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Abstract

Mechanical ventilation-induced excessive stretch of alveoli is reported to induce cellular
stress failure and subsequent lung injury, and is therefore an injurious factor to the lung.
Avoiding cellular stress failure is crucial to ventilator-induced lung injury (VILI) treatment. In
the present study, primary rat alveolar type Il (ATIl) cells were isolated to evaluate their
viability and the mechanism of their survival under tonic stretch. By the annexin V/ Pl staining
and flow cytometry assay, we demonstrated that tonic stretch-induced cell death is an im-
mediate injury of mechanical stress. In addition, immunofluorescence and immunoblots assay
showed that the cells experienced an expansion-contraction-reexpansion process, accom-
panied by partial focal adhesion (FA) disassembly during contraction. Manipulation of integrin
adherent affinity by altering bivalent cation levels in the culture medium and applying an in-
tegrin neutralizing antibody showed that facilitated adhesion affinity promoted cell death
under tonic stretch, while lower level of adhesion protected the cells from stretch-induced
stress failure. Finally, a simplified numerical model was established to reveal that adequate
disassembly of FAs reduced the forces transmitting throughout the cell. Taken together, these
results indicate that ATIl cells escape stress failure caused by tonic stretch via active cell
morphological remodeling, during which cells transiently disassemble FAs to unload me-
chanical forces.

Key words: focal adhesion disassembly; cellular stress failure; cell morphologic remodeling; cell
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Introduction

The manifestations of VILI, such as edema, re-
lease of inflammatory factors, tissue rupture and fi-
brosis, can be attributed to defective cellular stress
response induced by excessive strain [3]. Thus,
avoiding defective cellular stress is crucial to VILI

Acute Respiratory Distress Syndrome (ARDS)
treatment frequently leads to ventilator-induced lung
injury (VILI), which is associated with 34-60% mor-
tality [1]. Independent studies have documented that
the mechanical ventilation used in the treatment of

lung-injured patients may result in the aggravation of
preexisting lung injury or de novo lung injury. VILI
even occurs in normal lungs when high tidal volume
artificial ventilation is performed [2].

treatment. Tonic biaxial stretch induced defective
cellular stress in the early stages of the stretch but not
in later stages [4], suggesting that alveolar epithelial
cells (AECs) could survive overstretch by certain
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mechanisms. Indeed, AECs recruit additional phos-
pholipids via lipid trafficking to the plasma mem-
brane to accommodate the required surface expan-
sion[5] [6]. However, recent reports indicate some
mechanisms beyond plasma membrane expansion.
For instance, our previous high-resolution scanning
electron microscopy (SEM) study showed that after a
transient expansion A549 cells underwent a dramatic
contraction-reexpansion with a large number of fila-
ments scattered around the cell body [7]. Another
independent study demonstrated that in AECs the
fibers around the cell body formed a “tent-like”
structure that is composed of actin filaments [8]. In
addition, the reorganization of actin filaments in air-
way epithelial cells was closely associated with the
survival of cells upon mechanical stimuli [9]. Taken
together, these reports suggest a novel mechanism for
the escape of AECs from cellular stress failure, but the
details need further characterization.

Cell survival from tonic stretch, a biomechanical
phenomenon, is proposed to be associated with in-
tracellular stress bearing systems, namely actin bun-
dles and FAs. Notably, FAs connect actin filaments to
the extracellular matrix, where the mechanical stimuli
act [10]. FA complexes consist of many signaling
molecules (including src, Cas, vinculin and integrins)
and are positioned at the upstream of the stress sens-
ing pathway [11]. Thus, we hypothesize that cell ad-
hesion, an upstream factor of actin filament reassem-
bly, plays important roles in the ability of cells to sur-
vive overstretch.

In the present study, we aim to explore the
mechanisms by which AECs escape stress failure.
With our previously established in situ SEM analysis
and FA staining, we demonstrated that FAs transient
detachment is implicated in the early stage of the
stretch induced-cells contraction characterized by tent
like structure. The inhibition of f1 integrin, a key ad-
herent protein in FAs, showed that the adhesion
property of the cells is closely associated with their
survival from stress failure. Finally, a numerical
model was built to predict the deformation and stress
distribution in cells with different adhesion proper-
ties, and this model furthers our understanding of the
relationship between cell adhesion and cellular stress
failure under tonic stretch.

Methods and Materials
Isolation and culture of rat ATII cells

ATII cells were isolated according to established
procedures [4, 12, 13] approved by the Beijing ex-
perimental animal management center. Briefly, ATII
cells were isolated from male Sprague Dawley rats

(150-200g) by elastase digestion and differential ad-
herence on IgG-coated dishes. The cells were seeded
at a density of 1x10°/cm? on flexible silicone mem-
branes mounted in custom-made wells [14] in culture
medium (DMEM with 10% FBS, 100 U/ml penicillin
and 0.1 mg/ml streptomycin). ATII cells were identi-
fied using Nile Red (Sigma) staining of lamellar bod-
ies [15], and >95% of the cells were Nile Red positive
on day 2. Experiments were performed on the 24 day
after the isolation.

Stretching pattern

The stretching pattern was defined by the in-
crease in surface area (ASA) of the calibrated silicone
membrane. The cells were subjected to tonic stretch of
37% ASA biaxial strain, which approximately corre-
sponded to the strain experienced by AECs in vivo at
100% total lung capacity [16]. Unstretched cells served
as controls.

Cell viability assay

Cell viability was assayed by the LIVE/DEAD
viability / cytotoxicity kit (Molecular Probes, Eugene,
OR, USA). Briefly, live cells were stained green with
calcein AM, and dead ones were stained red by eth-
idium homodimer- I [7, 17]. The number of
live/dead cells was counted in fluorescent images
acquired randomly from four quadrants in each well
under a fluorescence microscope (x20 objective, IX71,
Olympus) with the Image-Pro Plus 6.0 software (Me-
dia Cybernetics, MD, USA). All experiments were
from four cell isolations with duplicate measure-
ments.

Apoptosis assay

The cells were harvested, stained with
FITC-conjugated annexin V and propidium iodide
(PI) using the Apoptosis Detection Kit (Biosea Bio-
technology, Beijing, China), and analyzed by flow
cytometry (BD Biosciences, San Jose, CA, USA). All
experiments were from four cell isolations with du-
plicate measurements.

Scanning electron microscopy

The samples were prepared according to the
protocol described previously [7]. In brief, a small
glass sheet (1 cm?) was immediately glued to the back
side of the silicone membrane before cell fixation to
avoid membrane shrinkage. Samples were then de-
hydrated through graded ethanol series and criti-
cal-point dried (XD-1, Eiko, Japan) before the obser-
vation under SEM.

Immunofluorescence

The cells were subjected to immunostaining with
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mouse anti-vinculin (1:100; Sigma), TRITC-phalloidin
(1:100; invitrogen), DAPI (1:5000; Sigma) and fluo-
rescent-conjugated secondary Abs (Santa Cruz) [14].
The slides were mounted on a laser scanning confocal
microscope (LSCM) (TCS-SP5, Leica, Wetzlar, Ger-
many) for the observation.

Western blot

Cells were lysed and the lysate was resolved by
10% SDS-PAGE, transferred onto PVDF membranes
(Millipore, Bedford, MA, USA), and probed with an-
ti-p-FAK (tyr397) (1:2000; Cell Signaling Technology,
Danvers, MA, USA), total FAK (1:500), GAPDH
(1:500) (Santa Cruz Biotechnology, CA, USA), fol-
lowed by secondary Abs anti-mouse horseradish pe-
roxidase (HRP) or anti-rabbit HRP (1:10000; Santa
Cruz Biotechnology). Finally, the membranes were
developed using a Kodak medical X-ray processor
(Kodak, Rochester, NY, USA).

Quantification of FA relative staining intensity

Cells were fixed and stained with mouse an-
ti-vinculin and FITC anti-mouse antibodies to label
FAs, TRITC-phalloidin to determine the cell bounda-
ries, and DAPI. Pictures were acquired on a confocal
microscope at 63% objective using identical parameter
for each type. Five random regions from each field
were selected for analysis. 3-4 cells in the region were
evaluated. Image] (National Institutes of Health, Be-
thesda, MD, USA) software was used to quantify the
relative vinculin staining-FAs intensity. In brief, all
images were converted into binary images and in-
verted binary images to isolate individual FA. An
analysis was performed on thresholded images to
selected classified objects of a size range of 0.1 <N <1
E08 as FAs based on the anti-vinculin staining [18].

Computational simulations

Finite element analysis was performed using the
commercial software ABAQUS (version 6.9;
SIMULIA, Providence, RI, USA). ATII cell was mod-
eled as a homogeneous viscoelastic standard linear
solid model (SLS). In accordance with the previously
established models [19, 20], the whole cell was sim-
plified geometrically to an elliptical cylinder with a 40
pm long axis radius, 30 pm minor axis radius, and 1.5
pm height [21]. Because the height was less than the
other two axes, a plane stress model was used in the
simulation. A zero-displacement boundary condition
was imposed on some of the elements peripheral to
the cell body to mimic FA sites.

Statistical analysis

Results were expressed as means = SD
(ANOVA), followed by the Bonferroni test for post
hoc analysis. Differences were accepted as significant
for P < 0.05.

Results

Tonic stretch induces time-independent cellular necrosis
and morphological remodeling

To investigate the mechanism of stretch-induced
cell death, ATII cells were exposed to tonic biaxial
stretch for 1 min, 5 min, 2 h, and 4 h, and the viability
of the cells was evaluated using the Live/Dead Kit
and fluorescence microscopy. Fig. 1A showed repre-
sentative fluorescence images of live and dead cells at
specific time points. Within the first 5 min after the
stretch, cell death increased with time. However, cell
death rate did not increase afterwards till 4 h (Fig. 1B).
Mechanical stress has been shown to trigger the
apoptotic pathway of cell death [13, 22]. In order to
clarify whether the cells undergo necrosis or apopto-
sis, cells were analyzed by flow cytometry for annexin
V/PI staining. As shown in Fig. 1C, there was no sig-
nificant difference in the rate of early apoptosis or late
apoptosis/necrosis  between  unstretched and
stretched cells (5 min, 2 h). These findings indicate
that stretch-induced cell death is an immediate injury
of mechanical stress, and may result from extreme
deformation of the cell membrane and cytoskeleton.

Next we observed the stretch induced-cell mor-
phology changes under confocal microscope and
high-resolution SEM. As shown in SEM images (Fig.
1D), AT  cells experienced an expan-
sion-contraction-reexpansion response to tonic stretch
(2 h). Particularly, the cells surface extended and
tightly adhered to the substrate (1 min), and the cells
dramatically contracted (5 min). Meanwhile, long
filaments, called a “tent-like” structure, protruded
from the cells bodies and attached to the substrate. 2 h
after the stretch, the long filaments obviously de-
creased, and the cells spread again. Immunofluores-
cence images based on phalloidin staining of stretch
induced-cell remodeling showed patterns similar to
SEM observation (Fig. 1E). Furthermore, we per-
formed latrunculin A to block actin filament assembly
and the results shown in Fig. 2C. These results indi-
cated that the tent-like structure is actin stress fiber
around the cell body in the contraction stage.
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Figure 1. (A) Tonic stretch-induced ATII cell death over time (I min, 5 min, 2 h, and 4h). Cytoplasm of viable cells was
stained with calcein-AM (green), and nuclei of nonviable cells were stained with ethidium homodimer-| (red). Bar =200 ym.
(B) Statistical analysis of stretch-induced cell death over time, the cell death rate did not increase after 5 min. Values were
means * SD (n=8). *P < 0.001 vs. unstretched cells (US); **P < 0.001 vs. S-1m. (C) Cells were stained with annexin V and PI,
and analyzed by flow cytometry. AnnexinV-positive/Pl-negative (lower right quadrant) represented the early apoptosis,
annexinV-positive/Pl-positive (upper right quadrant) represented the late apoptosis/necrosis. Apoptosis rate was not sig-
nificantly different between US and stretch group (S5-5m and S-2h). Values were means + SD (n=8). (D) Tonic
stretch-induced cell morphological remodeling was detected by SEM. During the stretch, cells experienced expansion (|
min), contraction (5 min), and reexpansion (2 h). Bar = 20 ym. (E) Stretch induced cell morphological remodeling. Im-
munofluorescence of representative cells at the time indicated for actin (red), unclear (blue), and FA marker VIN (green).
Bar = 10 pm. (F) Quantitative analysis of FAs fluorescence intensity during the stretch showed that cells experienced rapid
FAs disassembly and sequential reassembly. * P < 0.0l vs. US; ** P < 0.01 vs. S-5m. Values were means + SD (n>60).
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Figure 2. (A) Immunofluorescence of representative cells with different adhesion properties at the time indicated (time on
x-axis) for actin (red), unclear (blue), and FA marker VIN (green). Low Ca indicated cells treated with medium with low Ca**
concentration (I:1 mix of normal Ca’** DMEM and Ca**-free DMEM). Mnindicated cells treated with 0.5 mM Mn?* in addition
to low Ca” medium. Inte2.5, inte5, inte | 0 indicated cells pretreated with different concentrations of B1 integrin-neutralizing
antibody at 2.5 pg/ml, 5ug/ml, and 10ug/ml for Ih, respectively. Bar = 10 pm. (B) Quantitative analysis of relative fluores-
cence intensity of FA in cells with different adhesion properties showed that low Ca** medium and B1 integrin-neutralizing
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antibody (5ug/ml, 10pg/ml) significantly increased FAs disassembly (# P < 0.0l vs. untreated cells). Mn treated cells signif-
icantly decreased FAs disassembly (## P < 0.01 vs. untreated cells). In addition, cells experienced detachment within 5 min
after stretch (* P < 0.0l vs. US) and then expansion within 2 h after stretch (** P < 0.0l vs. US). Values were means + SD
(n>60). (C) SEM ultrastructural analysis of cells pretreated with latrunculin A (LatA) (2 UM for | h), low Ca** medium (low
Ca), and the 1 integrin antibody (inte) (5 pg/ml for | h). In stretch induced cell contraction process long filaments appeared
(marked by white arrow) around cell bodies in untreated cells, depolymerized in LatA cells, and enriched in low Ca or inte
cells (marked by black arrow). Bar = 20 ym. (D) Western blots showing the levels of phosphorylated FAK and total FAK in
different groups of cells. #P < 0.05 vs. untreated cells; * P < 0.05 vs. US; ** P < 0.05 vs. US. Values were means + SD (n=4).

Tonic stretch-induced cell contraction is due to focal ad-
hesion disassembly

We postulated that stretch induced tent-like
structure is caused by the detachment of FAs. To test
this, we performed immunofluorescence and im-
munoblot analysis of FAs protein to evaluate FAs
dynamics. Immunofluorescence of vinculin-stained
FAs (Fig. 1E) showed that upon the stretch FAs were
distributed toward the cell periphery (1 min), then
rapidly disassembled (5 min, 30 min), and largely
reassembled (1 h, 2 h). Quantitative analysis of FAs
fluorescence intensity showed that cells underwent
transient FAs disassembly and sequential reassembly
during tonic stretch (Fig. 1F). FAK is a focal adhesion
protein that undergoes self-phosphorylation when
assembled into FAs. The level of FAK-tyr397 repre-
sents the amount of FA complex assembly [23, 24].
Under tonic stretch, the level of FAK-tyr397 rapidly
decreased (5 min) and then largely restored (2 h)
compared with unstretched cells (Fig. 2D). These re-
sults indicate that stretch induced cell contraction is
due to rapid FAs disassembly. Notably, there is an
interesting synchronization between the detach-
ment/disassembly of FAs and cell viability. Within 5
min after stretch, cells underwent partial detachment,
but cell death did not increase (Fig. 1B). We suspected
that the FAs disassembly may be associated with the
cell survival process from tonic stretch.

FAs is crucial for cell survival during tonic stretch

The binding of FAs to a substrate requires diva-
lent cations. Ca?*, Mg?* and especially Mn?* can cause
pronounced binding strength variation of FAs via
influencing integrin conformation [25], and increasing
the concentration of divalent cations in the culture
medium can strengthen the cell attachment. To inves-
tigate the relationship of partial FA detachment and
cell survival from overstretch, cells pretreated with
medium containing different concentrations of diva-
lent cations were exposed to tonic biaxial stretch. We

evaluated the viability of cells treated with medium
containing low (0.9 mM Ca?*, 1:1 mix of normal Ca?*
DMEM and Ca?*-free DMEM) or normal concentra-
tions of divalent cations. For the cells cultured in low
Ca?* medium, in which the integrin-ECM binding
affinity was attenuated, cell death was reduced dra-
matically by 3-fold at 5 min or 2 h after stretch, com-
pared to the untreated stretched group at corre-
sponding stretch time (P < 0.001) (Fig. 3B), while rela-
tive FAs fluorescence intensity (Fig. 2B) and
FAK-tyr397 protein level (Fig. 2D) decreased signifi-
cantly. Notably, when the cell adhesion was weak-
ened, intensive cell contraction during stretch was
observed both by confocal microscopy and SEM (Fig.
2A and C). Moreover, contact area of low Ca treated
cells at acute stretch time (1 min) was decreased
compared with untreated or Mn treated cells (P <
0.05), which indicated that mechanical force trans-
ferred between substratum and cell is attenuated (Fig.
S3).

To specify the role of adhesion in
stretch-induced cell death, we inhibited FA assembly
by using a neutralizing antibody against p1 integrin.
The pattern of FAs distribution in antibody treated
cells was similar to low Ca treated cells, and was
dose-dependent (Fig. 2A and B). The viability of the
cells pretreated with 1 integrin neutralizing antibody
(5 pg/ml for 1 h) decreased dramatically to 29.6% (5
min) or 34.3% (2 h) of untreated cells at the corre-
sponding stretch time (P < 0.001) (Fig. 3A and B).
When the 1 integrin neutralizing antibody concen-
tration was increased to 10 pg/ml, many cells imme-
diately detached, and significant cell death was ob-
served (Fig. 3A and B). According to apoptosis data
(Fig. 3D), the significant cell death of integrin neu-
tralizing antibody (10 pg/ml) pretreated was con-
tributed to apoptosis mechanism. These results sug-
gest that conservative FA detachment protects most
cells from tonic stretch-induced stress failure, but ex-
cessive FA detachment causes cell death (apoptosis).
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Figure 3. (A) The viability of cells with different adhesion properties at the time indicated (time on x-axis). Bar = 100 um.
(B) Statistical analysis of cell death in different groups showed that partial cell detachment enhanced cell survival in tonic
stretch, whereas strong cell adhesion increased cellular stress failure. * P < 0.001 vs. untreated and unstretched cells; ** P <
0.001 vs. untreated S-5m; *** P < 0.001 vs. untreated S-2h; # P < 0.001 vs. S-5m. Values were means + SD (n=8). (C) ATII
cells with different adhesion properties were stained with annexin V and Pl, and analyzed by flow cytometry at the time
indicated (time on x-axis). (D) Statistical analysis of early apoptotic cells in different groups. * P < 0.05 vs. untreated cells at
the each time point. Values were means + SD (n=8).
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We then wondered whether a high extent of cell
adhesion would result in a decrease in cell viability
after the stretch. As expected, enhanced cell adhesion
induced by adding Mn?*, a specific agonist of integrin
activation [26], into low-Ca?* medium (0.5 mM Mn2*
and 0.9 mM Ca?') significantly decreased FAs disas-
sembly during 5 min stretch (Fig. 2B and D) and in-
creased the percentage of cell death with stretch time
approximately 6-fold (5 min) or 11-fold (2 h), com-
pared to the low Ca group, respectively (Fig. 3A and
B). Moreover, Mn treated cells did not undergo con-
traction after early stretch, as detected by confocal
microscopy (Fig. 2A) and contact area assay (Fig. A3).
These results suggest that FA dynamic is crucial to
cell survival during tonic stretch.

Variation in focal adhesion alters the forces transmitting
throughout the cells

Considering that tonic stretch-induced cell death
is an immediate mechanical injury, we hypothesized
that transient partial FA disassembly may alter the
mechanical stress that propagates through the cells
and thus protect the cells from overstretch-induced
stress failure.

We introduced a viscoelastic plane stress model
to capture the stress or strain distribution within the
cell. According to immunofluorescence images and
the adhesion protein assay, FAs of unstretched cells
were distributed peripherally around the cells (Fig.
A?2), and the FAK-tyr397 level in stretched cells, which
represented the level of FA assembly, decreased to
70% in the untreated group and 40% in the low-Ca2*
group. A zero-displacement boundary condition was
imposed on all of the elements peripheral to the cell
body to mimic FA sites in the unstretched cell. After
stretching for 3 s, 30% or 60% of the ze-
ro-displacement elements were randomly selected to
be switched to free boundary conditions to mimic the
disassembly of FA sites of untreated and low
Ca?*-treated cells, respectively.

The simulated cell with 30% of FA sites disas-
sembled experienced a slight contraction after stretch
and a high level distributed von Mises stress in the
majority of the cell (Fig. 4B and C). Conversely, when
60% of FA sites disassembled, the simulated cell
showed a significant contraction/shrinkage after the
stretch. Moreover, the stress field within the cell was
concentrated in the immediate vicinity of the FA sites,
leaving the bulk area of the cell with low stress (Fig.
4A and C).

Taken together, our experimental results and fi-
nite element simulation showed that tonic
stretch-induced transient FA disassembly attenuates
the mechanical force distributions within the cell,

which has a beneficial effect on the survival of alveo-
lar epithelial cells upon stress failure.
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Figure 4. A continuum, viscoelastic, finite element simu-
lation estimated the stress distribution within the cell. The
cell model was applied to 37% ASA deformation at the
beginning of the stretch, and then experienced a contrac-
tion process due to a random disassembly of the adhesion
boundary. (A) The stress field within the cell with 60% FA
site disassembly was concentrated in the immediate vicinity
of the FA sites, leaving the bulk area of the cell with a low
stress level. (B) For the cell with 30% FA site disassembly, a
high level of distributed stress was seen throughout the
majority area of the cell. (C) The average stress in the cell
body showed that a disassembly of 60% of FA sites might
protect the bulk area of the cell from high stress.
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Discussion

Mechanical ventilation-induced excessive stretch
of alveoli has been recognized to be an injurious factor
to the lung. Tonic stretch, an excessive static stretch
put on AECs, frequently happens in recruitment ma-
neuver [27], high-frequency oscillatory ventilation
[28], or during mechanical ventilation in ARDS pa-
tients [29], and usually causes severe AEC injury. To
counteract VILI, the majority of the research has fo-
cused on either changing ventilation parameters or
developing therapies that minimize the magnitude of
the injurious mechanical forces [30-32]. However, an
alternative approach, altering the physical character-
istics of the AECs themselves to make them less sus-
ceptible to injurious mechanical forces, has not been
well studied. Recently, independent reports have
demonstrated that AECs can survive mechanical
stimuli by insertion of lipids into the cell membrane or
by increasing the fluidity of the actin cytoskeleton,
suggesting new possibilities to counteract VILL
However, the mechanisms that allow AECs to survive
excessive strain remain largely unknown.

In the present study, for the first time we estab-
lished that ATII «cells could survive tonic
stretch-induced necrosis by partial detachment of FAs
based on several lines of evidence as follows.

a) Using in situ SEM visualization, we observed
that ATII cells underwent a contraction-reexpansion
process with a large number of filaments scattered
around the cell body. These filaments were actin
bundles attached to the substrate, as demonstrated by
immunofluorescent staining and blocking actin fila-
ment assembly. Immunoblotting of FAK phosphory-
lation and immunofluorescence of vinculin-staining
FAs further confirmed transient FAs disassembly and
sequential reassembly that occurred during the re-
modeling of tonic stretch-induced cells. Tonic stretch
induced cell contraction, characterized by tent like
structure, was due to the partial detachment of FAs. b)
Enhancing integrin-ECM protein binding affinity by
Mn?* resulted in increased percentage of cell death
with stretch time and significantly decreased FA dis-
assembly. c¢) Low Ca?* medium treatment, which
could attenuate cell-ECM adhesion and decrease
contact area of cells at acute stretch time, resulted in a
low cell death rate. d) The inhibition experiment with
different concentrations of an integrin neutralizing
antibody showed that the extent of FA detachment is
closely associated with cell survival upon tonic
stretch. Thus, an adequate extent of FA disassembly,
but not the detachment of the whole cell, is crucial to
cell survival under tonic stretch. e) A simulated model
showed that the variation of focal adhesion alters the

forces transmitting throughout the cell, which may be
a mechanism to allow the «cell to escape
stretch-induced stress failure. Taken together, our
results support a crucial role for FAs in cell survival
after tonic stretch.

To our knowledge, no direct experimental
measurements of mechanical stress distribution
throughout the cell during stretch are currently
available. In the present study, a viscoelastic finite
element model was presented. This model, although
simplified, helps predict stress and strain distribution
within the cell and shed a light on our understanding
of the mechanism of cell survival after tonic stretch.
According to the model, the stretched cells with 30%
of FA sites disassembled, which mimics the cells in
normal medium after tonic stretch, underwent a high
level of membrane strain or expansion, and this result
is consistent with the observation under SEM [7].
Membrane strain or expansion may induce stress
failure, and cells can survive by recruiting additional
phospholipids via lipid trafficking. Adequate FA de-
tachment could protect the cells from membrane
over-expansion by concentrating the stress to the local
area around the FAs, which are strengthened by ad-
joining stress fibers. Taken together, these data sug-
gest that both partial FA detachment and lipid traf-
ficking contribute to the survival of the cells under
tonic stretch. However, further establishment of a live
experimental cell model is important to address the
mechanical nature of the cytoskeleton as anisotropic
fibers in a viscoelastic material.

It is reported that ventilator-induced cell plasma
membrane wounding resealed after the removal of
injurious stress[33]. Our experiments have demon-
strated that partial FA disassembly can protect cells
from tonic stretch-induced cell death, which is a way
of stress unloading. It is interesting to know whether
survivors of cell detachment experience plasma
membrane wound resealing and further exploration
of the mechanism underlying cell repair is crucial for
developing novel strategies against VILL

In summary, here we describe a novel protective
response to tonic stretch in AECs by transient FA de-
tachment, which attenuates mechanical force distri-
bution within the cell and decreases the susceptibility
to stress failure. Our results also suggest that the dy-
namics of FA disassembly could significantly affect
AEC survival after stress failure, and disassembly of
FAs may be a promising approach against VILL.
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Appendix. Detail of Numerical Model

Finite element analysis was performed using the
commercial software ABAQUS (6.9). Details about the
simulations, such as the viscoelastic model, mechani-
cal properties and material properties, were given
here.

Mechanical and material properties

Living cells exhibit viscoelastic behavior. Spe-
cifically, adherent cells can be represented by a three
element standard linear solid model (Fig. S1) that is
analogous to a spring and fluid-like viscoelastic
Maxwell model because of its solid-like character. The
constitutive relation of the SLS model takes the form

o+l o= Elg+ﬁng (D)
2 2
where E;and E; are two elastic constants, and 7 is a
viscous constant that represents two springs and one
dashpot as shown in Fig. S1. With a given strain, &(t)=
gH(t), we obtain the stress relaxation function as fol-
lows:

tE, tE,

ot)=Eg,+ Ezgoei7 =&,(E + E2677) (2

Where H(t) represents the Heaviside function. The
relaxation modulus of the SLS model is then given by

tE,

G(t)=E +Ee 7 ..(3)

according to the previous published parameters, and
values for the elastic modulus were utilized to model
the cell. Since the elastic modulus of AECs has been
measured as 15-1800 Pa [21], we assume that the pa-
rameters of the three elements are 15 Pa, 100 Pa, and
1500 Pa s, respectively.

All material properties were summarized in Ta-
ble 1.

Table I. Characteristic parameters used in the simulation

Parameter Model
Eo 600 Pa

E; 15 Pa

E, 100 Pa

1 1500 Pa s

The stress field in the cell was analyzed by an
invariant of the stress tensor, Von Mises stress, which
is defined as

12
1
_ 2 2 L2 2
o= {E (o, - ny) + (GXX -0, [+ (ny -0, )2 + G(ny +0%+ Gyz)]

...(d)
Where 0jis the ij-component of Cauchy’s stress tensor.
Model geometry

According to the parameters measured by con-
focal microscopy, the alveolar epithelial cell was sim-
plified to be an elliptical cylinder with a 40 pm long
axis radius, 30 pm minor axis radius, and 1.5 pm
height [21]. Because the height was less than the other
two axes, the computational model used was a plane
stress model.

Boundary conditions and applied load

As cells were applied a 37% ASA biaxial strain in
the experiments, a displacement load was adopted in
the simulations with a free stress boundary condition
on the surface of the cell. According to immunofluo-
rescence images and the adhesion protein assay, the
FAs of unstretched cells were distributed peripherally
around the cells (Fig. S2), and the FAK-tyr397 level of
stretched cells, which represents the level of FA dis-
assembly, decreased to 70% in the untreated group
and 40% in the low Ca?* group. According to these
phenomena, we imposed a zero-displacement
boundary condition on all of the elements peripheral
to the cell body to mimic FA sites in unstretched cells.
After stretching for 3 s, 30% or 60% of the ze-
ro-displacement elements were selected randomly to
be switched to free boundary conditions to mimic the
disassembly of FA sites in untreated and low
Ca2+-treated cells, respectively. Then, the stretch
process was applied to the simulated cells for 3 s, and
the value of the deformation was sustained for 90 s.

Fig. SI. The homogeneous standard linear solid (SLS)
model. The whole cell is modeled as a homogeneous vis-
coelastic SLS.
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Fig. S2. (A) Immunofluorescence image showing vinculin
stained FAs (green) in a peripheral distribution around the
cell. DAPI was used to visualize nuclei (blue). Bar=20 pm.
(B) and (C). Boundary conditions used in the simulations.
According to the image (A), a zero-displacement boundary
condition was imposed on all of the elements peripheral to
the cell body in unstretched cells (B). After stretching for 3
s, 60% of the zero-displacement elements were selected
randomly to be switched to free boundary conditions (C) to
mimic the disassembly of FA sites in low Ca**-treated cells.

N US
9 _ [ S-acute

Cell contact area
—_—
1

untreat low Ca Mn

Fig. S3. By manipulating cell adhesion the ATII cells contact
area change at acute time (I min) of tonic stretch was
assessed. Cell contact area was determined by tracing the
cell boundaries based on the TRITC-phalloidin staining for
individual cells, conversion to a binary image, inversion of
the binary image, and quantified by Images] software. Data
indicated that contact area of low Ca treated cells at acute
stretch time decreased compared with untreated or Mn
treated cells (P < 0.05). Values were means + SD (n>60).
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