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Dynamic Tyrosine Kinase-Regulated Signaling and Actin
Polymerisation Mediate Aggregate Stability Under Shear

Jocelyn M. Auger, Steve P. Watson

Objective—Aggregate formation on collagen at arteriolar rates of shear is mediated by coordinated signaling between
tyrosine kinase–linked and G protein–coupled receptors. We have investigated the role of these receptors and the actin
cytoskeleton in maintaining aggregate stability under shear.

Methods and Results—Platelet aggregates are rapidly formed when blood is flowed over collagen at 1000 s�1 and remain
stable over 20 minutes. A novel fibrin-independent mechanism of retraction against the direction of flow occurs at the
aggregate front and recruits platelets into the main aggregate. Stable aggregates are not observed in the presence of
cytochalasin D, which blocks de novo actin polymerization. When exposed to the Src family kinase inhibitor,
PD0173952, preformed aggregates spread in the direction of flow and rounded platelets appear within the aggregate
body and are lost in the direction of flow. A similar set of observations is observed in the presence of latrunculin A,
which disrupts preexisting actin filaments, but not in the combined presence of inhibitors of ADP and thromboxane A2

formation.
Conclusions—Maintenance of stable aggregates at high shear is a dynamic process mediated by Src kinases and actin

polymerization. These signals maintain aggregates in a compact structure and prevent continuous streaming of platelets.
(Arterioscler Thromb Vasc Biol. 2008;28:000–000)
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Collagen is a key component of the vascular basement
membrane that surrounds blood vessels and the deeper

vessel wall. On injury, the interaction of platelets with
collagen plays a critical role in initiating thrombus formation
and preventing excessive blood loss. Collagen is also a major
component of atherosclerotic plaques and mediates the mas-
sive platelet activation that occurs on plaque rupture, leading
to thrombotic disorders such as myocardial infarction and
stroke.

The events underlying aggregate formation on collagen at
arteriolar rates of shear in vitro have been studied extensively.
Platelet tethering or capture is mediated by binding of
collagen-adherent von Willebrand factor (vWF) to the glyco-
protein (GP) Ib-IX-V complex. Subsequent activation via the
collagen receptor GPVI converts integrins �IIb�3 and �2�1
to high-affinity states that support binding to vWF and
collagen, respectively, giving rise to stable adhesion.1,2 Under
these conditions, GPVI is critical for aggregate formation,3,4

whereas the role of �2�1 is supportive because of redun-
dancy with �IIb�3.5 The secondary mediators, ADP and
thromboxane A2, support aggregate growth through activation
of integrin �IIb�3 and subsequent crosslinking via vWF and
fibrinogen. The aggregate is further stabilized by “late-stage
signaling events” through a variety of surface proteins,
including integrins, ephrins and Eph kinases, cell adhesion

molecules (eg, ESAM and JAM-A), and semaphorin 4D.6

The presence of anticoagulant prevents conversion of fibrin-
ogen to fibrin and further stabilization through clot retraction.

The actin cytoskeleton has a critical role in supporting
aggregate formation. We have reported that the Rho family
small GTPase Rac1 is required for lamellipodia formation in
platelets and that aggregates from Rac1-deficient mice em-
bolize on a monolayer of collagen to leave a single layer of
adherent platelets.7 Further, inhibition of stress fiber forma-
tion using selective inhibitors or myosin IIa–deficient mice
leads to reduced aggregate formation on collagen at arteriolar
shear.8,9 Rac and myosin IIa also contribute to thrombus
stability in vivo, although this may additionally reflect their
role in clot retraction.8–10

Collagen signaling is maintained over several hours in
platelets and is required for sustained lamellipodia formation
in vitro.11 However, it is not known whether sustained
signaling by collagen or continuous actin polymerization
contributes to aggregate stability at arteriolar rates of flow.
The present study has addressed these questions by monitor-
ing newly formed aggregates on collagen exposed to arterio-
lar shear. The results demonstrate that continuous signaling
by Src kinases and dynamic actin polymerization are required
for aggregate stability on collagen. Furthermore, inspection
of the events early on in aggregate formation reveals a novel
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actin-dependent mechanism of retraction that recruits plate-
lets into the main aggregate.

Methods and Materials
Collection of blood, fluorescent labeling with DiOC6, and measure-
ment of aggregate formation on collagen at 1000 s�1 was as
described.7,12 Measurement of protein tyrosine phosphorylation in
aggregates was achieved by SDS-PAGE3 and Western blotting with
the antiphosphotyrosine antibody, 4G10. Image analysis was per-
formed using ImagePro Software5 and confocal microscopy. Results
are from a minimum of 3 experiments performed on different donors.
For more extensive procedures, see the online supplement, available
at http://atvb.ahajournals.org.

Results
Identification of a Fibrin-Independent Mechanism
of Aggregate Retraction on Collagen at
Arteriolar Shear
When P-PACK-anticoagulated human blood is flowed over
collagen at 1000 s�1, which is representative of an interme-
diate arteriolar rate of shear, platelets adhere to the fibers and

form aggregates in a time-dependent manner. This process
can be followed in real-time by fluorescently labeling the
platelets as illustrated in Figure 1a (i). “Islands” of aggregated
platelets can be detected within 60s of blood flow and
increase steadily in size over time. These aggregates are
stable when washed for several minutes with Tyrode’s buffer
(Figure 1a, ii).

Real-time monitoring of aggregate formation using fluo-
rescently labeled platelets reveals retraction of platelets at the
aggregate front into the main body of the aggregate, against
the direction of blood flow (supplemental Movie I). Aggre-
gate retraction was observed in all 22 donors used in this
study (Figure 1b, i and ii). Moreover, all newly formed
aggregates, independent of size and shape, undergo retraction
against the direction of flow. Retraction is most marked
within the first 30 seconds of recording but continues for
several minutes (Figure 1b, ii). The degree of retraction over
2 minutes was calculated as 30.7�9.8% (SD; n�22) of the
aggregate size, 15 seconds after the onset of formation
(Figure 1b, ii). Aggregate retraction can also be seen using

Figure 1. Identification of a fibrin-
independent, actin polymerization-
dependent process of aggregate retrac-
tion. a, Blood, preincubated with
2 �mol/L DiOC6 and 0.1% DMSO (con-
trol), 0.1% DMSO and 10 mmol/L GPRP,
10 �mol/L cytochalasin D, 25 �mol/L
PD0173952, or 10 �mol/L indomethacin
and 2U/mL apyrase, for 10 minutes was
flowed over collagen at 1000 s�1 for 4
minutes before rinsing with Tyrode for 5
minutes, except for studies using GPRP,
which was also present throughout. Flu-
orescent images were captured at speci-
fied times (i), and DIC images recorded
subsequent to rinsing with Tyrode (ii). b,
i, Example recording of aggregate
retraction, in the absence of inhibitors.
White arrows represent a fixed point.
Images are separated by 4-s intervals,
beginning 15 s after onset of aggrega-
tion. ii, Distance moved by the outer-
most platelet after 15 seconds of aggre-
gate formation, as a percentage of initial
aggregate size. Mean results of aggre-
gate retraction for all aggregates in field
of view from 22 donors are shown.
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DIC microscopy (supplemental Movie II), demonstrating that
it is not a consequence of fluorescent labeling. The quality of
the DIC recording is limited by the presence of erythocytes in
the blood stream, and so fluorescent images were used for
quantitative analyses.

The presence of the anticoagulant thrombin inhibitor
P-PACK suggests that the process of retraction is unrelated to
fibrin formation. In line with this, we have been unable to
detect fibrin formation in aggregates using a specific antibody
(not shown). Furthermore, aggregate formation and retraction
was not significantly altered in the presence of an inhibitor of
fibrin polymerization, GPRP (n�3), relative to controls (not
shown). GPRP was used in these studies at a concentration
that prevents thrombin-induced coagulation in platelet-rich
plasma (not shown).

Treatment of blood with the actin polymerization inhibitor,
cytochalasin D, inhibits aggregate retraction and prevents
formation of stable aggregates (Figure 1a and supplemental
Movie III). In the presence of cytochalasin D, platelets are
able to adhere to the collagen fibers and generate small
aggregates, but rapidly embolize in the direction of flow with
no evidence of retraction (n�10). Thus, after several minutes
of rinsing with buffer, subsequent to flowing over collagen,
there is a high level of adhesion of single unspread platelets
and small groups of no more than 2 to 3 platelets. In
comparison, the Src kinase inhibitor, PD0173952, or a
combination of indomethacin and apyrase, completely block
aggregate formation as measured in real-time. This is illus-
trated by the DIC images taken at the end of the recording in
Figure 1a (ii).

These results demonstrate that actin polymerization is
essential for formation of stable aggregates at an arteriolar
rate of shear and reveal a novel mechanism of aggregate
retraction at the aggregate front that may contribute to
aggregate stability.

Sustained Src Kinase Signaling Is Required for
Maintenance of Aggregate Stability
We have previously shown that aggregate formation on
collagen is dependent on Src kinases, because when whole
blood is treated with a Src kinase inhibitor before flow over
collagen, aggregate formation is abolished5 (Figure 1a, ii).
This observation, however, does not address whether contin-
uous signaling through Src kinases is required to maintain
stability of newly formed aggregates, which is of particular
significance in light of the observation that signaling through
the collagen receptor GPVI is sustained.11 To address this,
blood was flowed over collagen for 4 minutes before
washing with Tyrode buffer for 5 minutes (to allow clear
visualization of aggregates using DIC microscopy as well
as analysis of protein phosphorylation), and then washing
with Tyrode buffer containing either vehicle (0.1%
DMSO) or the Src kinase inhibitor PD0173952 (25 �mol/
L). To establish the contribution of Src family kinases to
the maintenance of tyrosine phosphorylation, platelet ag-
gregates were lysed after 20 minutes perfusion and West-
ern blotted for phosphotyrosine using the mAb 4G10. The
Src kinase inhibitor PD0173952 completely inhibited ty-
rosine phosphorylation, whereas marked tyrosine phos-

phorylation was detected in aggregates perfused with
DMSO for 20 minutes (Figure 2). These results demon-
strate dynamic signaling through Src kinases over the
course of the perfusion.

Using the above protocol, we found that aggregates retain
their compact, retracted structure throughout a 20-minute
perfusion with DMSO (Figure 3a, i). Interestingly, however,
careful inspection of supplemental Movie IV demonstrates
movement of individual platelets around the front and side of
the aggregates, which increases with time. Individual cells
cannot be resolved in the main body of the aggregate, however,
because of the compact structure. In contrast, washing in the
presence of the Src kinase inhibitor PD0713952 leads to a
marked increase in rounded platelets at both the front and
sides of the aggregates, and also at later times, in the main
body, such that the aggregates increase in size and can be
seen to slowly spread in the direction of flow (Figure 3a, ii
and supplemental Movie V). These morphological changes
are clearly illustrated in the DIC image taken after the
20-minute washing period in comparison to that of the control
(Figure 3b). The control image has a compact appearance
with few identifiable single platelets, although those that can
be seen have visible lamellipodia (Figure 3b, i). In contrast,
the PD0173952-rinsed aggregates are spread-out and contain
many single platelets, very few of which have visible lamel-
lipodia (Figure 3b, ii). These results demonstrate that Src
kinase activity is essential for maintenance of the compact
aggregate structure and retention of lamellipodia under flow,
suggesting a possible causal relationship. The same results
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Figure 2. Phosphorylation of collagen-adherent platelets in
aggregates is maintained via dynamic signaling by Src kinases.
Blood was flowed over collagen at 1000 s�1 for 4 minutes, and
aggregates were rinsed with Tyrode for 5 minutes. Aggregates
were further rinsed with Tyrode containing 0.1% DMSO (con-
trol), PD0173952 (25 �mol/L), indomethacin (10 �mol/L) &
apyrase (2U/mL), or latrunculin A (3 �mol/L) for 20 minutes.
Lysates from capillaries were Western blotted for phosphoty-
rosine (upper) and reprobed for actin (lower).
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were observed in the presence of the structurally distinct Src
kinase inhibitor, PP1 (not shown).

The above changes were analyzed quantitatively at the end
of the 20-minute perfusion by measurement of surface area,
thrombus height, platelet number, and number of visibly de-
taching platelets. PD017395 induced a significant (P�0.05)
increase in surface area of the aggregates of approximately
30% compared with the controls (supplemental Figure Ia),
although surprisingly there was no significant difference in
the amount of platelets as measured by Western blotting for
the integrin subunit, �IIb, or change in height of the aggre-
gates (supplemental Figure Ib and Ic). These results can be
accounted for by the analysis of the DIC movies, which
reveals streaming away of approximately 15 to 20 rounded
platelets per field/focal plan of view during 10 minutes
rinsing in the presence of the inhibitor, which is similar to the

number lost in controls. This represents an exceedingly low
proportion of the number of platelets that are present in the
aggregates. The results therefore indicate that the increase in
surface area represents a looser packing of platelets in the
horizontal axis and thereby emphasize the role of Src kinase
in maintaining the compact structure of the aggregates over
time.

Sustained Secondary Mediator Signaling Is Not
Required for Maintenance of Aggregate Stability
Several studies have demonstrated that the feedback agonists,
ADP and TxA2, play a critical role in the formation of platelet
aggregates on collagen at arteriolar rates of shear. In confir-
mation of this, we have observed that the presence of apyrase
and indomethacin in whole blood before flow over collagen
leads to abolition of aggregate formation (Figure 1a, v). To
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Figure 3. Inhibition of Src kinases or actin polymerization leads to instability in preformed aggregates on collagen. Blood was flowed
over collagen at 1000 s�1 for 4 minutes, and aggregates were rinsed with Tyrode for 5 minutes and then for a further 20 minutes in the
presence of inhibitors as described in Figure 2. a, DIC images (of a single field of view) were recorded during rinsing. b, DIC images of
adherent platelets were recorded after 20 minutes of rinse (higher magnification).
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investigate whether ADP and TxA2 are required for mainte-
nance of the compact aggregate structure, we perfused newly
formed aggregates on collagen with buffer containing apyrase
and indomethacin for 20 minutes. The inclusion of the two
inhibitors had no significant effect on the appearance of
single platelets at the edge of the aggregates (Figure 3a and
supplemental Movie VI) or on platelet surface area and
platelet number (supplemental Figure Ia through Ic). Analysis
of DIC movies reveals no difference in the number of
detaching platelets compared with the control (15 to 20
platelets per field of view over a period of 10 minutes).
Moreover, a similar set of results was obtained after perfusion
with the P2Y12 antagonist AR-C69931MX (10 �mol/L) for
20 minutes (not shown). Thus these results demonstrate that
neither ADP nor TxA2 is required for maintenance of aggre-
gation on collagen under flow.

The Actin Cytoskeleton Contributes to
Aggregate Stability
The contribution of the actin cytoskeleton to the stability of
newly formed aggregates was investigated using the above
protocol and the inhibitors cytochalasin D and latrunculin A.
These 2 inhibitors differ in that the former prevents further
growth of existing actin filaments but does not affect their
breakdown, whereas the latter promotes a more rapid break-
down of filamentous actin through binding to monomeric
actin.13 The rapid streaming of single rounded platelets from
the newly formed aggregates in the direction of flow can be
seen throughout the 20 minutes wash in the presence of
latrunculin A (supplemental Movie VII) whereas this is less
apparent with cytochalasin D (not shown) and minimal in
controls. Additionally, many of these platelets remain at-
tached to the aggregates by long tethers before either release
or, occasionally, their return to the main body of the aggre-
gate as illustrated in supplemental Movie VII and in Figure
3b (iii). These tethers are similar in appearance to those that
have been previously described for platelets flowing over
vWF, which have also been shown to increase on inhibition
of actin polymerization.14 Analysis of DIC movies reveals
approximately 4 times as many platelets visibly detaching
from the rinsing aggregates over the control (60 to 80 per 10
minutes rinse with latrunculin A), although a significant
number of these can be seen to readhere to aggregates
downstream of their point of release. The relatively low
number of released platelets and the fact that a proportion of
these are caught by aggregates lower down in the direction of
flow accounts for the lack of a significant change in the
overall platelet mass as measured by Western blotting for
integrin �IIb (supplemental Figure Ib). In line with this, there
was no increase in surface area (supplemental Figure Ia)
despite the change in shape. However, analysis of aggregate
height revealed a significant increase in the presence of
latrunculin A of approximately 50% of the control size
(supplemental Figure Ic), representing aggregate destabiliza-
tion and spreading out of platelets in the vertical plane
(P�0.05). However, in contrast to the effects of PD0173952,
latrunculin A did not inhibit tyrosine phosphorylation of
platelet proteins, indicating that the collagen signaling path-

way was unaffected by the loss of actin polymerization
(Figure 2).

Discussion
The current study demonstrates that maintenance of stable
compact platelet aggregates on collagen at arteriolar rates
of flow is a highly dynamic process that is regulated by Src
family kinases and the actin cytoskeleton, but not by the
secondary mediators, ADP and thromboxanes. This reveals
a fundamental difference between the mechanisms that
mediate aggregate formation and those that maintain ag-
gregate stability at arteriolar rates of flow. In addition, the
present study reports the novel observation that platelets
captured at the front of an aggregate are brought into the
main body by a process that we have termed “aggregate
retraction.” This retraction is mediated by the actin cy-
toskeleton and is independent of fibrin formation. Contin-
uous signaling through Src family kinases and dynamic actin
polymerization are required to limit the loss of platelets from the
front of the aggregate and maintain platelets in a fully spread
morphology. These events may play a crucial role in vivo in
limiting the loss of platelets from aggregates in the arteriolar
system.

An inhibitor of Src kinases or an agent that promotes rapid
disruption of the actin cytoskeleton promotes the appearance
of single rounded platelets at the edge of the aggregate and
causes spreading of the aggregate in the direction of flow or
into the capillary lumen. This suggests loosening of the
packing of the aggregate, presumably attributable to loss in
strength of platelet-platelet interactions. This could be a result
of reduced activation of integrin �IIb�3 (or other receptors
that mediate attachment of platelets to each other), or attrib-
utable to a change in platelet morphology forcing a greater
distance between adjacent platelets in an aggregate. The
dependence on Src family kinases indicates that these
changes are mediated by loss of tyrosine kinase-dependent
signals from the major GP receptors, most notably integrin
�IIb�3 and GPVI. The stabilizing effects of Src kinases could
also involve �2�1, which has previously been shown to be
important in the early formation of stable aggregates on
collagen under shear.15 These findings are consistent with the
recent observation that dynamic signaling through Src ki-
nases is required for sustained lamellipodia formation on
collagen under static conditions.11 Interestingly, signaling by
ADP and TxA2 is dispensable for aggregate stability, most
likely because of emptying of dense granules and reduced
activation of phospholipase A2, respectively.

We have previously reported that Rac1-deficient mouse
platelets, which are unable to form lamellipodia, generate
unstable aggregates that rapidly embolise at arteriolar rates of
shear.7 The current study demonstrates that blockade of actin
polymerization (and the corresponding inability of platelets to
spread) leads to a loss in aggregate retraction and subsequent
aggregate instability, raising the possibility that lamellipodia
formation plays a critical role in the retraction process. The
observation that loss of aggregate stability in the presence of
either Src kinase blockade or actin disruption is associated
with retraction of lamellipodia and the appearance of single
rounded platelets leads us to speculate that Src kinases

Auger and Watson Aggregate Stability Under Shear 5

 by STEPHEN WATSON on June 20, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org


contribute to aggregate stability through the actin cytoskele-
ton, especially bearing in mind the wealth of evidence for
direct regulation of actin polymerization by integrin �IIb�3
and GPVI.8,16,17

Several group have reported stable thrombus formation at
arteriolar rates of shear in vitro, as observed in the present
study.15,18,19 On the other hand, over the past few years, the
use of various in vivo thrombosis models has revealed
unstable aggregate formation in the absence of many platelet
receptors or receptor mutants, including the �2A-adrenergic
receptor, SLAM receptors, CD40L, and the diYF mutant of
the integrin �3 subunit.20–23 In many cases, the molecular
mechanism underlying the thrombus instability is unknown
and could even be mediated through a nonplatelet mecha-
nism. For example, in the case of the tetraspanin TSSC6 and
Gas6 receptors, aggregate instability may be related to
involvement of these proteins in fibrin clot retraction.24,25 On
the other hand, the discovery that absence of either coagula-
tion factor XI or XII leads to increased embolization in vivo
reinforces the importance of coagulation in thrombus stabil-
ity.26 A recent study by Goto et al demonstrated that inhibi-
tion of P2Y1 or P2Y12 receptors leads to breakup of the
platelet aggregate.27 The probable explanation for the differ-
ence with the findings of the present current study is that Goto
et al administered the two P2 receptor antagonists much
earlier after aggregate formation, when presumably dense
granules are continuing to release ADP. Together these
studies emphasize the importance of understanding the mo-
lecular mechanisms that underlie aggregate stability, the way
in which these change, and their interaction with the coagu-
lation system.

An important consideration based on the present study is
whether inhibiting Src kinases or actin polymerization in vivo
could facilitate the breakup of life-threatening thrombi in
occluded arteries and arterioles, without generating emboli
that themselves would cause major clinical problems. Cer-
tainly, the streaming away of individual rounded platelets is
unlikely to have a major effect on blood vessel patency, but
on the other hand, the rate of dissolution would appear to be
too slow to have a significant effect on thrombus size over
short periods of time, although it could be of potential benefit
over longer periods. Promoting thrombus breakdown in this
way could also be of benefit in cases of small thrombi that
have formed on damaged vessels, including atherosclerotic
plaques, and which in turn might lead to the generation of
larger, life-threatening thrombi.

Note Added During Revision
During the course of revision of this study, Ono et al also
described fibrin-independent contraction in platelets and fur-
ther demonstrated that this also occurs in vivo.28

Acknowledgments
We thank Majd Protty for assistance in data analysis.

Sources of Funding
This work was supported by the Wellcome Trust and British Heart
Foundation. S.P.W. holds a BHF Chair.

Disclosures
None.

References
1. Jung SM, Moroi M. Signal-transducing mechanisms involved in acti-

vation of the platelet collagen receptor integrin alpha(2)beta(1). J Biol
Chem. 2000;275:8016–8026.

2. Lecut C, Schoolmeester A, Kuijpers MJ, Broers JL, van Zandvoort MA,
Vanhoorelbeke K, Deckmyn H, Jandrot-Perrus M, Heemskerk JW.
Principal role of glycoprotein VI in alpha2beta1 and alphaIIbbeta3 acti-
vation during collagen-induced thrombus formation. Arterioscler Thromb
Vasc Biol. 2004;24:1727–1733.

3. Best D, Senis YA, Jarvis GE, Eagleton HJ, Roberts DJ, Saito T, Jung SM,
Moroi M, Harrison P, Green FR, Watson SP. GPVI levels in platelets:
relationship to platelet function at high shear. Blood. 2003;102:
2811–2818.

4. 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;102:1701–1707.

5. Auger JM, Kuijpers MJ, Senis YA, Watson SP, Heemskerk JW. Adhesion
of human and mouse platelets to collagen under shear: a unifying model.
Faseb J. 2005;19:825–827.

6. Brass LF, Zhu L, Stalker TJ. Minding the gaps to promote thrombus
growth and stability. J Clin Invest. 2005;115:3385–3392.

7. McCarty OJ, Larson MK, Auger JM, Kalia N, Atkinson BT, Pearce AC,
Ruf S, Henderson RB, Tybulewicz VL, Machesky LM, Watson SP. Rac1
is essential for platelet lamellipodia formation and aggregate stability
under flow. J Biol Chem. 2005;280:39474–39484.

8. Calaminus SD, Auger JM, McCarty OJ, Wakelam MJ, Machesky LM,
Watson SP. MyosinIIa contractility is required for maintenance of platelet
structure during spreading on collagen and contributes to thrombus sta-
bility. J Thromb Haemost. 2007;5:2136–2145.

9. Leon C, Eckly A, Hechler B, Aleil B, Freund M, Ravanat C, Jourdain M,
Nonne C, Weber J, Tiedt R, Gratacap MP, Severin S, Cazenave JP, Lanza
F, Skoda R, Gachet C. Megakaryocyte-restricted MYH9 inactivation
dramatically affects hemostasis while preserving platelet aggregation and
secretion. Blood. 2007;110:3183–3191.

10. Suzuki-Inoue K, Hughes CE, Inoue O, Kaneko M, Cuyun-Lira O,
Takafuta T, Watson SP, Ozaki Y. Involvement of Src kinases and
PLCgamma2 in clot retraction. Thromb Res. 2007;120:251–258.

11. Tomlinson MG, Calaminus SD, Berlanga O, Auger JM, Bori-Sanz T,
Meyaard L, Watson SP. Collagen promotes sustained glycoprotein VI
signaling in platelets and cell lines. J Thromb Haemost. 2007;5:
2274–2283.

12. Auger JM, Best D, Snell DC, Wilde JI, Watson SP. c-Cbl negatively
regulates platelet activation by glycoprotein VI. J Thromb Haemost.
2003;1:2419–2426.

13. Coue M, Brenner SL, Spector I, Korn ED. Inhibition of actin polymer-
ization by latrunculin A. FEBS Lett. 1987;213:316–318.

14. Dopheide SM, Maxwell MJ, Jackson SP. Shear-dependent tether for-
mation during platelet translocation on von Willebrand factor. Blood.
2002;99:159–167.

15. Kuijpers MJ, Schulte V, Bergmeier W, Lindhout T, Brakebusch C,
Offermanns S, Fassler R, Heemskerk JW, Nieswandt B. Complementary
roles of glycoprotein VI and alpha2beta1 integrin in collagen-induced
thrombus formation in flowing whole blood ex vivo. Faseb J. 2003;17:
685–687.

16. Calderwood DA, Shattil SJ, Ginsberg MH. Integrins and actin filaments:
reciprocal regulation of cell adhesion and signaling. J Biol Chem. 2000;
275:22607–22610.

17. Obergfell A, Judd BA, del Pozo MA, Schwartz MA, Koretzky GA, Shattil
SJ. The molecular adapter SLP-76 relays signals from platelet integrin
alphaIIbbeta3 to the actin cytoskeleton. J Biol Chem. 2001;276:
5916–5923.

18. Siljander PR, Munnix IC, Smethurst PA, Deckmyn H, Lindhout T,
Ouwehand WH, Farndale RW, Heemskerk JW. Platelet receptor interplay
regulates collagen-induced thrombus formation in flowing human blood.
Blood. 2004;103:1333–1341.

19. Berny MA, White TC, Tucker EI, Bush-Pelc LA, Di Cera E, Gruber A,
McCarty OJ. Thrombin mutant W215A/E217A acts as a platelet GPIb
antagonist. Arterioscler Thromb Vasc Biol. 2008;28:329–334.

6 Arterioscler Thromb Vasc Biol September 2008

 by STEPHEN WATSON on June 20, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org


20. Pozgajova M, Sachs UJ, Hein L, Nieswandt B. Reduced thrombus sta-
bility in mice lacking the alpha2A-adrenergic receptor. Blood. 2006;108:
510–514.

21. 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:
3028–3034.

22. Andre P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO, Phillips
DR, Wagner DD. CD40L stabilizes arterial thrombi by a beta3 inte-
grin–dependent mechanism. Nat Med. 2002;8:247–252.

23. Law DA, DeGuzman FR, Heiser P, Ministri-Madrid K, Killeen N,
Phillips DR. Integrin cytoplasmic tyrosine motif is required for outside-in
alphaIIbbeta3 signalling and platelet function. Nature. 1999;401:
808–811.

24. Goschnick MW, Lau LM, Wee JL, Liu YS, Hogarth PM, Robb LM,
Hickey MJ, Wright MD, Jackson DE. Impaired “outside-in” integrin
alphaIIbbeta3 signaling and thrombus stability in TSSC6-deficient mice.
Blood. 2006;108:1911–1918.

25. Angelillo-Scherrer A, Burnier L, Flores N, Savi P, DeMol M, Schaeffer
P, Herbert JM, Lemke G, Goff SP, Matsushima GK, Earp HS, Vesin C,
Hoylaerts MF, Plaisance S, Collen D, Conway EM, Wehrle-Haller B,
Carmeliet P. Role of Gas6 receptors in platelet signaling during thrombus
stabilization and implications for antithrombotic therapy. J Clin Invest.
2005;115:237–246.

26. Renne T, Pozgajova M, Gruner S, Schuh K, Pauer HU, Burfeind P,
Gailani D, Nieswandt B. Defective thrombus formation in mice lacking
coagulation factor XII. J Exp Med. 2005;202:271–281.

27. Goto S, Tamura N, Ishida H, Ruggeri ZM. Dependence of platelet
thrombus stability on sustained glycoprotein IIb/IIIa activation through
adenosine 5�-diphosphate receptor stimulation and cyclic calcium sig-
naling. J Am Coll Cardiol. 2006;47:155–162.

28. Ono A, Westein E, Hsiao S, Nesbitt WS, Hamilton JR, Schoenwaelder
SM, Jackson SP. Identification of a fibrin-independent platelet contractile
mechanism regulating primary hemostasis and thrombus growth. Blood.
2008;Prepublished online February 29, 2008.

Auger and Watson Aggregate Stability Under Shear 7

 by STEPHEN WATSON on June 20, 2008 atvb.ahajournals.orgDownloaded from 

http://atvb.ahajournals.org

