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BACKGROUND AND PURPOSE
The PAR2 receptors are involved in chronic arthritis by mechanisms that are as yet unclear. Here, we examined PAR2 activation
in the rat knee joint.

EXPERIMENTAL APPROACH
PAR2 in rat knee joint dorsal root ganglia (DRG) cells at L3-L5, retrogradely labelled with Fluoro-gold (FG) were demonstrated
immunohistochemically. Electrophysiological recordings from knee joint nerve fibres in urethane anaesthetized Wistar rats
assessed the effects of stimulating joint PAR2 with its activating peptide, 2-furoyl-LIGRLO-NH2 (1–100 nmol·100 mL-1, via close
intra-arterial injection). Fibre firing rate was recorded during joint rotations before and 15 min after administration of PAR2

activating peptide or control peptide. Leukocyte kinetics in the synovial vasculature upon PAR2 activation were followed by
intravital microscopy for 60 min after perfusion of 2-furoyl-LIGRLO-NH2 or control peptide. Roles for transient receptor
potential vanilloid-1 (TRPV1) or neurokinin-1 (NK1) receptors in the PAR2 responses were assessed using the selective
antagonists, SB366791 and RP67580 respectively.

KEY RESULTS
PAR2 were expressed in 59 � 5% of FG-positive DRG cells; 100 nmol 2-furoyl-LIGRLO-NH2 increased joint fibre firing rate
during normal and noxious rotation, maximal at 3 min (normal; 110 � 43%, noxious; 90 � 31%). 2-Furoyl-LIGRLO-NH2 also
significantly increased leukocyte rolling and adhesion over 60 min. All these effects were blocked by pre-treatment with
SB366791 and RP67580 (P < 0.05 compared with 2-furoyl-LIGRLO-NH2 alone).

CONCLUSIONS AND IMPLICATIONS
PAR2 receptors play an acute inflammatory role in the knee joint via TRPV1- and NK1-dependent mechanisms involving both
PAR2-mediated neuronal sensitization and leukocyte trafficking.

Abbreviations
DRG, dorsal root ganglia; NK1, neurokinin 1; TRPA1, transient receptor potential ankyrin receptor 1; TRPV1, transient
receptor potential vanilloid receptor 1

Introduction
The GPCR family of proteinase-activated receptors (PAR1,2,3,4:
receptor nomenclature follows Alexander et al., 2011) are

unique in their mechanism of activation. Instead of respond-
ing to a soluble ligand, PARs are activated by the binding of a
ligand within their amino-terminal extracellular domain.
This ‘tethered ligand’ is only able to bind to the extracellular
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receptor activation domain after it has been unmasked by
proteolytic cleavage at a specific extracellular N-terminal site
on the receptor (Hollenberg and Compton, 2002; Adams
et al., 2011). All four PARs are targeted by various serine
proteinases including thrombin, trypsin, tissue kallikrein-14
(KLK14) and tryptase that can normally act on more than one
of the PARs (Russell and McDougall, 2009; Adams et al., 2011).
PAR2 was the second PAR to be identified and, unlike the other
three members, is not activated by thrombin, but is preferen-
tially activated by trypsin, KLK14 and other serine proteinases
(Macfarlane et al., 2001; Oikonomopoulou et al., 2006). In the
laboratory setting, receptor-selective synthetic receptor-
activating peptides that mimic the tethered ligand for each
PAR have been developed, thus allowing studies of PAR acti-
vation without the need for receptor proteolysis. Using these
synthetic PAR-activating peptides and mouse knock-out
models, PAR2 and its activating proteinases have been shown
to play important pro-inflammatory and pro-nociceptive
roles in the joint and other tissues (Steinhoff et al., 2000;
Ferrell et al., 2003; Hansen et al., 2005; Kelso et al., 2006;
Ramachandran and Hollenberg, 2008; Russell and McDougall,
2009; Helyes et al., 2010). PAR2 activating peptides cause
oedema, leukocyte accumulation and hyperalgesia when
injected into the rodent hind paw (Vergnolle et al., 1999;
2001; Kawabata et al., 2001) and promote visceral hyperalge-
sia in the colon (Coelho et al., 2002). The hind paw is a useful
model in which to observe acute peripheral inflammation;
however, the relevance of this model to human arthritic
disease is not clear. Given the substantial clinical importance
of arthritis, it is imperative to study the mechanisms under-
lying joint inflammation in order to understand how this
disease progresses and to develop improved treatments for
this illness. PAR2 knock-out mice exhibit significantly less
joint swelling and damage in chronic models of joint inflam-
mation (Ferrell et al., 2003; Yang et al., 2005; Busso et al.,
2007). Recently, it has been shown that intra-articular injec-
tions of the PAR2-activating peptide, SLIGRL-NH2, causes
swelling, cytokine release and increased sensitivity to pain in
the mouse knee joint (Helyes et al., 2010). Therefore, it is clear
that, as in the hind-paw, PAR2 receptors have a role in joint
inflammation and pain. The mechanisms underlying this role
of PAR2 in the joint are just beginning to be elucidated. There
is evidence that PAR2 receptors and the transient receptor
potential vanilloid 1 (TRPV1) ion channels are co-expressed in
dorsal root ganglia (DRG) neurones, suggesting a link between
these two receptor systems (Amadesi et al., 2004). Indeed, the
secondary mechanical allodynia and change in weight distri-
bution induced by intra-articular SLIGRL-NH2 were shown to
be TRPV1-dependent (Helyes et al., 2010). This observation
correlates with data obtained in other tissues, such as the paw
where PAR2 agonists induce hyperalgesia, dependent on both
TRPV1 channels and the substance P receptor, NK1 (Vergnolle
et al., 2001; Amadesi et al., 2004). Furthermore, in the skin,
inflammation induced by the proteinases, trypsin and tryp-
tase is mediated via PAR2 activation and the subsequent
TRPV1-dependent release of the neuropeptides, substance P
and calcitonin gene-related peptide (CGRP), leading to neu-
rogenic inflammation (Steinhoff et al., 2000; Costa et al.,
2008). In contrast, the increase in IL-1b seen in the joint
after PAR2 activation was TRPV1-independent (Helyes et al.,
2010). Importantly, PAR2 agonists can activate non-TRPV1-

expressing DRG neurons (Alier et al., 2008), suggesting that
there are both TRPV1-dependent and -independent effects of
PAR2.

Given the lack of mechanistic information about the
effects of PAR2 activation on joint pathophysiology, our aim
was to characterize further the inflammatory and neuronal
events that occur in the knee joint upon PAR2 activation.
To this end, we first verified the presence of PAR2 in arti-
cular sensory neurones, using an immuno-gold/immuno-
histochemical approach, and then used an improved potent
receptor-selective PAR2-activating peptide (2-furoyl-LIGRLO-
NH2) (Kawabata et al., 2004; Hollenberg et al., 2008) to
activate PAR2 in the joint. This agonist acts at lower concen-
trations than the one we had previously used (SLIGRL-NH2)
and is therefore better adapted for studies targeting the joint.
The effects of intra-articular administration of the PAR2-
activating peptide were monitored both with real-time in vivo
electrophysiological recordings of afferent neuronal activity
and with intravital microscopy to evaluate changes in the
joint microvasculature. In addition, using selective receptor
antagonists, we investigated the role of TRPV1 and NK1 recep-
tors in the PAR2-induced responses. We determined that PAR2

activation leads to neuronal and inflammatory changes in
the joint that are reliant on TRPV1 and NK1 receptor-
dependent mechanisms.

Methods

Test systems used
All animal handling and experimental procedures outlined in
this study were in accordance with the Canadian Council for
Animal Care guidelines for the care and use of experimental
animals and all protocols used were approved by the Univer-
sity of Calgary Health and Sciences Animal Care Committee.
The studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (McGrath et al., 2010).

Expression, electrophysiology and intravital experiments
were used male Wistar rats (n = 72, 250–450 g; Charles River
Laboratories, Quebec, Canada). Additional electrophysiologi-
cal experiments to confirm the specificity of the PAR2 activat-
ing peptide were performed on male PAR2 wild-type (WT) and
PAR2 null (KO) mice (n = 10, 25–35 g, developed on a C57Bl6
background, a gift from Johnson & Johnson Pharmaceutical
Research & Development, Spring House, PA, USA) (Damiano
et al., 1999). Mice were only used in this one experiment due
to technical limitations. In order to study the effect of
repeated drug administrations and antagonists on single
nerve fibres, it was necessary to use Wistar rats as the model
system for all further experiments. All animals were housed
in a climatically controlled environment with a regular 12 h
dark/light cycle and with access to food and water ad libitum.

Fluoro-gold labelling of knee joint afferents
Knee joint afferents were labelled using the retrograde fluo-
rescent dye, Fluoro-Gold, as described previously (Russell
et al., 2010). Four naive rats were anaesthetised with 2% iso-
flurane. The knee was shaved and placed in a holder so that
the angle between patella and femur was approximately 45°.
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The patellar ligament was exposed by making a 3–4 mm
longitudinal incision in the skin. Using a 30G needle, a Ham-
ilton syringe and a micromanipulator, 10 mL of Fluoro-Gold
(2% solution in saline; Fluorochrome, Denver, CO, USA) was
injected into the space between the patella and groove of the
distal femur. The knee was flexed and extended for 30 s, and
15 mL of a 0.2 M PBS solution was then injected. After needle
withdrawal, the wound was sealed with skin glue. This pro-
cedure was repeated on the contralateral knee, and the rat
was allowed to recover for 4 days. The cell bodies of rat knee
joint afferents are known to be contained within L3–L5 DRGs
(Salo and Theriault, 1997). Thus, after 4 days, the rats were
killed with euthanyl (sodium pentobarbital 240 mg·mL-1;
Bimdea, Animal Health Inc, Ontario, Canada); and bilateral
DRGs from L3, L4 and L5 were removed and fixed in 4%
paraformaldehyde (PFA) overnight. Following fixation, the
DRGs were placed in 30% sucrose solution at 4°C overnight,
then embedded in OCT (Sakura Finetek, Torrance, CA, USA)
and frozen at -80°C until sectioning. DRG sections were cut
at 12 mm and mounted on Superfrost Plus slides (Fischer
Scientific, Nepean, Ottawa, Canada) with each slide contain-
ing 10–12 consecutive sections from the DRG. This approach
allowed for a comparison between consecutive sections so
that Fluoro-Gold positive cells were counted once only.

Fluorescence immunohistochemistry
DRG sections were treated for 10 min with 0.2% Triton-X/PBS
then washed 3 ¥ 5 min in 0.2% Tween 20/PBS. Sections were
then blocked with 10% normal goat serum for 1 h at room
temperature and incubated overnight at 4°C with polyclonal
A5 rabbit anti-PAR2 antibody targeted to the cleavage–
activation sequence in the receptor, developed as previously
described for the B5 antiserum (Al-Ani et al., 1999) (dilution,
1:250). Slides were washed 2 ¥ 5 min with 0.2% Tween
20/PBS, and specific PAR2 staining was then detected by incu-
bating slides for 1 h at room temperature with a Cy3-labelled
goat anti-rabbit IgG (1:500, Jackson Immunoresearch Labo-
ratories, West Grove, PA, USA). Slides were washed for a final
2 ¥ 5 min with 0.2% Tween 20/PBS in the dark and cover-
slipped with ProLong Gold Anti-fade (Invitrogen, Burlington,
Ontario, Canada). Imaging was analysed using Open Lab 3.0
software (Quorum Technologies Inc., Guelph, Ontario,
Canada) on a Leica DM6000B fluorescence microscope (Leica,
Wetzlar, Germany). A cell was deemed positive for PAR2 when
labelling showed an obvious outline of the cell and the
nucleus was clearly visible. Specificity of the PAR2 primary
antibody was determined both through omission of the
primary antibody and by pre-incubating the primary anti-
body with a blocking immunizing peptide (GPNSKGRSLI-
GRLDTP: 20 mg·mL-1) for 2 h before staining. No staining was
observed under either of these conditions (data not shown).
Every DRG section was examined under appropriate filters for
Fluoro-Gold (A cube, Leica Microsystems with excitation:
340–380 nm, long-pass emission filter: 425 nm) and Cy3
(excitation: 550 nm, emission 570 nm). The diameter of all
Fluoro-Gold positive cells was measured, and the size distri-
bution of Fluoro-Gold positive cells was found to correspond
with previous reports of DRG labelled joint neurons (Ivanavi-
cius et al., 2004; Russell et al., 2010). No Fluoro-Gold labelling
was seen in DRG sections from rats that were not injected
with Fluoro-Gold (data not shown).

Surgical procedures
Deep anaesthesia was achieved in both rats and mice using
urethane (25% stock solution; 2 g·kg-1 i.p.) and was confirmed
by the absence of the hind paw withdrawal reflex before any
surgical procedures were performed. Rats were artificially ven-
tilated by a Harvard rodent respiratory pump (Harvard Appa-
ratus, Holliston, MA, USA) with 100% O2 (stroke volume of
2.5 mL, breath frequency set at 60 breaths·min-1), after can-
nulation of the trachea. A fine-bore catheter [0.5 mm inner
diameter (ID), 1.00 mm outer diameter (OD); Portex, Kent,
UK] containing heparinized saline (100 units·mL-1) was used
to cannulate the left carotid artery. This cannula enabled
connection to a pressure transducer to allow for continuous
blood pressure measurement with a blood pressure monitor
(BP-1; World Precision Instruments, Sarasota, FL, USA). The
left jugular vein was also cannulated (fine-bore tubing,
0.40 mm ID, 0.80 mm OD; Portex) to permit injection of the
muscle relaxant gallamine triethiodide (50 mg·kg-1) to elimi-
nate neural interference from the hind limb musculature.
Core body temperature was measured using a rectally inserted
thermometer and maintained at 37°C by a thermostatically
controlled heating blanket.

To immobilize the proximal aspect of the rat hind limb, a
specialized clamp fixed to a stereotaxic frame was attached to
the isolated mid portion of the right femur bone. An incision
in the skin was made longitudinally along the medial aspect
of the hind limb, and the right saphenous artery was cannu-
lated (fine-bore tubing, 0.28 mm ID, 0.61 mm OD; Portex)
with the tubing placed below the knee joint and advanced to
a point just distal to the bifurcation with the medial articular
artery. This positioning permitted the local intra-arterial
injection of drugs directly to the joint. Skin flaps from the
hind limb were sutured to a metal O-ring and the consequent
pouch that these sutures created was filled with warm paraffin
oil (37°C) to prevent tissue desiccation. The right hind-paw
was held in a shoe-like holder connected to a force transducer
and torque meter (Data Track 244-1-R, Intertechnology Inc.,
Toronto, Ontario, Canada). This arrangement enabled stand-
ardization of the amount of rotational force being applied to
the knee joint.

Deep anaesthesia was achieved in mice using urethane
(25% stock solution; 2 g·kg-1 i.p.) and was confirmed by the
absence of the hind paw withdrawal reflex before any surgical
procedures were done. Mice were artificially ventilated by a
Harvard rodent respiratory pump (Harvard Apparatus) with
100% O2 (stroke volume of 0.25 mL, breath frequency set at
150 breaths·min-1). The muscle relaxant gallamine triethio-
dide (50 mg·kg-1) was injected into the jugular vein to elimi-
nate neural interference from the hind limb musculature. An
incision in the skin was made longitudinally along the
medial aspect of the hind limb. Skin flaps from the hind limb
were sutured to a metal O-ring and the consequent pouch
that these sutures created was filled with warm paraffin oil
(37°C) to prevent tissue desiccation.

Extracellular electrophysiological recording
The technique used for recording rat knee joint afferent nerve
fibres has been described previously (Russell et al., 2010).
Briefly, the saphenous nerve was transected distally to the
knee joint in order to eliminate sensory input from the foot
and ankle region. The nerve was then isolated in the inguinal
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region of the hind limb and cut centrally to block the
generation of spinally mediated reflexes. A small, black
Perspex stage was placed in the oil pool to assist the visuali-
zation of the remaining saphenous nerve stump projecting
from the knee. Placement of the nerve stump on this black
stage facilitated the isolation of neurofilaments. The epineu-
rium was removed from a small section of the nerve, and fine
watchmaker forceps were utilized to dissect fine neurofila-
ments free from the nerve. These small neurofilaments were
then placed over a platinum electrode to permit extracellular
recordings. Only afferent nerve fibres originating from the
knee joint were recorded from and these were identified by a
firing response elicited by gentle probing of the knee joint
using a glass rod with a 1-mm tip.

The electrical threshold of each joint fibre was determined
by placing a pair of bipolar silver wire electrodes (1 Hz,
100 ms pulse width) in the receptive field of the fibre and
gradually increasing the voltage of stimulation in 0.5V steps
until the pulse elicited spike discharges from the afferent
nerve. To determine the conduction velocity of the nerve
fibres, the distance between stimulating and recording elec-
trodes was divided by the latency between stimulus artefact
and evoked afferent impulse. In approximately 25% of fibres,
it was impossible to determine the conduction velocity as the
units were not activated by electrical stimulation, possibly
due to them having a deep receptive field. The mechanical
threshold of each fibre was revealed by slowly rotating the
knee and noting the lowest force, as measured with the
torque meter, that elicited nerve activity.

Four movement cycles, each consisting of 10 s of normal
non-noxious rotation and 10 s of noxious hyper-rotation of
the knee to discrete torque levels, were performed at the
beginning of the experiment. Normal rotation is defined here
as movement occurring within the normal working range of
the joint, which would be perceived as a non-noxious stimu-
lus. In contrast, noxious hyper-rotation of the joint is defined
as movement occurring outside the normal working range of
the knee without leading to serious tissue damage. This level
of joint rotation causes high frequency firing of joint primary
afferent nerve fibres, which would be interpreted as a painful
sensation in an awake animal.

The mean afferent nerve fibre firing rate associated with
these four movements was the control baseline level. Then,
either the PAR2 activating peptide, 2-furoyl-LIGRLO-NH2 (at
doses 1, 10 and 100 nmol in 100 mL) or the inactive scrambled
control peptide, 2-furoyl-OLGRIL-NH2 (100 nmol·100 mL-1)
was administered via the saphenous arterial cannulation. This
route of administration was favoured over an intra-articular
injection approach so as to reduce the risk of damage to the
primary afferent nerve ending and to allow multiple doses of
drug to be administered to each fibre. Movement cycles were
repeated 1 min after drug administration and then every
2 min until 15 min after drug. Rats were either naive or pre-
treated with the TRPV1 antagonist, SB366791 (500 mg·kg-1 i.p.
30 min before administration of the PAR2 agents) (Helyes et al.,
2010). In a separate group of animals, the NK1 receptor antago-
nist, RP67580 (2 nmol) (McDougall et al., 2001), was admin-
istered either alone via the saphenous cannulation or
co-administered together with 100 nmol 2-furoyl-LIGRLO-
NH2. Previous experiments have validated these routes of
administration for effective blockade of NK1 and TRPV1

receptors with their respective antagonists (McDougall et al.,
2001; Helyes et al., 2010).

Neuronal activity was digitized using a data acquisition
system (CED1401; Cambridge Electronic Design, Cambridge,
UK) and stored on a microcomputer for offline analysis. The
number of action potentials (APs) per movement was deter-
mined using Spike 2 software (Cambridge Electronic Design),
and the percentage change in afferent nerve fibre activity
from baseline was calculated.

In mice, the nerve dissection and identification of joint
afferents was done the same way as for the rat experiments as
described above. However, instead of a single unit, multiple
units were identified and recorded as a sum action potential.
After identification of multiple units as joint afferents
without muscle input. a cannulation tube (fine-bore tubing,
0.40 mm ID, 0.80 mm OD; Portex) was filled with 20 mL of
2-furoyl-LIGRLO-NH2 (100 nmol in 100 mL) and 20 mL of KCl
solution (0.4 mM). Both solutions were separated by a small
air bubble in the tube. The tube was connected to a Hamilton
syringe. A 30G needle was inserted into the tube and then
inserted into the space between the patella and groove of the
distal femur. After confirming that the recorded units have
not been damaged by the inserted needle and still respond to
probing of the receptive field, first 2-furoyl-LIGRLO-NH2 was
injected intra-articular. and nerve activity was recorded for
15 min. For analysis, the sum action potential of all afferents
was determined before and 15 min after injection of 2-furoyl-
LIGRLO-NH2 by calculating the number of action potentials
elicited in a 1 min timeframe. Then KCl was injected to
confirm that the injected drug reached the joint nerve termi-
nals in all experiments.

Intravital microscopy of the synovial
microcirculation
Rats were deeply anaesthetized as mentioned previously. The
skin and connective tissue over the right knee were surgically
removed to expose the antero-medial aspect of the knee joint,
and animals were placed in dorsal recumbency on a homoeo-
thermic heating blanket. The exposed knee joint was imme-
diately and continuously perfused with warm (37°C) 0.9%
saline at a rate of 12 mL·h-1 using a peristaltic pump (Gilson,
Guelph, Ontario, Canada) and secured in a presentation suit-
able for microscopy. A glass coverslip was gently placed over
the medial aspect of the knee joint and secured to the stage
with vacuum grease.

Leukocytes were stained in vivo by i.v. injection of 0.05%
Rhodamine 6G (Sigma-Aldrich) through a tail vein cannula-
tion. The microcirculation was examined under incident
fluorescent light microscopy using a Mikron IV 500 micro-
scope (Mikron Instruments, San Marcos, CA, USA) with a ¥40
objective lens (Zeiss Achroplan 40X/0.75W) and a Periplan
¥10 eyepiece (final magnification ¥400). Straight, unbran-
ched, post-capillary venules (diameter 20–50 mm), located
directly on the knee joint capsule, were selected for analysis.
Leukocyte kinetics was recorded using a XR/MEGA-10 video
camera (Stanford Photonics, Palo Alto, CA, USA). A 1 min
control recording was acquired before any drug perfusion.
Then either the PAR2 activating peptide, 2-furoyl-LIGRLO-
NH2 (at 1, 10 and 1000 mM) or the PAR2-inactive scrambled
control peptide, 2-furoyl-OLGRIL-NH2 (1000 mM) were per-
fused over the knee joint for 5 min. After this time, warm
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saline (37°C) was continuously perfused; and 1 min record-
ings made at 5, 10, 20, 30, 40, 50 and 60 min after drug
perfusion. Rats were either naive or pre-treated with the
TRPV1 antagonist, SB366791 (500 mg·kg-1 i.p. 30 min before
administration of the PAR2 agents). In a separate group of
animals, the NK1 antagonist, RP67580 (2 nmol), was
co-perfused together with 2-furoyl-LIGRLO-NH2. Recordings
were also made during saline perfusion alone on another
group of animals. Recordings were subsequently analysed
offline to determine leukocyte trafficking within the microv-
asculature. Leukocyte kinetics in the joint were defined as
described previously (Andruski et al., 2008). Briefly, a rolling
leukocyte is defined as a white blood cell moving slower than
the normal flow of blood in a given vessel. The extent of
leukocyte rolling is expressed as leukocyte flux and calculated
as the number of rolling cells to pass an arbitrarily defined
line perpendicular to the axis of the vessel in 1 min. A leu-
kocyte is classified as adherent if it remains stationary for at
least 30 s, and total leukocyte adhesion was quantified as the
number of adherent cells within a 100 mm length of venule in
1 min.

Data analysis and statistical procedures
All data were normally distributed and were therefore tested
using parametric statistics. Data were expressed as means �

SEM. To analyse different drug treatments and time effects
between experimental groups two-way ANOVA and Bonferroni
post tests were used; P < 0.05 was considered statistically
significant. Time courses of drug effects were analysed using a
repeated-measures one-way ANOVA with individual time points
compared against baseline using the Dunnett’s multiple com-
parison test.

Materials
The PAR2-activating peptide, 2-furoyl-LIGRLO-NH2, the PAR2-
inactive scrambled control peptide, 2-furoyl-OLGRIL-NH2,

were obtained from the Peptide Synthesis Facility at the Uni-
versity of Calgary (peplab@ucalgary.ca, Calgary, Alberta,
Canada). The composition and purity of the peptides
were confirmed by HPLC and mass spectral analysis. All
peptides were dissolved in sterile 0.9% NaCl. SB366791
(Sigma-Aldrich, Ontario, Canada) was dissolved in 2% DMSO
and 1% cremophor. RP67580 (Tocris Bioscience, Missouri,
MO, USA) was dissolved in 1% ethanol. The polyclonal A5
rabbit anti-PAR2 antiserum was prepared using a synthetic
immunizing peptide containing the PAR2-derived sequence:
G3PNSKGRSLIGRLDTP as described previously (Al-Ani et al.,
1999); this synthetic peptide, also synthesised by the Univer-
sity of Calgary peptide synthesis facility, was used at a con-
centration of 20 mg·mL-1 to block the reaction of the A5
antiserum with the tissue PAR2 epitope.

Results

Fluoro-gold labelling of knee joint afferents
and co-localization of PAR2 receptors
The initial objective of this study was to verify the
co-localization of PAR2 receptors on the cell bodies of rat knee
joint afferents that are found within the L3, L4 and L5 DRGs

(Salo and Theriault, 1997) A total of 3436 Fluoro-gold positive
neurones were identified in L3, L4 and L5 DRGs collected
from four rats. On average 430 � 48 labelled afferents were
seen per injected knee joint and were seen to be of similar size
distribution as observed in previous reports (Salo and The-
riault, 1997; Russell et al., 2010). The majority of joint affer-
ents were observed in L3 and L4 DRGs (Table 1). Of the
Fluoro-gold-positive cells, 59 � 5% also stained positively for
PAR2. Photomicrographs from L3, L4 and L5 DRGs showing
typical co-localization of Fluoro-gold and PAR2 are shown in
Figure 1. PAR2 exhibited similar expression distribution in
joint afferents associated with L3, L4 and L5 DRGs. In addi-
tion, no preferential expression in a particular size of neurone
was observed as the distribution of Fluoro-gold- and PAR2-
positive cells corresponded to the overall size distribution of
all Fluoro-gold-positive cells (Figure 2). Thus, a substantial
proportion of the cell bodies with an afferent connection to
the knee joint expressed PAR2.

Specificity of PAR2-activating peptide
The specificity of the PAR2 activating peptide, 2-furoyl-
LIGRLO-NH2, for triggering PAR2 receptors was confirmed (i)
by monitoring a lack of response to the receptor-inactive
‘scrambled’ peptide, 2-furoyl-OLRGIL-NH2 (see below) and
(ii) by conducting electrophysiological experiments compar-
ing the responses of the PAR2-activating peptide, 2-furoyl-
LIGRLO-NH2 observed in wild-type compared with PAR2

knock-out mice. Intra-articular injection of 2-furoyl-LIGRLO-
NH2 in wild-type mice (n = 6) induced long-lasting spontane-
ous activity, starting 5 to 10 min after drug application in all
recorded nerve afferents (Figure 3A). 15 min after drug
administration the firing rate was significantly increased
(1.7–8.9 Hz;) compared with control (0.0–to 0.36 Hz
Figure 3C; P < 0.01; Student t-test). In PAR2 knock-out mice (n
= 4), 2-furoyl-LIGRLO-NH2 had no effect on spontaneous
activity in any of the recorded nerve afferents during the
15 min recording period (Figure 3D), thereby confirming its
selectivity for activating PAR2. Fifteen minutes after drug
application, no significant changes in firing rate (0.05–
0.35 Hz; ) were observed compared with control (0.06–0.4 Hz;
P = 0.62, Student t-test; Figure 3F). In all experiments, intra-
articular injection of KCL induced a burst of activity that was
quick in onset confirming that test reagents reached the
nerve terminals in all recorded fibres (Figure 3B and E).

Table 1
Counts of Fluoro-Gold-positive cells and PAR2-positive cells in L3, L4
and L5 DRGs

DRG

No. of
Fluoro-Gold
positive cells

No. of
Fluoro-Gold
cells positive
for PAR2

% of
Fluoro-Gold
cells positive
for PAR2

L3 263 � 14 146 � 19 56 � 7

L4 206 � 24 113 � 9 58 � 6

L5 48 � 6 31 � 5 62 � 6

Values are mean � SEM, n = 8.
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Neuronal characteristics of afferent fibres in
the rat
Between one and two joint afferent fibres were recorded per
rat, with a total of 40 fibres examined overall in the study.
Fifty percent of the fibres had conduction velocities that

classified them as unmyelinated type IV fibres, whilst 25%
were classified as thinly myelinated type III fibres. Conduc-
tion velocities could not be determined for 25% of the fibres.
No detectable differences were observed in the response of
the different groups of afferents to the drugs studied. Table 2
summarizes the electrophysiological characteristics of these

Figure 1
PAR2 expression in knee joint afferent neuronal cell bodies. Left: Retrograde labelling of knee joint afferent DRGs with Fluoro-Gold taken from L3
(A), L4 (B) and L5 (C). Right: Immunofluorescent imaging using Cy3 reveals a co-localization of PAR2-positive cells in the corresponding L3–L5
DRGs (D–F). Scale bar, 30 mm.

Table 2
Electrophysiological characteristics and torque used for normal and noxious rotation for each fibre recorded from rat knee joints

Treatment group
Fibre
type

Mechanical
threshold (mNm)

Electrical
threshold (V)

Conduction
velocity (m·s-1)

Torque (mNm)

n
Normal
rotation

Noxious
rotation

2-furoyl-LIGRLO-NH2 III 16 � 2 7 � 2 3.9 � 1.3 16 � 1 33 � 1 6

IV 19 � 3 7 � 1 1.2 � 0.2 16 � 1 29 � 2 11

ND 13 � 2 – – 16 � 3 22 � 3 4

SB366791 pre-treated III 20 5 4.8 13 30 1

IV 11 � 3 7 � 2 1.1 � 0.2 12 � 2 21 � 5 3

ND 8 � 1 – – 11 � 1 23 � 3 4

RP67580 +
2-furoyl-LIGRLO-NH2

III 10 � 4 5 � 2 3.3 � 0.4 15 � 2 27 � 2 3

IV 14 � 3 7 � 1 1.2 � 0.2 14 � 1 25 � 4 6

ND 5 – – 12 � 4 23 � 8 2

Data are mean � SEM, and fibres are classified as thinly myelinated type III or unmyelinated type IV units. For some fibres, it was not possible
to determine conduction velocity. ND, not determined.
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fibres together with the mean torque levels used for normal
and noxious rotation. All fibres tested were responsive to
close intra-arterial administration of potassium chloride (KCl;
0.4 mM, 0.1 mL) at the conclusion of the experiment, thus
confirming that administered drugs reached the mechano-
sensory nerve endings. Fibres responded to outward rotation
of the knee, and all but one fibre responded to both normal
and noxious hyper-rotation of the joint. This single type IV
fibre belonging to the 2-furoyl-LIGRLO-NH2 alone treatment

group, only responded to noxious joint rotation. The recep-
tive field of each fibre was identified by gentle probing with a
glass rod, and all fell within the area of the knee joint. In
contrast to the mouse, little or no spontaneous activity was
observed from normal rat knee joint afferent fibres.

Effect of PAR2 activation on the
mechanosensitivity of normal rat knee
joint fibres
In the naive rat knee joint, close intra-arterial administration
of 100 nmol PAR2 activating peptide, 2-furoyl-LIGRLO-NH2

caused a significant increase in joint afferent firing rate from
baseline values during both normal and noxious rotation of
the joint over 15 min (Figure 4; repeated-measures one-way
ANOVA: P = 0.0002, normal rotation; P < 0.0001, noxious rota-
tion); 10 nmol PAR2 activating peptide, 2-furoyl-LIGRLO-NH2

also significantly increased firing rate during noxious rotation
but not for the normal movement (P = 0.09, normal rotation;
P < 0.0001, noxious rotation). The lowest dose of 1 nmol
2-furoyl-LIGRLO-NH2 did not significantly alter firing rate
from baseline (P = 0.76, normal rotation; P = 0.30, noxious
rotation). In addition, the control PAR2-inactive scrambled
peptide 2-furoyl-OLGRIL-NH2, at 100 nmol had no effect on
joint fibre firing rate (P = 0.09, for both normal and noxious
rotations), thus confirming the specificity of 2-furoyl-
LIGRLO-NH2 for activating PAR2.

The PAR2 activating peptide had a dose and time-
dependent effect on firing rate during both normal and
noxious movement (two-way ANOVA: P < 0.05; Figure 4C and
D). The increase in joint afferent firing rate seen during
noxious rotation after administration of 100 nmol 2-furoyl-
LIGRLO-NH2 was significant compared with the same dose of
scrambled peptide from 3 to 7 min post administration
(Figure 4D; two-way ANOVA followed by Bonferroni post-test: P
< 0.05). By 9 min, firing rate had returned to baseline values.
In a subset of fibres, firing rate was followed up to 2 h post
drug administration, but no further increase in firing rate was
observed (data not shown). In addition, in two fibres the
highest dose of 2-furoyl-LIGRLO-NH2 was administered for a
second time, 15 min after the initial dose; but no effect on
firing rate was observed, pointing to a desensitization of the
receptor (data not shown).

Effect of SB366791 and RP67580 on
PAR2-induced mechanosensitization of
joint fibres
To elucidate the mechanisms behind the PAR2-induced sen-
sitization of afferent fibres in response to a mechanical stimu-
lus, rats were pre-treated with either the TRPV1 antagonist,
SB366791 (500 mg·kg-1 i.p.) or the NK1 receptor antagonist,
RP67580 (2 nmol co-administered with 2-furoyl-LIGRLO-
NH2). SB366791 was administered systemically, whereas
RP67580 was administered locally to the knee joint. There-
fore, mean firing rate from four movement cycles was deter-
mined pre administration of SB366791 and 30 min post
systemic administration. Administration of SB366791 alone
had no effect on joint firing rate during both normal and
noxious joint rotations (firing rate before SB366791: 11.6 �

2.2, normal rotation; 52.2 � 9.8, noxious rotation; firing rate
30 min after SB366791: 10.4 � 4, normal rotation; 40.2 � 7.0,

Figure 2
Spread of diameter size neurons positive for Fluoro-Gold (FG) and
PAR2. Diameters of Fluoro-Gold-positive cells in L3 (A), L4 (B) and L5
(C) DRGs. Results are mean � SEM, n = 8.
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noxious rotation; n = 6–9). The mean firing rate 30 min after
SB366791 was then used as the baseline level in Figure 5A and
B. There was no difference between 2-furoyl-LIGRLO-NH2

alone and after pre-treatment with SB366791 during normal
rotation (Figure 5A). However, during noxious joint rotation,
pre-treatment with SB366791 completely abolished the
increase in firing rate seen with 100 nmol 2-furoyl-LIGRLO-
NH2 (Figure 5B). Interestingly, despite SB366791 alone having
no effect on firing rate, when 2-furoyl-LIGRLO-NH2 was
administered after SB366791, the joint firing rate during
noxious rotation was significantly reduced from baseline

values at 9, 11, 13 and 15 min after administration (Figure 5B,
P < 0.05; Dunnett’s multiple comparison test) during noxious
joint rotation.

RP67580 was administered locally via the saphenous
artery cannulation; therefore, it was possible to take firing
rate measurements for 15 min after RP67580 and before
administration of 2-furoyl-LIGRLO-NH2. These results are
shown graphically in Figure 5C and D. Administration of
RP67580 alone had no effect on joint firing rate compared
with baseline during normal and noxious rotation of the
joint (Figure 5C and D). As with SB366791, during normal

Figure 3
Joint nerve recordings in (A–C) PAR2 WT and (D–F) PAR2 KO mice. (A) Example of a multi unit recording from wild-type mouse knee joint afferents.
2-Furoyl-LIGRLO-NH2 induced long-lasting spontaneous activity in PAR2 WT mice. (B) KCl was administered subsequently and caused a burst of
activity confirming drug exposure to the nerve terminal. (C) The average firing frequency was significantly increased 15 min after 2-furoyl-
LIGRLO-NH2 application in PAR2 WT mice. Data are shown as mean � SEM, n = 6 animals. Student’s t-test: ** P < 0.01, compared with control.
(D) Example of a multi unit recording from knee joint afferents from a PAR2 KO mouse. 2-Furoyl-LIGRLO-NH2 had no effect on spontaneous firing
in PAR2 KO mice joint afferents. (E) KCl induced a burst of spontaneous activity in PAR2 KO mice joint afferents. (F) 2-Furoyl-LIGRLO-NH2 had no
significant effect on average spontaneous firing rate 15 min after drug exposure in PAR2 KO mice. Data are shown as mean � SEM, n = 4 animals.
Student’s t-test: n.s = not significant compared with control.
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rotation, there was no difference in the firing rates between
2-furoyl-LIGRLO-NH2 alone and 2-furoyl-LIGRLO-NH2

co-administered with RP67580. However, during noxious
rotation RP67580 prevented the increase in firing rate caused
by 100 nmol 2-furoyl-LIGRLO-NH2 (Figure 5D). A similar

result was observed as with SB366791, in that a significant
decrease in firing rate from baseline values was seen from 11
to 15 min when RP67580 was co-administered with 2-furoyl-
LIGRLO-NH2 (Figure 5D, P < 0.05; Dunnett’s multiple com-
parison test).

Effect of PAR2 activation on leukocyte kinetics
in the knee joint
Leukocyte rolling. Perfusion of saline vehicle alone caused a
small but significant increase in leukocyte rolling in the
microvasculature of the joint over 50 min (Figure 6A,
repeated-measures one-way ANOVA; P < 0.001). This increase
could be due to a small inflammatory effect caused by expo-
sure of the knee joint alone. However, perfusion of all three
doses of 2-furoyl-LIGRLO-NH2 for 5 min caused a heightened
increase in leukocyte rolling in the joint (Figure 6A). This
increase was significantly enhanced compared with
vehicle from 5 min post perfusion and lasted up to 50 min
(Figure 6A). There was no difference between the different
doses of the PAR2 peptide perhaps indicating that even at the
lowest dose; maximal leukocyte rolling had been induced. In
contrast, the scrambled receptor-inactive peptide at a dose
equivalent to the highest one used for the receptor-active
peptide had no effect on leukocyte rolling compared with
vehicle (Figure 6A).

Leukocyte adhesion. Perfusion of saline vehicle alone also
caused a significant, albeit minor, increase in leukocyte adhe-
sion in the joint over the 50 min recording period (from 0.4
� 0.2 adherent leukocytes to 2.6 � 0.2 at 50 min, Figure 6B;
repeated-measures one-way ANOVA; P < 0.0001). However,
2-furoyl-LIGRLO-NH2 enhanced this leukocyte adhesion at
all doses (from 1 mM to 1 mM) compared with vehicle. At a
concentration of 1 mM, 2-furoyl-LIGRLO-NH2 caused the
number of adherent leukocytes to increase from 0.7 � 0.3 at
baseline, to 9.2 � 1 at 50 min. As with leukocyte rolling, this
effect was observed from 5 min post perfusion and persisted
for up to 60 min (Figure 6B). 1 mM 2-furoyl-LIGRLO-NH2 had
a significantly greater maximum effect compared with the
two lower doses of the PAR2 activating peptide, 1 mM and
10 mM. The scrambled PAR2-inactive peptide at the same con-
centration as the highest dose of 2-furoyl-LIGRLO-NH2

(1 mM) had no effect on leukocyte adhesion compared with
vehicle (Figure 6B).

Figure 4
Effect of PAR2 activation on joint fibre firing in response to a mechani-
cal stimulus. Example of a single unit recording from a single joint
fibre before and 3 min after (A) 100 nmol scrambled control peptide
2-furoyl-OLGRIL-NH2 and (B) 100 nmol 2-furoyl-LIGRLO-NH2 during
normal and noxious rotation of the knee joint. Time course of close
intra-arterial injection of either 2-furoyl-LIGRLO-NH2 (at doses
1–100 nmol·100 mL-1) or scrambled peptide, 2-furoyl-OLGRIL-NH2

(100 nmol·100 mL-1) on knee joint afferent activity over 15 min in
response to (C) normal and (D) noxious rotation of the knee joint.
Baseline values before drug administration were used as control.
Data are shown as mean � SEM, n = 10–21. Two-way ANOVA followed
by Bonferroni test. *P < 0.05 compared with scrambled peptide.
�
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Effect of SB366791 and RP67580 on
PAR2-induced leukocyte rolling and adhesion
Pre-treatment with either SB366791 or RP67580 significantly
inhibited the PAR2-induced increase in leukocyte rolling
(Figure 7A) and adhesion (Figure 7B) over the time course of
the experiment at all doses of 2-furoyl-LIGRLO-NH2 tested
(P < 0.05, repeated-measures two-way ANOVA). The effect at
40 min is illustrated in Figure 7 and shows the ability of
either SB366791 or RP67580 to inhibit both rolling and
adherence of leukocytes at the 40 min time point. This result
is representative of the inhibition observed at all other time
points (not shown).

Discussion

The main findings of this study were that PAR2 receptors were
co-localized in neuronal cell bodies receiving afferent projec-
tions from the knee joint,and that PAR2 activation did affect
both afferent activity and leukocyte trafficking in the knee

joint. The knowledge that serine proteinases are seen in high
levels in chronic joint disease and have the ability to signal
through the PAR family of receptors, has led to intensive
research on the effect of PAR activation in the joint. In this
study, we have advanced the understanding of the role of
PAR2 in the rat knee joint. We have shown for the first time,
that PAR2 receptors are highly expressed in joint sensory
neurones and that activation of these receptors led to a tran-
sient sensitization of these joint fibres, together with a sus-
tained increase in leukocyte rolling and adhesion in the
microvasculature of the joint. Despite the fact that, in other
tissues, there is no correlation between the leukocyte traffick-
ing and neuronal effects of PAR2 activation, we have shown
here that both of the effects on leukocyte kinetics and the
neuronal sensitization caused by PAR2 in the joint appear to
be mediated via TRPV1 and NK1 receptors.

Previously, we have shown that activation of the another
member of the PAR family, PAR4, sensitizes knee joint afferent
fibres with a significant increase in firing rate observed from
1 min and sustained over 15 min during both normal and
noxious joint rotations (Russell et al., 2010). In contrast,

Figure 5
Effect of TRPV1 and NK1 receptor antagonism on PAR2-induced sensitization of joint fibres. Time course of knee joint afferent activity over 15 min
after close intra-arterial injection of 2-furoyl-LIGRLO-NH2 (100 nmol·100 mL-1) alone (n = 21) or 30 min after treatment with SB366791
(500 mg·kg-1 i.p., n = 8) in response to (A) non-noxious and (B) noxious rotation of the joint. Two-way ANOVA followed by Bonferroni test. *P < 0.05
compared with SB366791 pre-treated. Repeated-measures one-way ANOVA followed by Dunnet’s multiple comparison test to compare against
baseline, ~P < 0.05. Time course of 2-furoyl-LIGRLO-NH2 (100 nmol·100 mL-1) alone (n = 21), co-administered with RP67580 (2 nmol, n = 11), or
RP67580 alone (n = 8) in response to (C) non-noxious and (D) noxious rotation of the knee joint. Data are shown as mean � SEM. Two-way ANOVA

followed by Bonferroni test. *P < 0.05 compared with RP67580 + 2-furoyl-LIGRLO-NH2, #P < 0.05 compared with RP67580 alone, $P < 0.05
RP67580 + 2-furoyl-LIGRLO-NH2 compared with RP67580 alone. Repeated-measures one-way ANOVA followed by Dunnet’s multiple comparison
test to compare against baseline, ~P < 0.05.
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activation of PAR2, examined in this new study, caused a
transient sensitization of joint afferents during both normal
and noxious rotations (Figure 4C and D). The increased firing
rate during noxious rotation does not become significant
from control peptide until 3 min post administration and
only lasts for 7 min. Both PAR4 and PAR2 receptors were
expressed in similar proportions and with a similar neuronal
size distribution in the DRG neurones from fibres innervating
the joint (Russell et al., 2010). Despite this similarity in recep-
tor distribution, PAR2 and PAR4 receptors work via different
mechanisms. PAR4-induced sensitization was reported to be
TRPV1-independent but dependent on both the bradykinin
B2 receptor and connective tissue mast cells (Russell et al.,
2010; 2011). Conversely, PAR2-induced sensitization in the
context of a noxious stimulus is both TRPV1 and NK1

receptor-dependent (Figure 5B and D). Due to the transient
nature of this sensitization, it may be hypothesized that
2-furoyl-LIGRLO-NH2 is working directly on PAR2 receptors
expressed on the peripheral terminals of the afferent fibres,
rather than activating other cell types, such as mast cells as
was observed in the PAR4 study. Once activated, PAR2 recep-
tors are rapidly desensitised, followed by internalization and
degradation (Bohm et al., 1996; Adams et al., 2011). This

desensitization process accounts for the lack of effect we
observed when a second dose of 100 nmol 2-furoyl-LIGRLO-
NH2, was administered 15 min after the initial dose. Resensi-
tization of PAR2 receptors is thought to take between 30 and
60 min after desensitization and occurs by both mobilization
of intracellular pools of these receptors to the plasma mem-
brane and de novo receptor synthesis (Bohm et al., 1996).

Antagonism of either TRPV1 or NK1 receptors prevented
PAR2-induced neuronal sensitization, but only during noxious
joint rotation. These findings corroborate a previous study
that showed that intra-articular injection of a PAR2 agonist
caused a painful response in the rat hind limb via a TRPV1-
dependent pathway (Helyes et al., 2010). PAR2 receptors have
been previously shown to sensitise TRPV1 channels via PKA,
PKC and PLC-dependent pathways (Amadesi et al., 2004;
2006; Dai et al., 2004), thus lowering their activation thresh-
old. The current data show that this effect occurs only during
noxious joint rotation indicating that TRPV1 channels were
only activated by suprathreshold stimuli in non-inflamed
tissue. The role for TRPV1 channels in mechanosensation is
controversial with TRPV1-/- mice exhibiting no difference in
sensitivity to mechanical stimuli (Caterina et al., 2000; Davis
et al., 2000). More recently, however, results with TRPV1

Figure 6
Effect of PAR2 activation on leukocyte kinetics. Representative intravital microscope images showing the lack of effect of the scrambled peptide (A)
and the stimulatory effect of 2-furoyl-LIGRLO-NH2 (B) on leukocyte accumulation in a joint blood vessel. Time course of (C) leukocyte rolling and
(D) leukocyte adhesion after perfusion of 2-furoyl-LIGRLO-NH2 (doses 1–1000 mM) or scrambled peptide, 2-furoyl-OLGRIL-NH2 (1000 mM) over
60 min. Data are shown as mean � SEM, n = 5–6. Two-way ANOVA followed by Bonferroni test. *P < 0.05 1 mM 2-furoyl-LIGRLO-NH2, #P < 0.05
10 mM 2-furoyl-LIGRLO-NH2, $P < 0.05 1000 mM 2-furoyl-LIGRLO-NH2 compared with vehicle. •P < 0.05 1000 mM 2-furoyl-LIGRLO-NH2

compared with 1000 mM 2-furoyl-OLGRIL-NH2.
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channel antagonists have suggested a role for these receptors
in mechanical allodynia (Kanai et al., 2005; Cui et al., 2006;
Fernandes et al., 2011). Thus, TRPV1 channels may play a
more important role detecting noxious mechanical stimuli
compared with a normal mechanical stimulus. Other
members of the TRP channel family, namely TRPV4, TRPA1,
and TRPM8 have all been implicated in mechanosensation
(Grant et al., 2007; Brierley et al., 2011; Fernandes et al., 2011;

Harrington et al., 2011) and significantly, links between PAR2

receptors have been observed with both TRPA1 and TRPV4
channels (Dai et al., 2007; Grant et al., 2007). Therefore,
during normal rotation, PAR2 receptors could be mediating
their sensitizing effects via TRPA1 or TRPV4 channels, but this
possibility requires further investigation.

The substance P receptor, NK1 is also required for the
PAR2-induced sensitization during noxious rotation, imply-
ing a role for the sensory neuropeptide, substance P, in sen-
sitizing the joint afferents. Activation of TRPV1 channels
leads to substance P release from the peripheral terminals of
sensory nerves, where it can work in an autocrine and/or
paracrine fashion activating NK1 receptors expressed both on
these peripheral terminals and on adjacent parenchymal cells
(Zhang et al., 2007). This action can thus contribute to
peripheral sensitization (Richardson and Vasko, 2002). This
suggestion is in keeping with previous studies showing that
the NK1 receptor is crucial for the hyperalgesia caused by
injection of PAR2 activating peptides into the hind paw of
rodents (Vergnolle et al., 2001) Interestingly, in our new work
described here, antagonism of TRPV1 and NK1 receptors
together with administration of the PAR2 activating peptide
in the context of noxious rotation, causes a significant reduc-
tion in afferent fibre firing rate below that of baseline begin-
ning at about 9 min after administration of 2-furoyl-LIGRLO-
NH2 (Figure 5B and D). This decrease was not observed after
treatment with the antagonists alone, presumably because
without concurrent PAR2 receptor stimulation, the activation
threshold of TRPV1 channels was not lowered. Hence, in that
situation, the noxious rotation may not be sufficient to acti-
vate TRPV1 channels, and therefore, no substance P is
released. The reduced firing rate observed with the antago-
nists in the course of PAR2 activation, may be due to PAR2

receptors causing the release of analgesic mediators such as
cannabinoids or opioids from either neuronal or non-
neuronal sources; such agonists are known to be anti-
nociceptive in the joint (Li et al., 2005; Schuelert and
McDougall, 2008; McDougall, 2011). This ‘analgesic’ effect of
PAR2 activation may normally be masked by the predominant
pro-algesic effect of TRPV1 activation and substance P release.

Our work is the first to show that PAR2 activation causes
increased leukocyte rolling and adhesion in the microvascu-
lature of the joint. This finding correlates with findings (i) in
the cremaster muscle of mice where treatment with the PAR2

peptide, SLIGRL-NH2 induces P-selectin expression on
endothelial cells, thus enhancing leukocyte rolling (Lindner
et al., 2000), and (ii) in the paw, where PAR2 activation results
in leukocyte accumulation (Vergnolle et al., 1999). As with
the PAR2-induced neuronal sensitization, the PAR2-induced
changes in leukocyte kinetics were observed to be dependent
on TRPV1 and NK1 receptors. It is well known that substance
P, released after TRPV1 activation, acts on the NK1 receptor
and is a potent mediator of increased microvascular perme-
ability (Cao et al., 2000). In addition, substance P can
enhance the expression of P-selectin on endothelial cells thus
promoting leukocyte rolling and tethering as well as poten-
tiating leukocyte accumulation during inflammation over a
number of hours (Cao et al., 2000; Miyazaki et al., 2006). The
microvascular effects of substance P can be prevented by prior
neuronal desensitization with capsaicin and pre-treatment
with TRPV1 antagonists (Richardson and Vasko, 2002; Varga

Figure 7
Effect of TRPV1 and NK1 receptor antagonism on PAR2-induced
changes in leukocyte kinetics. Dose–response of (A) leukocyte rolling
and (B) leukocyte adhesion 40 min after perfusion of 2-furoyl-
LIGRLO-NH2 (doses 1–1000 mM). Rats were either naive or pre-
treated with SB366791 (500 mg·kg-1 i.p. 30 min before perfusion) or
RP67580 (200 mM) was co-perfused with 2-furoyl-LIGRLO-NH2. Data
are shown as mean � SEM, n = 5–10. Two-way ANOVA followed by
Bonferroni test. *P < 0.05 compared with SB366791 pre-treated, #P
< 0.05 compared with RP67580 treated. Dotted line is equivalent to
value after perfusion of vehicle at 40 min.
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et al., 2005), implicating an important role for neuronal
TRPV1 channels in this process.

PAR2 expression was observed in approximately 60% of
knee joint afferents, but it is still not known whether the PAR2

activating peptide is acting directly on neuronal PAR2 recep-
tors in our model. PAR2 receptors are also expressed in
endothelial cells and various immune cells, such as macro-
phages, neutrophils and mast cells (Russell and McDougall,
2009). However, we have shown here that activation of
TRPV1 and NK1 receptors are crucial in mediating both the
neuronal sensitization and increased leukocyte rolling and
adhesion induced by PAR2 activation in the joint. It is essen-
tial to learn more about the role of PAR2 in the joint, as this
receptor is emerging as a key player in chronic inflammatory
joint disease (Ferrell et al., 2003; 2010; Yang et al., 2005; Kelso
et al., 2006; Busso et al., 2007; Nakano et al., 2007). Problems
with the development of selective PAR2 antagonists have hin-
dered the clinical translation of these findings. Thus, greater
knowledge of the pathways involved in PAR2-mediated effects
in the joint, may allow for the development of improved
therapies to deal with the widespread clinical problem of
chronic joint pain and inflammation.
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