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Platelet contractile forces play a major role in clot retraction and
help to hold hemostatic clots against the vessel wall. Platelet
forces are produced by its cytoskeleton, which is composed of
actin and nonmuscle myosin filaments. In this work, we studied
the role of Rho kinase, myosin light-chain kinase, and myosin in
the generation of contractile forces by using pharmacological
inhibitors and arrays of flexible microposts to measure platelet
forces. When platelets were seeded onto microposts, they formed
aggregates on the tips of the microposts. Forces produced by the
platelets in the aggregates were measured by quantifying the
deflection of the microposts, which bent in proportion to the force
of the platelets. Platelets were treated with small molecule inhibi-
tors of myosin activity: Y-27632 to inhibit the Rho kinase
(ROCK), ML-7 to inhibit myosin light-chain kinase (MLCK), and
blebbistatin to inhibit myosin ATPase activity. ROCK inhibition
reduced platelet forces, demonstrating the importance of the
assembly of actin and myosin phosphorylation in generating con-
tractile forces. Similarly, MLCK inhibition caused weaker platelet
forces, which verifies that myosin phosphorylation is needed for
force generation in platelets. Platelets treated with blebbistatin
also had weaker forces, which indicates that myosin’s ATPase
activity is necessary for platelet forces. Our studies demonstrate
that myosin ATPase activity and the regulation of actin–myosin
assembly by ROCK and MLCK are needed for the generation of
platelet forces. Our findings illustrate and explain the importance
of myosin for clot compaction in hemostasis and thrombosis.
[DOI: 10.1115/1.4034489]

Introduction

In hemostasis, platelets produce forces that help to maintain
structural integrity of a hemostatic clot. Platelet forces lead to clot
compaction by pulling together fibrin strands and nearby platelets
into tight proximity with one another [1]. Reducing the size of the
clot alleviates the fluid drag forces acting on it and lessens the risk
of its detachment and embolization [2–5]. Platelet forces are

transmitted through integrin receptors, such as aIIbb3. These forces
maintain the engagement of integrins to their matrix ligands
through mechanotransduction pathways [6]. Since platelet forces
help to pull adjacent platelets closer together, it can be inferred
that these forces reduce the paracellular space within a clot and
thereby increase the concentration of agonists that activate plate-
lets [1]. The ability of platelets to generate contractile forces has
been well known [7], but the mechanisms that regulate platelet
forces and their direct contribution to clot compaction have not
been fully established.

Nonmuscle myosin IIA is the predominate isoform of the myo-
sin family that is present in platelets and is encoded by the MYH9
gene [8,9]. When the regulatory light chain of myosin is phospho-
rylated by MLCK or ROCK, myosin is able to form bipolar fila-
ments, which are needed for the assembly of actin–myosin
filaments [8]. Myosin relies on its ATPase activity in order to
move along an actin filament. The procession of myosin causes
actin filaments to slide past each other, creating tension in the
cytoskeleton. The tension is transmitted to the adhesions of a cell
through its integrin receptors as a contractile force [8].

In platelets, actin–myosin interactions are known to play a
major role in shape change [10,11] and clot retraction [12]. In par-
ticular, ROCK is involved in forming focal adhesions [13] and
actin–myosin filaments [14], which are needed for the stable
attachment of platelets to a surface. It is likely that MLCK,
ROCK, and myosin’s ATPase activity play a role in the genera-
tion of platelet forces, but these relationships have not been exam-
ined due to lack of techniques for the direct measurement of
platelet force.

Platelet forces have been quantified in blood or platelet–plasma
samples by using isometric testing, clot retractometry, and rheologi-
cal techniques [15–17]. These techniques have demonstrated the
importance of platelet forces in hemostasis, but the measurements of
platelet force are obscured by the degree of fibrin formation and clot
lysis [18]. Recently, new techniques like atomic force microscopy
[19], polyacrylamide gels [19,20], and micropost arrays [21] have
been developed to measure platelet forces at the microscale. In par-
ticular, micropost arrays have been used to measure the forces gen-
erated by platelet aggregates, which are similar to the platelet-rich
plugs that form during primary hemostasis [21].

In this study, we used micropost arrays to investigate the role of
myosin regulation in the generation of platelet forces. We treated
platelets with small molecule inhibitors of myosin activity. Spe-
cifically, Y-27632 [22], ML-7 [23], and blebbistatin [24] were
used to inhibit ROCK, MLCK, and ATPase activity of myosin,
respectively. We find that platelet forces are significantly reduced
with each of the inhibitions, which demonstrates the important
role of myosin in hemostasis.

Materials and Methods

Subjects. Human whole blood samples were collected from
donors by licensed professionals at the University of Washington,
Hall Health Center, Seattle, WA. Blood samples were collected
from donors who had not taken any antiplatelet medications
within 2 weeks prior to the donation. Written informed consent
was obtained from all the donors under a protocol approved by
the Human Subject Division at the University of Washington.

Sample Preparation. Tubes containing acid–citrate–dextrose
(ACD; BD Medical, Franklin Lakes, NJ) solution was used to col-
lect blood in order to prevent coagulation. To separate platelets
from whole blood, two steps of centrifugation were performed.
First, platelet-rich plasma (PRP) was collected after 20 min of
centrifugation at 120�g. The PRP was then transferred to a new
tube with an equal volume of CGS washing buffer (120 mM
NaCl, 13 mM sodium citrate, and 30 mM glucose at pH 7) and
centrifuged at 1200�g for 10 min. Platelet poor plasma was
removed from the tube and Tyrode buffer (10 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid, 138 mM NaCl, 5.5 mM
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glucose, 12 mM NaHCO3, 0.36 mM Na2HPO4, 2.9 mM KCl,
0.4 mM MgCl2, and 0.8 mM CaCl2 at pH 7.5) was added. The pel-
let at the bottom of the tube was aspirated gently to put the plate-
lets back into suspension in Tyrode buffer.

Sensor Fabrication and Preparation. We used micropost
arrays to measure platelet forces, as previously reported [21].
Briefly, arrays of microposts were replicated in polydimethylsi-
loxane (PDMS, Sylgard 184, Dow Corning) [25,26]. The arrays
contain vertical cantilevers with microscale dimensions: 2.2 lm in
diameter, 6.3 lm in height, and 9 lm in center-to-center spacing
(Fig. 1(a)). Microcontact printing was used to transfer a coating of
fibronectin (50 lg/ml; BD Biosciences) onto the tips of the micro-
posts. Microposts were then fluorescently labeled with Alexa Flu-
or

VR

594-conjugated bovine serum albumin (BSA) (5 lg/ml;
Invitrogen). The BSA coating on the base and sides of the micro-
posts partially blocked platelet adhesion. Additionally, the arrays
of microposts were treated with 0.2% Pluronic F-127 (BASF,
Florham Park, NJ) for 1 h to completely block the nonspecific
adhesion of platelets.

Inhibitor Assay. Substrates containing the arrays of microposts
were submerged in Tyrode buffer. Platelets were incubated with
micropost arrays for 30 min. Upon contact with the tips of the
microposts, platelets adhered and formed aggregates. Unbound
platelets were then washed, and the remaining platelets aggre-
gated on the microposts were incubated with human a-thrombin
(1 U/ml; Enzyme Research Laboratories) for 15 min. We then
treated the samples with inhibitors—Y-27632 (10 or 50 lM;
Sigma, St. Louis, MO), ML-7 (5 or 20 lM; Sigma), or blebbistatin
(10 or 50 lM; Sigma)—for 5 min before fixation with 4% parafor-
maldehyde. Samples were permeabilized with 0.1% Triton X-100
(Sigma), and actin filaments were fluorescently labeled with
Alexa Fluor

VR

488-conjugated phalloidin (Invitrogen). Samples of
platelet aggregates treated with thrombin but not with any inhibi-
tor were used as a control.

Force Measurement. A Nikon TiE inverted microscope with a
60� oil objective was used to obtain fluorescent images of platelet
aggregates that attached to the microposts (Fig. 1(b)). These
images were processed using an analysis code developed in
MATLAB to measure the deflection of the microposts and thereby
calculate the forces of the platelet aggregates.

The contractile force at each of these microposts was calculated
using Euler–Bernoulli beam theory: F¼ (3pED4/64H3)d, where E

is the Young’s modulus of PDMS (2.5 MPa), D is the diameter of
the micropost (2.2 lm), H is the height of the micropost (6.3 lm),
and d is the deflection of the tip of microposts. From this measure-
ment, the total force was calculated, which is the sum of the mag-
nitude of contractile forces acting on all the posts underneath a
platelet aggregate. Since the calculation of total force depends on
the number of posts underneath an aggregate, its value increases
with the size of an aggregate. To compare the contractile force for
platelet aggregates with different sizes, the average force per post
was quantified by dividing the total force by the number of posts
on which an aggregate was attached. Thus, force per post was
used to normalize the data by the size of a platelet aggregate.

Statistics. Samples were analyzed for significance using
ANOVA with Bonferroni’s post-hoc adjustment. Comparisons
were considered significant for p-values less than 0.05 and are
marked with an asterisk in the graphs. Error bars in the graphs
denote the standard error of the mean.

Results and Discussion

We first investigated the role of the Rho kinase (ROCK) in the
generation of contractile forces by platelet aggregates on the
microposts. ROCK phosphorylates myosin and prevents myosin
phosphatase activity, both of which lead to a greater amount of
myosin bipolar filaments [22,27]. We used a ROCK inhibitor,
Y-27632, to assess the role of ROCK activity in regulating platelet
forces (Fig. 2(a)). Our results indicate that platelet forces are
decreased by approximately 50% with the addition of Y-27632
(Fig. 2(b)). Previous studies have shown that ROCK is needed for
the formation of tightly packed platelet aggregates and its inhibi-
tion causes thrombi to be unstable [12]. Normally, there is a
30–40% reduction in the net volume of a thrombus, but this com-
paction is significantly reduced when platelets received ROCK
inhibitors such as H-1152 or HA-1077 [12]. The partial loss of
platelet forces due to inhibition of ROCK may be the reason for
the loss of clot compaction observed in these previous studies.
Our results complement these findings and what is known about
the role of ROCK activity in hemostasis.

MLCK can be considered to have a more direct role on non-
muscle myosin than ROCK. MLCK phosphorylates the regulatory
light chain of myosin through a Ca2þ/calmodulin-dependent path-
way and does not affect myosin phosphatase or actin polymeriza-
tion [23]. Assaying the level of myosin phosphorylation has been
used previously to measure the activity of MLCK in platelets, but
quantifying platelet forces can be another way to measure MLCK

Fig. 1 Platelet aggregates on arrays of microposts. (a) Scanning electron microscopy
image of platelets on an array of microposts with pseudocoloring (green). (b) Fluorescent
image of a platelet aggregate on microposts. Forces are measured by analyzing the
deflection of the microposts. Green: actin and red: microposts.
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activity. Here, we used small molecule inhibitor ML-7 to inhibit
MLCK activity in platelets on microposts (Figs. 2(c) and 2(d)).
The use of ML-7 leads to a decrease in platelet forces. Previously,
it was found that MLCK inhibition by chelating extracellular cal-
cium with ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’-tet-
raacetic acid reduced clot compaction up to 52% [12]. Our results
further suggest that the loss of clot compaction may be due to a
loss in contractility of platelets within those clots.

Tension is generated in a platelet’s cytoskeleton by myosin’s
hydrolysis of adenosine triphosphate [24]. To inhibit myosin’s
ATPase activity, we treated platelets with a small molecule inhibi-
tor, blebbistatin. Blebbistatin stabilizes the binding of adenosine
diphosphate to myosin, which thereby inhibits its ATPase activity
while not affecting the assembly of its bipolar filaments [28]. We
found that platelet forces decrease with the addition of blebbista-
tin (Figs. 2(e) and 2(f)). Inhibition of myosin activity with blebbis-
tatin has been shown to prevent the tight packing of aggregated
platelets in vitro, which undermines the stability of a thrombus
[12]. In vivo studies also report that blebbistatin causes a 38%
reduction in clot compaction [12]. Our results show similar reduc-
tion of contractile forces when myosin’s ATPase activity is inhib-
ited in actin–myosin filaments as the percent loss of reduction
observed previously, which supports the role of platelet forces in
clot compaction and thrombus stability.

The loss of nonmuscle myosin is present in a class of rare
hereditary disorders that are marked by a mutation in the MYH9
gene, which encodes nonmuscle myosin heavy chain IIA. Patients
with MYH9 disorders have thrombocytopenia, large platelets, and
suffer from severe bleeding, even though platelet aggregation and
secretion are normal [9]. It is likely that the increase bleeding in
patients with MYH9 disorder is due to poor clot compaction

[11,14]. ROCK, MLCK, and ATPase activity inhibition all lead to
a reduction in the contractile forces of platelet aggregates. Taken
together, we propose that platelet forces play an essential role in
the stability of hemostatic clots through clot compaction, which is
underscored by the importance of myosin phosphorylation and
ATPase activity in generating these contractile forces.
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