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Abstract 

We investigated the functional effects of epidermal growth factor (EGF) on guinea pig airways in vitro. EGF (3 ng/ml to 1 
/~g/ml) induced a concentration-dependent contraction in epithelium-denuded strips. The average maximal contraction was 
0.64 5:0.1 g (mean + S.E., for n = 27), which was 72.0 + 9.5% of the 100 mM KCl-induced contraction. The ECs0 was 12.3 + 1.6 
ng/ml. The presence of the epithelium significantly suppressed the EGF-induced contraction (P <0.01). EGF-induced 
contraction was abolished by cyclooxygenase inhibitors (indomethacin and ibuprofen) and a 5-1ipoxygenase inhibitor, 2-(12-hy- 
droxydodeca-5,10-diynyl)-3,5,6-trimethyl-l,4-benzoquinone (AA-861). It was also inhibited by a leukotriene-receptor antagonist, 
8-[p-(4-phenylbutyloxy)benzoyl]amino-2-(tetrazol-5-yl)-4-oxo-4H-l-benzopyran hemihydrate (ONO-1078) but not affected by a 
thromboxane A2-synthetase inhibitor, (E)-3-[4-(1-imidazolylmethyl)phenyl]-2-propenoic acid (OKY-046) or a thromboxane 
A2-receptor antagonist, 9,11-epithio-ll,12-methano-thromboxane A 2 (ONO-3708). A phospholipase A 2 inhibitor (mepacrine) 
inhibited the EGF-induced contraction but a diacylglycerol-lipase inhibitor, 1,6-di-(O-(carbamoyl)cyclohexanone oxime)hexane 
(U-57908) and a phospholipase D inhibitor (wortmannin) did not affect it. A tyrosine kinase inhibitor (genistein) abolished it. 
Measurement of prostanoids showed that EGF (300 ng/ml) did not increase the prostaglandin F2, level in either epithelium-in- 
tact or epithelium-denuded strips. In epithelium-intact strips, EGF significantly increased the prostaglandin E 2 concentration 
(P < 0.01). These results suggest that EGF causes contraction of guinea pig airway smooth muscle by activating tyrosine kinase 
followed by phospholipase A:  activation, and that arachidonic acid metabolites, especially leukotrienes, may have important 
roles in this contraction. 
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1. Introduction 

In the atherosclerotic regions of arteries, relations 
among smooth muscle hyperplasia and hypertrophy, 
abnormal vasoreactivity, and growth factors have been 
widely studied (Kalsner and Richards, 1984; Reidy, 
1992). Now, epidermal growth factor (EGF)  and 
platelet-derived growth factor are known to have direct 
effects on vascular smooth muscle tone in rat and dog 
arteries (Berk et al., 1985, 1986; Muramatsu et al., 
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1985, 1986). Both the growth and vasospastic activities 
of  these growth factors are speculated to have a rela- 
tion with the altered vascular responses at sites of 
atherosclerosis (Berk and Alexander, 1989). 

Airway remodeling including smooth muscle hyper- 
plasia and hypertrophy in the asthmatic airway has also 
been a subject of great interest (Ebina et al., 1993; 
Wang et al., 1993). Hyper t rophy and hyperplasia of 
airway smooth muscle are considered to be possible 
causes of non-specific bronchial hyper-responsiveness, 
a hallmark of bronchial asthma. Since E G F  is known to 
promote  growth activity in smooth muscle of the lung, 
and E G F  and contractile agonists of airway smooth 
muscle share membrane  signaling mechanisms involv- 
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ing phosphoinositide hydrolysis and Ca 2 + mobilization, 
we were interested in studying the effects of EG F  on 
airway smooth muscle. 

In a guinea pig tracheal preparation, Patel and his 
associates (Patel et al., 1988) reported the contractile 
activity of EGF,  but the mechanisms of contraction 
have not been clarified fully. In vascular and gastric 
smooth muscles, the mechanisms of contraction elicited 
by EGF  vary depending on the species and the type of 
muscle (Berk and Alexander, 1989; Hollenberg, 1993; 
Yang and Hollenberg, 1991; Yang et al., 1991). In this 
study, we examined the effect of EGF  on guinea pig 
airway smooth muscle, investigated the precise mecha- 
nism of EGF-induced contraction, and measured 
arachidonic acid metabolites. 

mechanism of the effect of EGF,  we compared the 
magnitude of the response to 30 n g /m l  EGF  before 
and after the 30-min incubation with several drugs as 
described below. Preliminary studies indicated that 
EG F  did not cause tachyphylaxis in guinea pig trachea. 
After the first EGF-induced response, the tissue was 
washed at 10-min intervals for 60 rain again, and be- 
fore the second addition of EG F  the tension was 
readjusted to 2 g. The magnitude of the response to 30 
ng /ml  EGF after incubation with a drug was expressed 
as a percentage of the initial response and was com- 
pared to the vehicle control. 

2.3. Measurement of prostaglandin Fe, and prosta- 
glandin E e 

2. Materials and methods 

2.1. Isolation of tissue for bioassay 

Male Hartley guinea pigs weighing 350-550 g 
(Hokudo, Japan) were killed by cervical dislocation. 
The tracheas were removed, dissected free of extrane- 
ous tissue and cut into rings containing two cartilage 
rings. Tracheal strips were prepared by cutting at the 
site opposite the smooth muscle. In some cases, the 
epithelium was removed by gently rubbing the luminal 
surface of the strip with a cotton swab. The preserva- 
tion of airway epithelium in epithelium-intact strips 
and elimination of airway epithelium in epithelium-de- 
nuded strips were confirmed by histological examina- 
tion of these strips. Both sides of each preparation 
were tied with nylon threads. The upper thread was 
attached to an isometric transducer (Nihon Kohden, 
Japan), and the lower one was clamped at the bottom 
of the organ bath. Each preparation was placed in an 
organ bath containing 5 ml of Krebs-Henseleit solution 
of the following composition (mM): NaC1, 115; KC1, 
4.7; CaC12, 2.5; MgCI 2, 1.2; NaHCO 3, 25.0; NaH2PO 4, 
1.2; and glucose, 10.0; in distilled deionized water, 
equilibrated with 95% 0 2 and 5% CO 2, and main- 
tained at 37°C. A resting tension of 2 g was applied. 
After equilibration for 60 min, during which time the 
tissue was washed at 10-min intervals, drugs were added 
directly to the bath. 

2. 2. Experimental protocols 

The magnitude of the response to 100 mM KC1 was 
measured as a reliable prognostic indicator of a good 
response to EGF, and was taken as a standard re- 
sponse. After strips showed maximal responses, they 
were washed sufficiently. EGF  (3 ng /ml  to 1 /xg/ml) 
was added cumulatively at 10-min intervals. 

In epithelium-denuded strips, to investigate the 

Guinea pig tracheal strips were incubated in a tube 
filled with 2.5 ml of Krebs-Henseleit solution, equili- 
brated with 95% 0 2 and 5% CO 2, and maintained at 
37°C. Each tube contained 16 strips from two guinea 
pigs and the total weight of strips in each tube was 
adjusted to be the same. In some groups, the epithelia 
of all strips were removed. After a 90-rain incubation, 
the whole medium was changed and strips were re-in- 
cubated for 30 min. After a 30-rain incubation, 2.0 ml 
of medium was taken as the first sample. After replace- 
ment of the medium, 300 n g /m l  of EG F  or vehicle (20 
/xl of distilled water) was added and the strips were 
re-incubated for another 30 min. After incubation, 2.0 
ml of medium was taken again as the second sample. 
12 tubes were separated into four groups: epithelium- 
intact EG F  (n = 3) and vehicle (n = 3) groups, and 
epithelium-denuded EGF (n = 3) and vehicle (n = 3) 
groups. 

The samples were purified on Sep-pak C18 (Waters, 
Japan) and Bond Elut DEA columns (Varian, USA). 
Then samples were subjected to thin-layer chromatog- 
raphy for further purification. After the purification, 
the concentrations of prostaglandin F2, and prosta- 
glandin E 2 were measured by radioimmunoassay with 
specific antibodies (Ono Pharmaceutical Co., Japan). 
Results were expressed as nanograms per milliliter. 

2.4. Reagents 

The reagents used in this study and the sources 
were as follows: EGF culture grade (mouse submaxil- 
lary glands) (Becton Dickinson Lab, Ware, USA), 
genistein (ICN Biochemicals, USA), ibuprofen, 
calphostin C, wortmannin, mepacrine (Sigma Chemical 
Co., USA), OKY-046 ((E)-3-[4-(1-imidazolylmethyl)- 
phenyl]-2-propenoic acid), ONO-3708 (9,11-epithio- 
l l ,12-methano-thromboxane A2), ONO-1078 (8-[p-(4- 
phenylbutyloxy)benzoyl]amino-2-(tetrazol-5-yl)-4-oxo- 
4H-l-benzopyran-hemihydrate) ,  prostaglandin F2~, 
leukotriene D 4 (gifts from Ono Pharmaceutical Co., 
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Japan), indomethacin (Wako Junyaku Co., Japan), AA- 
861 (2-(12-hydroxydodeca-5,10-diynyl)-3,5,6-trimethyl- 
1,4-benzoquinone) (a gift from Takeda Chemical In- 
dustries, Japan), U-57908 (1,6-di(O-(carbamoyl)cyclo- 
hexanoneoxime)hexane) (a gift from Upjohn Co., USA) 
and H-7 (1-(5-isoquinolinesulfonyl)-2-methylpiperazine 
dihydrochloride) (Seikagaku Co., Japan). U-57908, 
wortmannin, calphostin C and genistein were dissolved 
in dimethyl sulfoxide (DMSO). EGF, OKY-046, ONO- 
3708 and H-7 were dissolved in distilled water. The 
other drugs were dissolved in ethanol. 

2.5. Stat~fcs 

The results are expressed as means +_ S.E. Statistical 
analysis was performed by Student's t-test for unpaired 
observations. A paired t-test was applied for the com- 
parison of prostanoid concentrations before and after 
incubation with EGF. Probability was established when 
the value was less than 0.05. 

3. Results  

3.1. Responses of tracheal strips to EGF 

In epithelium-denuded strips, mouse EGF (3 ng /ml  
to 1 /xg/ml) induced a concentration-dependent con- 
traction (Fig. 1). The average maximal contraction was 
0.64 _+ 0.1 g (mean _+ S.E., for n = 27), which was 72.0 
+ 9.5% of the contraction induced with 100 mM KC1 
(Fig. 2). The concentration of EGF that induced a 
half-maximal contraction (ECs0) was 12.3 + 1.6 ng/ml ,  
and a maximal contraction was obtained at 100-300 
ng /ml  (Fig. 3). To eliminate the possibility that the 
contraction induced by mouse EGF is due to other 
biologically active peptides which might exist in EGF 
from mouse submaxillary glands, the contractile activity 
of human recombinant EGF (Boehringer Mannheim) 
was also examined. Human recombinant EGF (3-300 
ng/ml)  also contracted epithelium-denuded guinea pig 
airway strips (n = 4, data not shown). The effect of 
mouse EGF on epithelium-intact strips was examined 
using 19 tracheal strips. The results were variable. In 
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Fig. 1. A typical response to EGF (3 ng /ml  to 1 /xg/ml) in an 
epithelium-denuded strip. 
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Fig. 2. Response to EGF (3 n g / m l  to 1 izg/ml) in both epithelium- 
denuded (Epi( - )) (closed circles, n = 27) and -intact (Epi(+))  (open 
circles n = 19) strips. The contraction induced with 100 mM KC1 was 
taken as 100% for each response. In epithelium-intact strips, as a 
mean, the response to each concentration was significantly attenu- 
ated. * P < 0.01, compared to the responses of epithelium-denuded 
strips for each concentration of EGF. 

10 strips, concentration-dependent relaxation was ob- 
served. In three strips, concentration-dependent con- 
tractions were observed (the magnitude of the contrac- 
tion was much smaller than that of epithelium-de- 
nuded strips). In six strips, no significant effect was 
observed with EGF (3 ng /ml  to 1/xg/ml).  However, as 
a mean, the presence of epithelium significantly sup- 
pressed the contractile activity of EGF (P < 0.01) (Fig. 
2). 

3.2. Actions of inhibitors of arachidonic acid metabolism 
(Table 1) 

The effects of cyclooxygenase inhibitors, a 5-1ipoxy- 
genase inhibitor, a leukotriene-receptor antagonist, a 
thromboxane A2-synthetase inhibitor and a thrombox- 
ane A2-receptor antagonist are shown in Fig. 4 and 
Table 1. The EGF (30 ng/ml)-induced contraction was 
almost completely abolished by the cyclooxygenase in- 
hibitors, indomethacin (1 and 10 /xM) and ibuprofen 
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Fig. 3. Response to EGF (3 n g / m l  to 1 /zg/ml)  in epithelium-de- 
nuded strips (n = 27). The maximal contraction of each preparation 
was taken as 100% for each response. 
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Table 1 
Actions of inhibitors of arachidonic acid metabolism 

Drug n Mean _+ S.E. (%) 

Ethanol (5/xl) 6 102.0 + 23.8 
Indomethacin (1 izM) 5 6.7_+ 6.7 a 

Indomethacin (10/xM) 5 0.0_+ 0.0 a 

Ibuprofen (10 izM) 5 0 , 0 _ +  0 . 0  a 

AA-861 (3 ~M) 5 13,8_+ 9.8 a 
ONO-1078 (10 ~M)  5 0,0_+ 0.0 a 

Distilled water (5/xl) 4 110.5 + 17.5 
OKY-046 (10 Iz M) 5 103.4 _+ 25.7 
ONO-3708 (100 nM) 5 111.5_+ 7.3 

Means_+S.E.: the magnitude of a response to 30 ng /ml  EGF after 
incubation with a drug is expressed as a percentage of the initial 
response and compared to the time (vehicle) control, a p < 0.01, 
compared to the vehicle (ethanol, 5 Izl) control. 

(10 IzM). A specific inhibitor of 5-1ipoxygenase, AA-861 
(3 /.~M) (Ashida et al., 1983; Yoshimoto et al., 1982), 
and a leukotriene C4, D4-receptor antagonist, ONO- 
1078 (10 IzM) (Yamaguchi et al., 1992), almost com- 
pletely inhibited the EGF-induced contraction. A 
thromboxane A2-synthetase inhibitor, OKY-046 (10 
/zM) (Naito et al., 1983) and a thromboxane A2-rece p- 
tor antagonist, ONO-3708 (100 nM) (Kondo et al., 
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Fig. 4. Effects of drugs used to determine the arachidonic acid 
metabolites responsible for the EGF-induced contraction in epithe- 
lium-denuded strips. Strips were exposed to EGF (30 ng /ml)  before 
and after a 30-min incubation with drug. Ethanol was used as the 
time and vehicle control for indomethacin, ibuprofen, AA-861, and 
ONO-1078. 

Table 2 
Effects of other drugs 

Drug n Mean + S.E. (%) 

Ethanol (5/zl) 6 102.0_+ 23.8 
Mepacrine (10 p,M) 5 105.0 _+ 26.2 
Mepacrine (100 ~M) 5 0.0_+ 0.0 

DMSO (5 Izl) 4 104.9_+ 7.8 
U-57908 (20/~M) 5 145.0_+25.2 
Wortmannin (100 nM) 5 132.0_+ 17.1 
Genistein (3 tzM) 5 0.0_+ 0.0 
Calphostin C (100 nM) 5 89.5 _+ 13.7 

Distilled water (5 tzl) 4 110.5 + 17.5 
H-7(10/xM) 6 6.7_+ 6.7 

Means_+ S.E.: the magnitude of a response to 30 n g / m l  EGF after 
incubation with a drug is expressed as a percentage of the initial 
response and compared to the time (vehicle) control, a p < 0.01, 
compared to the vehicle (ethanol, 5/zl) control, b p < 0.01, compared 
to the vehicle (DMSO, 5 /zl) control, c p < 0.01, compared to the 
vehicle (distilled water, 5/xl) control. 

1989), did not affect the EGF-induced contraction at 
all. As indicated in Table 1, statistical analysis revealed 
that the inhibitory effects of indomethacin, ibuprofen, 
AA-861 and ONO-1078 were significant when com- 
pared to the vehicle control (ethanol, 5 Izl), and that 
the effects of OKY-046 and ONO-3708 were not signif- 
icant when compared to the vehicle control (distilled 
water, 5 lzl). 

3.3. Actions of inhibitors of phospholipase A2, phospho- 
lipase D and diacylglycerol lipase (Table 2) 

From the above results, we considered endogenous 
arachidonic acid metabolites to be important in the 
mechanism of EGF-induced contraction. In response 
to EGF, arachidonic acid is produced by activation of 
phospholipase A 2 (Margolis et al., 1988), phospho- 
lipase D (Kaszkin et al., 1992), and diacylglycerol lipase 
(Majerus et al., 1986). 

To investigate the role of phospholipase A2, we 
examined the effect of mepacrine. Mepacrine at 100 
tzM completely abolished the EGF-induced contrac- 
tion, but 10 /zM mepacrine did not affect it. U-57908 
(20 /zM), which inhibits diacylglycerol lipase but does 
not affect phospholipase Az, phospholipase C, or dia- 
cylglycerol kinase (Sutherland and Amin, 1982; Chuang 
and Severson, 1990), did not affect the EGF-induced 
contraction. The phospholipase D inhibitor, wortman- 
nin (100 nM) (Reinhold et al., 1990), also showed no 
significant effect on the EGF-induced contraction. 

3.4. Actions of a tyrosine kinase inhibitor and protein 
kinase C inhibitor (Table 2) 

Since the first step in the action of EGF is the 
activation of receptor-intrinsic tyrosine kinase (Ullrich 
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and Schlessinger, 1990), we investigated the effect of 
tyrosine kinase by using genistein, a specific inhibitor 
of this enzyme (Akiyama et al., 1987). As shown in 
Table 2, genistein (3 ~M) completely abolished the 
EGF-induced contraction. 

Since protein kinase C is related to some kinds of 
cell-growth proliferation induced by EGF (Susa et al., 
1992), and protein kinase C regulates phospholipase 
A 2 in glomerular mesangial cells when it is stimulated 
by hormones (Pfeilschifter, 1990), we investigated the 
role of protein kinase C in the EGF-induced contrac- 
tion. A potent inhibitor of protein kinase C, H-7 
(Hidaka et al., 1984) (10/zM), almost completely abol- 
ished the EGF-induced contraction, but a more spe- 
cific protein kinase C inhibitor, calphostin C (Kobayashi 
et al., 1989) (100 nM to 3/xM) did not affect it. 
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Fig. 5. Concentration of prostaglandin F2~ (upper) and prostaglandin 
E 2 (lower) in guinea pig tracheal strips incubated with EGF (300 
ng/ml) or vehicle control. Ep i ( -  ) and Epi( + ) show epithelium-de- 
nuded and -intact strips, respectively. Values are expressed as means 
+_S.E.M. for the concentration of prostaglandin Fza or prosta- 
glandin E 2 (ng/ml) in 3 tubes including 16 strips each. 

3.5. Measurement of  prostaglandin F2~ , and prosta- 
glandin E 2 (Fig. 5) 

In epithelium-intact strips, the concentrations of 
prostaglandin F2~ before and after incubation with 
EG F  were 5.54 _+ 0.57 and 10.75 + 2.68 n g / m l  (means 
+_ S.E., for n = 3, P = 0.14), respectively. Those before 
and after vehicle were 3.51 +0.20 and 3.60_+0.72 
n g / m l  (n = 3, P = 0.88), respectively. In epithelium- 
denuded strips, concentrations before and after incu- 
bation with EG F  were 2.41 +__ 0.29 and 4.79 _+ 1.23 
n g /m l  (n = 3, P =  0.13), respectively. Those before 
and after vehicle were 2.18_+ 0.68 and 2.22 + 0.31 
n g /m l  (n = 3, P = 0.92), respectively. However, there 
was no significant difference in prostaglandin F2~ pro- 
duction before and after incubation with EGF. 

In epithelium-intact strips, concentrations of prosta- 
glandin E 2 before and after incubation with EGF  were 
45.93 -+ 8.58 and 92.93 + 11.48 n g /m l  (means -+ S.E., 
for n = 3), respectively. There  was a significant in- 
crease in prostaglandin E 2 production (P  < 0.01) after 
EG F  treatment. No significant increase was observed 
in the vehicle group (27.93 _+ 4.19 and 32.35 +_ 3.44 
ng /ml  (n = 3), respectively, P--0 .57) .  In epithelium- 
denuded strips, concentrations before and after incu- 
bation with EGF were 14.17 _+ 2.70 and 43.16 -+ 13.00 
n g /m l  ( n - - 3 ) ,  respectively. However, this difference 
was not statistically significant (P  = 0.12). Those before 
and after vehicle were 11.83 ___ 2.56 and 16.04 _+ 3.00 
ng /ml  (n = 3), respectively, and there was a significant 
difference ( P <  0.05). Furthermore,  after incubation 
with EGF,  the prostaglandin E 2 concentration of the 
epithelium-intact group was significantly higher than 
that of the epithelium-denuded one (P  < 0.05). 

4. Discussion 

In this study, the contractile effect of EGF  on epi- 
thelium-denuded strips of guinea pig trachea was con- 
firmed. The ECs0 (12.3 _+ 1.6 ng /ml )  was almost the 
same as the value observed in previous studies for rat 
artery (Berk and Alexander, 1989) and guinea pig 
trachea (Patel et al., 1988). Since it might be possible 
that mouse EG F  extracted from submaxillary glands 
contains other biologically active peptides, we also 
examined the effects of human recombinant EGF  on 
epithelium-denuded strips. Human recombinant EGF  
(3 ng /ml  to 300 ng /ml )  also contracted guinea pig 
tracheal strips, suggesting that the contractile activity 
of mouse EGF observed in this study is specific to 
EGF. The presence of epithelium in the strips signifi- 
cantly suppressed the contraction induced by EGF. 
This suggests that the effect of EG F  on airway smooth 
muscle is basically contractile, and stimulation of air- 
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way epithelium with EGF may modify the smooth 
muscle response in a way which suppresses the con- 
traction. To examine this possibility, we measured 
prostaglandin E 2 in epithelium-intact and -denuded 
strips stimulated with EGF. EGF significantly in- 
creased prostaglandin E 2 production in epithelium-in- 
tact strips but not in epithelium-denuded ones. Fur- 
ther, after incubation with EGF, the concentration of 
prostaglandin E 2 was significantly higher in epithe- 
lium-intact strips than in epithelium-denuded ones. We 
may, therefore, reasonably conclude that, in epithe- 
lium-intact strips, prostaglandin E 2 from epithelium 
stimulated with EGF suppresses the EGF-induced con- 
traction. 

As reported previously (Patel et al., 1988), the con- 
tractile activity of EGF was completely inhibited by 1 
and 10/zM indomethacin. To confirm the specificity of 
the effect of indomethacin, we examined the effect of 
another cyclooxygenase inhibitor, ibuprofen. Ibuprofen 
(10/zM) also abolished the EGF-induced contraction, 
suggesting that cyclooxygenase activation is essential 
for EGF-induced contractions. However, in this study, 
a 5-1ipoxygenase inhibitor, AA-861, also significantly 
suppressed the EGF-induced contraction. We also ob- 
served that a leukotriene-receptor antagonist, ONO- 
1078, completely abolished the EGF-induced contrac- 
tion. We examined the effects of AA-861 and ONO- 
1078 on prostaglandin Fz~-induced contraction in 
guinea-pig trachea, but they did not affect it (data not 
shown). A thromboxane A2-synthetase inhibitor and a 
thromboxane Az-receptor antagonist did not affect the 
EGF-induced contraction. The concentrations of 
prostaglandin F2, before and after incubation with 
EGF were 2.41 +_ 0.29 and 4.79 _+ 1.23 ng/ml (n = 3), 
respectively, in epithelium-denuded strips. The P value 
for the difference was 0.12. However, in our bio-assay 
system, the minimum coneentration of prostaglandin 
F2~ required to induce contraction of guinea pig tra- 
cheal strips was 30-40 ng/ml, which is well above the 
concentrations of prostaglandin F2, ~ after EGF stimu- 
lation. Furthermore, exogenous arachidonic acid is re- 
ported to contract guinea pig trachea in epithelium-de- 
nuded strips and this contraction is abolished by a 
5-1ipoxygenase inhibitor but not by indomethacin. 
Therefore leukotrienes are considered responsible for 
the contraction induced by exogenous arachidonic acid 
(Farmer et al., 1987; Tschirhart et al., 1987). Guinea 
pig trachea is more sensitive to leukotrienes than hu- 
man or rat trachea (Bakhle and Ferreira, 1985). For 
these reasons, leukotrienes seem to be important as 
end products responsible for EGF-induced contrac- 
tion. 

Abolishment of the EGF-induced contraction by 
cyclooxygenase inhibitors raises the following three 
possibilities. First, some of the effects of leukotrienes 
are mediated through prostaglandins. Second, both 

prostaglandins and leukotrienes work synergistically in 
airway smooth muscles during EGF-induced contrac- 
tion. Third, a cyclooxygenase inhibitor-sensitive en- 
zyme might be involved in the pathway of EGF-in- 
duced release of arachidonic acid. The effects of leuko- 
trienes on guinea pig trachea have been reported to be 
decreased markedly in the presence of a cyclooxy- 
genase inhibitor (Bakhle and Ferreira, 1985). However, 
we observed enhancement of leukotriene Da-induced 
contraction by indomethacin (data not shown). This is 
in opposition to the first possibility. From our results, it 
is difficult to reach a clear conclusion and further 
investigation will be needed to clarify the effect of 
cyclooxygenase inhibitors on EGF-induced contrac- 
tions. 

To clarify the source of arachidonic acid in the 
EGF-induced contraction, we examined the effects of 
mapacrine (a phospholipase A 2 inhibitor), U-57908 (a 
diacylglycerol lipase inhibitor) and wortmannin (a 
phospholipase D inhibitor). In guinea pig gastric 
smooth muscle, EGF induces a contraction through the 
metabolism of diacylglycerol by diacylglycerol lipase in 
the longitudinal muscle, but not in the circular muscle 
(Yang et al., 1992). Even in the same organ of the same 
species, the effect of EGF is mediated through differ- 
ent pathways. The report of Patel et al. (1988) exam- 
ined only the effect of 10/zM mepacrine, which caused 
partial (36%) inhibition in guinea pig trachea. In our 
study, 100 ~M mepacrine completely abolished the 
EGF-induced contraction. However, neither the diacyl- 
glycerol-lipase inhibitor nor the phospholipase D in- 
hibitor affected it. These results support the hypothesis 
that phospholipase A 2 activation is essential for 
arachidonic acid generation in guinea pig trachea stim- 
ulated by EGF. Further, since wortmannin has recently 
been reported to inhibit phosphatidylinositol 3-kinase 
at the concentration of 50 nM (Kanai et al., 1993), our 
results also rule out the contribution of phosphatidyl- 
inositol 3-kinase activity in the action of EGF in guinea 
pig airway. 

That genistein completely inhibited the effect of 
EGF is in agreement with a study on guinea pig gastric 
smooth muscle (Yang et al., 1992), and suggested the 
contribution of EGF receptor kinase activation in 
EGF-induced contractions. Akiyama et al. (1987) re- 
ported that genistein has a half-maximal effect at 2.6 
/xM against EGF receptor kinase. However, they re- 
ported that genistein also inhibit other tyrosine kinases 
with the same potency. Because of this, it seems diffi- 
cult to eliminate the possible contribution of a tyrosine 
kinase apart from the EGF receptor kinase. The path- 
way by which tyrosine kinase activates phospholipase 
A 2 has not been fully elucidated. Although there is a 
report that tyrosine kinase activates phospholipase A 2 
through phospholipase C-independent stimulation and 
not through the activation of protein kinase C (Gold- 
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berg et al., 1990), protein kinase C is considered to be 
an important enzyme in this pathway in general 
(Pfeilschifter, 1990). In this study, a potent protein 
kinase C inhibitor, H-7, completely inhibited the EGF- 
induced contraction, however, a more specific protein 
kinase C inhibitor, calphostin C, did not affect it. 
These results suggest that protein kinase C activation 
may not be essential for the EGF-induced activation of 
phospholipase A 2 . 

In conclusion, the results of our study suggest that 
EGF causes contraction of guinea pig airway smooth 
muscle by activating tyrosine kinase followed by phos- 
pholipase A z activation, and that arachidonic acid 
metabolites, especially leukotrienes, may have impor- 
tant roles in this contraction. 
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