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The role of joint nerves and mast cells in the alteration
of vasoactive intestinal peptide (VIP) sensitivity during
inflammation progression in rats
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1 The present study examined the peripheral effects of vasoactive intestinal peptide (VIP) on rat knee
joint blood flow during acute and chronic inflammation. The involvement of joint nerves and synovial
mast cells on these effects was also investigated.

2 Prior to blood flow assessment, animals were deeply anaesthetised with ethyl carbamate (urethane;
2mgkg~"'i.p.). Local application of VIP (10~'*~10~° mol) onto the capsular surface of normal rat knee
joints caused a dose-dependent increase in synovial perfusion with an EDs, of 1.2 x 10~"'mol. The
dilator effect of the peptide was transient with the maximal response occurring approximately 1 min
after drug administration.

3 VIP-induced vasodilatation was blocked by co-administration of the VIP receptor antagonist
VIP 55 (10~°mol). The inhibitory effect of the antagonist was consistent across the entire VIP dose
range (P=0.01).

4 The vasoresponsiveness to VIP was significantly attenuated in acutely inflamed joints; however, surgi-
cal denervation of acutely inflamed knees re-established the vasodilator effect of the neuropeptide.

5 Topical application of VIP to 1- and 3-week adjuvant monoarthritic knees produced a hyperaemic
response, which was not significantly different from normal (P=0.06 and 0.73 for 1- and 3-week
adjuvant treated joints, respectively).

6 Stabilisation of synovial mast cells by disodium cromoglycate (cromolyn) pretreatment did not
alter the vasoresponsiveness to VIP in acute or chronically inflamed joints.

7 The vasodilatatory effect of VIP is lost during acute knee joint inflammation and this abrogated
effect is neurally dependent. In the chronic phase of knee joint inflammation, VIP-mediated
hyperaemia recovers to normal levels. Synovial mast cells do not influence the vasomotor effects of
exogenously applied VIP in inflamed knee joints.
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Introduction

Vasoactive intestinal peptide (VIP) is a 28 amino-acid
neuropeptide, which was first identified in porcine intestine
(Said & Mutt, 1970) and which is structurally similar to
pituitary adenylate cyclase-activating polypeptide, secretin and
glucagon (Klimaschewski, 1997). VIP has been localised in the
terminal branches of peripheral nerves supplying a large
number of mammalian organ systems (Larsson et al., 1976;
Uddman et al., 1981), where it acts as an autonomic
nonadrenergic, noncholinergic neuropeptide transmitter. In
the knee joint, VIP is present in postganglionic sympathetic
and sensory nerve fibres innervating the joint capsule
(Abramovici et al., 1991; Catre & Salo, 1999; Buma et al.,
2000) and is predominantly found in nerve fibres that are in
close proximity to synovial blood vessels (Ackermann et al.,
2001). This observation suggests that VIP-containing nerves
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have the potential to modulate knee joint vasomotor activity,
although this association has never been tested.

VIP is known to act on two G-protein-coupled receptors, viz
VPACI and VPAC2, although a weak affinity to the PACI
receptor has also been described (Harmar et al., 1998). In the
rat, VPAC receptors have been identified on vascular smooth
muscle (Huang ez al., 1993) and activation of these receptors
by VIP causes a dose-dependent stimulation of adenylyl
cyclase leading to cAMP generation and enhanced protein
kinase A activity. These events result in the sequestration of
intracellular Ca®>* leading to vascular smooth muscle relaxa-
tion. This vasodilator effect of VIP has been demonstrated
in several organ systems such as the brain (Heistad et al.,
1980), uterus (Clark et al., 1981), pancreas (Jin et al., 2001) and
skin (Williams, 1982). The recent identification of VPAC
receptors in human synovium (Takeba et al., 1999) is a further
indication of VIP involvement in articular vasoregulation;
however, confirmation of this physiological role has yet to be
established.
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A considerable amount of evidence suggests that the
peripheral nervous system is involved in the development
and progression of joint inflammation (Levine et al.,
1985a; 1986). Inflammatory neuropeptides such as substance
P and calcitonin gene-related peptide cause vasodilatation in
joints (Levine et al., 1984; Lam & Ferrell, 1989; Cambridge
& Brain, 1992; McDougall et al., 1995; McMurdo et al.,
1997), while opioid peptides such as endomorphin-1 and
nociceptin induce marked synovial hypoaemia (Barin &
McDougall, 2003; McDougall, 2003; McDougall et al.,
2004). Although it is known that the autonomic nervous
system contributes to the development and severity of arthritis
(Levine et al., 1986), the identification and mode of action of
specific mediators involved in this process are not well
understood. A number of reports suggest that VIP may be
involved in the process of joint inflammation since a significant
amount of the peptide has been found in the synovial fluid of
patients with rheumatoid arthritis (Lygren et al., 1986; Larsson
et al., 1991).

Mast cells are immune cells widely dispersed in mucosal and
connective tissues and are inherently involved in modulating
tissue inflammation. Activation of mast cells results in cellular
degranulation and the release of a plethora of inflammatory
mediators into the extracellular environment. Interestingly,
among the agents known to induce mast cell degranulation are
certain neuropeptides including VIP (Skofitsch er al., 1983;
Piotrowski & Foreman, 1985). The identification of mast cells
in close proximity to nerve endings and blood vessels in joints
(Levine et al., 1985b; Johnston et al., 1998) suggests that the
vasomotor effects of VIP may be influenced by the products of
synovial mast cell degranulation. One such agent is mast cell
tryptase, which enzymatically degrades VIP, thereby control-
ling its biological activity (Caughey et al., 1988; Naukkarinen
et al., 1994). Thus, mast cell stimulation has the potential to
regulate VIP responses by deactivating any unbound peptide
before it reaches its site of action.

The aim of the present study was to assess the vasoactive
effects of VIP on joint blood flow, and to determine whether
these responses are altered by acute and chronic joint
inflammation. A further consideration was to assess the
contribution of synovial mast cells and joint nerves to the
vasomotor profile of VIP in these joints.

Methods
Animals

This study used a total of 64 outbred male Wistar rats (240—
445 g; Charles River Laboratories, MA, U.S.A.) that were
housed two per cage at room temperature in a 12-h light/dark
cycle with rodent food and water available ad [libitum. All
surgical and experimental procedures used in this study had
prior approval from the University of Calgary Animal Care
Committee, which follows the guidelines established by the
Canadian Council for Animal Care.

The rats were deeply anaesthetised with urethane (25%
stock solution, 2gkg™!, i.p.), and the lack of a hindpaw pinch
reflex was used to confirm depth of anaesthesia. To permit
unrestricted breathing, the trachea was isolated and cannu-
lated. Mean arterial blood pressure was continuously recorded
via a cannula (Portex Fine Bore Tubing, 0.5 mm ID, 1.00 mm

OD; SIMS Portex Ltd, Kent, England) containing heparinised
saline (100 Uml™") introduced into the left carotid artery. The
cannula was attached to a pressure transducer (1050 Pressure
Transducer, Stoelting Co., IL, U.S.A.), which was in series
with a blood pressure monitor (Pressure Monitor BP-1, World
Precision Instruments, FL, U.S.A.).

Induction of acute and chronic knee joint inflammation

Two distinct models of arthritis were used in this experiment
based on their ability to produce a maximal inflammatory
reaction at different time points. Thus, the kaolin/carrageenan
model results in joint inflammation within hours after
induction, while the adjuvant monoarthritis model is
more suitable for the assessment of chronic inflammatory
changes. Prior to inflammation induction, knee joint diameters
were measured using electronic digital callipers (Mitutoyo
Instruments, Tokyo, Japan) oriented medio-laterally across
the midline of the articulating surfaces. Diameters were
compared before and upon completion of inflammation
development.

Acute inflammation was induced in the right knee joint by
intra-articular injection of kaolin and carrageenan. Under
isoflurane anaesthesia (2-5% isoflurane; 100% O, at
I11min~"), 0.2ml of 2% kaolin, was injected through a
26-gauge needle into the posterior and anterior synovial
cavity, followed by repeated limb extensions and flexions for
10 min to ensure adequate dispersion of the suspension within
the joint and to cause articular abrasion. Next, 0.2ml of 2%
carrageenan was injected into the joint by the same procedure.
These animals were allowed to recover for 3h prior to the
blood flow experiments.

For chronic inflammation, 23 rats were anaesthetised with
2-5% isoflurane (100% O, at 1lmin~"), and a localised
monoarthritis was induced as previously described (Donaldson
et al., 1993; McDougall et al., 1995). The right knee joint
was shaved and 0.2ml of Freund’s complete adjuvant
(heat-killed Mycobacterium tuberculosis, 1mgml™") was
injected through a 26-guage needle into the knee joint with
0.1 ml being introduced into the posterior compartment of the
joint and 0.1ml being injected anteriorly. Animals were
allowed to recover for 1 or 3 weeks prior to the blood flow
experiments.

Since VIP-induced vasomotor control was found to be
altered in acutely inflamed joints only, experiments were
designed to determine whether joint nerves were contributing
to this vascular dysfunction. As such, eight acutely inflamed
rats underwent articular denervation. Following deep anaes-
thesia with 2-5% isoflurane (100% O, at 1lmin™'), a
longitudinal incision was made in the inguineal region of the
right hindlimb and under sterile conditions a 5mm section of
the saphenous nerve was isolated and resected. The skin
wound was closed with Vetbond skin glue (3M, St Paul, MN,
U.S.A.), and these animals were allowed to recover for 1 week.
This period of time has previously been found to ensure
complete degeneration of almost all articular nerves in the rat
knee (Ferrell et al., 1997). On the day of experimentation,
acute kaolin/carrageenan inflammation was induced in the
denervated joint. Following the terminal blood flow experi-
ments, the saphenous nerve was examined to ensure that the
surgical section was extant.
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Assessment of knee joint perfusion

To assess the vasoactive effects of topically applied VIP on
knee joint perfusion, the skin and overlying fascia of the
antero-medial aspect of the knee was removed while viewing
through a binocular dissection microscope. Removal of fascia
served to enhance the accession of the peptide to synovial
blood vessels, and permitted unobstructed knee joint perfusion
measurements to be attained. The animals were placed in
dorsal recumbency on an electric-heated blanket (TR-100,
Fine Science Tools Inc., Vancouver, Canada) and their
internal body temperature was maintained at 37°C as
measured by a rectally inserted electronic thermometer. To
prevent dehydration of the exposed joint capsule, the knee was
frequently washed with warm (37°C) physiological saline
(0.9% NacCl).

Laser Doppler perfusion imaging (LDI; Moor Instruments
Ltd, Devon, U.K.), a technique described previously in more
detail (Karimian et al., 1995), was used to assess knee joint
perfusion. Briefly, the animals were placed 30cm below the
LDI scanner head with their knees in a resting position. The
LDI scanned the exposed anteromedial aspect of the knee joint
capsule in a raster pattern with a low power (1 mW) red laser
(633 nm) and the backscattered Doppler-shifted photons were
collected by a photodetector located in the LDI head. At each
point in the scan, the LDI processor analysed the back-
scattered light dynamically to generate a flux value, which is
the product of circulating erythrocyte speed and concentra-
tion. Flux values were colour-coded and formed the basis of
the two-dimensional LDI perfusion image of the joint capsule.
Proprietary perfusion image processing software (Moor
Instruments Ltd, Devon, U.K.) was used to calculate an
overall average perfusion measure for the antero-medial knee
joint capsule.

Experimental procedure

To determine the time course of topical VIP-induced
vasoactivity in the joint, a continuous single point perfusion
measurement of a representative area of the synovium was
recorded before (control) and after topical application of VIP
to the exposed knee. In this mode, the laser beam of the LDI
remained stationary and was directed at a discrete locus on the
joint capsule, which was randomly chosen and usually in the
vicinity of an observable microvascular network. When a
stable baseline recording was achieved, 100 ul of 10~ mol VIP
was superfused over the surface of the knee as a single bolus
and changes in tissue perfusion were continuously acquired to
generate a real-time vasomotor profile of neuropeptide
activity.

For dose-response determination of VIP, full LDI scans of
the joint were performed. Prior to drug administration, a
control (saline wash — 0.9% NaCl, 37°C) perfusion measure-
ment of the joint was recorded. VIP (dose range 10~"*-
10~ mol) was administered topically as a warm (37°C) 100 ul
bolus to the exposed joint and synovial perfusion was
measured at 0, 1, 2 and 5Smin following administration of
each dose. Drug doses were randomised to prevent any
potential tachyphylactic effects and saline washes of the
exposed capsule were performed between doses to remove
residual peptide and prevent tissue dehydration. In other
experiments, VIP was co-administered with the specific VPAC

receptor antagonist VIPg 55 (107" mol; 100 ul bolus) and the
vasoactivity profile of VIP in the presence of the VPAC
receptor antagonist was repeated.

Involvement of synovial mast cells

Although it has been established that connective tissue type
mast cells are present in rat knee joint synovium (Levine et al.,
1990) and that VIP has a secretagogue action on mast cells
(Skofitsch et al., 1983; Piotrowski & Foreman, 1985),
experiments were undertaken to study a potential modulatory
effect of these cells on VIP-mediated vasomotor control.
Preliminary experiments were undertaken to assess the
vasoactive effects of synovial mast cell activation with the
mast cell degranulating compound 48/80 (50 ug topical, 37°C,
50 ul bolus). Upon establishment of the effects of synovial
mast cell degranulation by compound 48/80 on joint capsular
perfusion, experiments were carried out in a separate group of
rats in which synovial mast cells were stabilised by preadmi-
nistration of disodium cromoglycate (cromolyn, 20mgkg™",
37°C), a well-known mast cell stabiliser. This dose has
previously been found to completely block mast cell activation
following compound 48/80 challenge in other tissues (Hannon
et al., 1995). VIP dose-response curves were then repeated in
the presence of cromolyn to prevent mast cell degranulation.

Drugs and reagents

Disodium cromoglycate (cromolyn), compound 48/80,
Freund’s complete adjuvant, A-carrageenan, kaolin, urethane,
VIP and VIP4 55 were all purchased from Sigma-Aldrich Ltd,
Ontario, Canada. All drugs and reagents were dissolved in
0.9% sodium chloride. Both VIP and VIP¢_,3 were diluted to
their final concentrations, alliquotted at 250 ul, and stored at
—20°C until required.

Statistical analysis

Statistical examination of the results was assessed with
GraphPad Prism software (GraphPad Software, Inc., CA,
U.S.A.). All data sets were normally distributed and, therefore,
tested with parametric statistical analyses. Analysis of variance
(ANOVA) was used to assess significant differences in
perfusions within (one-way ANOVA) and between (two-way
ANOVA) different animal groups. Student’s f-tests were used
to compare paired data sets. A significance level of P<0.05
was used for each test and all reported values represent
means +s.e.m. for ‘n’ observations.

Results
Changes in knee joint diameter

At 3h after intra-articular kaolin/carrageenan injection,
ipsilateral joint diameters increased by 13.2+4.2% in the
acutely inflamed knee (Figure 1). Chronic inflammation
induced by intra-articular injection of Freund’s complete
adjuvant showed a more pronounced swelling of the knee
with 1-week animals exhibiting a 55.2+2.0% increase in joint
diameter compared to the preinjection time point. By 3 weeks
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of chronic inflammation, joint swelling started to show signs of
recovery with knee diameters only increasing by 28.7+4.2%.

VIP effects on normal knee joint perfusion

Topical application of VIP to normal knee joint capsules
induced a transient rise in articular perfusion. Maximal
vasodilatation was observed 1min after peptide administra-
tion, followed by a gradual decline towards baseline perfusion
levels over the succeeding 4 min (Figure 2a). Local delivery of
VIP across the dose range 107"*~10~°mol induced a dose-
dependent increase in perfusion (Figure 2b). The maximal
increase in perfusion (33.7+7.8%) occurred with the highest
dose of the peptide and the calculated EDs, of this effect in
normal knees was found to be 1.2 x 10~'"mol. The VPAC
receptor antagonist VIP4 ,s completely blocked VIP vasodila-
tation across the full dose range (Figure 2b). It should be noted
that the local administration of VIP and VIP¢ »s had no effect
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Figure 1 Changes in knee joint diameter following arthritis

induction. Compared to pretreated control, knee joint diameter
increased significantly in acutely inflamed, 1-, and 3-week chroni-
cally inflamed joints (*P=0.02; **P<0.005; ***P <0.0005; paired
Student’s t-test). Data are means+s.e.m.

on systemic blood pressure (Table 1), confirming that all
vasomotor changes were localised to the joint and not
influenced by centrally mediated baroreflex events. Previously,
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Figure 2 Representative single point perfusion measurement of
VIP dilator response (a). Topical application of 10~*mol VIP to the
rat knee at O min resulted in a rapid increase in synovial blood flow
with a maximal effect occurring 1 min after administration. Joint
perfusion gradually returned to control levels approximately 4 min
after VIP application. VIP caused a dose-dependent (P<0.0001,
one-way ANOVA, n=15) vasodilatation of articular blood vessels
(b), which was significantly attenuated (P =0.01; two-way ANOVA,
n=6-15) in the presence of the VIP antagonist VIPs »5. Data are
means +s.e.m.

Table 1 Mean arterial pressure (MAP) values during administration of VIP and VIP¢ 55

VIP Control 10~"*mol 10~"?mol
MAP (mmHg) 74.1+2.7 74.2+2.7 76.5+3.2
VIPs Control 10~°mol
MAP (mmHg) 75.046.0 78.7+5.9

Data are means+s.e.m.

10~""mol 107"’ mol 107’ mol P-value
75.6+4.0 74.3+3.2 69.7+3.1 0.75 (n=15-16)

P-value

0.24 (n=17)
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we have shown that the vehicle (0.9% NaCl, 37°C) alone has
no vasoactive effects when administered to the exposed knee
joint (Barin & McDougall, 2003; McDougall, 2003).

Effect of acute inflammation on VIP-mediated vasodilator
responses

In acutely inflamed knee joints, topically applied VIP had
no effect on synovial perfusion at any of the doses tested.
Comparison of the VIP-induced vasodilator response between
normal and kaolin/carrageenan inflamed joints by a two-way
ANOVA confirmed the loss of VIP-mediated vasodilatation
in the acutely inflamed joints (Figure 3a). To test neuronal
involvement in this lack of vasoresponsiveness to exogenous
VIP, the dilator effect of the neuropeptide was re-assessed in
denervated acutely inflamed knee joints (Figure 3a). In this
denervated group, VIP caused a vasodilatation, which was not
significantly different from normal joints.

Effect of chronic inflammation on VIP-mediated
vasodilator response

At 1-week following adjuvant monoarthritis induction, VIP
administration resulted in a dose-dependent vasodilatation,
wherein the highest dose of the peptide induced a 37.5+12.9%
increase in perfusion (Figure 3b). The vasodilatatory response
to VIP in 1-week adjuvant inflamed joints was not statistically
different from normal.

In the 3-week adjuvant inflamed group, it was observed that
VIP again produced a dose-dependent vasodilatation in these
joints (Figure 3c), which was also not significantly different
from the effects of VIP in normal joints.

Effect of VIPs 55 on normal and acutely inflamed joint
basal perfusion

Topical application of 107°mol VIP4 ,5 caused normal knee
joint basal blood flow to fall by about 10% (Figure 4). In
acutely inflamed knees, VIP4 s had no significant effect on
synovial perfusion.

Role of mast cells in the articular vasoresponsiveness
to VIP

To test the stabilising effects of cromolyn on synovial mast
cells, preliminary experiments were carried out using the mast
cell degranulator compound 48/80. Topical administration of
compound 48/80 induced a marked (66.8 +21.4%) increase in
joint capsular perfusion, which was maximal at 2 min followed

>

Figure 3 Vasomotor effects of VIP in normal joints compared to,
acute, acute/denervated (a), 1 week (b) and 3 week (c) adjuvant
chronically inflamed knees. The vasodilator effect of VIP in normal
joints was significantly reduced (P =0.02, two-way ANOVA, n=6—
10) by acute inflammation but re-established in surgically dener-
vated acutely inflamed knee joints such that the vasoresponsiveness
to the neuropeptide was not significantly different from normal.
VIP-mediated vasodilatation in 1- and 3-week chronically inflamed
knees was not statistically different from normal control animals.
Mean basal perfusion values for the different animal groups were
441PU (normal), 710PU (acutely inflamed), 347PU (denervated
acutely inflamed), 424PU (1-week chronically inflamed), and 776PU
(3-week chronically inflamed). Data are means+s.e.m.

by a gradual recovery of perfusion towards control levels
(Figure 5a). In a separate group of animals, a single
application of cromolyn (20mgkg™', topical) to the joint
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Figure 4 Topical application of 10~°mol VIPg 5 to normal rat
knees caused basal perfusion to fall from 467PU to 414PU, whereas
administration of the antagonist to acutely inflamed knees had no
significant effect on joint blood flow. (**P <0.005 paired Student’s
t-test; n=7. NS — not significantly different) Means+s.e.m. are
shown.

capsule Smin prior to compound 48/80 challenge completely
blocked the response to the mast cell degranulator (Figure 5b).
Cromolyn stabilisation of mast cells was sustained in these
joints for over an hour as compound 48/80 application after
60 min still failed to cause articular hyperaemia.

Stabilisation of synovial mast cells in normal rat knee joints
led to an augmentation of VIP dilator effects, which was most
conspicuous with the top two doses of the neuropeptide
(Figure 6a). In acutely inflamed knee joints, mast cell
stabilisation with cromolyn pretreatment had no significant
effect on the vasoactive profile of VIP as compared to the
vasoresponsiveness of noncromolyn treated acutely inflamed
joints (Figure 6b). Similarly, VIP-mediated synovial vasodila-
tation in 3-week chronically inflamed joints was also un-
affected by cromolyn application (Figure 6c¢).

Discussion

The intriguing discovery of gastrointestinal peptides in the
synovial fluid of arthritis patients led to the speculation of
their involvement in the pathogenesis and progression of
inflammatory joint disease (Lygren et al., 1986). In particular,
the gut peptide VIP has been detected in arthritic joints and the
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Figure 5 Effect of the mast cell degranulator compound 48/80 on
control articular perfusion (a) and following synovial mast cell
stabilisation with cromolyn pretreatment (b). In control joints,
compound 48/80 caused a noticeable increase in knee joint perfusion
within 2min after its topical application to the knee. Blood flow
gradually recovered thereafter. Mast cell stabilisation with cromolyn
prevented this hyperaemic response, which was maintained for at
least 60 min. Data are presented as means +s.e.m.

concentration of the peptide is significantly reduced by intra-
articular corticosteroid therapy (Lygren et al., 1986; Ahmed
et al., 1995b). Although the occurrence of VIP in joints has
been known for nearly two decades, the role of the
neuropeptide in articular vasomotor function has never been
examined. The present study shows for the first time that local
administration of VIP to the rat knee joint caused a marked
increase in capsular perfusion. The vasodilatatory action of the
neuropeptide was rapid in onset (within 1 min after applica-
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Figure 6 Effect of mast cell stabilisation on VIP-mediated vasodi-
latation in normal (a), acute (b), and 3-week chronically inflamed (c)
knee joints. The vasodilator effect of VIP in normal knee joints was
significantly augmented in cromolyn treated animals (P=0.001,
two-way ANOVA, n="7-15). Cromolyn pretreatment of acute and
chronically inflamed joints had no significant effect on the
vasoactivity profile of VIP observed in untreated inflamed joints.
Data are shown as means+s.e.m.

tion) and was conspicuously transient. The inhibition of this
response by the selective antagonist VIP4 5 indicates that VIP
exerts its hyperaemic effect via VPAC receptors located within
the knee joint. Interestingly, topical application of VIPg 5
alone to normal knees caused a mild but significant decrease in
synovial blood flow indicative of tonic VIP release under basal
conditions. The function of this basal VIP release is probably
to partially offset sympathetic vasoconstrictor tone in synovial
blood vessels as has been found with other dilator neuropep-
tides (Ferrell et al., 1997, McMurdo et al., 1997; McDougall
et al., 1999).

At low doses, VIP appeared to cause a slight vasoconstric-
tion that was inhibited by co-administration of VIP4 5. It is
not clear whether this phenomenon is artefactual or if indeed
low dose VIP elicits a vasoconstrictor response either directly
on the blood vessels or via a secondary pathway (e.g.
activation of postganglionic sympathetics). Further research
is required to test the validity of this unexpected result.

Loss of VIP-mediated vasodilatation during acute
inflammation

Exogenous administration of VIP to acutely inflamed knee
joints had no effect on joint blood flow indicating that the
dilator effect of the peptide is lost in these joints. One
explanation for this lack of a hyperaemic response to VIP
could be due to the synovial microvasculature already being
maximally vasodilated such that further vascular smooth
muscle relaxation is unattainable in this model. However,
basal joint perfusion in the 3-week adjuvant inflamed group
of animals was comparable to acutely inflamed knees yet VIP
was still able to increase synovial blood flow in the chronically
inflamed joints. Furthermore, the vasodilator effect of other
neuropeptides has been shown to be augmented in this
inflammatory model (Lam & Ferrell, 1993), indicating that
supplementary vasorelaxation is still possible in these knees.
An alternative reason for the loss of VIP-mediated vasodilata-
tion is that acute joint inflammation causes a downregulation
and/or desensitisation of synovial VPAC receptors. This
scenario is supported by the fact that administration of the
VIP antagonist VIP4 s also had no effect on synovial
perfusion in acutely inflamed joints compared to the distinct
hypoaemic response observed in normal knees. If VPAC
receptors are indeed downmodulated in acutely inflamed
knees, then this would explain why VIP 5 is unable to impart
competitive antagonism in kaolin/carrageenan treated knees.
Indeed, VPAC receptor downmodulation has been suggested
as a possible cause for the failure of VIP to inhibit
inflammatory cytokine production by synoviocytes procured
from inflamed joints (Foey et al., 2003). Future studies
examining VPAC receptor expression and function through,
for example, changes in VIP-mediated cAMP production are
required to test whether acute inflammation does indeed cause
VPAC receptor downregulation/desensitisation in this model.

A further explanation for the lack of VIP-mediated
vasodilatation during acute inflammation is that there may
be enhanced phosphodiesterase IV (PDE IV) activity in these
joints leading to the rapid destruction of cAMP levels. In vitro
studies have shown that exposure of human monocytes to an
acute inflammatory stimulus prevents VIP-induced cAMP
production, which can be reversed by treatment with the PDE
IV inhibitor rolipram (Foey et al., 2003). Whether a similar
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phenomenon is occurring in the present study is possible;
however, it would not explain why VIP-mediated vasodilata-
tion is restored following surgical denervation of the kaolin/
carrageenan treated joint. This particular observation suggests
that neurotransmitters released into the joint during acute
inflammation inhibit VIP vasoresponsiveness either directly
or by altering VPAC receptor availability. The most palpable
neuromediator that could cause receptor loss is VIP itself,
which has been shown to cause rapid desensitisation followed
by internalisation of VPAC receptors (Robberecht et al., 1989;
Langlet et al., 2004). By denervating the joint, the principal
source of endogenous VIP was removed and VPAC receptor
number would be preserved. Henceforth, exogenously admi-
nistered VIP would continue to dilate synovial blood vessels as
shown here. We postulate, therefore, that induction of acute
joint inflammation leads to the peripheral release of VIP into
the joint, thereby contributing to an inflammatory hyperae-
mia. Subsequent accumulation of VIP in the joint would likely
have a negative effect on VPAC receptor availability, such that
exogenous application of the neuropeptide could no longer
exert its vasodilatatory effect. Future studies examining
synovial VIP levels in an acute inflammatory model are
however required to corroborate this hypothesis.

VIP responses in chronically inflamed joints

In adjuvant monoarthritic joints, the vasomotor effects of VIP
returned such that up to the third week of adjuvant-induced
inflammation, VIP-induced hyperaemia was not significantly
different from normal joints. The recovery of VIP-mediated
vasomotor effects in chronically inflamed knee joints is a novel
finding since several studies have consistently shown that other
vasodilatatory mediators lose their effectiveness in the chronic
stages of joint inflammation (McDougall et al., 1995; 1998;
1999). This discrepancy in vasomotor responsiveness is again
probably linked to endogenous peptide levels in the synovial
fluid of chronically arthritic joints. Several reports indicate
that intraarticular concentrations of the inflammatory neuro-
peptides substance P and calcitonin gene-related peptide are
elevated in chronically inflamed knee joints (Lygren et al.,
1986; Larsson et al., 1991; Ahmed et al., 1995a). The genes that
express these neuropeptides are also upregulated in chronic
arthritis (Donaldson et al., 1992; 1995) so that there is
continuous production and peripheral release of these peptides
culminating in the suppression of receptor function on the
blood vessels of arthritic joints. Conversely, VIP expression is
unaltered in adjuvant monoarthritic animals (Donaldson e al.,
1992) and concomitantly the amount of VIP in chronically
inflamed knees is normal (Ahmed et al., 1995b; Buma et al.,
2000). This maintenance of synovial VIP levels suggests that
VPAC receptor availability would be unaffected by chronic
inflammation, and this would account for the preservation of
VIP vasomotor activity described here.

Despite its classical pro-inflammatory characteristics, it has
been speculated that VIP may act as an anti-inflammatory
agent in certain tissues including joints (Firestein, 2001). For
example, chronic systemic administration of VIP has been
shown to ameliorate the incidence and severity of joint swelling
and articular degeneration in the mouse collagen-induced
arthritis model (Delgado et al., 2001). Furthermore, VIP
treatment was shown to inhibit arthritis progression by
downregulating inflammatory cytokine production and

macrophage chemotaxis. Whether VIP-induced hyperaemia
of monoarthritic joints described here could be a contributing
factor in this proposed antiarthritic effect of the neuropeptide
by promoting joint vascular nourishment and soft tissue
healing requires further clarification.

Role of synovial mast cells on VIP-induced vasodilatation

The recent discovery of VPAC receptors on the surface of
connective tissue mast cells (Groneberg et al., 2003) and the
degranulatory effect of VIP (Skofitsch et al., 1983; Piotrowski
& Foreman, 1985) has led to the suggestion that mast cells may
participate in the local control of VIP activity. For example,
synovial mast cells contain the serine protease tryptase (de
Paulis et al., 1996), which degrades VIP thereby limiting the
biological action of the peptide (Caughey er al., 1988;
Naukkarinen er al., 1994). In the current investigation,
stabilisation of normal knee joint mast cells with cromolyn
caused a conspicuous augmentation of VIP-mediated hyper-
aemia with the top two doses of the peptide. This increased
response is probably due to cromolyn inhibition of tryptase
release from synovial mast cells allowing the dilator capacity
of VIP to remain maximal. The fact that lower doses of VIP
were unaffected by cromolyn treatment indicates that, at least
in the rat knee joint, the secretagogue action of VIP (with
concomitant tryptase release) only occurs with higher doses of
the neuropeptide. Whether this is due to VIP being unable to
access mast cell VPAC receptors because of the route of
administration, or whether VIP must first reach a threshold
concentration before triggering mast cell degranulation cannot
be determined from the present data.

In acutely inflamed joints, preadministration of cromolyn
did not influence VIP vasoresponsiveness, which may be
reflective of mast cell VPAC receptor downregulation. Indeed,
mast cells procured from acute lesions of atopic dermatitis
patients show reduced VPAC receptor expression and localisa-
tion indicative of inflammation-induced receptor downregula-
tion (Groneberg et al., 2003). In the chronic arthritic models,
the recovery of VIP-mediated vasodilatation was not influ-
enced by the presence of cromolyn. Thus, while vascular
VPAC receptors regain functionality in the adjuvant mono-
arthritic joint, mast cell VPAC receptors appear to remain
ineffective. We are confident that synovial mast cells were
stabilised in this study since the dilator action of the
degranulating agent compound 48/80 was blocked by cromo-
lyn treatment and the duration of effect was comparable to
the time required to carry out a full VIP dose-response
comparison.

In addition to its degradative effect on VIP, mast cell
tryptase can also activate the proteinase activated receptor-2
(PAR-2) by exposing a tethered ligand domain that binds to
the cleaved receptor (Molino et al., 1997). In joints, PAR-2
activation has been found to be proinflammatory and has been
implicated in the development of chronic inflammatory joint
disease (Ferrell et al., 2003). Indeed, local delivery of PAR-2
agonists to mouse knee joints causes profound synovial
vasodilatation. In the present investigation, VIP is not causing
mast cell tryptase release in acute and chronically inflamed
joints since the hyperaemic effect of VIP was not altered by
cromolyn treatment. This observation provides further evi-
dence that synovial mast cells are not influenced by VIP in
inflamed knee joints.
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In conclusion, this study shows for the first time that local
administration of VIP to normal rat knee joints induces a
dose-dependent vasodilatation of synovial blood vessels that is
VPAC receptor mediated. This dilator effect of the neuro-
peptide seems to be self-limited by its capacity to degranulate
connective tissue mast cells, leading to the release of mast cell
tryptase, which rapidly degrades unbound VIP, thereby
curtailing the biological activity of the peptide. The hyper-
aemic action of exogenous VIP is lost in acutely inflamed joints
and this inhibitory effect is neurally dependent. During the
chronic phase of joint inflammation there is a gradual recovery
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