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Lung protective ventilation in ARDS:
role of mediators, PEEP and surfactant
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ABSTRACT

Lung protective ventilation such as the ARDSnet low tidal volumes strategy can reduce
mortality in ARDS patients. The knowledge that an essential therapy such as mechanical
ventilation en the intensive care influences patient outcome has given rise to the re-evaluation
of carrent ventilation practices.

This review addresses the current state of lung protective strategies and their physiclogical
rationale. Latest knowledge on the instigation and progression of lung injury by mechanical
ventilation is explored, particularly the interaction between ventilation and the inflammatory
response occurring in an ARDS lung. Furthermore, the role of tidal volume, PEEP,
recruitment maneuvers and surfactant on lung injury is discussed. Finally, we discuss results
from ciinical studies on mechanicai ventilation and elucidate these results with data acquired

in experimental studies. Guidelines for future strategies and/or investigations are presented.
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INTRODUCTION

At the dawn of the new miliennium the acute respiratory distress syndrome (ARDS) network
showed unequivocally that mechanicai ventilation influences patient outcome [1]. They
compared two ventilation strategies, the first using traditional ventilation (normal tidal
volumes} and the second using reduced tidal volumes, deemed to be protective. Using the
protective strategy the ARDS network reduced mortality to 31% compared to 40% in the
traditionally ventilated group [1].

Thus, protective ventilation can be defined by reducing tidal volume according to the ARDS
network protocol without any need for further investigation. Or has the ARDS network study

started a new age of protective ventilation strategy research?

HISTORY

ARDS was mentioned in an historic article by David Ashbaugh and colleagues in 1967 [2].
They described 12 patients with severe dyspnoea, tachypnoea, cyanosis, loss of lung
compliance and diffuse alveolar infiltration seen on the chest X-ray. They observed and
reported several clinical and pathological similasities with neonates with respiratory distress
syndrome, notably surfactant dysfunction [2]. Over 40 years before the work of Asbaugh’s
group, Kurt von Neergaard [3] in 1929 was the first to suggest that surface tension plays a
role in lung elasticity. He showed that the pressure necessary to fill the lung with liquid was
less than half the pressure needed to fill the lung with air. His explanation for this remarkable
difference was based on the assumption that in each alveolus there must be a barrier between
air and fluid. This barrier could reduce the size of the alveolus according to the law of
Laplace [3]. From the law of Laplace, P = 2y/r (P = pressure in the bubble; v = surface
tension; r = radius of the bubble), it could be concluded that a reduction of the radius of a
bubble needs an equal reduction in surface tension to keep the bubble stable, which can only
be accomplished by a dynamic behavior of a surface tension lowering material, which is
pulmonary surfactant.

Thus, when ihe endogenous surfactant systern is impaired, independent of the cause, the rise
in surface tension will result in atelectasis formation, enlargement of the functional righi-to-

left shunt, pulmonary edema, 1mpaired gas exchange and subsequent hypoxemia [4]. These
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patients require mechanical ventilation to decrease their work of breathing and reverse the

life-threatening hypoxemia and their respiratory acidesis [5].
WHAT DOES MECHANICAL VENTILATION DO?

During mechanical ventilation either a fixed tidal volume 1s set {volume controiled
ventilation} or a fixed pressure is set resulting in a tidal volume which is dependent on the
distensibility of the lung {pressure conirolled ventilation). Although it 1s beyond the scope of
this review to go into extensive details about these two types of mechanical ventilation, we
will briefly discuss the advantages and disadvantages of both of them (for a review see [5-7]).
The volume which enters a lung correlates with the alrway pressure, and a pressure-volume

(P-V) diagram will depict this for each individual lung.
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Figure 1.

Pressure velume diagram of a healthy air-filled lung and an ARDS lung. In ARDS higher pressures are
required to expand the lung compared fo & healthy huing due to the high surface tension at the air-liquid
interface in the alveoli, which is caused by surfactant inactivity. Adapted from von Neergaard [3]
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Figure 1 shows two P-V diagrams, one of a healthy lung and one of an ARDS lung (adapted
from [37). To get the same volume into an ARDS lung (which is characterised by a lower
distensibility) much higher airway pressures are required compared to the healthy lung; or in
other words, when applying the same airway pressure more volume will enter the healthy
lung than into an ARDS lung. The P-V diagram depicted in Figure 1 demonstrates that, when
using pressure controlled ventilation, aitway pressures need to be adapted to the individual
lung thus allowing sufficient ventilation which 1s a prerequisite for adequate CO; elimination.
Setting a fixed volume will indeed allow sufficient ventilation and thus adequate CO;
elimination, but it may lead to high airway pressures in stiff (ARDS) lungs. The high airway
pressures generated in ARDS lungs are further enhanced due to the inhomogenity in
distensibility of the injured lung [8], the open and thus relatively healthy lung parts will be
prone to overinflation while the injured lung areas will not be inflated. The progression of the
injury to the lung will result in atelectatic lung areas and patches of still open lung tissue.
When this lung is ventilated, even with small tidal vohimes, air will go preferentially to these
open still compliant parts. This phenomenon has been described as a ‘baby lung’ and the
subsequent ventilation even with small tidal volumes will result in overdistension [9].
Depending on the amount of collapsed lung tissue even these small tidal volumes will
increase the actual tidal volume delivered to the open lung areas several fold (when 75% of
the jung is collapsed, the open lung part will receive 4 times the volume in the open lung
areas).

Pioneering work of Mead and colleagues demonstrated that, due to the pulmonary
interdependence of the alveoli, the forces acting on the {ragile lung tissue in non-uniformly
expanded lungs are not only the applied transpulmonary pressures, but also the shear forces
that are present in the interstitium between open and closed alveoli {10] (Fig. 2).
Transpulmonary pressures of 30 cm>0O will result in shear forces of 140 cmH,O [10]. Shear
forces, rather than end-inspiratory overstretching, may well be the major reason for epithelial
disruption and the loss of barrier function of the alveolar epithelium, Tn an ARDS lung there
is a coexistence of collapsed alveoli, non-collapsed alveeli and alveoli that are subjected to

repeated opening and closure; especially this latter category is subjected to these shear forces
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[9, 10]. Important evidence for this mechanism comes from the finding that ventilation even

at low lung volumes can augment lung injury in lengs with an impaired surfactant system

Figure 2.

Diagram showing the interdependence of
alveoll. When normal alveoli are
ventilated {(upper panel} forces between
alveoli are equal, mechanical ventilation
of the same alveolar unit after surfactant
inactivation (lower panel) results in end-
expiratory collapse and subsequent shear
forces on (adapted from [107).

{11, 12]. Preventing repeated collapse by stabilizing lung tissue at end-expiration with

positive end-expiratory pressure (PEEP) has been shown to reduce lung injury [9, 13-15].

ROLE OF PEAK PRESSURES, TIDAL VOLUME AND PEEP

Webb and Tierney in 1974 demonstrated the critical role that PEEP plays in
preventing/reducing lung injury [13]. In rats ventilated with 10 cmH-0 of PEEP and a peak
pressure of 45 cmH,O no lung injury was present but using the same peak pressure and
omitting PEEP severe pulmonary edema was formed within 20 min [13]. In a study by
Verbrugge et al. the difference in pressure amplitude between these two groups also resulted
in difference in tidal volume, ie. 18 ml/kg and 45 mlkg in the 45/10 and 45/0 group,
respectively [14]. Drevfuss and colleagues further explored the role of tidal volurne and peak
inspiratory pressures on lung injury [16]. In an animal model they applied high inspiratory
14




pressures in combination with high volumes which resulted in increased alveolar
permeability [16]. In a second group low pressure were combined with high volume (iron
lung ventilation) again resulting in alveolar permeabulity [16]. In the third group the effect of
high pressures combined with low volume was studied, by strapping the chest wall to reduce
chest excursions; the permeability of this group (high-pressure low-velume group) did not
differ from the control group [16]. Thus large tidal volume ventilation increases alveolar
permeability, whereas peal inspiratory pressures do not seemn to influence the development of
this type of lung injury. Similar observations were made in rabbits ventilated with high peak
pressures in which thorax excursions were limited by a plaster cast [17]. In injured lungs the
effect of higher volumes only aggravated the permeability, as demonstrated in animals in
which the surfactant system was Inactivated and which were subsequently ventilated with
high tidal volumes [18, 19].

Although Webb and Tierney already demonstrated that PEEP could ameliorate lung injury
[13], the mechanism is sti}l not clearly understood. PEEP can stent alveoli at end expiration
and thus prevent repetitive collapse, reducing shear forces {20, 217. The most important role
of PEEP is to preserve surfactant function. Two basic mechanisms have been reported to
explain the surfactant-preserving effect of PEEP during mechanical ventilation. The first
mechanism is alteration of the surfactant film by surface area changes, already suggested in
1972 [22]. Wyszogrodksi et al. demonstrated that PEEP could prevent collapse of the
alveolar surface film due to low lung volumes in no-PEEP ventilation and thus prevent
alteration of the endogenous surfactant, substantiated in this mode! by surface tension
measurement and lung compliance [23]. Later it was shown that especially large arca changes
result in conversion of active surfactant (large aggregates LA) into inactive surfactant (small
aggregates SA), believed to be the reason for the deterioration of surfactant function [14, 24,
25]. In the modei first described by Webb and Tiemey, 10 cmH;Q PEEP prevents a
significant conversion of large aggregates into small aggregates compared with non-
ventilated controls [14, 26]. A second mechanism explaining how PEEP preserves surfactant
function, 1s the prevention of loss of surfactant to the proximai airways. In 1976, an ex-vivo
model was used to show that ventilation caused movement of surfactant to the airways from
the alveoli [27]. Preventing alveolar collapse and keeping the end-expiratory volume of
alveoli at a higher level, prevents excessive loss of surfactant in the small airways by a

squeeze-out mechanism during expiration {14, 15, 27, 28] (Fig. 3).
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Accumulation of proteins in the lung due to influx of edema results in inactivation of
surfactant [29-31]. PEEP can reduce this accumulation of protein in the lung and the
subsequent inactivation of surfactant, Studying the effect of two PEEP levels Hartog and
colleagues subjected rats to whole lung lavage to remove the endogenous surfactant [21]. In

the first group PEEP was set to prevent hypoxemia (PEEP 8 cmH20) and in the other group

Figure 3.
Schematic representation of loss of surfactant
to small airways. Balance between synthesis,
release and consumption of surfactant i the
healthy Iung. The pressure values given
represent the intrapulmonary pressure needed
1o open up the alveclus. A) At the surface and
S emll 0 the hypophase {micelies). there are sufficient
molecules of surfactant. These micelles
deliver the surfactant necessary to replace the
melecules squeezed out during expiration. B)
Imbalance between synthesis, release and
consumption of surfactant due to artificial
ventilation. At the beginning of inspiration,
there is an apparent deficiency of surfactant
molecules bur there is a respreading of
molecules stored in the hypophase of the
surfactant layer. At the end of inspiration there
Expiration Inspiration is, in princip!e, enough surfact_am on ‘the
surface, C) With the next expiration, surface
C active molecules are squeezed out and no
surface active molecules are left In the
hypophase for respreading, creating the
W emlo situation where a serious surfactant deficiency

i ' foliows

Lanii,0 \—/

PEEP was set to prevent collapse of alveoli (PEEP 15 emH,0) during the lavage procedure
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[21]. Although there was a similar amount of surfactant left in the lungs of both groups, there
was a marked increase in alveolar protein levels in the low PEEP group, resulting in
inactivation of surfactant as well as a deterioration of lung mechanics [21], Reducing protein
infiux, minimizing deterioration of lung mechanics and other such protective effects by
ventilating with higher levels of PEEP have been reported by others [32, 33]. Different
animal models have shown that ventilation with PEEP at lower tidal volumes results in less
edema than ventilation without PEEP and a higher tidal volume for the same peak or mean
airway pressure [13, 16, 34, 35] and that, more specificaily, PEEP prevents alveolar flooding
[13, 14].
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FUNCTIONS OF SURFACTANT

To allow optimal gas exchange under normobaric circumstances with minimal work effort all
alveoli need to be kept open during the whole respiration period. To prevent alveoli from
collapsing at the end of expiration the surface tension at the alveolo-capillary membrane
needs to be reduced to keep the alveolus stable (as described earlier in the law of Laplace).
Surfactant reduces this surface tension and is therefore an essential part of normal lung

function.

SURFACTANT INACTIVATION

™
: DECREASED N
N —
I / SURFACTANT \ L
/
L ACTIVITY J
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SURFACE
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PERMEABILITY TENSION AT
EDEMA ALVEOLAR
WALL
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T SUCTION /
FORCES ACROSS /

"\ R ALVEOLAR '
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Figure 4.
Perpetuation of surfactant inactivation. Schematic pathway along which surfactant inactivation will
perpetuate damage inflicted on the surfactant-alveolus system.
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However, besides reducing surface tension surfactant also has several other key roles in the
lung. One of the essential functions of surfactant is limiting transfer of molecules across the
alveolo-capillary membrane, this has been studied with **"Tc-DTPA in models of surfactant
depletion and/or inactivation [36, 37]. Pretreatiment with exogenous surfactant prevents the
injurious effect of large tidal volume on the clearance of ™ Te-DTPA [38]. Verbrugge et al.
demonstrated that incremental doses of surfactant before ventilation with large tidal volumes
and no PEEP reduced protein transfer (measured by Evans Blue) across the alveolo-capillary
membrane and maintained arterial oxygenation during the 20-min observation period [39].

Due to damage of both the epithelial and endothelial barrier, surfactant components may be

lost into the bloodstream.

PULMOMERY CAFILLARY
BATE LATYER
F T~ SUFERFICIAL LAYER

AIR SPACE

A=
<l —_— e o
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OMNCCTIC BLOCT FLUID TEMEICH
FRESTURE | ERZSSRE e e
MORMAL VALUES {enHoC) 37 = 15 + 12 + 4
RESFIEATOERY DISTEESS = = 15 + 12 + 4o 30

STNDE.CLE (om0l

Figure 5,
Simplified diagram showing the factors influencing fluid balance in the lung {from [4]}.

More importantly, protein will accumulate intra-alveolarly which results in dose-dependent
inhibition of surfactant [29]. As surfactant is rate-limiting for the transfer of proteins over the
alveolo-capillary barrier, loss of surfactant function will lead to further protein infiltration.

This may result in a self-triggering mechanism of surfactant inactivation (Fig 4) [29-31]. The
18




application of PEEP has been shown to reduce protein infiltration/edema formation, as
previously mentioned in several models of lung injury [14, 16, 21, 34]. This protection
against lung edema is also caused by stabilization of the fluid balance in the lung, especially
across the alveelo-capillary membrane. Figure 5 presents a diagram of fluid balance across
the lung. The normal plasma oncotic pressure of 37 cmH,0 is opposed by the capillary
hydrostatic pressure of 15 ¢mH>0, the oncotic pressure of interstitial fluid proteins of 18
emH;O and by the surface tension condifioned suction pressure of 4 cmH.0. In general,
alveolar fiooding will not occur when the surfactant system is properly functioning. However,
when the surface tension rises above a critical level alveolar flooding will occur, leading to
influx of proteins into the alveolar space which results in further inactivation of surfactant
(291

A second very important role of surfactant is the protection against bacteria and other micro-
organisms. Surfactant (especially SP-A and SP-D)} and alveolar macrophages have a
synergistic effect in the defense against bacteria [40, 41]. Surfactant proteins recognize and
interact with the surface of micro-organisms. They protect the lung by interacting with a wide
variety of potential pathogens, including viruses, bacteria, and fungi.

Pathogens can interact directly with the extracellular surfactant pool, the release and or
production during host-pathogen interaction oft proteases, phospholipases and oxygen
radicals directly alter the lipids in surfactant [42, 43]. Lysis of surfactant producing type IT
cells by pathogens and the subsequent destruction of the integrity of the alveolar-capillary
membrane will further impair replenishment of the surfactant pool [43, 44]. Studies in
patients have shown that, feliowing a decrease in lung compliance (thus, surfactant
deficiency), pneumonia wiil often develop [45]. Restoring the amount of active surfactant in

the lung will improve lung function in these patients and help restore gas exchange [46].

CYTOKINES, INFLAMMATORY MEDIATORS

In patients ventilated with a lung protective strategy (low tidal volume; high PEEP), lower
levels of inflammatory mediators were found [47]; these lower levels of inflammatory
mediators correlated with lower levels of multi-organ failure and thus improved patient

outcome [48].
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These observations that mechanical ventilation influences mediator levels and finally patient
outcome are substantiated by experimental data. In a landmark article, Tremblay and
colleagues demonstrated that injurious ventilation strategies could induce cytokine release
[49]. Using an isolated non-perfused rat lung model they demonstrated that ventilation with
high volumes (40 ml/kg bodyweight) and no-PEEP resulted in increased levels of TNF-o, IL-
15, IL-6, MIP-2, IFN-y and IL-10; both in the presence of an inflammatory stimulus
{(lipopolysaccharide induced) or in a non-stimulated luag [49]. Ventilation with a lower
volume (15 ml/’kg bodyweight) without PEEP, resulted in only a significant effect on the
above-mentioned cytokines in the pre-inflamed lung [4%9]. Addition of PEEP of 10 cmH,0O
almost prevented this increase of cytokine release.

The observation that ventilation-induced cytokine release is dependent on the level of
‘priming’ of the inflammatory milieu is corroborated by other studies [50, 51]. Ricard et al.
{in a similar set of experiments) failed to show any effect of ventilation on ¢ytokine releases
without a pre-stimulus [50]. Similarly Verbrugge and colleagues could not demonstrate any
release of TNF-w during different ventifation strategies in vivo in healthy lungs [31].

In contrast, ventilation of an “inflamed” lung has been shown to result in release of cytokines
[49, 50, 52]. One of the proposed mechamsms for increased mediator levels found i
injuriously ventilated lungs or in the serum of these animals is the loss of
compartmentalization [26, 53-55]. The concept of compartmentalization states that the
inflammatory response remains compartmentalized in the area of the body where it is
produced, i.e. in the alveolar space or in the systemic circulation [33, 55-58]. Recently, our
group demonstrated that compartmentalization of TNF-e (a pro-inflammatory cytokine) is
lost after ventilator-induced lung injury {26]. This loss of compartmentalization is dependent
on the amount of active surfactant present at the alveolar-capillary membrane [35].
Preserving the endogenous surfactant system with PEEP will (further) reduce this loss of
compartmentalization {55].

Thus, mechanical ventilation increases cytokine release in susceptible lungs. But is there a

clear pathway how these cytokines are released?
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ROLE OF CELLS

In ARDS the intense inflammatory process with sequential activation of cytokines,
chemokines and secretion of proteases, alters the inflammatory milieu in the fung resulting in
activation in the lung of several cell types [59]. Kawano et al. demonstrated that removal of
neutrophils decreased ventilation-induced lung injury (superior oxygenation and less hyaline
membrane formation) compared to a group in which the neutrophils were still present [60].
Alveolar macrophages have been reported to be very susceptible te mechanical stress [61].
Using a plastic lung model several lung cells were subjected to cyclic strain resembling
mechanical ventilation resulting in release of several key inflammatory mediators such as
TNF-a, [L-8, T1.-6 and matrix metalloproteinase-9 [61]. Other cells such as endothelial cells,
bronchial cells and fibroblast failed o show a response in this model [61]. However, Vlahakis
et al. did show release of IL-8 in alveolar epithelial cells by stretching them during 48 hours
[62]. MIP-2 (redent homologue of IL-8) was also released by stretch in cultures of fetal rat
lung cells, similar to LPS-induced release [63]. Thus, cytokine and chemokine production in
the lung could be due to the shear forces generated by the inhomogenity of the lung injury
observed in ARDS patients.

Studying the effect of early markers of metabolic changes in lung cells, Verbrugge et al.
demonstrated that injurious ventilation resulted in release of purines into the alveolar space
[64]. Purines are adenosine-triphosphate catabolites (adencsine, inosine, hypoxanthine,
xanthine and urate) which are biochemical markers for ischemia [64]. Within 6 minutes after
start of injurious ventilation purine levels in the lung had increased dramatically, PEEP and
surfactant reduced this release of purines by preventing alveolar collapse [64]. Increased
plasma levels of some purines {namely, hypoxanthine and xanthine) correlate with mortality
in ARDS patients [65].

INTRACELLULAR PATHWAYS OF CYTOKINE RELEASE

Mechanical ventilation will generate pressures on lung tissue and especially on lung cells.
Depending on the extent of the physical forces applied, this stress may lead to activation of
pulmonary cells through mechanotransduction [66] or to rupture of membranes and tissue

destruction {54].
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Although it is not clear how mechanical forces are converted to biochemical signals, several
pathways have been suggested such as: stretch sensitive channels, mechanoreceptors or
deformation of the extraceliular matrix-integrin-cytoskeleton [66, 677. The activation of the
intracellular pathways has been studied more extensively, such as the stress-activated
signaling cascades of the mitogen-activated protein kinase (MAPK) dependent pathways [66,
68, 69] and activation of the transcription factor nuclear factor (NF)-xB and subsequent

release of pro-inflammatory mediators [61, 69-72].
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Figure 6.

SC?IE!}’]atiC representation showing how external stimuli (cytokine, stress/stretch or LPS) activate on one or
more of the MAPK subfamilies (JNK, ERK, p38 and ERK-5) and/or the NF-xB pathway.

Activation of the MAPK pathway can activate transcription factors (ELK-1, C-Jun. C-Fos and ATF-2) which
will subsequently be translocated to the nucleus where they can induce transcription of early response genes,
resuiting in an inflammation response and production of cytokines. Activation of NF-xB by external stimul{

will result in translocation of this transcription factor to the nucleus and activation of gene transcription and
finally in release of cytokines.

MAPK are a family of proline-targeted serine-threonine kinases that transduce environmental

stimuli to the nucleus. Mammals express at least four distinctly regulated groups of MAPK:
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extraceliular signal-related kinases (ERK)-1/2, c-Jun amino-terminal kinases (JNK.1/2/3) also
know as stress-activated protein kinases, p38 kinase and ERK-5 [73]. One major function of
MAPK is activation of transeription factors such as ETS like protein-1 (ELK-1}, ¢-Jun, c-Fos,
and activating transcription factor-2 (ATF-2) which contrel a wide variety of genes, many of
which are involved in the regulation of inflammation and proliferation (Fig. 6).

NFE-kB is known to be a key transcription factor for maximal expression of many cytokines
that are involved in the pathogenesis of lung inflammation [66, 74]. In patients with ARDS,
increased activation of NF-kB expressed by alveolar macrophages has been observed [75]
and human macrophages subjected to ventilation have increased activation of NF-xB [61].
Held and co-workers demonstrated that increased activation of NF-«xB can be caused either
by LPS or mechanical ventilation and that this activation resulted in release of several pro-
inflammatory cytokines (MIP-2, IT-6 and TNF-c) [70].

MAPK are activated by various forms of extracellular stress and might serve an important
role in the cellular responses to ventilation-induced mediator release. Recently, Uhlig and
colleagues demonstrated that ventilation of healthy rats with high inspiratory pressures
triggered both MAPK and NF-«B pathways [69], which could contribute to the inflammation
of the lung.

MECHANICAL VENTILATION CLINICAL TRIALS

In 1990 Hickling and colleagues demonstrated that mechanical ventilation could influnece
mortality in ARDS patients [76]. Lowering tidal volume (TV) in a retrospective study of 50
ARDS patients decreased mortality [76]. The outcome of this study sparked renewed interest
in lowering TV in ARDS patients. Three subsequent controlled trials using low TV strategies
were simultaneously started but all failed to improve patient outcome [77-79]. These studies
used a TV of approximately 7 ml/kg in their low tidal volume arms and a TV of 10 ml/kg i
their control arms [77-79]. In contrast, using a TV of 6 ml/kg in their treatment arm and a TV
of 12 mi/kg in their control arm (TV calculated by using predicted bodyweight) the ARDS
network was able to reduce mortality [1]. The explanation given by the ARDS network trial
for the beneficial effect on mortality was the greater difference in tidal volume between the
two arms of the study, the power of the study (ARDS network studied 861 patients while the

other 3 studied a maximum of 120 patienis), and the aggressive treatment/prevention of

23




18+

-~
Q14
et
-
=
= 104
=™
6 -
o> 4 4 Q %
X &) & & o
& ¥ S v &
) haf
Figure 7,

Total PEEP levels applied in recent studies on protective mechanical ventilation. Studies used are by
Brochard et al. [77], Brower et al. [78], Stewart et al. {79], Amato et al. [80] and the ARDSnet [1] with
intrinsic PEEP modification from De Durante et al. [81, 82]. Black bars represent the PEEP levels in the
lung protective strategies and the white bars the PEEP levels of the control arms of the corresponding
stucies.

acidosis [1]. The only other randomized controlled trial to show a reduction of mortality in
ARDS patients had been published 2 years eatlier. Amato et al. reported that mortality in
53 patients was significantly reduced by applying a protective ventilation strategy [80]. In
their study TV was also reduced to below 6 ml/kg in the low tidal volume group compared
to 12 m¥kg TV in the control arm. In contrast to the three negative studies [77-79] the
PEEP level in the [ow tidal volume group of Amato et al. [80] was significantly higher i.e.
almost 17 emH,0 compared with 8-10 cmH20 PEEP in the studies by Brochard et al. [77],
Brower et al. [78] and Stewart et al. [79] (Fig 7). Experimental data have shown that
ventilation with low tidal volumes by itself does not prevent lung injury and may even
worsen ung injury when repeated collapse of lung tissue is not prevented [i1]. In the
ARDS network tnal the low TV group had a slightly higher set PEEP of 9 cmH,O
compared to a set PEEP of 8 cmH,0 in the control group [1]. However, the increased

respiratory rate (to help prevent acidosis) used in the low TV group may have resulted in
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intrinsic PEEP which contributed to a higher total PEEP (16 cmH-,0) in this group [81, 82}
compared to 12 ¢mH>O in the traditional TV group. This higher total PEEP could help
explain the decrease in mortality observed in this group (Fig. 7). Furthermore, in the ARDS
network study only 12% of the screened patients were randomized while the mortality in the
excluded group was higher than those included in the trial [83, 84].

PEEP levels currently emploved in infensive care units around the world are below 6 cmH,0
in 78% of the patients receiving mechanical ventilation {85]. Even more disturbing is that in
the same study only three patients of the 1638 ventilated patients studied had a PEEP level
above 15 cmH;0 [85]. Whereas it is known that high PEEP levels above 15 emH,O are
necessary to prevent repetitive collapse of alveoli and thus reduce shear forces [207.
Furthermore, only studies using PEEP levels above 15 emH;O in their protective arm have

demonstrated a reduction in mortality [1, 47, 80, 81].

WHY DO PATIENTS WITH ARDS DIE?

Although ARDS is characterized by PaO»/FiO: ratio in the American-European Consensus
conference on ARDS [86], patients do not die from hypoxemia but rather die from multi-
organ failure [84, 87]. Ranieri and co-workers in 2000 linked increased levels of serum
inflammatory mediators to organ failure in patients suffering from ARDS [48]. These
increased serum levels of inflammatory mediators were observed in patients ventilated with
conventional ventilation, in contrast a lung protective ventilation strategy (high PEEP, low
TV) that minimized the inflammatory response and subsequently had a lower incidence of
organ failure [47, 48]. As discussed earlier, ventilation can induce mediator release especiaily
in susceptible lungs (e.g. inflamed). Increased levels of cytokines in the serum were also
observed in the ARDS network trial, in which higher levels of IL-6 were observed after 3
days of ventilation in the control arm compared to the reduced tidal volume [1]. Similarly, the
number of days without non-pulmonary organ or system failure (circulatory, coagulation and
renal failure) was significantly higher in the group treated with lower tidal volumes [1].
Increased levels of inflammatory mediators correlate with the development of ARDS [88]
and high broncho-alveolar lavage levels of these mediaiors in ARDS lungs have been
described extensively [89-917. Furthermore, persistent high levels of inflammatory mediators

in the lung over time correlate with poor outcome [921. Similarly, plasma levels of
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inflammatory mediators correlate with severity of ARDS and subsequently outcome [92, 93].
Headley and co-workers investigated the role of nflammatory plasma cytokines during
infections and systemic inflammation and the subsequent development and progression of
ARDS {93]. The final outcome of ARDS patients correlated with the magnitude and duration
of the host inflammatory response in the serwm and was independent of the precipitating
cause of ARDS or the occurrence of infections [93]. Similar observation were made in
multiple trauma patients in which high concentrations of cytokines correlated with the
development of ARDS and finally muiti-organ failure [94]. Our group has demonstrated that
mjurious mechanical ventilation can result in loss of a compartmentalized inflammation
response and thus increasing serum levels of inflammatory mediators [26]; similar
observations were made by Chiumello et al. [52]. Especially in the early stage of an
inflammation the response will be compartmentalized, as observed in comnunity-acquired
pneumonia [58],

Because of the strong correlation between circulating inflammatory cytokines (especially
TNF-w) and poer outcome during systemic inflammation, it has been suggested to decrease
circulating levels of this cytokine (TNF-ct} either by monoclonal antibodies or soluble
receptor antagonists [95, 96]. However, in all clinical trzals in which these treatments were
used mortality did not decrease [95] and sometimes even increased [96]. Although none of
these trials were specifically aimed at ARDS patients, they included patients with ARDS.

In healthy patients no effects on plasma levels of mediators were observed during 1 hour of
mechanical ventilation; even ventilation with high t:dal volumes on ZEEP did not result in
higher cytokine levels compared with lung-protective ventilatory strategies [97]. Previous
lung damage seems to be mandatory to cause an increase in plasma cytokines after 1 hour of
high tidal volume ventilation [97].

Thus, in ARDS there is an inflamed lung with increased levels of pro-inflammatory
mediators, and ventilation itself can increase the amount of inflammatory mediators produced
by the lung. When the barrier function of the aiveolar-capillary membrane is lost this will
result in leakage of mediators to the circulation (decompartmentalization). The subsequent
increased levels of these mediators in the circulation correlate with multi-organ failure and
finally mortality. Use of lung protective ventilation in both experimental and clinical studies
has demonstrated that a reduction in cyclic collapse of the lung which in turn reduces organ

failure and mortality.
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LESSONS FOR THE FUTURE

In conclusion, in an ARDS lung or a lung that is susceptible to develop ARDS a higher level
of inflammmation is present. When these lungs are mechanically ventilated, ventilation that
will increase the inflammation response should be minimized and the barrier function of the
lung should be preserved. Especially ventilation with large tidal volumes combined with end-
expiratory alveolar collapse and the subsequent appearance of shear forces should be
minimized. With these guidelines, circulating levels of mflammatory mediators can be
reduced which can help reduce the incidence of multi-organ failure in ARDS patients and
finally reduce mortality.

To minirmize the effects of ventilation-induced lung injury the preferred ventilation should be
pressure-controlled ventilation. When ventilating in a pressure-controlled mode the risk of
overdistension of healthy parts of injured lung areas (as present in inhomogenous lung injury
such as ARDS) is prevented. Use as small as possible tidal volumes in order to prevent
overdistension and dangerous shear forces. Apply sufficiently high levels of PEEP to prevent
end-expiratory collapse and the ensuing shear forces which will further impair lung function.
Also, sufficiently high levels of PEEP can help to prevent further loss of surfactant in still
healthy alveoli, halting the further spread of the disease process and reducing capillary
leakage and transfer of cytokines, bacteria and other inflammaiory stimuli across the alveolar
capillary membrane. Finally, active recruitment of collapsed lung tissue should be considered
to improve oxygenation and reduce shear forces further because ventilation at higher lung
volumes reduce shear forces by reducing the coexistence of collapsed and non-collapsed
alveoli [98-102]. In 1982 and 1992 Lachimann suggested such a ventilation strategy [7, 102].
Using these guidelines and applying them to the lessons already learned we can further

improve the outcome of ARDS patients and reduce the effects of iatrogenic lung damage.
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ABSTRACT

Objective: To determine the effect on compartmentalization of the TNF-q. response in the

lung and systemically after ventilation with high peak inspiratory pressure with and without
PEEP,

Design; Prospective, randomized, animal study.
Setting: Experimental laboratory of a university.
Subjects. 85 male Sprague-Dawley rats.

Intervenrions: Lipopolysaccharide (LPS) was given intratracheally or intraperitoneally to
stimulate TNF-o production, control animals received a similar amount of saline. Animals
were subsequently ventilated for 20 minutes in a pressure control mode with PIP/PEEP ratio
of either 45/0 or 45/10 (frequency 30 bpm, I/E ratio 1:2, Fi0, =1).

Measurements gnd results. Blood gas tension and arterial pressures were recorded at 1, 10
and 20 min after start of mechanical ventilation. After sacrifice, pressure-volume curves were
recorded and bronchoalveoiar lavage (BAL) was performed for assessment of protein content
and the small/large surfactant aggregate ratio. TNF-o was determined in serum and BAL.
TNF-q levels were sigmificantly increased after LPS stimulation, furthermore ventilation
without PEEP resulted in a significant shift of TNF-o to the non-stimulated compartment as
opposed to ventilation with a PEEP level of 10 cm H,O.

Conclusions: Ventilation strategies which are known to induce ventilation—induced lung
injury (VILI), disturb the compartmentalization of the early cytokines response in the lung
and systemically. Furthermore, the loss of compartmentalization is a two-way disturbance,
with cytokines shifting from the vascular side to the alveolar side and vice versa. A
ventilation strategy (PEEP level of 10 cm H>0) which prevents VILI significantly diminished

this shift in cytokines.




INTRODUCTION

The leading cause of death in ARDS is multi organ failure (MOF) caused by SIRS (1).
Recent work has suggested that detrimental modes of mechanical ventilation could contribute
to MOF through the spread of inflammatory mediators {2-6). Support for this hypothesis
comes from both in vifro and clinical studies. [ vitro, ventilation with approximately twice
the normal tidal volume (i.e. 2 x 8 ml/kg) in isolated perfused mouse lungs elicits release of
inflammatory mediators into the perfusate, 1.e. the systemic circulation (3, 6). Similarly, n
isolated non-perfused rat lungs Tremblay and coworkers demonstrated an increase in the
release of inflammatory mediators after mechanical ventilation with large tidal volume (40
mi/kg bodyweight} without positive end-expiratory pressure (PEEP) (5). In a clinical study
Ranieri and colleagues showed that mechanical ventilation with large tidal volume and low
levels of PEEP leads to increased levels of cytokines both in the bronchoalveolar lavage
{BAL) and serum compared with patients ventilated with low tidal volumes and significantly
higher levels of PEEP (2). In addition, aisc in the ARDSnet ventilation study, ventilation with
reduced tidal volumes resulted in lower mediator levels compared with conventional
ventilation (7, 8). In their study the PEEP levels used in the two groups were similar; these
findings suggest that overstretching of alveolar units will result in stimulation of the immune
system which may be exacerbated by the lack of PEEP.

However, in contrast to the evidence cited above, in vive in uninjured lungs ventilation alone
does not appear to be a sufficient stimulus for mediator release. This was shown by studies
both in rats (9) and in humans (10). Altogether this suggests that ventilation-induced cytokine
release in 1solated organs and more importantly in ARDS patients may be explained by a
two-hit model with venlilation being the second hit. One such hypothesis states that the
degree of overstretching necessary to evoke cytokine release can only be achieved in isolated
or inhomogeneously (pre)-injured lungs. An alternative, although not mutually exclusive
explanation for the spread of mediators as a result of wventilation is loss of
compartmentzalization. The important concept of compartmentalization comprises the fact that
the inflammatory response remains compartmentalized in the area of the body where it is
produced, e.g. in the alveolar space or in the systemic circulation {11-14). Tutor ef al. showed

in isolated lungs that compartmentalization of intra-alveolar TNF-o. may be losi after

35




chemically-induced lung injury (13), Hence the present study was undertaken to study the
effect of ventilation on compartmentalization i vivo.

Therefore, in the present study alveolar or systemic inflammation was induced by either
intratracheal or intraperitoneal injection of bacterial lipopolysaccharides {LPS) and used
TNF-g as a marker to investigate the effect of different ventilation strategies on the

compartmentalization of the inflammatory response.
MATERIALS AND METHODS

This study was approved by the local Animal Committee of the Erasmus University
Rotterdamn. Care and handling of the animals were in accordance with the European
Community guidelines. The studies were performed mn male Sprague-Dawley rats (n=85)
with a bodyweight (BW) of 260 £40 g (IFF A Credo, The Netherlands). An overview of the

different experimental groups is presented in Table 1.

Table 1.

Overview of the different experimental groups.

Group Instilled fluid PIP/PEEP n

1 5 ml/kg LPS intratracheally 45/0 10
2 5 mlikg LPS intratracheally 45410 10
3 15 ml/kg LPS intraperitongally 4540 10
4 15 mlikg LPS intraperitoneally 45/10 10
3 5 ml/kg saline intratracheally 45/0 10
6 5 ml/kg saline intratracheally 45/10 10
7 15 ml/kg saline intraperitoneally 45/0 10
8 15 ml‘kg saline intraperitoneally 45/10 10
Control Non treated spentaneous breathing 5

LPS: lipopolysaccharide

n;

number of animals

Intratracheally treated
Two groups received lipopolysaccharide 5 ml/kg intratracheally (LPS, 1 mg/ml Salmonella

Abortus Equi S form, Metalon GmbH, Wusterhausen, Germany) and another two groups

received the same amount of saline (5 ml/kg) intratracheally as previously described (15). In
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short, animals treated intratracheally were anesthetized with 65% nitrous oxide/33%
oxygen/2% i1soflurane (Isoflurane; Pharmachemie BV, Haarlem, The Netherlands), and
tracheotomized. A sterile metal cannula was inserted into the trachea; subsequently the
operation area was infilirated with 30 mg/kg lidocaine (xylocaine; Astra Pharmaceutical BV,
Rijswijk, The Netherlands). LPS or saline was administered through the tracheal cannula over
five minutes in spontaneously breathing animals; all animals recovered from anesthesia and

breathed spontaneousiy for the ensuing 90 minutes.
Intraperitoneally treated

Animals receiving intraperitoneal administration of either LPS (15 miskg) or saline (15
ml/kg) were anesthetized using the same method as described above; however, no trachea
cannula was inserted and consequently there was no local infiltration with lidocaine.
Animals recovered from anesthesia and breathed spontaneously during the ensuing 90
minutes.

Mechanical ventilation

All animals were anesthetized again with inhalation anesthesia (see previous description) and
a sterile polyethylene catheter (0.8 mm o.d.) was inserted into the carotid artery; animals
which received treatment intraperitoneally were then tfracheotomized and a sterile metal
cannula was inseried into the trachea. After these surgical procedures, gaseous anesthesia was
discontinued and anesthesia was continued with 60 mg/kg pentobarbital sodivm (Nembutal;
Algin BV, Maassluis, The Netherlands) given intraperitoneally during the remainder of the
experiment. Muscle relaxation was atfained with 2 mg/kg pancuronium bromide {Pavulon,
Organon Technika, Boxtel, The Netherlands) intramuscularly. After muscle relaxation all
animals were connected to a ventilator (Servo Ventilator 300; Siemens-Elema, Solna,
Sweden) set in a pressure controlled mode, frequency 30 breaths/min, I/E ratio of 1:2, and a
fractional inspired oxygen tension of 1.0. Depending on the ventilation group {Table 1) the
animals were either ventilated with a peak inspiratory pressure (PIP) of 45 em H,O with zero
PEEP, or PIP of 45 cm H;0O and a PEEP of 10 cm H.0. Blood pressure was monitored
through the carotid artery and at 1, 10 and 20 minutes after starting ventilation blood samples
were taken to analyse blood gases using conventional methods (ABL 505; Radiometer,
Copenhagen, Denmark), After 20 minutes of ventilation all animals were killed with an

overdose of pentobarbital sodium.
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Control group

The control group received no treatment and was not ventilated; after 150 minutes
{approximatie time elapsed between start of anesthesia and end of experiment in each treated
animal) the trachea and carotid artery were cannulated as previously described using the same
gaseous anesthesia mixture. At the end of these procedures animals were killed with an
overdose of intra-arterial administered pentobarbital.

Bronchoalveolar lavage and lung mechanics

Heperanized blood samples were taken before the sacrifice of each animal. Supernatant of
blood was centrifuged at 4°C at 400 g for 10 minutes to remove cells and cellular debris,
snap-frozen on liquid nitrogen and stored at -80°C until further analysis.

After the animals were killed a static pressure-volume plot was recorded using conventional
techniques (16). Maximal compliance (Cy,,) was defined as the steepest part of the pressure-
volume deflation curve, and was determined separately for each animal. From the P-V
deflation curve, the lung stability index was calculated according to Gruenwald (17).
Thereafter BAL was performed with saline 1.5 mM CaCls (30 mbl/kg heated to 37°C) five
times; percentage recovery was calculated. BAL was centrifuged at 4°C at 400 g for 10
minutes to remove cells and cellular debris. Supemnatant of BAL was taken and snap-frozen
on liquid nitrogen and stored at -80°C until further analysis.

From the BAL, the ratio of inactive/active surfactant components (SA/LA) was calculated as
previously described (15). Protein concentration in the supernatant of the 40,000 g
centrifugation was determined using a photospectrometer (Beckman DU 7400, Fullerton, CA,
USA) at 595 nm applying the Bradford method (Bio-Rad protein assay, Munich, Germany)
with bovine serum albwmin (Sigma St Louis, MO, USA) as a standard (18).

INF-a measurements

Rat TNF-o. was assessed in blood and BAL supernatant by rat specific enzyme-linked
immunosorbent assay (ELISA) obtained from Endogen {(Endogen Inc., Woburm, MA, USA),
Statistical analysis

Values in the tables are expressed as mean £ SD and in the figure as mean + SEM. Since
alveolar and serum TNF-o levels in the same animal represent a paired measurement, (log-
transformed) TNF-w levels were analyzed by three factorial repeated measurement ANOVA
{(JMP 3.01, SAS Institute, Cary, NC, USA) with treatment (L.PS or saline), administration

route (infrairacheal or intraperitoneal) and PEEP (0 or 10 cm H,0) as the factors. The
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reported o-errors (Wilks® lambda} are from the within subjects analysis and were adjusted for
maultiple comparisons by the Bonferroni-Holm procedure. Inter-group comparison for all
other data were analysed by one factorial ANOVA with the treatments as the factor. If
ANOVA resulted in p<0.05, a Tukey-Kramer post-test was performed. Statistical

significance was accepted when p<0.05.

RESULTS
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Figure 1.

Concentration of TNF-¢ in BAL or scrum after intratracheal (A) and intraperitoneal {B) instillation of
either LPS or saline. Solid bars, animals ventilated with a PIP of 45 ¢m H,C and a PEEP of 0 cm H.0O;
open bars, animals ventilated with a PIP of 45 cm H,O and a PEEP of 10 ¢cm H.O.  All data are mean +
SEM (see Results for statistical significance).
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After 20 min of ventilation, TNF levels were measured in both the BAL fluid and in the
serurn. Figure 1 shows the TNF levels in both compartments in amimals after either
intratracheal (Fig. 1 A) or intraperitoneal (Fig. 1B) treatment with LPS or saline. Examination
of the data shows that after intratracheal challenge the intra-alveolar TNF-o levels were
higher in artimals ventilated with a PEEP fevel of 10 m H>O compared with those ventilated
with zero PEEP (Fig 1A), while in the systermic compartment it was the other way around,

Indicating a loss of compartmentalization of TNF-ou after ventilation with zero PEEP.

Table 2.

Data on Pa0; (mmHg), PaCO, (mmHg) mean arterial pressure (MAP)mmHg) at I, 10 and 20 minutes after

start of mechanical ventilation in the eight ventilated groups.

1(LPS it 0) 2 (LPS it 10) 3 (LPS i.p. 0) 4 (LPS i.p. 10)
PaQ; | min 614+36 606+28 591419 57624
Pa0, 10 min 47248874 617829 532+58 508£12
Pa0, 20 min 387+ 521408 603433447 314u1g7HeH 60611143
PaCO; | min 252474 4247'37% 263
PaCQ- 10 min 20433404 40£1044 2043744
PaC, 20 min 1743468 42491237 2270
MAP 1 min T2£13 62422% 80+19 79411
MAP 10 min 79419 74£26 §8+9 9449
MAP 20 min 62424 88420 70+ 94410

5 (SAL it 0) 6 (SAL it 10) 7 (SALip. 0) 8 (SAL i.p. 10)
Pacy. 1 min 635428 612431 580413 571228
Pac); 10 min 590482 62633 57427 567434
Pa(}, 20 min 38341357468 620£31"7 265109468 6009
PaCOz l mH’l 2(&62.4.6.& 36i51 a0 i 24i22.4.6 . 33j:91'5 )
PaCO, 10 min 17467463 374637 1941346 414737
PaCO; 20 min 1§32 408 3845237 PR EA R 4245457
MAP 1 min 59+15% 66+12 83+22 916>
MAP 10 min 92439 6924 94417 81+11
MAP20min 81431 66214 80=19 91+6

Values are mean *SD StatlS’ElCal dlffercnces have been indicated. 31Unifcant difference vs group 1;
significant difference vs group 2 mgmfcant difference vs group 3; mgnlﬁcant difference vs group 4; >
significant difference vs group 5 ; “significant differance vs group 6; * significant difference vs group 7;
significant difference vs group 8. Instilled fluid LPS (lipopolysacharide) or SAL (saline) administered either:
i.t. (intratracheal} or i.p. (intraperitoneal}, O ventilated with zero PEEP; 10 ventilated with 10 PEEP.
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Similarly, Fig. 1B shows that animals injected with intraperitoneal LPS and ventilated with a
PEEP fevel of 10 cm H,O had no significant increase in intra-alveolar TNF-¢ levels.
However, if intraperitoneal LPS treatment was followed by zero PEEP ventilation, this
resulted in significantly higher levels of TNF-u in the alveolar space again indicated loss of
compartmentalization. Concomitantly, the serum TNF-o levels were significantly lower after
ventilation without PEEP compared with ventilation with PEEP (Fig. 1B).

Table 3.

Recovery of BAL fluid and post-mortern data of all nine groups for: Gruenwald index, Cmax, protein (Prot.)

concentration of the BAL, total phosphorus (phoesp) of small aggregates (SA) and large aggregates (LA} and the
ratio of SA/LA.

1(LPSi.t 0)

2PS i 10)

3(LPS ip. 0)

4 (LPS ip. 10)

Recovery BAL fluid (%)
Gruenwald index

Cmax (ml/em HyO'kg)
Prot. cone. BAL {mg/ml)

Totwal phosp (SAYmmoel)

90 +2

0.24 = 0.06>F9
241 + 0.664088
100+ 0,310

2,10+ 0 734082

88 +3

0.83 = 2] 345789

452 £1.02°
0.68 £, 1g578

1.65+ 053452

89 =3

0.32 & 0.09%d049
1.04 = (4134680
1.08 +0.14%4689

.55+ 029'1'!"}‘-‘)

90 =1

1.06 = 002257
4,95 + (.49
0.47 £0.097

0.77 £ 0.302

Total phosp (LAY mmol)  0.71 = 01§ 1.20 = 028305 0.30+0.13% D85+ 0.36
SA/LA ratio 317+ 1.40 1.47 = 0.64™ 578 = 2,097 1.02 = 06277
5(SAL it 0) 6 (SAL Lt 19) 7 (SALip. 0 8(SALip.10)  Control
Recovery BAL fluid (%) 8912 B8+2 87 +2 91 =2 0 =3
Gruenwald index 0.33+ 007 068+ 0067 037018 108 =007 099 =007

Cmax (mliem H.O/kg)

Prot. conc. BAL (mg/ml)
Total phosp (SAYmmol)
Total phosp (LA} mmol)

SA/LA ratio

1.68 = 0 ]333689
108 & 0,070
261+ 042
062+ 027

33] = 0gtese

5.15£0.13"%
0.48 = 0207
0.90 £ 0,53
0.71 + 0.05°

129+ 0.77%F

1.75 + 0,034%Y
1.03 £ 0,09 689
179+ 057
039+ (.15

511 2, 77N

548 £0.48 0470
0.45 + 0,047
0.69 & 05557
0.71 = 015

0.89 + 0.6177

411 £ 0,60

0.25 £ 0,027

0334075
0.65 = 0.29°

047+ 0.12°%7

Values are mean £SD. Statistical differences have been indicated. ' significant differsnce vs group 1; 2 significant
difference vs group 2; * significant difference vs group 3; * significant difference vs group 4: ¥ significant
difference vs group 3; ® significamt difference vs group 6; 7 significant difference vs group 7: * significant
difference vs group 8. Instilled fluid LPS (lipopolysacharide} or SAL (saline) administered either: it
(intratracheal) or i.p. {intraperitoneal}, ¢ ventilated with zero PEEP; 10 ventilated with 10 PEEP.
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To analyse these data, we examined the effects of the three factors {treatment, administration
route, PEEP level) on the paired serum and lavage TNF levels (repeated measurement
analysis), i.e. we investigated which of the factors affected the compartmentalization of TNF.
Animals receiving LPS had a significantly higher response of TNF-a production compared
with the saline groups (p<0.0001). Since there was a statistical interaction effect between
PEEP and administration route (p<<0.0001), these two effects had to be further analyzed by
subgroup analysis {post tests): The ventilation with either 0 or 10 cm H;O PEEP made a
significant difference in (paired) TNF levels in both intraperitoneal (p=0.0015) and
intratracheal (p=0.0051} treated animals, demonstrating the importance of the PEEP level for
compartmentalization, Examined at a PEEP level of 10 cm H:0, intratracheal and
intraperitoneal treatiment resulted in significantly different (paired) TNF levels (p<0.0001).
However, at a PEEP level of 0 cm H;O, there was no difference in the (paired} TNT levels in
intratracheal  and  intraperitoneal treated animals (p=0.9709), showing that
compartmentalization was fost In the absence of PEEP. Taken together, these data indicate
that compartmentalization is maintained at a PEEP of 10 cm H>O, but not at 2 PEEP of 0 cm
H,0.Table 2 gives the data on Pa0,, PaCO, mean arterial pressure (MAP) over time of the
eight ventilated groups. At t=1 min Pa(C; was comparable in all groups; in the groups
ventilated with zero PEEP, after 20 min PaG: dropped significantly, whereas in the group
ventilated with a PEEP of 10 cm H,0, Pa0, remained stable. MAP was comparable in all
groups during the whole observation period (Table 2). In the animals ventilated in a more
injurious ventilatory setting (zero PEEP, PIP of 45 cm H,0} total protein levels were
significantly higher than in healthy non-ventilated control animals, whereas Cmax and
Gruenwald index were significantly lower than in healthy non-ventilated control animals,
indicating severe lung injury (Table 3). In the group ventilated with a PEEP level of 10 em
H,0 the Gruenwald index, Cmax and protein levels were not significantly different from the
non-ventilated control animals (Table 3). The surfactant element ratio of SA/LA (e.g.
Inactive/active surfactant ratio) was significantly higher in the animatls ventilated with a VILI
mode compared with animals ventilated with a PEEP of 10 ¢m H>O and with the non-

ventilated control animals (Table 3).
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DISCUSSION

This study demonstrates that a ventilation strategy which is known to induce VILI (19)
disturbs the compartmentalization of the early cytokines response in the lung or systemically.
Furthermore, the loss of compartmentalization is a iwo-way disturbance, with cytokines
shifting from the vascular side to the alveolar side and vice versa. A ventilation strategy
which prevents VILI (i.e. PEEP level of 10 em H»O (19)) significantly diminished this shift
in cytokines.

The results of the present study show a direct link between lung injury due to VILI and
leakage of cytokines across the alveolar-capillary membrane. Our data are in line with the
results of Chiumello e a/. who demonstrated that mechanical ventilation with a large tidal
volume and no PEEP resulted in increased serum cytokine levels after respiratory failure due
to hydrochloride acid instillation as compared to ventilation with high tidal volume and a
PEEP of 5 cm HaO (4). That group suggested that the injurious ventilatory strategy increased
permeability of the alveolar-capillary membrane resulting in the loss of compartmentalization
of the alveolar TNF-a response; however, interpretation of their results was confounded by
the lung damage already present before a change in ventilation strategy, the presence of
alveolar edema, and more importantly by the lack of data on vascular permeability such as
alveolar protein levels (4). Increased alveolar protein levels are a widely accepted index of
alveolar edema. Although in alveolar edema the net flow of fluid is directed inwards, the
present study has provided evidence that following disruption of the alveolar-capillary border
cytokines may leak from the alveolar compartment to the vascular compartment. A similar
mechanism might explain the development of bacteremia after pneumonia. In line with this
we have shown that mechanical ventilation without PEEP promoted bacteremia in a rat
model of Klebsiella preumonia (20). Rats infected with a K. prewmonia inoculum had
negative biood cultures before the start of mechanical ventitation whereas after 3 hours of
ventilation without PEEP blood cultures were positive in 70% of the animals, indicating that
bacteria translocated from the lung to the vascular side of the alveolar-capillary membrane
{20}, The exact mechanism of this translocation is not clear, but PEEP was able to prevent
this translocation. The same effect was observed in the present study: when a PEEP level of
10 cm H:O was applied the cytokine shift was significantly reduced, preventing loss of

compartmentalization. It should be noted, however, that the design of the present study does
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not atlow to diseriminate whether it was the lack of PEEP or the higher tidal volume in the
zero PEEP groups that caused the translocation of TNF-a. However, it has been shown that
mechanical ventilation at low alrway pressures with small tidal volumes can augment lung
injury when an insufficient level of PEEP is applied (21),

The present study also demonstrates that in previously healthy lungs high levels of pro-
inflammatory mediators can accumulate due to mechanical ventilation, formed systemically
in response to iniraperitoneal LPS, whereas the confrol group which received saline
intraperitoneally had no significant increase in either intraatveolar or intraperitoneal TNF-a
levels. We believe that cytokines, and possibly many other inflammatory mediators, will
enter the lung alongside the edema liquid which enters the alveoli during lung injury (22).
The shift of cytokines was already apparent after only 2¢ minutes of injurious mechanical
ventilation, indicating that even a relatively short period of ventilation can lead to
translocation of cytokines. To our knowledge, the leakage of inflammatory mediators into the
lung from a systemic inflammation process has not been described before. We speculate that
this could offer an explanation for the high incidence of luag failure in MOF and its
susceptibility to be the initial organ to fail (23).

Although several studies have shown increased TNF levels in the BAL after mechanical
ventilation with low PEEP levels, we could not demonstrate this in vivo (9). TNF production
m our model was compartmentalized before start of ventilation, as demonstrated previously
(9). In the latter study TNF was only detectable in the LPS stimulated (it. or ip.}
compartment respectively lung or serum in non-ventilated animals, Tutor ef o/, showed that
in isolated rat lungs a challenge of LPS resulted in a compartmentalized response; however,
when the lung was injured by instilling a-naphthylthiourea (ANTU) compartmentalization
was lost resulting in leakage of TNF-o. to the perfusate (13). While a toxic dose of TNF-c
may itself lead to small pulmonary edema in rat lungs in vive (24), Tutor and colleagues
showed that high levels of TNF-c alone did not result in leakage of compartmentalized TINF-
o from the lung to other compartments in blood-free perfused lungs (13). Similar
observations were made by Ghofrant and co-workers who observed intact endothelial and
epithelial barrier functions in spite of high levels of TNF-o both intravascular and alveolar
(12}). Although we cannot exclude an effect on the vascular permeability by the cytokines in
our model, the fact that animals with the highest TNF-o serum levels (group 8) had low TNF-

o levels in their lavage fluid (Fig. 1B) suggests that pulmonary compartmentalisation was not
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affected by TNF-o. itself. These findings are in line with data from & murine peritonitis model
in which high serum cytokine levels did not increase either alveolar cytokine or protein levels
(25).

In summmary, this study shows that use of a mechanical ventilation mode which induces lung
injury results in loss of compartmentalisation of the early cytokine response in the lung or
systemically. Applying a PEEP level of 10 cm H,O significantly diminished this loss of
compartmentalisation. It was also demonstrated that this cytokine shift is not unidirectional.
When translated to the clinical setiings, our data advocate the use of sufficiently high levels
of PEEP to prevent disruption of a compartmentalized cytokine response (in the lung or

vascular) by mechanical ventilation, which otherwise might lead to MOF.
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ABSTRACT

Objective:  To determine the effect of pre-treatment with exogencus surfactant on
ventilator-induced decempartmentalization of TNF-a

Design: Prospective, randomized, animal study.

Setting: Experimental laboratory of a university.

Subjects and Interventions. 102 male Sprague-Dawley rats. All ammals received LPS either
mtratracheally or intraperitoneally to stimulate TNF-oo production; half of the animals were
pretreated with surfactant. Subsequently, animals were ventitated for 20 min with a peak
inspiratory pressure/PEEP ratio of either 45/0 (VILI) or 45/10 (frequency 30 bpm, I/E ratio
1:2, Fi0, =1).

Measurements and results: Blood gas tension and arterial pressures were recorded at 1, 10
and 20 min after start of mechanical ventilation. After the animals were killed, pressure-
volume curves were recorded, and bronchoalveolar lavage (BAL) was performed for
assessment of protein content and the small/large surfactant aggregate ratio. TNF-o was
determined in  serum and BAL. Pretreatment with surfactant  decreased
decompartmentalization of TNF-c. during 45/0 ventilation. Addition of a PEEP level of 10
cm H;O reduced decompartmentalization even further. In addition, surfactant prevented
deterioration of oxygenation and decreased accurnulation of protein in the BAL in the zero-
PEEP group.

Conciusions: An excess of active surfactant decreases transfer of cytokines across the
alveolar-capillary membrane similar to PEEP. The combination of PEEP and surfactant

reduces decompartmentalization of TNF-o even further,
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INTRODUCTION

Mortality of patients with acute respiratory distress syndrome (ARDS) is directly influenced
by mechanical ventilation [1]. In addition, mortality of ARDS patients correlates not only
with ventilation strategies, but also with the local and systemic levels of inflammatory
mediators [1-4]. The ventilation strategies found to be associated with cytokine release were
ventilation with high tidal volumes and/or low levels of PEEP [1-4]. One of the proposed
mechanisms for increased mediator levels m injuriously ventilated lungs is the loss of
compartmentalization [5-7]. The important concept of compartmentalization comprises the
fact that the inflammatory response remains compartmentalized in the area of the body where
it 1s produced, i.e. in the alveolar space or in the systemic circulation [3, 8-10]. Recently, we
have demonstrated that compartmentalization of TNF-a (a pro-inflammatory cytokine) is lost
after ventilator-induced lung injury (VILI} [6].

During VILI, aiterations of the endogenous surfactant system have been reperted 711, 12]
similar to alterations observed in ARDS patients [13]. Surfactant dysfunction increases
alveolar permeability [14] and supplementation with active exogenous surfaciant helps to
restore the alveolar-capillary membrane function and decrease permeability [15].

Therefore, we speciulated that pretreatment with exogenous surfactant to increase the amount
of active surfactant at the alveolar-capillary membrane, could reduce the loss of

compartmentalization of TNF-o due to VILL

MATERIALS AND METHODS

This stady was approved by the Animal Committee of the Erasmus University Rotterdam.
Care and handling of the animals were in accordance with the European Community
guidelines. The studies were performed in male Sprague-Dawley rats (n=102} with a
bodyweight (BW}) of 260 £40 g (IFFA Credo, The Netherlands). An overview of the different
experimental groups is presented in Table 1.

Surfactant pretreated animals

Animals pretreated with surfactant were anesthetized with 63% nitrous oxide/33%
oxygen/2% isofluranc (Isoflurane; Pharmachemie BV, Haarlem, The Netherlands), and

tracheotomized. A sterile metal canmula was inserted into the trachea; subsequently the
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operation area was infiltrated with 30 mg/kg lidocaine (xylocaine; Astra Pharmaceutical BY,
Rijswijk, The Netherlands). Exogenous natural surfactant (HL-10, Leo Pharmaceuticals
Products, Ballerup, Denmark) 400 mg/kg bodyweight (dissolved in 50 mg/ml of saline) was
administered through the tracheal cannula over five minutes in the spontaneous breathing
animals; all anzmals recovered from anesthesia and breathed spontaneously for the ensuing 60

minutes to allow the instilled surfactant to be adsorbed.

Pre- o pretreatment - Pretreatrnent No
treated 400 mgkg surfactant pretreatment
R C - ] [ ]
— o —— .
Time o )
bettreen 60 min 50 min 60 min
Instilled Smgkg LPS 15mgkgLPS | Smgkg LPS 15 mgkg LPS Non treated
fluid intratracheally intraperitoneally intratracheally intraperitoneally
1 - I e .
\1‘“"\"-1 \‘\/W/ \‘\‘\_‘/ \\“'\v_/' \L.’./
Time
hetween 90 min 90 min 90 min 20 min 90 min
I H
PIp: | 4S80 || 4510 45/0 || 48110 1 | 450 || 45110 45/0 || 43710 | | Spontaneous
PLEP \ﬁ breathing
R e - Hl_,l; e - TL.,/’ — "‘L_‘_w/l:
Group 1 2 3 4 5 6 7 8 Control
Numther of )
animals 12 12 iz 12 12 12 12 12 [
Table 1.

Overview of the nine experimental groups.

Intratracheally administered

The groups received lipopolysaccharide (LPS) 5 ml/kg intratracheally (1 mg/ml Salmonelia
Abortus Equi 8 form, Metalor GmbH, Wusterhauser, Germany)} as previously described
[161. In short, animals treated intratracheaily were (re}anesthetized as described above, if they
were prefreated with surfactant the operation area was infiltrated again with 30 mg/kg
lidocaine. In the animals that were not pretreated with surfactant the tracheal cannula was
now placed and the operation area infiltrated with lidocaine. LPS was administered through
the tracheal cannula over five mimutes in spontancously breathing animats; all animals

recovered from anesthesia and breathed spontaneously for the ensuing 90 minutes.
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Intraperitoneally administered

Animals receiving intraperitoneal adnunistration of LPS (15 ml/kg) were (re)anesthetized
using the same method as described above. No trachea cannula was iserted in the two
groups that were not pretreated with exogenous surfactant and consequently there was no
local infiltration with lidocaine. Animals recovered from anesthesia and breathed
spontaneously during the ensuing 90 minutes.

Mechanical ventilation

All animals were anesthetized again with inhalational anesthesia (see previous description)
and a sterile polyethylene catheter (0.8 mm o.d.) was inserted into the carofid artery; the two
groups which received LPS intraperitoneally but were not pretreated with surfactant were
then tracheotomized and a sterile metal cannula was inserted into the trachea. After these
surgical procedures, gaseous anesthesia was discontinued and anesthesia was continued with
60 mg/kg pentobarbital sodium (Nembutal; Algin BV, Maassluis, The Netherlands) given
intraperitoneally during the remainder of the experiment, Muscle relaxation was attained with
2 mg/kg pancuronium bromide (Pavulon; Organon Technika, Boxtel, The Netherlands)
intramuscularly, After muscle relaxation all animals were connected to a ventilator (Servo
Ventilator 300; Siemens-Elema, Sclna, Sweden) set in a pressure controlled mode frequency
25 breaths/min, I/E ratio of 1:2, and a fractional inspired oxvgen tension (FiQ;) of 1.0.
Depending on the ventilation group (Tabie 1) the animals were either ventilated with a peak
inspiratory pressure {PIP) of 45 cm H,O with zero PEEP, or PIP of 45 ¢m H,O and a PEEP
of 10 em H;O, resulting in tidal volumes of approximately 48 ml'kg and 18 ml/kg,
respectively [11]. Dead space was adapted to maintain PaCO, levels above 20 mmHg at t=2
min. Blood pressure was monitored through the carotid artery and at 1, 10 and 20 minutes
after starting ventilation blood samples were taken to analyse blood gases using conventional
methods (ABL 505; Radiometer, Copenhagen, Denmark). After 20 minutes of ventilation all
animals were killed with an overdose of pentobarbital sodium.

Control group

The contrel group received ne treatment and was not ventilated; the trachea and carotid artery
were cannulated as previously described using the same gaseous anesthesia mixture,
anesthesia was continued with intraperitoneal pentobarbital as described previously. After

150 minutes (approximate time elapsed between start of anesthesia and end of experiment in
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each treated animal) animals were killed with an overdose of intra-arterial administered
pentobarbital sodium.

Bronchoalveolar lavage and fung mechanics

Heperanized blood samples were taken before each animal was killed. Supernatant of blood
was centrifuged at 4°C at 400 g for 10 minutes to remove cells and celiular debris, snap-
frozen on liquid nitrogen and stored at -80°C until further analysis.

After the animals were killed, thorax and diaphragm were opened (to eliminate the influence
of chest wall compliance and intra-abdominal pressure) and a static pressure-volume plot
from the Iung was recorded using conventional techniques [17]. Maximal compliance (Cax)
was defined as the steepest part of the pressure-velume deflation curve, and was determined
separately for each animal. Thereafter BAL was performed with saline 1.5 mM CaCl; (30
ml/kg heated to 37°C) five times; percentage recovery was calculated. BAL was centrifuged
at 4°C at 400 ¢ for 10 minutes to remove cells and cellular debris. Supernatant of BAL was
taken and snap-frozen on liquid nitrogen and stored at -80°C until further analysis.

From the BAL, the ratic of inactive/active surfactant components (SA/LA) was calculated as
previously described [18]. Protein concentration in the supernatant of the 40,000 ¢
centrifugation was determined using a photospectrometer (Beckman DU 7400, Fullerton, CA,
USA) at 595 nm applying the Bradford method (Bio-Rad protein assay, Munich, Germany)
with bovine serum albumin (Sigma St Louis, MO, USA) as a standard [19].

INF-u measurements

Rat TNF-oo was assessed in blood and BAL supernatant by rat specific enzyme-linked
immunosorbent assay (ELISA) obtained from Endogen (Endogen Inc., Woburn, MA, USA).
Statistical analvsis

Values in the tables and figure are expressed as mean £ SD. All TNF-a data were log-
transformed prior io analysis. To test the global hypothesis that surfactant and PEEP affect
the decompartmentalization of LPS-induced TNF-¢ release, data were anatyzed by two
factorial repeated (alveolar and serum TNF-o levels in the same animal represent a paired
measurement) measurement analysis of variance (ANOVA; JMP 4.035, SAS Institute, Cary,
NC, USA) with treatment (surfactant, yes or no) and PEEP (0 or 10 em HQ) as the factors. If
the global hypothesis was significant (p<0.05), individual comparisons were performed by

paired t-tests and the o-error was corrected according to the Bonferroni-Holm procedure.
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Inter-group comparison for all other data were analysed by one factorial ANOVA with the
treatments as the factor. If ANOVA resulted in p<0.05, a Tukey-Kramer post-test was

performed. Statistical significance was accepted when p<0.05.

RESULTS
LPS i.t.
2000
£ T
& T 2000
=3 E=
PEEP O 5 £
= ™ q0m
—— 0 —————
Surfaclant it Sfactant i
| — — o —
fr—— o ——| — ooot —
0046 0.048 0.0008 1.0004
) s " —— oo “%—‘
1500 pmememeie— ——— ——ey ——
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Figure 1.

Concentrations of TNF-a in BAL fluid (open bars) and in serum (solid bars). Animals were treated with
LPS either intratracheally (i.1., & and €) or intraperitoneally (i.p., B and B) and ventilated with 45 ¢m
H:0 peak-inspiratory pressure and with positive end-inspiratory pressure (PEEP) of either 0 cm HO (A
and B) or 10 ¢cm H20 (€ and D). On each panel (A - B) untreated animals are shown on the left side
and surfactant pretreated animals on the right side.

After 20 min of ventilation, TNF levels were measured in botly the alveolar lavage fluid and
in the serum. Figure 1 shows the TNF levels in both compartments in animals after either
intratracheal (Fig. 1 lefi panel) or intraperitoneal (Fig. 1 right panel) treatment with LPS only,

or with surfactant and LPS.

55




Table 2.

Data on PaO, (mmHg), PaCO; {mmHg) mean arterial pressure (MAP)mmHg) at 1, 10 and 20 minutes after
start of mechanical ventilation in the eight ventilated groups.

1{no, i.t. &)

2 (no, it 10)

3 {(ng, Lp. 0)

i (m}’ 1p1 0)

Pa(; 1 min

613+34 607426 593+19 578+22
PaO, 10 min  471£867*%7% 618128 581456 59911
Pa0,20min 385515174767 604317 310£184245678 606412
PB.CO; 1 lTliH 24:}:42!&.6.8 42i71.3.5.6,7,8 25i32,4 41i51.3.5.6.7\8
PaCO; 10 min 215274 401057 20437468 442417507
PaC0,20min 173744 4149137 2143% 445"
MAP 1 min 734+14° 6319 81+19° 79+11°
MAP10min  81+18 75426 8948 9448
MAP20min 324" 89=21 709 939

5 (Surf, i.t. 0)

6 (Surf, i.t. 10)

7 (Surf, i.p. 0)

8 (Surf, i.p. 10)

Pa0, | min 60956 630=42 60446 567+38
Pa0, 10 min 57392 646445 587473 604-+50"
Pa0, 20 min 5594108 677337 565+129' 636236
Pac02 1 nlin 25i32.4,6,3 3314 1,2.43.7 24:{:4246.3 33i’4§ 2457
PaCO; 10 min  26+3%4F 3245134 274544 34733
PaCQ,20 min  25+4>* 3347 25£7%4 3547
MAP | min 6117 454101347 73+16° 59+18
MAP 10 min ~ 65+15 78=32 78426 91420
MAP 20 min 64+23% 82426 62425° 98+21"7

Statistical differences have been indicated. ' significant difference vs group |, ° significant difference vs group
2, significant difference vs group 3. * significant difference vs group 4, ° significant difference vs group 5, ¢
significant difference vs group 6, * significant difference vs group 7 and * significant difference vs group 8. No
received ne pre-treatment; Surf received surfactant as pretreatment; LPS (lipopolysacharide) adininistered
gither: 1.t. {intratracheal) or i.p. (intraperitoneal), 0 ventilated with zero PEEP; 10 ventilated with 10 PEEP.
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Table 3
Recovery of broncho-alveolar lavage (BAL) fluid and post-mortem data of all nine groups for: Gruenwald index,

Cmax, protein concentration of the BAL, total phosphorus of small aggregates (SA) and large aggregates (LA) and
the ratio of SA/LA.

I(no. i.t. O) 2 (no, 11 10) 3(no,ip. 0) 4 {no, 1.p. 10)

Recovery
> +2 80 = 97

BAL fluid () 012 §0 =3 8942 91+ 1
Grusawald 5y 1 g peesets 0.83 + 0.2 0,32 % 0092408 1.06 = 0.02
index
Cmax (MIem 5 491 g g72eers 451 % 1,013 1.03 +0.427465 4.98 049437
H>0ikg) . : 7 ENEs : :
Prot conc. 2456789 . A1 3ASETAY 3450700 123000

2 7 - B = 5 bl TN,
BAL (me/m) 2.00 +0.21 1.35 = 0.37 2174029 0.95+0.18
Total phosp 510 & TIIASETE 456080 £ 4 904568 ’ 123
(SAjmmony 210072 .64+ 0.51 1.55 +0.29 0.77+0.31
Total phosp P 5 YT Ly palel c 4 a6
(Laxmmony 07107 1.20 +0.27 0.30=0.13 0.85 £ 0.37
SALAtatic 317+ 1407345688 147+ 0.64' 578 £ 2,094 6TRD 1.02 = 0.62"°

5 (Surf, it 0 6 (Surf, i.t. 10) 7 (Surf, ip. O) 8 (Surf. i.p. 10) Contro!
Recovery ” - 4
BAL fud %) 01 %2 891 90 +£2 9l &1 88 +2
1(11'12:111“-’&](1 0.45 = 0.06--689 0.81 = 0221457 0.5] = 0144080 098 + 0,057 099 = §.g7
Cmax (mlem gy g agisens 50711060957 1982 0475M 5922083055 4] £ 0.p0M
H:O/kg)
Prot cone. 1235650 1234578 ¢ 123450
BAL (mg/ml) 1.05£0.11 0.42 +£0.15 0.51 £0.03
Towmlphosp = g5, g o712a88 45405l 1062030 04101575 03340.1725
(SAmmol)
Total PRSP g 63 ¢ 942 1824040153457 6920337 1.99+0.54" 2357 065 40,294
(LAY mmaol)
SA/LA ratic 1.39 +0.55'7 0.27 = 0.08"7 1.85 & 0.867039 0.21 £ 006" 0.47= 0,127

Statistical differences have been indicated. ' significant difference vs greup 1. * significant difference vs group 2. °
significant difference vs group 3, * significant difference vs group 4, ¥ significant difference vs group 5. ® significant
difference vs group 6, ; significant difference vs group 7, " significant difference vs group & and ° significant
difference vs group control. No received no pre-treatment; Surf received surfactant as pretreatment; LPS
(lipopolysacharide) administered either: i.t. (intratracheal} or i.p. (intraperitoneal), 0 ventilated with zero PEEP; 10
ventilated with 10 PEEP.
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Inrratracheal LPS administration

After i.t. challenge with LPS only, compartmentalization was lost during VILI {(no PEEP}, as
shown by the high levels of TNF-q in the adjacent compartment (serum) (Fig. 1A, left part).
In the two-way repeated measurement ANOVA, the effects of both surfactant treatment
(p=0.0084) and PEEP (p=0.0007) were highly significant. Comparisens of individual groups
showed that the decompartmentalization was reduced by applying a PEEP level of 10 cm
H;0 {p=0.046, left part of Fig. 1A vs left part of Fig. 1B).

When the animals were pretreated with surfactant, the flux to the adjacent compartment
(serum) was significantly reduced in the VILI group (p=0.014, left part vs right part of Fig.
1A). In the group ventilated with 10 cm H;GO, pretreatment with surfactant did not
significantly (p=0.213, Fig. 1B} influence the shift of TNF- to the serum side.
Intraperitoneal LPS administration

In the two-way repeated measurement ANOVA, the effects of both surfactant treatment
(p=0.0001) and PEEP (p<0.0001) were highly significant. Comparison of the individual
groups injected with intraperitoneal LPS showed that alveolar TNF-o levels were higher in
apimals ventilated with zero PEEP (Fig. 1C) than with 10 em H,O PEEP (Fig. 1D,
p=0.0006), indicating loss of compartmentalization. When animals were pretreated with
surfactant again there was a reduction in decompartmentalization in the animals ventilated
without PEEP (p=0.001, Fig. 1C). In the animals ventilated with a PEEP level of 10 cm HyO
(Fig. 1D) pretreatment with surfactant did not affect the ratio of serum to lavage TNF
concentrations (p=0.077}.

Finally, although surfactant pretreatment reduced decompartmentalization compared to the
non-surfactant treated groups, addition of PEEP at a level of {0 cm H,O still reduced the
decompartmentalization between the surfactant pretreated groups significantly {i.t. and i.p.,
p=0.044 and 0.0004, respectively).

Table 2 gives the data on PaQ,, PaCQ, mean arterial pressure (MAP) over time of the eight
ventilated groups. At t=1 min Pa0, was comparable in all groups; in the groups that received
no pretreatment with surfactant and were ventilated with zero PEEP, after 20 min PaO,
dropped significantly, whereas in the groups ventilated with a PEEP of 10 cm H;0, Pa0,
remained stable. Pretreatment with surfactant (groups 5 and 7) in the zero PEEP groups
prevented deterioration of PaQs levels after 20 min. MAP was comparable in all groups

during the whole observation period {Table 2).
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In the animals ventilated in a VILI mode (zero PEEP, PIP of 45 cm H;O) and not pretreated
with surfactant, total protein levels were significantly higher than in all other groups (non-
VILI groups, healthy control group and the surfactant pretreated groups) (Table 3).
Ventilation with a PEEP level of 10 ¢m H;O or giving susfactant before and then starting
ventilation without PEEP resulted in similar protein levels which, however, were still higher
than in healthy controls. Combining surfactant and a PEEP of 10 emH,0O resulted in protein
levels similar to those as observed in healthy control animals (Table 3).

In the animals ventilated with zero PEEP, Cmax and Gruenwald index were significantly
lower than in healthy non-ventilated control animals. In the group ventilated with a PEEP
level of 10 cm HaO the Gruenwald index and Cmax were not significantly different from the
non-ventilated conirol animals (Table 3). Pretreatment with surfactant did not prevent a
significantly lower Cmax and Gruenwald index in the animals ventilated with zero PEEP,
compared to the non-ventilated control animals and the animals ventilated with PEEP.
Ventilation with PEEP without surfactant pretreatment preserved the surfactant system
{groups 2 and 4) to control values. Ventilation without PEEP and without exogenous
surfactant (groups 1 and 3) resulted in a significant increase of the SA/LA aggregate ratio,
indicating severely impaired surfactant function. Pretreating with surfactant while ventilating
without PEEP resulted in a ‘normalized” SA/LA ratio similar to the control group.
Combining pretreatment with surfactant and PEEP reduced the SA/LA ratio to even below

those of healthy animals (not significant)(Table 3).

DISCUSSION

This study demonstrates that increasing the amount of active surfactant at the alveolar-
capillary membrane reduces ventilator-induced decompartmentalization of TNF-c.. At the
alveolar-capillary interface a complex balance exists between retractive and stabilizing forces
{(for review see [20]). Surfactant stabilizes the alveolar capillary membrane and has a rate-
limiting function on the transfer of protein and other molecules across the membrane.
Surfactant dysfunction leads to a net influx of fluids and proteins into the alveolus [21], as
also evidenced in the present study by the increased protein levels in the lungs of animals
ventilated without PEEP and without exogenous surfactant. In the present study, during VILI
the surfactant system was severely impaired as demonstrated by the increased SA/LA ratio
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and the deterioration in arterial oxygenation lung mechanics. These alterations in surfactant
activity during VILI have been described extensively [11, 12].

Increasing the amount of active surfactant in the alveolus although it could not reduce the
deterioration of lung mechanics prevented deterioration in arterial oxygenation and improved
the SA/LA ratio, but most importantly it reduced the decompartmentalization of TNF-a
during VILIL. Surfactant protected not only against the influx of edema proteins and TNF-o
(Fig. 1B), but also against the transfer of alveolar TNF-u to the serum (Fig. 1A). A similar
mechanism might explain the development of bacteremia after pneurnonia that developed
during mechanical ventilation without PEEP in a rat model of Klebsiella prewmonia [22].
The exact mechanism of this translocation is not clear, but it was prevented by PEEP, which
in the present study preserved the endogenous surfactant pool (SA/LA ratio). Therefore, an
inverse relationship between PEEP and endogenous surfactant might explain the
decompartmentalization of bacteria and mediators during VILL

However, by studying only one cytokine (TNF-a) we are unable to state that surfactant may
reduce the process of systemic inflammation. We studied the effect of exogenous surfactant
therapy on the decompartmentalization of TNF-o only in order to elucidate the critical role of
surfactant in the transfer of cytokines across the alveclar-capillary membrane during
ventilator-induced lung injury. We chose this particular cytokine (TNF-a), because it is
specifically upregulated by our inflammatory stimalus (LPS), and TNF-o has been shown to
be decompartmentalized by VILI [6, 16]. Future studies should investigate whether the
reduction in decompartmentalization of TNF-o also results in decompartmentalization of
other inflammatory mediators and if this will cause any biological effect (e.g. multi-organ
failure, higher mortality).

Verbrugge et al. demonstrated that incremental doses of surfactant before VILI reduced
protein transfer (measured by Evans Blue) across the alveolar-capillary membrane and
maintained arterial oxygenation during the 20 min observation period [18]. The essential
function of surfactant in limiting transfer across the alveolar-capillary membrane has been
studied with **"Te-DTPA in models of surfactant depletion and/or inactivation [14, 23].
Pretreatiment with exogenous surfactant prevented the injurious effect of large tidal volume
on the clearance of *""Tc-DTPA [15).

Several studies have shown that ventilation alone is not sufficient to induce release of TNF-c

in a healthy lung [16, 24]. Therefore, in the present study, we only compared the effect of
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VILI and surfactant pretreatment on TNF-c after a “second hit” with LPS. Although the large
tidai volumes resulted in a significant lowering of arterial CO; levels in the 45/0 animals we
did not adjust minute ventilation to prevent unwanted differences in the induced alveclar
stretch per mminute between the groups.

It has been reported that exogenous surfactant can modulate the TNF-a release in response to
LPS [25], a phenomenon which has been ascribed to SP-A [26]. Therefore, it should be noted
that in the present study we used a natural surfactant containing the surfactant proteins B and
C, but not SP-A. However, we cannot completely exclude that surfactant reduced the TNF-o
response to LPS by directly interfering with the activation of leukocytes. Nevertheless, the
observation that the absolute intra-alveolar TNF concentrations in response io LPS
institlation were not changed by surfactant {(see Fig. 1A and 1B, p=0.223), argue againust a
direct immunomodulating effect of our surfactant preparation. In addition, in the
intraperitoneally exposed animals, surfactant did not influence the TNF-o response.
Therefore, the reduction measured in decompartmentalization of TNF-« in the intraperitoneal
treated group 1s most likely dependent on the increased amount of active surfactant at the
alveolar-capillary membrane.

Although surfactant reduced the ventilator-induced decompartmentalization of TNF, this was
further reduced by application of PEEP. Thus, surfactant and PEEP appear to additively
attenuate ventilator-induced decompartmentalization. Increasing and preserving the amount
of active surfactant at the alveolar-capillary membrane may directly affect systemic cytokine
levels. We therefore speculate that strategies directed io preserve endogenous surfactant
{sufficient level of PEEP [6, 11]) and to increase surfactant {exogenous surfactant therapy)
may beneficially influence pro-inflammatory mediator levels in patients at risk for ARDS and
thus could reduce mortality in these patients. It should, however, be noted that
decompartmentalization 1s only one of several mechanisms by which ventilation may
promote cytokine release [7]. For instance, under certain conditions ventilation itself may be
a stimulus for cytokine release as strong as LPS [27], although in our model this does not
appear to be the case for TNF [6, 16].

In conclusion, this study indicates that surfactant dysfunction induced by VILI plays a key
role in the decompartmentalization of TNF-c.. Ventilator-induced decompartmentalization is

best reduced by increasing the active surfactant pool in combination with PEEP.
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SUMMARY

In vivo experiments showed no increased production of TNF in response to injurious
ventilation strategies in otherwise untreated animals. Because IL-6 and MIP-2 are more
sensitive markers of ventilation-induced cytokine release, serum and bronchoalveolar lavage
(BAL) samples were examined for these mediators.

Adult rats were left untreated or ventilated with normal pressures (13/3; peak inspiratory
pressure/PEEP in ecmH0), with high volume and low PEEP (32/6) or high volume and no-
PEEP (32/0) for 90 or 240 min. Serum and BAL samples were analyzed for IL-6 and MIP-2.
Ventilation with 32/0 for 90 or 240 min, led to increased serum IL-6 levels. Serum MIP-2
levels were increased by ventilation with 32/6 {30 min} and 32/0 (240 min). Ventilation under
any condition, even at 13/3, resulted in elevated MIP-2 levels in the BAL fluid.

Even at normal pressures pulmonary MIP-2 levels were increased, suggesting that ventilation

may promote pro-inflammatory responses in healthy subjects.
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INTRODUCTION

Both experimental (1-3) and clinical (4-6) evidence suggest that ventilation with increased
pressure/volume stimulates pulmenary and systemic release of pre-inflammatory mediators.
It is, however, uncertain whether this phenomenon also occurs in healthy subjects in vivo, or
whether it only occurs in pre-injured lungs (7, 8). Support for the latter concept came, in part,
from studies in which it was shown that injurious ventilation strategies had no effect on
serum or bronchoalveolar lavage (BAL) tumor necrosis factor {TNF) levels in rats {7, 9} and
in patients (10). In previous in vive studies, elevated serum TNF levels in response to
ventilation were only observed if the lungs had previously been instilled with either
endotoxin (11, 12) or hydrochloric acid {8}. Due to the assumed central role of TNF in the
immune response organization (13), in our previous studies we focused on that cytokine only.
However, recent evidence from perfused mouse lungs showed that, in response to mechanical
ventilation, interleukin-6 (IL-6) and macrophage inflammatory protein-2 (MIP-2) are
produced in greater abundance than TNF (14).

MIP-2 is a rodent homeologue to the major human C-X-C chemockine IL-8, a potent
chemotactic cytokine for neutrophilic granulocytes. High intra-alveolar levels of MIP-2 result
in inicreased neutrophil and macrophage accumulation in the lungs, a characteristic of acute
lung injury (15).

In ARDS patients, ventilation with higher tidal volumes was associated with higher plasma
1L-6 levels (4, 5), and these plasma IL-6 levels correlated with multiorgan failure {16). In
addition, IL-6 has been described as an efficient predictor of outcome of ARDS (17). All of
these findings suggest that [L-6 and MIP-2 are two important pro-inflammatory mediators
that might contribute to injury in lungs subjected to injuricus ventilation strategies. In the
present study, we therefore re-examined serum and BAL samples acquired from our previous
study (7) to test the hypothesis that IL-6 and MIP-2 are released in response to injurious

ventilation strategies in vivo.

METHODS

The study was approved by the local Animal Committee of the Erasmus Medical Center

Rotterdam. Care and handling of the animals were in accordance with the European
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Community guidelines (86/609/EC). The studies were performed in male Sprague-Dawley
rats of bodyweight 220-330 g (Harlan CPB, Zeist, The Netherlands).

The different experimental groups and preparation techniques have been described previously
(7). Briefly, animals were anesthetized with 65% nitrous oxide/35% oxygen and either 2%
isoflurane or 2% enflurane. Subsequently, a sterile polyethylene catheter (0.8 mm outer
diameter) was inserted into a carotid artery for drawing arterial blood samples. Thereafter, a
sterile metal cannula was inserted into the trachea. After these surgical procedures gaseous
anesthesia was discontinued, and anesthesia was continued with 60 mg/kg pentobarbital
sodium, i.p. hourly {(Nembutal; Algin, Maassluis, The Netherlands).

In the non-ventilated control animals, a broncho-alveolar lavage (BAL) was performed with
saline (32 ml/kg heated to 37 °C) and 4 ml of heparinized blood was taken from the arterial
line. The animals were then killed by an overdose of pentobarbital sodium.

In all ventilated animals muscle refaxation was induced by pancuronium bromide 2 mg/kg,
L.m. hourly (Pavulon; Organon Teknika, Boxtel, The Netherlands) followed by immediate
connection to a ventilator. Body temperature was kept within normal range by means of a
heating pad. The animals were mechanically ventilated with a Servo Ventilator 300 (Siemens
Elema, Solna, Sweden) in a pressure-constant time-cycled mode and a fractional inspired
oxygen tension of 1.0,

Animals were ventilated with different pressures for varying times as shown in Table 1. At
the end of the study period, BAL was performed and heparinized blood was taken from the
arterial line in the same way as described for the non-ventilated control animals. The animals
were then killed by an overdose of pantobarbital sodium.

Blood and BAL samples were centrifuged at 400 g for 10 min to remove cells and cellular
debris, snap frozen in liquid nitrogen and stored at -80 °C until further analysis. From each
animal several samples were obtained; thereafter each individual measurement was done
using a sample that had not been previously thawed, in accordance with good laboratory
practice (18).

L-6 and MIP-2 measurements

Rat JL-6 and MIP-2 were assessed in blood and BAL supematant using the rat specific
enzyme-linked immunosorbent assay (ELISA) obtained from Endogen (Endogen Inc.,

Wobum, MA, USA) or Biosource (Biosource Europe S.A., Nivelles, Belgium), respectively.
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Statistical analysis

Data in the table are expressed as mean + standard deviation (SD) in the figures as mean =+
standard error of mean (SEM). Since several measurements were below the detection level of
the ELISAs, which results in a standard deviation of 0, we chose to analyze the data using
non-parametric statjstical methods. All data were analyzed with SPSS 10.0 exact tests 7,0 for
Windows (SPSS Inc. Chicago. IL, USA). The omnibus hypothesis was tested by the Kruskal-
Wallis test and after rejection at p<0.05 was followed by one-sided Mann-Whitney tests,
testing for the hypothesis that cytokine levels were elevated compared to the control groups.
The a-error in the multiple hypothesis testing was adjusted by the Bonferroni-Holm

procedure. Statistical sigaificance was assumed at p<0.03,
RESULTS

Table 1. Overview of the different experimental groups.

PIP/PEEF Time on PaO- BAL protein w

vcnr."{am." content

fem H.() (imin) (hPa) (mgiml)
13/3 90 76.5£7.5 0.30£0.19 13
13/3 240 72.3+£8.1 0.29+0.11 13
32/6 20 68.9+6.7 0.31=0.19 10
32/6 240 68.8£15.1 0.660.47 10
32/0 90 9.9+£3.2 1.91+0.62 10
32/0 240 8.9=1.9 2.12+0.45 10
Control Spontaneous - — 0.21+0.10 19

breathing

n, number of rats

During ventilation with 13 cm Ha0/3 em H>O (Peak inspiratory pressure (PIPY/PEEP) or with
32 em H0/6 ecm H>O for 90 min or for 240 min the PaO; levels remained above 67 kPa,
while ventilation with 32 cm HxQ without PEEP resulted in severe decrease of oxygenation
and elevated protein BAL content (Table 1). In lungs ventilated with high PIP and no PEEP
{32/0), serum I1-6 levels were increased i the serum after 90 and 240 min, but not in the
BAL (Fig. la,b). There was no increase in BAL IL-6 levels in any of the groups (Fig. 1b).
Analysis of the MIP-2 levels produced different results. Here, ventilation with high PIP levels
led to increased serum MIP-2 levels after 90 min with a PEEP of 6 cm H-0 (32/6), and after
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240 min in the absence of PEEP (32/0) (Fig. 2a), The MIP-2 BAL levels were increased in all

ventilated groups (Fig. 2b), suggesting that mechanical ventilation as such was sufficient to

induce this response.
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Figure 1.

Concentration of 1L-6 serum (A) or BAL (B} after 90 min (grey bars) and 240 min (black bars) ventilation
with the following PIP/PEEP levels in em H;O: 13/3 (n=13), 32/6 (n=10) or 32/0 {n=10}. Control {cont)
animals (n=19) were untreated. All data are mean + SEM. * p<0,01 vs control.
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Figure 2.

Cfnoentrat‘lon of MIP-2 serum {A) or BAL (B) after 90 min {grey bars) and 240 min (black bars)
ventilation with the following PIP/PEEP levels in cm H,O: 1343 (n=13), 32/6 (n=10) or 32/0 (n=10).
Contrel (cont) animals {n=19) were untreated. All data are mean + SEM.

* p<0.01 vs control, **, p<0.05 vs control.

DISCUSSION

There is considerable experimental and clinical evidence that ventilation with increased
volumes or pressures may promote the release of pro-inflammatory cytokines. However,

whether such a response can be induced in healthy subjects remains unclear. IL-6 and MIP-2
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are two potent pro-inflammatory mediators that in response to high pressure ventilation of
isolated perfused lungs are produced in greater quantities than is, for instance, TNF (7, 12,
14). We therefore hypothesized that 1L-6 and MIP-2 would be beiter indicators of ventilation-
induced cytokine release than TNF. The present data confirm this hypothesis and show for
the first time that ventilation can trigger cytokine release in healthy animals.

Systemic and alveolar cytokine levels were analyzed after 90 min or 240 min of ventilation
with 32 em H,O PIP. In the absence of PEEP, systemic IL-6 levels were increased under any
of these conditions. Application of PEEP prevented the 1L-6 release at ventilation with 32 cm
H.O PIP.

These observations are comparzble to those in isolated perfused mouse lungs, where
ventilation-induced cytokine release was also observed under conditions that did not cause
major lung damage (1, 3). In line with this, MIP-2 serum levels were elevated 1n the serum of
rats that had been ventilated for 90 min with 32 cm H>O PIP/6 cm H;O PEEP, a time point at
which according to the BAL protein concentrations and the arierial oxygenation no severe
lung injury was present.

To explain the ventilation-induced release of mediators such as IL-6 and MIP-2 in non-
injured lungs, it has been suggested that ventilation with high volumes results in
overstretching of alveolar units which in turn starts up pro-inflamnmatory signaling cascades
among them activation of NF-"1B (14, 19). Subsequently, a number of genes containing NF-k
B response elements (e.g. IL-6 and MIP-2) become activated, whereas those that lack this
sequence remain silent (14). The current knowledge on the mechanisms of ventilation-
induced mechanotransduction has recently been summarized (20-23). All of these findings
suggest that ventilation-induced mediator release can occur independent from physical lung
injury.

However, there is also evidence that, in addition to overstretching, the structural lung damage
caused by injurious ventilation strategies is another factor that can aggravate or initiate
mediator release from the lungs. In the present study, this is illustrated by the protective
effect of PEEP on IL-6 release in lungs ventilated with 32 cm H:O, where PEEP not only
prevented the development of tissue damage but also the systemic release of IL-6. This
finding is corroborated by previous reports that showed excessive release of mediators in the
absence of PEEP in isolated non-perfused rat lungs (2), in isolated perfused mouse lungs (24)

and in pre-injured rats in vivo (8). The protective effect of PEEP in these models 1s most
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likely explained by the reduction in shear forces that occur during repeated opening and
closure of alveolar units in the absence of PEEP, a process that has been termed
atelectotrauma (25). On the other hand, 1t should be noted that zero PEEP alone 1s not
sufficient to elicil mediator release if end-inspiratory pressures are iow, as demonstrated in
perfused mouse lungs (PIP/PEEP 10/0 em Ho() (24) and i humans (16/0 cin H>O) (10).

In contrast to IL-6, alveolar MIP-2 levels appeared to be very sensitive to ventilation itself,
i.e. simply ventilating the animals with normal pressures (e.g. 13/3) caused a significant
elevation in BAL MIP-2 levels which, however, were not further augmented by high
distending pressures (Fig. 2b). Because in the same BAL samples TNF levels were very low
and IL-6 concentrations were similarly low (Fig. 1), we conclude that the increase in MIP-2
was most probably not due to LPS contamination. The same observations, i.e. that
mechanical ventilation alone is sufficient to raise alveolar MIP-2 levels in rats (in that case
ventilated with 10 ml/kg), have also been reported by Kotani and colleagues (26). Thus, it
appears that alveolar MIP-2 is rapidly activated in case of mild stress such as mechanical
ventilation or heat (27). The role of MIP-2 during mild stress remaimns to be elucidated.
Nevertheless, our findings suggest that in future studies on ventilation-induced lung injury it
will be important to include both [L-6 and MIP-2. This conclusion is corroborated by clinical
studies with ARDS patients, in which ventilation with low tidal volumes led to significantly
reduced plasma levels of IL-6 (4-6) and IL-8 (the human analogue to MIP-2) (6), but not of
TNF (4).

In summary, the present findings demonstrate that in healthy rats aggressive ventilation
strategies alone are sufficient to stimulate release of IL-6 and MIP-2 within a short time. Of
note, such mediator release not only oceurred info the alveolar space, but was alse observed
in the systemic circulation, suggesting that injurious ventilation strategies may mitiate or at
least boost not only local but aise systemic inflammatory complications in ventilated patients.
Finally, this mediator activation by mechanical ventilation was already observed after a

relatively short period.
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ABSTRACT

Mechanical ventilation of patients can be a life-saving treatment, but also imposes additional
stress on the lung. Mitogen activated protein kinases (MAPK) represent a family of protein
kinases that become phosphorylated and activated by many different forms of stress. Using
Western blot analysis, we analyzed the effects of high distending pressure ventilation on the
activation of the MAPK ERK-1/2, INK and p38 kinase, and on the MAPK-activated
transcription factors ¢-Jun, Elk-1 and ATF-2. In adult rats, ventilation with high pressure
{45/10 peak inspiratory pressure/positive end-expiratory pressure in cm H;O) for 30 or 60
min did not affect arterial oxygenation, but resulted in enhanced phosphorylation of ERK-1/2,
INK, c-Jun, Elk-1 and ATF-2 compared to normally ventilated (13/3) rats. The activation of
ERK-1/2 and JNK was located to cells resembling alveolar type H cells. In addition, high
pressure ventilation enhanced phosphorylation of IxB-o and nuclear translocation of the
transcription factor NF~kB. In isolated perfused mouse lungs, the MEK inhibitor U0126
prevented the ventilation-induced activation of ERK-1 and Elk-1, but had no effect on the
ventilation-induced cytokine release. We conclude that mechanical ventilation triggers
specific signaling pathways such as the MAP-kinase and the NF-xB pathway which may

contribute to pulmonary inflammation and proliferation.
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INTRODUCTION

Mechanical ventilation is a life-saving treatment, but if performed with elevated
transpulmenary pressures imposes additional stress on the lung. Depending on the extent of
the physical forces applied, this stress may lead to activation of pulmonary cells through
mechanotransduction presumably initiated by alveolar overdistension [1, 2] or to rupture of
membranes and tissue destruction [3]. In support of the notion that ventilation can activate
specific signaling pathways, recently we demonstrated activation of the transcription factor
NF-kB and release of pro-inflammatory mediators in the absence of gross tissue damage [4-
6].

Besides NF-«kB, likely candidates for stress-activated signaling cascades are the mitogen-
activated protein kinase- (MAPK) dependent pathways, which can be activated by irradiation,
osmotic stress, growth factors or strain [1, 7]. MAPK are a family of proline-targeted serine-
threonine kinases that transduce environmental stimuli to the nuclens. Mammals express at
least four distinctly regulated groups of MAPK: extracellular signal-related kinases (ERK)-
1/2, c-Jun amino-terminal kinases (JNK1/2/3) also know as stress-activated protein Kinases,
p38 kinase and ERK-5 [8]. One major function of MAPK is activation of transcription factors
such as ETS like protein-1 (Elk-1), c-Jun, ¢-Fos, and activating transcription factor-2 (ATF-
2) which control a wide variety of genes, many of which are involved in the regulation of
inflammation: and proliferation. For instance, members of the c-Jun family together with c-
Fos and ATF-2 form homo- or heterodimers called AP-1 that activate many different pro-
inflammatory genes {9]. Elk-1 cooperatively interacts with the serum response factor (SRF)
and binds to the serum response elements (SRE} in the promoter region of various genes,
including c-fos and early growth response-1 (egr-1}, and triggers their gene expression [10,
11]. However, after phosphorylation by ERK-2, Elk-1 may also activate genes independently
from SRF and SRE, as shown for TNF and the chemokine 9E3/cCAF [12, 13]. ATF-2 can
combine with c-Jun, and activate the genes for ¢c-jun, TNF and E-selectin [9, 12, 14].

Thus, MAPK are activated by various forms of extracellular stress and might serve an
important rote in the cellular responses to ventilation with elevated pressures. However, the
effect of ventilation with high distending pressures on MAPK is unknown. To this end, rats
were ventilated with normal and high peak-inspiratory pressures (PIP} and lung damage was

minimized by application of positive end-expiratory pressure (PEEP) [15, 16]. Activation of
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MAPK was analyzed by Western Blot and immune imimunchistochemistry. To examine some
of the consequences of MAPK activation, we analyzed the activation of transcription factors
that are known to be controlled by MAPK. Furthermore, to show that these transcription
factors are controlled by MAPK, we used perfused mouse lungs to study the effect of the
MEK-inthibitor 10126 on the phosphorylation of ERK-1 and Elk-1 and on the cytokine
release. Finally, to confirm previous findings in perfused mouse lungs /in vive [4], we

investigated the activation of NF—xB in rats in vivo.
MATERIALS AND METHODS

The study was approved by the local Anumal Committee of the Erasmus University
Rotterdam. Male Sprague-Dawley rats {body weight 220-330 g) were from Harlan (CPB,
Zeist, The Netherlands), Female BALB/C mice (20-23 g) from the breeding house of the
Research Center Borstel. Care and handling of the animals were in accord with the NIH
guidelines.

Ventilation of rats in vive

The preparation techniques have been described previously [16, 17]. Briefly, animals were
anesthetized with 65% NGO, /35% O, and 2% isoflurane. Subsequently, a sterile polyethylene
catheter was inserted into a carotid artery for drawing arterial blood samples, and monitoring
blood pressure. Thereafter, a sterile metal cannula was inserted into the trachea. After these
surgical procedures, gaseous anesthesia was discontinued and anesthesia was continued with
60 mg/kg pentobarbital sodium ip. (Nembutal; Algin, Maassluis, The Netherlands),
Subsequently, muscie relaxation was induced by pancuronium bromide 2 mg/kg, im.
(Pavulon; Organon Teknika, Boxtel, The Netherlands), and ventilation was iitiated with a
Servo Ventilator 300 (Siemens Elema, Solna, Sweden) in a pressure-constant time-cycled
mode and an Fi0O, of 1.0

Rats (n=4 per group), were mechanically ventilated at a frequency of 30 breaths/min with
normal pressure (13/3; PIP/PEEP in em H»>0) or with high pressure {45/10) for 30 or 60 min.
At the end of the study period, heparinized bloed was taken from the arterial line, and
animals were then killed with an overdose of pentobarbital. The unventilated contrel group
was killed immediately after tracheotomy in an identical way. The thorax was opened and

lungs were collected sterile, snap frozen and stored. For immunohistochemistry, the thorax
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was opened, lungs were removed en bloc and filled with HOPE solution [18, 19],
subsequently the lung was inflated with a PEEP level of 10 cm H>O, the trachea was clamped
and the lungs were stored in Hope solution at 4° C until further analysis.
Immunohistochemisiry

HOPE-fixed, paraffin-embedded specimen were prepared like previously described [18, 19].
4um thick sections were cut, mounted on Superfrost+ slides (Menzel-Gliser, 041300,
Germany) and deparaffinized as described elsewhere [18, 19]. Negative controls were
included in every staining series as well as positive reference sections to ensure even results.
Samples were pretreated in 25% H>O» for 30 min at ambient temperature

The primary antibodies were then applied each in a dilution of 1/100 in phosphate buffered
saline (PBS) for Ihr at ambient temperature. Slides were washed in PBS, twice, Imin for
each washing step. Secondary antibody (donkey anil rabbit, conjugated with alkaline
phosphatase and absorbed against mouse, dianova 44311, Germany) was applied in a dilution
of 1/100 in PBS for 30 min, at ambient temperature. Slides were washed twice (1min each) in
PBS.

Color reaction was then performed by Incubation with new fuchsine solution according to the
manufacturer’s protocol (Dako, K 0624, Germany). Color reaction was complete within 10
min. Counierstaiming was achieved by Mayer’s hemalum; slides were mounted by using
Kayser's glycerin-gelatine and photographed.

Isolated perfused mouse lung

The mouse lungs were prepared and perfused essentially as recently described (4, 6, 20].
Briefly, lungs were perfused in a non-recirculating fashion through the pulmonary artery at a
constant flow of 1 ml/min resulting in a pulmonary artery pressure of 2 to 3 em H,0. As a
perfusion medium we used RPMI medium lacking phenol red (37°C). Under control
conditions, the lungs were ventilated with room air by negative pressure (=3 cm H.O to —
10 cm H;0) at a rate of 90 breaths/min resulting in a tidal volume (V1) of about 200 ul.
Artificial thorax chamber pressure was measured with a differeniial pressure transducer (DP
45-24; Validyne, Northridge, CA), and the airflow rate was measured with a Fleisch-type
pneumotachograph tube connected to a differential pressure transducer (DP 45-15, Validyne).
Arterial pressure was continuously monitored by means of a pressure transducer (Isotec
Healthdyne, Irvine, CA}) that was connected to the cannula ending in the pulmonary artery.

All data were transmitted to a computer and analyzed with Pulmodyn software {(Hugo Sachs
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Elektronik, March Hugstetten, Germany). Vr was derived by integration of the flow rate, and
the data were analyzed by applying the formula: P = 1/C-V + Ri-dV/dT, where P 1s chamber
pressure, C is pulmonary compliance and Ry, lung resistance.

Western blot analysis

Frozen lungs were powdered with a pestle in the constant presence of liquid nitrogen.
Aliquots of the lung powder were lysed and homogenized in a buffer (50 mM Tris-Cl, pH
6.8, 150 mM NaCl, and 1% Triton X-100} containing Pefablock (ImM), aprotinin (1ug/ml),
pepstatin {1 pg/ml), leupeptin (1 pg/ml), NaF (ImM), Na; VQq4 (1 mM), B-Glycerolphosphate
(1 mM). After 20 min on ice, the lysates were collected by pelleting the cellular debris for
15 min at 13,000 x g. Total protein content was determined by a comumnercially available test
(Pierce, Rockford, IL, USA).
An equal amount of protein (60ug/slot) was size-fractionated by SDS-polyacrylamide gel
electrophoresis, transferred to a nitrocellulose transfer membrane (Protran, Schleicher &
Schuell, Dassel, Germany) and then inumunoblotted with primary antibodies (New England
Biolabs (NEB), Frankfurt, Germany) and horseradish peroxidase-conjugated secondary
antibodies (NEB). Detection of the bound antibody with LunmuGLO chemiluminescent
substrate was perfonmed according to the manufacturer (NEB). The densitometric analysis
was performed with OPTIMAS 6.2 software (Optimas Corporation, Bothel, WA, USA).
Immunoprecipitation
Aliquots of the mouse lung powder were tysed in 500 pl of cold iysis buffer (10 mM Tris pH
7.4, 150 mM NaCl, 19 Triton X-100, ! mM EDTA, 1 mM EGTA pH 8.0, 0.2 mM Ney VO,
0.2 mM PefaBloc, 1% NP-40) by constant agitation for 30 min at 4°C by end over end
rotation. To disperse larger aggregates the raw lysate was sonicated 3 x 3 sec (Bransen,
Switzerland). The final lysate was coliected by centrifugation (16 000 x g, 4°C, 15 min).
Total protein content was determined by a commercially available test (Pierce, Rockford, IL,
USA). For the precipitation, 5 ug of first antibody and 500 ug total protein in 2x
immunoprecipitation buffer (20 M Tris pH 7.4, 300 mM NaCl, 2 mM EDTA, 2 mM EGTA
pH 8.0, 0.4 mM NazVQi, 0.4 mM PefaBloc, 1% NP-40) were incubated overnight at 4°C by
end over end rotation. The immunocomplex was collected by incubation with Protein G Plus
Agarose (Santa Crz Biotechnology, Inc) with constant agitation for 1 hr at 4°C and
centrifugation for 4 min (16 000 x g, 4°C). The pellet was washed three times with 1 x
immunoprecipitation buffer (10 mM Tris pH 7.4, 150 mM NaCl, | mM EDTA, | mM EGTA
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pH 8.0, 0.2 mM Na:VQq, 0.2 mM PefaBloc, 0.5% NP-40). The precipitate was resuspended
in electrophoresis sample buffer (62.5 mM Tris pH 6.8, 2% SDS, 3% glycerol, 0.006%
bromophenol blue, 2% B~ mercaptoethanol), boiled for 5 min, centrifuged and the supernatant
loaded onto a SDS-PAGE gel, electrophoresed and blotted as described for western blotting.
Electrophoretic mobility shift

The preparation of nuclear extracts and electrophoretic mobility shift assays were performed

as described previously [4].

Table 1: Oxygenation, mean arterial pressure, serum enzymes and serum creatinine

1343 45/10
5 min 30 min 60 min 5 min 30 min 60 min
(n=8) (n=8} {n=4) (n=8§) (n=8} (n=4)
pOs> (mmHg) 587423 602449 605-+78 592434 607428 588+38
pCO; (mmHg) 30+4 377 3449 3044 3443 334
MAP (mmHg* 151%17 15611 152+18 99+17 126+14 13712
{n=4) (n=4} {n=4}) {n=4)
ASAT (U/L) — 61+14 48+13 — 52412 73+21
ALAT (U/Ly — 2343 2043 —— 2342 24472
creatinine (mg/L) — 0.7+0.2 0.7+0.1 — 0.7+0.2 0.8+0.2

*, p<0.03: 13/3 vs 45/10 by repeated measurement analysis (SPSS). The data in unventilated control animals
for serum aspartate aminotransferase {ASAT), alanine aminotransferase (ALAT) and crealinine were
82£20 U/L, 2244 U/L and 0.9£0.2 mg/L, respectively. MAP, mean arterial pressure. n, number of
animals.

Statistical analysis

The intensity of the bands in the blots was quantified and expressed as a ratic of a value from
an unventilated control animal. All data were log transformed and analyzed for the difference
between 13/3 and 45/10 by paired (to analyze the data from one gel together) one-sided t-

tests. Statistical significance was assumed at p<0.05.
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RESULTS

Ventilation with 13 ¢m H;O /3 ¢cm H;O (PIP/PEEP) or 45 cm HzO /10 ¢m H0 led to tidal
volumes of 18 mi/kg and 48 ml/kg, respectively [21]. The 60 min of ventilation with 45/10
cm H;O were well tolerated as indicated by the normal blood oxygenation (Table 1). As
expected, mean arterial pressure decreased under these conditions. The serum transaminase

and creatinine levels were not different in ventilated and nonventilated animals (Table 1).
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Figure 1

Time course of ERK-1/2 phosphorylaticn
in lung hemogenates. Rats were cither left
unveritilated (control, time point 0), or
were mechanically ventilated with normal
pressure (13/3; PIP/PEEP in cm H,O,
square) or with high pressure (45/10,
circle) for 30 or 60 min. ERK was
analyzed by immunoblot, using antibodies
specific for the phosphorylated or the
unphosphorylated form of ERK. Shown is
a  representative  immunoblot  and
densitomteric data (mean of p44 and p42).
The values are shown as fold increase over
the unventilated control and represent the
mean + SEM from four animals. *, p<
0.05 vs 13/3. p42 and p44 represent ERK-
| and ERK.-2, respectively.
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Figure 2

Time course of JNK phosphorylation in lung
homogenates. Rats were either left unventilated
{conirol, time point 0), or were mechanically
ventilated with normal pressure (13/3; PIP/PEEP
in cm H;O, square} or with high pressure {45/10,
circle) for 30 or 60 min. JINK was analyzed by
immunoblot, using antibodies specific for the
phosphorylated or the unphosphorylated form of
IJNK. Shown is a representative immunoblot and
densitomteric data (p54). The values are shown as
fold increase over the unventilated control and
represent the mean + SEM from four animals.
After 30 min of ventilation with normal pressure
{squarc) the fold increase over baseline was
1.40+0.31. *, significantly {p < 0.05) larger than
13/3 at that time point. P54 and p46 represent JNK
isoforms.




MAPK

Under no condition, differences were detected in the expression of the native
unphospherylated forms of ERK-1/2 and JNK (Fig. 1, Fig. 2). Ventilation of rats for 30 or 60
min with 13/3 cm H;O had no effect on ERK-1/2 phosphorylation, whereas ventilation with
45/10 ¢m H:O increased ERK-1/2 phosphorylation about 2-fold (Fig. 1). There was no
difference in phosphorylation between ERK-1 and ERK-2. Of the two INK isoforms
analyzed, p54 (Fig. 2) showed more consistent results than p46, which however showed the
same pattern as p34. Phosphorylation of JNK was not enhanced after ventilation with 13/3
cm H;O for 30 min, but was about 4-fold enhanced after ventilation for 60 min, suggesting
that ventilation by itself may be a stimulus for JNK-activation. Ventilation with 45/10 cm
H;O resulted in a 7-fold activation of JNK after 30 min. Native p38 kinase was present in
similar amounts under all conditions. Both modes of wventilation appeared to increase

phosphorylation of p38, but ventilation with 45/10 ¢m H2O was not different from ventilation
with 13/3 cm H:0 (Fig. 3).

Figure 3

Time course of p38 phosphorylation in lung
homogenates. Rats were either left unventilated
(control, time point 0), or were mechanically
ventilated  with  normal  pressure  {13/3;
PIP/PEEP in cm H;O, square) or with high
pressure (45/10. circle) for 30 or 60 min. p38
phosphorylation was analyzed by lmimunoblot,
using phosphospecific c-Jun antibedies. Shown
is a  representative  immunoblot  and
densitomteric data. The values are shown as
fold increase over the unventilated control and
represent the mean £ SEM from four animals.
After 30 min of ventilation with 45/10 ¢ H,C
(circle) the fold increase over baseline was

1313 4519 1.36£0.05.
control 30" 60 I i1
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Immunohistochemistry was performed to identify the cell type in which overinflation led to
phosphorylation of MAPK. Because in preliminary experiments, the antibodies used for the
Western-Blots did not appear to work with classical formalin fixation, we employed the novel

HOPE fixation technique, a method which was developed as a less denaturing aliemative to
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conventional fixation [18]. Using this method, we were able to obtain positive staining with

antibodies specific for the phosphorylated forms of ERK, JNK and p38 (Fig. 4).
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Figure 4

Activation of MAPK in rat lungs /7 vive. Rats were either mechanically ventilated with normal
pressure (13/3; PIP/PEEP in cm HyO; Panels A,C,E) or with high pressure (45/10; Panels B,D,F)
for 60 min. The immunohistochemnical staining (red) with antibodies specific for the phospherylated
forms of ERK (top panels A and B). INK (middle panels C and I3} and p38 (bottom panals E and F)
shows thar overinflation activated ERK and JNK predominately in alveolar epithelial type 1 cells.
X 800.

P-ERK and P-JNK were only weakly detectable in lungs ventilated for 60 min with 13/3 em
H,O (Fig. 4A and C), but the signal was clearly increased in cells whose size, shape and
location resembled alveolar epithelial type H cells, but sometimes also in endothelial cells, of
lungs ventilated with 45/10 cm H:QO (Fig. 4B and D). Similar observations were made after
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30 min of ventilation (data not shown). However, at both time points the distribution of P-

ERK or P-JNK poesitive cells was heterogeneous and activation was not observed in all type

IT cells. P-p38 was also mostly detected in cells resembling alveolar epithelial type II cells,

but there was no difference in lungs ventilated with either 13/3 cm H,O or 45/10 em H,O

(Fig. 4E and F). Again, P-p38 was only found in a fraction of the type 1I cells. For all MAPK,

the possibility of activation in alveolar epithelial type I cells cannot be excluded.
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Figure 5

Time course of c-Jun expression in lung
homogenates. Rats  were either left
unventilated {control, time point G), or were
mechanically  ventilated with  normal
pressure (i3/3; PIP/PEEP in cm H:O,
square) or with high pressure (45/10, circle)
for 30 or 60 min. c-Jun was analyzed by
immunobiot, using specific c-Jun
antibodies. Shown is a representative
immunoblot and densitomteric data. The
values are shown as fold increase over the
unventilated control and represent the mean
= SEM from four animals. ¥, significantly
(p < 0.05) larger than 13/3 at that time
point.
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Time course of ¢-Jun phesphorylation in lung
homogenates.  Rats  were  either left
unventilated (control, time point 0), or were
mechanically ventilated with normal pressure
(13/3; PIP/PEEP in ecm H;O, square) or with
high pressure {45/10, circle) for 30 or 60 min.
c-Jun phosphorylation was analyzed by
immunoblot, using phosphospecific c-Jun
antibodies.  Shown iz a representative
immuneblot and  densitomteric  data. The
values are shown as fold increase over the
unventilated control and represent the mean +
SEM from four animals. *, significantly (p <
0.05) larger than 13/3 at that time point.
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MAPK-activated transcriptions

To investigate some of the intracellular consequences of the activation of ERK and JNI, we
investigated the activation of the transcription factors c-Jun, Elk-1 and ATF-2. c-Jun belongs
to the immediate early genes that are rapidly formed in response to a variety of stimuli. In
line with this, ventilation with 45/10 cm H>O increased both the expression of native c-Jun
(Fig. 5) as well as its phosphorylation (Fig. 6). In addition, ventitation with 45/10 cm H;O

elicited a 6-fold increase in the phosphorylation of Elk-1 (Fig. 7) and a nearly 3-fold increase

in the phosphorylation of ATF-2 {Fig. 8). Ne differences were detected in the expression of

the native forms of Eik-1 or ATF-2.
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Figure 7

Time course of Elk-1 phosphorylation m lung
homogenates. Rats were either left unventilated
(control, time point (), or were mechanically
ventilated with normal pressure (13/3; PIP/PEEP in
cm HaO, square) or with high pressure (43/10,
circle) for 30 or 60 min. Elk-1 was analyzed by
immunoblot, using antibodies for specific for the
phosphorylated or the unphospherylated form of
Elk-1. Shown is a representative immunoblot and
densitomteric data. The values are shown as fold
increase over the unventilated control and represent
the mean = SEM from fowr animals. After 30 and 60
min of ventilation with normal pressure (square) the
fold increase over baseline was 1.3840.21 and
1.30=0.11, respectively. *, significantly (p < 0.05)
larger than 13/3 at that time point.
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Figure 8

Time course of ATF-2 phosphorylation in
fung homogenates. Rats were either left
unventilated {control, time point 0), or were
mechanically ventilated with normal pressure
{13/3: PIP/PEEP m cm H.0, square) or with
high pressure (45710, circle) for 30 or 60 min.
ATF-2 was was analyzed by immunoblof,
using antibodies for specific for the
phosphoerylated or the unphosphorylated form
of ATF-2. Shown 1is a representative
immunoblot and densitomteric data. The
values are shown as fold increase over the
unventilated controi and represent the mean =
SEM from four animals. *. significantly {p <
0.05) targer than 13/3 at that time point.




NE—xB

Ventilation with 45/10 c¢m H:O rapidly increased phosphorylation of IkB-a (Fig. 9).
Phosphorylation is known to lead to degradation of IxB—c, which in tum facilitates nuclear
translocation of NF=xB. In line with this, we found mcreased amounts of NF-xB in the

nuclear extracts of rats ventilated with 45/10 cm H,O (Fig. 10).
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TFigure 9

Time course of IkB-o phosphorylation
in lung homogenates. Rats were either
left unventilated (control, time point 0},
or were mechanically ventilated with
normal pressure (13/3; PIP/PEEP in cm
O, square) or with high pressure
(45710, circle) for 30 or 60 min. lkB-a
was analyzed by immunobloi, using
antibodies  for  specific  for the
phosphorylated and the
unphosphorylated form of IxB-c. Shown
i ! is a representative immunoblet and
0 30 60 densitomteric data, The values are shown,
as fold increase over the unventilated
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ERK-1, Elk-1 and Cytokine release in isolated perfused mouse lungs

Finally, we investigated some of the consequences of the ventilation-induced activation of
MAPK. To his end, we used isolated perfused mouse lungs, a model which allows precise
control over ventilation and perfusion, and in which confounding factors such biood cells or
enervation can be excluded [6]. Lungs were ventilated with either —10/-3 or —-25/-3 cm H,0,
resulting in tida! volumes of 9 and 32 ml/kg, respectively, as described before [4, 6]. Like in
vive, also in perfused mouse lungs ventilation with increased pressures for 60 min resulted in

enhanced phosphorylation of ERK-1 (Fig. 11) and JNK (2.8 £ 1 4-fold, n=3, mean+SD}. The
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activation of ERK, but not that of INK (data not shown) was completely abolished by
pretreatment with the selective MEK-inhibitor U0126 (Fig. 11). At the same time, U0126
also prevented the phosphorylation of Elk-1 (Fig. 11). However, pretreatment with U0126
had no effect on the ventilation-induced release of IL-6 and MIP-2 into the perfusate (Fig.
12).
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Figure 10

Nugclear factor-kB-translocation by overinfiation in
lungs from rats. Rats were either left unventilated
{control, time point 0), or were mechanically
ventitated with normal pressure (13/3; PIP/PEEP
in em HaQ) or with high pressure (45/10) for 30 or
60 min. NF-xB translocation was determined by
electromobility shift assav, The NF-xB band was
abolished in the presence of unlabeled (‘cold’)
cligonucleotides (comp, rightmost lane).

Figure 11
Activatien of ERK-!

and Elk-1 in
perfused mouse lungs ventilated for 60 min with

isolated

normal  pressure  (—10/-3;  end-inspiratory
pressure/PEEP in cm H;0) or with high pressure
(=25/-3, OV). 10 uM U0126 was added to the
perfusate 10 mun  before  switching to
overinflation. ERK-1  was analyzed by
immunobiot, using antibodies for specific for the
phosphorylated ferm of ERK-1. Elk-1 was

analyzed by immunprecipitation using antibodies
specific for the phosphorylated form of Elk-1.
The P-Elk-1 band is indicated by the arrow; the
identity of the other bands s not known. Shown
are representative immunoblots from  three
independent experiments.

DISCUSSION

MAPK are known to become rapidly activated by various forms of stress. The present study
shows that this is also true for the mechanical stress caused by ventilation with high
distending pressures. A major cell type in which MAPK become activated in response to
overinflation appear to be alveolar type U cells, although type I cells cannot be excluded. The
fact that overinflation activated MAPK not only in vive, but alse in isolated mouse lungs,
suggests that this phenomenon is not secondary to leukocyte influx or nervous regulation.
The phosphorylation and/or expression of the transcription factors ATF-2, Elk-1 and c-Jun

provides evidence that the MAPK were effectively activating their commonly known targets,
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as was specifically demonstrated herein for Elk-1. However, our findings also indicate that

the ERK-pathway does not contribute to the ventilation-induced release of pro-inflammatory

cytokines and chemokines (IL-6, MIP-2}, leaving the final physiological consequence of the

MAPK. activation unknown. In view of the well known contribution of MAPK to cell

proliferation [22], we speculate that their preferential activation in type II cells might have

bearing on the fype II cell hyperplasia that is observed in chronically ventilated individuals

[23]. This also raises the question whether the ventilation-induced activation of MAPK may

be related to the fibro-proliferative phase of ARDS, in particular to the type II cell

hyperplasia commonly observed in these patients [24]. In this regard, in future studies it will

also be important to investigate MAPK expression at later time points.

IL-6 [pg/rmi}

Rats were ventilated with either 13/3 cm H-O or 45/10 cm H20O. These ventilation modes
were chosen to minimize end-expiratory alveolar collapse and subsequent surfactant
dysfunction [21]. Previous studies have shown that when animals are ventilated with a PIP
of 45 em H;0O, lung injury can be reduced by applying a PEEP of 10 cm H.O [15, 16],
although at a PIP as high as 45 cm H,O the PEEP does not completely prevent lung injury,
particularly at later time points. Nevertheless, oxygenation as a measure for lung function

and serum transaminase activities and creatinine levels as indicators of extrapulmonary
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Figure 12
Ventilation-induced alterations in 1L-6 and MIP-2a levels in the perfusate of isolated perfused mouse
lungs. Lungs were ventilated for 60 min with normal pressure

(—10/-3; end-inspiratory pressure/PEEP in cm Ha0) before they were ventilated for another 180 min
with normal pressure (open diamonds, n=3), with —25/-3 c¢m H;O (open circles, n=5), ventilated with
—25/-3 ¢m H,0 and pretreatment with 10 uM UD126 {closed circles, n=3). Data are mean + SEM.
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organ injury were not different during ventilation with 45/10 ¢cm H»0 compared to ventilation
with 13/3 em H:O after one hour (see Table 1). From this, we conclude that during the first
60 min ventilation with 45/10 em HyG did not cause severe lung injury (which is also
supported by the histological data), so that the activation of MAPK under these conditions is
most likely explained by specific mechanotransduction mechanisms rather than by unspecific
processes that may originate from damaged cells [3]

At present it is not known how the strain and the stress caused by ventilation is cenverted mto
biological signals, but it is reasonable to hypothesize that the initial signal sensed by the cells
is stretch. This is supported by the fact that mechanical stretch has been shown to activate
ERK and JNK in cardiac myocytes [25], mesangial cells [26], melanocytes [27], pulmonary
endothelial cells [28] and L.929 cells [29]. Activation of ERK-1/2 (p42/pd44) was reported
within 10 min after 20% elongation of H441 pulmonary epithelial cells [30]. In AS549 cells 1t
was shown that 15% strain activated JNK (stress-activated protein kinase} within 30 min and
P38 kinase at later time points {2 h), whereas ERK-1/2 was not activated {31]. These latter
results in A349 cells are in contrast to the ventilation-induced activation of ERK i type II
cells in vivo (Fig. 4B), and indicate that siretching of A549 cells can only partially model the
situation of alveolar epithelial type 1I cells in the whole intact organ.

To our knowledge, so far only one study has identitied particular cell types as responders to
overinflation in vive [32]. By using in situ hybridizatien Foda et a/. showed activation of the
extracellular matrix metalloprotein inducer (EMMPRIN), gelatinase A, and gelatinase B in
alveolar macrophages, alveolar epithelial cells and endothelial cells from rats ventilated with
20 ml/kg and no PEEP for 4 hours [32]. Among these cells, in the present study activation of
MAPK by overinflation was noted particularly in alveolar epithelial type II cells and
occasionally in endothelial cells. However, due to the lack of a selective type II cell
counterstain, the present data do not completely exclude MAPK activation in other cell types
such as type I cells. Previous studies already suggested that type II cells can respond to
stretch, in particular those studies showing release of surfactant [33] and [L-8 from stretched
alveolar epithelial cells [34]. Indirect evidence for the type I cells” responsiveness to stretch
was already provided almost 20 years ago, when it was shown that even one single deep
breath is sufficient to release pulmonary surfactant [35]. Whether MAPK contribute to the

ventilation-induced surfactant release or IL-8 production is currently not known. However,
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since MIP-2 is considered as a murine analogue to IL-8, our negative findings with U0126
treatment suggest by analogy that ERIC may not contribute to I1L.-8 release, too.

In contrast to JNK and ERK-1/2, p38 kinase was not activated by overinflation, suggesting
some specificity in the ventilation-induced signaling cascades. A possible explanation for the
absence of p38 activation by overinflation could be the recent observation that activation of
p38 kinase in response to stretch is regulated differently from JNK and ERK-1/2 [29].
However, we cannot exclude the possibility that p38 becomes activated at time points later
than 60 min as was observed in strained AS549 cells [31]. Interestingly, phosphorylation of
p38 was noted in all ventilated lungs, indicating that the process of mechanical ventilation
per se might be sufficient to activate p38. A similar finding has been reported for MIP-2 {36,
own unpublished observations]. Whether there 1s a link between p38 and MIP-2 under these
conditions, remains to be established, but it is known that p38 contributes to LPS-induced
pulmonary MIP-2 production [37].

Given that one major route of MAPK action is through activation of transcription factors, the
phosphorylation of Elk-1, c¢-Jun and ATF-2 by overinflation was expected. From the
experiments with the highly specific MEK-inhibitor U0126 [38], we conclade that in
response to overinflation Elk-1 is predominantly activated by ERK. Interestingly, Elk-1 is
known to regulate c-Fos transcription, which was found to be upregulated in isolated rat
lungs ventilated with injurious ventilation strategies [39]. The consistent presence of Elk-1
binding elements in the promoter regions of many immediate early response genes (e.g. c-fos,
MEKP-1, egr-1) [13] suggests that this pathway may play an important role in the responses to
ventilation-induced stress.

The expression of native unphosphorylated c-Jun was increased by overinflation. This may
be explained by the fact that the c-Jun promoter binds c-Jun: ATF-2 hetercdimers that upon
phosphorylation by JNK lead to enhanced c-Jun transcription and subsequent production of ¢-
Jun [9].The enhanced expression of ¢-jun could, at least partly, explain the increase in P-c-
Jun. C-Jun may form homodimers or, together with c-Fos, heterodimers which belong to the
AP-1 family of transcription factors, the transcriptional activity of which is further enhanced
by phosphorylation of Ser63 and Ser73 on c-Jun by JNK [%]. Therefore, our findings suggest
that AP-1 is formed and activated during overinflation. Because AP-1 may also form from C-
Jun homodimers, the failure of U0Q126 to affect ventilation-induced cytokine release does not

rule out involvement of AP-1 in this process. AP-1 is well known for controlling a number of
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pro-inflammatory genes such as IL-2, [L-5, GM-CSF, IFN-y and matrix metalloproteinases
[9]. Clearly, the role of AP-1 and other transcription factors such as Egr-1 during ventilation
with unpyhsiologically high distending pressures deserves further study.

In addition to the MAP kinase pathway, in this study we have shown activation of NF—«B in
rats ventilated with high pressures. Nuclear translocation of NF—kB in response to ventilation
or stretch has previously been shown by assays 1n cell culture [40] and in isolated perfused
mouse lungs [4], but not in vive. This study also provides evidence that the activation of
NF-xB is accompanied by phosphorylation of its inhibitor IkB—o. This phosphorylation is
known to lead to ubiquitinylation and subsequent degradation of IkB-o, which 1s a
prerequisite for translocation of NF—«B into the nucleus. NF-xB controls many pro-
mflammatory genes and in mouse lungs we have recently shown that only those mediators
whose genes possess an NF-xB consensus sequence in their promotor are released in
response to overinflation [4]. Taken together, these findings suggest that ventilation might
contribute to the activation of NF—xB, as observed in ARDS patients [41].

Inn summary, we have shown that ventilation with high distending pressures activates ERK-
1/2 and JNK in alveolar epithelial type 11 cells as well as several transcription factors (Elk-1,
c-Jun; ATF-2, NF-kB) in as yet unidentified lung cells. These findings suggest that
overinflation elicits specific signaling pathways that lead to well-coordinated cellular
responses. We hypothesize that these signaling pathways might contribute to the cellular

proliferation and inflammation seen in chronically ventiiated patients.
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ABSTRACT

Alveolar overdistension caused by mechanical ventilation leads to activation of specific
intracellular signaling cascades and to the release of pro-inflammatory mediators. The
distensibility of a tung is dependent on the amount of active surfactant, which will be lost
from the alveoli when lungs are ventilated for longer periods with high distending pressures,
50 that the alveoli will distend less and stretch will diminish overtime. To study the role of
prolonged stretch in healthy lungs, we increased surfactant levels to supra-physiological
levels. Surfactant-treated or untreated rats were ventilated for either 30 min or 120 min with a
peak inspiratory pressure/positive end-expiratory pressure of 13/3 or 45/10 cmH,O. We
studied the effect of ventilation and surfactant on the phosphorylation of ERK1/2, p38 kinase
and AKT kinase, and on serum levels of TNF, IL-6 and MIP-2Zo.. Ventilation with high
pressure, with or without additional surfactant, time dependently increased MIP-2a: and [L-6
serum concentrations and the phosphorylation of ERK /2 and AKT. Surfactant pre-treatment
significantly increased TNF serum concentrations in overventilated rats. Our findings
indicate that the specific signaling and mediator responses induced by prolonged ventilation
with high distending pressure are either unaltered or even accentuated by exogenous

surfactant.
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INTRODUCTION

Mechznical ventilation always bears the risk of regional alveolar overdistension. The
resulting increased stretch is now recognized as an important celfular stimulus leading to
activation of various intracellular signaling cascades and release of pro-inflammatory
mediators (biotrauma) [1, 2]. Many of the pro-inflammatory responses induced by pulmonary
overdistension appear to be signaled by activation of NF-kB, such as the release of IL.-6,
TNF, MIP-2a, MCP-1, or IL-8 [3, 4]. Another signaling pathway that is activated by
stretching both in culture [5] and in vive [6] is the ERK pathway with subsequent activation
of the transcription factor ELK-1 [6]. However, the physiological relevance of this pathway is
less clear, because prevention of ERK activation attenuated stretch-induced IL-8 release in
culture [7], but had no effect on ventilaton-induced release of IL-6 and MIP-2Za n the
isolated intact organ [6]. A third pathway, one that has not yet been investigated in the
context of ventilation-induced lung injury, is activation of AKT kinase (protein kinase B).
The fact that AKT kinase is activated by shear stress [8], suggests that this pathway may also
respond to the mechanical stretch generated by ventilation with high pressure/ volume.

Exogenous surfactant is considered as a treatment for acute ung mjury [9], a condition that
requires continued mechanical ventilation with higher than normal transpulmonary pressures.
In isolated perfused mouse lungs surfactant treatment increased the ventilation-induced
release of TNF and IL-6 [10], a finding which can be explained by the enhanced distensibility
of these lungs after surfactant treatment. When lungs are subjected to high peak inspiratory
pressures the endogenous surfactant is squeezed from the alveoli to the distal airways [11]
and active surfactant is converted into inactive surfactant by large surface area changes {12],
finally leading to reduced pulmonary compliance and stretch of the lung over time. This
phenomenon is prevented or at least attenuated by increasing the amount of surfactant to
supra-physiological levels. Therefore, surfactant treatment aliows studying the effect of
longer periods of stretch on the activation of ventilation-induced signaling and mediator
responses. Based on these considerations, the present study had two objectives: to extend the
experiments with isolated perfused mouse lungs [ 10] to the level of whole intact animals, and
to prolong the period of stretch as compared to previous in vivo investigations [6]. To this end

we studied the effect of surfactant treatment in combination with high or normal pressure
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ventilation on the systemic release of TNF-o, 1L-6 and MIP-2¢., and on the activation of

ERK, p38 kinase and AKT kinase in healthy rats.

MATERIALS AND METHODS

The study was approved by the local Animal Committee of the Erasmus Medical Center
Rotterdam. Thirty six male Sprague-Dawley rats (body weight 220-330 g} were obtained
from Harlan (CPB, Zeist, The Netherlands). Care and handling of the animals were in accord
with the NIH guidelines.

Surfactant pretreated animals

Animals pretreated with surfactant were anesthetized with 63% nitrous oxide/33%
oxygen/2% isoflurane (Isoflurane; Pharmachemie BV, Haarlem, The Netherlands), and
tracheotomized. A sterile metal cannula was inserted into the trachea; subsequently the
operation area was infiltrated with 30 mg/kg lidocaine (xylocaine; Astra Pharmaceutical BV,
Rijswijk, The Netherlands). Exogenous natural surfactant (HL-10, Leo Pharmaceuticals
Products, Ballerup, Denmark and Halas Pharma GmbH, Oldenburg, Germany) 400 mg/kg
bodyweight (dissolved in 50 mg/ml of saline} was administered through the tracheal cannula
over 5 minutes in the spontancous breathing animals; all animals recovered from anesthesia
and breathed spontancously for the ensuing 60 minutes to allow the instilled surfactant to be
adsorbed.

Ventilation of rais in vivo

The preparation techniques have been described previously [13, 14]. Briefly, animals were
(re)anesthetized with 65% NO, /35% O; and 2% isoflurane. Subsequently, a sterile
polyethylene catheter was inserted into a carotid artery for drawing arterial blood samples.
Thereafter, a sterile metal cannula was inserted inte the trachea (in all animals which had not
received exogenous surfactant). After these surgical procedures, gaseous anesthesia was
discontinued and anesthesia was continued with 60 mg/kg pentobarbital sodium ip.
(Nembutal; Algin, Maassluis, The Netherlands). Subsequently, muscle relaxation was
induced by pancuronium bromide 2 mg/kg, i.m. (Pavulon; Organon Teknika, Boxtel, The
Netherlands), and ventilation was initiated with a Servo Veuntilator 300 (Siemens Elema,

Solna, Sweden) in a pressure-constant time-cycled mode and an Fi0; of 1.0.
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Rats (n=4 per group), were mechanically ventilated with normal pressure (13/3; PIP/PEEP in
cm H;O) or with high pressure (45/10) for 30 or 120 min, leading to tidal volumes of 12
ml/kg and 18 ml’kg respectively [12]. At the end of the study period, heparinized blood was
taken from the arterial line, and animals were then kilied with an overdese of pentobarhital.
The unventilated contrel group was killed immediately after tracheotomy in an identical way.
The thorax was opened and lungs were collected sterile, snap frozen and stored.
The animals were randomly allocated inte 3 main experimental groups: (1) Ventilation
without any treatment, (2) NaCl-instillation prior to ventilation, (3) surfactant-instillation
prior to ventiation.

Western blot analysis

Frozen lungs were powdered with a pestle in the constant presence of liguid nitrogen.
Aliguots of the lung powder were lysed and homogenized in a buffer (50 mM Tris-Cl, pH
6.8, 150 mM NaCl, and 1% Triton X-100} containing Pefablock (1 mM), aprotinin {(1ug/ml),
pepstatin (1pg/ml), leupeptin (1pg/ml), NaF (1mM}, Na;VO, (ImM), B-Glycerolphosphate
{ImM). After 20 min on ice, the lysates were collected by pelleting the cellular debris for 15
min at 13,000 g. Total protein content was determined by a commercially available test
(Pierce, Rockford, IL, USA).
An equal amount of protein (60ug/slot) was size-fractionated by SDS-polyacrylamide gel
electrophoresis, transferred to a nitrocellulese transfer membrane {Protran, Schleicher &
Sechuell, Dassel, Germany) and then immunoblotted with primary antibodies {P-Erk and P-
P38, New Engiland Biolabs (NEB), Frankfurt, Germany; P-Akt, Sigma, Deisenhofen, D) and
horseradish peroxidase-coryugated secondary antibodies (NEB). Detection of the bound
antibody with LumiGLO chemuluminescent substrate was performed according to the
manufacturer (NEB). The densitometric analysis was performed with OPTIMAS 6.2 software
{Optimas Corporation, Bothel, WA, USA).
Statistical analysis
The intensity of the bands in the blots was quantified and expressed as a ratio of a value from
an unventilated control aniimal. The serum concentrations and the phosphorylation of AKT,
ERK 1/2 and p38 were analysed by three-factorial ANOVA (SPSS 11.0, SPSS GmbH
Software Miinchen) with the mode of ventilation (13/3 vs. 45/10 cm H:0), the time of

ventilation (30 min vs. 120 minz) and surfactant pretreatment (yes or no) as the factors.
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RESULTS

Oxygenation. The 120 min of ventilation with 45 cm H.O/10 cm H,O (PIP/PEEP) were weil
tolerated as indicated by the normal blood oxygenation (Table 1). In all animals, the arterial
pO; was above 520 mm Hg at the end of the experiment. Because there never were
significant differences between the untreated and the NaCl-injected animals, for this and the

following analyses, these two groups were pocled together.

Table 1: Arterial oxygenation in mmHg

13/3 em H,Q PIP/PEEP 45/10 em H,O PIP/PEEP
30 min 120 min 30 min 120 min

Control 557+42 (11) 55340 (8) 61345 (9) 54088 (7)

Surfactant 540428 (8) 546+44 (4) 592441 (8)  352+18 (4)

in parenthesis number of animals

TNF-o. In contrast to the other two cytokines (see below), serum TNF-a levels were not
increased by alveolar overdistension alone (P = 0.351) (Fig. 1). This is consistent with
previous findings of Verbrugge ef ol in surfactant-depleted and non-depleted rats [14].

However, in the presence of surfactant (P = 0.045) a significant increase of TNF-o over time
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(P =0.006) was observed (Fig. 1).

IL-6. There was no effect of supra-physiological surfactant levels on mediator release (P=

(.244), but there was a strong increase in IL-6 over time (P = 0.002) induced by ventilation

with 45/10 em H>O (P= 0.0004) (Fig. 2). Thus, overdistension increased IL-6 serum levels in

vivo, and the concentrations were higher after 120 min than after 30 min.

L 1 8
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Figure 2

Effect of ventilation strategy, time and
surfactant on serum levels of [L-6. Rats
were either left non-ventilated (control,
time peint 0), or were mechanically
ventilated with normal pressure {13/3,
PIP/PEEP in cm H,0, Panel A) or with
high pressure {45/10, Panel B} for 30 or
120 min. Open bars, non-treated animals
or animals treated with NaCl. Solid bars,
amimals treated with surfactant. IL-6
serum levels were measured by rat
specific ELISA. Data are shown as the
mean £ SEM from £ to 7 amimals. The
statistical analysis is given in the text.
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Figure 3

Effect of wventilation strategy, time and
surfactant on serum levels of MIP-2a
Rats were either left non-ventilated
{control, time point 0}, or were
mechanically  ventilated  with  normal
pressure (13/3, PIP/PEEP in cm HO,
Panel A) or with high pressure (45/10,
Panel B) for 30 or 120 min. Open bars,
non-treated animals or animals treated
with NaCl. Solid bars, animals treated
with surfactant. MIP-2a serum levels
were measured by rat specific ELISA.
Data are shown as the mean £ SEM from
4 to 7 ammals. The statistical analysis is
given in the text.
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MIP-20.. Again, there was a strong increase of MIP-2a serum concentrations over time (P <
0.0001), and a clear effect of the mode of ventilation (P = 0.022) (Fig. 3). These responses
were not affected by surfactant (P = 0.237).
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Figure 4

Effect of ventilation strategy, time and
surfactant on the activation of ERK. Rats
were either left non-ventilated {control, time
point 0), or were mechanically wventilated
with normal pressure (13/3, PIP/PEEP in cin
H>O. Panel A) or with high pressure {45/10,
Panel B) for 30 or 120 min. Open bars, non-
treaied animals or animals treated with
NaCl. Solid bars, animals treated with
gurfactant, P-ERK  was analysed by
immuncblot, using antibodies specific for
the phosphorylated form. The densitomteric
data from p42 {ERKI) and p44 (ERK2)
were averaged and are shown as fold
increase over the unventilated conirol and
represent the mean + SEM from 4 to 7
animals. The statistical analysis 1s given In
the text.
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Figure 5

Effect of wventilation strategy, time and
surfactant on activation of p38 kinase. Rats
were either left non-ventilated (control, time
point 0), or were mechanically ventilated
with normal pressure (13/3, PIP/PEEP in cm
H-0, Panel A) or with high pressure (43/1C,
Panel B) for 30 or 120 min. Open bars. non-
treated animals or animals treated with
NaCl. Solid bars, animals treated with
surfactant.  P-p38  was  analysed by
immunoblot, using antibodies specific for
the phosphorylated form. The densitomteric
data are shown as fold increase over the
unventilated control and represent the mean
+ SEM from 4 to 7 animals. The statistical
analysis 1s given in the text.

ERK. We have previously shown that ventilation with 45/10 cm H,0O activates ERK in

alveolar type 1I epithelial cells [6]. This was confirmed in the present series of experiments
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(Fig. 4), where ventilation with higher pressures clearly increased phosphorylation of
ERK1/2 {P = 0.009). These responses were not affected by surfactant (P = 0.377). There was
ne difference in ERK activation between 30 min or 120 min ventilation (P = 0.892). Thus,
the ventilation-induced activation of ERK. is complete at latest after 30 min, lasts for at least
two hours and is not influenced by exogenous surfactant,

P38 kinase. As noted before [6], phosphorylation of p38 was not affected by the ventilation
mode (£ > 0.05). There was no effect of surfactant (P > 0.03) and even after 120 min there
was no increase in P-p38 (P> 0.05) (Fig. 3).

AKRT kinase. Ventilation with 45/10 cm H2O led to activation of AKT kinase (P = (.037), but
there was no effect of prolonged overdistension (P = 0.413) or time (P = 0.139) (Fig. 6).
Thus, similar to ERK, the ventilation-induced activation of AKT kinase is complete after 30

min, lasts for at least two hours and is not influenced by surfactant.

Figure &

Effect of ventilation strategy, time and
surfactant on activation of AKT kinase.
Rats were either left non-ventilated
(control, time point 0), or were
mechanically  ventilated  with  normal
pressure {13/3, PIP/PEEP in ¢m H,O,
Panel A) or with high pressure (45/10,
Panel B) for 30 or 120 min. Open bars,
non-treated animals or animals treated
with NaCl. Solid bars, animals treated
with surfactant. P-AKT was analysed by
5 B mmmunoblot, using antibodies specific for
the phospherylated form. The
densitomteric data are shown as fold
increase over the unventilated control and
represent the mean + SEM from 4 to 7
animals. The statistical analysis is given
in the text.
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DISCUSSION

This study demonstrates that prolonged overdistension of a lung leads to the protracted
activation of various signaling processes and to the release of pro-inflammatory mediators ix
vivo. All experiments were performed in heaithy animals, where any increase in ‘avieolar

shear forces” by collapsed alveoli (atelectotrauma) was minimized by application of high
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PEEP levels (10 cm Hz0), and in which a supplementary amount of exogenous surfactant
was instilled to observe the effect of prolonged overstretching on ventilation-induced
mediator refease. Because an excessive amount of surfactant maintains the distensibility of
lungs subjected to high distending forces, exogenous surfactant will conserve the stretch on
the fung tissue exerted by mechanical ventilation [15]. Therefore, the current findings support
the notion that the ventilation-induced signalling responses are dependent on stretching of
alveolar units.

Exogenous surfactant as a therapy for acute lung injury is suggested to restore the amount of
active surfactant in the injured lung and thus to help restore normal lung functions. Because
patients with acute lung injury depend on mechanical ventilation, the interaction between
ventilation-induced signaling and mediator release on the one hand and surfactant on the
other is of great clinical interest. The present study essentialiy confirms previous data from
isolated lungs [10, 16] in intact animals, demonstrating that ventilation-induced mediator
release is either maintained or even heightened by exogenous surfactant.

Because of the intact chest wall, lungs cannot expand to the same degree in vivo as in isolated
lungs [2]. Thus, it seems likely that overstretching occurs to a greater extent in isolated lungs
than in healthy lungs in vive [2]. In support of this notion, ventilation-induced release of TNF
was noted in isolated lungs [17-19], but not iz vive [14]. This cbservation was confirmed in
the present study, where ventilation with high pressures alone failed to raise serum TNF
levels. However, we demonstrated that extending the overstretching potential of the lung by
pretreatment with exogenous surfactant, combined with high inspiratory pressures, results in
elevated serum TNF levels. These data suggests that exogenous surfactant when instilled into
healthy lungs {(which will never be the case in humans}, might increase the risk of biotrauma
when these lungs are subsequently subjected to overinflation. Notably, overventilatien alone
was sufficient to elevate serum levels of IL-6 and MIP-2a. These findings are in line with
previous studies in isolated mouse lungs, where IL-6 and MIP-2a were released in much
higher quantities than TNF [3].

It is highly untikely that the increased TNF production in surfactant-treated fungs was a result
of direct immunostimulating properties of our surfactant preparation. Surfactant was given
intratracheally while the mediators were assessed systemically, there was no effect of
surfactant on mediator release in the 13/3 groups and in addition, we have shown that

compartmentalization is maintained in rats veatilated with 45/10 cm H,O PIP/PEEP [13].
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Moreover, other studies have shown that the immuno-moeduiating properties of surfactant
treatment reduce rather than increase mediator release [20-23]. Therefore, our current
findings suggest that exogenous surfactant acted by facilitating overdistension rather than by
direct stimulation of TNF producing cells.

The present data extend our previous {indings on the ventilation-induced activation of ERK,
in which we examined ERK activation: for only 60 min [6]. The present study shows that this
activation lasts for at least 120 min. This 1s in contrast to studies with freshly isolated and
alveolar epithelial cells, in which the stretch-induced ERK activation lasted for only 30 min
[5]. The venrtilation-induced activation of ERK tended to be higher in surfactant-treated rats,
but this effect did not reach significance level. Because proionged activation of ERK may
promote proliferation [24], in future studies it wili be important to address the long-term
activation of ERK during ventilation.

A novel observation in this study was the activation of AKT kinase by ventilation with high
pressure, a response that was not influenced by exogenous surfactant. Because it is known
that shear stress may activate AKT kinase [8] and because ventilation with increased positive
pressure will increase pulmonary artery pressure and thus vascular shear stress [25], in the
present experiments we cannot exclude vascular shear stress as a stimulus for the enhanced
AXT-phosphorylation in response to ventilation with high distending pressures. However, in
experiments with isclated perfused mouse lungs application of high negative pressure (a
condition that decreases shear stress} also led to elevated activation of AKT in capillary
endothelial cells [26], suggesting that both stretch and vascular shear stress might contribute
to the activation of AKT kinase in vivo. The consequences of AKT-kinase activation during
ventilation are unknown, but from the literature it is known that this might lead to decreased
apoptosis [27} and/or to increased NO production through phosphorylation of endothelial NO
synthase [8].

In summary, we have shown that prolonged ventilation with high pressure leads to elevated
serum levels of MIP-2a and 11.-6 as well as to activation of AKT-kinase and ERK 1/2 in
vive, Exogenous surfactant did not affect any of these responses, and enhanced ventilation-
dependent TNF-a serum levels, probably by allowing for a longer period of stretch. These
findings suggest that alveolar overdistension, also during application of exogenous surfactant,
can result in mediator release in patients with acute lung injury and that ventilation settings

should be optimized for the individual lung [28].
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ABSTRACT

Objective: To investigate the effect of different mechanical ventilation strategies on heat
shock protein 70 and pulmenary inflammatory cytokine expression in a moderately inflamed
lung.

Stuchy design and setting: Prospective, randomized, experimental animal study.

Subjects and interventions: 42 male Sprague-Dawley rats were challenged intratracheally
with endotoxin. After 24 hours the rats were randomly assigned to one of the ventilation
strategies. Either rats received 4 hours of mechanical wventilation without PEEP, or
mechanical ventilation with PEEP. A non-ventilated control group did only receive LPS,
Heat shock protein 70 and cytokine mRNA levels m the lung were measured. Lung pathology
after LPS challenge was evaluated by histology.

Main results and conclusions: Pa0, levels and lung histology revealed no deterioration after
PEEP ventilation and severe deterioration after ZEEP ventilation. There was a significant
increase in the expression of HSP70 and IL-15 mRNA in the lungs of the ZEEP group
compared to the PEEP group and non-ventilated controls. TNF-a and I1.-6 showed a similar
trend; in the ZEEP group, high HSP70 levels correlated inversely with low IL-1p and [L-6
mRNA, We propose that HSP70 expression is a protective response of the lung against

ventilator-induced lung injury via a decrease in cytokine transcription.
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INTRODUCTION

Mechanical ventilation is an impoertant life saving procedure that may, however, induce or
aggravate lung injury [}]. Ventilator-induced lung injury (VILI) in animal models is
characterized by permeability pulmonary edema with protein-rich alveolar fluid and may be
prevented by the use of positive end-expiratory pressure (PEEP) [2-5]. Overstretch of lung
tissue leading to mechanical disruption and surfactant inactivation have been proposed as
undetlying mechanisms of VILL. However, a ventilator-induced inflammatory response,
characterized by cytokine release in the lung is possibly a contributing mechanism {6-8].
Moreover, locally produced ventilator-induced inflammatory mediators might spill over from
the lung into the circulation and thus generate distal organ failure [9-12].

A number of experimental studies support the hypothesis that intermittent stretch of lung
tissue during mechanical ventilation induces inflammatory cytokines [6-8, 13-15]. In vizo
stretching of unstimulated alveolar epithelial cells causes the production of IL-8 [13].
Repetitive stretching of lipopolysaccharide (LPS) stimulated alveolar macrophages in vifro
leads to the production of the cytokine 1L-8, as well as of TNF-« and IL-6 [14]. However,
data on the production and release of inflammatory mediators after mechanical ventilation of
healthy lungs are conflicting [7, 15} Ricard et al. found no cytokine release in nommal rat
lungs after ex vivo and in vivo ventilation [15], whereas Tremblay et al. found an increase in
cytokine production in the ex vivo ventilated lung [7]. Both groups agree that pre-existing
inflammation before mechanical ventilation can lead to cytokine release in the lung. In
surfactant-depleted rats, induction of VILI by high volume and low PEEP ventilation did not
lead to an increase in TNF-o plasma levels or in broncho-alveolar lavage fluid (BAL) [16].
Also the results of studies in humans as to ventilator-induced inflammatory response are
conflicting. [n ARDS patients, higher tidal volumes and lower PEEP increased intra-alveolar
concentrations of inflammatory mediators [11]. Wrigge et al. did not find an inflammatory
response in adults with healthy lungs, ventilated during surgery [17]. In contrast, we have
recently found pro-inflammatory changes in the tracheal aspirate and blood of children with
normal lungs ventilated for only 2 hours during heart catheterization [18].

Heat shock proteins (HSPs) are produced as a response of cells to stress and are synthesized
after exposure to various harmful stimuli (heat, hypoxia, endotoxins cytokines and oxygen

radicals) [19, 20]. It seems reasonable to assume that stressing lung tissue by mechanical
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ventilation would also induce heat shock proteins. The HSP70 family, the most prominent
class of HSPs, contains two major members, a 73-kDa constitutive form and a 72-kDa
inducible form. The inducible form (so-called HSP70) is located in the nucleus and ¢ytosol of
the cell and is essential for cell survival under stressful conditions [19-23]. HSPs are
molecular chaperones, which are involved in maintaining the conformational and structural
mtegrity of intracellular proteins. In addition, HSPs are capable of reducing inflammation, via
the inhibition of cytokine production {21, 22, 24-26]. HSP70 expression in the lung may be
regarded as marker for pulmonary stress [27], but is also associated with a decrease in
mortality after acute lung injury [28]. There seems to be a direct association between HSP
expression and cytokine production. f» vitro HSP induction in respiratory epithelial cells
decreases the expression of cytokines by preventing NF-xB activation {29]. The present study
was designed to investigate the effect of mechanical ventilation on the expression of HSP70
and cytokine mRNA in a mederately inflamed lung. Our hypothesis was that ZEEP
ventilation would increase the inflamimatory response in the lung and that PEEP ventilation
would attenuate this response.

To answer the question whether HSP70 is involved in the downregulation of cytokine mRNA
expression, we determined the correlation between HSP70 and cytokine mRNA levels in lung

tissue.
METHODS

Animals

A total of 42 Sprague-Dawley rats (250-300 g) were obtained from Harlan CPB (Zeist, The
Netherlands). All animals were handled in accordance with European Community
Guidelines. In 38 animals lung injury was induced by intratracheally aerosolization of
lémg/kg of Salmonella enteritidis (Sigma L6761) lipopolysaccharide (LPS), under gaseous
anesthesia, 63% nitrous oxide/33% oxygen/2% isoflurane (isoflurane; Pharmachemie BV,
Haarlem, The Netherlands), using a miniature nebulizer (Penn-Century, Philadelphia, PA,
USA) [30]. After 24 hours, 28 rats were re-anesthetized as described above and
tracheotomized. A sterile metal cannula was inserted into the trachea and a polyethylene
catheter was inserted into the carotid artery. Subsequently, gaseous anesthesia was

discontinued and anesthesia was continued with 60 mg/kg/h pentobarbital sodium (Nembutal;
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Algin BV, Maassluis, The Netherlands} given intraperitoneally. Muscle relaxation was
attained with 2 mg/kg/h pancuronium bromide (Pavulon; Organon Technika, Boxtel, The
Netherlands) mitranmscularly. After muscle relaxation the animals were connected to a
ventilator (Servo Ventilator 300; Siemens-Elema, Solna, Sweden). Blood gas determinations
were performed every hour, using a pH/blood gas analyzer (ABIL 503, Radiometer,
Copenhagen, Denmark). Body temperature was maintained at 37°C with heating lamps.
Lxperimental protocol

Rats were randomized to the following wventilation strategies: 1) ZEEP group: Peak
inspiratory pressure (PIP)=18 ¢mH;0; PEEP=0 cinH20O (n=14) and 2) PEEP group: PIP=18
ciH>0; PEEP=4 cmH,0 (n=14). Rats were ventilated during 4 hours in & pressure-controlled
time-cycled mode, at a fractional inspired oxygen concentration (FiOa2} of 1.0, I/E ratio of 1:2
and a frequency between 20-30/minute to maintain normocapma. The ventilated animals
were sacrificed with an overdose of intra-arterial administered pentobarbital sodium. 6 rats
received LPS only and served as non-ventilated controls (NVC). The non-ventilated controls
were sacrificed under gaseous anesthesia after 28 hours.

Lung histology

To evaluate the induction of lung injury by intratracheally LPS aerosolization, lungs of 8 rats
were removed after 24h. 4 rats received LPS intratrachezlly and 4 rats PBS. For fixation 4%
paraforizaldehyde was instilled in the lungs. Histology was assessed by hematoxylin and
eosin staining. The lungs of 8 ventilated rats (4 ZEEP, 4 PEEP) were snap-frozen after tissue-
tek instillation. The presence of HSP70 in the ling was evaluated by standard
immunohistochemistry procedures using a mouse monoclonal antibody against HSP70
(Stressgen Biotechnologies, Victoria, Canada). Primary antibody binding was visualised with
horse radish peroxidase conjugate and diaminobenzidine.

Western blotting

Total lung homogenates of 26 rats were prepared from frozen whole lungs (-80°C). 50 pg of
protein was separated by polyacrylamide gel electrophoresis. Expression of HSP70 and IxBa
proteins was determined by Western blotting. Proteins were labeled with a mouse
moneclonal antibody against HSP70 (Stressgen Biotechnologies, Victoria, Canada) and a
rabbit polyclonal against IkBa (Santa Cruz Biotechnology, Santa Cruz, CA). Blots were
developed using horseradish peroxidase-linked antibodies and chemiluminescence (ECL) by

autoradiography.
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Cytokines

Apart from protein, mRNA was isolated from part of the total lung homogenates (ZEEP n=6,
PEEP n=4, NVC n=6). For determination of cytoking mRNA, the RNase Protection kit and a
multiprobe template set for rat cytokines IL-1p, TNF-a and IL-6 (Pharmingen, San Diego,
CA, USA) were used according to the manufacturer's instructions. mRNA expression was
analyzed by phosporimaging, quantitated using the software Molecular Analyst, version 1.5
(Biorad, Richmond, CA, USA) and expressed as percentage of housekeeping gene
expression, TNF-o was measured by ELISA (U-cytech, Utrecht, The Netherlands) according
to the manufacturer’s protocol.

Statistics

Values are expressed as mean + standard error of the mean. Bodyweight was analyzed by
Student’s /-test and blood gas analysis by two-way analysis of variance (ANOVA), All other
parameters were analyzed by one-way analysis of variance (ANOVA} and Newman-Keuls’s
post-test.  Correlations were calculated by Pearson’s analysis. A P-value <0.05 was

considered as statistically significant.
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Figure 1

The Jung injury model, Representative hematoxylin and eosin stained paraffin sections of rat lung tissue.

A) Lung tissue 24 h after PBS aerosclization; B) Lung injury 24 hours after LPS aerosolization. Lung histology
15 characterized by marginalization of polymorphonuclear leukocytes (PMNs) in the blood vessels and
exudation of PMNs into the alveolar space. Original magnification 40x,
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Lung injury model

To induce lung injury LPS was aerosolized intratracheally. After 24 hours rats developed
respiratory distress, with tachypnea, raised fur and significant weight loss {from 284 £ 3.6 g
to 259 + 33 g 24 h later, p<0.001). Lung injury was characterized by marginalization of
polymorphonuclear leukocytes (PMNs) in the blood vessels and exudation of PMNs towards
the alveolar space, sometimes accompaniad by fibrin strands (figure 1).

Gas exchange

Two different ventilatory strategies were applied to the rats with moderately inflamed lungs
24 hours after LPS aerosolization. We studied the effect of 4 hours ZEEP (18/0) and PEEP
(18/4) ventilation on oxygenation levels. In the ZEEP group, PaO: levels deteriorated
significantly over time from 585 + 32.9 mm Hg at t=0 hours to 262 -+ 65.0 mun Hg at =4
hours (p<0.05). In the PEEP group, Pa(0; levels remained stable, with values of 514 + 32.9 at
t=0 hours and 511 + 23.0 at t=4 hours.

PaCQ; levels did not change during the experiment: total levels in the ZEEP and PEEP group
were 30 mm Hg + 2.3 at t=0 hours and 38 + 4 mm Hg at t=4 hours.
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Figure 2

HSP70 expression in the lung. Effect of two different ventilation strategies on HSP70 levels in a moderately
inflamed rat lung. HSP70 expression in 50 ug protein from total lung homogenates was analyzed by Western
blotting, Data represent arbitrary density units. ZEEP group (n=10), PEEP group (n=10) and non-ventilated
control group (NVC} {n=6). (***p<0.001 compared with the other groups)
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HSP 70 expression in the lung

The effect of the two different ventilation strategies on HSP70 expression in moderately
inflamed lung tissue was measured after 4 hours of mechanical ventilation. Western biot
analysis showed that HSP70 expression in the ZEEP group (249.0£36.6) was significantly
higher than in the non-ventilated control group (NVC) group (58.8+16.2} (p<0.001) and in
the PEEP group (99.9423.0) (p<0.001). HSP70 levels in the PEEP group were not
significantly  different from HSP70 levels in the NVC group (figwe 2).
Immunohistochemistry of HSP70 on representative frozen lung sections was consistent with
Western blot analysis. In the ZEEP group HSP70 immunoreactivity was mainly observed in
the respiratory epithelial cells and interstitial macrophages of the lung. This was in contrast to
the PEEP group where only a few macrophages were stained positive. Overall, the ZEEP

lung showed severe deterioration with atelectasis and consolidaton of lung tissue (figure 3).

A) PEEP B) ZEEP

Figure 3

HSP70 immunohistochemistry. Immunchistochemical analysis of HSP70 in representative frozen rat
lung sections after 4 hours of mechanical ventilation. A) PEEP ventilated (18/4) lungs; B) ZEEP (18/0)
ventilated lungs. In the ZEEP group HSP70 immunoreactivity was mainly observed in the respiratory
epithelial cells and interstitial macrophages of the lung. The PEEP ventilated lung showed staining in a
few macrophages only. Overall, the ZEEP Iung showed severe deterioration with atelectasiz and
consolidaton of rat lung tissue.
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Expression of cytokine mRNA in the fung

To study the effect of mechanical ventilation on cytokine mRNA expression, we analyzed the
expression of IL-13, TNF-a and IL-6 mRNA in lungs. Rats were treated with LPS and the 4-
hour mechanical ventilation period started 24 hours later. The expression of 1L-1 mRNA
was significantly higher in the ZEEP (18/0) group than in the PEEP ventilated group (18/4)
(p<0.01). IL-1p mRNA in the PEEP group did not differ significanily from the expression in
the conirol group (NVC). The expression of 11-6 and TNF-o¢ mRNA showed a similar frend
as IL-1B mRNA, but did not reach statistical significance (figure 4).

To investigate whether there is a relation between cytokine and HSP70 levels, correlations
between HSP70 expression and [L1-f3, I1-6 and TNF-o mRNA expression were calculated. In
the ZEEP group, IL-1§ and IL-6 mRNA correlated negatively with HSP70 levels (p= 0.045,
r= -0.82 and p=0.01, r= -0.9, respectively). The correlation between TNF-o. mRNA and
HSP70 showed the same tendency (p=0.12, = -0.7) (figure 5). No such correlations were

found in the PEEP group and the non-ventilated control group.

14

-1 mRNA {% L32)
TNF-o mRNA (%1.32)
IL-6 MRNA (%L32)

Figure 4

Cytoking expression in the lung. Effect of 4 hours mechanical ventilation on the expression of IL-1
{panel A), IL-6 {panel B) and TNF-t (panel C) mRNA, expressed as percentage of the houschold gene
(L32) expression, ZEEP group (n=6), PEEP group (n=4) and non-ventilated control group (NVC) (n=6).
{* p<0.01).
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Figure 5

Correlation between effect of 4 hours mechanical ventilation on HSP70 and cytokine mRNA
expression in the ZEEP ventilated group. IL-1B: p= 0.045, = -0.82; IL-6: p=0.01, = -0.9; TNF-
o, p=0.12, r=-0.7.
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The ventilation strategies used in this study did not induce detectable levels of TNF-o protein
in total lung homogenates (<15pg/mg protein) or in plasma (<15pg/ml). Moreover, we did
not detect TNF-o protein in lung homogenates or plasma from the non-ventilated control
animals.

Correlation of IkBa andHSP70

The transcription of mRNA for pro-inflammatory cytokines is dependent on the activation of
the transcription factor NF-xB, a process that involves the degradation of the inhibitory
protein [kBo. It has been proposed that HSP70 is capable of inhibiting [kBa degradation. In
view of the inverse correlation between HSP70 levels and cytokines mRNA, we analyzed the
correlation between IkBo and HSP70 expression. There were no significant differences
between the protein levels of IkBa in the ZEEP (97.1+9.8), PEEP (99.0+4.6) and NVC group
(87.8 £7.2). However, the level of IxBa correlated positively to the HSP70 expression level
(p<0.01 r 0.77) in the ZEEP group. In the PEEP group and NVC group no correlations
between HSP70 and [xBa levels were found (figure 6).
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Figure 6
HSP70 and IxBo expression in ZEEP ventilated lungs were determined by Western blotting and
Pearson correlations were calculated. p<0.01, r=0.77.
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DISCUSSION

The present study investigated the effect of mechanical ventilation in a moderately inflamed
lung, in the absence and presence of PEEP, on the expression of HSP70 and pro-
inflammatory cytokines in the rat lung. After 4 hours of mechanical ventilation, HSP70
expression in the ZEEP group increased significantly and showed a positive correlation with
IxBa levels. In the ZEEP group IL-1p mRNA expression was increased and the same trend
was seen for IL-6 and TNF-«. mRNA expression. HSP70 levels in this ZEEP group, showed
negative correlations with IL-1p and [L-6 mRNA and tended to correlate negatively with
TNF-a mRNA expression,
Our findings are in line with the concept that mechanical ventilation can induce or increase
an inflammatory response in the lung. Ventilator-induced lung inflammation, called
biotrauma, was first described by Tremblay et al [7]. They demonstrated that ex vive
ventilation with high volume and zero PEEP leads to induction and increase of IL-13, MIP-2,
IL-10 and TNF-¢t in the lung, irrespective of prior LPS treatment. Von Bethmann et al.
demonstrated that high volume ventilation could induce the release of cytokines in healthy
perfused mouse lungs [8]. Thus, ex wivo ventilation of healthy rodent lungs can induce
increased pro-inflammatory cytokine expression. However, in intact animals there is less
evidence that ventilation as such is sufficient to induce cytokine production. In intact healthy
rats Ricard et al. could not find an inflammatory response after mechanical ventilation [15].
Even in a model of severe lung injury induced by lavage, 4 hours of mechanical ventilation of
intact animals did not result i an increase in TNF-a in the BAL and serum [16]. In addition,
Chiumello et al. only found differences in lung fluid TNF-¢ and MIP-2 between different
ventilation strategies after 4 hours of ventilation in HC! treated rats, if corrected for lung fluid
concentrations [10]. In our experiments we have shown that in vive ventilation of rat lungs
after intratracheal exposure to LPS does induce increased expression of mRNA for
proinflammatory cytokines. Apparently, subtle differences m ventilatory strategy can have
important consequences for pro-inflammatory cytokine expression, exacerbation of the lung
pathology and PaO; levels.
To our knowtedge, an effect of mechanical ventilation per se on HSP70 expression in the
lung has not been described before. There is evidence that mechanical stretch in isolated
rabbit and rat hearts can lead to HSP70 expression [31, 32]. HSPs protect cells after injurious
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stimuli, by refolding and stabilization of denatured protein aggregates and by transcriptional
inhibition of cytokine production [15, 33, 34]. Heat shock, Ca™ increasing agents, cAMP and
PKC stimulators, ischemia, sodium arsenite, microbial infections, nitric oxide, hormones and
TNF-a can all increase or induce HSPs [35-41]. Recently, it has been shown that ex vivo
mechanical ventilation in lungs from pre-heated animals, results in elevated HSP70 levels in
lung tissue and lower BAL cytokine levels of TNF-a, IL-1f and MIP-2 [42]. However, the
injurious ventilation strategy itself (Vt 40 ml/kg, PEEP 0} did not induce or further enhance
HSP70. In our study, we have shown that injurious ventilation of moderately inflamed lungs
can induce an increase in HSP70 expression. There are two important differences between the
two studies: first, we have ventilated rat lungs in vive and, second, we have used a model of
moderate lung inflammation. In the ZEEP group we have found a negative correlation
berween HSP70 protein expression and the expression of pro-inflammatory cytokines
mRNA. This negative correlation supports the concept that HSP70 has an anti-inflammatory
function. HSPs may prevent the transcription of pro-inflammatory cytokines by inhibition of
IkBa degradation. This degradation is necessary for NF-xB activation and induces
transcription of most pro-inflammatory cytokine genes, such as IL-1f, TNF-a and [L-6. In
vitro experiments in lung epithelial cells revealed that HSP70 is able to block IxBa
degradation, possibly through the inhibition of [kB kinase (IKK) activation [20]. In our study
the expression of HSP70 expression was positively correlated with the level of the mnhibitory
protein IxkBo in the ZEEP ventilated group. However, in the PEEP ventilated group and the
non-ventilated control group no cormrelations were found. The fact that only the high HSP70
tevels in the ZEEP group correlate with cytokine mRNA and IkBoa levels, suggests that the
HSP70 protein needs to exceed a certain thresheld level before HSP is able to decrease
cytokine transcription. In conclusion, an increase in HSP70 in the lung can be regarded as an

endogenous protective mechanism against ventilator-induced lung injury.
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ABSTRACT

It has been shown that application of the open lung concept (OLC) during high-frequency
oscillatory ventilation (HFOV) attenuates pulmonary inflammation. We hypothesized that
this aftenuation could also be achieved by applying the OLC during positive pressure
ventilation {PPV). After repeated whole lung-lavage newborn piglets were assigned to one of
three ventilation groups: 1) PPVoc; 2) HFOVy ¢ or 3) conventional PPV (PPVegy). After a
ventilation period of 5 h, analysis of broncho-alveolar lavage fluid showed a reduced influx
of polymorphonuclear neutrophils, interleukin-8 and thrombin activity in both OLC groups
compared to the PPVean group. There were no differences in tumor necrosis factor alpha
levels. We conclude that application of the OLC during PPV reduces pulmonary
inflammation compared to conventional PPV and the magnitude of this reduction is

comparable to HFOV.
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INTRGDUCTION

Acute respiratory failure in newborns is often treated with mechanical ventilation. Although
mechanical ventilation optimizes gas exchange, it may also induce secondary lung damage
often referred to as ventilator-induced lung injury [17. If this secondary lung damage is not
resolved or abnormally repaired, it may lead to a chronic pulmonary disorder often catled
chronic lung disease of the newbom (CLD} [2].
It has been suggested that pulmonary inflammation plays an important role in the process of
CLD [2, 3]. Indeed, several studies examining the broncho-alveolar lavage (BAL) fluid from
newboms ventilated for respiratory distress syndrome (RDS), showed increased influx of
polymorphenuclear neutrophils (PMN) [4, 5] and increased levels of inflammatory mediators
like interleukin-1 (IL-1), interleukin-6 (IL-6), interleukin-8 (T11.-8) and tumor necrosis factor-
alpha (TNF-a) in patients developing CLD [6-10]. Furthermore, there is increasing evidence
that besides its critical role in hemostasis, thrombin is also wvolved in the process of
pulmonary intflammation and fibrosis [11].

Although several risk factors have been postulated for this increase in inflammation, injurious
mechanical ventilation is considered of major importance [1, 2]. This has led to the
assumption that lung protective ventilation strategies could attenuate the inflammatory
response in the lung during mechanical ventilation. Based on previous studies evaluating the
damaging aspects of mechanical ventilation, these protective strategies should include
optimal alveclar recruitment, prevention of alveolar collapse during expiration and
prevention of alveolar overdistension during nspiration [12-14]. The ventilation strategy
based on these three important principles of lung protective ventilation is also referred to as
the “Open Lung Concept” (OLC) [13].

Up to now only studies comparing conventional positive pressure ventilation (PPVegy) to
high-frequency oscillatery ventilation using the OLC (HFOVg1c), have shown a reduction in
pulmenary inflammation in favor of the OLC [16, 17].

Recently two studies in adult animals demonstrated that applying the OLC during positive
pressure ventilation (PPVo c) is also feasible and resulted in superior gas exchange and a
redaction of several non-inflammatory parameters of ventilator-induced lung injury
comparable to HFOVq, ¢ [18, 19]. To date no previous studies investigated the inflammatory
changes during PPVoic in surfactant-depleted newbom animals. We therefore decided to

explore the possible inflammatory changes during PPV ¢ in surfactant-depleted newborn
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piglets and compared these changes to HFOVgic and PPVeon because these latter two
strategies are mostly used in neonates. Inflammation was assessed by alveolar PMN influx,
levels of IL-8, TNF-a

and thrombin activity in BAL fluid. We hypothesized that PPVeie would lead to less
pulmenary inflammation as compared to PPVegn and that the magnitude of this reduction

would be comparable to HFOVorc.

MATERIAL AND METHODS

All experiments were performed at the Department of Anesthesiology, Erasmus University
Rotterdam. The study was approved by the institutional Animal Investigation Comunittee and
the care and handling of the animals were in accord with European Community guidelines.
Arimal preparation

Anesthesia was induced in 24 newborn piglets, aged 25 £ 13 {SD) h and weighing 1.5 £ 0.3
(SD} kg, with ketamine hydrochloride (35 mg/kg, i.m.) and midazolam (0.5 mg/kg, im.). The
animals were tracheotomized, connected to a Servo ventilator 300 (Siemens-Elema, Solna,
Sweden) and ventilated in the pressure controlled time-cycied mode, at a fractional inspired
oxygen concentration (Fi0,) of 1.0, rate of 25-30 breaths per minute, peak inspiratory
pressure (PIP) of 10-12 ¢emH>0, positive end-expiratory pressure (PEEP} of 2 cmH,0 and an
inspiratory/expiratory (I/E) ratic of 1:2. A neuromuscular block was induced with
pancuronium bromide (0.5 mg/kg, i.v)) and anesthesia was maintained with a continuous
infusion of fentany! (20 pg/keg/h), midazolam (0.3 mg/kg/h) and pancuronium bromide (0.3
mg/kg/h).

A 4-Fr double lumen polyurethane catheter (Vygon, Ecouen, France) was introduced through
the external jugular vein for infusion of fluids and medication. The carotid artery was
canulated for monitoring of blood pressure and blood sampling. In addition, a sensor for
continuous blood gas monitoring (Paratrend/ Trendcare, Philips Medical, Béblingen,
Germany) was inserted through a fermoral artery catheter.

A continuous infusion of 5% dextrose was started (100 ml/kg/d) and all animals received one
dose of cefotaxim (100 mg/kg). Body temperature was kept between 38° and 39°C during the

experiment.




Surfactant depletion

After the instrumentation period respiratory failure was induced by repeated saline lavage (50
ml/kg; 37 °C) as described by Lachmann et al. [20]. The first 5 lavages were performed in the
prone position after which the animals were placed in a supine position for the remainder of
the lavage procedure. Lavages were repeated at 3-minute intervals until PaQ, was below 30
mmHg and PaCO, above 40 mmHg at the following ventilator settings: PIP/PEEP 25/5
emH;0, rate 40 breaths/min, I/E ratio 1:2 and Fi0, 1.0

Experimental protocol

Within 10 minutes after the last lavage the animals were randomly allocated to one of the
following treatment groups {n=8 each) and ventilated for 5 hours. FiO; was kept at 1.0 during
all experiments.

PPV e group.

In this group PEEP was increased to 15 omH:O, the ventilatory rate was increased to 120
breaths/min and the I/E ratio was set at 1:1. A pressure amplitude (PIP minus PEEP} was
initially set at 10-12 emH,O in order to prevent hypercapnia. While continuing PPV,
collapsed alveol] were recruited by increasing PIP in steps of 5 emH»O for a short period of
time (10 s). This recruitment mansuver using incremental PIP was continued until an arterial
oxygen tension/fractional inspired oxygen (Pa0:/Fi0;) 2 450 was reached, signifying optimal
alveolar recruitment (“the open lung”). After the recruitment maneuver, PEEP was decreased
in steps of 1 cmH,O every 2-3 minutes until the PaOy/Fi0; ratio dropped below 450,
indicating increased intrapulmonary shunt due to progressive alveolar collapse.

After identifying this closing pressure, collapsed alveoli were once again recruited and PEEP
was set 2 cmH;0O above the closing pressure. The pressure amplitude was set to keep the
PaCQs within the target range (30-45 mmHg).

HFOVoic group.

This second OLC group was ventilated with HFOV (medel 3100; SensorMedics Critical
Care, Yorba Linda, CA, USA) using a frequency of 10 Hz and an I/E ratio of 1:2. The lung
was opened by increasing the continuous distending pressure (CDP) during oscillation in
steps of 5 cmH»0O for a short period of time (10 ) until a Pa0+/Fi(; = 450 was reached. After
this recruitment procedure, the CDP was lowered in steps of 1 cmH»0 every 2-3 min until

alveolar collapsed resulted in a PaO-/FiOs ratio below 450 (closing pressure). The lung was
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once again opened and the CDP was set 2 cinH,0O above the closing pressure. The oscillatory
pressure amplitude was set at a level which kept the PaCO, within the target range.

PPVeoy growup.

This third group was ventilated in the pressure controlled mode applying a conventional
strategy. As preliminary experiments showed that it was not possible to achieve a target PaO,
> 450 mmHg, the ventilator settings after the lavage procedure were adjusted to prevent
critical hypoxia (PaO,; < 60 munHg). First, the I/E ratio was set at 1:1 and, if necessary, PIP
was increased with a limit of 35 emH,O. If the level of PIP exceeded 30 cmH»O, PEEP was
increased to 6 cmH,O.

The rate was preferentially changed (between 25-60 breaths/min) in order to keep the PaCO»
within the target range. If adjusting the rate proved unsuccessful in controlling PaCO,, PIP
could be altered as long as the changes did not comprormise PaOs-.

Ventilator settings and pressures, mean arterial blood pressure, heart rate and acid base status
were recorded at the end of the Instrumentation period, at the end of the lavage procedure and
hourly after randomization. Although bloed gas values were recorded continuously reference
samples were drawn at these same fime points (ABL 505, Radiometer, Copenhagen,
Denmark).

Broncho-alveolar lavage procedure

After the 5 h ventilation period animals were killed with an overdose of pentobarbital. BAL
was performed with saline-CaCly 1.5 mmol/L (40 ml/kg). The amount of fluid collected was
measured in order to caleulate the percentage of lung lavage fluid recovered.

The recovered volume of the lavage procedure was filtered through a 100 um sterile gauze to
remove mucus, The BAL sample was centrifuged at 1400 rpm for 5 minutes at 4°C., The fluid
fraction was separated from the cellular fraction and stored in aliguots at -80°C until analysis.
Total cells and PMN counts in BAL fluid

The number of cells obtained with the BAL procedure was determined using a
hemocytometer. From the cellular fraction cytospin preparations were made and stained with
Diff-Quick™ (Dade Behring AG, Didingenn, Switzerland) and cellular differentials were
determined by counting 300 cells per cytospin.

Analysis of IL-8 and TNF-o in BAL fluid

To measure TNF- o and IL-8& conceniration, BAL fluid was centrifuged (15000 rpm; 4°C; 20
min) to remove debris. Hereafter, BAL. fluid was concentrated 20 times using centrifugal
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ultrafilters with a molecular weight cut-off of 3kD (Centrex® UF; Schleicher & Schuell,

Dassel, Germany).

TNF-g and IL-8 levels were determined in duplo by ELISA (TNF-oo and IL-8 Swine

Cytoscreen'

immunoassay kit; Biosource International, Camarillo, CA) according to the
manufacturer. Cytokine levels in BAL fluid were expressed as pg/m! BAL fluid.

Analysis of thrombin activity in BAL fluid

Thrombin activity was determined using the thrombin specific ¢chromogenic substrate Tos-
Gly-Pro-Arg-pNa (Sigma, St Louis, MO) as described by Abildgaard and Lottenberg [21,
22]. Briefly, 25 uL of BAL fluid was difuted in 25 pl. Tris-buffered saline (TBS, pH 8.3) and
25 uL BAL fluid was diluted in TBS containing 4.10™ M of the thrombin inhibitor PPACK.
These mixtures were added to a 96 well microtitre plate and incubated for 20 minutes at 37
°C to allow thrombin-PPACK complexes to form. Thereafter, 50 ulL of 1 mM Tos-Gly-Pro-
Arg-pNa {in 1.5 mM HCL) was added to the BAL fluid dilutions and incubated at 37 °C.

The optical density (OD} was measured at 405 nm for a period of 6 hours. During this time
period a linear increase in OD of the BAL sample was found {data not shown). Thrombin
activity in every BAL sample is expressed as an OD value at 405 nm, which was determined
as the difference in OD, measured at 6 h, between the BAL sample without and with PPACK.
As a control for the assay 1.10° M of thrombin (Sigma, St Louis, MO) was also added to the
substrate. This resulted in an OD, which was never reached by any of the BAL fluid samples.
Preincubation of thrombin with PPACK resulted in complete inhibition of thrombin activity.
Statistical Analysis

Statistical analysis was performed using SPSS version 10 (SPSS Chicago, IL, USA). Data
showing a normal distribution were analyzed with the Student’s ¢ test or the analysis of
variance (ANOVA), If ANOVA resulted in p < 0.05 a Tukey post-hoc test was performed.
Skewed data were analyzed using the Kruskal-Wallis test. A p < 0.05 was considered

statistically significant.

RESULTS

All animals survived the study period. There were no intergroup differences in age, weight

and number of lavages needed to induce lung injury.
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Hemodynamic parameters as presented in table 1 showed no differences in mean arterial
blood pressure and heart rate between the three ventilation groups. Due to differences in

PaCQ,, the PH was generally higher in the PPVgon group but there were no differences in

bicarbonate levels.

Table 1. Data on circulatory parameters (mean + SD} in the different study groups.

H L Ih Th 3k 4h 5h
MAP, PPVoLc T2+12 80+12 7511 7511 69=12 6811 6814
mmHg
PPVeon  65Eld 67213 76230 6941 63=I5  S9xl4  60=15
HEOVoe  TOE12Z 74216 76210 TIHI3  69s13  6d=12  63=10
;f;*in PPV 145414 174530 195132 193220 (90238 194436 200w40
PPVrox 13717 15720 191229 198+£33 198£36 206438 212433
HFOVoe  ISIEI8 190432 179=30 195437 206435 210242 203435
PH PPVore 7504007 7.205004 7434006 741005 74040.05 7.3940.06 74040.04
BPVigs  TAIH007 733007 75140.04% T4RE007 747007 T4ASH0.00  7.45%0.08
HFOVore 750007 7.27:0.07 7.4420.06 7.8240.06 7.43:0.06 T41£007 741005
iﬁgfi PPVore  27.642.6 215426 233=2.0 230425 230423 233427 233421

PPVeon 27.5£2.9 233326 21.3=1.8 20514 205411 21328 229427

HFOVoe 25427 19.0£3 5  21.1+16 218=27 2162235 211433 21630

*p < 0.05 vs PPV and HFOV g ¢ group. MAP, mean arterial blocdpressure. HR, heart rate. K,

healthy. L. lavaged
Table 2 summarizes the data on ventilator settings and gas exchange during the experiment. It
shows comparable PaO, values in all three ventilation groups during the healthy pre-lavage
period and also the post-lavage period. However, after randomization PaO, was significantly
higher at all time points in both OLC groups compared with the PPVeon group. Although
PaCO; tended to be somewhat lower during the first few hours in the PPVeon group, there
were no differences compared with the other groups during the remainder of the experiments.
The mean airway pressure (MawP) was comparable in all three ventilation groups, with clear

differences between PIP and PEEP in both PPV groups.
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Table 2. Data on ventilatory parameters and gas exchange (mean = SD) in the different study groups.

H L 1h 2h 3h 4h 5h
MawP, < - R
PPVoc 4,5:£0.5 I03£10 146233  146£30 142529 141229 137429
cmH-0 "
PPVeon 4.3%0.5 10,1406 143=18 14119  141£18 143218 143418
HFOV e 4.1£0.4 104511 13.8=26 137424 133227 133429 132428
PIP, . - : B
: ; 40, 25.040, B 2.8+44 18,63 543 17.9+3.
L0 PPV 10.420.9 3.0+0.0 18.8x4.7 18.8 639 18.5£3.9 13
PPV eon 9.940.6 250400 266215 265415 265415 26.8+1.6  26.8+16
HFOV e 103217 250400 . - - - -
PEEP, . ) . ‘
embO PPVouc 2.641.2 5.0+0.0 109=24  10.8+24  104z23 102423 98223
PPVeon 2.340.7 5.0+0.0 5406 5305 3.2=04 5.340.5 5.3%0.5
HFOViy 2.240.7 5.0£0.0 - - - - -
Pao,, PPV 463+44 4748 46440 461243 473350 478+30 499=55
mmHg
PPVeon 46147 378 1766 85460 8560 75460 104=89
HFOVy ot 458474 40=14 470474 491439 517=33 519455 517253
PaC0y, PPVac 3644 47=3 363" 37£3° 183" 3944 38=4
mekblg
PPV o 3446 4326 2643 2846 2§26 31£9 3348
HFOV ¢ 334 42=5 334" 3246 326 3445 3515

*n <0.001 vs PPV oy group during the 5 b ventilation period. "p< (.05 vs PPV gy group. MawP, mean
airway pressure. PIP, peak inspiratory pressure. PEEP, positive end-expiratory pressure, H, healthy. L,
lavaged

The percentage of BAL fluid recovered was 66 £ 6, 67 £ 5 and 68 £ 6 in the PPV,
HFOV o1 ¢ and PPV cow group respectively; the differences were not significant.

The cells detected in the BAL fluid after 5 h ventilation were predominantly alveolar
macrophages and PMN. The numbers of both total cells and PMN were significantly higher
in the PPV gy group compared with both OLC groups (figure 1).

The values of IL-8 were significantly lower in the PPV ¢ group compared to the PPVeoy
group (figure 2).

Although not significantly different there was also a trend to reduced levels of IL-8 in the
HFOVo e group compared to the PPVeon group. No differences in [L.-8 were observed
between both OLC groups.
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Figure 1.

Taoral cell count and the number of PMN (mean £ SD) in the three ventilation groups. * p < 0.05 and
T p<0.02 vs PPV con group.

1000- * + o
c
5 100 4
&
0 . ‘
= “a :

10- A M

] A
— dagr—— PV
1
PPVOLC H FOVOLC PPVCON
Figure 2.

Scatter plot of individual IL-8 values in the three ventilation groups. Median is presented as a solid line.
*p <005 vs PPVegy group, ¥ p=0.1 vs PPV group
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Figure 3.
Scatter plot of individnal thrombin activity in the three ventilation groups. Median is presented as a solid line.
*p<0.05and T p=10.06vs PPV group

Thrombin activity was significantly lower in the HFQVgc group compared to the PPVeon
group (figure 3). There were generally also lower values in the PPV ¢ group, although the
difference only approached significance (p = 0.06). Thrombin activity was comparable in
both OLC groups.

TNF-a (pg/mi)
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Figure 4,
Scatter plot of individual TNF-o values in the three ventilation groups. Median is presented as a solid line.




Although TNF-o was detected in most animals, levels showed no significant differences

between the three ventilation groups (figure 4).

DISCUSSION

The present study shows that applying the OLC during PPV in surfactant-depleted newbom
piglets reduces the alveolar influx of PMN, the concentration of IL-8 and the thrombin
activity, compared with conventional PPV. It further shows that this atteruation of palmonary
inflammation is comparabie to HFOV with OLC.

Only two recent studies in adult animals showed that the OLC can alse be successfully
applied during PPV [18, 19]. PPVqic resulted in optimized gas exchange and a reduction of
ventilator-induced lung injury expressed as alveolar protein leakage, lung mechanics and
histological damage. However, neither of these studies explored inflammatory changes in the
lung and neither included a control group ventilated with contventional PPV,

Our present study confirms the superior gas exchange during PPV c compared to PPVegn,
even though MawP was comparable in both groups. More important the present study also
shows a reduction in pulmonary inflammation during PPVgie. First of all, PMN were
significantly reduced in the alveolar wash during PPVg ¢ compared to PPVcgn. This was
also the case for the HFOVq, ¢ group making this finding consistent with previous animal
studies comparing the OLC during HFOV to conventional PPV [16, 17].

It has been proposed that activated PMN can cause tissue damage through the release of
proteases, the production of reactive oxygen species and the release of cytokines [23]. This
critical role of PMN in the pathogenesis of ventilator-induced lung injury is further
emphasized by the experiments of Kawano et al., reporting relatively well preserved gas
exchange, minimal protein leakage and absence of hyaline membrane formation during
ijurious conventional PPV of granulocyte depleted rabbits; this in contrast to rabbits with a
normal granmlocyte state [24].

These latter findings suggest that PMN not only migrate into the lung during injurious
ventilation but also participate in the actual damage of lung tissue. Human data seem to
support these animal findings, as several studies in newborn infants developing CLD showed
a higher and persistent influx of PMN in BAL aspirates [4, 5] Besides a reduction in PMN,
the present study also showed significantly reduced levels of IL-8 in the BAL fluid of

animals ventilated with PPV, . Although not statistically significant there was also a trend
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to lower values of IL-8 in the HFOVg ¢ group. As a pro-inflammatory cytokine, 1L-8 is
considered one of the most potent chemotactic factors for PMN in the lung and is also
capable of activating PMN by promoting neutrophil degranulation [25, 26]. Analyses of BAL
flnid in newborn infants suffering from RDS have also shown IL-8 to play an important role
in the progression to CLD 6, 7].

Thrombin activity was significantly lower in the HFOVg ¢ group compared to the PPCeon
group. Although not statistically significant, this reduction was also observed in the PPV ¢
group. Thrombin is known as an important enzyme in the coagulation cascade where it acts
upon soluble fibrinogen to form inseluble fibrin [27]. Because the hyaline membranes, as
described in histological reports of RDS, are in a large part composed of fibrin, the role of
thrombin in acute lung injury has been further explored. It has been shown that thrombin
increases vascular permeability and the production of cytokines like IL-8, thus further
enhancing the inflammatory process in acute lung injury [28, 29]. Activation of the
coagulation system and increased precoagulant activity of BAL fluids has been documented
in newborns with RDS [30, 31]. These findings indirectly indicate a possible role of thrombin
in RDS, although thrombin activity in BAL fluids was not measured in these studies.

Another important proinflammatory cytokine 1s TNF-a, which is known to upregulate the
inflammatory process. It increases expression of 1L-8 and is capable of degranulating
neutrophils [26, 31, 32]. In the present study there was no significant difference in TNF-¢
between the three freatment groups. Up to now, reports on the role of TNF-ct in the process of
pulmonary inflammation and ventilator-induced lung injury have been contradictory. Several
studies reported increased levels of TNF-o in the alveolar wash after injurious ventilation
17, 33], while others could not confirm these findings [34-36]. It is important to realize that
comparison of these studies is difficult because most of them differ in animal model (ex vivo
or in vivo), lung condition (healthy or preinjured), type of lung injury (LPS or wagh-out), the
expression of TNF-o (RNA or protein), the amount of mechanical induced injury to the lung
and the duration of this insult. Based on these conflicting results some have suggested that
injurious ventilation will only lead to activation of TNF-a if the lung is “primed” or
preinjured before the mechanical insuli {33]. Data on human newborn infants also showed
increased levels of TNF-a in the alveolar compariment and reported an association with the

development of CLD [9, 10]. However, these samples were taken after several days of
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ventilation in contrast to several hours of ventilation in most animal studies. More studies are
needed to further elaborate the role of TNF-o in ventilator-induced lung injury.

Another important finding in the present study is the comparable effect of both PPVg ¢ and
HFOVg.c on reducing pulmoenary inflammation. This finding once again shows that it is not
the ventilation mode (PPV or HFOV) but the ventilation strategy (QLC) that is important in
the attenuation of ventilator-induced lung injury, as suggested by others [37)].

Although others have shown that lung recruitment with a few large breaths can augment lung
injury, our study shows no increased injury in terms of inflammation after alveolar
recruitment in the PPVorc group [38]. Although this discrepancy could be explained by the
animal model used, another possible explanation for these different findings could be the fact
that we used high leveis of PEEP during the recruitment phase. This way we prevented
repetitive collapse and reexpansion of alveoli during recruitment, which has been shown to be
harmful to the surfactant deficient iung [14]. Although HFOV has been widely implemented
in the treatment of ARF in neonates, the majority is still ventilated with conventional PPV
[39]. As in our PPVcon group, PEEP seldom exceeds 5-6 cmH,0O and active recruitment
maneuvers using high levels of PIP are not performed during conventional PPV of neonates
admitted to the neonatal intensive care units. Our study shows that this can be potentially
harmful to the surfactant-deficient newborn lung. Although HFOV is effective in reducing
CLD in preterm infants there are concerns regarding the development of intracerebral
hemorrhage [40]. Fortunately, two recent large randomized trials showed no increased
incidence of intracranial hemorrhage during HF(O)V in preterm infanis [41, 42].
Nevertheless when implementing PPVyic in preterm infants careful monitoring of possible
cerebral side effects of using high levels of PEEP is imperative.

In conclusion, our study shows that application of the OLC during PPV optimizes gas
exchange and attenuates pulmonary inflammation. These results further strengthen the
current ideas that inflammation plays an important role in ventilator induced lung injury and
sub-sequent respiratory morbidity such as CLLD and that these aspects can be influenced by
type of ventilation. Because there were no differences between PPVo e and HFOVpyc, these
results further emphasize that the ventilation strategy is more important than the ventilation

mode,
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ABSTRACT

Acute respiratory failure (ARF) increases susceptibility for pnewmnonia we examined the
influence of ventilation with the Cpen Lung Concept (OLC) on bacterial outgrowth in the
lung and also translocation to the systemic circulation in Klebsiella pneumoniae infected
surfactant deficient rats. ARDS was induced by surfactant depietion, followed by ventilation
according to the OLC (peak inspiratory pressure (PIPYVPEEP; 35/18 cmH,0) or with ‘normal’
PEEP (PIP/PEEP; 30/10 ¢cmH:0). A third healthy group, was ventilated with the ‘normal’
PEEP level of 10 ¢mH,0, a fourth group of animals was not infected and was not-ventilated
and served as controls. Quigrowth of K. preuwmoniae from lungs and blood was determined
for all infected animals, furthenmore some componeats of pulmonary host defense systerm,
such as neutrophil recruitment and cytokine production were assessed.

In both ALI/ARDS groups all aitimals had positive blood cultures after 3 hours of ventilation.
However, in the ARDS group ventilated with the OLC outgrowth was significantly reduced
to a level similar to the infected ventilated healthy group. TNF-oo and MIP-2 levels were
higher in the lungs in the normal PEEP group correlating with increased bacterial outgrowth.
These experimental data show that the ventilation strategy influences the pulmonary and
general infection level of animals as well as the inflammatory process in the lung. One may

speculate that in septicemia due to pneumoniae outcome is related to PEEP levels.

142




INTRODUCTION

The applied ventilation strategy directly influences outcome, especially of patients suffering
from acute respiratory distress syndrome (ARDS) [1-3]. For example so-called ‘lung
protective’ ventilation strategies, using lower tidal volumes (Vy) combined with higher levels
of positive end-expiratory pressure (PEEP) have demonstrated to reduce mortality in ARDS
patients [1-3].

Interestingly, these strategies decreased circulating levels of pro-inflammatory cytokines [2,
31 and subsequently reduced the incidence of multiple organ failure (MOF) [4] the maior
cause of mortality in ARDS patients [5]. It is thought that these decreased levels of
circulating cytokines are caused by a decline in local production. It has been demonstrated
that mechanical ventilation alters the pulmonary host defense and thereby increases the
susceptibility for an infection [6]. Available data, both experimental and clinical, suggest that
ventilated ALI/ARDS lungs are particularly susceptible to develop pneumonia [7] and that
patients with pneumonia often develop septicemia which together with MOF is the main
cause of death in ARDS patients.

Previously it has been reported that when a lung with an existing pneumonia 1s ventilated
application of 10 cmH>O of PEEP reduced bacterial translocation from the lung to the blood.
We hypothesised that mechanical ventilation with a strategy of active lung recruitment and
stabilization with high PEEP (18 cm H:0), the Open Lung Concept (OLC) enhances
clearance of bacteria and decreases spread of pneumonia in ARDS lungs [8]. Therefore,
ountgrowth of K. preumonice from lungs and blood was determined in an ARDS model,
during ventilation with the OLC [8] and during normal PEEP. Furthermore, we investigated

some elemenis of pulmonary host defense, such as neutrophil recruitment (MPO) and

cytokine preduction.

MATERIALS AND METHODS

Animals
The institutional Animal Investigation Committee Care approved the study protocol and
handling of the animals was in accordance with the European Community guidelines.

A total of 48 male Sprague Dawley rats (body weight 270-320 g) was used. In two groups of
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ventilated rats ARDS was induced followed by infection with K. Preumoniae and by
ventilation with either the OLC or conventional level with ‘normal PEEP’. The third group of
ventilated rats was only infected with K Preumoniae and ventilated with the normal level of
PEEP. A fourth healthy group was not ventilated and not infected and served as controls. An
open lung was characterized by a Pa(; > 450 mmHg at 100% oxygen comresponding with a
shunt of less then 10%

Surgical procedure

Anesthesia was induced with 65% nitrous oxide/33% oxygenw/2% isoflurane (Isoflurane;
Pharmachemie BV, Haarlem, The Netherlands}, a sterile polyethylene catheter was inserted
into a carotid artery for arterial blood sampling and a sterile metal cannula was inserted into
the trachea. Anesthesia was replaced with pentobarbital sodium 60 mg/kg/h bodyweight 1.p.
(Nembutal®™; Algin BV., Maassluis, The Netherlands). Subsequently muscle relaxation was
induced and sustained with pancuronium bromide 2 mg/ke/h bodyweight im. (Pavulon™;
Organon Technika, Boxte], The Netherlands} fellowed by connection to the ventilator.
Animals were ventilated in parallel in a pressure-controlled time-cycled mode (Siemens
Servo 300, Siemens Elema, Solna, Sweden). The initial pressures were a peak inspiratory
pressure (PIP) of 12 cm H:O and a PEEP of 2 cm H,O, the fractional inspired oxygen
concentration {(Fi0O,) was set at 1.0, I/E ratio of 1:2; frequency = 30 breaths per minute. To re-
aerate atelectatic lung areas induced by the surgical procedure, the airway pressure was
increased to a PIP of 25 cm H:O for 3 breaths. The body temperature was kept at 37°C by
means of a heating pad.

Induction of ARDS

Twenty-four rats were surfactant depleted by whole lung lavage (33 ml warm saline/kg
bodyweight) according to Lachmann [9] until PaO,; was < 80 mmHg. During the lavage the
ventilation pressures were set at a PIP of 26 cm H;0 and a PEEP of 6 cm H,O. Afier the
lavage procedure ventilator settings were set as follows: conventional ventilation; PIP/PEEP
was increased to 30/10 and frequency to 50 bpm (n = 12; ARDS, normal PEEP; group 30/10
L), or GLC; PIP was increased to 45 cmH,O to recruit atelectatic lung tissue for 5 breaths and
subsequently PIP/PEEP was set to 35/i8, frequency to 70 bpm and I/E ratio to 1:1 (n = 12;
ARDS, OLC; group 35/18 L) [8]. A third experimental group was not lung lavaged and was
ventilated with PIP/PEEP of 30/10, frequency 25 bpm (n = 12; non ARDS; group 30/10 H).

Finally a fourth group of rats was neither ventilated, nor lavaged, nor inoculated with bacteria
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{n = 12; controls; group healthy). Ventilation was adjusted in the ventilated groups to
maintain normocapnia.

Induction of preumonia

After adjusting ventilation settings according to one of the three experimental groups, the
inoculam of K. Preumoniae was aerosolised intratracheally using a miniature nebulizer
(Penn-Century, Philadelphia, PA, USA). Animals were subsequently ventilated for 180
minutes.

The inoculum of 250 pl of saline with a concentration of 10¥ colony forming units (CFU)ml
K. prneumoniae was prepated as follows: stationary-phase cultures were prepared by
incubation for 16 hours at 37°C in Mueller-Hinton broth (MHB) with a standard K.
preumonige solution [10]. Thereafter, 200 pl of this broth was taken and combined with 19.8
ml MHB and incubated for 2 hours at 37°C followed by washing and dilution until the final
concentration of 10° CFU/ml. The inoculum was stored on ice until use.

To verify the number of viable bacteria in the inoculum, 100 pl of 10-fold d:lution steps in
saline were plated on tryptone soya agar {TSA) plates. The TSA plates were incubated
overnight at 37°C and CFUs were visually counted the following day.

Measurements

Arterial blood gases were measured with conventional methods (GEM, Premier 3000,
Instrumentation Laboratory, Breda, The Netherlands) just before start of whole lung lavage
(baseline value), immediately after lavage (lavage) and at 5, 60, 120 and 180 minutes after
lavage. To replace the blood loss caused by sampling, animals received 4 ml/kg Hemohes 6%
{B. Braun Melsungen AG, Melsungen, Germany} every hour.

Blood samples of | ml were taken before lavage and at 30 and 180 minutes after lavage, and
cultured undiluted onto blood agar plates (Becton Dickinson bv., Alphen a/d Rijn, The
Netherlands) and incubated at 37°C, K. preumoniae CFU were counted after 24 hours, the
lower limit of detection by this method was 1 CFU/ml.

After 180 minutes of ventilation animals of all three experimental groups were killed with an
overdose of pentobarbital sodium. Lungs were taken sterile from the thorax, weighed and
homogenised in 20 ml sterile saline at 4°C for 1 minute at 40,000 pm in a tissue
homogenizer (Virtis “237, The Virtis Company inc., N.Y., USA). The number of viable
bacteria in the lung homogenates of the three experimental groups was determined by plating

10-fold dilution steps on TSA plates. These plates were incubated at 37°C, K. prneumoniae
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CFU were counted after 24 hours, the lower limit of detection by this method was 250
CFU/lung.

Lung homogenates were centrifuged at 4°C at 400 ¢ for 10 minutes to spin down cells and
cellular debris, the supernatant was collected and stored at —80°C untit further analysis.
Heperanized blood samples were taken before each animal was killed. Supernatant of blood
was centrifuged at 4°C at 400 g for 10 minutes to remove cells and cellular debris, snap-
frozen on liquid nitrogen and stored at -80°C until further analysis.

MPQ measuremenis
To determine the recruitment of neutrophils myeloperoxidase (MPO) activity in the

supernatant was determined using a photospectrometer {Beckman DU 7400, Fullerton, CA,
USA) at 450 nm with human MPO (Sigma-Aldrich Chemie BV, Zwijndrecht, the
Netherlands) as a standard as described by Wollin et al. [11].

Cytokine measurements

Systemic and local levels of tumor necrosis factor (TNF)-o, interleukin (IL}-10 and
macrophage inflammatory protein (MIP)-2 were determined by rat specific enzyme-linked
immunosorbent assay (ELISA) in accordance with the instructions of the manufacturer
(R&D, Minneapolis, MN, USA).

Statistic analysis

Data on PaO,, MPO and lung weight are reported as mean £ standard deviation (SD). Data
for cytokine values are reported as mean + standard error of mean (SEM). Log transformed
CFU counts (lung and blood)} and local and systemic cytokine levels were compared by
means of ANOVA, with a Bonferroni post-hoc test. Comparisons for PaQ,, MPO and lung
weight were performed by repeated measures ANOVA with a Bonferroni post-hoc test.

Statistical significance was accepted at p < 0.05.

Table 1.

Data on myeloperoxidase (MPQ) activity {lung homogenate) and lung weight, in the three experimental
groups and in the non-ventilated controls (Healthy).

30/10L 35/18L 30/10H Healthy
MPQO (units/ml) 528+23 6.79£2.12 425 £2.04% 432%1.11%
Lung weight (g/kg BW) 21.6+23 214+1.5 14.2 + 1.5%# 87 0.6%

Significant intergroup differences: * p<0.05 vs 35/18 L; # p<0.05 vs 30/10 L and T p<0.001 vs 30/10 H.
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RESULTS

Induction of preumonia

Macroscopic examination of the lungs showed severe atelectasis and edema formation in both
ARDS groups; there were no hemeorrhagic foci in any of the infected groups. The non-
lavaged infected group showed no apparent lung damage. In group 30/10 L three animals
died during the experiment due to shock-induced septicemia, values of CFU counts and
cytokine measuremments in the lungs and blood of these animals were excluded from analysis
because it was impossible to obtain enough blood and due to uncertainty of the time between
death and lung harvest. Lung weights of the ARDS animals (30/10 L, 35/18 L} were
significantly higher than those of the non-lavaged infected but ventilated animals (30/10 H)
(Table 1). Furthermore, lung weights of the non-ventilated healthy contrels were significantly

lower compared to the three experimental (ventilated and infected) groups.
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Figure t A and B.

CFU in blood samples taken 30 minutes (A} and 180 minutes (B) after inoculation with K. prewmoniae.
Rats were lavaged and subsequently ventilated with a normal PEEP level (open triangle; group 30/10 L), or
with a high PEEP level {closed circle; group 35/18 L). One group was mechanically ventilated and
inoculated with bacteria without any lavage (closed triangle; group 30/10 H). Horizontal bars indicate mean
value. p-values indicate significant differences between the three experimental groups,
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Cuigrowth of K. preumoniae in lungs and blood
Thirty minutes after inoculation, in group 30/10 L 7 of the 12 {7/12) rats had posiiive blood

cultures, whereas in groups 35/18 L and 30/10 H 5/12 and 5/12 rats, respectively, were
bacteremic (Fig 1a). Thirty minutes after inoculation, the amount of CFU K. preumoniae in
blood was significantly higher in group 30/10 L than in the other two infected groups (p =
0.003 vs. 35/18 L, and p = 0.039 vs. 30/10 H, respectively). Interestingly the number of CFU
in blood of group 35/18 L did not change between the two time points 30 and 180 minutes
ventilation (p = 0.057), while none of the rats in group 30/10 H were bacteremic at 180
minutes. In contrast, the CFU counts in blood of group 30/10 L increased dramatically over

time (p = 0.007; 30 min vs. 180 min) (Fig. 1b).
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Figure 2.
Outgrowth of K. prewmoniae in lung homogenates. Rats were lavaged and subsequently ventilated

with a nermal PEEP level (open triangle; group 30/10 L; n=9), or a high PEEP level (closed circle;
group 35/18 L; n=12). One group was mechanicaily ventilated and inoculated with bacteria without
any lavage (closed triangie; group 30/10 H; n=I12). Horizontal bars indicate mean value. p-values
indicate significant differences between the three experimental groups.
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Three hours after inoculation, group 30/10 L had significantly more K preumoniae CFU in
their ngs compared with groups 35/18 L and 30/10 H {(p < 0.001 vs. 35/18 L, and p < 0.001
vs. 30/10 H) (Fig. 2). In the two latter groups CFU counts were similar.
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Figure 3.

Arterial oxygenation (Pa(;) in the three experimental groups over time. Start: baseline values. Lav: after
lavage. Closed circle: group 30/10 L, open circle: group 35/18 L and closed triangle: group 30/10 H. 111
indicates death of 3 rats in the 30/10 L group. Significant intergroup differences are given in the text.

Figure 3 shows that arterial oxygenation (Pa(;) in groups 30/10 L and 35/18 L decreased
after lavage; compared with 35/18 L and 30/10 H PaQ; in group 30/10 L remained
significantly lower at all tirne points during the study period (p < 0.05). After lavage and after
adjusting the ventilator seftings, Pa0; in group 35/18 L increased to baseline values and
remained at baseline values for the remainder of the experiment. In group 30/10 H

oxygenation remained at baseline values during the whole experiment (Fig. 3).
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Local MPO levels
MPO activity in the lungs was significantly higher in group 33/18 L compared to both the
non-surfactant depleted group (30/10 H) and to the healthy controls (healthy) (Table 1).
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Figure 4.

TNF-¢t, IL-10 and MIP-2 preduction in lung homogenate in the three experimental groups and
in the nen-ventilated controls {Healthy). Significant intergroup differences are indicated in the
figure.

Because local production of cytokines and chemokines within the pulmonary compartment
can influence anti-bacterial host defense mechanisms during pneumonia [12-15], we
measured the concentrations of TNF, IL-10, and MIP-2 in lung homogenates and serum after
moculation with K. preumoniae. While there were no differences in TNF-a levels in plasma
in the four study groups, local TNF-o levels were significantly higher in the lungs of rats in
group 3/10 L and 30/10 H than in group 35/18 L (Figs. 4 and 5). Levels of IL-10 were
similar in all four groups in both lung and plasma (Figs. 4 and 5). Levels of MiP-2 were
significantly increased in the lungs of all ventilated animals compared to the non-ventilated

control animals. linportantly, the levels of MIP-2 were significantly higher in group 30/10 L
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compared to the other two groups of ventilated animals both in the lung and in the serum

compartment, indicating spillover of MIP-2 (Figs. 4 and 3).
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Figure 5,

TNF-g, IL-10 and MIP-2 production in serum in the three experimental groups and in the non-ventilated
controls (Healthy). Significant intergroup differences are indicated in the figure.

DESCUSSION

In the present study we demonstrated that a ventilation strategy combining a recruitment
procedure with a high PEEP level (OLC) increases bacterial clearance and reduces
translocation of bacteria to the systemic circulation. Higher levels of TNF-o and MIP-2 in the
lungs accompanied the increase in bacterial outgrowth, i.e., levels of these mediators were
lower in the lungs ventilated with the OLC,
To our knowledge, the present study 1s the first study to investigate the role of a ventilation
strategy on infection progression (K. preumonige) n an injured lung. The injured lung,
especially in ARDS patients, is more susceptible for bacterial colonization [16]. We
demonstrate that clearance of K. prewmonice from ARDS lungs is influenced by the
ventilation strategy applied. It is known that PEEP levels influence bacterial outgrowth in
healthy lungs: Tilson and colleagues infected healthy dogs with Pseudomonas aeruginosa
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and subsequently ventilated the animals for 24 hours without PEEP or with 10 emH:0 of
PEEP {17]. Compared with ventilation with 10 cmH;O of PEEP, ventilation without PEEP
resulted in a 100-fold increase in bacterial outgrowth from the lungs and a corresponding
increase m the number of positive blood cultures. Importantly, a 753% mortality was
demonstrated in the non-PEEP group versus nc lethality in the group ventilated with 10
cmH,0O of PEEP [17]. Similar to the observations made by Tilson and colleagues, in our
study the bacterial load in the lungs, the number of positive bleod cultures, as well as
mortality, were all higher in the group ventilated with a lower level of PEEP than in the group
ventilated according to the OLC.

It is known that dissemination of bacteria to the blood is dependent on the overdistension
applied to the lung [10, 18]. Nahum and colleagues ventilated heaithy dogs with either 3
emH,0O of PEEP (low PEEP, allowing repetitive alveolar collapse} or 10 emH,0 of PEEP
(high PEEP, preventing alveolar collapse) [18]. After instillation of Eschericha coli into the
lungs in the fow PEEP group significantly more positive blood cultures were found compared
with the high PEEP group. In addition mortality was higher in dogs mechanically ventilated
with 3 ¢cmIH,0 PEEP. Importantly, in this latter study the bacterial load was not quantified.
Similarly, in a model of established pneumonia, Verbrugge ef al. demonstrated that alveolar
overdistension and repetitive alveolar collapse (due to absence of PEEP) resulted in a
significant increase in positive blood cultures [107. Although it seems feasible that the
increase in bacteremia in the present study could have been caused by augmented
translocation due to alveclar overdistension. In the present study, however a higher PIP of 35
emHM,0 in the high PEEP group was not associated with more translocation of bacteria to
blood compared with a PIP of 30 cmH»0 in the normal PEEP group. This directly argues
against the traditional hypothesis of bacteremia caused by overdistension alone due to high
pressure [10, 18]. Therefore we belief that an additional explanation that due to decreased
bacterial clearance mside the lung which increases the bacterial load in the lung, results in
subsequent translocation of more K. preumoniae to the systemic circulation.

When endogenous surfactant is still present, bacterial growth is hampered by the complete
alveolar defense system, including surfactant and surfactant proteins, such as surfactant
protein-A [19], as well as macrophages and neutrophils as observed in our non-surfactant
depleted group (30/10 H). Application of a lung protective ventilation strategy reduces

further damage to the lung and prevents further deterioration of the surfactant system [8].
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This prevention of further damage to the already impaired endogenous surfactant system
could further explain why there was less bacterial growth mn our high PEEP group (18§, 20].
The observation that there were no positive blood cultures in the 30/10 H group at 180
minutes reiterates the importance of surfactant as the rate-limiting factor in transfer of agents
across the alveolar-capillary membrane [21, 22].

Similar to our observation, Broug-Holub and colleagues also observed in K. preumoniae
infected animals that a higher bacterial load was associated with increased mortality, high
levels of TNF-¢ and MIP-2 and a corresponding increase of neutrophils; they also showed
that the increased mortality was related to alveolar macrophage (dys)function [23]. Therefore,
in our study another explanation for the decreased bacterial clearance in the normal PEEP
animals could have been the reduction of macrophages by lung lavage. Applying a protective
ventilation strategy with high PEEP levels might spare the residual macrophage function,
because particularly bactericidal function is diminished in atelectatic lungs [20, 24, 25]. The
alveolar milieu, especially in areas filled with edema (atelectasis) and low oxygenation, is a
more suitable environment for bacterial growth due to decreased phagocyiic activity of
macrophages [20, 24, 25].

In conclusion, by optimizing mechanical ventilation in ARDS (reducing overstretching and
repetitive collapse; e.g. shear forces) with high PEEP levels (the OLC), we demonstrated a
reduced bacterial outgrowth and, more importantly, a reduction of bacterial translocation to
the systemic circulation. Together with the results on cytokines, these data support the need

for increasing awareness that the way we ventilate (ARDS) patients influences their outcome.
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SUMMARY AND CONCLUSIONS

Chapter 1 presents an overview on the effect of mechanjcal ventilation on the inflammatory
response occurring in an ARDS lung. Ventilation itself is a major reason for progression of
the inflamed state of the lung and the subsequent involvement of distal organs. Repetitive
collapse and subsequent re-opening of alveoli by veniilation will generate ‘shear forces’.
Shear forces affect a much larger area of the lung than the alveolus subjected to the collapse,
further propagating the damage. These shear forces will damage normal lung physiology
leading to inactivation of the endogenous surfactant system, alterations in the function of the
alveolar-capillary membrane and destruction of cells. Large tidal volumes and too low levels
of positive end-expiratory pressure (PEEP} which are unable to stabilize alveoli are the
predominant cause of these shear forces. When these shear forces are present a complex
cascade of inflammation is activated both intra-cellularly and extra-cellularly.

The primary cause of death in ARDS is multi-organ failure and sepsis and not hypoxemia.
Ranieri and colleagues showed that applying a lung protective ventilation strategy reduces the
levels of pro-inflammatory cytokines in both the lung and the serum, correlating with less
organ failure and lower mortality in these patients. In Chapter 2 we demonstrate that
injurious mechanical ventilation results in loss of a compartmentalized inflammatory
response. The production of tumor necrosis factor-a {TNF-a), an carly response pro-
inflamimatory cytokine, is compartmentalized. Mechanical ventilation induces a shift of high
cytokine levels to the adjacent compartment (e.g. from the lung to the serum and vice versa).
Preventing injurious ventilation by application of a sufficient level of PEEP reduced this loss
of compartmentalization.

The loss of compartmentalization is dependent on the barrier function of the alveolo-capiilary
membrane. In Chapter 3 we explored the essential role of surfactant on the homeostasis of
the alveolo-capillary membrane. Increasing the intra-alveolar amount of surfactant to supra-
physiological conditions followed by ventilation with the same injurious strategy used in
Chapter 2 reduced the decompartmentalization of TNF-c. The presence of a sufficient
amount of active surfactant helped stabilize transfer of cytokines across the alveolo-capillary
membrane. Combining exogenous surfactant with a sufficient level of PEEP further enhanced

the effect of surfactant as a rate limiting factor.
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An ongoing controversy exists on the role of ventilation-induced mediator release in a
‘healthy’ non-inflamed lung. In Chapter 4 we demonstrate that some mediators are released
even in non-inflamed lungs by injurious mechanical ventilation; especially macrophage
inflanumatory protein (MIP)-2 and interleukin (I1)-6.

Before mediators are released by mechanical ventilation the stimulus {either by mechanical or
biological stretch/pressure) must activate certain pathways to elicit a response in the lung
cells. In Chapter 5 we demonsirate that ventilation with high distending pressure activate
mitogen activated protein kinases (MAPK) i vivo. Enhanced phosphorylation (e.g.
activation) was observed within 60 min of ERK-1/2, INK, ¢-Jun, Elk-1 and ATF-2 compared
to unventilated or normally ventilated rats. Furthermore, the transcription factor NF—xB
pathway was also activated by high pressure ventilation. Both MAPK and NF-xB pathways
may contribute to pulmonary mflammation and proliferation.

In Chapter 6 we prolonged the overdistension in a healthy lung by increasing the amount of
surfactant to supra-physiological levels. During mechanical ventilation with high distending
pressures active surfactant is squeezed out to the distal airways, resulting in a decrease of
stretch of lung tissue when the same aiwrway pressures are applied. In this study additional
active surfactant was instilled into the lung to keep the stretch applied to the lung constant by
compensating this squeeze-out phenomenon. This prolongation of distensibility while
simultaneously keeping the peak inspiratory pressures constant led to simifar activation of the
MAPK pathway as observed in the study in Chapter 5. There was also an increase in systemic
release of MIP-2 and IL-6 when Jungs were subjected to high distending pressures similar to
the observations made in the study in Chapter 4. Prolonging the distensibility in a normal
lung, however, did not result in a significant further activation of the MAPK pathway or the
release of MIP-2 and IL-6. Prolonging the distensibility with exogenous surfactant in a
healthy lung, however, did lead to increased release of TNF-o.

In Chapter 7 we observed that injurious mechamical ventilation led to increased cytokine
mRNA expression in an inflamed lung. Heat shock proteins (HSP) are produced in cells
when they are exposed to a variety of harmful stimuli (hypoxia, heat). In this study we show
that injurious mechanical ventilation can also induce HSP production.

Amato and colleagues demonstrated that a lung protective ventilation strategy which
combines an active recruitment procedure with a level of PEEP sufficient to stabilize

recruited [ung tissue and as low as possible tidal volumes, reduced mortality in ARDS
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patients. In Chapter 8 we studied the effect of a similar lung protective ventilation strategy
{Open Lung Concept) on inflammation markers in surfactant-deficient piglets compared to
conventionally ventilated animals. Application of the Open Lung Concept not only improved
arterial oxygenation and lung mechanics but also reduced influx of polymorphonuclear
neutrophils into the lung and reduced levels of interleukin-8. Furthermore, thrombin activity
of the animals ventilated with the Open Lung Concept was also significantly lower,

Finally, in Chapter % we show that lung protective ventilation reduces bacterial growth and
dissemination of the bacteria to the blood. Infection with Klebsiella preumoniae increased
inflammation of the lung and increased accumulation of neutrophils into the lung. When
surfactant was removed from the lung bacterial proliferation increased, the lack of surfactant
altered the barrier function of the alveolo-capillary resulting in a progressive increase of
positive blood cultures. Barrier function could, however, be compensated by using a lung
protective ventilation strategy.

In conclusion, in this thesis we show the essential role mechanical ventilation has on
propagation of the inflammation in an ARDS iung. Mechanical ventilation affects the
inflammatory response at several levels, from the stretch-induced activation of intracellular
messenger such as MAPK and NF—«B, to the activation of mRNA and subsequent release of
several inflammatory cytokines. Furthermore, ventilation disrupis the normal barrier function
of the alveolo-capillary membrane resulting m loss of compartmentalization of cytekines.
Finally, even bacterial growth/colonization is directly influenced by mechanical ventilation.
Thus when ventilation is necessary, especially in injured lungs {e.g. ARDS), the choice how
to ventilate these lungs directly influences the whole cascade of inflammation and finally

patient cutcome.
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SAMENVATTING EN CONCLUSIES

In Hoofdstuk 1 wordt een overzicht gegevenvan; hoe in een ARDS long mechanische
beademing de immuunreactie beinvloedt. Beademing op zich is een belangrijke oorzaak dat
de inflammatie van de long immuunactivatie geeft in distale organen. Het herhaaldelijk
samenvallen en het vervolgens weer openen van alveoli tijdens beademing veroorzaakt
zogenaamde ‘shear forces’. De effecten van shear forces beslaan een veel groter oppervlakte
dan alleen de alveolus die samenvalt, hetgeen resulteert in progressie van de schade. Shear
forces beschadigen de normale longfysiologie wat leidt tot inactivatic van het endogene
surfactant systeem, permeabiliteit-verandering van de alveolaire-capillaire membraan en cel
destructie. Te hoge slagvolumes en een positief eind-expiratoire druk (PEEP) die te laag is
om de alveolus te stabiliseren, zijn de belangrijkste oorzaken die deze shear forces genereren.
Wanneer shear forces gegenereerd worden, activeren deze een complexe intra- en
extracellulaire immunologische cascade.

De primaire doodsocorzaak van ARDS-patiénten is multi-orgaanfalen en sepsis, en niet
hypoxie. Ranieri en collega’s hebben aangetoond dat een longbeschermende
beademingsstrategie verlaging geeft van de hoeveelheid pro-inflammatoire cytokines zowel
in de long als ook 1n het serum. Deze verlaging correleert met een reductie van de incidentie
van orgaanfalen en dit geeft een vermindering van mortaliteit in deze patiénten populatie.

In Hoofdstuk 2 tonen we aan dat, schadelijke mechanische beademing verlies van een
gecompartimentaliseerde immuunreactie veroorzaakt. Tumor necrosis factor-a (TNF-ar), gen
vroege respons pro-inflammatoir cytokine, wordt gecompartimentaliseerd geproduceerd.
Mechanische beademing induceert verschuiving van een hoge locale concentratie van dit
cytokine naar het ernaast gelegen compartiment {in andere woorden van de long naar het
serum en vice versa. Het voorkomen van beademingsschade door beademing met voldoende
PEEP reduceert dit verlies van compartimentalisatie.

Het verlies van compartimentalisatie is afhankelijk van de barrérefunctie van de alveolaire-
capillaire membraan. In Hoofdstuk 3 onderzocken we de essentiéle rol van surfactant op de
alveolaire-capillaire homeostasis. Het verhogen van de intra-alveolaire hoeveelheid surfactant
tot een supra-fysiologisch niveau, gevolgd door beademing met dezelfde schadelijke
beademingssirategie zoals beschreven in Hoofdstuk 2. vermindert de decompartimentalisatie

van TNF-a. De aanwezigheid van voldoende actief surfactant verlaagt de transfer van
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cytokines over de alveolaire-capillaire membraan. De combinatie van exogeen surfactant met
voldoende PEEP versterkt het effect van surfactant als beperkende factor in de transfer over
het alveolaire-capillaire membraan.

Er bestaat nog steeds controverse over de rol van beademing geinduceerde mediator activatie
in gezonde niet-geinflammeerde longen. In Hoeofdstuk 4 tonen wij aan dat tijdens
mechanische beademing sommmige mediatoren vrijkomen in de niet-immuun geactiveerde
long, met name macrophage inflammatory protein (MIP)-2 en interleukine {IL)-6.

Voordat er mediatoren vrijkomen door mechanische beademing moet de stimulus
(mechanisch of biologisch rek/druk) specifieke intracellulaire cascades activeren in de
longeellen. In Hoofdstuk 5 laten we zien dat beademing met drukken die overrekking
veroorzaken, activatie geven van mitogen activated protein kinase (MAPK) in vivo.
Fosforylering (synoniem voor activatie) van ERK-1/2, INK, ¢-Jun, Elk-1 en ATF-2 wordt
waargenomen binnen 60 minuten in de groep beademd met drukken die overrekking
vercorzaken, in tegenstelling tot de normaal- en niet-beademde ratten. Verder wordt de
transcriptie factor NF-xB cascade geactiveerd door beademing met drukken die overrekking
veroorzaken. Zowel MAPK als ook NF-xB activatie kunnen bijdragen aan pulmoenale
inflammatie en proliferatie.

In Hoofdstuk 6 verlengen we de overrekking waaraan een gezonde long wordt blootgesteld
door de hoeveelheid surfactant tot supra-fysiologisch niveau te verhogen. Tijdens
mechanische beademing met drukken die overrekking veroorzaken, wordt actief surfactant
uit de distale luchtwegen geperst, wat verlaging van de rek op het longweefsel geeft bij
onveranderde beademingsdrukken. In de studie beschreven in Hoofdstuk 6 wordt een
additionele hoeveelheid actief surfactant in de long aangebracht om het fenomeen van
surfactant verlies naar de distale luchtwegen te compenseren. Zoals waargenoten in
Hoofdstuk 5 zorgde de hoge constante beademingsdrukken voor vergelijkbare activatie van
de MAPK cascade. Ook MIP-2 en IL-6 werden uitgescheiden in de longen die beademd
werden met hoge drukken die overrekking veroorzaken, gelijk aan de waarnemingen in
Hoofdstuk 4. Het door surfactant verlengen van de rekbaarheid in een normale long gaf geen
verdere significante activatie van de MAPK cascade of productie van MIP-2 of IL-6. Echter
het verlengen van de rekbaarheid met exogeen surfactant resulteerde wel in verhoogde afgifte

van TNF-q.
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In Heofdstuk 7 wordt verhoogde expressie van de cytokine mRNA waargenomen tijdens
schadelijke mechanische beademing van een geinflammeerde long. Heat shock proteins
{HSP) worden geproduceerd door cellen die blootgesteld worden aan diverse schadelijke
stimuli (hypoxie/hitte. In deze studie laten wij zien dat ook schadelijke beademing HSP-
productie kan activeren.

Amato en collega’s hebben bewezen dat een longbeschermende beademingsstrategie die een
actieve recruitment procedure combineert met een PEEP niveau dat het nieuw gerekruteerde
longweefsel stabiliseert, gecombineerd met zo laag mogelijke slagvolumes, de mortaliteit in
ARDS patiénten vermindert. In Hoofdstuk 8§ vergelijken we het effect van mechanische
beademing op afgifte van ontstekingsmediatoren m surfactant deficiént gemaakte biggen,
tijdens beademing met een zelfde long beschermende beademingssirategie (het Open Long
Concept) of met een conventioneel beademingsstrategie. Beademing met het Open Long
Concept verminderde de influx van neutrofielen in de long en verlaagde de hoeveelheid HL.-8
in de long. Tenslotte was de thrombine activiteit ook significant lager in de Open Long
Concept groep.

In de studie beschreven in Hoofdstuk 9 laten we zien dat een longbeschermende
beademingsvorm de bacteriegroei remt en disseminatie van bacterién naar het bloed
vermindert. Klebsiella pnermonige infectic verhoogt het inflammatieniveau in de long en
verhoogt de accumulatie van neutrofielen. Wanneer het endogene surfactant uit de long
gespoeld is, versnelt dit de bacteriegroei. De verlaagde hoeveelheid surfactant verandert ook
de permeabiliteit van het alveolaire-capillaire membraan, wat leidt tot een toename van het
aantal positieve bloedkweken. De barriere functie kon echter behouden worden wanneer een
long beschermende beademingsstrategie werd toegepast.

Concluderend: de studies beschreven in dit proefschrift benadrukken de essentiéle invloed die
mechanische beademing vitoefent op de progressie van de immuunreactie in een long door op
diverse niveaus,variérend van rek-geinduceerde activatie van intracellulaire messenger
eiwitten zoals MAPK en NF-«kB tot de activatie van mRNA en de uiteindelijke afgifte van
diverse inflammatoire cytokines. Daarbij verstoort beademing de normale barriérefunctie van
de alveolaire-capillaire membraan hetgeen resulteert in verlies van compartimentalisatie van
de cytokine respons. Tenslotte wordt zelfs bacteriegroei/kolonisatie direct beinvloed door

mechanische beademingssirategie. Dus wanneer beademing noodzakelijk is, en zeker in reeds
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beschadigde longen (ARDS), heeft de toegepaste beademingsstrategie een eftect op de gehele

inflamrnatie cascade en uiteindelijk ook op de uitkomst.

164




HET DANKWOORD

Tk heb altijd beweerd dat het makkelijkste aan mijn boekje het dankwoord zou zijn en dat het
al lang klaar was. Helzas, ik moet toegeven dat beide stellingen niet waar zijn. Nu ik eindelijk
echt begonnen ben met het schrijven van mijn dankwoord merk ik pas hoeveel mensen mij
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Als eerste, de hiervolgende opsomming van mensen gaat niet in orde van belang maar in een
soort “Haitsma’ logica.

Prof. Dr. B. Lachmann, beste Burkhard, mimn promotor. U wil ik bedanken voor het
geschonken vertrouwen. Het vertrouwen dat u aan mensen op uw afdeling geeft, u laat
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gekoppelde gemak waarmee u elke wetenschappelijke discussie als winnaar beéindigde, zijn
{voor mij) een belangrijke drijfveer om verder in het onderzoek actief te blyjven en zo ooit —
hopelijk - uw niveau te evenaren. Daarbij stimuleerde U mij altijd om de resultaten van de
wetenschap aan en over de gehele wereld te tonen. Dat het woord plezier daarbij ook altijd
benadrukt werd maakte het er alleen maar makkelijker op. Echter, in mijn boekje had toch
mijn originele stelling 8 gehoord!

Prof. Dr. S. Uhlig, Dear Stefan. Since my Deutsch is as bad as your Nederland’s, T will write
this part in English. Stefan, thanks for being a part of my committee but even more for being
part of a large part of the articles in this thesis. Through Prof. Lachmann, we started a very
fruitful collaboration but it was not until we met at the infamous floating surfactant congress
that T got to know you well. You were my roommate, drinking buddy and had the same lousy
singing voice; 1 must still congratulate you for the hilarious anecdote, by refurning my
underwear by post to my university address. Thanks again and hopefully [ can return the
favour one day.

Prof. Dr. L.M.G. van Golde, Ten eerste mijn dank dat u onderdeel van mijn commissie wilt
zijn. Bovendien, de eer dat ik de laatste promovendus ben waarvoor U dit doet, maakt een
speciale dag extra bijzonder. Tevens mijn dank voor het organiseren van surfactant

congressen waarbij wetenschap en gezelligheid samenkomen. Tot ziens in 2004.
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Prof. Dr. J. Klein, beste Jan. De mogelijkheid die jij mij biedt om binnen het instituut
Anesthesiologie onderzoek te doen waardeer ik zeer, en zal daar dan ook nog de komende
jaren met hetzelfde enthousiasme van gebruik maken. Tot 17 januari bij je oratie.

Prof. Dr. A.J. van Vught, Prof. Dr. D. Tibboel en Prof. Dr. H.A. Verbrugh. U wil ik danken
voor hun bereidheid dit proefschrift te beoordelen op zijn wetenschappelijke waarde.

Dr. Diederik Gommers. Ik denk niet dat er een dankwoord bestaat van de 23e verdieping,
afdeling Anesthesiologie, waarin jij niet genoemd wordt. Dit alleen al geeft aan hoe
belangrijk jij bent voor het wetenschappelijk onderzoek van deze afdeling. Mochten er
mensen zijn die van mening zijn dat ik nooit onderzoek had moeten gaan doen, het is dus de
schuld van Diederik. Als student {van 1994 t/m 1995) kwam ik onder de bekwame vleugels
van Didi terecht en dit heeft uiteindelijk, zoals bij velen geleidt tot het hier voor u liggende
boekje. Didi, de manier waarop jij mensen stimuleert, organiseert, en corrigeert zijn nog altijd
een voorbeeld, ik hoop nog vele jaren met je te mogen samenwerken.

Laraine. Als er iemand is die mij altijd weer wist bij te sturen, was jij dat. Als sleutelpersoon
op de afdeling, letterlijk maar ook figuurlijk, ben je de belangrijkste bijdrage aan het
produceren van ‘wetenschap® van de afdeling. Dat daarbij je talent als secretaresse iets
minder uit de verf komt, geeft niks, De insiders weten wel beter. De discussies die ik met je
heb gevoerd en zal voeren zullen de komende jaren net zo leuk maken als de afgelopen jaren.
Stefan Krabbendam, mijn maat in het kwaad. Als iets Stefan’s leven heeft veranderd is het
mijn broertje David geweest. De suggestie van David om Stefan te benaderen om de
onmogelijke taak te vervullen om met mij samen te werken, heeft de arme jongen zeker vele
jaren gekost. Maar totnogtoe houdt hij het nog steeds vol, en dat zonder een spoor van
tegenzin. Stefan, dat je mij altijd hebt gehoipen in onderzoek, begeleiding van studenten en
het verbeteren van mujn FIFA 99- en darttechnieken, waardeer ik daardoor des te meer. Ik
weet zeker dat we de komende jaren met minstens zoveel plezier zullen samenwerken en
daarbij het maken van foute opmerkingen naar een nog hoger niveau zullen brengen.

Davey Poelma, tsja, het gerucht ging dat Limburgers best gezellig zijn. Dit klopt niet, ze zijn
luidruchtig én gezellig. Davey, ik denk niet dat er iemand bestaat waarvan ik meer uiterste
heb gezien, jouw unicke vermogen om maximaal van het leven te genieten, hebben mij
menigmaal een erg gezellige dag/avond opgeleverd met daarbij een iets mindere ochtend. Het
enige wat ik jammer vind, is dat je karakteristieke bulderende lach over de tijd heen iets

milder is geworden Je gaat toch niet normaal worden?
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Rob van Hulst., Voor de buitenwacht zal jij aitijd wel het enigma van de afdeling blijven. Het
unieke vermogen om meerdere werelden te combineren {gezin, marine, onderzoek) zonder
dat het ogenschijnlijk ten koste gaat van een van deze werelden heeft mij altijd versteld doen
staan. Als fakkeldrager geef ik graag aan jou de baton van het promoveren door en wacht in
spamming af op jouw promotie.

Anton van Kaam, oftewel les 1 in hoe je van bekwaam Neonatoloog leert te overleven in de
hel die de 23° verdieping heet. Anton, de overgang die je elke keer weer maski van de
‘serieuze’ kliniek naar het ongeorganiseerde zooitie bij ons, 1s bewonderenswaardig. Het lijkt
zelfs zo dat je het erg gezellig bij ons vindt, jouw geduld heb ik menig maal op de proef
gesteld “mag de ventilator uit?.. ..., gxxxxxxxme, de long collabeert”. Maar telkens kom je
terug en voert met een ongekende wilskracht je studies uit Alweer kan ik alleen maar zeggen
dat ik me verheug op de verder samenwerking.

Dr. Marc Schultz, gefeliciteerd met een geweldige promotie. De studies die nu lopen en gaan
lopen, beloven erg veel goeds voor de toekomst. Sinds ik weet dat je getypeerd wordt als een
gladjakker is mijn bewondering voor je alleen maar toegenomen. De komende jaren zullen
mensen nog veel leren over beademing en pneumonie,

Dr. Jozef Kesecioglu., Jouw voorliefde voor het schaap als onderzoeksdier kan ik alleen maar
verklaren aan de hand van je achtergrond. Er lopen tensiotte al genoeg varkens rond.

Dr. Arthur Hartog., Als iemand mij ook de prettige kant wvan het leven als
onderzoeker/anesthesioloog heeft laten zien ben jij het wel. Jouw woorden over mij in je
proefschrift behelzen waarschijnlijk meer dan de waarheid. Het ritueel van de bier/pizza/film
avond zal nog menig vervolg krijgen, ondanks de veranderingen van de laatste maanden.

Dr. Serge Verbrugge., Dank zij jouw idee (Hoofdstuk 2) is mijn boekje uiteindelijk deze kant
opgegaan., Bedankt voor alle leerzame adviezen en hulp.

Harriet Vreugdenhil Als vrouw naar het mannen bolwerk op de 23° komen en overleven, dat
is alleen al bewonderenswaardig. Maar dan ook nog eens begeleid worden door 3
hoogleraren, een handvol postdocs en veel andere goedwillende personen hadden elk ander
persoon al de moed in de schoenen doen zakken. Maar jij gaat door en zal binnenkort het
resultaat (lees boekje) aan de wereld kunnen laten zien. Bedankt voor alle leuke dagen en ja!

ik kom nog langs in Utrecht, ook voor Jitske en dan mogen jullie mij verwennen.
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Ulrike en Robert, jullie beide zijn het levende bewijs van het spreckwoord: “de appel valt niet
ver van de boom”. De samenwerking met jullie beide en de lol die we daarbij hebben waren
en zijn een waar genoegen.

Marcus Larsson, Viking, Madman and Carnivore, what more can | say? Mad Cow disease is
also rampant in Sweden and you are infected. The times we spent together were filled with
laughs, drink and serious research Life is good. We will continue our research but more
umportantly, the drinks and the laughs.

Dr. Gilberto. I do miss our talks walking to the Beurs, but we still continue them over the
Internet. Although it always takes longer then you think,

De afdeling chirurgie. Ron de Bruin, Prof. Dr. H.J. Bonjer, U wil ik bedanken voor een meer
dan prettige samenwerking, Dr. Eric Hazebroek. De samenwerking eist een vervolg en die
komt er cok zeker aan, en die is minstens zo gezellig. Ruben succes met je promotie,

Jutte. Al werk je nog maar kort bij ons, je voorliefde voor paars, zelfs na de val van dat
kabinet maakt het leven op de afdeling er alleen maar kleurrijker op.

Als professioneel slavendrijver heb ik gebruik gemaakt van de diensten van vele studenten. In
historische volgorde, Stefan, Vanessa, Patricia, Davey, Menno, Ulrike, Liesbeth, Annemarie,
Gonda, Debby, Erik, Maartje, Michel, Sjoerd, Ellen, Bradley, Jutte, Ferry, Mirjam, Ariena en
Niels. Allen wou ik bedanken voor hun geduld, behulpzaamheid en het slachtoffer zijn van
mijn schrikbewind.

Andere mensen die veel hebben betekend: Robert-Jan Houmes (Mr. Beademing), Freek van
Iwaarden (Mr. Surfactant), Anne de Jaegere (Miss mooiste Vlaams accent in Nederland),
Edwin Hendrik (Mr. Regelaar), Enno Collij {Mr. klussen binnen de Anesthesiologie), Roy
Spruit {Mr. De beste Dierverzorger), Rob van Bremen (Mr. Compu en Koffie; zie verder het
dankwoord van D.B. Haitsma), David Liem {Mr. Obi one Kenobi; zie verder het dankwoord
van D.B. Haitsma).

De medewerkers van de afdelingen Cardiclogie, Microbiologie en Kindergeneeskunde alhier,
Immunologie in Utrecht, Inwendige Geneeskunde in Amsterdam and the Division of
Pulmonary Pharmacology in Borstel, Germany.

Eén persoon wil ik nog met name bedanken voor het inzichtelijk maken van het woord
decubitis en vele anders woorden, bedankt voor alles.

Als laatste bedank ik de familie Haitsma. Nergens in de wereld bestaat een unieker

verzameling mensen en ik behoor er toe. Het vermogen om ondanks alles toch weer verder te
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gaan en uiteindelijk het maximale uit jezelf te halen, gecombineerd met een cngekende

mallotigheid maken een Haitsma tot een unieke soort. 1k ben blij dat ik er toe behoor.
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