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Low tidal volume ventilation, although promoting atelectasis, is
a protective strategy against ventilator-induced lung injury. Deep
inflation (DI) recruitment maneuvers restore lung volumes, but
potentially compromise lung parenchymal and vascular function via
repetitive overdistention. Our objective was to examine cardiopul-
monary physiological and transcriptional consequences of recruit-
mentmaneuvers. C57/BL6mice challengedwith either PBS or LPS via
aspirationwereplacedonmechanical ventilation (5h) using low tidal
volume inflation (TI; 8ml/g)aloneor incombinationwith intermittent
DIs (0.75ml twice/min). Lungmechanics during TI ventilation signif-
icantly deteriorated, as assessed by forced oscillation technique and
pressure–volume curves. DI mitigated the TI-induced alterations in
lungmechanics,but inducedasignificant rise in rightventricle systolic
pressures and pulmonary vascular resistances, especially in LPS-
challenged animals. In addition, DI exacerbated the LPS-induced
genome-wide lung inflammatory transcriptome, with prominent
dysregulation of a gene cluster involving vascular processes, as well
as increases in cytokine concentrations in bronchoalveolar lavage
fluid and plasma. Gene ontology analyses of right ventricular tissue
expression profiles also identified inflammatory signatures, as well
as apoptosis and membrane organization ontologies, as potential
elements in the response to acute pressure overload. Our results,
although confirming the improvement in lung mechanics offered
by DI, highlight a detrimental impact in sustaining inflammatory re-
sponse and exacerbating lung vascular dysfunction, events contribut-
ing to increases in right ventricle afterload. These novel insights
should be integrated into the clinical assessment of the risk/benefit
of recruitment maneuver strategies.
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Studies demonstrating lower mortality rates in patients with
acute lung injury (ALI) and acute respiratory distress syndrome
(ARDS) receiving low tidal volume ventilation (1, 2) have
resulted in adoption of these ventilation guidelines in clinical

practice (3). However, low tidal volume ventilation also pro-
motes atelectasis (4), with the potential to worsen lung injury
through local alveolar hypoxia, increases in lung permeability
(5), and lung inflammation (6). Local intrapulmonary shear
forces generated during repeated reopening of atelectatic
alveoli may also accelerate injury (7). Deep inflation (DI) re-
cruitment maneuvers have been proposed as a means of peri-
odically reopening regions of atelectasis. Experimental and
clinical studies have demonstrated improvement in oxygena-
tion, ventilation, and lung mechanical function after DI, without
evidence of lung injury (8, 9). However, several adverse cardio-
vascular effects have been noted with lung recruitment maneu-
vers, with both high intrathoracic pressures (potentially leading
to a decrease in systemic venous return) and high transpulmo-
nary pressures (with the potential for increases in right ventric-
ular afterload via compression and stretch of small alveolar
vessels) (10–12). Although preload effects may be easily miti-
gated by fluid loading (12), DI-induced afterload effects may
prompt right ventricular compromise (13, 14).

As pulmonary vascular dysfunction has been recognized as
common during ALI and independently associated with poor
outcomes (15), the aim of the present work was to examine
the physiological and genomic effects of DI on lung mechanics
and right ventricle function. Using a murine model of lung in-
jury with prolonged low tidal volume mechanical ventilation, we
assessed physiological and genomic cardiopulmonary responses
to DI and performed multianalyte profiling of cytokines, che-
mokines, and markers of endothelial injury in plasma and bron-
choalveolar lavage (BAL) fluid. Some of the results of this study
have been previously reported in the form of an abstract (16).

MATERIALS AND METHODS

Additional details on the methods are provided in the online supplement.

Animal Protocol

Male C57BL/6 mice, weighing 20–30 g, were anesthetized with inhaled
5% isoflurane (Abbott, Rungis, France), and aspirated a 50-ml volume
instillate (consisting of PBS or 4 mg/g of Escherichia coli LPS, O55:B5;
Sigma-Aldrich, Chimie, Lyon, France) into the lower respiratory tract
(17). After oropharyngeal aspiration, the mice were returned to their
cages for 18 hours, then were reanesthetized and intubated for mechan-
ical ventilation (see online supplement for details).

Mechanical Ventilation

Micewere ventilated in the supine positionusing humidified gas, bymeans
of a computer-driven small-animal ventilator (flexiVent; Scireq, Mon-
treal, PQ, Canada) as follows: tidal volume, 8 ml/g of body weight; re-
spiratory rate, 180/min; end-expiratory pressure, 3 cm H2O; and FIO2

, 1
(18). Mechanical ventilation lasted 5 hours with continuous anesthesia,
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muscle paralysis, a body temperature maintained at 36.58C, and regular
intraperitoneal warm fluid boluses (see online supplement for details).

Experimental Design

The experimental design included four groups: PBS 1 TI (PBS aspi-
ration followed by mechanical ventilation with tidal inflations only);
PBS 1 DI (PBS aspiration followed by mechanical ventilation with
intermittent DI); LPS 1 TI (LPS aspiration followed by mechanical
ventilation with tidal inflations only); and LPS 1 DI (LPS aspiration
followed by mechanical ventilation with intermittent DI). DI maneu-
vers were supplied by the flexiVent ventilator (see online supplement
for details) as a volume of 0.75 ml delivered twice per minute, as this
recruitment strategy was previously shown to safely improve lung me-
chanics during a 2-hour ventilation protocol in a murine model while
conferring protection from biotrauma (8).

Respiratory Mechanics

Forced oscillation techniques (FOTs) were assessed at initiation of me-
chanical ventilation (before and after volume history standardization),

and then repeated hourly, for calculation of respiratory system dynamic
resistance, elastance, and compliance (single-frequency FOT data), as
well as airway Newtonian resistance, tissue damping, and tissue ela-
stance (low-frequency FOT data) (19, 20). In addition, quasistatic com-
pliance of the respiratory system was evaluated from a continuous
pressure–volume curve performed at start and end of mechanical ven-
tilation (see online supplement for details).

Hemodynamic Explorations

Before the end of the timed ventilator protocol, mice underwent hemody-
namic explorations. Right ventricular systolic pressure was measured during
a short respiratory pause via jugular catheterization with an ultraminiature
1.4 F high-fidelity pressure transducer catheter, and cardiac output was mea-
sured by the transpulmonary thermodilution technique (21) (see online sup-
plement for details). Total pulmonary vascular resistances were calculated as
the ratio of right ventricular systolic pressure to cardiac output.

Specimen Collection

After hemodynamic measurements, arterial blood was obtained via ca-
rotid puncture for determination of blood gases and subsequent

Figure 1. Airway pressures monitoring and single-frequency forced oscillation technique (FOT) results during 5 hours of mechanical ventilation

using tidal inflations (TIs) or deep inflations (DIs) in mice after PBS or LPS aspiration. The depicted nomenclature of a, b, c, d, e, and f denote

a Bonferroni-corrected P value less than 0.05 for the Mann-Whitney pairwise comparisons (after Kruskal Wallis test): PBS1 TI versus PBS1 DI, PBS 1 TI
versus LPS1 TI, PBS1 TI versus LPS1 DI, PBS1 DI versus LPS1 TI, PBS1 DI versus LPD1 DI, and LPS1 TI versus LPS1 DI, respectively. Triangles and

inverted triangles denote significant increase and decrease, respectively (as compared with H0_after volume history standardization) with Bonferroni-

corrected P value less than 0.05 for pairwise Wilcoxon (after Friedman’s test) (n ¼ 6–9 animals per group). H0_before VHS denotes experiment start

before volume history standardization. H0_after VHS denotes experiment start after volume history standardization.
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measurement of cytokines, chemokines, and markers of endothelial in-
jury using mouse multianalyte cytokine kits (see online supplement for
details). Cardiac right and left ventricles, as well as right lower lobe of
the lung, were harvested, quick frozen in liquid nitrogen, and stored at
2808C (see online supplement for details). The remaining lung was
lavaged with four separate 0.5-ml aliquots of saline at 208C and under-
went fixation (4% paraformaldehyde) and paraffin embedding.

BAL

The total cell count was determined for a fresh fluid specimen using aMalas-
sez hemocytometer. BAL fluid was centrifuged (1,600 rpm, 7 min, 48C),
and cell-free supernatants were stored at2808C for subsequent assessment
of protein content and multianalyte cytokine and chemokine concentra-
tions (see online supplement for details).

Histological Analysis

Lung sections of 5-mm thickness were cut and stained with hematoxylin
and eosin. True-color, high-resolution digital images were obtained
from stained slides using an Aperio ScanScope CS scanner (Aperio,

Vista, CA) with a 203 scanning magnification. The degree of lung
edema and vascular congestion were blindly determined using a high-
speed automated whole-slide quantitative image analysis tool (Genie
histology pattern recognition, ImageScope version 6.25 software;
Aperio) (see online supplement for details) (22).

RNA Isolation and Transcript Analysis

We extracted total RNA from frozen tissues (three to four animals per
group) with a combined protocol using TRIzol reagent (Invitrogen,
Carlsbad, CA) and the RNeasy kit (Qiagen, Valencia, CA), as previ-
ously described (23, 24). We used total RNA (5 mg) to synthesize
double-stranded cDNA, then biotin-labeled antisense cRNA which
was fragmented and hybridized to the Affymetrix Mouse Genome
430 2.0 Array (containing z34,000 genes; Affymetrix, Santa Clara,
CA) (see online supplement for details).

Oligonucleotide Array Analysis

After quality evaluation (25, 26), arrays were normalized and processed
using the Bioconductor “GCRMA” package (http://www.bioconductor.
org). To identify differentially expressed genes, we conducted pairwise

Figure 2. Low-frequency FOT results and pressure–volume curve data before and during 5 hours of mechanical ventilation using TIs or DIs in mice after PBS
or LPS aspiration. a, b, c, d, e, and f denote a Bonferroni-corrected P value less than 0.05 for the Mann-Whitney pairwise comparisons (after Kruskal Wallis

test): PBS1 TI versus PBS1 DI, PBS1 TI versus LPS1 TI, PBS1 TI versus LPS1 DI, PBS1 DI versus LPS1 TI, PBS1 DI versus LPD1 DI, and LPS1 TI versus

LPS 1 DI, respectively. Triangles and inverted triangles denote significant increase and decrease, respectively (as compared with H0_after volume history

standardization) with Bonferroni-corrected P value less than 0.05 for pairwise Wilcoxon (after Friedman’s test) (n ¼ 6–9 animals per group). H0_before VHS
denotes experiment start before volume history standardization. H0_after VHS denotes experiment start after volume history standardization.
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comparisons using Significance Analysis of Microarrays (27) (see online
supplement for details).

Identification of Gene Ontology Categories and Pathways

Enriched with Dysregulated Genes

The lists of dysregulated genes were imported into Database for Annota-
tion, Visualization and Integrated Discovery (DAVID; http://david.abcc.
ncifcrf.gov/) (28). The genes in these lists were mapped to DAVID iden-
tifiers, and then functionally annotated using the DAVID default gene
ontology categories and pathways (see online supplement for details).

Quantitative RT-PCR

Quantification of selected transcripts was performed by TaqMan real-
time RT-PCR assays using a CFX384 Rea-Time PCRDetection System
(Bio-Rad, Hercules, CA) (see online supplement for details).

Statistical Analysis of Nonmicroarray Data

The datawere analyzed using the SPSSBase 13.0 statistical software pack-
age (SPSS Inc., Chicago, IL). Continuous data were expressed as median
(first through third quartiles), unless otherwise stated. Independent sam-
ples were compared using the Kruskal-Wallis test followed by pairwise
Mann-Whitney test. Related samples were compared using the Friedman
test followed by pairwiseWilcoxon test (with Bonferroni correction). Cat-
egorical variables, expressed as percentages, were evaluated using the chi-
square test or Fisher exact test. Two-tailed P values smaller than 0.05
were considered significant.

RESULTS

Effect of DI on Respiratory and Hemodynamic Parameters

Results of respiratory monitoring, FOT, and pressure–volume
curves are displayed in Figures 1 and 2. Manual adjustment for
a delivered tidal volume of 8 ml/g of body weight resulted in a con-
stant minute ventilation throughout the experiment in all groups.
At initiation of mechanical ventilation, animals challenged with
LPS exhibited higher values of dynamic elastance, tissue damping,
and tissue elastance as compared with those having received PBS.
This difference partially persisted after volume history standardi-
zation and during mechanical ventilation. Mechanical ventilation
with TI was associated with a progressive and major increase in
airway pressures, dynamic elastance, tissue damping, and tissue

elastance, whereas dynamic compliance and quasistatic compliance
decreased, with each change significantly mitigated in groups re-
ceiving DI. Arterial blood gas analysis, BAL data, and quantitative
histological assessment at the end of the ventilation protocol are
reported in Table 1. LPS challenge was associated with an increase
in BAL fluid cell count, as well as histological evidence of increased
lung edema and vascular congestion.

Hemodynamic data at the end of the ventilation protocol are re-
ported in Table 2, with heart rates and cardiac outputs comparable
among groups. Right ventricular systolic pressure and total pulmo-
nary vascular resistances were increased in all groups as compared
with the PBS 1 TI group, with the highest values observed in the
LPS 1 DI group.

Effect of DI on Genomic Parameters

The gene-filtering parameters of significance analysis ofmicroarray
and the number of dysregulated genes in lung and heart tissues
identified by pairwise comparisons (PBS1 TI as reference group)
are summarized in Table E1 in the online supplement. Lung gene
expression profiling showed robust differential expression for both
LPS 1 TI (660 genes) and LPS 1 DI (1,697 genes). Gene expres-
sion profiles were not significantly different between PBS 1 DI
group and the PBS 1 TI reference group, suggesting the absence
of prominent effects of DI in the absence of lung injury. Clustered
heat maps revealed that most dysregulated lung genes from
LPS 1 TI animals were also dysregulated in LPS 1 DI animals
(Figure 3), with gene ontology and pathway functional annota-
tion clustering revealing significant overlap. Among the top 10
common enriched clusters were clusters involving inflammatory
responses, chemotaxis, cell migration, microsomes, extracellular
matrix, and carbohydrate binding (Figure 4). Interestingly, a
unique dysregulated cluster significantly enriched in LPS 1 DI
lungs (rank 3), but not by LPS 1 TI involved genes related to
vascular processes (Figure 4 and Figure E1). For example, genes
involved in the vascular smooth muscle contraction pathway were
significantly dysregulated in LPS1DI lungs, but not by LPS1 TI
(Figure E2). The fold change levels in gene expression for se-
lected, significantly dysregulated genes by LPS 1 DI involved in
lung inflammation and lung vascular dysfunction (endothelial in-
jury, microvascular thrombosis, vascular tone and remodeling) are
displayed in Figure 5A. Genome-wide expression profiling results

TABLE 1. ARTERIAL BLOOD GASES, BRONCHOALVEOLAR LAVAGE DATA, AND HISTOLOGICAL ANALYSIS AT THE END OF 5 HOURS OF
MECHANICAL VENTILATION USING TIDAL INFLATIONS OR DEEP INFLATIONS IN MICE THAT UNDERWENT PBS OR LPS ASPIRATION

PBS 1 TI PBS 1 DI LPS 1 TI LPS 1 DI

Arterial blood gases

PaO2
/FIO2

289 (270–394) 306 (265–339) 268 (205–296) 283 (274–339)

pH 7.19 (7.15–7.30) 7.34 (7.29–7.41)* 7.17 (7.07–7.22)† 7.24 (7.16–7.32)

PaCO2
, mm Hg 34 (23–40) 22 (21–30) 34 (31–48)† 20 (13–24)‡

HCO3
2, mmol/L 13.0 (11.3–14.0) 13.2 (9.9–15.1) 12.5 (11.0–14.5) 9.1 (4.9–11.4)

Lactates, mmol/L 2.5 (2.3–2.7) 2.6 (2.5–3.0) 2.8 (2.4–3.0) 3.2 (2.7–4.1)

Bronchoalveolar lavage

Cell count, cell/mlx 380 (105–845) 1,080 (535–1225) 2,255 (2005–2815)*,† 2,430 (2,047–2,800)*,†

Protein concentration, mg/ml 88 (22–145) 63 (18–185) 134 (120–233)* 250 (150–470)*,†

Lung histology

Lung edema, % surface 45 (43–47) 43 (41–48) 50 (46–52)† 49 (46–50)*,†

Vascular congestion, % surface 75 (73–76) 74 (73–75) 79 (77–80) *,† 79 (77–80)*,†

Definition of abbreviations: DI, deep inflations; PaCO2
, arterial carbon dioxide tension; PaO2/FIO2

, ratio of arterial oxygen tension and fraction of inspired oxygen fraction;

TI, tidal inflations.

Data are median (25th–75th percentile); n ¼ 7–13 animals/group.

* P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to PBS 1 TI.
y P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to PBS 1 DI.
z P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to LPS 1 TI.
xDifferential cell count was performed in a limited number of animals and showed a predominance of polymorphonuclear neutrophils (.80% of total cells) in all groups.
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were validated by quantitative RT-PCR (Figure 5B). In addition,
the angiopoietin-2:angiopoietin-1 gene expression ratio, a metric
for vascular dysfunction, was significantly increased only in the
LPS 1 DI group (Figure 5C) when compared with the PBS 1 TI
group.

Similar to lung expression profiles, right ventricle gene expression
analysis showed differential expression in both LPS1 TI and LPS1
DI mice, whereas PBS 1 DI had no significant impact. Gene on-
tology and pathway functional annotation clustering revealed little
overlap between dysregulated terms in right ventricles from LPS 1
TI and LPS 1 DI groups, with only two common enriched clusters
among the top 10 (extracellular matrix and platelet-derived growth
factor binding). Clusters enriched by genes dysregulated in right
ventricles from LPS 1 DI animals, but not enriched by LPS 1
TI, involved the acute inflammatory response, apoptosis, and
membrane organization (Figure E3). Unlike lung and right ven-
tricle gene expression, left ventricle gene expression profiling

displayed significant dysregulation in PBS 1 DI–exposed mice
as well as LPS 1 TI and LPS 1 DI animals, with three top-10
enriched gene ontology and pathway clusters shared by PBS 1
DI– and LPS 1 TI–challenged mice (mitochondria/cellular
respiration, nucleotide binding, and contractile apparatus) (Fig-
ure E4).

Effect of DI on Indices of Lung and Systemic Inflammation

Predictably, BAL concentrations for the vast majority of
cytokines/chemokines assayed (25 out of 27) were significantly
increased in LPS-challenged mice (as compared with PBS 1
TI), with equivalent fold changes observed in LPS 1 TI and
LPS 1 DI mice (Figure 6A). The concentrations of 10 out of 27
cytokines/chemokines, as well as all four endothelial markers
assayed in plasma, were significantly increased in LPS-challenged
mice (compared with PBS 1 TI). For these 14 differentially

TABLE 2. HEMODYNAMIC DATA AT THE END OF FIVE HOURS OF MECHANICAL VENTILATION USING TIDAL INFLATIONS
OR DEEP INFLATIONS IN MICE THAT UNDERWENT PBS OR LPS ASPIRATION

PBS 1 TI PBS 1 DI LPS 1 TI LPS 1 DI

Heart rate, bpm 540 (535–570) 530 (503–563) 550 (500–580) 530 (515–573)

Right ventricular systolic pressure, mm Hg 27 (24–29) 35 (31–40)* 37 (35–38)* 49 (46–54)*,†,‡

Cardiac output, ml/min 23 (21–30) 19 (18–31) 25 (18–29) 22 (17–26)

Total pulmonary resistance, mm Hg $ min/ml 1.06 (0.90–1.36) 1.84 (1.25–2.09)* 1.48 (1.24–1.97)* 2.43 (2.32–2.51)*,†,‡

Definition of abbreviations: DI, deep inflations; TI, tidal inflations.

Data are median (25th–75th percentile); n ¼ 9 to 13 animals per group.

* P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to PBS 1 TI.
y P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to PBS 1 DI.
z P value , 0.05 (Mann-Withney test after Kruskal Wallis test) as compared to LPS 1 TI.

Figure 3. Expression pattern of

dysregulated lung genes in
mice exposed to mechanical

ventilation using TIs or DIs after

PBS or LPS aspiration. The ex-

pression levels of dysregulated
lung genes identified using sig-

nificance analysis of microar-

rays for LPS 1 DI versus PBS 1
TI comparison (A) and for LPS 1
TI versus PBS 1 TI comparison

(B) are displayed by hierarchical

clustering (using Bioconductor).

Sample clustering is displayed at
the top; gene clusters are dis-

played on the left; blue, white,

and red represent expression
levels below, at, and above

mean level, respectively.
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expressed proteins, equivalent fold changes were observed in
LPS1 TI and LPS 1 DI for 11 proteins, with significantly higher
fold changes with LPS 1 DI as compared with LPS 1 TI for
leukemia inhibitory factor, IL-6, and total plasminogen activator
inhibitor-1 levels (Figure 6B).

DISCUSSION

In the setting of modest positive end-expiratory pressure (PEEP)
and low tidal volume ventilation, we examined the effects of pro-
longed ventilation with intermittent DI delivery on lung mechan-
ics, right ventricle hemodynamics, and cardiopulmonary gene
expression inmicewith or without prior lung injury.DImaneuvers
significantly alleviated lung mechanic alterations produced by low
tidal volume ventilation. However, these benefits were accompa-
nied by increases in right ventricle pressures and total pulmonary
vascular resistances, especially in the setting of LPS-induced lung
injury. Genome-wide expression profiling provided compelling
corroborative evidence that DI strategies produce vascular dys-
function and sustained inflammation in LPS-challenged lungs.

After LPS aspiration, mice exhibited higher values of dy-
namic elastance, tissue damping, and tissue elastance as com-
pared with those having received PBS, and this difference
partially persisted after volume history standardization and dur-
ing mechanical ventilation. The alteration of mechanical proper-
ties of the lung after LPS aspiration is in line with previous
reports (29) and consistent with the inflammatory changes even-
tually observed in tissues (gene expression by microarray) and
BAL fluid (cell count and cytokine concentrations). Consistent
with its potential to prevent alveolar derecruitment, DI resulted
in more effective ventilation, as shown by the trend toward
lower PaCO2

values in animals receiving DI, despite all groups
being matched to the same total minute ventilation. Mechanical
ventilation with TI was associated with a dramatic impairment
in resistive and elastic properties of lung tissue in both PBS- and
LPS-challenged mice, which were significantly mitigated by the
use of DI. In particular, DI reduced the striking increase in
tissue damping and tissue elastance observed with TI ventila-
tion. These findings are in line with previous reports highlight-
ing a progressive alteration of lung mechanics during low tidal
volume ventilation in mice, which can be attributed to atelec-
tasis and prevented by DI (8).

Despite their beneficial effect on lung mechanics, DI maneu-
vers were associated with significant increases in right ventricle
systolic pressure and total pulmonary vascular resistances, espe-
cially in LPS-challenged animals. We interpret these findings to
be in accordance with previous experimental and clinical studies
showing an increase in right ventricle afterload during recruitment
maneuvers (10–13, 30). Although a normal right ventricle (RV)
could not theoretically generate very high pressures in an acute
setting, the time constant of RV adaptation to increased afterload
is not well known, and mild RV hypertrophy has been described
after several hours of hypoxemic respiratory failure in patients
free of any underlying pathological conditions (31). We attempted
to determine molecular signatures that describe the effects of
LPS-induced lung injury and those of mechanical ventilation with
DI by performing extensive expression profiling of lung and car-
diac tissues. Interestingly, a cluster involving the lung vasculature
was enriched in genes dysregulated by LPS1 DI, but not in those
dysregulated by LPS1 TI, highlighting the potential involvement
of lung vascular dysfunction in the rise in right ventricle pressures
observed in LPS 1 DI mice. Several genes implicated in endo-
thelial injury, vascular tone, vascular remodeling, and microvas-
cular thrombosis were highly dysregulated in LPS 1 DI lungs. Of
note, the ratio of angiopioetin-2 to angiopoietin-1 gene expression
was significantly increased in the LPS 1 DI group as compared

Figure 4. Top 10 clusters of gene ontology categories and pathways
enriched by genes dysregulated by LPS 1 DI (using PBS 1 TI as the

reference group) in lungs. Groups were compared using significance

analysis of microarray (LPS 1 DI versus PBS 1 TI and LPS 1 TI versus

PBS 1 TI), and the lists of dysregulated genes were explored by Data-
base for Annotation, Visualization and Integrated Discovery functional

annotation clustering to assess significance of gene-term enrichment.

Bars represent the log-transformed enrichment P value (modified Fischer’s

exact test) of each category for the LPS 1 DI versus PBS 1 TI compar-
ison (dark gray) and for the LPS 1 TI versus PBS 1 TI comparison (light

gray). The top 10 clusters are those with the highest enrichment score

(calculated as the geometric mean of the enrichment P values of all
categories within the cluster) for the LPS 1 DI versus PBS 1 TI com-

parison. The vertical dashed line represents the 0.05 significance thresh-

old. TI, ventilation with TIs only.
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with PBS1 TI. Angiopoietin-1 and -2 are vascular growth factors
that classically act in an agonist/antagonist manner on the endo-
thelial tyrosine kinase receptor to influence integrity and function
of the vascular endothelium, particularly with regard to lung vas-
cular permeability (32). The ratio of angiopioetin-2 to -1 plasma
concentrations has been recently proposed as a marker of endo-
thelial injury and validated as a predictor of mortality in patients
with ALI (33).

Our findings of deleterious effects of DI on pulmonary vas-
cular and right ventricular function may seem in contradiction
to a previous report by Duggan and colleagues (34) that recruit-
ment maneuvers reversed vascular leak and right ventricular
failure caused by atelectasis. Several differences between the
two studies may explain the dissimilar results (34). First, this
study used a model of uninjured rat lungs ventilated for a shorter
period (2.5 h), a strategy that may minimize lesions associated
with the repetition of overdistention and vascular stretch with
DI. Our studies used a murine model of lung injury with pro-
longed ventilation (5 h) to mimic the human condition where
patients with ALI/ARDS exhibit significant lung injury and are
typically ventilated for several days. During prolonged ventila-
tion, the benefits of recruitment may be outweighed by cumu-
lative damage from excessive overdistention. High tidal volume
ventilation, which is an extreme case of delivering DI with every
breath, has been known for several decades to be injurious to
the lung (35–37). Our study suggests that frequency of high tidal
ventilation required to induce vascular injury is much lower
than might previously have been thought. A second difference
in these two studies is the ventilation of the rat control group
with zero PEEP (a strategy known to be injurious because of
cyclic opening and closing of pulmonary units), whereas our
murine studies used moderate PEEP (3 cm H2O) in all groups.
A third key difference is the nature of strategies used for re-
cruitment of atelectatic lung. Clearly, a variety of strategies may
accomplish this, including application of high PEEP (38, 39).
For lung recruitment, the rat studies applied 2 cm H2O PEEP

throughout the ventilatory protocol, with intermittent increases
to 8 cm H2O, whereas we employed DI. Whether the use of
such PEEP levels in our model would have effects that differed
from those of DI warrants further examination.

This is the first study to explore right and left heart gene ex-
pression in a model of ALI. We identified ontology clusters
enriched by right ventricle genes dysregulated in LPS 1 DI
animals, but not enriched by LPS 1 TI that involved genes
associated with acute inflammatory responses, apoptosis, and
membrane organization. Given that the LPS 1 DI group
exhibited the highest values of right ventricle systolic pressures,
these three pathways are likely involved in the cardiac tran-
scriptional response to acute pulmonary hypertension. Consis-
tent with this notion, a recent study assessing right ventricle
gene expression in a rat model of pulmonary embolism with
pulmonary hypertension found a robust inflammatory response
within the right ventricle tissue (40). In our study, transcriptional
changes in the left ventricle shared four major gene ontology
clusters that involved the mitochondrion/cellular respiration,
ATP binding, catabolic processes, and sarcomere, findings very
similar to the transcriptional changes in energy metabolism and
contractile-related genes identified as key elements of sepsis-
induced myocardial depression (41).

Although extrapolation of experimental findings to the human
condition should obviously be undertakenwith significant caution,
our study provides several potentially important clinical implica-
tions. First, our results may discourage the systematic use of fre-
quent lung recruitment maneuvers during prolonged ventilation,
although the range of volumes used for DIs in our experimental
model, as well as murine chest wall properties, are very different
from the clinical scenario. Lung recruitment maneuvers have been
proposed for use during anesthesia and after surgery for atelectasis
prevention, as well as in patients with ARDS to reverse lung at-
electasis. To date, these maneuvers have not been proven to sig-
nificantly decrease overall morbidity or mortality (42). Second,
our data also clearly display an existing discrepancy between

Figure 5. Fold changes in lung
microarray expression of selected

genes involved in inflammation

and vascular dysfunction. Com-

parisons of gene expression af-
ter LPS 1 DI versus PBS 1 TI

(light gray) and LPS 1 TI versus

PBS 1 TI (dark gray) (A)

and their correlation with RT-
PCR validation assays (B). (C)

The ratio of angiopoietin-2 to

angiopoietin-1 array expression

level (mean and SEM) in each
group. LPS, LPS aspiration; qPCR,

quantitative PCR; TI, ventilation

with TIs only; Scube2, signal
peptide CUB domain epidermal

growth factor–like 2.
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physiological and biological lung responses in the context of ALI.
In general, an intervention associated with improvement in lung
mechanics is assumed to produce similar advantageous effects at
the cellular level. Despite clearly beneficial effects on lung
mechanics, DI did not reduce overall lung biotrauma in our
model and, in fact, produced either similar or worsened gene
expression dysregulation compared with LPS 1 TI–
exposed mice. The increase in BAL and plasma concentration
of various cytokines, chemokines, and endothelial markers was
either similar in these two groups or more aberrant in LPS 1
DI–challenged animals, as was the case for leukemia inhibitory
factor, IL-6, and total plasminogen activator inhibitor-1. Our
findings suggest the utility of assessing both physiological and
biological markers to accurately interpret the impact of ventilator
settings in the clinical scenario. These results also demonstrate
the experimental occurrence of pulmonary vascular dysfunction,

even in the context of reduced airway pressures and improved
lung mechanics. It has been reported for several years that, be-
sides the epithelial injury, ARDS is also a disease of the pulmo-
nary circulation (43) that can affect the right ventricle (44),
highlighting the need for an optimal balance between hemody-
namics and respiratory mechanics. A recent study reported that
pulmonary vascular dysfunction (defined as an increase in trans-
pulmonary gradient or pulmonary vascular resistance) is common
in ALI and independently associated with poor outcomes (15). In
the Respiratory Management of Acute lung Injury Study of the
ARDSNetwork (2), patients had a better outcome when using
a low tidal volume, despite significantly worse oxygenation, illus-
trating the risks of looking at a single physiological endpoint of
respiratory function. Our study provides a dramatic example of
improvement in lung mechanical properties being associated with
a significant worsening of vascular function and inflammation.

Figure 6. Fold changes in con-

centrations of various cytokines,

chemokines, and endothelium
markers in bronchoalveolar lavage

(A) and plasma (B) by multia-

nalyte assay for LPS 1 DI versus
PBS 1 TI (dark gray) and LPS 1
TI versus PBS 1 TI (light gray)

comparisons. *P , 0.05 (Mann-

Withney test after Kruskal-Wallis
test) as compared with PBS 1
TI; #P , 0.05 (Mann-Whitney

test after Kruskal-Wallis test) as

compared with LPS 1 TI. G-CSF,
granulocyte colony-stimulating

factor; GM-CSF, granulocyte/

macrophage colony–stimulating
factor; KC, keratinocyte-derived

cytokine; LIF, leukemia inhibitory

factor; M-CSF, macrophage

colony-stimulating factor; MCP,
monocyte chemoattractant pro-

tein; MIG, monokine induced by

interferon-g; MIP, macrophage

inflammatory protein; PAI, plas-
minogen activator inhibitor;

RANTES, regulated upon activa-

tion, normal T cell expressed and

secreted; sICAM, soluble inter-
cellular adhesion molecule;

sVCAM, soluble vascular cell ad-

hesion molecule; Th, T helper
cell; VEGF, vascular endothelial

growth factor.
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In conclusion, we observed a striking deterioration of lung
mechanics in mice subjected to prolonged low tidal volume
ventilation after PBS or LPS aspiration. This deterioration
was remarkably mitigated by DI recruitment maneuvers.
However, in LPS-challenged animals, DI did not attenuate
lung inflammatory transcriptional profile, but rather produced
dysregulation of several vascular genes, resulting in an in-
crease in right ventricle afterload. Gene ontology identified
inflammation, apoptosis, and membrane organization as po-
tential key elements of the right ventricle response to acute
pressure overload, whereas the left ventricle transcriptional
profile often revealed dysregulated genes in energy metabo-
lism, nucleotide binding, and contractile apparatus.
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