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1998.—Pulmonary hypertension is characterized by in-
creased vascular resistance due to smooth muscle cell hyper-
activity and excess deposition of extracellular matrix (ECM)
in the vessel wall. We investigated the possibility that
changes in cell-ECM interactions may play an active role in
this process by modifying the contractile response of pulmo-
nary vascular smooth muscle (PVSM) cells. Contractility was
measured within individual cultured PVSM cells, when rest-
ing or stimulated with vasoactive agents, by quantitating
changes in stiffness of the cytoskeleton (CSK) using magnetic
twisting cytometry (N. Wang, J. P. Butler, and D. E. Ingber.
Science 260: 1124-1127, 1993). Control studies confirmed
that changes in CSK stiffness closely paralleled alterations in
cell contraction and relaxation as measured in response to
endothelin-1 (ET-1) and dibutyryl guanosine 3',5'-cyclic mono-
phosphate (cGMP), respectively, in a collagen gel contraction
assay. CSK stiffness and contractile tone in cultured PVSM
cells increased in direct proportion as the density of fibronec-
tin (FN) coating was raised from 10 to 500 ng/well in 96-well
plates. Dibutyryl cGMP had no effect in cells on low FN,
although it completely inhibited the FN-dependent increase
in CSK stiffness on higher ECM densities. In contrast, ET-1
induced the greatest increase in CSK stiffness on the interme-
diate FN density (100 ng/well). The reduced sensitivity to
ET-1 on high FN was not due to dysfunction of the contractile
apparatus nor to changes in protein tyrosine phosphoryla-
tion. Taken together, these results show that ECM can
modulate PVSM cell contractility and suggest that the changes
in ECM observed in hypertensive vessels could play an
important role in the etiology of this disease.
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PERSISTENCE OF ELEVATED pulmonary vascular resis-
tance after birth is the leading cause of death due to
respiratory failure in the neonatal period. This condi-
tion is a common neonatal response to injury (e.g.,
hypoxia, high shear stress) and a key feature in new-
borns with persistent pulmonary hypertension. Pa-
tients with pulmonary hypertension exhibit pulmonary
vascular smooth muscle (PVSM) cell hyperplasia, en-
hanced vascular tone, and increased accumulation of
extracellular matrix (ECM) in their pulmonary vessels
(5, 19). The cause of persistent pulmonary hyperten-
sion remains unclear. Past studies have focused on the
role of soluble growth factors that are upregulated in
hypertensive conditions. However, the diseased smooth
muscle cells appear to be generally hyperreactive at the
level of signal transduction, regardless of the level of
soluble growth factors (4, 22, 26). We have previously
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shown that ECM controls the set point of multiple
intracellular signaling pathways, including Na*/H*
exchange, tyrosine phosphorylation, and inositol lipid
turnover in cells of the vascular wall (16, 17, 25). As
demonstrated in past studies with other cell types (9,
28) and in recent work with PVSM cells (H. Liley and
D. E. Ingber, unpublished observations), ECM also
regulates cell growth in response to mitogenic stimula-
tion. However, the role of ECM in the control of PVSM
cell contractility remains unclear.

Contraction of smooth muscle cells is achieved by
actomyosin filament sliding. This process is facilitated
by myosin light-chain phosphorylation regulated by
myosin light-chain kinase, a Ca?"/calmodulin-depen-
dent enzyme (13, 27). Recent studies also suggest that
the small-molecular weight G protein, Rho, and down-
stream signaling molecules (e.g., Rho-kinase and phos-
phatase) may provide a secondary means to modulate
myosin light-chain phosphorylation (1, 3, 11). This is
important because cell adhesion to ECM results in Rho
activation (7, 21).

Thus, to investigate the role of ECM in pulmonary
hypertension, we set out to examine whether the
contractile responses induced by soluble vasoagonists
and vasoantagonists, such as endothelin (ET)-1 and
guanosine 3',5’-cyclic monophosphate (cGMP), can be
modulated by altering the number of cell-ECM contacts
in PVSM cell cultures. Unlike isolated muscle strips,
individual cultured cells do not visibly shorten when
stimulated with contractile agonists because they are
adherent to a rigid culture dish. One way to assess this
isometric contraction is by quantitating upstream sig-
naling events such as calcium release. However, this
pathway can be uncoupled from the actual actomyosin
filament sliding response that generates tension (19,
34). An alternative method to measure contractility in
single cells is to measure mechanical changes in the
actin cytoskeleton (CSK), such as an increase in me-
chanical stiffness, that should accompany the rise in
isometric tension induced by contractile agonists. We
recently developed a noninvasive method that utilizes
magnetic twisting cytometry (MTC) to directly mea-
sure CSK stiffness in living cells (31-33). We also
showed that MTC provides a rapid and effective mea-
sure of the vasoconstrictor and vasodilator responses in
cultured human airway smooth muscle cells (8). Thus
the purpose of this study was, first, to explore whether
MTC can be applied to PVVSM cells and, second, to deter-
mine whether altering cell-ECM contacts can modulate
cell sensitivity to soluble vasoregulators and thereby con-
trol contractility within individual PVSM cells.
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MATERIALS AND METHODS

Cell culture. PVSM cells were prepared from explants of
the main pulmonary artery of newborn calves (2). Cells were
used between passages 2-5 after harvest and passaged in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 2 mM glutamine, 100 U/ml penicillin, 100 U/ml strepto-
mycin, 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid, and 10% fetal bovine serum (Hyclone, Logan, UT).
All experiments were carried out in defined medium, as
described below.

Magnetic twisting cytometry. CSK stiffness was measured
as described previously (31-33). In brief, PVSM cells were
cultured to confluence, serum deprived, trypsinized, and
plated in defined medium [1% bovine serum albumin (BSA), 5
pg/ml transferrin (Collaborative Research, Lexington, MA),
and 20 pg/ml high-density lipoprotein (Bionetics Research,
Rockville, MD) in DMEM] on 96-well plates (Removawells,
Immulon I1; Dynatech, Chantilly, VA) that were coated with
various densities (10—1,000 ng/well) of human serum fibronec-
tin (FN; Cappel); these coating concentrations result in
~250-9,500 molecules of FN adsorbed/cm? (9). Cells adher-
ent to FN-coated wells for 4—6 h were allowed to bind to
spherical ferromagnetic beads (4.5-um diameter; Spherotech)
that were precoated with a synthetic Arg-Gly-Asp (RGD)-
containing peptide (Peptite 2000; Telios), which is a specific
ligand for integrin receptors. After 20 min, unbound beads
were washed away with 1% BSA-DMEM and the wells were
individually placed into the magnetic twisting device and
maintained at 37°C. A brief (10 us) but strong (1,000 gauss)
homogeneous magnetic pulse was then applied to magnetize
all surface-bound beads to the horizontal direction. After 20 s,
twisting torque was produced by applying a weaker magnetic
field (30 gauss) in the vertical direction for 1 min. Because
this field was small, it did not realign the bead magnetic
moments; rather, the beads rotated to realign with the new
field. The extent of bead rotation was measured by an in-line
magnetometer that continuously detected the magnitude of
the bead magnetic vector in the horizontal direction. CSK
stiffness was determined as described previously (32).

Collagen gel contraction assay. Collagen gels for the contrac-
tion assay were prepared using bovine epidermal collagen
(Vitrogen 100, Collagen). Concentrated DMEM and bicarbon-
ate buffer solutions were mixed 1:1 with the Vitrogen 100 (3.1
mg/ml) on ice to yield the final isotonic collagen gel solution
(pH 7.4) according to the manufacturer’s instructions. Serum-
deprived cells were suspended in this solution, plated on
6-well plates (1.2 ml/well) precoated with 2% BSA to mini-
mize sticking, and allowed to solidify at room temperature for
30 min. DMEM containing 0.2% calf serum was then added
(2.5 ml/well), and the gels were lifted off the bottom of the
wells and allowed to float freely. Cultures were incubated at
37°C for 48 h before the addition of ET-1 or dibutyryl cGMP.
Gel diameters and projected areas of the circular gels were
measured at subsequent times. Vasoactive agents were added
at 48 h after release.

Western blots. Whole cell lysates were prepared by extract-
ing cells with modified RIPA [50 mM tris(hydroxymethyl)ami-
nomethane (Tris), pH 7.4, 150 mM NacCl, 1% deoxycholate,
0.1% sodium lauryl sulfate, 1% Triton X-100, 2 pg/ml aproti-
nin, 1 pg/ml leupeptin, 1 pg/ml pepstatin, 0.1 mM 4-(2-
aminoethyl)benzenesulfonyl fluoride, 0.2 mM sodium ortho-
vanadate, 20 mM B-glycerophosphate, and 30 mM sodium
pyrophosphate]. Twenty micrograms of proteins were loaded
onto 7.5% minigels and separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Resolved proteins were
electrophoretically transferred to nitrocellulose. The mem-
brane was then blocked with 5% BSA in TBS-T (10 mM Tris,
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pH 7.2, 50 mM NacCl, 0.2% Tween 20) for 1 h and incubated
with monoclonal antiphosphotyrosine antibodies (Upstate
Biotechnology) for 3 h at room temperature. Blots were
washed extensively with TBS-T and incubated for 1 h with 2
pa/ml affinity-purified goat anti-mouse horseradish peroxi-
dase-conjugated antibody (Upstate Biotechnology). Labeled
proteins were visualized with enhanced chemiluminescence
(Amersham).

Measurement of [*H]thymidine incorporation. Quiescent
PVSM cells were trypsinized and replated onto FN-coated
96-well plates (500 ng/well) in defined medium. Cells were
incubated with ET-1 or platelet-derived growth factor (PDGF)
at the time of plating and pulsed with 1 uCi [*H]thymidine (84
Ci/mmol; New England Nuclear, Boston, MA) for 24 h.
Incorporation of [®H]thymidine into trichloroacetic acid-
precipitable material was measured directly as previously
described (10).

RESULTS

Measuring changes in isometric tension within indi-
vidual cultured PVSM cells. We first examined whether
CSK stiffness measured by MTC can be used to deter-
mine the contractile state of individual cultured PVSM
cells. The MTC technique involves application of con-
trolled mechanical stresses directly to cell-surface inte-
grins (transmembrane ECM receptors) and, hence, to
the CSK using ferromagnetic microbeads that are
coated with a specific integrin ligand (synthetic RGD-
containing peptide; Refs. 31-33). The cellular response
to applied stress is simultaneously measured by quanti-
tating changes in the rate and degree of bead rotation
using an in-line magnetometer. When PVSM cells
plated on FN-coated dishes were treated with a saturat-
ing dose of ET-1 (20 nM), CSK stiffness increased
approximately twofold within 3 min and remained
elevated for the duration of the 10-min experiment
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Fig. 1. Effects of endothelin (ET)-1 and 8-bromoguanosine 3’, 5'-
cyclic monophosphate (8-BrcGMP) on cytoskeleton (CSK) stiffness in
cultured pulmonary vascular smooth muscle (PVSM) cells. Cells were
plated in defined medium on fibronectin (FN)-coated dishes (100
ng/well) for 5 h before experiment was initiated. CSK stiffnesses
measured at indicated times after addition of 20 nM ET-1 or 1 mM
8-BrcGMP are presented as percentage of the value measured in
control cells (48.2 and 44.3 dyn/cm? in ET-1- and 8-BrcGMP-treated
cells, respectively).
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(Fig. 1). In contrast, treatment with a vasodilator,
8-bromoguanosine 3’, 5’-cyclic monophosphate (8-
BrcGMP) (6), induced a time-dependent decrease in
CSK stiffness, with levels decreasing by >50% relative
to controls within 5 min after drug addition (Fig. 1).
Similar results were obtained with dibutyryl cGMP,
another cGMP analog (data not shown). These data
suggest that the changes in CSK stiffness measured by
MTC in response to ET-1 and 8-BrcGMP reflect effects
on PVSM cell contraction and relaxation, respectively.
To confirm that the changes in CSK stiffness were
representative of the contractile state of these cells, we
guantitated the ability of ET-1 and dibutyryl cGMP to
modify PVSM cell tension in a conventional collagen gel
retraction assay (14). Circular native collagen gels
containing PVSM cells were detached from the culture
dish surface and allowed to float for 48 h before addition
of vasoactive agents. During this time, the cells actively
contracted the gel until a mechanical steady state was
obtained. When ET-1 was added to PVSM cells in this
prestressed configuration, an additional 20% decrease

A

Control

ET-1
Fig. 2. Effects of ET-1 and dibutyryl-
cGMP (DBcGMP) on the ability of PVSM
cells to contract floating collagen gels. A:
photographs of floating gels. B: quantita-
tion of data obtained in gel contraction
assays. Serum-deprived cells were incorpo-
rated within collagen gels and allowed to
float free in Dulbecco's modified Eagle’'s
medium containing 0.2% calf serum for 48 B
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in gel area (i.e., increased contraction) was observed
within 30 min after drug addition (Fig. 2, A and B).
These results confirm that ET-1 induces contractility in
cultured PVSM cells. In contrast, when dibutyryl cGMP
was added to these precontracted gels, a time-depen-
dent increase in collagen gel area up to 40% above
control levels was observed within 90 min (Fig. 2B).
Although this relaxing effect of dibutyryl cGMP could
be suppressed by simultaneous addition of ET-1, only
partial reversal was observed (Fig. 2B), suggesting that
the relaxing effect of dibutyryl cGMP on the CSK may
be dominant under these conditions. Similar results
were obtained when the gels were pretreated with
dibutyryl cGMP for 15 min before addition of ET-1 (data
not shown). Thus cultured PVSM cells can generate
active contractile forces in response to stimulation by
the vasoconstrictor ET-1 and be induced to mechani-
cally relax by treatment with cGMP. These findings
confirm that MTC provides a valid measure of vasomo-
tor tone within individual cultured PVSM cells.
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Fig. 3. Extracellular matrix-dependent modulation of CSK tone in
control cells and in cells stimulated with 1 mM DBcGMP, 20 nM ET-1,
or 1 uM ionomycin. Cells were plated for 5 h on low (10 ng/well),
moderate (100 ng/well), or high (500 ng/well) FN densities. CSK
stiffness was measured before (control) and 5 min after addition of
drug using magnetic twisting cytometry.

Control of vasoregulator action by modulating cell-
ECM contacts. Previous studies in other cell types,
including smooth muscle cells from lung, have demon-
strated that CSK stiffness increases as the number of
cell-ECM contacts are raised and cell spreading is
promoted, regardless of the type of ECM molecule used
for cell attachment (e.g., FN vs. collagen; Refs. 8, 32,
33). We found that PVSM cells exhibit a similar ECM
density-dependent rise in CSK stiffness when they
were plated on dishes coated with increasing densities
of FN (Fig. 3). Furthermore, although the basal level of
CSK stiffness immediately decreased by >50% on
addition of dibutyryl cGMP in cells plated on the high
density of FN (500 ng/well; 96-well plates), dibutyryl
cGMP had progressively less effect on CSK mechanics
as the FN density was lowered to 100 and 10 ng/well
(Fig. 3). This reduction in CSK stiffness in response to
treatment with dibutyryl cGMP was not due to cell
detachment or death because CSK stiffness quickly
returned to the control level after cells were washed
with fresh medium (data not shown). These results
suggest that cells bound to a high ECM density develop
more isometric tension and thus are more sensitive to
the relaxing effects of dibutyryl cGMP.

Varying ECM densities also altered the contractile
response induced by ET-1. ET-1 induced stiffening in
cells plated on all three FN densities. However, unlike
the cGMP-induced relaxation, which showed maximal
effect on high FN, the maximal stiffening response
elicited by ET-1 was observed in cells plated on the
moderate FN density (Fig. 3). Taken together, these
data suggest that the number or density of cell-ECM
contacts can modulate basal contractile tone within
individual PVSM cells, in addition to regulating their
sensitivity to soluble vasoregulators.

One potential mechanism for the preferential in-
crease in CSK stiffness induced by ET-1 on the moder-
ate FN density could be the specific induction of a
greater increase in intracellular calcium on this sub-
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strate. For example, in certain cells, binding of FN to
one particular integrin subtype («,) has been shown to
mediate a rise in intracellular calcium (24). To explore
the possibility that different ECM densities altered
CSK stiffness by changing intracellular calcium, we
treated cells plated on different ECM densities with the
calcium ionophore ionomycin (1 uM). Increasing intra-
cellular calcium in this manner causes activation of
Ca?*/calmodulin-dependent kinases, which in turn acti-
vate myosin light-chain kinases, leading to actomyosin
sliding and contraction. Addition of ionomycin for 3 min
resulted in more than a twofold increase in CSK
stiffness in all cells, regardless of the ECM density (Fig.
3). Thus the suboptimal contractile response observed
with addition of ET-1 in cells on high FN (Fig. 3) is not
due to generalized dysfunction of the contractile appa-
ratus, although it could be caused by a defect in calcium
signaling in cells on this particular substrate. These
data also suggest that the number of cell-ECM contacts
and/or the degree of cell extension determines the
absolute maximal level of isometric tension and CSK
stiffness that may be obtained in these cells.

Role of protein tyrosine phosphorylation. Another
possible explanation for the enhanced reactivity of
PVSM cells to ET-1 when plated on the moderate ECM
density is that different signaling mechanisms (i.e.,
other than calcium) may be preferentially activated
under these conditions. To explore this possibility, we
examined the effect of ET-1 on protein tyrosine phos-
phorylation. In the absence of ET-1, a dramatic in-
crease in tyrosine phosphorylation was observed as FN
density was raised from 10 to 100 ng/well (Fig. 4).
However, no significant difference was detected in cells
plated on 100 vs. 500 ng FN/well, that is, no gross
change in protein tyrosine phosphorylation under con-
ditions in which CSK stiffness was significantly al-
tered. These results also suggest that the level of
tyrosine phosphorylation induced by ECM attachment
alone may saturate at 100 ng FN/well in these cells. On
ET-1 addition, no significant changes in phosphoryla-
tion levels were observed in cells plated on low FN
density (Fig. 4). However, a significant increase in
tyrosine phosphorylation was detected in bands migrat-
ing with molecular weights of ~120 and 60 kDa in cells
on both moderate and high FN densities compared with
their controls. The degree of phosphorylation induced
by ET-1 was similar in both conditions, with increases
in the 60- and 120-kDa regions of 1.5- and 2-fold,
respectively. These results suggest that ET-1 appar-
ently is capable of activating intracellular signaling
systems to a similar level in cells plated on moderate or
high FN density. Yet, ET-1 produces a greater effect on
cell contractility on the moderate FN density. It is also
important to note that, regardless of its effects on
tyrosine phosphorylation, ET-1 did not stimulate growth
in cells plated on any of the FN coating densities, as
determined by quantitating incorporation of [BH]thymi-
dine into DNA (Fig. 5). In contrast, PDGF, a potent
PVSM cell mitogen, induced a large increase in DNA
synthesis under similar culture conditions. These re-
sults indicate that the effects of ET-1 on tyrosine
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Fig. 4. Effect of ET-1 on protein tyrosine phosphorylation. Cells were
plated on low (10), moderate (100), or high (500) FN concentrations
(ng/well) for 4 h and either left alone (lanes 1-3) or stimulated with 20
nM ET-1 for 1 min (lanes 4-6). Whole cell lysates were prepared and
subjected to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. Proteins transferred to nitrocellulose membrane were analyzed
in Western blots using monoclonal anti-phosphotyrosine antibodies
and visualized using chemiluminescence. Ordinate shows molecular
mass in kDa.

phosphorylation events may be uncoupled from its
effects on both cell growth and contractility in PVSM
cells.

DISCUSSION

PVSM cell hyperplasia, enhanced contractility, and
increased ECM deposition are classic features of pulmo-
nary vessels in patients with persistent pulmonary
hypertension of the newborn. Although aberrant produc-
tion of growth factors and vasoconstrictors has been
implicated in the development of this disease, the
deposition of ECM molecules in the arterial wall is
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Fig. 5. Effects of ET-1 on DNA synthesis in PVSM cells. Serum-
deprived cells were plated on high FN (500 ng/well) in the defined
medium containing either ET-1 (20 nM) or platelet-derived growth
factor (PDGF; 5 ng/ml) and 1 pCi/ml [®*H]thymidine. Radioactivity
incorporated into trichloroacetic acid-precipitable material was mea-
sured 24 h after drug addition and normalized for cell humber as
described in MATERIALS AND METHODS. cpm, Counts/min.
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commonly considered to be a consequence of cell over-
growth and stress-induced tissue remodeling. In this
study, we explored the possibility that ECM may be
actively involved in the development of the hypercon-
tractile state of PVSM cells that characterizes this
disease. Specifically, we asked whether the contractile
response of PVSM cells can be altered by modulation of
cell-ECM contacts in vitro. MTC was used to quantitate
changes in contractility within PVSM cells cultured on
rigid plastic dishes coated with different ECM densi-
ties. This approach offers the advantage over other in
vitro contractility assays in that thousands of indi-
vidual cells can be analyzed simultaneously while
cell-ECM binding interactions are varied in a con-
trolled manner.

Using this approach, we found that known vasocon-
strictors, such as ET-1, induced a time-dependent in-
crease in CSK stiffness within individual adherent cells
whereas vasorelaxants (e.g., cGMP analogs) induced a
rapid increase in CSK flexibility. Studies carried out in
parallel to measure tension generation directly within
PVSM cells cultured within floating collagen gels dem-
onstrated a direct correlation between changes in CSK
stiffness measured by MTC and changes in cell tension
(i.e., gel contraction). However, the CSK stiffness val-
ues we measured represent the total integrated stiff-
ness of the entire CSK network of which actomyosin
filaments are only one part. CSK stiffness therefore can
be influenced by a number of factors (e.g., changes in
cell spreading, the number or location of ECM attach-
ment sites, cytoskeletal reorganization or remodeling,
changes in composition or chemical state of the focal
adhesion complex, etc.). Therefore, the specific molecu-
lar mechanism by which ECM modulates CSK stiffness
and cell tension remain unclear. However, regardless of
the mechanism, our results show that CSK stiffness
correlates directly with PVSM cell shortening and thus
provides a valid measure of contractility in these
cultured cells. MTC may therefore provide an effective
and quantitative way to record contractility within
cultured cells as well as a tool to screen for potential
soluble vasomodulators.

The finding that PVSM cells responded to cGMP
analogs by both decreasing their CSK stiffness and
relaxing precontracted collagen gels confirms that cul-
tured cells maintain some degree of basal tone or
internal prestress in their CSK. Prestress also has been
demonstrated by MTC in other types of cells, including
capillary endothelial cells and arterial smooth muscle
cells (32, 33). In those studies, prestress increased with
the degree of cell spreading and was greater in contrac-
tile cells than in noncontractile cells. Similarly, PVSM
cells also exhibited higher stiffness when attached and
spread on a high ECM density, which could then be
reduced on treatment with vasorelaxants. The fact that
the cGMP-induced relaxation was the greatest in cells
on high FN reveals that the higher level of CSK
stiffness measured in these cells is, in part, due to ECM
or cell shape-dependent activation of the contractile
apparatus. The component of CSK stiffness that re-
mained after cGMP treatment may be due to the
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passive mechanical properties of CSK, which, in turn,
appear to be governed by cell shape and CSK organiza-
tion (32). These results are consistent with a mathemati-
cal description of CSK mechanics based on tensegrity
architecture recently reported by Stamenovic et al. (30)
in which prestress and CSK architecture were found to
be the key determinants of CSK stiffness. In this
context, vasoregulators modulate prestress whereas
ECM modulates both basal stiffness and the contractile
response to soluble vasoregulators.

Interestingly, we observed that the contractile effect
induced by ET-1 was highest in cells plated on a
moderate FN density (Fig. 3). Currently, we do not
know the reason for this selective response to ET-1. One
possibility is that the number or arrangement of avail-
able contractile elements is optimal in moderately
spread cells adherent to this ECM density. Alterna-
tively, this difference in responsiveness could be due to
ECM density-dependent differences in signal transduc-
tion (e.g., Rho-dependent changes in myosin light-
chain phosphorylation, changes in intracellular cal-
cium). The finding that cells on high FN could still
increase CSK stiffness when treated with ionomycin to
increase intracellular calcium demonstrates that the
contractile elements are available and capable of gener-
ating a higher level of CSK stiffness (isometric tension)
than in cells on the moderate ECM density. One
possible explanation for the relative decrease in respon-
siveness to ET-1 in cells on high FN therefore may be
that calcium is limited or uncoupled from the contrac-
tile cascade in these cells; however, this remains to be
demonstrated experimentally.

Interestingly, the effects of ET-1 on contractility did
not correlate with any change in protein tyrosine
phosphorylation in the present study and were not
accompanied by an increase in cell growth. Similar
results were also obtained in studies with rat aortic
smooth muscle cells (12). The lack of mitogenicity is
most likely due to the fact that we used serum-free,
defined medium in the present study; past work has
revealed that ET-1 requires serum factors to stimulate
cell growth in vitro as well as in vivo (20). The identity
of proteins phosphorylated by ET-1 was not investi-
gated in this study. However, given findings in other
cell types (29, 35), focal adhesion kinase and paxillin,
signaling proteins localized to focal adhesions, are
likely to represent at least a subset of those proteins
undergoing tyrosine phosphorylation. It is also possible
that phosphorylation of certain proteins that are not
detectable in our assay could mediate the differential
response we observed.

Regardless of the molecular mechanism, the results
presented here show that ECM can modulate basal
tone in PVSM cells as well as their response to soluble
vasoregulators. ECM may exert these effects by modu-
lating signal transduction or altering resting mechani-
cal tension that is transmitted across integrins (23, 31)
and thereby increasing isometric tension directly. Impor-
tantly, the finding that PVSM cell contractility can be
significantly altered depending on the degree of cell
binding to ECM, in the presence or absence of soluble
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vasoregulators, raises an intriguing possibility regard-
ing the etiology of hypertensive disease. We postulate
that increased deposition of ECM molecules (e.g., FN,
collagen, tenascin, osteonectin) in the vascular wall
would produce a higher level of prestress in PVSM
cells, in addition to promoting cell extension and growth.
Increased cell-ECM contacts also might enhance PVSM
cell sensitivity to soluble vasoconstrictors and hence
initiate to a positive feedback loop that could facilitate
the development of pulmonary vascular hypertension.
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