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A number of substances involved in the proliferation and differentiation of the tracheobronchial
epithelium have been identified. The defects in the control of the proliferation and differentiation of
tracheobronchial epithelial cells appear to constitute crucial steps in the transition of normal cells to
neoplastic ones. Endothelin-1 is produced by tracheal epithelial cells, and its receptors are present in
tracheal epithelial cells. However, the effect of endothelin-1 on the proliferation and differentiation of
tracheal epithelial cells has not been clearly elucidated. This study was undertaken to investigate these
actions of endothelin-1 in primary cultured cells of rat tracheal epithelia. Endothelin-1 stimulated
proliferation of tracheal epithelial cells 1.5-fold when compared with that of control cells. Endothelin-1
increased mitogen-activated protein kinase (MAPK) activity. Herbimycin A, a tyrosine kinase inhibitor,
inhibited endothelin-1-induced proliferation of epithelial cells. The treatment of endothelin-1 during the
primary culture of tracheal epithelial cells increased AB-PAS-stained cell population and ciliated cell
population 6.5 fold and 1.5 fold, respectively, when compared with those in control cells. The
responsiveness to carbachol and forskolin in the CI” secretion was increased 1.7 and 1.9 fold, respectively,
in the endothelin-treated epithelial cells. These results indicated that endothelin-1 increases proliferation

via MAPK pathway and stimulates differentiation to secretory and ciliated cells in rat tracheal epithelial

cells.
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INTRODUCTION

The normal tracheobronchial epithelium is a pseu-
dostratified epithelium consisting of three major cell
types: basal cells, secretory cells, and ciliated cells
(Jing et al, 1994). Like other tissues, the tracheobron-
chial epithelium turns over continuously: cells slough
off into the tracheobronchial lumen and are replaced
via the proliferation and differentiation of tracheo-
bronchial stem or progenitor cells. In normal epith-
elium, the rates of proliferation, differentiation, and
cell loss must be equal to create a balance. This de-
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licate balance is maintained via an equilibrium bet-
ween regulatory factors that have either a positive or
negative effect on the growth and differentiation of
these cells. The defects in the control of proliferation
and differentiation appear to constitute crucial steps
in the transition of normal to neoplastic cells (Anton
et al, 1990; Hubbs et al, 1989).

Endothelin-1 (ET-1) was originally characterized
from cultured porcine endothelial cells (Yanagisawa
et al, 1988). Subsequent cDNA cloning revealed the
presence of three isopeptides, termed ET-1, ET-2, and
ET-3 (Inoue et al, 1989) in human. Synthesis of ET-1
has been identified in a wide variety of tissues in-
cluding vascular endothelium, neurons in the central
nervous system, and airway epithelium, suggesting its
diverse physiological functions (Rozengurt et al,
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1990). Its role as a growth factor has been seen in
vascular smooth muscle cells (Komuro et al, 1988),
fibroblasts (Takuwa et al, 1989) and glomerular
mesangial cells (Simonson et al, 1989). In these cells
endothelin-1 increases cell proliferation and the ex-
pression of protooncogenes such as c-myc and c-fos.
Endothelin-1 is produced by tracheobroncial epithelial
cells, and its specific binding sites are also present
in airway epithelial cells (Power et al, 1989; Mattoli
et al, 1990; Rozengurt et al, 1990). It has been shown
that endothelin-1 stimulates proliferation of airway
epithelial cell growth (Murlas et al, 1995; Ninomiya
et al, 1998). However, the signaling pathway of
endothelin-induced proliferation has not been exa-
mined, and the effect of endothelin on differentiation
of tracheobronchial epithelial cells has not been
reported.

To investigate the mechanism of endothelin-in-
duced proliferation and its effect on differentiation of
airway epithelial cells, primary culture of rat tracheal
epithelial cells were used. The results indicated that
endothelin-1 increased proliferation via activation of
MAPK pathway and stimulated differentiation of
tracheal epithelial cells to secretory and ciliated cells.

METHODS
Primary cell culture

Sprague Dawley rats (200~300 g) were anesth-
etized with intraperitoneal injection of pentobarbital
sodium (120 mg/100 g b.w.). Primary cell culture was
done by the minor modification of the procedures as
described prevously (Jung et al, 1997). Briefly, fre-
shly excised tracheae were incubated at 4°C for 18 ~
24 h in a Ca”’- and Mg*-free, serum-free modified
Eagle’s minimum essential medium (MEM) contain-
ing 0.01% protease XIV (Sigma, St. Louis, MO). The
epithelial cells were removed from the airways by
scraping the epithelial surface of the tracheae, and the
cells were then washed with fresh MEM medium
containing fetal bovine serum (FBS) to neutralize the
protease. After the final wash, the cells (— 10%) were
resuspended in DMEM/Ham’s F-12 mixture con-
taining insulin, transferrin, hydrocortisone, triiodothy-
ronine, prostaglandin E, epidermal growth factor
(EGF), 500 units/ml penicillin and 500 pg/ml strep-
tomycin (K1-10 medium). 0.5 ml of final cell suspen-
sion was plated to culture plate, or a permeable filter

support for electrophysiological studies (12 mm
TRANS WELL,; Costar, Cambridge, MA). The cells
were incubated in an atmosphere of 5% CO,-95% air
at 37°C.

Clonal growth assay

The total number of cells were counted 1, 3, 5 days
after seeding 10" tracheal epithelial cells in the 6 well
culture plate (Willey et al, 1984). For clonal growth
assay, the medium was replaced with the basal
mediuom (K1-10 medium without EGF and FBS),
which removed the effect of EGF and FBS.

Measurement of mitogen activated protein kinase
(MAPK) activity

Epithelial cells were lysed with ice-cold lysis
buffer (20 mM Tris-HCl pH 8, 1% Triton X-100,
10% glycerol, 131 mM NaCl, 1.5 mM MgCl,, 1 mM
EGTA, 50 mM NaF, 1 mM PMSF, 20 yM leupeptin
and 10 pg/ml aprotinin) for 10 min with occcasional
vortexing. Lysates were cleared off nuclei and de-
tergent insoluble material when centrifuged for 10
min at 14,000 rpm. 100 pug of cell lysate were imm-
unoprecipitated with the anti-MAPK antibody (Zy-
med Laboratories. Inc.) and protein A-Sepharose
beads (Sigma Chemical Co.) overnight. Immune pre-
cipitates were collected by centrifugation for 10 sec
at 14,000 rpm and were washed three times with 1
ml of kinase buffer (30 mM Tris pH 8, 10 mM
MgCl,) before being resuspended in 30 ul of kinase
assay cocktail containing kinase buffer, 7 ug of
myelin basic protein (MBP, Sigma Chemical Co.), 2
{M cold ATP, and 1 4Ci of [ ¥ -*’P] ATP (Amersham
Co.) per sample. Incubation was cartied out for 30
min at 30°C and were terminated by the addition of
2x SDS-PAGE sample buffer, followed by boiling for
5 min at 95°C. Samples were resolved on a 12%
SDS-PAGE. The gel was dried and autoradiographed
(Kang et al, 1996).

Alcian blue-periodic acid schiff (AB-PAS) staining

After fixation by 10% neutral buffered formalin
(NBF), the tracheal epithelial cells were incubated in
the following solutions: 30 min in 1% alcian blue in
3% acetic acid, 30 min in periodic acid, 5 min in
Schiff’s reagent (Sigma), and 3 min in 0.5% sodium
metabisulfite. Slides were counterstained with 1%
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methyl green. For each experimental group, the num-
ber of AB-PAS positive cells in a total of 500 cells
per slide was determined, with a total of 1,500 cells

scored per experimental group (Elizabeth & Paul,
1996).

Electrophysiology

Transepithelial electrophysiological measurements
are performed in a modified Ussing chamber con-
structed to accept TRANSWELL filter (World Preci-
sion Instrument). Short-circuit current (Isc) was mea-
sured with a DVC-1000 voltage-current clamp
(World Precision Instrument) with the voltage clamp
mode. The filters above 1,000 Q X cm’ in transepi-
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Fig. 1. Effect of endothelin-1 on proliferation of tracheal
epithelial cells. Tracheal epithelial cells were protease-
dissociated and plated in the K1-10 medium. After 1 day,
the culture medium was changed to the basal medium
containing hormone mixture (insulin, transferrin, hydro-
cortisone, tritodothyronine, prostaglandin E) with(&) or
without((]) 0.1 uM endothelin-1. The total numbers of
cells per plate were determined on the 1st, 3rd and 5th
day after seeding as described in “Materials and
Method”. Data are mean+S.E. of four experiments.
Asterisk(*) indicates value where p<0.001 compared to
the control value.

thelial resistance measured at the EVOM epithelial
ohmmeter were used for all experiments. The bath
solution was Kreb’s bicarbonate Ringer’s solution
(KBR) which was composed of (in mM) 140 NaCl,
2.3 K;HPO,, 0.4 KH,PO,, 1.2 CaCl,, 1.2 MgCl,, 25
NaHCO:s, and 10 glucose (pH 7.4). Both mucosal and
serosal bath solutions were subjected to constant
recirculation, maintained at 37°C, and oxygenated
gently with 95%/5% 0./CO,. (Jung et al, 1997).

Data presentation

The Isc reported in this study was the maximum
achieved, independent of the phase of the response.
Paired or unpaired Student’s t-test was utilized to
analyze differences between means.

RESULTS

Effect of endothelin-1 on proliferation of tracheal
epithelial cells

To investigate the effect of endothelin-1 on pro-
liferation of tracheal epithelial cells, we performed
clonal growth assay. The treatment of 0.1 uM
endothelin-1 increased the proliferation of tracheal

A B C

Fig. 2. Activation of MAPK by endothelin-1 in tracheal
epithelia cells. Tracheal epithelial cells were incubated in
serum-free DMEM/Ham’s F12 medium for 6 h and
treated with 25 ng/ml EGF or 0.1 uM endothelin-1 for
5 min. Then epithelial cells were scraped and MAPK
activity was determined as described in “Materials and
Method”. A: Control, B: EGF-treated, C: Endothelin-
treated.
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epithelial cells. On the third day after treatment the
number of tracheal epithelial cells in 0.1 gM
endothelin-1-treated group was about 1.5 times more
than in the control (Fig. 1).

To determine the mechanism for the endothelin-
induced proliferation of tracheal cells, we measured
mitogen-activated protein kinase (MAPK) activity of
tracheal epithelial cells. The addition of EGF (25
ng/ml), a well-known stimulator of MAPK, strongly
activated MAPK activity in tracheal epithelial cells
grown in serum-free medium. The treatment of 0.1
UM endothelin-1 increased MAPK activity with re-
spect to the control (Fig. 2). To identify whether
activation of tyrosine kinase is involved in the
endothelin-induced proliferation of tracheal cells, the
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Fig. 3. Effect of herbimycin A, a tyrosine kinase inhi-
bitor, on endothelin-1-stimulated proliferation of epith-
elial cells. Tracheal epithelial cells were protease-disso-
ciated and plated in the K1-10 medium. After 1 day,
culture medium were changed to the basal medium([J);
basal medium containing 1 4M herbimycin A (E2); 0.1
UM endothelin-1 (ll); 0.1 uM endothelin-1 and 1 pM
herbimycin A(E). The total number of cells per plate
were determined on the 1st and 3rd day after seeding as
described in “Materials and Method”. Data are mean+
S.E. of five experiments. Asterisk(*) indicates value
where p<{0.001 compared to the control value. HA:
herbimycin A.

effect of herbimycin A, an inhibitor of tyrosine
kinase, was examined. Herbimycin A (1 gM) totally
blocked the endothelin-induced increase of cell pro-
liferation (Fig. 3).

Effect of endothelin-1 on differentiation of tracheal
epithelial cells

To determine whether endothelin-1 stimulates dif-
ferentiation of tracheal epithelial cells to secretory or
ciliated cells, change in the number of secretory and
ciliated cells was investigated. Secretory cells were
identified by AB-PAS staining and the number of
ciliated cells was directly counted under inverted
microscopy. The proportion of secretory and ciliated
cells was increased 4.3 times and 1.5 times more by
the treatment of 0.1 gM endothelin-1 than to the
control (Table 1, Fig. 4). We also observed the
morphology of tracheal epithelial cells cultured in
transwell filters. In endothelin-treated group the shape
of tracheal epithelial cells was cuboid, and epithelial
cells formed two layers partly. However, in the cont-
rol group, the shape of tracheal epithelial cells was
flat, and epithelial cells formed a monolayer (Fig. 5).
These results mean that endothelin-1 stimulates dif-
ferentiation of tracheal epithelial cells to secretory
and ciliated cells.

Effect of endothelin-1 on electrophysiological charac-
teristics of tracheal epithelial cells

In this experiment, endothelin-1 stimulated diffe-

Table 1. Quantitation of secretory cells and cilliated cells
in tracheal epithelial cultures. Primary tracheal epithelial
cells were protease-dissociated and plated in the K1-10
medium. After 1 day, culture medium were changed to
the basal medium or the basal medium containing 0.1 yM
endothelin. Tracheal epithelial cells were stained with
AB-PAS on the 4th day after seeding. The number of
stained cells was determined as described in “Materials
and Method”. Data are mean=+S.E. of five experiments.
Asterisk(*) indicates value where p<0.001 compared to
the control value.

Control Endothelin-treated
% AB-PAS positive 2.0+0.5 8.0+ 1.5%
cells
% Cilliated cells 1232 17.5+2.5*
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Fig. 4. Effect of endothelin-1 on morphology of tracheal
epithelial cells cultured in SNAPWELL filter. Tracheal
epithelial cells were cultured in the K1-10 medium
with(B) or without(A) 0.1 uM endothelin-1. Tracheal
epithelial cells were fixated and stained with Hama-
toxylin-Eosin on the 6th day after seeding (X 450).

Table 2. Change of transepithelial potential difference
(PD) and transepithelial resistance by endothelin-1 in
tracheal epithelial cells. Tracheal epithelial cells were
cultured in the K1-10 medium with or without 0.1 yM
endothelin-1. PD was measured by DVC-1000 voltage-
current clamp (World Precision Instrument, Sarasota, FL)
and transepithelial resistance was measured by EVOM
epithelial ohmmeter (World Precision Instrument, Sara-
sota, FL). Data are mean+ S.E. of ten experiments. As-

terisk(*) indicates value where p < 0.01 compared to the
control value.

Control Endothelin-treated

Resistance (2) 131060
Transepithelial potential 10.5+1.8
difference (mV)

1160+ 54
29.6+2.3*

Fig. 5. AB-PAS staining of tracheal epithelial cells.
Tracheal epithelial cells were protease-dissociated and
plated in the K1-10 medium. After 1 day, culture me-
dium was changed to the basal medium (A); basal
medium containing 0.1 yM endothelin (B). Epithelial
cells were fixated and stained with AB-PAS on the 4th
day after seeding as described in “Materials and Method”
(< 100).

rentiation of treacheal epithelial cells to secretory and
ciliated cells, suggesting that endothelin-1 might in-
duce functional differentiation of tracheal epithelial
cells. Putting this possibility to the test, we examined
the change of electrophysiological characteristics in
tracheal epithelial cells maintained in endothelin-1
-treated media.

In the tracheal epithelium, transepithelial potential
difference (PD) is generated from basal Cl secretion
and Na' absorption. PD was higher in the end-
othelin-treated group than in the control group.
However, transepithelial resistance was similar in
both groups (Table 2).

We tested the effects of secretagogues on Isc to
define the change of responsiveness to secretogogues
in endothelin-1-treated tracheal epithelial cells. In
tracheal epithelial cells, major signaling pathways of
Cl™ secretion are Ca’" and cAMP pathways
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Fig. 6. The increase in Cl secretion induced by
carbachol in endothelin-1-treated cells. Isc was measured
by voltage-current clamp. Tracheal epithelial cells were
cultured in the K1-10 medium with ((]) or without ()
0.1 uM endothelin-1. Data are mean®S.E. of four
experiments. Asterisk (*) indicates values where p<
0.001 compared to the control value.

(Anderson et al, 1991). Therefore, we examined
effects of carbachol and forskolin, which increase
intracellular Ca’* and cAMP, respectively, on Isc. In
endothelin-1-treated group, the responses of Isc to
carbachol and forskolin were 1.7 and 1.9 times
higher, respectively, than those in the control group
(Fig. 6 and Fig. 7).

DISCUSSION

The normal turnover of the tracheal epithelium
depends on a delicate balance between the cell loss
and the cell renewal. The role of endothelin-1 in the
control of proliferation and differentiation of airway
epithelial cells was investigated in this study. End-
othelin-1 was found to increase proliferation via
MAPK pathway and stimulate differentiation to sec-
retory and ciliated cells in rat tracheal epithelial cells,
indicating that endothelin-1 may have substantial
importance in autocrine and paracrine control of
airway epithelial cell growth.

In this study, endothelin-1 increased proliferation
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Fig. 7. The increase in Cl secretion induced by
forskolin in endothelin-1-treated cells. Isc was measured
by voltage-current clamp. Epithelial cells were cultured
in the K1-10 medium with (J) or without (O) 0.1 uM
endothelin-1. Data are mean+S.E. of four experiments.
Asterisk (*) indicates values where p<0.001 compared
to the control value.

of tracheal epithelial cells. Endothelin-induced proli-
feration has been reported in tracheal epithelial cells
(Murlas et al, 1995; Ninomiya et al, 1998) as well
as vascular smooth muscle cells (Komuro et al,
1988), fibroblasts (Takuwa et al, 1989), glomerular
mesangial cells (Simonson et al, 1989). Most growth
factors induce cell proliferation via activation of
receptor tyrosine kinase and Ras-MAPK kinase
pathway (Bruce et al, 1994). The data in the present
study also supported that the effect of endothelin-1
in tracheal epithelial cells was mediated by increase
in tyrosine phosphorylation and activation of MAPK
pathway. The effect of endothelin-1 is mediated by
the activation of G protein-coupled receptor (Rubanyi
& Polokoff, 1994). Although we did not examined
mechanisms of MAPK activation by endothelin-1,
recent studies demonstrated that activation of G-pro-
tein coupled receptors by various agonists could in-
duce MAPK activation by transactivation of EGFR
(Dikic et al, 1996; Henrik et al, 1996) or by tyrosine
phosphorylation of Pyk2 (Dikic et al, 1996), or Lyn
and Syk protein (Wan et al, 1996).

A number of substances including retinoic acid,
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hormones and growth factors, are involved in the
differentiation of tracheal epithelial cells (van Scott
et al, 1988). Retinoic acid, transferrin and insulin are
known to stimulate differentiation of airway epithelial
cells to secretory and ciliated cells, although their
mechanisms have not been clearly elucidated (Anton,
1991; van Scott et al, 1988). In the present study,
endothelin-1 increased proportion of PAS-positive
cells and ciliated cells, indicating differentiation of
tracheal epithelial cells. Stimulation of differentiation
by endothelin-1 has been reported in neural crest cells
and osteoblastic cells (Kasperk et al, 1997).

The induction of differentiation of tracheal cells by
endothelin-1 was also supported by data obtained by
electrophysiological measurement. Endothelin-treated
monolayers developed higher potential difference wit-
hout significantly affecting transepithelial resistance
than that in control monolayers, and also increased
secretagogues-induced Isc. These results can be ex-
plained by an increase of chloride secretion in end-
othelin-treated tracheal epithelial cells, which is re-
sulted from increase in the number of secretory cells
in tracheal monolayers. Effect of endothelin-1 on cel-
lular differentiation was also reported in adipocytes
(Hauner et al, 1994) and airway fibroblast (Sun et al,
1997).

In summary, this study shows that endothelin-1
increases proliferation via activation of MAPK path-
way and stimulates differentiation of tracheal epi-
thelial cells to secretory and ciliated cells.

REFERENCES

Anderson MP, Welsh MJ. Calcium and cAMP activate
chloride channels in the apical membrane of normal
and cystic fibrosis epithelia. Proc Natl Acad Sci USA
88: 6003 — 6007, 1991

Anton MJ. Growth and differentiation factors in tracheo-
bronchial epithelium. Am J Physiol 260: L361—1373,
1991

Anton MJ, Thomas MV, Vollberg CN, Margaret DG.
Positive and negative regulation of proliferation and
differentiation in tracheobronchial epithelial cells. Am
Rev Respir Dis 142: S36—S39, 1990

Bruce A, Dennis B, Julian L, Martin R, Keith R, James
DW. Cell signalling in molecular biology of the cell.
Garland, NewYork & London, pp7 21—785, 1994

Dikic I, Tokiwa G, Lev S, Courtneidge SA, Schles-
singer J. A role of Pyk2 and Src in linking G-protein-
coupled receptors with MAP kinase activation. Nature

383: 547—550, 1996

Elizabeth AD, Paul N. Regulation of mucociliary differ-
entiation of rat tracheal epithelial cells by type 1 col-
lagen gel substratum. Am J Respir Cell Mol Biol 14:
19—-26, 1996

Hauner H, Petruschke T, Gries FA. Endothelin-1 inhibits
the adipose differentiation of cultured human adipocyte
precursor cells. Metabolism 43: 227—32, 1994

Henrik DF, Christian W, Axel U. Role of transactivation
of the EGF receptor in signalling by G-protein-coupled
receptors. Nature 379: 557—560, 1996

Hubbs AF, Hahn FF, Thomassen DG. Increased resis-
tance to transforming growth factor beta accompanies
neoplastic progression of rat tracheal epithelial cells.
Carcinogenesis 10: 1599—1605, 1989 :

Inoue A, Yanagisawa M, Kimura S, Kasuya Y, Miyauchi
T, Goto K, Masaki T. The human endothelin family:
Three structurally and pharmacologically distinct iso-
peptides predicted by three separate genes. Proc Natl
Sci USA 86: 2863 —2867, 1989

Jing YL, Paul N, Scott HR. Growth and differentiation
of tracheal epithelial progenitor cells. Am J Physiol
266: 1.296— 1307, 1994

Jung JS, Oh SO, Kim MG, Kang DS, Lee SH. CI se-
cretion induced by 5-hydroxytryptamine and calcitonin
gene-telated peptide in rat tracheal epithelia. Pflugers
Arch Eur J Physiol 435: 20—27, 1997

Kang CD, Lee BK, Kim KW, Kim CM, Kim SH, Chung
BS. Signalling mechanism of PMA-induced differen-
tiation of K562 cells. Biochem Biophys Res Commun
221: 95100, 1996

Kasperk CH, Borcsok K, Schairer HU, Schneider U,
Nawroth PP, Niethard FU, Ziegler R. Endothelin-1 is
a potent regulator of human bone cell metabolism in
vitro. Calcif Tissue Int 60(4): 368 —374, 1997

Komuro I, Kurihara H, Sugiyama T, Yoshizumi M, Ta-
kaku F, Yazaki Y. Endothelin stimulates c-fos and c-
myc expression and proliferation of vascular smooth
muscle cells. FEBS Lett 238; 249252, 1988

Mattoli SM, Mezetti GM, Allegra L, Allegra L, Fasoli
A. Specific binding of endothelin on human bronchial
smooth muscle cells in culture and secretion of end-
othelin-like material from bronchial epithelial cells. Am
J Respir Cell Mol Biol 3: 145-151, 1990

Murlas CG, Gulati A, Singh G, Najmabadi F. Endothelin-
1 stimulates proliferation of normal airway epithelial
cells. Biochem Biophys Res Commun 212: 953 —959,
1995

Ninomiya H, Inui T, Masaki T. Paracrine endothelin
signaling in the control of basal cell proliferation in
guinea pig tracheal epithelium. J Pharamacol Exp Ther
286: 469 —480, 1998

Power RF, Wharton J, Zhao Y, Bloom SR, Polak JM.
Autoradiographic localization of endothelin-1 binding



770 CS Kim et al.

sites in the cardiovascular and respiratory systems. J
Cardiovasc Pharmacol 13 (Suppl 5): S50—S56, 1989

Rozengurt N, Springall DR, Polak JM. Localization of
endothelin-like immunoreactivity in airway epithelium
of rats and mice. J Pathol 160: 5—8, 1990

Rubanyi GM, Polokoff MA. Endothelins: Molecular bio-
logy, biochemistry, pharmacology, physiology, and
pathophysiology. Pharmacol Rev 46(3): 328 —414, 1994

Simonson MS, Wann S, Mene P, Dubyak GR, Kester M,
Nakazato Y, Sedor JR, Dunn MJ. Endothelin stimu-
lates phospholipase C, Na'/H" exchange, c-fos expres-
sion, and mitogenesis in rat mesangial cells. J Clin
Invest 83: 708 —712, 1989

Sun G, Stacey MA, Bellini A, Marini M, Mattoli S.
Endothelin-1 induces bronchial myofibroblast differen-
tiation. Peptides 18(%): 1449—51, 1997

Takuwa N, Takuwa Y, Yanagisawa M, Yamashita K,
Masaki T. A novel vasoactive peptide endothelin stim-

ulates mitogenesis through inositol lipid turnover in
Swiss 3T3 fibroblasts. J Biol Chem 264: 78567861,
1989

van Scott MR, LEE NP, Yankaskas JR, Boucher RC.
Effect of hormones on growth and function of cultured
canine tracheal epithelial cells. Am J Physiol 255:
C237-C245, 1988

Wan Y, Kurosaki T, Huang XY. Tyrosine kinases in
activation of the MAP kinase cascade by G-protein-
coupled receptors. Nature 380: 541—544, 1996

Willey JC, Lechner JF, Harris CC. Bombesin and c-
terminal tetradecapeptide of gastrin-releasing peptide
are growth factors for normal human bronchial
epithelial cells. Exp Cell Res 153: 245—248, 1984

Yanagisawa M, Kurihara H, Kimura S, Tomobe Y,
Kobayashi M, Mitsui Y, Yazaki Y, Goto K, Masaki
T. A novel potent vasoconstrictor peptide produced by
vascular endothelial cells. Nature 332: 411 —415, 1988




