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Uhlig, Stefan. Ventilation-induced lung injury and mech-
anotransduction: stretching it too far? Am  Physiol Lung Cell
Mol Physiol 282: 1.892-1.896, 2002; 10.1152/ajplung.00124.
2001. The Acute Respiratory Distress Syndrome Network
clinical trial on ventilation of critically ill patients has drawn
attention to the potential side effects of mechanical ventila-
tion. Both clinical and basic research have demonstrated that
injurious ventilation strategies can initiate or perpetuate
local and systemic inflammatory responses. There are four
principal mechanisms that can produce such a response. 1)
Ventilation, especially with high ventilation pressures and
zero positive end-expiratory pressure, can cause stress fail-
ure of the plasma membrane and of epithelial and endothe-
lial barriers. Stress failure of the plasma membrane causes
necrosis, which leads to liberation of both preformed inflam-
matory mediators and agents that stimulate other cells that
are still intact to produce such mediators. 2) Stress failure of
the barriers causes loss of compartmentalization with spread
of mediators and bacteria throughout the body as a conse-
quence. 3) Less injurious ventilation strategies that do not
cause tissue destruction can elicit release of mediators by
more specific mechanisms, presumably through activation of
stretch-activated signaling cascades (mechanotransduction).
4) Ventilation with increasing positive pressures raises the
pressure in the pulmonary circulation and thus vascular
shear stress, both of which are known stimuli for endothelial
cells. These different mechanisms should be taken into ac-
count in the design and the interpretation of studies on
molecular mechanisms of ventilation-induced lung injury.

inflammation; proimflammatory cytokines

THE ACUTE RESPIRATORY DISTRESS SYNDROME NETWORK study
has cogently demonstrated the importance of protec-
tive ventilation strategies to prevent ventilator-associ-
ated lung injury (28). A remarkable finding of this and
another clinical study (21) was the fact that protective
ventilation strategies were associated with reduced
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markers of inflammation, among them proinflamma-
tory cytokines. In accordance with experimental data
(e.g., Refs. 29, 38, and 39), these findings resulted in
the biotrauma hypothesis, stating that the lung injury
caused by injurious ventilation strategies results from
excessive release of proinflammatory mediators and
overactivation of the immune system (30). Not surpris-
ingly, this has elicited a vivid interest in the mecha-
nisms by which ventilation activates the immune sys-
tem, most notably in mechanotransduction (recently
reviewed in Refs. 6, 32, 36, and 42). The term mech-
anotransduction describes intracellular signaling pro-
cesses in response to external forces such as stretch.
Obviously, such signaling processes can occur only if
the cells remain intact. If cells are stretched too far, the
plasma membrane breaks, and mechanotransduction
becomes impossible. Also under these conditions,
proinflammatory mediators are liberated, but in this
case by mechanisms different from mechanotransduc-
tion. Therefore, whenever mechanotransduction is
studied, it is important to exclude alternative mecha-
nisms that may lead to superficially similar results.
For that reason, it is the aim of this communication to
discuss the principal physical forces by which ventila-
tion can cause the release of proinflammatory media-
tors and to identify potential pitfalls in studies aimed
at understanding the signaling processes involved in
ventilation-induced mediator release. As summarized
in Table 1, ventilation-induced release of proinflamma-
tory mediators may result from stress failure of the
plasma membrane, from stress failure of endothelial
and epithelial barriers, from stretch-induced mechano-
transduction, or from effects on the pulmonary vascu-
lature.

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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Table 1. Ventilation can cause release of
proinflammatory mediators

Principal Ways by Which Ventilation Can Cause Release
of Proinflammatory Mediators

Stress failure of plasma membrane (necrosis)

Release of preformed mediators

Proinflammatory effects of cytosol released from damaged cells
Stress failure of endothelial and epithelial barriers

Loss of compartmentalization

Hemorrhage and accumulation of leukocytes in the lungs
Overdistension without tissue destruction
Effects on the vasculature independent from stretch and rupture

Increased intraluminal pressure

Increased shear stress

STRESS FAILURE OF THE PLASMA MEMBRANE

Cells can die in two fundamentally different ways, by
necrosis or by apoptosis (10). Apoptotic cell death rep-
resents a well-organized cellular suicide without re-
lease of the cellular content, whereas during necrotic
cell death, the cytosol with all its ingredients [e.g.,
lactate dehydrogenase (LDH) or purines] is liberated.
It is well known that necrosis is frequently associated
with inflammation, whereas prevention and resolution
of inflammation are viewed as major teleological justi-
fications for apoptosis. A frequent cause of necrotic cell
death is disruption of the plasma membrane by toxic
agents or by stress failure of the plasma membrane.
Recently, Vlahakis and Hubmayr (36) have calculated
that “a typical plasma membrane can sustain strains
between only 2 and 3% (in the plane of the membrane)
before it breaks.” In line with this, it was found that
stretching of organotypical cultured fetal rat lung cells
by 5% for 1 h liberated LDH into the supernatant (16).
The supernatant of such overstretched cells contains
not only cytosolic enzymes such as LDH but also pre-
formed mediators such as the a-chemokine macrohage
inflammatory protein-2 (16). In addition to the pres-
ence of such preformed proinflammatory mediators,
the cytosol appears to contain further factors that
stimulate other intact cells to produce proinflamma-
tory mediators. For instance, it has been shown that
the lysate of human fibroblasts elicits chemokine re-
lease from whole human blood (22). Thus direct (pre-
formed mediators) and indirect mechanisms account
for the increase in proinflammatory mediators in ne-
crotic tissue. Obviously, such a condition’s mediator
release does not depend on mechanotransduction.

However, this does not imply that these phenomena
are biologically or clinically irrelevant. For instance,
many patients are ventilated with very low or even
zero positive end-expiratory pressure (PEEP) (8). Data
from animal experiments, however, clearly demon-
strate that ventilation with high distending pressures
in the absence of PEEP causes tissue destruction (7,
33, 34, 40). In this situation, tissue destruction (necro-
sis) probably occurs as a result of the high shear stress
generated during repeated opening and reopening of
atelectatic areas (atelectotrauma) (26) and as a result
of deformation of the alveolar epithelium (31). As an
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example, if rats are ventilated with 45 cmH2O of dis-
tending pressure, alveolar levels of purines (as a
marker of necrosis) are much higher in those lungs
ventilated without PEEP (34). Consequentially, we (9)
and others (29) have found high levels of mediators in
animal lungs that have been ventilated with high pres-
sures and zero PEEP.

STRESS FAILURE OF ENDOTHELIAL AND
EPITHELIAL BARRIERS

Not only can the plasma membrane break, but so can
the contact between cells (36, 41). If such a disruption
happens to the pulmonary endothelial and epithelial
barrier, this will lead to hemorrhage and loss of com-
partmentalization. The concept of compartmentaliza-
tion comprises the fact that the inflammatory response
remains compartmentalized in the area of the body
where it is produced, e.g., in the alveolar space or in the
systemic circulation. One consequence of the tissue
destruction that occurs in lungs ventilated with high
pressures and no PEEP is destruction of the barriers
and decompartmentalization. As a result, local proin-
flammatory mediators, endotoxin, and bacteria are
spread in the systemic circulation, and systemic factors
enter the lung (12, 17, 35). In addition, loss of the
barriers will also allow red (hemorrhage) and white
blood cells to enter the lungs and to promote inflam-
mation.

Thus if the forces generated during ventilation
exceed certain limits, tissue destruction occurs. It is
important to realize that the increased pulmonary
and systemic levels of proinflammatory mediators
that are observed under these conditions are the sum
of both tissue destruction and mechanotransduction
and can at least partly be prevented by applying
PEEP (4, 9, 12).

MEDIATOR RELEASE IN RESPONSE TO VENTILATION
WITHOUT TISSUE DESTRUCTION

Experiments on mechanotransduction can be prop-
erly interpreted only if necrosis can be excluded. Sev-
eral authors have been successful in stretching lung
cells without causing necrosis. In these studies, cell
viability was checked by measurement of LDH, trypan
blue exclusion, or the chromium release assay. For
example, Vlahakis and colleagues (37) found increased
interleukin(IL)-8 release from stretched alveolar epi-
thelial type II cells, and Pugin and colleagues (20)
made similar observations with alveolar macrophages.
In intact organs, we have shown that ventilation of
mouse lungs with a 2.5X increased end-inspiratory
pressure (25 cmH20, 3 cmH2O PEEP) does not cause
lung damage according to light microscopy and LDH
release (38, 39) but causes release of a variety of
proinflammatory chemokines and cytokines (13, 38,
39). Collectively, these and other findings suggest that
mechanotransduction can induce the production of
proinflammatory mediators in intact lung cells. The
usefulness of such models for studying the mechano-
transduction triggered by ventilation is illustrated by
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experiments with isolated mouse lungs and stretched
cells, with both showing that activation of the tran-
scription factor nuclear factor (NF)-«B is an important
step in mediator release in response to overdistension
(13, 20). The current concepts concerning mechano-
transduction in the lungs have recently been reviewed
(6, 15, 32, 42).

MEDIATOR RELEASE DUE TO INCREASED VASCULAR
PRESSURE AND SHEAR STRESS

Interpretation of studies in intact organs is compli-
cated by the interaction between ventilation and per-
fusion (2). Besides changes in circumferential stretch
forces, different ventilation strategies may also cause
changes in perfusion pressure and vascular shear
stress. Given that fluid viscosity and perfusion rate
remain constant, vascular shear stress (1) will change
with intraluminal pressure because T is proportional to
perfusion pressure, or more formally t~(AP/L)%7°,
where P is the pressure drop over the vessel and L is
the vessel length (24). The magnitude of pressure and
shear stress during ventilation is expected to affect
mediator production in the vascular bed independently
from stretch, although as of now there is, except for
prostacyclin as discussed below, little experimental
evidence. However, the abundant evidence from other
systems makes it very likely that such mechanisms
will also become important in the pulmonary circula-
tion when ventilatory settings are changed. For in-
stance, it was shown that high shear stress combined
with physiological pressure upregulated tissue plas-
minogen activator (t-PA) expression, whereas high in-
traluminal pressure with normal shear stress down-
regulated the t-PA protein and gene expression in
endothelial cells (23, 24). A differential regulation by
shear stress and intraluminal pressure was also ob-
served for the transcription factors c-Jun and c-Fos
(11). Particularly, shear stress is known to increase the
activities of multiple transcription factors such as
AP-1, NF-kB, Sp-1, and Egr-1. The actions of these
transcription factors on the corresponding cis-elements
result in the induction of genes encoding for vasoacti-
vators (prostacyclin, nitric oxide), adhesion molecules,
monocyte chemoattractant protein-1, cytokines (IL-1,
IL-6), and growth factors (platelet-derived growth fac-
tor, transforming growth factor-B) in endothelial cells
1, 3, 18, 25, 27).

An experimental setup that allows separation of the
effects of stretch from those of increased vascular pres-
sure and shear stress is to compare mediator produc-
tion during positive pressure ventilation (PPV) and
negative pressure ventilation (NPV). If lungs are per-
fused with the same constant flow and ventilated with
the same transpulmonary pressures (and hence tidal
volumes), the larger compression of pulmonary vessels
during PPV will lead to a much greater pulmonary
resistance than during NPV (5, 19). During NPV, the
mean alveolar pressure remains unchanged, and ex-
panding the lungs increases the transmural pressure
on extraalveolar and corner vessels, which finally re-
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sults in diminished vascular resistance (14). Therefore,
with the same perfusion rate, pulmonary artery pres-
sure is higher during PPV than NPV. This is illus-
trated by experiments with isolated mouse lungs per-
fused at constant flow (39). Switching from NPV to
PPV (end-expiratory pressure/end-inspiratory pres-
sure was switched from —3/—10 to 3/10 cmH50) caused
an instantaneous rise in vascular resistance that was
accompanied by increased prostacyclin secretion. At
higher trans-pulmonary pressures (3/25 cmH20), both
vascular resistance and prostacyclin release were fur-
ther enhanced during PPV, whereas during NPV (—3/
—25 cmH20) vascular resistance decreased and only a
small change in prostacyclin secretion was observed
(39). Because in these experiments tidal volume,
transpulmonary pressure, and perfusate flow rate
were all similar, the elevated prostacyclin production
during PPV must have been the result of either in-
creased vascular pressure or shear stress. Importantly,
there was no difference in the secretion of the cytokine
tumor necrosis factor (TNF) and IL-6 during PPV and
NPV (39), showing that two distinct mechanisms are
responsible for the release of prostacyclin on one hand
and TNF and IL-6 on the other.

Therefore, in experimental studies aimed at eluci-
dating the pulmonary mechanotransduction in re-
sponse to ventilation by increased volumes or pressure,
it may be advantageous to ventilate the lungs by neg-
ative pressure. Under these conditions, any increase in
ventilation pressure will reduce rather than increase
pulmonary vascular pressure and shear stress. An-
other alternative, to ventilate lungs without perfusion,
appears problematic, because the lung physiology of
nonperfused lungs is only poorly defined. From exper-
iments with isolated perfused rat lungs, we know that
switching off the perfusion causes a rapid change in
lung mechanics as indicated by a dramatic drop in tidal
volume, pulmonary compliance, and airway conduc-
tance (unpublished observations).

CONCLUSIONS

Before the hypothesis of biotrauma emerged, baro-
trauma/volutrauma and atelectotrauma were consid-
ered the principal causes of ventilation-induced lung
injury (7). However, these concepts are not mutually
exclusive because by causing stress failure, both baro-
trauma/volutrauma and atelectotrauma can cause bio-
trauma. Thus ventilation with high volumes or pres-
sures can cause release of proinflammatory mediators
by a number of different mechanisms, all of which
appear to be clinically relevant. Whereas in a clinical
situation different mechanisms may coexist, when
mechanistic studies are performed it appears impor-
tant to distinguish between these different mecha-
nisms by checking cell or tissue integrity and by choos-
ing systems that allow differentiation between
responses of the lung parenchyma and those related to
changes in pulmonary perfusion.
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this manuscript.

AJP-Lung Cell Mol Physiol « VOL 282 « MAY 2002 « www.ajplung.org

0TO0Z ‘02 yate\ uo BlorAbojoisAyd-Bunidle woly papeojumoq



http://ajplung.physiology.org

VENTILATION-INDUCED LUNG INJURY AND MECHANOTRANSDUCTION

This study was supported by the Deutsche Forschungsgemein-

schaft Grants DFG Uh 88/2-2 and Uh 88/2—4.

REFERENCES

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Bao X, Lu C, and Frangos JA. Temporal gradient in shear but

not steady shear stress induces PDGF-A and MCP-1 expression
in endothelial cells: role of NO, NF«B, and egr-1. Arterioscler
Thromb Vasc Biol 19: 996-1003, 1999.

. Broccard AF, Hotchkiss JR, Kuwayama N, Olson DA, Ja-

mal S, Wangensteen DO, and Marini JJ. Consequences of
vascular flow on lung injury induced by mechanical ventilation.
Am J Respir Crit Care Med 157: 1935—-1942, 1998.

. Chien S, Li S, and Shyy YdJ. Effects of mechanical forces on

signal transduction and gene expression in endothelial cells.
Hypertension 31: 162—169, 1998.

. Chiumello D, Pristine G, and Slutsky AS. Mechanical ven-

tilation affects local and systemic cytokines in an animal model
of acute respiratory distress syndrome. Am J Respir Crit Care
Med 160: 109-116, 1999.

. Culver BH and Butler J. Mechanical influences on the pulmo-

nary microcirculation. Annu Rev Physiol 42: 187-198, 1980.

. Dos Santos CC and Slutsky AS. Mechanisms of ventilator-

induced lung injury: a perspective. J Appl Physiol 89: 1645—
1655, 2000.

. Dreyfuss D and Saumon G. Ventilator-induced lung injury.

Lessons from experimental studies. Am J Respir Crit Care Med
157: 294-323, 1998.

. Esteban A, Anzueto A, Alia I, Gordo F, Apezteguia C,

Palizas F, Cide D, Goldwaser R, Soto L, Bugedo G, Rodrigo
C, Pimentel J, Raimondi G, and Tobin MdJ. How is mechan-
ical ventilation employed in the intensive care unit? An interna-
tional utilization review. Am J Respir Crit Care Med 161: 1450—
1458, 2000.

. Fentrop C and Uhlig S. The effect of end-inspiratory and

end-expiratory pressure on cytokine and chemokine release in-
duced by overventilation (Abstract). Am J Respir Crit Care Med
163: A676, 2001.

Fine A, Janssen-Heininger Y, Soultanakis RP, Swisher
SG, and Uhal BD. Apoptosis in lung pathophysiology. Am J
Physiol Lung Cell Mol Physiol 279: 1L.423-1.427, 2000.

Gan L, Doroudi R, Higg U, Johansson A-M, Selin-Sjogren
L, and Jern S. Differential immediate-early gene response to
shear stress and intraluminal pressure in intact human conduit
vessels. FEBS Lett 477: 89-94, 2000.

Haitsma JdJ, Uhlig S, Goggel R, Verbrugge SJ, Lachmann
U, and Lachmann B. Ventilator-induced lung injury leads to
loss of alveolar and systemic compartmentalization of TNF-a.
Intensive Care Med 26: 1515-1522, 2000.

Held H-D, Boettcher S, Hamann L, and Uhlig S. Ventilation-
induced chemokine and cytokine release is associated with acti-
vation of NF-kB and is blocked by steroids. Am </ Respir Crit
Care Med 163: 711-716, 2001.

Koyama S and Hildebrandt J. Air interface and elastic recoil
affect vascular resistance in three zones of rabbit lung. J Appl
Physiol 70: 2422—-2431, 1991.

Liu M, Tanswell AK, and Post M. Mechanical force-induced
signal transduction in cells. Am o Physiol Lung Cell Mol Physiol
277: 1.667-1683, 1999.

Mourgeon E, Isowa N, Keshavjee S, Zhang X, Slutsky AS,
and Liu M. Mechanical stretch stimulates macrophage inflam-
matory protein-2 secretion from fetal rat lung cells. Am J Physiol
Lung Cell Mol Physiol 279: 1L.699-1L706, 2000.

Murphy DB, Cregg N, Tremblay L, Engelberts D, Laffey
JG, Slutsky AS, Romaschin A, and Kavanagh BP. Adverse
ventilatory strategy causes pulmonary-to-systemic translocation
of endotoxin. Am < Respir Crit Care Med 162: 27—-33, 2000.
Ohno M, Cooke JP, Dzau VJ, and Gibbons GH. Fluid shear
stress induces endothelial transforming growth factor beta-1
transcription and production. Modulation by potassium channel
blockade. JJ Clin Invest 95: 1363—1369, 1995.

Permutt S. Mechanical influences on water accumulation in the
lungs. In: Pulmonary Edema, edited by Fishman AP and Renkin
EM. Bethesda, MD: American Physiological Society, 1979, p.
175-193.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

L895

Pugin J, Dunn I, Jolliet P, Tassaux D, Magnenat J-L,
Nicod LP, and Chevrolet J-C. Activation of human macro-
phages by mechanical ventilation in vitro. Am J Physiol Lung
Cell Mol Physiol 275: 1.1040-1.1050, 1998.

Ranieri VM, Suter PM, Tortorella C, De Tullio R, Dayer
JM, Brienza A, Bruno F, and Slutsky AS. Effect of mechan-
ical ventilation on inflammatory mediators in patients with
acute respiratory distress syndrome. A randomized controlled
trial. JAMA 282: 54—61, 1999.

Schneider M and Hartung T. Induction of the chemokines
IL-8 and MCP-1 in human whole blood by a cell-lysate of human
fibroblast cells. Immunol Lett 75: 163—165, 2001.
Selin-Sjogren L, Doroudi R, Gan L, Jungersten L,
Hrafnkelsdottir T, and Jern S. Elevated intraluminal pres-
sure inhibits vascular tissue plasminogen activator secretion
and downregulates its gene expression. Hypertension 35: 1002—
1008, 2000.

Selin-Sjogren L, Gan L, Doroudi R, Jern C, Jungersten L,
and Jern S. Fluid shear stress increases the intracellular stor-
age pool of tissue-type plasminogen activator in intact human
conduit vessels. Thromb Haemost 84: 291-298, 2000.

Shyy JY, Lin MC, Han J, Lu Y, Petrime M, and Chien S. The
cis-acting phorbol ester “12-O-tetradecanoylphorbol 13-acetate”-
responsive element is involved in shear stress-induced monocyte
chemotactic protein 1 gene expression. Proc Natl Acad Sci USA
92: 8069-8073, 1995.

Slutsky AS. Lung injury caused by mechanical ventilation.
Chest 116: 9S—15S, 1999.

Sterpetti AV, Cucina A, Morena AR, Di Donna S, D’Angelo
LS, Cavalarro A, and Stipa S. Shear stress increases the
release of interleukin-1 and interleukin-6 by aortic endothelial
cells. Surgery 114: 911-914, 1993.

The Acute Respiratory Distress Syndrome Network. Ven-
tilation with lower tidal volumes as compared with traditional
tidal volumes for acute lung injury and the acute respiratory
distress syndrome. N Engl J Med 342: 1301-1308, 2000.
Tremblay L, Valenza F, Ribeiro SP, Li J, and Slutsky AS.
Injurious ventilatory strategies increase cytokine and c-fos
mRNA expression in an isolated rat lung model. J Clin Invest 99:
944-952, 1997.

Tremblay LN and Slutsky AS. Ventilator-induced injury:
from barotrauma to biotrauma. Proc Assoc Am Physicians 110:
482-488, 1998.

Tschumperlin DJ, Oswari J, and Margulies SS. Deforma-
tion-induced injury of alveolar epithelial cells. Effect of fre-
quency, duration, and amplitude. Am J Respir Crit Care Med
162: 357-362, 2000.

Uhlig S and Uhlig U. Molecular mechanisms of pro-inflamma-
tory responses in overventilated lungs. Recent Res Devel Resp
Crit Care Med 1: 49-58, 2001.

Verbrugge SJ, Bohm SH, Gommers D, Zimmerman LdJ,
and Lachmann B. Surfactant impairment after mechanical
ventilation with large alveolar surface area changes and effects
of positive end-expiratory pressure. Br J Anaesth 80: 360—364,
1998.

Verbrugge SdJ, de Jong JW, Keijzer E, Vazquez de Anda G,
and Lachmann B. Purine in bronchoalveolar lavage fluid as a
marker of ventilation-induced lung injury. Crit Care Med 27:
779-783, 1999.

Verbrugge SJ, Sorm V, van ’t Veen A, Mouton JW, Gom-
mers D, and Lachmann B. Lung overinflation without positive
end-expiratory pressure promotes bacteremia after experimen-
tal Klebsiella pneumoniae inoculation. Intensive Care Med 24:
172-177, 1998.

Vlahakis NE and Hubmayr RD. Cellular responses to capil-
lary stress: plasma membrane stress failure in alveolar epithe-
lial cells.  Appl Physiol 89: 2490-2496, 2000.

Vlahakis NE, Schroder MA, Limper AH, and Hubmayr RD.
Stretch induces cytokine release by alveolar epithelial cells in vitro.
Am J Physiol Lung Cell Mol Physiol 277: L167-L173, 1999.

Von Bethmann AN, Brasch F, Miiller K, Wendel A, and
Uhlig S. Prolonged hyperventilation is required for release of
tumor necrosis factor-a but not IL-6. Appl Cardiopulm Pathol 6:
171-177, 1996.

AJP-Lung Cell Mol Physiol « VOL 282 « MAY 2002 « www.ajplung.org

0TO0Z ‘02 yate\ uo BlorAbojoisAyd-Bunidle woly papeojumoq



http://ajplung.physiology.org

L.896 VENTILATION-INDUCED LUNG INJURY AND MECHANOTRANSDUCTION

39. Von Bethmann AN, Brasch F, Niising R, Vogt K, Volk D, flation pressures: protection by positive end-expiratory pressure.
Miiller K-M, Wendel A, and Uhlig S. Hyperventilation in- Am Rev Respir Dis 110: 556-565, 1974.
duces release of cytokines from perfused mouse lung. Am J 41. West JB. Cellular responses to capillary stress: pulmonary
Respir Crit Care Med 157: 263—-272, 1998. capillary failure. J Appl Physiol 89: 2483—-2489, 2000.

40. Webb HH and Tierney DF. Experimental pulmonary edema 42. Wirtz HR and Dobbs LG. The effects of mechanical forces on
due to intermittent positive pressure ventilation with high in- lung function. Respir Physiol 119: 1-17, 2000.

AJP-Lung Cell Mol Physiol « VOL 282 « MAY 2002 « www.ajplung.org

0T0Z ‘0Z Yore uo Bio ABojoisAyd-Bunidfe woiy papeojumoq



http://ajplung.physiology.org

