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Abstract
Patients with acute lung injury are administered high concentrations of oxygen during mechanical
ventilation, and while both hyperoxia and mechanical ventilation are necessary, each can
independently cause additional injury. However, the precise mechanisms that lead to injury are not
well understood. We hypothesized that alveolar epithelial cells may be more susceptible to injury
caused by mechanical ventilation because hyperoxia causes cells to be stiffer due to increased f-
actin formation via the GTPase RhoA and its effecter Rho kinase (ROCK). We examined
cytoskeletal structures in cultured murine lung alveolar epithelial cells (MLE-12) under normoxic
and hyperoxic (48h) conditions. We also measured cell elasticity (E) using atomic force
microscopy (AFM) in the indenter mode. Hyperoxia caused increased f-actin stress fibers and
bundle formation, an increase in g- and f-actin, an increase in nuclear area and a decrease in
nuclear height, and cells became stiffer (higher E). Treatment with an inhibitor (Y-27632) of Rho
kinase (ROCK) significantly decreased E and prevented the cytoskeletal changes, while it did not
influence the nuclear height and area. Pre-exposure of cells to hyperoxia promoted detachment
when cells were subsequently stretched cyclically, but the ROCK inhibitor prevented this effect.
Hyperoxia caused thickening of vinculin focal adhesion plaques, and inhibition of ROCK reduced
the formation of distinct focal adhesion plaques. Phosphorylation of focal adhesion kinase was
significantly reduced by both hyperoxia and treatment with Y-27632. Hyperoxia caused increased
cell stiffness and promoted cell detachment during stretch. These effects were ameliorated by
inhibition of ROCK.
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Introduction
Acute lung injury (ALI) and its more severe form acute respiratory distress syndrome
(ARDS) are clinical conditions of acute respiratory failure. Patients with ALI/ARDS are
administered high concentrations of oxygen (hyperoxia) during mechanical ventilation.
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While both hyperoxia and mechanical ventilation are necessary, each can independently
cause injury [1,2], and the combination accelerates the injury [3-6]. However, mechanical
ventilation with supplemental oxygen remains the only therapy with a proven survival
advantage, while numerous pharmacological therapies have failed to show benefits [7,8].
There has been extensive investigation of the signaling pathways that lead to lung injury
after exposure to hyperoxia or mechanical ventilation, but the possibility that hyperoxia
causes changes in mechanical properties of cells that promote lung injury during mechanical
ventilation has not been extensively investigated [9].

The lung is cyclically distended during normal breathing, and it has been estimated that the
alveolus undergoes a 4% linear distention of the basement membrane, while mechanical
ventilation can cause distention between ~15% to 40% [10-12]. In ARDS the critical role of
lung distention was illustrated by the landmark clinical trial by the ARDS network [7]. This
study demonstrated a 22% reduction in mortality in ARDS patients when the tidal volume
for mechanical ventilation was reduced from 12 ml/kg to 6 ml/kg predicted body weight. In
vitro and in vivo studies suggest that the reduction in mortality may be associated with
decreased biotrauma and biophysical injury by preventing or reducing over-distention of
tissue, repetitive collapse and re-opening of airspaces, and injury caused by interfacial forces
due to bubble propagation or foam [13-15].

Mechanical cues can be transmitted to the cells from the extracellular matrix (ECM), sensed
directly by cellular deformation, or generated internally by the contractile cytoskeleton of
individual cells [16,17]. Changes in the cell mechanical state through the contractile
cytoskeleton highlight the fact that cells are dynamic, and therefore are able to respond to
insults by activating signaling pathways or by adopting their mechanical properties.

We recently demonstrated that the resistance to mechanical deformation of murine lung
alveolar epithelial cells (MLE-12) and primary rat alveolar epithelial cells (ATII) was
significantly increased in response to hyperoxic conditions [9]. We further showed that
hyperoxia-treated cells were more susceptible to stretch-induced injury (mimicking
mechanical ventilation in vivo) due to the increased resistance to deformation of the cells.
We measured the elastic modulus (E, or Young’s modulus) using an atomic force
microscope (AFM) in the indentation mode as an indication of the cells’ resistance to
deformation. While we showed that changes in E were linked to changes in the cytoskeleton,
as suggested in other studies of cell mechanics [9,18,19], the mechanism for the changes in
actin distribution were not investigated.

Actin assembly and contraction are regulated by the small Rho- family GTPases. Rho A
regulates the assembly of actin and myosin stress fibers, the formation of focal contacts, and
plays an important role in wound-closure and cell migration in general [20-22]. RhoA
activates its downstream effector Rho kinase (ROCK) [23] that can be selectively inhibited
by the pyridine derivative Y-27632 [24-26]. Even though it is known that Rho A is
upregulated as a response to a variety of stressors such as exogenous factors [27], stretch
[28,29], hypoxia [30] and hyperoxia [31,32], none of the previous studies have linked Rho
A/ROCK to both an increase in E and f-actin formation.

In this study, we show that the hyperoxia-induced increase in elastic modulus is dependent
upon both ROCK and an increase in actin. Cytoskeletal changes caused by hyperoxia
included an increase in both globular actin (g-actin) and filamentous actin (f-actin). The
hyperoxia-induced redistribution of cortical actin and the increase in E was blocked by
inhibiting ROCK, and occurred independently of changes in nuclear size. We also show that
ROCK inhibition prevented cell detachment caused by hyperoxia and mechanical stretch.
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Results
Rock inhibition prevented hyperoxia-induced changes in f-actin

In our previous study we found that hyperoxia caused an increase in the elastic modulus (E)
of cells that corresponded with an increase in f-actin filaments and cortical actin by
fluorescence microscopy [9]. Treatment with cytochalasin D to disrupt f-actin prevented the
hyperoxia-induced increase in E indicating that the increased stiffness of the cells was
dependent upon the f-actin content. To test our hypothesis that changes in f-actin were
dependent upon ROCK, we exposed MLE-12 cells to hyperoxia for 48hr in the presence or
absence of the ROCK inhibitor Y-27632 and determined the changes in filamentous actin (f-
actin) with rhodamine-phaloidin. Consistent with our previous results, we found that
hyperoxia caused a thickening of cortical actin (Figure 1A-1B). Treatment of MLE-12 cells
with Y-27632 reduced the thickness of the cortical actin in normoxia-treated cells (Figure
1C), and prevented the increase in cortical actin size in hyperoxia-treated cells (Figure 1D).

Hyperoxia increased g-actin and f-actin
To further investigate the changes in actin after hyperoxia exposure, we measured the
relative amounts of g-actin in the Triton-soluble fraction and f-actin associated with the
cytoskeleton in the Triton-insoluble fraction. We hypothesized that the thickening in cortical
actin that we observed would be accompanied by an increase in the f-actin content [33].
Representative western blots and densitometric analysis shown in Figure 2 indicate that the
relative amount of f-actin was significantly increased in response to hyperoxia. However,
when cells were treated with Y-27632 there was a significant decrease in f-actin in
hyperoxia treated cells compared with untreated cells. Hyperoxia also caused a significant
increase in g-actin content (Figure 2), but treatment with Y-27632 did not significantly
affect g-actin content.

ROCK inhibition did not affect hyperoxia-induced changes in nuclear area and height
Previous studies demonstrated that hyperoxia stimulated nuclear swelling in endothelial and
epithelial cells [34-37]. We found that hyperoxia caused a significant increase in nuclear
area (~67%) compared to control cells (Figure 3E), but nuclear height was significantly
decreased (~23%, Figure 3F). These changes in nuclear area and height in response to
hyperoxia were unaffected by treatment with Y-27632, indicating that ROCK inhibition did
not influence the hyperoxia-induced changes in nuclear structure.

ROCK inhibition ameliorated the hyperoxia-induced increase in elastic modulus
To determine whether hyperoxia-induced changes in E were due to activation of ROCK, we
treated cells with Y-27632 during hyperoxia exposure and measured E. As in our previous
study, hyperoxia caused a significant increase in E (Figure 4). Cells treated with Y-27632
under normoxia exhibited a significant decrease in E compared with control cells. Inhibition
of ROCK prevented the hyperoxia-induced increase in E, and E in cells treated with Y27632
and hyperoxia were not significantly different from cells treated with Y27632 under
normoxia conditions.

ROCK inhibition reduced detachment of hyperoxia-treated cells due to cyclic stretch
In our previous study we found that cells with an increase in elastic modulus (less
deformable) also had an increased susceptibility to injury caused by cyclic stretch [9].
Therefore, we hypothesized that the softening effect of Y-27632 would decrease the
detachment of hyperoxia-treated cells during mechanical stretch. Approximately 1% of
normoxia-treated cells detached during exposure to cyclic stretch (Figure 5), while ~24% of
hyperoxia-treated cells detached during cyclic stretch. Hyperoxia alone caused increased cell
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detachment relative to control cells, while there was no significant increase with Y-27632
treatment alone. Inhibition of ROCK in cells treated with hyperoxia significantly reduced
the detachment of cells caused by cyclic stretch (6.4%) compared with cells treated with
hyperoxia and stretch alone.

Hyperoxia caused an increase in focal adhesion area
Since cell adhesion is regulated by focal adhesions, we investigated the expression and
localization of vinculin in hyperoxia treated cells. The total amount of vinculin expressed in
the cells did not change upon exposure to hyperoxia and/or inhibition of ROCK (Figure 6A).
When we used immunofluorescence to determine the localization of vinculin, we observed
prominent localization of vinculin in focal adhesions in both control and hyperoxia-treated
cells, but focal adhesions in hyperoxia-treated cells appeared to be slightly larger, but fewer
in number (Figure 6B-E). When we measured the area of the focal adhesions, we found that
hyperoxia caused a small (13.6%) but significant increase in area (Fig. 6F). However, the
density of focal adhesions was lower in hyperoxia treated cells (0.034 focal adhesions/μm2)
compared with control cells (0.052 focal adhesions/μm2). Treatment with Y-27632 resulted
in focal adhesions that were less well-defined in both control and hyperoxia-treated cells,
which limited our ability to quantify them (Fig. 6D-E).

FAK phosphorylation was decreased by both hyperoxia and inhibition of ROCK
Cell adhesion is mediated in part by focal adhesions, and focal adhesion kinase (FAK) is
part of the complex of proteins that develops at focal adhesions. Previous studies have
demonstrated a transient increase in FAK phosphorylation (pFAK, an indication of FAK
activity) in response to oxidative stress [38-40]. We previously showed a decrease in pFAK
(at tyrosine 397) in epithelial cells isolated from rats following exposure to hyperoxia and
mechanical ventilation for 2 hr that correlated with decreased cell adhesion [41]. Since
hyperoxia caused increased detachment of cells during cyclic stretch, we investigated
whether hyperoxia affected pFAK. Figure 7, shows that hyperoxia caused a significant
decrease in pFAK relative to total FAK. Interestingly, inhibition of ROCK also caused a
decrease in pFAK in both normoxia and hyperoxia-treated cells.

Discussion
We recently demonstrated that treatment of alveolar epithelial cells with hyperoxia caused
an increase in the mechanical stiffness (E) of the cells that increased the susceptibility to
stretch-induced injury [9], but the mechanism for this change in mechanical properties was
not determined. We hypothesized that the observed increase in f-actin in the cells was due to
RhoA/ROCK in response to hyperoxia-induced increase in reactive oxygen species. In the
present study we demonstrated that inhibition of ROCK with Y-27632 reduced the
hyperoxia-induced changes in f-actin (Figure 1 and Figure 2) and mechanical stiffness
(Figure 4). We further showed that ROCK inhibition significantly decreased stretch-induced
detachment of hyperoxia-treated cells (Figure 5).

We showed that hyperoxia increased f-actin qualitatively by fluorescence microscopy and
quantitatively by western blot of Triton-insoluble cell lysates (Figures 1 and 2). Hyperoxia
caused an increase in both g- and f-actin (Figure 2). Previous studies have shown an increase
in f-actin content caused by oxidative stress including hydrogen peroxide [42,43] and
hyperoxia [44,45]. In a previous study we found that the fraction of f-actin in Calu3 cells (an
airway epithelial cell line) was initially decreased by exposure to hydrogen peroxide for 15
min, but a gradual rise in f-actin content occurred over 6 h [43]. DiPaolo et al. demonstrated
that short term cyclic stretch stimulated actin remodeling in alveolar epithelial cells [46]. In
the current study we focused on the effects of hyperoxia on actin and cell mechanical
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properties and how these changes would affect subsequent exposure to cyclic stretch.
However, it is possible that simultaneous exposure to both hyperoxia and cyclic stretch
could cause different effects on cell structure and mechanical properties.

In our present and past studies [9] the amount of f-actin content correlated with the elastic
modulus, and the increase in E and f-actin compared to control conditions are within the
same order of magnitude. We also previously demonstrated that disruption of f-actin with
cytochalasin D caused a significant decrease in the elastic modulus of cells. Others have also
shown that cytoskeleton destabilization affects the elastic modulus [9,18,29,47,48], but we
are the first to show the effect of Y-27632 on cell elasticity under hyperoxic conditions
(Figure 4). Although the studies with cytochalasin D indicate that increased F-actin
contributes to increased stiffness, Y-27632 can influence both F-actin content and
actomyosin tone, so we cannot easily distinguish between these factors in the regulation of
cell stiffness. It should also be noted that our AFM measurements of E in both normoxia-
and hyperoxia-treated cells required approximately one hour under normoxic conditions, but
we did not detect any changes in E during this time. This suggests that the time course of
potential recovery of E following hyperoxia treatment was prolonged relative to this time
frame. In future studies we will investigate these changes. Our results support the concept
that although the elastic modulus is determined by the interactions among many different
sub-cellular structures, cytoskeletal f-actin appears to be a major determinant of the
mechanical response of lung epithelial cells to deformation.

Because the nucleus is the largest cell organelle, there has been particular interest in defining
its role in determining the overall mechanical properties of a cell. While the majority of
studies [49-51] suggest that the elastic modulus of the nucleus is about 3-10 times higher
than that of the cytoplasm, some authors suggest that the cell nucleus has a lower elastic
modulus than the cytoplasm [47]. These opposite results could potentially be explained by
differences in cell types or by differences in measurement techniques. In the present study,
we observed an increase in elastic modulus with hyperoxia, but we also measured an
increase in nuclear area and a decrease in nuclear height. Furthermore, it should be pointed
out that when MLE-12 cells are grown to confluence, the cells pack in closely and have a
large proportion of area occupied by the nucleus. We did not measure the nuclear stiffness
separately in this study, so we cannot rule out the possibility that changes in nuclear stiffness
occurred. However, because we use an indentation depth of less than 300 nm and the cells
are relatively tall, we are confident that our measurements of elastic modulus are more
dependent upon the cytoskeleton and less upon the nucleus.

Our results showing an increase in nuclear area with hyperoxia treatment are consistent with
previous reports [34-37]. Interestingly, while treatment with Y-27632 prevented changes in
actin and elastic modulus, it had no effect on the hyperoxia-induced increase in the nuclear
area or the reduction in height. Hyperoxia induced a ~67% increase in nuclear area (Figure
3E) and a reduction in nuclear height of ~ 23% (Figure 3G). If we assume the nucleus is
disk-shaped, we estimate that the nuclear volume (V= r2h) increased by 29%. Previous
studies have demonstrated physical linkage between the nucleus and the cytoskeleton
[49,52], and that actomyosin tension could affect nuclear height [53]. Lowering actomyosin
tension, by inhibiting myosin II resulted in increased nuclear height [52]. However, in our
study we did not observe a change in height due to Y-27632, indicating that the hyperoxia-
induced decrease in height is unlikely to be related to an increase in cytoskeletal tension.
Actin is not only one of the key structural elements of the cytoskeleton, but it is also one of
the main components of the nuclear structure – the nucleoskeleton [54]. Nuclear actin, in
contrast to cytoplasmic actin, does not form filaments and is predominately monomeric, but
can form rods in response to stressors, e.g., heat shock treatment or ATP depletion [54]. Our
results clearly demonstrate that ROCK inhibition influenced both the amount of cytoplasmic
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f- and g-actin and E, but did not appear to influence the nuclear area and height (Figure 6E,
F). The fact that Y-27632 influenced the amount of f-actin and the elastic modulus but not
the nuclear area and height suggests that the Rho/ROCK pathway was not involved in
nuclear size regulation in response to hyperoxia.

We recognize that there is a limitation in our measurements in that we assessed the nuclear
area and height separately and not in relation to changes in cellular area and height.
Increased volume (hypertrophy) upon hyperoxia exposure has been previously described in
endothelial cells [55,56]. Although there was an apparent increase in cell area with
hyperoxia treatment (Figures 1 and 5), we did not measure this directly. Instead, we
estimated the cell size by counting the number of nuclei per unit area in a limited number of
fields (n=4) from different treatments. Using this approach, we estimate a nearly 3-fold
increase in cell area with hyperoxia treatment. Treatment with Y-27632 had no effect on cell
size in control cells, but cells treated with hyperoxia in the presence of Y-27632 exhibited a
2-fold increase in cell area.

We previously proposed that the hyperoxia-induced increase in mechanical stiffness of cells
would make them more susceptible to injury caused by mechanical stretch because stresses
at cell-cell and cell-substrate contacts would be increased [9]. We confirmed this by
measuring detachment of cells following cyclic stretch (Figure 5 and Roan et al. [9]). In the
current study, when we treated cells with Y-27632 there was a significant decrease in the
amount of cell detachment in hyperoxia-treated cells, suggesting that tension at contacts was
reduced. Since focal adhesions are regulated in part by actomyosin-generated forces [57,58],
we expected that hyperoxia would increase focal adhesion plaques in conjunction with an
increase in f-actin (Figures 1 and 2). Thickening of focal adhesions following hyperoxia
treatment has been described previously in endothelial cells [44]. In the current study, focal
adhesion plaque area increased upon hyperoxia exposure by 13% (Figure 6B, C, F), possibly
indicating an increased cytoskeletal tension [59]. However, the density of focal adhesions
was reduced following hyperoxia (0.052 focal adhesions/μm2 for control vs. 0.034 focal
adhesions/μm2 for hyperoxia). Inhibition of ROCK reduced the formation of distinct focal
adhesions in both control and hyperoxia-treated cells. Since cell detachment was highest
following hyperoxia treatment, we believe that the increased size of focal adhesions coupled
with the reduced density causes a greater concentration of stress at these locations. We
speculate that when deforming stress is applied, these sites of greater stress concentration
are more likely to undergo failure and allow cell detachment. The reduced tension in cells
treated with Y-27632 prevents the stress concentration and allows the cells to withstand
deformation. Previous studies have demonstrated either increased or decreased
phosphorylation of FAK in response to oxidative stress, depending upon the type of cell and
the type of oxidative stress (reviewed in [39]). We found that hyperoxia caused a significant
decrease in FAK phosphorylation at tyr397, and ROCK inhibition caused a further decrease
(Figure 7). Since reduced phosphorylation at try397 did not correlate with increased cell
detachment with stretch, FAK tyr397 phosphorylation does not appear to regulate strength
of attachment. Earlier studies have also demonstrated that inhibition of ROCK reduced the
formation of focal adhesions in control and hyperoxia treated cells (Figure 6D, E) [23,58],
but to our knowledge it has not been shown that this protects cells against stretch-induced
detachment.

Utilizing, a ventilator-induced lung injury model Birukova et al. recently showed that
stretch-induced loss of endothelial barrier function could be attenuated by treatment with
Y-27632 [60], and protective effects were also observed in other lung injury models [61,62].
We speculate that in addition to the other effects of ROCK inhibition in reducing lung
injury, the prevention of cell stiffening is beneficial in reducing cell injury and detachment
when lungs undergo cyclic distention. When ARDS patients are treated with hyperoxia, we
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propose that cells become mechanically stiffer and that mechanical ventilation causes over-
distention of tissue in some regions leading to greater injury. One limitation to this concept
is that hyperoxia may also lead to changes in the composition and mechanical properties of
the basement membrane, and this may also alter the cell-substrate interactions, potentially
reducing the stress if the tissue also becomes stiffer. We did not investigate potential
changes in the underlying matrix in response to hyperoxia in this study, but since inhibition
of ROCK reduced cell detachment in hyperoxia-treated cells, potential changes in matrix are
not likely to contribute to the response. Another potential factor in the response to hyperoxia
is the stimulation of apoptosis [35,63]. De Paepe et al. examined the response of MLE-12
cells to hyperoxia and found that 48 hr of exposure resulted in ~17% TUNEL positive cells
[63]. We did not specifically examine biochemical markers of apoptosis in this study, but
there was not a substantial increase in nuclear fragmentation or apoptotic bodies after 48 hr
of hyperoxia, and cell viability was >90%. In addition, the hyperoxia-induced increase in
stiffness did not occur in Y-27632-treated cells. However, we cannot rule out the possibility
that there was an increase in stiffness of some cells due to apoptosis.

In summary, we showed that hyperoxia increased stiffness in a cell line of lung alveolar
epithelial cells, and that this effect was dependent on ROCK. By inhibiting this pathway, we
reduced changes in f-actin and the elastic modulus of cells. Reducing the changes in cell
stiffness led to decreased injury caused by stretch. These results could point toward
improved strategies for reducing ventilator-induced lung injury.

Materials and Methods
Cell culture

The mouse alveolar epithelial cell line (MLE-12) [American Type Culture Collection
(ATCC), Manassas, VA] was cultured in MLE-12 culture medium (DMEM with 10% heat-
inactivated FBS, 1mM glutamine, 1% penicillin/streptomycin, 2% HEPES). The plating
density was 0.7×106 cells/ml. Once confluent cells were exposed to either hyperoxia [~80–
90% O2, 5% CO2, balance N2; in a hyperoxia chamber (model: C374) from BioSpherix
(Lacona, NY, USA), with an oxygen controller from the same company: Pro-ox: Model
C21] or normoxia (with 5% CO2) with or without the inhibitor of the Rho-associated protein
kinase (Y-27632 – 40μM in 60 mm AFM-dishes or 20μM in 35 mm for 6 well plates, Tocris
Bioscience, Missouri, USA) for 48h. Cells were then rinsed three times and transferred
immediately to the AFM, or fixed for microscopy, or subjected to cell stretch experiments.
Preliminary experiments with hyperoxia-treated cells demonstrated a dose-dependent
decrease in E with Y-27632 treatment, and we used concentrations in the range of 20 to 40
μM because these were the lowest doses that had maximal effect on E. In all experiments
cell viability was >90% [64].

Fluorescence staining and confocal microscopy
Following treatment, monolayers were fixed in 10% formalin for 10 min and stained for f-
actin using rhodamine-phalloidin (Cytoskeleton, Denver, CO, USA), according to the
manufacturer’s protocol. A 1:250 dilution was applied for one 1h. Nuclear staining was
obtained using Hoechst 333423 (1:1.000, Invitrogen, Grant Island, NY, USA) for 5min. In
order to visualize focal adhesions we stained for vinculin on cells grown on glass cover
slips. Following treatment, cells were fixed with 4% paraformaldehyde for 5 min, and
stained over night with a vinculin antibody conjugated to FITC (Sigma – Aldrich, St. Louis,
MO, USA) in a 1:100 dilution at 4°C. Images were acquired on a Zeiss 710 (Zeiss, Jena,
Germany) laser confocal inverted microscope with six laser lines on a 40X (actin, nuclear
area) or 63X (vinculin, nuclear height) objective, using the Zen 2010 software. Analysis of
focal adhesion area was performed with ImageJ 1.46r image processing software (W.S.
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Rasband; NIH, Bethesda, MD; http://rsbweb.nih.gov/ij/). All focal adhesion images for
control and hyperoxia cells were recorded with the same settings. Based upon the
appearance of the focal adhesion plaques, areas between 10-100 pixel2 were used in the
analysis.

Nuclear area and height measurements
All nuclear measurements were performed on fixed cells. Nuclear areas were outlined and
measured using ImageJ 1.46r image processing software. For each condition, a minimum of
130 individual nuclei were outlined and measured from wells from three different
experiments with at least three different fields from each well. If nuclei were directly
adjacent, they were separated for analysis by manually outlining them. The nuclear area was
then calculated using ImageJ. To create a height image of the DAPI stained nucleus we used
z-stack images with a step width of 1 m. We performed 4 independent experiments; in every
experiment at least 5 images were analyzed, between 4-5 nuclei in each image. This resulted
in around 100 analyzed nuclei per condition.

Measurement of cytoskeletal association of actin
Actin was extracted as described previously [42,43] and separated as follows: 1) monomeric
actin (g-actin) and a small amount of filamentous actin (f-actin) not cross-linked to the
cytoskeleton were soluble in Triton X-100; and 2) f-actin fibers attached to the cytoskeleton
were insoluble in Triton X-100. Cells on 6-well culture plates were placed on ice and
washed once with cold PBS containing magnesium and calcium. Cells were then lysed with
500 μl ice-cold extraction buffer (1% Triton X-100, 20mM Tris, 5 mM EGTA, 20mM
sodium fluoride, 25 mM sodium pyrophosphate and protease inhibitor, ph 7.4) for 5 min.
Afterwards the wells were washed twice with PBS, and filamentous f-actin was extracted
with 500 μl depolymerization buffer (extraction buffer with 5% SDS, 5% deoxycholic). F-
actin samples were incubated in depolymerization buffer at 4°C for 30 min with gentle
shaking, and then centrifuged for 15 min. The supernatant was collected, and all samples
were boiled in Lammeli buffer for 5 min.

Western blot analysis
The relative amounts of g- and f-actin and phosphorylated, total focal adhesion kinase
(pFAK and t-FAK) and vinculin were determined using Western analysis. The gel
electrophoresis and transfer protocols were performed following the standard protocols of
the NuPAGE electrophoresis system (Novex, San Diego, CA, USA) using a 4 – 12% Bis-
Tris gel with MOPS running buffer under reducing conditions. Actin was detected using a
standard immunodetection protocol with a 1:1000 dilution of rabbit anti-actin antibody
(Cytoskeleton, Denver, CO, USA) and HRP-conjugated goat anti-rabbit secondary antibody
(1:3.000) (Cell Signaling, Danvers, MA, USA). Because of the two step extraction process,
samples were loaded with specific volumes (based upon dilutions) rather than with equal
protein. We used GAPDH as a loading control for the Triton-soluble fraction (g-actin), and
we ran the samples for g- and f-actin on the same gel. Immunoblots for pFAK and total FAK
were performed using an antibody for pFAK (against phosphorylated Y397, abCam, MA)
using a 1:500 dilution incubated overnight followed by stripping and probing for total FAK
using an antibody (Cell Signaling, MA) at a dilution of 1:5000 incubated for 1 hr. Vinculin
immunoblots were performed using an antibody for vinculin (Sigma-Aldrich, St. Louis, MO,
USA) in 1:5000 dilution incubated over night and HRP-conjugated goat anti-rabbit
secondary antibody (1:10.000). GAPDH was used as a loading control. Bands were
visualized by enhanced chemiluminescence with ECL reagent (Millipore, Billerica, MA,
USA). All experiments were repeated 3 to 4 times. Densitometry of bands was performed
using ImageJ 1.46r software to determine relative quantities of g- and f-actin, GAPDH,
pFAK, total FAK, and vinculin. Since g- and f-actin were extracted from the same well,
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GAPDH was used as a loading control for only g-actin (both f- and g-actin were run on the
same gel). Although long term exposure to hyperoxia can change the expression of GAPDH
[65,66], we have not observed a significant change in expression in MLE-12 cells during 48
hr of exposure.

To account for variability between immunoblots the values within a given experiment (from
the same blot) were normalized to the normoxia condition. The densitometry for all other
bands was evaluated for each condition and expressed relative to GAPDH or to total FAK.

Atomic force microscopy
To measure the elastic modulus of cells, we utilized an AFM (Asylum Research, Santa
Barbara, CA, MFP3D3) as a nano-indenter with a flexible cantilever beam, as others and we
have described previously [9,67,68]. Once the cells were treated according to our
experimental groups, we removed the cells from the incubator and placed them in the AFM
chamber. At a minimum, we conducted 142 measurements at 20 locations in a single petri
dish, adding up to over 2800 independent force-indentation curves. We analyzed each force-
indentation curve with our MATLAB code to determine the E at a given location, and then
we obtained a median for each field [9,67,68]. We then averaged the median values from
each field to obtain the overall E for the dish. We repeated these measurements for three cell
seeding events. Because of variations with the tips, we normalized E for each condition in a
given experiment to the E value for control (normoxia) cells.

Cell detachment
Confluent monolayers of MLE-12 cells were exposed to either normoxia or hyperoxia with
or without Y-27632 for 48h as described above and then exposed to cyclic stretch using the
Flexercell FX-4000T tension unit (Flexcell International, Hillsborough, NC). Cells were
exposed to 20% linear strain for 60 min at a frequency of 15 cycles/min. We choose 20%
strain to simulate the high distention that can occur during mechanical ventilation in injured
lungs [10]. Cells were then fixed in 10% formalin for 5 min, and phase-contrast images were
collected at 10X magnification using an EVOS microscope (Advanced Microscopy Group,
Bothell, WA) with three to five fields for each well. The images were then analyzed using
Photoshop and Matlab software. Areas of cell detachment were detected by the operator and
outlined automatically by Photoshop, and Matlab was used to determine the percentage of
denuded area with respect to the overall field. Non-stretched cells were used as controls, and
measurements of each condition were made from three different experiments.

Statistical analysis
We utilized SigmaPlot (Systat Software) for the statistical analysis. Values for
measurements of densitometry, nuclear area, elastic modulus, and area of denuded cells are
given as means +/− the standard error or the mean. Measurements were made from at three
to four independent experiments. A t-test was used when only two groups were compared,
and one-way or two-way ANOVA with the Holm-Sidak method was used for comparisons
of multiple treatments to determine significant differences between individual conditions. If
equal variance was not satisfied, then ANOVA on ranks was performed and comparisons
were made using Dunn’s method. In the analysis of cell detachment data, three-way
ANOVA was used to determine significant differences and interactions among the different
treatments. Significant differences were determined based on a threshold of P < 0.05.
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AFM atomic force microscopy

ALI acute lung injury

ARDS acute respiratory distress syndrome

ATII type II alveolar epithelial cells

E elastic modulus

ECM extracellular matrix

FAK focal adhesion kinase

ROCK Rho kinase.
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Figure 1. ROCK inhibition prevented hyperoxia-induce changes in f-actin distribution
Fluorescence images of F-actin in MLE-12 cells stained with rhodamine phaloidin.
Compared to normoxia (A), hyperoxia for 48h (B) caused a thickening of the cortical F-actin
and an increase in cell area. Treatment with the Rho Kinase inhibitor (Y-27632, 40 μM, C
and D) prevented the changes in f-actin in the hyperoxia-treated cells (D). Scale bars are
50μm (representative images from 3 different experiments).
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Figure 2. Hyperoxia increased g-actin and f-actin content
Representative western blots of g-actin and f-actin from the same well for each condition,
and GAPDH as a loading control for g-actin (upper panel). Equivalent volumes from the
Triton-soluble and Triton-insoluble fractions were loaded onto the same gel for comparison.
The lower panel shows the densitometry for g-actin normalized to GAPDH and the
densitometry for f-actin. Both g- and f-actin were further normalized to the normoxia
condition. * indicates a significant difference, p<0.05; N.S. indicates not significant; n=4,
error bars indicate standard error.
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Figure 3. Hyperoxia increased nuclear size, and ROCK inhibition did not prevent the increase
Panel A: Fluorescence images of MLE-12 cells stained with Hoechst33342. Compared to
normoxia (A), hyperoxia (B) caused nuclear swelling. Y-27632 did not influence nuclear
size (C, D). Scale bars are 50μm. Panel E: Quantification of nuclear size in normoxia and
hyperoxia treatment with and without Y-27632. Nuclei (>120) from 3-5 fields in 3 different
experiments were measured. Panel F: Quantification of nuclear height in normoxia and
hyperoxia treatment with and without Y-27632. Nuclei (~100) from 5 fields in 3-4 different
experiments were measured. * indicates significant differences from normoxia treatment;
p<0.05; error bars indicate standard error.
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Figure 4. ROCK inhibition reduced the hyperoxia-induced increase in elastic modulus
Elastic moduli (E) were measured by AFM and normalized to the normoxia treated cells.
Hyperoxia for 48 hr (HO) caused a significant increase in E compared to normoxia (NO);
the increase was reduced in the presence of Y-27632. Y-27632 also caused a decreased E in
normoxia treated cells relative to control. Each data point represents the mean value from 15
to 20 locations in a given dish in which the median value was determined from 144
measurements near that location, (n=3 different experiments). * indicates significant
differences from normoxia treatment, # indicates significant differences between hyperoxia
and hyperoxia +Y-27632 treatment; p<0.05, error bars indicate standard error; N.S. indicates
no significant difference.
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Figure 5. Cyclic stretch caused detachment of hyperoxia-treated cells, and ROCK inhibition
ameliorated this effect
Cells were treated for 48 h with normoxia (A and B) or hyperoxia (C, D, E, and F) and then
kept static (A, C, and E) or exposed to 20% cyclic stretch, 15 cycles/min (B, D, and F) for
60 min. Cells in E and F were treated with Y-27632 during the hyperoxia treatment. For
Panels A-F areas of cell detachment were identified by the user, filled in automatically by
Photoshop (indicated by dark areas), and quantified using Matlab as described in Methods.
Panel G: Quantification of cell detachment: percentage of area of detached cells was
determined for at least 5 fields from at least 3 different wells (n=3); three-way ANOVA was
performed with the Holm-Sidak method used for comparisons; * indicates a significant
difference from stretched, normoxia treated cells; ** indicates a significant difference from
stretched, hyperoxia treated cells; p<0.05; standard errors are indicated.
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Figure 6. Hyperoxia caused an increase in focal adhesion area but did not increase total vinculin
Panel A: Representative western blots of vinculin and GAPDH and densitometry
summarized from 3 experiments. Panels B-E: Immunofluorescence images of focal
adhesions in MLE-12 cells stained for vinculin. Compared to normoxia (B), hyperoxia for
48h (C) caused a thickening of the focal adhesions. Treatment with the Rho Kinase inhibitor
(Y-27632, D and E) reduced the localization of vinculin in both normoxia (D) and
hyperoxia-treated (E) cells. Scale bars are 10μm (representative images from 3 different
experiments). Panel F: Quantification of focal adhesion area in normoxia and hyperoxia-
treated cells. Focal adhesions (>1500) from 5-7 fields for each condition in 3 different
experiments were measured.
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Figure 7. Hyperoxia and ROCK inhibition decreased pFAK
Representative western blots of pFAK and total FAK and densitometry summarized from 3
experiments. * indicates a significant difference, p<0.05; error bars indicate standard error.
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