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Abstract 
This study aims to investigate the effects of bradykinin, alone and in combination 
with epidermal growth factor (EGF) on DNA-synthesis ([3H]thymidine incorporation) 
in cultured bovine tracheal smooth muscle (BTSM) cells. Bradykinin did not induce 
DNA-synthesis by itself, but concentration-dependently augmented EGF-induced 
[3H]thymidine incorporation. This was mediated by B2 receptors as determined using 
the selective B2 receptor antagonist HOE140 and not dependent on cyclo-
oxygenase as determined using indomethacin. Bradykinin-induced synergism with 
EGF could be suppressed by the protein kinase C (PKC) inhibitors GF109203X 
(specific for conventional and novel PKCs) and Gö6976 (specific for conventional 
PKCs). In addition, sole activation of PKC using the phorbol ester PMA was 
sufficient for a synergistic interaction with EGF. PMA was mitogenic by itself which 
was not at all affected by Gö6976, but abolished by GF109203X. Western analysis 
of activated p42/p44 MAP kinase showed transient activation by bradykinin, which 
was abolished by both GF109203X and Gö6976. In contrast, PMA-induced 
activation of p42/p44 MAP kinase was sustained and could be inhibited only by 
GF109203X. Neither the combination of bradykinin and EGF or that of PMA and 
EGF induced synergistic activation of p42/p44 MAP kinase. These results show that 
bradykinin B2 receptor-stimulation is not mitogenic by itself but augments growth 
factor-induced DNA-synthesis through parallel rather than consecutive activation of 
conventional PKC isozymes and p42/p44 MAP kinase. In addition, the results show 
that PKC isozyme-specificity underlies stimulus-specific differences in mitogenic 
capacity for bradykinin and PMA. 
 
Introduction 
Bradykinin is a nonapeptide generated by kallikrein-mediated breakdown of 
kininogens during inflammatory responses. It is involved in a variety of 
(patho)physiological responses in the airways, including microvascular leakage, 
bronchoconstriction, mucus secretion and pain perception [1]. Evidence exists to 
assume the involvement of bradykinin in asthma, since asthmatics display 
exaggerated bronchoconstrictor responses to bradykinin when compared to healthy 
controls [2]. Moreover, kallikrein levels are increased in the bronchoalveolar lavage 
fluid of asthmatic subjects after allergen challenge [3]. Furthermore, the bradykinin 
B2 receptor antagonist HOE140 has been shown to improve airway function of 
asthmatics [4] and is known to attenuate allergen-induced microvascular leakage 
and bronchoconstriction in guinea pigs [5-7].  
 
Apart from acute inflammation and bronchoconstriction, asthma is also characterised 
by structural alterations in the airways. Thus, cross-sections of pulmonary airways of 
asthmatics reveal a thickened airway smooth muscle (ASM) layer in comparison to 
age-matched controls. The increase in ASM mass worsens with age, which may 
consequently lead to a further increase in airway narrowing [8]. Growth factors may 
in part be responsible for this process by increasing cell number (hyperplasia) or size 
(hypertrophy) through the activation of receptor tyrosine kinases. In addition, G 
protein coupled receptor (GPCR) agonists may contribute to this increase in ASM 



Chapter 8 
 

 113

mass as they can be mitogenic for cultured ASM cells and/or can augment growth 
factor induced proliferation [9]. For example, cholinergic signalling (as described in 
Chapter 7) [10], tachykinins [11], inflammatory mediators such as histamine [12] and 
leukotriene D4 [13] have been reported to be pro-mitogenic, alone or in combination 
with growth factors.  
 
Bradykinin may signal through B1 and B2 receptor subtypes, but in the airways no 
evidence exists for the functional presence of B1 receptors [1]. Moreover, effects on 
ASM such as contraction [14], intracellular Ca2+-increases [15] and cytokine release 
[16] are B2 receptor-mediated. Since activation of pro-mitogenic signaling pathways 
such as the p42/p44 mitogen activated protein kinase (MAPK) pathway by the B2 
receptor has been described in ASM [16], it could be envisaged that bradykinin 
induces ASM proliferation or proliferation synergy in combination with growth factors.  
 
Studies using human [17] and bovine [18] ASM cells have revealed no mitogenic 
responses of bradykinin by itself, presumably because of the inability to induce 
sustained p42/p44 MAP kinase activation. However, weakly mitogenic or even non-
mitogenic GPCR activation can be sufficient to potentiate receptor tyrosine kinase-
induced growth [9;10]. Therefore we investigated the effects of bradykinin on bovine 
tracheal smooth muscle (BTSM) in combination with a peptide growth factor. We 
found that, while bradykinin is not mitogenic by itself, it augments epidermal growth 
factor (EGF)-induced mitogenic responses through activation of B2 receptors and 
with the involvement of conventional protein kinase C (PKC) isozymes.  
 
Methods 
Isolation of bovine tracheal smooth muscle cells 
Bovine tracheae were obtained from local slaughterhouses and transported to the 
laboratory in Krebs-Henseleit (KH) buffer of the following composition (mM): NaCl 
117.5, KCl 5.60, MgSO4 1.18, CaCl2 2.50, NaH2PO4 1.28, NaHCO3 25.00 and 
glucose 5.50, pregassed with 5 % CO2 and 95 % O2; pH 7.4. After dissection of the 
smooth muscle layer and removal of mucosa and connective tissue, tracheal smooth 
muscle was chopped using a McIlwain tissue chopper, three times at a setting of 
300 µm and three times at a setting of 100 µm. Tissue particles were washed two 
times with Dulbecco’s Modification of Eagle’s Medium (DMEM), supplemented with 
NaHCO3 (7 mM), HEPES (10 mM), sodium pyruvate (1 mM), nonessential amino 
acid mixture (1:100), gentamicin (45 µg/ml), penicillin (100 U/ml), streptomycin (100 
µg/ml), amphotericin B (1.5 µg/ml) and 0.5 % Foetal Bovine Serum (FBS). 
Enzymatic digestion was performed using the same medium, supplemented with 
collagenase P (0.75 mg/ml), papain (1 mg/ml) and soybean trypsin inhibitor (1 
mg/ml). During digestion, the suspension was incubated in an incubator shaker 
(Innova 4000) at 37 ˚C, 55 rpm for 20 min, followed by a 10 min period of shaking at 
70 rpm. After filtration of the obtained suspension over 50 µm gauze, cells were 
washed three times in DMEM, supplemented as above, containing 10 % FBS. 
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Cell culture 
After isolation, BTSM cells were seeded in culture flasks at a density of 1x106 
cells/ml for further culturing. Cultured cells were kept viable in medium containing 10 
% FBS at 37 ˚C in a humidified 5 % CO2-incubator. Medium was refreshed every 48-
72 h. Cell cultures were allowed to grow and, upon confluency, were passaged 
further at a 1 : 2 split ratio, by means of trypsinization. Cultured cells were used for 
experiments in passage 1-3.  
 
[Ca2+]i-measurements 
Measurements of [Ca2+]i were carried out according to Hoiting et al. [19]. Briefly, 
cells were detached from the flask bottom by trypsinization and washed three times 
in Krebs-Ringer-Henseleit buffer (composition in mM: NaCl 125.0, KCl 6.0, MgCl2 
2.5, CaCl2 1.2, NaH2PO4 1.2, HEPES 25.0 and glucose 11.0, pH 7.4), supplemented 
with 2 % BSA. Next, cells were loaded with the fluorescent dye Fura-2/AM (3 µM) for 
30 min at 20 ˚C. Fura-2/AM loaded cells were washed, diluted to a concentration of 
1.106 cells/ml and were used for experiments within 2-4 h following the loading 
procedure. Measurements were carried out at 37 ˚C, during which Fura-2 emitted 
fluorescence was measured at excitation wavelengths of 340 and 380 nm and an 
emission wavelength of 510 nm with a Perkin-Elmer Spectrometer (LS-50B). [Ca2+]i 
was calculated every 0.2 s according to Grynkiewicz [20].  
 
[3H]Thymidine-incorporation 
BTSM cells were plated in 24 well cluster plates at a density of 30,000 cells per well 
in 10 % FBS containing medium at 37 ˚C in a humidified 5 % CO2-incubator. After 48 
h, cells were washed two times with sterile phosphate buffered saline (PBS, 
composition (mM) NaCl, 140.0; KCl, 2.6; KH2PO4, 1.4; Na2HPO4.2H2O, 8.1; pH 7.4) 
and made quiescent by incubation in FBS-free medium, supplemented with apo-
transferrin (5 µg/ml), ascorbate (100 µM) and insulin (1 µM) for 72 h. Cells were then 
washed with PBS and stimulated with mitogens in FBS-free medium for 28 h, the 
last 24 h in the presence of [3H]thymidine (0.25 µCi/ml), followed by two washes with 
PBS at room temperature and one with ice-cold 5 % trichloroacetic acid (TCA). Cells 
were treated with this TCA-solution on ice for 30 min; subsequently the acid-
insoluble fraction was dissolved in 1 ml NaOH (1 M). Incorporated [3H]thymidine was 
quantified by liquid-scintillation counting. When applied, inhibitors (HOE140, 
GF109203X, Gö6976, PD98059, U0126) were pre-incubated with 30 min before 
stimulation. 
 
Activation of p42/p44 MAPK 
BTSM cells were plated in 6-well cluster plates at a density of 120,000 cells.well-1 in 
medium, containing 10 % FBS. After 48 h, cells were washed two times with sterile 
PBS and made quiescent by incubation in FBS-free medium, supplemented with 
apo-transferrin (5 µg.ml-1), ascorbate (100 µM) and insulin (1 µM) for 72 h. Cells 
were then washed with PBS and  stimulated with bradykinin, EGF and their 
combination in FBS-free medium. When applied, cells were pre-incubated with 
inhibitors (GF109203X, Gö6976) 30 min before stimulation. At different time-points, 
cells were washed twice in ice-cold PBS and lysed in 0.5 ml of homogenisation 
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buffer (composition in mM: NaCl 150.0, Tris HCl 10.0, 2-glycerophosphoric acid 5.0, 
EGTA 2.0, DTT 2.0, PMSF 1.0, Na3VO4 1.0, NaF 1.0, pH 7.5), containing 0.5 µg/ml 
leupeptin, 2 µg/ml aprotinin and 1 % w/v Triton X-100. Cell lysates were stored at –
80 ˚C until further use. Protein content was determined according to Bradford [21]. 
Homogenates containing equal amounts of protein per lane were then subjected to 
immunoblot analysis using antibodies that recognise the phosphorylated forms of 
p42/p44 MAPK (Thr202/Tyr204), as described previously [22]. 
 
Data analysis 
All data represent means ± s.e.mean from n separate animals. The statistical 
significance of differences between data was determined by the Student’s t-test for 
paired observations or one-way ANOVA where appropriate. Differences were 
considered to be statistically significant when P < 0.05. 
 
Materials 
Dulbecco’s modification of Eagle’s Medium (DMEM) was obtained from ICN 
Biomedicals (Costa Mesa, CA, U.S.A.). Foetal bovine serum (FBS), NaHCO3 
solution (7.5 %), HEPES solution (1 M), sodium pyruvate solution (100 mM), non-
essential amino acid mixture, gentamycin solution (10 mg/ml), penicillin/streptomycin 
solution (5000 U/ml / 5000 µg/ml), amphotericin B solution (250 µg/ml) (Fungizone) 
and trypsin/EDTA were obtained from Gibco BRL Life Technologies (Paisley, U.K.). 
Epidermal growth factor (EGF, human recombinant), insulin (from bovine pancreas), 
PMA, apo-transferrin (human), bradykinin, aprotinin, leupeptin, soybean trypsin 
inhibitor and fura-2/AM were obtained from Sigma Chemical Co. (St. Louis, MO, 
U.S.A). [Methyl-3H]thymidine (specific activity 25 Ci/mmol) was obtained from 
Amersham (Buckinghamshire, U.K.). Papain and collagenase P were from Roche 
Diagnostics (Mannheim, Germany). Anti-phospho-p42/p44 MAPK (rabbit polyclonal 
IgG) and HRP-linked goat anti-rabbit IgG were from Cell Signaling Technology 
(Beverly, MA, U.S.A.) All other chemicals were of analytical grade. 
 
Results 
Bradykinin responsiveness in cultured BTSM cells 
Since cell culture may affect expression of G protein coupled receptors in ASM [23], 
the functional presence of Gq-coupled bradykinin receptors was confirmed by 
measurements of bradykinin-induced changes in intracellular [Ca2+] in cultured 
(passage 1-3) BTSM cells, using the fluorescent dye Fura-2AM as described 
previously [19]. In all cell cultures tested, bradykinin (10 µM) induced a strong 
transient increase in intracellular [Ca2+], that averaged 3.0 ± 0.4-fold of basal [Ca2+] 
(basal value: 132 ± 20 nM; P<0.01).  
 
Effects of bradykinin on [3H]thymidine incorporation 
Bradykinin did not increase [3H]thymidine incorporation in cultured BTSM cells, when 
applied in concentrations ranging from 1 nM to 10 µM (Figure 8.1a). The mitogenic 
response induced by epidermal growth factor (EGF, 10 ng/ml), however, was 
concentration-dependently augmented by bradykinin. At the highest concentration of 
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bradykinin applied (10 µM), the EGF-induced response was augmented 1.8 ± 0.1-
fold (P<0.01; Figure 8.1A). In the presence of a fixed concentration of bradykinin (10 
µM), the responses to increasing concentrations of EGF were consistently 
augmented as well, with no difference in sensitivity to EGF (Figure 8.1B).  
 
Since cyclo-oxygenase products have been reported to be involved in bradykinin-
induced effects, such as cytokine production from smooth muscle cells [16;24], we 
studied the effects of indomethacin (3 µM) in an additional set of experiments. The 
synergistic mitogenic response of bradykinin and EGF was not affected, however, by 
treatment with indomethacin (1.8 ± 0.1-fold and 1.9 ± 0.4-fold of EGF response in 
the absence and presence of indomethacin, respectively). 
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Role of bradykinin B2 receptors 
To establish the B2 receptor nature of the observed effects of bradykinin, cells were 
treated with the potent B2 receptor antagonist HOE 140 (1 µM). At this concentration, 
B2 receptor occupancy by HOE 140 is >99.9 % (pKi = 9.1, [25]). The presence of 
HOE 140 completely prevented the synergistic mitogenic response induced by 
bradykinin (10 µM) and EGF (10 ng/ml, Figure 8.2).  

Figure 8.1: Effects of bradykinin on [3H]thymidine incorporation in cultured BTSM 
cells. Panel (A): Dose-response relationship to bradykinin in the absence and 
presence of 10 ng/ml EGF. Panel (B): dose-response relationship to EGF in the 
absence and presence of a fixed concentration of bradykinin (10 µM). Data shown 
represent the means ± s.e.mean of 5-6 experiments each performed in triplicate. ** 
P< 0.01 compared to absence of bradykinin. 
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Role of Protein kinase C  
To test the involvement of PKC, two specific PKC-inhibitors were used: GF109203X 
(10 µM) and Gö6976 (300 nM). At these concentrations, GF109203X inhibits both 
conventional (in BTSM: α, βI and βII ) and novel (in BTSM: δ, ε and ζ ) PKC 
isozymes, whereas Gö6976 inhibits conventional PKCs specifically [26;27]. 
Interestingly, pretreatment with either inhibitor abrogated the synergistic mitogenic 
response induced by bradykinin and EGF (Figure 8.3). Of note, GF109203X 
potentiated the EGF-induced response significantly (P<0.05), whereas basal and 
BK-induced responses were not affected.  
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Figure 8.3: Role of PKC in synergism between bradykinin and EGF. [3H]thymidine 
incorporation in cultured BTSM cells was measured to a fixed concentration of 
bradykinin (10 µM), EGF (10 ng/ml) and their combination in the presence of (A) 
vehicle, (B) Gö6976 (300 nM) or (C) GF109203X (10 µM). Data shown represent the 
means ± s.e.mean of 4-5 experiments each performed in triplicate. ** P< 0.01; # P< 
0.05 compared to control EGF response. 
 

Figure 8.2: Role of B2 receptors 
in synergism between bradykinin 
and EGF. [3H]thymidine 
incorporation in cultured BTSM 
cells was measured to a fixed 
concentration of bradykinin (10 
µM), EGF (10 ng/ml) and their 
combination in the (A) absence 
and (B) presence of HOE140 (1 
µM). Data shown represent the 
means ± s.e.mean of 4 
experiments each performed in 
triplicate. * P< 0.05 compared to 
absence of bradykinin. 
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In support of a role for PKC in synergistic stimulation of DNA-synthesis, the PKC 
activator PMA potentiated the mitogenic responses to EGF in a synergistic fashion 
(P<0.05, Figure 8.4). In contrast to bradykinin, however, PMA induced a marked 
increase in [3H]thymidine incorporation by itself, which was concentration-dependent 
(pEC50 = 7.5 ± 0.4 ; Emax = 2.7 ± 0.7-fold of basal, P<0.05). Interestingly, both the 
basal mitogenic effects of PMA and its synergistic interaction with EGF were 
completely insensitive to the conventional PKC inhibitor Gö6976, whereas 
GF109203X abrogated both responses (P<0.05, Figure 8.4).  
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Figure 8.4: Role of PKC in synergism between PMA and EGF. [3H]thymidine 
incorporation in cultured BTSM cells was measured to PMA (0.1 µM), EGF (10 ng/ml) 
and their combination in the presence of (A) vehicle, (B) Gö6976 (300 nM) or (C) 
GF109203X (10 µM). Data shown represent the means ± s.e.mean of 4-5 
experiments each performed in triplicate. * P< 0.05; ** P< 0.01 compared to basal; # 
P< 0.05 compared to vehicle treated.  
 
To analyze the involvement of PKCs in p42/p44 MAP kinase activation, cells were 
stimulated with bradykinin, EGF or bradykinin in the absence and presence of 
GF109203X or Gö6976. p42/p44 MAP kinase activation by bradykinin was abolished 
by the conventional PKC-inhibitor Gö6976, whereas PMA-induced activation of 
p42/p44 MAP kinase was completely insensitive to this inhibitor. In contrast, 
GF109203X completely inhibited activation by either PMA or bradykinin. Of note, 
EGF-induced activation of the p42/p44 MAP kinase pathway was completely 
unaffected by the PKC inhibitors used (Figure 8.5).  
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Role of p42/p44 MAPK 
Since MEK activates p42/p44 MAPK through direct phosphorylation, upstream 
inhibition of MEK can effectively prevent activation of the p42/p44 MAP kinase 
pathway [28;29]. The MEK inhibitors U0126 (3 µM) and PD98059 (30 µM), applied at 
selective concentrations, diminished both basal and EGF-induced [3H]thymidine 
incorporation (P<0.001, Figure 8.6). In addition, the synergistic responses observed 
for the combination of EGF and bradykinin were abolished (P<0.001). Combined 
treatment with EGF and bradykinin did not activate the p42/p44 MAPK pathway 
synergistically in its early activation phase (t = 2-5 min), nor after 2 hours (Figure 
8.7). In contrast to bradykinin, PMA activated the p42/p44 MAP kinase pathway in a 
sustained fashion. As observed for bradykinin, however, the combination of PMA 
and EGF did not activate the p42/p44 MAP kinase pathway synergistically, 
irrespective of the time-point studied (Figure 8.7). 
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Figure 8.5: Role of PKC in p42/p44 
MAP kinase activation by bradykinin, 
EGF and PMA. Cells were stimulated 
with bradykinin (10 µM), PMA (0.1 
µM) or EGF (10 ng/ml) in the 
presence of (A) vehicle, (B) Gö6976 
(300 nM) or (C) GF109203X (10 µM). 
Protein homogenates were subjected 
to electrophoresis and 
immunoblotted against the 
phosphorylated forms of p42/p44 
MAP kinase. C: Control. Blot shown 
is representative for 4 experiments.  

Figure 8.6: Role of p42/p44 MAPK in 
synergism between bradykinin and EGF. 
[3H]thymidine incorporation in cultured 
BTSM cells was measured to bradykinin 
(10 µM), EGF (10 ng/ml) and their 
combination in the presence of vehicle 
(white bar), U0126 (3 µM, black bar) and 
PD98059 (30 µM, hatched bar). Data 
shown represent the means ± s.e.mean 
of 4 experiments each performed in 
triplicate. *** P<0.001 compared to 
absence of inhibitor. 
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Figure 8.7: Time-dependent p42/p44 MAP kinase activation by bradykinin, EGF and 
PMA. Early phase (t = 2 min for bradykinin and 5 min for PMA) and late phase (t = 2 
h for both) activation status was determined. Cells were stimulated with bradykinin 
(10 µM), PMA (0.1 µM) or EGF (10 ng/ml) or combinations hereof and protein 
homogenates were subjected to electrophoresis and immunoblotting against the 
phosphorylated forms of p42/p44 MAP kinase. Blot shown is representative for 4-6 
experiments.  
 
Discussion 
The results presented in this study demonstrate that bradykinin is mitogenic for 
BTSM when applied in combination with the peptide growth factor EGF. The high 
potency of bradykinin in augmenting EGF-induced responses (EC50 = 24 nM) is in 
agreement with other effects of bradykinin on airway smooth muscle, such as 
contraction of human bronchial preparations (EC50 = 20 nM) [14] and IL-6 release in 
human ASM cells (EC50 = 26 nM) [16]. However, bradykinin was not mitogenic by 
itself as also observed by others [17]; [18]. The bradykinin receptor involved in the 
synergistic response was of the B2 subtype, shown using the B2 receptor selective 
antagonist HOE140, which is not surprising in view of the absence of functional B1 
receptors in ASM [1]. The cultured cells were functionally responsive to bradykinin at 
least up to passage 3, in view of the strong calcium responses generated after 
receptor stimulation. This is in contrasts to muscarinic M3 receptor expression which 
is lost rapidly in culture (c.f. Chapter 7).  
 
Cyclo-oxygenase (COX) products have been implicated in various effects of 
bradykinin in human ASM cells: the COX-inhibitor indomethacin partially inhibits 
bradykinin-induced IL-6-production [16] and almost completely inhibits bradykinin-
indued IL-8 production [24]. In addition, epithelium-dependent relaxation of guinea 
pig tracheal smooth muscle induced by bradykinin is, in part, caused by bradykinin-
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induced production of PGE2 [30]. However, PGE2 is antiproliferative for guinea pig 
tracheal [31] and human airway smooth muscle cells [32]. Therefore, it seems highly 
unlikely that PGE2 is involved in the observed increase in DNA-synthesis in 
combination with EGF in our study. Indeed, indomethacin did not affect the 
synergistic response induced by EGF and bradykinin. 
 
The maximal response to the peptide growth factor EGF was augmented by 
bradykinin without large effects on its sensitivity, which corresponds to results, 
previously obtained using methacholine (Chapter 7). This indicates that maximal 
mitogenic signaling is a limiting factor, even for peptide growth factors that use 
receptor tyrosine kinases. Since cell division is an all-or-nothing response, 
bradykinin apparently triggers more cells into the cell cycle than EGF is capable of 
on its own. Bradykinin can either increase the statistical probability to enter the cell 
cycle, or trigger additional signaling in a selective number of cells only, since it has 
been found that a particular morphologically non-elongated subset of canine ASM 
cells in culture responds to bradykinin with increases in intracellular [Ca2+] [33]. Such 
phenotypic selectivity may also exist for EGF, which is mitogenic for ‘synthetic’ 
(passage 2) BTSM cells as shown in this study, but nor for (hyper)contractile BTSM 
cells as shown previously in Chapters 2 and 3 [34;35]. 
 
Generally, GPCR agonists respond with only minor or even completely absent 
mitogenic responses unless used as a co-mitogen; for example, histamine [36], 
leukotriene D4 [13], 5-hydroxytryptamine (unpublished observations), methacholine 
(Chapter 2) and endothelin-1 [37] have been found to be mitogenic for ASM cells in 
combination with growth factors only. This does not apply for all GPCR agonists 
however, since thrombin is extremely effective on its own [17]. Apparently, the ability 
to induce sustained activation of the p42/p44 MAP kinase pathway is needed to 
trigger cell division, since only a transient increase in p42/p44 MAP kinase activation 
is observed after non-mitogenic GPCR stimulation [38]; [39]. The transient p42/p44 
MAP kinase activation induced by bradykinin and the sustained p42/p44 MAP kinase 
activation induced by PMA are therefore in line with their respective effects observed 
on [3H]thymidine incorporation.  
 
Activation of p42/p44 MAP kinase by bradykinin occurs via activation of PKC as 
demonstrated using GF109203X and Gö6976. Non-specific effects of the PKC 
inhibitors used can be excluded, as both basal and EGF-induced p42/p44 MAPK 
activity were unaffected. This non-mitogenic effect of bradykinin-induced PKC 
activation contrasts to the very effective proliferative response and sustained 
p42/p44 MAP kinase activation induced by PMA-induced PKC activation. Gö6976 
specifically inhibits conventional PKC isozymes [26], showing that bradykinin-
induced p42/p44 MAP kinase activation is fully dependent on these conventional 
PKC isozymes. In contrast, the responses to PMA were independent of conventional 
PKC isozymes in view of the lack of effect of Gö6976, but were fully inhibited by 
GF109203X. Therefore, it appears that PKC-isozyme-specificity exists with regard to 
the induction of sustained p42/p44 MAP kinase activity and concomitant induction of 
mitogenesis in ASM cells. The effectiveness of GF109203X (conventional and novel 
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PKCs, [26]) compared to Gö6976 suggests the involvement of novel PKC isozymes 
in PMA-induced mitogenic responses.  
 
In addition, synergistic activation of mitogenesis by the combination of bradykinin 
and EGF was dependent on conventional PKC-isozymes, whereas PMA-induced 
synergy in combination with EGF was insensitive to Gö6976. This may suggest that 
the mitogenic signalling pathways activated by PMA are sufficient to overcome the 
inhibition of conventional PKCs. It is highly unlikely that PMA would not activate 
these conventional isozymes. Despite of this suggested functional relationship 
between PKC and p42/p44 MAP kinase however, and despite of the involvement of 
p42/p44 MAP kinase in both basal and mitogen-induced proliferative responses 
(determined using PD98059 and U0126), the MAP kinase enzymes were not 
activated synergistically, neither in its early phase, nor in its sustained phase by the 
combinations of bradykinin and EGF or PMA and EGF. Although synergistic 
activation of the p42/p44 MAP kinase pathway has been proposed as an explanation 
for synergism between GPCR agonists and growth factors in case of endothelin-1 
and EGF in guinea pig ASM and for ATP and insulin in coronary arterial smooth 
muscle [40;41], others have not shown such synergistic activation in human ASM 
cells [36;42]. However, PKC signalling might be relevant for a synergistic interaction 
downstream of p42/p44 MAP since p70 S6K and the transcription factors AP-1, Elk-
1 and Cyclin D1 have all been reported to be induced synergistically by growth 
factors and GPCR agonists in human ASM cells [36;42].  
 
EGF-induced mitogenesis and p42/p44 MAP kinase activation were not inhibited by 
GF109203X or Gö6976. Remarkably, GF109203X significantly potentiated the EGF-
induced proliferative response, although no effects of GF109203X on EGF-induced 
p42/p44 MAP kinase activation status were measured. Yet, these results are entirely 
consistent with observations made by others that showed similar effects of PKC 
inhibition, using calphostin C and staurosporine, on insulin- and PDGF-induced 
mitogenesis in BTSM cells [43]. PKC isoform-specific effects may also explain this 
discrepancy: growth factors activate the inhibitory PKCδ in BTSM cells as a negative 
feedback mechanism [44]. 
 
In conclusion, this study has shown that, in BTSM cells, bradykinin is not mitogenic 
by itself but augments mitogenesis in combination with a peptide growth factor 
through B2 receptor stimulation and subsequent activation of conventional PKC 
isozymes. The observation that bradykinin potentiates mitogenesis induced by 
growth factors in ASM may be relevant for the pathophysiology of asthma, as 
bradykinin is an important inflammatory mediator involved in this disease [1]. 
Persistent stimulation of ASM proliferation through such a mechanism during chronic 
inflammation may contribute to the increased ASM mass seen in asthmatics.  
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