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ABSTRACT 

During acute synovitis, early angiogenesis may enhance inflammation by facilitating edema 

formation and cellular infiltration. We have investigated the in vivo modulation by bradykinin of 

neurally enhanced early angiogenesis in rat models of knee synovitis. The increased endothelial 

cell proliferation that was observed 24 h after intra-articular injection of substance P (10 nmols) 

was completely blocked by either NK1 or B2 receptor antagonists (SR140333 or FR172357, 

respectively). In mild synovitis induced by 0.03% Carrageenan, but not in naïve animals, 

injection of bradykinin (100 nmols) increased endothelial cell proliferation. In moderate 

synovitis induced by 3% kaolin and 3% carrageenan, the combined blockade of both NK1 and B2 

receptors inhibited 64% of the synovitis-enhanced endothelial cell proliferation. Synovitis-

enhanced endothelial cell proliferation was also inhibited by the B2 receptor antagonist alone 

(27%) but not by the NK1 receptor antagonist alone. B1 receptor agonist (des-Arg
9
-bradykinin) 

and antagonist (SR240612A) did not significantly modulate endothelial cell proliferation. B2 

receptor mRNA was constitutively expressed in both mild and moderate inflammation, whereas 

B1 mRNA production was induced in the moderate inflammation model. These findings 

demonstrate that substance P and bradykinin can act on NK1 and B2 receptors, respectively, to 

promote endothelial cell proliferation in acute synovitis. 
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ngiogenesis, the growth of new vessels from a pre-existing vasculature, is a common 

feature of chronic inflammation in most tissues [for review (1, 2)], including synovium 

(3). Associated with macrophage recruitment, angiogenesis is a key step in the transition 

from acute to persistent inflammation (3). In a rat model of synovitis, mild resolving 

inflammation was associated with a transient synovial infiltration by macrophages but no 

increased angiogenesis. In contrast, moderate inflammation with early angiogenesis was 

followed by persistent synovitis (3). New vessels, which are leaky to plasma proteins and express 

cell adhesion molecules, have a pro-inflammatory action by facilitating edema formation and 

cellular infiltration. 

Most evidence to date supports the hypothesis that neuropeptides are major initiators of 

neurogenic inflammation [for review (4)]. Substance P (SP), a member of the tachykinin family, 
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exerts its effects by binding to its high-affinity NK1 receptor subtype and has been implicated in 

inflammation in peripheral tissues [for review (5)]. Involvement of SP in joint inflammation has 

been extensively studied [for review (6)]. Besides acting as a pro-inflammatory mediator and a 

neurotransmitter, SP induces endothelial cell (EC) proliferation in vitro (7, 8). We recently 

demonstrated that EC proliferation in an in vivo model of synovitis was due to endogenous SP 

release during neurogenic inflammation (9). We define this in vivo neuropeptide-dependent EC 

proliferation as neurally enhanced angiogenesis. The microvasculatures of normal human and rat 

synovia are closely associated with substance P containing nerves and express NK1 receptors 

(10, 11). Substance P, therefore, is well placed to initiate angiogenesis during the early phases of 

synovitis, before other angiogenic factors have been up-regulated (9). 

Bradykinin (BK), a potent inflammatory mediator, can also enhance neurogenic inflammation 

[for review (4)]. BK and its active metabolite [des-Arg
9
] BK can selectively activate two 

pharmacologically distinct receptors, B2 and B1. The B2 receptor is constitutively expressed in 

various tissues and is responsible for most of BK’s effects. In contrast, the B1 receptor has higher 

affinity for des-Arg kinin metabolites and its expression is induced in pathological conditions. 

Several lines of evidence indicate involvement of BK in the modulation of angiogenesis, via the 

B1 or B2 receptor according to the model used (12, 13). 

Previous studies have shown important pro-inflammatory roles for BK or SP in acute synovitis 

models (14, 15). Recent data indicate that vasoactive peptides may also contribute to 

inflammation through stimulation of angiogenesis (9). In the present study we have investigated 

the possible modulation of neurally enhanced endothelial cell proliferation by BK in a rat model 

of synovitis. First the proliferative potential of SP, BK and [des-Arg
9
] BK were tested in rat 

knees. Then we investigated kinin receptor involvement in synovitis by assessing mRNA 

expression and by using antagonists specific for NK1 (SR140333), B1 (SR240612A), or B2 

(FR172357) receptors. We report for the first time a combined activation of NK1 and B2 

receptors, which play an important role in the EC proliferation of synovitis. 

MATERIALS AND METHODS 

Experiments were licensed under UK Home Office regulations and were performed on male 

Wistar rats, weighing between 180 and 210 g for experiments in which kinins were injected, and 

on male Sprague Dawley rats, weighing between 250 and 280 g for all other experiments. 

Induction of synovitis 

All rats were anesthetized with isoflurane (2% in O2) prior to any procedure, and their knee-joint 

circumferences were measured with a digital electronic calliper (Mitutoyo, Japan). Mild 

inflammation was induced in knee joints of anesthetized rats by injecting 0.1 ml of a mixture of 

0.03% Carrageenan dissolved in sterile 0.9% normal saline (pH 7.4) into both right and left knee 

joint cavities. To induce a moderate inflammation, a mixture of 3% Carrageenan and 3% kaolin 

(CK) dissolved in sterile 0.9% normal saline (pH 7.4) was injected into the right knee joint cavity 

only. Left knees were injected with 0.9% normal saline alone. Kaolin and/or Carrageenan are 

chemical irritants used to sensitize nerve endings and to elicit an inflammatory reaction (16). No 

increase in indices of angiogenesis, macrophage infiltration, or knee diameters were observed in 

control saline-injected knees when compared with knees from naïve animals (3, 17). Animals in 



 

 

the mild inflammation group do not display pain behavior 24 h after intra-articular injection of 

low-dose Carrageenan. Neither model results in macroscopic bony changes in the knee. 

Drug administration 

These experiments were conducted to determine whether exogenous or endogenous peptides (SP 

or BK) could induce synovial EC proliferation. 

SP (10 nmols) or BK (1000 nmols) were injected into knees of naïve rats. The dose of SP (10 

nmols) was selected as the lowest dose, which significantly enhanced EC proliferation 24 h after 

injection in knees of naïve rats (9). Specific receptor antagonists were used to determine whether 

effects on EC proliferation were receptor mediated, and therefore of potential pathophysiological 

relevance. In these experiments, NK1 receptor antagonist (SR140333, 1 µmol) or B2 receptor 

antagonist (FR172357, 50 mg/kg) were co-administered together with peptide agonists. 

Inflammogens (CK, Carrageenan, SP, or BK) and NK1 receptor antagonist (SR140333) were 

injected into the rat knee joint cavities. B2 receptor antagonist (FR172357) and B1 receptor 

antagonist (SR240612A) were administered orally. 

The effects of mild carageenan-induced inflammation on responses to kinin injections were 

investigated. Two days after initiation of synovitis by injection of Carrageenan, the rats received 

a second 0.1 ml intra-articular injection with either saline, BK (10 to 1000 nmols) or B1 receptor 

agonist ([des-Arg
9
] BK, 100 nmols) in 0.9% normal saline. 

After demonstrating that exogenous agonists could induce angiogenesis, the effects of 

endogenous factors that are produced during moderate inflammation were investigated. CK was 

administered either alone or together with different combinations of NK1, B1, and B2 receptor 

antagonists. 

Preliminary controls with vehicles, oral administration of methyl cellulose 0.5% or dimethyl 

sulfoxide (DMSO) 2%, and/or intra-articular injection of ethanol ≤10% (v/v) demonstrated no 

increase in angiogenesis, macrophage infiltration, or knee diameter when compared with naïve 

animal knees (data not shown). 

To further validate the EC proliferation index (EC PCNA index) as an appropriate method to 

measure EC proliferation in CK-induced synovitis, one group of rats was injected intravenously 

with 0.5 ml of 5-bromo-2’-deoxyuridine (BrdU) in 0.9% normal saline at a dose of 50 mg/ kg 2 h 

before sacrifice (18). 

Tissue collection and preparation for immunohistochemistry 

Knee synovia collection and staining procedures were those described previously (3, 17). 

Briefly, multiple sequential immunohistochemistry on frozen tissue was used to identify EC 

proliferation. Sections (5 µm) were first subjected to immunohistochemistry for either 

proliferating cell nuclear antigen (PCNA) or BrdU using respective monoclonal antibodies, then 

for endothelium using a monoclonal antibody directed against CD31 (19, 20). Nuclei were 

counterstained using 4'-6'-diamidino-2-phenylindole hydrochloride (DAPI; 21). 



 

 

Macrophage infiltration was identified by immunoreactivity for the monoclonal antibody clone 

ED1 (22). Hematoxylin and eosin stains were performed on sections consecutive to those used 

for immunohistochemistry to assist in identification of tissue structures. 

Immunohistochemistry quantification 

Quantification was performed by computer-assisted image analysis as described previously, by 

an observer blinded to experimental details (9). In summary, within the synovial regions, EC 

proliferation indices (EC PCNA and EC BrdU indices) were defined as a percentage of 

endothelial nuclei positive for PCNA and BrdU, respectively. The macrophage percentage area 

was defined as the percentage of ED1-positive area within the synovium (9). 

RNA extraction and reverse transcription 

Samples (four CK-injected and four Carrageenan-injected rats) were collected from pairs of rat 

knee synovia and stored in RNA Later at –20°C until extraction. Total RNA was extracted by 

using TRIZOL reagent as per manufacturers instructions (Invitrogen, Paisley, UK). After the 

homogenization stages, the samples were centrifuged at 12,000 x g for 30 min at 4°C. The RNA 

was precipitated and pelleted in isopropanol, washed in 75% (v/v) ethanol, air-dried, and 

resuspended in sterile water. 

Positive and negative (termed rt–) reverse transcriptions were performed on equal volumes of 

RNA (25 µl). Priming of RNA was performed at 70°C for 10 min. Samples were then cooled on 

ice prior to addition of buffer, 200 Units of M-MLV RT, and 200 mM dNTP. Reverse-

transcription incubations of 10 min at 25°C, 60 min at 37°C, and 5 min at 95°C were then 

performed. 

Semi-quantitative PCR 

The PCR reactions contained 1 unit of Amplitaq Gold, 1.5 mM magnesium chloride, 200 µM 

PCR dNTP’s, and 10 pmol of each primer (GAPDH sense - ggtgaaggtcggagtcaacgga, GAPDH 

anti-sense - gagggatctcgctcctggaaga, B1 sense - gaaacctcccaagacagcag, B1 anti-sense - 

ctcgcaggaggtaatgttgg, B2 sense - ctctgctcacctcctgtgct and B2 anti-sense - ctcagtgtctgggcagttga). 

The PCR thermal cycles consisted of 95°C for 10 min, followed by cycles of 95°C for 30 s, 60°C 

(B2) or 54°C (GAPDH and B1) for 1 min and 72°C for 30 s. There were 25 PCR cycles 

performed for GAPDH and 35 for B1 and B2 receptors, followed by 72°C for 10 min. The levels 

of 25 cycle GAPDH PCR products were normalized between CK (n=4), Carageenan (n=8), and 

saline-injected (n=4) synovia. The GAPDH PCR products were separated on 2% (w/v) agarose 

gels, and the bands’ intensities were compared. No PCR products were observed from 25 cycles 

GAPDH PCRs using rt– samples. 

The quantities of cDNA required to yield similar GAPDH bands were used to perform 35 cycle 

B1 and B2 PCR reactions. The quantities B1 and B2 PCR amplification products did not plateau 

after up to 40 cycles, and no bands were observed in PCR’s from rt– samples (data not shown). 

The intensities of ethidium bromid-stained PCR product bands on agarose gels were quantified 

by using UV transillumination and image analysis software (Gene Scan, Syngene Inc., K&R 

Technologies, MD). Each analysis was performed twice. 



 

 

Data analysis 

For the immunohistochemistry studies, four fields per section and one section per case were used 

as determined in previous experiments (3). Data are presented on six knees per experimental 

group, except where otherwise stated. 

The relationship between EC proliferation indices based on PCNA and BrdU immunoreactivity 

was expressed as the Spearman rank correlation coefficient. EC PCNA indices, EC BrdU 

indices, and macrophage percentage areas were logarithmically transformed prior to analysis. All 

data were analyzed by using one-way ANOVA. Univariate comparisons were made by using 

Student's t-test with Duncan’s correction for multiple comparisons. Numerical data are quoted in 

the text as geometric mean difference [95% Confidence Interval] and in the graphs as arithmetic 

mean + SEM. The comparison of PCR product band intensities between groups was assessed by 

using the Mann-Whitney U-test. 

Solutions and drugs 

SR140333 was dissolved in ethanol to a stock concentration of 100 mM and then diluted in 0.9% 

normal saline to give a final ethanol concentration of ≤10% (v/v). SR240612A was first 

dissolved in DMSO and then diluted in normal saline to give a solution of DMSO 2%. FR 

172357 was suspended in a solution of methyl–cellulose at 0.5% in normal saline. 

Monoclonal antibodies to PCNA (clone PC10) were obtained from DAKO Ltd. (High Wycombe, 

U.K.), and those to BrdU (clone BU-1) were obtained from Amersham Pharamacia Biotech, 

U.K. Biotinylated rat-adsorbed horse anti-mouse antibody and avidin-biotin (ABC) complexes 

were obtained from Vector Laboratories Ltd. (Peterborough, U.K.) Monoclonal antibodies to rat 

CD31 (clone TLD-3A12) and to macrophages (clone ED1) were from Serotec Ltd. (Oxford, UK) 

RNA later was obtained from Ambion (Huntingdon, U.K.) and TRIZOL reagent from Invitrogen 

(Paisley, U.K.). M-MLV RT (Moloney Murine Leukemia Virus Reverse Transcriptase), random 

hexamer primers, and PCR dNTP’s were obtained from Promega, Southampton, U.K. Amplitaq 

Gold kit was obtained from PE Applied Biosystems, (Warrington, U.K.). All other chemicals 

were obtained from Sigma Chemical Co. (Poole, U.K.). 

RESULTS 

Endothelial cell proliferation analysis 

EC proliferation indices were increased in the CK-inflamed synovia compared with the 

contralateral saline-injected knees by using either PCNA (to 427% of the contralateral value) or 

BrdU (to 218% of the contralateral value) techniques (Table 1). EC PCNA index increased with 

increasing EC BrdU index (n=12, r=0.79, P=0.002). 

Substance P injection model 

One day after SP (10 nmols) injection, no significant differences in knee diameters were 

observed between treated and saline-injected knees (mean difference: + 0.1 mm [95% CI, –0.3 

mm to + 0.5 mm]). In contrast, intra-articular injection of SP was followed by increased EC 

proliferation and macrophage infiltration in the synovium at 24 h (Fig. 1). Co-administration of 



 

 

SP with either NK1 or B2 receptor antagonists (SR140333 or FR172357, respectively) abolished 

proliferative and inflammatory effects of SP injection (Fig. 1). In the contralateral saline-injected 

knees, NK1 or B2 receptor antagonists alone had no effect on EC proliferation or macrophage 

infiltration (data not shown). 

Kinin injection models 

BK intra-articular injection alone (1000 nmols) did not produce any significant change in knee 

diameter after 24 h (Table 2) or EC proliferation (mean difference: –8% [95% CI, –44% to + 

51%]) when compared with the appropriate saline-injected knees. 

Bilateral injection of low-dose carrageenan (0.03%) in the joint cavities increased macrophage 

infiltration fivefold over saline after 48 h (Table 2), without enhancing endothelial proliferation 

(mean difference: –12% [95% CI, –50% to + 53%]). 

B1 or B2 selective agonists ([des-Arg
9
] BK or BK, respectively) or saline were injected into the 

right, mildly inflamed knees, 48 h after bilateral injection of 0.03% carrageenan. Endothelial cell 

proliferation was dose-dependently increased 24 h after injection of the B2 agonist (Fig. 2) but 

not after the B1 agonist ([des-Arg
9
] BK, 100 nmols, mean difference: – 18% [95% CI, –41% to + 

12%]) when compared with the mildly inflamed, saline-injected knee. Neither agonist modulated 

knee diameter or macrophage infiltration when compared with the appropriate mildly inflamed, 

saline-injected knees (Table 2). 

3% carrageenan and 3% kaolin (CK) moderate inflammation model 

Injection of CK in the joint cavity increased EC proliferation index, macrophage infiltration, 

(Fig. 1C, D) and knee diameter (Table 2, Fig. 3) after 24 h. Attenuation of the EC proliferation 

index (mean difference: –27% [95% CI, –4% to –44%]) was observed when CK was co-

administrated with B2 receptor antagonist alone (FR172357, Fig. 1C). Co-administration of NK1 

and B2 receptor antagonists (SR140333 and FR172357, respectively) inhibited CK-induced EC 

proliferation (mean difference: –64%[95% CI, –25% to –83%]) to a greater extent than B2 

receptor antagonist alone (Fig. 1C). When CK was co-administrated with either NK1 or B1 

receptor antagonists, respectively, no significant modification of EC proliferation was observed 

(Fig. 1C). No significant modification of macrophage infiltration (Fig. 1D) or knee diameter 

(data not shown) was observed 24 h after injection of either antagonist alone, or together. 

B1 and B2 receptor expression 

The B2 receptor PCR product was detected at a moderate intensity level in synovia from all 

carrageenan-, CK-, and saline-injected knees (Fig. 4A). B2 receptor expression did not 

significantly differ between groups. The B1 PCR product was undetectable in saline-injected 

control knees, and weak but detectable expression was found in 5 out of 8 carrageenan-inflamed 

knees. In contrast, a strong induction of B1 receptor PCR product was obtained in every CK-

inflamed synovium, as shown by the significant 213% increase of intensity observed when 

compared with the carrageenan injected group (Fig. 4B, P<0.01%). 



 

 

DISCUSSION 

In this study we have demonstrated that SP increases in vivo EC proliferation via both the NK1 

high-affinity receptor and the bradykinin B2 receptor. In addition, our data indicate that the 

injection of exogenous B2 receptor agonist, BK, can induce EC proliferation in vivo in the mildly 

inflamed rat synovium. Finally, when we studied the effect of endogenously released SP and BK, 

after CK-induced synovitis, the combined blockade of both NK1 and B2 receptors inhibited 64% 

of the synovitis-enhanced EC proliferation. Collectively, our results indicate that SP and BK, via 

the NK1 and B2 receptors, respectively, together contribute to acute synovitis-induced EC 

proliferation. 

Intra-articular injection of SP (10 nmols) led to an increase in EC proliferation that was inhibited 

by selective pharmacological blockade of NK1 receptors. This finding is consistent with a pro-

angiogenic action of SP via the NK1 receptor, as previously demonstrated (9). When the B2 

receptor antagonist FR172357 was co-administered with SP, complete inhibition of EC 

proliferation was also observed, which suggests a requirement for BK generation in SP-enhanced 

angiogenesis. We have previously localized NK1 receptors by quantitative in vitro receptor 

autoradiography to microvascular endothelium in normal rat and human synovium (11, 23). 

Therefore, enhancement of EC proliferation in this model may require a direct action of SP on 

endothelial NK1 receptors, combined with activation of B2 receptors by endogenously generated 

bradykinin. A similar concerted action of NK1 and B2 receptors has been demonstrated in other 

models studying acute neurogenic inflammation or hyperalgesia in the rat knee joint (24). 

Intra-articular BK injection (100 or 1000 nmols) enhanced EC proliferation in mildly inflamed 

knees through a B2 receptor-dependent mechanism. However, unlike SP, BK did not enhance EC 

proliferation in naïve animals. This requirement for mild inflammation may indicate the 

contribution of other mechanisms, in addition to BK-mediated B2 receptor activation, that are 

dependent on additional inflammatory factors. Similar effects of BK have been reported on 

capillary endothelial cells, although these were attributed to the B1 receptor, which was 

constitutively expressed under the studied culture conditions (13). In the present study, [des-

Arg
9
] BK (100 nmols), the selective agonist of B1 receptors, did not enhance endothelial cell 

proliferation. Moreover B1 receptor mRNA expression was detected only at low levels and in 

some, but not all, of the knees of the mild inflammation model (Carrageenan). Therefore, B1 

receptors do not seem to be required for the in vivo EC proliferation observed in the initial stages 

of this mild model of synovitis. 

When a more severe (moderate) inflammation was induced to produce an endogenous release of 

peptides, endothelial cell proliferation and macrophage infiltration were observed. Our data are 

consistent with generation or release of endogenous BK and SP during the moderate 

inflammation that is induced by CK, since anti-proliferative effects were observed both with B2 

receptor antagonist, and with NK1 receptor antagonist. Although a small effect cannot be 

excluded, the B1 receptor antagonist did not significantly inhibit endothelial cell proliferation in 

these studies and did not enhance B2 antagonist effect. Semi-quantitative PCR studies showed a 

strong induction of B1 receptor mRNA expression in the inflamed knees 24 h after CK injection 

and no significant change in constitutive B2 receptor mRNA expression. These results are 

consistent with the concept of inducible-B1 and constitutive-B2 receptors [for review (25)]. B2 

receptors are expressed both in naïve and inflamed animals, whereas B1 receptors are induced 

during more severe and sustained inflammation (26). We propose that the B2 receptor is one of 



 

 

the key receptors mediating in vivo EC proliferation during the early phase of a moderate 

synovitis. Although we did not find evidence of a role in early EC proliferation, the induction of 

B1 receptor expression that we observed may still be important for the subsequent development 

of chronic inflammation. 

In this moderate inflammation model, the NK1 receptor antagonist administered alone did not 

inhibit EC proliferation or macrophage infiltration. This contrasts with our previous finding that 

the NK1 receptor antagonist can inhibit angiogenesis in capsaicin-induced synovitis (9). This 

may suggest a lesser role for neurogenic mechanisms in CK—rather than capsaicin-induced 

angiogenesis. Neurogenic mechanisms are probably not the predominant source of BK 

generation in CK-induced synovitis, as the NK1 receptor antagonist inhibited EC proliferation 

only when administered together with B2 receptor antagonist. Neural enhancement of 

angiogenesis in CK-induced synovitis seems to be masked by the angiogenic effects of 

endogenously generated BK acting on B2 receptors (Fig. 5). Where B2 receptors are 

pharmacologically inhibited, high indices of CK induced-EC proliferation were maintained by 

the action of endogenous SP on NK1 receptors. As a result, there is synergy between the anti-

angiogenic effects of B2 and NK1 receptor antagonists in acute synovitis. This may be explained 

by the existence of cross-signaling between B2 and NK1 receptor-mediated proliferative 

pathways (27, 28), perhaps resulting in the combined activation of a common mitogen-activated 

protein kinase second messenger (Fig. 5). 

In conclusion, combined blockade of B2 and NK1 receptors can substantially inhibit in vivo EC 

proliferation during the early stage of synovitis. Therefore, substance P and bradykinin are 

potential therapeutic targets in various diseases, such as arthritis, where angiogenesis may 

contribute to their pathogenesis. 
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Table 1 

 

 
 

Table 1. Synovial endothelial cell proliferation after intra-articular injection of 3% carrageenan and 3% kaolin EC 

proliferation indices in synovia 24 h after intra-articular injection of CK and contralateral saline injection, measured using 

either PCNA or BrdU techniques. Means [95% Confidence Interval] of six rats. * P < 0.05 compared with saline-injected 

controls. 
 

                 

 



Table 2 

 

 
 

Table 2. Changes in knee diameters and synovial macrophage infiltration after intra-articular injection of bradykinin, 

0.03% carrageenan or 3% carrageenan, and 3% kaolin. Values represent changes [95% Confidence Interval] compared 

with the saline-injected knees. Changes in knee diameters are normally distributed and represented as the arithmetic 

difference between treated and control knees. Changes in macrophage percentage areas are positively skewed and 

represented as percentage change from control values. Synovia were sampled 24 h after intra-articular injection of BK 

(100 nmols, 24 h), CK or carrageenan (Carr.). N = 6 per group, * P < 0.05 compared with saline-injected controls. In the 

mild synovitis model (Carr.), B2 or B1 selective agonists (BK or [des-Arg
9
] BK, respectively, 100 nmols) were injected in 

the right knee, and saline into the left knee, 48 h after bilateral synovitis was induced by bilateral intra-articular injections 

of carrageenan. N = 6 per group, * P < 0.05 compared with contralateral saline-injected knees. 
 

                 

 



Fig. 1 

 

                 
 

Figure 1. Synovial endothelial cell proliferation and macrophage percentage area after intra-articular injection of 

substance P (SP, 10 nmols), or 3% carrageenan and 3% kaolin (CK). Endothelial cell (EC) proliferation index, 

detected using antibodies to proliferating cell nuclear antigen (PCNA; A, C) and macrophage percentage area, detected 

using antibody clone ED1 (B, D) in synovia 24 h after intra-articular injection of normal saline (Control), or SP or CK, 

either alone, or together with one or more selective receptor antagonists. Co-administered receptor antagonists were intra-

articular injection of SR140333 1 µmol (+NK1), oral administration of SR240612A 30 mg/kg (+B1), and/or oral 

administration of FR172357 50 mg/kg (+B2). Data represent arithmetic means (+SEM) of six rats per group (except 

“+NK1&B2,” n=12). Data for saline controls from the groups were combined, as antagonists had no effect on saline 

injected knees (SP group control n=18; CK group control n=42). Analysis was by Student's t-test with Duncan’s 

correction for multiple comparisons. * P < 0.05 compared with SP or CK-injected knees. # P < 0.05 compared with 

FR172357-treated knees (+B2). 



Fig. 2 

 

 
 

Figure 2. Synovial endothelial cell proliferation after intra-articular injection of bradykinin in mildly inflamed 

knees. Dose-dependent increase in EC proliferation 24 h after intra-articular injection of BK in mildly inflamed knees. 

Mild synovitis was induced by intra-articular injection of 0.03% carrageenan 48 h before BK or saline injection. 

Arithmetic means (+ SEM) of 6 rats. * P < 0.05 compared with saline-injected controls. 

 



Fig. 3 

 

 
Figure 3. Synovial vasculature following intra-articular injection of 3% carrageenan and 3% kaolin (CK). 

Synovium from the right knee 24 h after injection of CK showing numerous CD31-immunoreactive blood vessels (red). 

Some CD31-positive cells display PCNA-like immunoreactivity, indicating endothelial cell proliferation (arrows). Bar 

100 µm. 

 



Fig. 4 

 

                          
 

Figure 4. Bradykinin B2 and B1 receptor mRNA expression in mild and moderate synovitis. Band intensities and 

products of semiquantitative PCR for bradykinin B2 (A) and B1 (B) receptor mRNAs in rat synovia 24 h after intra-

articular injection of 3% carrageenan and 3% kaolin (CK, moderate inflammation), normal saline, or 0.03% carrageenan 

(Carr., mild inflammation). Normalized GAPDH PCR products for each sample are shown. All PCR products were 

separated on a 2% (w/v) agarose gel. Each analysis was performed twice, and the resulting arithmetic means (+ SEM) of n 

= 4 synovia for the CK and the saline-injected knees, and n = 8 synovia for the carrageenan injected knees were plotted. * 

P < 0.01 compared with carrageenan-injected knees. The comparison of PCR product band intensities between groups 

was assessed using a Mann-Whitney U-test. 
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Figure 5. Schematic diagram of how endogenous substance P and bradykinin, released during inflammation, can 

have a concerted action to stimulate endothelial cell proliferation. Exogenous substance P (SP) can directly induce 

inflammation and endothelial cell (EC) proliferation via its vascular NK1 receptor that can be blocked by its antagonist 

(SR 140333). This neurogenic inflammation will result in the generation of bradykinin (BK), which stimulates EC 

proliferation in the inflamed synovium via its B2 receptor. In CK-induced synovitis, where endogenous peptides are 

released alongside other angiogenic factors, endothelial cell proliferation is again mediated by activation of the BK/B2 

pathway. Although neurogenic mechanisms are not the predominant source of BK generation in CK-induced synovitis, SP 

is released into the synovium from endogenous sources. SP/NK1 receptor activation takes on a pro-angiogenic role when 

the B2 receptor is blocked by its antagonist (FR172357), suggesting a common second messenger. Thicker arrows indicate 

a greater contribution to EC proliferation in CK-induced synovitis. 


