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Abstract
Platelets play a major role in the genesis, progression, morbidity, and mortality of
cardiovascular disease (CVD). As CVD progresses, fibrous plaques form along the arterial
walls that become progressively unstable. Sudden plaque rupture induces and contributes
to the development of both thrombosis and coagulation cascade resulting in several
cardiovascular events such as acute myocardial infarction and/or ischemic strokes.
Platelet glycoprotein GPIIb/IIIa, also known as integrin αIIbβ3, plays an important role in
mediating two critical platelet processes: platelet activation and clot retraction. A diverse
array of proteins is involved in GPIIb/IIIa signaling. In this study, I investigated the
synergistic role of Src/Syk tyrosine kinases and calpain cysteine proteases in regulating
key platelet signaling cascades. By utilizing specific tyrosine kinase and calpain inhibitors,
we interrogated multiple signaling pathways including platelet adhesion, spreading, and
aggregation. Our results revealed a dual role of both Src/Syk and calpain signaling
pathways in platelet activation, and additive effects of the combination of pharmacological
inhibitors suggest a potential treatment modality for preventing pathological thrombosis.
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1.

Introduction

1.1

Importance of Platelets in Hemostasis and Thrombosis
Acute thrombotic occlusion is a major adverse cardiovascular event associated

with the coagulation cascade upon sudden atherosclerotic plaque rupture. Obstruction of
the vasculature can lead to acute myocardial infarction and ischemic stroke,1 which are
two major causes of death worldwide. Several interventions such as anti-inflammatory
agents, β-blockers,2 angiotensin-converting enzyme inhibitors,3 and statins4 have been
developed to slow the progression of cardiovascular disease. However, acute thrombosis
remains a major risk for fatal coronary event. Thus, understanding mechanisms of platelet
activation5,6 and developing new antiplatelet agents has been a major area of research for
decades.7
In general, platelets adhere to injured vessel walls by recognizing exposed
subendothelial matrix proteins such as collagen and/or von Willebrand factor (vWf). This
initial adhesion event modulates multiple phases of platelet function including activation,
spreading, granule secretion, aggregation, and clot retraction.8 Initial platelet adhesion is
mediated by the glycoprotein receptor complex GPIb-V-IX that directly binds to
immobilized vWf. Subsequently, the GPVI receptor recognition of collagen facilitates firm
adhesion of platelets to the injured site. Collagen-mediated adherence of platelets triggers
intracellular signaling events that ultimately results in “inside-out” signaling cascade
inducing a conformational change in the transmembrane receptor GPIIb/IIIa converting it
from inactive to active form.9 Active GPIIb/IIIa binds fibrinogen with higher affinity which
leads to integrin clustering and propagates further platelet activation, aggregation, and
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adhesion cascade. This phase often designated as “outside-in” signaling initiates and
stimulates platelet spreading, granule secretion, and secondary aggregation.10–12
The integrin receptor GPIIb/IIIa is a heterodimeric protein complex composed of α
and β subunits. GPIIb/IIIa complex is endowed with relatively large ectodomains that bind
to extracellular ligands, single transmembrane domains, and short cytoplasmic domains.
The topology of integrins integrate both intracellular signaling leading to integrin
conformational changes (inside-out signaling), as well as converting signals from the
extracellular matrix back into intracellular signaling pathways (outside-in signaling).
Therefore, integrin signaling is required for aggregation and adhesive spreading of
platelets necessary for promoting primary hemostasis.13 To modulate thrombus formation,
multiple studies on GPIIb/IIIa signaling have shown that Src-mediated tyrosine
phosphorylation of β3 cytoplasmic tail is an important regulator of integrin activation.14,15
Additionally, the intracellular calpain cysteine protease system is activated by GPIIb/IIIa
outside-in signaling.16,17 Evidence from the analysis of calpain-1 knockout mice18 as well
as treatment with calpain inhibitors19,20 indicated that down-regulation of calpain activity
suppresses platelet cytoskeletal rearrangements and results in limited spreading and
granule secretion. Together, both Src tyrosine kinase activity and calpain protease activity
mediated regulation of b3 integrin cytoplasmic tail represents potential targets for
pharmacological intervention to prevent acute thrombosis. Current antithrombotic
treatments face several challenges. Most critical is the pathological bleeding disorders
associated with decreased platelet activation. Additionally, problems of high dose and lack
of efficacy observed from many anti-platelet therapies appear to stem from ineffectual
platelet inhibition or low bioavailability. In an attempt to overcome this limitation, here I
investigated the synergistic correlation between tyrosine kinases Src/Syk and cysteine
protease calpains in platelet functions by using a relatively specific Src/Syk inhibitor MNS
2

and calpain inhibitor MDL 28170. This approach could lead to the development of a new
combinatorial therapy for anti-thrombosis and related cardiovascular indications.

1.2

Role of Src and Syk in GPIIb/IIIa Signaling, and Their Inhibition by MNS, a

pan tyrosine kinase inhibitor
Platelet stimulation by agonists/ligands initiates platelet shape changes, spreading,
aggregation, hemostasis, and thrombus formation under pathological conditions. The
rapid response of platelets to the injured vessel is mediated by multiple tyrosine kinaseslinked receptors including GPIIb/IIIa, which mediates adhesion and aggregation to
fibrinogen; GPVI/FcR γ-chain of immunoreceptor tyrosine-based activation motif (ITAM)
receptor that mediates collagen-induced signaling such as cytoskeleton change21 and
GPIb-IX-V that serves as the primary receptor for subendothelial matrix vWf.22 Ligand
binding to these receptors induces tyrosine phosphorylation of their intracellular domains
and/or signaling complexes through Src family kinases (SFKs) thus initiating downstream
signal transduction to activate platelet functions such as spreading, aggregation, granule
secretion, and clot retraction.14

Tyrosine kinase Src is a member of SFKs and acts through GPIIb/IIIa as a positive
regulator to propagate outside-in signaling in human platelets.14 Its activity can be
regulated by phosphorylation of certain tyrosine residues. Structurally, Src forms an
intracellular complex with C-terminal Src kinase (Csk) and β3 domain of GPIIb/IIIa.23,24 In
resting platelets, the Csk-Src-b3 complex with phosphorylated tyrosine 529 of Src’s SH1
domain keeps Src and GPIIb/IIIa in stable inactive conformation. Upon activation triggered
by inside-out signaling (Figure 1.1), Csk dissociates and is replaced by tyrosine-protein
phosphatase non-receptor type 1 (PTP-1B) recruited to dephosphorylate inhibitory
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Tyr52916,25 in the Src-β3 complex. This dephosphorylation event triggers Src activation and
permits GPIIb/IIIa to adopt a high-affinity conformation, and binds to fibrinogen.
Subsequently,

fibrinogen-mediated

clustering

of

GPIIb/IIIa

induces

auto-

transphosphorylation to tyrosine residue 418 (Try418) on active Src, which maximizes Src
activity and phosphorylation of its downstream substrate proteins.15,26 The fully activated
Src leads to increased GPIIb/IIIa-mediated outside-in signaling and subsequent
downstream events such as platelet aggregation, ITAM-modulated cytoskeleton
remodeling, and spreading, phospholipase Cγ2 (PLCγ2) facilitated Ca2+ mobilization, and
granule secretion. Additionally, another member of SFKs, Syk, associates with ITAMbased GPVI/FcR γ-chain to transmit downstream signaling upon phosphorylation and
recruitment by collagen binding or ITAM phosphorylation.27–29 Like GPIIb/IIIa,
dephosphorylation of inhibitory tyrosine residue(s) on GPVI-associated tyrosine kinases
Lyn and collagen-mediated cluster of GPVI/FcR γ-chain can maximize signal transduction
through phosphorylation and activation of Syk. In addition, Syk can also be activated and
phosphorylated by Src activation of GPIIb/IIIa. GPVI/FcR γ-chain-mediated downstream
events include phosphorylation of PLCγ2 to trigger intracellular Ca2+ level, granule
secretion, and activation of Protein Kinase C (PKC) to induce platelet spreading.

The function of Src and Syk in platelet internal signaling is well characterized, and
inhibition of these crucial tyrosine kinases is now considered as a viable strategy for
developing potent anti-platelet agents. However, tyrosine kinase inhibitors such as
Imatinib and Dasatinib used for Chronic Myelogenous Leukemia (CML) showed increased
risk of bleeding.30 Recently, Wu’s group published a small synthetic tyrosine kinase
inhibitor, 3,4-methyl-enedioxy-β-nitrostyrene (MNS), which exhibited potent inhibitory
effect on human platelet aggregation by targeting Src and Syk.31,32 MNS showed to have
higher affinity to Syk with IC50 of 2.8 ± 0.8 µM and 27.3 ± 1.5 µM for Src based on the
4

enzyme activity measurements. Based on the platelet function studies, MNS emerges as
a novel inhibitor with properties that are distinct from classic tyrosine kinase inhibitors.31,32
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Figure 1.1 Src and Syk in GPIIIb/IIa signaling.
The Csk-Src-β3 complex phosphorylates C-terminal tyrosine residue at 527 of Src keeping
GPIIIb/IIa inactive. Upon dephosphorylation of tyrosine-527 by PTP-1B, integrin undergoes a
conformational change into an active form that has higher affinity for fibrinogen in the peripheral
blood. Fibrinogen-mediated GPIIb/IIIa clustering induces auto-transphosphorylation of tyrosine418 of Src and amplifies the integrin-mediated outside-in signaling. One of the integrin-mediated
downstream pathways involves tyrosine phosphorylation of Syk on GPVI/FcR-associated ITAM by
14
Src, which induces platelet cytoskeletal change.

1.3

Role of Calpains in Platelet GPIIb/IIIa Signaling and Their Pharmacological

Inhibition by cell-permeable Inhibitor MDL 28170
Calpains are a family of Ca2+-dependent neutral cysteine proteases.33 Calpain-1
(µ-calpain and CAPN1) and calpain-2 (m-calpain and CAPN2), are the two members of
the calpain family and are ubiquitously expressed in mammals and many other organisms.
Importantly calpain-1 and -2 differ in their sensitivity to calcium. Calpain-1 requires 1 – 100
µM and calpain-2 requires 0.1 – 1 mM of intracellular free calcium ions to induce
conformational changes required for full enzymatic activity.34

5

Figure 1.2 Calpains and PTP-1B in GPIIIb/IIa signaling.
MDL 28170 is a known cell-permeable calpain inhibitor that blocks fibrinogen-induced spreading,
granule secretion, and thrombin-induced aggregation by targeting calpains.

The evidence from calpain-1 knockout mice18 and several calpain inhibitors19,20
demonstrated that calpain is essential for normal platelet functions via regulating tyrosine
phosphorylation or proteolysis of platelet proteins. Several calpain substrates in platelets,
such as pp60src,35 talin,36,37 Ras homolog gene family (RhoA),38 and PTP-1B39 are known
to associate with actin and engage in important platelet functions including shape change
and spreading. Therefore, inhibition of calpains showed an impairment of actin mediated
processes such as the cytoskeleton remodeling and subsequent platelet spreading and
aggregation.20 Interestingly, the dominant role of calpain-1 and 2 and their respective
contributions in platelet physiology remains unclear.
SFK family-regulated tyrosine phosphorylation is crucial in platelet activation and
propagating GPIIb/IIIa signaling. Calpain has also demonstrated involvement in regulating
tyrosine phosphorylation via proteolysis of tyrosine phosphatase PTP-1B.19,40 This
regulation is supported using calpeptin, a calpain inhibitor, which also inhibited PTP-1B.41
Additionally, PTP-1B deficient platelets had shown lower spreading on fibrinogen and
6

limited in vivo thrombus formation.25,39 The relationship between calpain-1, PTP-1B, and
tyrosine phosphorylation on β3 domain of GPIIb/IIIa had been investigated using calpain1/PTP-1B double knockout platelets.40 Role of calpain-2 in regulating PTP-1B in Src
signaling was also investigated in breast cancer cells; however, its role in platelets
requires further study presumably using platelet specific calpain-2 null approaches.
In rapid response to the extracellular platelet agonists such as ADP, thrombin,
Thromboxane A2 (TxA2), PLCγ2 and PLCβ are activated leading to the upregulation of
intracellular Ca2+ level. The increase calcium mobilization recruits and activates calpains
to proteolyse PTP-1B anchored within the endoplasmic reticulum (Figure 1.2).42 PTP-1B
released from ER travels to the cytoplasmic Csk-Src-β3 complex, replaces Csk, and
dephosphorylates inhibitory tyrosine 527 on Src thus leading to a conformational change
of GPIIb/IIIa.40 The active form of GPIIb/IIIa possess higher affinity to its substrate
fibrinogen, undergoes clustering, and propagates and amplifies outside-in signaling upon
fibrinogen binding. This signaling cascade ultimately results in different phases of platelet
activation such as spreading and aggregation.
The role of calpain as a procoagulant in platelets makes this cysteine protease
system an enticing pharmacological target for anti-thrombotic therapies.43 Several classes
of calpain inhibitors44,45 have been developed: calpeptin,46 peptidyl calpastatin,
membrane-impermeant calpain-1/-2 dual inhibitors Leupeptin and E64d47 with limited
specificity. In addition, MDL 28170, a synthetic cell-permeable potent inhibitor of calpains
(targeting both calpain-1 and -2) and cathepsin B has been widely used in anti-platelet
studies to investigate the effect of down-regulating calpain activity in platelets.41
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2.

Materials and Methods

2.1

Chemicals and Reagents
Src/Syk inhibitor 3,4-Methylenedioxy-β-nitrostyrene (MNS) was kindly provided by

Dr. Chin-Chung Wu from Kaohsiung Medical University, Taiwan. Calpain inhibitor MDL
28170 was purchased from Sigma-Aldrich. Platelet-rich plasma (fresh and expired) was
obtained from the Red Cross and Immunetics, Inc. Calpain-GloTM Protease Assay kit was
from Promega and type I collagen was purchased from CHRONO-PAR.

2.2

Preparation of Washed Platelets
Platelet-rich plasma (PRP) was collected by Red Cross and Immunetics, Inc. The

collected PRP was centrifuged at 600 x g at room temperature (RT) for 10 minutes in the
presence of 0.1 μg/ml Prostaglandin E1 and 5 mM EDTA. Subsequently, the supernatant
was aspirated and the pelleted platelets were re-suspended with modified Tyrode’s buffer
(10 mM HEPES, 12 mM NaHCO3, 137 mM NaCl, 2.5 mM KCl, 5 mM glucose, 1 mM MgCl2
and 0.35% BSA, pH 7.5). The washed platelets could rest for 1 hour at RT Platelet
concentration was determined by absorbance at 600 nm (OD600).

2.3

Calpain-GloTM Protease Assay
Calpain1 was purified from human red blood cells as described previously48 by

James Schiemer in our lab. Measurement of calpain enzymatic activity was analyzed in a
96-well format in a total volume of 100 μl. Each well contained 40 μl purified calpain
preincubated with 10 μl vehicle (0.1% DMSO) or Calpain inhibitor (MDL 28170) at RT for
5 minutes. Calpain was primed for optimal activity by adding 2 mM CaCl2 to the CalpainGlo reagent (add 10 μl of Suc-LLVY-Glo substrate to 10 ml of Luciferin) prior to the
8

experiment. A total of 50 μl of the CaCl2 + Calpain-Glo reagent was added into each
sample well, which brought the final volume up to 100 μl. A Tecan model plate reader
mixed the content of the wells by shaking at 500 rpm for 30 second, followed by a 15minutes incubation at RT. The signal was measured in the luminescence microplate
reader.

Light
TM

49

Figure 2.1 Principle of Calpain-Glo Protease Assay.
Suc-LLVY-aminoluciferin (Suc-LLVY-AMC) is a succinyl proluminescent calpain substrate.
Following calpain cleavage, the substrate of luciferase, Suc-LLVY, is released and utilized by the
luciferase-based detection system.

2.4

Flow Adhesion Assay
Human blood was collected from healthy volunteers who had not taken aspirin and

caffeine for at least 5 days before the experiment. To avoid sheer force activation of
platelets, blood was collected with a large beveled 21 G x 1½ inch needle and vacutainer
collection tube containing 3.2% sodium citrate as an anticoagulant. One coverslip per
experiment was pre-treated with 100 μl of 10 μM type I collagen as immobilized substrate
in 1X modified Tyrode’s buffer at RT. for 1 hour. Excess collagen was aspirated and the
coverslip was left at room temperature until thoroughly dry. The coated coverslip was
rinsed in 1X calcium-free PBS and assembled beneath a thin rubber gasket and the hardacrylic deck in the microfluidic chamber (Figure 2.2). Prior to flowing whole blood over the
9

collagen coated slides it was critical to ensure that the vacuum, which permits the flow
apparatus to adhere to the slide, did not interfere the flow rate by aspirating the sample
perfusing through the chamber. The chamber was then washed with PBS at a shear rate
of 250 s-1 for 5 minutes prior to loading the experimental samples. Human whole blood
was pretreated with either MNS or MDL 28170 in 0.1% DMSO at RT for 5 minutes and
then 2 ml of each sample was perfused at the arterial shear rate of 1000 s-1. The flow
chamber was washed with PBS immediately (within 1.5 minutes) after whole blood
perfusion at half the shear rate (500 s-1) to remove non-adherent cells. Live images were
taken from the middle of the chamber after 5 minutes and 10 minutes of the washing. Care
was taken to avoid analyzing adhered platelets on the sides of the flow chamber as the
wall shear stress is not equivalent to the laminar sheer stress observed in the center of
the chamber. The percentage of thrombus-binding area over the field was quantified by
ImageJ and the statistical significant was determined by Student’s t test.

Figure 2.2 Set up of the flow Chamber.
The flow chamber system from GlycoTech composed of the hard microfluidic plastic chamber, the
thin rubber gasket, the coverslip, the syringe pump, the water vacuum pump, the 10X objective on
Nikon TE-2000E microscope and a desktop computer with Metamorph imaging software. As whole
blood perfused over the coverslip, the platelet forms thrombus upon activation by the immobilized
type I collagen.
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2.5

Platelet Aggregation Assay
Aggregation of washed human platelets was measured using CHRONOG-LOG

Whole Blood Aggregometer model 700 (Figure 2.3). Sample volume totaling 400 μl of
washed human platelets (3 x 108 platelets/ml) in modified Tyrode’s buffer was preincubated in a siliconized cuvette (P/N 312 from CHRONOG-LOG) with stir bar at 37oC
for 3 minutes. After equilibration at 37oC, each sample was preincubated with vehicle (<
0.5% DMSO), MNS or MDL 28170 at 37oC for 5 minutes with constant stirring at 1,000
rpm. Platelet aggregation was initiated by the addition of 1.0 mM CaCl2 and a platelet
agonist (0.5 U/ml Thrombin). Aggregation levels for each experiment were normalized to
the vehicle and the statistical significance was determined using Student’s t test. Some of
the data included in this section was obtained by previous graduate student Adam
Wieschhaus of our lab.

Figure 2.3 Basis of Light Transmission Aggregometry (LTA) and CHRONOG-LOG Whole
50
Blood Aggregometer.
LTA is a gold-standard method for platelets function studies in vitro. The principle is based on
detecting the infrared light transmitting though the cuvette that holds PRP. As soon as the agonists,
such as thrombin, ADP, are added, platelets are activated and undergo shape change. The
transmitted light increase as platelets aggregate and clump, thus providing an accurate
measurement of platelet aggregation.
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2.6

Platelet Spreading on Immobilized Fibrinogen
Platelet spreading assay is based on staining of F-actin with red fluorescence

Alexa Fluor® 594 Phalloidin dye. Filamentous actin stress fiber formation permits robust
staining of platelets undergoing spreading; a critical aspect of promoting primary
hemostasis prior to wound healing of arterial injuries.
Glass coverslips were coated with 100 μg/ml fibrinogen in 0.1 mM NaHCO3 (pH
8.3) and incubated at 4oC for overnight, and then blocked with 5% BSA for 1 hour at RT.
Prior to adherence, washed platelets were preincubated with vehicle (< 0.1% DMSO),
Src/Syk inhibitor MNS or Calpain inhibitor MDL 28170 at RT for 20 minutes. Lastly, 1.0
mM CaCl2 was added to the preincubated platelets prior to the start of the experiment.
500 μl platelets (5 x 107 platelets/ml) of each sample were added onto the coatedcoverslips and incubated at 37oC under 5.0% CO2 for 60 minutes. Non-adherent platelets
were washed with PBS and fixed with 4% paraformaldehyde for 10 minutes. The
coverslips were then incubated with permeabilization buffer (100 mM Tris-HCl pH 7.4, 10
mM EGTA, 154 mM NaCl, 5.0 mM MgCl2 and 0.1% Triton X-100) for 15 minutes. Each
slide was washed with PBS and blocked with 5% BSA for 30 minutes. Lastly, 0.3 U
Phalloidin-594 per sample was added and incubated at RT for 20 minutes and then
washed with PBS. For long-term storage, the coverslips were mounted on to glass slides
using anti-fade mounting and preservative agent (ProLong® Gold Antifade Mountant from
Molecular Probes). Fluorescence images were recorded using a 100X oil immersion
objective on Nikon TE-2000E microscope. The area of platelet spreading was calculated
by using ImageJ and the statistical significance was determined using Student’s t test.
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3.

Results

3.1

MDL 28170 inhibits enzyme activity of calpain-1
To confirm that MDL 28170, a known calpain inhibitor, interferes with calpain-1

activity, Calpain-GloTM Protease Assay was performed by treating purified calpain-1 with
varying concentrations of MDL 28170. By detecting the luminescence released from a
proluminescent calpain substrate Suc-LLVY, the enzymatic activity of calpain-1
demonstrated a significant decrease as the dosage of MDL 28170 increased (Figure 3.1A);
with a calculated IC50 of 89.125 μM (Figure 3.1B). It was also critical to account for nonspecific calpain inhibition of the MDL 28710 solvent, DMSO, and thus a vehicle control
was performed in parallel. Therefore, we monitored calpain activity in 0.1% DMSO from
15 to 30 minutes. The overall signals were slightly increased over time, nevertheless they
qualitatively demonstrated the same trend in a MDL-dose-dependent manner. Thus, we
confirmed the effect of MDL 28710 as a potent inhibitor of calpain-1, and established a
dose-dependent curve and an IC50 was calculated to describe the inhibition of calpain in
vitro. These observations guided us to calculate the dose for further analysis of
experiments.
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Figure 3.1 MDL 28170 inhibits calpain-1 activity in concentration-dependent manner.
Purified calpain-1 was pre-incubated with calpain inhibitor MDL 28170 for 5 minutes before adding
the proluminescent calpain substrate. (A) Data show the original luminescence signal records at
15, 20 and 30 minutes post-reaction (n=1). (B) Signal was normalized to non-treatment control
versus log [MDL 28170] and IC50 (15 minutes: 70.8 μM; 20 minutes: 89.2 μM; 30 minutes: 112.2
μM) was calculated by performing non-linear fit with four parameters in the Prism7 software.
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3.2

MNS inhibits human platelet aggregation and spreading in vitro
Platelet spreading and aggregation are two important steps in platelet activation

following the adhesion of platelets to the damaged vessel wall during hemostasis and
initiating thrombosis.51 To investigate platelet functions, several functional tests such as
light transmission aggregometry (LTA) and platelet spreading assays were performed.52
LTA was used to measure platelet aggregation in the presence of agonists such as
collagen, thrombin, and adenosine-diphosphate (ADP). To measure the effect of Src and
Syk inhibition on platelet aggregation, LTA was performed at different doses of the inhibitor
MNS. To initiate aggregation, 1 U/ml thrombin was used as the main agonist, which
activates inside-out signaling via cleaving protease-activated receptors PAR1 and
PAR4.53 The resultant limited proteolysis of the receptor activates it intramolecularly, and
induces GPCR mediated signaling and subsequent platelet aggregation.54 These
experiments demonstrated that MNS inhibited platelet aggregation in a dose-dependent
manner with an IC50 between 4 – 8 mM (Figure 3.2A).
To supplement the platelet aggregation data, we employed fluorescence
microscopy using fluorescent Phalloidin probes to study platelet spreading. Fluorescence
microscopy has been used successfully to study platelet spreading with a Phalloidin
conjugated fluorophore. Phalloidin labels F-actin microfilaments essential for platelet
shape change. To study the impact of MNS on platelet spreading, we first performed a
time course study to identify at what point platelet spreading was first observed. The time
course ranged from 1.5 – 90 minutes of platelet adhesion and spreading on coverslips
pre-treated with fibrinogen, a known platelet integrin binding protein. Our results
demonstrate that treatment for 60 minutes was the best incubation time with immobilized
100 μg/ml fibrinogen at 37℃ with 5% CO2. It was critical to empirically determine the best
time course as fibrinogen-induced morphological changes have previously been shown to
15

be time-dependent (Figure 3.3). Therefore, it was important to select a time-point where
the platelets were active but not over-activated. To identify the role of Syk/Src activity on
platelet spreading, we pre-treated platelets with three different concentrations (0.1 μM, 0.5
μM, 1.0 μM) of MNS (Figure 3.4A and E). The data show that at least 0.5 μM of MNS was
required to inhibit platelet spreading significantly, whereas the precise IC50 calculation will
require further investigation. Taken together, these studies suggest that the inhibition of
Src and Syk by MNS suppresses platelet spreading and aggregation in a dose-dependent
manner.

3.3

MDL 28170 inhibits human platelet aggregation and spreading in vitro
In addition to MNS, we also examined the effect of MDL 28170 on platelet functions.

Similar to MNS, MDL 28170 also showed a dose-dependent inhibition of both platelet
aggregation (Figure 3.2B) and spreading (Figure 3.4A and C). However, a higher
concentration of MDL 28170 was needed to reach the same inhibitory level as MNS with
respect to both platelet aggregation and spreading. The IC50 of MDL that reduced in vitro
platelet aggregation was shown to be approximately 500 μM, whereas only 4 – 8 μM MNS
was required to achieve the same level of inhibition. A similar result was obtained when
assessing in vitro platelet spreading; approximately 400 μM MDL was required to reduce
50% of the spreading area, whereas MNS could achieve a similar effect at 0.1 – 0.5 μM
concentration. These comparisons between two inhibitors suggest that inhibiting Src/Syk
may be more effective than targeting calpain to suppressing platelet functions for
developing anti-platelet strategies.
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Figure 3.2 Aggregation response induced by 1.0 U/ml thrombin.
8
Human platelet (3 x 10 platelets/ml) were analyzed using LTA with the following treatments: re-
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incubating with MNS (A), MDL 28170 (B), their combination (C) for 5 minutes. The left-hand panels
show original aggregation tracings, which were normalized with DMSO values and transformed to
percentage of inhibition.

A

1.5 min

15 min

30 min

60 min

B

90 min

Figure 3.3 Washed human platelets show time-dependent response as measured by
platelet spreading and adhesion.
7
Washed human platelets (5 x 10 platelets/ml) spread for up to 90 minutes on the fibrinogen-coated
coverslips. (A) Fluorescence analysis was performed using Phalloidin-Alexa 594 to detect F-actin.
Images were taken at different lengths of incubation time (1.5, 15, 30, 60 and 90 minutes). (B)
Adhesion was determined by platelet number per field of view taken from representative images
from three separate experiments. The error bars represent standard error and significance was
determined by performing Student’s t test.
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Figure 3.4 MNS and MDL 28170 exert inhibitory effects on fibrinogen-induced platelet
adhesion and spreading.
7
Washed human platelets (5 x 10 platelets/ml) were pre-incubated with different concentrations of
MNS, MDL 28170, and their combination (in 0.1% DMSO). Images (A) were representatives of
three separate experiments. Surface area of spreading platelets was quantified by using the same
method as shown in Figure 3.3; the dose-response of MDL 28170 (B,C), MNS and the combination
of both treatments (D,E) in platelet adhesion and spreading were transformed into column graphs
(mean ± S.E.). The statistic significances were determined by performing Student’s t test. ns, no
significant different; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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3.4

Combinatorial effects of MNS and MDL 28170 on platelet aggregation and

spreading
A major focus of this study was to establish a correlative relationship between
Src/Syk and calpains in platelet GPIIb/IIIa signaling. GPIIb/IIIa is a major receptor for
fibrinogen and vWf, and plays a critical but complex role in perpetuating platelet activation
through a series of highly regulated signaling cascades. Both phosphorylation and
dephosphorylation of the β3 cytoplasmic tail of GPIIb/IIIa, which complexes with tyrosine
kinase Src, are important in mediating downstream pathways such as Syk-regulated
cytoskeletal changes and clot retraction. Several enzymes are involved in this cascade.
For example, the tyrosine phosphatase PTP-1B is released upon calpain cleavage,
relocates and dephosphorylates the inhibitory Src Tyr-529 of Csk-Src-β3 complex to
induce GPIIb/IIIa activation. The activation of Src then amplifies the outside-in signal via
GPIIb/IIIa clustering.14,25,55 However, so far no study has identified a direct relationship
between the inhibition of Src/Syk and calpain enzyme systems.
To elucidate a potential connection between these two major regulatory enzymatic
pathways, we performed combinatorial inhibition assays with both MNS and MDL 28170.
Washed platelets isolated from human PRP were incubated with MNS and MDL 28170 in
combination and evaluated by aggregometry and spreading assays. MDL 28170 (400 μM)
and MNS (4.0 μM) were selected and combined for thrombin-induced platelet aggregation
studies. These concentrations of inhibitors were empirically determined to have significant
inhibition on platelet function, but not cause absolute abrogation of function, permitting
assessment of the combinatorial effects of inhibitors (Figures 3.2A and B). The
combination of inhibitors significantly inhibited platelet aggregation as compared to either
MDL 28170 or MNS alone (Figure 3.2C). Furthermore, the same inhibitory effect was
observed on fibrinogen-induced platelet spreading. MNS (0.1 μM) and MDL 28170 (400
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μM) in combination significantly reduced spreading as compared to single-treatments
(Figure 3.4A and E). In addition, higher doses (0.5 and 1.0 μM) of MNS, which completely
abrogated platelet functions, were also combined with 400 μM MDL 28170 in the platelet
spreading assay. As expected, no significant combinatorial effect was observed at such
high MNS concentrations. It seems that the relatively high concentration of MNS
overwhelms the contribution of MDL 28170 on platelet spreading. Altogether, these
platelet function studies suggest that Src/Syk and calpain enzyme systems may play
parallel roles in regulating platelet aggregation and fibrinogen-induced surface spreading.
However, further increase in MNS doses (≥ 0.5 μM) does not result in additional inhibition
of platelet spreading when combined with 400 μM MDL. Therefore, the two enzyme
systems may also act in the tandem serial manner to regulate platelet signaling cascade.

3.5

Effect of MNS and MDL 28170 on fibrinogen-induced platelet adhesion
In addition to aggregation and spreading, platelet adhesion is also a key step in

promoting hemostasis at the site of vascular injury as well as stimulating platelet activation.
Similar to platelet spreading, increased adhesion of platelets on 100 μg/ml fibrinogen
appeared to be time-dependent (Figure 3.3B). A measurable and significant defect in
platelet adhesion was observed in MNS treated samples upon inhibition of Syc and Syk
(Figure 3.4A and D). Calpain inhibition by MDL 28170 (≥ 500 μM) also resulted in a
significant decrease in platelet adhesion, similar to MNS treatment (Figure 3.4A and B).
Interestingly, the combination of 0.1 µM MNS and 400 μM MDL 28170 resulted in
increasing platelet adhesion as compared to the corresponding single 0.1 µM MNS
treatment. However, this significant difference was only confirmed in one combinatorial
treatment upon statistical analysis. Data from the combination treatment implicated that
MDL 28170 (400 μM) may have limited effect on platelet adhesion. The observation that
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inhibition of calpain with MDL 28170 decreased fibrinogen-induced platelet adhesion, yet
increased with MNS co-treatment seems to be at odds with previous aggregation data. To
explain this inconsistency, we cannot rule out the possibility that some yet unknown
pathway might compensate calpain inhibition under these conditions. It is noteworthy that
only a certain population of platelets shows a true “spreading phenotype”, which may be
more relevant physiologically. Therefore, it may be necessary to exclude the rounded,
albeit adhesive, platelets from these quantifications in future studies.

3.6

MNS and MDL 28170 regulates collagen-induced platelet adhesion and

thrombus formation under shear stress
To further investigate the effect of MNS and MDL 28170 on human platelet
functions, a flow chamber-based assay was performed by perfusing whole blood from
healthy human donors over collagen-coated coverslips at arterial shear rate (1000 s-1).
The use of flow chamber-based assay permitted measurement of platelet adhesion and
aggregation ex vivo, which may provide novel insights into the hemostatic function of
platelets.
In contrast to previous static adhesion assay, MNS and MDL 28170 treatment
resulted in increased adhesion of platelets and thrombus formation on immobilized type I
collagen under physiological flow (Figure 3.5A). Inhibition of Src and Syk with MNS (Figure
3.5C) and Calpain with MDL 28170 (Figure 3.5B), which previously inhibited other platelet
functions (spreading and aggregation), surprisingly stimulated them to be more adhesive
to collagen under arterial shear rate. This stimulatory effect was observed in a dosedependent manner indicating that more inhibitors triggered more adhesion. Increase of
platelet adhesion stimulated by maximal doses of MNS and MDL 28170 was statistically
significant as compared to the vehicle control (0.1% DMSO). Together, these data suggest
23

that MNS and MDL 28170 up-regulates platelet adhesion in the whole blood perfused
through collagen-coated coverslip at arterial shear rate.
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and MNS stimulate
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oncollagen under arterial
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4.

Discussion
Platelets are critical in maintaining normal hemostasis to prevent hemorrhaging

into the surrounding tissue resulting from vascular injury. Under pathological conditions,
platelets also play a key role in the development and progression of thrombosis with
unpredictable sudden plaque rupture causing acute myocardial infarction or ischemic
stroke. Therefore, antiplatelet treatments are considered as a viable option for patients
with cardiovascular disease. Subsequent to vascular disruption or injury, platelets first
adhere to the exposed subendothelial matrix proteins such as collagen and vWf, and then
undergo series of signaling events resulting in spreading, aggregation, granule secretion,
and eventually resulting in the rapid formation of a platelet plug to stop the bleeding.5,8,51
To maximize platelet response to vascular injury, membrane-anchored integrins
orchestrate rapid binding to the extracellular matrix as well as soluble ligands in blood.
Such receptors include GPIIb/IIIa (integrin αIIbβ3) binding to fibrinogen and vWf and
glycoprotein GPVI binding to collagen, which initiates formation of complex with
immunoreceptor tyrosine-based activation motif (ITAM) to propagate downstream
signaling events. Moreover, evidence indicates that nonreceptor tyrosine kinases such as
Src and Syk are recruited to these signaling complex and play a key role in meditating
phosphorylation of several signaling proteins.15 Following GPIIb/IIIa-induced outside-in
signaling, PLCγ2 is phosphorylated by the Src family kinases and elevates internal Ca2+
efflux, which modulates several signaling pathways including activation of Ca2+-dependent
calpain cysteine protease. Previous studies have shown that calpain-1 knockout mice
inhibit platelet aggregation and clot retraction,41 and platelet functions are also suppressed
upon treatment with synthetic calpain inhibitor, MDL 28170.17,20 Calpain activity is known
to catalyze limited cleavage of phosphatase PTP-1B, permitting recruitment of PTP-1B to
the plasma membrane and causing dephosphorylation of GPIIb/IIIa at key tyrosine
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residues.56 These findings suggest that integrin function is regulated by tyrosine kinases
(Src and Syk) as well as tyrosine phosphatase (PTP-1B) modulated by calpain activation.
Here, we provide evidence for functional characterization of Src/Syk and calpain inhibition
in mediating platelet activation by utilizing their specific inhibitors, MNS for Src/Syk and
MDL 28170 for calpain. Our findings show that these two enzyme systems may play
independently in regulating GPIIb/IIIa-mediated platelet aggregation and spreading.
Using light transmission aggregometry (LTA) and fluorescence-based spreading
assays, we first established dose-response curves of MNS and MDL 28170 and
demonstrated that they both reduced platelet aggregation (Figure 3.2A and B) and
fibrinogen-induced platelet spreading (Figure 3.4) in a dose-dependent manner. Our
results indicated that the relative dose necessary to inhibit Src/Syk was much lower than
that required for inhibition of calpain activity to achieve similar level of platelet function.
MNS at 4.0 μM was sufficient to cause ~40% inhibition of platelet aggregation whereas
only 0.5 μM was required to significantly suppress platelet spreading on fibrinogen (Figure
3.2A and 3.4E). In contrast, approximately 400 μM of MDL 28170 was required to cause
significant inhibition of platelet functions (Figure 3.2B and 3.4C). A significant additional
impairment of platelet aggregation and spreading was observed when MNS and MDL
28170 were combined (Figure 3.2C and 3.4E) suggesting that Src/Syk and Calpain may
function in a parallel pathway instead of acting in a tandem manner to regulate GPIIb/IIIamediating signaling in platelets. No additional reduction of platelet spreading was
observed at higher doses of MNS (> 0.5 μM). Platelet GPIIb/IIIa is an adhesive receptor
of fibrinogen, and its activation can be amplified by phosphorylation of the tyrosine 418 on
Src, which promotes subsequent outside-in signaling.15,26 Given the importance of Src in
promoting key signaling pathways, a higher dose of MNS may completely abrogates
maximal GPIIb/IIIa activation and its downstream PLCγ2-mediated calcium mobilization.
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Therefore, there was a possibility that a higher dose of MNS may fully abrogate calcium
mobilization in platelets thus tempering the functional effects of calpain inhibitor observed
under these conditions. However, precisely how MNS dose affects platelet-internal
calcium mobilization under these experimental conditions requires future investigation.
As an important initial step of platelet activation, we also examined how MNS, MDL
28170, and their combination affect static platelet adhesion on fibrinogen. Inhibition of Src
and Syk with MNS suppressed platelet adhesion to fibrinogen (Figure 3.4D), which
confirms that these tyrosine kinases play important role in propagating GPIIb/IIIa signaling.
Inhibiting calpains with MDL 28170 (≥ 500 μM) also caused significant inhibition of platelet
adhesion to fibrinogen under the same condition (Figure 3.4B). Unlike platelet aggregation
and spreading assays, combination of MNS and MDL 28170 did not cause any additional
inhibition of platelet adhesion but instead potentiated the count of adhesive platelets as
compared to MNS treatment alone (Figure 3.4D).
Interestingly, MNS and MDL 28170 combination treatment caused platelet
adhesion and thrombus formation on type I collagen under arterial shear flow rate of 1000
S-1 (Figure 3.5). Several studies have shown that calpain inhibitors efficiently inhibit
platelet functions including aggregation and spreading,17,19,20,41 whereas the role of calpain
inhibition in platelet adhesion under arterial shear stress is poorly characterized. Unlike
fibrinogen-induced adhesion through GPIIb/IIIa pathway, the collagen-induced adhesion
is mainly driven by collagen receptor GPVI57 and GPIa/IIa. It remains a possibility that
multiple calpain- or Src/Syk-independent pathway(s) may contribute to the platelet
adhesion phenotype as described in this study (Figure 3.5). For example, activation of
GPVI with collagen stimulates PLCγ2, followed by the activation of mitogen-activated
kinase (MAPK) that leads to TxA2 generation, granule secretion, and integrin
activation.58,59,60 Therefore, future work is needed to investigate if there was any other
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Src/Syk- or calpain-independent pathway involved. Moreover, evidence indicates that
Src/Syk-independent stimuli such as high shear stress can initiate platelet aggregation
and pro-coagulant microparticle formation,61 which potentially can increase thrombus
formation. Further work on the relationship between shear rate and MNS/MDL 28170
treatment is required. One final explanation is the presence of vWf in collagen.
Subendothelial collagen is tightly bound to vWf and evidence of vWf contamination in
commercially obtained collagen has been demonstrated using anti-vWf antibodies.
Therefore, to exclude a potential role for GPIb-V-IX in this process it may be necessary to
pre-treat the collagen matrix with anti-vWf prior to flow assays.
Prevention of acute thrombosis is critical; however, complete abrogation of platelet
function such as binding to subendothelial matrix can lead to pathological bleeding. This
conundrum continues to fuel anti-platelet research that tries to reconcile these two
seemingly inseparable events. Importantly, evidence has shown that treating mouse
platelets with MDL 28170 resulted in increased spreading,19 which is inconsistent with the
spreading data on human platelets. A surprising but previously reported difference
between mouse and human platelets is a differing response to calpain inhibition in terms
of spreading on fibrinogen.20,41 However, treatment of human platelets with calpain and
Src/Syk inhibitors did increase adhesion under arterial shear conditions, which is
consistent with mouse platelets having decreased in vivo thrombosis but no increase in
bleeding time. Therefore, while Src/Syk and calpain inhibition have differing effects on
spreading, there may be a shared mechanism between mouse and human platelets that
ultimately protects against thrombosis while permitting enough subendothelial matrix
adhesion to prevent pathological bleeding. Further investigation into the differing
molecular mechanisms between human and mouse platelets may be exploited using
calpain and/or Src/Syk inhibitors to develop safer treatments for cardiovascular disease.
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In conclusion, our findings demonstrate that tyrosine kinases Src and Syk and the
cysteine protease calpain may play a functional role in mediating platelet aggregation and
fibrinogen-induced spreading by acting in a parallel pathway. Although the precise
mechanism that Src/Syk and calpain utilize to modulate static platelet adhesion and/or
adhesion and thrombus formation under flow condition is not yet known, combination
treatment with MNS and MDL 28170 may offer a mode of new potent anti-platelet strategy.
This novel approach may replace the often poor-efficacy of anti-platelet drugs causing
excessive bleeding and lead to development of improved antithrombotic therapies.
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