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1 The peripheral effect of the ‘opioid-like’ peptide nociceptin/orphanin FQ (N/OFQ) on joint blood
flow was investigated in acutely inflamed rats. Sensory neuropeptide release from capsaicin-sensitive
nerves and the involvement of synovial mast cells and leukocytes on these vasomotor responses were
also studied.

2 Blood flow measurements of exposed knee joints were performed in urethane-anaesthetised rats
(2mg kg�1 intraperitoneal) using laser Doppler perfusion imaging. Topical administration of N/OFQ
(10�13–10�8mol) to acutely inflamed joints caused a dose-dependent increase in synovial perfusion
with an ED50 of 4.0� 10�10mol. This vasodilatatory response was blocked by the selective NOP
receptor antagonist [Phe1-(CH2-NH)-Gly

2]-Nociceptin(1–13)-NH2 (10
�9mol) (Po0.0001).

3 Co-administration of N/OFQ with the neurokinin-1 (NK1) receptor antagonist [D-Arg1,D-Phe5,D-
Trp7,9,Leu11]-Substance P (10�12mol), the vasoactive intestinal peptide (VIP) receptor antagonist
VIP6–28 (10�9mol) or the calcitonin gene-related peptide (CGRP) receptor antagonist CGRP8–37

(10�9mol) all blocked the hyperaemic effect of N/OFQ (Po0.0001).

4 Treatment of acutely inflamed knees with capsaicin (8-methyl-N-vanillyl-6-noneamide) to destroy
unmyelinated joint afferents also inhibited N/OFQ vasomotor activity.

5 Stabilisation of synovial mast cells with disodium cromoglycate (cromolyn) ameliorated N/OFQ
responses, whereas inactivation of circulating leukocytes with the pan-selectin inhibitor fucoidin
completely blocked N/OFQ-induced hyperaemia in these joints.

6 These experiments show that in acutely inflamed knee joints, N/OFQ acts on NOP receptors
located on synovial mast cells and leukocytes leading to the secondary release of proinflammatory
mediators into the joint. These agents subsequently stimulate sensory neuropeptide release from
capsaicin-sensitive nerves culminating in vasodilatation and increased articular blood flow.
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Introduction

Opioids are a family of compounds that are related to opiates

in structure and activity, but do not originate from the poppy

plant Papaver somniferum. Originally, three opioid receptors

were identified (termed m, d and k), which are G protein-

coupled receptors consisting of seven transmembrane-span-

ning domains. The genes encoding for these receptors have

been sequenced and successfully cloned (Evans et al., 1992;

Kieffer et al., 1992; Li et al., 1993; Wang et al., 1993). While

screening genomic and cDNA libraries for putative opioid

receptor subtypes, a novel receptor was uncovered that showed

65% homology to the d-opioid receptor but did not bind any

known opioid (Chen et al., 1994; Mollereau et al., 1994; Wang

et al., 1994). This ‘opioid-like’ receptor is called NOP and

is now known to bind a heptadecapeptide called nociceptin/

orphanin FQ (N/OFQ). Immunolocalisation studies have

determined that N/OFQ is widely distributed throughout the

central nervous system (Riedl et al., 1996; Schuligoi et al.,

1997; Neal et al., 1999) as well as occurs in nerve terminals

innervating peripheral tissues including the rat ankle joint

(Ackermann et al., 2001).

The physiological function of N/OFQ is highly diverse

encompassing actions such as pain modulation, locomotor

coordination and memory organisation (Darland et al., 1998;

Goda & Mutneja, 1998; Mogil & Pasternak, 2001). One of the

confounding characteristics of N/OFQ is that the physiological

effects of the peptide are complex and varied depending on

factors such as mode of administration, dose, animal species

and inflammatory status of the tissue (for review see Mogil &

Pasternak, 2001). Studies in rats have shown that systemic

administration of N/OFQ causes transient hypotension and

bradycardia (Champion & Kadowitz, 1997; Giuliani et al.,

1997; Bigoni et al., 1999), whereas Arndt et al. (1999) found

that N/OFQ caused increased systemic blood pressure and*Author for correspondence; E-mail: mcdougaj@ucalgary.ca
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pronounced tachycardia when injected into sheep. In vitro

pharmacological studies on precontracted arterial rings demo-

nstrated a vasorelaxant effect of N/OFQ (Gumusel et al., 1997;

Champion et al., 1998b) indicating a peripheral role for the

peptide in counteracting vasomotor tone. Conversely, in vivo

blood flow experiments carried out on joints revealed a

vasoconstrictor effect of N/OFQ, which proved to be

sympathetically mediated (McDougall, 2003).

Neurogenic inflammation is a process in which capsaicin-

sensitive afferent nerves fire in an antidromic direction to cause

the peripheral release of sensory neuropeptides from nerve

terminals (Jansco et al., 1967). In joints, antidromic electrical

stimulation of sensory nerves results in protein extravasation

and vasodilatation of articular blood vessels (Ferrell & Cant,

1986; 1987), whereas chemical activation of these nerves by

local capsaicin treatment causes conspicuous synovial hyper-

aemia (Karimian et al., 1995; Varga et al., 2005). Sensory

neuropeptides, which have been shown to be vasodilatatory in

joints and are therefore considered neurogenic inflammatory

mediators, include substance P (SP) (Lam & Ferrell, 1991;

1993; McDougall et al., 1995), calcitonin gene-related peptide

(CGRP) (Ferrell et al., 1997; McMurdo et al., 1997) and

vasoactive intestinal peptide (VIP) (McDougall & Barin,

2005). Evidence is beginning to accumulate that suggests that

peripheral administration of N/OFQ causes secondary release

of SP from afferent nerve terminals. Inoue et al. (1998) found

that the pro-nociceptive effects of N/OFQ in the paw could

be blocked by capsaicin depletion of SP-containing nerves or

by disruption of the tachykinin-1 gene. Similarly, antagonism

of SP-preferring NK1 receptors inhibited N/OFQ-mediated

nerve sensitisation (McDougall et al., 2000; 2001) and urinary

bladder contraction (Lecci et al., 2000). In contrast, others

have found an inhibitory effect of N/OFQ on sensory neuro-

peptide release leading to a reduction in neurogenic inflamma-

tion locally within the tissue (Helyes et al., 1997; Nemeth

et al., 1998). These conflicting data reiterate the complexity

of N/OFQ involvement in controlling inflammation

and nociception.

The aim of the present investigation was to determine the

effect of N/OFQ on synovial blood flow during the acute

phase of joint inflammation. Additional experiments were

performed in the inflammatory model to see whether sensory

neuropeptides, leukocytes and mast cells contribute to the

vasoregulatory effects of this ‘opioid-like’ peptide.

Methods

Animals and preparatory surgical procedures

Male Wistar rats (262–304 g) were housed in cages at room

temperature under a 12 : 12-h (0700–1900) light–dark cycle,

with rodent food and tap water available ad libitum. The

animal handling and surgical procedures employed in this

study adhered to the guidelines set out by the Canadian

Council for Animal Care.

The animals were deeply anaesthetised by intraperitoneal

injection of urethane (25% stock solution, 2 g kg�1), and the

depth of surgical anaesthesia was confirmed by the absence

of the hindpaw flexion withdrawal reflex. The trachea was

exposed and cannulated to ensure unobstructed breathing, and

in case of respiratory difficulties, the animal was artificially

ventilated with 100% oxygen by a Harvard rodent ventilator

(Harvard Apparatus, Holliston, MA, U.S.A.). Blood pressure

was monitored continuously via a heparin-saline-filled cannula

(Portex Fine Bore Tubing, 0.50mm internal diameter, 1.00mm

outer diameter, SIMS Portex, Kent, U.K.) that was inserted

into the right carotid artery. Rats were placed in dorsal

recumbency on an electrically heated blanket (TR-100,

Fine Science Tools Inc., Vancouver, Canada) to maintain

their internal body temperature at 371C as measured by a

rectally inserted electronic thermometer. The skin over the

knee was excised to expose the antero-medial aspect of the

knee joint and relative changes in synovial blood flow to this

region were measured using a Moor Laser Doppler Imager

(LDI) (Moore Instrument Ltd, Axminster, U.K.). Rat knees

were placed 30 cm under the laser head and the exposed

knee joint was scanned to generate a two-dimensional map

of joint blood flow as described previously (Karimian et al.,

1995; McDougall & Barin, 2005). Scan resolution was set at

93� 88 pixels with a scan speed of 4ms pixel�1. Knee joint

scans were taken before (control) and then at 0, 2, 4 and

6min after topical application of drugs. At the completion of

an experiment, the animal was killed by anaesthetic overdose

(sodium pentobarbital, 240mg intracardiac) and a dead scan

taken of the knee. This ‘biological zero’ value was subtracted

from all collected images.

Acute inflammation model

Rats were anaesthetised by isoflurane (1.5–3% isoflurane;

100% O2 at 1 lmin
�1), and depth of anaesthesia was confirmed

by abolition of the hindpaw flexion withdrawal reflex.

When the animals were fully anaesthetised, their right knee

was shaved and swabbed with 100% ethanol. A 0.2ml of 2%

kaolin was injected into the intra-articular space, a 0.1ml bolus

in the posterior compartment and a 0.1ml bolus in the anterior

compartment of the joint cavity. Manual extension/flexion of

the knee joint was performed for 10min. Subsequently, 0.2ml

of 2% carrageenan was similarly injected as described above

and the joint was moved for 30 s to permit dispersion of the

carrageenan throughout the joint. After 3 h, animals were

prepared for blood flow measurements and pharmacological

assessment of joint perfusion. This recovery time is adequate

for the development of an inflammatory reaction to occur and

was confirmed by an observable increase in knee diameter.

Experimental procedure

Animals with unilateral joint inflammation were randomly

assigned to seven different groups. In one group of animals,

a dose–response relationship to N/OFQ (10�13–10�8mol) was

determined in which the peptide was topically applied to the

surface of the knee as a 0.1ml bolus (371C), with the order of

dose being randomised between animals to discount any

potential for tachyphylaxis. Between doses, the joint was washed

with warmed (371C) physiological saline (0.9% NaCl) to remove

any residual peptide from the joint surface and to maintain tissue

hydration. In subsequent animal groups, N/OFQ dose–response

determination was repeated in the presence of selective sensory

neuropeptide antagonists, which were also topically adminis-

tered to the joint as a 0.1ml bolus before each dose of N/OFQ.

The inhibitors tested were the NOP receptor antagonist [Phe1-

(CH2-NH)-Gly
2]-Nociceptin(1–13)-NH2 (Noci1–13; 10�9mol),
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the NK1 receptor antagonist [D-Arg1,D-Phe5,D-Trp7,9,

Leu11]-Substance P ([D-Arg]-SP; 10�12mol), the VPAC

receptor antagonist VIP6–28 (10
�9mol) and the CGRP receptor

antagonist CGRP8–37 (10�9mol). With the exception of

[D-Arg]-SP, these antagonists have previously been shown to

block their respective receptors at the specified doses in

the rat knee joint (McMurdo et al., 1997; McDougall, 2003;

McDougall & Barin, 2005). NK1 receptor blockade with

[D-Arg]-SP was confirmed in the rat knee by its ability to

antagonise SP-mediated vasodilatation (see Figure 3).

To further assess the role of sensory neuropeptides in N/OFQ

responses, a separate group of six rats underwent capsaicin

pretreatment to selectively destroy unmyelinated knee joint

afferents. In these experiments, rats were deeply anaesthetised

by intraperitoneal injection of diazepam (2.5mgkg�1) and

intramuscular injection of Hypnorm (0.2ml kg�1), followed by

an intramuscular injection of atropine (0.02–0.05mgkg�1). A

0.2ml of 1% capsaicin (vehicle consisting of 5% ethanol, 5%

cremophor and saline) was injected into the right knee joint

cavity, with 0.1ml being introduced into the posterior and

0.1ml into the anterior region. This approach has been shown

to cause an 80% reduction in unmyelinated knee joint afferents

(Ferrell et al., 1992). One week following capsaicin deaf-

ferentation, acute joint inflammation was induced and N/OFQ

testing carried out as described.

To test whether synovial mast cells contribute to N/OFQ

vasomotor responses in the acutely inflamed joint, a further

group of rats were treated with the mast cell stabiliser

disodium cromoglycate (cromolyn). In these experiments,

a single dose of cromolyn (20mg kg�1) was applied to the

knee 5min before N/OFQ dose–response determination. This

treatment has previously been shown to stabilise connective

tissue mast cells in the rat knee for over an hour, thereby

preventing any vasoactive influence arising from the product

of mast cell degranulation (McDougall & Barin, 2005).

A final group of seven rats were used to examine leukocyte

involvement in N/OFQ vasomodulation. The pan-selectin

blocker fucoidin (10mg kg�1 intravenous, 50ml bolus) was

administered via a jugular vein cannulation (Portex Fine Bore

Tubing, 0.40mm internal diameter, 0.80mm outer diameter,

SIMS Portex, Kent, U.K.) to kaolin/carrageenan-inflamed

animals 10min before N/OFQ dose–response determination.

A top-up dose of fucoidin was given every 30min, which is

sufficient to inhibit leukocyte function in arthritic joints (Gal

et al., 2005).

Blood flow image analysis and statistics

Perfusion images were analysed with MoorLDI Processing

software (Moor Instruments Ltd, Axminister, U.K.). The

mean perfusion to the antero-medial aspect of the joint capsule

was calculated and expressed in arbitrary perfusion units

(PU). Blood flow changes in response to drug activity were

calculated as the per cent change in PU between control and

test images. Statistical tests were carried out using GraphPad

Prism software (GraphPad Software, San Diego, U.S.A.).

Dose–response relationships were determined by one-factor

analysis of variance (ANOVA), whereas a two-factor ANOVA

with a Bonferroni post hoc test was used to test for differences

between experimental groups. Raw perfusion values measured

before and following administration of neuropeptide antago-

nists alone were tested with a paired Student’s t-test. Data are

expressed as means7s.e.m. for n observations. A P-value less

than 0.05 was considered statistically significant.

Drugs and reagents

All drugs and reagents were supplied by Sigma-Aldrich,

Ontario, Canada. N/OFQ and all antagonists were dissolved

in 0.9% saline and diluted to their final concentrations before

being aliquoted and stored at �201C until the day of

experimentation.

Results

Effect of N/OFQ on acutely inflamed knee joint blood flow

Topical application of N/OFQ onto the surface of acutely

inflamed rat knee joints induced a progressive increase in

articular blood flow indicative of synovial vasodilatation

(Figure 1). For the 10�13–10�9mol doses, the maximal effect

occurred at the 2-min time point after N/OFQ administration,

whereas the maximum response after application of the

10�8mol dose occurred slightly later at 4min. These time points

were chosen to construct a dose–response curve to the

neuropeptide (Figure 2), and a one-factor ANOVA confirmed

that the vasodilator effect of N/OFQ was dose-dependent across

the chosen dose range (Po0.005; n¼ 8). The ED50 for this effect

was calculated to be 4.0� 10�10mol. Co-administration of the

selective NOP receptor antagonist Noci1–13 (Figure 2) signifi-

cantly attenuated N/OFQ-mediated vasodilatation in the

inflamed knee (Po0.0001, two-factor ANOVA; n¼ 7–8).

Influence of sensory neuropeptide antagonists on N/OFQ
vasoactivity

To test the effectiveness of [D-Arg]-SP in blocking NK1

receptors in acutely inflamed knee joints, initial experiments

were undertaken to confirm the antagonistic effect of the drug
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Figure 1 Time course of N/OFQ effects on synovial blood flow in
acutely inflamed rat knee joints. Peak vasodilatation tended to occur
2min after topical application of N/OFQ, although a maximal
response time of 4min was noted with the 10�8mol dose. Data are
means7s.e.m.
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on SP vasomotor responses. Topical application of SP caused

a significant dose-dependent vasodilatation in the joint

capsule (Figure 3) and this effect was significantly attenuated

by [D-Arg]-SP (Po0.01 two-factor ANOVA, n¼ 12–14). Thus,

[D-Arg]-SP is an effective antagonist of synovial NK1 receptors

in this experimental model.

In Figure 4, the vasodilator effect of N/OFQ in acutely

inflamed knee joints is completely blocked by co-administra-

tion of [D-Arg]-SP, VIP6–28 and CGRP8–37. Two-factor

ANOVAs confirmed that the inhibitory effect of these sensory

neuropeptide antagonists on N/OFQ vasoactivity was statis-

tically significant (Po0.0001 for all groups, n¼ 8 and 9).

Experiments were also undertaken to examine the effect of the

neuropeptide antagonists on joint basal blood flow in acutely

inflamed knees (Figure 5). With the exception of VIP6–28, all of

the sensory neuropeptide antagonists tested reduced synovial

perfusion compared to preadministered control levels. The

perfusion values for the different treatments were 773782.0PU

(control) and 732788.0PU (Noci1–13; n¼ 7), 7497113.1PU

(control) and 7227115.4PU ([D-Arg]-SP; n¼ 10), 732750.2PU

(control), 741756.0PU (VIP6–28; n¼ 9), 666799.3PU (control)

and 580794.2PU (CGRP8–37; n¼ 8).

N/OFQ responses following capsaicin pretreatment
of acutely inflamed knees

To test the involvement of joint afferents in N/OFQ activity,

unmyelinated sensory nerves were destroyed by capsaicin

treatment 1 week before inflammation induction and N/OFQ

application. In these capsaicin-treated animals, the vasodilator

effect of N/OFQ was completely abolished across the entire

dose range (two-factor ANOVA, Po0.001, n¼ 6–8; Figure 6).

Role of synovial mast cells and leukocytes in N/OFQ-
mediated vasodilatation

Further experiments were carried out to investigate whether

synovial mast cells and leukocytes are involved in the

vasoactive effects of N/OFQ. Stabilisation of synovial mast

cells by topical cromolyn treatment (20mgkg�1) significantly

attenuated (Po0.0005 two-factor ANOVA, n¼ 8–9) the

dilator effect of N/OFQ in acutely inflamed knees (Figure 7).

In separate experiments, impairment of leukocyte function

with the pan-selectin inhibitor fucoidin completely blocked

N/OFQ-induced vasodilatation (Po0.001 two-factor ANOVA,

n¼ 5–9). The inhibitory effect of fucoidin on N/OFQ responses

is shown in Figure 7.

Blood pressure

Blood pressure was monitored throughout all experiments

(Table 1). None of the drugs investigated in this study had any

significant effect on mean arterial blood pressure (P40.05),

confirming that all vasomotor changes were localised to the

scanned joint and not influenced by centrally mediated

baroreflex events. Therefore, the observed changes in blood
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Figure 2 Dose–response curves of N/OFQ either alone or in the
presence of the NOP receptor antagonist Noci1–13 (10

�9mol). The
4-min time point was used for the 10�8mol dose of N/OFQ and
2min was used for all other doses. *Po0.05 Bonferroni post hoc
test; n¼ 7 and 8. Data are shown as means7s.e.m.
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Figure 3 Vasomotor effect of SP on acutely inflamed knee joint
blood flow and the inhibitory effect of 10�12mol [D-Arg]-SP.
Means7s.e.m. are indicated.
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flow described here were local and solely owing to the

influence of the drugs.

Discussion

Opioids and endogenous opioid peptides are quintessential

modulators of pain and nociception, but are less recognised for

their cardiovascular influences. Information regarding the

most recent member of the opioid receptor family, NOP, and

the role of its endogenous ligand N/OFQ in the control of

vasomotor tone and inflammation is only just starting to

emerge. The present investigation found that in acutely

inflamed knee joints, local application of N/OFQ caused a

dose-dependent increase in synovial blood flow, which was

blocked by the selective NOP receptor antagonist [Phe1-(CH2-

NH)-Gly2]-Nociceptin(1–13)-NH2 (Noci1–13). This finding is in
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Figure 4 Dose–response relationship to N/OFQ either alone or in the presence of the NK1 receptor antagonist [D-Arg]-SP
(10�12mol) (a), the VPAC receptor antagonist VIP6–28 (10

�9mol) (b) or the CGRP receptor antagonist CGRP8–37 (10
�9mol) (c).

*Po0.05, **Po0.01, ***Po0.001 Bonferroni post hoc test; n¼ 8 and 9. Data are shown as means7s.e.m.
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Figure 6 Effect of capsaicin treatment on N/OFQ-induced hyper-
aemia in acutely inflamed knees. *Po0.05, **Po0.01, ***Po0.001
Bonferroni post hoc test; n¼ 6–8. Means7s.e.m. are shown for all data.
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contrast to what has recently been reported in normal knee

joints where N/OFQ caused a sympathetically mediated

vasoconstriction of articular blood vessels (McDougall,

2003). It appears, therefore, that the effect of N/OFQ on joint

vasomotor tone depends upon whether the tissue is inflamed

or not. The reason for this plasticity change following

inflammation is unclear but may involve the influence of

various immunocytes as well as alterations to second

messenger systems, N/OFQ levels or NOP receptor density.

Carrageenan inflammation causes a rapid increase in pre-

pronociceptin expression in capsaicin-sensitive primary affer-

ent neurones (Andoh et al., 1997; Itoh et al., 2001) and the

resulting rise in N/OFQ may be necessary for vasodilatation to

occur. Note from the normal knee joint blood flow study that

although N/OFQ predominantly caused vasoconstriction, a

high dose of the opioid peptide did produce a conspicuous

vasodilatatory response (McDougall, 2003). Thus, in inflamed

tissues, the elevation of constitutive N/OFQ levels transforms

the normally vasoconstrictive effect of exogenous N/OFQ

application into a vasodilatatory response. Inflammation-

induced shifts in N/OFQ function have been demonstrated

in other physiological processes such as pain perception. For

example, peripheral administration of N/OFQ to normal

animals sensitises knee joint primary afferents but has a

desensitising effect following the application of a painful

mechanical stimulus to acutely inflamed knees (McDougall

et al., 2000). Similarly, it has been shown that the modulatory

effect of N/OFQ on pain behaviour is altered in acutely

inflamed animals when compared to normal non-inflamed

controls (Xu et al., 1999; Carpenter et al., 2000). Clearly, the

inflammatory status of a tissue appears to play a major role in

determining the physiological outcome of N/OFQ activity.

Sensory neuropeptide antagonists and N/OFQ responses

Inoue et al. (1998) have reported that N/OFQ can elicit SP

release from sensory nerve terminals to cause peripheral

sensitisation and hyperalgesia. Similarly, the sensitising effect

of N/OFQ on peripheral nociceptors and its involvement in

central nociceptive processing can be blocked by treatment

with selective NK1 receptor antagonists (Inoue et al., 1999;

McDougall et al., 2001). The data presented here corroborate

these findings by showing that in addition to blocking SP

vasodilator effects, the NK1 receptor antagonist [D-Arg1,D-

Phe5,D-Trp7,9,Leu11]-Substance P also abolished the vasodi-

latatory actions of N/OFQ in the acutely inflamed knee.

Additional experiments extended this concept further by

clearly showing that pharmacological blockade of other

sensory neuropeptide receptors (viz. VPAC and CGRP

receptors) also attenuated N/OFQ vasoactivity. Thus, the

dilator effect of N/OFQ in the kaolin/carrageenan arthritis
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Figure 7 N/OFQ responses in control, mast cell stabilised (cromo-
lyn treated) and leukocyte impaired (fucoidin treated) knee joints.
*Po0.05 Bonferroni post hoc test; n¼ 5–9. Data are shown as
means7s.e.m.

Table 1 MAP in response to topical application of
N/OFQ, Noc1–13, [D-Arg1]-SP, VIP6–28, CGRP8–37 and
cromolyn. Fucoidin was administered i.v.

Drug MAP (mmHg) N-values

N/OFQ (mol)
Control 95710 8
10�13 9378 8
10�12 93710 8
10�11 9478 8
10�10 10078 7
10�9 9578 8
10�8 9379 8

Noci1–13 (mol)
Control 10573 6
10�9 10073 6

[D-Arg]-SP (mol)
Control 10774 10
10�12 10674 10

VIP6–28 (mol)
Control 8977 9
10�9 8977 9

CGRP8–37 (mol)
Control 9676 9
10�9 9575 9

Cromolyn (20mgkg�1)
Control 9675 7
Cromolyn 9374 7

Fucoidin (10mgkg�1)
Control 9674 7
Fucoidin 9273 7

CGRP, calcitonin gene-related peptide; [D-Arg1]-SP, [D-
Arg1,D-Phe5,D-Trp7,9,Leu11]-Substance P; i.v., intravenous;
MAP, mean arterial blood pressure; N/OFQ, nociceptin/
orphanin FQ; Noc1–13, [Phe

1-(CH2-NH)-Gly
2]-Nociceptin(1–

13)-NH2; VIP, vasoactive intestinal peptide.
Values are expressed as means7s.e.m.
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model is dependent upon the activation of sensory neuropeptide

receptors located in the joint. Destruction of articular un-

myelinated afferent nerve fibres by capsaicin treatment also

significantly inhibited N/OFQ influences on synovial blood

flow, confirming that the vasomotor effects of the opioid are

neurally mediated. Taken together, these observations suggest

that in acutely inflamed knees, N/OFQ acts on NOP receptors

to cause the secondary release of proinflammatory neuro-

peptides from capsaicin-sensitive afferent nerves to produce

vasorelaxation and ultimately increased blood flow. The

capsaicin result also confirms that N/OFQ is not acting directly

on the vascular endothelium to cause the release of endothelially

derived relaxing factors such as nitric oxide. This potential

mechanism of N/OFQ action has uniformly been repudiated in

other studies (Champion et al., 1998a; Arndt et al., 1999).

In contrast to the present findings, a number of studies

describe an inhibitory effect by N/OFQ on neurogenic

inflammation. In rat skin, for example, vasodilatation and

protein extravasation produced by antidromic stimulation

of afferent C fibres was attenuated by systemic administration

of N/OFQ (Helyes et al., 1997; Häbler et al., 1999) and the

proposed reason for this inhibitory effect was a reduction in SP

and CGRP release from sensory nerve endings. One explana-

tion for the discrepancy between these results and the

data presented here could be the route of administration of

the opioid peptide. With systemic administration, N/OFQ has

the propensity to alter centrally regulated vasomotor control

as well as having direct effects on the heart and other organs.

In the present experiments, however, N/OFQ was restricted to

the periphery and only influenced articular blood vessels, as

mean arterial pressure was unaffected by topical administra-

tion of the opioid peptide (see Table 1).

A supplementary finding of this study was that, with the

exception of the VPAC receptor antagonist VIP6–28, synovial

blood flow was significantly reduced by topical application of

selective neuropeptide antagonists to acutely inflamed knees.

The inability of VIP6–28 to alter joint perfusion in the kaolin/

carrageenan model has previously been reported (McDougall

& Barin, 2005). Thus, N/OFQ, SP and CGRP are all released

locally into the joint to contribute to the hyperaemia

commonly associated with acute synovitis.

Essential role of leukocytes and synovial mast cells
in N/OFQ-induced vasodilatation

Further experiments were undertaken to determine whether N/

OFQ was stimulating neuropeptide-containing nerves directly

or if inflammatory cells were somehow involved in the process.

It has recently been shown that N/OFQ has the potential to act

as an immunomodulator by controlling the activity of various

inflammatory cells. Following kaolin/carrageenan injection,

there is a significant accumulation of leukocytes and immuno-

cytes at the site of inflammation and this cellular infiltration is

in part owing to the chemoattractant effect of N/OFQ on

polymorphonuclear leukocytes (Halford et al., 1995; Serhan

et al., 2001; Fiset et al., 2003). Further activation of NOP

receptors on the surface of leukocytes promotes cellular

degranulation prompting the suggestion that N/OFQ may

stimulate inflammatory neuropeptide release from primary

afferent nerves via the secondary release of leukocyte mediators

(Fiset et al., 2003). This hypothesis is supported by the present

study, which found that inactivation of circulating leukocytes

with the pan-selectin inhibitor fucoidin completely blocked N/

OFQ-mediated vasodilatation in kaolin/carrageenan-treated

knees. Thus, N/OFQ does not appear to activate peptidergic

nerves directly, but seems to stimulate neuropeptide release via

the products of leukocyte degranulation. The identity of the

leukocyte mediators and the mechanism by which they stimulate

neuropeptide release from capsaicin-sensitive nerves into the

joint requires further investigation.

The role of mast cells in N/OFQ responses remains

equivocal. In normal rat knee joints, the hyperalgesic effect

of N/OFQ was found to be mast cell-independent (McDougall

& Larson, 2006), but this could be owing to the low number of

synovial mast cells present in normal tissue. In the acutely

inflamed joints described here, stabilisation of synovial mast

cells with cromolyn abrogated N/OFQ increases in joint blood

flow, suggesting that mast cells contribute to vasoregulation in

these inflamed tissues. This finding is consistent with a

previous study that found that N/OFQ stimulates histamine

release from peritoneal mast cells (Kimura et al., 2000), which

could then have the potential to initiate inflammatory changes

such as protein extravasation and hyperaemia. It is entirely

possible, therefore, that histamine and other mast cell agents

liberated by N/OFQ could also trigger neuropeptide release

from sensory nerve endings leading to neurogenic inflamma-

tion in the joint.

Based on the evidence described here and elsewhere, it

appears that in acutely inflamed joints, the ‘opioid-like’

peptide N/OFQ acts on NOP receptors located on synovial

mast cells and leucokytes to cause cellular degranulation. The

proinflammatory products of this process subsequently stimu-

late capsaicin-sensitive nerves leading to the release of SP,

CGRP and VIP. These sensory neuropeptides then act on

synovial blood vessels to elicit articular vasodilatation and

increased synovial blood flow. Future studies examining the

vasomotor effect of N/OFQ in clinically relevant chronic

inflammatory models still need to be addressed.
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