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Abstract
Acute lung injury (ALI) is a common, frequently hospital acquired condition with a high morbidity
and mortality. The stress associated with invasive mechanical ventilation represents a potentially
harmful exposure, and attempts to minimize deforming stress through low tidal ventilation have
proven efficacious. Lung cells are both sensors and transducers of deforming stress, and are
frequently wounded in the setting of mechanical ventilation. Cell wounding may be one of the drivers
of the innate immunologic and systemic inflammatory response associated with mechanical
ventilation. These downstream effects of mechano-transduction have been referred to collectively
as “Biotrauma”. Our review will focus on cellular stress failure, that is cell wounding, and the
mechanisms mediating subsequent plasma membrane repair, We hold that a better mechanistic
understanding of cell plasticity, deformation associated remodeling and repair will reveal candidate
approaches for lung protective interventions in mechanically ventilated patients. We will detail one
such intervention, lung conditioning with hypertonic solutions as an example of ongoing research in
this arena.

Keywords
Acute Lung Injury; Mechanical Ventilation; Plasma Membrane Repair; Deformation induced lipid
trafficking; osmotic stress

1. Introduction
Acute lung injury (ALI) affects over 190,000 people and is responsible for approximately
74,000 deaths each year in the United States (Rubenfeld et al. 2007). Worldwide estimates
range from 1.5 to 75 cases per 100,000 persons (Wheeler et al. 2007), translating to more than
one million reported cases worldwide each year. ALI is rarely present at the time of hospital
admission but develops over a period of hours to days in patients with predisposing conditions
such as sepsis, trauma and shock, or who undergo certain medical and surgical interventions
(Unpublished data from O. Gajic). Furthermore, certain supportive therapies including
mechanical ventilation may lead to progression of ALI and the development of ventilator
associated lung injury (VALI). As such patients may be victims of an avoidable, hospital-
aquired complication whose consequent morbidity and mortality extract not only a dramatic
emotional price, but also an increasingly burdensome monetary cost to the individual, the
healthcare system, and society as a whole.
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Central to the pathophysiology of VALI is the lungs’ response to deformation. As both sensors
and transducers of deforming stress, the cells of the lung are well adapted to the periodic
deformations of normal breathing. Cells possess well developed mechanisms to buffer stress
concentrations associated with cellular shape changes induced under these conditions.
However, in the injured, mechanically ventilated lung, the forces acting on cells may be
excessive compared to those experienced by the healthy lung. Increased levels of alveolar
ventilation often impose cellular shape changes associated with lytic tensions in stress bearing
structures such as the cytoskeleton (CSK) and/or the plasma membrane (PM). The resulting
cell wounds trigger or amplify a robust innate immune response often referred to as
“biotrauma.” It is important to note that not all manifestations of biotrauma are associated with
changes in cell and tissue architecture. (Caruso et al. 2003). However, the implication is that
deforming stress, and therefore ventilator settings are critical in shaping lung injury and repair
responses. In fact, to date low tidal volume ventilation has been the only therapy to attenuate
VALI manifestations and improve overall patient outcomes (Acute Respiratory Distress
Syndrome Network, 2000)

Since the lung cannot be casted and immobilized like a broken bone, even protective low tidal
volume ventilation settings may not spare the injured lung from further damage. A great deal
of research has focused on manipulating the innate immune response to deforming stress. A
diverse set of bioactive molecules and pathways including immune response elements (Santos
et al. 2005), coagulation proteins(Schultz et al. 2006), reactive oxygen species (Reddy et al.
2007), and fibro-proliferative and apoptotic pathways (Abraham 2003) have been targeted in
experimental VALI models. Specific interventions include corticosteroid and
immunosuppressive therapies, extracorporeal membrane oxygenation (ECMO) and the
selective hemofiltration of key immunomodulatory molecules such as interleukins and TNF-
alpha. Disappointingly, none have yielded significant gains, perhaps because most
interventions target one or a few of the many complex downstream response elements to
deforming stress, while low tidal ventilation targets the stimulus, deforming stress, itself.

Cell wounding amplifies the injured lungs’ pro-inflammatory response to deforming stress.
Hence, making lung cells less susceptible to deformation injury ought to mitigate biotrauma.
In the following review we will focus on the cellular injury and repair mechanisms relevant to
the mechanically ventilated lung. We will share preliminary observations that suggest efficacy
of hypertonic lung conditioning on alveolar epithelial and endothelial cell integrity in reduced
experimental VALI models. Finally, restricting our comments largely to epithelial cells, we
will detail the effects of osmotic stress on CSK structure, cell plasticity and deformation
associated PM remodeling and associated membrane trafficking responses.

2. Topographical Distribution of Lung Parenchymal Stress
The lung may be described as a prestressed network of viscoelastic tissue elements that is
deformed by surface tension. On a macroscopic scale the determinants of the topographical
distribution of lung parenchymal stress and strain are generally understood. Accordingly, the
gravitationally deformed lungs are contained within a gravitationally deformed but much stiffer
thorax. Regional transpulmonary pressure and alveolar volume (stress and strain) distributions
reflect the shape matching constraints of these two structures (Wilson 1986). In contrast, there
remains a great deal of uncertainty about how an alveolus, let alone a lung resident cell, deforms
during a breath. This is because of the limited spatial and temporal resolution of available in
vivo imaging techniques and artifacts inherent in tissue preservation and labeling for histologic
and morphometric analyses. In general, most data suggest that alveolar walls and the cells that
decorate them unfold during breathing and that they undergo elastic deformations (stretch)
only at high lung volumes (Tschumperlin et al. 2000; Bachofen et al. 2001; Weibel et al.
2007).
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Near Functional Residual Capacity lung parenchyma and surface tension contribute
approximately 50% each to lung recoil. Most of the parenchymal load is carried by a collagen
and elastin rich connective tissue matrix, which provides the scaffolding to which lung cells
adhere. While cells exert a deforming force on their surrounding tissue matrix, in aggregate
the contribution of this force to overall lung recoil and parenchymal stiffness is small (<10%).
Nevertheless, the cells’ load bearing elements, namely, CSK and/or PM risk failure, if large
matrix deformations impose a large or sudden change in cell shape and dimensions. In the
following sections we will briefly review four distinct ventilator induced lung injury
mechanisms (Table 1) and explain why alveolar overdistension and so-called opening and
collapse are associated with cell injury.

3. Physical determinants of cellular injury
Although often described in cartoon form as an air-filled sac, alveolar walls form hexagonal-
like tissue networks that are partially unloaded by surface tension (Mead et al. 1970; Wilson
et al. 1982; Stamenovic 1990). Electron microscopy-derived measurements of rat alveolar
basement membrane area demonstrated a 35% increase during inflation to total lung capacity
(Tschumperlin et al. 1999). The primary load-bearing tissue components, collagen and elastin,
have differing characteristics that complement each other with regard to alveolar stability and
protect the alveolus and its constituent cells from overdistension injury. Due to its flexible
cross-linked polypeptides, elastin has a linear stress-strain relation up to 200% strain (Fung
1993), while the more organized structure of collagen has a highly nonlinear stress-strain curve
(Stromberg et al. 1969). Thus elastin maintains tension at lower strains (Setnikar 1955), while
collagen dominates under conditions of higher strain (Suki et al. 2005). Recent evidence
suggests that the electrostatically charged proteoglycan matrix in which these fibers are
embedded resists the tendency of collagen and elastin to fold at low to medium lung volumes,
thereby further contributing to lung elasticity and the stabilization of the alveolar structure
(Cavalcante et al. 2005). The interaction between collagen, elastin, and the matrix may
therefore have two important functions with regard to ventilator-induced cellular injury that
might enhance its attractiveness for therapeutic manipulation. First, the inherent stress-strain
relationships of these molecules determine the level of overdistension necessary for stress
failure. Second, the influence of the proteoglycan matrix stabilizes the alveolar structure as it
deflates during end-expiration, and therefore affords protection against low volume injury.

Another mechanism for protection against overdistension has been observed under electron
microscopy (EM) in rat alveoli (Bachofen et al. 2001). Observation of alveoli fixed at various
stages of the respiratory cycle suggest that these structures do not inflate like a balloon, but
instead unfold in a nonuniform manner. Moreover, EM images of plasma membrane folds,
although dismissed by some as artifact of processing and fixation, have led to the following
hypothesis (Figure 1): As the alveolus expands, the underlying structural elements and attached
basement membrane are stretched, imposing a deformation on the adherent epithelial and
endothelial cells. As the cells deform, PM pleats unfold, without significant increases in lateral
plasma membrane tension. Moreover, any externally imposed cell shape is met with a lipid
trafficking response in the form of non-secretory exocytosis, supplying the PM with excess
substrate. PM unfolding, deformation induced lipid trafficking, along with cytoskeletal
remodeling represent mechanisms, which allow cells to sustain large deformations without
structural failure

Injured lungs are particularly susceptible to overdistension because the number of aerated and
recruitable alveoli is decreased (“the babylung concept”) (Gattinoni et al. 1987). Within the
baby lung, both fully aerated and nonaerated but recruitable respiratory units exist in close
proximity. This has been confirmed by computerized tomography (CT) in patients with acute
respiratory distress syndrome (ARDS) (Maunder et al. 1986). A preferential distribution of
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ventilation to the less injured units places these units at a higher risk for hyperinflation injury
(Figure 2). Supporting this hypothesis is recent histologic and CT imaging data in a rat VALI
model that demonstrates a regional redistribution of ventilation from atelectatic to
nonatelectatic areas resulting in overinflation injury (Tsuchida et al. 2006). In this study, a
combination of high tidal volume and lack of recruitment of atelectatic regions consistently
demonstrated histologic evidence of alveolar injury as measured by hyaline membrane
formation, inflammatory cell infiltration, and the presence of alveolar epithelial cell lesions.
Markers of biotrauma such as cytokines IL-6, IL-1β, and myeloperoxidase were elevated as
well. Clearly the delivery of what would be a “normal” tidal volume to a healthy non-atelectatic
lung, may indeed have the potential to be quite injurious to the injured, mechanically ventilated
baby lung.

The flip-side of overinflation and overdistension, the potential for low-volume injury was first
supported by experimental evidence in 1993 by the Slutsky group (Muscedere et al. 1994).
Their work in isolated rat lungs demonstrated that repetitive opening and collapse lead to a
decrease in lung compliance and injury to the epithelial cells that line small airways and alveolar
ducts. This hypothesis was validated by a series of elegant studies by Gaver et al. (Gaver et al.
1990; Naureckas et al. 1994; Bilek et al. 2003). In these experiments (Figure 3), an air bubble
was passed through a narrow channel lined with pulmonary epithelial cells in an attempt to
simulate the opening of a collapsed airway in a region of atelectatisis. Significant injury to the
apical membranes of epithelial cells was demonstrated using a dual fluorescent (ethidium
homodimer/calcein) labeling technique 30–150 seconds after the bubble passed over the cell
surfaces and through the channel. Effective calcein staining requires the presence of an intact
cellular plasma membrane, and conversely ethidium homodimer is impermeant to the plasma
membrane and therefore its fluorescence within the cell indicates that membrane disruption
has occurred. A number of cells stained positive for both indicators, suggesting that a plasma
membrane disruption occurred and was resealed within 2–3 minutes after injury. This
timeframe is consistent with previously measured plasma membrane resealing rates (McNeil
et al. 1997).

Mathematical models supported by experimental data suggested that a steep pressure gradient
at the leading edge of the bubble front (Bilek et al. 2003) is the most likely cause of epithelial
cell damage during reopening. It is determined by dimensions of the collapse segment, the
surface tension at the air/liquid interface, the viscosity of the airway fluid and the rate of bubble
propagation. Importantly, as the experiments of the Gaver group demonstrate tube collapse is
not a prerequisite for this injury mechanism.

Pulmonary surfactant is a complex lipid-protein mixture that stabilizes the lung by reducing
the surface tension at the air-liquid interface (Goerke 1998). As early as 1966 Faridy had
suggested that mechanical ventilation could impair the surfactant system and lead to lung injury
(Faridy et al. 1966). More recent investigation in the isolated rat lung has elucidated two
important effects of mechanical ventilation on surfactant. The first is a reduction in total
surfactant content and active surfactant protein subsets(Shu et al. 2007) in animals with ALI.
The second, is the observation that plasma proteins, which invariably gain access to airspaces
of injured lungs alter surfactant kinetics and its biophysical properties (Hartog et al. 2000).
Thirdly, large oscillations in alveolar surface area that accompany regional and/or global
hyperventilation promote large to small aggregate conversions and loss of functionally
competent surfactant (Veldhuizen et al. 2002). Low surface tension is critical for the
maintenance of alveolar volume, and aeration surfactant dysfunction and/or inactivation
greatly increases the risk of VALI associated cell injury. Surfactant replacement therapy while
established as treatment for immature lungs has yet to find a place in the management of adults
with ALI. Several synthetic surfactants are currently under investigation. A newer, highly
active synthetic surfactant modified with a phospholipase-resistant diether phosphonolipid
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moiety (DEPN-8) has demonstrated resistance to deactivation by phospholipases in excised
rat lungs (Wang et al. 2007), and recent in vitro and in vivo animal studies (Lewis et al.
2006; McCormack 2006) have begun to focus on the emerging anti-inflammatory and
antibacterial functions of various surfactant components.

4. Evidence for deformation-induced injury
As early as 1974 Webb and Tierney had observed that rats ventilated with large tidal volumes
developed hemorrhagic pulmonary edema (Webb et al. 1974), establishing a link between
ventilator-induced injury to the blood-gas barrier and alteration in lung function. Later,
Dreyfuss and colleagues (Dreyfuss et al. 1985) demonstrated that tidal volume was a more
appropriate determinant of lung injury than peak airway pressure (Dreyfuss et al. 1998) and
shortly thereafter the landmark Acute Respiratory Distress Syndrome Network (ARDSNet)
trial confirmed the protective benefits of a low tidal volume ventilation strategy on clinical
outcomes (Acute Respiratory Distress Syndrome Network, 2000).

The detailed morphological changes to the blood-gas barrier documented by Dreyfuss and
colleagues (Dreyfuss et al. 1985) provide convincing electron micrographic evidence for dose-
and time-dependent deformation-induced wounding at the cellular level as a result of
mechanical ventilation. For example, the development of interstitial edema, plasma membrane
blebbing, and loss of cellular contact with the basement membrane occurs after as little as a
five minute period of injurious ventilation (Dreyfuss et al. 1998). Longer exposure at the same
settings result in increasingly severe markers of cellular injury including inter- and intracellular
gap formations, denuded basement membranes, and finally complete cellular destruction.

Electron microscopy provided the initial snapshots of cellular and plasma membrane wounding
after injurious ventilation, but did not provide evidence of causality. To further explore this
cause-effect relationship, Gajic and colleagues (Gajic et al. 2003) perfused isolated,
mechanically ventilated rat lungs with propidium iodide (PI). PI is a plasma membrane
impermeant fluorophore utilized in studies of membrane integrity; Its detection within the cell
necessarily confirms a plasma membrane disruption has occurred (Figure 4). This series of
experiments yielded two important results. First, the number of subpleural cells with membrane
defects increased with length of exposure and increasing tidal volume, confirming the dose-
dependent qualitative observations under EM. Second, by infusing PI at varying points in the
timecourse and then comparing the number of PI positive cells in each, it was inferred that the
majority (60%) of injured cells were able to repair the defect in their plasma membranes. These
cells remained wholly viable after wounding.

5. Consequence of deformation-induced injury
It has been demonstrated that ventilator settings correlate with inflammatory signaling
responses (Tremblay et al. 1997), and that the ensuing robust immune response, or
“biotrauma” (Tremblay et al. 1998), accounts for the systemic manifestations of ALI. It has
been well established that mechanical stress positively regulates the expression of a number
of genes, and cellular deformation has been directly implicated in the activation of
immunomodulatory transcription factors including nuclear factor kappaB (NF-kappaB),
activator protein 1 (AP-1) and cAMP-responsive element binding protein (Kirchner et al.
2005). The mechanism by which physical deformation is transduced has been an area of some
debate, and likely is the result of inadequate temporal and spatial resolution of our current
analysis tools. For instance, cellular injury appears to play a pivotal role in the activation of
these responses, and deformation-induced plasma membrane disruptions have been directly
linked to the activation of pro-inflammatory signaling cascades including early stress response
genes, chemokine receptors, and adhesion molecules (Grembowicz et al. 1999). In this setting,
membrane disruption acts as a mechanotransducer or “damage sensor,” whereby the influx of
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calcium after membrane injury leads to the upregulation of such mediators as fos and NF-
kappaB (Figure 5).

Yet similar immune responses have been seen in cells after exposure to mechanical stress but
without gross wounding of the plasma membrane or overt signs of injury. Is this really the
case, or is it that our detection methods for cellular injury are inadequate? Because rapid plasma
membrane resealing is imperative for the viability of the cell, and most survivable plasma
membrane disruptions remain open less than 5 seconds (Grembowicz et al. 1999), commonly
used methods to detect injury such as labeling studies and dye exclusion tests are inefficient
and/or poor indicators in these situations. Moreover, the brevity of disruption suggests a priori
that the usefulness of measuring surrogate markers of cellular injury such as lactate
dehydrogenase will be quite low. As such, the sensitivity and specificity of our current methods
to exclude plasma membrane injury as a driver of inflammation is unclear.

Whether the immune response of a cell that has experienced a sublethal plasma membrane
wound with successful repair is different in scale or duration from that of a mortally wounded
cell undergoing necrotic cell death is unknown. The comparison is of interest, however, in that
the a priori supposition that cellular repair is beneficial may be not hold true in all cases. For
instance, the previously described upregulation of immune response genes after plasma
membrane wounding and repair may set up a prolonged inflammatory response by the viable
cell. This would potentially result in more damage than would have necrotic death, where the
loss of the cell would attenuate the inflammatory response. Of course the determination of an
intervention’s effect on outcome will be based on the surrogate endpoints measured. One such
example surrounds the effects of hypercapnia on cell wounding. Hypercapnia has been
demonstrated to protect against, and hypocapnia exacerbate, vascular barrier dysfunction in a
number of injury models (Laffey et al. 2000a; Laffey et al. 2000b; Kavanagh 2005). Our group
has confirmed the protective effect of hypercapnia as measured by reduced injury-related
edema formation in alveolar epithelial cells (Doerr et al. 2005). However, the use of a dual-
labeling technique in cells injured by scratch under conditions of hypercapnia revealed a
reduced resealing and repair rate when compared to cells injured under normo- or hypocapneic
conditions. From this arises a paradox; Hypercapnia appears to have antinflammatory effects,
as demonstrated by reduced edema formation, while at the same time leading to more cellular
injury by impairing the ability for cell repair.

We have demonstrated previously that deformation-induced lipid trafficking is an important
cytoprotective mechanism employed by the cell in the face of externally imposed shape change
(Vlahakis et al. 2002). It is integral to the repair of all but the smallest plasma membrane
wounds. Elements of this mechanism have been demonstrated to be sensitive to pH and/or
PCO2 in other models, which in turn could explain the the inhibitory effects of hypercapnia
on wound repair. For instance, low pH has been shown to inhibit endocytic membrane
trafficking in secretory cells(Lippincott-Schwartz et al. 1997; Freedman et al. 1998). More
recently, resealing of both mechanically wounded cells as well as pores created in several non-
lung cell types by bacterial streptolysin O permeabilization was shown to be dependent on
endocytosis (Idone et al. 2008). In cells in which endocytosis was inhibited by sterol depletion,
repair was inhibited, while the opposite occurred when endocytosis was facilitated by
cytoskeleton disrupting agents such as cytochalasin and latrunculin. Whether or not the same
occurs in alveolar epithelial cells is yet to be determined, however it appears that the likelihood
of plasma membrane repair can be summarized as follows: Plasma membrane regulation is a
dynamic process in which both endo- and exocytic mechanisms are continually occurring. The
balance of these pathways may be influenced by certain conditions that shift the equilibrium
towards the favoring of either a pro-injury or pro-repair state. Certainly the ability to manipulate
the tendency of one state over the other provides an attractive therapeutic target, and has driven
much of our interest in this area.
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6. Cell surface regulation and deformation induced lipid trafficking
Remodeling of the cellular stress-bearing elements and plasma membrane in response to
deformation may provide a mechanism by which to minimize the risk of stress-induced
structural failure in the short term (Vlahakis et al. 2002) and allow for adaptation to repetitive
or chronic stress exposure in the long term. Remodeling is an active, energy requiring process
guided by mechanosensing and mechanotransduction elements that include integrins and focal
adhesion complexes uniquely positioned to act as gauges of local force and strain for the cell
and its environment. Their central role as mechanotransducers is emphasized by the
intracellular signal transduction mechanisms to which they are coupled: Tyrosine kinases,
phospholipases, GTPases, and matrix metalloproteinases (Vlahakis et al. 2005). Signaling
through these systems allows the cell to transduce a sensed, localized physical deformation
into a robust, biochemical response.

Such an example of a mechanosensing feedback system is the active regulation of plasma
membrane surface area to cellular volume in response to strain, reducing the risk of plasma
membrane stress failure. This process, illustrated in Figure 6, provides a mechanism for cellular
integration of real-time lateral plasma membrane tension readout with responses that modulate
the flux between two discreet but related pools: the plasma membrane, and the endomembrane,
or intracellular plasma membrane reservoir (Vlahakis et al. 2001;Vlahakis et al. 2002;Fisher
et al. 2004). Plasma membrane lateral tension affects the rate of shuttling between these pools,
as has been suggested by the exposure of molluscan neurons to hyper- and hypotonic media
(Sheetz 2001). In an elegant set of experiments utilizing an optical trap, coated beads were
used to “grab” the plasma membrane and pull a pure lipid tether of plasma membrane away
from the cell (Figure 7). Force and displacement measurements revealed that after an initial
increase in force to pull a tether off the cell, force remained relatively unchanged over a
subsequent range of displacement corresponding to a “buffer” of excess plasma membrane.
Once this was exhausted, the force per displacement increased rather rapidly until exceeding
the capacity of the tweezers. At this point the tether pulled out of the trap and it retracted to
the plasma membrane surface. Exposure to hypotonic media resulted in cellular swelling, a
subsequent rise in lateral plasma membrane tension, and consequent increase in net total plasma
membrane fraction. The latter is interpreted from increasingly larger plateau phases (“buffers”)
with each subsequent tether pull from the same cell under hypotonic conditions, whereas under
hypertonic conditions the opposite occurred (Raucher et al. 1999).

7. Plasma membrane resealing and repair
If wounding of the plasma membrane does occur, successful resealing and repair is imperative
for the long-term viability of the cell. There are 3 mechanisms by which the cell may repair
plasma membrane defects: Lateral lipid flow, lipid trafficking, and endomembrane patch
formation and insertion (Figure 5). Lateral lipid flow is a passive, spontaneous, and rapid
(milliseconds to seconds) closure of the lipid bilayer as a result of the thermodynamic drive to
maintain the membrane’s phospholipid constituents in their lowest energy configuration. The
human red blood cell utilizes this mechanism exclusively. From a historical perspective,
however, lateral lipid flow could not explain the repair of larger breaks. The initial hypothesis
that lipoprotein “plugs” pulled the injured membranes back together (McNeil 1993) in a
calcium dependent manner(Xie et al. 1991) was challenged by a series of experiments in the
mid 1990s (reviewed in (McNeil et al. 2003)) that led to the development of our modern concept
of plasma membrane resealing via non-exocytic lipid trafficking. As an exhaustive review is
beyond the scope of this article, the reader is directed to the excellent discussion of the key
historical experiments leading to the current working hypothesis of exocytic cell membrane
repair recently published by Steinhardt (Steinhardt 2005).
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The concept of exocytosis as a repair mechanism evolved from earlier hypotheses surrounding
membrane “plugging” as well as advances in neuronal models of synaptic vesicular targeting
that lead to the identification of key mediators of neurotransmitter exocytosis. This body of
literature laid the groundwork for understanding the machinery involved in the trafficking of
reparative lipid constructs to the damaged plasma membrane. Of these, soluble NSF attachment
receptor (SNARE) proteins are an important class of small, mostly plasma membrane-bound
proteins that have been shown to mediate and direct vesicle fusion with the membrane in a
number of cell types including neuronal cells and fibroblasts (Shen et al. 2005).

The three most studied SNARE proteins are the vesicular-bound syntaxin and synaptobrevin,
and the target membrane-bound synaptosome-associated protein of 25,000 daltons (SNAP-25),
which become associated, undergo a zipper-like transformation, and cinch the vesicle and
membrane together in tight apposition. This primes the complex for release, which occurs by
a triggering mechanism involving calcium binding to synaptotagmin resulting in membrane
fusion. Once fusion completes, exocytosis occurs by such potential processes as hydration
reactions and phase transitions.

The generation and trafficking of vesicles requires non-muscle myosin and is sensitive to
disruption of the actin cytoskeleton. When a plasma membrane disruption occurs, calcium
entry into the cell will activate this exocytic process. Larger influxes of calcium will also
promote the coalescence of vesicular endomembrane, forming a patch that may be targeted en
bloc to larger defects. Here it it can fuse with and reseal the plasma membrane (Figure 5).

The response to deformation induced plasma membrane wounding is biphasic. There is an
immediate exocytic pathway and delayed response through a non-calcium dependent
mechanism. In theory this allows for an initial, rapid response to reverse the injury, while the
sustained trafficking may potentiate repair by restoring lipid to the membrane. This, in turn,
may be used for lateral lipid flow repair and perhaps to prepare the cell for further deformations.
By increasing the number of SNARE bound (but not fused) lipid vesicles to the membrane,
the cell is effectively priming the mechanism such that it may respond more quickly to second
and subsequent deformations. Moreover, the trafficking of additional lipid vesicles from the
intracellular pool to the membrane after deformation may allow for a larger potentiated
response upon repeat stimulation. This hypothesis was confirmed in a fibroblast model of
repetitive plasma membrane wounding (Shen et al. 2005). Cells were infused with a fluorescent
dye, wounded by micropipette, and the leakage of dye as a function of cell fluorescence tracked
over time. After the cell was wounded, fluorescence decreased in a negative log fashion. If
cells resealed, fluorescence levels stabilized, whereas in mortally wounded cells unable to
repair their defect fluorescence decreased to background levels. The time to stabilization of
fluorescence then corresponded to the time required for the cell to reseal. Supporting a adaptive,
priming mechanism to plasma membrane disruption repeated wounding resulted in a doubling
in the resealing rates with subsequent wounds and potentiation of calcium-mediated exocytosis
as measured by a calcium sensitive dye. This adaptation mechanism may provide an advantage
under conditions of repetitive or increased strain.

8. Manipulation of cellular response to deformation
In the unstressed state, cellular plasma membrane tension is low, and only approaches lytic
tension if an externally imposed shape change forces a critical increase in cellular surface area.
This increase is usually buffered by unfolding of pleats and recruitment of additional lipid to
the plasma membrane as discussed earlier. Because changes in the cellular surface to volume
ratio are such a critical determinant of lateral plasma membrane tension, our laboratory has
become increasingly interested in the potential protective effects of an osmotic challenge.
Exposure of the cell to hyperosmolar conditions leads to a sustained decrease in volume and
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relative excess in plasma membrane that should allow the cell to tolerate larger deformations
with little change in lateral tension and lowered risk of plasma membrane wounding. Indeed
experimental evidence from our laboratory in both A549 and rat AT1-like epithelial cells (AT2
cells transdifferentiated in culture for 5–7 days) demonstrate a lower susceptibility to
deformation injury and a higher rate of repair under hypertonic conditions, and the opposite
when exposed to a hypotonic milieu (Lee et al. 2007). Also, wounds formed under hypertonic
conditions are likely smaller and contain a more tightly woven actin network at their base,
making them faster and easier to reseal and repair.

While this data clearly demonstrates that hypertonic conditioning protects cells from physical
stress failure, the effects of osmotic challenge are more complex than suggested by shape and
volume change alone. Both cytoskeletal-plasma membrane interaction as well as cytoskeletal
remodeling responses have been documented (Fuller et al. 1999; Parsegian et al. 2000;
Pedersen et al. 2001; Despa 2005; Di Ciano-Oliveira et al. 2006).. The cytoskeleton is a
complex network of biopolymers that behave like a hydrated gel, and the constituent polymers
attract and order water molecules in a charge and surface topology dependent manner. In so
doing, the cytoskleton competes for bulk water with other solutes inside the cell, effectively
regulating water activity. In turn cytosolic water activity determines the relative hydration of
membrane channels, enzymes, and DNA. The exposure of a cell to a hypertonic stress reduces
water activity, and favors a state of cytoskeletal polymerization.

We have started to investigate some of these complex interactions by utilizing an optical
trapping system similar to that of Sheetz to pull lipid tethers from A549, AT-1 and AT-2 cells
exposed to hyper- and hypotonic conditions. During the course of the experiment tether
retractive force is continually recorded in real-time over the range of displacement (Figure 7).
Raucher and Sheetz demonstrated that molluscan neuron and 3T3 fibroblasts plasma membrane
tension is primarily a result of lateral tension in the membrane, as indicated by a drop in tether
retractive force to hypertonic cell shrinkage and increase in hypotonic cell swelling. Although
we have confirmed Raucher and Sheetz results in 3T3 fibroblasts, our preliminary findings
suggest that airway epithelial cells have a more complicated response that includes a significant
contribution from interactions between the plasma membrane and underlying cytoskeleton. In
these cells we see a complex response to hypertonic stress, with an immediate drop in force
indicative of a decrease in lateral plasma membrane tension, that quickly progresses to a
sustained increase over the next few minutes. This latter part of this biphasic response is
inhibitable by cytoskeletal disruptive agents such as cytochalasin D or latrunculin, implicating
a major role for cytoskeletal-plasma membrane interactions in AT-1,2, and A549 cells.

Evidence from the literature further suggests the protective effects of an osmotic challenge.
For example, the immune-modulatory effect of hypertonic saline on polymorphonuclear
neutrophils through decreased expression of adhesion molecules has motivated its use in the
resuscitation of trauma victims with shock. Moreover, perfusion of the pulmonary circulation
with sucrose promotes endothelial cytoskeletal polymerization, enhances vascular barrier
properties and blocks pro-inflammatory secretory processes.

Osmotic challenge also results in the alteration of the biomechanical properties of cellular stress
bearing elements. For example, cell shrinkage and swelling increase and decrease F actin
content, respectively, and we have confirmed an increase in F-actin assembly in A549 and
AT-1 like cells exposed to hypertonic stress in our laboratory (Hubmayr et al, unpublished
results). These changes are associated with an increased stress tolerance of the subcortical
cytoskeleton and therefore a decreased likelihood that the constituents reach lytic tensions.
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9. Summary and conclusion
We have examined the mechanisms of cellular injury and repair relevant to mechanical
ventilation and ALI. Central to the sequelae of VALI is cellular deformation, which can cause
a robust innate immune response even at sublytic tensions in the absence of injury. The cell is
able to respond to deformation-induced changes in lateral plasma membrane tension through
a rapid, active trafficking of lipid constructs between the plasma membrane and its intracellular
reservoir in order to maintain sublytic plasma membrane tension. However, if deformation
exceeds the buffering capacity of this system, lytic tensions are reached and plasma membrane
wounding will occur. Whether by overdistension or low-volume injury, resealing and repair
of the defect must occur to assure the continued viability of the cell. This process is an active,
orchestrated mechanism of non-exocytic vesicular trafficking that appears to be potentiated by
secretagogues.

Numerous studies have attempted to parse potential therapeutic targets from the complex
immune response mediators that are activated by deforming stress. In our laboratory we have
taken a different approach, attempting to target the cell itself, instead of its downstream
response elements that harken to the proverbial horse-already-out-of-the-barn. Our method has
been to utilize an osmotic intervention with the goal of altering the sensitivity of cells to
deformation, thereby preventing the deleterious responses normally seen. Current data suggests
that hyperosmolar exposure may decrease the risk of deformation-induced wounding by
altering the hydration state and therefore biomechanical properties of the cytoskeleton such
that inherent lytic tensions are increased.

Finallly, missing from the evidence presented were confirmatory in vivo measurements and
observations. For instance, questions surrounding small-scale intra-acinar stress and strain
distributions remain unanswered by our current methodologies, yet technological advances
with regard to temporal and spatial resolution are slowly coming on line and should begin to
fill these important gaps. These measurements will become increasingly important as targeted
genomic and physiomic interventions attempt to alter more and more esoteric experimental
variables. Perhaps the bench may be able to supply feedback on this sort of treatment progress
before such overt and tangible pathologic indicators of lung injury such as infiltrates,
inflammation, or edema are obvious to the clinician at the bedside.
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Figure 1.
Schematic of alveolar septae contributing to acinar surface area compensation in response to
volume-induced deformations. Ventilation at normal tidal volumes result in little change in
acinar volume, whereas once volume increases such that septal unfolding is complete, wall
stress will increase and acinar volume will change, potentially resulting in overdistension
injury.
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Figure 2.
The baby lung concept and regional overexpansion. White circles represent functional aerated
or recruitable units. Black circles represent non-recruitable units. In the healthy lung (top),
distribution of tidal volume across lung units results in normal, non-injurious ventilation
whereas in the heterogeneously injured lung (bottom), nonuniform distribution of tidal volume
occurs to preferentially recruitable units, causing overexpansion and potential injury to
basement and plasma membranes.
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Figure 3.
Hypothetical stresses imparted on the epithelial cells of an airway during reopening (Reprinted
with permission from Bilek et al(Bilek et al. 2003)). (A) A collapsed compliant airway shown
to the right is forced open by a finger of air moving from left to right. A dynamic wave of
stresses is imparted on the airway tissues as the bubble progresses. The circles show the cycle
of stresses an airway epithelial cell might experience during reopening. The cell far downstream
is nominally stressed. As the bubble approaches, the cell is a pulled up and toward the bubble.
As the bubble passes, the cell is pushed away from the bubble. After the bubble has passed,
the cell is pushed outward.
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(B) A fluid occlusion in a rigid narrow channel is cleared by the progression of a finger of air
moving from left to right. A dynamic wave of stresses is imparted on the pulmonary epithelial
cells lining the channel wall. The circles show the cycle of stresses that the cells might
experience during reopening. Far downstream the cell is pushed forward and slightly out. As
the bubble approaches, a sudden rise in pressure and a peak in shear stress occurs, pushing the
cell forward and outward with much greater force. After the bubble has passed, the cell is
pushed outward.
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Figure 4.
Propidium iodide imaging of a lung section. Propidium iodide (red color) is impermeable to
the plasma membrane (PM). It is able to enter the cell after a PM disruption such as seen under
conditions of cellular injury. Once in the cell, it intercalates with nucleic acid, fluorescing red
after excitiation at the proper wavelength. The detection of PI necessarily means a PM break
has occurred. See text for details.
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Figure 5.
The two possible fates of a damaged cell.
In panel A, the plasma membrane is not resealed, calcium freely enters the cell, and cell death
ensues by cellular necrosis. In panel B, the 3 mechanisms of plasma membrane repair are
illustrated. Lateral lipid flow (#1) can fill the smallest defects, and is the primary mechanism
in the human red blood cell. Lipid trafficking to the membrane (#2) accounts for the resealing
and repair in most smaller membrane disruptions, while the formation of membrane plugs by
coalescence of lipid vesicles in the presence of calcium influx fills larger membrane gaps (#3).
Membrane disruption and ion flux (#4) can activate important stress response genes and
proinflammatory signaling cascades such as NF-kappaB and CXC chemokines. This in turn
may lead to prolonged response to the membrane defect or even apoptotic changes, which may
result in damage in excess of that caused by necrotic cell death alone (see text for discussion).
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Figure 6.
Schematic representation of deformation-induced lipid trafficking (DILT). Deformations of
the plasma membrane (PM) result in changes in lateral PM tension. Increases in lateral tension
lead to an increase in total PM content through a net increase in exocytic lipid trafficking from
the endomembrane to PM, while endocytosis and a decrease in total PM predominates under
conditions of decreased lateral tension.
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Figure 7.
Measuring plasma membrane tension via optically trapped lipid tethers.
The top panel represents a schematic diagram of a plasma membrane (PM) lipid tether being
pulled from a cell, while the bottom panel is a representative tracing of the force vs.
displacement curve measured in realtime. A 0.5–1.0 micron, coated bead is optically trapped
and inserted into the PM (#1). The bead acts as a handle, and as it is moved away from the cell,
a lipid “tether.” Note the initial force increase to pull this tether from the PM (#1, lower panel).
As the bead is pulled further toward #2, force plateaus over a finite displacement confirming
the presence of a “lipid reservoir.” As the reservoir is used up, no further lipid can be trafficked
to the membrane to buffer the tether and force begins to increase (#3) until the bead (and tether)
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are no longer able to be held by the optical trap. The recoil of the tether pulls the bead back to
the PM surface (#1). See text for full discussion.
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Table 1
Mechanisms of cellular injury due to injurious ventilation

Mechanism Result Similar toiler to… Goal-directed Intervention

Overinflation PM, BM wounding Permeability
changes

Balloon Low VT

Surfactant loss Increased surface tension Premature infant lung Potential Replacement therapies

Low volume /
repetitive stress

Cellular and BM Disruption Repeatedly bending a paper
clip

HFO, PEEP

Interdependence Architectural & stress alteration,
transudation

Card house All of the above
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