
UCSF
UC San Francisco Previously Published Works

Title
Redundancy and Interaction of Thrombin- and Collagen-Mediated Platelet Activation in Tail 
Bleeding and Carotid Thrombosis in Mice

Permalink
https://escholarship.org/uc/item/7q80x7kh

Journal
Arteriosclerosis Thrombosis and Vascular Biology, 34(12)

ISSN
1079-5642

Authors
Bynagari-Settipalli, Yamini S
Cornelissen, Ivo
Palmer, Daniel
et al.

Publication Date
2014-12-01

DOI
10.1161/atvbaha.114.304244
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7q80x7kh
https://escholarship.org/uc/item/7q80x7kh#author
https://escholarship.org
http://www.cdlib.org/


Redundancy and interaction of thrombin- and collagen-mediated 
platelet activation in tail bleeding and carotid thrombosis in mice
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Cherry Concengco1, Jerry Ware2, and Shaun R. Coughlin1

1Cardiovascular Research Institute, University of California, San Francisco, CA.

2Physiology & Biophysics, University of Arkansas for Medical Sciences, Little Rock, AR.

Abstract

Objective—Current antiplatelet strategies to prevent myocardial infarction and stroke are limited 

by bleeding risk. A better understanding of the roles of distinct platelet-activating pathways is 

needed. We determined whether platelet activation by two key primary activators, thrombin and 

collagen, plays distinct, redundant, or interacting roles in tail bleeding and carotid thrombosis in 

mice.

Approach and Results—Platelets from mice deficient for the thrombin receptor Par4 and the 

collagen receptor GPVI lack responses to thrombin and collagen, respectively. We examined tail 

bleeding and FeCl3-induced carotid artery occlusion in mice lacking Par4, GPVI or both. We also 

examined a series of Par mutants with increasing impairment of thrombin signaling in platelets. 

Ablation of thrombin signaling alone by Par4 deficiency increased blood loss in the tail bleeding 

assay and impaired occlusive thrombus formation in the carotid occlusion assay. GPVI deficiency 

alone had no effect. Superimposing GPVI deficiency upon Par4 deficiency markedly increased 

effect size in both assays. In contrast to complete ablation of thrombin signaling, 9- and 19-fold 

increases in EC50 for thrombin-induced platelet activation had only modest effects.

Conclusion—The observation that loss of Par4 uncovered large effects of GPVI deficiency 

implies that Par4 and GPVI made independent, partially redundant contributions to occlusive 

thrombus formation in the carotid and to hemostatic clot formation in the tail under the 

experimental conditions examined. At face value, these results suggest that thrombin- and 

collagen-induced platelet activation can play partially redundant roles despite important 

differences in the how these agonists are made available to platelets.
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Introduction

Platelet-dependent thrombi are a major cause of myocardial infarction and stroke1–9. The 

efficacy and use of established antiplatelet agents for preventing these events is limited by 

bleeding risk2–9. Improved understanding of the relative importance and interactions of 

different pathways of platelet activation in hemostasis and thrombosis is needed to 

determine whether and how these processes can be better separated.

Thrombin and collagen are potent activators of platelets ex vivo10–12. Platelet activation by 

thrombin generated at sites of vascular injury and by vessel wall collagen exposed at such 

sites contributes to hemostasis and thrombosis in vivo. The extent to which these primary 

platelet activators serve independent, redundant or interacting roles in vivo has not been 

directly examined.

Thrombin is arguably the most potent platelet activator12,13. Mouse platelets utilize 

Protease-Activated Receptor-3 (Par3) and Par4 (gene names F2rl2 and F2rl3, a.k.a. Par3 

and Par4, respectively) to sense and respond to thrombin11,14. Mouse Par3 appears 

incapable of signaling by itself and instead serves as a thrombin-binding cofactor that 

promotes cleavage and activation of Par4 at low concentrations of thrombin15. In accord, 

platelets from Par3-deficient mice require more thrombin than wild-type platelets for normal 

activation, and platelets from Par4-deficient mice fail to respond to even micromolar 

thrombin11,14,16. In the FeCl3-induced carotid artery thrombosis assay, Par4-deficient mice 

are protected against thrombotic occlusion triggered by application of 250 mM (4%) FeCl3 

compared to wild type, but application of 1.25 M (20%) FeCl3 reliably causes thrombotic 

occlusion of carotid arteries in Par4-deficient mice (albeit more slowly than in wild type)16. 

Par4-deficient mice also show increased blood loss in a tail bleeding assay compared to wild 

type, but hemostasis is still reliably achieved and blood loss is modest compared to the 

maximal that can occur in this assay16,17. Thus, mechanisms independent of thrombin-

induced platelet activation are sufficient to drive formation of occlusive thrombi in the 

carotid and hemostatic clots in the tail.

Like thrombin, collagen is an effective primary activator of platelets10. Collagen activates 

platelets initially by binding to platelet glycoprotein VI (GPVI, gene name Gp6), and 

platelets from GPVI-deficient mice fail to respond to collagen10,18,19. Loss of GPVI 

function caused by null mutations in Gp6 or FcRγ (which is necessary for GPVI biogenesis 

and signaling20) or treatment with a GPVI-depleting antibody has been associated with 

variable effects on tail bleeding and FeCl3-induced carotid occlusion in mice18,21–29. 

However, isolated GPVI deficiency can be associated with modest or no effects in these 

assays in some conditions27,28 (see Discussion). Thus, mechanisms independent of collagen-

induced platelet activation can be sufficient to drive thrombus formation in these assays.

Ex vivo, collagen and thrombin can each activate platelets in the absence of the other. 

Whether redundant functions of these activators in vivo might account for the "missing" 

mechanisms that support tail hemostasis and carotid thrombosis in the absence of collagen 

or thrombin signaling alone is unknown. The mechanisms by which these activators become 

available to platelets are distinct. Collagen is an insoluble polymer present in the vessel wall 
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and can directly activate only those platelets that touch it at the immediate site of damage10. 

Thrombin is soluble and hence can act at a distance from the surface on which it is 

generated, and it can be generated on activated platelets30. Thus, in contrast to collagen, 

thrombin may directly activate platelets at a distance from the immediate site of damage. In 

a laser injury-induced arteriole thrombosis assay, thrombin signaling in platelets is required 

for growth of platelet thrombi away from the vessel wall but not for formation of small 

juxtamural platelet thrombi at the site of injury31. These observations raised the possibility 

that collagen and thrombin might have distinct rather than redundant roles, e.g., collagen 

signaling serving primarily to activate platelets adherent to the vessel wall and thrombin 

signaling driving growth of larger platelet thrombi necessary for vessel occlusion.

We utilized mice with different Par3 and Par4 genotypes to probe the effects of different 

levels of thrombin signaling in platelets as well as mice that lack thrombin signaling in 

platelets (Par4−/−), collagen signaling in platelets (Gp6−/−) or both to determine whether 

thrombin- and collagen-induced platelet activation serve independent, redundant or 

interacting roles in the tail bleeding and FeCl3-induced carotid occlusion assays in mice. 

Under the moderate to high injury conditions explored, partial inhibition of thrombin 

signaling alone had no or modest effects, but complete ablation of thrombin signaling 

decreased thrombus formation in both assays even when GPVI was intact. By contrast, 

ablation of collagen signaling had no effect on tail bleeding or carotid occlusion when 

thrombin signaling was intact but had large effects when thrombin signaling was absent. 

These results suggest that thrombin- and collagen-induced platelet activation can 

independently support thrombus formation in these assays and that their contributions are 

partially redundant such that removal of both pathways produces outsized effects. Such 

redundancy is perhaps surprising given the very different mechanisms by which these 

ligands become available to platelets. Implications for hypotheses regarding therapeutic 

strategies are discussed.

Materials and Methods

Materials and Methods are available in the online-only Data Supplement.

Results

Our previous studies revealed that subtle impairment of thrombin signaling in Par3−/− 

platelets protects against carotid artery thrombosis triggered by low (250 mM; 4%) FeCL3 

without significantly increasing blood loss in the tail bleeding assay used here17. To further 

explore the effect of different levels of impairment of thrombin-induced platelet activation 

and toward establishing conditions in which interactions with GPVI deficiency might be 

detected, we first characterized the concentration response to thrombin in platelets from 

mice homozygous or heterozygous for Par3 and Par4 alone and in combination as assessed 

by thrombin-induced P-selectin display measured by flow cytometry (Figure 1). EC50s for 

thrombin-induced P-selectin display in platelets from wild-type, Par3+/+, Par4+/−, Par3−/

−:Par4+/+, and Par3−/−:Par4+/− mice were 0.1, 0.3, 0.9, and 1.9 nM, respectively (Figure 

1A). Similar results were found when αIIbβ3 activation was used as an endpoint (Figure 1B), 

and maximal αIIbβ3 activation to thrombin was ~20% decreased in Par3−/−:Par4+/− 
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platelets (Figure 1C). Par4−/− platelets showed no responses to even 1000 nM thrombin as 

previously described16,32. Par3−/−:Par4+/− mice were of special interest because, in 

addition to the 20% decrease in maximal response, platelets from these mice showed a 19-

fold increase in the EC50 for thrombin over wild type, about twice the effect of isolated Par3 

deficiency and in a range of partial impairment of thrombin signaling not previously 

explored. Accordingly, we next assessed the effect of these varying levels of loss of platelet 

responsiveness to thrombin in vivo.

In the tail bleeding assay (Figure 2), blood loss was increased about 6-fold in Par4−/− mice 

compared to wild type (~0.1 AU to ~0.6 AU) and this increase was independent of Par3 

genotype as expected (Par4 deficiency alone is sufficient to ablate thrombin signaling16,17). 

By contrast, neither Par3−/−:Par4+/+ nor Par3−/−:Par4+/− mice showed a statistically 

significant increase in tail bleeding compared to wild type (Figure 2); the point estimate for 

mean hemoglobin loss was 0.2 AU in Par3−/−:Par4+/+ and 0.26 AU in Par3−/−:Par4+/− 

mice compared to 0.1 AU in wild type.

In the carotid artery occlusion assay (Figure 3), Par4−/− mice were protected against 

occlusive thrombus formation under the conditions used, and this effect was again 

independent of Par3 genotype. In wild-type mice, carotids occluded at a median time of 

~250 seconds after injury, while in Par4−/− mice, ~80% of carotids never occluded (median 

>1200 seconds). Unlike in the tail bleeding assay, Par3−/−:Par4+/+ did show statistically 

significant albeit modest difference compared to wild-type mice with an increase in median 

time to occlusion to ~300 seconds, consistent with previous reports16,17. Median time to 

occlusion in Par3−/−:Par4+/− mice was also different from wild-type at ~400 seconds, but 

the difference between Par3−/−:Par4+/+ and Par3−/−:Par4+/− did not reach statistical 

significance.

The results described above reveal that even in an otherwise wild-type background in which 

other platelet-activating pathways are intact, increasing the EC50 for thrombin-induced 

platelet activation from 0.1 nM for wild-type to 0.9 nM for Par3−/− or to 1.9 nM for Par3−/

−:Par4+/− platelets produced detectable protection in the carotid occlusion assay. These 

changes in signaling did not produce statistically significant increases in tail bleeding, but 

point estimates suggested a positive trend. Ablation of thrombin signaling in Par4−/− mice 

in an otherwise wild-type background conferred more substantial protection in the carotid 

occlusion assay and increased blood loss in the tail bleeding assay.

We next examined the relative importance of GPVI in the same assays and its interactions of 

thrombin-induced platelet activation using mice homozygous and heterozygous for Gp6 and 

Par4 null alleles, alone and in combination. In contrast to the case with alterations in 

thrombin signaling via PARs, even ablation of collagen signaling via Gp6 produced no 

detectable effect in an otherwise wild-type background.

In the tail bleeding assay (Figure 4), isolated Par4 deficiency caused an increase in 

hemoglobin loss from 0.1 AU in Gp6+/+:Par4+/+ mice to 0.7 AU in Gp6+/+:Par4−/− mice, 

consistent with the previous experiment (Figure 2). In contrast to Par4 deficiency, GPVI 

deficiency in a Par4+/+ or Par4+/− background did not cause increased blood loss. 
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Strikingly, however, superimposing GPVI deficiency upon Par4 deficiency resulted in a 

marked increase in blood loss over and above that associated with Par4 deficiency alone. 

Mean hemoglobin loss in Gp6−/−:Par4−/− mice was 3.8 AU, corresponding to about 15% 

of total blood volume and more than 5-fold the hemoglobin loss in Gp6+/+:Par4 −/−. Gp6 

heterozygosity also had a significant effect in a Par4−/− background, with mean hemoglobin 

loss increasing from 0.7 AU in Gp6+/+:Par4−/− mice to 1.8 AU in Gp6+/−:Par4−/− mice.

In the carotid artery thrombosis assay, we showed that even at a low level of injury (0.25M 

(4%) FeCl3), GPVI deficiency alone provided no protection against thrombosis while under 

the same conditions Par4 deficiency alone provided complete protection (not shown). These 

results are consistent with at least some published studies (see Discussion) in which Par4 

and GPVI mutants were studied separately16–18,26,29. Thus, in contrast to thrombin-

signaling, GPVI signaling was unnecessary for normal thrombus formation when other 

platelet signaling pathways were left intact.

To provide a system in which interactions of the kind found in the tail bleeding assay could 

be detected, we increased the concentration of FeCl3 to a level at which Par4−/− mice were 

only partially protected (Figure 5). As expected, GPVI deficiency alone had no effect on the 

rate or frequency of occlusive thrombus formation in carotid arteries after injury with 1.25 

M (20%) FeCl3; median time to occlusion was about 200 seconds for wild-type, Gp6+/− and 

Gp6−/− mice, and all arteries were occluded by about 300 seconds (Figure 5A). Par4 

deficiency alone caused a statistically significant delay in occlusion even at this level of 

injury (Figure 5B; curve A); median time to occlusion was about 350 seconds in Gp6+/

+:Par4−/− mice compared to about 200 seconds in wild-type and in Gp6−/−:Par4+/+ and 

Gp6−/−:Par4+/− mice. Also in contrast to these genotypes, about 10% of vessels in Par4−/− 

mice remained open to 1200 seconds, the end of the protocol (Figure 5B; curve A).

While GPVI deficiency alone had no effect in the thrombosis assay, superimposing GPVI 

deficiency upon Par4 deficiency had a major effect. Compared to 10% in Gp6+/+:Par4−/− 

mice, ~70% of vessels in Gp6−/−:Par4−/− remained open through the end of the protocol 

such that median time to occlusion was indeterminate (>1200 seconds) (Figure 5B; curve E). 

Median time to occlusion in Gp6+/−: Par4−/− mice was intermediate between Gp6+/

+:Par4−/− and Gp6−/−: Par4−/− mice (Figure 5B; curve B).

The results described above suggest that collagen-induced platelet activation via GPVI is not 

necessary for normal clot formation in the tail bleeding assay nor for occlusive thrombus 

formation in the carotid occlusion assay when thrombin signaling is intact. By contrast, 

thrombin-induced platelet activation is necessary for wild-type levels of hemostatic clot and 

arterial thrombus formation in these assays even when collagen signaling is intact. The fact 

that combined GPVI and Par4 deficiency had large effects compared to either deficiency 

alone suggests that collagen- and thrombin-induced platelet activation each make 

independent contributions that serve partially redundant functions in these assays.
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Discussion

We report a comparison of the effects of ablating or reducing thrombin-induced platelet 

activation and ablating collagen-induced platelet activation, alone and in combination, on 

tail bleeding and thrombotic carotid occlusion in mice. A lack of an effect of isolated GPVI 

deficiency in these assays under conditions in which even modest changes in thrombin 

signaling (e.g., Par3 deficiency) produced detectable effects suggests that, under the 

conditions examined, collagen-induced platelet activation via GPVI is not necessary for 

normal hemostasis in the tail bleeding assay nor for normal formation of occlusive thrombi 

in the carotid occlusion assay when thrombin signaling is intact. By contrast, the clear 

(albeit less than maximal) effect of isolated Par4 deficiency in the same assays suggests that 

thrombin-induced platelet activation is necessary for normal thrombus formation in these 

assays even when collagen signaling is intact. The large increase in bleeding and the marked 

decrease in carotid occlusion associated with combined GPVI and Par4 deficiency compared 

to either single deficiency suggests that collagen- and thrombin-induced platelet activation 

make substantially redundant contributions to thrombus formation in these assays such that 

either pathway becomes critical in the absence of the other.

Previous studies have reported variable effects of loss of GPVI function in tail bleeding and 

carotid occlusion assays10,18–29,33. Some variability might be due to different means of 

achieving GPVI loss of function, e.g., FcRγ mutation and antibody-induced GPVI shedding 

might have effects beyond loss of GPVI signaling. Variability across studies of Gp6 nulls 

may also be due in part to different genetic backgrounds26. The Gp6 and Par mutant mice 

examined in this study had been backcrossed >7 times into a C57BL6 background and 

littermates were compared. Different experimental conditions may also contribute to 

variability across studies in the literature. Indeed, the sensitivity of the tail bleeding and 

carotid occlusion assays can be "tuned" by varying the site of transection and concentration 

of FeCl3 used, respectively17,25,34. In the present study, assay conditions in which isolated 

GPVI or Par4 deficiency had a modest effect were chosen to enable detection of additive or 

synergistic effects of combined deficiencies. Under conditions in which isolated Par4 

deficiency had a modest effect, isolated GPVI deficiency had no detectable effect. It is 

certainly possible that different results would have been observed under different 

experimental conditions or in a different genetic background.

Large effects of superimposing anticoagulation upon defective collagen-induced platelet 

activation in tail bleeding, FeCl3-induced carotid occlusion and other thrombosis assays 

have been described previously25,28. Anticoagulants inhibit both fibrin formation and 

thrombin-induced platelet activation, and the effects of anticoagulation in these studies 

might be due to either or both. Indeed, combined loss of fibrin formation and thrombin-

induced platelet activation in mice is incompatible with hemostasis and survival, while loss 

of either function alone has no or modest effects by comparison35. The current study 

focused specifically on platelet activation, utilizing deficiencies of the receptors required for 

initial activation of mouse platelets by collagen and thrombin to directly probe the roles and 

interactions of platelet activation by these mechanisms. Expression of these receptors is 

relatively restricted to platelets, and effects of their deficiency in hemostasis and thrombosis 

assays can almost certainly be attributed to altered platelet function36,37.
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Finding that collagen- and thrombin-induced platelet activation can have substantially 

redundant roles in thrombus formation is perhaps surprising given that collagen is a 

preformed insoluble polymer that presumably can activate only those platelets that touch it 

at the damaged vessel wall while thrombin is locally generated soluble mediator that can act 

on platelets in the growing thrombus31. However, collagen signaling via GPVI does trigger 

release of soluble mediators like adenosine diphosphate (ADP) and thromboxane that can 

sustain and extend platelet activation in time and space10, perhaps allowing collagen-

induced platelet activation to partially mimic the ability of thrombin-induced platelet 

activation to drive growth of platelet thrombi at a distance from the vessel wall. Given the 

known dependence of collagen-induced platelet aggregation on ADP10, the past observation 

that combined ablation of thrombin signaling via Par4 and ADP signaling via P2Y12 had 

generally additive effects in the assays used herein17 is consistent with this view.

Although combined loss of thrombin- and collagen-induced platelet activation was 

associated with remarkable protection against FeCl3-induced carotid artery occlusion, 30% 

of vessels still clotted. Thrombus formation in these vessels might be driven by fibrin 

formation and/or by platelet-activating pathways independent of thrombin and collagen 

signaling.

At face value, the observation that superimposition of GPVI deficiency upon Par4 

deficiency has large effects in the FeCl3-induced carotid occlusion assay suggests that 

ligation of platelet GPVI by collagen occurs in this assay. A recent reported that relatively 

little subendothelial collagen is exposed by FeCl3-induced carotid injury as assessed by 

scanning electron microscopy38. Whether collagen exposure sufficient to trigger an 

important level of GPVI-dependent platelet activation went undetected by SEM or whether 

GPVI can contribute to thrombus formation by collagen-independent mechanisms is not 

known. However, there is no need to invoke the latter possibility to explain the observation 

that superimposition of GPVI deficiency upon Par4 deficiency has large effects in the tail 

bleeding assay, in which mechanical disruption of vascular integrity likely provides both 

substantial collagen exposure and thrombin generation.

In the studies outlined above, we failed to separate effects on tail bleeding vs. carotid 

occlusion by ablating collagen signaling, thrombin signaling or both. Our past studies 

suggested that Par3 deficiency, which produces a relatively subtle decrease in platelet 

responsiveness to thrombin, had no effect on tail bleeding under the conditions employed 

here but protected against carotid occlusion at a low level of FeCl3 injury, while Par4 

deficiency, which ablates thrombin signaling in platelets, increased both bleeding and 

protection17,39. By combining Par3 deficiency with Par4 heterozygosity, we obtained 

Par3−/−:Par4+/− mice that provided a unique opportunity to probe the effect of a stable, 

approximately two-fold further increase in the EC50 for thrombin-induced platelet activation 

compared to Par3−/− mice. Like Par3−/− mice, Par3−/−:Par4+/− mice showed protection 

against thrombosis without a statistically significant increase in bleeding compared to wild-

type mice. This result is interesting as a point of contrast in that even a partial decrease in 

thrombin signaling in platelets is associated with decreased carotid occlusion under 

conditions in which complete loss of collagen-induced responses has no detectable effect. 

Doubling the EC50 for thrombin-induced platelet activation from 0.9 in Par3−/− mice to 1.9 

Bynagari-Settipalli et al. Page 7

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



nM in Par3−/−:Par4+/− did not produce a statistically significant increase in protection 

against carotid occlusion nor in tail bleeding, but point estimates suggested a trend in both 

assays. This result is perhaps not surprising, and limited power and small effect size may 

have prevented detection of real but modest effects of doubling the EC50 for thrombin-

induced platelet activation.

Important caveats must be weighed in considering whether hypotheses generated from these 

mouse studies might be relevant to human hemostasis and thrombosis. First, there are 

important species differences in PAR utilization between human and mouse platelets. As 

noted in the introduction, mouse platelets utilize Par3 and Par4, and rather than serving as a 

independent transmembrane signaling molecule, mouse Par3 functions as a cofactor that 

binds thrombin and promotes Par4 activation at low thrombin concentrations. By contrast, 

human platelets utilize PAR1 and PAR4 and these receptors signal independently; PAR1 is 

necessary for human platelet activation by low concentrations of thrombin and PAR4 

contributes at higher concentrations40. These and other species differences prevent direct 

extrapolation of studies of Par mutant mice to humans. Second, FeCl3-induced carotid 

occlusion and tail bleeding assays in mice do not recapitulate the complexity of human 

thrombosis and hemostasis. While FeCl3-induced carotid occlusion in mice provides a 

tractable assay of thrombotic occlusion in an artery, it lacks important aspects of human 

pathophysiology, e.g., exposure of atheromatous plaque contents after erosion or rupture, 

stenosis. Similarly, while mouse tail bleeding provides an assay of hemostatic clot formation 

after transection of blood vessels under one set of conditions, it does not represent the 

different tissues, blood vessel and injury types, flow rates, pressures, and varying levels of 

tamponade involved in human hemostasis. Importantly, the tail bleeding and most other 

bleeding assays measure procedure-induced bleeding from normal vessels; bleeding that 

causes morbidity and mortality in humans is often spontaneous and may occur at sites of 

abnormal vasculature (e.g., neovessels, inflammation, vascular malformations, etc.) in which 

the relative importance of different contributors to clot formation may differ from normal 

vessels.

Notwithstanding the important caveats listed above, it is worth noting that in an absolute 

sense, the ability of inhibition of a pathway to increase tail bleeding or decrease carotid 

occlusion in mice has correlated with an ability to impair hemostasis and protect against 

thrombosis in humans7,8,14,16,17,28,35,39,41–43. PARs mediate platelet activation by thrombin 

in mice and humans and, at least in some settings, can contribute to hemostasis and 

thrombosis in both species11,15–17,35,40,44. GPVI mediates initial platelet activation by 

collagen in mice and humans and, at least in some settings, can contribute to hemostasis in 

both species18–29,45. The role for GPVI in human thrombosis remains to be tested. New 

antiplatelet agents are often tested as an addition to standard of care, and use of antiplatelet 

agents in combination is growing2,4–7,44. The findings of substantially redundant functions 

for protease-activated receptor- and GPVI-dependent platelet activation in tail bleeding and 

carotid occlusion assays in mice and of strong interactive effects of removing both functions 

might be considered in the design of future studies exploring these targets for antithrombotic 

therapy.
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Significance

We demonstrated that thrombin- and collagen-dependent platelet activation via protease-

activated receptors (PARs) and GPVI have substantially redundant roles in mouse assays 

of hemostasis and thrombosis, such that removing both pathways had much larger effects 

than removing either alone. This redundancy is somewhat surprising given spatial and 

other differences in the way that thrombin and collagen become available to platelets in a 

growing thrombus growth. Testing of antiplatelet agents is often accomplished in 

combination with established ones. The strong interactive effects seen with loss of PAR 

and GPVI function in the in vivo hemostasis and thrombosis assays used here might be 

considered in further exploration of these receptors as targets for antithrombotic therapy.
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Figure 1. Effect of combined partial or complete Par3 and Par4 deficiency on mouse platelet 
responses to thrombin
Washed platelets from mice of the indicated genotypes were activated with different 

concentrations of thrombin (1 pM-100 nM) and platelet P-selectin exposure or αIIbβ3 

activation were measured by flow cytometry. Maximal responses and the concentration of 

thrombin required to elicit half-maximal responses (EC50) were determined from the 

resulting concentration-response curves. Results (mean +/− SEM for 3 curves per genotype) 

are shown for A) EC50 for P-selectin display, B) EC50 for αIIbβ3 activation, C) maximal 

responses for αIIbβ3 activation. Groups were different at P<0.05 (*), <0.001 (***) or 

<0.0001 (****).
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Figure 2. Effect of combined partial or complete Par3 and Par4 deficiency on tail bleeding
Blood loss after tail transection was measured in anesthetized 28 ± 3 day-old mice with the 

indicated genotypes. Mean ± SEM (n=21–104) is shown. Par4 but not Par3 genotype 

affected blood loss by two-way ANOVA. By Tukey's test, blood loss was different between 

all Par4−/− genotypes and other genotypes except Par3−/−:Par4+/− at P<0.05. Sample size 

is indicated above each bar.
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Figure 3. Effect of combined partial or complete Par3 and Par4 deficiency on carotid artery 
occlusion
Carotid arteries of anesthetized 8–14 week-old mice were injured by exposure to filter paper 

saturated with 0.5 M (8%) FeCL3, flow after injury was measured, and time to stable 

occlusion determined. Data are shown as percent of arteries without occlusion as a function 

of time after injury for each genotype. Genotype affected time to occlusion by log-rank 

analysis (P<0.0001). In multiple comparison-corrected follow-on comparisons, all Par4−/− 

genotypes (G,H,I) were different from all others, and Par3−/−:Par4+/+ (C) and Par3−/

−:Par4+/− (F) mice were different from wild-type (A) (P<0.001) but not from each other.
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Figure 4. Effect of combined partial or complete Par4 and GPVI deficiency on tail bleeding
Blood loss after tail transection was measured in anesthetized 28 ± 3 day-old mice with the 

indicated Gp6 and Par4 genotypes. Mean ± SEM (n=13–22) hemoglobin loss is shown. 

Par4 and Gp6 genotypes each had statistically significant effects and interactions by 2-way 

ANOVA (all P<0.0001). By Tukey's test, blood loss in all Par4−/− genotypes was different 

from that in all Par4+/+ and Par+/− genotypes regardless of Gp6 genotype (P<0.001). By 

contrast, blood loss in Gp6+/− and Gp6−/− mice was not different from that in Gp6+/+ mice 

in Par4+/+ or Par4+/− backgrounds, but blood loss in Gp6+/−:Par4−/− mice and Gp6−/

−:Par4−/− mice was significantly different from that in Gp6+/+:Par4−/− mice (P<0.001).
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Figure 5. Effect of combined partial or complete Par4 and GPVI deficiency on carotid artery 
occlusion
Carotid arteries of anesthetized 8 to 14 week-old mice were injured by exposure to filter 

paper saturated with 1.25 M (20%) FeCL3, flow after injury was measured, and time to 

stable occlusion determined. Data are shown as percent of arteries without occlusion as a 

function of time after injury for each genotype. A) Littermate offspring of Gp6+/− crosses 

were examined. B) Littermate offspring of Par4+/−:Gp6+/− crosses and Par4−/−:Gp6+/

−×Par4−/−:Gp6−/− crosses were examined. Note that GPVI deficiency alone had no effect. 

In (B), genotype affected time to occlusion by log-rank analysis (P<0.0001). In multiple 

comparison-corrected follow-on comparisons, Par4 deficiency alone prolonged time to 

occlusion (curve A vs. C,D; P<0.0001), and combined Par4 and GPVI deficiency provided a 

substantial further increase in time to occlusion (curve E vs. A; P<0.0001).
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