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A shear gradient—dependent platelet aggregation
mechanism drives thrombus formation

Warwick S Nesbitt!, Erik Westein'»>, Francisco Javier Tovar-Lopez?, Elham Tolouei®, Arnan Mitchell?, Jia Ful,

Josie CarberryS, Andreas Fouras* & Shaun P Jackson!

Platelet aggregation at sites of vascular injury is essential for hemostasis and arterial thrombosis. It has long been assumed that
platelet aggregation and thrombus growth are initiated by soluble agonists generated at sites of vascular injury. By using high-
resolution intravital imaging techniques and hydrodynamic analyses, we show that platelet aggregation is primarily driven by
changes in blood flow parameters (rheology), with soluble agonists having a secondary role, stabilizing formed aggregates. We find
that in response to vascular injury, thrombi initially develop through the progressive stabilization of discoid platelet aggregates.
Analysis of blood flow dynamics revealed that discoid platelets preferentially adhere in low-shear zones at the downstream face
of forming thrombi, with stabilization of aggregates dependent on the dynamic restructuring of membrane tethers. These findings
provide insight into the prothrombotic effects of disturbed blood flow parameters and suggest a fundamental reinterpretation of

the mechanisms driving platelet aggregation and thrombus growth.

Platelet aggregation at sites of vascular injury is central to the arrest of
bleeding and for subsequent vascular repair; however, an exaggerated
platelet aggregation response at sites of atherosclerotic plaque rupture
can lead to the development of vascular occlusive thrombi, precipitat-
ing diseases such as the acute coronary syndromes and ischemic
stroke! . The key variables regulating thrombosis have been known
for more than 150 years and include changes in the vessel wall,
alterations in the thrombogenic potential of blood and changes in
blood flow parameters (hemodynamics)?. Although the former two
variables have a well defined role in arterial thrombosis, the mechan-
ism by which alterations in blood flow affects the thrombotic process
remains ill defined.

Platelet aggregation under the influence of blood flow is dependent
on the adhesive function of both the platelet glycoprotein (GP) Ib-V-
IX receptor complex and integrin o3 (also known as GP IIb-IlTa),
wherein GPIb initiates reversible platelet recruitment, particularly
at elevated shear rates, and integrin oypP; stabilizes forming
aggregates> 12, A primary step regulating the transition from reversible
to stable adhesion is activation of integrin o3, a process dependent
on the generation of the soluble agonists adenosine diphosphate
(ADP), thromboxane A, (TXA;) and thrombin®>®. Soluble agonists
stimulate a host of biochemical and functional responses, including
cytosolic calcium flux, platelet shape change and granule release, that
coincide with the rapid development of platelet aggregates'>. However,
the recent demonstration that platelets can form aggregates in vivo
without a detectable increase in cytosolic calcium!#415, without under-
going shape change!>1® and without substantial a-granule secretion in

the early phases of thrombus development!” has raised the possibility
that additional mechanisms may be involved!®13,

One such mechanism may involve local changes in blood flow.
Recent studies have identified that, in the range of physiological blood
shear (strain) rates (1,000-10,000 s™!), small, transient discoid platelet
aggregates can form through the development of membrane tethers!®,
whereas at pathological shear rates (>10,000 s™') large rolling
aggregates can develop independently of integrin oy,P3 and platelet
activation'®. How important these rheologically driven aggregation
mechanisms are, relative to soluble agonist-generated aggregates, in
promoting thrombus development in vivo remains unclear. In this
study we show that rapid changes in blood flow (shear microgradi-
ents) represent a general feature of thrombus development, inducing
stabilized aggregation of discoid platelets. This shear-regulated platelet
aggregation mechanism involves a unique biomechanical sensing
mechanism linked to the physical restructuring of membrane tethers.
Our findings suggest that mechanosensory platelet activation mechan-
isms have a major role in driving platelet aggregation and thrombus
growth in vivo.

RESULTS

Shear microgradients promote discoid platelet aggregation

It has long been recognized that platelet aggregation preferentially
occurs at regions of flow disturbance after vascular injury!®. To
investigate the effects of rheological disturbance on platelet aggrega-
tion dynamics in vivo, we employed intravital imaging to visualize the
platelet aggregation process in mesenteric arterioles of mice. We
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initiated platelet adhesion and aggregation by mild crush injury of the
vessel wall and monitored platelet thrombus formation via differential
interference contrast (DIC) microscopy (Fig. 1a). We altered blood
flow by compressing the vessel side wall at the site of injury, using a
blunted microinjection needle to progressively stenose the vessel
lumen (Fig. 1a). Localized stenosis markedly accelerated the rate
and extent of platelet aggregation (Fig. la; 16.39 s), particularly
when stenosis was greater than ~ 90%. Notably, thrombi appeared
to be composed of loosely packed platelets, suggesting that minimal
platelet activation had occurred (data not shown). Thrombus forma-
tion was dynamic with cycles of aggregation and disaggregation cor-
responding to serial increases and decreases in stenosis, with removal
of the microinjector needle leading to disaggregation of the platelet
mass (Fig. 1a; 24.13 s). Stenosis in the absence of vessel injury did not
result in platelet aggregation, indicating that flow changes per se were
insufficient to induce platelet aggregation (data not shown).

To gain insight into the relationship between localized flow changes
and platelet aggregation we performed computational fluid dynamic
(CFD) modeling of the stenosed vessel geometry. Temporal analysis of
thrombus formation after vessel stenosis revealed that initial platelet

Figure 1 Shear microgradients promote platelet a
aggregate formation in vivo. (a) DIC images
demonstrating the effect of localized vascular
stenosis on platelet aggregation after localized
crush injury of a mouse mesenteric arteriole

(n = 3 experiments). Small platelet aggregates
are present at t = O s (cyan shading). After
stenosis (11.87 s), a marked increase in platelet
aggregation was observed (blue arrow), which
specifically developed downstream from the site
of vascular injury (red arrow). Aggregate growth
ceased at the downstream stenosis margin
(yellow arrow; 16.39 s) where the vessel returned
to its native geometry. Subsequent removal of the
microneedle led to the rapid embolization of the
platelet aggregate (24.13 s). Scale bars, 10 um.
(b) CFD simulation of blood flow dynamics after
localized vessel wall compression (left) and
schema illustrating the three principal
components defining a shear microgradient or Cc
stenosis (right). The contraction demarcates the

region of shear acceleration. The throat or apex
demarcates the stenotic region at which peak

shear is experienced. The expansion demarcates

the region of shear deceleration. The CFD

simulation demonstrates that for a predicted

input shear of 1,800 s~! (immediately upstream d

Shear deceleration

recruitment occurred specifically at the stenosis apex (Fig. 1a), with
the subsequent formation of discoid platelet aggregates occurring in
the downstream expansion zone (Fig. 1a). We observed platelet
aggregation throughout the expansion zone, but aggregation rapidly
ceased at the downstream margin of this zone (Fig. 1a), suggesting
that the stenosis had a spatially restricted effect on thrombus growth.
CFD modeling of the in vivo vessel geometry predicted blood shear
rates (y) > 20,000 s! at the stenosis apex that rapidly transitioned to
<862 5! within the post-stenosis expansion zone (Fig. 1b), suggest-
ing that a zone of shear acceleration followed by a zone of decelerating
shear (shear microgradient) may be a requirement for the develop-
ment of discoid platelet aggregates (Fig. 1b).

To examine the specific effect of localized shear microgradients
on platelet aggregation dynamics, independent of potential non-
hemodynamic effects on the vessel wall, we designed model micro-
channels incorporating a fixed stenosis. These geometries were char-
acterized by a backward-facing step of defined 90% stenosis
immediately followed by an expansion zone (Fig. 1c). This geometry
generates a localized region of rapid flow acceleration followed
by a zone of flow deceleration (Supplementary Fig. la online).
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arrow indicates the point of initial aggregation (t = 12 s) and black arrow indicates the limit of thrombus growth in the expansion zone (representative of
n = 3 experiments). (d) Representative aggregation traces showing the response of whole-blood perfusion through the microchannel in c. Control, hirudin-
anticoagulated whole-blood perfusion at an input (prestenosis) shear rate of 1,800 s~} (representative of n = 3 experiments); straight channel, hirudin-
anticoagulated whole-blood perfusion through a 100-um straight (control) microchannel at a bulk shear rate of 20,000 s (representative of n = 3
experiments). (e) Relative thrombus size (% of maximum size) in wild-type mouse arterioles as a function of applied downstream vessel compression (gray
bars represent the periods of flow deceleration due to vessel compression) showing a direct correlation between reduced bulk flow rate and increased
thrombus size (DIC two-dimensional surface area in um?; representative of n = 4 experiments).
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Whole-blood perfusion through this microchannel indicated that
discoid platelet aggregation was induced specifically by microscale
changes in shear (Fig. 1c,d). As was the case in vivo, initial platelet
recruitment occurred within the zone of peak shear, whereas large
discoid platelet aggregates occurred within the boundaries of the
deceleration zone (Fig. 1c). Platelet aggregation seemed to be influ-
enced by the magnitude of the shear gradient, as reducing the rate of
shear deceleration, by altering the expansion angle, resulted in a
marked decrease in platelet aggregate formation (data not shown).
Furthermore, in the absence of shear microgradients platelet aggrega-
tion did not initiate even under conditions of elevated shear (Fig. 1d
and Supplementary Fig. 1b).

To directly examine the relationship between shear deceleration and
discoid platelet aggregation in vivo, in the absence of a localized
stenosis, we conducted experiments in mouse mesenteric arterioles in
which blood flow rates were progressively decelerated by compression
of the vessel ~100 pm downstream from the injury site (Supple-
mentary Fig. 1c,d). Progressive deceleration of blood flow had a
marked effect on aggregate growth, amplifying both the rate and the
extent of discoid platelet aggregation, such that serial acceleration and
deceleration of blood flow correlated directly with serial increases and
decreases in discoid platelet aggregation, respectively (Fig. le and
Supplementary Video 1 online). Taken together, these studies demon-
strate a major role for localized shear microgradients, and specifically
the shear deceleration phase, in enhancing discoid platelet aggregation.

Platelet adhesion receptors and shear microgradient aggregation
Platelet aggregation under physiological shear conditions requires the
cooperative function of two major platelet adhesion receptors, GPIb
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Figure 2 Platelet aggregation induced shear microgradients occurs
independently of ADP, TXA, and thrombin. (a) Aggregation traces showing
the response of whole-blood perfusion through the microchannel depicted in
Figure 1c. Control, hirudin-anticoagulated whole-blood perfusion at an input
(prestenosis) shear rate of 1,800 s™! (representative of n = 3 experiments);
anti-oypB3, hirudin-anticoagulated whole blood treated for 10 min with

30 pg mIL ¢7E3 Fab before blood perfusion (representative of n = 3
experiments); anti-GPIb, hirudin-anticoagulated whole blood treated for

10 min with 50 pg mI~! of the GPIb blocking 1gG ALMA12 (representative
of n = 3 experiments). (b) Microchannel aggregation as in a. Control,
hirudin-anticoagulated whole-blood perfusion at an input (prestenosis) shear
rate of 1,800 s71; +ADP and TXA, antagonists + hirudin, hirudin-
anticoagulated whole blood treated for 10 min with MRS2179 (100 uM),
2-MeSAMP (10 pM) and indomethacin (10 uM) (representative of n = 3
experiments). (c) Representative DIC imaging showing the impact of
downstream vessel compression and resultant flow deceleration on platelet
aggregate growth at a site of vessel crush injury (n = 4 experiments). Dotted
marquee highlights the outer perimeter of the developing discoid platelet
aggregate. Solid line indicates the vessel wall. Black arrows highlight both
relative length and height increase. Scale bar, 10 pm. (d-g) Relative
thrombus size (% of maximum size) in mouse arterioles as a function of
applied downstream vessel compression (gray bars represent periods of flow
deceleration due to vessel compression) (DIC two-dimensional surface area
in um?2) in wild-type mice (d), wild-type mice pretreated orally with 10 mg
per kg body weight clopidogrel and 200 mg per kg body weight aspirin (e),
wild-type mice pretreated with 50 mg per kg body weight hirudin (f) or
P2Y17mice pretreated with 50 mg per kg body weight clopidogrel and
200 mg per kg body weight aspirin and 50 mg per kg body weight

hirudin (g). In d-g, n = 4 experiments in three mice per condition.

and integrin oyy,Ps, with the relative contribution of each receptor
dependent on local hemodynamic conditions®. To investigate the role
of these receptors in promoting shear microgradient—-dependent
platelet aggregation, we examined the effects of blocking GPIb or
integrin oyp,P3 function on discoid platelet aggregation in microchan-
nel flow experiments. Inhibition of the ligand binding function of
GPIb revealed an absolute requirement for this receptor in initiating
platelet recruitment to the peak shear zone in the microchannel
(Fig. 2a). In contrast, blocking integrin oypfB; function had no
inhibitory effect on initial platelet recruitment to the high-
shear zone, but it markedly inhibited platelet aggregation in the
downstream deceleration zone (Fig. 2a), demonstrating distinct
functions for these receptors.

Platelet activation at sites of vascular injury is stimulated by soluble
agonists, principally ADP, TXA, and thrombin. To investigate the role
of these agonists in promoting shear microgradient—dependent plate-
let aggregation, we determined the effects of blocking TXA, generation
(with the cyclooxygenase inhibitor indomethacin), ADP (with
apyrase, in combination with the P2Y; and P2Yj, inhibitors
MRS2179 and 2-MeSAMBP, respectively) and thrombin (with hirudin)
on discoid platelet aggregation in microchannel flow experiments.
Notably, eliminating the platelet-activating effects of ADP, TXA; and
thrombin had no effect on platelet aggregation dynamics induced by
local shear microgradients (Fig. 2b and Supplementary Video 2
online). Even in the complete absence of soluble agonists, stabilized
discoid platelet aggregates were able to persist for the full duration of
blood perfusion (up to 10 min); however, they remained reversible
and rapidly disaggregated after cessation of flow (data not shown).
These studies show that shear microgradients can induce sustained
aggregation of discoid platelets independently of soluble agonists.

To investigate whether platelet aggregation induced by shear decel-
eration in vivo is dependent on soluble agonists, we examined the
effects of blocking TXA, generation (with aspirin), ADP (with
clopidogrel and with the use of P2Y17~ mice which lack the P2Y;
ADP receptor) and thrombin (with hirudin) on discoid platelet
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downstream quadrant (zone 3). Blue arrow indicates lesion caused by FeCls treatment, white arrows the points at which initial platelet recruitment was
observed and broken yellow line the outer margin of the discoid platelet aggregate. Scale bars, 5 um. (b) /n vitro micro-PIV analysis of planar shear

rates (yy,) within 2 pm of the microchannel floor (bulk y = 1,800 s1). The thrombus is segmented as in a. Representative of n = 3 experiments.

(c) Representative DIC image showing discoid platelet tethering to an in vitro thrombus at an applied shear rate of 1,800 s~L. Note that initial platelet
recruitment occurs at the zone 2-3 boundary (yellow arrows) and the predominance of stabilized discoid platelet tethering in zone 3. Scale bar, 2 pm.

(d) Discoid platelet cohesion lifetimes in zones 1, 2 and 3 in vitro (n = 24 experiments). Horizontal bar represents 30-s cutoff. Anti-o B3, platelets treated

for 10 min with 30 pg mi~! c7E3 Fab before blood perfusion. (e) Proportion of

discoid platelets tethering within zones 1, 2 and 3 of developing mouse

thrombi in vitro and in vivo. In vitro thrombi, cohesion frequency at the surface of in vitro thrombi (n = 24 experiments); in vivo thrombi, cohesion frequency
at the surface of in vivo thrombi in C57BL/6 wild-type mice (n = 14); ADP, TXA, antagon. + hirudin in vivo, cohesion frequency at the surface of in vivo

thrombi in P2Y1~~ mice administered with 200 mg per kg body weight aspirin,

50 mg per kg body weight clopidogrel orally + intravenous hirudin

(50 mg per kg body weight) (n = 14). Values are as mean =+ s.e.m. (f) Discoid platelet cohesion lifetimes at the surface of preformed platelet monolayers
as a function of applied bulk shear rate (y) (n = 3). Horizontal bar represents arbitrary 8-s cutoff.

aggregation in mesenteric arterioles as a function of flow deceleration
(Fig. 2¢,d and Supplementary Fig. 1c,d). Pretreatment of mice with
combined clopidogrel and aspirin or with hirudin had no inhibitory
effect on discoid platelet aggregation induced by shear deceleration
(Fig. 2e,f), such that serial deceleration and acceleration of blood flow
induced corresponding increases and decreases in aggregate size,
respectively. Similarly, eliminating the platelet-activating effects of
ADP, TXA, and thrombin altogether by pretreating P2Y1~~ mice
with high-dose clopidogrel, hirudin and aspirin also failed to inhibit
platelet aggregation induced by flow deceleration (Fig. 2g). These
studies show that flow deceleration can promote discoid platelet
aggregation in vivo, independently of soluble agonists.

Stabilized discoid aggregates are a general feature of thrombosis
It has previously been shown that discoid platelets form adhesive
interactions with the superficial layers of forming thrombi; however,
these adhesive interactions are rapidly reversible, leading to persistent
platelet detachment from the thrombus surface!®. To investigate the
potential contribution of stabilized discoid platelet aggregation to
thrombus development in nonstenosed vessels, we examined throm-
bus formation in four distinct vascular injury models: mechanical
crush injury (Fig. la), mechanical vessel wall puncture (data not
shown), photoactivation of Rose Bengal (4,5,6,7-tetrachloro-
2',4',5, 7 -tetraiodofluorescein) (Supplementary Video 3 online) and
topical application of FeCl; (Fig. 3a). A key feature in all models was
the prominence of stabilized discoid platelet aggregation during
thrombus development, constituting >80% of the total thrombus
mass within the first 3 min of the period after injury and remaining at
>40% of the total thrombus 5-10 min after injury (Supplementary

Video 4 online). Whereas the outer superficial layers of forming
thrombi (that experience maximal hemodynamic drag force) con-
sisted of transiently tethering discoid platelets (cohesion lifetimes of
0.33 + 0.21 s), stabilized discoid platelet aggregates incorporated into
deeper layers of the developing thrombus (which are thereby protected
from flow) could remain stationary for >5 min (data not shown). As
a result, stabilized discoid aggregates were able to propagate into the
vessel lumen and had sufficient tensile strength to transiently occlude
blood vessels (Supplementary Video 3).

Spatiotemporal analysis of thrombus development revealed that
stabilized discoid platelet aggregates primarily formed downstream of
the site of vascular injury (Fig. 3a). These aggregates were dynamic,
with phases of aggregate growth and embolization occurring through-
out the 10-min period after injury (data not shown). Consolidation of
stabilized discoid platelet aggregates always developed from the site of
injury and was associated with the loss of discoid morphology and
tight packing of aggregated platelets within the thrombus base
(Supplementary Fig. 2 and Supplementary Video 4 online). This
consolidation phase was dependent on soluble agonists, as it was
completely eliminated by blocking the combined platelet activating
effects of TXA,, ADP and thrombin (data not shown). These studies
show a major role for stabilized discoid platelet aggregation in driving
thrombus propagation, particularly downstream of the site of vascular
injury, whereas soluble agonists seem to have a secondary role in
consolidating formed aggregates.

Hemodynamics spatially regulate platelet aggregation
To gain insight into the contribution of hemodynamic changes in
regulating the spatial accumulation of platelets onto the surface of
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thrombi, we developed a microscale particle imaging velocimetry
(micro-PIV) approach to quantitatively map the planar shear (y,,)
environment around thrombi (Fig. 3b and Supplementary Fig. 3
online). Examination of the planar (y, ) shear rates around an in vitro
thrombus at an applied bulk shear of 1,800 s™! revealed the develop-
ment of three spatially distinct shear zones at the thrombus surface. At
the leading edge of thrombi (zone 1), shear (y,,) was minimal,
equivalent to free flow regions elsewhere in the flow channel
(Fig. 3b and Supplementary Fig. 3). However, on the thrombus
sides (parallel to the direction of flow; zone 2) marked lateral shear
acceleration (v, = 240 s to >510 s7!) occurred (Fig. 3b). At the
downstream face of thrombi (zone 3), a distinct low-shear pocket
developed (y,, = 0-120 s71; Fig. 3b). Notably, the spatial distribution
of shear remained the same over a broad range of applied flow rates
(Supplementary Fig. 3). These studies show that thrombi generate
spatially discrete shear zones, with shear deceleration becoming
prominent at the downstream thrombus face.

Analysis of platelet recruitment to thrombi revealed that initial
recruitment typically occurred in the shear acceleration zone on the
sides of thrombi (zone 2; Fig. 3¢ and Supplementary Video 4). These
initial interactions were labile (cohesion lifetimes 0.18 + 0.11 s),
resulting in rapid platelet translocation into the low-shear zone at
the downstream face (zone 3) (Fig. 3d and Supplementary Video 5
online). Once in zone 3, these tethered discoid platelets underwent
stabilization, resulting in a >50-fold increase in cohesion lifetimes
(from 0.18 s to >30 s; (Fig. 3d)). As a consequence, >75% of stable
discoid platelet aggregation occurred within this low-shear pocket
(Fig. 3e). This proportion did not change with inhibition of soluble
agonists (data not shown); however, recruitment to the low-shear zone
was eliminated by integrin oyppP; blockade (Fig. 3d). We observed a
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Figure 4 The magnitude and spatial distribution of the shear microgradient
directly affects platelet aggregate size. (a) CFD simulation of blood planar
shear stresses (ty,) around microspheres at the surface of 0.2 x 2 mm
microcapillaries (bulk shear rate = 10,000 s71); inset, magnified view of the
2-um bead case. Note the increase in spatially varying shear stress at the
bead sides (t4,) as a function of bead diameter and the creation of a low
shear zone (zone 3) at the downstream face of the beads, the size of which
is directly dependent on bead diameter. Planar shear stress () represents
the predicted stress experienced by a free flowing platelet as it approaches
within 1 pm (one-half of discoid platelet diameter) of the bead surface. Side
view is shown for all beads. (b) DIC image frames showing the nature and
extent of discoid platelet aggregation at the downstream face of vWF-coated
microbeads after whole-blood (pretreated with 100 uM MRS2179, 10 uM
2-MeSAMP and 10 uM indomethacin) perfusion at an applied y of 10,000
s71 (n = 5). Aggregation occurs exclusively at the downstream (zone 3) face
of the beads, and aggregates can extend up to seven bead diameters
downstream of initial platelet-bead adhesion, with overall aggregate width
correlating with bead diameter. Top view is shown for all beads. (c) Mean
discoid platelet aggregate size (surface area in um? + s.e.m.) as a function
of microbead diameter (n = 3). (d) Mean (+ s.e.m.) discoid platelet
aggregate size at the downstream face of 5-um vWF-coated microbeads at an
applied bulk shear rate of 10,000 s™1. Control, hirudin-anticoagulated whole
blood; anti-oy B3, hirudin-anticoagulated whole blood treated for 10 min with
30 pg mi~! ¢7E3 Fab; anti-GPIb, hirudin-anticoagulated whole blood treated
for 10 min with 50 pg ml~! of the GPIb-blocking IgG ALMA12 (n = 3).

similar pattern of platelet recruitment for thrombus development in vivo
(Fig. 3e and Supplementary Videos 4 and 5). These findings indicate
that local shear microgradients generated by developing thrombi, and
more specifically decelerating shear at the downstream face of thrombi,
directly induce stabilization of discoid platelet aggregates.

To examine the relationship between shear and stabilization of
discoid platelet adhesion more directly, we performed platelet perfu-
sion experiments on platelet monolayers over a laminar shear range
covering those measured at the surface of thrombi (Fig. 3f). These
studies showed a direct inverse correlation between shear and adhe-
sion lifetimes of discoid platelets, such that at 800 s7! all discoid
platelet adhesive interactions were highly unstable (mean tethering
time of <2 s), whereas we observed increased platelet adhesion
lifetimes with progressive reductions in shear, similar to those occur-
ring at the downstream face of forming thrombi (Fig. 3f). Overall,
these studies support a model in which local changes in blood
hemodynamics around forming thrombi directly modify the stability
of discoid platelet adhesive interactions.

Shear microgradient magnitude determines aggregate size

The demonstration that thrombi promote stabilized discoid platelet
aggregation by locally modulating blood flow raised the possibility
that the magnitude of locally generated shear microgradients is a
major determinant of overall aggregate size. To test this hypothesis
directly, we developed a ‘bead collision assay’, in which we immobi-
lized polystyrene microspheres of varying sizes (2-, 5-, 9- and 15-pm
diameter), precoated with purified human von Willebrand factor
(VWF), at the surface of glass microcapillaries to induce controlled
localized changes in blood flow. CFD analysis of shear stress (ty,)
distributions at the bead surface predicted a direct correlation between
bead size and the spatial distribution of shear gradients, such that the
beads create a lateral zone of accelerating shear that is closely coupled
to a downstream low shear (<30.4 Pa) pocket, the size of which is
directly dependent on bead diameter (Fig. 4a and Supplementary
Fig. 4a,b online). Blood flow around these microspheres led to the
rapid development of stable discoid platelet aggregates (independently
of soluble agonists), the location and size of which directly correlated
with the location and extent of the low-shear zone (Fig. 4b,c).
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Notably, the nature and extent of aggregation was equivalent to that
observed during the early stages of thrombus development in vivo.
Much as our earlier findings had indicated (Figs. 2a and 3d), GPIb
was essential for the initiation of platelet aggregation, whereas integrin
ampPs engagement stabilized discoid platelet aggregates (Fig. 4d).
These studies show that the magnitude and spatial distribution of
shear microgradients directly influences platelet aggregate size.

Tether restructuring mediates shear gradient aggregation

A characteristic feature of high-shear platelet adhesion is the devel-
opment of filamentous membrane tethers—cylinders of lipid bilayer
pulled from the surface of discoid platelets by hemodynamic exten-
sional forces!®132!, Membrane tethers support platelet-matrix and
platelet-platelet adhesion; however, these adhesive interactions are
typically transient in the absence of platelet stimulation by soluble
agonists'®1821 Analysis of platelet adhesion to the surface of in vitro
thrombi revealed that the majority of discoid platelets stably adhering
within the decelerating shear zone (zone 3) of developing thrombi
showed adhesive characteristics indicative of membrane tether formation,

characterized by free movement or rotation of platelets around a fixed
anchor point and extension and recoiling of individual platelets from
the thrombus surface (Fig. 5a,b, Supplementary Fig. 5 and Supple-
mentary Video 5 online). Of note, stabilized discoid platelet tethering
in response to shear deceleration was associated with tether restruc-
turing, leading to the development of thickened bulbous membrane
tethers (Fig. 5ab, Supplementary Fig. 5a and Supplementary
Video 5). We observed this restructuring event in platelets tethering
to thrombi (Fig. 5a) and to platelet monolayers (Fig. 5b and
Supplementary Fig. 5). Observation of discoid platelet tethering
interactions onto the surface of platelet monolayers indicated that
tether restructuring only occurs at or below an applied shear rate of
300 571, indicating that tether restructuring represents a shear-sensitive
functional response.

To investigate the impact of tether restructuring on the adhesive
function of discoid platelets, we correlated tether morphology
with platelet adhesive behavior as a function of shear. At shear rates
>300 s, all discoid platelets formed thin filamentous tethers that
were incapable of supporting prolonged platelet-platelet adhesive
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Figure 5 Stabilized discoid platelet aggregation occurs via restructuring of membrane tethers. (a) DIC imaging showing dynamic platelet tether behavior at
the downstream face of a thrombus, preformed on an immobilized type 1 fibrillar collagen (applied bulk shear rate = 1,800 s71). Scale bar, 2 pm. The white
box highlights the progression of a discoid platelet tether: initial platelet interaction results in the formation of a short tether (144 s) that rapidly thickens
(161-188 s) to produce a bulbous membrane structure proximal to the discoid body (white arrow; 191 s). (b) Scanning electron micrograph of discoid
platelets exhibiting filamentous and restructured membrane tethers during adhesion to the surface of spread platelet monolayers (applied bulk shear rate =
300 s1). Scale bars, 1 um. (c) Tether cohesion lifetimes as a function of tether morphology and shear acceleration. Discoid platelets were allowed to tether
to preadherent platelet monolayers at an applied shear rate of 200 s for 2 min followed by shear acceleration to 1,800 s™! (inset). Tethers were visually
classified as filamentous or restructured tethers (n = 3 experiments). (d) Cohesion lifetimes of tethered discoid platelets on the surface of platelet
monolayers at an applied shear rate of 300 s™1. Ctrl, control; anti-oy,f3, pretreated with 30 pg mi~1 ¢7E3 Fab; EGTA, 5 mM EGTA; IP3 receptor antagonist,
50 uM 2-aminoethoxyphenyl borate; CD, 20 uM cytochalasin D; PGE1 + theoph., 2 pg mi~! PGE1 and 10 mM theophylline; anti-GPIba, 50 pg mi-1
ALMA12 IgG. In all experiments, platelets were pretreated with MRS2179 (100 uM), 2-MeSAMP (10 uM) and indomethacin (10 uM) (n = 3 experiments).
(e) DIC and epifluorescence imaging of the [Ca 2*] probe Oregon Green BAPTA-1 of a representative discoid platelet tethering to a platelet monolayer at an
applied shear rate of 300 s7L. Black arrows indicate a discoid platelet undergoing calcium spiking associated with tether restructuring; yellow arrowheads
(332 and 397 s) indicate a discoid platelet undergoing transient filamentous tether formation in the absence of intracellular calcium flux. Scale bar, 2 um.
(f) Oregon Green BAPTA-1 fluorescence profile (arbitrary fluorescence units, AU) and concomitant discoid platelet tether length (um) versus time for the
representative platelet shown in e. Note that Oregon Green BAPTA-1 fluorescence increase correlates temporally with periods of tether shortening

(representative of n = 30 experiments).
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Figure 6 Working model of shear microgradient
platelet aggregation. Blood flow perturbations
caused by a partial luminal obstruction (a
developing thrombus, an atherosclerotic plaque
or an intravascular device), a change in vessel
geometry (extrinsic constriction of blood vessels,
vascular bifurcation or aneurysm) or sudden flow

Shear acceleration

changes (vessel hypoperfusion due to shunting P:f;:'ﬁfv\jn y
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formation of stabilized discoid platelet
aggregates, the size of which is directly regulated
by the magnitude and spatial distribution of the
gradient. Shear microgradient-dependent platelet
aggregation requires three principal features:
shear acceleration phase, peak shear phase

and shear deceleration phase. During shear
acceleration phase, platelets in the bulk blood
flow experiencing constant physiological shear are
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suddenly accelerated through the shear microgradient toward a peak shear threshold. During peak shear phase, a proportion of the discoid platelets that are
accelerated into the peak shear zone adhere to exposed thrombogenic surfaces through GPIb. Exposure of these platelets to elevated hemodynamic drag
forces leads to the extrusion of thin filamentous membrane tethers. Membrane tether formation initiates discoid platelet adhesion with the thrombogenic
surface and also facilitates the recruitment of discoid platelets into the downstream deceleration zone. During shear deceleration phase, platelets
transitioning into the flow deceleration zone experience decreasing hemodynamic drag forces. Reduced shear within this zone progressively favors the
formation of integrin oy ,B3 adhesion contacts. Integrin oy ,B3 engagement is associated with low-frequency calcium spikes that trigger tether restructuring,
leading to the stabilization of discoid platelet aggregates. Ongoing discoid platelet recruitment drives the propagation of the thrombus in the downstream
deceleration zone, which may in turn amplify the shear microgradient and promote further platelet aggregation.

interactions beyond 8 s. In contrast, at a shear of 300 sl 64 + 14% of
platelets showed overtly restructured tethers, resulting in an increase
in cohesion lifetimes to a range of 8 s to > 30 s (data not shown). This
increase in adhesion lifetime was associated with adhesion strengthen-
ing, as discoid platelets with restructured tethers had a markedly
increased ability to withstand the detaching effects of rapid shear
increases (Fig. 5¢). Approximately 75% of platelets with restructured
tethers formed sustained adhesive interactions of > 8-s duration after
shear acceleration, compared to <10% of discoid platelets with thin
filamentous tethers (Fig. 5¢). These studies indicate that strengthening
of discoid platelet cohesive interactions involves the physical restruc-
turing of membrane tethers.

Mechanotransduction underlies tether restructuring

To gain insight into the underlying mechanisms regulating tether
restructuring, we treated platelets with global inhibitors of platelet
activation—prostaglandin E; (PGE;) and the phosphodiesterase inhi-
bitor theophylline (dimethylxanthine)—or with the actin polymeriza-
tion inhibitor cytochalasin D. These inhibitors abolished tether
restructuring and the associated adhesion strengthening, demonstrat-
ing that this phenomenon is activation dependent (Fig. 5d). Adhesion
strengthening due to tether restructuring was calcium dependent, as it
was abolished by chelation of extracellular Ca** (with EGTA) and by
inhibition of inositol triphosphate-mediated calcium release (Fig. 5d).
Furthermore, tether restructuring occurred independently of TXA,,
ADP and thrombin but required ligand binding to integrin oy,
(Fig. 5d). Imaging of Ca?* flux showed that initial filamentous tether
formation occurred without a detectable increase in Ca?" concentra-
tion (Fig. 5ef; 93 s); however, subsequent tether restructuring was
associated with short duration Ca?* spikes that correlated with phases
of tether shortening or tensioning (Fig. 5¢c,e,f; 195 s; and Supplemen-
tary Video 6 online). This transient Ca?" flux was both IP; and extra-
cellular Ca?* dependent (data not shown) and occurred in the absence
of global platelet shape change (Fig. 5e). These findings suggest that

tether restructuring involves a localized Ca?*-dependent signaling
mechanism that occurs independently of global platelet activation.

To investigate the potential relevance of these calcium flux findings
to stabilized discoid platelet aggregation in vivo, we analyzed the
degree of platelet activation within discrete layers of forming thrombi
by monitoring changes in cytosolic calcium flux (A[Ca?*].) and
surface expression of the platelet o-granule protein, P-selectin (Sup-
plementary Fig. 6a—e online). Discoid platelets undergoing transient
tethering interactions with the surface of forming thrombi showed
minimal A[Ca?*]. (Supplementary Fig. 6a) and had no detectable
P-selectin expression (Supplementary Fig. 6c), whereas platelets
within the stabilized discoid aggregate layers undergoing sustained
adhesion showed transient A[Ca?*]. but minimal P-selectin levels,
similar to those observed in platelets undergoing tether restructuring
in vitro (Supplementary Fig. 6a,d). Platelets stably incorporated
within the core of the thrombus showed sustained oscillatory
A[Ca®*]. and measurable amounts of P-selectin, consistent with the
role of soluble agonists in promoting full platelet activation in the
thrombus base (Supplementary Fig. 6a,e). Taken together, these
findings show that stabilized discoid platelet aggregation is associated
with a low level of transient cytosolic flux that is sufficient to sustain
platelet adhesive interactions independently of global platelet shape
change and degranulation.

DISCUSSION

The studies presented here define a central role for shear micro-
gradients in initiating the formation of stabilized discoid platelet
aggregates during the early phases of thrombus development in vivo.
This process is directly regulated by changes in blood hemodynamics
and is crucial for the flow-directed propagation of thrombi down-
stream from the site of vessel injury. Although it has long been known
that platelet aggregation typically occurs at sites of perturbed flow
after vascular injury!®?, it has been assumed that this process is
directly caused by the accumulation of soluble platelet agonists at sites
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of flow disturbance. Our studies challenge this hypothesis and suggest
that platelets principally use a biomechanical platelet aggregation
mechanism to promote the accumulation and stabilization of discoid
platelets at sites of vascular injury.

Our studies show that local shear microgradients, which occur with
changes in vessel geometry (stenosis) or as a consequence of thrombus
formation itself, expose discoid platelets to rapidly changing hemo-
dynamic conditions (specifically shear acceleration coupled to decel-
eration), leading to the development of stabilized discoid platelet
aggregates (Fig. 6). Mechanistically, platelet exposure to sudden accel-
erations in shear promotes the development of membrane tethers,
leading to the formation of transient discoid platelet aggregates'®. We
show that upon subsequent exposure to decelerating shear, these
tethers physically restructure, increasing the strength and stability of
discoid platelet aggregates, thereby promoting thrombus growth. This
mechanosensitive adhesion mechanism occurs independently of solu-
ble agonists and therefore represents a mechanism of stabilizing platelet
adhesion at sites of vascular injury. Overall, our findings indicate that
effective thrombus formation involves the cooperative interplay
between two distinct, yet complementary, aggregation mechanisms,
with stabilized discoid platelet aggregation representing the principal
mechanism driving initial thrombus growth and soluble agonist
generation primarily serving to stabilize formed aggregates.

Arterial thrombosis in the coronary or cerebrovascular circulations
is the principal pathological process underlying the acute coronary
syndromes and ischemic stroke, which together represent the leading
cause of morbidity and mortality in industrialized societies. Despite
recent improvements in antithrombotic therapies, the majority of
patients receiving these drugs continue to die from acute thrombotic
events>?2. Acute vascular occlusion represents the cumulative impact
of atherosclerosis, superimposed thrombosis and vasoconstriction,
with each of these processes having a major impact on vessel wall
geometry and blood hemodynamics. Although the importance of
perturbed hemodynamics in promoting thrombus formation has long
been recognized*?*23, the molecular mechanisms underpinning these
observations have remained ill defined. Our findings demonstrate that
the magnitude and spatial distribution of shear microgradients correlate
directly with the extent of platelet aggregation and that the resulting
stabilized aggregates of discoid platelets have sufficient tensile strength
to cause partial vascular occlusion, leading to a transient reduction in
blood flow. The occlusive action of these aggregates, combined with
their intrinsic instability and tendency to embolize to the distal
circulation, raises the possibility that this aggregation mechanism may
contribute to intermittent thromboembolic symptoms that are char-
acteristic of the acute coronary syndromes and cerebrovascular disease.
Furthermore, the demonstration that this aggregation process can occur
independent of soluble agonists may help explain the limited anti-
thrombotic efficacy of aspirin, clopidogrel and thrombin inhibitors,
particularly in individuals with severe vascular disease?.

Our findings help reconcile a number of fundamental controversies
in the field, providing a mechanistic explanation for the observations
that discoid platelets form aggregates in vivo independently of sus-
tained calcium signaling!®!> and that granule release and P-selectin
expression on the surface of platelets occurs relatively late in the
thrombotic process'”. These findings also provide insight into the
dynamic, heterogeneous adhesive behavior of platelets during initial
thrombus growth?®. In this context, a greater understanding of the
fundamental relationship between alterations in blood rheology,
membrane-tether restructuring and platelet aggregation may lead to
the development of targeted antithrombotic therapies that are safer
and more effective than existing approaches.

METHODS
Methods and any associated references are available in the online
version of the paper at http://www.nature.com/naturemedicine/.

Note: Supplementary information is available on the Nature Medicine website.
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ONLINE METHODS

Materials. Lepirudin was from Pharmion; apyrase, hexamethyldisilazane
(HMDS), MRS2179, 2-MesAMP, indomethacin, EGTA, cytochalasin D (CD),
theophylline, 2-aminoethoxydiphenylborate (2-APB) and PGE; were from
Sigma; Rose Bengal was from Acros Organics; ¢7E3 Fab was from Eli Lilly;
Oregon Green BAPTA-1 was from Molecular Probes; ALMAI2 antibody was
provided by F Lanza (Institut National de la Santé et de la Recherche Médicale
(INSERM) U.311, Strasbourg, France); and RMP-141€x488 yas provided by
A. Issekutz (Dalhousie University, Halifax, Canada).

Platelet preparation. Washed platelets were isolated from anticoagulated whole
blood taken from consenting human donors according to a previously
described method™®. Lepirudin (1 U ml™!) was included in platelet washing
buffer (4.3 mM K,HPO,, 4.3 mM Na,HPO,4, 24.3 mM NaH,PO,, 113 mM
NaCl, 5.5 mM p-glucose and 10 mM theophylline, pH 6.5, with 0.02 U ml™!
apyrase) in Tyrode’s buffer (10 mM HEPES, 12 mM NaHCOj3, 137 mM NaCl,
2.7 mM KCl and 5 mM glucose, pH 7.3). We obtained approval for these
studies from the Monash University Standing Committee on Ethics in Research
Involving Humans.

Intravital studies. Approval was obtained from the Alfred Medical Research
and Education Precinct Animal Ethics Committee for all experiments involving
animals. We performed intravital studies according to a modification of a
previously published method>"*2. We used C57BL/6 wild-type mice weighing
18-20 g (Alfred Medical Research and Education Precinct Animal Services
(AMREP AS Pty Ltd)), and P2YI7~ mice (previously described’®34). We
anesthetized mice (60 mg per kg body weight sodium pentabarbitone) and
injured their mesenteric arterioles (60-160 pum) via photoactivation (excitation
at 550 nm, 10-30 s) of systemically administered Rose Bengal (5 mg per kg
body weight)*®, microinjection of 6% FeCls into the tissue adjacent to the
arteriole of interest’®, mechanical puncture of the vessel wall with a micro-
injector needle (tip diameter 4-6 pm) or mild crush injury induced by ligation
of the vessel with a blunted microinjector needle (tip diameter 30-60 pum). For
the in vivo stenosis experiments, we administered P2Y1""~ mice, at time points
of —24 h and -2 h, 200 mg per kg body weight aspirin and either 10 mg per kg
body weight clopidogrel (causing an ~50% reduction in ADP-induced platelet
aggregation) or 50 mg per kg body weight clopidogrel orally (causing complete
inhibition of ADP-induced platelet aggregation). In studies using hirudin, we
intravenously infused mice with high-dose hirudin (50 mg per kg body weight)
5 min before the onset of vascular injury. In control studies, we confirmed the
effectiveness of each of these antagonists by performing ex vivo platelet
functional assays or through coagulation testing®”38. We monitored P-selectin
expression after FeCl;-induced thrombus formation in the presence of systemi-
cally administered P-selectin—specific antibody coupled to Alexa488 fluoro-
phore (RMP-141488 htained from M. Hickey; 1.3 mg per kg body weight)
and recorded with an ANDOR DV897DCS electron-multiplying charge-
coupled device (EM-CCD). We visualized platelet interactions by DIC micro-
scopy using a Leica DMIRB inverted microscope (objectives: 100x PL APO,
numerical aperture 1.40-0.7 and 63x HCX PL APO, numerical aperture 1.2)
and a DAGE MTI charge-coupled device camera.

Microchannel fabrication. We fabricated microchannels in polydimethyl-
siloxane (Sylgard) from a KMPR 1025 (polymethylglutarimide) photoresist
(MicroChem) mold on a 3-inch silicon wafer according to a modification of
a published method*. We used a high-resolution chrome mask to attain well
defined features to construct the mold. The overall channel depth was 80 pm.

Flow studies and analysis of tether restructuring. We performed flow assays
according to a modification of a published method?. We derivatized dried
microcapillaries with hexamethyldisilazane for 15 min at 21 °C and washed
them with double-distilled water. For monolayer experiments, we allowed
platelets in Tyrode’s buffer (6 x 10% per ml) supplemented with 2 mM EGTA
to spread for 15 min, and then incubated them with BSA (20 mg ml™!) for
5 min. We preincubated washed platelets for 10 min with MRS2179 (100 uM),
2-MesAMP (10 M) and indomethacin (10 pM) in Tyrode’s buffer supple-
mented with 1 mM Ca®" before reconstitution with washed red blood cells
(50% vol/vol) (containing 0.02 U ml™! apyrase and 1 U ml™! lepirudin). Before
reconstitution, we preincubated washed platelets with either of the following

inhibitors: EGTA (5 mM), ¢7E3 Fab (30 pg ml™), cytochalasin D (20 uM),
2-aminoethoxydiphenylborate (2-APB) (50 uM), ALMA12 (50 pg ml™!) or
combined PGE; (10 pg ml™) and theophylline (10 mM). We performed
perfusion studies at wall shear rates of 300 s™! (monolayer experiments). We
visualized adherent platelets by DIC microscopy (100x PL APO objective,
numerical aperture 1.40-0.7) on a Leica DMIRB microscope. We monitored
adhesion over a 300-s period and video-recorded it for offline analysis. Thirty
seconds after the start of the flow, we analyzed the tethering time of platelets
(cohesion lifetime) frame by frame (25 frames per second). We set the
maximum cohesion lifetime cutoff to 30 s. We included only platelets with a
discoid morphology in the analysis.

Microparticle image velocimetry. We conducted micro-PIV experiments
according to a modification of a published method*®*! (Supplementary
Methods online).

Bead collision assay. We performed bead collision assays according to a
modification of a published method*? (Supplementary Methods).

Analysis of platelet calcium flux. We monitored platelet calcium flux, with
minor modifications, as previously described** (Supplementary Methods).

Computational fluid dynamics. We calculated estimates of shear rates after
solving the velocity field using the conservation of mass and momentum
equations for an incompressible fluid flow, using the CFD software package
FLUENT 6.0 (Fluent USA) based on a finite volume scheme**. We assumed the
validity of the continuum hypothesis and no-slip boundary condition. We
considered the flow to be three-dimensional, steady, laminar and incompressible.
We considered the fluid medium to have a constant density of 998.2 km m= and
viscosity of 0.00345 Pa s. Discretization scheme pressure was set as standard, and
the second-order upwind momentum option was enabled. For the case where
vessel stenosis was localized to the site of vessel injury (Fig. 1a), we modeled the
geometry of the blood vessel with SolidWorks v. 2004 (SolidWorks Corp.) using
a blood vessel diameter of 42 pm and an idealized geometry derived from video
footage of the in vivo stenosis (Fig. 1a). No elastic effects were considered,
keeping the perimeter of the transversal section of the blood vessel constant.
We transferred the geometry into a specialized preprocessing grid generation
(Fluent, Gambit) to generate a structured mesh of 76,800 elements. For
modeling bead collision in microchannels, the mesh consisted of two zones,
an unstructured region close to the bead and a structured mesh everywhere else.
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