosis. J Thromb Haemost 2006; 4: 2014–21.

41 Strassel C, Nonne C, Eckly A, David T, Leon C, Freund M, Ca-

zenave JP, Gachet C, Lanza F. Decreased thrombotic tendency in

mouse models of the Bernard-Soulier syndrome. Arterioscler Thromb

Vasc Biol 2007; 27: 241–7.

42 Cauwenberghs N, MeiringM, Vauterin S, vanWyk V, Lamprecht S,

Roodt JP, Novak L, Harsfalvi J, Deckmyn H, Kotze HF. Anti-

thrombotic effect of platelet glycoprotein Ib-blocking monoclonal

antibody Fab fragments in nonhuman primates. Arterioscler Thromb

Vasc Biol 2000; 20: 1347–53.

100 B. Nieswandt et al

� 2011 International Society on Thrombosis and Haemostasis



43 Wu D, Vanhoorelbeke K, Cauwenberghs N, Meiring M, Depraetere

H, Kotze HF, DeckmynH. Inhibition of the vonWillebrand (VWF)-

collagen interaction by an antihuman VWF monoclonal antibody

results in abolition of in vivo arterial platelet thrombus formation in

baboons. Blood 2002; 99: 3623–8.

44 Bender M, Hofmann S, Stegner D, Chalaris A, Bosl M, Braun A,

Scheller J, Rose-John S, Nieswandt B. Differentially regulated GPVI

ectodomain shedding by multiple platelet-expressed proteinases.

Blood 2010; 116: 3347–55.

45 BergmeierW, Piffath CL, Cheng G, Dole VS, Zhang Y, von Andrian

UH, Wagner DD. Tumor necrosis factor-alpha-converting enzyme

(ADAM17) mediates GPIbalpha shedding from platelets in vitro and

in vivo. Circ Res 2004; 95: 677–83.

46 Moroi M, Jung SM. Platelet glycoprotein VI: its structure and

function. Thromb Res 2004; 114: 221–33.

47 Pleines I, Elvers M, Strehl A, Pozgajova M, Varga-Szabo D, May F,

Chrostek-Grashoff A, Brakebusch C, Nieswandt B. Rac1 is essential

for phospholipase C-gamma2 activation in platelets. Pflugers Arch

2009; 457: 1173–85.

48 Watson SP, Auger JM, McCarty OJ, Pearce AC. GPVI and integrin

alphaIIb beta3 signaling in platelets. J Thromb Haemost 2005; 3:

1752–62.

49 Bergmeier W, Stefanini L. Novel molecules in calcium signaling in

platelets. J Thromb Haemost 2009; 7 (Suppl. 1): 187–90.

50 Braun A, Varga-Szabo D, Kleinschnitz C, Pleines I, Bender M,

Austinat M, Bosl M, Stoll G, Nieswandt B. Orai1 (CRACM1) is the

platelet SOC channel and essential for pathological thrombus for-

mation. Blood 2009; 113: 2056–63.

51 Grosse J, Braun A, Varga-Szabo D, Beyersdorf N, Schneider B,

Zeitlmann L, Hanke P, Schropp P, Muhlstedt S, Zorn C, Huber M,

Schmittwolf C, Jagla W, Yu P, Kerkau T, Schulze H, Nehls M,

Nieswandt B. An EF hand mutation in Stim1 causes premature

platelet activation and bleeding in mice. J Clin Invest 2007; 117: 3540–

50.

52 Varga-SzaboD, BraunA,Kleinschnitz C, BenderM, Pleines I, Pham

M, Renne T, Stoll G, Nieswandt B. The calcium sensor STIM1 is an

essential mediator of arterial thrombosis and ischemic brain infarc-

tion. J Exp Med 2008; 205: 1583–91.

53 Varga-Szabo D, Authi KS, Braun A, Bender M, Ambily A, Hassock

SR,Gudermann T,Dietrich A, Nieswandt B. Store-operated Ca(2+)

entry in platelets occurs independently of transient receptor potential

(TRP) C1. Pflugers Arch 2008; 457: 377–87.

54 Shattil SJ, Kim C, Ginsberg MH. The final steps of integrin activa-

tion: the end game. Nat Rev Mol Cell Biol 2010; 11: 288–300.

55 Inoue O, Suzuki-Inoue K, McCarty OJ, Moroi M, Ruggeri ZM,

Kunicki TJ, Ozaki Y, Watson SP. Laminin stimulates spreading of

platelets through integrin alpha6beta1-dependent activation of

GPVI. Blood 2006; 107: 1405–12.

56 Arthur JF, Dunkley S, Andrews RK. Platelet glycoprotein VI-related

clinical defects. Br J Haematol 2007; 139: 363–72.

57 Dumont B, Lasne D, Rothschild C, Bouabdelli M, Ollivier V, Oudin

C, Ajzenberg N, Grandchamp B, Jandrot-Perrus M. Absence of

collagen-induced platelet activation caused by compound heterozy-

gous GPVI mutations. Blood 2009; 114: 1900–3.

58 Hermans C, Wittevrongel C, Thys C, Smethurst PA, Van Geet C,

Freson K. A compound heterozygous mutation in glycoprotein VI in

a patient with a bleeding disorder. J Thromb Haemost 2009; 7: 1356–

63.

59 Kato K, Kanaji T, Russell S, Kunicki TJ, Furihata K, Kanaji S,

Marchese P, Reininger A, Ruggeri ZM, Ware J. The contribution of

glycoprotein VI to stable platelet adhesion and thrombus formation

illustrated by targeted gene deletion. Blood 2003; 102: 1701–7.

60 Lockyer S, Okuyama K, Begum S, Le S, Sun B, Watanabe T, Mat-

sumoto Y, Yoshitake M, Kambayashi J, Tandon NN. GPVI-defi-

cient mice lack collagen responses and are protected against

experimentally induced pulmonary thromboembolism. Thromb Res

2006; 118: 371–80.

61 Nieswandt B, Bergmeier W, Schulte V, Rackebrandt K, Gessner JE,

Zirngibl H. Expression and function of the mouse collagen receptor

glycoprotein VI is strictly dependent on its association with the

FcRgamma chain. J Biol Chem 2000; 275: 23998–4002.

62 Nieswandt B, Schulte V, Bergmeier W, Mokhtari-Nejad R, Racke-

brandt K, Cazenave JP, Ohlmann P, Gachet C, Zirngibl H. Long-

term antithrombotic protection by in vivo depletion of platelet gly-

coprotein VI in mice. J Exp Med 2001; 193: 459–69.

63 Schulte V, Rabie T, ProstrednaM, Aktas B, Gruner S, Nieswandt B.

Targeting of the collagen-binding site on glycoprotein VI is not

essential for in vivo depletion of the receptor. Blood 2003; 101: 3948–

52.

64 Boylan B, Berndt MC, Kahn ML, Newman PJ. Activation-inde-

pendent, antibody-mediated removal of GPVI from circulating hu-

man platelets: development of a novel NOD/SCID mouse model to

evaluate the in vivo effectiveness of anti-human platelet agents. Blood

2006; 108: 908–14.

65 Rabie T, Varga-Szabo D, Bender M, Pozgaj R, Lanza F, Saito T,

Watson SP, Nieswandt B. Diverging signaling events control the

pathway of GPVI down-regulation in vivo. Blood 2007; 110: 529–35.

66 Bergmeier W, Rabie T, Strehl A, Piffath CL, Prostredna M, Wagner

DD, Nieswandt B. GPVI down-regulation in murine platelets

through metalloproteinase-dependent shedding. Thromb Haemost

2004; 91: 951–8.

67 Al-Tamimi M, Grigoriadis G, Tran H, Paul E, Servadei P, Berndt

MC, Gardiner EE, Andrews RK. Coagulation-induced shedding of

platelet glycoprotein VI mediated by factor Xa. Blood 2011; 117:

3912–20.

68 Nieswandt B, Heemskerk JW. Dividing VI by X(a). Blood 2011; 117:

3704–5.

69 Nieswandt B, Brakebusch C, Bergmeier W, Schulte V, Bouvard D,

Mokhtari-Nejad R, Lindhout T, Heemskerk JW, Zirngibl H, Fassler

R. Glycoprotein VI but not alpha2beta1 integrin is essential for

platelet interaction with collagen. EMBO J 2001; 20: 2120–30.

70 Dubois C, Panicot-Dubois L, Merrill-Skoloff G, Furie B, Furie BC.

Glycoprotein VI-dependent and -independent pathways of thrombus

formation in vivo. Blood 2006; 107: 3902–6.

71 Bender M, Hagedorn I, Nieswandt B. Genetic and antibody-induced

GPVI deficiency equally protect mice from mechanically and Fe-

Cl3-induced thrombosis. J Thromb Haemost 2011, doi: 10.1111/

j.1538-7836.2011.04328.x.

72 Eckly A, Hechler B, Freund M, Zerr M, Cazenave JP, Lanza F,

Mangin PH, Gachet C. Mechanisms underlying FeCl(3) -induced

arterial thrombosis. J Thromb Haemost 2011; 9: 779–89.

73 Mangin P, Yap CL, Nonne C, Sturgeon SA, Goncalves I, Yuan Y,

Schoenwaelder SM, Wright CE, Lanza F, Jackson SP. Thrombin

overcomes the thrombosis defect associated with platelet GPVI/

FcRgamma deficiency. Blood 2006; 107: 4346–53.

74 Dubois C, Panicot-Dubois L, Gainor JF, Furie BC, Furie B.

Thrombin-initiated platelet activation in vivo is vWF independent

during thrombus formation in a laser injurymodel. J Clin Invest 2007;

117: 953–60.

75 Hechler B, Nonne C, Eckly A, Magnenat S, Rinckel JY, Denis CV,

Freund M, Cazenave JP, Lanza F, Gachet C. Arterial thrombosis:

relevance of a model with two levels of severity assessed by histologic,

ultrastructural and functional characterization. J Thromb Haemost

2010; 8: 173–84.

76 Kalia N, Auger JM, Atkinson B, Watson SP. Critical role of FcR

gamma-chain, LAT, PLCgamma2 and thrombin in arteriolar

thrombus formation upon mild, laser-induced endothelial injury in

vivo. Microcirculation 2008; 15: 325–35.

77 Matsumoto Y, Takizawa H, Nakama K, Gong X, Yamada Y,

Tandon NN, Kambayashi J. Ex vivo evaluation of anti-GPVI anti-

body in cynomolgus monkeys: dissociation between anti-platelet

aggregatory effect and bleeding time.ThrombHaemost 2006; 96: 167–

75.

Platelet adhesion and activation mechanisms 101

� 2011 International Society on Thrombosis and Haemostasis



78 Ohlmann P, Hechler B, Ravanat C, Loyau S, Herrenschmidt N,

Wanert F, Jandrot-Perrus M, Gachet C. Ex vivo inhibition of

thrombus formation by an anti-glycoprotein VI Fab fragment in non-

human primates without modification of glycoprotein VI expression.

J Thromb Haemost 2008; 6: 1003–11.

79 Colonna M, Samaridis J, Angman L. Molecular characterization of

two novel C-type lectin-like receptors, one of which is selectively

expressed in human dendritic cells. Eur J Immunol 2000; 30: 697–704.

80 Sobanov Y, Bernreiter A, Derdak S, Mechtcheriakova D, Sch-

weighofer B, Duchler M, Kalthoff F, Hofer E. A novel cluster of

lectin-like receptor genes expressed in monocytic, dendritic and

endothelial cells maps close to the NK receptor genes in the human

NK gene complex. Eur J Immunol 2001; 31: 3493–503.

81 Suzuki-Inoue K, Fuller GL, Garcia A, Eble JA, Pohlmann S, Inoue

O, Gartner TK, Hughan SC, Pearce AC, Laing GD, Theakston RD,

Schweighoffer E, Zitzmann N, Morita T, Tybulewicz VL, Ozaki Y,

Watson SP. A novel Syk-dependent mechanism of platelet activation

by the C-type lectin receptor CLEC-2. Blood 2006; 107: 542–9.

82 Chung CH, Peng HC, Huang TF. Aggretin, a C-type lectin protein,

induces platelet aggregation via integrin alpha(2)beta(1) and GPIb in

a phosphatidylinositol 3-kinase independent pathway. Biochem Bio-

phys Res Commun 2001; 285: 689–95.

83 Navdaev A, Clemetson JM, Polgar J, Kehrel BE, Glauner M,

Magnenat E, Wells TN, Clemetson KJ. Aggretin, a heterodimeric C-

type lectin from Calloselasma rhodostoma (malayan pit viper),

stimulates platelets by binding to alpha 2beta 1 integrin and glyco-

protein Ib, activating Syk and phospholipase Cgamma 2, but does

not involve the glycoprotein VI/Fc receptor gamma chain collagen

receptor. J Biol Chem 2001; 276: 20882–9.

84 Suzuki-Inoue K, Ozaki Y, Kainoh M, Shin Y, Wu Y, Yatomi Y,

Ohmori T, Tanaka T, Satoh K, Morita T. Rhodocytin induces

platelet aggregation by interacting with glycoprotein Ia/IIa (GPIa/

IIa, Integrin alpha 2beta 1). Involvement of GPIa/IIa-associated src

and protein tyrosine phosphorylation. J Biol Chem 2001; 276: 1643–

52.

85 Bergmeier W, Bouvard D, Eble JA, Mokhtari-Nejad R, Schulte V,

Zirngibl H, Brakebusch C, Fassler R, Nieswandt B. Rhodocytin

(aggretin) activates platelets lacking alpha(2)beta(1) integrin, glyco-

protein VI, and the ligand-binding domain of glycoprotein Ibalpha.

J Biol Chem 2001; 276: 25121–6.

86 Fuller GL, Williams JA, Tomlinson MG, Eble JA, Hanna SL, Po-

hlmann S, Suzuki-Inoue K, Ozaki Y, Watson SP, Pearce AC. The C-

type lectin receptors CLEC-2 andDectin-1, but not DC-SIGN, signal

via a novel YXXL-dependent signaling cascade. J Biol Chem 2007;

282: 12397–409.

87 Hughes CE, Pollitt AY, Mori J, Eble JA, Tomlinson MG, Hartwig

JH, O�Callaghan CA, Futterer K, Watson SP. CLEC-2 activates Syk

through dimerization. Blood 2010; 115: 2947–55.

88 Watson AA, Christou CM, James JR, Fenton-May AE, Moncayo

GE, Mistry AR, Davis SJ, Gilbert RJ, Chakera A, O�Callaghan CA.

The platelet receptor CLEC-2 is active as a dimer. Biochemistry 2009;

48: 10988–96.

89 Severin S, Pollitt AY, Navarro-Nunez L, Nash CA, Mourao-Sa D,

Eble JA, Senis YA, Watson SP. Syk-dependent phosphorylation of

CLEC-2: a novel mechanism of hem-immunoreceptor tyrosine-based

activation motif signaling. J Biol Chem 2011; 286: 4107–16.

90 Watson SP, Herbert JM, Pollitt AY. GPVI and CLEC-2 in hemo-

stasis and vascular integrity. J Thromb Haemost 2010; 8: 1456–67.

91 Bertozzi CC, Schmaier AA, Mericko P, Hess PR, Zou Z, Chen M,

Chen CY, Xu B, LuMM, ZhouD, Sebzda E, SantoreMT,Merianos

DJ, Stadtfeld M, Flake AW, Graf T, Skoda R, Maltzman JS, Ko-

retzky GA, Kahn ML. Platelets regulate lymphatic vascular devel-

opment through CLEC-2-SLP-76 signaling. Blood 2010; 116: 661–70.

92 Suzuki-Inoue K, Inoue O, Ding G, Nishimura S, Hokamura K, Eto

K, Kashiwagi H, Tomiyama Y, Yatomi Y, Umemura K, Shin Y,

Hirashima M, Ozaki Y. Essential in vivo roles of the C-type lectin

receptor CLEC-2: embryonic/neonatal lethality of CLEC-2-deficient

mice by blood/lymphatic misconnections and impaired thrombus

formation of CLEC-2-deficient platelets. J Biol Chem 2010; 285:

24494–507.

93 Cheng AM, Rowley B, Pao W, Hayday A, Bolen JB, Pawson T. Syk

tyrosine kinase required for mouse viability and B-cell development.

Nature 1995; 378: 303–6.

94 Turner M, Mee PJ, Costello PS, Williams O, Price AA, Duddy LP,

Furlong MT, Geahlen RL, Tybulewicz VL. Perinatal lethality and

blocked B-cell development in mice lacking the tyrosine kinase Syk.

Nature 1995; 378: 298–302.

95 Wang D, Feng J, Wen R, Marine JC, Sangster MY, Parganas E,

Hoffmeyer A, Jackson CW, Cleveland JL, Murray PJ, Ihle JN.

Phospholipase Cgamma2 is essential in the functions of B cell and

several Fc receptors. Immunity 2000; 13: 25–35.

96 Abtahian F, Guerriero A, Sebzda E, Lu MM, Zhou R, Mocsai A,

Myers EE, Huang B, JacksonDG, Ferrari VA, Tybulewicz V, Lowell

CA, Lepore JJ, Koretzky GA, Kahn ML. Regulation of blood and

lymphatic vascular separation by signaling proteins SLP-76 and Syk.

Science 2003; 299: 247–51.

97 Fu J, Gerhardt H, McDaniel JM, Xia B, Liu X, Ivanciu L, Ny A,

Hermans K, Silasi-Mansat R, McGee S, Nye E, Ju T, Ramirez MI,

Carmeliet P, Cummings RD, Lupu F, Xia L. Endothelial cell O-

glycan deficiency causes blood/lymphatic misconnections and con-

sequent fatty liver disease in mice. J Clin Invest 2008; 118: 3725–37.

98 Uhrin P, Zaujec J, Breuss JM, Olcaydu D, Chrenek P, Stockinger H,

Fuertbauer E, Moser M, Haiko P, Fassler R, Alitalo K, Binder BR,

Kerjaschki D. Novel function for blood platelets and podoplanin in

developmental separation of blood and lymphatic circulation. Blood

2010; 115: 3997–4005.

99 Bertozzi CC, Hess PR, Kahn ML. Platelets: covert regulators of

lymphatic development. Arterioscler Thromb Vasc Biol 2010; 30:

2368–71.

100 O�Callaghan CA. Thrombomodulation via CLEC-2 targeting. Curr

Opin Pharmacol 2009; 9: 90–5.

101 May F, Hagedorn I, Pleines I, BenderM, Vogtle T, Eble J, Elvers M,

Nieswandt B. CLEC-2 is an essential platelet-activating receptor in

hemostasis and thrombosis. Blood 2009; 114: 3464–72.

102 Xie J,WuT,GuoL, RuanY, ZhouL, ZhuH,YunX,HongY, Jiang

J, Wen Y, Gu J. Molecular characterization of two novel isoforms

and a soluble form of mouse CLEC-2.BiochemBiophys Res Commun

2008; 371: 180–4.

103 Ruan Y, Guo L, Qiao Y, Hong Y, Zhou L, Sun L, Wang L, Zhu H,

Wang L, Yun X, Xie J, Gu J. RACK1 associates with CLEC-2 and

promotes its ubiquitin-proteasome degradation.BiochemBiophys Res

Commun 2009; 390: 217–22.

104 Hughes CE, Navarro-Nunez L, Finney BA, Mourao-Sa D, Pollitt

AY, Watson SP. CLEC-2 is not required for platelet aggregation at

arteriolar shear. J Thromb Haemost 2010; 8: 2328–32.

105 Arai M, Yamamoto N, Moroi M, Akamatsu N, Fukutake K, Ta-

noue K. Platelets with 10% of the normal amount of glycoprotein VI

have an impaired response to collagen that results in a mild bleeding

tendency. Br J Haematol 1995; 89: 124–30.

106 Boylan B, ChenH, Rathore V, Paddock C, SalaczM, FriedmanKD,

Curtis BR, Stapleton M, Newman DK, Kahn ML, Newman PJ.

Anti-GPVI-associated ITP: an acquired platelet disorder caused by

autoantibody-mediated clearance of the GPVI/FcRgamma-chain

complex from the human platelet surface. Blood 2004; 104: 1350–5.

107 Moroi M, Jung SM, Okuma M, Shinmyozu K. A patient with

platelets deficient in glycoprotein VI that lack both collagen-induced

aggregation and adhesion. J Clin Invest 1989; 84: 1440–5.

108 Hynes RO. Integrins: bidirectional, allosteric signaling machines.Cell

2002; 110: 673–87.

109 Santoro SA. Identification of a 160,000 dalton platelet membrane

protein that mediates the initial divalent cation-dependent adhesion

of platelets to collagen. Cell 1986; 46: 913–20.

110 Holtkotter O, Nieswandt B, Smyth N, Muller W, Hafner M, Schulte

V, Krieg T, Eckes B. Integrin alpha 2-deficient mice develop nor-

102 B. Nieswandt et al

� 2011 International Society on Thrombosis and Haemostasis



mally, are fertile, but display partially defective platelet interaction

with collagen. J Biol Chem 2002; 277: 10789–94.

111 Chen H, Locke D, Liu Y, Liu C, Kahn ML. The platelet receptor

GPVI mediates both adhesion and signaling responses to collagen in

a receptor density-dependent fashion. J Biol Chem 2002; 277: 3011–9.

112 Bennett JS, Chan C, Vilaire G, Mousa SA, DeGrado WF. Agonist-

activated alphavbeta3 on platelets and lymphocytes binds to the

matrix protein osteopontin. J Biol Chem 1997; 272: 8137–40.

113 Suh TT, Holmback K, Jensen NJ, Daugherty CC, Small K, Simon

DI, Potter S, Degen JL. Resolution of spontaneous bleeding events

but failure of pregnancy in fibrinogen-deficient mice.Genes Dev 1995;

9: 2020–33.

114 Ruggeri ZM, Dent JA, Saldivar E. Contribution of distinct adhesive

interactions to platelet aggregation in flowing blood. Blood 1999; 94:

172–8.

115 Nurden AT. Glanzmann thrombasthenia.Orphanet J Rare Dis 2006;

1: 10.

116 Hodivala-Dilke KM, McHugh KP, Tsakiris DA, Rayburn H,

Crowley D, Ullman-Cullere M, Ross FP, Coller BS, Teitelbaum S,

Hynes RO. Beta3-integrin-deficient mice are a model for Glanzmann

thrombasthenia showing placental defects and reduced survival.

J Clin Invest 1999; 103: 229–38.

117 Tronik-Le Roux D, Roullot V, Poujol C, Kortulewski T, Nurden P,

Marguerie G. Thrombasthenic mice generated by replacement of the

integrin alpha(IIb) gene: demonstration that transcriptional activa-

tion of this megakaryocytic locus precedes lineage commitment.

Blood 2000; 96: 1399–408.

118 Meadows TA, Bhatt DL. Clinical aspects of platelet inhibitors and

thrombus formation. Circ Res 2007; 100: 1261–75.

119 Zhang W, Li YS, Nardi MA, Dang S, Yang J, Ji Y, Li Z, Karpatkin

S, Wisniewski T. Dissolution of arterial platelet thrombi in vivo with

a bifunctional platelet GPIIIa49-66 ligand which specifically targets

the platelet thrombus. Blood 2010; 116: 2336–44.

120 Leath CA III, Douglas JT, Curiel DT, Alvarez RD. Single-chain

antibodies: a therapeutic modality for cancer gene therapy (review).

Int J Oncol 2004; 24: 765–71.

121 GinsbergMH, Partridge A, Shattil SJ. Integrin regulation. Curr Opin

Cell Biol 2005; 17: 509–16.

122 GongH, Shen B, Flevaris P, ChowC, Lam SC, Voyno-Yasenetskaya

TA, Kozasa T, Du X. G protein subunit Galpha13 binds to integrin

alphaIIbbeta3 and mediates integrin ‘‘outside-in’’ signaling. Science

2010; 327: 340–3.

123 Shattil SJ, Newman PJ. Integrins: dynamic scaffolds for adhesion and

signaling in platelets. Blood 2004; 104: 1606–15.

124 Tadokoro S, Shattil SJ, Eto K, Tai V, Liddington RC, de Pereda JM,

Ginsberg MH, Calderwood DA. Talin binding to integrin beta

tails: a final common step in integrin activation. Science 2003; 302:

103–6.

125 Petrich BG, Marchese P, Ruggeri ZM, Spiess S, Weichert RA, Ye F,

Tiedt R, Skoda RC,Monkley SJ, Critchley DR, GinsbergMH. Talin

is required for integrin-mediated platelet function in hemostasis and

thrombosis. J Exp Med 2007; 204: 3103–11.

126 Moser M, Nieswandt B, Ussar S, Pozgajova M, Fassler R. Kindlin-3

is essential for integrin activation and platelet aggregation. Nat Med

2008; 14: 325–30.

127 Mory A, Feigelson SW, Yarali N, Kilic SS, Bayhan GI, Gershoni-

Baruch R, Etzioni A, Alon R. Kindlin-3: a new gene involved in the

pathogenesis of LAD-III. Blood 2008; 112: 2591.

128 Malinin NL, Zhang L, Choi J, Ciocea A, Razorenova O, Ma YQ,

Podrez EA, Tosi M, Lennon DP, Caplan AI, Shurin SB,

Plow EF, Byzova TV. A point mutation in KINDLIN3 ablates

activation of three integrin subfamilies in humans.NatMed 2009; 15:

313–8.

129 Svensson L, Howarth K, McDowall A, Patzak I, Evans R, Ussar S,

Moser M, Metin A, Fried M, Tomlinson I, Hogg N. Leukocyte

adhesion deficiency-III is caused by mutations in KINDLIN3

affecting integrin activation. Nat Med 2009; 15: 306–12.

130 Chrzanowska-Wodnicka M, Smyth SS, Schoenwaelder SM, Fischer

TH, White GC. Rap1b is required for normal platelet function and

hemostasis in mice. J Clin Invest 2005; 115: 680–7.

131 Crittenden JR, BergmeierW, Zhang Y, Piffath CL, Liang Y,Wagner

DD, Housman DE, Graybiel AM. CalDAG-GEFI integrates sig-

naling for platelet aggregation and thrombus formation. Nat Med

2004; 10: 982–6.

132 Lee HS, Lim CJ, Puzon-McLaughlin W, Shattil SJ, Ginsberg MH.

RIAM activates integrins by linking talin to ras GTPase membrane-

targeting sequences. J Biol Chem 2009; 284: 5119–27.

133 Du X, Saido TC, Tsubuki S, Indig FE, Williams MJ, Ginsberg MH.

Calpain cleavage of the cytoplasmic domain of the integrin beta 3

subunit. J Biol Chem 1995; 270: 26146–51.

134 Pfaff M, Du X, Ginsberg MH. Calpain cleavage of integrin beta

cytoplasmic domains. FEBS Lett 1999; 460: 17–22.

135 Xi X, Bodnar RJ, Li Z, Lam SC, Du X. Critical roles for the COOH-

terminal NITY and RGT sequences of the integrin beta3 cytoplasmic

domain in inside-out and outside-in signaling. J Cell Biol 2003; 162:

329–39.

136 Andrews RK, Karunakaran D, Gardiner EE, Berndt MC. Platelet

receptor proteolysis: a mechanism for downregulating platelet reac-

tivity. Arterioscler Thromb Vasc Biol 2007; 27: 1511–20.

137 Andre P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO,

Phillips DR, Wagner DD. CD40L stabilizes arterial thrombi by a

beta3 integrin – dependent mechanism. Nat Med 2002; 8: 247–52.

138 Nanda N, Andre P, Bao M, Clauser K, Deguzman F, Howie D,

Conley PB, Terhorst C, Phillips DR. Platelet aggregation induces

platelet aggregate stability via SLAM family receptor signaling.Blood

2005; 106: 3028–34.

139 Angelillo-Scherrer A, de Frutos PG, Aparicio C, Melis E, Savi P,

Lupu F, Arnout J, Dewerchin M, Hoylaerts M, Herbert J, Collen D,

Dahlback B, Carmeliet P. Deficiency or inhibition of Gas6 causes

platelet dysfunction and protects mice against thrombosis. Nat Med

2001; 7: 215–21.

140 Zhu L, Bergmeier W, Wu J, Jiang H, Stalker TJ, Cieslak M, Fan R,

Boumsell L, Kumanogoh A, Kikutani H, Tamagnone L, Wagner

DD,MillaME, Brass LF. Regulated surface expression and shedding

support a dual role for semaphorin 4D in platelet responses to vas-

cular injury. Proc Natl Acad Sci U S A 2007; 104: 1621–6.

141 Prevost N, Woulfe DS, Jiang H, Stalker TJ, Marchese P, Ruggeri

ZM, Brass LF. Eph kinases and ephrins support thrombus growth

and stability by regulating integrin outside-in signaling in platelets.

Proc Natl Acad Sci U S A 2005; 102: 9820–5.

142 Brass LF, Zhu L, Stalker TJ. Novel therapeutic targets at the platelet

vascular interface. Arterioscler Thromb Vasc Biol 2008; 28: s43–50.

143 Rivera J, Lozano ML, Navarro-Nunez L, Vicente V. Platelet recep-

tors and signaling in the dynamics of thrombus formation. Haema-

tologica 2009; 94: 700–11.

144 Stalker TJ, Wu J, Morgans A, Traxler EA, Wang L, Chatterjee MS,

Lee D, Quertermous T, Hall RA, Hammer DA, Diamond SL, Brass

LF. Endothelial cell specific adhesion molecule (ESAM) localizes to

platelet–platelet contacts and regulates thrombus formation in vivo.

J Thromb Haemost 2009; 7: 1886–96.

145 Falati S, Patil S, Gross PL, Stapleton M, Merrill-Skoloff G, Barrett

NE, Pixton KL, Weiler H, Cooley B, Newman DK, Newman PJ,

Furie BC, Furie B, Gibbins JM. Platelet PECAM-1 inhibits throm-

bus formation in vivo. Blood 2006; 107: 535–41.

146 Dhanjal TS, Ross EA, Auger JM, McCarty OJ, Hughes CE, Senis

YA, Buckley CD, Watson SP. Minimal regulation of platelet activity

by PECAM-1. Platelets 2007; 18: 56–67.

147 Coutts SB, Goyal M. When recanalization does not improve clinical

outcomes. Stroke 2009; 40: 2661.

148 del Zoppo GJ. Microvascular changes during cerebral ischemia and

reperfusion. Cerebrovasc Brain Metab Rev 1994; 6: 47–96.

149 Lo EH. Experimental models, neurovascular mechanisms and

translational issues in stroke research. Br J Pharmacol 2008; 153

(Suppl. 1): S396–405.

Platelet adhesion and activation mechanisms 103

� 2011 International Society on Thrombosis and Haemostasis



150 Hurn PD, Subramanian S, Parker SM, Afentoulis ME, Kaler LJ,

Vandenbark AA, Offner H. T- and B-cell-deficient mice with exper-

imental stroke have reduced lesion size and inflammation. J Cereb

Blood Flow Metab 2007; 27: 1798–805.

151 Kleinschnitz C, Schwab N, Kraft P, Hagedorn I, Dreykluft A, Sch-

warz T, Austinat M, Nieswandt B, Wiendl H, Stoll G. Early detri-

mental T-cell effects in experimental cerebral ischemia are neither

related to adaptive immunity nor thrombus formation. Blood 2010;

115: 3835–42.

152 Kochanek PM, Hallenbeck JM. Polymorphonuclear leukocytes and

monocytes/macrophages in the pathogenesis of cerebral ischemia and

stroke. Stroke 1992; 23: 1367–79.

153 Kleinschnitz C, Pozgajova M, Pham M, Bendszus M, Nieswandt B,

Stoll G. Targeting platelets in acute experimental stroke: impact of

glycoprotein Ib, VI, and IIb/IIIa blockade on infarct size, functional

outcome, and intracranial bleeding. Circulation 2007; 115: 2323–30.

154 Stoll G, Kleinschnitz C, Nieswandt B. The role of glycoprotein Ib-

alpha and von Willebrand factor interaction in stroke development.

Hamostaseologie 2010; 30: 136–8.

155 Kleinschnitz C, De Meyer SF, Schwarz T, Austinat M, Van-

hoorelbeke K, Nieswandt B, Deckmyn H, Stoll G. Deficiency of von

Willebrand factor protects mice from ischemic stroke. Blood 2009;

113: 3600–3.

156 Zhao BQ, Chauhan AK, Canault M, Patten IS, Yang JJ, Dockal M,

Scheiflinger F, Wagner DD. vonWillebrand factor-cleaving protease

ADAMTS13 reduces ischemic brain injury in experimental stroke.

Blood 2009; 114: 3329–34.

157 De Meyer SF, Schwarz T, Deckmyn H, Denis CV, Nieswandt B,

Stoll G, Vanhoorelbeke K, Kleinschnitz C. Binding of von Wille-

brand factor to collagen and glycoprotein Ibalpha, but not to gly-

coprotein IIb/IIIa, contributes to ischemic stroke in mice – brief

report. Arterioscler Thromb Vasc Biol 2010; 30: 1949–51.

158 Fujioka M, Hayakawa K, Mishima K, Kunizawa A, Irie K, Higuchi

S, Nakano T, Muroi C, Fukushima H, Sugimoto M, Banno F,

Kokame K, Miyata T, Fujiwara M, Okuchi K, Nishio K. ADAM-

TS13 gene deletion aggravates ischemic brain damage: a possible

neuroprotective role of ADAMTS13 by ameliorating postischemic

hypoperfusion. Blood 2010; 115: 1650–3.

159 Zhang ZG, Zhang L, Tsang W, Goussev A, Powers C, Ho KL,

Morris D, Smyth SS, Coller BS, Chopp M. Dynamic platelet accu-

mulation at the site of the occluded middle cerebral artery and in

downstream microvessels is associated with loss of microvascular

integrity after embolic middle cerebral artery occlusion. Brain Res

2001; 912: 181–94.

160 Wahl F, Allix M, Plotkine M, Boulu RG. Neurological and behav-

ioral outcomes of focal cerebral ischemia in rats. Stroke 1992; 23:

267–72.

161 Bigalke B, Stellos K, Geisler T, Kremmer E, Seizer P, May AE,

Lindemann S, Melms A, Luft A, Gawaz M. Expression of platelet

glycoprotein VI is associated with transient ischemic attack and

stroke. Eur J Neurol 2010; 17: 111–7.

162 Al-Tamimi M, Gardiner EE, Thom JY, Shen Y, Cooper MN,

Hankey GJ, Berndt MC, Baker RI, Andrews RK. Soluble glyco-

protein VI is raised in the plasma of patients with acute ischemic

stroke. Stroke 2011; 42: 498–500.

163 BerndtMC, Shen Y, Dopheide SM, Gardiner EE, Andrews RK. The

vascular biology of the glycoprotein Ib-IX-V complex. Thromb

Haemost 2001; 86: 178–88.

164 Soriano SG, Coxon A, Wang YF, Frosch MP, Lipton SA, Hickey

PR, Mayadas TN. Mice deficient in Mac-1 (CD11b/CD18) are less

susceptible to cerebral ischemia/reperfusion injury. Stroke 1999; 30:

134–9.

165 Muller F, Renne T. Novel roles for factor XII-driven plasma contact

activation system. Curr Opin Hematol 2008; 15: 516–21.

166 Kleinschnitz C, Stoll G, Bendszus M, Schuh K, Pauer HU, Burfeind

P, Renne C, Gailani D, Nieswandt B, Renne T. Targeting coagula-

tion factor XII provides protection from pathological thrombosis in

cerebral ischemia without interfering with hemostasis. J Exp Med

2006; 203: 513–8.

167 Hagedorn I, Schmidbauer S, Pleines I, Kleinschnitz C, Kronthaler U,

Stoll G, Dickneite G, Nieswandt B. Factor XIIa inhibitor re-

combinant human albumin Infestin-4 abolishes occlusive arterial

thrombus formation without affecting bleeding. Circulation 2010;

121: 1510–7.

168 AustinatM, Braeuninger S, Pesquero JB, BredeM, BaderM, Stoll G,

Renne T, Kleinschnitz C. Blockade of bradykinin receptor B1 but not

bradykinin receptor B2 provides protection from cerebral infarction

and brain edema. Stroke 2009; 40: 285–93.

169 Boilard E, Nigrovic PA, LarabeeK,Watts GF, Coblyn JS,Weinblatt

ME, Massarotti EM, Remold-O�Donnell E, Farndale RW, Ware J,

Lee DM. Platelets amplify inflammation in arthritis via collagen-

dependent microparticle production. Science 2010; 327: 580–3.

170 Muller F, Mutch NJ, Schenk WA, Smith SA, Esterl L, Spronk HM,

Schmidbauer S, Gahl WA, Morrissey JH, Renne T. Platelet po-

lyphosphates are proinflammatory and procoagulant mediators in

vivo. Cell 2009; 139: 1143–56.

171 Adams HP Jr, Effron MB, Torner J, Davalos A, Frayne J, Teal P,

Leclerc J, Oemar B, Padgett L, Barnathan ES, Hacke W. Emergency

administration of abciximab for treatment of patients with acute

ischemic stroke: results of an international phase III trial: Abciximab

in Emergency Treatment of Stroke Trial (AbESTT-II). Stroke 2008;

39: 87–99.

172 Ciccone A, Abraha I, Santilli I. Glycoprotein IIb-IIIa inhibitors for

acute ischemic stroke. Stroke 2007; 38: 1113–4.

173 Choudhri TF, Hoh BL, Zerwes HG, Prestigiacomo CJ, Kim SC,

Connolly ES Jr, Kottirsch G, Pinsky DJ. Reduced microvascular

thrombosis and improved outcome in acute murine stroke by

inhibiting GP IIb/IIIa receptor-mediated platelet aggregation. J Clin

Invest 1998; 102: 1301–10.

174 Ishikawa M, Cooper D, Arumugam TV, Zhang JH, Nanda A,

Granger DN. Platelet-leukocyte-endothelial cell interactions after

middle cerebral artery occlusion and reperfusion. J Cereb Blood Flow

Metab 2004; 24: 907–15.

175 Abumiya T, Fitridge R, Mazur C, Copeland BR, Koziol JA,

Tschopp JF, Pierschbacher MD, del Zoppo GJ. Integrin al-

pha(IIb)beta(3) inhibitor preserves microvascular patency in experi-

mental acute focal cerebral ischemia. Stroke 2000; 31: 1402–9.

176 Massberg S, Schurzinger K, Lorenz M, Konrad I, Schulz C, Plesnila

N, Kennerknecht E, Rudelius M, Sauer S, Braun S, Kremmer E,

Emambokus NR, Frampton J, Gawaz M. Platelet adhesion via

glycoprotein IIb integrin is critical for atheroprogression and focal

cerebral ischemia: an in vivo study in mice lacking glycoprotein IIb.

Circulation 2005; 112: 1180–8.

104 B. Nieswandt et al

� 2011 International Society on Thrombosis and Haemostasis


