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Activation of mouse protease-activated receptor-2
induces lymphocyte adhesion and generation
of reactive oxygen species
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Background and Purpose: Protease-activated receptor-2 (PAR-2) is expressed on lymphocytes and endothelial cells, and plays
a significant role in inflammatory reactions. Since leukocyte-endothelial cell interaction and reactive oxygen species (ROS)
generation are hallmarks of the development of inflammation, the effects of PAR-2 activation by trypsin on lymphocyte
adhesion and ROS generation was examined utilising PAR-2 wild type and knockout (PAR-2�/�) mice.
Experimental Approach: Lymphocyte adhesion to the luminal surface of mouse isolated aortae was measured using 51Cr-
labelled leukocytes and ROS generation from isolated lymphocytes was quantified using chemiluminescence.
Key results: Trypsin induced adhesion of lymphocytes when added exogenously to the endothelial surface of the aorta for
30 min. Similarly, increased lymphocyte adhesion was also observed when mice were injected with trypsin intravenously 24 h
prior to the adhesion assay, an effect which was partly ICAM-1 mediated. Trypsin also increased ROS generation from isolated
mouse lymphocytes in a dose-dependent manner. The increase in lymphocyte adhesion and ROS production in response to
trypsin were abolished in PAR-2�/� mice indicating a PAR-2 dependent mechanism. Superoxide dismutase had a greater
inhibitory effect in PAR-2�/� mice compared to wild type mice when lymphocytes were stimulated with PMA but not trypsin.
Conclusions and Implications: The present study indicates that activation of PAR-2 may be an important factor in modulating
lymphocyte adhesion and ROS generation. The results have implications for developing anti-inflammatory strategies.
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Introduction

Protease-activated receptors (PARs) belong to a novel emer-

ging family of cell surface, seven-transmembrane domain,

G-protein coupled receptors that are irreversibly activated by

serine proteases. Activation of the receptor is initiated by

proteolytic unmasking of the N-terminal sequence of the

receptor to expose a ‘tethered ligand’ that in turn binds

intramolecularly within the extracellular loop-2 of the

receptor. As a result, the receptor in the active conformation

interacts with the heterodimeric plasma membrane

G-proteins to transduce the intracellular signal (Vu et al.,

1991; Coughlin, 2000). PAR-2 was discovered initially by

reduced stringency cloning from a mouse genomic library.

Trypsin, being one of the endogenous activators for PAR-2,

cleaves the N-terminal extracellular domain at SKGR34/

S35LIG to generate a ‘tethered ligand’ protein sequence,

SLIGRL, to activate the receptor (Nystedt et al., 1994).

Functional PAR-2 is widely expressed on various immune

cells such as neutrophils (Howells et al., 1997), lymphocytes

(Mari et al., 1996), eosinophils (Miike et al., 2001; Bolton

et al., 2003) and monocytes (Colognato et al., 2003), as well as

the vascular endothelium and smooth muscle cells (D’Andrea

et al., 1998). Early studies showed that PAR-2 expression was

selectively upregulated by inflammatory mediators such as

tumour necrosis factor a (TNFa), interleukin-1a and bacterial

lipopolysaccharide (Nystedt et al., 1996). In addition, activa-

tion of PAR-2 results in various vascular and cellular events

associated with the cardinal signs of inflammation such as

vasorelaxation (Damiano et al., 1999), increased vascular

permeability (Kawabata et al., 1998), induced leucocyte

adhesion and infiltration (Vergnolle et al., 1999; Linder

et al., 2000) and pain (Dai et al., 2004).
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Lymphocytes, mainly cytotoxic T cells and natural killer T

cells, play an important role in the early inflammatory

response as well as the late adaptive immune response of

various vascular inflammatory diseases such as atherosclero-

sis (Hallenbeck et al., 2005) and ischaemia/reperfusion injury

(Varda-Bloom et al., 2000; Ysebaert et al., 2004). Lympho-

cyte–endothelial adhesive interactions are a fundamental

feature in the cascade of events that leads to inflammatory

responses. This process requires the expression of, and

interaction between, adhesion molecules on both lympho-

cytes and vascular endothelium and is influenced by various

factors including chemoattractants, cytokines, chemokines,

nitric oxide, leucotrienes and others. Activated lymphocytes

can further promote leucocyte infiltration, activate other

leucocyte subtypes and endothelial cells, and induce cellular

necrosis and apoptosis directly through the release of

various pro-inflammatory mediators such as reactive oxygen

species (ROS), cytokines, proteases, complement fragments

and others (Carlos and Harlan, 1994; Shresta et al., 1998;

Hallenbeck et al., 2005).

Although a growing body of literature implicates PAR-2 in

inflammation, there is little information on the function of

lymphocytes in adhesion and ROS generation and the effect

of PAR-2 activation on these processes.

Materials and methods

Animal sources

Experiments using animals were carried out in accordance

with the United Kingdom Home Office Guide on the

Operation of Animals (Scientific Procedures) Act 1986 under

project licence number 60/2095. Animals were allowed free

access to food and water and maintained on a 12 h light and

dark cycle. Homozygous PAR-2-deficient (PAR-2�/�) mice

and wild-type littermates (PAR-2þ /þ ) were generated as

described previously (Ferrell et al., 2003).

Lymphocyte isolation and characterization

Male/female mice (7–10 weeks, weighing 14–34 g) were killed

by carbon dioxide asphyxiation. Spleen lymphocytes were

isolated based on a published method (Klein et al., 2006).

Briefly, the spleen was removed and disrupted by rubbing

over a Nitex mesh (200 mm2 pore size) in 3 ml of medium

(Rosewell Park Memorial Institute (RPMI)-1640 (Dutch

Modification) containing 10% v/v Australia foetal bovine

serum). The cell suspension was filtered through a fresh piece

of Nitex mesh and centrifuged at 67 g for 10 min. The

resultant cell pellet was hypotonically lysed with distilled

water for 30 s to eliminate contaminating erythrocytes

before an equal volume of 1.8% sodium chloride was added

to restore isotonicity. The cell suspension was filtered

through a fresh piece of Nitex mesh and centrifuged at 67 g

for 10 min to yield a lymphocyte pellet, which was then

resuspended in medium. Cell viability was assessed by

Trypan blue exclusion and the concentration of lymphocytes

was quantified using a haemocytometer slide and the final

concentration was adjusted to 106 cells ml�1 with medium.

Spleen cell isolates were characterized in three separate

mice using flow cytometry (Kerkvliet and Brauner, 1990).

Briefly, cell suspensions were incubated with FcR blocking

buffer (anti-CD16/32 hybridoma supernatant, 10% mouse

serum and 0.1% azide) for 5 min at 41C to prevent binding

of antibody to cells via Fc regions. The cell suspensions were

then incubated with a mixture of cell lineage-specific

antibodies for 40 min at 41C. B lymphocytes were identified

using fluorescein isothiocyanate conjugated anti-CD45R/

B220 (clone RA3-6B2; BD Pharmingen, Oxford, UK), CD4þ

T lymphocytes using Peridinin chlorophyll protein-cyanin

5.5 (PerCP) conjugated anti-CD4 (clone GK1.5; BD Pharmin-

gen, Oxford, UK) and myeloid cells using phycoerythrin-

conjugated anti-CD11b (clone M1/70; BD Pharmingen,

Oxford, UK). The cells were washed in fluorescent-activated

cell sorting (FACS) buffer (phosphate-buffered saline (PBS),

2% foetal calf serum and 0.1% azide) before acquisition using

a BD FACSCanto flow cytometer with FACSDiVa software

(BD, UK). FlowJo software (Tree Star Inc., USA) was used for

three colour analysis. To ascertain which cell types were

adhering to the artery surface, cells were added to pinned out

segments of aorta for 30 min and adherent cells were

harvested by addition of ice-cold PBS solution. The solutions

of adherent cells were incubated with the same three

antibodies and run through the flow cytometer.

Preparation of artery segments

Autologous thoracic aorta, of approximately 7 mm length,

was removed and opened longitudinally. Arteries were then

pinned, luminal-side up onto Sylgard blocks (Dow Corning,

Germany) and placed in a 371C humidified chamber. To

assess the effect of artery preparation and trypsin incubation

on endothelial integrity, aortae from three separate mice

were treated with either saline or trypsin solution

(1000 U ml�1) for 30 min. After washing, segments were

incubated briefly with 1% Toluidine Blue, washed and

photographed.

Lymphocyte adhesion assay

Adhesion of lymphocytes to the endothelial surface of aortae

was measured using (51Cr)-labelled lymphocytes (Kennedy

et al., 2000). A 1 ml aliquot of lymphocyte suspension

containing 106 cells ml�1 was labelled for 1 h at 371C with

185 kBq of 51Cr and agitated every 15 min to reduce cell

sedimentation. The lymphocytes were washed twice by

centrifugation at 5670 g for 5 min and resuspended in

medium at 106 cells ml�1. Artery segments were incubated

with 5ml of the labelled lymphocytes for 30 min and then

washed with medium before radioactivity was quantified

using a gamma counter (Cobra Auto-gamma, Packard

Canberra Company, UK). Lymphocyte adhesion was ex-

pressed as the percentage of the lymphocytes added that

remained adherent using the following calculation:-

% Adhesion ¼
ðgArtery � backgroundÞ

ðgLymphocytes � backgroundÞ

" #
�100

where gArtery¼counts from the artery segment and gLymphocytes¼
count from a 5ml aliquot of labelled lymphocytes.
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For the adhesion study, 10 ml of saline (vehicle control),

trypsin (1000 U ml�1 (B5 mM), 30 min), TNFa (from mouse,

10 ng ml�1, 60 min) or phorbol 12-myristate 13-acetate

(PMA; 50 ng ml�1, 30 min) was added to the artery segments

before the addition of labelled lymphocytes. For the ex vivo

study, trypsin (1 U g�1, in a volume of 0.05 ml per 25 g

body weight) was administered via the tail vein using a

diabetic syringe. Mice were then killed by CO2 asphyxiation

4 or 24 h later and the lymphocytes and arteries were

prepared as described above to measure lymphocyte

adhesion. Mice receiving saline (0.05 ml per 25 g body

weight) 24 h before leucocyte adhesion assay were used

as a vehicle control.

Immunocytochemistry

Immunocytochemical techniques were used to identify

expression of adhesion molecules on the arteries using

antibodies directed against P-selectin and intercellular cell

adhesion molecule (ICAM)-1 followed by a streptavidin–

biotin-peroxidase method (Kennedy et al., 2000). Following

the adhesion assay, arteries were fixed in formalin 10%

neutral buffer. The arteries were then processed in an

enclosed tissue processor through a series of graded alcohols

and histoclear and embedded end-on in paraffin wax,

allowing transverse sections to be cut at 4mm and mounted

onto 3-aminopropyltriethoxy silane-coated glass slides. After

rehydration by passage through histoclear and graded

alcohols to water, endogenous peroxidase was quenched by

immersion in 0.3% hydrogen peroxide for 10 min followed

by a 5 min wash in PBS (pH 7.6). Tissue antigens were

retrieved by immersion for 5 min in a preheated solution

containing ethylenediaminetetraacetic acid/Tris base (0.37/

0.55 mg ml�1) at 15 lb in�2 using a microwave and a pressure

cooker. The tissue was then air cooled for 20 min before a

5 min PBS wash. After 5 min wash in PBS, the tissue was

serially incubated with 20% normal rabbit serum in PBS for

20 min. The tissue was then incubated for 1 h with the

primary antibody (anti-P-selectin (M-20) or anti-ICAM-1

goat polyclonol antibody at 1:50 dilution), biotinylated

rabbit anti-goat secondary antibody (1:400) for 30 min,

streptavidin-horse radish peroxide for 30 min, and 0.05%

diaminobenzidine in Tris buffer containing 0.8 ml of 30%

hydrogen peroxide, with each incubation process separated

by a 5 min PBS wash. Subsequently, the tissue was counter-

stained by sequential immersion in Haematoxylin Gill II

formula (5 min), acid alcohol (four dips), Scott’s Tap Water

Substitute (0.35% NaHCO3þ2% MgSO4 in water, 3 min) and

0.5% copper sulphate in PBS (10 min), where each incuba-

tion was separated by 1 min wash in running water, and

mounted with DPX mountant after tissue dehydration

through graded alcohols to histoclear. The intensity of

staining for adhesion molecules was assessed semiquantita-

tively by an experienced consultant pathologist and scored

using a scale as follows: 0 for no apparent staining, 0.5 for

very mild positivity, 1 for mild positivity, 1.5 for mild-to-

moderate positivity, 2 for moderate positivity, 2.5 for

moderate to intense positivity, and 3 for intense positivity.

Staining was graded by a second, blinded observer to confirm

results.

Chemiluminescence

Luminol-enhanced chemiluminescence was employed for

measuring ROS generation from isolated lymphocytes and

was measured in a chemiluminometer (Lumi-vette, Chrono-

log Corp., Havertown, USA) (Demiryurek et al., 1994). 450ml

of lymphocyte suspension (containing 4.5�105 cells) was

diluted with 450ml of PBS in a 1 ml cuvette (Labmedics Ltd,

Cheshire, UK) containing a stir bar. Following preincubation

at 371C for 5 min, 10ml of PMA (50–1000 ng ml�1), platelet-

activating factor (PAF, 0.01–50mM), or trypsin (10–

1000 U ml�1) was added immediately after the addition of

100ml of luminol solution (3-aminophthalhydrazide, 0.04%

w/v). Cumulative chemiluminescence was measured at 371C

for 15 min after a 2 min delay period (Demiryurek et al., 1994).

To investigate the effect of various ROS scavengers on PMA-

stimulated lymphocytes, 10ml of superoxide dismutase (SOD

from bovine erythrocyte, 5–50 U ml�1), catalase (from bovine

liver, 300–3000 U ml�1), sodium azide (10�7–10�5
M) or a

combination of SOD, catalase and sodium azide was added

1 min before the addition of luminol solution and 10 ng ml�1

of PMA. Results are presented as arbitrary units (instrument

readout proportional to photons of light detected by the

photomultiplier tube) after correction for readings obtained

with the vehicle control (saline) and as a percentage of the

total chemiluminescence generated in response to 10 ng ml�1

of PMA alone, respectively. The effect of SOD on trypsin

(1000 U ml�1)-induced chemiluminescence was also studied

and calculated as a percentage of the total chemilumines-

cence signal generated in response to saline (basal).

Statistical analysis

All results are shown as mean7s.e.m. and n indicates

the number of animals. Student’s unpaired t-test was

employed to determine the significance of changes between

PAR-2þ /þ and PAR-2�/� mice or between drug treatments.

Statistical significance for the chemiluminescence concen-

tration–response curve was determined using two-way

analysis of variance (ANOVA). When significant interactions

were detected further analyses were undertaken using

Student’s unpaired t-test for differences between strains at

selected concentrations. One-way ANOVA followed by a

Dunnett’s multiple comparison post hoc test was employed

to determine the significance of changes between control

adhesion and adhesion produced by trypsin in the ex vivo

study. In all cases a P-value less than 0.05 was taken to be

indicative of statistical significance.

Drugs and reagents

All chemicals were purchased from Sigma-Aldrich, Dorset,

UK unless otherwise stated. 51Cr was from Amersham

Bioscience International Plc., Buckinghamshire, UK; Austra-

lia foetal bovine serum and RPMI-1640 were from Invitrogen

Ltd, Paisley, UK; normal rabbit serum and streptavidin-horse

radish peroxide were from Vector Lab., Peterborough, UK.

Anti-P-selectin goat polyclonal antibody and anti-ICAM-1

goat polyclonal antibody were from Santa Cruz Biotech., CA,

USA and R & D Systems, Oxford, UK, respectively. Biotiny-

lated rabbit anti-goat secondary antibody was from DAKO

Ltd, Cambridgeshire, UK.
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Catalase and sodium azide were dissolved in saline on a

daily basis. Anti-ICAM-1 goat polyclonal antibody, anti-P-

selectin goat polyclonal antibody and biotinylated rabbit

anti-goat secondary antibody were diluted with antibody

diluent (DAKO Ltd, Cambridgeshire, UK) on a daily basis.

Normal rabbit serum was diluted daily in PBS. PAF, SOD and

trypsin were dissolved in saline and frozen at �201C as

aliquots. Aliquots were thawed and freshly diluted daily with

saline. TNFa and PMA were dissolved in PBS and absolute

ethanol, respectively, frozen aliquots were thawed and fresh

dilutions were prepared daily with saline. At the highest

concentration of PMA, the final ethanol concentration was

1%. Trypan blue was dissolved in saline and Toluidine blue

was dissolved in distilled water and stored at room

temperature. Luminol solution was prepared daily in 2 M

NaOH (2.5%) and PBS.

Results

Flow cytometric analysis of isolated spleen cells

Isolated cells from three separate mice contained a similar

proportion of CD4þ T lymphocytes (24.274.4%), B-220þB

lymphocytes (24.277.7%) and CD11bþ myeloid cells

(21.673.1%). The remaining 20% of unlabelled cells is likely

to be composed of dendritic cells and some debris. Analysis

of the cell types adhering after 30 min revealed that all three

cell types were present and at approximately the same

proportions as was found in the isolated spleen cells

(31.275.6% for B lymphocytes, 25.576.9% for T lympho-

cytes and 1970.9% for myeloid cell; n¼3; P40.05 com-

pared to isolated spleen cells).

Effect of drug treatments on lymphocyte adhesion

Basal lymphocyte adhesion in arteries from PAR-2þ /þ mice

was similar to that observed in arteries from PAR-2�/� mice.

Pretreating thoracic aorta with trypsin significantly increa-

sed lymphocyte adhesion in PAR-2þ /þ but not the PAR-2�/�
mice. PMA and TNFa, however, significantly enhanced

lymphocyte adhesion in both PAR-2þ /þ and PAR-2�/�
mice (Figure 1). Incubation of aortic segments with trypsin

(1000 U ml�1) for 30 min did not cause any discernable

damage to the endothelial layer as there was no increase in

Toluidine Blue staining compared to saline-treated control

arteries (approximately 70% endothelium was present in all

six aortic segments studied).

In PAR-2þ /þ mice, adhesion of lymphocytes to thoracic

aorta was significantly elevated 24-h after an intravenous

injection of trypsin (bolus dose of 1 U g�1) (Figure 2). In

contrast, PAR-2�/� mice receiving a bolus dose of trypsin

intravenously did not show any significant change in

lymphocyte adhesion at either 4 or 24 h after the injection.

The basal lymphocyte adhesion was not significantly

different between PAR-2þ /þ and PAR-2�/� mice.

Effect of trypsin on P-selectin and ICAM-1 expression

Following the adhesion assay, arteries were fixed in formal

saline and subsequently used for immunocytochemical

examination of P-selectin and ICAM-1 expression. All

segments showed staining for P-selectin and ICAM-1 on

the endothelium compared to negative controls (without

primary antibody). A significantly higher intensity of

staining for ICAM-1 was observed in thoracic aorta isolated

from PAR-2þ /þ mice compared to PAR-2�/� mice 24 h

after the injection of trypsin (Figure 3A). No difference was

found in P-selectin staining on the thoracic aortae of PAR-

2þ /þ or PAR-2�/� mice following trypsin injection either

4 or 24 h earlier (Figure 3B). In arteries from in vitro studies,

no differences were detected in the degree of P-selectin or

ICAM-1 staining in any segments with the exception of TNFa
in the PAR-2þ /þ thoracic aorta, which showed a significant

increase in P-selectin staining (data not shown).
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Lymphocyte ROS generation

The chemiluminescence response from lymphocytes

treated with saline was the same in PAR-2þ /þ and PAR-

2�/� mice (arbitrary unit; 672760 vs 7947113, respectively,

P40.05). PMA and PAF produced a similar concentration-

dependent chemiluminescence response in both PAR-2þ /þ
and PAR-2�/� mouse lymphocytes (maximum response

above basal was 11557223 in PAR 2þ /þ vs 11427136

in PAR 2�/� for PMA and 6227194 vs 11247403 for

PAF; P40.05). Trypsin induced a concentration-dependent

chemiluminescence response in lymphocytes isolated

from PAR-2þ /þ , but not PAR-2�/� mice (Figure 4). The

magnitude of the chemiluminescence signal induced by

trypsin was much smaller than those induced by PMA

and PAF.

Effect of scavengers on PMA-induced ROS generation

PMA (10 ng ml�1) generated a similar degree of chemilumi-

nescence in PAR-2þ /þ and PAR-2�/� mouse lymphocytes

(arbitrary units after correction with saline; 784775 vs

7917264 in PAR-2þ /þ and PAR-2�/�, respectively, n¼6;

P40.05). SOD, catalase and sodium azide all produced

a concentration-dependent inhibition of the PMA-induced

chemiluminescence signal. However, SOD produced a signi-

ficantly greater inhibition in the PAR-2�/� mouse lympho-

cytes compared to the PAR-2þ /þ . Co-administration

of all three scavengers (at the highest concentrations used

in this study; 50 U ml�1 SODþ3000 U ml�1 catalaseþ10�5
M

sodium azide) produced a significantly greater, but not

complete, inhibition of the chemiluminescence signal

generated by 10 ng ml�1 of PMA compared to the individual
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scavengers alone (arbitrary units; 12178 and 168715 in

PAR-2þ /þ and PAR-2�/�, respectively) (Figure 5).

Effect of SOD on trypsin-induced ROS generation

Basal chemiluminescence in the absence of trypsin stimula-

tion was not significantly different between PAR-2þ /þ and

PAR-2�/� mouse lymphocytes (arbitrary unit was 7367149

and 11337332 for PAR-2þ /þ and PAR-2�/�, respectively,

P40.05). Trypsin (1000 U ml�1) caused an increase in

chemiluminescence response in PAR-2þ /þ , but not PAR-

2�/� mouse lymphocytes (Figure 6). SOD dose dependently

inhibited the chemiluminescence signal generated by tryp-

sin in the PAR-2þ /þ mouse lymphocytes. SOD also dose

dependently inhibited the chemiluminescence signal gene-

rated from PAR-2�/� mouse lymphocytes in the presence

of trypsin to a level below basal and the inhibitory profile

of SOD on trypsin-induced chemiluminescence signal

was similar in both PAR-2þ /þ and PAR-2�/� mouse

lymphocytes.

Discussion

The present study has shown that trypsin increases the

adhesion of lymphocytes to the luminal surface of mouse

thoracic aorta when applied exogenously or administered

intravenously 24 h beforehand and that this effect is not

owing to damage to the integrity of the endothelium.

Trypsin also induced ROS generation from isolated mouse

lymphocytes. The fact that these effects of trypsin were

absent in the PAR-2�/� mice has provided evidence for PAR-

2-dependent pro-inflammatory effects. This corroborates

other in vivo studies where intraplantar administration of

trypsin or PAR-2 activating peptides into rat and mouse hind

paw induced a profound acute inflammatory response

characterized by granulocyte infiltration (Vergnolle, 1999;

Tae et al., 2003).

PAR-2 deletion itself did not significantly modify the basal

lymphocyte adhesion or ROS generation. This suggests that

PAR-2 does not have an important role in regulating

lymphocyte adhesion and ROS generation in the mouse

under physiological conditions. PAR-2 may, however, play a

role under pathophysiological conditions, as in a previous

study, PAR-2�/� mice subjected to inflammation by mild

tissue trauma exhibited an acute reduction in P-selectin-

mediated leucocyte rolling, which was not sustained beyond

30 min after injury (Lindner et al., 2000).
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The ability of trypsin to enhance lymphocyte adhesion

was observed in PAR-2þ /þ mice in both the in vitro and the

ex vivo studies. This is in contrast with a previous study,

which suggested that trypsin pretreatment may have an anti-

adhesive effect by inhibiting soluble L-selectin binding to

bovine aortic endothelial cells (Giuffre et al., 1997). In the

present study, the failure of trypsin to induce lymphocyte

adhesion in PAR-2�/� mice suggests that the effect of

trypsin on lymphocyte adhesion is PAR-2 mediated. This

has also eliminated the possible involvement of PAR-1

and PAR-4 where high concentrations of trypsin have

been shown to be non-selective for both PAR-1 and PAR-2

(McLean et al., 2002), and trypsin is also an endogenous

agonist for PAR-4 (Xu et al., 1998). PAR-2-mediated leucocyte

rolling has previously been suggested to be P-selectin

dependent at the initial stage (Lindner et al., 2000), although

P-selectin expression is not a prerequisite for firm adhesion.

In the present study, there was no change in P-selectin

expression. This is perhaps not surprising as the adhesion

assay was measuring firm adhesion at a 30-min-time point,

a time at which P-selectin expression in stimulated endo-

thelium is thought to have waned following early upregula-

tion (Hattori et al., 1989; Collins et al., 1993). The lack of

change in ICAM-1 expression in trypsin-treated arteries in

the in vitro experiment has also ruled out the possibility of

ICAM-1 translocation from an intracellular store to the cell

surface. However, the delayed effect of trypsin (24 h after

injection) on lymphocyte adhesion could be due to upregu-

lation of ICAM-1, but not P-selectin expression on the

endothelium. The increased expression of ICAM-1 also

correlated with the time course required for ICAM-1 de novo

protein synthesis. An alternative explanation for enhanced

adhesion following artery stimulation with trypsin is via

PAR-2-mediated expression of other adhesion molecules,

such as E-selectin (Ishikawa et al., 1993; Seeliger et al., 2003),

or release of mediators relevant to lymphocyte adhesion

such as PAF, which activates b2 integrins to promote firm

adhesion (Vergnolle et al., 1999).

TNFa and PMA were employed in the present study as

a positive control acting through a PAR-2-independent

mechanism. In contrast to trypsin, both stimulants signi-

ficantly enhanced lymphocyte adhesion in both PAR-2þ /þ
and PAR-2�/� mouse thoracic aorta. The ability of TNFa to

increase leucocyte-endothelium interactions has been well

established in vitro (Pichyangkul et al., 1988; Aparicio et al.,

1996) and in vivo (Eriksson et al., 2000; Thorlacius et al.,

2000; Miller et al., 2005). The pro-adhesive effect of PMA has

also been demonstrated in various studies, albeit using

different types of inflammatory cells and species (Gudewicz

et al., 1989; Lane et al., 1989; Itoh et al., 2003).

The luminol molecule reacts with ROS to form excited

aminophthalate anions that decay to the ground state with

the release of energy in the form of light, which is measured

as chemiluminescence (Briheim et al., 1984; Lundqvist and

Dahlgren, 1996). The current study has shown that mouse

lymphocytes are capable of generating a reproducible

increase in the chemiluminescence signal when stimulated

with PMA, PAF or trypsin. Trypsin induced a concentration-

dependent increase in the chemiluminescence signal in PAR-

2þ /þ lymphocytes and this ROS-generating effect of

trypsin was abolished in the lymphocytes isolated from the

PAR-2-deficient mice. This supports the view that activation

of PAR-2 is responsible for the ROS generation in response

to trypsin seen in the wild-type mice. The present study

has further demonstrated that trypsin is capable of inducing

ROS release from another leucocyte subtype, the lympho-

cyte, in addition to neutrophils (Williams et al., 1986),

eosinophils (Miike et al., 2001; Bolton et al., 2003) and lung

fibroblasts (Aoshiba et al., 2001). However, it should be

noted that our spleen preparations contain some 15–20% of

myeloid cells and the contribution of these cells to the total

chemiluminescence signal is unknown. Other studies have

also provided indirect evidence for a stimulatory role for

trypsin by demonstrating an inhibitory effect of trypsin

inhibitors (such as a1-antitrypsin and soybean trypsin

inhibitor) on human neutrophil ROS production (Bucurenci

et al., 1992; Nishijima et al., 1992). In contrast, a recent study

in peritoneal macrophages has reported an inhibitory effect

of trypsin on the release of ROS (Bryniarski et al., 2003).

Moreover, previous studies in human neutrophils have

shown that the urinary trypsin inhibitors, gabexate mesylate

and ulinastatin, inhibit extracellular release of ROS but

enhance the generation of intracellular ROS (Nishijima et al.,

1992). This may suggest that the source of ROS in trypsin-

treated lymphocytes in the present study is more likely to

be through extracellular release rather than of intracellular

origin. Furthermore, extracellular ROS are the primary

bystander substrates for luminol and predominate in the

early chemiluminescence response whereas detection of ROS

of intracellular origin has been suggested to be limited by the

diffusion of luminol molecules into the cells (Stevens et al.,

1978; Briheim et al., 1984).

PMA (Rabesandratana et al., 1992; Demiryurek et al., 1994;

Lundqvist and Dahlgren, 1996) and PAF (Takahashi et al.,

1991; Kato et al., 2002) have been well documented to

stimulate the production of ROS from leucocytes. In the

present study, both PMA and PAF produced concentration-

dependent increases in ROS generation in PAR-2þ /þ mice

lymphocytes, which were not modified by PAR-2 deficiency

as shown by their responses in lymphocytes from PAR-2�/�
mice. These important results demonstrate that the isolated

cells from PAR-2�/� are capable of stimulation and

chemiluminescence generation and strengthens the conclu-

sion that it is activation of the PAR-2 receptor by trypsin

which leads to generation of chemiluminescence in the

PAR-2-þ /þ mouse.

The magnitude of the chemiluminescence response to

trypsin was much smaller than those induced by PMA and

PAF. This may be related to PAR-2 only being expressed on

T lymphocytes and not B lymphocytes, which made up 25%

of the spleen cell population (Mari et al., 1996; Hou et al.,

1998). However, anti-trypsin present in the serum-contain-

ing lymphocyte suspension may also have inhibited the

action of trypsin.

In the present study, SOD (a superoxide radical scavenger),

catalase (a hydrogen peroxide scavenger) and sodium azide

(a myeloperoxidase inhibitor) all had a dose-dependent

inhibitory effect on chemiluminescence generation as has

been observed in porcine leucocytes (Demiryurek et al.,

1994). However, SOD produced a significantly greater
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inhibition of the chemiluminescence signal generated from

the PAR-2�/� lymphocytes compared to the PAR-2þ /þ
mouse lymphocytes, suggesting a greater proportion of

superoxide formation in PAR-2�/� mice although this

requires further investigation. Complete inhibition of the

chemiluminescence signal was not achieved using a combi-

nation of SOD, catalase and sodium azide, and so other

radicals may contribute to the chemiluminescence signal

or part of the signal may be intracellular where scavenger

molecules may have trouble gaining access (Stevens et al.,

1978). The ability of cell-free medium to produce a

chemiluminescence response could be explained by the

presence of glucose, phenol red, divalent cations (Mg2þ and

Ca2þ ), protein (bovine serum in medium), vitamins and

amino acids in the medium (Glette et al., 1982; Hastings

et al., 1982). This may also explain the inhibitory effect

of SOD in trypsin-treated PAR-2�/� mouse lymphocytes,

which may be due to an action on the ROS produced from

the medium and unstimulated lymphocytes (a chemilumi-

nescence signal was observed in saline-treated lymphocytes).

To further verify the involvement of PAR-2 in superoxide

production, we examined the effect of SOD on trypsin-

induced ROS generation from PAR-2 mouse lymphocytes.

Although SOD dose dependently inhibited trypsin-stimu-

lated ROS generation from the PAR-2þ /þ mouse lympho-

cytes, in agreement with a previous study in human

eosinophils (Miike et al., 2001), it also exerted an inhibitory

effect in PAR-2�/� mice, despite a lack of trypsin stimula-

tion. This implies that a basal release of superoxide from the

PAR-2�/� lymphocytes contributes to the chemilumines-

cence detected.

To our knowledge, these data represent novel findings.

Using both in vitro and ex vivo assays, we have demonstrated

that trypsin, employed as a PAR-2 agonist, is capable of

increasing lymphocyte adhesion in intact mouse arteries

through a PAR-2-dependent pathway. The mechanism

underlying the delayed effect of trypsin in lymphocyte

adhesion observed in the ex vivo study is suggested to involve

an increased expression of ICAM-1 on the endothelium

whereas the mechanism underlying the acute effect of

trypsin illustrated in the in vitro experiments is yet to be

determined. In addition, the present study has also provided

evidence that activation of murine lymphocytes by activa-

tion of PAR-2 with trypsin induces ROS generation. In

conclusion, PAR-2 activation by trypsin appears to mediate

the pro-inflammatory response in the mouse model by

enhancing the adhesion of lymphocytes to arteries and ROS

generation from isolated lymphocytes.
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