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Characterization of tachykinin receptors mediating plasma
extravasation and vasodilatation in normal and acutely inflamed
knee joints of the rat

'F.Y. Lam & M.C.S. Wong

Department of Pharmacology, The Chinese University of Hong Kong, Shatin, New Territories, Hong Kong

1 Inflammatory actions of tachykinins in normal rat knee joints were compared with those of animals
with acutely inflamed joints induced by intra-articular injection of 2% carrageenan. Plasma protein
extravasation in rat knee joints, measured by protein micro-turbidimetry, was induced by intra-articular
perfusion of selective tachykinin receptor agonists. Changes in joint blood flow, measured by laser
Doppler perfusion imaging, were produced by topical applications of selective tachykinin receptor
agonists to the joint capsule.

2 Carrageenan-injected rat knee joints showed significantly higher (P<0.001) basal plasma
extravasation (56+4 ug ml~!, n=>5) than normal rat knee joints (10+4 pug ml~!, n=6). Intra-articular
perfusion of the selective neurokinin; (NK,) receptor agonist [Sar’, Met(O,)!']-substance P
(0.8 nmol min~!) for 60 min elevated the basal plasma extravasation to 90+17 ugml=' (n=6,
P<0.001) in normal joints, and to 150+ 14 ug ml~! (n=35, P<0.001) in inflamed joints. Perfusion of
the selective NK; receptor antagonist N>-[(4R)-4-hydroxy-1-(1-methyl-1H-indol-3-yl)carbonyl-L-prolyl]-
N-methyl- N-phenylmethyl-3-(2-naphthyl)-L-alaninamide (FK888; 0.8 nmol min~') for 20 min followed
by co-perfusion with the NK; receptor agonist (0.8 nmol min~') produced complete inhibition of the
NK, receptor agonist-induced plasma extravasation in the two groups of animals (for both groups; n=3,
P<0.001).

3 Intra-articular perfusion of the selective NK, receptor agonist [Nle'’-neurokinin A, o
(0.8 nmol min~—!) and the selective NK; receptor agonist [MePhe’]-neurokinin B (0.8 nmol min')
produced no increase in plasma extravasation in normal or in inflamed rat knee joints (n=4 and 11,
P>0.05).

4 Topical bolus applications of the NK, receptor agonist [Sar’, Met(O,)""]-substance P onto normal
joint capsules produced dose-dependent vasodilatation expressed as a voltage increase from control level.
The maximum increase in blood flow was 2.05+0.21 V from a basal voltage of 3.424+0.07 V (n=13,
P<0.001). To a much lesser extent, administration of the NK, receptor agonist [Nle'’}-neurokinin A4_jo
also produced dose-dependent vasodilatation with a maximum increase of 0.46+0.08 V from a basal
level of 3.384+0.1 V (n=7, P<0.01). Animals with acutely inflamed joints showed enhanced vasodilator
responses to the NK,; and NK, receptor agonists (for both: P vs non-inflamed joints <0.001). Thus, the
NK,; and NK, receptor agonists produced maximum increases of 2.56+0.19 V (basal level=
5.84+0.07V; n=7, P<0.001) and 1.974+0.26 V (basal level = 6.31+0.23V; n=11, P<0.001),
respectively. The NK; receptor agonist [MePhe’}-neurokinin B produced no change in blood flow in
normal or in inflamed rat knee joints (n=7 and 5, P>0.05).

5 Bolus administration of the NK, receptor antagonist FK888 (10 pmol) alone followed 5 min later by
another dose of 10 pmol FK888 (i.e. total dose of 2 x 10 pmol) applied together with the NK, receptor
selective agonist [Sar®, Met(O,)!']-substance P produced partial, but significant inhibition of the NK,
receptor agonist-induced vasodilatation in both normal (maximum response reduced by 51.9+5.4%;
n=6, P<0.001) and inflamed rat knee joints (maximum response reduced by 49.3+6.1%; n=>5,
P<0.001). The NK, receptor agonist [Nle'%)-neurokinin A,_,o-induced vasodilator responses in inflamed
joints were not affected by this treatment (n=6, P>0.05). However, with two higher doses of FK888
(both 1 nmol), the NK, and the NK, receptor agonist-induced vasodilator responses were abolished in
the two groups of animals (n=6-8, P<0.005).

6 Administration of two doses of the selective NK, receptor antagonist (S)-N-methyl-N-[4-acetylamino-
4-phenylpiperidino)-2-(3,4-dichlorophenyl)-butyl]benzamide (SR48968; both 10 pmol) produced no
change in NK, receptor agonist-induced vasodilatation in normal (n=11, P>0.05) or in inflamed
joints (n=4, P>0.05). However, the vasodilator responses to the NK; receptor agonist [Sar®, Met(O,)'']-
substance P in inflamed joints were abolished by two bolus doses of SR48968 (1 nmol), with the
exception of the vasodilator response to the highest dose of the NK, receptor agonist (100 pmol) tested,
where a small but significant (P <0.001) vasodilator response (0.58 +0.04 V; basal level = 5.374+0.12 V;
n=6) was still present. In contrast, the NK, receptor agonist [Nle'’-neurokinin A,_o-induced
vasodilator responses were abolished by the two low doses of SR489868 (10 pmol) in normal (n=6,
P<0.005) and in inflamed joints (n=8, P<0.001), except that to a high dose of the NK, receptor
agonist (100 pmol), where a small but significant (P<0.001) vasodilator response (0.4540.22 V; basal
level = 5.52+40.05 V; n=238) still remained in the inflamed joint. This residual vasodilator response in the
inflamed joint was also resistant to higher doses of SR48968 (two doses at 1 nmol) (0.53+0.11 V; basal
level = 5.574+0.12 V; n=7, P<0.001), but was abolished by prior co-administration of the NK,
receptor antagonist SR48968 and the NK; receptor antagonist FK888 both at 1 nmol (n=4, P>0.05).

! Author for correspondence.



2108 F.Y. Lam & M.C.S. Wong

Tachykinin réceptors on joint blood vessels

7 The present findings indicate that NK, receptors are important in mediating tachykinin-induced
plasma extravasation and vasodilatation in normal and acutely-inflamed rat knee joints. In normal
joints, NK, receptor-mediated vasodilatation is of minor importance, but it has greater significance in
inflamed joints. The data do not support a role for NK; receptors in mediating tachykinin-induced
vasodilatation or plasma extravasation. It is speculated that suppression of NK, and NK, receptor-
mediated responses might be useful in attenuating inflammatory responses in the rat knee joint where

tachykinin release is implicated.

Keywords: Tachykinins; vasodilatation; joint inflammation; plasma extravasation; SR48968; FK888; [Sar®, Met(O,)'"]-substance

P; [Nle'%-neurokinin A4_,o; [MePhe’]-neurokinin B

Introduction

Involvement of the nervous system in inflammation has long
been recognised and Lewis (1936) first suggested that cuta-
neous wheal and flare responses occurred by the release of
substances from the peripheral terminals of nociceptive affer-
ents. The term ‘neurogenic inflammation’ has been used to
describe the finding that antidromic stimulation of cutaneous
nerves leads to vasodilatation and increased vascular perme-
ability in the area innervated by the stimulated nerve (Jancso
1967; Lembeck & Holzer, 1979). In the last ten years, sub-
stantial evidence has accumulated to indicate that neurogenic
inflammation occurs in the joint as well as in the skin. Thus,
antidromic nerve stimulation at C-fibre strength in the joint
(Ferrell & Russell, 1986; Ferrell & Cant, 1987), as in the skin
(Jancso et al., 1967), could elicit symptoms typical of in-
flammation, namely, plasma extravasation and vasodilatation.
The neuropeptides substance P and neurokinin A contained in
primary sensory neurones have been implicated, along with the
potent vasodilator calcitonin gene-related peptide (CGRP), as
important mediators of neurogenic inflammation in the joint.
Thus, various experimental models of monoarthritis in the rat
knee joint have shown significant increases of substance P- and
neurokinin A-like immunoreactivity in knee joints pretreated
with inflammatory agents compared to those found in control
knee joints (Bileviciute et al., 1993). Substance P and neuro-
kinin A have also been shown to evoke potent dilatation of
articular blood vessels in the rat knee joint (Lam & Ferrell,
1993a). However, of the two neuropeptides, substance P was
the only one effective in increasing permeability of articular
blood vessels in the rat knee joint (Lam & Ferrell, 1991b). The
latter finding suggests that substance P may be more important
than neurokinin A as a mediator of neurogenic inflammation
in the rat knee joint. Other studies (Ferrell & Cant, 1987,
Yaksh et al., 1988; Lam & Ferrell 1989a,b; 1991a) have also
suggested a role for substance P in the inflammatory process in
the joint.

Substance P is a member of the tachykinin family consisting
of a group of structurally related peptides including neurokinin
A and neurokinin B. The tachykinins are known to interact
with three major receptor types; the neurokinin, (NK,), NK,
and NK; receptors, at which substance P, neurokinin A, and
neurokinin B are the preferential endogenous agonists, re-
spectively, although all three receptors are activated by all three
peptides (Burcher et al., 1991; Mussap et al., 1993). Plasma
extravasation in rat skin (Andrew et al., 1989) and in rat knee
joint (Lam & Ferrell, 1991b) has been shown to be mediated
predominantly by the NK, receptor subtype, though one study
with naturally-occurring tachykinins indicated that multiple
tachykinin receptor types could be involved in mediating ta-
chykinin-induced vasodilatation in the rat knee joint (Lam &
Ferrell, 1993a). However, naturally-occurring tachykinins are
inherently unselective and at high concentrations are able to
interact with all tachykinin receptors (Burcher et al., 1991;
Mussap et al., 1993). The development of selective tachykinin
receptor agonists provides the ability of stimulating one ta-
chykinin receptor type only (Regoli et al., 1988). Furthermore,
selective tachykinin receptor antagonists now exist, and are
proving useful tools in receptor characterization (Watling,
1992; Maggi et al., 1993). Two such antagonists are N>-[(4R)-4-

hydroxy-1-(1-methyl-1H-indol-3-yl)carbonyl -L-prolyl]-N-me-

thyl-N-phenylmethyl-3-(2-naphthyl) - L-alaninamide (FK888;
Fujii et al., 1992b) and (S)-N-methyl-N-N-[4-acetylamino -4 -
phenylpiperidino) - 2- (3,4 - dichlorophenyl) - butyl] -benzamide
(SR48968; Emonds-Alt et al., 1992) which are selective for NK,
and NK, receptors, respectively.

In a model of acute inflammation in the joint induced by
intra-articular injection of 2% carrageenan, plasma extra-
vasation (Scott et al., 1992) and vasodilatation (Lam &
Ferrell, 1993b) produced by substance P were enhanced
compared to responses obtained in the normal joint. Pre-
liminary findings with the selective NK, receptor antagonist,
FK 888, indicated that substance P-induced vasodilatation in
the two groups of animals was mediated through the acti-
vation of NK, receptors (Lam ez al., 1993). It is likely that
NK, receptors also play a role in mediating the increase in
plasma extravasation evoked by substance P in normal joints
(Lam et al., 1993), but their significance in mediating sub-
stance P-induced plasma extravasation in inflamed joints is
unknown. At present, the mechanisms contributing to the
hypersensitivity (increased vasodilatation and plasma extra-
vasation) of inflamed joints to substance P actions remain
obscure. To shed further light on this, in the present study we
investigated the tachykinin receptor types mediating plasma
extravasation and vasodilatation in normal and acutely-in-
flamed rat knee joint using selective tachykinin receptor
agonists and antagonists.

Methods

Experiments were performed on male Sprague-Dawley rats
(300-370 g) deeply anaesthetized with urethane (1.7 g kg~',
i.p.). In some rats acute inflammation was induced by prior
(24 h) intra-articular injection of 0.2 ml (2%) A-carrageenan
into the synovial cavity of the knee (Lowther & Gillard, 1976).

Assessment of plasma protein extravasation

Assessment of plasma protein extravasation was as described
previously (Scott et al., 1991). Briefly, for each animal, two
needles (21 gauge) were inserted into one of the knee joints.
The tip of the inflow needle was placed in the posterior region
of the synovial cavity and the outflow needle positioned in the
anterior region of the cavity. A peristaltic pump (Gilson
minipuls) was used for continuous perfusion of fluid into the
synovial cavity at a constant rate of 50 ul min~'. The effluent
was collected by an automated fraction collector (Gilson FC
203B) into sample tubes over 4 min periods. NaCl (0.9%) was
continuously perfused for 90 min to achieve a steady-state
before collection began. To serve as a control, 5 sample tubes
(20 min) of the aspirate were collected during the NaCl per-
fusion, after which the perfusate was changed to one con-
taining drug solutions. Collection was then continued for a
further 60 min which, according to our previous studies (Scott
et al., 1992), should be ample time to allow for maximum
plasma extravasation to occur. In experiments involving an-
tagonist administration, the antagonist was perfused into the



F.Y. Lam & M.C.S. Wong

Tachykinin receptors on joint blood vessels 2109

joint 20 min before co-perfusion with the agonist. This pro-
cedure has been confirmed by two independent studies to be

adequate for antagonists to exert their inhibitory effects (Scott .

et al., 1992; Hirayama et al., 1993).

A micro-turbidimetric method (Scott et al., 1991) was used
to measure the protein content of each sample with a Hitachi
(UV-1201) spectrophotometer at 277 nm. The amount of
protein recovered was calculated by comparing the absor-
bance of test samples with that of the calibration curve ob-
tained with standard rat albumin samples of known
concentrations.

Assessment of changes in articular blood flow

The method of laser Doppler perfusion imaging (LDI) de-
scribed by Lam and Ferrell (1993b) was used to measure the
relative change in rat knee joint blood flow. The skin over the
knee joint of the anaesthetized rat was removed to expose the
anteromedial aspect of the joint capsule. To prevent tissue
dehydration, 100 ul NaCl (0.9%) was added to the exposed
surface every 5 min throughout the experiment except during
drug administration. A laser Doppler perfusion imager (Lisca
Development AB, Sweden), placed 12 cm above the joint,
directs a helium-neon laser (633 nm) to the tissue and scans
the surface of the object in a rectangular pattern of 6 x 7 cm in
approximately 1 min. A colour-coded perfusion image can
subsequently be generated and displayed on the monitor. The
actual voltage values at each point in the image are stored on
disc and can be utilised for calculation of the mean voltage
within a given area, enabling the determination of voltage
difference of the same selected area on the LDI image before
and after experimental manipulation.

Drugs were administered as a bolus applied to the surface of
the joint in a volume of 100 ul. Dose-response curves were
constructed with 15 min intervals in between each bolus ap-
plication to allow for recovery and to avoid tachyphylaxis to
the tachykinins. In experiments where an antagonist was in-
cluded, the joints were pretreated with the antagonist 5 min
before the control measurement. This was followed by co-
administration of the antagonist with the test agent. Possible
changes in systemic blood pressure induced by drugs applied
on the joint surface were monitored via a cannula inserted into
the carotid artery connected to a pressure transducer (Gould,
P231D) and the transducer output was displaced on a pen
recorder (Graphtec Miniwriter, WTR751).

Drugs

The following drugs were used: [Sar®, Met(O,)'!]-substance P,
[MePhe’}-neurokinin B, and i-carrageenan dissolved in 0.9%
NaCl; [Nle'%-neurokinin A4_;o dissolved in ammonium hy-
droxide (0.01%); FK888 and SR48968 dissolved in ethanol
(15%). The percentage of solvent refers to that of the stock
solution, which was 10 uM. Subsequent dilutions of the stock
solution were made in 0.9% NaCl. 1-Carrageenan was pur-
chased from Sigma Chemical Co. (U.S.A.). All other drugs
were purchased from Cambridge Research Biochemicals
(U.K.) except FK888 and SR48968 which were gifts from
Fujisawa Pharmaceutical Co. Ltd. (Japan) and Sanofi Re-
cherche (France), respectively.

Statistical analysis

The results obtained from protein micro-turbidimetry are ex-
pressed as means (in pug ml~')+s.e.mean of the amount of
plasma protein extravasated. Those from LDI are represented
as the mean voltage difference (i.e. test minus con-
trol) +s.e.mean of the same selected scanned area in each ani-
mal. Mean values were compared by unpaired Student’s ¢ test,
and differences between curves were analysed by repeated
measures two-factor analysis of variance (ANOVA), followed
where appropriate by comparisons of means by Planned Con-
trasts (SuperANOVA, Abacus Concepts, U.S.A.). The latter

procedure is very efficient for comparing a limited subset of
possible contrasts. This is useful for testing hypotheses about
data that are more specific than the hypothesis automatically
tested for each term in the ANOVA model (Gagnon et al.,
1989). P values <0.05 were considered statistically significant.

Results

Effects of tachykinin receptor agonists and antagonist on
plasma protein extravasation in normal joints

In the normal rat knee joint, the basal plasma protein extra-
vasation measured after 90 min perfusion with 0.9% NaCl was
10+4 pug ml~! (n=6). Switching the perfusate to one con-
taining the selective NK, receptor agonist [Sar®, Met(O,)''}-
substance P (0.8 nmol min~!) promptly increased plasma ex-
travasation. The maximum response (90+20 ug ml~'; n=6)
was achieved at 8 min and despite the continuous presence of
the drug, it returned to the basal level 32 min after com-
mencement of the drug perfusion. Administration of the NK,
receptor agonist [Nle'’]-neurokinin A4_,o (0.8 nmol min~';
n=8) or the NK; receptor agonist [MePhe’]-neurokinin B
(0.8 nmol min~!; n=4) produced no significant change in basal
plasma extravasation (P> 0.05). Perfusion of the selective NK,
receptor antagonist FK888 (0.8 nmol min~!; n=3) alone did
not affect the basal protein level (P> 0.05). Co-perfusion of the
antagonist with [Sar®, Met(O,)!!}-substance P (0.8 nmol min~};
n=23) abolished the NK, receptor agonist-induced response
(P<0.001). These results are illustrated in Figure 1.

Effects of tachykinin receptor agonists and antagonist on
plasma protein extravasation in acutely-inflamed joints

The basal protein extravasation observed in the acutely-in-
flamed joint (56+4 ug ml~'; n=>5) was significantly greater
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Figure 1 Plasma protein extravasation in normal rat knee joints.
Effects of intra-articular perfusion of the selective NK,; receptor
agonist [Sar’ Met (O,)!'-SP (O; n=6), the selective NK, receptor
agonist [NIe'®)}-NKA,4_;; ([J; n=8), the selective NKj3 receptor
agonist [MePhe’)-NKB (A; n=4), and [Sar’ Met (O,)'']-SP in the
presence of the selective NK,; receptor antagonist FK838 (@;
0.8nmolmin~'; n=3). The perfusion rate was 0.8 nmolmin~
throughout. The antagonist was administered 20min before co-
perfusion with the NK; receptor agonist into the joint. Data are
shown as means +s.e.mean (shown by vertical lines) of the amount of
plasma protein extravasated in ugml~!. The curves for the NK,
receptor agonist in the absence and in the presence of FK888 are not
significantly different (P>0.05; two-factor ANOVA). However,
subsequent analyses by Planned Contrasts (see Methods) showed
significant differences between their means at time points indicated:
*P<0.05; **P<0.01, ***P<0.001.
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(P<0.001) than that observed in the normal joint
(1044 ug ml~'; n=+6). Perfusion of the selective NK, receptor
agonist [Sar®, Met(O,)""]-substance P (0.8 nmol min~') pro-
duced a peak increase in plasma extravasation
(150+14 pug mi~'; n=5) 12 min following perfusion of the
drug. The difference between the peak and the basal protein
level (95419 ug ml~'; n=6) was not significantly different
(P>0.05; unpaired Student’s ¢ test) to that observed in the
normal joint (80415 ug ml~!; n=>5). Nevertheless, the NK,
receptor agonist-induced effect was more prolonged in the in-
flamed joint as the protein level did not return to basal value
after 40 min, whilst in the normal joint, the response returned
to the basal level after 32 min. Perfusion of the NK, receptor
agonist [Nle'’]-neurokinin A4_o (0.8 nmol min~'; n=5) or the
NK; receptor  agonist [MePhe’]-neurokinin B
(0.8 nmol min~'; n=11) into the inflamed joint, as in the
normal joint, produced no change in the basal plasma extra-
vasation (P>0.05). The basal protein level in the inflamed
joint was not affected by perfusion of the NK, receptor an-
tagonist FK888 (0.8 nmol min~!; n=3, P>0.05), but plasma
extravasation induced by the NK, receptor agonist [Sar’,
Met(O,)""]-substance P (0.8 nmol min~—'), as in the normal
joint, was abolished in the presence of FK888
(0.8 nmol min~!; n=3, P<0.001). These results are shown in
Figure 2.

Effects of tachykinin receptor agonists and antagonists
on blood flow in normal joints

Topical administration of the NK, receptor agonist [Sar’,
Met(O,)'"]-substance P produced dose-dependent (0.1-
100 pmol) increases in blood flow of the articular blood ves-
sels. The maximum vasodilator response was 2.05+0.21 V,
representing a 60% increase from basal blood flow of
3.4240.07 V (n=13, P<0.001), and this was produced at
100 pmol of the agonist. A higher dose of agonist (1 nmol)
produced a less pronounced increase in blood flow which was
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Figure 2 Plasma protein extravasation in acutely-inflamed rat knee
joints. Effects of intra-articular perfusion of the selective NK;
receptor agonist [Sar’ Met (0,)'!]-SP (O; n=>5), the selective NK,
receptor agonist [NIe'’)-NKA4_;, (O; n=5), the selective NKj;
receptor agonist [MePhe’}-NKB (A; n=11), and [Sar® Met (O,)'']-SP
in the presence of the selective NK, receptor antagonist FK888 (@;
0.8nmolmin~'; n=3). Acute inflammation was induced by intra-
articular injection of 0.2ml (2%) carrageenan into the synovial cavity
of the joint 24h before the experiment. The increase in plasma
extravasation evoked by [Sar’® Met (0,)'']-SP was significantly
inhibited by FK888 (P<0.005; two way ANOVA). Subsequent
analyses by Planned Contrasts showed significant differences between
their means at time points indicated: *P<0.05; **P<0.01;
***P<0.001.

associated with a corresponding drop in systemic blood pres-
sure and thus was not included in the figure (Figure 3a). Ad-
ministration of the NK, receptor agonist [Nle'%)-neurokinin
A4_10 produced a much smaller dose-dependent (0.1-—
100 pmol) increase in blood flow than the NK; receptor ago-
nist (Figure 3b). At the highest dose tested (100 pmol), [Nle'°]-
neurokinin A4_;o produced a maximum vasodilator response
of 0.46+0.08 V (basal level = 3.384+0.1 V; n=7, P<0.01).
The NK; receptor agonist [MePhe’]-neurokinin B at all doses
tested (0.1-100 pmol), produced no change in the knee joint
blood flow (n=5, P>0.05) (Figure 3b).

Pretreatment of the rat knee joint with the selective NK,
receptor antagonist FK888 (10 pmol followed 5 min later by
co-administration of another 10 pmol of the antagonist with

a

3 —
°
=
c —
8 2
E
2
Q
% 17 %%
o
P
Q
£
3
£ 07
S

-1 T T T |
-14 -13 -12 -1 -10
log Dose of [Sar® Met (02)"]-SP (mol)
b
3—

N
1

Voltage increase from control
o -
| |

|
-

T 1
-14 -13 -12 -1 -10

log Dose of tachykinins (mol)

Figure 3 Articular blood flow of normal rat knee joint capsules. (a)
Effects of the selective NK; receptor agonist [Sar’ Met (O,)'!}-SP
alone (Q; n=13) and in the presence of two 10 pmol doses (@, n=6)
and two 1nmol doses (Ml; n=8) of the selective NK, receptor
antagonist FK888 (see Methods). (b) Effects of the selective NK,
receptor agonist [Nle1 -NKA4_1, (O; n=7), the selective NKj
receptor agonist [MePhe’]-NKB (A; n=7), and [Nle!’}-NKA4_;; in
the presence of two doses of 1nmol FK888 (M; n=8). Drugs were
administered as a bolus applied to the rat knee joint surface in a
volume of 0.1 ml. Data are shown as means+s.e.mean (shown by
vertical lines) expressed as voltage difference of test image minus
control image. Dose-response curves for the NK, receptor agonist
were significantly inhibited by FK888 (**P<0.01; ***P<0.001; two
factor ANOVA). Dose-response curves for the NK, receptor agonist
in the absence and in the presence of FK888 are not significantly
different (P>0.05; two-factor ANOVA). However, subsequent
comparisons of means by Planned Contrasts showed significant
differences between control and 10pmol means (*P<0.05) and
control and 100 pmol means (**P <0.01).
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[Sar®, Met(O,)""]-substance P), resulted in a partial, but sig-
nificant (P>0.001), inhibition of the dose-response curve of
the NK, receptor agonist. The maximum increase in blood
flow observed at 100 pmol of the NK, receptor agonist was
significantly inhibited by 51.94+5.4% (n=6, P>0.001) in the
presence of FK888. Complete inhibition of responses to all
doses of the NK; receptor agonist was achieved with two
1 nmol doses of FK888 (n=8, P>0.05). At these doses,
FK888 also significantly (P <0.005) reduced the vasodilator
response to the maximum dose (100 pmol; n=8) of the NK,
receptor agonist. These results are shown in Figure 3a and b,
respectively.

As illustrated in Figure 4, pretreatment of the rat knee joint
with two 10 pmol doses of the NK, receptor antagonist
SR48968 i.e. 10 pmol followed 5 min later by co-administra-
tion of another 10 pmol of the antagonist with [Sar’,
Met(O,)""]-substance P, produced no change in the dose-
response curve of the NK, receptor agonist (n=11, P>0.05).
However, the same treatment of the joint with SR48968
abolished the vasodilator response to [Nle'°]-neurokinin A4_o
(n=6, P<0.005). Administration of either FK888 (two 1 nmol
doses; n=10) or SR48968 (two 1 nmol doses; n=11) produced
no change in basal blood flow on their own (P> 0.05).

Effects of tachykinin receptor agonists and antagonists
on blood flow in acutely-inflamed joints

The basal blood flow observed in the acutely-inflamed joint
(5.75+0.36 V; n=10) was significantly (P> 0.001) higher than
that observed in the normal joint (3.43+0.17 V; n=12). Ad-
ministration of the NK, receptor agonist [Sar’, Met(O,)!]-
substance P elicited dose-dependent vasodilator responses in
inflamed joints that were more pronounced than those ob-
served in normal joints (Figure 5a). The maximum vasodilator
responses produced in inflamed and normal joints were
2.56+0.19V and 2.054+0.21V from basal levels of
5.84+0.07 V (n=7) and 3.42+0.07 V (n=13), respectively. In
the case of the NK, receptor agonist [Nle!%]-neurokinin A4_o
(Figure 5b), the augmentation of the vasodilator response was
even more profound, producing a peak response at 100 pmol
of 1.974+0.26 V (basal level = 6.314+0.23 V; n=11) in the
inflamed joint compared to that of 0.46 +0.08 V (basal level =
3.38+0.1 V; n=7) in the normal joint. However, the duration
of the vasodilator responses to the NK,; and NK, receptor

Voltage increase from control

-14 -13 -12 -1 -10
log Dose of tachykinins (mol)

Figure 4 Articular blood flow of normal rat knee joint capsules.
Effects of the selective NK; receptor agonist gSar9 Met (0,)'']-SP (O)
and the selective NK, receptor agonist [Nle'®-NKA,4_y; (O) in the
absence (n=13 and 7, respectively) and in the presence of two
10 pmol doses of the selective NK, receptor antagonist SR48968 (@;
n=11, W; n=7, respectively). Dose-response curves of the NK,
receptor agonist in the absence and in the presence of SR48968 are
significantly different (**P<0.005; two-factor ANOVA).

agonists was the same in normal and inflamed joints, and they
lasted no more than 5 min in both cases. The NK; receptor
agonist [MePhe’]-neurokinin B (0.1-100 pmol), as in normal
joints, was without effect on blood flow in the inflamed joints
(n=35, P>0.05) (Figure 5b).

The NK, receptor antagonist FK888 produced the same
pattern of inhibition on the NK, receptor agonist [Sar’®,
Met(O,)"'!}-substance P-induced vasodilatation in inflamed and
normal rat knee joints. Thus, two doses of 10 pmol FK888
produced partial inhibition of the NK, receptor agonist re-
sponse (n=5, P<0.001), whereas two doses of 1 nmol FK888
abolished the NK; agonist response (n=7; P<0.001). The
NK, receptor agonist (Nle'%)-neurokinin A4_;o-induced vaso-
dilatation was unaffected by two doses of FK888 at 10 pmol
(n=6, P>0.05), but was completely inhibited by two doses of
FK888 at 1 nmol (n=6, P<0.001). These results are shown in
Figure 5a and b, respectively. Unlike that in the normal joint,
the basal blood flow (5.05+0.47 V, n=9) of the inflamed joint
was significantly reduced (—0.61+0.41 V; n=9, P<0.005) by
two 1 nmol doses of FK888.

As illustrated by the identical dose-response curves in Fig-
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Figure 5 Articular blood flow of acutely-inflamed rat knee joint
capsules. (a) Effects of the selective NK; receptor agonist [Sar’ Met
(02)"1-SP alone (O; n=7T) and in the presence of two 10 pmol doses
(@; n=5) and two 1nmol doses (Ml; n=7) of the selective NK,
receptor antagonist FK888. (b) Effects of the selective NK, receptor
agonist [Nle'"}-NKA,_;; (OJ; n=11), the selective NK; receptor
agonist [MePhe’}-NKB (A, n=5), and [NIe'®-NKA4_jo in the
presence of two 10 pmol doses (ll; n=6) and two 1nmol doses (@;
n=6) of FK888. Significant difference: ***P>0.001 (two factor
ANOVA).
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ure 6a, two doses of the selective NK, receptor antagonist
SR48968 at 10 pmol produced no change in the NK, receptor
agonist [Sar®, Met(O,)!']-substance P-induced vasodilatation
(n=4, P>0.05). However, two higher doses of SR48968 (both
at 1 nmol) inhibited the NK, receptor agonist response except
at the highest dose of the agonist (100 pmol) tested, where a
small vasodilator response (0.58+0.04 V; basal level =
5.37+0.12 V; n=6, P<0.001) still remained. SR48968, at two
10 pmol doses and two 1 nmol doses, produced virtually
identical inhibition on the NK, receptor agonist [Nle'°}-neu-
rokinin A,_j¢-induced response. Thus, the NK, receptor ago-
nist (100 pmol) produced small vasodilator responses of
0.45+0.22 V (basal level = 5.524+0.05V; n=8, P<0.001)
and 0.531+0.11 V (basal level = 5.57+0.12V; n=7,
P<0.001) in the presence of the two multiple doses of
SR48968, respectively. Whereas, vasodilator responses to the
lower doses of the agonist were abolished by the two multiple
doses of SR48968 (P <0.005 and 0.001). Co-administration of
FK888 and SR48968, both two doses at 1 nmol, produced
complete inhibition of the vasodilator responses to all doses of
the NK, receptor agonist (P>0.05). These results are illu-
strated in Figure 6b. As in the normal joint, the basal blood
flow of the inflamed joint was not affected by two 1 nmol doses
of SR48968 (n=9, P>0.05).

Discussion

The present study demonstrates that intra-articular perfusion
of the selective NK, receptor agonist [Sar®, Met(O,)!'}-sub-
stance P is effective in eliciting plasma protein extravasation in
normal rat knee joints, while the selective NK, receptor agonist
[Nle'%-neurokinin A4_;, and the NK; receptor agonist [Me-
Phe’]-neurokinin B are ineffective. This is also true in studies
performed on acutely-inflamed rat knee joints. In blood flow
studies, [Sar®, Met(O,)!']-substance P produced the most pro-
nounced vasodilatation in blood vessels of the normal rat knee
joints; the vasodilator responses to [Nle'%)-neurokinin A4_;o
were much smaller, and [MePhe’]-neurokinin B was ineffective.
In inflamed rat knee joints, the vasodilator responses to NK,
and NK, receptor agonists were exacerbated, but [MePhe’]-
neurokinin B remained ineffective. Studies with tachykinin
receptor antagonists indicate that tachykinin-induced plasma
protein extravasation is mediated via the activation of NK,
receptors, whereas, tachykinin-induced vasodilatation is likely
to involve activation of both NK, and NK, receptors.

The characteristics of the NK, receptor agonist response in
normal joints resembles those seen with substance P in pre-
vious studies (Scott et al., 1991; 1992), in that the two tachy-
kinins both produced marked yet transient plasma
extravasation; thus their responses peaked at 8 min and then
returned to basal levels within 32 min in both cases, despite
continuous perfusion of tachykinin into the joint. The tran-
sient nature of the action of substance P in the normal joint has
been suggested to serve as a useful protective mechanism for
the joint (Scott et al., 1992; 1994). It was postulated that after
injury of a joint, substance P could initiate short-term re-
cruitment of mediators that are useful for the healing process,
whilst avoiding prolonged inflammatory actions of the tachy-
kinin which could be detrimental to the joint. In this context, it
is interesting to note that, CGRP, a non-tachykinin neuro-
peptide known to co-exist with substance P and neurokinin A
in sensory neurones, produces sustained (>1 h) plasma pro-
tein extravasation in the rat knee joint (Karimien & Ferrell,
1994). In some respects this parallels the vasodilator effects of
the two neuropeptides, with substance P producing transient
dilatation of synovial blood vessels whereas CGRP produces
long-lasting dilatation (Lam & Ferrell, 1993a). However,
Karimien and Ferrell (1994) also showed that the f,,8,-adre-
noceptor agonist isoprenaline produced dilatation of articular
blood vessels equivalent to that of CGRP, but this was not
accompanied by plasma extravasation. Thus, as with substance
P (Cruwys et al., 1992; Lam & Ferrell, 1991b; 1993a,b), these
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Figure 6 Articular blood flow of acutely-inflamed rat knee joint
capsules. (a) Effects of the selective NK,; receptor agonist [Sar’ Met
(0,)'"]-SP alone (O; n=7) and in the presence of two 10 pmol doses
(@; n=4) and two 1nmol doses (M; n=6) of the selective NK,
receptor antagonist SR48968. (b) Effects of the selective NK,
receptor agonist [Nle'®l-NKA,_,, alone ([J; n=11), in the presence
of two 10 pmol doses (I, n=8) and two 1nmol doses (¢; n="7) of
SR48968, and in the presence of SR48968 plus the selective NK;
receptor antagonist FK888 (both two 1nmol doses; @; n=4).
Significant difference: **P>0.005; ***P>0.001 (two factor ANO-
VA).

workers proposed that CGRP may increase vascular perme-
ability independent of its vasodilator effect. In rat skin, it has
been suggested that substance P-evoked release of proteolytic
enzymes from local mast cells could lead to accelerated de-
gradation of CGRP, thereby shortening the duration of the
response to CGRP (Brain & Williams, 1989). This phenom-
enon has yet to be demonstrated in the rat knee joint, never-
theless, it has been shown that the duration of CGRP-induced
vasodilatation in the rat knee joint can be drastically reduced
by the co-administration of substance P with CGRP (Lam &
Ferrell, 1993a). Thus, although continuous perfusion of CGRP
can produce a persistent increase in plasma extravasation
(Karimien & Ferrell, 1994), whether endogenous release of
CGRP together with SP can evoke sustained plasma extra-
vasation in the rat knee joint remains uncertain.

In the inflamed joint, both substance P (Scott et al., 1992)
and the NK, receptor agonist evoked more persistent plasma
extravasation, although the sustained effect was less pro-
nounced with the NK, receptor agonist than substance P.
These findings indicate that in inflammatory conditions acti-
vation of the NK, receptors produces greater inflammatory
responses than in normal physiological conditions. The exact
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mechanisms of this enhanced NK, receptor-mediated response
is unknown at present, but it is speculated that in the acute
inflammatory state, NK, receptors on the articular blood
vessels may have been up-regulated, thereby producing a more
sustained response. Whether this is due to increased NK, re-
ceptor numbers, or increased affinity of the NK, receptors
towards their preferential ligands, or to alterations at the level
of the second messenger system remains to be elucidated. In-
volvement of other tachykinin receptor types in the plasma
extravasation response is unlikely as both the selective NK,
receptor agonist and NK; receptor agonist were without effect
in normal and in inflamed joints.

Of the three selective tachykinin receptor agonists tested,
the NK, receptor agonist was the most effective in producing
vasodilatation of the articular blood vessels in the rat knee
joint. The maximum vasodilatation produced by the NK, re-
ceptor agonist was only 27% of that produced by the NK,
receptor agonist, and the NK; receptor agonist was ineffective.
This order of potency is in agreement with a similar study
using naturally-occurring tachykinins, where a rank order of
potency of SP=NKA > NKB in eliciting vasodilator responses
in the rat knee joint was demonstrated (Lam & Ferrell, 1993a).
Thus, the use of selective tachykinin receptor agonists in the
present study confirms the hypothesis that NK, receptors are
of greater importance than NK, or NK; receptors in mediating
vasodilator responses in the rat knee joint. Furthermore, the
use of selective tachykinin receptor antagonists in the present
study consolidated the view that the NK; receptor agonist-
induced effect is mediated by its action on NK; receptors.
Hence, in the presence of two 10 pmol doses of the selective
NK, receptor antagonist FK888, the NK, receptor agonist-
induced vasodilatation was partially inhibited, whilst at higher
doses of the antagonist (two doses at 1 nmol), it was abolished.
In addition, the vasodilator response of the NK, receptor
agonist was unaffected by the presence of the selective NK,
receptor antagonist SR48968 (two doses at 10 pmol), implying
that NK, receptors are not involved. On the other hand, the
same doses of SR48968 produced complete inhibition of the
NK; receptor agonist-induced vasodilatation, indicating that it
is mediated by the NK, receptors.

In comparison to normal joints, a small potentiation of
the vasodilator response to the NK, receptor agonist was
observed in inflamed joints. FK888 was effective in abolishing
the potentiated vasodilator response, suggesting that it too
was also NK, receptor-dependent. The involvement of NK,
receptors is unlikely since SR48968 (two doses at 10 pmol)
was not effective in blocking the NK, receptor agonist-in-
duced response. Higher doses of SR48968 (two doses at
1 nmol) significantly reduced the NK, receptor agonist re-
sponse but this could well be due to antagonism of NK,
receptors by SR48968. In fact, SR48968 at high concentra-
tions has been shown to exhibit significant binding to NK;
receptors of the guinea-pig lung (Kudlacz et al., 1993).
SR48968 is not expected to have non-specific inhibitory ef-
fects in the rat knee joint as it has been shown that SR48968
did not affect 5-hydroxytryptamine-induced Evan’s blue ex-
travasation in the rat knee joint, even at a dose of 180 nmol
per knee (Hirayama et al., 1993). Thus, the enhanced vaso-
dilator action of the NK, receptor agonist in inflamed joints
is more likely attributed to increased participation of the NK,
receptors in the inflamed condition. It is possible that reduced
sympathetic vasoconstriction in the inflamed joint as de-
monstrated by Lam & Ferrell (1993b) also contributes to the
enhanced vasodilatation.

The augmentation of the NK, receptor agonist-induced
vasodilator response in the inflamed rat knee joint was even
more striking than that observed with the NK, receptor ago-
nist. FK888, at two 10 pmol doses, was without effect on the
NK, receptor agonist-induced response, but it abolished the
NK, receptor agonist response at two 1 nmol doses which
indicate that NK, receptors might be responsible for the in-
creased vasodilator action of the NK, receptor agonist in the
inflamed joint. However, FK888 is much more effective in

inhibiting the NK, receptor agonist-induced responses; it
abolished the NK, receptor agonist-induced vasodilatation at
two 1 nmol doses and even at two 10 pmol doses, it partially
reduced the NK, receptor agonist response. No non-specific
inhibitory actions of FK888 have been observed (e.g. Wang et
al., 1994), although it has been shown to possess a weak affi-
nity for guinea-pig NK, receptors (Fujii et al., 1992a). Taking
these points into consideration, and in spite of FK888 being
labelled as a ‘selective’ NK, receptor antagonist, it might be
more appropriate to suggest that in the present preparation the
reduction in the NK, receptor agonist response by the higher
dose of FK888 may be due to block of NK, receptors. In
addition, the present study showed that FK888 at two 1 nmol
doses produced a small but significant reduction in basal blood
flow of the inflamed joints, suggesting that there may be tonic
release of neuropeptides responsible for the augmented basal
blood flow in inflamed joints. As FK888 lowers the basal blood
flow in inflamed joints, it is likely that this also contributes to
its effect in reducing the NK, receptor agonist-induced re-
sponse.

Further evidence in support of the idea that NK, receptors
are involved in mediating the NK, receptor agonist effects is
that SR48968 at two low doses of 10 pmol was effective in
inhibiting the NK, receptor agonist-induced vasodilatation,
albeit a small residual vasodilator response still remained with
100 pmol of the agonist. This residual vasodilator response
persisted even in the presence of two 1 nmol doses of SR48968,
but a mixture of FK888 and SR48968 (both two doses at
1 nmol) abolished the response. The lowering of the basal
blood flow by FK888 may have helped in abolishing the va-
sodilator response, but it is also possible that NK, receptors
are involved in mediating the small residual vasodilator re-
sponse to the NK, receptor agonist.

As with plasma extravasation, [MePhe’]-neurokinin B
possesses no vasodilator action on either normal or inflamed
rat knee joints. It is thus unlikely that NK; receptors have a
role in mediating inflammatory processes in the rat knee joints.

In conclusion, the present studies confirm the hypothesis
that NK, receptors are solely responsible for mediating ta-
chykinin-induced plasma protein extravasation in normal and
inflamed rat knee joints. On the other hand, tachykinin-in-
duced vasodilatation could be mediated by both NK, and NK,
receptors. The contribution of NK, receptor-mediated vaso-
dilatation is of minor importance in normal joints, but it is of
greater significance in inflamed joints as revealed by the aug-
mented vasodilator response to the NK, receptor agonist in the
inflamed condition. Thus, the data support the idea that ta-
chykinins are important in the initiation of inflammatory re-
sponses in the rat knee joint, and this is primarily mediated by
NK, receptors. Moreover, the results indicate that tachykinins
could exacerbate the inflammatory process once manifested.
This latter contribution to the inflammatory process is likely to
involve both NK, and NK, receptor activation. In addition to
the tachykinins, it is possible that CGRP constitutes another
neurogenic mediator of joint inflammation as this peptide is
also known to produce potent vasodilatation (Lam & Ferrell,
1993a) and plasma extravasation (Karimian & Ferrell, 1994) in
the rat knee joint.

Finally, it is worth noting that the tachykinin receptor
antagonists were without significant effect per se on basal
plasma extravasation in inflamed joints. This does not ne-
cessarily imply that the tachykinins are not involved in the
continuing inflammatory process as it was shown that FK888
was effective in lowering the augmented basal blood flow in
inflamed joints. Furthermore, in our previous studies, we
have demonstrated a neurogenic component in carrageenan-
induced joint inflammation (Lam & Ferrell, 1991a) and that a
substance P antagonist given before the administration of
carrageenan produced substantial reduction in the in-
flammatory response (Lam & Ferrell, 1989b). Taken together,
it is more appropriate to conclude that the tachykinin an-
tagonists are more effective in inhibiting the neurogenic
contribution to the inflammatory process when administered
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before the induction of inflammation, and perhaps even
better, if combined with a CGRP antagonist. In addition,
since tachykinins have greater effects in inflamed joints, if
further release of tachykinins occurs in these joints, this could
lead to drastically exacerbated inflammatory responses in the
joints. In these circumstances, long term treatment of the
inflamed joints with tachykinin antagonists might be useful in
limiting the progress of the disease.
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