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Abstract—Airway smooth muscle cells exhibit stiffening during
contractile activation. This stiffening may be interpreted as a
result of the stabilizing influence of the mechanical prestress
stored within the cytoskeleton (CSK). However, in vivo, airway
smooth muscle cells contract while simultaneously experiencing
breathing-induced stretching. Excessive stretching of cells could
cause actin—myosin crosslinks, and possibly other cytoskeletal
filaments, to break, thereby leading to dissipation of the
prestress and inhibition of further cell stiffening. The aim of
this study is to investigate the stiffening behavior of individual
human airway smooth muscle (HASM) cells exposed to a
combination of substrate stretching, contractile activation and
relaxation. We treated cultured HASM cells with either
contractile (histamine) or relaxing (DBcAMP) pharmacological
agonists and used magnetic cytometry technique to investigate
the stiffening behavior of these cells during uniform substrate
stretching (0-30%). Cells that were not treated, as well as those
treated with histamine, exhibited increasing stiffening during
stretching up to 20% of substrate strain, with additional
stiffening becoming inhibited for substrate strains of 20-30%.
In contrast, in cells treated with DBcAMP, stretching produced
moderate but continuous stiffening with increasing substrate
strain. These results indicate that both active and passive
components of the prestress contribute to cell stiffening. We also
observed that cells permeabilized with saponin exhibited
stiffening at low levels (< 10%) of substrate stretching, similar
to non-permeabilized cells, but not at high levels (10-30%) of
stretching, where stiffening was inhibited. These data suggest
that at low levels of substrate strains the relative contributions of
ion channel activation as well as actin and focal adhesion
remodeling are less important for stiffening than passive
distension of the CSK. Taken together, our results suggest that
both the active and passive components of the cytoskeletal
prestress contribute to the stiffening behavior of HASM cells
under physiological conditions, but that at high levels of cellular
distensions there is a possible tradeoff between these two
components with the contribution from the passive component
becoming increasingly more important.
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INTRODUCTION

During the past decade, a number of studies have
shown that mechanical distending stress borne by the
cytoskeleton (CSK) stabilizes cell shape.'>!'%2%23
25.29°33 This stress, often referred to as a prestress, is
primarily generated by the cytoskeletal contractile
machinery and can be altered either actively, by
pharmacological contractile and relaxant agonists, or
passively, by mechanical distension of the cell. It has
been observed that a systematic increase in this pre-
stress is paralleled by a systematic increase in cell
stiffness. > 1322325293233 Ope explanation for this
stiffening behavior is offered by the cellular tensegrity
model.'® According to this model, cytoskeletal pre-
stress confers shape stability to the CSK by con-
straining its internal degrees of freedom of motion.**?’
Consequently, the greater the prestress in the CSK, the
greater its resistance to deformation under externally
applied loads and therefore the greater its stiffness. An
a priori prediction that stems from this property is that
the stiffness increases in a direct proportion with
increasing prestress.”>?"* We have recently experi-
mentally confirmed this relationship in cultured airway
smooth muscle cells where the prestress was modulated
by different doses of pharmacological contractile and
relaxant agonists.>*> Since in vivo airway smooth
muscle cells adhere to an extracellular matrix that is
exposed to breathing-induced stretching, this also
causes mechanical distension of the CSK and thereby
modulates the cytoskeletal prestress. According to the
tensegrity model, one would expect the stiffness to
increase continuously with increasing substrate
stretching. If, however, stretching the extracellular
matrix were to lead to the disruption of actin—
myosin contractile crosslinks, or interfere with other,
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non-contractile cytoskeletal filaments, this would off-
set the buildup of prestress and thereby impede cell
stiffening. In this study, we investigated the effect
of stretching on cell stiffening at different levels of
cell contractility. Understanding this relationship is
important since stiffness and stiffening are critical for a
host of life-sustaining cell functions including adhe-
sion, spreading, orientation, division, and motility.

We used the established magnetic cytometry tech-
nique’ to measure stiffness in cultured airway smooth
muscle cells during uniform substrate stretching® in
the presence of contractile or relaxing pharmacological
agonists. Our results showed that cell stiffness
increased with increasing cell stretching up to ~20% of
substrate strain and that further stretching inhibited
further increase in cell stiffening. However, stretching
did not appear to inhibit stiffening associated with the
passive component of the cytoskeletal prestress, which
contributes significantly to cell stiffness at excessive
substrate strains.

METHOD

Stretchable Membrane Culture

The device used to stretch cells is described previ-
ously.”® Briefly, human airway smooth muscle
(HASM) cells were cultured inside a plexiglass cylin-
drical well whose bottom surface was a 76-um thick,
uniformly stretched silicon elastomer membrane (Dow
Corning, Midland, MI) acting as the cell substrate. The
degree of membrane stretch was controlled by pushing
a hollow plexiglass cylindrical platen against the
membrane. Consequently, the membrane rapidly
stretched and distended the cells that adhere to it.
Calibration measurements showed that the membrane
stretches uniformly, without slipping or relaxing, for
membrane strains ranging from 0% to 45%.** Mem-
brane strain was defined as a percentage change in the
distance between a pair of points on the membrane
well relative to their distance before stretching. The
stretching device was placed inside the magnetic
cytometer in order to measure changes in cell stiffness
in response to membrane stretching.

Cell Culture

All measurements were done on cultured HASM
cells. Detailed culture procedure was described ear-
lier."” Briefly, cells were isolated from tracheal muscle
of human lung transplant donors (approved by the
University of Pennsylvania Committee on Studies
involving Human Subjects), as described previously.?!
Cells at passage 68 were used; smooth muscle mor-

phology was maintained in HASM cells until at least
passage 8.°! After cells reached confluence in plastic
dishes, they were serum deprived for 48 h before being
trypsinized. The membrane well was coated with col-
lagen-I (0.2 mg/ml) and allowed to set overnight. The
cells were plated on the membrane (18,000 cells/well),
in a serum-deprived medium with 3% BSA added, and
allowed to incubate at 37°C for approximately 16 h to
reach subconfluence. Care was taken to ensure that
cells did not get injured during stretching by plating
cells only on the part of the membrane that did not
directly contact the platen (see Rosenblatt et al.>?).

Stiffness Measurements

Cell stiffness was measured using the magnetic
oscillatory cytometry system as described previously.”’
Small (4.5-um diameter) ferromagnetic beads were
coated with RGD (Arg—Gly—Asp) peptide that binds
specifically to integrin receptors on the cell apical
surface. Approximately 10 pug of the RGD-coated
beads were added to the plated wells and cells incu-
bated for 10 min. Beads that were not bound to either
cells or the membrane were washed away with serum-
free medium, and cells were maintained in 300 ul of the
serum-deprived medium for the duration of the testing.
The beads (3—4 beads per cell on average) were first
magnetized by a horizontal magnetic field and then
twisted by a sinusoidally varying (0.75 Hz) vertical
magnetic field (amplitude ~50 G), for 5 cycles. We
chose 5 cycles both to be consistent with previous
protocols for bead twisting at 0.75 Hz,® as well as to
limit the time course over which non-mechanical
effects interfered with our measurements. The hori-
zontal displacement of beads was traced by a charge-
coupled device camera (Hamamatsu C4742-95-
12ERG) mounted on an inverted microscope (Leica
DM IRE2). We analyzed the displacements of
approximately 100120 beads per well that were in the
field of view. For each bead, we computed the dynamic
stiffness as the complex ratio of the applied specific
torque (~37 Pa) to the corresponding bead displace-
ment (order of 10? nm). The ratio was multiplied by a
geometrical factor which accounts for the degree of
bead internalization and bead-cell geometry®® to
obtain the dynamic modulus (G*) in the units of
mechanical stress (in Pa). The real part of G* is the
storage (elastic) modulus (G”) and the imaginary part is
the loss (viscous) modulus (G”). The ratio of the two,
n = G”/G’, is hysteresivity (loss tangent) indicative of
the phase lag between elastic and viscous stresses.'!
Beads whose displacement amplitudes were smaller
than 20 nm were discarded since the signals were too
noisy to accurately determine their displacement.
Beads with displacements greater than 650 nm were
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discarded in order to insure that the oscillatory
response of HASM cells was within the linear range,’ a
requirement of the Fourier transform technique
employed to analyze the data. Discarding beads with
large displacements also ensures that we are not
tracking beads which are either loosely bound to the
cell or which remained attached to the substrate after
washing. In addition, beads that yielded values for 5
that were negative (i.e., the output leads the input
presumably due to poor signal-to-noise ratio), as well
as beads that clustered together were also discarded.
Based on these criteria, about 30-40% of selected
beads were not used in final data analysis. This value
may be a direct result of choosing a higher lower limit
for bead displacements than that established previ-
ously (20 vs. 5 nm).” The issue of bead selection is
further addressed in Discussion.

Experimental Protocol
Time Controls

Time control measurements were carried out to
determine the effects of histamine activation, stretch-
ing, and no activation on cell stiffness over time. In all
three cases, a single stiffness measurement (0.75 Hz,
for 5 cycles) was taken every 45 s in n = 6 wells with
no activation, in n = 2 wells after activation with
10 uM histamine, and in n = 2 wells following 20%
membrane stretch.

Stiffness Measurements During Stretching
and Retracting

We first determined how external cellular distension
affected cell stiffness. For our control group, we mea-
sured baseline stiffness prior to stretching (n = 6
wells). We then stretched the cells from 0% up to a
maximum of ~30% membrane strain in step strain
increments of ~5%. After cells were stretched to
~30% strain, the membrane strain was reduced in
steps of ~5% until the membrane was returned to its
baseline of 0% strain. At each stretching and retrac-
tion level of substrate strain, we took three measure-
ments of stiffness. For each well, the loading and
unloading protocol was done only once. The total time
required to complete these measurements at a given
stretch was <1 min.

Stiffness Measurements in Pharmacologically
Treated Cells

We next determined how external cellular distension
affected stiffness in cells which were either activated or
relaxed prior to stretching. We treated n = 3 wells
with 10 uM of the contractile agonist histamine and

allowed them to incubate for 30 s, prior to stretching.
After incubation, we measured baseline stiffness. We
then increased substrate strain from 0% to ~30% in
step increments of ~5%, and measured cell stiffness at
each level of strain. The protocol was identical to that
used for control cells, except that the stretched sub-
strate was not retracted after reaching ~30% substrate
strain. Again, at each level of strain we took three
measurements of stiffness.

Besides contractile actin filaments, there are also
passive stress-bearing filaments of the CSK, including
non-contractile actin filaments, intermediate filaments,
and microtubules. To investigate their contribution to
cell stiffening, we treated n = 4 wells with 1 mM of the
relaxing agonist dibutryl-cyclic adenosine monophos-
phate (DBcAMP) and allowed them to incubate for
3 min prior to stretching, allowing the drug to reach
over 90% of its effect.” DBcAMP was used to increase
the 3’,5’-cyclic monophosphate in HASM cells,
removing basal tone and decreasing the contractility of
the cell to a minimum."> After incubating, we mea-
sured baseline cell stiffness, and then stretched the
treated cells between 0% and ~30% substrate strain.

To assess the contribution of cytoskeletal F-actin
versus other cytoskeletal filaments to stiffening during
stretching, we treated cells from a single well with the
F-actin disrupting drug cytochalasin D at a concen-
tration of 1 ug/ml and allowed the cells to incubate for
30 s prior to stretching. After incubation, we took
three measures of baseline stiffness. We then stretched
the membrane to approximately 10% and 20% strain
and again took three measures of stiffness at each of
these strains.

To check whether experimental observations were
dependent on the order of treatment, we first stretched
cells to ~20% membrane strain, measured their stiff-
ness three times (n = 1 well) and then added 10 uM
histamine. After incubating the cells for 30 s, we again
measured stiffness three times. Results were compared
with cells that were first activated than stretched.

Stiffness Measurements in Permeabilized Cells

To investigate the contribution of stretch-induced
ion channel activation to the observed cell stiffen-
ing response as well as to inhibit focal adhesion
remodeling and actin polymerization, cells in n = 3
wells were permeabilized with saponin as previously
described.?*?*3! Briefly, cultured cells were washed
once with a CSK stabilization buffer (50 mM KCl,
10 mM imidazaole, 1 mM EGTA, 1 mM MgSO,,
0.5 mM dithioreitol, 5 pg/ml leupeptin, 0.1 mM
phenylmethylsulfonyl fluoride, and 20 mM PIPES, pH
6.5). Cells were then incubated in the same buffer
containing saponin (25 pg/ml) for 8 min at 37°C and
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stiffness measurements were taken at 0%, ~2%,
~10%, and ~20% strain. By permeabilizing the cell
membrane, we were able to deplete any calcium (Ca* ™)
or potassium (K ) gradients that existed between the
cell and the extracellular matrix as well as to allow
actin monomers to leach out of the cells.>*

Data Analysis

We calculated G” and 5 for each of the selected
beads according to the following method. At a given
membrane stretch, we took the median values for G’
and G” for all analyzed beads. We obtained # as the
ratio of these median values, n = G”/G’. At a given
stretch, we repeated stiffness measurements three times
resulting in as many as three distinct values for G” and
n for a given well at a given stretch. The major reason
for doing this was to test the reproducibility of our
data analysis algorithm. If more than 50% of the beads
in a given well did not meet the inclusion criteria
mentioned above, then the data from that well were
discarded from further data analysis.

Due to technical limitations of the cell-stretching
device, it was not possible to maintain the same initial
level of tension in the membrane or increment the
strain consistently among different wells. Different
levels of baseline tension prior to stretching results in
cells with different levels of prestress; the prestress is
defined as the pre-existing tensile stress borne by the
CSK prior to the application of an external loading (in
this case magnetic twisting torque). Since cell stiffness
(i.e., G’) is expected to be proportional to the pre-
stress, >33 (o compare data between wells, we first
needed to account for the different baseline stiffnesses.
For this reason we present data for G’ as a percentage
change from baseline. To obtain changes in G” as a
function of substrate strain, we first had to estimate
strain for each individual well, at each increment.

To quantify the strain in each well at every step,
we acquired a digital image of the membrane, using
the same microscope as for magnetic bead tracking,
for each well at each treatment, and at each level of
strain, including baseline. We used image analysis
software (NIH Image J) to measure the distance
between 10 and 15 randomly chosen markers and
compared these distances to those observed on the
same image taken at baseline (for details see
Rosenblatt et al.**). The markers were a combina-
tion of either beads on different cells, beads that
were on the membrane, or marks that were intrinsic
to the membrane itself. Strain was defined as the
percentage change in distance between a pair of
markers relative to their distance before stretching.
We and others showed previously that measuring the
strain in this manner does not significantly differ

from the strain that would be calculated by mea-
suring the change in distance between only mem-
brane markers.?>*° However, it was necessary to use
beads attached to cells as markers since most mem-
brane beads were washed off during cell preparation,
and there were few noticeable markers intrinsic to
the membrane. For each membrane well, the mean
strain calculated from 10 to 15 markers was assumed
to represent the substrate strain at a given level of
stretching. This strain value was also used for all
repeated measures at a given stretch.

To compare G’ and 7 obtained from different wells,
we grouped data within certain strain ranges or bins.
Bins were chosen such that they spanned strain ranges
no greater than 5% and when possible, bins contained
data from more than one well. Different binning was
chosen for the different treatments. Any effects of the
arbitrary choice of binning are considered below in
Statistical Analysis. For a given strain range, we cal-
culated an average of all individual membrane strains,
an average of all corresponding median values of
fractional change in G’, and an average of all corre-
sponding values of #.

Statistical Analysis

Due to the variability of strains among wells, it was
not always possible to group the strains in similar bins
such that we could statistically compare the differences
in the stiffening response for all treatments. Thus, we
used an alternative method for comparison as follows.
We noted that the fractional change in G” as a function
of substrate strain, in both control and histamine-
treated cells, initially increased to a peak value after
which further increase in G’ with stretching was
inhibited (see Figs. 2 and 4). Using a least square
minimization algorithm, we fitted all of median data
for the fractional change in G’ as a function of sub-
strate strain (¢) for the cases of controls and histamine-
treated cells with the following bilinear function

G' = (mie+br) + [(ma — my)e + (by — by)]u(e — a),
(1)

where m;, mp, b;, and a are free parameters,
b, = a(my—my) + by, and u(") represents the unit step
function defined as u(e—a) = 1 for &>a and
u(e—a) = 0 for & < a. Importantly, by fitting all data
simultaneously, we avoid any bias that may be caused
by the arbitrary grouping the data in strain bins. In the
fitting procedure, we constrained m, to be positive and
m, to be negative since in that case the function given
by Eq. (1) increases linearly with ascending slope m;,
peaks at ¢ = a and then decreases linearly with
descending slope m,. The parameters b; and b, are
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intercepts of the ascending and descending branches,
respectively. In the case of DBcAMP-treated cells, we
fitted data with a simple linear regression, G’ =
me + by, since those data did not appear to exhibit a
peak (see Fig. 4). The variances of the above parame-
ters were also calculated from the least square fits
which allowed us to use #-tests to compare parameter
values among the treatments.

For all tests, differences were considered statistically
significant if p < 0.05.

RESULTS

Results from time-control measurements showed
that in histamine-treated cells and non-treated cells
there was no apparent change in G’ over a period of at
least 5 min (Fig. 1). For cells that were stretched to
20% strain, G exhibited no change from baseline for
the first ~90 s. Since all stiffness measurements in our
study were done within the first minute following
stretching (5 cycles, at 0.75 Hz, repeated three times),
data from time-control measurements (Fig. 1) suggest
that time-dependent changes in G’ during this period
were negligible.

Increase in substrate stretching from 0% to 20%
leads to an increase in G that peaked at ~20% strain.
Upon further substrate stretching (20-30% strain), G’
no longer increased with stretching, but showed an
apparent decrease (Fig. 2). However, this apparent
decrease in G’ was not significant, i.e., the descending
slope m, of Eq. (1) was not significantly different from
zero (see Table 1). Gradual unloading of the substrate
from 30% to 0% strain caused a substantial drop in G’
between 30% and 20% strain. Further decreases in
substrate strain from 20% to 0% lead to virtually no
changes in G’. Substrate stretching and retracting did

10000 1 A Control
. B Stretch
© ® Histamine
L 80001 @ °
b4 o % .
2]
= 6000
>
3 mmg
= s00{ ®"m & a g
E A L, A A A A A
w2000 1

01— T T T T
0 100 200 300 400 500
Time (s)

FIGURE 1. The elastic modulus (G) of HASM cells exhibits
little dependence on observation time in control, stretched
(20%), and histamine-treated (10 uM) cells. Representative
data from one well.
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FIGURE 2. Fractional change in the elastic modulus (G’) of
HASM cells vs. substrate strain during substrate stretching
and retracting. The fractional change is calculated relative to
the baseline. During stretching, the fractional change in G’
increases with increasing substrate strain, peaks and then
decreases. During retracting, the fractional change in G
decreases. At a given strain, the fractional change in G is
greater during stretching than during relaxing. Data repre-
sent the mean+SE of the median values within a given
strain range, with the following number of averaged median
values: for loading (in order of increasing strain) — 23, 6, 6,
16, 3, 5; for unloading (in order of decreasing strain) — 5, 3,
6, 23. In some cases, the error bars are smaller than the data
marker.

not cause systematic changes in 7, which remained
nearly constant at ~0.35 (Fig. 3).

Adding histamine and then stretching did not pro-
duce difference in the cell stiffening behavior in com-
parison with the non-treated (control) cells (Fig. 4).
Although the data indicate that histamine-treated cells
exhibited smaller fractional changes in G’ than control
cells, these differences were not significant. Hystere-
sivity 5 of histamine-treated cells exhibited little change
with substrate strain (Fig. 5) and was not significantly
different from controls except at high strains (20-30%)
where 7 of histamine-treated cells was ~25% smaller
than that of controls (p < 0.05) (Fig. 5). The order of
treatments did not affect these findings; similar results
were obtained when cells were first stretched and then
activated by histamine (data not shown).

In DBcAMP-treated cells, the fractional change in
G’ monotonically increased with increasing substrate
strain (Table 1) but for strains smaller than 10%, it
was not significantly different from the baseline value
(Fig. 4). Disruption of the actin network by cytocha-
lasin D almost completely abolished stiffening (Fig. 6).
Fractional changes in G’ measured in permeabilized
cells were very similar to those in control cells at ~2%
and ~9% substrate strain. However, at higher levels of
substrate strain (~12% and ~20%), control cells were
significantly stiffer than the saponin-treated cells
(» < 0.05) (Fig. 7).
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TABLE 1. Parameter values obtained by fitting all median data.

mo b1

a m
Control 20.00+1.53 (p < 0.0001) 4.57+0.73 (p < 0.0001)
Histamine 19.54+£2.69 (p < 0.0001) 4.54+0.79 (p < 0.0001)
DBcAMP - 1.29+0.31* (p = 0.0001) -

-2.91+1.91 (p = 0.14) 9.50+8.64 (p = 0.276)
-9.39+8.65 (p = 0.257)

~3.90+5.50 (p = 0.481)

-4.35+3.61 (p = 0.239)

Parameter values are means ( SE. The p-values indicate whether the parameters are significantly different from zero (p < 0.05); *Signifi-

cantly different from control and histamine-treated cells.
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FIGURE 3. Hysteresivity (1) of HASM cells does not change
significantly (p < 0.05) during both stretching and retracting
of the substrate. Data represent the mean + SE calculated from
the ratio of the median G” value to the median G’ value within
a given well, for all wells within a given strain range. The
number of median values that were averaged to obtain a point
is the same as in Fig. 2.

DISCUSSION

The primary finding of this study is that substrate
stretching has a complex influence on cell stiffness and
stiffening. First, while at low to mid levels of substrate
strains (<20%) stretching promotes stiffening, at
higher strains (>20%) the increase in stiffening is
inhibited (Fig. 2). Second, the hysteresis observed
during stretching and retracting of the cells (Fig. 2)
indicates irreversibility of the stiffening behavior as
well as the contribution of viscoelastic processes.
Moreover, our data show that at high levels of sub-
strate strain (> 20%) even a small decrease in substrate
strain may lead to a very large decrease in cellular
stiffness (Fig. 2). Third, we showed that even when
contractile force generation was inhibited by
DBcAMP, the CSK could still exhibit stiffening
(Fig. 4). Thus, our finding suggests that passive dis-
tension of the CSK can provide stiffness to the entire
cell and that at high levels of substrate strain this
contribution is substantial. Importantly, this passive
stiffening response cannot be inferred from experi-
ments on muscle tissue strips since it cannot be dis-
criminated from the stiffening of the extracellular
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FIGURE 4. Fractional change in the elastic modulus (G') vs.
substrate strain during substrate stretching for control, his-
tamine-treated (10 xM), and DBcAMP-treated (1 mM) HASM
cells. Histamine-treated cells exhibit the same stiffening pat-
tern as control cells (same data as in Fig. 2), whereas the
DBcAMP-treated cells exhibit continuous stiffening over the
observed substrate strain range. Histamine-treated cells ex-
hibit smaller changes in G’ than the control cells but they are
not significant. The strain at which the change in G’ peaks in
histamine-treated cells is lower than, but not significantly
different from, the corresponding value in control cells.
DBcAMP-treated cells exhibit a significant increase in stiff-
ness from baseline only for substrate strains >10% and the
values of the fractional change in G’ are significantly smaller
than those of the control cells. Data represent the mean + SE
of the median values within a given strain range, with the
following number of averaged median values: for histamine-
treated cells (in order of increasing strain) - 6, 3, 9, 6, 3, 2 and
for DBcAMP-treated cells (in order of increasing strain) -9, 13,
6, 12, 12, 12. For control cells the numbers are the same as in
Fig. 2. In some cases, the error bars are smaller than the
data marker; *significant difference between controls and
DBcAMP-treated cells; *significantly different from zero for
DBcAMP-treated cells (p < 0.05).

matrix.'” Finally, disruption of F-actin by cytochalasin
D (Fig. 6) caused a major reduction in cell stiffness
and abolishment of stiffening. The last two findings
suggest that DBCAMP primarily inhibits the contri-
bution of the contractile machinery to the cell stiffen-
ing and not the contribution from the passive
distention of the CSK, whereas cytochalasin D inhibits
both.

We provide the following interpretation for the above
observations with alternative explanations considered
later in this section. Mechanical distension of the cell
induced by the substrate stretching builds up mechanical
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FIGURE 5. Hysteresivity () of control and histamine-treated
(10 uM) HASM cells does not change significantly during
loading up to ~20% substrate strain. Above 20% strain, 5 is
significantly lower in histamine-treated than in control cells.
Data represent the mean +SE of the ratio of the median G”
value to the median G’ value within a given well, for all wells
within a given strain range. The number of median values that
were averaged is the same as in Figs. 2 and 4 for control and
histamine-treated cells, respectively. *significantly different
from control (p < 0.05).
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FIGURE 6. Control HASM cells exhibit increased stiffening
relative to the baseline level at 10% and 20% substrate strain,
whereas cells treated with cytochalasin-D (CytoD, 1 ug/ml)
exhibit softening relative to the baseline level at both 10% and
20% substrate strain. Data for elastic modulus (G’) are mean of
median values + SE from three repeated measurements in a
single well. *significantly different from G" at 10% strain.

stress within the CSK that stabilizes the cell through the
tensegrity mechanism.? Thus, the cell exhibits stiffening
behavior. However, excessive cell distension may detach
actin myosin cross links causing both the actively gen-
erated stress as well as any stress stored during passive
distension to dissipate, thereby inhibiting any further
buildup of mechanical stress within the cell. Excessive
cell distension may also interfere with other non-con-
tractile cytoskeletal filaments, as well as chemical bonds

such as actin—actin or myosin—myosin bonds, or force
transmitting pathways that act via actin—integrin recep-
tors. Since these interactions are necessary for the
development of cellular force, their destruction would
also inhibit the buildup of mechanical stress within the
cell. Once the stress dissipation becomes great enough to
offset stress buildup at high levels of stretching, the
stiffening effect will be inhibited and eventually reversed.
This explains our data for non-treated (Fig. 2) and his-
tamine-treated cells (Fig. 4). They suggest that at high
levels of distension, a change in the balance between
the stress building and stress dissipating processes is
occurring.

In DBcAMP-treated cells where baseline tone has
been removed, the number of intact actin—-myosin
cross-bridges prior to stretching is either greatly
reduced or, more likely, all cross-bridges are removed
and prevented from reforming. In turn, at higher
levels of stretching there are far fewer, if any, cross-
bridges to detach. Consequently, the inhibition of
stress buildup seen in control cells due to the dis-
ruption of cross-bridges no longer plays an important
roll. Thus, the buildup of the cytoskeletal prestress,
predominantly the passive component of the prestress
in this case, with increasing substrate stretching is
virtually uninterrupted. This would explain the con-
tinuous stiffening behavior of DBcAMP-treated cells
(Fig. 4), although direct measures of phosphorylation,
for example, would help to verify this idea. Still, our
findings with DBcAMP-treated cell are novel and
indicate the importance of passive distension of the
CSK in providing cell shape stability even when cell
contractility becomes compromised.

Another possible reason for the observed inhibition
of stiffening at high strains for control and histamine-
treated cells (Fig. 4), and for the stretching—retracting
hysteresis (Fig. 2) could be that cells either partially or
completely detached from the substrate during
stretching at high strains. We do not believe that this
occurred for the following reasons. First, cells did not
show signs of rounding up, which would indicate that
they had detached from the substrate. Second, if cell
detachment from the substrate was responsible for the
lack of stiffening at high strains, it should also be
observed in the case of the DBcAMP-treated cells,
which is not evident in our data (Fig. 4).

Our results showed that the hysteresivity # was not
greatly affected by substrate stretching in both control
and histamine-treated cells (Figs. 3 and 5) or by
stretching and retracting of untreated cells (Fig. 3).
Earlier findings in airway smooth muscle tissue suggest
that 7 is proportional to the rate of cross-bridge cycling
rather than to the number of cross-bridges attached.’
Thus, any difference in the number of cross-bridges
attached in control vs. histamine-treated cells and
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during stretching vs. retracting should not affect 7.
Significant differences in # between histamine-treated
cells and controls were observed only at very large
distensions (>20% substrate strain) (Fig. 5).

We pointed out that the bead selection process was
in part dictated in order to keep the oscillatory mea-
surements within the linear range and in part to ensure
that the signal could be distinguished from the noise
level. The lower limit used here was 20 nm rather than
5 nm previously reported in the literature.” Although
more beads tended to fall within the range of 5-20 nm
at higher strains, the noise level for these beads (de-
fined as the mean difference between the data and a
sinusoidal fit to the data normalized by the amplitude
of the sinusoidal fit) consistently led to their rejection.
While approximately 15-30% of all beads fell within
the range of 5-20 nm, less than one third of these had
an acceptable level of noise. By increasing the number
of cycles sampled at a given frequency, we may be able
to reduce the number of rejected beads, although this
would also increase the impact of any time-dependent
effects, such as remodeling, on our measurements.
More importantly, when we reduced the lower limit on
the bead displacement to 5 nm, and recalculated G, its
median value decreased by approximately 20% across
all wells, regardless of strain, when compared to when
we chose 20 nm for the lower limit. Since we present
data in terms of fractional changes in G, removing the
noisy beads in the range of 5-20 nm should not affect
the observed stiffening behavior.

Other factors that could influence cell stiffness and
stiffening also include stretch-induced activation of
intracellular K* and Ca®".’ cytoskeletal remodel-
ing,'>?>3% and focal adhesion remodeling.> We showed
that in saponin-permeabilized HASM cells which lack
Ca’" and K" gradient, stretch-induced stiffening
showed similar trends to those observed in the control
state (Fig. 7), suggesting that stretch-induced changes
in K* and Ca®>" have little effect on stiffening below
~10% stretch. These results are consistent with our
previous studies performed on permeabilized endothe-
lial cells.””> At higher strains (~12% and ~20%),
however, control cells exhibited a substantially greater
stiffness than the saponin-treated cells (Fig. 7). We
propose the following explanation for these observa-
tions. The addition of saponin causes an initial influx of
Ca’", K* and ATP, causing many cross-bridges to
attach and an initial increase in stiffness. However,
disruption of membrane ion channels removes K * and
Ca’" gradients and prevents cross bridges from cy-
cling, thereby ablating the contribution of active force
generation to any observed stiffening during stretch.
Upon small stretching (~2% and ~9%), these cells
show significant increase in stiffness from baseline
(student’s t-test, p < 0.05) with mean stiffness mea-
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FIGURE 7. At low substrate strains, saponin-treated (per-
meabilized) HASM cells exhibit similar changes in elastic
modulus (G) as control cells. At higher strains, however,
saponin-treated cells exhibited a significantly lower change in
G’ than control cells. Data represent the mean+SE of the
median values within a given strain range, with the number of
median values that were averaged to obtain a point medias
follows: for control cells see Fig. 2, for saponin (in order of
increasing strain) — 6, 3, 3, 6. Statistical comparison could be
performed for the two highest strains between the treatments.
*Saponin significantly different from control (p < 0.05).

sures nearly identical to those seen in non-permeabi-
lized cells. While the mean fractional change in stiffness
increased by nearly 70% from 2% strain to 9% stain
this increase was not significant, although we attribute
this to the fact that the data sets are very small (2 wells
at 2% strain and 1 well at 9% strain). However, at very
high substrate strains (> 10%), we noted a decrease in
stiffness and a change from baseline that is significantly
lower than that seen in control cells. We did not observe
changes in cell-projected area in permeabilized cells
indicating that the cells remained intact at high strains.
The decreased stiffening then may be due to the fact
that cross bridges detach due to high mechanical dis-
tension and may not be able to reattach due to lack of
Ca’>" and other soluble molecules found in non-per-
meabilized cells. It is also possible that increasing levels
of distension did not provide sufficiently high stress to
detach the very stiff cross-bridges formed after cell
permeabilization, and thus the decreased stiffness may
result from the local rupturing of the non-contractile
cytoskeletal elements. Regardless, the observed stiff-
ening at low strains in saponin-treated cells indicates
that in the absence of the cross-bridge dynamics,
membrane integrity and calcium influx, the cell can still
provide stiffening through passive distension as
explained by the tensegrity mechanism.

In several studies, agonist-induced cytoskeletal
remodeling (defined as any changes in the cytoskeletal
structure due to active processes in the cell, incl-
uding actin polymerization/depolymerization or new
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crosslink formation) during contractile stimulation has
been implicated as a key mechanism responsible for the
observed stiffening of airway smooth muscle
cells.>!*19-23:28 Although the two cannot be separated,
we believe that our experiments are performed on time
scales (within | min) that are too short for actin-
polymerization and CSK remodeling to occur. This is
supported by our time control data (Fig. 1) which
indicate that there is little change in stiffness occurring
over 1 min. Additionally, in vitro studies on actin show
that the time constant for actin polymerization is
~7 min,*® while studies on stimulated cells required
upwards of 15 min before significant polymerization
was observed.* In addition, saponin-treated cells show
stretch-induced stiffening®* (Fig. 7) even though actin
polymerization is inhibited.** Together, this would
suggest that stretch-induced changes in the distending
stress in the CSK are the primary cause for altering cell
stiffness. However, future studies should consider
using direct observations including CSK imaging or
measuring the ratio of filamentous to globular actin to
verify this.

Aside from depolymerizing the actin—-myosin
crosslinks, DBcAMP also causes depolymerization of
actin.'* However, the latter effect does not seem to be
as prominent as in the case of cells treated with cyto-
chalasin D, since in cytochalasin D-treated cells,
depolymerization abolishes the stiffening (Fig. 6)
whereas in DBcAMP-treated cells stiffening is promi-
nent (Fig. 4). Hirshman et al.'* showed that adding
100 uM of cAMP-dependent protein kinase A agonist
(Sp-cAMPS) to HASM cells over 30 min causes
reduction in the ratio of filamentous to globular actin
by only ~20%, whereas our measurements took place
~3 min after DBcAMP treatment, although at the
higher concentration (1 mM). On the other hand, these
authors also showed that that adding vasodilators
isoproterenol and forskolin to HASM cells, both of
which increase cytosolic cAMP, decreases the fila-
mentous to globular actin ratio by more than 50%
within 5 min of the treatment.'* Taken together, these
results suggest that it is likely that both actin depoly-
merization and reduced actin—myosin activity led to
the DBcAMP-reduced stretch-induced stiffening of
Fig. 4.

Modulation of contractile stress may also affect
focal adhesion formations® that were shown to occur
within the time period of our experiments. While we
cannot rule out the effect of focal adhesion remodeling,
our results with saponin treatment, which should
greatly decrease the extent of focal adhesion remodel-
ing, suggests that it has little contribution to cell
stiffening during stretching, at least up to ~10% sub-
strate strain. At the same time, it may be that the
inhibition of focal adhesion remodeling in saponin-

treated cells is the cause for the structural instability
observed at high strains, since, under physiologic
conditions, applied stretch initiates focal adhesion
growth which in turn enables the cell to maintain
higher levels of distending stress.'?> However, much of
this work focuses on initial focal adhesion complex
changes in response to initial integrin activation after
bead binding and after quick force application. This
behavior is mostly at the receptor-ligand-focal adhe-
sion vicinity. Our cell stiffness measurements reflect the
contribution from the deep CSK.'® Thus, the previ-
ously observed relationships between focal adhesion
growth and force application may not be relevant here.

Finally, since a portion of G’ as measured by bead
twisting cytometry is influenced by the cell thickness, it
is possible that the observed stiffening does not result
mainly form the storage of passive distending, but
rather from decrease in cell thickness during stretch-
ing.&20 We do not believe, however, that this stretch-
induced cell thinning plays a major role in the stiffening
response observed. This effect becomes important when
cell thickness is less than 1 um, and even then it can
produce only a moderate stiffening (0-20%) which is
smaller than the observed changes.”**

Our findings also help to reconcile two distinct
mechanisms that have previously been used to explain
stiffening of airway smooth muscle cells — tenseg-
rity*3>% and myosin cross-bridge recruitment.’'”
The tensegrity model predicts that cell stiffness de-
pends on prestress in the CSK, whereas myosin cross-
bridge recruitment predicts that cell stiffness depends
on the number of attached cross bridges. However,
predictions from the tensegrity model are independent
of whether the prestress is generated actively, by cross
bridge kinetics, or passively, by substrate distension. In
this sense, then the two mechanisms are not truly dis-
tinct. Our results show that these mechanisms work
together to contribute to cell stiffness. Future studies
could include the effects of cyclic substrate stretching
and the effects of stretching frequency in cell stiffening
to mimic more physiologic conditions.

In summary, the results of this study suggest that
distending stress of both the active stress generation of
the CSK and passive distension of the CSK contribute
to the stiffening behavior of living HASM cells under
physiological conditions, but that at high levels of
distensions there is a possible tradeoff between these
two components with the contribution from the pas-
sive distension of the CSK becoming increasingly more
important. These findings may have implications for
the understanding of how the contractile state of air-
way smooth muscle cells together with stretching of
both the cellular and connective tissue components of
the airways during breathing might play a role in set-
ting the caliber of the airway lumen.
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