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1 Platelet–leukocyte aggregation (PLA) links haemostasis to inflammation. The role of nitric oxide
(NO) and matrix metalloproteinases (MMP-1, -2, -3, -9) in PLA regulation was studied.

2 Homologous human platelet–leukocyte suspensions were stimulated with thrombin (0.1–3 nM) and
other proteinase activated receptor-activating peptides (PAR-AP), including PAR1AP (0.5–10 mM),
PAR4AP (10–70mM), and thrombin receptor-activating peptide (1–35 mM).
3 PLA was studied using light aggregometry with simultaneous measurement of oxygen-derived free
radicals, dual colour flow cytometry, and phase-contrast microscopy.

4 The release of NO was measured using a porphyrinic nanosensor, while MMPs were investigated
by Western blot, substrate degradation assays, immunofluorescence microscopy, and flow cytometry.
The levels of P-selectin and microparticles (MP) in PLA were measured by flow cytometry.

5 PLA was also characterized using pharmacological agents: S-nitroso-glutathione (GSNO, 0.01–
10 mM), 1H-Oxadiazole quinoxalin-1-one (ODQ, 1mM), NG-L-nitro-L-arginine methyl ester (L-NAME,
100 mM) and compounds that modulate the actions of MMPs such as phenanthroline (100 mM),
monoclonal anti-MMP antibodies, and purified MMPs.

6 PAR agonists concentration-dependently induced PLA, an effect associated with the release of
microparticles (MP) and the translocation of P-selectin to the platelet surface.

7 NO and radicals were also released during PLA. Inhibition of NO bioactivity by the concomitant
release of free radicals or by the treatment with L-NAME or ODQ stimulated PLA, while
pharmacological administration of GSNO decreased PLA.

8 PAR agonist-induced PLA resulted in the liberation of MMP-1, -2, -3, and -9.

9 During PLA, MMPs were present on the cell surface, as shown by flow cytometry and
immunofluorescence.

10 PLA led to the activation of latent MMPs to active MMPs, as shown by Western blot and
substrate degradation assays.

11 Inhibition of MMPs actions by phenanthroline and by the antibodies attenuated PLA. In
contrast, purified active, but not latent, MMPs amplified thrombin-induced PLA.

12 It is concluded that NO and MMP-1, -2, -3, and -9 play an important role in regulation of PAR
agonist-induced PLA.
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Introduction

Platelet–leukocyte aggregation (PLA), an integral component

of interactions between platelets and leukocytes, is a part of

normal haemostasis beneficial to wound healing and clotting.

PLA is also essential for leukocyte recruitment, an important

stage of inflammatory and immune reactions (Granger &

Kubes, 1994). However, increased PLA is evidenced in the

circulation of patients with acute coronary syndromes and

cardiopulmonary bypass (Klinger & Jelkmann, 2002). More-

over, PLA plays an important role in the development of

atherosclerotic lesions in mice deficient in apolipoprotein E

(Huo et al., 2003).

The initial heterotypic platelet–leukocyte contact is

mediated by P-selectin, a protein of the a granule membrane
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of resting platelets, which is rapidly translocated to the surface

during platelet activation (Larsen et al., 1989; Moore, 1998). In

addition to P-selectin, platelets contribute to PLA by releasing

microparticles (MPs). Microparticles, vesicles derived from

platelet plasma membrane, express platelet-specific receptors

GPIIb/IIIa, GPIb/IX/V and P-selectin, and support platelet

aggregation and PLA (Pasquet et al., 1996; Merten et al., 1999;

Forlow et al., 2000).

In the present study, we investigated PLA that was

stimulated with proteinase activated receptor (PAR) agonists.

One of the well-known PAR agonists is thrombin, which is

a multifunctional serine proteinase generated during blood

coagulation. Thrombin interacts with cells via a specific

proteolysis of the extracellular NH2-terminal of PARs, which

leads to exposure of a new tethered ligand, binding intramo-

lecularly to the receptor and initiating signal transduction (Lau

et al., 1994). Two of the four PARs, PAR1 and PAR4, have

been identified in human platelets and are responsible for

thrombin-induced platelet activation (Kahn et al., 1999).

Specific PAR-activating peptides (PAR-APs) have been

designed to study thrombin-induced cell activation. These

peptides mimic the tethered ligands, activating receptors

without proteolysis, and they have been used as selective

pharmacological probes of PAR functions (Vassallo et al.,

1992; Chung et al., 2002).

Stimulation of human platelets with PAR agonists results in

the release of mediators of aggregation including matrix

metalloproteinases (MMPs) (Chung et al., 2002). MMPs

comprise a family of zinc-dependent endopeptidases, exhibit-

ing differential proteolytic activity against various proteins

of the extracellular matrix (Woessner, 1999). Recently, five

MMPs including MMP-1, -2, -3, -9 and -14 have been

identified in human, porcine, rat and mouse platelets (Sawicki

et al., 1997; 1998; Fernandez-Patron et al., 1999a; Kazes et al.,

2000; Martinez-Cuesta et al., 2001; Radomski et al., 2001; Galt

et al., 2002; Jurasz et al., 2002; Jayachandran et al., 2003;

Alonso-Escolano et al., 2004). The experiments using inhibi-

tors, as well as purified MMP-1 and -2, have shown that these

enzymes may prime platelets for adhesion and aggregation

(Sawicki et al., 1997; 1998; Martinez-Cuesta et al., 2001;

Radomski et al., 2001; Galt et al., 2002; Jurasz et al., 2002).

Moreover, MMP-2 and -14 are mediators of tumour cell-

induced platelet aggregation that plays an important role in

the haematogenous dissemination of cancer (Jurasz et al.,

2001; Alonso-Escolano et al., 2004). In contrast, MMP-9,

which is expressed in platelets in lower amounts than MMP-1

or -2 (Fernandez-Patron et al., 1999a), counteracts the platelet-

aggregatory effects of MMP-2 and inhibits aggregation, while

MMP-3 is devoid of significant effects on aggregation (Galt

et al., 2002). Interestingly, the release and actions of platelet

MMPs are regulated by nitric oxide (NO) (Sawicki et al., 1997;

Martinez-Cuesta et al., 2001).

MMPs are also expressed by human leukocytes (Bar-Or

et al., 2003). In contrast to platelets where MMPs appear not

to be associated with granules (Sawicki et al., 1998), human

granulocytes contain specific gelatinase granules (Borregaard

& Cowland, 1997) that release MMPs such as MMP-9 upon

stimulation with endotoxin and proinflammatory cytokines

(Van den Steen et al., 2000; 2003; Albert et al., 2003). MMPs

play an important role in migration of immune cells to sites of

inflammation by degrading basement membranes and extra-

cellular matrix components. In addition, MMPs are involved

in regulation of chemokine and cytokine activities through

proteolytic cleavage of these proteins (McQuibban et al.,

2000b; Van den Steen et al., 2000; 2003; Opdenakker et al.,

2001).

The objectives of this investigation were: (1) to characterize

an in vitro model of human PLA induced by thrombin, TRAP,

PAR1AP and PAR4AP, and (2) to study the effects of NO and

MMPs on PAR agonist-induced PLA.

Methods

Platelet and leukocyte suspensions

The study was approved by the Ethics Committee of the

Faculty of Medicine and Dentistry at the University of Alberta

and the Committee for the Protection of Human Subjects at

the University of Texas-Houston. Homologous (from the same

donor) suspensions of platelets and leukocytes were prepared

from citrated whole blood collected from healthy volunteers,

who had not taken any drugs known to affect platelet and

leukocyte functions for 2 weeks prior to the study. Washed

platelets were isolated by differential centrifugation and

resuspended in Tyrode’s solution (2.5� 108 plateletsml�1),
as previously described (Radomski & Moncada, 1983).

Homologous mixed, polymorphonuclear and mononuclear

leukocytes were isolated using a Lympholytes-polygradient

separating medium (Cedarlanes Laboratories, Hornby, ON,

Canada). Briefly, blood layered over medium was centrifuged

at 500 g for 30min at room temperature. The medium allows

separation of mononuclear from polymorphonuclear leuko-

cytes. Both mononuclear and polymorphonuclear cells were

harvested, centrifuged at 250� g for 10min at room tempera-

ture and resuspended in phosphate-buffered saline at a

concentration of 5� 107 cells ml�1. Erythrocyte contamination
was less than 5% of the total cell number.

Lumi-aggregometry

Platelets and leukocytes were coincubated, in the ratio

indicated in each experiment, in a whole-blood ionized calcium

lumi-aggregometer (Chronolog, Havertown, PA, U.S.A.) at

371C for 2min. The platelet number remained constant in all

experiments. PLA was initiated by the addition of PAR

agonists and monitored by Aggro-Link software for at least

9min. For experiments using pharmacological inhibitors

or purified human MMP proteins, PLA was initiated after

1–2min of preincubation with these compounds. Monoclonal

antibodies against MMPs were preincubated for 20min prior

to addition of PAR agonists. In some experiments, the

simultaneous PLA generation of oxygen-derived radicals was

measured by luminol (50 mM)-enhanced chemiluminescence

and expressed as % luminescence (Freedman & Keaney, 1999).

Porphyrinic nanosensor

The release of NO during PLA was measured by a porphyrinic

nanosensor (diameter 0.5mm) (Malinski & Taha, 1992;

Malinski & Czuchajowski, 1996). The sensor was placed in

the platelet–leukocyte suspensions with the help of a micro-

manipulator. The response current (analytical signal) was

measured in amperometric mode at 0.68V versus silver/silver
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chloride electrode (SSCE) or in differential pulse voltammetry

mode (potential scan 0.45–0.72V versus SSCE) using

GAMRY (GAMRY Institutes, Pennsylvania, PN, U.S.A.)

voltammetric analyzer and software. The sensor was calibrated

using saturated aqueous solution of NO (1.72mM).

Flow cytometry

PLA was also quantified by dual colour flow cytometry

(Becton Dickinson, Franklin Lakes, NJ, U.S.A). The samples

collected after aggregation were incubated for 15min in the

dark with saturating concentrations CD45-FITC and CD62P-

PE to label leukocytes and platelets, respectively. Samples were

diluted in FACS Flow fluid and analyzed immediately (within

10min of incubation) by gating leukocytes, based on their

FITC-CD45 fluorescence and light scatter profile, and

quantifying the platelet fluorescent signal associated with

leukocytes. Formation of PLA was expressed as the % of

leukocytes exhibiting platelet CD62P-PE fluorescence in the

total counted events.

For the measurement of microparticles, the samples of PAR

agonist-stimulated platelets were incubated with PE-labelled

monoclonal antibodies against human glycoprotein (GP)Ib

(CD42-PE, DAKO Diagnostics Canada Inc.). Microparticle

population was distinguished and gated by the forward scatter

cutoff that was set to the immediate left of the single intact

platelet population of an unstimulated sample. Microparticles

were reported as the % of PE-positive cells in the gated region

of the total counted events.

In order to analyze P-selectin on the surface of individual

platelets and to minimize platelet aggregation that likely

interferes with the binding of antibodies, no stirring or

vortexing steps were used. Platelet samples were first activated

with PAR agonists for 10min, and then diluted 10 times with

physiological saline. In some experiments, platelets were

preincubated with inhibitors for 1–2min prior to the addition

of agonists. Platelet samples were then incubated for 15min in

the dark without stirring at room temperature in the presence

of saturating concentrations of PE-labeled anti-P-selectin-

specific monoclonal antibodies (CD62P-PE, Becton Dickin-

son). In the flow cytometry analysis, a two-dimensional

analysis gate of forward and side light scatter was drawn to

include single platelets and exclude platelet aggregates and

microparticles. The quantification of P-selectin was expressed

as the mean fluorescence intensity (MFI) on a fluorescence

histogram of the gated platelet population.

For each sample measured using flow cytometry, 10,000

events were acquired and the fluorescence was expressed using

a logarithmic scale.

Membrane surface MMP-1, -2, -3 and -9 in resting and

thrombin (1 nM)-activated platelet–leukocyte suspensions was

analyzed by flow cytometry as described by Kazes et al. (2000).

Briefly, the MMP immunoreactivity was probed with the use

of human monoclonal antibodies against MMPs as the

primary antibodies, and FITC-conjugated goat anti-mouse Ig

specific polyclonal antibody (Becton Dickinson) as the

secondary antibodies.

Phase-contrast and immunofluorescence microscopy

PLA was induced with thrombin (1 nM) and the reaction was

terminated at 20% of maximal aggregation, as determined

using the aggregometer. The samples were fixed by adding an

equal volume of 4% formaldehyde in Tyrode’s buffer, and

then incubated for 30min at room temperature. The samples

were first viewed using phase-contrast Olympus CKX41

microscope (Olympus America Inc., Melville, NY, U.S.A.).

Cytospins were prepared by centrifuging 120ml of the different
cell suspensions onto a glass slide in a cytocentrifuge (AC-060,

Cytopro, Wescor Inc., Logan, Utah, U.S.A.) Slides were

allowed to air dry at room temperature and nonspecific

binding was blocked by incubation for 30min at room

temperature in Dulbecco’s PBS containing 10% BSA

(DPBS/BSA). Slides were incubated for 60min with either

anti-MMP-1 (5 mgml�1), anti-MMP-2 (20 mgml�1), anti-

MMP-3 (5 mgml�1) and anti-MMP-9 (10 mgml�1) antibodies
in blocking buffer (DPBS/BSA). IgG (10 mgml�1) was used as
isotype control. Following washing with DPBS/BSA, slides

were incubated with a 1 : 300 dilution of anti-mouse IgG

conjugated with FITC for 60min. Following washing with

PBS, the slides were mounted in SlowFade Light Antifade

solution (Molecular Probes, Eugene, OR, U.S.A.) and

examined using a Zeiss Axioplan 2 imaging microscope (Carl

Zeiss Microimaging Inc., Thornwood, NY, U.S.A.). The

immunofluorescence images were captured using AxioCam

MRm digital camera (Carl Zeiss Microimaging Inc.).

Western blotting

The presence of MMP-1-, MMP-2-, MMP-3- and MMP-9-

related immunoreactivity during PLA was measured as

described before (Sawicki et al., 1997; 1998; 2000; Fernan-

dez-Patron et al., 1999a; Mayers et al., 2001; Radomski et al.,

2002). Briefly, the pellets obtained from centrifugation

(10,000� g for 2min) of 1ml platelet–leukocyte incubate were
homogenized, sonicated and centrifuged (Radomski et al.,

2002), and the resultant supernatants (25 mg protein per lane)
were subjected to 12% SDS–PAGE. To study the MMP

immuoreactivity in the releasate from 1ml platelet–leukocyte

incubate stimulated with thrombin (1 nM), 10ml of releasate
was loaded per lane. Following electrophoresis and transfer,

the blots were probed with monoclonal antibodies reactive

against human MMPs (0.1–0.5 mgml�1). The MMP-1, -2, -3
and -9 immunoreactivity bands were revealed by means of

enhanced luminescence kit and quantified using a ChemiDoc

XRS system (Alonso-Escolano et al., 2004).

MMP substrate degradation assays

To quantify the enzymatic activities of MMP-1 and -3 released

during PLA, activity assay kits were purchased from

Chemicon and the measurements performed according to the

instructions provided by the manufacturer. Briefly, following

PLA, samples of platelet–leukocyte suspensions were centri-

fuged at 1000� g for 10min at room temperature and the

resultant supernatant stored at �801C until assayed for the

presence of MMP-1, -2, -3 and -9 activities. The activities of

MMP-1 and -3 were expressed as ng per mg of total protein in
the sample or normalized to the control level, respectively.

The gelatinolytic activities of MMP-2 and MMP-9 were

measured by zymography as previously described (Radomski

et al., 1998; Fernandez-Patron et al., 1999a; Jurasz et al., 2001;

Martinez-Cuesta et al., 2001; Albert et al., 2003; Cedro et al.,
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2003; Marcet-Palacios et al., 2003; Mayers et al., 2003;

Alonso-Escolano et al., 2004). Zymography was performed

by subjecting the releasates (10 ml per lane) to 8% SDS–PAGE

with copolymerized gelatin (2mgml�1; Sigma) as substrate.

After electrophoresis, the gels were washed with 2% Triton

X-100, and then incubated in incubation buffer (50mM

Tris-HCl buffer with 0.15M NaCl, 5mM CaCl2, and 0.05%

NaN3, pH 7.5) at 371C until the activities of the enzymes could

be determined. After incubation, the gels were stained with

0.05% Coomassie brilliant blue G-250 (Sigma) in a mixture of

methanol : acetic acid : water (2.5 : 1 : 6.5) and destained in 4%

methanol with 8% acetic acid. The gelatinolytic activities were

detected as transparent bands against the background of

Coomassie brilliant blue-stained gelatin. The MMP-2 and

MMP-9 activities were then quantified using a ChemiDoc

XRS system (Alonso-Escolano et al., 2004).

Reagents, peptides, antibodies and purified proteinases

Apyrase, S-nitroso-glutathione (GSNO), aspirin, luminol

and NG-L-nitro-L-arginine methyl ester (L-NAME) were pur-

chased from Sigma Chemical Co. (Oakville, ON, Canada).

1H-Oxadiazole quinoxalin-1-one (ODQ) was from Tocris

Cookson Ltd (Ellisvile, MO, U.S.A.). All other reagents were

analytical grade.

TRAP (thrombin receptor-activating peptide, Ser-Phe-Leu-

Leu-Arg-Asn-Pro-Asn-Asp-Lys-Tyr-Glu-Pro-Phe-amide) was

purchased from Sigma. PAR1AP (Thr-Phe-Leu-Leu-Arg-

amide) and PAR4AP (Ala-Tyr-Pro-Gly-Lys-Phe-amide)

(Chung et al., 2002) were synthesized by the Alberta Peptide

Institute (University of Alberta, Edmonton, AB, Canada). The

purity (495% by HPLC) and composition of peptides were

verified by mass spectrometry and the concentrations of stock

solutions dissolved in 25mM HEPES buffer were measured by

quantitative amino-acid analysis. P-selectin antagonist, g-
aminobutyric-WVDW (Appeldoorn et al., 2003), was pur-

chased form Calbiochem (San Diego, CA, U.S.A.).

To study MMPs the following monoclonal antibodies were

used: anti-MMP-1, -3 and -9 were purchased from Oncogene

Research Products (San Diego, CA, U.S.A.) and anti-MMP-2

was from Chemicon International, (Temecula, CA, U.S.A.).

Fluorescein-isothiocyanate (FITC)-conjugated anti-CD45

monoclonal antibodies directed against human leukocyte

common antigen (CD45-FITC) were from Becton Dickinson,

Franklin Lakes, NJ, U.S.A., while phycoerythrin (PE)-

conjugated monoclonal antibodies against CD62P (P-selectin,

CD62P-PE) and glycoprotein (GP)Ib (CD42-PE) were from

DAKO Diagnostics Canada Inc., Mississauga, ON, Canada.

Thrombin was obtained from Chronolog (Havertown, PA,

U.S.A.).

Purified MMP-1, -2, -3 and -9 were from Chemicon. Purified

MMP-2 and MMP-3 are supplied as a mixture of zymogen and

active enzyme, while MMP-1 and -9 preparations contain

mainly zymogens. 4-Aminophenylmercuric acetate (APMA,

0.1mM) was used to activate MMPs (Sawicki et al., 1997). The

enzymes were activated by incubation with APMA for 1 h at

371C. Under these conditions, 485% of latent MMP-2 and

MMP-9 was activated, as measured by zymography. The

concentration of APMA present in platelet–leukocyte incu-

bates did not affect thrombin-induced PLA (P40.05, n¼ 3).
In all experiments using antibodies IgG (Chemicon) was used

as isotype control.

Statistics

The results are expressed as mean7s.e.m. of at least three

independent experiments. Data were analyzed using one-way

analysis of variance (GraphPad Prism, San Diego, CA,

U.S.A.). Tukey–Kramer multiple comparisons test and Stu-

dent’s t-tests were performed, where appropriate. Statistical

significance was considered when Po0.05.

Results

NO and PAR agonist-induced PLA

Figure 1a shows the effects of leukocytes on platelet

aggregation induced by thrombin, as measured by lumi

aggregometry. Only viable, but not fixed with 4% glutaralde-

hyde (data not shown), leukocytes exerted biphasic effects on

platelet aggregation and the release of oxygen-derived reactive

species. At high platelet : leukocyte ratios (60 : 1 and 100 : 1),

leukocytes enhanced platelet aggregation and the correspond-

ing release of reactive species; while at the lowest ratio (5 : 1),

they suppressed aggregation and free radical release. These

biphasic effects of mixed (mononuclear and polymorpho-

nuclear) leukocytes were not detected when mononuclear

leukocytes were used. Indeed, lower numbers of mononuclear

leukocytes (60 : 1 and 100 : 1) only slightly potentiated throm-

bin-induced platelet aggregation (5þ 2%, n¼ 3), while higher
numbers did not affect aggregation (P40.05, n¼ 3). The
results described below were obtained with mixed leukocyte

suspensions.

Figure 1 Biphasic effects of leukocytes on platelet aggregation and
free radicals, and NO release. (a) Platelets and leukocytes were
coincubated (from 300 : 1 to 5 : 1), and the EC50 of thrombin (0.3 nM)
was added to initiate aggregation (open bar) and generation of
oxygen-derived free radicals (closed bar). Data are mean7s.e.m.,
n¼ 8. (b) A biphasic effect of leukocytes on the release of NO during
PLA induced by thrombin (0.3 nM). Data are mean 7s.e.m., n¼ 3.
*Po0.05 platelet–leukocyte suspensions versus platelets.
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The effects of leukocytes on the release of NO were also

biphasic. The concentration of NO in thrombin-stimulated

platelets was 85710 nM (Figure 1b). At a ratio of 300 : 1, the

NO concentration decreased about 50% and reached a

minimum of 3074 nM at a ratio of 100 : 1. However, at a

ratio of 60 : 1 and higher the exponential increase in NO

concentrations was observed. The highest NO concentration of

256715 nM was measured at a ratio of 5 : 1.

The addition of ODQ (1 mM), a selective inhibitor of the
soluble guanylyl cyclase (Moro et al., 1996), completely

reversed inhibition of PLA by leukocytes at a ratio of 30 : 1

(n¼ 5), but only partially (48712%, n¼ 5) at a ratio of 5 : 1. In
contrast, the inhibitory effect of leukocytes at a ratio of 5 : 1 on

PLA was completely reversed by L-NAME (100 mM, n¼ 3). In
contrast to ODQ and L-NAME, an NO donor, GSNO (0.01–

10 mM) (Radomski et al., 1992), inhibited PLA in a concentra-

tion-dependent manner. Similar results were obtained with

TRAP, PAR1AP and PAR4AP (data not shown).

Ratio 60 : 1 was used in all subsequent experiments. Figure

2a–c shows that thrombin induced PLA as measured by flow

cytometry and phase-contrast microscopy. Concentration–

response curves were also obtained for other PAR agonists

(PAR1AP¼ 0.5–10 mM; TRAP¼ 1–35 mM; PAR4AP¼
10–70 mM; n¼ 5). PLA was inhibited by a P-selectin antagonist,

g-aminobutyric-WVDW (0.05–5.0 mM) with the maximal effect
of 75718%, mean7s.e.m., n¼ 3.
The effects of PAR agonists on PLA were also associated

with the release of MPs (15- to 28-fold increase, n¼ 5).

MMP and PAR agonist-induced PLA

Figure 3 shows the effects of aspirin (cyclooxygenase

inhibitor), apyrase (ADP scavenger) and phenanthroline

(MMP inhibitor) on PAR agonist-induced PLA, as measured

by flow cytometry. All three inhibitors reduced PAR agonist-

induced PLA, phenanthroline being the most effective. Similar

results were obtained using aggregometry (data not shown).

MMPs that were released during PLA were characterized

using Western blotting, enzyme activity assays, immunofluor-

escence microscopy and flow cytometry.

Western blot analysis showed that both latent and active

MMPs were present in resting platelet–leukocyte pellets

(Figure 4). In these pellets, the ratio between pro and active

MMP was 1.670.2, 1.870.4, 1.470.3 and 2.270.2

(mean7s.e.m., n¼ 3–5) for MMP-1, -2, -3 and -9, respectively.
Thrombin resulted in a significant (Po0.05) decrease

(0.770.1, 0.970.2; 0.570.1, 1.170.2, respectively) in the

ratios between pro and active MMPs in platelet–leukocyte

pellets indicating MMP activation. In the absence of thrombin,

little or no MMP-related immunoreactivity could be detected

in platelet–leukocyte releasates. Thrombin-induced PLA led to

a significant increase in the levels of active MMPs in the

releasate (Figure 4).

Thrombin-induced PLA also resulted in increased activity of

active MMPs in the releasate, as shown using substrate

degradation assays for MMP-1, -2, -3 and -9 (Figure 5).

The presence of these MMPs during thrombin-induced PLA

was also detected by immunofluorescence microscopy. The

images presented in Figure 6a show that MMP-1, -2, -3 and -9

were associated with the surface of platelet–leukocyte aggre-

gates.

Finally, membrane expression of these MMPs during

thrombin-induced PLA was further confirmed using flow

cytometry. Indeed, Figure 6b shows that stimulation of

platelet–leukocyte incubates with thrombin resulted in in-

creased MMP-1, -2, -3 and -9-related fluorescence on the

surface of platelet–leukocyte aggregates.

Figure 7a–c shows that monoclonal antibodies against

MMP-1, -2 and -3 inhibited PLA in a concentration-dependent

manner, as measured by aggregometry. Moreover, these

antibodies decreased thrombin-induced PLA, as measured by

flow cytometry with IC50s of 0.2570.09, 0.3170.12 and

0.3670.07mgml�1 (n¼ 3), for MMP-1, -2 and -3, respectively.
The anti-MMP-9 antibody regulated PLA biphasically,

as measured by aggregometry: at lower concentrations

(0.5–1 mgml�1) PLA was potentiated (3–12%), while at higher

concentrations (5–10mgml�1) PLA was inhibited by this

Figure 2 Thrombin-induced PLA, as measured by flow cytometry
and observed using phase-contrast microscopy. (a) Representative
flow cytometry recordings. Scatter plots (left panels) showing the
light scattering properties of total 10 000 events of an unstimulated
sample and thrombin (1 nM)-stimulated sample. The population of
PLA is distinguished and gated by the forward scatter cutoff that is
set to the immediate right of the individual platelet population of an
unstimulated sample. With the use of PE-labeled anti-CD62P and
FITC-labeled anti-CD45 antibodies, the corresponding two-para-
meter scatter plots (right panels) show the percent of PLA, positive
in both PE- and FITC-fluorescence, in the 10,000 counted events.
(b) The statistical analysis of thrombin-induced PLA. Data are
mean7s.e.m. (n¼ 5). (c) PLA as viewed using phase-contrast
microscopy. (P) Resting platelets; (L) Resting leukocytes; (P–L)
platelet–leukocyte suspension; and (PLA) Thrombin (1 nM)-induced
PLA. Scale bar: 20 mm.
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treatment (Figure 7d). The biphasic effect of anti-MMP-9

antibody was not detected when PLA was measured by flow

cytometry. The antibody (0.5–10 mgml�1) inhibited PLA in a

concentration-dependent manner with the maximal effect of

65718%, mean7s.e.m., n¼ 3).
Figure 8 shows that purified MMP-2 and MMP-3 (supplied

by the manufacturer as a mixture of latent and activated

enzyme) (a), as well as APMA-activated MMP-1, -2, -3 and -9

(b) all potentiated PLA induced by subthreshold concentra-

tions of thrombin. In contrast, pro-MMP-1 and pro-MMP-9

exerted no significant effect on PLA (P40.05, n¼ 3).

Discussion and conclusions

PAR agonist-induced PLA and its inhibition by NO

A model of PAR agonist-induced human PLA was character-

ized. We used PAR agonists with different pharmacological

profile to investigate PAR-induced PLA including thrombin

(nonselective PAR agonist with proteolytic activity), thrombin

receptor-activating peptide (TRAP, a nonselective PAR

agonist without any proteolytic activity), PAR1AP (a selective

PAR1 agonist) and PAR4AP (a selective PAR4 agonist).

Interestingly, thrombin activates both platelet (PAR1 and

PAR4) and leukocyte (PAR1, PAR2 and PAR4) receptors

(Kahn et al., 1999; Macfarlane et al., 2001).

At physiological concentrations of platelets and leukocytes,

mixed (polymorphonuclear and mononuclear) leukocytes

potentiated PAR agonist-induced aggregation, while higher

(inflammation-mimicking) concentrations of leukocytes inhib-

ited PAR agonist-induced PLA and the associated free radical

release. Similar relationships were not observed with mono-

nuclear leukocytes, indicating that these cells do not play a

major role in PAR agonist-induced PLA. Since both platelets

(Radomski et al., 1990a, 1990b; Malinski et al., 1993) and

neutrophils (McCall et al., 1989) have the capacity to release

NO, we measured the release of NO during PLA using a

selective porphyrinic nanosensor. In the absence of leukocytes,

platelets aggregated by the EC50 concentrations of thrombin

generated NO that attenuated aggregation. However, in the

presence of low concentrations of leukocytes, the concomitant

increase in the levels of oxygen-derived free radicals (as

measured by chemiluminescence) could reduce the bioactivity

of NO. Indeed, the interactions between NO and radicals such

as O2
� are likely to account for a decrease in NO bioactivity on

platelets (Radomski et al., 1987b; McCall et al., 1989), leading

to increased PLA. Interestingly, PLA is associated with

generation of hydrogen peroxide formed by dismutation of

O2
� (Nagata et al., 1993). However, at high leukocyte

concentrations, the high production of NO (most likely from

leukocytes) not only scavenged O2
� and diminished its

concentration but also was sufficient to inhibit PLA.

The inhibitory effect of leukocytes (at a ratio of 30 : 1) on

PLA was reversed by ODQ, an inhibitor of soluble guanylyl

cyclase (Garthwaite et al., 1995; Moro et al., 1996), suggesting

the involvement of cyclic GMP pathway in this inhibition.

However, the inhibitory effects of large amounts of NO

released by higher concentrations of leukocytes could only be

reversed by L-NAME implicating cyclic GMP-independent

mechanisms in this effect of NO. Furthermore, GSNO, an NO

donor effectively inhibited PAR agonist-stimulated PLA.

Thus, similar to platelet aggregation (Radomski et al.,

1987a, b), NO is a major inhibitory mediator of PLA.

PLA was further detected using phase contrast microscopy

and quantified by flow cytometry. The use of flow cytometry

complemented aggregometry, as the latter method measures

larger cell aggregates than the former method. Furthermore,

flow cytometry enabled us a more selective measurement of

platelet–leukocyte aggregates. In flow cytometry experiments,

platelet–leukocyte aggregates were identified by the size and

the double labelling using antibodies directed against common

leukocyte antigen and P-selectin. Using this experimental

approach we found that PAR agonists increased PLA, to a

similar extent, in a concentration-dependent manner.

As expected, we found that MPs and P-selectin play an

important role in PAR agonist-stimulated PLA. Although

MPs are substantially smaller than the intact platelets, they

participate in cell–cell interactions, involving platelets, leuko-

cytes and endothelium (Merten et al., 1999; Forlow et al.,

2000). P-selectin mediates neutrophil recruitment to sites of

platelet deposition (Granger & Kubes, 1994; Konstantopoulos

et al., 1998). We showed that g-aminobutyric-WVDW, a P-
selectin antagonist (Appeldoorn et al., 2003), inhibited PLA

indicating that this receptor plays a critical role in PAR

agonist-stimulated PLA. Although selectins mediate initial

margination and rolling, activated b2-integrins are necessary
for stable adhesion and spreading of leukocytes on the

immobilized platelets (Diacovo et al., 1996; Kuijper et al.,

1996; 1998; Weber & Springer, 1997; Gahmberg et al., 1998;

Simon et al., 2000; Santoso et al., 2002).

Figure 3 Effects of aspirin, phenanthroline and apyrase on PLA, as
measured by flow cytometry. PLA was stimulated by EC50s of PAR
agonists in the presence of aspirin (ASA, 300mM), phenanthroline
(Phen, 100 mM) or apyrase (Apy, 300 mgml�1). Data are mean7
s.e.m., n¼ 5–9, *Po0.05 treatments versus PAR agonist control,
#Po0.05 ASA and Apy versus Phen.
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Stimulation of PAR agonist-induced PLA by MMPs

We have previously shown that PAR agonist-induced aggrega-

tion of human platelets depends upon stimulation of throm-

boxane A2 (TXA2)-, MMP- and ADP-dependent pathways of

aggregation (Chung et al., 2002). Therefore, we used respective

inhibitors of these pathways including aspirin (cyclooxygenase

inhibitor), phenanthroline (MMP inhibitor) and apyrase (ADP

scavenger) (Sawicki et al., 1997; Jurasz et al., 2001; Radomski

et al., 2001; Chung et al., 2002) to study PAR agonist-induced

PLA. The experiments using light aggregometry and flow

cytometry showed that although all three inhibitors differen-

tially reduced PLA, phenanthroline was consistently the most

effective pharmacological agent to inhibit PLA induced by all

PAR agonists. Therefore, we investigated the role of MMPs in

PLA. Since platelets and leukocytes are known to express

MMPs including MMP-1, -2, -3 and -9 (Sawicki et al., 1997;

1998; Fernandez-Patron et al., 1999a; Pei, 1999; Kazes et al.,

2000; Jurasz et al., 2001; 2002; Martinez-Cuesta et al., 2001;

Opdenakker et al., 2001; Radomski et al., 2001; Galt et al.,

2002; Bar-Or et al., 2003; Jayachandran et al., 2003), we

focused on these enzymes as potential mediators of PLA.

Studies using immunoblot showed that these MMPs are

present in resting platelet–leukocyte suspensions. Stimulation

of these incubates with thrombin led to the activation and

liberation of MMPs to the releasate. This translocation was

associated with increased enzyme activities in the releasate.

The immunofluorescence and flow cytometry data provided

strong evidence for the presence of MMPs on the surface of

PLA. Most MMPs are synthesized and released into the

extracellular space as proenzymes, which are bound to specific

(tissue inhibitors of metalloproteinases) or nonspecific

(a2-macroglobulin) inhibitors and remain latent until acti-

vated. We suggest that PAR agonists induce the translocation

of pro-MMPs (either from platelets or leukocytes) to the

surface of PLA where these proteinases are activated.

Once released during PAR stimulation, platelet–leukocyte

MMPs appear to stimulate PLA. The inhibitory effects of

monoclonal antibodies against MMP-1, -2 and -3 further

support the proaggregatory roles of these MMPs. This is

consistent with the known stimulatory roles of MMP-1 and -2

in platelet adhesion and aggregation (Sawicki et al., 1997;

1998; Fernandez-Patron et al., 1999a; Kazes et al., 2000;

Radomski et al., 2001; Galt et al., 2002; Jurasz et al., 2002;

Figure 4 Western blot analysis of MMPs in platelet–leukocyte incubates. The presence of MMP-1 (a), MMP-2 (b), MMP-3 (c) and
MMP-9 (d) was probed in the pellets (Resting Pellet) and releasates (Resting Releasate) of resting platelet–leukocyte incubates.
Thrombin Releasate: the presence of MMPs in platelet–leukocyte releasates stimulated with thrombin (0.5 nM). Data are
mean7s.e.m., n¼ 3–5. Insets: representative immunoblots showing the MMP-related immunoreactivity. *Po0.05 Thrombin
Releasate versus Resting Releasate.
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Jayachandran et al., 2003). In contrast, MMP-9 acts as an

inhibitor of platelet aggregation (Fernandez-Patron et al.,

1999a). Using aggregometry we found that anti-MMP-9

antibodies exerted biphasic (stimulator at low and inhibitor

at high concentrations) effects on PLA. The stimulator effect

most likely reflects an increase in platelet aggregation caused

by anti-MMP-9 antibodies because this enhancement could

not be detected by flow cytometry that selectively measures

platelet–leukocyte aggregates. This is consistent with the

notion that MMP-9 acts as an inhibitor of platelet aggregation

(Fernandez-Patron et al., 1999a). The pharmacological experi-

ments exploring the effects of monoclonal antibodies against

MMP-1, -2 and -3 on PLA showed that each of the antibodies

on its own resulted in a robust (60–75%) inhibition of

aggregation. The experiments with phenanthroline also suggest

that the maximal level of inhibition of PLA is approximately

75%. It is unlikely that the antibodies used in these

experiments exerted nonspecific effects on PLA since this

possibility was ruled out in control experiments using isotype-

specific IgG. Moreover, we have no evidence for reciprocal

crossreactivity of monoclonal anti-MMP-1, -2, -3 and -9

antibodies. Therefore, we suggest that the interactions between

these four MMPs regulate PLA. In addition to MMPs, some

other factors that are generated by activated leukocytes can

also participate in PLA regulation. These include platelet

activating factor, and/or other than MMPs leukocyte granule

proteinases such as cathepsin G and elastase (Del-Maschio

et al., 1990).

To further probe the effects of MMPs on PLA we used

purified human MMP-1, -2, -3 and -9. As with platelet

aggregation (Sawicki et al., 1997; Fernandez-Patron et al.,

1999a; Galt et al., 2002), incubation of purified MMPs with

platelet–leukocyte suspensions did not result in PLA. How-

ever, MMPs greatly potentiated the effects of subthreshold

concentrations of thrombin on PLA. The requirement for

priming platelet–leukocyte suspensions with PAR agonist in

order to reveal the effects of MMPs indicates that a cellular

target for the action of these enzymes is expressed upon cell

activation.

Figure 5 The activity of MMPs in platelet–leukocyte releasates.
PLA was induced by thrombin (0.5 nM) and the activities of MMP-1
(a), MMP-2 (b), MMP-3 (c) and MMP-9 (d) were measured in the
releasates of control (Control Releasate) and thrombin (Thrombin
Releasate)-stimulated platelet–leukocyte incubates. Insets: represen-
tative zymograms. Data are mean 7s.e.m., n¼ 4–6. *Po0.05
Thrombin Releasate versus Control Releasate.

Figure 6 Membrane expression of MMPs during thrombin-in-
duced PLA, as shown by immunofluorescence microscopy and flow
cytometry. (a) Immunofluorescence microscopy of MMPs in PLA.
Platelet–leukocyte aggregation was induced by thrombin (0.5 nM)
and the slides were first examined using phase-contrast microscopy
(PLA). The samples were then immunostained and viewed using
immunofluorescence microscope (MMP-1, -2, -3 and -9). C: IgG
control. Scale bars: 20 mm. (b) Flow cytometry of MMPs in PLA.
Resting or thrombin (0.5 nM)-stimulated platelet–leukocyte suspen-
sions were subjected to flow cytometry analysis using specific anti-
MMP-1, -2, -3, and -9 monoclonal antibodies. Data are mean7
s.e.m., n¼ 3. *Po0.05 thrombin-stimulated versus resting incubates.
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The mechanisms of MMP actions on PLA remain to be

elucidated. Since active, but not latent, enzymes exert their

effects on PLA it is likely that these actions are related to the

proteolytic properties of MMPs. MMPs hydrolyze Gly-Leu

and Gly-Ile bonds, thus degrading the extracellular matrix

component (ECM) such as collagen that contain these

domains (Lauer-Fields et al., 2000). In addition to the ECM,

MMPs can also cleave proteins such as big endothelin-1

(Fernandez-Patron et al., 1999b) and monocyte chemoattrac-

tant protein-3 (McQuibban et al., 2000a), resulting in protein

activation or degradation, respectively. The interactions of

MMPs with integrins have also been described. The associa-

tion of MMP-1 with a2b1 integrin confines this proteinase to
the points of cell contact with collagen, so that the ternary

complex of integrin, proteinase, and substrate function

together to regulate ECM degradation and migration (Stricker

et al., 2001). Strongin and co-workers showed that MT1-MMP

via interactions with avb3 integrin promotes MMP-2 matura-
tion (Deryugina et al., 2001) and enhances tyrosine phosphor-

ylation of focal adhesion kinase (Deryugina et al., 2002). Our

group has also shown that platelet receptors GPIb and GPIIb/

IIIa (Martinez-Cuesta et al., 2001; Radomski et al., 2001;

Alonso-Escolano et al., 2004) are likely to be upregulated by

the MT1-MMP/MMP-2 system. This upregulation leads to

increased binding of von Willebrand factor to platelets and

promotes their adhesion to the endothelium (Radomski et al.,

2001; Upadhya & Strasberg, 2002). Furthermore, platelet

MMPs proteolytically process GPIb during ageing leading to

platelet activation and injury (Bergemeier et al., 2003). In

addition, MMP-1 is known to stimulate tyrosine phosphoryla-

tion, thus promoting clustering of b1-integrins to focal

adhesion points (Galt et al., 2002). All these actions may

contribute to PLA-promoting effects of MMPs.

Finally, it is clear that the presence of leukocytes makes

PAR agonist-induced PLA qualitatively and quantitatively

different from PAR agonist-induced platelet aggregation. This

is evidenced by the following observations: (1) PAR agonist-

induced PLA is highly (60–75%) dependent on the release of

MMPs, while PAR agonist-induced platelet aggregation is

only partially (25–30%) dependent on the release of these

proteinases (Sawicki et al., 1997; Chung et al., 2002); (2)

PAR4AP-induced platelet aggregation is MMP-independent

(Chung et al., 2002), while PAR4AP-induced PLA is MMP-

dependent; (3) MMP-3, which does not exert a significant

effect on platelet aggregation (Galt et al., 2002), plays a role in

PLA; and (4) MMP-9 inhibits thrombin-induced platelet

aggregation (Fernandez-Patron et al., 1999a), but stimulates

thrombin-induced PLA.

We conclude that PAR agonists induce PLA and this

process is regulated by NO and MMPs.

This work was supported by grants from the Canadian Institutes
of Health Research (CIHR) and the University of Texas-Houston to
MWR. MWR was a CIHR scientist.

Figure 7 Effects of monoclonal antibodies against MMPs on PLA.
Platelet–leukocyte suspensions were preincubated with monoclonal
antibodies against (a) MMP-1, (b) MMP-2, (c) MMP-3, (d) MMP-9
or IgG control prior to thrombin stimulation (0.5 nM). Insets show
IC50 values. Data are mean7s.e.m., n¼ 6.

Figure 8 Effects of human purified MMPs on PLA stimulated with
thrombin. (a) Platelet–leukocyte suspensions were preincubated with
MMP-2 (1 mgml�1) or MMP-3 (2.6mgml�1) before stimulation with
a subthreshold concentration of thrombin (0.1 nM). Results are
representative of five independent experiments. (b) Concentration–
response curves showing potentiation of thrombin (0.1 nM)-stimu-
lated PLA by MMPs. Data are mean7s.e.m., n¼ 3–5.
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