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Abstract

Introduction: The ideal ventilation strategy for patients with massive brain damage requires better elucidation. We
hypothesized that in the presence of massive brain injury, a ventilation strategy using low (6 milliliters per kilogram
ideal body weight) tidal volume (V5) ventilation with open lung positive end-expiratory pressure (LV/OLPEEP) set
according to the minimal static elastance of the respiratory system, attenuates the impact of massive brain damage
on gas-exchange, respiratory mechanics, lung histology and whole genome alterations compared with high

(12 milliliters per kilogram ideal body weight) Vt and low positive end-expiratory pressure ventilation (HV/LPEEP).

Methods: In total, 28 adult male Wistar rats were randomly assigned to one of four groups: 1) no brain damage
(NBD) with LV/OLPEEP; 2) NBD with HV4/LPEEP; 3) brain damage (BD) with LVt/OLPEEP; and 4) BD with HV/LPEEP.
All animals were mechanically ventilated for six hours. Brain damage was induced by an inflated balloon catheter

genes were performed.

compared to HV{/LPEEP improved overall survival.

into the epidural space. Hemodynamics was recorded and blood gas analysis was performed hourly. At the
end of the experiment, respiratory system mechanics and lung histology were analyzed. Genome wide gene
expression profiling and subsequent confirmatory quantitative polymerase chain reaction (gPCR) for selected

Results: In NBD, both LV;/OLPEEP and HV+/LPEEP did not affect arterial blood gases, as well as whole genome
expression changes and real-time gPCR. In BD, LV{/OLPEEP, compared to HV/LPEEP, improved oxygenation,
reduced lung damage according to histology, genome analysis and real-time gPCR with decreased interleukin 6
(IL-6), cytokine-induced neutrophil chemoattractant 1 (CINCO)-1 and angiopoietin-4 expressions. LV/OLPEEP

Conclusions: In BD, LV4/OLPEEP minimizes lung morpho-functional changes and inflammation compared to HV;/LPEEP.

J

Introduction

Mechanical ventilation is a lifesaving treatment in pa-
tients suffering from massive brain damage caused by
hemorrhage, ischemic stroke or severe traumatic brain
injury [1]. Pulmonary dysfunction is the most frequent
extracerebral complication in neurological patients under-
going mechanical ventilation [2] and acute respiratory
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distress syndrome (ARDS) is recognized as an independ-
ent predictor of poor outcome [3]. Pulmonary dysfunction
associated with acute brain damage has long been attrib-
uted only to a greater increase in sympathetic activity with
pulmonary venoconstriction and higher capillary per-
meability, but recent studies also reported the role of a
systemic inflammatory response with pulmonary infiltra-
tion of neutrophils, cytokine release and endothelial dys-
function triggered by an initial sympathetic discharge
[3/4]. Other factors may also be involved in the complex
cross-talk between brain and lungs, like excessive inflam-
mation due to the brain damage-induced impairment of
the parasympathetic nervous system [5] and hence, the loss
of the protective cholinergic anti-inflammatory pathway [6].
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It has been clearly shown in experimental [7,8] as well
as clinical settings that mechanical ventilation itself
might induce [9,10] or worsen [11] existing lung damage
(ventilator-associated lung injury, VALI). VALI is caused
by alveolar over-distension and repetitive opening and
closing of atelectatic lung regions, respectively [12]. Both
conditions ultimately lead to parenchymatous inflam-
mation and, consecutively, ARDS [7], which may cause
dysfunction in downstream organs, such as the small
bowel, kidney [13] or the brain itself [14].

Apart from limiting the applied tidal volume (V) to 6
mL/kg ideal body weight and keeping end-inspiratory
plateau pressure (Pinsp) below 30 cmH,O [11], the ideal
ventilatory pattern in ARDS is not yet characterized. As
an additional component of ventilation strategy for patients
with ARDS, the use of recruitment maneuvers in addition
to adequate PEEP set during a decremental PEEP trial
targeting maximum compliance [15] has been suggested,
albeit scientific proof is lacking [16].

In the setting of massive brain damage, high PEEP
strategies are thought to compromise cerebral perfusion
pressure (CPP) and are therefore not routinely applied
in neurocritical care [2]. However, neither the ideal ven-
tilation strategy for patients with massive brain damage
nor the underlying biological mechanisms leading to
acute respiratory dysfunction are clearly defined.

We hypothesized that in the presence of massive brain
injury, a ventilation strategy using low Vr and PEEP set
according to the minimum elastance of the respiratory
system (LV1/OLPEEP) may improve lung morphofunction
and minimize VALI more effectively than a ventilation
regimen using high Vrand low PEEP (HV1/LPEEP).

Materials and methods

The study was approved by the Institutional Review
Board for the care of animal subjects (University of
Heidelberg, Mannheim, Germany). All animals received
humane care in compliance with the “Principles of
Laboratory Animal Care” formulated by the National
Society for Medical Research and the “Guide for the
Care and Use of Laboratory Animals” prepared by the
U.S. National Academy of Sciences.

Animal preparation and experimental protocol

A total of 28 specific pathogen-free male Wistar rats
(450 to 500 g) housed in standard conditions with food
and water ad libitum were anesthetized by intraperito-
neal (i.p.) injection of ketamine hydrochloride (50 mg/kg;
Ketanest 10%°, Pfizer, Karlsruhe, Germany) and xylazine
(2 mg/kg; Rompun®, BayerVital, Leverkusen, Germany).
Anesthesia was maintained with intravenous ketamine
throughout the experiment. The femoral artery and the
femoral vein were cannulated with polyethylene catheter
tubing (PE-50, neoLab Heidelberg, Germany).
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The arterial line was used for continuous monitoring
of heart rate (HR) and mean arterial pressure (MAP)
and to collect intermittent blood samples (100 pl) for
blood-gas analysis (Cobas b121, Roche Diagnostics
GmbH, Wien, Austria).

The animals were then put in supine position, tra-
cheotomized, intubated with a 14G polyethylene tube
(Klinjject, KLINIKA Medical GmbH, Usingen, Germany)
and mechanically ventilated with a neonatal respirator
(Babylog 8000, Draeger, Luebeck, Germany) in pressure-
controlled mode with a PEEP of 2 cm H,0O, an inspira-
tory:expiratory ratio (I:E) of 1:1 and fraction of inspired
oxygen (FiO,) of 0.5. FiO, was maintained constant
throughout the entire experimental period. Pinsp was
adjusted to maintain a Vi of 6 mL/kg body weight. A vari-
able respiratory rate (RR) of 90 to 110 breaths/minute was
applied to maintain a PaCO, value within physiological
range. A catheter with a protected tip was inserted in the
esophagus for measurement of esophageal pressure (Pes).
Proper catheter position was confirmed in all animals, as
described previously [17]. Additional intravenous fluid
boluses of balanced electrolyte solution (Deltajonin,
Deltaselect GmbH, Muenchen, Germany) were given,
aiming to maintain a MAP of at least 60 mmHg. The
amount of fluid administered and the weight gain after
the six-hour experimental period were recorded in each
animal. No catecholamines were administered. Body
temperature was maintained between 37°C and 38.5°C
with a heating pad.

Experimental protocol

Upon completion of the instrumentation, animals were
allowed to stabilize for 15 minutes and were then
randomly allocated to one of two groups to receive low
Vr (6 mL/kg body weight) and open lung PEEP ventila-
tion (LV/OLPEEP, n = 14) or high Vt (12 mL/kg body
weight) and low PEEP ventilation (HV/LPEEP, n = 14)
(Baseline). In the LV1/OLPEEP group, a recruitment
maneuver, applied as continuous positive airway pres-
sure of 25 cm H,O for 40 seconds followed by a decre-
mental PEEP trial started at 10 cm H,O, was performed.
Pinsp was adjusted to deliver a V1 of 6 mL/kg body
weight followed by a full measurement of respiratory
system mechanics, gas exchange and hemodynamics.
PEEP was then reduced in steps of 2 ¢cm H,O and
changes in static elastance of the respiratory system
(Estat,RS) were measured after a 10-minute equilibration
period. PEEP was reduced until the Estat,RS no longer
decreased. PEEP at minimum Estat,RS was defined as
“open lung PEEP” (OLPEEP) as previously described
[4,5]. Animals were then re-recruited and LV/OLPEEP
was applied throughout the experimental period. All
other ventilator settings remained unchanged. Animals
in each treatment group were then further randomized
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into two subgroups according to the induction of
massive brain damage (BD) or not (NBD). Brain damage
was induced with a 4.7 F Fogarty catheter (Cardinal
Health, Dublin, OH, USA) inserted into the epidural
space through an occipital burr hole and then gradually
inflated over a one-minute period with 750 ul of saline
[18,19]. Subdural or intracerebral placement of the cath-
eter was avoided to prevent extracranial herniation of
brain tissue. Massive brain damage was verified by the
presence of the Cushing response during balloon infla-
tion and dilated, fixed pupils without photomotor reflex
[19]. Animals in the NBD groups received no trepan-
ation. All four subgroups (NBD and BD with LVy/
OLPEEP or HV1/LPEEP) were ventilated for six hours.
Hemodynamics (MAP and HR) were recorded online
and blood gas analysis was performed hourly. At the end
of the experiment, the respiratory system, lung and chest
wall static elastance, gas exchange and hemodynamics
were assessed as well as body weight. Immediately after
the measurement of respiratory mechanics (END), 1,000
IU of heparin were injected intravenously and a laparot-
omy was done. The trachea was clamped at 5 cmH,O
PEEP in all groups to standardize pressure conditions.
The abdominal aorta and vena cava were sectioned,
yielding a massive hemorrhage that quickly killed the
animals. Lungs were removed en bloc. The right lungs
were quick frozen in nitrogen for mRNA extraction and
GeneArray analysis. The left lungs were immersed in 4%
formalin and embedded in paraffin.

Respiratory system, lung and chest wall mechanics

Tracheal (Ptrach) and esophageal pressures (Pes) were
recorded during three to four seconds of airway occlu-
sion at end-expiration and end-inspiration. Estat,RS was
computed as Estat,RS = APtrach/V, where APtrach is the
difference between end-inspiratory and end-expiratory
tracheal pressure. Static elastance of the chest wall (Estat,
CW) was computed as APes/Vy, where APes is the
difference between end-inspiratory and end-expiratory
esophageal pressure. Static lung elastance (Estat, L) was
calculated as (Estat,L. = Estat,RS - Estat,CW) [7,8].

Histological examination

Paraffin-embedded specimens were cut into 4 pm-thick
slices and stained with hematoxylin and eosin. Morpho-
logical examination was performed in a blinded fashion
by two investigators, using a conventional light micro-
scope at x100 magnification across 10 random, non-
coincident fields of view. A five-point semiquantitative
severity-based scoring system was used as previously
described [7]. Pathological findings were graded as ab-
sent = 0, slight = 1, moderate = 2, high = 3 and severe = 4.
The amount of intra- and extra-alveolar hemorrhage,
intra-alveolar edema, inflammatory infiltration of the
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interalveolar septa and airspace, atelectasis and over-
inflation were rated. The scoring variables were added
and a histological total lung injury score per slide was
calculated.

Affymetrix whole transcript expression analysis and
confirmatory qPCR

Total RNA of right lung tissue was extracted and DNase
treatment was carried out. RNA concentration was
assessed by 260/280 measurements using the Infinite®
200 PRO NanoQuant (Tecan Group Ltd., Maennedorf,
Switzerland), and RNA integrity was measured by Agilent
Bioanalyzer 2100 System (Agilent, Boblingen, Germany).
A total of 1 ug RNA was transcribed to cDNA according
to the protocol provided with the High Capacity cDNA
Reverse Transcription kit (Life Technologies GmbH,
Darmstadt, Germany). Gene expression profiling was per-
formed using arrays of rat genome 230 2.0-type from
Affymetrix (Affymetrix Inc., Santa Clara, CA, USA). Gene
expression analyses were performed at the mRNA level
by TagMan low-density array (TLDA) (Invitrogen,
Darmstadt, Germany). Pre-designed probe and primer
sets for target genes were chosen from an online cata-
logue. Once selected, the sets were factory-loaded into the
customized 384 wells of TLDA cards. Each TLDA card
was configured into eight identical sets of 16 genes in trip-
licate. In all, 13 genes were chosen based on whole
genome analysis. Each set of genes also contained two
housekeeping/reference genes, Ppia and Eif2bl. Expres-
sion levels were measured in triplicate. Only the genes
with reproducible amplification curves of the triplicates
were analyzed and presented. TLDA cards were analyzed
with RQ Manager Software (Invitrogen, Darmstadt,
Germany) for automated data analysis. Gene expression
values (RQ) were calculated based on the AACt method
[20]. A normal untreated animal tissue RNA pool was
used as a calibrator and the Ppia/Eif2bl housekeeping
gene were the references for normalization.

Statistical analysis

The sample size calculation for testing the primary
hypothesis (the gene expression of IL-6 in lung tissue is
increased with BD HV/LPEEP compared to BD LVy/
OLPEEP) was based on effect estimates obtained from
pilot studies as well as on previous measurements by
our group (mean value and dispersion, respectively).
Accordingly, we expected that a sample size of seven
animals per group would provide the appropriate power
(1-B = 0.8) to identify significant (« = 0.05) differences in
IL-6 gene expression, considering an effect size d = 2.2,
two-sided test and multiple comparisons (n = 3) («* =
0.0167, a* Bonferroni adjusted). Data from non-survivors
were excluded from further statistical analysis, except for
two randomly chosen non-surviving animals from the BD
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HV/LPEEP group included in the Affimetrix analysis.
Thus, only surviving animals were evaluated.

The normality of the data and the homogeneity of
variances were tested by means of the Shapiro-Wilk test
and Levene’s median test, respectively. Both conditions
were satisfied in all instances for physiological data; thus,
one-way ANOVA was used followed by Holm-Sidak’s
post-hoc test as required. Physiological data are expressed
as mean + standard deviation (SD).

Data from lung histology, expressed as median (25% to
75% interquartile range), were tested using Kruskal-Wallis
followed by Tukey’s post-hoc test. Survival analysis was
performed using the log-rank test.

Statistical analyses of physiological, histological and
qPCR data, as well as survival analysis, were performed
using SigmaPlot 11.0 (Systat Software GmbH, Erkrath,
Germany). The level of significance was set at P <0.05.

Differential gene expression was analyzed based on
log-linear mixed-model ANOVA, using the commercial
software package SAS JMP7 Genomics, version 3.1 (SAS
Institute, Cary, NC, USA). A type I error rate of alpha =
0.05 with Holm correction was taken as the level of
significance. Pathways belonging to various cell functions
were obtained from public external databases (Kyoto
Encyclopedia of Genes and Genomes, KEGG). A Fisher’s
exact test was performed to detect the significantly regu-
lated pathways. PCR data were expressed as medians and
25% to 75% interquartile ranges and analyzed using one-
way ANOVA on ranks and Tukey’s post-hoc test when
appropriate. Statistical significance was set at P <0.05.

Results

All animals in the NBD LV/OLPEEP and BD LV/
OLPEEP groups survived, whereas in the NBD HVry/
LPEEP group, one animal out of seven, and in the BD
HV/LPEEP group, three out of seven animals died.
Mixing both NBD and BD groups together, LVy/
OLPEEP resulted in improved survival compared to
HV1/LPEEP (100% vs. 71.4%, P = 0.034).

At the end of six hours of ventilation, no significant
physiological differences between NBD LV1/OLPEEP
and NBD HVy/LPEEP were observed. Massive brain
damage impaired oxygenation in BD HVy/LPEEP but
not in BD LV1/OLPEEP (470.5 + 26.7 vs. 321.6 + 120.0,
P = 0.005). Furthermore, after six hours, MAP was
decreased in both BD groups compared to NBD groups
(75.9 £ 10.6 mmHg (NBD LV1/OLPEEP End) vs. 64.6 +
8.7 mmHg (BD LV{/OLPEEP End), P = 0.035, respect-
ively, 72.4 + 20.3 mmHg (NBD HVy/LPEEP End) vs.
51.6 + 14.1 (BD HV{/LPEEP End), P = 0.043) (Table 1).

The BD LV/OLPEEP group received more fluid than
the NBD HVy/LPEEP group over the experimental
period of six hours (NBD LV1/OLPEEP: 45 + 6.8 ml;
NBD HV/LPEEP: 38.25 + 3.8 ml; BD LV;/OLPEEP:
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54.5 + 8.1 ml (P <0.001 vs. NBD HV1/LPEEP); BD HVy/
LPEEP 45.5 + 9.4 ml).

Total lung injury score was higher in BD compared
to NBD in HV1/LPEEP (4.5 (3.75/6.25) vs. 8 (6.5/8.75),
P = 0.026) but not in LV/OLPEEP.

LV1/OLPEEP reduced inflammation in both NBD and
BD (0 (0/0) (NBD LV1/OLPEEP) vs. 2 (0.75/2.5) (NBD
HV1/LPEEP), P = 0.01, respectively; 0 (0/0.25) (BD LVy/
OLPEED) vs. 2.5 (2/3) (BD HV/LPEEP), P <0.001), while
over-inflation was observed only in BD HVy/LPEEP
(1 (1/1.25) (BD LV/OLPEEP) vs. 2.5(2/3) (BD HVy/
LPEEP), P = 0.029) (Table 2).

In both NBD and BD, LV1/OLPEEP reduced the num-
ber of expressed genes compared to HV/LPEEP (183
vs. 1,073 genes and 393 vs. 1,974 genes, respectively).
Overall, in both NBD and BD, 28 genes simultaneously
showed different expression between LV /OLPEEP and
HV1/LPEEP (Figure 1). The complete dataset, including
normalized and raw data, is available at the GEO reposi-
tory with accession number (GSE52142).

In brain damaged animals, HV{/LPEEP led to a
significant increase of interleukin 6 (IL-6) (6.7 (3.5/10.5)
(BD LV/OLPEEP) vs. 35.2 (23.6/45.2) (BD HV-/LPEEP),
P = 0.008), cytokine-induced neutrophil chemoattractant
1- (CINC-1) (2.0 (1.7/2.5) (BD LV1/OLPEEP) vs. 6.7
(4.2/16.0) (BD HV./LPEEP), P = 0.004) and angio-
poietin 4 (2.9 (1.9/5.6) (BD LV/OLPEEP) vs. 6.8 (5.9/11.1)
(BD HV/LPEEP), P = 0.043) mRNA expressions in qPCR
compared to BD LV1/OLPEEP, while no significant dif-
ferences were detected in the absence of brain damage
(Figure 2). No significant differences between BD LVy/
OLPEEP and BD HV{/LPEEP were found in tumor
necrosis factor (TNF)-a, monocyte chemotactic protein
(MCP) 1 and 5, E-selectin, vascular cell adhesion protein
1, heme oxygenase-1, nitric oxide synthase-2, hypoxia
inducible factor-1a and caspase-1.

Discussion

In the present study, we investigated the effects of a lung-
protective ventilatory strategy by using low V and PEEP
titrated to the minimal static elastance of the respiratory
system (LV1/OLPEEP) compared to high Vi and low
PEEP (HV/LPEEP) on lung morphofunction and whole
genome differences in the presence and absence of
massive brain damage. Following a recruitment maneuver,
PEEP set at minimal elastance is thought to represent
open lung PEEP according to the mathematical model
proposed by Hickling [21]. In NBD, both LV/OLPEEP
and HV1/LPEEP did not affect arterial blood gases, as well
as whole genome expression changes and real-time PCR.
In BD, LV1/OLPEEP compared to HV1/LPEEP reduced
lung damage according to histology, genome analysis and
real-time PCR with significantly lower interleukin (IL-6),
CINC-1 and angiopoietin-4 expressions.
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Table 1 Physiological data at baseline and at the end of the experiment

BASELINE END END

LV/OLPEEP HV-/OLPEEP NBD BD

n=14 n=14 LV,/OLPEEP HV./LPEEP LV,/OLPEEP HV./LPEEP

n=7 n=6 n=7 n=4

Vr (mi/kg) 61+03" 119+ 02 59402 122+03 60+03" 119+ 02
PEEP (cmH,0) 50+10" 20401 475+10" 199 = 00 52+11" 20+ 00
Pinsp (cmH-0) 126+15" 165 + 24 150+22" 188 + 48 150+09"* 23+76
Pmean (cmH,0) 79+11" 60+ 1.1 83+ 1.1 87 + 20 90+ 09 103 + 27
RR (bpm) 1003 +29* 314424 108.1 +53 " 306 + 42 1023 + 44 * 202 +38
Estat, RS (cmH,0.m!™") 241+ 04 239+ 04 342 + 09 274 + 09 306 + 04 344412
Estat, L (cmH,0mI™") 183 = 0.4 19+ 04 259+ 10 223409 229+ 04 200 + 12
Estat, CW (cmH,0.ml) 058 + 02 037 +02 049 + 03 03101 076 + 03 050 + 02
Pa0,/FI0, 4392+ 474 4638 = 325 4588 + 449 4102 = 1299 4705 + 267 * 3216 + 1200
PaCo, (mmHg) 475+97 412486 476+ 121 375456 300 + 45 3735+ 56
pHa 734+ 00 734+ 00 734+01°% 738 + 00 742 +00 741401
HR (opm) 2554 + 406 2840 + 427 2305 + 600 2625 + 31,1 2025 + 526 3140 £ 909
MAP (mmHg) 632+ 114 705 + 88 759+ 106" 7244203 ° 646 + 87 516+ 14/

BD, brain damage; Estat,CW, chest wall static elastance; Estat,L, lung static elastance; Estat,RS, respiratory system static elastance; HR, heart rate; HV/LPEEP, six
hours of high tidal volume ventilation with low PEEP, no brain damage; LV{/OLPEEP, six hours of low tidal volume ventilation with open lung positive end-expiratory
pressure; MAP, mean arterial pressure; NBD, no brain damage; PaCO,, partial pressure of carbon dioxide; PaO,/FiO,, ratio of partial pressure arterial oxygen and fraction
of inspired oxygen; PEEP, positive end-expiratory pressure; pHa, arterial pH; Pinsp, end-inspiratory pressure; RR, respiratory rate; V, tidal volume.

Values are mean + standard deviation.

+: P <0.05 LV;/OLPEEP BL vs. HV{/LPEEP BL.

*: P <0.05 NBD LV;/OLPEEP End vs. NBD HV{/LPEEP End.
#: P <0.05 BD LV;/OLPEEP End vs. BD HV/LPEEP End.

$: P <0.05 NBD LV;/OLPEEP End vs. BD LV;/OLPEEP End.
$: P <0.05 NBD HV+/LPEEP End vs. BD HV;/LPEEP End.

Protective mechanical ventilation with low Vi has
been associated with reduced mortality and/or morbidity
in patients with or without ARDS [10,11,22]. Further-
more, low V with high PEEP compared to high V1 and
low PEEP has been found to prevent postoperative pul-
monary complications in patients with non-injured lungs
[23]. However, protective ventilation strategies using low
Vr and high PEEP are not usually applied in patients

Table 2 Histological lung injury score
NBD BD
LV;/OLPEEP HV+/LPEEP LV;/OLPEEP HV+/LPEEP

Total 2.5 (1.75/3)t 45 (3.75/6.25)+ 3 (3/3.25)* 8 (6.5/8.75)
Haemorrhage 0 (0/0) 0 (0/0) 0 (0/0) 0 (0/0.75)
Inflammation 0 (0/0)t 2 (0.75/2.5) 0 (0/0.25)* 2.5 (2/3)
Oedema 0 (0/0)t# 1(0/7) 1(0/1) 1.5(1/2)
Atelectasis 1(0.75/1) 0 (0/1) 1.(1/1) 0 (0/0.75)
Over-inflation 1 (1/1.25) 2 (1/2.25) 1(1/1.25)%  25(2/3)

All values presented as median and 25% to 75% interquartile ranges.

BD; brain damage; NBD, no brain damage; HV1/LPEEP, six hours of high tidal
volume ventilation with low PEEP; LV;/OLPEEP, six hours of low tidal volume
ventilation with open lung positive end-expiratory pressure;

1: P <0.05 NBD LV1/OLPEEP vs. NBD HV+/LPEEP.

*: P <0.05 BD LV;/OLPEEP vs. BD HV/LPEEP.

#: P <0.05 NBD LV1/OLPEEP vs. BD LV;/OLPEEP.

$: P <0.05 NBD HV7/LPEEP vs. BD HV/LPEEP.

with massive brain injury, due to the risk of hypercapnia
and reduced cerebral perfusion [24]. In this line, patients
with brain damage are usually ventilated with V1 higher
than 6 mL/kg and low PEEP [2], even though it may be
associated with lung damage, inflammation and, ultim-
ately, organ failure [25].

In this study, NBD HV/LPEEP was associated with
higher total histological damage compared to NBD LVy/
OLPEEP, which was mainly related to inflammation
and edema. High volume at end-inspiration is well
known to promote alveolar distension, disruption of
pulmonary epithelium and endothelium, recruitment
of pro-inflammatory cells in the lung tissue and the
induction of edema eventually resulting in hypoxia
[12]. Protti et al. [26] demonstrated a lung strain (the
ratio between tidal volume and the functional residual
capacity) threshold of higher than 1.5 to 2.0 to be associ-
ated with pulmonary dysfunction, emphysematous change,
alveolar hemorrhage, hyaline membrane formation and
lung weight gain in previously healthy lungs in pigs.

The induction of brain damage led to a higher total
histology damage score of BD HV/LPEEP compared
to both NBD HVy/LPEEP and BD LV{/OLPEEP
caused primarily by over-inflation and the amount of pro-
inflammatory cells in lung parenchyma (Table 2).
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(See figure on previous page.)

Figure 1 Heat map for gene expression. Genes were clustered using MAPPFinder. Gene ontologies of inflammation and fibrosis are shown.
Red color indicates up-regulation, green color indicates down-regulation relative to the mean overall four treatment groups, while color intensity
corresponds to the fold-change amplitude. BD, brain damage; HV4/LPEEP, six hours of high tidal volume ventilation with low PEEP, no brain
damage; LV1/OLPEEP, six hours of low tidal volume ventilation with open lung positive end-expiratory pressure; NBD, no brain damage.

This aggravation of lung histological impairment is in
line with findings from other groups [27,28], implying
that brain damage sensitizes the lung for the potentially
deleterious effects of high intrathoracic gas volumes [11]
and intratidal re- and de-recruitment [29].

No statistically significant differences in lung mechanics,
gas exchange and hemodynamics after the six-hour ex-
perimental period between NBD LV1/OLPEEP and NBD
HV1/LPEEP were found showing the comparatively minor
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Figure 2 Polymerase chain reaction of lung tissue. All values are
presented as median and 25% to 75% interquartile ranges. P-values
above brackets showed significant difference (P <0.05). BD, brain
damage; HV{/LPEEP, six hours of high tidal volume ventilation with
low PEEP, no brain damage; LV;/OLPEEP, six hours of low tidal
volume ventilation with open lung positive end-expiratory pressure;
NBD, no brain damage.

functional effects of stress and strain below threshold
in vivo as also shown by Protti et al. [26]. Conversely, in
BD, we found a significant impairment of oxygenation in
HVT/LPEEP compared to LVT/OLPEEP. Furthermore,
MAP was reduced in both BD groups.

As we did not measure cardiac output or perform
morphological studies using echocardiography, we can
only speculate whether these hemodynamic changes in-
dicate right ventricular failure caused by insufficient
end-expiratory lung volume [30] and inflammation-
mediated increased afterload [31].

Gene ontology analysis allocated genes showing sig-
nificant changes in inflammatory and, in a much lesser
degree, to profibrotic pathways. In general, we found more
changed genes than previously described [32-35].

Comparing LV1/OLPEEP with HV1/LPEEP, RT-PCR
of lung parenchyma showed increased IL-6, CINC-1
and angiopoietin-4 expressions in BD but not in NBD
(Figure 2). In this context, previous studies indicate
that IL-6 and CINC-1, pro-inflammatory cytokines, con-
tribute to ventilator induced-lung injury [36-38]. In
the present study, the increase in IL-6 and CINC-1 ex-
pressions with HV/LPEEP may be related to mechano-
transduction in lung tissue by increased distortion of the
alveolar-capillary barrier [37]. Moreover, HV/LPEEP the
increased neutrophil infiltration and lung edema may be
associated with increased angiopoietin-4 [39].

Several mechanisms may explain the inflammatory po-
tentiation of brain injury, going beyond the impact of
high end-tidal intrathoracic gas volumes [2,9]. McKeating
et al. showed that the injured brain itself is a potent
source of pro-inflammatory cytokines which are released
in the circulation [40]. Additionally, we noted a distinctive
and rapid two-fold increase in MAP from baseline during
the induction of brain injury in the BD LV/OLPEEP and
BD HV/LPEEP groups (data not shown). Brain injury
causes a potent sympathoadrenergic response known as
the Cushing response, which has pro-inflammatory prop-
erties [27,41] and causes hypertensive crisis, pulmonary
venoconstriction and, consecutively, elevation of pulmon-
ary artery peak pressure [31,42], resulting in a marked
distortion of the alveolar-capillary membrane [27,43]. In
addition, the protective anti-inflammatory effect of vagus
nerve efferents is lost in massive brain injury [5], thus
aggravating the systemic inflammatory response.

The minimized lung morpho-functional changes and
inflammatory responses observed in BD brain damaged
animals ventilated with low tidal volume and PEEP set
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to minimal static elastance compared to animals venti-
lated with high tidal volume and low PEEP may provide
some pathophysiological insights explaining the clinical
results from Mascia et al. [44]

In this randomized controlled clinical trial performed
in brain dead organ donors examining the effects of a
lung protective ventilatory strategy consisting of tidal
volumes of 6 to 8 mL/kg of predicted body weight,
high PEEP and precautions to preclude de-recruitment
resulted in an increased number of eligible and harvested
lungs compared with a high tidal volume/low PEEP
strategy.

Limitations

The current study has several limitations that need to be
addressed. First, we aimed to simulate clinically relevant
ventilator settings. We did not include control groups
with neither ventilator strategies resulting in high end-
tidal intrathoracic volumes (like HV/OLPEEP), since
they are not recommended in clinical practice. There-
fore, we were unable to identify whether the reduction
of the Vt or the optimization of the functional residual
capacity with an optimized PEEP caused the beneficial
effects of LVT/OLPEED, since a group with high V and
OL/PEEP was not analyzed. Second, we chose to main-
tain a constant PaCO, by decreasing the respiratory rate
in the high Vr group rather than adding instrumental
dead space. Third, we did not use catecholamines but a
rather liberal fluid management to prevent hypotension
and avoid possible interaction in modulating inflamma-
tory response, organ function and gene expression
[18,45-47]. Fourth, we did not assess whether the LV/
OLPEEP strategy can protect other organs except the
lung from the pro-inflammatory effects of massive brain
damage. Fifth, we studied a specific model of severe
brain damage [5] and do not know if our results would
apply to other models [10,23] or species [48]. We did
not study neurological parameters, but focused on the
lung rather than on the potential impact of the open
lung strategy on brain damage. Therefore, further studies
will be required to better define the suitable ventilatory
strategy in the setting of massive brain damage. Sixth,
the severity of brain damage in our model was not quan-
tified and its potential evolution with different mechan-
ical strategies was not analyzed. Seventh, even though
the gene expression profile through genome analysis
demonstrated significant differences in the number of
regulated genes between both ventilation strategies, the
biological significance of these changes in terms of lung
tissue damage requires clarification. Nonetheless, con-
firmatory qPCR analyses for selected genes that previ-
ously had been suggested to be implicated in ventilator
induced lung injury [36—38] were significantly higher in
the HVT/LPEEP group. Whether the increased mRNA
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expression in turn translates into higher protein expres-
sion was not studied and does demand further inves-
tigation. Similarly, the contribution of IL-6, CINC-1 and
angiopoeitin-4 to the different extent of lung tissue
damage in both groups needs to be better evaluated.
Nevertheless, these analyses may be considered a starting
point in the evaluation of the impact of different ventilator
strategies in the presence of severe brain damage.

Conclusion

In the present study, low tidal volume ventilation with
open lung PEEP minimized lung morpho-functional
changes and inflammation in the presence of massive
brain injury compared to high tidal volume ventilation
with low PEEP.

Key messages

e The combination of high tidal volume ventilation
and massive brain damage causes a proinflammatory
reaction in pulmonary parenchyma with
deterioration in histological analysis and impairment
of gas exchange whereas high tidal volume
ventilation alone did not.

e Low tidal volume ventilation with PEEP titrated to
the minimal static elastance of the respiratory
system could alleviate the inflammatory stimulus of
massive brain damage.

Abbreviations

ARDS: Acute respiratory distress syndrome; BD: Brain damage;

cDNA: Complementary deoxyribonucleic acid; CINC-1: Cytokine-induced
neutrophil chemoattractant 1; CPP: Cerebral perfusion pressure;

DNA: Deoxyribonucleic acid; Estat,CW: Static elastance of the chest wall;
Estat,L: Static lung elastance; Estat,RS: Static elastance of the respiratory
system; FiO,: Fraction of inspired oxygen; HR: Heart rate; HVy/LPEEP: High
tidal volume ventilation with low positive end-expiratory pressure; i.

p.: Intraperitoneal injection; l:E: Inspiratory:expiratory ratio; ICU: Intensive care
unit; IL-6: Interleukin 6; kg: Kilogram; LV/OLPEEP: Low tidal volume
ventilation with positive end-expiratory pressure titrated to minimal static
elastance; MAP: Mean arterial pressure; mL: Millilitre; mRNA: Messenger
ribonucleic acid; NBD: No brain damage; PaCO,: Partial pressure of carbon
dioxide; PEEP: Positive end-expiratory pressure; Pes: Esophageal pressure;
Pinsp: End-inspiratory plateau pressure; Ptrach: Tracheal pressure;

gPCR: Quantitative polymerase chain reaction; RR: Respiratory rate;

SD: Standard deviation; TLDA: TagMan low density array; VALI: Ventilator-
associated lung injury; Vy: Tidal volume; APes: Difference between end-
inspiratory and end-expiratory esophageal pressure; APtrach: Difference
between end-inspiratory and end-expiratory tracheal pressure.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JK, CT, PP, PRMR and TL participated in the study design. JK, CT, MH, BY and
TL performed the study. JK, CT, MH, CS, BY and TL processed the data and
performed the statistical analysis. JK, CT, PP, PRMR, BY and TL wrote the
manuscript. CS and MH critically revised the manuscript for important
intellectual content. All authors read and approved the final manuscript.



Krebs et al. Critical Care 2014, 18:R59
http://ccforum.com/content/18/2/R59

Acknowledgements

The authors would like to thank Mrs. Anette Yard, V. Department of
Medicine, University Medical Center Mannheim, Germany, for Affimetrix
and gPCR preparations.

This study was supported by Departmental Funds.

Author details

'Department of Anaesthesiology and Critical Care Medicine, University
Medical Centre Mannheim, Medical Faculty Mannheim of the University of
Heidelberg, Mannheim, Germany, Theodor-Kutzer Ufer, 68165 Mannheim,
Germany. *Department of Surgical Sciences and Integrated Diagnostics,
IRCCS AOU San Martino -IST, University of Genoa, Genoa, Italy. 3Laboratory of
Pulmonary Investigation, Carlos Chagas Filho Biophysics Institute, Federal
University of Rio de Janeiro, Av. Carlos Chagas Filho, s/n, Bloco G-014, Ilha do
Fundéo, 21941-902 Rio de Janeiro, RJ, Brazil. ‘Medical Research Center,
Medical Faculty Mannheim of the University of Heidelberg, Mannheim,
Germany, Theodor-Kutzer Ufer, 68165 Mannheim, Germany. *Department of
Medicine, University Medical Center Mannheim, Medical Faculty Mannheim
of the University of Heidelberg, Mannheim, Germany, Theodor-Kutzer Ufer,
68165 Mannheim, Germany.

Received: 13 November 2013 Accepted: 25 March 2014
Published: 2 April 2014

References

1. Esteban A, Anzueto A, Frutos F, Alia |, Brochard L, Stewart TE, Benito S,
Epstein SK, Apezteguia C, Nightingale P, Arroliga AC, Tobin MJ:
Characteristics and outcomes in adult patients receiving mechanical
ventilation: a 28-day international study. JAMA 2002, 287:345-355.

2. Pelosi P, Ferguson ND, Frutos-Vivar F, Anzueto A, Putensen C, Raymondos K,
Apezteguia C, Desmery P, Hurtado J, Abroug F, Elizalde J, Tomicic V,

Cakar N, Gonzalez M, Arabi Y, Moreno R, Esteban A, Ventila Study Group:
Management and outcome of mechanically ventilated neurologic
patients. Crit Care Med 2011, 39:1482-1492.

3. Mascia L: Acute lung injury in patients with severe brain injury: a double
hit model. Neurocrit Care 2009, 11:417-426.

4. Skrabal CA, Thompson LO, Potapov EV, Southard RE, Joyce DL, Youker KA,
Noon GP, Loebe M: Organ-specific regulation of pro-inflammatory
molecules in heart, lung, and kidney following brain death. J Surg Res
2005, 123:118-125.

5. Hoeger S, Bergstraesser C, Selhorst J, Fontana J, Birck R, Waldherr R, Beck G,
Sticht C, Seelen MA, van Son WJ, Leuvenink H, Ploeg R, Schnuelle P, Yard
BA: Modulation of brain dead induced inflammation by vagus nerve
stimulation. Am J Transplant 2010, 10:477-489.

6. Tracey KJ: Physiology and immunology of the cholinergic
antiinflammatory pathway. J Clin Invest 2007, 117:289-296.

7. Krebs J, Pelosi P, Tsagogiorgas C, Zoeller L, Rocco PR, Yard B, Luecke T:
Open lung approach associated with high-frequency oscillatory or
low tidal volume mechanical ventilation improves respiratory
function and minimizes lung injury in healthy and injured rats.

Crit Care 2010, 14:R183.

8. Krebs J, Pelosi P, Tsagogiorgas C, Haas J, Yard B, Rocco PR, Luecke T: Time
course of lung inflammatory and fibrogenic responses during protective
mechanical ventilation in healthy rats. Respir Physiol Neurobiol 2011,
178:323-328.

9. Determann RM, Royakkers A, Wolthuis EK, Vlaar AP, Choi G, Paulus F, Hofstra
JJ, de Graaff MJ, Korevaar JC, Schultz MJ: Ventilation with lower tidal
volumes as compared with conventional tidal volumes for patients
without acute lung injury: a preventive randomized controlled trial.

Crit Care 2010, 14:R1.

10.  Serpa Neto A, Cardoso SO, Manetta JA, Pereira VG, Esposito DC, Pasqualucci
Mde O, Damasceno MC, Schultz MJ: Association between use of
lung-protective ventilation with lower tidal volumes and clinical
outcomes among patients without acute respiratory distress syndrome:
a meta-analysis. JAMA 2012, 308:1651-1659.

11. Ventilation with lower tidal volumes as compared with traditional tidal
volumes for acute lung injury and the acute respiratory distress
syndrome. The Acute Respiratory Distress Syndrome Network.

N Engl J Med 2000, 342:1301-1308.

12. Dreyfuss D, Saumon G: Ventilator-induced lung injury: lessons from

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

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 9 of 10

Imai Y, Parodo J, Kajikawa O, de Perrot M, Fischer S, Edwards V, Cutz E, Liu
M, Keshavjee S, Martin TR, Marshall JC, Ranieri VM, Slutsky AS: Injurious
mechanical ventilation and end-organ epithelial cell apoptosis and
organ dysfunction in an experimental model of acute respiratory distress
syndrome. JAMA 2003, 289:2104-2112.

Quilez ME, Fuster G, Villar J, Flores C, Marti-Sistac O, Blanch L, Lopez-Aguilar
J: Injurious mechanical ventilation affects neuronal activation in
ventilated rats. Crit Care 2011, 15:R124.

Suter PM, Fairley HB, Isenberg MD: Effect of tidal volume and positive
end-expiratory pressure on compliance during mechanical ventilation.
Chest 1978, 73:158-162.

Keenan JC, Formenti P, Marini JJ: Lung recruitment in acute respiratory
distress syndrome: what is the best strategy? Curr Opin Crit Care 2014,
20:63-68.

Talmor D, Sarge T, O'Donnell CR, Ritz R, Malhotra A, Lisbon A, Loring SH:
Esophageal and transpulmonary pressures in acute respiratory failure.
Crit Care Med 2006, 34:1389-1394.

Hoeger S, Gottmann U, Liu Z, Schnuelle P, Birck R, Braun C, van der

Woude FJ, Yard BA: Dopamine treatment in brain-dead rats mediates
anti-inflammatory effects: the role of hemodynamic stabilization and
D-receptor stimulation. Transpl Int 2007, 20:790-799.

Bratton SL, Chestnut RM, Ghajar J, McConnell Hammond FF, Harris OA, Hartl
R, Manley GT, Nemecek A, Newell DW, Rosenthal G, Schouten J, Shutter L,
Timmons SD, Ullman JS, Videtta W, Wilberger JE, Wright DW: Guidelines for
the management of severe traumatic brain injury. I. Blood pressure and
oxygenation. J Neurotrauma 2007, 24:57-513.

Schmittgen TD, Livak KJ: Analyzing real-time PCR data by the comparative
C(T) method. Nat Protoc 2008, 3:1101-1108.

Hickling KG: Best compliance during a decremental, but not
incremental, positive end-expiratory pressure trial is related to
open-lung positive end-expiratory pressure: a mathematical model of
acute respiratory distress syndrome lungs. Am J Respir Crit Care Med
2001, 163:69-78.

Putensen C, Theuerkauf N, Zinserling J, Wrigge H, Pelosi P:
Meta-analysis: ventilation strategies and outcomes of the acute
respiratory distress syndrome and acute lung injury. Ann Intern Med
2009, 151:566-576.

Hemmes SN, Serpa Neto A, Schultz MJ: Intraoperative ventilatory
strategies to prevent postoperative pulmonary complications: a
meta-analysis. Curr Opin Anaesthesiol 2013, 26:126-133.

Muench E, Bauhuf C, Roth H, Horn P, Phillips M, Marquetant N, Quintel M,
Vajkoczy P: Effects of positive end-expiratory pressure on regional
cerebral blood flow, intracranial pressure, and brain tissue oxygenation.
Crit Care Med 2005, 33:2367-2372.

Mascia L, Zavala E, Bosma K, Pasero D, Decaroli D, Andrews P, Isnardi D,
Davi A, Arguis MJ, Berardino M, Ducati A, Brain T group: High tidal volume
is associated with the development of acute lung injury after severe
brain injury: an international observational study. Crit Care Med 2007,
35:1815-1820.

Protti A, Cressoni M, Santini A, Langer T, Mietto C, Febres D, Chierichetti M,
Coppola S, Conte G, Gatti S, Leopardi O, Masson S, Lombardi L, Lazzerini M,
Rampoldi E, Cadringher P, Gattinoni L: Lung stress and strain during
mechanical ventilation: any safe threshold? Am J Respir Crit Care Med
2011, 183:1354-1362.

Avlonitis VS, Wigfield CH, Kirby JA, Dark JH: The hemodynamic
mechanisms of lung injury and systemic inflammatory response
following brain death in the transplant donor. Am J Transplant 2005,
5:684-693.

Lopez-Aguilar J, Villagra A, Bernabe F, Murias G, Piacentini E, Real J,
Fernandez-Segoviano P, Romero PV, Hotchkiss JR, Blanch L: Massive
brain injury enhances lung damage in an isolated lung model

of ventilator-induced lung injury. Crit Care Med 2005,

33:1077-1083.

Grasso S, Terragni P, Mascia L, Fanelli V, Quintel M, Herrmann P,
Hedenstierna G, Slutsky AS, Ranieri VM: Airway pressure-time curve profile
(stress index) detects tidal recruitment/hyperinflation in experimental
acute lung injury. Crit Care Med 2004, 32:1018-1027.

Duggan M, McCaul CL, McNamara PJ, Engelberts D, Ackerley C,
Kavanagh BP: Atelectasis causes vascular leak and lethal right
ventricular failure in uninjured rat lungs. Am J Respir Crit Care Med
2003, 167:1633-1640.



Krebs et al. Critical Care 2014, 18:R59
http://ccforum.com/content/18/2/R59

31

32,

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

Szabo G, Sebening C, Hagl C, Tochtermann U, Vahl CF, Hagl S:

Right ventricular function after brain death: response to an
increased afterload. Eur J Cardiothorac Surg 1998, 13:449-458.
discussion 458-449.

Copland IB, Kavanagh BP, Engelberts D, McKerlie C, Belik J, Post M: Early
changes in lung gene expression due to high tidal volume. Am J Respir
Crit Care Med 2003, 168:1051-1059.

dos Santos CC, Han B, Andrade CF, Bai X, Uhlig S, Hubmayr R, Tsang M,
Lodyga M, Keshavjee S, Slutsky AS, Liu M: DNA microarray analysis of gene
expression in alveolar epithelial cells in response to TNFalpha, LPS, and
cyclic stretch. Physiol Genomics 2004, 19:331-342.

Simon BA, Easley RB, Grigoryev DN, Ma SF, Ye SQ, Lavoie T, Tuder RM,
Garcia JG: Microarray analysis of regional cellular responses to local
mechanical stress in acute lung injury. Am J Physiol Lung Cell Mol Physiol
2006, 291:L.851-L861.

Ma SF, Grigoryev DN, Taylor AD, Nonas S, Sammani S, Ye SQ, Garcia JG:
Bioinformatic identification of novel early stress response genes in
rodent models of lung injury. Am J Physiol Lung Cell Mol Physiol 2005,
289:1468-1477.

Fujita Y, Fujino Y, Maeda Y, Uchiyama A, Mashimo T, Nishimura M: Effect of
Ono-EI-600 elastase inhibitor on high-tidal-volume-induced lung injury
in rats. J Anesth 2006, 20:141-144.

Silva PL, Cruz FF, Fujisaki LC, Oliveira GP, Samary CS, Ornellas DS,
Maron-Gutierrez T, Rocha NN, Goldenberg R, Garcia CS, Morales MM,
Capelozzi VI, Gama de Abreu M, Pelosi P, Rocco PR: Hypervolemia induces
and potentiates lung damage after recruitment maneuver in a model of
sepsis-induced acute lung injury. Crit Care 2010, 14:R114.

Wilson MR, Choudhury S, Goddard ME, O'Dea KP, Nicholson AG, Takata M:
High tidal volume upregulates intrapulmonary cytokines in an in vivo
mouse model of ventilator-induced lung injury. J Appl Physiol (1985) 2003,
95:1385-1393.

Karmpaliotis D, Kosmidou |, Ingenito EP, Hong K, Malhotra A, Sunday ME,
Haley KJ: Angiogenic growth factors in the pathophysiology of a murine
model of acute lung injury. Am J Physiol Lung Cell Mol Physiol 2002,
283:L585-1595.

McKeating EG, Andrews PJ, Signorini DF, Mascia L: Transcranial cytokine
gradients in patients requiring intensive care after acute brain injury.

Br J Anaesth 1997, 78:520-523.

Kox M, Vaneker M, van der Hoeven JG, Scheffer GJ, Hoedemaekers CW,
Pickkers P: Effects of vagus nerve stimulation and vagotomy on systemic
and pulmonary inflammation in a two-hit model in rats. PLoS One 2012,
7:€34431.

Whitley WD, Beckman DL: Cardiopulmonary response to an induced pulse
in intracranial pressure. Proc Soc Exp Biol Med 1986, 182:100-106.

Maina JN, West JB: Thin and strong! The bioengineering dilemma in the
structural and functional design of the blood-gas barrier. Physiol Rev
2005, 85:811-844.

Mascia L, Pasero D, Slutsky AS, Arguis MJ, Berardino M, Grasso S, Munari M,
Boifava S, Cornara G, Della Corte F, Vivaldi N, Malacarne P, Del Gaudio P,
Livigni S, Zavala E, Filippini C, Martin EL, Donadio PP, Mastromauro |, Ranieri
VM: Effect of a lung protective strategy for organ donors on eligibility
and availability of lungs for transplantation: a randomized controlled
trial. JAMA 2010, 304:2620-2627.

Tsagogiorgas C, Wedel J, Hottenrott M, Schneider MO, Binzen U, Greffrath
W, Treede RD, Theisinger B, Theisinger S, Waldherr R, Krdmer BK, Thiel M,
Schnuelle P, Yard BA, Hoeger S: N-octanoyl-dopamine is an agonist at the
capsaicin receptor TRPV1 and mitigates ischemia-induced [corrected]
acute kidney injury in rat. PLoS One 2012, 7:e43525.

Schnuelle P, Gottmann U, Hoeger S, Boesebeck D, Lauchart W, Weiss C,
Fischereder M, Jauch KW, Heemann U, Zeier M, Hugo C, Pisarki P,
Krdmer BK, Lopau K, Rahmel A, Benck U, Birck R, Yard BA: Effects of
donor pretreatment with dopamine on graft function after kidney
transplantation: a randomized controlled trial. JAMA 2009,
302:1067-1075.

47.

48.

Page 10 of 10

Benck U, Hoeger S, Brinkkoetter PT, Gottmann U, Doenmez D, Boesebeck D,
Lauchart W, Gummert J, Karck M, Lehmkuhl HB, Bittner HB, Zuckermann A,
Wagner F, Schulz U, Koch A, Bigdeli AK, Bara C, Hirt S, Berchtold-Herz M,
Brose S, Herold U, Boehm J, Welp H, Stecker T, Doesch A, Birck R, Kramer BK,
Yard BA, Schnuelle P: Effects of donor pre-treatment with dopamine on
survival after heart transplantation: a cohort study of heart transplant
recipients nested in a randomized controlled multicenter trial. J Am Coll
Cardiol 2011, 58:1768-1777.

Matute-Bello G, Frevert CW, Martin TR: Animal models of acute lung injury.
Am J Physiol Lung Cell Mol Physiol 2008, 295:L.379-1399.

doi:10.1186/cc13813

Cite this article as: Krebs et al: Open lung approach with low tidal
volume mechanical ventilation attenuates lung injury in rats with
massive brain damage. Critical Care 2014 18:R59.

~
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
e Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
¢ Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central
J




	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Animal preparation and experimental protocol
	Experimental protocol
	Respiratory system, lung and chest wall mechanics
	Histological examination
	Affymetrix whole transcript expression analysis and confirmatory qPCR

	Statistical analysis

	Results
	Discussion
	Limitations

	Conclusion
	Key messages
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

