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Stretch increases alveolar epithelial permeability to uncharged micromolecules
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Cavanaugh, Kenneth J., Taylor S. Cohen, and Susan S. Margu-
lies. Stretch increases alveolar epithelial permeability to uncharged mi-
cromolecules. Am J Physiol Cell Physiol 290: C1179–C1188, 2006. First
published November 9, 2005; doi:10.1152/ajpcell.00355.2004.—We
measured stretch-induced changes in transepithelial permeability in vitro
to uncharged tracers 1.5–5.5 Å in radius to identify a critical stretch
threshold associated with failure of the alveolar epithelial transport
barrier. Cultured alveolar epithelial cells were subjected to a uniform
cyclic (0.25 Hz) biaxial 12, 25, or 37% change in surface area (�SA) for
1 h. Additional cells served as unstretched controls. Only 37% �SA
(100% total lung capacity) produced a significant increase in transepi-
thelial tracer permeability, with the largest increases for bigger tracers.
Using the permeability data, we modeled the epithelial permeability in
each group as a population of small pores punctuated by occasional large
pores. After 37% �SA, increases in paracellular transport were correlated
with increases in the radii of both pore populations. Inhibition of protein
kinase C and tyrosine kinase activity during stretch did not affect the
permeability of stretched cells. In contrast, chelating intracellular calcium
and/or stabilizing F-actin during 37% �SA stretch reduced but did not
eliminate the stretch-induced increase in paracellular permeability. These
results provide the first in vitro evidence that large magnitudes of stretch
increase paracellular transport of micromolecules across the alveolar
epithelium, partially mediated by intracellular signaling pathways. Our
monolayer data are supported by whole lung permeability results, which
also show an increase in alveolar permeability at high inflation volumes
(20 ml/kg) at the same rate for both healthy and septic lungs.

ventilator-induced lung injury; acute lung injury; barrier properties

VENTILATOR-INDUCED LUNG INJURY and mechanical ventilation of
patients with acute respiratory distress syndrome (ARDS) are
associated with increased paracellular permeability of the al-
veolar epithelium to large molecules (e.g., albumin) (18), as
well as decreased alveolar surfactant activity, decreased lung
compliance, and increased patient mortality (9, 23). These
ventilation-related health risks may be a result of excessive
lung inflation, because animal and isolated lung studies dem-
onstrate that noncyclic lung inflation at 100% total lung capac-
ity increases pulmonary permeability (14–16, 24) and that high
inflation volumes can increase the permeability of the alveolar
wall to water and radioactive macromolecular tracers (4, 14–
16, 24). Recent large-scale clinical trials concluded that low-
volume mechanical ventilation reduces mortality in patients
with acute or chronic lung damage (5, 22) and suggested that
minimizing lung inflation and the corresponding epithelial
deformation may improve a patient’s outcome. Controversy
surrounding these conclusions (40) underscores the need for
additional research to determine the mechanisms and thresh-
olds of ventilator-induced lung injury.

Given that the epithelium lining the alveolar airspaces pro-
vides the primary barrier to solute and macromolecular trans-

port in the healthy lung (30), it is reasonable to propose that
excessive stretch associated with large lung inflations may
impair alveolar epithelial barrier function directly and produce
the increased paracellular permeability observed in these intact
lung studies. Our group (6, 7) has previously shown that high
yet physiological magnitudes of applied cyclic stretch decrease
intracellular alveolar epithelial tight junction protein content
and increase the tight junction permeability to a fluorescent
ouabain derivative 15–20 Å in radius. However, the paracel-
lular permeability of the stretched alveolar epithelium has not
yet been measured directly because it has proven difficult to
culture the cells onto a substrate that is flexible, permeable, and
biocompatible.

In this study, we extend our previous investigations and
present the first direct measurements of the effect of stretch
magnitude on paracellular permeability in the cultured alveolar
epithelium. Using a novel method to obtain epithelial perme-
ability in intact stretched monolayers, we found that high yet
physiological cyclic stretch magnitudes increased the paracel-
lular permeability of the cells to micromolecules of various
sizes and altered the size and distribution of the hypothetical
equivalent pores that we developed to model transport through
the tight junction. In addition, we investigated mechanically
stimulated signal transduction pathways (48) that may poten-
tially contribute to the stretch-induced paracellular permeabil-
ity alterations. Cells possess many mechanically stimulated
signal transduction pathways (48). Some of these pathways
may potentially contribute to the stretch-induced paracellular
permeability alterations observed in whole lungs. For example,
intracellular Ca2� levels ([Ca2�]i) and the activity of protein
kinase C (PKC) and tyrosine kinase (TK) all have been shown
to increase after application of tension in many types of cells,
including alveolar type II cells (27, 29, 47). Rising [Ca2�]i

levels and kinase activity correlate to an increase in monolayer
or whole lung permeability (2, 26, 36, 37).

As a component of the protein framework that gives the cell
its shape, F-actin (the polymerized, fibrous form of actin) also
is believed to be an important sensor of mechanical stress in
many types of cells, including epithelia (11). Application of
cyclic stretch alters F-actin distribution in alveolar epithelial
cells (32), whereas disruption of F-actin perturbs tight junction
structure and function (7, 31). Combining these results sug-
gests the hypothesis that F-actin reorganization may negatively
affect paracellular barrier function in epithelial monolayers.

Our present studies showed that chelating intracellular cal-
cium levels and stabilizing the actin cytoskeleton each dimin-
ished the stretch-induced permeability increase, whereas inhi-
bition of TK or PKC did not significantly alter poststretch
epithelial permeability. These results support previous qualita-
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tive in vitro and ex vivo data and suggest that high physiolog-
ical stretch magnitudes may be unsafe for clinical mechanical
ventilation.

As an additional study to confirm that our monolayer prep-
aration adequately represents the lungs of ARDS patients,
whole lung permeability data measured using a large (55 kDa)
tracer were obtained from rats that had been subjected to
double cecal ligation and puncture (2CLP), which has been
shown previously to provoke ARDS-like changes in the lungs,
including hypoxemia, tachypnea, capillary leak, and neutro-
philic infiltration (45). These whole lung data qualitatively
agree with our cell preparation results, and they demonstrate
that permeability changes in the whole lung are dependent on
both the applied inflation volume and the disease state of the
lungs.

MATERIALS AND METHODS

Cell Culture Protocol

Alveolar type II cells were isolated from healthy male Sprague-
Dawley rats (180–200 g) according to a modification of the method of
Dobbs et al. (12). This protocol was approved by the University of
Pennsylvania Institutional Animal Care and Use Committee and has
been described previously (6). After isolation, cells were suspended in
minimum essential medium (MEM) with Earle’s salts and supple-
mented with 10% fetal bovine serum, 25 �g/ml gentamicin, and 0.25
�g/ml amphotericin B (Life Technologies).

For the transport studies, cells were seeded at a density of 1 � 106

cells/cm2 onto corona discharge-treated 0.003-in.-thick Mediflex 390
copolyester membranes (Mylan Technologies, Burlington, VT) coated
with fibronectin (10 �g/cm2; Boehringer Mannheim Biochemicals,
Indianapolis, IN) and poly-L-lysine (0.5 �g/cm2; Sigma) mounted in
custom-made wells. For Western analyses of PKC and TK activity,
cells were seeded at a density of 1 � 106 cells/cm2 onto fibronectin-
coated (10 �g/cm2) flexible Silastic membranes (Specialty Manufac-
turing, Saginaw, MI) mounted in custom-made wells. Both sets of
wells were cultured in MEM supplemented as above and replaced
daily for 5 days, by which time the cells had formed a confluent
monolayer and displayed a phenotype consistent with that observed
for cultured type I cells (35). At this time, experimentation was
performed according to the protocols described below.

Assessment of Alveolar Epithelial Passive Barrier Properties

Stretch protocol. Cells were washed with Ringer solution (in mM:
126.4 NaCl, 25 NaHCO3, 15 HEPES, 5.55 glucose, 5.4 KCl, 1.8
CaCl2, 0.81 MgSO4, and 0.78 NaH2PO4, pH 7.4) and were subjected
to one of three stretch protocols or used as unstretched controls, for a
total of four groups. For these studies, four isolations were performed
for the unstretched controls and for each stretch magnitude. From each
isolation, six wells were stretched at each magnitude, for a total of 24
wells per group. Paracellular permeability was assessed using a
different tracer for each of these six wells.

Wells were mounted onto a custom-built cell-stretching device
capable of applying equibiaxial strain to the samples at a precise
user-defined magnitude and frequency, as previously described (43).
Cells were stretched cyclically at 0.25 Hz for 1 h at 12, 25, or 37%
changes in surface area (�SA). These changes in surface area approx-
imately correspond to strains experienced by the alveolar epithelium
in vivo at 70, 90, and 100% total lung capacity, respectively (42).
Unstretched cells were used as controls. The temperature of the stretch
device was maintained at 37°C. None of the stretch protocols resulted
in loss of monolayer confluence, as determined by calcein-AM stain-
ing after stretch. The amount of cell death resulting from application
of these magnitudes and modes of stretch has been shown not to

exceed 8.9% in similarly cultured cells (43) and did not exceed 7.0 �
1.3% in the current preparation.

Permeability measurement. After stretch, the cells were washed
twice with Ringer solution. Each well was then mounted into a
horizontally oriented Ussing chamber (World Precision Instruments,
Sarasota, FL) such that transport could only occur through the portion
of the well covered by cells. The basal portion of the Ussing chamber
was filled with Ringer solution, whereas the apical portion was filled
with an identical amount of Ringer solution spiked with 10 mM of one
of the six tracers used: methylamine, alanine, valine, alanine-alanine
(Ala-Ala), alanine-alanine-alanine (Ala-Ala-Ala), or leucine-leucine
(Leu-Leu; Table 1). Each of the oligopeptides used was composed
entirely of biologically inactive dextrorotary enantiomers of the amino
acids, thus eliminating the possibility of cellular processing of these
tracers. None of the tracers used adversely affected cell viability over
the time course of the experiment, as determined by ethidium ho-
modimer-1 exclusion (data not shown).

Basal samples were drawn at time points of 0, 30, 60, 90, and 120
min after mounting in the Ussing chamber. Mounting the flexible
membranes in the Ussing chamber added less than 5 min to the total
experimentation time. The basal fluid volume was replenished with
fresh Ringer solution after each sample was taken. The tracer con-
centration in the drawn samples was measured by mixing the sample
with sodium borate and fluorescamine (3) and measuring the resulting
fluorescence. Fluorescence of the samples was measured using a
Fluoroskan Ascent fluorimeter (Thermo Labsystems, Vantaa, Finland)
and calibrated against standards.

A first-principles model of paracellular transport was used for this
system (24, 25), which assumes that tracer mass in this system is
conserved and that tracer transport across the epithelium follows
first-order Fickian diffusion. Transport for each tracer is described by:

ln�CA0 � �1 �
VB

VA
�CB�t�

CA0 � �1 �
VB

VA
�CB0

� � �

�1 �
VB

VA
�PS

VB

�t � t0� (1)

where CA0 is apical tracer concentration at the beginning of the time
period, CB0 is basal tracer concentration at the beginning of the time
period, CB(t) is basal concentration at time t, P is paracellular
permeability of the monolayer to a specific tracer (units are length/
time), S is surface area over which transport occurs, t0 is initial time,
VA is apical volume, and VB is basal volume.

Therefore, diffusion over the 120-min period of interest was mod-
eled as a piecewise continuous function, where CA0 and CB0 were
corrected to account for tracer diffusion and sample removal. For each
individual well, P was calculated using Eq. 1, resulting in four values
of P over the 120-min poststretch or postcontrol period. Tracer
permeability was not a function of the time period in which the sample
was drawn, as determined by the Tukey test for significance (49). The
values of P for the replicate wells were then averaged to give
permeability values for each tracer as a result of the applied stretch
regimen. For each tracer, significant differences in permeability be-
tween each stretched condition and the unstretched control group were

Table 1. Physical properties of tracers used

Tracer D, cm2/s � 10�6 Radius, Å

Methylamine 14.2 1.5
Alanine 8.95 2.2
Valine 7.14 2.8
Ala-Ala 6.22 3.6
Ala-Ala-Ala 4.97 4.4
Leu-Leu 4.45 5.5

D, diffusion coefficient of tracer in water.
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determined using Dunnett’s test for multiple comparisons to a control
group (49). Statistical significance was defined as P 	 0.05. In
separate studies, we determined that tracer permeability was not a
function of the direction of tracer flux and that the osmotic gradient
imposed by the presence of the tracer did not significantly affect the
tracer permeability measurements (data not shown).

To determine the contribution of the tight junction to paracellular
permeability in the absence of stretch, we determined the permeability
of one unstretched well to alanine and Ala-Ala-Ala after treatment for
1 h with 2 mM 2-deoxy-D-glucose and 10 �M antimycin A in
glucose-free Ringer solution (n 
 3 wells/group). This treatment has
been shown to reduce the expression of tight junction proteins and to
increase cell-cell spacing in identically cultured cells (7). We also
measured the permeability of cell-free membranes to alanine and
Ala-Ala-Ala in unstretched membranes and samples stretched cycli-
cally at 37% �SA (n 
 3 wells/group). Stretching bare membranes
did not significantly alter the permeability of either tracer tested.

The transepithelial resistance of the monolayers on copolyester
after 5 days in culture averaged 1,530 � 120 � �cm2 (n 
 6 wells),
whereas the resistance of the bare polyester membrane was measured
at 650 � 30 � �cm2 (n 
 6 membranes). In addition, the tracer
permeability of the bare membrane was 28–110 times greater than
that of cell-covered membranes. These results indicate the alveolar
epithelium formed monolayers with tight junctions that were func-
tionally consistent with other preparations (8) and that the membrane
itself did not contribute a significant amount of resistance to paracel-
lular tracer flux.

Calculation of equivalent pore radius. The calculated permeability
values for all the tracers were used to develop a model of the
equivalent pore radii of the epithelium as a function of applied stretch.
Equivalent pore radii are considered as a theoretical construct for the
overall permeability of the epithelium, with larger radii and/or more
numerous radii representing a more permeable monolayer. The model
employed was adapted from the work of Kim and Crandall (4, 25),
with three assumptions. First, because our tracers were all oligopep-
tides and small, it was reasonable to assume they could be considered
spherical in shape. Second, we assumed that convective transport was
negligible and that paracellular transport was primarily via diffusion
through two types of cylindrical pores, one with a smaller radius
(subscript S) and one with a larger radius (subscript L). Finally,
although the presence of an unstirred boundary layer near the mono-
layer surface could affect the accuracy of our transport measurements,
previous studies have demonstrated that the effects of this layer are
small, so we neglected the contribution of this layer (24). Paracellular
tracer transport can thus be represented as:

PS � D��APS/dx�f�a/rS� � �APL/dx�f�a/rL� (2)

where D is the diffusion coefficient of the tracer in water, AP is the
total pore area of the membrane, dx is the length of the cylindrical
pores, a is the tracer radius, r is the pore radius, and P and S are
defined as in Eq. 1. The polynomial function f(a/r) represents the
steric hindrance imposed on molecular transport by the walls of the
equivalent pores and is defined by Renkin as f(a/r) 
 (1 � a/r2)(1 �
2.10a/r � 2.09a/r3 � 0.95a/r5) (38). Diffusion coefficients for all tracers
were obtained by averaging the coefficient values calculated using the
Wilke-Chang and Hayduk-Laudie methods of diffusion coefficient esti-
mation (21, 46). Tracer radius was estimated from molecular models
obtained from the Protein Data Bank. These models were viewed using
the freely distributed macromolecular viewing program Rasmol (http://
www.umass.edu/microbio/rasmol/index2.htm). In our monolayers, a
value of 200 nm was used for dx, as this the reported maximum thickness
of type I cells in rats (39).

For each stretch and control condition, rL and rS were calculated
from the available data by averaging the individual values calculated
for each tracer. In addition, APL and APS were calculated from these
equations using nS 
 APS/�rS

2 and nL 
 APL/�rL
2, where nS and nL

represent the number of small and large pores in the system,
respectively.

Determination of Mechanisms Involved in Poststretch
Permeability Increase

Stretch protocol. Wells were mounted onto the custom-built cell-
stretching device described. Cells were bathed in warm Ringer solu-
tion, maintained at 37°C, and stretched cyclically (0.25 Hz) for 1 h at
37% �SA (42), with one of four chemical modulators. Two control
groups were included in this study. Unstretched, untreated wells were
used to establish paracellular permeability in the absence of stretch
and for comparisons with stretched wells. The second control group
consisted of stretched, untreated wells, which were used to examine
the effects of chemical treatment on stretch-induced changes in
permeability. The experimental and control groups each consisted of
six wells from each of four isolations, for a total of 24 wells per group.

While one group of stretched cells was left untreated, the remaining
cells were chemically treated to block one of the putative pathways
involved in increasing paracellular permeability as a result of the
applied stretch. To chelate intracellular Ca2�, we treated cells with 50
�M BAPTA-AM (Molecular Probes) for 90 min. To inhibit PKC, we
treated cells with 30 �M H-7 (Sigma) for 180 min. To inhibit TK, we
treated cells with 50 �M genistein (Sigma) for 120 min. To stabilize
F-actin, we treated cells with 1 �M jasplakinolide (Molecular Probes)
for 120 min. Cells also were stretched at 37% �SA (0.25 Hz) in the
presence of both BAPTA-AM and jasplakinolide to determine
whether the protective effects of these chemicals were additive. The
effect of dose and duration of each of these treatments on cell viability
was tested using ethidium homodimer-1 staining, and none of the
chemicals produced a significant increase in cell death in unstretched
monolayers (	0.5%). Cell treatment was begun before stretch and
continued during the entire 1-h stretch protocol. Additional cells were
left unstretched and untreated as controls. Immediately after stretch,
the cells were washed twice with Ringer solution to remove excess
reagent. Paracellular transport was then assessed.

Transport measurement and modeling. After stretch, wells were
mounted in Ussing chambers and monolayer permeability was mea-
sured and modeled using the tracers and techniques described above.
A two-way analysis of variance showed that the time period in which
the sample was taken did not significantly affect the measured per-
meability in the samples (49), indicating that chemical treatment did
not alter the measured permeability after being washed off.

Data analysis. For each tracer, significant differences in perme-
ability between each stretched and treated group and the stretched,
untreated group were determined by using Dunnett’s test for multiple
comparisons to a control group (49). The permeability of stretched
cells treated with BAPTA-AM or jasplakinolide also were compared
with those of unstretched, untreated cells by using Dunnett’s test to
determine whether treatment completely prevented the previously
observed stretch-induced permeability increase. The tracer perme-
abilities of unstretched cells treated with BAPTA-AM or jasplakino-
lide were compared with those of unstretched, untreated cells by using
Dunnett’s test to check whether exposure to these chemicals affects
permeability in the absence of stretch. Stretched cells treated with
both BAPTA-AM and jasplakinolide were compared with stretched
cells treated with only one of these treatments by using the Dunnett’s
test to determine whether there was a synergistic effect when both
treatments were used. In each of these analyses, statistical significance
was defined as P 	 0.05.

Determination of PKC and TK Activity After Stretch

Western blot analysis. To determine whether PKC and TK were
activated by stretch, we examined the intracellular concentrations of
the amino acid residues phosphorylated by these two kinase systems
in both the presence and absence of stretch. PKC phosphorylates
serine and threonine (41), whereas TK phosphorylates tyrosine resi-
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dues. For these experiments, four cell isolations were performed for
each group, resulting in 28 wells in the experimental and control
groups. After 5 days in culture, the cells were washed with dye-free
Dulbecco’s modified Eagle’s medium (Life Technologies).

Cells were stretched cyclically for 1 h at 37% �SA (0.25 Hz) and
37°C or left unstretched to serve as controls. After the stretch period,
cells from each group were homogenized and the total protein con-
centration was determined according to a modification of a previously
employed protocol (7). Bovine serum albumin (BSA; 0.1%) was used
as the blocking agent to minimize background staining. The polyvi-
nylidene difluoride (PVDF) membranes were incubated overnight
with primary antibodies against rabbit phosphoserine, mouse phos-
phothreonine, or mouse phosphotyrosine (Zymed, South San Fran-
cisco, CA), each diluted 1:1,500 in 0.1% BSA. After the membranes
were washed, incubation proceeded for 1 h with horseradish peroxi-
dase-conjugated donkey anti-mouse or anti-rabbit secondary antibody
(Zymed; 1:500 dilution). The PVDF membranes were washed and
developed using enhanced chemiluminescence. Each film was digi-
tized, and the band intensities were measured and normalized with
respect to total cellular protein content. For each amino acid, the
unstretched and stretched groups were then compared using Student’s
t-test for statistical significance (defined as P 	 0.05).

Whole Lung Studies

Male Sprague-Dawley rats (250–350 g) were anesthetized using
isoflurane, and fecal peritonitis was induced via 2CLP using an
18-gauge needle as previously described (44). After the procedure,
animals were resuscitated with 40 ml/kg sterile saline. All animals
were killed within 24 h of the procedure according to the previously
described method, followed by cannulation of the trachea and pulmo-
nary artery, perfusion of the lungs with saline to remove blood, and en
bloc excision of the whole lungs. Whole lungs were also removed
from control animals that had not been subjected to puncture or
ligation (sham group).

The lungs were kept moist with saline, placed in a custom dish on
a multiphoton microscope (Bio-Rad, Hercules, CA), and perfused
with 1.5 ml 100% FITC-labeled albumin (55 kDa; Sigma) via the
pulmonary artery. The lungs were ventilated once via the tracheal
cannula with a positive end-expiratory pressure (PEEP) of 4 cmH2O
and a tidal volume of either 6 or 20 ml/kg, corresponding to 12 or 25%
�SA, respectively (42), at a frequency of 0.25 Hz. At end expiration,
a stack of thirty 0.5-�m-thick micrographs (�60) was obtained
through the thickness of a field of subpleural alveoli. Ventilation was
continued for 30 min, at which time another stack of images was
obtained. From each time point, a series of eight images that clearly
showed the cross section of the alveoli were selected for analysis.
Intensity of five randomly chosen alveoli (avoiding interstitial areas
and blood vessels) was taken at each of the selected depths. An
average intensity for each time point was computed by taking a
weighted average against the size of the alveolus so that larger alveoli
had more of an influence. To minimize the effect of inter-lung
variations in background signal, all average intensities were normal-
ized to the baseline (time 0) values. Using these normalized and
averaged values, we performed statistical comparisons between the
healthy and septic lungs and between the 6 and 20 ml/kg ventilation
conditions by using a three-way ANOVA. Tukey tests were used to
make comparisons across all fields.

RESULTS

Stretch-Induced Permeability Increase

On the basis of the Tukey analysis of tracer permeabilities as
a function of time, the monolayer barrier properties did not
degrade or improve during the 120-min period of permeability
measurement (data not shown). These results demonstrate that

the stretch-induced barrier dysfunction observed at 37% �SA
is irreversible for at least 120 min after cessation of stretch and
that barrier function does not improve or worsen over the
course of the experiment. Although wells were mounted in the
chamber within 5 min after the stretch period ended, we cannot
exclude the possibility that transient changes in permeability
occurred 	5 min poststretch.

One hour of cyclic mechanical stretch at 37% �SA was the
only magnitude that resulted in a significant increase in para-
cellular permeability to any of the tracers studied (Fig. 1).
Furthermore, at this magnitude, permeability to all tracers was
significantly increased (200–2,300% of tracer permeabilities of
unstretched cells). Cyclic stretch at 12 and 25% �SA did not
significantly increase the permeability of any tracer examined,
compared with unstretched values.

Depleting unstretched cells of ATP via treatment with 2-de-
oxy-D-glucose and antimycin A resulted in an alanine perme-
ability of 340% of untreated unstretched control values and an
Ala-Ala-Ala permeability of 4,800% of control values (Fig. 1).
Although 37% �SA significantly increased permeability com-
pared with unstretched monolayers, these values were just
below those from ATP-depleted cells, which established that
stretch nearly completely compromised the epithelial tight
junction barrier. These results indicate that a lack of tight
junction integrity is sufficient to cause an increase in paracel-
lular permeability.

Equivalent Pore Radius vs. Stretch

The calculated equivalent small- and large-pore radii for
unstretched cells were 4.28 and 43.4 Å, respectively (Table 2).
The small pore type was dominant by far, representing
99.9986% of the total equivalent pore population and 99.85%
of the pore area available for transport. The pore dimensions
did not change appreciably for cells stretched at magnitudes
below 37% �SA. In these small stretch groups, the pore radii
varied from 4.20 to 4.34 Å and from 41.2 to 48.6 Å for the
small and large pores, respectively.

In contrast, cyclic application of 37% �SA altered the pore
characteristics dramatically (Table 2). The small- and large-
pore radii increased by 214 and 147% to 9.14 and 62.9 nm,
respectively. The numbers of each pore present also changed

Fig. 1. Paracellular permeability vs. applied cyclic stretch. For cells stretched
at a 37% change in surface area (�SA), tracer permeabilities significantly
different from those of unstretched, untreated cells are indicated (*P 	 0.05,
**P 	 0.005, ***P 	 0.0001). Note logarithmic scale for permeability. Data
are presented as means (SD). Values in parentheses indicate tracer radius in Å.
TJ, tight junction.
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after application of this stretch protocol. The number of small
pores decreased to 3.3 � 108 pores (7% of unstretched values),
whereas the number of large pores increased to 626 � 103

pores (921% of unstretched values). In addition, small pore
representation dropped to 99.81% of the total pore population
and 91.8% of the available pore area. These results indicate
that this type of stretch especially facilitates transport of large
molecules by increasing the area available for large molecule
transport.

Chemical Prevention of Stretch-Induced
Permeability Changes

Treatment with either BAPTA-AM or jasplakinolide re-
sulted in significantly lower paracellular permeability in cells
stretched cyclically for 1 h at 37% �SA (Fig. 2) compared with
stretched cells receiving no treatment. The salutatory effects of
chemical treatment were significant for tracers larger than
methylamine but were more pronounced for the three largest
tracer groups.

Despite the decrease in permeability after stretched cells
were separately treated with these two chemicals, paracellular
permeability was still significantly higher than that of un-
stretched, untreated cells (Fig. 2). This was true for all tracers
tested after separate BAPTA-AM and jasplakinolide treatment.
Therefore, these stretched, treated cells possessed permeability
characteristics in between those of unstretched, untreated cells
and stretched, untreated cells.

Unstretched wells that were treated with either BAPTA-AM
or jasplakinolide possessed tracer permeabilities not signifi-
cantly different from those of unstretched, untreated cells. This
finding demonstrates that these two chemicals do not affect the
permeability of unstretched cells; their mechanism of action
involves stretch-activated pathways.

Compared with stretched cells treated with a single treat-
ment of either BAPTA-AM or jasplakinolide, treatment of
stretched cells with both BAPTA-AM and jasplakinolide sig-
nificantly reduced epithelial permeability to only methylamine
(Fig. 2) compared with jasplakinolide-treated cells stretched at
37% �SA. For the remainder of the tracers, the action of
[Ca2�]i and the actin cytoskeleton on paracellular permeability
do not appear to be independent and may be part of the same
pathway.

Compared with stretched, untreated cells, chemical treat-
ment with genistein or H-7 failed to prevent a permeability
increase in cells stretched cyclically for 1 h at 37% �SA.
Tracer permeabilities of all six tracers in these stretched,
treated groups were not significantly different from those of
stretched, untreated cells.

Equivalent Pore Analysis of Treated Cells

The theoretical small- and large-pore radii in unstretched
cells separately treated with BAPTA-AM were 4.19 and 49.2
Å, respectively, and in unstretched, jasplakinolide-treated cells
and small stretch (	37% �SA) groups, they were 4.31 and
52.6 Å, respectively (Table 3). These values are similar to
those of unstretched, untreated cells (4.28 and 43.4 Å, respec-
tively; Table 2), indicating that chemical treatment has little
effect on the pore sizes of the alveolar epithelium in the
absence of stretch.

Cyclic 37% �SA stretch of untreated cells produced equiv-
alent pore radii of 7.53 and 57.9 Å in our alveolar epithelial
monolayers. This calculation is based on data from a separate
control group of untreated, stretched cells from that described
in Fig. 1 and Table 2, yet the calculated pore radii are similar
in both groups (see Table 2). BAPTA-AM treatment resulted in
radii of 7.01 and 50.2 Å after stretch, whereas jasplakinolide
incubation resulted in poststretch pore radii of 7.40 and 46.3 Å.
Although permeability to all tracers larger than methylamine
was significantly reduced with these treatments, this corre-
sponds with more pronounced changes in the size of the
large-pore radius than in the small-pore radius. Furthermore,
compared with that of stretched, untreated cells, the total pore
area occupied by the larger pores decreased in these two
stretched and chemically treated groups, decreasing from 5.41

Table 2. Equivalent pore characteristics of cyclically stretched cells

No Stretch 12% Cyclic 25% Cyclic 37% Cyclic

Small-pore radius, Å 4.28 4.34 4.22 9.14
Number of small pores, � 107 470 434 603 33
Small pore number compared with controls 100% 92% 128% 7%
Large-pore radius, Å 43 44 49 63
Number of large pores, � 103 68 76 62 626
Large pore number compared with controls 100% 112% 92% 924%
Large pores per 106 total pores 14 17 10 1,886
Pore area occupied by large pores 0.15% 0.18% 0.14% 8.19%

Fig. 2. Tracer permeability at 37% �SA after chemical treatment. For
stretched cells treated with either BAPTA-AM or jasplakinolide (Jasp), tracer
permeabilities significantly different from those of stretched, untreated cells
are indicated (*P 	 0.05, **P 	 0.01, ***P 	 0.0001). For stretched cells
treated with both BAPTA-AM and jasplakinolide, tracer permeabilities signif-
icantly different from those of stretched cells treated with only jasplakinolide
are indicated (†P 	 0.05). Note logarithmic scale for permeability. Data are
presented as means (SD). Values in parentheses indicate tracer radius in Å.
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to 2.89% in BAPTA-AM-treated cells and to 3.54% in jas-
plakinolide-treated cells.

Stretched cells treated with both BAPTA-AM and jas-
plakinolide possessed pore radii of 6.80 and 43.9 Å (Table 3).
With treatment, this small-pore radius is still higher than that of
unstretched, untreated cells, whereas the large-pore radius is
closer in value to that of unstretched, untreated cells than to
stretched, treated cells.

In genistein-treated cells compared with stretched, untreated
cells, the poststretch small-pore radius decreased slightly to
7.31 Å, whereas the large-pore radius increased slightly to 59.6
Å. Both small- and large-pore radii increased in H-7-treated
cells. In both groups, the change in pore size was 	10%
compared with that in stretched, untreated cells, and these
treatments did not result in significant improvement in stretch-
induced permeability measurements. In addition, the percent-
age of pore area represented by large pores in both genistein-
and H7-treated cells was similar to that in stretched, untreated
cells, only decreasing from 5.41 to 5.17% after BAPTA-AM
treatment and to 5.33% in H-7-treated cells. Moreover, these
small fractional changes in pore radii with genistein- and
H-7-treated, stretched cells (compared with untreated,
stretched cells) are similar to those observed in small stretch
(	37% �SA) groups compared with unstretched, untreated
cells, further confirming that small changes in pore radii and
pore area are not likely to result in permeability changes for
molecules in the 1.5- to 5-Å range.

Stretch-Induced PKC/TK Activity

Application of cyclic 37% �SA did not significantly affect
the intracellular levels of phosphoserine, phosphothreonine, or
phosphotyrosine (Fig. 3). The poststretch concentrations of all
three amino acids did not vary by �10% of the corresponding
unstretched values. These results provide evidence that PKC
and TK are not activated by stretch in rat alveolar epithelial
cells maintained in culture for 5 days and stretched cyclically
at 37% �SA.

Whole Lung Studies

ANOVA showed that time (P 	 0.0001), tidal volume (P 	
0.05), and interactions between health (septic or sham) and
tidal volume (P 	 0.05), between time and tidal volume (P 	
0.05), and among tidal volume, health, and time (P 	 0.05)
were significant effects (Fig. 4). Tukey comparisons show that
after 30 min of ventilation, only septic animals ventilated at 20
ml/kg had significantly increased alveolar intensity compared
with animals at initial time points (P 	 0.05). Intensity after 30

min in lungs ventilated at 20 ml/kg significantly differed
between septic and sham groups, with septic lungs being more
permeable (P 	 0.05). These data show that alveolar barrier
properties are vulnerable to tidal volume-dependent permeabil-
ity changes and that the effect of tidal volume is exacerbated by
disease.

DISCUSSION

Our unstretched in vitro monolayer preparation is consistent
with the observations of other investigators that the alveolar
epithelium possesses a high resistance to paracellular transport.
First, we measured an average resistance of 1,530 � �cm2 in the
unstretched monolayers, consistent with previously reported
values of �1,000 � �cm2, marking it as one of the least
permeable tissues in the body (8). Second, the mean perme-
ability of unstretched cells to alanine was 6.43 � 10�6 cm/s,
and the permeability to Ala-Ala-Ala was 6.07 � 10�8 cm/s.
These permeability values are 92 and 5,140 times less than the
corresponding tracer permeabilities of the bare copolyester
membrane without cells, indicating that the unstretched mono-
layer is very resistant to paracellular transport compared with
the cell-free polyester substrate. Third, our permeability data
gathered from unstretched cultured alveolar epithelia agree
well with whole lung transport data obtained using similarly
sized tracers (4), with none of the epithelial permeabilities
differing from its corresponding whole lung permeability by
�200%. Given the obvious morphological and functional dif-
ferences in monolayers vs. whole lungs and the different
methods used to gather data, this agreement is remarkable and

Fig. 3. Phosphorylated amino acid residues before and after stretch. Increased
phosphoserine and phosphothreonine residues are indicative of PKC activity,
whereas elevated phosphotyrosine levels represent increased tyrosine kinase
(TK) activity. Data are presented as mean (SD) band intensity normalized to
that of corresponding unstretched controls.

Table 3. Equivalent pore characteristics of stretched and treated cells

37% No Treatment 37% � BAPTA 37% � Genistein 37% � H-7 37% � Jasp. 37% � BAPTA/Jasp.

Small-pore radius, Å 7.53 7.01 7.31 7.65 7.4 6.8
Number of small pores, � 107 62 64 68 57 52 56
Small pore number compared with 37% cyclic 100% 104% 109% 92% 84% 90%
Large-pore radius, Å 57.9 50.2 59.6 63.7 46.3 43.9
Number of large pores, � 103 600 372 555 464 489 498
Large pore number compared with 37% cyclic 100% 62% 92% 77% 81% 83%
Large pores per 106 total pores 967 579 820 812 939 894
Pore area occupied by large pores 5.41% 2.89% 5.17% 5.33% 3.54% 3.59%

Jasp., jasplakinolide.
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indicates that the cultured alveolar epithelium can be used as an
idealized preparation to study the barrier properties of the
whole lung.

Our data indicate that there is a stretch magnitude above
25% �SA at which cyclic stretch irreversibly and significantly
decreases alveolar epithelial barrier properties. Furthermore,
we found that this stretch magnitude has a greater effect on
large molecule permeability than on the passage of smaller
compounds, although all increased significantly. Paracellular
permeability after 37% �SA was less than the permeability of
unstretched cells after treatment with 2-deoxy-D-glucose and
antimycin A, indicating that this stretch magnitude, although
injurious, does not fully disrupt the tight junction or lead to the
rapid paracellular tracer transport observed in bare polyester
membranes.

This threshold stretch magnitude is the same level that we
reported previously to disrupt tight junction structure and
barrier function in similarly cultured cells (6, 7), although
barrier properties were assessed using a single larger tracer
(radius 
 15–20 Å). Tight junction properties in these two
studies also were not affected by lower magnitudes of stretch,
similar to what was observed in the current preparation. These
results also are comparable to those obtained using ex vivo
animal models (4, 24).

Our in vitro model has several inherent limitations that
confound extrapolation of our results to the in vivo setting. The
experimental monolayer contains only type I-like pneumo-
cytes; it does not contain the mixed cellular composition of the
intact epithelium (e.g., fibroblasts, type I and type II epithelial
cells) or a biofidelic extracellular matrix, and the interstitial
milieu may not be identical to that of the whole lung. In
particular, the lack of surfactant in our experimental model is
not representative of the environment in vivo. In addition, this
in vitro model lacks macrophages and other immunocytes, and
thus it does not mimic the response of the immune system to
cyclic stretch. Despite these differences, our in vitro model is
useful in that it isolates stretch-induced changes in alveolar
barrier properties in the absence of the confounding variables
of other cell types and nonuniform stretch conditions. With our

system, we apply well-characterized strain fields only to alve-
olar epithelial cells, the cell type most responsible for barrier
property maintenance under baseline conditions (30).

To gain further insight into the permeability data, we mod-
eled paracellular transport across stretched and unstretched
monolayers as diffusive mass transfer through two populations
of pores (38). Whereas this modeling approach has been
employed previously for both whole lungs and cultured alve-
olar epithelial cells (4, 25, 33), it has never been used before to
examine the effects of stretch on cells in vitro. The model
predicted that stretch at 37% �SA would increase the radii of
both small and large pores and increase the number of large
pores, suggesting how high magnitudes of stretch may facili-
tate paracellular transport of macromolecules in vivo.

It is interesting to note that although the number of large
pores increased after exposure to 37% �SA, both the small
pore and total pore populations decreased, along with the total
pore area of all pores (Table 3), and that this relationship held
for the two significant chemical treatments, BAPTA and jas-
plakinolide. Although this finding seems to conflict with the
poststretch increase in tracer permeability, this response can be
explained by noting that much of the cross-sectional area of the
small pores (and, to a lesser extent, the large pores) of un-
stretched cells is excluded from tracer transport because of
steric hindrance. Increasing the radius of these small pores
increases the area available for transport relative to the amount
of “dead space,” resulting in more efficient tracer transport
overall. Thus the increase in the small and large radii of both
pores after stretch as well as the increase in the number of large
pores both contribute to the increase in flux of all tracers tested
after application of 37% �SA.

To further characterize the pore characteristics of the cul-
tured epithelium, we used the data contained in Table 2 to
calculate the total pore area represented by large and small
pores for each of the stretched and unstretched groups. These
calculations demonstrate that the decrease in total small pore
area after stretch is greater than the gain in total large pore area,
indicating that the gain in large pore area may potentially be
due to merging of small pores. However, given that the amount
of large pore area gained is only �4% of the amount of small
pore area lost after stretch, most (at least 96%) of the lost small
pore area does not contribute to the formation of large pores
and is “closed” or somehow removed from the tight junctional
space.

When the dual-pore model of epithelial permeability was
employed for undamaged intact rat lungs (4), the two pore radii
were 5 and 34 Å, values that compare favorably with our
calculated pore radii of 4.3 and 43 Å for the unstretched
epithelium in vitro. There also is agreement between the two
studies that the large pore area is a small percentage of the total
pore area for all pores, indicating that small pores are much
more prevalent than large pores in both models. A single-pore
model was used to examine the effects of static mechanical
strain on ex vivo bullfrog and rabbit lungs (24), and those
results agree qualitatively with the current study such that static
inflations at only very high lung deformations resulted in a
change in permeability and that large tracer permeabilities
increased more than those of small tracers.

Our whole lung study results indicate qualitative similarities
with our monolayer permeability data in that both preparations
demonstrate resistance to tracer transport through the epithe-

Fig. 4. Normalized FITC-albumin fluorescence intensity in whole rat lungs as
a function of ventilation time, inflation volume, and rat health. Increased
intensity is indicative of increased alveolar permeability. Data are presented as
mean (SD) fluorescence intensity normalized to background signal (n 
 5
alveoli per group). For permeabilities at 30 min, significant differences com-
pared with baseline permeabilities are indicated (*P 	 0.01). Significant
differences between healthy and septic lungs are indicated (†P 	 0.01).
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lium at lower stretch or volume magnitudes and decreased
resistance at higher magnitudes. The magnitude of maximum
stretch differs between the two systems (37% �SA for the
monolayers, �25% �SA for the whole lungs), which could
explain why no significant increase is observed in healthy
lungs inflated at large tidal volume. The overall ANOVA,
however, does show tidal volume to be a significant effect
(P 	 0.05). The apparent similarities between the two data sets
suggest that the in vitro model may be appropriate for perme-
ability measurements in a precisely controlled mechanical
environment.

At higher levels of stretch, sham lungs displayed signifi-
cantly lower tracer intensity than septic lungs (P 	 0.05). Over
the 30-min stretch duration, sham lungs ventilated at either
tidal volume (6 or 20 ml/kg) did not accumulate significant
amounts of tracer in the alveolar spaces compared with initial
values. However, 30 min of ventilation at large tidal volumes
(20 ml/kg) did significantly increase tracer intensity in the
alveolar spaces of septic lungs compared with initial values.
We conclude that lung health affected the stretch sensitivity of
the epithelial barrier properties. This finding is consistent with
the clinical observation that patients with ARDS are more
likely to be adversely affected by mechanical ventilation (19),
thus further supporting the validity of our selected experimen-
tal model.

We hypothesized that four potential chemical pathways may
modulate stretch-induced permeability changes: PKC and TK
activity, intracellular Ca2�, and F-actin. We observed that
there was no significant increase in the phosphorylation of the
three amino acids primarily acted on by PKC and TK, as
determined by Western blot analysis. Thus it is not surprising
that treating our alveolar epithelial cells with either the PKC
inhibitor H-7 or the TK inhibitor genistein failed to signifi-
cantly affect the stretch-induced permeability increase at 37%
�SA. Chelating [Ca2�]i with BAPTA-AM reduced the extent
of stretch-induced barrier dysfunction at 37% �SA compared
with stretched, untreated cells for all tracers except methyl-
amine, the smallest tracer used, indicating that [Ca2�]i levels
may affect tracer permeability in a size-dependent manner.
Because treatment of unstretched cells with BAPTA-AM did
not significantly affect paracellular permeability, we attribute
this partial reduction in permeability dysfunction to the specific
inhibition of stretch-activated pathways. However, the post-
stretch permeability of BAPTA-AM-treated cells was still
significantly higher than that of unstretched, untreated cells and
unstretched, treated cells, and so BAPTA-AM failed to com-
pletely prevent a significant increase in permeability in the
cells stretched at 37% �SA.

We also hypothesized that stabilizing the F-actin of the
alveolar epithelium during stretch would ameliorate the
stretch-induced permeability increase. Our laboratory (35) pre-
viously showed that cyclic stretch at 25% �SA alters actin
organization in a similar cell preparation. In this study, we
found that stabilizing intracellular F-actin with jasplakinolide
decreased the extent of barrier dysfunction in alveolar epithe-
lial cells stretched cyclically but did not eliminate it com-
pletely. Jasplakinolide stimulates F-actin nucleation, thus pro-
moting F-actin polymerization. The observed limited decrease
in permeability of stretched, treated cells compared with
stretched, untreated cells was true for all tracers except for the
smallest, methylamine. As with BAPTA-AM treatment to

reduce the [Ca2�]i, treatment with jasplakinolide did not alter
paracellular permeability in unstretched cells. Stretch still re-
sulted in a significant permeability increase in treated cells, but
treatment modulated the stretch-induced permeability increase.

Because the other tracers did not experience a significant
decrease in permeability after exposure to both chemicals, and
the simultaneous treatment was not additive or synergistic, we
hypothesize that both BAPTA-AM and jasplakinolide were
inhibiting the same stretch-sensitive pathway in these cells.
Under this hypothesis, [Ca2�]i and actin are two upstream
components of a communal terminal mechanism responsible
for increasing paracellular permeability after stretch. We are
hopeful that future studies to identify this terminal mechanism
will lead to the development of specific therapies to inhibit
stretch-induced permeability increases.

These mechanistic studies are illustrative but also are inher-
ently qualitative in nature, because many of these pathways are
linked and cannot be considered independent. For example,
PKC activity is partly mediated by [Ca2�]i in most types of
cells (1). TK activation also is thought to be an event upstream
of PKC activation (28). Actin rearrangement due to phorbol
ester stimulation has been shown to be PKC-dependent in lung
epithelial cells (13), whereas vanadate and hydrogen peroxide
redistribute actin in kidney cells through a TK-dependent
mechanism (10). Moreover, the four transduction pathways
that we examined are not the only ones known to affect tight
junction permeability in cultured cells. Our group (7) previ-
ously showed that disrupting intracellular ATP metabolism
significantly altered tight junction structure in our cells. Other
chemical messengers such as glucose, ethanol, and the G
protein family are also known to affect tight junction structure
and function in other cell types (17). The contribution of these
other mechanisms to stretch-induced permeability changes
may be addressed in future studies. Perhaps blocking some of
these additional pathways can keep the paracellular permeabil-
ity of stretched alveolar epithelial cells at unstretched levels.

It also is possible that the damage to the paracellular barrier
is not entirely due to the action of mechanically stimulated
signal transduction pathways. The stresses directly generated
by stretching the alveolar epithelium may be large enough to
cause mechanical failure at the weakest locations within the
monolayer. A purely mechanical contribution to barrier dys-
function would help to explain why the chemical modulations
used in the study did not completely prevent barrier dysfunc-
tion after stretch. Further experimentation with the use of cells
in which the elasticity of the internal tensile fibers has been
altered or the surface area of contact between adjacent cells has
been modified could potentially address the contribution of the
mechanical properties of the cells to stretch-induced perme-
ability changes.

Although our results have provided new information regard-
ing the effects of mechanical stretch on barrier function, these
results are by no means exhaustive. There are a number of
variables that still need to be examined in this system. First,
cells were only stretched for 1 h before permeability assess-
ment. Stretching cells for a longer period of time may show
that the more subtle changes we observed at low stretch
magnitudes become more pronounced as the duration of expo-
sure to mechanical stimulation increases. In addition, whereas
our cell culture studies were performed using small tracer
sizes, common blood proteins such as albumin and immuno-
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globulins are �25 Å in radius (34) and are more similar in size
to the FITC-albumin tracer used in our whole lung study.
Although data exist indicating that the transport of molecules
�30 Å in radius across the alveolar epithelium may occur via
endocytosis or other active processes (33), the similarities
between the monolayers and whole lung results support the
extrapolation of our in vitro data to the in vivo milieu. The
applicability of our monolayer data to the in vivo setting is
further supported by our previous finding that stretch of cul-
tured alveolar epithelial cells at 37% �SA increased the para-
cellular permeability of the monolayer to a ouabain derivative
�20 Å in radius (6). Finally, we only employed tracers with a
neutral net charge. Because many blood proteins are charged
(1), and paracellular permeability often varies depending on
the charge of the traversing molecule (20), the question of the
effect of tracer charge on paracellular permeability remains
open to investigation.

With this study, we have demonstrated for the first time that
high magnitudes of applied cyclic stretch increase the paracel-
lular permeability of cultured alveolar epithelial monolayers.
The permeability increases occurred partly through calcium-
and actin-dependent mechanisms, although other chemical
pathways may be equally involved. This study is the first to
specifically identify alveolar epithelial cells as contributors to
stretch-induced barrier failure. In addition, a well-defined and
homogenous application of strain was used to identify the
strain magnitude associated with increases in alveolar perme-
ability. All previous studies in this area have employed whole
lungs, which possess many cell types and do not typically
allow for the precise measurement of alveolar strain. The data
from these experiments suggest that high-magnitude lung in-
flation by itself may cause or potentiate pulmonary edema and
micromolecular flux into the alveolar space in vivo.
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