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1 Rheumatoid arthritis is a serious, inflammatory disease of the distal joints that has a possible
neurogenic component underlying its pathology.

2 Substance P (SP), an endogenous neuropeptide that acts upon the neurokinin 1 (NK,) receptor, is
released from sensory nerves and is involved in neurogenic inflammation.

3 In this study, we have developed novel techniques to determine the contribution of SP to
microvascular responses in a model of complete Freund’s adjuvant (CFA)-induced arthritis in NK;
knockout mice.

4 Detailed analysis in normal mice revealed that CFA (20 ug i.art.)-induced plasma extravasation
was raised from 18 to 72 h, when compared with intravascular volume. By comparison, knee swelling
was sustained for 3 weeks. Neutrophil accumulation mirrored plasma extravasation. SP (10 pmol
i.art.) caused significant acute plasma extravasation, but not other parameters, in wild type (WT), but
not NK,; knockout mice. CFA (10 ugi.art.) induced a significantly decreased intravascular volume,
presumably due to decreased blood flow, at early time points (5 and 7h) in WT but not NK;
knockouts. Otherwise, similar responses in WT and NK; knockout mice were observed. However,
injection of SP into CFA-pretreated joints caused a significant enhancement of plasma extravasation
and knee swelling in the WT but not NK; knockouts.

5 In conclusion, the present study has used novel techniques in WT and NK,; knockout mice to show
that SP can modulate vascular tone and permeability in the inflamed joint via activation of the NK;
receptor and that SP-induced responses are more pronounced where pre-existing inflammation is present.
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Introduction

Rheumatoid arthritis in humans is a chronic, debilitating,
inflammatory disease that affects connective tissue in distal
joints and is characterized by spontancous remissions and
unpredictable exacerbations of the condition (Ignatavicius,
2001). Inflammatory processes involved in joint disease include
plasma extravasation leading to joint swelling, vascular
remodeling and cellular infiltration of the synovia. The precise
microvascular mechanisms underlying these events are not
fully understood, but it is possible that a neurogenic
component is involved in joint disease. For example, in
experimental models of joint disease, transection of sensory
nerves has been shown to reduce hyperalgesia, swelling and
joint destruction (Levine et al., 1986). Furthermore, there is a
strong tendency for symmetrical joint inflammation in patients
with rheumatoid arthritis suggesting a possible neural influence
on the progression of the disease (Niissalo et al., 2002). Indeed,
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a neurogenic influence of contralateral responses has been
demonstrated in a rat model of joint disease (Kidd et al., 1995).

Neurogenic inflammation is defined as the oedema forma-
tion, increased blood flow and inflammatory cell involvement
observed after stimulation of sensory nerve fibres (usually C
and AJ fibres) and release of neuropeptides, such as substance
P (SP), calcitonin gene-related peptide and neuropeptide Y.
SP, acting on the neurokinin 1 (NK;) receptor, exerts a variety
of proinflammatory effects. For example, SP is a potent
mediator of increased microvascular permeability in species
that include the mouse through its action on postcapillary
endothelial cells (Cao et al., 1999) and SP has a potent effect
on the cellular components of inflammation, such as neutro-
phil accumulation (Cao et al., 2000).

The involvement of SP in joint inflammation has been
implicated in arthritis, both in human and experimental animal
studies. In human rheumatoid synovia, a strong hybridization
signal of the NK, receptor has been detected and, moreover,
the signal intensity of NK, receptor mRNA positively
correlated with the severity of joint disease (Sakai et al.,
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1998). In animal studies, antigen-induced mono-arthritis leads
to a pronounced bilateral upregulation of expression of NK;
receptors in the rat dorsal root ganglion (Segond von Banchet
et al., 2000). Furthermore, adjuvant-induced joint inflamma-
tion has been shown to cause a very rapid transcription of the
SP precursor, f-preprotachykinin, in the innervating dorsal
root ganglia of the rat (Bulling ez al., 2001).

The availability of NK, receptor knockout mice now enables
the investigation of neurogenic mechanisms in arthritis in this
species. However, to date, published methods for investigating
joint disease in mice do not permit a detailed analysis of the
early stages of microvascular responses in which neuropeptides
are known to have their most potent effects. With this in mind,
we have developed techniques whereby both the early and late
microvascular responses in the mouse knee joint can be
determined. In particular, a quantitative radiometric assay for
measuring plasma extravasation or intravascular volume has
been developed and used in conjunction with a traditional
technique for measuring knee swelling. Furthermore, a method
has been developed for collecting a synovial lavage from
mouse knee joints. To our knowledge, this is the first time that
a technique that permits the analysis of the cellular and soluble
contents of mouse joint synovial fluid has been published.
Using the developed techniques, we have elucidated the time
course of microvascular responses to intra-articular (i.art.)
injection of complete Freund’s adjuvant (CFA), determined
the relationship between plasma extravasation and knee
swelling and investigated the contribution of SP to joint
inflammation.

Methods
Preparation of animals

Female CDI1 mice (25-30g) were purchased from Harlan,
U.K. Female Sv129 4+ C57BL/6 mice (25-30g), either geneti-
cally unaltered or lacking the gene for the NK, receptor, were
bred in house from mice donated by N. Gerard (Boston,
U.S.A.). Mice were kept in a climatically controlled environ-
ment and had access to food and water ad libitum. Experiments
were carried out in accordance with the U.K. Home Office
Animals (Scientific Procedures) Act, 1986. All recovery
procedures were performed under isoflurane anaesthesia (2%
vol isoflurane, 2% vol O,) and all non-recovery procedures
were carried out under urethane anaesthesia (2.5mgg~'i.p.).
30 G needles were used for all i.art. injections (BD Micro-Fine
insulin syringes, 0.3 ml).

Joint inflammation

Adjuvant-induced joint inflammation was induced via i.art.
injections of CFA into the ipsilateral hind knee joint and an
equivalent volume of saline (0.9% sodium chloride, pyrogen
free) injected into the contralateral hind knee joint for control
and inflammation was allowed to develop for 1 h—-3 weeks. In
total, 20 ug of CFA in 20 ul was injected into the joints of CD1
mice. The dose of CFA was reduced to 10ug in 10 ul for
Sv129 4+ C57BL/6 mice due to their significantly smaller knee
diameters when compared with CD1 mice (3.54+0.03 vs
3.9340.03 mm, respectively; n =20, P<0.001). The inflamma-
tory effects of SP (10-1000 pmol, 10 ul ipsilateral joint, Sigma,

U.K.) and saline (10ul, contralateral joint) were examined
over 30min for plasma extravasation and intravascular
volume and over 5h for neutrophil accumulation. The effect
of SP on adjuvant-induced joint inflammation was examined
as follows: NK; receptor wild type (WT) and knockout mice
were given CFA (10ug, 10uliart.)) into both joints and
inflammation was allowed to develop for 4 h 30 min. After this
time, the mice were given SP (100 pmol, 10 ul, i.art.) or saline
(10 pl, i.art. contralateral joint) and inflammation was allowed
to develop for a further 30 min.

Measurement of plasma extravasation and intravascular
volume

Plasma extravasation was determined by the extravascular
accumulation of intravenously injected (i.v.) '*I-albumin
(36kBq in 0.1 ml) administered 1h prior to the end of the
experimental period for CFA experiments, or 30 min prior to
the end for experiments involving SP. Mice were killed by
cervical dislocation at the end of the accumulation period and
the skin overlying the knee was excised. '*’I-albumin accumu-
lation in the joint was then determined using a collimated
gamma probe (Europrobe, Bright Technologies, U.K.). The
head of the probe was held against the joint region and the
counts/min detected in the joint were recorded. Four readings
were taken for each joint.

Alternatively, for an assessment of intravascular volume,
125].albumin was injected 2min prior to the end of the
experimental period. Thus, the '*’I-albumin was distributed
throughout the cardiovascular system for 2min but with
minimal time for plasma extravasation to take place. The
measurements were taken as for plasma extravasation.

Collection of synovial fluid and assessment of neutrophil
accumulation

The assay of myeloperoxidase (MPO) activity in synovial fluid
was determined as a measurement of neutrophil accumulation.
In order to collect a synovial lavage, mice were killed and the
skin overlying the knee was excised. The patellar ligament was
then carefully dissected to expose the synovial membrane. A 30
G needle (BD Micro-Fine insulin syringe, 0.3 ml) was inserted
through the membrane and the synovial cavity was washed by
injecting and immediately aspirating 25 ul of heparinized saline
(5Uml™") to obtain the synovial lavage. This was repeated
once (total of 50 ul of synovial lavage). The collected fluid was
snap frozen in liquid nitrogen and stored at —20°C prior to
assay. A spectrophotometric assay was used to measure MPO
activity, as described previously (Cao et al., 2000). The
quantity of MPO in mouse joint synovial lavage is expressed
in Uml™".

Measurement of knee swelling

The skin around the knee joints was shaved and the distance
between the medial and lateral aspects of each knee joint
was measured using calipers (Mitutoyo), at the level of the
patellar ligament.
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Histological analysis

Whole mouse joints were dissected and immersed in a
paraformaldehyde solution (2.5% in PBS, pH 7.4). Joints
were decalcified in buffered formic acid for 2 weeks and then
embedded in paraffin. Sections were cut on a microtome at
3 um and mounted on glass slides. They were then stained with
haematoxylin and eosin (H&E), fixed to the slides using DPX
and analysed using an Olympus BX62 microscope.

Data analysis

The reproducibility of radioactivity measurements in the joint
was determined by taking four replicate measurements at each
of 10 different joints. The mean was taken as 100% for each
joint and the s.e.m. calculated to give 100+3.5%, n=10. The
probe was validated by measuring counts in serial dilutions of
radioactivity. Plasma extravasation was expressed as a ratio of
counts/min detected in the agent-treated joint compared to the
saline-treated joint, to allow for unavoidable differences in the
quantity of radioactivity injected i.v. A ratio of 1 indicates that
the same quantity of '*I-albumin is present in both joints and,
thus, no plasma extravasation. A ratio of >1 shows that
more '*I-albumin is present in the test joint compared to
the control joint. The larger the ratio, the greater the
amount of plasma extravasation. To determine whether '*I-
accumulation in the test joint was significantly greater than
that in the control joint, ratios were compared to a value of 1.0
using one-sampled Student’s f-tests. All other statistical
analysis throughout the study was carried out using two-
sampled paired or unpaired Student’s t-tests, as appro-
priate. The ability to detect a change in blood flow was
determined through measure of intravascular volume 30 min
after i.art. endothelin 1. A 30pmol dose of endothelin-1
induced a significant (P<0.05, one-sampled ¢-test) reduc-
tion in blood flow measured as a decrease in the ratio of
counts compared with contralateral saline joint to
0.714+0.06, n=4.

Drugs

The anaesthetics, urethane and isoflurane, were purchased
from Sigma-Aldrich, U.K., and Abbott Laboratories, U.K.,
respectively. Urethane was dissolved in 0.9% saline (Baxter
Healthcare, U.K.) at a concentration of 0.25gml™'. SP
(Sigma-Aldrich, U.K.) was first dissolved in 0.9% saline
containing 0.01% BSA (Sigma-Aldrich, U.K.) at a concentra-
tion of 10 nmolml~" and further diluted in saline for injection.
2T.albumin (ICN, U.K.) was dissolved in saline at a
concentration of 18 MBqml~' and further diluted 1:4 with
saline prior to injection. MPO (Sigma-Aldrich, U.K.) was
dissolved in saline at a concentration of 1 Uml~" and further
diluted in saline to produce a standard curve. H&E and DPX
were purchased from VWR International, U.K.

Results
Time course of adjuvant-induced joint inflammation

The initial results in this study show the time course of
plasma extravasation, intravascular volume, knee swelling

and neutrophil accumulation over 3 weeks, following
i.art. injection of CFA in the mouse knee joint. The effect of
CFA on plasma extravasation and intravascular volume is
shown in Figure la. Plasma extravasation reached a
maximum at 18h after injection of CFA and then decreased
thereafter to low levels that remained for the duration of the
experiment. '*I-albumin accumulation due to plasma
extravasation was significantly higher than that due to
increased intravascular volume at 18-72h after injection of
CFA (P<0.001; unpaired Student’s z-tests). No discernable
pattern to the time course of intravascular volume was
observed, although intravascular volume was significantly
greater in CFA-treated compared to saline-treated joints at
several time points.

Results showing changes in knee swelling, as measured by
calipers, over the 3-week time course are shown in Figure 1b.
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Figure 1 Time course of CFA-induced inflammation in the mouse
knee joint. Effect of intra-articular injection of CFA (20 ug, 20 ul)
and saline (contralateral joint, 20 ul) on (a) plasma extravasation
(n=5-7) and intravascular volume (n=4-6), (b) knee swelling
(n=9-12) and (c) neutrophil accumulation as synovial MPO activity
(n=3-7) over a 3-week time course in CDI1 mice. All results are
expressed as mean+s.e.m. (a) Results are expressed as a ratio of
counts detected in the CFA-treated compared to the saline-treated
joint. Statistical analysis was performed to determine whether '*°I-
albumin accumulation due to plasma extravasation was significantly
greater than that due to increased intravascular volume using
unpaired t-tests. *P<0.05; ***P<0.001 vs intravascular volume
data. (b) Statistical significance was shown by paired z-tests.
**%*P<0.001 vs saline-treated joints. (c) Statistical significance was
shown by unpaired #-tests. **P<0.01; ***P<0.001 vs saline-treated
joints.
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The knee diameters of CFA-treated joints were significantly
greater than those of saline-treated joints from 3h onwards
(P<0.001; paired Student’s t-tests), reaching a maximum
between 48 and 72h and remained significantly higher than
saline-treated joints throughout the time course. No significant
increase in knee diameter was detected in the saline-treated
joints.

Figure 1c shows a significant increase in the MPO activity of
synovial fluid (used as a marker of neutrophil accumulation)
from CFA-treated knee joints compared to saline-treated
joints (P<0.001; paired Student’s r-tests). MPO activity was
maximal between 18 and 72h after injection of CFA and
started to decrease at 1 week. The MPO content of the joint
synovial fluid returned to baseline levels by 3 weeks. No
significant increase in MPO activity was observed in saline-
treated joints at any point over the 3-week time course.

SP-induced joint inflammation

SP (i.art.) caused a significant increase in plasma extravasation
30min after i.art. injection into the WT mouse knee joint
(P<0.01; Figure 2a), when compared with the measure of
intravascular volume. An essential role of the NK; receptor
was determined through the observation of a lack of plasma
extravasation in NK, receptor knockout mice (Figure 2a).
Despite SP causing plasma extravasation in WT mice, no
significant increase in knee diameter was observed and, as
expected, SP also had no effect on knee diameter in NK;
receptor knockout mice (Figure 2b).

Subsequent experiments were performed to determine the
effect of SP on neutrophil accumulation. SP was injected into
the knee joint and inflammation was allowed to develop over a
Sh time course to give sufficient time for neutrophil
accumulation to take place in these mice (see Cao et al.,
2000). A range of doses of SP was used (10-1000 pmol), but no
increase in the MPO activity of synovial fluid of SP-treated
joints compared to saline-treated joints was detected at any of
the doses tested (Figure 2c). Thus, i.art. injection of SP alone
caused plasma extravasation, but neither neutrophil accumu-
lation nor knee swelling in the naive mouse knee joint.

CFA-induced joint inflammation in NK,; receptor
knockout mice

The previous experiments to determine the time course of
CFA-induced inflammation showed that the onset of physical
signs of the inflammation began after approximately 3h and
were maximal at approximately 18h. Thus, in subsequent
experiments the role of SP in the response to CFA was
investigated in NK, receptor WT and knockout mice at 3-18 h
after i.art. injection of CFA in order to determine the role of
SP in the onset of joint inflammation and in the peak
inflammatory response.

Interestingly, at the 5 and 7h time points, a significant
decrease (P<0.01) in intravascular volume was found in the
CFA-treated joints of NK, receptor knockout mice (Figure 3),
indicating a decreased blood flow in these mice. The
intravascular volume of the CFA-treated joints was signifi-
cantly less than that of the saline-treated joints in the knockout
mice and the CFA-treated joints in WT controls. By 18 h after
injection of CFA, the intravascular volume of CFA-treated
joints in NK; receptor knockout mice had substantially
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Figure 2 Effect of exogenous SP on plasma extravasation and knee
swelling in the naive joint. Effect of SP (100 pmol, 10 ul) and saline
(contralateral joint, 10 ul) on (a) intravascular volume and plasma
extravasation (n =4-6) and (b) knee swelling (n = 6-7) after a 30-min
time course in wild type (WT) and NK; receptor knockout (KO)
mice. (c) Effect of SP (1-1000 pmol, 10 ul) on neutrophil accumula-
tion, assessed as MPO activity after a 5-h time course in WT mice.
Results are mean +s.e.m. Statistical significance was evaluated using
an unpaired f-test to compare WT vs NK; receptor KO mice.
**P<0.01 vs WT mice; SP<0.01 vs intravascular volume data.

increased compared to the 5h time point. Meanwhile, '*’I-

albumin accumulation due to plasma extravasation was
significantly greater than that due to increased intravascular
volume in all mice at all of the time points investigated, but no
significant differences between WT and knockout mice were
detected for plasma extravasation. Similarly, knee swelling
(Figure 4) and synovial MPO activity were significantly
increased in the CFA-treated compared to the saline-treated
joints of all mice but no significant differences were observed
between WTs and knockouts (Figure 5). The significant
increase in neutrophils in CFA-treated joints compared to
saline-treated joints of both WT and NK; knockout joints at
18 h, demonstrated by the MPO assay, was confirmed by H&E
staining of whole joint sections. Neutrophils, as opposed
to mononuclear cells, were identified in the synovium of
CFA-treated joints in both WT (Figure 6a) and knockout
mice (Figure 6c¢). No significant presence of neutrophils
was observed in the contralateral, saline-treated joints
(Figure 6b & d).
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Figure 3 Role of NK; receptors in CFA-induced plasma extra-
vasation and intravascular volume changes. The effect of intra-
articular injection of CFA (10pug, 10 ul) and saline (contralateral
joint, 10 ul) on (a) intravascular volume and (b) plasma extravasa-
tion after a 3h (n=4-5), Sh (n=5-7), 7Th (n=5) or 18 h (n=3-5)
time course in wild type (WT) and NK; receptor knockout (KO)
mice. Results are expressed as mean +s.e.m. Statistical significance
was evaluated using unpaired t-tests. ¥*P<0.05; ***P<0.001 vs
intravascular volume data at the equivalent time point; ¥*P<0.01 vs
WT mice.
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(n=13) and (b) an 18-h time course (n=7) in wild type (WT) and
NK,; receptor knockout (KO) mice. Results are expressed as
mean+s.e.m. Statistical significance was evaluated using unpaired
t-tests to compare WT vs NK; receptor KO mice and CFA-treated
joints vs saline-treated joints. **P<0.01; ***P<0.001 vs saline-
treated joints.
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Figure 5 Role of NK; receptors in CFA-induced neutrophil
infiltration. Effect of intra-articular injection of CFA (10 ug, 10 ul)
and saline (contralateral joint, 10 ul) on synovial MPO activity after
(a) a 5-h time course (n=4-5) and (b) an 18-h time course (n=15) in
wild type (WT) and NK; receptor knockout (KO) mice. Results are
expressed as mean+s.e.m. Statistical significance was evaluated
using unpaired ¢-tests to compare WT vs NK; receptor KO mice and
CFA-treated joints vs saline-treated joints. *P <0.05; ***P<0.001
vs saline-treated joints.

Effect of SP on adjuvant-induced joint inflammation

The potent plasma extravasation activity of SP, but lack of
difference between plasma extravasation in WT and NK,
knockout mice, led us to investigate the effect of exogenous SP
in CFA-induced inflammation at 18 h. SP caused a significant
increase in plasma extravasation in the CFA-pretreated joints
of WT mice, similar to the effect of SP in the naive joint
(Figure 7a; open bar) that was not observed in NK, receptor
knockout mice as expected. SP had no effect on knee diameter
in naive joints (Figure 2b); however, a slight but significantly
enhanced response was observed (Figure 7b). This effect on
knee swelling was not observed in NK; receptor knockout
mice (Figure 7b). By comparison, neutrophil accumulation
was not further increased in CFA-treated WT mice after
treatment with SP and was therefore not investigated in NK,
receptor knockout mice (Figure 7c¢).

Discussion

The results of the present study demonstrate that CFA causes
significant, time-dependent changes in neutrophil accumula-
tion, plasma extravasation, and knee swelling in the mouse
knee joint. Furthermore, they suggest that endogenous SP
plays a significant role in maintaining intravascular volume in
the CFA-treated joint and that exogenous SP can potentiate
the plasma extravasation and swelling effects of CFA. These
results have been obtained using novel techniques that have
been developed in our laboratory for investigating micro-
vascular mechanisms in the mouse knee joint.

British Journal of Pharmacology vol 144 (8)



1064 J. Keeble et a/

Substance P in murine joint inflammation

Figure 6 Histology of joint sections. Haemotoxylin and eosin staining of joint sections to show the effect of intra-articular
injection of CFA (10 pg, 10 ul) on synovial neutrophil infiltration in (a) WT and (c) KO mice. Staining for neutrophils in the saline-
treated joints of (b) WT and (d) KO mice is also shown. Arrows indicate areas of neutrophil accumulation.

A major objective was to determine whether the time course
of plasma extravasation in the joint correlates with that of
knee swelling over the 3-week experimental period of CFA-
induced joint inflammation. Plasma extravasation is used as a
measure of oedema formation and occurs as a direct
consequence of increased microvascular permeability (Plante
et al., 1996). The associated measure of intravascular volume
in this study allowed a clear quantification of plasma
extravasation per se. It is generally assumed that plasma
extravasation leads to an increase in knee diameter (Ahlqvist,
2000). The results of the detailed time course analysis reveal
that plasma extravasation, measured by the extravascular
accumulation (for 60 min after i.v. '**I-albumin) as compared
with an assessment of intravascular accumulation (for 2 min
after i.v. '*I-albumin), was maximal 18h after injection of
CFA and decreased thereafter. Knee swelling was maximal at
48h and remained significantly higher until the end of the
experiment. These experiments were unable to account for the
draining of the inflammatory exudate through the lymphatic
system, thus one possibility is that as plasma extravasation
decreased, the residual plasma extravasation was acting to
maintain knee swelling rather than further increase it. The
measurement of the MPO content in synovial fluid allowed
assessment of neutrophil accumulation. This reached signifi-
cance in the CFA-treated joint within 5h of injection and was
maximal between 18 and 72 h. Interestingly, the time course of
onset of neutrophil accumulation was similar to that of plasma
extravasation and knee swelling, suggesting a close relation-
ship between these inflammatory processes in the joint.

The i.art. administration of SP allowed its acute activity as a
mediator of plasma extravasation to be determined. The
discreet measure of plasma extravasation in the joint was
revealed under these acute conditions, as no significant effect
of SP on knee swelling was observed. Importantly, the use of
mice that lacked the major vasoactive NK, receptor for SP
confirmed the importance of this receptor in mediating plasma
extravasation as previously observed in the joint of other
species (e.g. cat, Ferrell & Russell, 1986) and skin of this
colony of NK, knockout mice (Cao et al., 1999). This supports
studies involving other NK,; knockout mice and mice lacking
the gene for SP, preprotachykinin knockouts (Cao et al., 1998;
De Felipe et al., 1998). SP can both influence the recruitment
of neutrophils at inflammatory sites (Von essen et al., 1992;
Cao et al., 2000) and modulate their activity (Hafstrom et al.,
1989; Béckmann et al., 2001). Previous authors have demon-
strated that SP causes the upregulation of neutrophil adhesion
molecules on microvascular endothelial cells (Quinlan et al.,
1999), thus SP might have been expected to cause neutrophil
accumulation. However, when SP was injected into the naive
mouse knee joint, neutrophil accumulation was not detected.
The study by Quinlan et al. (1999) was performed in vitro in
the absence of some enzymes that degrade SP such as neutral
endopeptidase (Skidgel et al., 1984; Lu et al., 1997), thus
possibly allowing exposure to SP for several hours, which
may be critical for gene expression to be significant. In
contrast, SP injected into the joint, in vivo, would be
rapidly metabolized. These results are in keeping with previous
studies carried out in the skin of these mice that demonstrated

British Journal of Pharmacology vol 144 (8)
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10 ul) on (a) plasma extravasation (n = 5-6), (b) knee swelling (n = 6)
and (c) synovial MPO activity (n=6-7) in CFA-pretreated joints
of wild type (WT) and NK, receptor knockout (KO) mice. Results
are mean+s.e.m. Statistical significance was evaluated using an
unpaired t-test to compare WT vs NK,; receptor KO mice.
#4% P <().001 vs WT mice; *P<0.05 vs saline-treated joint.

that SP was unable to influence neutrophil accumulation into
naive skin (Cao et al., 2000).

The involvement of an SP NK, receptor component in the
response to CFA was then investigated. However, plasma
extravasation, knee swelling and synovial neutrophil accumu-
lation were unaltered in NK,; receptor knockout mice
compared to WT mice at 5 and 18h after i.art. injection of
CFA. In contrast, the intravascular volume of the CFA-
treated joint in NK, receptor knockout mice was significantly
reduced at 5 and 7h, but not at 3 and 18 h compared to both
the contralateral, saline-treated joint and the CFA-treated
joints of WT mice. The assumption that the measure of
intravascular volume could be used as an assessment of blood
flow was established through initial experiments using known
vasoconstrictor amounts of endothelin (30 pmol). The sig-
nificant decrease in intravascular volume of the CFA-treated
joint compared to that of the saline-treated joint suggests that
the joint tissue is at risk of being hypoxic. Hypoxia leads to
tissue injury by causing anoxia and acidosis, which causes the

release of hydrolytic enzymes, increased vascular permeability
and acceleration of inflammatory processes (Rothschild &
Masi, 1982). It is possible that a component of the response to
CFA in NK, receptor knockout mice was hypoxia-induced,
which could have masked the absence of a neurogenic
component. It is concluded that SP may play an important
role in maintaining the normal intravascular volume of the
joint, thereby exerting a protective effect in acute joint
inflammation. These possibilities are yet to be investigated.
This is the first time that a direct study of joint inflammation
has been made in NK,; knockout mice. However, previous
studies of CFA-induced footpad inflammation in NK, knock-
out mice and preprotachykinin-deleted mice have been
performed (Cao et al., 1998; De Felipe et al., 1998; Kidd
et al., 2003). Interestingly, a lack of effect on foot pad size
was observed in all but one set of experiments although no
attempt was made to measure blood flow. The exception
involved use of ‘a high intensity CFA model’ by Kidd et al.
(2003), where an inhibition of CFA-induced foot diameter
increase was observed in NK; receptor knockouts. The
relevance of this study to the findings presented here is
unclear. However, both studies support the concept that CFA-
induced inflammation can involve a vasoactive component
under certain circumstances. By comparison, it is important to
note that an involvement of the NK, receptor in mechanical
hyperalgesia in CFA-induced footpad inflammation appears
clear (Kidd et al., 2003).

We next investigated the effect of SP in the presence of CFA
in the mouse knee joint. i.art. injection of CFA produces a
large inflammatory response and a variety of proinflammatory
mediators are present at the site of inflammation, including
IL-1p (Szekanecz et al., 2000). As in the naive joint, exogenous
SP caused an increase in plasma extravasation in CFA-
pretreated WT mice via activation of the NK; receptor.
Interestingly, in contrast to the situation in the naive joint, SP
exacerbated CFA-induced knee swelling in WT mice via
activation of NK, receptors. These results are in keeping with
the findings of Scott er al. (1992) showing that acute
carrageenan-induced joint inflammation in the rat enhances
SP-mediated responses. As regards joint disease, an analogous
situation to this in humans may be in the case of the
spontaneous exacerbations of inflammation and joint
swelling observed in rheumatoid arthritis patients. If SP is
involved in these exacerbations then this makes NK; receptor
antagonists an interesting prospect for the treatment of
this aspect of rheumatoid arthritis. In contrast to plasma
extravasation and knee swelling, SP caused no significant
potentiation of synovial neutrophil accumulation in the
CFA-pretreated joint.

To conclude, the present study has used novel techniques to
show microvascular responses to CFA and/or SP in the mouse
knee joint. Furthermore, this investigation is the first to study
joint inflammation in WT and NK, knockout mice. Significant
findings of this study were that knee swelling in response to
CFA was not directly proportional to plasma extravasa-
tion and, furthermore, that NK, receptor activation may
play an important part in maintaining blood volume during
the acute stages of joint disease. Use of NK,; knockout mice
also confirmed that responses to exogenous SP caused an
acute plasma extravasation, but not knee swelling or
neutrophil accumulation, in the naive mouse knee joint,
and, in contrast, that SP causes both plasma extravasation
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and knee swelling in the CFA-pretreated knee joint. Thus, SP
has a greater effect in the presence of other inflammatory
mediators, such as those released in response to CFA.
Consequently, the findings of this study may be of signi-
ficance to the understanding of the spontaneous exacerbations
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