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Abstract 

Molecular Mechanisms of Ventiiator-Induced 

Lung Injury: "Biotrauma" 

Ph. D., 1998 

Lorraine N. Tremblay 

Institute of Medical Sciences, University of Toronto 

Ventilator-induced lung injury is recognized as a source of significant morbidity and 

mortality in intensive care units. Until recently, studies examining the pathophysiology of 

this disorder focused almost exclusively on the physiological effects and structural sequelae 

of dif3erent ventilatory strategies. These studies demonstrated that ventilation at either 

extreme of lung volume is injurious, and can produce injury comparable to that observed 

with the acute respiratory distress syndrome. 

Ln this thesis we explored the hypothesis that there is an active cellular and molecular 

rnediated component Uivolved in the pathogenesis of ventilator-induced lung injury. Using 

an isolated rat lung model to assess the effect of ventilation on the lung independent of 

confounding hemodynamic or systemic effects, we demonstrated that ventilation with 

strategies that produced high end-inspiratory or low end-expiratory lung volume increased 

inflammatory cytokine production by the Iung. The time course of production of TNFa at 

the protein and steady state mRNA levels was f o n d  to be dependent on both t ime and the 

particular ventilator strategy used. Increased TNFa appeared to precede signs of histologie 



injury, and was associated with evidence of surfactant dysfiuiction. In situ hybridization for 

TNFa and IL-6 reveaied that injurious ventilation produced an increase in expression of 

these inflammatory cytokines by the vast M a y  and dveolar epithelium. In contrast, 

epithelial expression of these cytokines in lungs subjected to non-injurious ventilation was 

significantly less, and comparable to that seen in lungs fieshly harvested. As the epithelium 

of the Iung is exposed directly to the mechanical stresses of ventilation, M e r  studies were 

performed in viîro to assess whether ceil stretch was responsible, in part, for inducing the 

changes in alveolar epithelial cytokine expression we observed. 

We conclude that mechanicd ventilation c m  have a significant effect on the 

inflammatory response of the lung and that this may be important in the initiation and 

propagation of lung injury, as well as potentially the development of a persistent systemic 

inflammatory response. We speculate that the use of interventions that target the 

infiammatory sequelae of ventilation combined with manipulation of ventilatory parameters 

may reduce the morbidity and mortality of patients with acute respiratory failure. 
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CHAPTER 1 

Introduction 
Probable impossibiZities are fo be preferred fo improbable possibiliries. 

Anstotle 

This thesis explores the molecular mechanisms of ventilator-induced lung injury - for 

which we have coined the term "biotmurna" - with emphasis on the effect of certain 

ventilatory strategies on inflammatory cytokine production by the lung. Although the cellular 

and molecular aspects of ventilator-inciuced injury has become a burgeoning field of 

research, especially with regards to mechano transduction - the conversion of physical forces 

on cells into biochemical responses - research prior to the past few years focused almost 

exclusively on the physical and physiological sequelae of ventilation. As will be discussed in 

this thesis, a complex interplay between physical forces, and structural, physiological, and 

molecular sequelae is likely responsible for the clinical sequelae of injurious mechanical 

ventilation; and evidence is starting to emerge that these sequelae may extend beyond the 

lung and play a role in the morbidity and mortality of patients subjected to mechanical 

ventilation. 

In this chapter, the manifestations and proposed mechanisms of ventilator-induced 

lung injury will be reviewed, as well as the particular aspects of ventilation that have been 

identified as injurious. The rationale that lead to the pursuit of the studies contained in this 

thesis will then be reviewed, followed by a more focused discussion of particular aspects of 

the inflammatory response, surfactant, and mechanotransduction as they relate to the studies 

undertaken. 



SECTION 1: GENERAL BACKGROUND 

1.1. HISTORICAL OVERVIEW OF VENTILATOR-INDUCED LUNG INJURY: 

As long ago as 1543,Vesalius described ventilahg a dog's lungs with a bellows 

system connected to the trachea by a hollow reed (1). However, it was not until the Polio 

epidemics of the 195OYs, and the concurrent development of improved positive pressure 

ventilators to replace more cumbersome negative pressure devices, that mechanical 

ventilation gained widespread acceptance as a supportive therapy. This was followed by the 

establishment of intensive care units, in which positive pressure ventilation became a 

mainstay in the management of the cntically ill, especially in those patients who developed a 

clinical entity which was termed the acute respiratory distress syndrome (ARDS) (2). 

It soon became apparent, however, that in addition to complications relating to airway 

management and infections, many patients who died following mechanical ventilation had 

findings of dense pulmonary cellular infiltrates, puimonary edema, and hyaline membranes - 

for which the term "respirator lungY7 was coined. Although such findings were rarely seen 

p io r  to the introduction of positive pressure ventilation (3,4), it was unclear as to the 

contribution of mechanical ventilation versus the contribution of other stimuli (such as 

underlying disease processes) in the progression of lung injury. The association between 

barotrauma (pressure induced injury) and manifestations of extraalveolar air was more 

readily recognized, in part due to the work of Macklin and Macklin ( 5 )  who illustrated in 

1939 that development of a momentary pressure gradient between an alveolus and its 

adjacent bronchovascular sheath, lead to dismption of the respiratory epithelium at the 

interface between the alveolar base and the vascular sheath, which in tum, allowed air to 

track along the sheaths and dissect into the interstitial, vascular, mediastinal, peritoneal, 

retroperitoneal, pleural or subcutaneous spaces. 

Experimental studies in animals over the past 3 decades, have gone on to confum that 

mechanical ventilation per se, can produce and exacerbate diffuse lung injury that is 

histologically and physiologically indistinguishable fiom that seen in ARDS. Of note, 

patients with ARDS invariably require mechanical ventilation and are more susceptible to 

development of ventilator-induced lung injury for a nurnber of reasons (as will be discussed). 

Given that these are the patients who would likely benefit most fiom novel interventions 



aimed at reducing ventilator-induced lung injury, several aspects of  ARDS and associated 

sequelae thought to be due to ventilator-induced injury will first be reviewed. Then the 

experhnental evidence and postulated rnechanisms of ventilator-induced lung injury will be 

discussed, 

1.2. ACUTE RESPIRATORY DISTRESS SYNDROME (ARDS) AND CLINICAL 

MANIFESTATIONS OF C c V ~ ~ ~ ~ ~ ~ ~ ~ ~ - I ~ ~ ~ ~ ~ ~  LUNG INJURY" 

Several aspects of ARDS directly relevant to the studies undertaken in this thesis will 

be reviewed. For a more in depth overview of ARDS, the reader is referred to a number of 

recent reviews (6- 10). 

According to the most recent consensus conference definition, ARDS is a "specific 

form of lung injury with diverse causes, characterized pathologically by diffuse alveolar 

damage and pathophysiologically by a breakdown in both the barrier and gas exchange 

functions of the lung, resulting in proteinaceous alveolar ederna and hypoxemia" (6,lO). It is 

of acute onset, associated with pulmonary wedge pressures < 19 rnmHg (Le., not 

cardiogenic), and severe hypoxemia (P,02/Fi02 < 200). The pathological features of dif ise  

alveolar damage change over the evolution and/or resolution of the syndrome with earlier 

"exudative" fmdings (interstitial swelling, proteinaceous edema, basement membrane 

disruption and alveolar epithelial ce11 denudation), followed by the appearance of hyaline 

membranes (fibrin mixed with sloughed cellular debris) and neutrophilic infiltration; then 

"proliferative" fmdings of increased type II pneumocytes attempting to restore the epithelium 

and myofibroblast proliferation, and h a l l y  resolution and/or fibrosis (1 1). As will becorne 

apparent, these histologic findings are remarkably similar to those found to develop in 

anirna.1~ subjected to injurious mechanicd ventilation (Section 1 -3). 

Rouby et al. recently carried out a post-mortum analysis of the lungs of 30 critically 

il1 patients who had undergone mechanical ventilation for a mean of 13 I 11 days (range 2- 

47 days) (12). Patients with a history of obstructive Iung disease, smoking, or age > 50 years 

were excluded in order to focus on acute lung injury. In addition to histologic fmdings of 

d i f i se  alveolar damage with edema, hyaline membranes, interstitial fibrosis, type 11 



pneumocpe proliferation, and pulmonary artery abnormalities; there were findings of 

airspace enlargement (aiveolar overdistention in aerated lung areas or intraparenchymal 

pseudocysts in non-aerated lung areas) in 87% (i.e. 26/30) of critically il1 young patients 

(1 2). Other features included pleural cysts and bronchiolar dilation; and a significantiy higher 

incidence of pneumothorax occurred in patients with severe airspace edargement, which in 

tuni, correlated with ventilation with larger tidal volumes and higher PIP, as well as more 

prolonged exposure to FiO2's > 0.6. As lung weight (an indicator of severity of respiratory 

disease) was identical between those patients with and without airspace enlargement, it was 

suggested that mechanical ventilation (rather than differences in underlying lung disease) 

was likely involved in the pathogenesis of the airspace abnormalities (12). 

Patients with ARDS also have a nurnber of risk factors (discussed m e r  in Section 

2.4Jwhich have been shown to increase susceptibility of the lung to m e r  injury by 

mechanical ventilation. A particularly important concept is that ARDS involves 

heterogeneous lung abnormalities that lead to heterogeneous ventilation of the lung (1 3,14). 

For example, computerized tomography in patients with early ARDS has found significant 

collapse and flooding of dependent lung regions resulting in a smaller volume of aerated lung 

(as little as 20% of the volume of a normal lung) (13,14). As such, mechanical ventilation 

with even modest tidal volumes (e.g. 8-10 ml/kg) could result in overdistention of non- 

dependent alveoli to a similar degree as would be observed if healthy lungs were ventilated 

with tidal volumes of 40-48 mlkg (15). In survivon of protracted ARDS (requiring 

ventilation for 86 to 97 days) (16), Finfer et al. found persistent abnomditirs of lung 

structure on CT (e.g., bronchiectasis and cystic changes) which were most predominant in 

antenor regions of the lung, consistent with alveolar overdistention as a major mechanism of 

persistent lung darnage in ARDS. In a CT scan study examining patients in the early (-4 

week), intermediate (1-2 weeks) and subacute (>2 weeks) stages of severe ARDS (Le., a11 

went on to extracorporeal support), significantly more bullae were found per lung in the later 

stages of ARDS; these lesions were located predominantly in dependent h g  regions (17). 

As in the study by Rouby et al. (12), the incidence of pneumothoraces was significantly 

greater in those patients with more bullae, and was associated with higher pressures (PIP- 

PEEP). Of note, these patients were subjected to ventilation with lower PEEP than those 

with fewer bullae, which goes along with the theory of increased dependent lung injury due 



to shear fiom tidal a b a y  and alveolar "opening and collapse" (as discussed in Section 2.2 

and Section 3). 

Of note, al1 of the fmdings of "barotrauma" in ARDS described above, have been 

long recognized in the pediatric literature, especidy following ventilatory support of 

newboms with surfactant insufficiency (18,19). Indeed, many of the "novel" ventilatory 

strategies used in adult trials to try and minimize the occurrence of ventilator-induced lung 

injury - such as perfluorocarbon ventilation or high-frequency ventilation - have often been 

first tried with success in neonatal studies in an attempt to minimize the long-term morbidity 

and mortality of these very young patients. 

However, due to the number of confounding factors and CO-interventions present in 

patients of al1 ages receiving mechanical ventilation, experimentai studies in animals were 

required before acceptance of ventilator-induced lung injury as a clinical entity. 

In a variety of animal species and lung injury models, certain strategies of mechanical 

ventilation have been found to cause increased alveolar capillary permeability, pulmonary 

edema, hyaline membrane formation, Leukocyte infiltration, reduced Lung compliance, and 

impaired gas exchange (20-28). 

For example, Greenfield et al. demonstrated in 1964, that mechanical ventilation of 

previously healthy dogs using peak inflation pressures of 26-32 cm H20 for 24 hours resulted 

in diffuse atelectasis and increases in the minimum surface tension of Lung lavage fluid (25). 

In rats ventilated for 60 minutes with PP's  of 30 to 45 cm H20, Webb and Tiemey found 

interstitial pulrnonary edema and alveolar flooding (20). Barsch et al. observed that 

ventilation of dogs for up to 70 hours with PIP's of 34 cm H20 resulted in vascular injury, 

hyaline membranes, aiveolar edema, atelectasis and hemorrhage (21). In sheep, Kolobow et 

al. found that ventilation with PIP of 50 cm H20 initiaily increased lung static compliance, 

FRC, and Pa02 with hyperaeration of the lung fields for 3-4 hours, followed by a progressive 

decrease in Pa02 and lung compliance, accompanied by opacification of chest X-rays. 

Histological exarnination revealed fmdings of interstitial and alveolar edema, hyaline 

membranes, acute and chronic inflammatory ce11 infiltration, regions of hyperinflation, and 

interstitial as well as alveolar hemorrhage (22). Young pigs subjected to ventilation with 



peak inspiratory pressures (PIP) of 40 cmH20, PEEP of 3-5 cmH20, RR 20 bpm, and Fi02 of 

0.4 for 22 hours developed alveolar hemorrhage, alveolar neutrophil infiltration, alveolar 

macrophage and type II pneumocyte proliferation, interstitial congestion and thickening, 

interstitial lymphocyte infiltration, emphysematous changes, and hyaline membrane 

formation - reminiscent of the changes obsenred in early ARDS. With more prolonged 

ventilation for 3 to 6 days, organized alveolar exudate developed, similar to the findings in 

later stages of ARDS (23). In contrast. pigs ventilated with lower PIP's of 18 cm HzO, 

showed no notable changes in either lung function or histology. 

1.4. 4 4 1 ~ ~ ~ ~ ~ ~ ~ w  MECHANICAL VENTILATION PARAMETERS 

The term "barotrauma" was coined as a result of an apparent association between 

airleaks and the ainvay pressures used for ventilation. However, subsequent studies revealed 

that volume rather than pressure was the critical factor responsible for the vast majority of 

the injury observed. The studies illustrating diis important concept will be discussed f ~ s t ,  

followed by an overview of the ventilatory variables (as outlined in Table 1) that have been 

found to be injurious. Of note, oxygen toxicity is included in Table 1 for completeness but 

will not be discussed, as the mechanisms of injury relate primarily to the ventilatory gases 

used, rather than the mechanical ventilation strategy per se. 

1.4.1. Volutrauma versus Barotrauma 

A number of studies have shown that unless hi& ainvay pressure translates into high 

alveolar volume, significant lung injury does not ensue (29-32). For exarnple, Hemandez 

and coworkers compared the effect of positive pressure ventilation with PIP's of 15, 30, or 

45 cm H20 on normal rabbits, rabbits encased in plaster casts to lirnit chest excursions, and 

excised rabbit lungs (30). No significant changes in capillary filtration coefficient (Kr,) or 

signs of macroscopic lung injury were found in the rabbits encased in plaster. In close- 

chested rabbits, Kk increased by 3 1 % and 430% following ventilation at PIP of 30 and 45 cm 

H20 respectively, while lungs ventilated ex vivo with a PIP of only 15 cm HzO had an 

increase of 850% in Kfc. Therefore, the authors concluded that ''volutrauma" rather than 

cbbarotrauma'9 that was responsible for lung injury seen in this model. 



A similar conclusion was reached by Mascheroni et al. (33). In this study, positive 

pressure ventilation was not used at ail. Rather, sheep were induced to hyperventilate with 

Lung volumes encroaching on TLC, by intracistemal injection of sodium salicylate. The 

sheep were found to develop progressive hypoxia, decreased pulmonary cornpliance, and 

gross abnormalities in lung pathology. Using another approach, Egan et al. demonstrated 

that in vivo, hyperinnation of lung segments to 40 cm H20 produced an increase in 

microvascular permeability that was not seen with whole lung distention at the same pressure 

(34). Because with segmental inflation a greater degree of alveolar distention cm occur (due 

to compression of surroundkg lung parenchyma by the overinfiated region), he concluded 

that volutrauma was the problern. In rats, Dreyfuss et al. cornpared the effects of 20 minutes 

of normal tidal volume ventilation at hi& M a y  pressures (rats with thoracoabdominal 

strapping) with high tidal volume ventilation at either hi& or low ainvay pressures (rats 

subjected to conventional high pressure ventilation and negative pressure ventilation 

respectively) (32). Simila. to the aforementioned studies, high volume ventilation regardless 

of the presence or absence of hi& airway pressures \vas found to lead to significant lung 

edema, while high pressure-Iow volume ventilation was equivalent to non-injurious control 

ventilation 

A failure to differentiate between ainvay pressures and lung volumes also accounts 

for some of the codicting interpretations of the role of ventilatory parameters, such as 

PEEP, in the pathogenesis of airleaks (35,36). For example, some patients with acute lung 

injury have been shown to have markedly increased chest wall elastance (37). Thus, during 

ventilation a greater portion of the peak airway pressure is dissipated distending the chest 

wall, and does not lead ta the sarne degree of lung distention and risk of alveolar disruption 

as in a normal individual. In addition, as has been discussed, in a heterogeneously injured 

lung, regionai alveolar ventilation (and volumes) c m  be quite disparate (13), and tissue 

resilience to injury may be altered (e.g. due to malnutrition, aspiration) - predisposing 

patients to Iung rupture (I2,21) . This supposition is supported by a recent multivariate 

anaiysis of patients receiving mechanical ventilation for greater than 24 hours in a medical 

intensive care unit (n = 168 excluding patients with preexistent pneumothorax or chest 

tubes). In this study, only the presence of ARDS was found to correlate independently with 

the risk of developing pneumothorax (3 8). 



TABLE 1-1: INJURIOUS VENTILATORY 
PARAMETERS 

PARAMETER EFFECTS * 

High FIOz 

injury &orn oxygen iFee radicals (12,3941) 
Iipid peroxidation, protein, carbohydrate and nucleic acid akerations 
(42-44) 
ce11 deaWapoptosis - surfactant dysfunction (4547) - neutrophil adhesiodinflwdactivation (48,49) 

m puImonary edema (50,j 1) 
activation of inflamrnatory cascade (52,53) 
activation of enzymes invotved in matrix turnover (54,55) 

High End- 
Inspiratory Lung 
Volume 

airleaks (5,12,2 I,35,36,56-58) 
increased alveolar-capillary membrane permeability and filtration 

(20-22,24,29-34,59,59-68) 
impaired cardiovascuIar function - reduced venous retum (69) 

increased right ventricular afierload (69) 
increased shunt via extra-alveolar BV (7O,7 1) 

possible activation of inflarnmatory ceils by exposed BM (72-74) 
increased leukocyte retention in pulmonary vasculature (75) and influx (22) 
histologie findings of tissue injury - (12,23) 
surfactant dysfunction (25,76) and atelectais (2 1,25) 
increased production of inflamrnatory mediators (see discussion) 

High Tidal 
Volumes 

effects due to high end-inspiratory lung volumes as above 
œ tidal "purnping" of fluid (28,77,78) 

surfactant dysfunction (26,79,80) 

Low End- 

more favorable transcapillary pressures for fIuid filtration (29,8 1) 
œ atelectasis and interdependence (82) 

regional hypoxia (83) 

Expiratory Lung œ shear injury fiom repetitive alveolar and ainvay opening collapse - 
(1 5,27,29,84-89) 

Volume œ surfactant dysfunction (25,26,76,79,90-94) 
increased inflarnmatory mediators (see discussion) 

flow rates œ shear injury ainvays (66) 
a drying/cooling of ainvays (95,96) 

- - - -  

* Note - references cited provide a sampling of the Iiterature 



1.4.2. Injurious Ventilatory Volumes 

There are three lung volumes to consider in the pathogenesis of ventilator-induced 

lung injury: the end inspiratory lung volume, the tidal volume, and the end expiratory lung 

volume. In this section, those studies that focused in on each variable are discussed. 

1.4.2.1. End-Inspiratory Lung Volume 

In an eloquent series of experiments in rats, Dreyfuss et al. examined whether end- 

inspiratory lung volume, tidal volume or FRC, was the major determinant of ventilation- 

induced changes in alveolar capillary permeability. They found that doubling of the tidal 

volume did not lead to puhonary edema unless sufficient PEEP was added to increase end 

inspiratory lung volumes (29). However, ventilation with even small tidal volumes produced 

pulmonary edema if combined with high PEEP. Thus, end-inspiratory lung volume, rather 

than the tidaI volume or FRC, appears to be the major determinant of ventilation-induced 

edema. A number of others studies have confmed evidence of both increased 

microvascular permeability and Buid filtration at high end-inspiratory lung volumes 

(24,64,65,97). As previously described, histologie fmdings associated with ventilation at 

high end-inspiratory volumes included: alveolar hemorrhage, alveolar neutrophil infiltration, 

alveolar macrophage and type II pneurnocyte proliferation, interstitial congestion and 

thickening, interstitial Lymphocyte infiltration, emphysematous change, and hyaline 

membrane (Section 1.3). other effects of high end-inspiratory volume ventilation Iisted in 

TabIe 1, are discussed in detail in Section 3 (mechanisms of ventilator-induced lung injwy). 

Of note, evidence of increased epithelial permeability with increased end-inspiratory lung 

volume has also been reported in humans (61,98). 

1.4.2.2. Tidal Volume 

It is difficult in many of the studies in the literature to dissect out the effect of tidal 

volume alone, independent of end-inspiratory lung volume. Corbridge et al. attempted to 

circurnvent this problem by cornparing ventilation of dogs following HCl acid injury with 

either a large VT-low PEEP or srnall Vrhigh PEEP (77), and keeping the transpulmonary 

capillary wedge pressure at 8 mmHg in both groups. hcreased edema in the large tidal 

volume group, in spite of identical wedge pressures, lead him to conclude that the cyclic 

development of marked decreases in extra-alveolar perivascular interstitial pressure that 



accompany large tidal volume creates a favorable hydrostatic pressure gradient for fluid 

transudation into the interstitim. Similarly, in in situ perfused canine lobes, investigators 

found that at equivalent rates of perfusion and microvascular pressures, the rate of 

hydrostatic edema formation increased with increasing tidal volumes (62). Large tidal 

volumes have also been s h o w  to promote surfactant depletion (26,76,79,93,99,lOO). 

I.6.2. 3. End-expiratory L ung Volume 

A number of studies in the literature have found that many of the detrimental effects 

of large tidal volume or high end-inspiratory lung volumes can be abrogated or reduced by 

ensuring "sufficient" @ut not excessive) end-expiratory Iung volume (20,32,84,85). 

Conversely, use of insufficient end-expiratory pressures increases lung injury (27,lO 1 ). 

For example, 10 cmH20 PEEP attenuated the development of pulrnonary edema in 

rats subjected to high pressure (PIP = 45 cm H20) ventilation (20). Dreyfuss et al. found that 

for a given level of end-inspiratory volume, addition of PEEP slowed the development of 

edema and reduced the severity of tissue injury, although the occurrence of microvascular 

permeability alterations was not altered (29,32). Whereas difïùse epithelial type I ce11 

damage was present after high pressure ventilation with zero end-expiratory pressure 

(ZEEP), no such alterations were observed in the Iungs of animals ventilated with PEEP. 

However, as mentioned in Section 2.1.1, if PEEP resuIted in large increases in end 

inspiratory volume, edema ensued (29). 

Following one h o u  of ventilation of open chested rabbits with negative end 

expiratory pressures, Taskar et al. were unable to demonstrate any structural injury at the 

light rnicroscopy level (9 l), although abnormalities in pulrnonary clearance of 9 9 m ~ c - ~ ~ ~ ~  

were noted. Thus, more subtle ultrastructural injury may have been present. However, if 

negative end-expiratory pressure was combined with surfactant dysfunction, severe 

histologie injury sirnilar to that descnbed by other investigators was found (10 1). Similarly, 

in surfactant deficient lungs ventilated ex vivo, Muscedere et al. demonstrated that low lung 

volume ventilation (with PEEP = O or PEEP < Pinf ) worsened lung injury as assessed by 

cornpliance and histology (27). in surfactant depleted rabbits, studies employing high 

frequency ventilation (HFV), in which higher end-expiratory lung volumes are maintained 



than with conventional ventilation, reduction or complete abrogation of lung injury was 

found (28,102). 

1.4.3.1. Gas Flow 

A study by Peevy et al. in isolated perfused rabbit lungs suggested that high air flow, 

high inspiratory rates, and short inspiratory times may cause microvascular injury (103). In 

this study, ventilation with the same peak ainvay pressure (53 cm&O) using srnall tidal 

volumes and high flow rates (=8 L/min) lead to the same = 6 fold increase in Kfc fiom 

baseline, as ventilation with much higher tidal volumes (25-35 mVkg) and low inspiratory 

flows (= 2 L h i n ) .  However, a study in vivo in rats, using tidal volumes of 15 ml/kg with 

constant gas flows of 10, 18, or 48 mus, as compared to spontaneously breathing rats, or rats 

ventilated with an exponentially decelerating flow, found no significant difference in lung 

cornpliance following 2 hours of ventilation (104). Other than drying effects due to 

i n ~ ~ c i e n t  humidification and use of very high airflows (such as those used in high 

fiequency jet ventilation) (95) - which is associated with development of necrotising 

tracheibroncitis - it is difficult in other studies to isolate the effect of flow independent of 

changes in other parameters such as tidal volumes or respiratory rate. 

1.5. FACTORS THAT PREDISPOSE TO VENTILATOR-INDUCED LUNG INJURY 

Table 2 lists a number of factors that have been identified as increasing the 

susceptibility of the luogs to injury by mechanical ventilation. Given that for structural 

disruption to occur the magnitude of stress applied must exceed the strength or resilience of 

the underlying lung parenchyrna, it is not surprising that factors that weaken tissues (such as 

malnutrition, oxygen toxicity, infection, age), increase the susceptibility to of the lungs to 

injury (12,21,38). For exarnple, in patients with gastric acid aspiration and histologic 

evidence of tissue necrosis, the incidence of airleaks was found to be significantly higher 

(50%) than that in a patients with normal Iungs (4%) (105). In isolated perfused rabbit lungs, 

Hernandez et al. demonstrated that either low doses of oleic acid or mechanical ventilation 

alone did not increase capillary filtration coefficients (1 06). However, the combination of 

oleic acid and mechanical ventilation lead to severe lung injury (edema, hyaline membranes, 

and extensive alveolar hemorrhage). In addition, as has been previously mentioned, 

overdistention of lung units rather than high ainvay pressures is the crucial factor in 



development of injury. For example, Adkins et al. (107) found that adolescent rabbits (with 

higher hg-ches t  wall cornpliance) developed a significantly greater increase in pulrnonary 

capillary filtration coefficients (> 5 fold) as compared to adult rabbits subjected to ventilation 

with the same PIP of 45 to 55 c m B O  for 1 hom. Surfactant dyshct ion is yet another 

factor that bas been found to predispose the Iung to further injury by mechanical ventilation 

(62,78,106,108). Indeed, even very mild alterations in surfactant function as those seen in 

rats following prolonged anesthesia, was found to have a synergistic effect on the deleterious 

effects of subsequent high volume ventilation (109). Another study, also in rats, illustrated 

that even mild alveolar flooding (simuiated by intratracheal instillation of 2 ml of saline), in 

combination with mechanical ventilation had a synergistic effect on microvascular 

permeability (1 10). No signifïcant changes were observed with either saline, or ventilation 

alone. 

Thus, it can be appreciated why certain patients such as those with ARDS, who have 

a number of these predisposing factors (such as underlying lung disease, regional disparities 

in ventilation and surfactant dysfunction), might be more susceptible to ventilator-induced 

Iung injury than othenvise healthy quadriplegic patients on long-tem ventilation. 

SECTION II: MECHANISMS OF WNTILATOR-INDUCED LUNG INJURY: 

The precise mechanisms responsible for the develnpment of ventilator-induced injury 

remain unclear. Over the past 3 decades, the principle focus of research has been the 

elucidation of those mechanisms by which ventilation c m  result in sufficient force on lung 

tissues to cause structural disruption or increased fluid filtration. In this section, the Iiterature 

exarnining the how such forces might arise and their associated structural and physiological 

sequelae will be reviewed. The discussion will then turn to the evidence suggesting that a 

cellular and molecular mediated response rnay play a key role in the pathogenesis of 

ventilator-induced injury, and the rationale for the studies pursued in this thesis. 

2.1. FORCES ON THE LUNG 

Figure 1-1 schematically illustrates many of the forces acting on the lung during 

mechanical ventilation. 



TABLE 1-2: FACTORS PREDISPOSING TO 
VENTILATOR-INDUCED LUNG INJURY 

FACTOR i PROPOSED PATHOPHYSIOLOGY * - altered surfactant hnction (1 1 1,112) 
rn connective tissue differences 
0 chest walI compliance (107) 

1 underlying diseases 
altered inflarnrnatory response/repair (1 13,I 14) 

-- - 

regional O regional overdistention (13,15,17,115) 

disparities regional atelectasis (1  3,15) 
O regional shear fiom openingkoIlapse 

amplification of traction forces 2' to interdependence (82) 
- - 

puh0nary O regional hypoxia (109) 
a rn reduced aerated Iung volume (1 10) edema ' O impaired surfactant function (1 16) 

surfactant 1 0 increased surface tension prornoting fluid transudation 
(92,108,117-1 19) 
increased tendency towards alveolar and airway colIapse 
(101,120) 
increased pressures needed to reopen and keep open airways 

1 (121,122) 
: immunornodulatory effects 

under-ying lung - heteroseneous ventilation (3 8,105,123) 
decreased tissue resilience disease, e.g., impaired surfactant 

aspiration 0 irnpaired host response/repair 
infection , altered compliance (1 4,37,124,125) 

COPD,. . . o dependent atelectasis 2" weight of overiying tissue (1 15) 
O patient immobility (126,127) 

nutrition : - decreased tissue resilience 
1 - im~aired host res~onseke~air 

genetk , regulation of host response/repair (128) 1 çusceotibilitv i (7,129-133) 

species 
lung size, thickness of alveolar capillary membrane, chest 
wall compliance,airways (134-1 38) - host responselrepair (1 39,140) 

* Note - references cited are a sampling of the literature 



Figure 1-1: Schematic illustration of some of the forces acting on the lung. Pressures (P) 
across the lung influence lung volume (transalveolar pressure), and fluid transudation 
(transcapillary pressure). pl = pleural cavity; aw = ainvay; A = alveolar; int = interstitial; c = 
capillary; ab = abdominal). hcreased distention of the alveoli or capillaries leads to 
circumferential wall tension (Tw = alveolar wall; Tc,= circumferential capillary wall). With 
increasing lung volumes blood vessels also are exposed to longitudinal tension (Tel). 
Intrinsic elasticity of the lung (El) and surface tension at the air-liquid interface in the lung 
(Tst) opposes lung expansion, while tethering forces due to adjacent expanded alveoli (h) 
and elasticity of the chest wail G) oppose collapse. In the normal Iung, gravitational forces 
affect distribution of blood flow (zones 1, 2, and 3), while in injured Iungs weight of 
edematous lung can lead to compression of dependent lung regions. Shear forces due to 
blood and air flow affect the luminal cells of the capillary and airspaces respectively. 



2.1.1. Direct force 

The tenn "direct force" is used to encompass forces generated by ventilation that 

directly stress tissues. An example of such a force is descnbed in the early work of Macklin 

and Macklin illustrating that developrnent of a transient pressure gradient between an 

alveolus and its adjacent bronchovascular sheath could disrupt the respiratory epithelium at 

the interface between the alveolar base and the vascular sheath, and allow air to track dong 

the bronchoalveolar sheaths (5,2 1 ). 

Io a number of elegmt studies, West et al. examined the various forces acting on the 

capillary-alveolar interface that may lead to stress failure. West proposed that 3 main forces 

act on the puhonary capillary membrane: i) circumferential tension in the capillary caused 

by the transmural pressure (which according to the Laplace relationship is the product of the 

transmural pressure and radius of curvature); ii) longitudinal tension which depends on lung 

inflation; and iii) surface tension of the alveolar lining Iayer. 

i) circumferential tension and stress failure: Electron microscopy studies in 

isolated rabbit lungs have shown that bleb formation, as well as breaks in epithelial type 1 

cells, accompany the development of hydrostatic edema in response to moderate (14-29 mm 

Hg) increases in capillary pressure (14 1,142). At pressures greater than 40 mmHg, breaks in 

both the epithelid and endothelia1 layers were found (143-145), with both the number and 

lengths of the breaks dependent on the capillary pressure (146). These alveolar-capillary 

membrane breaks were found to occur rapidly - within 1 minute of perfusion at elevated 

pressures - and were reversible, with reduced nurnbers associated with reductions in 

rnicrovascular permeability (1 47- 149). 

ii) longitudinal tension and stress failure: Dreyfuss et al., in their studies 

examining ventilator-induced lung injury, found similar ultrastructural changes to those 

observed by West in endothelid cells (143,144). As in the case of vascular stress failure 

secondary to high capillary pressures, the ventilation induced microvascular abnorrnalities 

were reversible (63) if ventilation at high lung volumes was stopped. Of note, the incidence 

of capillary stress failure was s h o w  to be strongly influenced by lung volume. For exarnple, 



increasing transpulmonary pressure fiorn 5 to 20 crnHzO while maintainhg a capillary 

transmural pressure of 32.5 c-O, resulted in increased niunbers of endothelial and type 1 

epithelial breaks (59). Thus, it was concluded that vascular pressures too low to affect 

microvascular perrneability at low lung volumes, may significantly increase microvascular 

permeability if the lung volume is increased. This effect of lung volume was suggested to be 

due to a combination of both increased radiai traction and longitudinal tension on the 

capillary- alveolar interface at higher lung volumes. 

iii) surface tension and stress failure: Mechanical ventilation has a number of 

effects on surfactant function that may lead to increased surface tension within the Iung 

(discussed in Section 5.2). Although increased surface tension may increase radial traction 

on pulmonary microvessels (1 18), in non-ventilated rabbits surfactant inactivation had only a 

transient effect on increasing the capillary filtration coefficient (1 08). Surfactant inactivation 

by detergent aerosolization in rabbits (150) and dogs (151) was found to increase 

permeability. However, it was unclear whether the permeability change was as a result of 

regional overexpansion due to uneven lung inflation or simply due to alterations of surfactant 

interfacial properties (1 5 1). When West et al. compared the effect of lungs filled with saline 

to air-filled lungs at sirnilar transcapillary pressures (1 17), no difference in endothelial breaks 

was found except for a slight change in their distribution (Le., more occurred in the imer 

boundary). Likewise, surfactant inactivation by a detergent aerosol in dogs did not increase 

the reflection coefficient for proteins, suggesting that increased alveolar surface tension alone 

does not affect microvascular pemeability to macromolecules (1 52). These experiments, 

however, do not exclude the presence of more subtle alterations in endothelial barrier 

properties as a result of hcreased surface tension. 

2.1.2. Forces due to heterogeneity and interdependence 

Heterogeneity in regional lung ventilation (e.g., secondary to atelectasis) can 

significantly mapi@ the forces exerted by adjacent alveoli as a result of interdependence - 

which refers to the regional traction forces exerted by adjacent lung segments to maintain 

uniform expansion of the lung, that arise because of the structure of the lung (in which the 

wall of each alveolus is also the wall of the neighboring alveolus). Ln a fully recmited lung, 



the alveolar distending force can be sirnplified as the transpulmonary pressure (Le. Pd, - P,,). 

However, if regional atelectasis occurs, the outward acting traction forces on the alveolar 

walls increase, while the area over which the forces act is reduced - thus increasing wall 

stress significantly. Mead et al. postulated that at a transpulmonary pressure of 30 cmHzO, 

"the pressure tending to expand an atelectatic region surrounded by a fully expanded lung 

would be approximately 140 cmH20" (82). 

2.1.3. Shear Forces and Lung Injury 

It has been proposed that the lung damage seen in ventilated infants with respiratory 

distress syndrome was generated, in part, by shear stresses produced by recurrent opening 

and closing of distal small airways and alveolar ducts (86,90). Schweiler et al. speculated 

that in atelectatic lung, the air-liquid interface is found in the terminal conducting airways, 

rather than in the alveoli (88). This postdate appears to be supported by a number of 

investigations in vitro, ex vivo, and in vivo (89,90,115,120-122,153-156). 

In vitro, airway closure has been observed to occur by one of two mechanisms: 

developrnent of a fluid meniscus which occludes an otherwise patent bronchiole, or 

"cornpliant collapse" of small ainvays in which opposing walls buckle and become apposed 

due to the "adhesive" forces of the ainvay lining fluid and perïbronchiolar pressure 

(153,154). To re-open the airway, sufficient force must be applied to either rupture the 

meniscus, or to peel apart the opposing walls and push the fluid interface towards the 

aiveolus. During this process, shear stresses sufficient to cause epithelial disruption are 

thought to be generated (86,89). 

Several factors play a role in determining the tendency of ainvay collapse, as well as 

the force required to open and keep open atelectatic regions. For exarnple, the surface 

tension forces of airway Iining fluid in collapsed or occluded airways, create a capillary 

pressure that must be exceeded for ainvay opening to occur (122). hcreased surface tension 

increases the tendency for airways to collapse, as well as the pressures required to re-open, 

and keep open, the airways. In fetal rabbit lungs, not only were higher pressures needed to 

recruit ainvays in control as compared to surfactant treated lungs, but the resultant lung 

expansion of the control lungs was patchy versus the uniforrn expansion fomd in treated 

lungs (155). If  aitway pressure were then reduced to 10 cmHzO, collapse of respiratory 



bronchioles resulting in distal air trapping was seen in control, but not in surfactant treated 

lungs. 

Other factors include ainvay diameter and lung volume. The pressure required to 

reopen an airway is inversely proportional to the airway diameter. Lower lung volumes with 

lower parenchymal tethering also predisposes airways to collapse. For example, at low 

transpulrnonary pressures unstable airway openingkollapsing was found to occur (156). 

However, at pleural pressures less than - 7.0 cm&O stable opening of airways was 

mainpained, and the amount of pressure required to reopen the ainvay was reduced 

significantly . 
The above is thought to explain, at Ieast in part, the protective effects of ventilation 

strategies that maintain FRC (e.g. high PEEP, HFV, lung rest) including, the lack of diffuse 

epithelial darnage found with electron rnicroscopy in the presence of PEEP (29), as well as 

the distribution of hyaline membranes and distal airway epithelial injury with ventilation 

strategies using low or no PEEP (86,122). For exarnple, in the Muscedere study referred to 

earlier, in which surfactant deficient lungs were ventilated ex vivo, the distribution of the 

lesions was dependent upon the level of PEEP used. In the zero PEEP group the injury was 

more proximal (i.e. respiratory and membranous bronchioli), and in the low PEEP group it 

was "pushed" more distal (alveolar ducts). Of note, aside f?om preventing alveolar collapse 

and allowing more uniform distribution of ventilation, ventilation strategies that maintain 

FRC (e.g. high PEEP, KFV, lung rest) may also prevent lung injury through hemodynarnic 

effects (29), as well as secondary to preservation of surfactant function (discussed in Section 

5.2). 

2.1.4. Forces involved in the development of puimonary edema 

2. I.4. I .  Forces favoring Jluidfritra fion 

Webb and Tierney and colleagues suggested that ventilation leading to surfactant 

dysfunction (such as ventilation with hi& end-inspiratory lung volumes or low end- 

expiratory lung volumes) results in increased surface tension at the alveolar air-liquid 

interface, which decreases the pressure that surrounds alveolar vessels, increases their 

trammural pressure and thus, leads to increased fluid filtration into the alveolus fiom the 

vascular space (20,157,158). A number of studies support this hypothesis. For example, 

Albert et al. and coworkers observed that the isogravimetric pressure (Le. the vascular 



pressure at which net fluid flux fiom pulmonary vessels is zero) was lower in lungs in which 

alveolar surface tension was increased by cooling and ventilating lungs at a low resting 

volume (1 18). 

Mechanical ventilation has also been suggested to increase filtration across 

extraalveolar vessels due to decreased pressure in the perivascular space surrounding 

extraalveolar vessels with lung expansion as a result of pulmonary interdependence (the 

stretching of the interstitium of the lung), thereby increasing the transmurai pressure gradient 

(159). Lung distention has been shown to increase the diameter of extraalveolar vessels 

(160), and increase the transmural pressure gradient across extra-dveolar vessels by about 1 - 

2 cmH20 for each cmH20 increase in transpulrnonary pressure (161), with increased fluid 

flux obsewed in excised lungs (162) and in situ in open-chest animals (163). Enhanced 

hydrostatic edema has been also observed in lungs inflated under zone 1 conditions (164), 

and was found to correlate with the degree of lung distention. Since there is no flow in 

alveolar capillaries under zone 1 conditions, the edema Iikely onginated fkom extraalveolar 

vessels. 

Of note, the effects of lung volume on pulmonary vascular transmural pressure 

gradients has been shown to be less in closed-chested anirnals as compared to open chested 

experirnents (24,31). Also, given the regional differences in blood flow (zones 1-IV) and 

ventilation in injured lungs, as well as the distribution of vessels within the lung (alveolar, 

extra-alveolar), ventilation does not Lead to a uniform effect on transmural vesse1 pressure 

gradients. Aside from creating favorable pressure gradients for fluid filtration, ventilation 

can also reduce fluid filtration. For example, PEEP cm affect hemodynamics, reducing 

aiveolar capillary perfusion pressures and thus fluid filtration (71). Dreyfuss et al. found 

that in rats, if dopamine was given to correct the decrease in systemic blood pressures that 

accompanied 10 cmHzO of PEEP - the magnitude of the reduction in pulmonary edema seen 

with PEEP as compared to no PEEP, was decreased (29) . 

It is likely that a combination of decreased perirnicrovascular pressure, surfactant 

alterations, and increased intravascular pressures contribute to the increased regional 

filtration with certain ventilatory strategies. Filtration also appears to play a less important 

role than increased permeability in the pathogenesis of ventilation-induced pulmonary 

edema. For example, Parker et al. found that ventilation did not affect capillary filtration 



coefficients of isolated dog lungs as long as the peak airway pressures were kept below 30 

cmHzO (65). However, in the presence of altered alveolar-capillary pemeability, increases 

in transmural pressure could certaidy significantly increase fluid flux. 

2.L 4.2. Forces affecting alveolar c a p i h y  penneabil@ 

The forces thought to be responsible for stress failure of alveolar capillaries were 

discussed and will not be reiterated here. Rather, those studies suggesting an effect of 

ventilation on alveolar-capillary permeability will be reviewed. 

Increasing functional residual capacity during mechanical (60) or spontaneous 

ventilation (165) in sheep, has been shown to increase clearance of aerosolized 99m Tc- 

DTPA greater than would be expected based on changes in alveolar surface area alone. 

Similar observations suggesting increased epithelial permeability with increased lung volume 

has also been reported in humans (6 1,98). 

Egan et al. demonstrated that in sheep lungs inflated with low inflation pressures (20- 

32 cm H20) (corresponding to low lung volumes; = 24-54% TLC), alveolar permeability to 

water soluble solutes was minimal, and equivalent to that of a membrane with pores having 

radii of 0.5 - 1.6 nm (64). If increased iung volumes were used, the apparent "pore" size of 

the lung increased - until at lung volumes and pressures nearing total lung capacity, al1 

restriction to solutes was lost. 

As discussed in Section 2, Dreyfuss et al. demonstrated in a number of in vivo studies 

in rats, that ventilation with high end-inspiratory lung volumes Iead to increased alveolar- 

capillary permeability and edema (32,166). Of note, at high lung volumes evidence of 

permeability-type pulrnonary edema was evident within 5 min. of initiation of ventilation, 

and progressively worsened with continued ventilation. Similar observations have been 

made in larger species subjected to more prolonged periods of ventilation (31,167). The 

alterations in permeability were found to be reversible, if ventilation at high pressures was 

discontinued. For exarnple, when larnbs were allowed to recover after ventilation with PIP of 

61 c m w ,  lung lymph flow and lymph to plasma protein concentration ratios returned to 

normal, and pulmonary edema resolved (3 1) . Sirnilarly, Dreyfuss et al. observed that the 

permeability defects caused by 2 min. of ventilation with PIP of 35 cmH20, resolved widiin 



15 min. (168). Thus, permeability changes secondary to injurious ventilation are, at least 

following shoa penods of ventilation, reversible. 

2.2. STRUCTURAL SEQUELAE OF VENTILATION 

The various forces discussed above are thought to play a role in the development of a 

number of structural abnormalities found in association with injurious mechanical 

ventilation. 

2.2.1. Ultrastructural Iesions viewed by electron microscopy 

At the ultrastructural level, a number of endothelial and epithelial abnormaiities have 

been found is association with pulmonary edema following mechanical ventilation. Dreyfuss 

et al. found ultrastructural capillary abnormalities consisting of focal endothelid ce11 breaks 

(i.e. across the cell, not at junctions between cells), detachment of endothelial cells firom the 

basement membrane, and intracapillary btebs with bnef periods (Le. 5-10 min.) of 45 crnH2O 

PIP ventilation in rats (32,63,97). Such endothelial lesions have been reported in other 

models of increased capillary penneability and in ARDS (1 69,170). Sirnilar lesions have also 

been found with a number of  toxic agents (169,171,172). As previously discussed, West et al. 

found endothelial breaks at increased transvascular pressures (143,144), with an increased 

prevalence of endotheliai breaks at higher lung volumes (despite sirnilar transcapillary wall 

pressures) (59). Of note, endotheliai blebbing (the most cornmon fkequently observed 

abnormality with over-inflation edema) has not been reported in capillary stress failure 

edema (1 44,145,173), suggesting that the underlying mechanisms involved in the 

pathogenesis of these 2 disorders are different. 

With more prolonged ventilation, Dreyfuss et al. observed changes in epithelial 

integrity and hyaline membrane formation (97). The epithelial lesions were unevenly 

distrïbuted, with normal regions interspersed with regions containing breaks across type 1 

pneumocytes, or occasional regions with denuded basement membrane (32,97). 

Discontinuities in type 1 pneumocytes have also been found in rabbits subjected to ventilation 

with PIPYs of 20 crnHzO for 6 hours (174). Similar to the endothelial lesions, the epithelial 

abnormalities are not specific, as similar epithelial lesions are found in toxic injuries and 

ARDS (169-172). Of note, in contrat to the d i f i se  epithelial and endotheliai injury found 



with ventilation without PEEP, with 10 c-O of PEEP no alveolar epithelial injury was 

seen, and only focal endothelid blebs were found. 

2.2.2. Light Microscopy and Macroscopic Findings 

Light microscopie and macroscopic findings were discussed in Sections 1.3 and 

1.4.2., but will be bnefly reviewed. 

By light microscopy, ventilation strategies that lead to increased alveolar-capillary 

permeability (e-g. ventilation with high end-inspiratory lung volumes) result in findings of 

interstitiai and alveolar edema, that depend on the severity and duration of the insult (20,97). 

Ederna is initially seen as perivascular cuffs in the interstitium ody, and may progress to 

gross alveolar flooding and hemorrhage. In studies in which ventilation was carried out with 

insufncient end-expiratory lung volumes to prevent regional collapse and reopening of distal 

airspaces, evidence of atelectasis as well as airway and alveolar epithelial injury have been 

found, including hyaline membranes and sloughing/denudation of epithelial cells. The 

development of atelectasis and increased surface tension of lung lavage fluid has been found 

to be directly related to tidd volume and duration of ventilation, and inversely related to end- 

expiratory lung volume (26). 

Other findings by light microscopy include: neutrophil infiltration, alveolar 

macrophage and type II pneumocyte proliferation, interstitial congestion and thickening, 

interstitiai lymphocyte infiltration, and emphysematous change. With more prolonged 

ventilation, organized alveolar exudate has been found, rerniniscent of the fmdings in later 

stages of ARDS (23). 

2.3. PARADICMS OF VENTILATOR-INDUCED LUNG INJURY 

2.3.1. Forces and Structural injury - MECHANICAL BARUTRAUMA 

Research into the mechanisms of ventilator-induced lung injury, up until recent years, 

primarily examined various aspects of the following paradigm': 
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This schematic is simply being used to illustrate a few salient points with regards to deficits in our 
understanding of the mechanisms of ventilator-induced lung injury. Certainly, it was appreciated that the path 
between injurious ventiIation and injury is more cornplex, with multiple feedback Ioops (e.g. such as edema 
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Ventilator-hduced Lung Injury 

Numerous studies in a variety of animal models set out to defme injurious ventilatory 

parameters. As has been discussed, it was found that ventilatory strategies that lead to 

regional or global lung overdiste~tion (e.g., high end-inspiratory lung volumes), or permit 

lung de-recruitrnent (e. g ., 10 w end-expiratory lung volumes) were associated with lung 

injury. The possible injurious forces responsible for producing injury, were explored in a 

number of mathematical, in vitro, ex vivo, and in vivo models (e.g. interdependence, 

transcapillary pressure gradients, shear fiom airway opening and collapse). Studies were also 

carrïed out to defme factors which increase the susceptibility of the lung to ventilator- 

induced injury. With regards to the pathogenesis of ventilator-induced pulmonary ederna - a 

number of studies reveded evidence of ultrastructurai breaks in the alveo lar-capillary 

membrane with lung overdistention that rnight account for the increased permeability 

changes observed. Of note, the in vivo studies demonstrating an association betrveen 

ultrastructural breaks and increased pemeability edema involved small animal models and 

very hi& distending volumes leading to fulminant pulmonary edema within minutes. In 

contrast, in vivo in larger species, much longer periods (up to days) of ventilation were 

required to produce edema (22,24,68,175). As well, in the larger animals, there was greater 

evidence of lung inflammation on histologie examination. 

Based on these studies it was speculated that perhaps a secondary idammatory ce11 

response contributes to ventilator-induced lung injury. but that the predominant factor 

appeared to be structural disruption (35). 

leading to surfactant dysfirnction and reduced aerated lung volume, which in turn interact with ventilation to 
exacerbate inj ury). 



2.3.2. Forces and Molecularl Cell-mediated Sequelae - bV3ro~m UMA» 

Severd studies in recent years brought into question whether the host cellular and 

molecular mediator response to mechanical ventilation was more than simply a secondary 

player in the pathogenesis of ventilator-induced lung injury. First, as previously mentioned, 

a discrepancy was found between the development of pulmonary ederna with ventilation at 

comparable pressures in small and large anïmals. While species differences in susceptibility 

to injury could be invoked, it also appeared - based on the time courses of injury and 

associated changes in lung compliance and surfactant function, and the histologie findings - 

that the mechanisms of injury in the larger animal studies were different, or at least more 

complex, than simply disruption of the alveolar-capillary membrane. 

Ln a study in which surfactant deficient rabbits were subjected to either conventional 

ventilation (with lower end-expiratory volume and higher tidal volumes) or high frequency 

ventilation (in which a high end-expiratory volume was rnaintained), the conventional 

strategy was found to be uniformly fatal with post mortun evidence of significant lung injury 

(consisting of poor gas exchange, increased puimonary permeability and edema, neutrophil 

infiltration, hyaline membrane formation) (28). Such changes were not found in the high 

frequency ventilation group. It was initially hypothesized, that the difference in lung injury 

and mortdity was due to repetitive opening and collapse of distal ainvays and alveoli (due to 

insufficient end-expiratory lung volume) generating shear forces, which in turn, lead to 

greater lung injury (28). However, an unexplained difference in neutrophil of the 

lungs between the 2 study groups, lead to this hypothesis being revisited (and expanded) 4 

years later. 

In the follow-up study, the authors examined groups of rabbits which underwent 

neutrophil depletion (with nitrogen mustard) followed by either conventional ventilation or 

neutrophil repletion followed by conventional ventilation (102). The neutrophil depleted 

animals maintained good gas exchange, developed very little protein leak, and no hyaline 

membranes. Neutrophil repletion, however, precipitated a significant deterioration in gas 

exchange and hyaline membrane formation, with underlying epithelial necrosis and 

denudation of alveolar epithelial cells. As such, it was concluded that although mechanical 

ventilation may physically disrupt lung tissue, in this model, significant ventilator-induced 

injury arises as a result of cytotoxic injury fiom activated granulocytes. 



In the surfactant depleted rabbit model, ventilation strategy was also found to affect 

influx of neutrophils into the lung, and neutrophil activation (1 76,177). Rabbits subjected to 

a ventilation strategy that was more likely to produce cyclic alveolar collapse/expansion 

(pressure controlled conventional mechanicd ventilation) developed increases in both 

number and activation of lung lavage neutrophils' and changes in chemotaxis of neutrophils 

in peripheral blood spechens compared to a strategy that minimized the collapse/expansion 

(i-e., HFO) (177). 

Another study, also in surfactant depleted rabbits, suggested that perhaps 

idammatory mediators were involved in the pathogenesis of h g  injury. In this study, the 

effect of high fkequency oscillatory ventilation (oscillatory fkequency of 15 Hz, mean ainvay 

pressure of 15 cm H20) versus pressure control ventilation (mean ainvay pressure of 15 cm 

H20, PIP = 25 cm HrO , PEEP = 5 cm HzO) on lavage levels of platelet-activating factor and 

thromboxane-Bt was assessed. Increased Ievels of both mediators, as well as increased lung 

injury, was found to occur in the pressure control group (1 78). 

Concurrent with the above, numerous studies demonstrating the importance of 

mechanotransduction (the conversion of ce11 or receptor deformation into biochemical 

responses; discussed in Section 4.3) in cells, tissues, and organ function continued to surface 

(179). In the lung, physical forces had been shown to play an important role in lung 

development (1 80), and compensatory growth after partial pneumonectomy (1 8 1-1 83). Other 

studies dernonstrated changes in a variety of intracellular and extracellular products in 

response to either lung or lung ce11 stretch (1 8 1,184). Of note, both the degree and pattern of 

mechanical stimuli were shown to affect ce11 responses (1 8 1,185,186). Given that 

mechanical ventilation alters both the pattern and magnitude of lung stretch, we wondered 

whether mechanotransduction might play a role in ventilator-induced changes in gene 

expression or cellular metabolism. 

In addition, two observations suggested that mechanical ventilation may play a role in 

the development of distal organ dysfunction. First, in a study examining the effects of mild 

or severe ventilator-induced lung injury in sheep, in which mechanical ventilation was 

continued until either successful weaning or death - the cause of death in the group with 

severe lung injury (and 8/11 sheep with mild lung injury) was progressive hypotension 

unresponsive to intravenous fluids, and multi-organ failure, the pathophysiology of which 



was unclear (167). Similarly, it was observed that the cause of death in the majority of 

patients who developed ARDS was not respiratory insufficiency - but, multiple organ failure 

(187,188). Although, in some patients a precipitating nidus of infection or inflammation is 

identifiable, and lung injury is simply the first clinically evident manifestation of a systernic 

process, in many patients the reason for progression from respiratory failure to multiple 

system organ failure is unclear. One possible explanation for this fmding could be that 

mechanical ventilation initiates andor propagates an inflammatory response in the Lmg, 

which initiates or exacerbates h g  injury and serves as  a nidus to initiate andor propagate a 

systernic inflammatory response. 

Thus, the aforementioned fmdings and observations led us to propose the following 

paradigm of ventilator-induced lung injury: 
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* investigated further in this thesis 

Infiammatory cytokines are known to play a pivotal role in the pathogenesis of lung 

injury with a number of infectious or inflarnmatory stimuli (1 89-1 96). Thus, 1 hypothesized 

that: 



Mechanical ventilation strategies that produce aberrant forces and non-physiohgic 
cell deformations, initiate an injlarnmatory response involving widespread changes in 
cytokine expression within the lung capable of initiating andor augmenting local 
(andpotentially systernic) tissue injury. 

As no study had exarnined whether mechanicd ventilation affected production of 

infiammatory mediators in otherwise healthy lungs, the above global hypothesir was 

explored by examining the following 5 specific hvpothesk: 

Mechanical ventilation with strategies that entail tidal lung O pening/co llapse or high 

end-inspiratory lung volumes (lung stretch) leads to increased levels of inflammatory 

cytokines within otherwise normal lungs, and has a synergistic effect in the presence 

of pre-existing lung inflammation. 

The changes in cytokine production induced by mechanical ventilation are both time 

and ventilatory strategy dependent, and occur early in the pathogenesis of ventilator- 

induced lung injury. 

Lung epithelial cells lining the airways and alveoli, are key players in ventilation- 

induced cytokine production. 

Ventilation induced changes in surfactant, which can exacerbate aberrant forces on 

the Iung, are temporally associated with the ventilator-induced inflammatory 

response. 

At the cellular level, repeated large ceil deformations lead to changes in lung 

cytokine expression. 

The rationale for examining expression of idammatory cytokines by the epithelium 

of the lung (#3), and the association with changes in surfactant function (#4), is discussed in 

Section IV, and Chapter 3. Section IV also provides the rationale for the models used. 

SECTION IV: REVTEW OF ADDITIONAL TOPICS RELEVANT TO HYPOTHESIS 

4.1. INFLAMMATORY MEDIATORS AND THE LUNG 

Several aspects of the role of inflammatory mediators in the pathogenesis of lung 

injury will be brkfly surnmarized, as will the properties of the cytokines assessed in the 



various studies undertaken for this thesis. A comprehensive review of the expansive field of 

cytokine and inflammatory mediator biology is beyond the scope o f  this overview (1 97-200). 

Cytokines are endogenous infiammatory and immunomodulating proteins that have 

been found to play a pivotal role in defense, infiammation, and injury due to a variety of 

stimuli. A large number of specific and non-specific endogenous iahibitors of cytokines also 

exist, as do groups of cytokines that have predominantl y inflarnrnatory or anti-innammatory 

actions. Persistent and elevated levels of circulating cytokines as a result of either an 

ongoing stimulus, or a failure of the nomal host regdatory mechanisrns, is thought to be 

involved in the pathophysiology of the systemic idammatory response syndrome (SIRS), 

which is often seen in association with ARDS or sepsis. 

The various cytokines display a wide s p e c t m  of both pleiotropic and redundant 

actions, acting on a variety of target cells, with effects that can Vary depending on the 

particular inflammatory milieu. In addition, earlier response cytokines such as m a  and IL- 

lP, can induce secretion of a vast number of other cytokines and proinflarnmatory 

substances, as well as lead to upregulation of adhesion molecules - resulting in increased 

influx and activation of inflarnmatory cells. There is evidence that an early increase in 

cytokines followed by neutrophil infiltration, and subsequent injury from oxygen fiee 

radicals and proteases, plays a major role in the pathogenesis of lung injury in a variety of 

disease models(201), and evidence of persistently elevated inflammatory cytokines in the 

lung has been found to be associated with increased mortality in a nurnber of studies 

(200,202-206). 

For example, a number of studies have shown that an increase in inflammatory 

cytokines within the lung precedes evidence of histologie injury in a variety of injury models 

such as hemorrhage and resuscitation (207-214). These studies suggest that 

proinflarnrnatory cytokine expression may play an important role in the subsequent 

pathogenesis of lung injury. Furthemore, models in which various idammatory cytokines 

are infused, or their actions are blocked, have found respectively an increase or decrease in 

organ injury (1 93,194,2 15-224,224-238). More recent studies, looking in particuiar at the 

role of cytokines in ventilator induced lung injury, are discussed in detail in Section II of 

Chapter 4. 



While the production of cytokines was once thought to be the exclusive domain of 

immune cells, there has been increased appreciation in recent years that their synthesis c m  

take place in most ce11 types - both immune and non-immune (239,240). In the lung, sources 

of cytokines include ainvay and alveolar epithelial cells, vascular endotheliai cells, 

fibroblasts, smooth muscle cells, as well as uiflarnrnatory cells such as alveolar macrophages, 

lymphocytes, and polymorphonuclear cells. 

The following provides a b&f overview of those cytokines exarnined over the course 

of this thesis. 

TNFa is a pivotal 17 kDa pro-inflarnmatory cytokine produced by most ce11 types 

that is found proxhally in the idlammatory cascade, and stimulates production of a number 

of other cytokines such as IL-6 and IL-8, and IL-1P. TNFa has a variety of effects 

including: increasing activation and adherence of neutrophils, stimulation of endothelial 

proliferation, increased expression of endothelial adherence molecules, and activation of 

fibro blasts. 

Inîravenous infusion of TNFa has been found to result in a syndrome similar to the 

systemic inflarnmatory response, and elevated levels of m a  are found in the broncho- 

alveolar lavage samples of patients with ARDS (241-245). TNFa has also been shown to 

play a pivotal role in a number of lung injury models (235,246,247) 

Regulation of TNFa production occurs at multiple levels. Arnong the factors known 

to affect transcription are oxygen fiee radicals, products of complernent activation, cytokines 

such as TNFa and IL-lP, and NF-&. However, transcription alone does not ensure TNFa 

protein production, due to significant post-transcriptional regulation. For example, TNFa 

message is one of a number of rnRNA's whose stability and translation is highly regulated by 

3' untranslated UA rich elements. Translation then leads to formation of a 26kDa protein 

which is subsequently cleaved to produce a 17-kDa monomer, that then forms a biologically 

active homotrimeric complex (that has 8 fold the binding afini ty of the monomer). Thus, for 

example, in response to LPS, an - 3 fold increase was observed in the rate of transcription; 

whereas the steady state Ievel of TNFa mRNA was found to increase - 100 fold; and the 

level of TNFa protein secreted increased about 10 000 fold (248). 



Regdation of the biologic effects of TNFa also occurs at the level of its' receptors. 

Circulating soluble TNF receptors (the extracellular domains of the p55 and p75 TNFR7s) are 

constitutively secreted by monocytes and macrophages, and can increase in response to a 

number of stimuli (249). At low concentrations soluble TNFR's have been found to stabilize 

TNFa and prolong it7s biologic function, whereas at high concentrations they reduce TNFa 

biologicd activity. 

4.1.2. IL-6 

Another 22-30 kDa cytokine involved in the regulation of the immune response and 

inflammation, that is produced by a variety of cells. Usually increases in response to earlier 

response cytokines such as TNFa and IL-lP7 as well as factors that induce a variety of 

transcription factors including NF-& and AP-1. IL-6 induces a variety of diverse responses 

hcluding synthesis of acute phase proteins by hepatocytes, production of immunoglobulin by 

B-lymphocytes, synthesis of collagen by fibroblasts, and T ce11 activation. As with TNFa, 

IL-6 has been found to be elevated in BAL and senun specimens of patients with ARDS, and 

elevated circulating Ievels of IL-6 have been reported as correlated with increased rnortality 

(250,25 1). 

4.1.3. Other 

4.1.3.1. IL-IP 

IL- 1 P is another important early pro-inflammatory cytokine that induces a number of 

effects including synthesis of acute phase reactants, fibroblast proliferation, adhesion of 

neutrophils, increased expression of endothelial adherence rnolecuIes, and activation of 

fibroblasts. IL-1P also leads to increased production of a number of cytokines including 

TNFa and IL-6. 

As with TNFa, intravenous infusion of IL-1P has been shown to result in findings 

indistinguishable fkom the systemic idammatory response syndrome. Elevated levels of IL- 

1P have also been found in ARDS (252-254). Rats given IL-1 intratracheally developed 

increased lung leak and edema, increased lavage levels of cytokine-induced neutrophil 

chemoattractant (CMC), and increased neutrophil infiltration (2 l 6 , Z  5). 



Production of IL-1B is aiso regulated at multiple levels. Factors that regulate 

transcription include NF-&, endotoxïn, oxygen radicals, and IL-1 itself. Post transcriptional 

regulation of IL4 is also important. Similar to TNFa the 3' terminus contains repeats of the 

consensus sequence (UUAWAU)  that modulates rnRNA stability (256). Translation of 

IL43  occurs on "fkee" polyribosomes in the cytosol, generating an inactive propeptide that 

then translocates by a poorly understood mechanism to the membrane, where the functional 

17 kDa form is produced by removal of the 1 1-kDa N-terminus by IL4 converting enzyme 

(ICE) during export fiom the cell. The biologic activity of IL-1P is also afYected by a 

number of receptors, including soluble receptors found in the plasma of septic patients. 

4.1.3.2. IL-IO 

IL-10 is au important cytokine modulator of the immune and inflammatory response, 

which has primarily anti-inflarnmatory effects (257). For exarnple, IL- 1 O has pronounced 

effects on the phenotype, function, and cytokine production of monocytes and macrophages, 

and has been found in a variety of animal models to reduce inflammation, injury, and 

mortality following a variety of stimuli (224,237,258-261). 

4.1.3.3. IFNy 

IFNy is another cytokine like IL-IB and TNFa that is a potent inducer of M e r  

cytokine gene expression, and involved in the regulation of nearly al1 phases of immune and 

inf3arnmatory responses including: activation and differentiation of T cells, B cells, 

macrophages, and other ce11 types such as endothelial cells and fibroblasts. 

4.1.3.4. M7P-2 (GRO) 

A chernokine which acts as a chemoattractant and activating factor for neutrophils. 

Production of MIP-2 has been shown to increase following a number of stimuli including 

other cytokines (e.g., TNFa and IL-IB) and LPS; and increased levels of MIP-2 have been 

found in the BAL of patients with ARDS (262). MIP-2 is produced by a myriad of ce11 types 

including endothelial cells, epithelial cells, fibroblasts/smooth muscle cells, and 

idammatory cells, and is thought to play a significant role in inflarnmatory lung diseases 

(263). 



4.2. SURFACTANT 

4.2.1. Overview of Surfactant 

A comprehensive review of the composition, metabolism, and function of surfactant 

is beyond the scope of this overview, and the reader is referred to a number of reviews (264- 

266). 

Briefly, the surfactant fiim that lines the alveolar and distal airway epithelium is 

crucial for maintainhg h a y  and alveolar stability, and reducing the pressures required to 

open and keep open the airspaces for gas exchange (1 0 1,120-122). Also, as discussed in 

Section 2.1.4., by lowering surface tension of the alveolar air-liquid interface, surfactant 

helps reduce the forces favoring fluid filtration across the alveolar capillary membrane 

(92,108,117- 1 19). in addition, surfactant has a number of imrnunomodulatory effects (1 12). 

Following synthesis almost exclusively within type II pneumocytes, surfactant is 

stored in specialized secretory organelles (called lamellar bodies). Surfactant synthesis 

and/or secretion is af5ected by a variety of stimuli including mechanical distention of the lung 

(discussed further in Section 4.2.2.) and rnediators such as interleukins and oxygen fiee 

radicals. Under resting conditions in rats, 10-40% of the total intracellular surfactant content 

is secreted per hour (267). In the airspaces, the various surfactant cornponents interact in a 

highly complex fashion that results in a dynarnic series of structural transformations. For 

example, secreted surfactant in the alveolar space exists in a number of rnorphologic forms 

including larnellar bodies, tubular myelin (a  lattice like structure), smdl vesicles, and the 

surfactant film. 

Extracellular surfactant is easily retrieved by broncho-alveolar lavage, and has been 

found to be cornposed of lipids (80-90%); proteins (IO%), and smdl arnounts of 

carbohydrates. Of the lipids, phospholipids are the predominant component (comprising 80- 

90% of the total lipid weight). Differential centrifugation has been used to fiactionate the 

surfactant in atveolar lavage specimens into several fiactions - a heavy sub-fraction 

composed of newly secreted lamellar bodies, tubular myelin, and large lipid arrays (referred 

to as surfactant large aggregates), and a light sub-fiaction that contains small vesicles 

(referred to as surfactant small aggregates) (268). Whereas the heavy sub-fraction has been 

found to have good surface activity in vitro and in vivo, the small sub-fiaction has poor 

surface tension lowering capabilities. Conversion fiom heavy to light sub-fractions has been 



shown to occur with surface area cycling in vitro and in vivo, and appears to be an active 

process involving serine proteinases and SP-B degradation (269,270). 

Surfactant clearance fiom the airspaces occurs via several routes. A very srnall 

percentage is cleared up the ainvays or by lymphatics(271), alveolar macrophages may 

remove up to 10-20 %, and the rnajority appears to be taken up by the type II pneumocyte. 

The turnover tirne of surfactant in the alveolar lumen is estimated at 1-3 hours (272). 

There are 4 specific surfactant proteins (SP) - i.e., A, 8, C, and D - named in order of 

their discovery. SP-A and D are large (28 000-36 000 and 42 000 kDa), hydrophilic proteins 

expressed by type II pneumocytes and non-ciliated cells of the allways, whereas SP- B and C 

are much smaller (9000 and 4000 m a ) ,  highly hydrophobie proteins (264-266,273,274). The 

surfactant proteins have been found to play crucial roles in surfactant function and turnover. 

For example, SP-A is involved in tubdar myelin formation, surfactant adsorption to the film, 

surfactant secretiodrecycling by type II pneurnocytes, opsonization leading to macrophage 

phagocytosis, as well as stimulation of macrophage chemotaxis. SP-B and C appear to play a 

more important role that SP-A in adsorption, and SP-B is also involved in tubular myelin 

formation. Regdation of surfactant protein expression occurs at multiple levels inchding 

transcription (in part, via AP-I), translation, post-translational processing, intracellulm and 

extracellular traficking, and catabolism/recycling. 

hadequate secretion of surfactant is the major problem in infant respiratory distress 

syndrome, whereas surfactant dysfunction can lead to and is associated with the pathogenesis 

of lung injury following a nurnber of insults in the post neonatd petïod (1 12). For example, 

disturbances of surfactant phospholipid composition and surfactant function, and reduced 

arnounts of surfactant proteins have been described in animal models of ARDS (1 19,275- 

28 O), in patients with ARDS (2 8 1 -283), and in neonates with respiratory distress (1 8, ! 9 ,go). 

Among the factors thought to be involved in the pathogenesis of surfactant dysfunction are: 

loss of surface-active components and changes in phospholipid and apoprotein profiles 

secondary to degradation by phospholipases or proteases, incorporation into hyaline 

membranes, andor hpaired type II pneumocyte function (279,284-286): and inhibition of 

normal siirfactant Function by plasma denved proteins. For exarnple, studies in vivo and in 

vitro have demonstrated impaired surfactant fimction as a result of admixture with blood, 

plasma or senun (287-290). Of the proteins involved, fibrinogen can have a particularly 



strong inhibitory effect on surfactant function (Le., greater than albumin (287,290), 

hemoglobin (291)) depending on the particular surfactant apoprotein profile. For instance, 

surfactant preparations without the hydropho bic apo-proteins SP-B and SP-C, are very 

sensitive to fibrinogen inhibition, whereas those with physiologie quantities of SP-B and SP- 

C are far less sensitive (287,292-295). Ln addition, as discussed M e r  below, surfactant 

components may also be affected by a number of i .ammatory  mediators. 

4.2.2. Surfactant and Ventilation 

The role of surfactant in ventilator-induced lung injury is twofold. First, as discussed, 

surfactant plays a role in preventing ventilator-induced lung injury by affecting the 

magnitude and distribution of forces across the lung. For example, aside from maintaining 

lmg cornpliance, surfactant helps limit fluid movement into the alveoli by reducing the 

forces generated at the gas-liquid interface (i.e. surface tension), which thereby reduces the 

transmural capillary pressure gradient (92). Also, due to the variable surface tension of 

surfactant which is dependent on the radius of curvature of the alveolus, surfactant is 

important in promoting uniform expansion of the lung and reducing forces due to 

interdependence of lung regions, and may act as an "anti-glue" in the distal airways 

(296,297). Nurnerous studies have shown that surfactant dysfimction or insufficiency 

predisposes to ventilator-înduced lung injury (Table 1-2). For example, even very mild 

alterations in surfactant, such as those produced by prolonged anesthesia in rats, have been 

found to augment in a synergistic manner, the deleterious effects of high volume ventilation. 

Coker et al. demonstrated that although only mild injury was found in lungs subjected to 

either ventilation (PP 30-45 cm&O) or surfactant inactivation (with dioctyl succinate) 

alone, extensive lung injury occurred when both insults were combined (108). 

Conversely, ventilation has been shown to affect surfactant (298). For exarnple, bnef 

penods of hyperventilation or sighs can markedly increase the amount of surfactant in the 

alveolar space (99,100,298,299)0 as well as increase alveolar clearance of surfactant (300). 

The precise mechanisms are not clear, but are thought to involve mechanotransduction 

(298,30 l), possibly autonornic nerves, or soluble mediators (secretagogues identified include: 

P-adrenergics, leukotrienes, prostaglandins and adenosine nucleotides). 



A number of mechanical ventilation strategies have also been shown to affect 

significantly the function of both endogenous, as well as exogenous surfactant 

(26,76,79,93,99,100,155,3 02,303). For example, Greenfield et al. found that mechanical 

ventilation of healthy dogs with peak inflation pressures of 26-32 crnHzO lead to diffise 

atelectasis within 24 hours, accompanied by increases in the minimum surface tension of 

lung lavage fluid (25). Faridy et ai. also demonstrated an increase in lung lavage surface 

forces with ex vivo ventilation of dog lungs, which was found to be directly related to the 

tidal volume used and the duration of ventilation, and invenely related to the end-expiratory 

lung volume (26). This decrease in compliance was shown to be reversible following a 3 

h o u  penod of static innation (26), and could be abrogated by cyanide or hypoxic gases, or 

slowed by hypothermia (76). McClenahan et al. noted similar findings, and concluded that 

an active metabolic process affecting either the release or recycling of surfactant was 

involved (76). 

In vitro, Brown et al. noted that surfactant films could be reversibly compressed up to 

50% of their initial surface area. However, with M e r  compression the film was found to 

rupture on reexpansion (304). This finding rnay explain in part the significant decreases in 

lung compliance seen following ventilation at low end expiratory lung volumes. As well, at 

low end expiratory lung volumes, alveolar surfactant appears to be "purnped" out of the 

alveoli by repetitive collapse (93), which rnay also partially explain why ventilatory 

strategies that maintain end-expiratory volumes are protective. For example, in cats and 

dogs, ventilation with PEEP has been shown to increase surfactant production, andor inhibit 

inactivation (79), as well as liWt movement of surfactant into the airways (93). As 

previously mentioned, surface area cycling in vitro and in vivo has also been s h o w  to affect 

the rate of conversion of more functional surfactant large aggregates to less functional small 

aggregates (269,270) 

4.2.3. Surfactant and Cytokines 

As modulators of lung injury and inflammation, cytokines c m  e e c t  surfactant 

b c t i o n  through a number of mechanisms previousiy described - such as via activation of 

proteases and lipases leading to surfactant degradation. Cytokines have also been identified 

as having a number of more direct effects on synthesis of surfactant components. For 



example, TNF-a has been shown to inhibit transcription of surfactant proteins A, B, and C 

(1 95,305,306) and phospholipid synthesis (1 96,307-3 10). In fetai cells, E'Ny induces 

synthesis of SP-A. 

In turn, surfactant has also been found to have a number of immunomodulatory 

properties (1 12,264,311). For example, studies suggest that surfactant has a role in 

minimiung injury caused by reactive oxygen intermediates and TNFa, and in down- 

regulating the production of a number of idammatory mediators (3 12). 

Cells and tissues are exposed to a wide variety of physical forces (e-g. pressure, 

movement, stretch, gravity, hemodynarnic stresses, cell-generated tension) which have been 

shown to have profound effects on ce11 fùnction and form. While much remains to be 

elucidated about the precise mechanisms involved in mechanotransduction, research over the 

past decade has provided some insight into how physical forces are perceived by cells and 

become transduced into biochemical and moIecular signals (1 79,186,3 13-324). 

Briefly, within cells the cytoskeleton (composed of a number of elernents including 

microtubules and actin rnicrofilaments) forms a scaEolding that extends from the ce11 surface 

to the nucleus (3 18). The cytoskeleton appears to behave as a tensegrity structure - i.e., a 

structure in which a set of discontinuous compression elements or "struts" (e.g., 

microtubules) interact with a set of continuous tension elements or "cables" (e-g., the 

contractile actin lattice) bearing a "prestress" (Le., analogous to the strings on a guitar). 

Application of an extemal force results in re-alignment of the stmcturd elements until a 

configuration is reached which re-establishes equilibrium between the intemal and external 

forces) (3 17). One site in particular, where extemal forces may be exerted on the cell, is at 

ce11 attachments to the extracellular matrix - which involve a number of receptors including 

integrins. 

By nature of their interactions with both the extracellular matrix as well as the 

cytoskeleton, integrins are a prototypic mechanoreceptor. For example, binding of the 

extracellular maûix to ce11 surface integrins, induces the formation of focal adhesion 

complexes (FAC) - a conglomerate of clustered integrins, proteins coupling the integrins to 



the cytoskeleton, as well as signal-transducing molecules including various protein kinases 

and lipid kinases. Application of an isolated force to surface integrin receptors results in 

activation of a variety of signal transduction pathways (313,320,325), as well as rapid 

relocation of mRNA and ribosomes for protein synthesis to the FAC (323). 

Mechanotransduction has aiso been shown to lead to changes in mRNA expression of 

a number of genes that have shear stress or ce11 stretch responsive elernents in their promoter 

regions. These promoter sequences interact with DNA binding proteins in the nuclei of 

stressed cells to either up-regulate or down-reguiate gene transcription. Transfer of such 

sequences into the promoter regions of reporter genes has been s h o w  to render the reporter 

genes inducible by shear or ceIl stretch. Exarnples of genes containing a shear stress 

responsive element (SSRE) in their promoter regions are PDGF-B(326), and c-fos (discussed 

furtner in Section 4.3.2.) (327-332). Of note, the presence of a SSRE does not necessarily 

mean that the SSRE is functional. For example, although MCP-1 contains 2 SSRE consensus 

sequences, TRE (an AP-1 farnily binding site) is responsible for MCP-1 upregulation 

following stress. Other genes found to be inducible by mechanical stress include eNOS, 

PDGF-A, c-jun, NF-KB, TGF-P, and ICAM-2. 

There is also a suggestion that soluble mediators may be involved in the ce11 response 

seen fo Ilowing mechanicd stimulation. Tram fer of conditioned media fiom stretched 

cardiac myocytes to unstretched myocytes, lead to a similar pattern of activation of a number 

of second messenger pathways as that seen following ce11 stretch (332). As well. a number 

of ion channels have been found to be activated or inactivated by ce11 deforrnation(322), and 

are thought to be involved in mechanotransduction. 

In ce11 culture, cells exposed to mechanical stress (e.g., shear or cell-stretch) have 

been shown to undergo changes in ce11 growth, differentiation, secretion, signal transduction, 

and gene expression. At the tissue level, forces have also been identified as being important 

both in tissue development and fûnction. However, abnomal stresses (such as abnormally 

high blood flow or pressure overload) are associated with development of organ pathology 

such as cardiac hypertrophy and vascular disease. 

4.3.1. Lung 



At the organ level, physicd forces have been found to play an important role in lung 

development, compensatory growth after partial pneumonectomy (1 8 1 - 1 83), and surfactant 

secretion, 

In ce11 culture, stretching of a number of ceil types found in the lung. has been shown 

to iead to activation of signal transduction pathways, changes in gene expression, and effects 

on ce11 differentiation and growth. For example, in cultured fetal lung cells, mechanical 

strain was found to lead to enhanced ce11 proliferation, activation of signal transduction 

pathways, and altered surfactant synthesis (333-336). In adult rat type II pneumocyte 

cultures, Wirtz and Dobbs demonstrated that a single stretch of rat alveolar type II cells 

(increasing the ce11 surface area by up to 25%) in culture produced a transient increase in 

cytosolic ~ a *  followed by a more prolonged increase in surfactant secretion that lasted 30 

minutes (301). Cyclic stretch of airway smooth muscle cells was found to lead to hyperplasia 

and increased intracellular inositol 1,4,5-triphosphate. Cyclic strain of endothelial cells had a 

number of effects (dependent in part on the particular vascular bed examined) including 

induction of an oxidative stress (337); increased intercelluiar adhesion molecule-1 expression 

(TCAM- 1); increased release of monocyte chemotatic protein- 1 (MCP- 1 ), tissue-type 

plasrninogen activator; activation of protein kinase C, phospholipase C and M M  kinases; 

increased ce11 proliferation; and decreased collagen synthesis. 

As studies have found that both the degrree and pattern of mechanical stimuli can 

affect the cellular responses observed (1 8 1,185,186), it seems reasonable to postdate that 

mechanical ventilation - which alters both the pattern and magnitude of lung stretch - may 

also lead to alterations in lung gene expression andor aberrations in ce11 hc t i on .  

4.3.2. c-fos 

c-fos is an intermediate early gene that encodes a DNA binding protein involved in 

the transactivation of a number of genes. Fos proteins form heterodimers with Jun proteins, 

and function as either a positive or a negative transcription factor via binding of AP-I 

consensus sequences in promoter regions. 

Under resting conditions Fos expression is very low in most ce11 types, but is induced 

rapidly and transiently by a number of factors, including mechanical stress. As previously 

discussed, the promoter region of c-fos has been characterized as containing a shear stress 



responsive element. (327-332). In addition to a rapid increase in c-fos mRNA in response to 

stress, translocation of c-Fos protein also occurs with 2 peaks of activity at 20 min and 2 

hours (as determined by assessing binding of nuclear extracts to AP-1 probes). In endothelid 

cells, these processes appear to involve protein kinase C, G-proteins, phospholipase-C, and 

intracellular caU fiuxes. 

SECTION V: SUMMARY AND SIGNIFICANCE 

Mechanical ventilation is a life-saving intervention in many patients. However, it is 

now accepted that mechanical ventilation is capable of initiating or exacerbating lung injury, 

leading to significant patient morbidity and mortality (338). Although the precise 

mechanisms of veritilator-induced lung injury remain unclear, ventilation strategies that lead 

to either regional or global lung overdistention, or strategies that permit regional lung re- 

opening and/or collapse, appear to be most injurious. While prevention of this injury is 

conceptually easy by simply avoiding such extremes of ventilation - it is difficult, if not 

impossible, in a heterogeneously injured lung (such as that found in ARDS (1 15)) to ensure 

non-injurious ventilation of al1 lung regions. Thus, improved understanding of the 

mechanisrns of injury is needed, if effective therapies aimed at preventing, or mitigating the 

adverse sequelae of mechanical ventilation are to be developed. 

A vast body of research over the past 3 decades has focused on the physiologic and 

structural sequelae of ventilation, and explored possible mechanical mechanisms of 

barotrauma. There is recent evidence however, to suggest that ventilator-induced activation 

of cells and/or release of mediators may play a pivotal role in the pathogenesis of lung, and 

possibly systemic injury. In this thesis I explore this latter possibility by examining the 

hypothesis that: 

Mechanical ventilation strategies that produce aberrant forces and non-physiologieal 
ce12 deformations, inifiate an inflamrnatory response involving widespread changes in 
Zung cytokine expression within the lung capable of initiating andor augmenting local 
(and potentially systemic) tissue injury. 



CHAPTER 2 

Materials and Methods 
Now, 'here ', you see. if takes all the mning  you can do, to keep in the same place. 

lfyou want to gef sornewhere else, you must run at least twice as fast as that! 
Lewis Cano11 

This chapter provides the detailed materials and methods used for the investigations 

described in Chapter 3: Experimental Design and Results. The procedures are listed in 

alphabeticai order, and are indexed in the Table of Contents (p. vi). Udess otherwise 

specified, references to Sections refer to other Sections within this Chapter; and unless 

specified, materials were obtained from sigmaB Chemical Co. (St. Louis, MO). 

1. CELL CULTURE: 

1.1. Rat Type II Pneumocytes (primary culture) 

Rat Type II pneumocytes were cultured using a modification of the technique 

described by Dobbs et al. (339). 

1.1.1. Solutions: 

DMEM (Dulbecco's Modified Eagle's Medium): Prepared as Fer manufacturer's 

recommendations fiom powdered media (sigmae Chemical Co., St. Louis, MO). 

Supplemented with 1.5 ml of Gentarnicin 10 m g h l  stock solution per liter 

DMEM. Stored at 4°C until use. 

PBS: Prepared as per manufacturer's recommendations fiom powder. 

D10: DMEM containing 10% FBS. 

O IgG Solution: 100 mg of Rat IgG (reagent grade) was dissolved in 200 ml 

Tris bufEer (1.51 g Tr ima  base dissolved in 250 ml ddH20; pH 9.5), filtered (0.22 

micron), and stored at -20°C in 25 ml aliquots until use. 

0.15 M NaCl (0.9%): 9g NaCl was dissolved in 1000 ml ddH20. 



0.1M P04: 5.678 g Na2HP04 were dissolved in 400 ml ddH20 (dibasic 

phosphate) and 1.38 g NaH2P04 were dissolved in 100 ml d m 2 0  (monobasic 

phosphate). Monobasic solution was then slowly added to the dibasic solution 

with stirring, until pH of 7.4 at 25°C. Unused solution was stored -20°C. 

0.15M KCI: 5.75g KCI was dissolved in 5 0 0 d  dM20.  Unused solution was 

stored -20°C. 

0.15M MgS04: 11.09 g MgS04-7HZ0 was dissolved in 300ml ddH20. 

Unused solution was stored -20°C. 

O-llM CaCl2: 1.62 g CaC12-2H20 was dissolved in l O O d  ddHzO. Unused 

solution was stored -20°C. 

O.2M Hepes: 23.86 g Hepes was dissolved in 400 ml ddH20, the pH adjusted 

to 7.4 with 8M NaOH, then the volume made up to 500 ml with ddHzO. Unused 

solution was stored -20°C. 

10x Saline (1.5M): 9g NaCl was dissolved in 100 ml ddHzO. Unused 

solution was stored -20°C. 

0.1M EGTA: 1.902g EGTA was dissolved in 50 ml ddHzO, pH 7.4. Unused 

solution was stored -20°C. 

Solution A: For 2 rats, combined 166.67 ml of 0.9% NaCl; 6.67 ml 0.15 M 

KCI; 5 ml 0.1 M PO4; 10 ml 0.2M Hepes; 0.385 ml 0.1M EGTA; 0.19 g glucose; 

0.19 ml of 10 m g h l  Gentamicin, and adjusted pH to 7.4. 

Solution B: For 2 rats, combined 225 ml of 0.9% NaCl; 10 ml 0.15 M KC1; 

7.5 ml 0.1 M PO4; 15 ml 0.2M Hepes; 5 ml 0.1 1 M CaCL; 2.5 ml 0.15M MgSO4; 

0.29 g glucose; 0.29 ml of 10 mdml Gentarnicin, and adjusted pH to 7.4. 

Elastase Solution: For 2 rats, the required volume of porcine pancreatic 

elastase (Worthington Biochemical Corporation, Lakewood, NJ) was added to 

provide 344 units of activity to 76.9 ml Solution B, and 0.28 ml 10x Saline. 

DNase Solution: For 2 rats, 2 mg of Bovine Pancreatic Deoxyribonuclease 1 

was added to 8 ml of Solution B. 



1.1.2. Cell Isolation Protocol: 

Male Sprague-Dawley rats (270-400 g, Charles River, St. Constant, Quebec, Canada) 

were anesthetized with sodium pentobarbital (37 mgkg i-p-); and îracheostomized using a 

sterile 14 G angiocatheter. The ventral surface of the rat was prepped with 70% alcohol; a 

midline laparotomy and sternotomy was then performed; the abdominal aorta and S e n o r  

vena cava were then transected, the left atnal appendage excised, and a stenle 14G 

angiocatheter (attached by I. K tubing to a syringe contauiing Solution B at a height of 50 

cm) was passed via the nght ventricle into the pulmonary trunk. The lungs were uiflated, and 

the pulmonary vasculature was then flushed with 15 ml of Solution B. The Lungs were then 

excised and lavaged 8 x with 10 ml of Solution A via the endotracheal tube, allowing passive 

drainage of lavage between fluid instillations by placing the lungs on a 20 O slope. 

Ten ml of 37°C Elastase Solution was then instilled into the lungs for 1 min., allowed 

to drain passively; and then the lungs were placed in a beaker of saline heated to 37°C in a 

waterbath, and a fuaher 4 x 7.5 ml aliquots of Elastase Solution were serially injected at 5 

min. intervals into the lungs. The lung tissue was then dissected fiee of the mediastinal 

structures, and placed in 50 ml test tubes containing 4 ml of DNase Solution, and minced 

with Mayo scissors into a fine suspension. The mixture was then transferred to a 250 ml 

Erlenmeyer containing 5 ml of FBS; and swirled in a 37°C water bath for 2 min. 

The ce11 suspension was then filtered sequentially through 3 filters: the fust - made of 

2 single layers of surgicai gauze; the second - made of 4 layers of gauze; and the third - a 

single layer of 20 micron Nytex cloth stretched over the end of a 10 ml syringe, into a 50 ml 

centrifuge tube. Solution B was added to bring the volume to 50 ml, then the cells were 

centrifuged at 800 rpm, 4"C, for 10 min. M e r  centrifugation, the supernatant was discarded, 

and the cells resuspended in a laminar flow hood, with 30 ml of DMEM (N.B. fiom this point 

on strict sterile technique was used). 

IgG plates that had been prepared @y plating 4 ml of IgG Solution on 15 cm diarneter 

Petri dishes and letting stand at room temperature for 3 hours; 3 plates per rat) were washed 3 

x with sterile 37°C PBS, and once with 5 ml 37°C DMEN, then aspirated dry; and 10 ml of 

ce11 suspension added per plate, and lefi to incubate at 3792 in a humidified COr incubator 

for 1 hou. 



M e r  1 hou,  the media and non-adherent non Fc receptor bearing cells were 

aspirated, and centrifuged at 800 rpm for 10 min at 4OC. The supernatants were discarded, 

and the cells resuspended in 30 ml of 37°C D10. Two 50 pl aliquots were taken to assess 

ceIl viability by Tryptan Blue Exclusion, and to determine the ceIl count using a 

hemocytometer. The cells were then diluted with Dl0  to a final concentration of 1 x 106 

cells/ml (or as desired), and plated. 

1.2. Rat Alveolar Macrophage Culture 

12.1. Solutions needed: 

Cold sterile PBS: prepared as detailed in Methods 1.1.1 

DMEM: prepared as detailed in Methods 1.1.1 

DIO: prepared as detailed in Methods 1.1.1 

1.2.2. Ce11 IsoIation Protocol: 

Male Sprague-Dawley rats (270-400 g, Charles River, St. Constant, Quebec, Canada) 

were anesthetized with sodium pentobarbital (37 mgkg i-p.); and tracheostornized using a 

sterile 14 G angiocatheter. Lung lavage was then carried out using 8 x 10 ml 4°C PBS, and 

the specimens centrifbged at 800 rpm for 10 min. at 4°C. The supernatant was discarded, 

and the cells resuspended in 4 ml DMEN, and centrifuged at 800 rpm for 10 min. at 4°C. 

The ce11 pellet was then resuspended in 2 ml DIOI and the concentration of cells adjusted and 

plated as desired, following assessrnent of ce11 number by hemocytometer using a 5 0 ~ 1  

aliquot. 

1.3. Mixed Cultures: 

1.3.1. Pneumocytes and Macrophages 

Type II pneumocytes and alveolar macrophages were first isolated separately as 

described, then plated together using 10% FBS-supplemented DMEM media. Using this 

technique, assessrnent at 48 hours by "BB Salt Staining" (Section 2.1) confmed 

preservation of the ratio of Type II pneumocytes: alveolar macrophages plated. 



1.3.2. Multiple Ce11 Types 

The isolation procedure descnbed in Methods 1.1.2. was used up until the point of 

IgG plating. In order to preserve ce11 types with Fc receptors, this step was excluded, and the 

cells re-centrifüged at 800 rpm, 4"C, for 10 min.; then the supernatant discarded, and the 

cells resuspended in D 10 to the desired concentration. 

The viability of the cells following this isolation procedure was in excess of 98%, and 

seeding of ? 1 x 106 cells/well yielded confluence within 48 hours of a rnixed population of 

cells. With M e r  time in culture spindle cells becarne the predominant ce11 type, with 

progressive loss of cells with type II morphology, followed by loss of cells with type 1 

morphology. 

2. CELL CULTURE ASSESSMENTS: 

2.1. Fast BIue BB Salt staining: Used in reference to a histochemicd technique that can 

be used to selectively stain type II pneumocytes in primary culture(340), that takes 

advantage of their expression of alkaline phosphatase (which converts the added 

substrate to a blue reaction product). Thus, following counterstainulg with neutral 

red - blue type II pneurnocytes can be readily distinguished fiom orange-red 

contarninating macrophages or other ce11 types. Of note, alkaline phosphatase 

activity decreases with progressive de-differentiation of type II cells in culture. 

2.1.1, Reagents: 

Fast Blue BB Salt (4-benzoylamino-2,5-diethoxybenzenediazonium chloride 

hemi [zinc chioride] salt) 

Stock Fixative (stable for 1 month stored at 4OC) 

4 g of paraformddehyde was dissolved in 55 ml ddH20 by rnixing for 30 minutes 

at 60°C. 1-2 drops of 0.1 N NaOH was added, and the solution stirred until clear. 

The following were then added: 20 mg Na2P04; 100 mg KH2P04; 45 ml Acetone; 

and the pH was adjusted to 6.6 by addition of 1 M KH2P04. The solution was then 

kept in a g l a s  bottle; wrapped in foil; at 4°C. 

M O  (alkaline phosphatase) Stock Staining Solution: 

0.2 M Tris solution was made (2.422 g Tr ima base in 50 ml ddH20, then pH 

adjusted to 0.1 with HC1; fîal volume made up to 100 ml with ddHzO). 30 mg 



Naphthol AS Phosphate and 0.5 ml N,N-Dimethyfonamide were added; and the 

solution stored fiozen at -20°C until use. 

PBS: see Methods Section 1.1.1. 

2.1.2. Staining Procedure 

Staining solution (i.e. akaline phosphatase substrate) was prepared fiesh by 

dissolving I mg of Fast Blue BB Salt per ml of solution required (approximately 1 d s l i d e  

or 2 d w e l l )  in APO Stock Staining Solution. Cells were fixed within wells by the addition 

of sufficient Stock Fixative to cover the cells (1-2 drops) for 3 min. The cells were then 

rinsed 3x with PBS, followed by incubation with staining solution at 37OC for 1.5 hrs. The 

cells were then washed again 3x with PBS and counter-stained with 0.1% Neueal Red for 3 

min., then rinsed 3x with PBS before assessrnent by light microscopy. The % of type II 

pneumocytes present was determined by averaging the nurnber of cells (stained blue) per 100 

cells in 3 representative fields per well (or conversely, by 100- the % of orange-red cells). 

23. Ce11 viability: 

2.2.1. ["CI Adenine Release (341): 

Assessrnent of [I4c] AdeMe release by type II pneumocytes in culture was carried 

out as follows. Following aspiration of ce11 culture media £tom wells, 0.5 ml of 0.2 yCi/ml 

['y] Adenine in DMEN was added per well, and then allowed to incubate at 37°C for 2 

hours. Duplicate 10 y1 sarnpling of wells was then done, followed by washing of the wells 

with 2 ml warm DMEM x 2; then the addition of 1 ml of 37°C Dl0  to each we11, and 

initiation of the ce11 stretching protocol at 37OC in a humidified 5% CO2 incubator. At the 

end of the experimental protocol, duplicate samples of the media were taken for scintillation 

counting, the cells were then washed twice with 4OC PBS, and I ml of O.1M HCl in water (or 

1% Triton) was added to lyse the cells on a rotating platform for 1 hou.  0.2 ml of the lysate 

was then taken for counting, and the % of adenine released calculated as the counts in 

cells/(counts in cells + counts in media) * 100. 



2.2.2. Immunofluorescence: 

Simultaneous staining with Fluorescein Diacetate (FDA) and Propidium Iodide (PI) 

was used to d e t e d e  ce11 viability, using a modification of the technique described by Jones 

et al. (342). This technique has been shown to be more consistent than the trypan blue 

exclusion method over prolonged periods of exposure to the dyes (342), and has the added 

advantage of detecting viable as well as non-viable cells. In viable cells, FDA - a nonpolar 

ester - passes through ce11 membranes and is hydrolyzed by intracellular esterases to produce 

Buorescein (a polar compound that accumulates inside viable cells and exhibits green 

fluorescence when excited by blue light), whereas injured cells do not fluoresce. In contrast, 

Propidium Iodide (PI) passes through damaged ce11 membranes and intercalates with DNA 

and RNA to form a bright red fluorescent cornplex, and is excluded by intact ce11 

membranes. Another advantage of this technique, aside Eom detecting viable and non-viable 

cells, is that dead cells may undergo lysis and thus may not be included in the count when 

trypan blue is used. This is not so with FDA-Pi where the nuclei of lysed cells are stained by 

PI and c m  still be counted. 

Reagents: 

DPBS: Dulbecco's phosphate buffered saline was prepared fkom powder as per 

the manufacture's specifications. 

r FDA Stock Solution: A stock solution of fluorescein diacetate was prepared by 

dissolving 5 m g l d  in acetone. 1s stable up 6 months when stored in the dark at 

4°C. 

r PI Stock Solution: One mg of propidium iodide kvas dissolved in 50 ml of DPBS. 

1s stable up 6 rnonths when stored in the dark at 4°C. 

2.2.2.1. Procedure: 

FDA working solution was fieshly prepared by adding 0.04 ml of stock per 10 ml of 

DPBS. The cells were washed with DPBS x 2, then covered with DPBS. For 2 x 106 cells 

(scale arnounts of dye if greater or less cells), 100 pl of FDA working solution and 30 p1 of 

PI solution was added. Following 3 minutes at room temperature the cells were examined 

using a standard fluorescence microscope equipped with epi-illumination, 100 W halogen 

bulb, band pass 450-490 nm (blue) exciter filter, 510 nm chromatic beam splitter, and iong 



pass 520 MI barrier filter - which permitted both green and red fluorescing cells to be seen 

simultaneously . 

2.2.3. LDH assay: 

An increase in the amount of dead or plasma membrane-damaged cells resdts in an 

increase of the LDH enzyme activity in the culture supernatant, which c m  be measured by 

the 2 step reduction of NAD+ to NADH/T by the LDH-catalyzed conversion of lactate to 

pyruvate; followed by the reduction of y e l l ~ w  tetrazolium salt to red formazan, by the 

catalyst diaphorase- 

2.2.3.1. Procedure: 

The LDH assay was camied out according to the manufacturer's instructions for the 

Cytotoxicity Detection Kit -LDH (Boehringer Mannheim, Laval, Que). The absorbance of 

each well was read at 490nm with a MR6OO microplate reader (Dynatech Laboratones, 

Chantilly, VA). 

2.2.4. Trypan exclusion: 

Ce11 viability was assessed by the ability to exclude trypan blue as previously described (343). 

3. ELISA: 

Cytokine analysis on the rat serum, lung lavage fluid, or ce11 culture media (for TNF- 

a, IL- 1 B, LL-6, IL- 10, IFNy, MIP-2) was carried out in duplicate in a blinded fashion using 

commercialIy available ELISA kits (Biosource, Carnarillo, CA). The lower detection limit 

for these kits is 4, 7, 8, 13, 13, and 1 p g / d  respectively. Three of these kits were specific for 

rat (TNFa, EMj ,  MIP2), while the rernaining 3 were m u ~ e  kits with cross-reactivity with 

the comparable rat cytokine. The absorbance of each well was read at 450n.m with a MR600 

microplate reader (Dynatech Laboratories, Chantilly, VA). Background absorbency of blank 

wells was subtracted fiom the standards and unknowns prior to determination or" sample 

concentrations. 



4. HISTOLOGIC STUDIES: 

The immunocytochemisty and in situ hybridization studies were carried out in 

collaboration with Dr. Q. Hamid (blinded scorer for semi-quantitative scoring of mRNA 

expression; Meakins Christie Laboratories, McGill University, Montreai, Canada); and the 

histologic scoring of lung injury was carried out in collaboration with Dr. C. McKerlie DVM, 

DVSc, MRCVS (blinded scorer, Sunnybrook Hospital, University of Toronto, Toronto, 

Canada). 

4.1. Irnmunocytochernistry for TNFa: 

4.1.1. Reagents: 

Tris Buffered Saline (TBS): Combined 100 ml of O S  M Tris base, pH 7.6 (60.7 

g Trizma base in 1000 ml water); LOO ml 1 S M  NaCl; and 800 ml sterile water. 

Subsbate for alkaline phosphatase: Mixed 20 mg Napthol AS-MX phosphate 

and 2 ml Dimethylformamide (BDH #28425) in a glass container; added 98 ml 

Tris b e e r  0.1M pH8.2 (12.1 l g  Trizma base in water to make up 1000 ml) and 

1 0 0 ~ 1  1M Levamisole (0.1205 g levamisole in 5 0 0 ~ 1  water). May be stored at 

4°C for 2 weeks. Just before use, 1 mg/ml of Fast Red added. 

4.1.2. APAAP Protocol: 

Slides were precoated with 2x 5jd layers of 0.1 % Poly-L-Lysine in DEP-H20 within 

48 hrs. of use. For Cytospins of BAL specimens, the concen~ation of cells in lung lavage 

fluid was adjusted to 0.5 x 106/ml, and 0.1 ml was added per slide and placed in the Cytospin 

for 5 min. at 800 rpm; then airdried. The slides were then fixed in Acetone:Methanol 60:40 

for 5 min. at room temperature, then airdried for 1 hr. and stored at -20°C until processing. 

Lung tissue was blocked with OCT (Bayer) and kept at -80°C until use. Cryostat 

sections (6 pm) were cut and mounted on poly-L-lysine slides. Postfixation was done with 

1% paraformaldehyde for 1 hou,  and the antigen was detected by alkaline phosphatase anti- 

alkaline phosphatase (APAAP) technique using a monoclonal antibody for TNFa as 

previously described (344,345). 

Briefly, each section was incubated with 60p1 of pnmary monoclonal antibody for 

TNFa overnight in a hurnid charnber at 4°C; washed in TBS twice for 5 min. each; 2" 



antibody was added at 130 dilution in 20% rat senun, and incubated for 60 min. at RT; then 

the slides were washed again 2x 5 min. in TBS; and Avidin-APAAP (calf alkaline 

phosphatase and murine monoclonal antibody to alkaline phosphatase; Dako) 1:30 dilution in 

20% normal rat senun added for 30 min. The slides were washed hnce more in TBS, 

developed with Fast Red dissolved in alkaline phosphatase substrate; washed again with TBS 

x 2; then counterstained with Haernatoxylin; washed in water until clean; placed in Lithium 

carbonate for 20 sec.; rinsed and mounted with Crystal Mount. 

4.2. Simultaneous in situ hybridization/immunocyiochemistry and dual 

immunocytochernistry 

To assess the contribution of the pulmonary epithelium to TNFa production, dual 

immunocytochemistry using a monoclonal antibody for TNFa and polyclonal antibody for 

keratin was carried out on several sections (346). Simultaneous in situ hybridization for 

TNFa and immunocytochernistry for keratin was also done, to c o n f i  production of TNFa 

mRNA by the puimonary epithelium, as described (344). 

4.3. In situ hybridization for TNFa and IL-6: 

4.3.1. Reagents (made fiesh within 24 h of use using RNase &ee technique): 

0.1 M DEP-PBS: Dissolved 8.7 g NaCl; 0.272 g KH2P04; 1.14 g NarHP04 

(anhydrous) with 1 ml DEPC per liter ddH20; by mixing for 2 hours at room 

temperature in fumehood, then autoclaved x 25 min. 

DEP-H20: 1 ml DEPC added per liter of ddH20, and stirred for a minimum of 2 

hours in the fumehood, prior to autoclaving for 25 min. 

4% Paraformaldehyde: Added 60 g paraformaidehyde to 1.5 liters DEP-PBS; 

and mixed for 2 hours at 55OC in fimehood. Stored at 4OC until use. 

15% Sucrose PBS: Added 15g sucrose per 100 ml DEP-PBS. 

Hybridization Stock Solution: 50 ml of deionized formamide, 10 ml of 

SOxDenhards solution, and 10 g dextran sulphate were dissolved in 35 ml DEP- 

HzO; then 0.5 g sodium pyrophosphate and 5 ml of 10% SDS were added and the 

volume made up to 100 ml with DEP- HzO. Can be stored in aliquots at -20°C. 



20xSSC in DEP-H20: 175.3 g of NaCl and 88.2 g of sodium citrate were added 

to 800 ml of DEP-H20; pH adjusted to 7.0 with HCL; then volume made up to 1 

titre and autoclaved for 25 min. 

4M NaCl in DEP-&O: 233.76 g of NaCl were dissolved in 1000 ml DEP-H20, 

and autoclaved for 25 rriui. 

0.1M Glycine in DEP-PBS: Dissolved 2.25 g Glycine in 300 ml PBS. Stored at 

RT. 

0.3% Triton in DEP-PBS: Added 0.9 ml Triton X-100 to PBS. Stored at RT. 

Proteinase K solution: For 300 ml of solution, added 3.63 g Tris and 5.58 g 

EDTA (VWR Canada) to 300 ml DEP-H20, and kept at 37OC. Just before use, 1 

ml of Proteinase K (300 pg/ml stock solution of Proteinase K in DEP-H20) was 

added, 

Autoradiography solution (1) in DEP-H20: 296 ml DEP-H20 was heated in a 

conical flask to 37"C, and 4 mi triethanolamide (IOrnM) and 0.75 ml acetic 

anhydride added before use. 

Autoradiography solution (2) in DEP-H20: 300 d DEP-H20 was heated in a 

conical flask to 37OC, and 0.375 g N-eîhylmaiamide and 0.555 g iodoacetamide 

added before use. 

50% Formamide in 2xSSC: 150 ml of 4xSSC was heated to 37"C, and 150 ml 

formamide added before use. 

a RNase solution: (made day before post-hybridization). RNase 0.5 ml (final conc. 

20pg/ml) added to prewarmed 2xSSC 4Z°C. 

4.3.2. Sample Preparation: 

4.3.2.1. BAL Cytospins: 

Clean autoclaved slides were precoated with 2x 5pl layers of 0.1 % Poly-L-Lysine 

(mol. wt 150-300,000) in DEP-H20 within 48 hrs. of use. The concentration of cells in Iung 

lavage fluid was adjusted to 0.5 x 106/ml, and 0.1 ml was added per slide and placed in the 

Cytospin for 5 min. at 800 rpm; then airdried, and fixed in DEP-PBS for 30 min. at room 



temperature, followed by 2x 5 min. washes in DEP-PBS. The slides were then baked 

overnight at 37OC, and stored at -80°C until processing. 

4.3.2.2. Tissue Specimens: 

Lungs were inflated to 25 cm H20 with 4% Paraformaldehyde at room temperature 

for 30 min., then sectioned coronally into hilar/mid/ and peripheral lung sections and placed 

in 4% Paraformaldehyde for 2 hrs. M e r  fixation? the lungs were rinsed in 3 changes of 15 % 

PBS/sucrose (one h o u  between changes and the last one overnight at 4OC), then store in 15 

% PBS/sucrose at 4 OC. 10 pm cryostat sections were cut at -20°C onto poly-L-lysine coated 

slides, baked overnight at 37OC, and then processed immediately, or stored at -70°C until use. 

4.3.3. Procedure: 

In situ hybndization was c d e d  out as previously descnbed in detail (347,348). 

Briefly, the riboprobes for TNFa and IL-6 (sense and antisense) were generated by insertion 

of the complementary DNA fragments into pGEM expression vectors (Promega), and 

transcription in vitro in the presence of 3 5 ~ - ~ ~ ~  and the appropriate RNA polyrnerase (SP6 

or T7). Tissue sections were permeabilized with proteinase K' prehybridized with 50% 

formamide in 2% standard sodium citrate (SSC), and non-specific binding was blocked with 

N-ethylrnaleimide, iodocytamide, acetic anhydride, and dithiothreitol. Following 

hybridization with 3 5 ~  labeled probes at 42OC for 12 hours, unhybridized probe was removed 

by ribonuclease (RNase) treatrnent, and the slides were washed in decreasing concentrations 

of SSC (4 x SSC to 0.1 x SSC) pnor to autoradiography using Kodak K5 emulsion 

(Amersharn). Following exposure for 12 days, the slides were developed with Kodak Dl9  

developer (Interscience) for 3.5min; water 30 sec.; Kodak rapid fixer (Interscience) 5 min., 

tap water 20 min; and counterstained with haematoxylin. 

Histologic controls included: sections were treated with sense probe or hybridized 

with antisense probe following RNase pretreatrnent. Cytokine mRNA positive cells were 

identified by light microscopy and darkfield by an observer blinded as to treatrnent group. 

The number of positive cells for each lung block was expressed as the mean percentage of 

cells staining positive per total number of cells (detemiined by visualizing individual nuclei) 

per 3 high power fields. Sections fiom 2 lung blocks were examined per rat. 



4.4. Routine E&E and Lung Injury Scoring: 

Following Iung excision (as descnbed in Section 5), the lungs were placed in a 37°C 

humidified chamber, and inflated slowly to totd lung capacity (TLC), defined as the lung 

volume at a transpulrnonary pressure (Ptp) of 25 cm H2O. Pressures were measured with a 

Validyne HP 45 transducer and recorded on a Gould ES 1000 recorder. The lungs were then 

aliowed to deflate passively. This was repeated, and if an absence of airleaks was confi~rrned, 

defined as the ability to maintain a plateau pressure at TLC for 30 seconds, the lungs were 

randomly assigned to one of four ventilation groups as descnbed in Section 5 (isolated rat 

lung model). 

At the end of the 2-h ventilation period, repeat inflation to Ptp 25 cm H20 was done 

as above. The lungs were then fixed by intratracheal instillation of 10% neutral buffered 

formalin using a volume equal to hdf of the volume at TLC as determined fiom the initial 

PV curve, and kept in 10% neutral buffered formalin for 7 days prior to subrnission for 

processing and histologic andysis by a pathologist (C.M.), who was blinded as to the type of 

ventilation protocol used. Four 5 pm sections stained with hematoxylin and eosin were 

examined per set of lungs, one fiom each paraffin tissue block made fiom the right upper 

lobe, right lower lobe, left upper lobe, and lefi lower lobe. 

The sections were examined with particular reference to bronchiolar epithelial lesions 

(necrosis and epithelial sloughing) and hyaline membranes, using a modification (27) of the 

method of Nilsson and colleagues (90). In each lung the total number of membranous and 

respiratory bronchioles and alveolar ducts showing hyaline membranes were counted. Figure 

2-1 depicts representative normal and abnormal airways. An injury score for each airway 

type was obtained as the percentage of injured airways of each airway type. In addition, a 

total ainvay injury score was obtained for each animal by sumrning the individual airway 

type injury scores and expressing the result as a percentage of the maximal possible score. 



NORMAL 

Normal rnernbraneous bronchiole Injured rnernbranous bronchiole 

Normal respiratory bronchide hjured respiratory bronchiole 

Normal alveolar duct Injured aIveoIar duct 

Figure 2-1: H&E sections illustrating representative normal (lefi hand column) and abnormal (right 
hand column) airways. An injury score for each airway type (rnembraneous bronchioIes, respiratory 
bronchioles, and alveolar ducts) was obtained by determirhg the percentage of ùijured airways. See 
text for method. 



5. ISOLATED RAT LUNG MODEL 

Al1 animais received humane care in cornpliance with the "Principles of Laboratory 

Animal Care" formulated by the W h i t e  of Laboratory Animal Resources, the "Guide for 

the Care and Use of Laboratory Anirnals" published by the National Institute of Heaith (NIH 

Publication No. 86-23,1985), and the "Guide to the Care and Use of Experimentai Anïrnds" 

fomulated by the Canadian Couocil of Animal Care (CCAC 2nd Ed. 1993). 

5.1. Isolated Rat Lung Model 

To assess the effect of ventilation strategy on cytokine mRNA production in the lung 

independent of hemodynarnic effects, Mux of inflammatory cells, or systernic mediators, a 

previously charactenzed isolated rat lung mode1 was used (349). Following anesthesia (75 

mgkg ketamine and 2.5 m g k g  acepromazine i-p.), lungs from male Sprague Dawley rats 

(Charles River, St. Constant, Quebec, Canada) were excised via a midline sternotomy. 

Specifics of individual experirnental protocols varied slightly depending on the 

research question being addressed, and are provided in Chapter #3. Typically, following 

harvest, the lungs were then randomized to ex vivo ventilation (Harvard Rodent Ventilator, 

Model 683, Harvard Apparatus, South Natick, MA) for either 30,60, 90, 120, or 180 minutes 

in a 37OC humidified Plexiglas chamber using one of the following ventilatory strategies as 

illustrated in Figure 2-2: (1) a relatively non-injurious Control strategy with a physiologic 

tidal volume and low positive end-expiratory pressure (VT = 7 II1Vkg, PEEP = 3 cm &O); (2) 

a hi& end-inspiratory lung volume strategy with high PEEP (VT = 15 IIIUICg, PEEP = 10); 

(3) a strategy with equivalent high end-inspiratory lung volume as group 2 (as determined by 

pilot plethysmograph studies), but no PEEP (Vr = 40 m g ) ;  or (4) a strategy leading to an 

intermediate degree of lung distention with no PEEP (VT = 15 mlkg). These latter 3 

strategies were chosen to examine the relative effect of known "injurious" ventilatory 

parameters - Le., high end-inspiratory lung volume and low end-expiratory lung volume 

(350). 
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Figure 2-2: Schematic illustration of the 4 ventilatory strategies assessed: a non-injurious 

Control Strategy with low PEEP and a relatively small tidal volume; 2 low end-expiratory lung 

voIume strategies (hNZP,HVZP) - one with a hi& end-inspiratory lung volume (HVZP); and a 

strategy with an equivalent high end-inspiratory lung volume as HVZP, having the same tidaI 

volume as MVZP and high PEEP. 

5.1.1. Endpoints: 

9 Airway pressures during ventilation: Following Lung placement in the 37OC 

humidified chamber, lung airway pressures were transduced (HP 45 transducer, 

Validyne Engineering Corp., Northridge, CA) and recorded (Godd ES 1000 

recorder, Gould Inc., Cleveland, OH) over the ventilation penod. 



Blood for Cytokine ELISA's: In certain rats (as discussed in Chapte#3), 4 ml of 

heparinized blood were withdrawn fiom the right ventricle during lung harvest, 

centrifuged (Hettich Mikroliter D-7200, Diamed Lab Supplies Inc., Mississauga, 

Ont.) at 4OC, 3000g for 10 minutes, and the serum fiozen at -70°C for subsequent 

deterrnination of baseline Ievels of circulating cytokines. 

BAL for Cytokine ELISA'S: Lung lavage was canied out at the end of the 

ventilation penod, by sequentially injecting and withdrawing 2 ml diquots of 

saline 3 tirnes to the isolated, single left lung lobe (to ensure comparable sampling 

of the alveoli between groups without causing lung overdistention). The volume 

of return was recorded, the samples were centrifuged (Beckrnan Model TJ-6, Palo 

Alto, CA) at 2000 rprn 4°C for 10 minutes, and the ce11 free supematants fiozen 

and stored at -70°C until analysis. Several lungs underwent selective lavage of 

the isolated nght h g  or both lmgs to assess variability in measurement of lavage 

cytokines due to BAL sarnpling. 

BAL for Histologic studies: see Section 4.1.2 (ICC); Section 4.2.2.1 (ISH) 

BAL for Sudactant studies: see Section 8.1. 

Static lung compliance: was determined both pnor to and following the 

ventilation penod, after lung volume history was fust standardize by a sustained 

inflation to a transpulrnonary pressure of 25 cmHzO. The lungs were then 

allowed to deflate passively. Thereafter, 0.5 to 1.0 ml of air were injected in a 

stepwise fashion until a transpulmonary pressure of 25 crnHzO was reached, 

following which the deflation pressure volume c w e  was measured by 

withdrawing air in 0.5 to 1 .O ml increments. 

Tissue for Histologic Studies: see Section 4.1.2 (ICC); Section 4.2.2.2 (ISH); 

Section 4.3 (Histologic Lung Injury Scoring) 

Tissue for Northern Blot Analysis: Both lavaged and non-lavaged lung 

specimens were excised, snap-fiozen, and stored at -70 OC for tissue RNA 

extraction at the end of the experimental protocol. 



6. NQRTHERN BLOT ANALYSIS 

6.1. Probes: The cDNA probes for c-fs and T N F f i - I P  were generously donated by 

Asahi Chemical Industry Co. Ltd. of Japm, and Dr. D. Templeton (Department of 

Clinical Biochemistry, University of Toronto, Canada) respectively. The probes for 

surfactant proteins A, B, and C were generously donated by Dr. Veldhuizen 

(Department of Biochemistry, University of Western Ontario, Canada), and the 

probe for glycerddehyde-3-phosphate dehydrogenase (GAPDH) was purchased 

(Clontech Laboratories Inc., Pa10 Alto, CA). 

6.2. Stock Solutions: 

20 x SSC:  Prepared by dissolving 175.3 g of NaCl (fmal concentration of 3M); 

88.2 g cf sodium citrate-trisodium salt (300mM) in 1000 ml depH20; pH 7.0. 

20% (w/v) SDS Stock: Prepared by dissolving 20 g of SDS in final volume of 

100 cc W20. 

6.3. Procedure: 

Total cellular RNA was extracted from fiozen lung tissue using guanidine 

isothiocyanate as previously described (351). Aliquots of RNA were size hctionated by 

1.5% agarose-fomaldehyde gel electrophoresis, transferred to Hybond-N membranes 

(Amersharn Canada Ltd., Oakville, Ont.), and then pre-hybridized with 10 ml QuikHyb 

Hybridization Fluid (Stratagene, La Jolla, CA) per membrane, at 62' for 15 min. 1 x 106 

cpm/ml of [ 3 2 ~ ] d ~ ~ ~  random-primed probes (labeled as per the protocol, Random Primary 

DNA Labeling Kit, GIBCO Canada Inc., Burlington, ON) were then added and hybridized at 

62°C for 1 hour. 

High stringency washes were used for c-fo, TNFa, IL-1, and SP-A - consisting of 2 

washes with 2xSSC/O.l% SDS at room temperature for 15 min. each; followed by 0-lxSSC 

and O.I%SDS at 60°C for 30 min. For SP-B and SP-C - 2 washes with 2xSSC/O.l% SDS at 

room temperature for 15 min. each, were followed by lxSSC and O.j%SDS at 42°C for 30 

min. For G3PDH, the washes consisted of 2 washes with 2xSSC/O.l% SDS at room 

temperature for 15 min. each, were followed by lxSSC and 0.1%SDS at 4Z°C for 30 min. 



The membranes were autoradiographed using Kodak X-OMAT AR X-ray film with 

an h t e n s i m g  screen at -80°C. Following exposure, stripping of the membranes was done 

using boiling O. lxSSC and 0.1% SDS twice for 15 min. 

Relative amounts of specific mRNA were quantified by NIH Image version 1.5 

software for MacIntosh computers (349)' or Bio-Rad's Molecular ~ n a l ~ s t @  Software version 

1.5 for PC computers, and standardized to 28s ribosomal RNA (c-fos, TNFa, IL-1) or the 

housekeeping gene GAPDH (TNFa, SP-A, SP-B, SP-C) to minimize differences due to 

unequal loading. As illustrated in Figure 2-3, the 2 methods of standardization were shown 

to yield comparable results with regards to mRNA expression. 

7. PROTEIN IN BAL 

Total protein concentration in lung lavage specimens was determined in duplicate as 

per the protocol for the Pierce Coomassie Protein Assay (Pierce, Rockford, IL), using bovine 

serurn aibumin to construct the standard curve. 

Duration of Ventilation (min) 

Figure 2-3: Effect of ventilation on TNFa mRNA expression as assessed by Northem Blot analysis, 
standardized to 28s ribosomal mRNA (a) or GAPDH (b). Shown are the results for 30 and 120 minutes 
of ventilation with the HVZP strategy (n=3 each tirnepoint). Data are mean t sd. 



8. SURFACTANT ANALYSIS 

The measurements of surfactant amounts, and surface tension by bubble 

surfactometer were carried out in collaboration with Dr. R. Veidhuizen (Lawson Research 

Institute, University of Western Ontario, London, Canada), who also generously provided us 

with cDNA probes to assess steady state expression of surfactant protein A, B, and C mRNA. 

8.1. BAL technique: Surfactant was retrieved for analysis with 5 sequential lavages of 

12 ml of Normal Saline; with each aliquot being i n d e d  and withdrawn 3 times. 

8.2. Measurement of Surfactant Large and Small Aggregates 

Surfactant aggregates were isolated fiom lung lavage specimens as previously 

descnbed (275). Bnefly, the lung lavage was centrifuged at 150 x g for 10 minutes to obtain 

a cellular pellet. The supematant was then centrifuged at 40 000 x g for 15 min. to separate 

the large surfactant aggregates (LA, pellet) fiom the small surfactant aggregates (SA, 

supematant). The large aggregates, obtained from the 40,000g pellet, were resuspended in a 

small volume (approx. 2ml) of saline and aliquots were fiozen -20°C until m e r  use. The 

supematant containing the smali aggregates were also aliquoted and fiozen at -20°C until 

fhrther analysis. 

The total surfactant pool sizes were determined by phospholipid-phosphonis analysis 

on the various isolated subtractions. Aliquots of the crude lavage material, the cellular pellet 

fiom the 150g spin, as well as the large aggregates and small aggregates were extracted by 

the method of Bligh and Dyer (352). n ie  phosphorus in the different aliquots was then 

determined as described by Duck-Chong (352). 

8.3. Measurement of Surface Activity of Surfactant Large Aggregates 

The surface tension reducing activity of the surfactant large aggregates subfraction 

was assessed using a pulsating bubble surfactometer (Electronetics Corporation) as described 

by Enhoming (353). For this procedure, the large aggregates fractions from the animais were 

recentrifbged and resuspended in 150mM NaCI, 1.5mM CaClz at a concentration of 2.3 mg 

phosphoIipid/ml. Samples were then incubated at 37OC for at least 90 min. pnor to being 



analyzed. A bubble was then created in the surfactant suspension, and after 10 sec. 

adsorption, the bubble was pulsated for 3 minutes at 20 pdsations/min between the 

maximum bubble radius (Rmx) of 0.55 mm and a minimum bubble radius (Rmin) of 0.4 mm 

at 37°C. The pressure across the air-liquid interface was monitored by a pressure transducer. 

Surface tension was calculated using the Law of Young and Laplace which States that the 

pressure across a sphere is directly proportional to twice the surface tension and indirectly 

proportional to the radius, and reported as the surface tension at minimum bubble size after 

10 sec. of adsorption. 

9. STATISTICAL ANALYSIS 

Data were analyzed by PC cornputer using SigmaStat for Windows, Version 1.0 

(Jandel Corporation, SanRafael, CA). For our initial study (349, sample size was 

determined based on preliminary experirnents to be forty eight animds (n=6 per group) in 

order to detect a difference in cytokine concentration of 50%, with an estirnated standard 

deviation of 20%, a power of 0.80, and a = 0.05. Exclusion criteria included development of 

significant airleaks (such that comparable lung distention could not be attained), or death 

pnor to lung harvest. Al1 exclusions were replaced in the randornization process. 

Analysis of shifts in cornpliance curves was performed using paired t tests (354). 

Cornparison of multiple groups or effects was done using two or one way analyses of 

variance with the Student-Newman-Keuls correction for multiple cornparisons as appropriate 

(354). Significance was set at p 2 0.05, and results are presented graphically as mean + sd 

(or se where indicated). 



CHAPTER 3 

Experimental Designs and Results 
There are three kinds of lies: /ies, damned lies, and statistics. 

Benjamin Disraeli 1804-8 1 

As discussed in the Introduction, it is now recognized that mechanical ventilation c m  

not only exacerbate underlying lung injury, but also initiate such injury de novo. The precise 

mechanisms, however, are unclear, and the morbidity and mortaiity of acute respiratory 

failure and ventilator induced lung injury remains high. Of note, few patients die directly as a 

result of respiratory fdure. Rather, lung injury appears to predispose to the development of 

a systemic inflammatory response that culminates in multiple organ dysfunction syndrome 

(MODS) and death. 

One possible explanation for this observation is that mechanical ventilation serves to 

initiate andor propagate a local, as well as a systemic, inflammatory response. As such, I 

undertook a number of studies to address the global hypothesis that: 

Mechanical ventilation strategies that produce aberrant forces and non-physiological 
cell deformations, initiate an intammatory response involving widespread changes in 
cytokine expression within the lung capable of initiating andor augmenting Iocal (and 
potentially systernic) tissue injury. 

This global hypothesis was addressed in a number of studies which have been 

grouped according to the following specific hypothesb: 

1) Mechanical ventilation with strategies that entail tidal lung opening/collapse or high 

end-inspiratory lung volumes (lung stretch) leads to increased levels of inflanmatory 

cytokines within othenvise normal lungs, and has a synergistic effect in the presence 

of pre-existing lung inflammation. 

2) The changes in cytokine production induced by mechanicd ventilation are both time 

and ventilatory strategy dependent, and occur early in the pathogenesis of ventilator- 

induced lung injury. 



Lung epithelial cells lining the airways and alveoli are key players in ventilation- 

induced cytokine production. 

Ventilation-induced changes in surfactant, which c m  exacerbate aberrant forces on 

the lung, are tempordly associated with the ventilator-induced inflammatory 

response. 

At the cellular level, repeated large ce11 deformations lead to changes in lung 

cytokine expression. 

In this Chapter, the rationde, experimental designs, and results of the studies 

undertaken to address each hypothesis will be discussed. The technical details of the 

methods ernployed can be found in Chapter 2: Materials and Methods. 

1) HYPOTEIESIS: 

Mechanical ventilation with strategies that entail tidal lung opening/collapse or high end- 

inspiratory lung volumes (lung stretch) leads to increased levels of inflammatory 

cytokines within othenvise normal lungs, and has a synergistic effect in the presence of 

pre-existing lung inflammation. 

1.1. RATIONALE 

No study in the published literature, had addressed whether mechanical ventilation 

could tead to increased production of inflammatory mediators by the lung. As such, in this 

study we decided to determine whether particular ventilation strategies known to lead to 

ventilator induced lung injury - strategies employing low end-expiratory lung volumes or 

high end-inspiratory lung volumes, - of either healthy lungs, or lungs pre-exposed to an 

inflammatory stimulus (i-v. Lipopolysaccharide), could lead to changes in the lung 

inflarnmatory milieu as assessed by bronchoalveolar lavage levels of uiflammatory and anti- 

inflamrnatory cytokines. As we wished to assess the effect of the different ventilatory 

strategies on the lung, independent of confounding hemodynamic effects or inflwc of 

systemic mediators, an isolated rat lung mode1 was used. The effect of the ventilation 

strategies on the activation of cells at the transcriptional level was also determined for TNFa, 



as well as for c-fos - a representative immediate-early response gene with a stretch responsive 

promoter (3 3 2). 

The efEect of 4 different ventilatory strategies on the production of idammatory 

mediators in ex vivo isolated lungs was studied in the presence or absence of LPS-induced 

sepsis. Fi*-five male Sprague Dawley rats (Charles River, St. Constant, Quebec, Canada) 

were randornized in a blinded fashion to receive either 20 r n a g  of S. typhosa 

lipopolysaccharide (Lot 8 1H40 18, Sigma Chernical Co., St. Louis, MO; dose based on pnor 

experirnents illustrating a significant increase in s e m  cytokines within 1-2 hours, with a 

mortality of in 70- 100% within 24-48 hrs. (3 55))  or an equivalent volume of normal saline 

intravenously via the dorsal penile vein under ketamine (75 mgkg i-p.) and acepromazine 

(2.5 mgkg ip.) anesthesia. Following 50 minutes of spontaneous respiration to allow for 

development of a septic response, the lungs were excised via a midline stemotomy after 

induction of anesthesia with sodium pentobarbital (37 mgkg i-p.) and systemic 

heparinization (500 W/kg i-v.). Four ml of blood was withdrawn from the right ventricle 

during lung harvest, centrifûged (Hettich Mikroliter D-7200, Diamed Lab Supplies Inc., 

Mississauga, Ont.) at 4OC, 3OOOg for 10 minutes, and the serum fiozen at -70°C for 

subsequent determination of baseline levels of circulating cytokines. The excised lungs were 

placed in a 37OC humidified chamber, and airway pressures were transduced (HF 45 

transducer, Validyne Engineering Corp., Northridge, CA) and recorded (Gould ES 1000 

recorder, Gould Inc., Cleveland, OH) over the ventilation period. Prior to initiating 

ventilation the lungs were inflated twice to total lung capacity (TLC, defined as a 

transpulmonary pressure of 25 cm H20), followed by determination of static pressure-volume 

cuves. 

The lungs were then randornized to one of 4 ventilatory strategies, applied using a 

small animai, volume cycled ventilator (Harvard Rodent Ventilator, Mode1 683, Harvard 

Apparatus, South Natick, MA). Controls (C)  received a relatively non-injurious ventilatory 

strategy consisting of 3 cm H20 positive end expiratory pressure (PEEP), a tidal volume (VJ 

of 7 cckg, and a respiratory rate of 40 breaths per minute (bpm) with room air. To assess the 

effect of lung overdistention in the presence or absence of PEEP, we included a group 



ventilated with a iarge tidal volume with zero PEEP (RVZP: V, = 40 cckg, PEEP = O cm 

H20, 40 bpm), and a group ventilated with a moderate tidal volume and a hi& PEEP 

(MVHP: V, = 15 cckg, PEEP = 10 cm H20,40 bpm). These values were chosen based on a 

senes of preliminary experiments perfomed using a plethysmograph to determine 2 

ventilatory strategies with identical end-inspiratory h g  volumes. The fourth strategy 

consisted of an intermediate degree of lung stretch in the absence of PEEP (MVZP: V, = 15 

cckg, PEEP = O cm H20, 40 bpm). Al1 ex vivo ventilations were started 20 minutes after 

induction of anesthesia for lung harvest. 

Upon completion of 2 hours of ex vivo ventilation, static Iung cornpliance cuves were 

detemined again. The left lung was then lavaged 3 tirnes ushg 2 mi aliquots of normal 

saline. The effluents were pooled, centrifùged (Beckman Mode1 TJ-6, Pa10 Alto, CA) at 

2000 rpm for 10 minutes, and the ce11 kee supernatants fiozen at -70 OC for subsequent 

ELISA (TNFa, IL-1 P, IL-6, IL-IO, IF'Ny, and MIP-2). The lefi lung was excised, snap- 

fiozen, and stored at -70 OC for tissue RNA extraction and determination of steady state 

levels of TNFa and c-fos m A .  

Following anaiysis of the data, the above experimental protocol was repeated using 

24 non-septic rats randomized to one of the 4 ventilatory strategies, with a gas mixture of 

room air supplemented with 5% COz. This was done in order to determine the effect of 

cellular aikalosis, secondary to the different ventilatory strategies, on our findings. 

Seven experiments were excluded due to the development of significant air leaks 

following initiation of ventilation (1 M W ,  5 HVZP) or during lung harvest (one). Al1 

excluded experirnents were replaced in the randomization process such that there were 6 

animals per group in the final analysis. 

1.3.1. SIMILA~UWAND DIFFERENCES BETWEEN STUD Y CROUPS 

There were no significant differences between snidy groups with respect to rat weight 

(407 f 41 g). F i e  minutes f i e r  i.v. LPS, al1 rats had significantly eievated plasma TNFa 

concentrations (6056 t 1835 pg/ml) as compared to those receiving saline (54 + 37 pg/ml, p< 

0.0001). No significant differences in baseline plasma TNFa were found among the 4 



ventilation strategies for either saline or LPS treated animals. S e m  IL-IB was not 

detectabie at the time of lung harvest in any group. 

A: Saline 

= C MVHP MVZP HVZP 

B: LPS 

C MVHP MVZP HVZP 

Ventilatory Strategy 

Figure 3-1: Plasma TNFa concentrations at time of lung harvest in rats who received either iv saline 
(A) or iv LPS (B) fi@ minutes earlier. LPS significantly increased plasma cytokines as compared to 
saline (p<0.0001). No difference was found between rats randornized to the different ventiIatory 
strategies in either goup (Le., saline or LPS). Data are mean -t sd. 

LPS pretreatment did not significantly alter peak airway pressures as compared to the 

saline treated animals randomized to the same ventilation strategy (Table 3- 1). Likewise, no 

significant changes in peak airway pressures occurred over the ventilation period. The 

lowest ainvay pressures were observed in the control group (C). The peak airway pressures 

for the 2 ventilatory strategies with comparable end-inspiratory lung volumes (MVHP, 

HVZP), were not significantly different. 



Table 3-1: Peak Airway Pressures (cm H20) 
During ex vivo Ventilation Penod 

--- - 

VentiIation Strategy * Study Group 30 minutes 60 minutes 90 minutes 120 minutes 

Control 

MVHP 

MVZP 

HVZP 

saline 
LPS 

saIine 
LPS 

saline 
LPS 

saline 
LPS 

*Control peak airway pressure (Pa,) c MVZP < MVHP, HVZP (p < 0.05). No significant changes in 
peak Pa, were observed for identical ventilation strategies over tirne, or in the presence or absence of 
LPS. Data are mean +: sd. 

Table 3-2: Pooled Lung Lavage Retums 
and Lavage Protein Concentration 

Volume of Returns (ml): 

Controi M W P  MVZP HVZP 

Satine 4.2 * 0.3 

* 5% COz 4.4 -i: O. 1 

LPS 4.1 1 0.3 

Lavage Protein Concentration (uglml): 

Saline 113 *33  

* 5% COr 87 k 38 

LPS 126 * 22 

* repeat experiments ventilating non-septic lungs with room air + 5% COr ; : HVZP LPS > saline, p = 0.04 
data are mean f sd 



The volume of lung lavage retums for the ventilatory strategies were similar (Table 

3-2). Highest total protein concentrations were found in the HVZP lung lavage for dl 

treatment strategies, with lowest total protein concentrations in the lavage of those lungs 

subjected to control ventilation (Table 3-2). Within ventilatory strategies, there were no 

significant differences in Iung lavage protein concentration aside fiom an increased protein 

concentration in the LPS treated HVZP group, as compared to the saline treated HVZP 

group. 

Static pressure volume c w e s  for each study group pnor to and following the penod 

of ex vivo ventilation are s h o w  in Figure 3-2. No shifi in the curves was seen in the high 

PEEP group (MYHI'). A small but insignificant shift to the nght was observed in the control 

lungs (C) .  However, in the absence of PEEP, a significant reduction in lung cornpliance 

developed following 2 hours of ventilation (p c 0.0005 for MVZP and HVZP). 



A: Saline 

Pressure (cm H20) 

Figure 3-2: Static cornpliance curves of the lungs prior to ex vivo ventilation (a) and following 2 
hours of ex vivo ventilation (1). A significant rightward shift developed in both zero PEEP groups 
@<0.005 for MVZP, KVZP), whereas no shifi was observed in the presence of 10 cm of PEEP for 
either saline or LPS treated lungs. Data are mean + sd. 



1.3.2. EFFECT OF VENTILA TIONSTRA TEGY IN NORMAL LUNGS ON BAL CYTOKINES 

Figure 3-3 demonstrates the absolute levels of various infiammatory and anti- 

inflammatory cytokines in the lavage fluid of lungs randomized to i.v. saline. The lowest 

levels of inflarnmatory cytokines (TNFa, IL- IB, IL-6, MIP-2, and F N y )  were found in the 

control lungs (C), and the highest levels in the high volume zero PEEP group (HVZP). 

Levels of the anti-idammatory cytokine IL-IO, paralleled the increases seen in the 

inflammatory cytokines. 

Ventilation Strategy 

Figure 3-3: Effect of ventilation strategy on absolute lung lavage cytokine concentrations for the saline 
injected groups. A sirnilar trend was seen for al1 cytokines with lowest leveIs in the control group (C) and 
highest in HVZP. Despite sirnilar end-expiratory distention, MVHP ventilation had significantly lower BAL 
cytokine concentraticns than HVZP ventilation. *pc0.05 vs. Control, M W ,  MVZP; : p < ~ . ~ ~  vs. Control, 
MVHP; Pp<0.05 vs. Control. Data are mean + sd. 

1.3.3. EFFECT OF LPS PRETREA TMENT AND MECHA NZCAL VENTILA TION 
ON BAL CYTOKINES 

The absolute concentrations for the lavage cytokines in the animals treated with LPS 

are shown in Figure 3-4. The effect of ventilatory strategy in the LPS groups on lung lavage 



cytokines was comparable to that observed in saline treated animais with 2 notable 

exceptions. 

F i a  at the time point assessed (Le. 3 hours fiom injection of LPS), LPS caused a 

signincant increase in both TNFa and MIP-2. This is illustrated in Figure 3-4, which depicts 

the increase in cytokine levels for each strategy relative to the cytokine levels in the saline 

treated control groups. For TNFa, the increase with LPS was observed in 3 of the 4 

ventilatory strategies (C, M W ,  MVZP). LPS treatment did not produce a further 

significant increase in production of TNFa protein for the ventilatory strategy with the 

maximal effect on cytokine levels (HVZP). Second, MIP-2 in the LPS treated control lungs 

(C) was markedly increased, and had levels comparable to those of MVZP, and significantly 

greater than MVHP ventilation (p<0.05). 

Ventilation Strategy 

Figure 3-4: Effect of ventilation strategy on absolute lung lavage cytokine concentrations for the LPS injected 
groups. The pattern of lavage cytokines seen in response to ventilation strategy was similar to the saline treated 
groups except for MIP-2, in which the control group (C) had comparable levels to the MVZP group (both 
significantly increased vs. the MVW group). *p<O.05 vs. Control, MVHP, MVZP; =p<0.05 vs. Control, 
MVHP; 'p<0.05 vs. Control; Ip<0.05 vs. M W .  Data are mean f sd. 
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C MVHP MVZP HVZP 

Figure 3-5: Ratio of LPS study group BAL cytokine concentrations relative to saline treated controls. LPS (I) 
pretreatment resuited in significantly increased levels of Wcr for 3 of the ventilatory strategies (Le. == 5 fold 
increase for C, = 30 fold increase for MVHP, and = 37 fold increase for MVZP) as compared to saline-treated 
(0) controls. LPS also increased levels of MIP-2 for al1 4 ventilatory strategies, whereas no significant changes 
were seen with the other 4 cytokines assessed. As IL-6 and IFNy were undetectable in saline treated controls, an 
arbitrary value of 1 was assigned to aIlow cornparison. *p<0.05 vs. saline treated group. 



1.3.4. EFFECT OF LPS PRETMTMENT AND MECHANICAL C/ENTILATION ON LUNC 

STEADYSTATE LEVELS OF TNFa ??ZRNA 

TNFa M A  in the saline treated animals was found to increase with 3 of the 

ventilatory strategies as compared to the controls (Figure 3-6). The increase however, was 

less than that observed in TNFa protein (Le. saline treated HVZP vs. control - = 3.5 fold 

increase in mRNA versus = 56 fold increase in protein). LPS resuited in a M e r  sigiificant 

increase in TNFa mRNA for 3 of the 4 ventilation strategies (C, MVHP, MVZP). However, 

in the HVZP groups, LPS did not further increase either TNFa protein or mRNA. 

1.3.5. EFFECT OF LPS PRETREiiTMENT AND MECHANICAL VENTILATION ON LUNG 

STEADYSTATE LEVELSOFc-f0.S mRNA 

At the steady state mRNA level, similar to the increases observed in the levels of 

lavage cytokines, c-fos was found to increase with the different ventilatory strategies (Figure 

3-7). LPS did not have a significant effect on c-jüs mRNA levels. 

1.3.6. EFFECT OF INSPIRED pC& ON BAL CYTOKINES AND TISSUE LEYELS OF 

CYTOKYNE mRNA 

Assessment of IL-1 P by ELISA in the lung lavage of non-septic lungs ventilated with 

roorn air supplemented with 5% CO2 , revealed a similar trend to that observed wiîh room air 

alone (E-IVZP > MVZP > MVHP = C; p < 0.05). There were no significant differences in 

absolute concentrations of IL1 P as compared to room air aione, except for a lower value in 

the HVZP group (524 * 304.3 pg/ml). The increase relative to the Control ventilation group, 

however, was similar (26.9 fold with 5%COz vs. 24.5 fold). By Northern analysis, levels of 

mRNA for TNFa were not significantly different for the lavaged (left) versus the unlavaged 

(right) lung. 
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Figure 3-6: Northern blot analysis of lung homogenate TNFa mRNA levels for the various ventilation 
srrategies. Densitometric values for TNFa were standardized to 28s ribosomai RNA. TNFa mRNA 
in the saline treated animals increased for 3 of the ventilatory strategies as  compared to the controls 
("~0.05 vs. Control). in LPS treated animals, TNFa mRNA was significantly greater for MVHP and 
MVZP as compared to controls or HVZP (*p<0.05 vs. Control HVZP). Within ventilatory strategies, 
LPS was found to increase TNFa mRNA for 3 of the 4 ventilation strategies used (C. MVHP, MVZP: 
=p < 0.05). Data are mean + sd. 



a: Saline b. LPS 
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Figure 3-7: Northern blot analysis of lung homogenate c-fos mRNA for the various ventilation 
strategies. Densitometric vaiues for c-fos were standardized to 28s ribosomal RNA. A sirnilar trend to 
that observed for the BAL cytokine concentrations was seen in both d i n e  and LPS treated animds. 
The presence or absence of LPS was not found to make a significant difference in c-fos mRNA levels. 
*p<0.05 vs. Control; :p<0.05 vs. MVHP. Data are mean + sd. 



2) HYPOTHESIS: 

The changes in cytokine production induced by mechanical ventilation are both thne and 

ventilatory strategy dependent, and occur early in the pathogenesis of ventilator-induced 

lung injury. 

Having identified that 2 hours of mechanical ventilation could lead to increased 

production of a number of idammatory cytokines, including TNFa - a pivotal proximal 

cytokine in the inflammatory cascade - we hypothesized that both duration of ventilation as 

well as the particular ventilatory strategy used, influences the course of cytokine production 

in the lung at both the mRNA and protein levels; and that with certain strategies, significant 

changes occur less than 2 hours following initiation of ventilation - setting the stage for 

inflamrnatory ceIl infiltration. 

2.2. EXPERJMENTAL DESIGN 

The isolated rat lung mode1 as described in Section 1 was used. Following lung 

harvest, lungs were randomized to ventilation for periods of 30, 60, 120, or 180 min. with 

one of the 4 ventilation strategies - narnely: C (Vr = 7 mlkg, PEEP = 3 cm &O); MVHP 

(VT = 15 mVkg, PEEP = 10); MVZP (VT = 15 mlikg); or HVZP = 40 mVkg).  At the 

end of the ventilation period, lung lavage was carried out to measure levels of TNFa protein 

by ELISA (II = 5 each); or lung tissue was snap frozen for Northem blot analysis of TNFa 

mRNA expression (n=3 each). Additional lungs (n=3) were snap frozen immediately 

following lung harvest in order to determine baseline levels of TNFa expression in the h g .  

Changes in lung homogenate steady state levels of TNFa rnRNA, as assessed by 

No-rthem analysis, revealed a significant effect of both time @=0.005) and ventilation 

strategy @=0.01). Greater expression was found with the two Zero-PEEP ventilation 

strategies as compared to Control ventilation (Figure 3-7). Although there was a trend 

towards more TNFa rnRNA expression with the Moderate tidal Vo1urne:High-PEEP 

(MVHP) versus Control ventilation, the difference did not reach statistical significance. 
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Figure 3-8: Time course of changes in whole lung homogenate TNFa mFWA by Northern analysis. Data 
are mean k se of TNFa mRNA standardized to 28s ribosomal RNA. Both time (p = 0.01) and ventilation 
strategy (p = 0.005) had a signifiant effect on quantity of TNFcx mEWA in whole lung homogenates. TNFa 
mRNA was significantly greater with both Zero-PEEP ventilation strategies as cornpared to Control ventilation 
(p<O.OS). A HVZP (VdO) MVZP (VT15) . MVHP (VT15:PEEP 10) O Control ventilation 
(VT7:PEEP 3) 



The effect of ventilation strategy on lung lavage concentrations of TNFa (Figure 3-9) 

paralleled the changes observed in mRNA expression (Figure 3-8), and varieci significantly 

with both t h e  @ < 0.0001) and ventilation strategy (HVZP > MVZP > MVHP > Control, p 

< 0.000 1). Of note, within 30 minutes of ventilation with HVZP, a 36 fold increase in TNFa 

versus Control ventilation was seen. Over t h e ,  lavage concentrations of TNFa M e r  

increased with both Zero-PEEP strategies. 

The changes in lavage TNFa appeared to coincide with changes in lung compliance 

(Figure 3-10). For example, within 30 minutes of ventilation with HVZP there was a 

significant decrease in lung cornpliance; the same tirnepoint at which the lavage 

concentration of TNFa was found to be greatly increased. With MVZP ventilation, a more 

progressive decline in compliance over 3 hours was seen. In contrat, no significant change 

in compliance over tirne was found with either Control or MVHP ventilation - the same 

groups in which no significant change in lavage TNFa was found. As depicted in Figure 3- 

1 1, an apparent correlation between lavage TNFa and change in lung compliance was found, 

with an R~ of 0.62. 
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Figure 3-9: Time course of changes in lung lavage concentrations of TNFa Data are mean f se. Both tirne 
(p < 0.000 1) and ventilation strategy (p < 0.000 1) had a sipificant effect on lung lavage TNFa concentrations 
(A HVZP (Vyt0) > MVZP (VTL5) > H MVHP (VT15:PEEP 10) > O Control ventilation). *p < 0.05 vs. 
earlier tirne points :p < 0.05 vs. 30 min. ' p < ~ . ~ 5  vs. other 3 ventilation strategies; 'b<0.05 vs. MVHP and 
Control ventilation 



Duration of Ventilation (min.) 

Figure 3-10: Time course of changes in static lung compliance with the different ventilation strategies. 
Results are the mean t se percentage change in static Iung cornpliance at a transpulmonary pressure of 
25cmH20 for each lung relative to its own baseline compliance prior to initiation of the particular ventilation 
strategy. Both rime (p = 0.006) and ventilation strategy (p < 0.0001) had a significant effect on static lung 
compliance. With W Z P  (VT40) (A) a significant decrease in h g  compliance was found following 30 min. of 
ventilation. With MVZP (VT15) (v) the decrease in compliance occurred more gradually over time. No 
significant change in compliance over tirne was found for either Control (O) or MVHP Or,lS:PEEP 10) (1) 
ventilation. *p < 0.05 vs. baseline and other ventilation strategies :p < 0.05 vs. earlier time points 9p<0.05 vs. 
other ventilation strategies; 'b<0.05 vs. Zero-PEEP strategies qp<0.05 vs. HVZP. 
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Figure 3-11: Scatterplot of Percentage Change in Lung Cornpliance versus BAL 
Concentration of TNFa @&ni). By regression analysis R'= 0.62 



3) HYPOTEESIS: 

Lung epithelial cells lining the airways and alveoli are key players in ventilation-induced 

cytokine production. 

3.1. RATIONALE 

Due to the relative invasiveness required to perform lung biopsies, there is a paucity 

of studies examining the role of epithelial expression of cytokines in various disease States 

(such as ventilator induced lung injury). Rather, most studies have attributed the changes in 

cytokine production with various diseases to those cells retrieved by bronchoalveolar lavage 

(i.e., primarily alveolar macrophages and/or PMNs) (178,200,204,205,209,356-358). Given 

that there has been evidence in recent years that the pulmonary epithelium may play an 

important role in mediating injury and inflammation, and given that mechanical ventilation is 

a stimulus that acts on the whole lung surface, we hypothesized that the pulmonary 

epithelium rnight be an important player in the production o f  inflammatory cytokines due to 

injurious ventilation. As such, in diis study we examined the effect of injurious mechanical 

ventilation on the magnitude and distribution of expression of TNFa and IL-6 mRNA (two 

key inflammatory cytokines) within the h g .  

3.2.1. Preliminary Studies 

Prior to proceeding with labor intensive in situ hybndization studies on lung tissue 

sections, the following experirnents were performed: 

To assess whether residual blood in the vasculature of the ex vivo lungs was primarily 

responsible for the increased BAL cytokines, BAL levels of TNFa and protein were 

measured in ventilated lungs in which the pulmonary vasculature was flushed with 100 cckg 

low potassium dextran solution (359,360) prior to initiation of ventilation. 



Tissue steady state levels of mRNA for TNFa were also determined in lungs 

ventilated ex vivo with each of the 4 strategies then either subjected to lung lavage (to reduce 

alveolar macrophages) or not. 

3.2.2. Tissue in situ Hybridization and Immunocytochemistry 

We examined the effect of injurious mechanical ventilation on the magnitude and 

distribution of expression of TNFa and IL-6 mRNA (two key inflammatory cytokines) 

within the lung. A pathologist (Q.H.), blinded as to ventilatory strategy, used a semi- 

quantitative scoring system to assess the magnitude of changes in percentage of lung cells 

expressing TNFa or IL-6 mRNA following mechanical ventilation. Six rat lungs per 

ventilation strategy (the 4 previously described) were analyzed following 120 minutes of ex 

vivo ventilation. Given that a prior study had suggested that TNFa mRNA might have 

peaked earlier in those lungs subjected to the most injurious strategy (Le., HVZP) (349), 

additional lungs (n = 9) ventilated for shorter periods of tirne (30, 60, and 90 minutes) were 

included for this strategy to ensure that earlier changes in mRNA expression were not 

missed. In addition, kesh lungs (n = 3) preserved immediately following animal sacrifice 

were examined to determine baseline expression of TNFa and IL-6 mRNA in Sprague- 

Dawley rat lungs. 

Simultaneous immunocytochemistry for keratin, and in situ hybndization for TIWa 

was carried out to confirm whether the cells expressing increased signal for TNFa following 

injurious ventilation were epithelial. Immunocytochemistry for TNFa protein, as well as 

dual immunocytochemistry for TNFa and keratin was also done to assess the distribution of 

TNFa protein following injurious ventilation, in relation to the distribution of TNFa mRNA. 

3.2.3. Routine Histology and Lung Injury Scoring 

The effect of 2 hours of ventilation with each of the ventilation strategies on the 

development of lung injury was also determined (n = 20). A pathologist (C.M.) blinded as to 

ventilatory strategy, assessed 4 sections per lung (RUL, RLL, LUL, LLL) - using an injury 

scoring system previously described (Chapter 2). 



3.3.1. Preliminary Studies 

Although a significant decrease in BAL total protein concentrations was observed in 

those lungs ventilated with similar high end-inspiratory lung volumes (MVHP, HVZP) 

whose vasculature was flushed pnor to mechanical ventilation (Figure 3-13), the added 

"stress" of flushing lead to a significant increase, rather than a decrease, in BAL m a  as 

detected by ELISA (Figure 3-1 3) in d l  groups. 

No difference was found in tissue steady state levels of TNFa rnRNA following 2 

hours of ventilation in lungs subjected to bronchoaiveolar lavage at the end of the ventilation 

period (to reduce alveoiar macrophages) as compared to steady state levels of TNFa mRNA 

in lungs that were not subjected to lavage. 
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Figure 3-13: Effect of pulmonary vasculature flush prior to ventilation on BAL total 
protein concentration. a) Following 120 min. of ex vivo ventilation, significantly less protein 
was measured in the BAL of flushed Iungs ventiIated as compared to non-flushed lungs for both 
high end-inspiratory lung volumes groups (MVHP, HVZP). b) However, significantly more 
TNFa was found in flushed versus non-flushed lungs for al1 4 strategies. * p < 0.05 Data are 
mean t se. 



3.3.2. Tissue in s i .  Hybridization and Immunocytochernistry 

There were significant differences arnong ventilatory strategies in ce11 expression of 

TNFa or IL-6 mRNA as detected by in situ hybridization. Two hours of Control ventilation 

imllkg, PEEP 3 c-O) did not lead to increased expression of either TNFa or IL-6 as 

compared to Fresh lungs preserved immediately following animal sacrifice. However, a 

significant (approximately 5 fold increase in the percentage of cells positive for TNFa or IL- 

6 mRNA to in excess of 50% of ail cells) was found following 2 hours of either MVHP 

(VTIS:PEEP 10) or MVZP m15) ventilation as compared to Fresh lungs (Figure 3-13). 

With the HVZP strategy- which had previously been shown to result in far greater lung 

lavage levels of TNFa and IL-6 protein by 2 houn than the other ventilation strategies (349), 

a similar 5 fold increase in the percentage of lung cells positive for TNFa or IL-6 mRNA 

was found; but it occmed earlier, approximately 30 minutes afier initiation of ventilation 

(Figure 3-14). 

As depicted in Figure 3-15, the increased expression of TNFa or IL-6 mRNA in 

response to the injurious ventilation strategies occurred diffusely within the lung. Within 

ventilatory strategies, similar intensity and distribution of TNFa and IL-6 mRNA were 

found. Sections hybridized with sense probes, or hybridized with antisense probe following 

RNase pre-treatment, showed minimal signal (Figure 3-16), confming the specificity of the 

hybridizations. Simultaneous in situ hybridization for TNFa and immunocytochemistry for 

keratin, demonstrated that the majority of TNFa mRNA positive cells were epithelial in 

ongin (Figure 3-1 5, panel f ) ,  although other cell types, such as alveolar macrophages, were 

also positive for TNFa message. 

Immunocytochernistry for TNFa dernonstrated that the d i f i se  increase in epithelial 

expression of TNFa mRNA was accompanied by a d i f i se  increase in alveolar and ainvay 

epithelial expression of TNFa protein (Figure 3-17, panels a and b respectively). By visual 

inspection, dual immunocytochemistry for TNFa and keratin also localized the majority of 

changes in TNFa protein to the puimonary epitheliurn (Figure 3-17, panel c). A nurnber of 

other ce11 types, such as alveolar macrophages, also stained positive for TNFa. 



TNFa 
IL-6 

Fresh Control MVHP MVZP HVZP 

Ventilation S trategy 

Figure 3-13: Effect of 120 min. of ventilation on percentage of cells positive per hpf for TNFa or 
IL6  rn RNA by in situ hybridization. Data are mean t se for 36 hpflstrategy. Increased expression 
of both cytokines was found with 120 minutes of MVHP or MVZP mechanical ventilation. There was 
no significant difference in TNFa or IL-6 expression with Control ventilation as compared to lungs 
preserved imrnediately following sacrifice Vresh lungs). *p < 0.05 versus Fresh Lungs, Control, or 
HVZP groups 5p < 0.05 venus Fresh lungs, Control, MVZP or HVZP grooups. Data are mean + se. 
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Figure 3-15: In situ hybridization (dark field illuminations) for  TNFa and IL6 following 120 min. of 
ventilation. There was a diffuse increase in signal for TNFa rnRNA in lungs subjected to either VT15:Hi&- 
PEEP (MVHP) or VT15:Zero-PEEP (MVZP) ventilation for 120 min. (a and c respectively) as compared to 
Control ventiIation (e). The changes in IL-6 expression rnirrored the changes in TNFa for al1 groups (b, a 
representative section of  in situ for IL-6 following MVHP ventilation). Atthough increased expression of 
TNFa and IL-6 was seen within 30 min. of ventilation in the V&O:Zero PEEP (HVZP) group, by 2 hours (d) 
the number of  cells positive for signal was similar to Controls. Simultaneous in situ hybridization (TNFa, 
white pins) and immunocytochemistry (keratin, brown stain) demonstrated that the majority of  TNFa  positive 
cells were epithelial (0. 





Please see next page for figure 

Figure 3-16: Representative negative controls for in situ hybridizations. Pane1 A) Bright field of section 
hybridized with sense probe for TNFa. Panel B) Darkfield of section pretreated with RNase prior to in situ 
hybndization for TNFa. 
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Figure 3-17: Irnmunocytochemistry for TNFa in Iungs subjected to injurious mechanical ventilation. A) 
A representative section fiom the MVZP group. Diffuse alveolar epithelial staining for TNFa was found. 
Positive ceIls stain red (APAAP technique). B) Dif ise  staining for TNFa was also found in airway epithelium 
(arrow). C) High power magnification of dual immunocytochemistry for TNFa (deveIoped by peroxidase, 
brown) and keratin (developec! by fast red), with the arrow illustrating an alveolar epitheIial ce11 staining 
positive for both. 





3.3.3. Routine Aistology and Lung Injury Scoring 

The effect of ventilation strategy on histologic evidence of lung injury, with particular 

reference to epithelial injury (e-g., see Figure 2-1, (90)) is shown in Figure 3-18. Briefly, 

bronchioles in more normal ("uninjured") lung sections were lined by rnorphologically 

normal simple columnar epithelium, and had the normal distribution of ci1iated:non-ciliated 

respiratory epithelium (i.e. .i 1 : 1 in rats). In these sections the respiratory bronchioles were 

lined by histologically normal simple cuboidal epithelium and alveolar ducts are lined by a 

normal population of type I and II pneurnocytes, with occasional alveolar macrophages free 

in airspaces. 

In lung sections with "injured" bronchioles and alveolar ducts, the dominant change 

in the rnembranous and respiratory bronchioles was epithelial ce11 necrosis with sloughing, 

flattening, denudation, and aggregates of necrotic and nuclear debris in the lumens. Injured 

alveolar ducts were prirnarily characterized by hyaline membrane formation, some 

inflarnmatory ce11 infiltration, and acinar over-inflation. A striking fmding in many of the 

very injured acini were nurnerous clurnps of arnorphous deeply basophilie material and with 

linear, eosinophilic and refiactile crystals, consistent with nuclear debris sloughed in the 

airways and crystal pneurnonitis (a recognized condition in rodents usually associated with 

concurrent pulrnonary inflammation). Also present in sections of "injured" lung were 

scattered examples of peripherai alveolar histiocytosis. 

Two hours of ventilation with high end-inspiratory lung volume and PEEP (Le., 

MVHP) resulted in comparable minimal injury as that seen with Control ventilation (Figure 

3-18). With MVZP ventilation, a slight increase in lung injury was seen, and found to be due 

to an increase in distal airway injury (no difference was found in injury at the membranous 

bronchiole level); whereas with HVZP ventilation widespread epithelial injury occurred 

(percentage of injured alveolar ducts .i percentage of injured respiratory bronchioles = 

percentage of injured membranous bronchioles) (Figure 3-19). Within al1 strategies, no 

significant differences were f o n d  in the injury scores of the various lungs regions (right 

upper/right lower 10 bes; left upper/left lower lobes). 
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Figure 3-18: Total lung injury scores for lungs subjected to 2 hours of ventilation with 
one of 4 different strategies. As discussed in Chapter 2, the injury score used is a 
modification of that by Nilsson et a1.(90) that quantifies the % of dista1 airway injury in the 
h g .  Control ventilation was comparable to M W .  Significantly greater injury was found 
with both zero PEEP strategies (HVZP > MVZP). * p < 0.05 vs. other strategies # p < 0.05 
vs. C, MVHP Data are mean + se. 
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Figure 3-19: Injury scores for Membranous Bronchiole, Respiratory Bronchiole, or  Alveolar Duct 
levels in lungs subjected to 2 hours of ventilation. Airway injury scores for the distal alveolar ducts was 
> than the respiratory bronchioles > membranous bronchioles (p<0.0001); and injury with HVZP was > 
MVZP > C > MVHP (p<0.001) . Within ventiiatory strategies, injury was equally distributed at al1 levels 
with HVZP. With both Control and MVHP ventilation some minimal dista1 injury was observed (alveolar 
ducts/respiratory bronchioles > membranous bronchioles; whereas with MVZP there was a progressive 
increase in injury from proximal to distal. For individual airway levets, Control was comparable to 
MVHP, and bath these strategies were less injurious that MVZP < HVZP. * p < 0.05 vs. other levels 
within strategy # p < 0.05 vs. same airway level in C, MVKP strategies & p < 0.05 vs. same 
airway level in other strategies. Data are mean t se. 



4) E-ICYPOTHESIS: 

Ventilation-induced changes in surfactant, which can exacerbate aberrant forces on the 

lung, are temporally associated with the ventilator-induced inflammatory response. 

As discussed in Chapter 1, surfactant plays an important role in distal airway and 

alveoli stability; and surfactant dysfunction has been shown to predispose the lung to M e r  

injury by mechanical ventilation. Furthemore, in a number of other experimental models, 

mechanical ventilation has been shown to affect surfactant function. And, surfactant has 

been shown to have immunoregulatory properties. Given that the increases in BAL levels of 

TNFa (Figure 3-9) appeared to be associated with decreases in lung static cornpliance 

(Figure 3-10, Figure 3-1 l), we examined the hypothesis that ventilation induced changes in 

surfactant, which can exacerbate aberrant forces on the h g ,  are temporally associated with 

the ventilator-induced inflammatory response in our model. 

Lungs fiom Sprague Dawley rats were randornized to ventilation for either 30 or 120 

min. with 1 of the 4 previously descnbed ventilatory strategies - i.e. (1) a relatively non- 

injurious Control strategy; (2) a high end-inspiratory lung volume strategy wiîh high PEEP 

(MVHP); (3) a strategy with equivalent high end-inspiratory lung volume as group 2, but no 

PEEP (HVZP); or (4) a strategy leading to an intemediate degree of lung distention with no 

PEEP (MVZP)(n=5 each). At the end of the ventilation period, surfactant was retrieved for 

analysis with 5 sequential lavages of 12 ml of  Normal Saline; with each aliquot being 

instilled and withdrawn 3 times. An additionai 5 lungs lavaged immediately following 

harvest (Le. unventilated) were used to deterrnine baseline measurements. Amounts of total 

surfactant, large and small surfactant aggregates, and 10 second adsorption of surfactant 

aggregates (a reflection of surface tension) was determined. The effect of ventilation strategy 

on tissue steady state levels of mRNA for surfactant proteins A, B, and C were also 

detennined by Northern blot analysis. 



4.3. RESULTS 

There were no significant differences in the BAL, returns for al1 groups (47.9 + 2.21 

ml). An increase in the surface tension following 10 second adsorption of surfactant 

aggregates (Figure 3- 20), was found with both zero PEEP strategies, that appeared to 

coïncide with the changes observed in static Iung cornpliance (Figure 3-10). For example, 

with HVZP a significant difference was observed by 30 min. of ventilation; whereas with 

MVZP, a significant difference was observed by 120 min. 
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Figure 3-20: Effect of Ventilation on Surface Tension measured following 10 sec, of 
adsorption of surfactant large aggregates. Both tirne (p = 0.005) and ventilation strategy 
(p < 0.001) had a significant effect on the surface tension following I O  seconds of adsorption 
of surfactant large aggregates retrieved by bronchoaIveolar lavage. With HVZP ventiIation, a 
significant increase was observed within 30 min. of initiation of ventilation (* p < 0.05 vs. 
earlier tirnepoint or other strategies). By 120 min. of ventilation, surface tension was 
increased for both MVZP and HVZP as compared to Control ventilation (# p < 0.05). Data 
are mean + sd. 



The increase in surface tension, and decrease in luqg cornpliance with zero PEEP 

ventilation, was not due to a decrease in surfactant levels - as total surfactant was found to 

increase with ventilation with al1 4 strategies (Figure 3-21). With HVZP ventilation, a 

significant increase in surfactant occurred within 30 min. of initiation of ventilation. 
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Figure 3-21: Effect of ventilation on total amount of surfactant. The arnount of surfactant retrieved 
by BAL, was found to be both time (120 min. > 30, O min.; p < 0.00 1) and ventiIation strategy (HVZP 
> C, MVHP; p=0.01) dependent. Ventilation with HVZP lead to a significant increase within 30 min 
of ventilation (* p<0.05 vs. baseline or C, MVHP). By 120 min. of ventilation, simiIar leveis of  
surfactant were found with al1 4 ventiIation stratecies. Data are mean 2 se. 



The increase in surface tension and decrease in lung cornpliance with zero PEEP 

ventilation was not due to a decrease in more fùnctiond surfactant large aggregates and an 

increase in less functional small aggregates. Although a slight increase in surfactant srnail 

aggregates did occur with tirne, there was no difference between ventilatory strategies 

(Figure 3-22a). Rather, zero PEEP ventilation lead to an increase in surfactant LA. With 

HVZP ventilation, this increase was seen within 30 min. of initiation of ventilation; and with 

MVZP, a similar increase in surfactant LA occurred by 120 min. (Figure 3-22b). 
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Figure 3-22: Effect of Ventilation on Surfactant Large and Smali Aggregates a) No significant differences 
were found in the amounts of surfactant small asgregates (the less fiinctional subûaction) between ventilation 
strategies, although an hcrease with ventilation was seen in al1 groups as cornpared to baseline (120 min, 30 
min. > O min.; p = 0.001). b) However, levels of surfactant large aggregates were both time (120 min. > 30 
min. > O min.; p < 0.001) and ventilation strategy dependent (p<0.000 1). Within 30 min. of ventiIation with 
HVZP, a significant increase in LA occurred. With MVZP, a similar increase was found by 120 min. * p < 
0.05 vs. other strategies and baseline ' p c 0.05 vs. earlier tirne points and MVHP a p < 0.05 vs. baseline and 
m. 



Time and ventilation strategy were found to have a significant effect on tissue steady 

state levels of mRNA for the severd of the surfactant proteins assessed (Figure 3-23). The 

greatest decrease with tirne was seen with the HVZP strategy (the strategy in which the 

greatest increase in levels of TNFa mRNA had been found). 
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Figure 3-23: Expression of mRNA for Surfactant Proteins A, B, and C with Ventilation a) Although 
there was a trend towards lower levels of SP-A mRNA with HVZP as compared to the other groups, this 
did not reach significance. 6 )  Both time and ventilation (C>MVHP,HVZP; MVHPXWZP) had a 
significant effect on SP-B mRNA. * p < 0.05 vs. zero PEEP groups, baseline; f! p <0.05 vs. baseline; 
&p < 0.05 vs. C at 120 min.; @ p<0.05 vs. MVZP at 60 min. c) Both time and ventilation (HVZP < other 
groups) had a significant effect on SP-C mRNA. * p < 0.05 vs. baseline. 
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Figure 3-24: Expression of mRNA for Surfactant Proteins A, B, and C with Ventilation. This figure 
depicts the same data as Figure 3-23, rearranged to more clearly illustrate the simiIar trends for SPA, B, 
and C mRNA within ventilatory strategies. 



5) HYPOTRESIS 

At the cellular level, repeated large cell deformations lead to changes in lung cytokine 

expression. 

A possible mechanism for the ventilator-induced changes in ce11 activation and 

production of mediators is mechanotransduction - the conversion of ce11 or receptor 

deformation into biochemical responses that activate intracellular signal transduction 

pathways, cytoskeletal organization, gene expression, and rnetabolism or differentiation 

(179). Given that investigators had demonstrated changes in a variety of intracellular and 

extracellular products in response to either lung or lung ce11 stretch (1 8 1,184,36 1,362), and 

that we found that mechanical ventilation produced changes in TNFa and IL-6 mRNA 

principally in the airway and alveolar epithelium, we hypothesized that repeated large 

deformations of epitheliaf cells, as a consequence of mechanical ventilation plays a role in 

ventilation-induced cytokine production. 

5.2. GENERAL EXPERIMENTAL PROTOCOL 

We chose to use adult rat type II alveolar ce11 cultures for these studies to minimize 

the differences between the in vitro studies and our previous studies at the whole organ level, 

and to avoid encomtering differences due to the use of transfonned ce11 lines. In addition, 

well established techniques for reproducible isolation of viable type II cells are available, 

whereas for type 1 alveolar cells they are not. Furthemore, alveolar type II cells comprise 

approxirnately 14% of the cells in the rat lung (type 1 pneumocytes -. 9%: and alveolar 

macrophages z 3%) (563-366), are the progenitor ce& for type I alveolar cells (367) (and as 

such, their numbers are greatly increased in lung injury), and have been s h o w  to produce a 

nurnber of inflammatory mediators including various cytokines (240). 

For al1 the studies described below, following isolation of the rat type II alveolar cells 

(368) (described in detail in Chapter 2), the cells were plated and cultured for 48 hours to 

allow them to recover from the stress of isolation and attain confluence (368-3 7 1,371). For 

exarnple, Lee et al. nicely illustrated that reestablishrnent of alveolar cell-ce11 communication 

via gap junctions is time dependent in culture (371). Culture for a couple days was required 

in order for membrane deformation of a single type II ce11 (which leads to increased 



intracellular calcium) to also produce increased intracellular calcium in adjacent cells by 

octanol-sensitive pathways (a gap junction inhibitor). The stress of ce11 isolation also 

produced a significant increase in media concentrations of cytokines ( ~ 1  O00 p g / d  TNFa if 1 

x 106 pneumocytes plated), which declined to lower baseline levels by 48 hours of culture ( < 

50 pg/ml ). 

The media overlying the cells (DMEM-lO%FBS) was changed at 24 hours (or daily 

for longer term cultures), and just prior to ce11 stretch. The ce11 strain apparatus used for the 

vast majority of these studies  as the Flexercell FX-2000. In this model, cells plated on up 

to 6 Flex 1 culture plates (6 wells each, 25 mm diameter) having a flexible substratum (that 

c m  be coated, or purchased already coated with a variety of matrices), are placed on a 

baseplate. Negative pressure generated by a vacuum leads to stretching and downward 

deflection of the flexible substratum, producing strain which tapers in a nonlinear fahion 

towards the center of the wells; and is greatest on those cells near the periphery of the wells, 

and least on those in the center of the wells. The magnitude and fiequency of cyclic stretch 

can be controlled via adjustments in the negative pressure applied (to a maximum of -25 Wa, 

which produces a maximum strain of 30% at the penphery of the wells) and controlling the 

opening and closing of valves located between the vacuum source and the baseplate. Thus, 

the ce11 stretch response reflects the sum of responses of individual cells exposed to different 

cyclic deformations (e.g., ranging fkom O to 30% depending on their radial location on the 

well membrane and the vacuum pressure used). 

To minimize bias and differences among groups, ody  Flex 1 plates (i.e., plates with 

flexible bottoms) were used, and randomization of plates to stretch versus non-stretched was 

performed just prior to commencement of the particular stretch protocol under investigation. 

In addition, results from several wells per plate, several plates per group, and 2 or more 

separate isolations were used to eliminate spurious findings due to well-well, plate-plate, or 

ce11 isolation-ce11 isolation. The purity of the p r i m q  cultures from each isolation (Le., % 

type II cells) was also detennined by histochemical staining for alkaline phosphatase. 

Typically 95-97% of plated cells stained positive. Two isolations in which higher % of 

contarninating cells were found (i.e., 18% and 20%) were excluded from analysis. 

The effect of stretch versus contemporaneous static controls on cytokine 

concentrations (e-g., TNFa, MIP-2) was measured by ELISA in aliquots of media taken 



intermittently and at the end of the experiments. In addition, al1 experiments included an 

assessrnent of the effect of stretch on ce11 viability. Initially, ce11 viability was assessed using 
14 a technique reported to work well in fetal lung cells - C-adenine uptake and release 

(341,372). We found, however, that the spontaneous rate of I4c-adenine release was high in 

adult type II cells, making it difficult to detect small differences between groups. Thus, an 

alternative assay of ceil viability that employs sirnultaneous staining of cells witb fluorescein 

diacetate and propidium iodide was used (see Chapter 2). Light microscopie examination 

was also carried out on all wells (stretched and non-stretched) intennittently and at the end of 

the experimental protocols to record any differences in morphology or detached cells. 

The rationale and individual experimental designs used to address the effect of a 

number of variables on the stretch response of type II cells depended in large part upon the 

negative fmdings of preceding studies. Thus, to minllnize repetition in descnbing the 

experiments, the specifics of each protocol will be discussed below in conjunction with the 

corresponding results. 

5.3. INDIVIDUAL EXPERIMENTAL PROTOCOLS AND RESULTS 

Initially, expenments were carried out to determine whether 4 hours of stretch with 

15 cpm at a greater (-25 kPa, equivalent to a maximal ce11 stretch of 30%) or lesser amplitude 

(-1 SkPa, equivalent to a maximal cell stretch of 20%) would lcad to a difference in type II 

release of TNFa or viability. For these studies, a seeding density of 2 x 106 cells/well was 

used, stretching was begun 48 hours after plating, and the media sampled at 1,2, and 4 hours. 

No significant difference between stretched and non-stretched cells was found. Of 

importance for the design of subsequent expenments, we also found no difference in ce11 

detachment or ce11 viability in stretched versus non-stretched cells, even at the maximum 

strain setting (Le. - 25 kPa). Thus, unless otherwise noted, the amplitude of strain in al1 

subsequent studies remained -25 kPa in order to maximize the chances of picking up a 

difference in stretched as compared to static controls (361). 

The effect of increasing the cycles per minute to 60 on release of cytokines (TNFa 

and MIP-2) or viability was assessed. Once again, no difference was found in type II 

alveolar cells stretched up to 8 hours versus concurrent unstretched controls. Similarly, no 



difference was found in type II cells stretched versus non-stretched for periods of 2,4, 16, 24, 

and 48 hours. 

Given that the sarne mechanical stimulus has been shown to produce a dif5erent 

response depending on the presence of soluble factors or the type of  extracellular matrix 

(373,374), we also tested the effect of stretch on plates coated with type 1 collagen, elastin, 

fibronectin, or Laminen. No differences in ce11 viabiIity or cytokine production were found. 

As rat type II alveolar cells in culture undergo a number of morphologie and 

pheno~.pical changes with tirne, assurning a number of morphologicai and phenotypicai 

features characteristic of type 1 cells (375-377), we also assessed the effect of stretch for 4 

hours on cells plated for 48 hours, 5 days, or 7 days. As has been previously docurnented 

(378,379), with increasing time in culture, significant changes in ce11 morphology and loss of 

alkaline phosphatase staining were found. Imrnediately following isolation, a preponderance 

of small round cells consistent with type II cells were evident by light microscopy. By 48 

hours, at seeding densities of > O S  x 106 cells per well a confluent Layer of polygonal cells 

containing cytoplasmic granules were observed. With increasing time in culture, the cells 

progressively becarne flatter and more spread out, with loss of inclusions, and occasional 

cytoplasmic projections. increased numbers of spindle shaped cells also became quite 

evident by 7 days. No differences in ce11 viability, ce11 detachment, or TNFa production 

were found (Figure 3-25), however, in stretched as compared to unstretched cells. 

Concurrent with these studies, LPS (0.1 pg/rnl) was added to 2-3 wells per plate to 

determine whether the cells retained ability to produce TNFa, as well as to determine if 

stretch would have a synergistic effect when combined with an inflamrnatory stimulus. 

Although LPS elicited a significant increase in levels of TNFa or MIP-2 in the media (e.g. 4 

hours post 0.1 &ml given to 2 x 106 cells would increase media TNFa = 700 pg/ml), there 

was no difference between stretched and non-stretched wells. As an aside, LPS was also 

noted to prolong and increase the staining for alkaline phosphatase of type II cells in culture. 
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Figure 3-25: - Effect of 4 hours of maximal stretch on media concentrations of 
TNFa by cells in culture 2 to 7 days. No sipificant differences were found 
in stretched as compared to non-stretched ceIls at al1 tirnepoints assessed. 

As macrophages are important cells involved in cytokine networking within the lung, 

and have been shown to influence type II ce11 behavior in vitro (380,38 l), we investigated the 

effect of stretch of type II cells in the presence of increased macrophages. Contrary to our 

expectations, in 2 ce11 isolations we found a trend towards higher spontaneous release of 

TNFa 48 hours following seeding of wells with 2 x 106 type II pneumocytes (21 -5 + 1 1.1 

pg/ml) than in wells seeded with 2 x 106 aiveolar macrophages (5.83 f 9.0 pg/ml). Of note, 

no difference was found in stretched versus non-stetched wells containing increased 

percentages of macrophages (25% or 40% as detennined by relative nurnber of cells plated, 

and assessrnent of the relative number of cells staining positive for alkaline phosphatase at 48 

hours). However, in response to LPS stimulation (0.05 &ml for 5 hours) the concentrations 

of TNFa levels were greater with 2 x 106 macrophages (3500 f 282.8pglml) as compared to 



0.5 x 1 o6 macrophages CO-culhired with 1 -5 x 1 o6 pneumocytes (total cells = 2 x 1 06; 21 66 t 

288.7pg/ml), which in turn were greater than those seen with 2 x 106 pneumocytes (900 k 

360.6 pghl) .  Thus, it appecus that with endotoxin stimulation macrophages appear to 

produce greater amounts of TNFa per cell than type II pneumocytes. 

As alveolar epithelial cells have been shown to interact with a nurnber of ce11 types 

aside fkom macrophages (382-384), we next investigated whether increased numbers of other 

cells would affect stretch induced production of cytokines. A mixed cells population was 

obtained by excluding the IgG plating step of the type II isolation protocol (339,385). Once 

again no difference was found in stretched versus non-stretched cells. 

Finally, as a limitation of the standard Flexercell rnodel is the failme to provide bi- 

axial ce11 stretch (as is likely to occur in an expanding alveolus), pilot studies were carried 

out using a recently developed model that provides uniform biaxiai strain. Unfortunately, a 

software problem inherent in the system at the time of these pilot studies lirnited the 

maximum uniform biaxial stretch to 5%. At this setting ("maximum"), repetitive stretch at a 

fiequency of 20cpm for up to 60 hours produced no difference in media TNFa as compared 

to static controls. Further studies were not pursued pending improvement of the model. 



CHAPTER 4 

Conclusions and Discussion 
Appearances to the mind are of 4 &in& 
Things either are what they appear to be; 

or they neither are, nor appear to be; 
or they are, and do not appear to be; 

or they are not, yet appear to be. 
Rightty ro airn in all these cases 

is the wke man's task 

Epictetus, 2nd century AD 

mechanicai ventilation is a life-saving intervention, it can lead to lung 

injury that is a significant source of morbidity and mortality in the critically ill. The precise 

mechanisms of injury, however, remain unclear despite extensive research into the 

physiologic and structural sequelae of various ventilatory strategies. In this thesis, a series of 

studies were undertaken to investigate the global hypothesis that : 

Mechanical ventilation strategies that produce aberrant forces and non- 
physiological ceIl deformations, initiate an inflamrnatory response involving 
widespread changes in cytokine expression within the lung capable of initiating 
andor augmenting local (and potentially systemic) tissue injury. 

The data fiom these studies clearly demonstrate that certain ventilatory strategies - 
those with high-end inspiratory lung volumes of low end-expiratory l m g  volumes - can have 

significant effects on lung production of a number of inflammatory mediators. Furthemore, 

they illustrate that the vast pulmonary epithelium is a key producer of idammatory 

cytokines in response to injurious ventilation. These findings support a previously 

unexplored mechanism of ventilator-induced injury - one that is mediator and cell based as 

opposed to simple mechanical disruption (for which we have coined the term "biotraurna"). 



In this chapter, results fiom the various studies undertaken to address different 

aspects of the global hypothesis will first be discussed (Section i). This will be followed by a 

general discussion of the limitations of the rat models used, how our findings relate to those 

fiom a number of recent studies using a variety of models (including humans), and the 

implications of our findings for ventilatory management (Section II). 

SECTION 1: CONCLUSIONS AND DISCUSSION OF STUDWS 

1.1. Mechanicai ventilation with strategies that entail tidal lung opening/coIlapse or 
high end-inspiratory lung volumes (lung stretch) leads to increased levels of 
inflammatory cytokines within otherwise normal lungs, and bas a synergistic 
effect in the presence of pre-existing Iung inflammation. 

In this study, ventilation of ex vivo rat lungs with one of 4 ventilatory strategies was 

found to have significant effects on lung lavage concentrations of a number of cytokines as 

well as effects on tissue expression of an immediate early response gene (c-fus) and TNFa 

mRNA. These findings support the concept that mechanical ventilation may have a 

significant influence on the Ulnammatory/anti-inflarnmatory milieu of the normal or septic 

lung and thus, may play a role in either initiatirig or propagating a local as well as a systemic 

inflammatory response. 

As discussed in the Introduction, both high end-inspiratory lung volumes or low end- 

expiratory lung volumes have been found to lead to lung injury. Thus, to assess the relative 

effects of these factors on lung production of cytokines, in this study we compared the effect 

of two lung "overdistention" strategies with identical end-inspiratory volume but different 

levels of PEEP (MVKP, HVZP), as well as a strategy with intermediate lung distention and 

no PEEP (MVZP); to a "non-injurious" control strategy (C) having a low end-inspiratory 

h g  volume and PEEP. Of note, although the tidal volume in the HVZP groups may seern 

exceedingly large, it was chosen to emulate the regional distention thought to occur in 

heterogeneously injured lungs. In patients with ARDS, Gattinoni et al. have demonstrated 

that patients have significant collapse/consolidation of dependent lung regions (1 3,15) which 

can reduce the volume of the aerated lung to as little as 20% of normal. In such patients, 

ventilation with tidal volumes of 9 cckg (which falls in the lower end of the spectrum of 

conventional tidal volumes used in clinical practice) results in overdistention of the non- 



dependent aerated lung equivalent to that if healthy Iungs were ventilated with tidal volumes 

of 45 cckg. 

A novel h d i n g  was the differential expression of lung lavage cytokines in response 

to various ventilatory sbategies. For lungs randomized to iv. saline, a similar effect on lung 

lavage cytokines was seen for al1 6 cytokines assessed (Figure 3-3). Of note, the highest 

levels of infiammatory mediators were seen in those ventilatory strategies with no positive 

end expiratory pressure (MVZP < HVZP). This fmding, that Iow end-expiratory lung 

volume can have adverse effects upon the lung, is consistent with a number of in vivo studies 

in which ventilation with low end-expiratory lung volumes was found to result in decreased 

sunrival, neutrophilic infiltration, increased edema, poor gas exchange, histologic injury, and 

surfactant dysfunction. Both zero PEEP groups in our study, were also found to develop 

significant reductions in h g  cornpliance (Figure 3-2). 

Our fmdings offer a possible explanation for the observation of previous studies that 

mechanical ventilation strategies with low end-expiratory lung volumes lead to increased 

neutrophil inti~ltration, and decreased lung cornpliance (27,102,178). Idammatory cytokines 

have been shown to inhibit surfactant synthesis and adsorption (1 95,196,308). As well, 

elevated BAL levels of chemokines such as MIP-2 are known to result in increased 

infiltration of activated inflammatory cells which in turn can M e r  disrupt surfactant 

function. Although our mode1 was non-perfused, it is known that even in lungs perfbsed 

with physiologic s d t  solutions for several hours a significant nurnber of leukocytes are 

retained (386). Surfactant inactivation may have also developed in these 2 zero PEEP groups 

secondary to repetitive compression and re-expansion of the surfactant film, as well as 

"squeezing" of surfactant out of the alveoli with recurrent alveolar collapse (27). As 

surfactant has been shown to modulate secretion of cytokines and activity of a number of 

cells involved in the inflammatory cascade (264,3 11), a reduction of functional surfactant 

rnay have been responsible in part for the increased levels of lung lavage cytokines seen with 

the MVZP and HVZP ventilation strategies. 

Acting in conjunction with the above, structural injury as a result of the shear forces 

generated by the repetitive opening and closing of distal small ainvays in the absence of 

PEEP, may have contributed to the production of inflamrnatory mediators (27,72,74). This 

latter mechanism may account for the magnitude of the synergistic effect of large tidal 



volume and 

compared to 

control) or a 

zero PEEP (e.g. 56 fold increase in HVZP lavage TNFa vs. control) as 

either similar end-inspiratory stretch (MVHP - 3 fold increase in TNFa vs. 

lesser degree of stretch in the absence of PEEP (MVZP - 6 fold increase in 

TNFa vs. control). 

The lesser increase in cytokines we found with MVHP ventilation as compared to 

ventilation at the same end-inspiratory volume and no PEEP (Le., HVZP) or ventilation with 

the sarne tidal volume but lower end-inspiratory lung volume (Le. MVZP) does not 

contradict prior studies implicating end-inspiratory lung volume as a factor in the 

development of ventilator-lung injury (387). In these studies, in vivo or perfused models 

were used and the primary endpoint assessed was aiveolar capillary permeability. As well, in 

vivo ventilation with high volumes leads to a number of systemic and hemodynamic effects 

that can contribute to the pathogenesis of lung injury (388). Furthemore, Ievels of TNFa 

mRNA and BAL TNFa and IL-1P were significantly increased with MVHP ventilation in 

our study as compared to the non-injurious Control strategy, supporting the view that high 

end-inspiratory lung volumes, even in the absence of pulmonary edema or changes in 

surfactant function (as inferred by static lung cornpliance), c m  have detrimentai effects on 

the lung. 

The differences observed in lavage cytokines were not simply a result of different 

minute ventilation with room air leading to differences in intracellular pH, as when the 

protocol was repeated ventilating with room air supplemented with 5% CO2, similar increases 

in BAL cytokines were found. Furthermore? we found differences between the MVHF and 

MVZP strategies, despite identicai minute ventilation. 

As underlying lung inflammation is thought to sensitize the lung to M e r  injury by 

mechanical ventilation, we also assessed the effect of iv. LPS an hour pnor to ventilation. 

Based on serum TNFa concentrations prior to lung harvest, a systemic inflammatory 

response was indeed present in al1 the LPS treated rats. Of note, however, aside fiom TNFa 

and MIP-2, the resultant lung lavage cytokine profiles following ventilation were not 

signi5cantly different as compared to the saline treated animals. This may have been due to 

the tirnepoint at which we sarnpled the lung lavage, as transcripts for TNFa and MIP-2 have 

been shown to peak early (i.e. approx. 1 hour) after LPS exposure? whereas IL-IB and IL-6 

have been shown to peak at approximately 6 hours (389). It is noteworthy, however, that 



mechanical ventilation for 2 hours was found to induce changes in even these "later 

response" cytokines. This suggests that the mechanisms by which each stimulus (Le. 

ventilation vs. LPS) leads to cytokine expression are quite distinct. 

At the transcriptional level, al1 3 of the injurious ventilatory strategies (MVHP, 

MVZP, HVZP) lead to a significant increase in steady state levels of TWct rnRNA as 

compared to Control ventilation in the saline treated arm. There appeared to be a trend to 

greater message levels with HVZP > MVZP > MVHP (Le., similar to the trend observed at 

the protein level) - but this did not reach statisticd significance. Of note, the effect of 

ventilation strategy on TNFa rnRNA was much less than that observed at the protein level 

(e-g. saline treated HVZP vs. control - - 3.5 fold increase in mRNA versus - 56 fold increase 

in protein). This finding is consistent with other studies showing that TNFa expression is 

often regulated primarily at the post-transcriptionai Ievel(390,391). 

In the rats pretreated with i v .  LPS, significantly more TNFa mRNA was found as 

compared to the saline treated animals for 3 of the ventilatory strategies - the C, MVHP, and 

MVZP groups; and, as in the saline treated arm, ventilation with MVHP or MVZP resulted in 

higher levels of TNFa message as compared to Control ventilation. However, pretreatrnent 

with LPS resuited in sirnilar steady state levels of TNFa rnRNA as compared to the saline 

group, within the HVZP ventilation strategy. As well, no additional increase in lavage levels 

of TNFa protein was found with LPS versus saline pretreatment in the HVZP group. This 

could have been due to an earlier peak in TNFa as a result of the cornbined effect of LPS and 

HVZP ventilation, or as a result of increased turnover of TNFa mRNA and protein in this 

group (e.g., due to increased proteases and reduced TNFa mRNA stability). 

For c-fos, a sirnilar effect of ventilation strategy on mRNA level was seen as that 

observed for the cytokine levels in the lung lavage (Figure 3-7). We chose to examine c-fos, 

as it is induced as one of the earliest nuclear responses of many ce11 types following a variety 

of stimuli (329). As well, c-fos has a stretch responsive promoter element, and has been used 

as a "nuclear marker" of transcription in a number of mechanotransduction studies 

(327,329,331). Fos transcription factors also play an important role in mediating gene 

transcription and a number of cytokine responses (392-394). As al1 three of the higher 

volume ventilatory strategies had increased Ievels of c-fos as compared to the controls, ce11 



stretch may have played a role in induction of c-fos transcription in our model. However, 

significantly higher levels of c-fos were seen in the HVZP as opposed to the MVHP group at 

the same degree of end-inspiratory lung stretch. Thus, other nonspecific stimuli such as ce11 

injury (392) (or pattern of cell stretch (1 8 1,186)) were also involved in c-fos induction. 

A role for cytokines as modulators of lung injury and inflammation is well 

establish&, and studies using supplementation or blocking of various inflammatory 

cytokines have been found to induce, or abrogate Lung injury respectively (1 90-1 92,194). in 

light of the complexity and redundancy of the cytokine network, however, caution must be 

used in interpreting changes of individual cytokines (1 99,3 9O,3 95). To partially circumvent 

this issue, in this study we looked at the effects of ventilation on a number of key 

idammatory ( m a ,  IL- I P,IL-6,LFNy), chemotactic (MIP-2), and anti-ùiflarnmatory (IL1 O) 

cytokines (199,257,263,390,395,396), and a single time point was chosen at which detection 

of increased expression of both cytokine protein and mRNA would be expected for the 

majority of these mediators. Although this reduced our ability to draw conclusions about the 

order of induction of the various cytokines, it did provide a cross-sectional analysis of the 

early i ~ a m m a t o r y  response to a number of different ventilatory strategies. 

Another issue which bears some consideration, is how lung lavage concentrations of 

cytokines were standardized between groups. In vivo or in pemised lungs, different volumes 

of lavage retum may occur due to differences in amounts of pulmonary edema, differences in 

amounts of s e m  or perfisate "pulled" across the alveolar-capillary interface, and regional 

trapping and unequal sarnpling of the lung alveolar surface. Our model allowed us to 

circumvent many of these problems, as lavage was carried out to the isolated left lung lobe of 

the rat using volumes which we determined in preliminary experiments as providing uniform 

expansion of the lungs among groups. Prelirninary expenments revealed that the 

concentrations of cytokines measured by lavage of the isolated left lung, were similar to 

those obtained fiom lavage of both lungs using appropriately scaled up lavage volumes. In 

addition, we found no significant clifferences in lavage retum volumes between groups. 

The ce11 types responsible for the observed changes in protein and rnRNA in 

response to ventilatory strategy were not deterrnined in this study. Based on the literature, 

most studies attribute the increased production of cytokines to intraalveolar macrophages 

ancilor infiltrating neutrophils (3 56,3 97). However, there is mounting evidence that cype II 



pneumocytes and a b a y  epithelial cells rnay play a pivotai role in cytokine networking 

within the lung (398,399). Because airway and alveolar cells can be thought of as bearing 

the brunt of injurious ventilation (because of their location), as discussed in Section 1.3, 

M e r  studies were undertaken to assess the ce11 types responsible for the observed changes 

in inflanmatory cytokine production in response to ventilatory strategy 

Of note, an isolated rat lung mode1 was used in this study, as we wished to assess the 

effect of ventilation on the lung, independent of numerous confounding hemodynamic or 

systemic factors. This model does have several Iimitations which are discussed in detail in 

Section II of this chapter, and which prevent direct extrapolation of our findings to the 

clinical scenario. However, the differences we observed in cytokines were not simply due to 

the model, as al1 study groups in both the LPS and saline arms (including the Control 

ventilation groups) were subjected to the identicai protocol with the exception of the 

ventilatory strategy used. 

Our novel observation that mechanical ventilation per se c m  alter lung cytokines and 

gene expression has several implications. First, diis may explain the observation that many 

patients with A R D S  go on to develop and die kom multiple organ dysfunction syndrome, 

rather than f?om their underlying lung disease. Perhaps mechanical ventilation initiates a 

local infiammatory reaction with release of cytokines. As compartmentalization of alveolar 

cytokines can be lost in injured lungs (87,400), systemic release may occur leading to 

initiation or propagation of a systemic infiammatory response. Second, to a large extent, 

current approaches for preventing ventilator-induced lung injury have focused on minimizing 

Fioz, and manipulating ventilator parameters to limit lung stretch. Despite this, ventilator- 

induced lung injury is thought to be a significant problem in the care of critically il1 patients 

(338). The present study suggests a novel mechanism of injury - although the inciting factor 

may be mechanical, it is but the first step in the initiation of a number of cellular responses 

leading to lung injury. If correct, this could lead to a paradigm shift in which therapies to 

prevent ventilator induced lung injury are based not only on manipulating pressures or 

volumes in the lung, but dso  on interventions which are not mechanically based. 



1.2. The changes in cytokine production induced by mechanical ventilation are both 
time and ventilatory strategy dependent, and occur early in the pathogenesis of 
ventilator-induced lung injury. 

If ventilator-induced changes in cytokines play a role in initiating ventilator-induced 

lung injury, then one would expect the changes in cytokines to occur early on before the 

manifestations of injury appear. Given that different injwïous strategies - such as low end- 

inspiratory lung volumes or high end-inspiratory lung volumes - place different stresses on 

the lung, one would also expect the time course of induction of cytokines to differ with the 

different ventilatory "stimuli". As such, we examined the above hypothesis by meamring 

lavage and tissue levels of TNFa (a pivotal early response inflamrnatory cytokine) in lungs 

subjected to ventilation for periods ranging fiom 30 minutes to 3 hours, using the same ex 

vivo lung mode1 and ventilatory strategies as discussed in the preceding section. 

We found significant differences among the 4 ventilation strategies with regards to 

the tirne course of TNFa protein and mEWA expression. For examp!ey lungs subjected to 

ccnon-injurious" Control ventilation remained comparable to lungs assessed immediately 

following animai sacrifice in terms of Iung homogenate steady state mRNA levels and lavage 

levels of TNFa as detected by ELISA, over the ventilation penod assessed (Figure 3-8.3-9). 

Thus, o u  earlier fmding of low cytokines in diis group following 2 hours of ventilation 

represented an absence of induction of cytokines, and not a missed peak in cytokines 

occurring at an earlier tirnepoint, with a subsequent decline to baseline values by 2 hours. 

With MVHP ventilation, higher but stable (i.e., not progressively increasing) levels of 

lavage TNFa protein were found as compared to Control ventilation. A similar trend was 

observed at the mRNA level, but failed to reach significance with the sample size used in this 

study. Of interest, 2 different time courses were observed with the 2 zero PEEP strategies 

(MVZP and HVZP). With the lower tidal volume-zero PEEP strategy, a gradual increase in 

both tissue steady state levels of TNFa mRNA and lavage levels of TNFa protein were 

found, such that by 3 hours, lavage levels of TNFa were close to those observed with HVZP 

ventilation (N.B., in the study discussed in the preceding section TNFa levels were not 

assessed beyond 2 hours). In contrast, with HVZP ventilation, a dramatic 36 fold increase in 

lavage levels of TNFa as compared to Control ventilation, was seen withui 30 min. of 

initiation of ventilation. Further ventilation lead to a significant, but slower increase in 



TNFa protein with tirne; while at the mRNA level, there was a trend towards consistently 

higher levels of m a  mRNA with HVZP as compared to MVZP, but both displayed the 

same progressive increase with duration of ventilation. 

These findings emphasize the complexity of the cytokine response of the lungs to 

injurious stimuli at multiple levels (e.g., transcriptional, post-transcriptional). For example, 

the dramatic early increase in TNFa with HVZP suggests a rapid post-transcriptional 

response, whereas the more progressive increase in mRNA seen with MVZP ventilation 

reaching levels comparable to HVZP by 2 hours, with a slower more progressive rise in BAL 

TNFa reaching levels comparable to HVZP by 3 hours, suggests a greater role for 

transcription with the MVZP strategy. As will be discussed M e r  in Section 1.3 and 2.1, 

these fmdings also emphasize the importance of assessing physical stimuli such as 

mechanical ventilation - which stresses various ce11 types of the lung differently depending 

on their location in the complex architectural arrangement of the lung - at the whole organ 

level. 

Of interest, the changes in lavage levels of TNFa over time appeared to mirror the 

changes observed in static lung compliance over time (Figure 3-9,10,11; R~ = 0.62). For 

example, with MVZP ventilation, the hcrease in TNFa and the decrease in lung compliance 

occurred progressively over the 3 hour ventilation period. With HVZP ventilation, a 

dramatic and significant increase in TNFa was observed by 30 minutes, the same tirne point 

by which a dramatic decrease in lung compliance was observed; whereas no significant 

difference with time was observed in either TNFa protein or compliance with the other 2 

strategies (Control and MVHP) within the 3 hour penod of assessment. This suggested a 

possible interaction between surfactant fùnction and cytokines, which was M e r  explored as 

is discussed in Section 1.4. 

In summary, we found that the changes induced in TNFa production by mechanical 

ventilation were dependent on both time and ventilatory strategy, and occurred early on (with 

dramatic changes noted as early as 30 minutes with HVZP ventilation). 



1.3. Lung epithelial cells iining the airways and alveoli are key players in 
ventilation-induced cytokine production. 

As previously mentioned, due to the Uivasiveness required to perform lung biopsies, 

there is a paucity of studies examining the role of epitheliai expression of cytokines in 

various disease States (such as ventilator induced lung injury). Rather, most studies have 

attributed the changes in cytokine production with various diseases to those cells retneved by 

bronchoalveolar lavage ( i . .  primarily alveolar macrophages andor PMNs) 

(52,l 78,2OO,204,205,209,356-3 58). However, interpretation of these studies is limited 

because the cells obtained by lung lavage represent but a small fiaction of  the ce11 types 

present in the lung, and the macrophages or neutrophils removed by lavage are not 

necessarily representative of those lefi behind (401,402). Also, although stimuli such as 

Iipopolysaccharide (LPS) or particulate matter have been shown to increase cytokine 

production principally by 'Yraditional" idammatory cells (403,404), we wondered, whether 

this held tnie for injurious mechanical ventilation, given that mechanical ventilation is a 

stimulus that is "felt" across the epithelial surface of the lung, and that there has been some 

evidence in recent years that the pulmonary epithelium may play an important role in 

cytokine networking within the lung. 

Preliminary experiments, in which we compared lung lavage levels of cytokines in 

lungs whose vasculature had been flushed fiee of blood prior to ventilation, to lungs not 

subjected to flush, found an increase - rather than a decrense - in lavage TNFa (Figure 3- 

12). This finding implied that blood cells in the puhonary vasculature, or at least those 

removed by flushing, were not responsible for the lavage cytokines we observed. As well, it 

suggested that flux of senun proteins into the lung was aiso not required for ventilation 

induced changes in cytokines, as significantly more m a  was found with HVZP ventilation 

in the flushed group, despite significantly lower BAL protein levels. This finding also 

emphasized the sensitivity of lung levels of cytokines to CO-intenrentions. 

Using a slightly different tack (at the suggestion of a reviewer), we examined tissue 

expression of TNFa mRNA in lungs subjected to our ventilation protocol, versus lungs 

subjected to ventilation followed by lavage (to reduce the contribution of alveolar 

macrophage rnRNA). Of note, lung lavage removes a rninority of the total macrophages in 

the lung, as it only removes some of those free in the ainvays and alveoli, and none of those 



found in the interstitim. For example, a study in hamsters found that 42% o f  ainvay 

macrophages were left behind following lavage (402). By our estimate, based on an average 

retrieval of a - 2-3 x 106 macrophages per rat by serial lung lavage, as compared to an 

estimated 1 - 1.5 x 10' macrophages per rat (of which 1.45-4 x 1 o6 are interstitial (405,406)) - 

only .r 10-30% of al1 macrophages are removed by lavage. Nevertheless, as alveolar 

macrophages are known to produce higher quantities of cytokines (e.g., TNFa, IFNy) than 

interstitial macrophages, we proceeded with the reviewer's suggestion - and, found no 

difference in tissue expression of mRNA. Based on the limitations mentioned, our o d y  

conclusion was that this neither ruied in, nor out, o u  supposition that the lung epithelium 

was involved in the changes in cytokine production we observed. Thus, we proceeded with 

in situ hybridization studies to assess the eKect of ventilation on epithelial expression of 

TNFa, as well as a later response cytokine, IL-6. 

These studies revealed that a significant and widespread increase in pulmonary 

epitheliai cytokine expression with ail 3 injurious mechanical ventilation strategies. By a 

semi-quantitative assessment score, injurious ventilation increased the percentage of Iung 

cells involved in the production of these autocrine and paracrine mediators (i.e., TNTa and 

IL-6) fiom approximately 10% in fiesh lungs, to in excess of 50% of ail cells per hi& power 

field. In contrast, no significant change in TNFa or IL-6 mRNA was found i n  lungs 

subjected to 2 hours of non-injurious Control ventilation as compared to lungs preserved 

immediately following animal sacrifice. Simultaneous in situ hybridization for TNFa and 

immunocytochemisuy for keratin, identified the rnajority of the cells expressing TNFa 

following injurious ventilation as epithelial. Such a ciramatic and d i f i se  increase in cytokine 

expression within the pulmonary alveolar and airway epithelium has not previously been 

reported, and suggests that the rnechanisms underlying ventilator induced injury and 

inflammation may be quite different from those involved with other stimuli. 

Until recently, the epithelid lining of the lung was viewed principally as a target for 

inflammatory mediators rather than as a key player in initiating or propagating a local 

inflammatory response (239,240,407). Hcwever, it has become apparent that airway and 

alveolar epithelial cells can produce a number of pivotal inflammatory mediators including 

MCP- 1 (408-41 l), CINC (cytokine-induced neutrophil chemoattractant) (4 12), RANTES, 

IL-8 (4 l3,4l4), TNFa (399,4 15-41 8) and IL-6 (239,240,398). Many of these studies, 



however, were done in ce11 culture, and will not be discussed M e r  at this juncture (see 

Section 1.5). 

At the whole organ level, epithelial expression of cytokines appean to be stimulus 

specific. For example, in rats 6 hours following intratracheal LPS, or mice exposed to 

hyperoxia, signal for TNFa by in situ hybridization was found o d y  in clustered PMNs and 

alveolar macrophages (1 13,403). Four hours following intravenous Uifusion of IL-2 in rats- 

in siru also localized TNFa to alveolar macrophages (419). Sirnilarly, in Pneurnocystis 

carinii-infected mice or patients with coal workers' pneumoconiosis, no evidence of airway 

or alveolar epithelial induced TNFa or IL-LP expression was observed (404). Rather, once 

again, signal localized to what appeared to be activated macrophages in specific regions of 

lung inflammation. 

However, in patients dying with ARDS, immunocytochernistry for TNFa localized 

principally within epithelial cells resembling type II pneurnocytes. In patients with late 

stages of ARDS these cells outlined the alveoli, and were confirmed as epithelial by staining 

with a panel of epithelial antibodies (399). In contrast, in normal lungs alveolar epithelial 

cells were negative for TNFa aside fiom the occasional type II pneumocyte, and some 

weakly positive interstitial and bronchial epithelial cells. Macrophages were only weakly 

positive in either group. Because of the intense staining of pneumocytes, and virtual absence 

of staining of inflammatory cells, it seemed likely these pneurnocytes in vivo were producing 

TNFa. However, given the capacity of alveolar epithelial cells to absorb and concentrate 

diverse exogenous substances, it remained possible that the TNFa was produced by other 

ce11 types(420). 

Similar to patients with ARDS, in patients with idiopathic pulmonary fibrosis, TNFa 

protein was also detected in macrophages, but to a greater extent, in the epithelial cells lining 

the thickened septae (41 5). In situ hybridization identified cells positive for TNFa rnRNA; 

their location suggested that these cells were macrophages and/or some of the cells lining the 

alveoli (although the ce11 types were not confmed with CO-stains). Ln normal lungs, neither 

TNFa protein nor mRNA were detected in the alveolar epithelium. It was concluded, that 

T N F a  expression in the alveolar epithelium contributes to ongoing epithelial injury, 

desquamation, and possibly contributes to the fibrosing process central to idiopathic 



pulmonary fibrosis (PF). Of note, other evidence that TNFa may be a major effector in the 

pathogenesis of pulmonary fibrosis include: findings of marked and persistent increase of 

TNFa mRNA within fibrosing lungs; prevention of fibrosis in animals treated with anti- 

TNFa antibodies, aggravation of lesions by perfusion of recombinant TNFa and replication 

of the alterations sirnilar to those found during pulmonary fibrosis with intravenous infusion 

of TNFa in normal mice; and transgenic studies in which mice in which TNFa was 

expressed under the control of a SP-C prornoter, and appeared to localize to alveolar type, 

developed pathology rerniniscent of IPF (i.e., alveolitis foilowed by epithelial desquamation 

and regenerating type II cells with interstitial fibrosis, and enlargement of dveolar spaces) - 

the severity and evolution of which was related to the level of TNFa mRNA expressed 

within the lung (23 5,4 1 5,42 1). 

Our study, using both in situ hybridization and immunoc ytochernistry, demonstrates 

that with injurious ventilation as the stimulus, aiway and alveolar epithelial cells play a 

significant role in the production of TNFa and IL-6. Although the changes in cytokine 

expression were not limited to the epithelium, dual irnmunocytochemistry, and sirnultaneous 

in situ hybridization and immunocytochemistry, identified the majonty of cells expressing 

TNFa and IL-6 mRNA as epithelial. The specificity of the cytokine mRNA hybndizations 

was confnned by the presence of discrete silver grains within individual cells, the absence of 

hybridization with sense probes or RNase pretreatment, and the relative paucity of signal in 

both the Control ventilation and Fresh lungs. 

Of note, with W Z P  an increase in the % of cells expressing TNFa and IL-6 similar 

to that observed with the other 2 injurious strategies was found to occur, but earlier - within 

30 min. of initiation of ventilation - following which the % of cells expressing TNFa 

decreased to levels comparable to fresh lungs or Control ventilation. This fmding raises a 

nurnber of important points. First, it illustrates that the increase in epithelial expression of 

T W a  (and IL-6) preceded the development of epithelial injury as apparent by light 

microscopy (similar to the aforementioned studies by Piguet et al.). Semi-quantitative 

assessrnent of lung injury found evidence of epithelial injury (consisting of epithelial ce11 

necrosis and sloughuig) in over 80% of al1 small airways and alveolar ducts in those lungs 

subjected to 2 hours of HVZP ventilation (Figure 3-18). Such severe injury was not observed 



with the other ventilatory strategies. Second, it indirectly confirms that many of the cells 

expressing TNFa and L-6 in response to injurious ventilation were epithelial, as loss of the 

epithelium resulted in Loss of the signal lining the airways and alveoli. Third, it re- 

emphasizes the fact that other celi types are also involved in the production of TNFa, as 

evidenced both by in situ hybridization, and by the discrepancy between the falloff in the % 

of cells expressing TNFa following 2 hours of HVZP ventilation, and the increase in the 

amount of TNFa mRNA fomd in tissue homogenates of these lungs. Restated - the semi- 

quantitative score assessed only the % of cells positive per hpf - not how positive such cells 

were (Le., the nurnber of grains per ce11 were not counted). As previously discussed in the 

Introduction, the regulation of TNFa is very complex - and ce11 specific. Although there is a 

paucity of information concerning the regulation of TNFa production in pulmonary epithelial 

cells in cornparison to the vast literature on the production of cytokines by macrophages or 

neutrophils, certainly in other cell types and a number of disease models discrepancies in the 

number of cells expressing TNFa mRNA or amounts of TNFa steady state mRNA, and the 

amount of TNFa protein produced, have previously been reported (240,248). Our finding 

of a comparable increase in the % of cells (primarily epitheliai) expressing TNFa rnRNA 

with both MVZP and MVHP ventilation, but differences in BAL leveis of TNFa with these 2 

strategies M e r  supports that expression of cytokines within the lung is likely very complex 

and stimulus specific, and involves many cells types with regulation of expression at multiple 

levels (e.g., transcription, post-transcriptional). 

Our novel finding of diffuse epithelial expression of TNFa and IL-6 with injurious 

ventilation has a number of implications. First, increased expression of inflammatory 

rnediators in those "fu<ed" cells bearing the brunt of cyclic changes in pressure, airflow, and 

ce11 stretch, suggests a possible role for mechanotransduction in the pathogenesis of 

ventilator induced lung cytokine production and lung injury (179,362). Second, if the 

repetitive trauma of injurious mechanical ventilation is found to lead to persistent pulmonary 

epithelial expression of TNFa (using in vivo models), this may explain why certain 

ventilated patients develop pulmonary fibrosis leading to death or Long-term impairment of 

lung function (7,16,17). Finaily, such diffuse expression of cytokines within the lung may 

aiso have systernic sequelae (422), as studies have shown that with injury to the alveolar 



capillary membrane (e.g., as seen with injurious mechanical ventilation (29)), efflux of 

alveolar cytokines into the circulation can occur (400). In vitro, the amount of IL-6 produced 

by isolated rat alveolar type II cells has been shown to be fivefold higher than that produced 

from rat alveolar macrophages (and twofold higher following IL-IB stimulation) (398). 

However, even if die expression of cytokines per pneumocyte was less than that observed 

with macrophages, given the greater number of pneumocytes and airway epithelial cells 

within the lung as compared to the number of macrophages (364), the net burden of 

inflarnmatory mediaton produced by the lung could be significant; and might explain, in 

part, why the majority of patients with primary ARDS (including those with no obvious 

focus of infection) go on to develop and die of a persistent systemic idammatory response 

and multiple organ failure (1 87,18 8). 

In sumrnary, in this study we found a dramatic, diffuse increase in pulmonary 

dveolar and ainvay epithelial expression of TNFa and IL-6 mRNA expression in the lungs 

in response to injurious mechanical ventilation strategies (Section 2.1 - discusses 

limitations). Our data suppoa a pivotal role for the pulmonary epithelium in cytokine 

networking within the lung (407), and suggest a possible role for mechanotransduction in the 

pathogenesis of ventilator associated lung injury and inflammation. As it is not always 

possible to ensure non-injurious ventilation on a regional ba i s  throughout a heterogeneously 

injured lung, we speculate that novel interventions aimed at modieing the ventilation 

induced inflammatory response may arneliorate the significant local (and possibly systemic) 

sequelae of ventilation in patients with lung disease such as ARDS. 



1.4. Ventilation-induced changes in surfactant, which can exacerbate aberrant 
forces on the lung, are temporally associated with the ventilator-induced 
infiammatory response. 

Surfactant pIays an important role in distal airway and dveolar stability, and has a 

number of immu11omodulatory effects (1 12). As discussed in Section 1.2, we found that that 

the changes in BAL levels of cytokines with the various studies, appeared to mirror 

somewhat the changes in static lung cornpliance ( R ~  = 0.62). To our knowledge, no study to 

date had addressed the relationship between ventilator-induced changes in surfactant fùnction 

and cytokines. Thus, in this study, we examined the effect of ventilation and time on 

surfactant function in our model. 

Analysis of the surface tension of surfactant large aggregates retrieved fiom the 

various ventilatory strategies, confmed a significant increase in s d a c e  tension with both 

zero PEEP ventilation strategies by 2 hours, and within 30 min. with HVZP (coinciding with 

the observed decreases in static lung compliance). 

However, despite the different effects of the various ventilatory strategies on static 

lung compliance, a sirnilar increase was found in amounts of surfactant versus baseline levels 

with al1 4 strategies by 120 min. (Figure 3-20). Of note, in the HVZP group, the increase had 

occurred earlier (within 30 min.), the same tirne point by which a decrease in lung 

compliance had occurred. Although these findings are in keeping with previous studies 

demonstrating increases in alveolar surfactant following ventilation of isolated rat lungs with 

PIP as low as 10-20 cmHzO (100), they do not explain the decreases in lung compliance or 

surface tension we observed. 

Nor did we find an increase in less fûnctional surfactant srnail aggregates, or a 

decrease in more functional surfactant large aggregates, with the ventilation strategies that 

resulted in decreased lung cornpliance (Figure 3-21). Conversely, we found an increase in 

the more functional surfactant large aggregates that coincided with the decreases observed in 

lung compliance. This finding is in contrast to that found with several other models of acute 

lung injury and ARDS - in which increased surfactant aggregate conversion has been 

reported (Le., LA a SA) (1 19,277,423,424). For exarnple, in rabbits with acute lung injury 

(induced by S.C. N-nitroso-N-methylurethane, NNMU which results in respiratory distress 

within 24-48 hours and aberrations in endogenous surfactant) ventilation with lower tidal 



volumes (5 mVkg) resulted in lower surfactant aggregate conversion rates than ventilation 

with higher tidal volumes (10 and 15 W g )  (303). Similar results were found in saline 

lavaged rabbits supplemented with exogenous surfactant (303). 

The reasons for the discrepancy between our findings and these studies are unclear. 

Certainly there are multiple differences between the studies - species (rat vs. rabbit); 

premorbid condition (normal surfactant vs. saline lavaged or NNMLT); ex vivo vs. in vivo 

ventilation; no PEEP vs. PEEP in al1 groups - to name a few, and M e r  investigation is 

warranted. One possibility is that in these other studies, pre-existing lung injury or surfactant 

supplementation upset the balance of surfactant proteins to lipids, making the surfactant 

aggregates more susceptible to volume cycling. Conversely, perhaps our model is missing a 

factor found in these in vivo lungs (e-g., circulating mediators, alterations in blood gases, 

hc t ional  convertase). Also, the relative contribution of alterations in surfactant aggregate 

conversion versus other mechanisms of surfactant dysfunction in various disease models is 

still uncertain. For exarnple, as reviewed in the Introduction, a large number of studies have 

shown the importance of end-expiratory lung volume for the maintenance of normal 

surfactant fùnction - whereas PEEP has not been found to affect surfactant conversion (303). 

Thus, other mechanisms of surfactant dysfunction must assume a more prominent role in 

certain circumstances. 

In our model, it would appear that the decrease in lung compliance and the increase in 

surface tension occurred due to impaired surfactant fùnction, rather than decreased arnounts 

of surfactant or increased surfactant conversion. One possible explanation would be 

inhibition of surfactant surface lowering capabilities as a result of increased alveolar levels of 

proteins. For exarnple, with HVZP group, a significant increase in BAL protein was found 

within 30 min. of ventilation, and in the MVZP group, a smaller increase in BAL protein was 

seen by 2 hours. 

Although we also found a decrease in tissue expression of mRNA for surfactant 

proteins over t h e ,  this occurred o d y  with the HVZP strategy. Furthemore, such a change 

at the mRNA would likely take time to be reflected in a decrease in surfactant protein Ievels. 

Thus, a decrease in surfactant proteins likely did not play a major role in the early decrease in 

compliance within 30 minutes of initiation of HVZP ventilation. This finding of decreased 



surfactant protein mRNA is in keeping though, with the other evidence we found of 

increased epithelial injury with t h e  in the HVZP group. 

Thus, in summary, the decrease in lung cornpliance found in association widi 

ventilation induced increases in BAL cytokines in this mode1 appears to be temporally 

related to surfactant dysfùnction, rather than due to reduced amounts of surfactant or reduced 

surfactant large aggregates. Further studies are needed to cl&@ whether the cytokine 

changes and surfactant activity changes occur concurrently and/or are dependent or 

independent events in the early pathogenesis of ventilator-induced lung injury. 

1.5. At the cellular level, repeated large cet1 deformation leads to changes in lung 
cytokine expression. 

In the particular models used for this large series of experiments, we were unable to 

identie an increase in inflammatory cytokine production in primary rat pneumocyte cultures 

subjected to repetitive stretch. These results will be discussed under the following 3 

subheadings in order to facilitate the discussion of validity and salient limitations of the 

hypothesis and methods used, and how these findings compare to newly ernerging reports 

h m  other groups using alternate models. 

1.5.1. Pneurnocytes and deformation during ventilation 

A fundamental question important for the validity of the hypothesis and studies 

undertaken, is whether there is evidence to suggest that the underlying assurnption that 

ventilation could lead to "repeated large ce11 deformations" at the whole organ level? 

It has long been recognized that alveolar surface area may increase as much as 80% 

during inflation to TLC (425). CIoser examination at the ultrastmctural level has found 

evidence of alveolar septal stretching and contrachg during lung inflation and deflation 

(1 34,426-43 1). There are, however, several caveats to consider with regards to these studies. 

First, over the years improvements in tissue fixation - particdarly with regards to 

elastic tissue and fixation by vascular perfusion - have occurred (426,430). Thus, differences 

between studies may be due in part to differences in artifacts introduced as a result of the 

fixation method and the arnounts of tissue shrinkage with fixation. A second caveat with 



regards to these studies involves the volume history (i.e., complete collapse or fully 

recruited) of the lungs. Assessment of alveolar septal stretch upon Lung inflation from 

complete collapse represents a situation unlikely to occur in vivo, and does not address the 

degree of alveolar septal stretch with tidal ventilation or breathing. At extremely low lung 

volumes, as may be found with inflation from complete deflation, "accordion-like" unfolding 

of alveolar pleats appears to play a much greater role in the initial increases in alveolar 

surface area (429), whereas at moderate to high lung volumes alveolar septae and cells 

appear to actually stretch. 

For example, Bachofen et al. found significant changes in the s d a c e  area of the air- 

tissue interface and the epithelial basement membrane surface area in rabbit lungs fvted at 40 

and 80% of TLC on inflation and deflation (426). By assessing the effect of lung inflation on 

the ratio of fiee aiveolar surface (SA) to surface area of the epithelial basement membrane 

(Sebm), it became apparent that both ''unpleating" and stretching are involved. Unpieating (as 

evidence by an increase in the SA/Sebm) appeared to play a significant role on inflation of ex 

vivo lungs fiom a transpulmonary pressure of O. In lungs that were first recruited to TLC and 

then only partially deflated (to 40% TLC), the increase in alveolar surface area with 

reinflation was found to occur almost exclusively as a result of stretching of septal tissue. 

More recently, as a prelude to their studies of ce11 stretch in viho, Tschumperlin et al. 

(431) examined the change in basal epithelial surface area @y tracing lengths of basement 

membranes by electron microscopy) as a fûnction of lung volume. To standardize volume 

history, the lungs were cycled between 10 cmH20 and TLC (defined as 25 cmHzO), then 

perfused fixed at TLC or on deflation to 80,60,45, or 26% of TLC. They found little change 

in epithelial surface area below 45 % TLC. For example, lungs inflated at 45% TLC versus 

26% TLC only underwent a 5% increase in area. At 60 and 80% of TLC similar increases in 

area relative to baseline was observed (= 22%). At TLC surface area was increased 54% as 

compared to baseline (i.e., 10 cmHzO). These findings suggest that epithelial cells undergo 

moderate deformation at low inflation levels, and much larger deformations at higher 

inflation levels approaching TLC. 

Similar evidence of ce11 deformation with lung volume was presented by Yager et al. 

who illustrated in peripheral guinea pig airways that inflation from FRC to TLC altered 

epithelial shape from columnar to cuboidal, and was associated with an increase in the 



thickness of fluid lining the airways that appeared to be due to changes in ion transport by the 

cells (432). Comparable effects of lung innation on alveolar epithelial ce11 deformation were 

also noted to occur irz vivo in open-chested guinea pigs (428). In this study the authors 

suggested that alveolar epithelial cells were like "pancakesy' that became significantly thinner 

on idation, and thicker on deilation. Of note, no corrugation of the alveolar surface was 

O bserved, 

Based on the above, it has been estimated that in normal adult lungs undergoing 

ventilation with physiologie volumes, the change in alveolar surface area is - 13% (433,434). 

As in the presence of reduced aerated lung as occurs in ARDS, ventilation with "normal" 

tidal volumes may lead to overdistention of the remaining aerated lung regions equivalent to 

ventilation with volumes 4-5 fold normal - these aerated alveoli could undergo changes in 

alveolar surface area up to 54%. Thus. there is evidence to support the underlying 

assumption that ventilation can cause ce11 deformations in the range of distention we assessed 

in vitro. 

1.5.2. Modeling of lung stretch in vitro 

There are a nurnber of variables to consider with regards to modeling of ventilation 

induced ce11 deformations in viîro that may account for our failure to fmd increased cytokine 

production with our in vitro ce11 stretch. For ease of discussion, those variables related to ce11 

culture will be discussed first, followed by those variables particular to the ce11 stretch 

models. 

1.5.2.1. Cell variables 

As mentioned in Chapter 3 (Experimental Design and Results), we chose to focus on 

the effect of ce11 stretch on cytokine production in primary rat type II pneurnocyte cultures, in 

order to avoid the difficulties in interpretation of results inherent with transformed cell lines, 

and to permit correlation with OU studies at the whole organ leveI which had shown that the 

epithelium of the lung played a role in ventilation-induced cytokine production. Although 

type II pneumocytes only cover 7-8% of the surface area of the alveolus, approximately 14% 

of aduit rat lung cells are alveoiar type II pneumocytes, versus 9% type 1 pneumocytes, 3% 

dveolar macrophages, with interstitial cells and endotheliai cells compnsing = 28% and 42% 

of cells respectively (364-366). In addition, type II cells are extremely metabolically active 



(240,412,435,436)) and differentiate into type 1 cells as part of normal development, and 

repair (367). Furthermore, as opposed to type I pneumocytes, methods of isolating and 

culturing relatively homogenous populations of type LI cells (= 97% type II) are well 

established (368,437). 

Type II pneumocytes in culture, however, are not necessarily equivalent to type II 

cells in vivo. A number of variables involved in the ce11 isolation and culture process can 

affect their behavior. For example, the isolation process is stresshl and has been shown to 

produce changes in type II cells including induction of heat shock proteins (369) and class II 

major histocompatibility complex expression (370), as wel1 as cause a transient decrease or 

loss of GAPDH rnWA (371) and actin expression (369). Another manifestation of a stress 

response that we observed was release of very high levels of cytokines into the media over 

the f i s t  24 hours following ce11 plating. The effect of such severe "preconditioning" on 

subsequent pneumocyte responses to M e r  stressors, such as ce11 stretch, is unknown. 

Certainly, in a variety of animal models of tissue injury, pnor preconditioning alters the 

tissue response to a second hit (438-450). Cell isolation also disrupts the normal cell-ce11 

and cell-matrix interactions of the pneumocyte within the alveolus, and places the ce11 in a 

very abnormal milieu (e-g., artificial surfaces, ce11 media with serum supplementation). 

Interpretation of studies using primary rat type II cultures is m e r  complicated by 

the fact that type II cells in culture lose many of their phenotypic features and acquire certain 

rnorphological and phenotypical features characteristic of type 1 cells (375-377). For 

example, in vivo and in vitro expression of ICAM-1 (an adhesion molecule that is a ligand 

for B2 integrins) appears to be a type I marker, that appears with time in type II cells in 

culture (451). In vivo, type II cells do not or only weakly immunostain for TCAM-1 (451) 

(with the exception of the hyperplastic type II cells found in lung injury) (452). 

Numerous factors have also been identified that can slow or revert this progressive 

de-differentiation of type II cells in culture including the plating ce11 density, the particular 

substratum used to coat the plates; the presence of various soluble mediators; serum 

supplementation; cell-ce11 interactions; and the presence of an air interface (3 74J 8 1,453- 

461). Our fmding of more persistent and increased expression of alkaline phosphatase (a 

marker of type II phenotype (340)) with LPS treatrnent, suggests that endotoxin is yet 

another variable that affects type II ce11 de-differentiation in vitro. 



Increased time in primary culture also leads to increase loss of non-dividing cells, and 

overgrowth of those cells that proliferate more quickly. For example, beyond 5 days in 

culture under the conditions used in our studies, a preponderance of spindle cells was found. 

To control for the above variables, the effect of stretch in our studies was always 

compared to time matched concurrent controls, and conclusions were based on experiments 

fiom 2 or more separate cell isolations. In addition, experiments were all carried out 48 

hours or later following isolation to allow for establishment of ce11 confluence and recovery 

£kom the stress of isolation (371). 

Under these conditions, we did not fmd a difference in cytokine release by type II 

pneurnocytes that were stretched as compared to static controls using different seeding 

densities (1.0 x 106 cells/Flex 1 well - 2 x 106 cells/Flex 1 well); t h e  in culture prior to 

stretching (48 hours - 7 days); dxrztion of ce11 stretch (2 hrs-48hrs); different fkequencies of 

stretch (12-60 cpm) or different amplitudes of stretch (-15 kPa - -25kPa). in addition, no 

differences in ce11 detachment or ce11 viability were noted between stretched and unstretched 

groups making it unlikely that the absence of the hypothesized increase in cytokines with 

large ce11 deformations, was due to loss of cells secondary to the stretching. 

The ability of the cells to produce cytokines was verified by pretreatment with LPS 

just pnor to stretching. Although LPS was found to significantly increase cytokine 

concentrations (TNFcc and MIP-2), no difference was observed in LPS treated cells that were 

stretched versus static. 

Given that the same mechanical stimulus can produce a different renponse depending 

on the presence of soluble factors or the type of extracellular rnatrix (373), we also tested the 

effect of pneumocyte stretch on plates coated with type 1 collagen, elastin, fibronectin, and 

laminen. No differences in ce11 viability or cytokine production were found. One possible 

explanation for this is that type II cells in culture have been shown to synthesize a variety of 

extracellular rnatrix molecules such as type IV collagen, fibronectin and proteolytic enzymes 

capable of remodeling the matrix (462). Of note, cells plated on the Flex membranes were 

significantly more sensitive to LPS induction of cytokine production that cells plated 

concurrently on plastic, suggesting that the cells were not oblivious to the surface on which 

they were placed. 



As the presence of macrophages or macrophage conditioned media has been found to 

affect rat type II cells in culture, studies were also carried out to assess the contribution of 

macrophages to cytokine production in primary cultures of rat type II pneumocytes 

(380,381). Similar to the study by Crestani et al., which found that the spontaneous 

secretion of IL-6 by rat alveolar S p e  II cells in vitro was fivefold higher than that of 

spontaneous rat dveolar macrophages (398), we found a trend (not significant) towards 

higher spontaneous release of TNFa by wells seeded with 2 x 106 type II pneurnocytes as 

compared to than welIs seeded with 2 x Io6 alveolar macrophages. In light of the far more 

stressfid isolation process for type II cells (enzymatic and mechanical disrupion), and the 

relatively Iow levels of TNFa produced (< 50 p g / d  both groups) we did not pursue this 

m e r .  

Co-culture of macrophages and pneurnocytes (with % macrophage ranging from 2 

5% to 40% of al1 cells) also f o n d  no eEect of stretch versus not stretched on cytokine 

production in the presence or absence of LPS. 

To investigate whether increased numbers of other ce11 types would affect stretch 

induced production of cytokines, the effect of stretch on the mixed cells obtained prior to the 

IgG plating step of the type II isolation protocol (385) was also examined. Once again no 

difference was found. Of note, the relative proportions of cell types achieved by this method 

are not representative of those in vivo. For example type II pneumocytes are over-represented 

(Le., 254% (339)). 

Further studies were not pursued, as will be discussed below, as we had a nurnber of 

concems about the validity of the ce11 stretch mode1 being used. 

l.j.2.2. Stretch model variables 

In vih-O studies are an invaluable tool for studying ce11 biology. However, such 

studies do have a nurnber of limitations, especially with regards to emulating the stresses at 

the whole organ level that occur in vivo with ventilation. As discussed previously, the same 

mechanical stimulus may have a different response-depending on the presence of soluble 

factors, the particular substratum used, or the spatial arrangement of cells. For example, 

although stretch was not found to have a stimulatory effect on fetal ce11 proliferation in 



monolayer cultures, stretch was found to have a significant effect in a 3-dimensional 

organotypic model (463). 

In the model we used, the Flexercell FX-2000 with a standard baseplate, the 

magnitude of strain exerted on cell monolayers attached ro the flexible membranes tapers in a 

nonhear  fashion toward the center and penphery of the circular wells. As such, levels of 

substances rneasured in the media (or in pooled ce11 lysates), reflect the sum of responses of 

cells exposed to different cyclic deformations (e-g., ranging fiom O to a maximum of 30% at 

the maximal vacuum setting of -ZkPa, depending on their radial location on the membrane). 

Although ùi is  rnight decrease the signal to noise ratio (because not al1 cells are stretched 

maximally), it does not necessarily prevent picking up a positive result provided the signal is 

large enough. As well, the gradient of stretch across the membrane may partially emulate the 

gradient of stretch thought to occur across the alveolar surface at the whole organ level(426). 

Furthemore, the Flexercell model had been used to illustrate an effect of stretch on a variety 

of ce11 types. For example, Hubmayr et al. found significantly greater production of 

interleukin-8, a chemokine involved in granulocyte recmitment, when an alveolar epithelial 

ce11 line (A549) was subjected to 12-48 hours of cyclic stretch with a Iarger (maximal stretch 

of 30% on standard FIexercell Unit) versus no strain pattern (361). More recently, in 

primary cultures of human branchial and cat tracheal cells, as well as Calu-3 (a human 

airway epithelial ce11 line) maximum strain of 20% on the Flexercell system lead to a 

transient decrease in expression of 2 enzymes involved in prostanoid synthesis (between 30 

min and 6 hr) as compared to unstretched controls, that reverted by 8-24 hours of stretch 

(464). The decrease in COX expression was accompanied by a decrease in prostanoid 

synthesis (PGE2,PG12, and TxA2), which could be significantly attenuated by treatrnent with 

catalase or N-acetyl-cysteine (suggesting a possible role for oxidative injury) (465). 

However. despite playing with a number of variables, we could not demonstrate a 

difference in stretched versus non-stretched primary adult rat type II cells. This may have 

been due to my number of the limitations previously addressed, looking for the wrong 

endpoints (i.e., cytokine secretion), or the fact that the stretch provided by the system we 

used was not suficiently similar to that which occurs in vivo (Le., in vivo stretch is bi-axial, 

not unidirectional). 



As a number of other groups are starting to report dserences in inflarnmatory 

mediators with stretch in other models, the latter limitation seems most Iikely. For example, 

24 hours of 2-D stretch of primary adult rat type II cells by either 8 or 17%, staaing 20 h 

after isolation, increased nitric oxide synthase activity by 43% @=O. 1) and 49% (pe0.05) vs. 

control (466); and Stringer et al. demonstrated that pneumocyte stretch in the presence of 

fibrous particles af3ected chemokine secretion (467). In this study either no particles, or 

fibronectin coated or non-coated asbestos or glass fibers were used. The effect of stretch 

versus no stretch was greatest with fibronectin coated particles, suggesting that fibronectin 

adhesive interactions "pulling" on the stretching membrane induces a proinflammatory 

cytokine response (467). More recentiy, Quinn et al. reported an 8 fold increase in SAPK 

activity in A549 cells subjected to biaxial 5% strain at 6 cycles a min for 2 hours, suggesting 

that SAPK might be involved in the release of cytokines with high volume ventilation (468). 

Furthemore, as mentioned above, Liu et al. encountered difficulties in this mode1 

with fetal cells (463) that were not evident in a more "physiologic" 3-dimensionai system. 

And, finally, the greatest changes we observed in cytokine production at the whole organ 

level occurred in response to mechanical ventilation occurred with the zero PEEP strategies. 

Unfortunately, the forces thought to occur during such ventilation are not replicated by the 

Flexercell system. 

Thus, we concluded that the failure to identiQ a difference in cytokine production by 

type II pneumocytes stretched versus not in our studies, may have been to any number of 

mode1 limitations, and does not refute our hypothesis. As discussed in Chapter 5, further 

investigations in more physiologic models are required. 



SECTION II: GENERAL DISCUSSION 

2.1. MODEL LIMITATIONS 

For most of the studies reported, an isolated rat lung model was used in order to 

assess the effect of ventilation on the lung inflanmatory response independent of 

confounding hemodynamic or systemic effects. This model has a number of advantages and 

limitations which will be reviewed in order to permit appropnate comparisons of our findings 

to other studies in the Iiterature. 

2.1.1. Species 

Rat modeis have a nurnber of advantages in terms of readily available numbers of 

research subjects with similar characteristics (or identical if inbred lines are used). 

Particuiarly important for the study of ventilator-induced lung injury (VILI), small mammals 

such as rats facilitate use of subjects of sirnila. Iung size and age (as both these factors have 

been shown to affect lung structure (366) as well as susceptibility to VILI). For instance, 

Adkins and colleagues observed a significantly greater increase in the capillary filtration 

coefficient of young as compared to adult rabbits, subjected to similar ventilation pressures 

(107). Because of the greater lung and chest wall cornpliance of young rabbits, it was felt 

that greater lung distention had occurred (i-e., volutrauma) at the same peak airway pressures. 

As such, in our studies rats of comparable age, size, and strain were used throughout. 

With regards to the respiratory system, rat lungs have a sirnilar operating range of 

transpulmonary pressures as other species (ranging from rnice to whales) (469), and rat 

surfactant has been shown to have similar surface tension-lowering capabilities (426,470- 

472). Rat Iungs are also fairly similar to humans in terms of the relative percentages of the 

various ce11 types within the lung (364). 

However, there are a number of species inherent differences that prevent direct 

extrapolation of our rat findings to other species and humans. First, there are species related 

differences in susceptibility to ventilator-induced lung injury. For example, longer penods of 

ventilation with similar pressures are necessary to observe injury in larger animals 

(22,23,3 1,167) as cornpared to smaller species (20,166). Second, the lung structure differs 



slightly fiom species to species (1 34,136). For example, the alveolar septal structure differs 

in different species (134), with larger lungs (e-g. humans) having both larger and more 

numerous alveoli, as well as thicker interstitial spaces. It is thought that these anatomic 

differences may account for some of the inter-species variability in susceptibility to lung 

injury (135,473). In addition, there are species specific difference in the inflammatory 

response (1 37,139,140), such as cytokines and their mechanisms of action, that also make 

clinical predictions of human responses based on animal studies speculative. However, as 

will be discussed in Section 2.2.2., evidence is emerging that suggests that injurious 

ventilation in other species (including humans) produces cytokine results similar to those we 

O bserved in rats. 

2.1.2. Ex vivo ventiIation 

The isolated rat lung model used for many of our studies had a number of advantages. 

First, it allowed us to determine the relative effects of ventilation leading to alveolar 

distention and,or opening/collapse at low and high lung volumes (as are thought to occur 

regionally in the heterogeneously injured lung subjected to conventional mechanical 

ventilation (1 3- 15)) on production of inflammatory mediators by otherwîse normal lungs. 

Effects of various lung injury models on inflammation independent of mechanical ventilation 

were excluded, as were effects secondary to hemodynarnic compromise or influx of systemic 

mediators and cells (388,474). In an in vivo model, it would have been impossible to 

attribute changes in inflammatory mediators to the ventilation parameters per se (such as 

PEEP, end-inspiratory volume). For example, Love et al. demonstrated that even if cardiac 

output was maintained, ventilation with positive end expiratory pressure in rats lead to a 

significant reduction in rnesenteric blood flow to approximately 50% normal (475). In the 

absence of interventions to maintain cardiac output, ventilatory parameters such as hi& end- 

inspiratory lung volumes or high PEEP may also precipitate hypotension, which can lead to 

activation and pulmonary sequestration of neutrophils, platelet aggregation, increased 

inflammatory cytokine production, lactic acidosis, and associated metabolic abnormalities 

(476-482). In addition, pulmonary edema (a manifestation of lung injury in vivo) would have 

made it difficult, if not impossible, to determine the effects of ventilation with specific lung 



volumes on surfactant fhction and cytokine induction, as in addition to influx of cells and 

direct effects of circulating mediators on the h g ,  there would have been heterogeneous 

ventilation of alveolar units both within and between sîrategies/rats. 

Along the sarne lines, use of an isolated pemised model would have introduced 

confounding factors such as activation of blood cells and complernent by the aaificial 

surfaces or artificial perforates (386,483), non-physiologie flow rates (386,483,484) and 

circulating endotoxin - a po tent inducer of inflammatory cytokine production (e. g. picomolar 

to fentomolar concentrations of endotoxin induce IL- 1 production (485,486)). hdeed, in 

almost 2 years of collaboration with studies using an isolated perfused rabbit luog model, we 

have yet to achieve an endotoxin kee set-up. 

Furthemore, lungs are unique in that they contain air, and as such, can maintain 

aerobic metabolism even in the absence of blood circulation (487). Viable pulrnonary cells 

have been demonstrated functionally, and histologically, up to several hours following death 

(488-494); and single h g  transplantation in dogs has shown promise for grafts from donors 

cadaveric for up to 2 - 4 hours (488,489,495). 

However, the isolated lung model does have several limitations that prevent direct 

extrapolation to in vivo. First, due to the absence of chest wall restriction, greater lung 

distention rnay occur during ex vivo ventilation with high pressures. For instance, Russo et al 

found that closed chested rats developed changes in 3 '5' cyclic monophosphate and protein 

kinase after 24 hours, whereas isolated perfused rat lung distended with the same positive 

pressure developed similar changes withh 20 min (1 83). As we used volume controlled 

ventilation, this particular limitation does not really apply. 

Second, lungs ventilated ex vivo with no PEEP undergo greater collapse at end- 

expiration that those in vivo, due to the loss of negative intrapleural pressure. Thus, in lungs 

ventilated ex vivo there is a greater propensity for tidal opening and closing of distal 

~ a y s / a i v e o I i  to occur in the absence of PEEP. While it is clear that ventilation at low end- 

expiratory lung volumes, especially in lungs with impaired surfactant function, can be 

injurious (27,77,84,85,9 1,10 1,496-500); the precise mechanisms whereby such injury arkes 

in vivo remains a matter of debate (discussed fùrther in Chapter 5). In addition, such 

alveolar opening and collapse in vivo may be prevented in part, by the development of 



pulmonary edema, and the various cornponents of pulrnonary edema per se may play an 

important role in the development of ventilator-induced lung injury in vivo. 

Finally, although the isolated rat lung model is not hypoxic. a "primingy' effect of 

tissue ischemia cannot be mied out. However, we fomd no differences in lung expression of 

TNFa or IL-6 in lungs subjected to 2 hours of Control ventilation, versus lungs freshiy 

harvested. in addition, al1 ventilated lungs were subjected to the same penod of ischemia - 

within the known limits of lung viability. Thus, the differences in cytokine expression 

between ventilatory strategies were not simply due to ischemia. As well, as will be discussed 

in Section 2.2.2., evidence is emerging in in vivo and isolated pemised models of similar 

effects of ventilation as those we observed. Unfortunately, given that prolonged periods of 

ischemia lead to lung injury, the isolated lung model could not be used to assess more 

chronic sequelae of ventilation or the inflammatory cytokine changes we observed. 

2.2. PUTTING IT ALL TOGETHER 

To surnrnarize briefiy, until recently studies investigating ventilator-induced lung 

injury focused on the physiologic and structural sequelae of ventilation. In this thesis, as 

summarized in Table 4-1, we explored the effect of certain ventilatory strategies - Le., those 

entailing high end inspiratory lung volumes or low end expiratory lung volumes - on Iung 

levels of a number of key cytokines involved in the Ulflamrnatory response. In particular, 

we focused on the effect of ventilation on lung expression of TNFa for a nurnber of reasons, 

including: its' early pivotal role in initiating the inflammatory cascade. its' well characterized 

role in lung (as well as systernic) inflammatiodinjury, its' fairly well understood regdatory 

mechanisms and interactions with surfactant, and the availability of sensitive and specific 

reagents for assay of rat W a  at both the mRNA and protein levels (which is much less of 

an issue now than when these studies were begun). 

We found that changes in cytokine expression were dependent both on the duration of 

ventilation and the ventilation strategy used. For exarnple, hi& end-inspiratory lung volume 

ventilation had different effects on the steady state TNFa mRNA level, the % of lung cells 

expressing TNFa rnRNA (as assessed by in situ hybndization), and the concentration of 

TNFa protein in BAL fluid, depending on whether PEEP or no PEEP was used. With PEEP 

(Le., MVHP), high end-inspiratory lung volume ventilation increased the % of lung cells 



expressing TNFa mRNA as compared to Control ventilation, but this "translated" into o d y  a 

slight increase in BAL levels of TNFa protein within the period of ventilation assessed (3 

hours). Whether such a diaise increase in TNFa expression within the lung could produce 

sequelae such as those demonstrated by Piguet et al. in his studies of pulmonary fibrosis 

requires M e r  study in more chronic rnodels, as well as in in vivo or perfused models (to 

assess whether these changes could initiate or potentiate lung injury/inflammation in the 

presence of circulating cells/factors). 

In contrast, ventilation with no PEEP but a similar high end-inspiratory lung volume 

strategy (Le., HVZP) was found to produce a far greater increase in BAL levels of TNFa 

within 30 minutes of ventilation, a progressive increase in tissue steady state levels of TNFa 

mRNA with duration of ventilation, and an increase within 30 min. in the % of cells 

expressing TNFa mRNA (as assessed by in situ) within 30 min., followed by a decrease in 

the % of cells expressing TNFa mRNA to Control levels. Falling between these 2 

strategies, ventilation with no PEEP but a smaller end-inspiratory lung volume (Le., MVZP), 

produced a smaller but not significantly (due, in part, ?J a small n) different increase in 

TNFa mRNA steady state levels with time as HVZP, a smaller and more gradua1 increase in 

BAL levels of TNTa protein than HVZP, but a sirnilar increase in the % of cells expressing 

TNFa mRNA by 120 min. of ventilation as MVIIP. Given that the ex vivo mode1 is a whole 

organ model, made up of many ce11 types, and the fact that cytokine gene expression is 

regulated differently in rlifferent ce11 types, we concluded that the cells (epithelial versus 

other), the level (e-g., transcriptional, post-transcriptional such as rnRNA stability, 

translational, post-translational including secretion and degradation), and the mechanisms 

(e-g., ce11 disruption, ultrastructural injury, mechanotransduction) affecthg cytokine levels 

within the lung in response to ventilation are multiple, and depend on the specific strategy 

used. 

Our findings also support a potential pivotal role for the pulmonary epithelium in the 

expression of inflamrnatory mediators in response to injurious mechanical ventilation. While 

it remains unclear whether the epithelial responds directly to a ventilatory stimulus, or as a 

result of signals from other ce11 types (such as macrophages), such an acute (i.e. within 

hours) and widespread increase in pulmonary epithelial expression of cytokines has not been 



reported before with other stimuli (e.g., infection). Thus, a factor(s) inherent to mechanical 

ventilation (such as diffuse epithelial ce11 injury f?om shear and stress, or 

mechanotransduction) or a factor inhere~t to the study mode1 uçed, was likely involved. 

We also demonstrated an apparent association found between the appearance of 

impaired surfactant function (despite increased amounts of surfactant lipids) and elevated 

BAL levels of cytokines with the 2 zero PEEP ventilation strategies. Although M e r  

investigations are necessary to determine whether a causal relationship exists between these 2 

factors, and their significance with regards to the pathogenesis of subsequent ventilator- 

induced lung injury, as is discussed in the Introduction and the following Section on 

Relevance, there are a number of studies in the literature to support such a pohilate. 

Finally, although the isolated rat lung model used has a number of advantages that 

made it suitable for the specific questions we wished to address (see Section 2.1), due to 

numerous limitations, fmdings from such a model cannot be presumed to occur in vivo, or in 

other species, or in the ventilated patient with ARDS. Fortuitously, a number of recent 

studies in a variety of models (including humans) are emerging that provide evidence that 

ventilation-induced changes in cytokines and "biotrauma" do occur, and possibly play a 

pivotal role in ventilator-induced injury. 





2.2.1. Relevance 

2.2.1.1. Evidence in other models of ventilation straegy induced production of 

cytokines or otker rnolecular or cellular mediators (Le.. evidence of 

"biotrauma 'y. 

In an isolated perfused rat lung model, Parker et al. have demonstrated that 4 hours of 

ventilation at increased inflation pressures induces differentiai patterns of expression of a 

number of interstitial proteins. This induction of interstitial proteins was attrïbuted to 

increase wall stress associated the different stress patterns imposed by either increased 

inflation pressures or increased venous pressures (362). In vivo in rats, Pardo et al. have 

dernonseated that 25 minutes of high tidal volume ventilation leads to increased bronchiolar 

epithelial expression of gelatinase A, and collagenase A - primarily in the epithelium of 

small airways (501). They concluded that upregulation of metalloproteinases may be 

involved in the pathogenesis of injury with high volume ventilation. 

As previously mentioned in the Introduction, in vivo in saline lavaged rabbits, 

conventional ventilation as compared to high fiequency ventilation was found to increase 

neutrophil influx and activation, and Iead to a progressive deterioration in lung function (1 76- 

178). In granulocyte depleted rabbits, however, such injury was almost completely 

abrogated (102). Also in this model, conventional mechanical ventilation was shown to 

increase expression of TNFa mRNA in those cells retrieved by BAL (357). This increase in 

cytokine expression was apparent withui 1 hour of CMV, and preceded the development of 

impaired cornpliance, poor gas exchange, histologie injury, and neutrophil infiltration. 

Because these investigators only assessed cytokine expression in cells retrieved by Lavage, 

they proposed that ventilation primarily leads to changes in cytokine production by 

macrophages, based on "ample evidence in the literature that the predominant sources of 

TNFa in the lung are the alveolar macrophage". 

Finally, in humans a pilot study was recently undertaken to assess whether the 

ventilation strategy used in patients with ARDS would affect both pulrnonary and systernic 

cytokines (502). In this study, 28 patients were identified within 6 hours of admission to the 

intensive care unit and placed on either a conventional ventilation strategy (PEEP adjusted by 

arterial O2 saturation, RR 10-15, and Vt adjusted to maintain norrnocapnia) or a minimal 

stress strategy (optimized to the individual patient's lung pressure-volume cuwe to avoid 



both lung overdistention and low end- expiratory lung volumes). BAL and serurn cytokines 

were analyzed at entry, 24, and 36 hours. The 2 groups of patients were not different as to 

age, Pa02/Fi02, APACHE II, LIS, and had similar etiologies of ARDS (including 

pneumonia, sepsis, trauma, acute pancreatitis, and drug overdose). Ln those patients placed on 

conventional ventilation, levels of lung and plasma cytokines (including IL-I B, IL-6, IL-8) 

and BAL neutrophil counts remained elevated or significantly increased over the 36 hours. 

However, in the minimal stress ventilation group, a significant decrease in levels of BAL, and 

serum cytokines and lung lavage neutrophil counts was observed. 

Thus, the evidence emerging supports our findings of an early increase in cytokines in 

the pathogenesis of ventilator-induced injury, and lends support to the relevance and validity 

of the findings obtained in our model. 

2.2.1.2. Evidence ihat abrogation of ventilation-induced "biotrauma" reduces 

lung injwy. 

In the Introduction, abundant evidence of the detrimental effects of persistent or 

elevated cytokines in the pathogenesis of lung injury in a variety of models was presented. 

Briefly, increased cytokines, such as TNFa, have been shown to have a number of 

detrimental effects on the lmg (234,246;503), and interventions to block or mitigate the 

actions of idammatory cytokines have been shown to reduce injury(190,192- 

194,236,504,505). 

In the majority of the ventilation studies mentioned thus far, although the changes in 

cytokines precede the development of lung injury (as assessed histologically), and there 

appears to be an association between the cytokine levels and degree of lung injury, a 

definitive causal link between the observed molecular changes and the subsequent histologie 

injury was not shown. The exception to this, was the study demonstrating the effect of 

neutrophil depletion on ventilator-induced Iung injury in rabbits (1 02). 

Recently, however, a number of studies have exarnined the effect of phannacologicd 

interventions aimed at blocking cellular or molecular mediators involved in the pathogenesis 

of ventilator-induced lung injury. For example, Narimanbekov and Rozyki demonstrated 

that treatrnent of surfactant depleted rabbits with an antagonist of interleukin-lB pnor to 

ventilation reduced lavage markers of lung injury (PMNs, elastase, and albumin), as well as 



reduced histopathological evidence of lung injury (506). Of note, they found no 

improvement in lung compliance or gas exchange, suggesting that aithough IL-1 P contributes 

to lung injury in this model, other factors (such as other cytokines, complement, reactive 

oxygen species, proteolytic enzymes, innammatory cells, structural disniption) were also 

involved (506). 

Given that induction of the heat stress response was shown to reduce s e m  

concentrations of TNFa and attenuate lung injury secondary to sepsis (507-509), we assessed 

whether prior heat s@ess would have a protective effect in lungs subjected to ventilation with 

our most injurious strategy (HYZP). We found that heat stress (41 C for 15 min) 18 hours 

prior to lung harvest and ex vivo ventilation for 2 hours reduced BAL levels of a number of 

cytokines (TNFa, IL-IP, and MIP-2) and reduced the magnitude of the decrease in lung 

compliance observed as compared to non-heat stressed controls (5 10). 

Duante et ai. reported that hydrocortisone 30 min prior to 4 hours of high tidai 

volume (42 ml/kg)  ventilation in vivo in rats significantly hproved oxygenation, with a trend 

towards decreased BAL protein (308+209 vs. 528+225, p=0.07), cells (89+42 vs. 109k45, 

p=0.26), and lung weights (O.74kO.4 1 vs. 0.96+0.26,p=O. 12) (5 1 1). 

Of note, Parker et al. recently examined whether one particular manifestation of 

ventilator-induced injury attributed almost exclusively to structural injury - i.e., early 

ventilator-induced changes in alveolar capillary membrane permeability and edema (see 

Introduction) - had in fact, a more active cellular mechanism (5 12). In an earlier study, they 

had noted that infusion of isoproterenol significantly attenuated the capillary filtration 

coefficient increase in isolated rat lungs as a result of pemision with high venous pressures 

(513). This lead them to hypothesize that the effects of isoproterenol may have been due, in 

part, to reduced endothelial ceil cytoskeletal tone. In another study, they inhibited 

phosphotyrosine phosphatase in order to increase intracellular tyrosine phosphorylation of 

focal adhesion proteins in isolated rat lungs, and found an increased susceptibility of these 

lungs to PIP-induced injury (5 14). As receptor-induced increases in endothelid permeability 

involve an increase in intracellular calcium - which in turn initiates an active increase in the 

tension of actin-myosin fibrils, and results in contraction of endothelial ce11 margins - Parker 

et al. wondered whether mechanical stretch activated calcium ion channels were involved. 

As such, they went on to compare the effect of ventilation at different PIP on lung capillary 



filtration coefficients in control Iungs or lungs perfûsed with gadolinium, a blocker of non- 

selective stretch activated cation channels (512). Rernarkably, in the group given the channel 

blocker the increase in capillary filtration with high PIP was completely abolished, 

supporting the hypothesis that increased microvascular permeability associated with 

mechanical ventilation is an active rather than a purely passive process. 

Further evidence of the relevance of mo1ecular and ce11 rnediated rnechanisms in the 

pathogenesis of ventilator-induced injury was recently provided by Uhlig and von Bethmann 

(5 15,s 16). They examined whether potassium channels were involved in hyperventilation 

induced secretion of TNFa and IL-6 into the perfusate of isolate murine lungs. They found 

that quinine (a nonspecific potassium channel blocker) (516), although causing a slight 

increase in basal perfusate levels of TNFa, abolished the hyperventilation induced increase 

in TNFa and IL-6, suggesting a role for a quinine sensitive target in hyperventilation induced 

TNFa and IL-6 protein expression. 

2.2.1.3. Evidence io support our speculation that the ventilutor-induced 

biotrauma may have systemic eflects. 

A number of studies appear to support this postdate. In isolated perfused mouse 

lungs, 150 minutes of high volume ventilation (using either positive or negative pressure 

ventilation) was found to increase lung homogenate Ievels of TNFa and IL-6 mRNA, and 

pefisate levels of TNFa and IL-6, several fold as compared to ventilation at lower lung 

volumes. This supports the hypothesis that ventilator-induced cytokine production by the 

lung could have both local, as well as systernic effects (5 15). 

In open chested rabbits in which each lung was subjected to ventilation at a different 

lung volume, Berg et al. found sirnilar increases in steady state levels of mRNA for a number 

of matrix proteins (al (III)-procollagen, laminen, fibronectin, TGF-P) in both the overinflated 

lung as well as the contralateral unstressed lung (517). They concluded that this supports a 

role for cytokines produced by "cyclic strain or during injury that affect ce11 proliferation and 

matrix remodeling" (3 62). 

In vivo, Guclu et al. noted that high volume ventilation in rabbits (V, 15, 5 PEEP vs. 

V, 7, O PEEP) appeared to prime circulating neutrophils as measured by H202 production 

following fMLP (5 18). In subsequent studies by o u  group, using an in vivo rat hydrochloric 



acid injury model, ventilation strategy was shown to affect serum cytokines levels despite 

similar systolic blood pressures between groups (5 19,520). Behnia et al demonstrated that 7 

hours of ventilation of healthy rats with tidal volumes of 18.6 + 4.5 cckg produced increases 

in s e m  LDH, CK, AST, and K, as well as severe lung congestion, alveolar hernorrhage, 

influx of infiammatory cells, and elevated lavage levels of LDH and AST (521). These 

changes did not appear to be due to hemodynamic compromise, as mean arterial pressures of 

100- 120 rnrnHg were present over the course of the study. 

Finally, as mentioned above (Section 2.1.1.2), in the study by Ranieri et al. in 

humans, mechanical ventilation strategy was found to affect both Iung as well as circdating 

Ievels of cytokines (502). 

2.2.1.4. Evidence of a role for mechanotransduction in the pathogenesis of 

ventilator-indziced lung injü,y 

As previously discussed, our fmding of d i f i se  airway and alveolar epithelial 

expression of cytokines suggests that mechanotransduction may be involved in initiating the 

idammatory response to ventilation. Evidence fiom a n u b e r  of studies in ce11 culture 

showing that ce11 deformation c m  lead to differences in ce11 phenotype, differentiation, and 

proliferation (as discussed in Section 1.5.). For example, Pugin et al. recently reported that 

in vitro ventilation of hurnan macrophages activated NF-KB and increased production of 

TNFa, IL-6, IL-8, and matrïx metalloproteinase-9 (522). At the organ level, the 

aforementioned studies by Parker et al. (2.1.1.2.) also lends support to a role for 

mechanotransduction in the pathogenesis of ventilator induced lung injurv. As discussed in 

Chapter 5, M e r  studies are needed to defïnitively conf~mi this postdate. 

2.2.2. Implications 

Our fmdings, and those of a number of recent studies support a greater than 

previously appreciated role for cell and molecular mediators in the pathogenesis of 

ventilator-induced lung injury, and as such, have a number of implications. 

First, to date, approaches for preventing ventilator-induced lung injury have focused 

on rninimizing Fioz, and manipulating ventilator parameters to Iirnit lung stretch or collapse. 

Despite this, ventilator-induced lung injury remains a significant problern in the care of 



critically il1 patients (3381, and the moaality of patients with acute respiratory distress 

remains high. The present study suggests a novel mechanism of injury - although mechanical 

injury rnay occur, mechanical ventilation in susceptible patients may also Iead to 

development of a persistent ventiiator-induced intlammatory response in the Iungs; 

producing local lung injury, and potentially initiating or contributhg to development of a 

systemk inflammatory response. 

Second, if correct, this could lead to a paradigm shift in which therapies to prevent 

ventilator induced lung injury are based not only on manipulating pressures or volumes in the 

lung, but also on interventions which are not rnechanically based (discussed M e r  in 

Chapter 5). Such interventions airned at rnitigating the ventilator-induced injury would serve 

as useful adjuncts in many patients, as it is impossible with traditional ventilation techniques 

to ensure in a heterogeneously injured h g ,  that al1 lung segments receive non-injurious 

ventilation. 

Third, our fmding that the ainvay and alveolar epithelium appear to play a major role 

in cytokine networking within the lung in ventilator-induced lung injury, has potential 

therapeutic implications. Ideally, to mitigate the adverse sequelae of a rampant inflamrnatory 

response, it would be best to interrupt the cascade as early as possible, and not impair the 

host's ability to fight infections. Specifically targeting a pulmonary epithelial response might 

have such a desired effect. Future directions for studies aimed at improving our 

understanding of the biology of ventilator-induced lung injury are discussed in Chapter 5. 



CHAPTER 3 

Future Directions 
Now this is nor the end It is not even the beginning of the end 

But it is, perhaps, the end of the 6eginning. 
Su Winston Churchill 

Once thought of as purely mechanical injury, novel findings nich as those presented 

in this thesis have set the stage for M e r  investigation into the role of ceil and molecula. 

mediated injury in the pathogenesis of both lung, and possibly systemic injury secondary to 

ventilation. Greater understanding of the mechanisms of ventilator-induced injury is needed 

if effective interventions to mitigate or prevent patient morbidity and mortality are to be 

developed. Due to the complexity of the lung response to ventilation - for exarnple, the 

magnitude and distribution of the many forces involve, as well as multiple cell-ce11 

interactions, not to mention the effects of ventilation on hemodynarnics and distal organ 

function - future studies at the cell, the organ, and the whole animal/person level are required 

to define: 

the magnitude and the distribution of aberrant forces exerted upon the lung during 

mechanicd ventilation, and their sequelae 

* the responses at the cellular level of various ce11 types (alone and in combination) 

to mechanicd stresses 

the role of "biotrauma" in the pathogenesis of ventilator-induced injury (local and 

systemic) in vivo. 

œ novel interventions to abrogate injury 



5.1. FORCES WITHIN THE LUNG 

To develop more physiologic in v i m  models to study the effects of forces on lung 

ce11 biology, as well as to design more effective interventions to prevent ventilator-induced 

lung injury, M e r  studies are needed to cl- the mechanical effects of ventilation on the 

lung. Specifically, studies are needed to better define the magnitude and distribution of 

aberrant forces generated within the lung as a result of ventilation, and the precise 

mec hanisms whereby they arise. 

For example, it is recognized that ventilation with low end-expiratory lung volume 

leads to lung injury. A mechanism that has been proposed is that shear injury fiom repetitive 

aiveoladairway opening and collapse. As reviewed in the Introduction, the evidence in 

support of this postdate includes the observation of sirnilar injury in in viîro and ex vivo 

rnodels in which repetitive reopening and collapse of lung regions was observed, evidence in 

viîro and ex vivo that surfactant dyshct ion can lead to instability of distal ainvays/alveoli 

producing tidal opening and collapse with ventilation, and in vivo visualization by CT scan of 

lung regions in patients with ARDS that appear to undergo repetitive opening and collapse. 

In addition, both injury and tidal opening/collapse appear to be prevented by maintainhg 

cbsuffkient" end-expiratory lung volumes. It has been argued, however, that there is no direct 

proof of alveoli "opening and closing" in vivo, and that perhaps other mechanisms such as 

increased forces secondary to interdependence (at the boundary of atelectatic and recruited 

lung tissue) or shear injury secondary to tidal movement of fluid or meniscai occlusion of 

ahways is responsible for producing injury in vivo (27,153,154,427,523). 

Ventilation at the other extreme of lung volume - i-e., high volume ventilation - is 

also recognized as injurious. Once again, the specific magnitude and distribution of forces 

within the h g  that lead to such injury are unclear. There is indirect evidence to suggest 

that the distribution of stretch within alveoli may not be uniform (426). As well, the relative 

absence of injury to type II cells with hi& volume ventilation, as compared to the significant 

injury to type 1 cells (32,97), has lead to speculation that type 1 cells rnay be subjected to 

greater forces ( e g ,  greater ce11 strerch) due to their location, whereas type II cells rnay reside 

predominantly in regions of the alveolus "sheltered" fiom strain (524). 

Approaches that can be taken to clarie the mechanical effects of ventilation on the 

lung include the imaging of alveolar ventilation in situ using a modification of the 



micropuncture technique described by Ashino (525). Using this technique, imaging of both 

normal alveoli, and aiveoli with impaired surfactant function or injury, might provide visual 

evidence of repetitive opening and collapse. Another approach would be to combine the 

technique described by Martynowicz et al. (523) - in which the imaging of the changes in 

regional lung volumes during tidal ventilation is done by measiiring the changes in volume of 

tetrahedra formed by beads instilled within the lung - with CT scan or MRI imaging to assess 

whether regionai tidal lung opening and collapse occurs. In addition, studies assessing the 

effect of static or dynamic lung inflation at different lung volumes on the distribution of 

intracellular calcium within cells lining the alveolar space, in the presence and absence of a 

stretch activate cation charnel blocker such as gandolium, could be used to assess whether 

the differences in intracellular calcium levels recently reported were due to differences in cell 

stretch (525). 

Fuaher studies are also needed to tease out the underlying injurious forces associated 

with different ventilatory parameters, especially with more prolonged ventilation (Le. > than 

a couple hours) of larger species. For example, are the effects of ventilation with smaller tidal 

volumes due to lower end-inspiratory lung stretch, different tidal stretch, different strain, 

different shear forces at the air-interfqce, different shear/strain upon the endothelium due to 

different lung volume and blood flow, Oifferent frequency, or a combination of the above? 

5.2. MECHANOTRANSDUCTION IN LUNG CELLS 

Greater understanding of the response at the cellular level to the stress of mechanical 

ventilation would provide a ba i s  for development of novel ventilatory and pharmacological 

approaches to prevent or rnitigate ventilator-induced lung, and possibly systemic injury. For 

exarnple, relative to the current understanding of signal transduction pathways involved in 

the regulation of expression of inflammatory mediators by inflammatory celIs, much less is 

known about the pathways involved in the regulation of these mediators in non-traditional 

cells such as airway and alveolar epithelial cells. 

Studies are also needed to improve our understanding of the effect of physical forces 

on cells, and to develop in vitro models that closer replicate the ce11 distention or stresses 

exerted on lung cells in vivo. For exarnple, in vitro models such as the standard Flexercell, 

stretch cells - but, only dong one axis. Thus, although this mode1 may be used to provide 



some insight into ce11 biology, the responses of celis to deformation in more "physiologic7' 

models is needed. An example of such a model would be one in which alveolar epithelial 

celis cdtured with an air interface (526) are stretched bi-axially. 

In addition, studies are needed to assess the effect of other forces besides bi-axial 

stretch that may be exerted on the lung. For example, in our ex vivo rat lung model, zero 

PEEP ventilation was found to induce more cytokine production than ventilation with high 

lung volume and PEEP (Le., M\.'tIP). Thus, studies should be carried out to assess the effect 

of repetitive forces pulling on the apical membrane of epithelial cells (to emulate the forces 

generated during repetitive opening and collapse) (527); the effect of shear on airway and 

alveolar epithelium (528-532); and the effects of forces applied to specific ce11 surface 

receptors in the absence of global ce11 distention (323). 

Given the importance of cell-ce11 interactions, and the spatial arrangement of cells in 

determinhg the response to mechanical stress, assessrnent of exertion of forces on cells 

culture in 3-dimensional alveolar like arrangements, also need to be pursued (533). 

Finally, as it is impossible for in vitro models to mimic al1 the complexities of 

ventilation at the whole organ level, studies to characterize the effects of various ventilatory 

strategies on ce11 responses at the whole organ level are needed. In particular, studies are 

needed to confum whether our finding of diffuse alveolar epithelial expression of 

i n f l m a t o r y  cytokines with injurïous ventilation occurs in vivo. And, if so, whether such 

expression is transient or prolonged (as would have a number of important therapeutic 

implications; is discussed further in Section 5.4). 

5.3. SIGNIFICANCE OF ' L ~ ~ ~ ~ ~ ~ ~ ~ ~ ' '  IN WVO 

Our fmdings and those of a nurnber of recent studies (reviewed in Chapter 4 - Section 

II) provide evidence that ce11 activation and production of Ulflarnrnatory mediators 

("biotraurna") rnay play a role in the pathogenesis of ventilator-induced injury. Further 

studies are needed, however, to clan@ the sequence of events at the structural, molecular and 

cellular level, and their respective contributions to the development of lung and possibly 

systemic injury if effective therapies to prevent such injury are to be developed (Section 5.4). 

Table 5-1 summarizes a nurnber of the structural, physiologic, molecular, and cellular 

sequelae of ventilation that have been identified. The precise sequence and time course of 



these events in vivo has yet to be determined. Certainly, we observed very early changes in 

lung cytokines with injurious ventilation, which could lead to recruitment and activation of 

circulating inflarnmatory cells, which in turn might release M e r  inflarnmatory substances 

setting up a vicious cycle of ce11 injury, surfactant dysfunction, m e r  inflarnmatory 

mediator release, etc.. . . As ideally in order to prevent injury interventions shouid target the 

earliest tnggering event possible - m e r  studies to clar ie  the temporal sequence of events 

and to provide stronger evidence of a causal relationship in vivo should be carried out. 

Approaches that could be taken include assessing the effect of interventions aimed at 

interrupting (e.g., neutralizing antibodies, ad-infiammatones), or supplementing (e.g., 

surfactant, proteases, cytokines) the "vicious cycle" o n  the subsequent development of lung 

injury. As well, assessing the effect of ventilation in various transgenic anllnals would 

provide some insight into the relative contribution of the various factors to the development 

of acute and chronic ventilator-induced lung injury (534). Further studies are also needed to 

clarify the role of surfactant dysfunction, and the interactions of surfactant and the 

inflamrnatory response in the pathogenesis of ventilator induced lung injury. 

The hypothesis that ventilator-induced lung injury may "spilloveryy and contribute to 

development of multiple organ failure (535) also needs to be addressed in well controlled 

animal studies. Due to the nurnber of potential confounding factors in vivo, and the amount 

of time needed for multi-organ dysfunction to develop, several studies using a variety of 

injury models wouïd be needed. 

Finally, the exciting findings by Ranien et al. (502) - dernonstrating a decrease as 

compared to persistently elevated cytokines in the BAL and serum of patients with ARDS 

randomized to a "protective" mechanical ventilation strategy - need to be followed up with a 

longer term study assessing what, if any benefits ensue in terms of organ failure, surfival, 

duration of ventilation, infections or other complications, or duration of ventilation. 



Table 5-1 : MANIFESTATiONS OF VENTILATOR INDUCED INJURY 
-- 

LOCAL 
- 

AIRLEAKS(53 6-53 8) 

EDEMA (12) 

S W A C T A N T  DYSFUNCTION 
(76,93,99,108,264,302,303,3 1 1,539) 

CELL INJURY(540) 

TYPE II PROLIFERATION (1 2,399) 

NFLAMMATORY CELL RECRUITMENT AND 
ACTIVATION (1 76,l77,54 1) 

trapping (75,542) 
activation ( 102,176,177,5 1 8) 
proteases (elastase, gelatinase, 
metalloproteinases,...) 
oxygen fiee radicals 

NLAMMATORY MEDIATORS 
(1 78,349,357,506,543) 

FIBROSE (12,362,362,s 17,544,544,545) 

CXRONIC LUNG DISEASE (12,545-547) 

SYSTEMIC 

EFFECTS OF IMPAIRED GAS EXCHANGE 
hypoxemia 
acidosislalkalosis (548,549) 

IMPAIED PERFUSION 
reduced cardiac output (543,550-560) 
reduced perfusion 

mesenteric (475,56 1) 
renal(562,563) 
cerebraI(S64) 

SYSTEMIC "SPILLOVER" FROM THE LUNG 
bacterial translocation (565,566) 
activation of circulating WBC 
inflanmatory mediators (87,358,400,567) 

INCREASED DISTAL ILEAL PERMEABILITY 
(568) 

DEATH (563,570) 

* references are a sampling of the Iiterature, and include review articles where available 

It is accepted that mechanicd ventilation c m  initiate and exacerbate lung injury, and 

contribute to patient morbidity and mortality (338,350,571). Of particdar concem, is the 

high mortaiity of patients with ARDS that has changed little over the past 3 decades. Not 

oniy are these patients most in need of ventilatory support, they are also those who have 

many of the nsk factors that increase susceptibility to ventilator-induced lung injury (Chapter 

1- Section 1.2; Table 1-2), and are those in whorn it is most difficult to maintain normal gas 



exchange using ventilatory strategies that remah within the "safe window" (Le., avoiding 

extremes of lung volume). 

To date, interventions to prevent ventilator-induced injury been almost exclusively 

mechanically based - using a variety of approaches to limit lung overdistention or regional 

atelectasis (see Table 5-2). Although a couple trials assessing strategies aimed at minimizing 

ventilation occurring at both extremes of lung volume appear to show some promise in terms 

of reduced patient morbidity or rnortality (570,572), the majonty of trials assesshg these 

approaches have not shown any benefit. This may be in part, due to the difficuities in 

ensuring in a heterogeneously injured lung that ali lung regions received non-injurious 

ventilation. 

RATIONALE 

Lirnit end-inspiratory lung 
volumes and tidaI volumes 

Maintaining 
normal pC02 - Leading to 

high pCOl 

Recniit and maintain minimal 
Iung voIurne > closing volume 
using "optimal" PEEP 

Adjuncts to improve 
"uniform" distribution of 
ventilation (to decrease 
forces) - VIQ match (to improve 
ABG and permit less 
stressfiil ventilation) 

STRATEGY 

Conventional ventilation limiting plateau pressures (338,573- 
575) 
Hi* fiequency ventilation (HFO,WFIV,HFPPV) (572,576-592) 
IVOX -1- CMV (593-597) 

Permissive hypercapnia (598-602) 
use of adjuncts to Iower pC02: 

Tracheal gas insufflation (603-606) 
ECCOzR (32,167,607-6 10) 
HFV +CMV (6 1 1-6 15) 

PEEP titrated > inflection point (6 16-6 18) 
PEEP titrated > closing volume 
PEEP (1 15,6 19-623) 
Recniitment and KFV (500,572) 
Liquid ventilation (Perfiuorocarbon PEEP) (624-626) 
Inverse ratio ventilation ("auto-PEEP") (627-629) 

Recruitment (94,572,580) 
Prone positioning (630-634) 
Liquid ventilation (6X763 5-63 7) 

0 Surfactant suppIementation (28 1,283,638-64 1) 
NO/prostacyclin/alm itrine (557,642-647) 
Differential lung ventilation (648-650) 

+ References quoted incIude sarnpling of the literature (randomized trials if avaiiable) 



The finding that mechanical ventilation induced injury may depend in large part upon an 

active cellular and molecular rnediated response, opens the door for the development and 

assessrnent of novel pharmacological interventions that could be used in conjunction with 

ventilation strategies to prevent or minimue local lung injury, and systemic sequelae. 

For example, the significant increase we found in widespread epithelial expression of 

TNFa and IL-6 as a result of injurious mechanical ventilation is quite difTerent fiom the 

expression of Uiflammatory cytokines, predorninantly by macrophages and neutrophils, seen 

with infectious stimuli. This finding suggests the possibility of interventions that could 

specificaily target the ventilation-induced infiammatory response without impairing the 

host's ability to respond to infections. Examples of such interventions might include broader 

spectnim inhalational ad-inflammatory agents (e-g., drugs (5 1 1 ), gene therap y, neutralizing 

antibodies (506), anti-sense oligonucleotides); or preferentially, interventions specifically 

targeting the pulrnonary epithelium, or rven more specific interventions aimed at blocking 

aberrant stretch-induced changes. For instance, perhaps upregulation of the adhesion 

molecule ICAM-1 (which has been shown to have a stretch responsive element) due to 

mechanical stress plays a significant role in both increasing activation of cells to m e r  

stress of ventilation, as well as increased influx and binding of activated granulocytes, 

leading to increased lung injury. The use of an intervention such as antisense 

oligonucleotides targeting the stretch responsive promoter might specifically mitigate 

adverse sequelae of aberrant stretch secondary to ventilation, without irnpairing the host's 

ability to respond to other stimuli (such as infection). Similarly, blocking stretch-responsive 

cation channels (512) might also prove to be of benefit in vivo in mitigating ventilator- 

induced lung injury. 
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