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Extracellular signal-regulated kinases (ERKs) phosphorylate and regulate cytoskeletal components of con-
tractile cells and have been implicated in integrin-mediated adhesion. In this study, we examined the con-
tributions of adherence, cell flattening, and cytoskeletal reorganization to adhesion-induced ERK activa-
tion in cultured bovine tracheal myocytes. We found, as evidenced by a reduction in electrophoretic
mobility, that adhesion to fibronectin induced phosphorylation of both p44

 

ERK1

 

 and p42

 

ERK2

 

. In-gel kinase
assays confirmed activation of both p44

 

ERK1

 

 and p42

 

ERK2

 

 in fibronectin-adherent cells, consistent with the
notion that ligand–integrin binding is required for adhesion-induced ERK activation. However, ERK acti-

 

vation was maximal 2–4 h after plating, and adherence to either polystyrene or poly-

 

L

 

-lysine also caused
ERK activation (fold increase 4 h after plating: fibronectin, 3.75 

 

6

 

 0.33; polystyrene, 3.95 

 

6

 

 0.78; poly-

 

L

 

-
lysine, 2.14 

 

6

 

 0.36). Inspection of myocytes following passage onto fibronectin showed near 100% adhe-
sion and cell spreading after 4 h, whereas cells plated onto poly-

 

L

 

-lysine demonstrated adherence but min-
imal spreading. To test whether the cytoskeletal reorganization accompanying cell spreading is required
for adhesion-induced ERK activation, we assessed ERK activity following pretreatment with cytochalasin
D, an inhibitor of actin polymerization. Cytochalasin inhibited both cell spreading and ERK activation fol-
lowing adhesion to fibronectin, but had no effect on growth factor-induced ERK activation in adherent
cells. We conclude that adhesion-induced ERK activation in bovine tracheal myocytes may occur indepen-
dently of ligand–integrin binding and is primarily related to the cell spreading that follows adhesion.
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The extracellular signal-regulated kinases (ERKs) are cy-
tosolic serine/threonine kinases of the mitogen-activated
protein kinase (MAPK) superfamily, which participate in
the transduction of signals to the nucleus. Diverse signals
activate ERK 

 

in vivo

 

, including growth factors activating
receptor tyrosine kinases (1, 2), hormones and neurotrans-
mitters activating G protein-linked receptors (2–4), phor-
bol esters (5), calcium (6), and hydrogen peroxide (7).
ERK activation may also be involved in cytoskeletal reor-
ganization. ERKs have been shown to phosphorylate and
regulate cytoskeletal components such as the microtubule-
associated proteins (8). ERKs are activated and physically
associated with microtubules in NIH 3T3 fibroblasts after
mitogenic stimulation (9).

Reports suggest that ERK activation may be involved
in cell adhesion. Adhesion of cultured NIH 3T3 and Swiss
3T3 fibroblasts to fibronectin induces ERK activity whereas
adhesion of these cells to polylysine does not (10, 11), sug-
gesting that ligand–integrin binding is required for adhe-
sion-induced ERK activation. However, it has been demon-
strated that the time course of fibronectin-mediated ERK
activation in cultured fibroblasts is related temporally to
cell flattening rather than cell attachment per se (12).
Thus, the proximal event responsible for ERK activation
following cell adhesion (cell attachment versus flattening)
is unclear. To our knowledge, studies addressing adhesion-
mediated activation of ERKs in airway smooth muscle
cells have not been reported previously.

In this study, we examined the roles of adherence, cell
flattening and cytoskeletal reorganization of cultured air-
way smooth muscle cells in ERK activation. We found ad-
hesion of bovine tracheal myocytes to fibronectin substan-
tially increased ERK activation. However, activation of
ERKs also occurred following adherence to polystyrene
and, to a lesser degree, poly-

 

L

 

-lysine. ERK activation was
temporally associated with cell flattening rather than at-
tachment, and the magnitude of ERK activation corre-
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sponded to the degree of cell flattening. Finally, both ERK
activation and cell spreading were attenuated by cytochala-
sin D, an inhibitor of actin polymerization. Taken together,
these data suggest that in airway smooth muscle, adhesion-
induced ERK activation may occur independently of
ligand–integrin binding and is primarily related to the cy-
toskeletal reorganization that follows cell attachment. 

 

Materials and Methods

 

Materials

 

Nontreated, sterile six-well polystyrene plates were pur-
chased from Corning Costar (Cambridge, MA). Human fi-
bronectin was purchased from the New York Blood Cen-
ter (New York, NY). Poly-

 

L

 

-lysine, cytochalasin D, myelin
basic protein (MBP), anti-

 

a

 

-smooth muscle actin mono-
clonal antibody, and peroxidase-conjugated goat anti-rab-
bit IgG were purchased from Sigma Chemical Co. (St.
Louis, MO). Ab283 antiserum, which recognizes both
ERK1 and ERK2, was a gift from Dr. M. Rosner (Univer-
sity of Chicago, Chicago, IL) (13). Fluorescein isothiocyan-
ate (FITC)-conjugated goat anti-mouse IgG was purchased
from Becton Dickinson (Mountain View, CA). Enhanced
chemiluminescence reagents and [

 

g

 

-

 

32

 

P]ATP were pur-
chased from DuPont/NEN Research Products (Boston,
MA). Platelet-derived growth factor (PDGF) was obtained
from Upstate Biotechnology Incorporated (Lake Placid,
NY). The synthetic MEK-1 inhibitor PD98059 was pur-
chased from New England Biolabs (Beverly, MA).

 

Cell Culture

 

Bovine trachea smooth muscle cells were cultured as de-
scribed previously (7) and maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum, nonessential amino acids, penicillin,
and streptomycin. Confluent flasks exhibited the typical
“hill and valley” appearance under phase-contrast micros-
copy and exhibited specific immunostaining with an anti-
body against 

 

a

 

-smooth muscle actin. The presence of the

 

a

 

5

 

b

 

1

 

 fibronectin receptor on these cells was confirmed by
flow cytometry. Only low passage number cells (

 

<

 

 5 pas-
sages) were studied.

 

Preparation of Adhesive Ligand-coated Plates

 

Substrata were prepared by allowing a 10-

 

m

 

g/ml solution
of fibronectin or poly-

 

L

 

-lysine to adsorb overnight to wells
of nontreated, sterile 6-well polystyrene plates at 4

 

8

 

C, fol-
lowed by blocking with 0.5% heat-denatured bovine se-
rum albumin (BSA) for 2 h at 37

 

8

 

C. The plates were rinsed
twice with phosphate-buffered saline (PBS; 0.1 M sodium
phosphate, pH 7.5) prior to use. Heat-denatured BSA was
made by dissolving BSA in Hanks’ balanced salt solution
and placing it in a 75–80

 

8

 

C water bath for 30 min. The
BSA was cooled immediately, sterile filtered, and stored
at 4

 

8

 

C for use.

 

Cell Adhesion to Substrata and Preparation of
Total Cell Lysates

 

Confluent cells were serum starved for 24 h and then
washed twice with PBS and dissociated from culture flasks
with 0.05% trypsin and 0.02% EDTA. The suspended cells

were then treated with trypsin inhibitor (1 mg of inhibitor
per milligram of trypsin) and centrifuged (5,000 rpm for
5 min). Trypsin–trypsin inhibitor was aspirated, and cells
were suspended in DMEM. Approximately 10

 

5

 

 cells were
applied to culture wells with or without adhesive ligands.
In some experiments, cells incubated in fibronectin-coated
microwells also received 10 or 100 

 

m

 

M cytochalasin D.
Cells were incubated at 37

 

8

 

C for 15 min, 1 h, 2 h, 4 h, 6 h, or
24 h. Following incubations, cells were observed for mor-
phology and adhesiveness by phase microscopy. Adherent
cells were washed once with ice-cold PBS and then incu-
bated with lysis buffer consisting of 20 mM Tris (pH 7.4), 30
mM sodium pyrophosphate, 50 mM sodium fluoride, 40
mM sodium chloride, 5 mM EDTA, 1% Nonidet P-40 (NP-
40), 10 

 

m

 

g/ml leupeptin, 5 

 

m

 

g/ml aprotinin, 1 mM phenylme-
thylsulfonyl fluoride (PMSF), 2 mM sodium vanadate, and
0.5% deoxycholic acid (15 min at 4

 

8

 

C). The wells were
scraped, and cell lysates were collected in a microcentrifuge
tube and centrifuged at 13,000 rpm for 1 min to remove cel-
lular debris. The supernatant was transferred to a clean mi-
crocentrifuge tube. Cell lysates were frozen at 

 

2

 

70

 

8

 

C. Non-
adherent control cells (time 0) were collected, washed once
with PBS, and then lysed and treated as described above.
Data represent 10 experiments for fibronectin, and 4 ex-
periments each for poly-

 

L

 

-lysine and polystyrene.

 

Immunoblot Analysis of ERKs

 

Cell lysates (10 

 

m

 

g of protein per lane) were resolved on a
10% separating gel by sodium dodecyl sulfate-polyacryla-
mide gel electrophoresis (SDS-PAGE). Proteins were
transferred to nitrocellulose membrane using a semidry
transfer unit (Fisher Scientific, Pittsburgh, PA). Each mem-
brane was stained with Ponceau S to verify efficient and
equal transfer of protein samples. Membranes were blocked
with 5% dry milk in Tris-buffered saline with Tween (1 mM
Tris [pH 7.4]), 150 mM sodium chloride, 0.1% Tween 20)
for 1 h at room temperature or overnight at 4

 

8

 

C. After
blocking, Ab283 (rabbit anti-ERK) diluted 1:1,000 was used
as primary antibody. The secondary antibody was peroxi-
dase-conjugated goat anti-rabbit IgG diluted 1:1,000. To
detect the ERK–antibody–peroxidase complex, enhanced
chemiluminescence was used. A shift in the p44

 

ERK1

 

 and
p42

 

ERK2

 

 bands toward a slower mobility reflected the phos-
phorylation of ERKs at threonine and tyrosine residues,
which is required for enzyme activity (14).

 

Kinase Renaturation Assay

 

Because all isoforms of MAPK phosphorylate MBP 

 

in
vitro

 

 (15), ERKs were renatured to their active forms and
detected by phosphorylation of the substrate MBP after
electrophoretic resolution on an MBP-impregnated poly-
acrylamide gel (1, 2, 6). Cell lysates (5–10 

 

m

 

g protein per
lane) were resolved on a 10% SDS-polyacrylamide gel co-
polymerized with 0.1 mg/ml MBP. To dissolve SDS, the
gel was washed twice with 20% isopropanol in 50 mM
Hepes (pH 7.5) and 5 mM 

 

b

 

-mercaptoethanol (1 h each at
room temperature). After another wash in 50 mM Hepes
and 5 mM 

 

b

 

-mercaptoethanol (1 h), gels were incubated in
6 M guanidine-HCl plus 5 mM 

 

b

 

-mercaptoethanol to dena-
ture proteins (two washes of 1 h each). Protein renaturation
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was accomplished during two successive incubations at 4

 

8

 

C
in a solution containing 50 mM Hepes, 5 mM 

 

b

 

-mercapto-
ethanol, and 0.04% Tween 20 (total incubation time ap-
proximately 16 h). The gels were then incubated in a pre-
phosphorylation buffer containing 25 mM Hepes (pH 7.5),
10 mM MgCl

 

2

 

, 2 mM MnCl

 

2

 

, 100 

 

m

 

M sodium vanadate,
and 5 mM 

 

b

 

-mercaptoethanol for 30 min at room temper-
ature. The phosphorylation step was done by setting each
gel in 10 ml of the prephosphorylation buffer containing
50 

 

m

 

M ATP and 250 

 

m

 

Ci [

 

g

 

-

 

32

 

P]ATP for 1 h at 30

 

8

 

C. The
reaction was stopped by extensive washing in 5% trichlo-
roacetic acid and 10 mM sodium pyrophosphate.

To confirm that the 44- and 42-kD MBP kinases identi-
fied by kinase renaturation assays were indeed ERK1 and
ERK2, the lysates of PDGF-stimulated cells were partially
purified by Mono Q ion-exchange chromatography (16).
The 44- and 42-kD MBP kinases were identified by anti-
MAP kinase antiserum (Ab283) to be ERK1 and ERK2,
respectively (data not shown).

 

Effect of Cytochalasin D on Cell Spreading
and ERK Activation

 

To determine whether the cytoskeletal reorganization fol-
lowing cell adhesion might be the event most closely re-
lated to ERK activation, cells were pretreated with cyto-
chalasin D, an inhibitor of actin filament formation (17),
prior to plating on fibronectin. The effect of cytochaslasin
D on PDGF-induced ERK activation in adherent cells was
also assessed.

 

Effect of Synthetic MAPK/ERK Kinase Inhibitor
PD98059 on Adhesion-induced ERK Activation

 

We have shown previously that MAPK/ERK kinase 1
(MEK-1) is required and sufficient for ERK activation in
bovine tracheal myocytes (18). Therefore, to examine the
precise role of ERK activation in bovine tracheal myocyte
adhesion and spreading, we used a synthetic MEK inhibi-
tor, PD98059 (18, 19). Cells were pretreated with PD98059
for 20 min and plated onto fibronectin-coated dishes.

 

Quantitation of Myelin Basic Protein Phosphorylation

 

Gels were stained with Coomassie blue, destained in 40%
methanol with 10% acetic acid, and dried. Autoradiograms
were developed by exposing film to the dried gel with an in-
tensifying screen. Quantitation of MBP phosphorylation by

ERK kinases was determined by digital optical scanning
and image analysis (Jandel Scientific, San Rafael, CA).

 

Statistical Analysis

 

All data are expressed as mean 

 

6

 

 SEM. Group mean cumu-
lative ERK activities for fibronectin-adherent, poly-

 

L

 

-lysine-
adherent, polystyrene-adherent cells were compared by one-
way analysis of variance (ANOVA). Significant differences
identified by analysis of variance were distinguished by Stu-
dent–Newman–Keuls multiple range test (20).

 

Results

 

Effect of Adhesion on ERK Activation

 

Bovine tracheal smooth muscle cells were plated on fi-
bronectin-coated polystyrene dishes and incubated for 15
min to 24 h. ERK phosphorylation was examined by im-
munoblotting. At time 0, ERK1 and ERK2 were present
primarily in the unphosphorylated forms (Figure 1). When
cells adhered to fibronectin, there was a distinct increase
in the amounts of phosphorylated ERKs relative to the
unphosphorylated forms. 

To establish that phosphorylation shifts corresponded
to actual ERK activation, cell lysates from control and ad-
herent cells were subjected to in-gel kinase renaturation
assays. The lysates were separated on a polyacrylamide gel
copolymerized with MBP. After the kinases were rena-
tured to their active forms, they were identified by their
ability to phosphorylate the substrate MBP. Nonadherent
cells had minimal ERK1 and ERK2 activities whereas
cells adherent to fibronectin demonstrated increased ac-
tivity for both the 42- and 44-kD ERK homologs at 10 min
to 6 h after plating (Figure 2). Peak activity was evident at
2–4 h following plating.

Figure 1. Effect of adherence to fibronectin on ERK phosphory-
lation in bovine tracheal myocytes. Anti-ERK immunoblots dem-
onstrate two doublets per lane, the upper doublet representing
ERK1, the lower doublet, ERK2. The lower band of each dou-
blet represents unphosphorylated ERK; the upper band, phos-
phorylated ERK. After adherence to fibronectin, there is an in-
crease in the ratio of phosphorylated to unphosphorylated ERKs.
By contrast, nonadherent (time 0) cells demonstrate predomi-
nantly unphosphorylated ERKs.

Figure 2. Effect of adherence to fibronectin on ERK activity.
Confluent, quiescent bovine tracheal smooth muscle cells were
plated onto fibronectin. Cell lysates were resolved on a 10%
SDS-polyacrylamide gel copolymerized with MBP. After adher-
ence to fibronectin, bands corresponding to p44ERK1 and p42ERK2

are present, indicating phosphorylation of MBP by ERKs. In sus-
pended (time 0) cells, ERK activity is evident, but at a substan-
tially lower level.

Figure 3. Adherence to poly-L-lysine and polystyrene activates
p44ERK1 and p42ERK2. ERK activation was assessed by in-gel ki-
nase renaturation assay.
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Bovine tracheal smooth muscle cells were also plated on
poly-

 

L

 

-lysine-coated and uncoated polystyrene dishes. Adhe-
sion of cells to poly-

 

L

 

-lysine and polystyrene was also associ-
ated with ERK activation (Figure 3). Quantification of in-gel
kinase renaturation assays by optical densitometry (Figure
4). Four hours after plating, total ERK activity (ERK1 

 

1

 

ERK2) for fibronectin-adherent myocytes was increased by
(3.75 

 

6

 

 0.33)-fold versus control activity (time 0). Adherence

to poly-

 

L

 

-lysine also caused ERK activation, but at a signifi-
cantly lower level than that induced by adherence to fi-
bronectin ([2.14 

 

6

 

 0.36]-fold increase; 

 

P

 

 

 

5

 

 0.039; ANOVA).
Adhesion to polystyrene induced a level of ERK activation
comparable to fibronectin ([3.95 

 

6

 

 0.78]-fold increase).

 

Association of Cell Adhesion with Cell Flattening

 

Cell morphology during adhesion differed depending
upon the substrata to which the cells adhered (Figure 5).
Cells adherent to all substrata were round at 15 min. Cells
adherent to fibronectin and polystyrene were flat or cuboi-
dal 4 h after plating. Cells adherent to poly-

 

L

 

-lysine re-
mained round at 4 h. Thus, like adhesion-induced ERK ac-
tivation, cell spreading was maximal with fibronectin and
polystyrene and minimal with poly-

 

L

 

-lysine.

 

Effect of Cytochalasin D on ERK Activation

 

Because ERK activity corresponded to the degree of cell
spreading, further studies were performed to determine
whether the cytoskeletal reorganization following cell adhe-
sion might be the event most closely related to ERK activa-
tion. Treatment of cells plated on fibronectin with cytocha-
lasin D prevented cell flattening (Figure 5). Cytochalasin D
treatment also inhibited the activation of both ERK1 and
ERK2 (Figure 6). ERK activity was partially attenuated by
10 

 

m

 

M cytochalasin D and completely attenuated by 100

 

m

 

M cytochalasin D. Treatment of adherent cells with 100

 

m

 

M cytochalasin D did not block PDGF-induced ERK acti-
vation (Figure 7). Thus, the inhibitory effect of cytochalasin

Figure 4. Time course of ERK activation in adherent cells, group
mean data. In-gel kinase renaturation assays were performed to
assess ERK activity. Resulting bands were scanned by densitom-
etry. Total ERK (ERK1 plus ERK2) activity was quantified as
fold increase over baseline (0 time point). Open circles 5 fibronec-
tin; closed circles 5 poly-L-lysine; open squares 5 polystyrene.

Figure 5. Differences in cell flattening with substratum. Conflu-
ent, serum-starved bovine tracheal smooth muscle cells were
plated on fibronectin (a), poly-L-lysine (b), or polystyrene (c) and
incubated at 378C for 4 h. Cells adherent to fibronectin were flat
4 h after plating. Cells adherent to poly-L-lysine remained round
at 4 h. Cells plated onto uncoated polystyrene wells were cuboi-
dal in shape. Finally, treatment of cells plated on fibronectin with
10 mM cytochalasin D prevented cell flattening (d). Photographs
were taken of representative fields. (a), (b), and (c) show one my-
ocyte each; in (d) two cells are demonstrated. Bar: 10 mm.
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D on adherence-induced ERK activation was specific to
cells undergoing the process of cell adhesion and spread-
ing, and the concentration of cytochalasin D employed
was nontoxic for bovine tracheal myocytes.

Effect of Synthetic MEK Inhibitor PD98059 on Bovine 
Tracheal Myocyte Adhesion-induced ERK Activation

Catalytic activation of ERKs was not required for adhe-
sion and spreading. To examine the role of ERK activation
in bovine tracheal myocyte adhesion and spreading, we
employed a synthetic MEK inhibitor, PD98059. Cells were
pretreated with PD98059 for 20 min and plated onto fi-
bronectin-coated dishes. Although PD98059 inhibited ad-
hesion-induced ERK activation in a concentration-depen-
dent manner (Figure 8), there was no effect on cell adhesion
and spreading (data not shown). 

Discussion
The objective of this investigation was to determine the re-
lationship between cellular adhesion to various substrata
and ERK activation. Previous studies in fibroblastic cell
lines have suggested that ERK activation following adhe-
sion to fibronectin is directly related to ligand-specific ad-
hesion (10, 11, 21) and is caused predominantly by specific
ligation to b1-integrin. These studies examined ERK activa-
tion over a short time frame (up to 60 min). Because sus-
tained ERK activation may be required for DNA synthesis
in airway smooth muscle (1), we examined ERK activation
following adhesion of bovine tracheal myocytes to various
substrata over a 24-h period. We confirmed that ERK acti-
vation occurred following adhesion to fibronectin. How-
ever, we also found that nonspecific adhesion to polystyrene
or poly-L-lysine also caused ERK activation. Furthermore,
the time course of ERK activation under these conditions
was gradual, persisting for as long as 6 h after initial adhe-
sion. Our findings suggest that while ligation interactions

may well have a role in initial ERK activation, sustained ac-
tivation is not exclusively or predominantly the result of
ligand-mediated binding to a specific matrix.

We also found that the time course and magnitude of
bovine tracheal myocyte ERK activation corresponded
with the degree of cell contact with the substrata. Bovine
tracheal myocytes adherent to fibronectin showed a flat-
tened morphology, likely resulting in a large number of fo-
cal adhesion contacts between the cell and substratum.
Cells adherent to poly-L-lysine demonstrated a rounded
morphology, and therefore were likely to offer minimal
points of contact with the substratum. Finally, addition of
an inhibitor of actin polymerization, cytochalasin D, to
cells plated on fibronectin attenuated both cell spreading
and ERK activation. These data, which are consistent with
the work of Zhu and Assoian (12) obtained in NIH 3T3
cells, suggest that the magnitude of ERK activation follow-
ing adherence relates to the number of points of contact be-
tween the cell and substratum, not to cell attachment alone.
Integrin binding likely increases ERK activation by increas-
ing the cell surface area in contact with the substratum, but
is not necessary for adhesion-induced ERK activation. 

ERKs have been shown to phosphorylate and regulate
cytoskeletal components such as the microtubule-associ-
ated proteins (8). It is therefore conceivable that cytocha-
lasin attenuates ERK activation by disrupting cytoskeletal
elements required for ERK function rather than by inhib-
iting cell spreading. However, pretreatment with cyto-
chalasin did not inhibit PDGF-induced ERK activation in
adherent cells, suggesting that the inhibitory effect of cy-
tochalasin D on ERK activation is not caused by the non-
specific disruption of cytoskeletal elements.

To examine the precise role of ERK activation in bo-
vine tracheal myocyte adhesion and spreading, cells were
pretreated with a synthetic inhibitor of MEK, the dual
function kinase required and sufficient for ERK activation
in bovine tracheal myocytes (18, 19). Although PD98059

Figure 6. Effect of cytochalasin D
on fibronectin-mediated ERK ac-
tivation. Confluent, serum-starved
bovine tracheal smooth muscle
cells were treated with 10 or 100
mM cytochalasin D and plated onto
fibronectin-coated wells. Treatment
of smooth muscle cells with cyto-
chalasin D substantially attenuated
adhesion-induced activation of
p44ERK1 and p42ERK2.

Figure 7. Anti-ERK immunoblot demonstrating phosphoryla-
tion of ERKs after treatment with PDGF. Pretreatment with 100
mM cytochalasin D had no inhibitory effect on ERK phosphory-
lation. 

Figure 8. Anti-ERK immunoblot demonstrating inhibition of ad-
hesion-induced ERK activation by the synthetic MEK inhibitor
PD98059.
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inhibited adhesion-induced ERK activation in a concen-
tration-dependent manner, it had no apparent effect on
cell adhesion and spreading. These data suggest that, while
ERK activation is a consequence of cell adhesion and spread-
ing, it is not required for these cellular events.

It is important to consider some limitations to our find-
ings. While we were able to establish a relationship be-
tween degree of adhesive cell flattening and ERK activa-
tion, we did not identify the specific mechanism by which
myocyte flattening activates ERKs. It has been demon-
strated previously, however, that plating of NIH 3T3 cells
on fibronectin elicits the successive activation of focal ad-
hesion kinase (FAK) and the growth factor receptor-bind-
ing protein Grb2 (11). Grb2, in turn, mediates signal trans-
duction from growth factor receptor tyrosine kinases to
the Ras/MAPK pathway though interaction with the Ras
GDP/GTP exchange factor Sos (22). We also did not es-
tablish the precise mechanism by which bovine tracheal
myocytes adhere to the various substrata tested. Although
our preliminary studies confirmed that these cells express
the a5b1 fibronectin receptor (see Materials and Meth-
ods), adhesion to fibronectin was not blocked with either
the RGD peptide or blocking antibodies (data not shown),
suggesting that nonspecific adhesion (as for polystyrene) is
the predominant mechanism of ERK activation.

We have shown that adhesion to various substrata acti-
vates ERKs. Since a large proportion of the total cellular
MAP kinase is associated with the microtubule cytoskeleton
(9), activation of ERKs on cellular adhesion and spreading
may be anticipated. On the other hand, it is conceivable
that adhesion-induced ERK activation may be involved in
the regulation of airway smooth muscle proliferation. For
example, it has been shown that microinjection of endothelial
cells with a kinase-inactive FAK reduces DNA synthesis
(23), suggesting that adhesion-induced cellular signaling may
influence cell growth. Further studies investigating the po-
tential relationship between cell adhesion and prolifera-
tion may therefore be warranted. 
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