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Children have a lower incidence and mortality from acute lung injury
(ALI) than adults, and infections are the most common event
associated with ALI. To study the effects of age on susceptibility to
ALI, we investigated the responses to microbial products combined
with mechanical ventilation (MV) in juvenile (21-d-old) and adult
(16-wk-old)mice. Juvenileand adultC57BL/6 micewere treatedwith
inhaled Escherichia coli 0111:B4 lipopolysaccharide (LPS) and MV
using tidal volume 5 15 ml/kg. Comparison groups included mice
treated with LPS or MV alone and untreated age-matched control
mice. In adult animals treated for 3 hours, LPS plus MV caused
synergistic increases in neutrophils (P , 0.01) and IgM in bronchoal-
veolar lavage fluid (P 5 0.03) and IL-1b in whole lung homogenates
(P ,0.01)ascomparedwitheithermodalityalone.Althoughjuvenile
and adult mice had similar responses to LPS or MV alone, the
synergistic interactions between LPS and MV did not occur in
juvenile mice. Computational analysis of gene expression array data
suggest that the acquisition of synergy with increasing age results, in
part, from the loss of antiapoptotic responses and the acquisition of
proinflammatory responses to the combination of LPS and MV.
These data suggest that the synergistic inflammatory and injury
responses to inhaled LPS combined with MV are acquired with age as
a result of coordinated changes in gene expression of inflammatory,
apoptotic, and TGF-b pathways.
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Acute lung injury (ALI) affects more than 150,000 people each
year in the United States. The mortality of ALI ranges from
over 60% in elderly patients to less than 20% in children, and
ALI leads to more than $2 billion in health care costs (1). The
only intervention to significantly reduce the mortality of ALI
has been decreasing tidal volumes used in mechanical ven-
tilation (MV) (2). The age-adjusted childhood incidence
(12/100,000 person-years) and mortality (2.3/100,000 persons)
of ALI are much lower than in adults (79/100,000 person-years
and 25.4/100,000 respectively) (1, 3). Although comorbid con-
ditions probably contribute to the higher mortality in elderly
patients, middle-aged adults still have a significantly higher
mortality than children (1).

Infections are the leading cause of ALI in adults and
children (1, 3, 4). Furthermore, bacterial products are found in
the bronchoalveolar lavage fluid (BALF) of patients with acute
respiratory distress syndrome (ARDS) even in the absence of
evidence of clinically defined infection (5). Although MV is
a life-saving therapy for patients with ALI, the mechanical
stretch from positive pressure MV has been shown to interact
with infectious agents to increase lung injury in laboratory
animals (6).

Postnatal development of the lung and the innate immune
system are likely to be relevant to the age-dependent differ-
ences in the incidence and mortality of ALI. Although bulk
alveolarization is probably complete by approximately 18
months of life, lung growth and development continues through-
out childhood (7–9). The innate immune system also develops in
the postnatal period (10–12). Recently, Alvira and colleagues
showed lower inflammatory and apoptotic responses in the
lungs of newborn mice treated with systemic bacterial products
as compared with adults, and that these responses were
associated with differences in NFkB dimerization (13). In
addition to the postnatal development of the lung and innate
immune system, there are common pathways in the regulation
of lung development, innate immunity, repair mechanisms,
apoptosis, and alveolar fluid clearance (14–17). Finally, animal
studies have shown that newborns have lower inflammatory and
injury responses to MV as compared with adults (18, 19).

We hypothesized that the increased incidence and severity of
lung injury associated with increasing age is due in large part to
acquired changes in the way in which inflammatory responses
are activated in the lungs in response to microbial products and
MV. To test this hypothesis, we developed a murine model of
lung injury using adult (16-wk-old, approximating a 35- to 45-
yr-old human) and juvenile (21-d-old, approximating a 2-yr-old
human) mice (20). The mice were treated with inhaled lipo-
polysaccharide (LPS) alone or in combination with moderate
tidal volume (15 ml/kg) MV. We found that the combination of
LPS and MV resulted in significant increases in inflammation
and injury in adult but not juvenile mice. The dose of LPS used
caused significant increases in inflammation in the juvenile and
adult mice, and the tidal stretch from MV alone did not result in
significant pulmonary inflammation in adult or juvenile mice.
Therefore, these data suggest that the age-dependent differ-
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ences in this lung injury model occur at the intersection between
innate immunity and mechanical stretch.

MATERIALS AND METHODS

Animal Protocol

The Animal Research Committee of the Veterans Affairs Puget Sound
Health Care System approved all of the experiments. Male or female
14-day-old and 15-week-old C57BL/6J mice were purchased from
Jackson Laboratories (Bar Harbor, ME) and housed in a specific
pathogen–free animal facility until the day of the experiment. Twenty-
one–day-old (7–10 g) and 16-week-old (19–23 g) mice were divided
into four different treatment groups: (1) no treatment, (2) aerosolized
LPS with spontaneous ventilation, (3) MV, or (4) aerosolized LPS
combined with MV (LPS1MV). The duration of the experiments to
collect whole-lung mRNA for expression array analysis was 2 hours,
and the duration of the experiments to measure inflammation and
injury was 3 hours. Spontaneously breathing mice were allowed free
access to food and water in their cages and breathed room air for
the duration of the experimental protocol. C57BL/6J-Ticam1Lps2/J
(TRIF2/2) mice were bred in the vivarium of the VA Puget Sound
Medical Center Animal Facility, and 21-d-old mice were treated with
aerosolized LPS with spontaneous ventilation or aerosolized LPS1MV
for 3 hours.

Reagents

A stock solution of LPS derived from Escherichia coli serotype 0111:B4
(List Biological Laboratories, Campbell, CA) was diluted in phosphate-
buffered saline to 1 mg/ml and stored at 2208C. On each experiment
day, LPS was thawed, and 2 mg were diluted in 20 ml phosphate-
buffered saline (0.1 mg/ml). Multiplex bead-based immunoassays for
TNF-a, MIP-2, chemokine (C-X-C) motif ligand 1 (CXC1/KC), MCP-
1, IL-12P70, IL-6, IL-1b, IFNg, IL-10, IL-2, IL-13, IL-17, VEGF, and
GM-CSF were performed with murine specific antibodies (R&D
Systems, Minneapolis, MN) and an automated analysis system (Lumi-
nex Corp, Austin, TX). Total protein was measured using the BCA
Protein Assay Kit (Pierce, Rockford, IL), and the ELISA for IgM was
performed using the Mouse IgM Quantitation Kit (Bethyl Laborato-
ries, Montgomery, TX). Quantitative PCR was performed with the
High Capacity cDNA reverse transcription kit (#4374966) and primers
to Bcl2, S100a9, and Tlr4 from ABI (Foster City, CA).

Murine Model of Ventilator-Induced Lung Injury

LPS aerosol treatment. Mice were exposed to an aerosol of LPS
(20 ml of 0.1 mg/ml) for 30 minutes in a sealed aerosol chamber as
described in the online supplement (21). The experimental protocol
began immediately after completion of the aerosol treatment. Mice
that were treated with LPS alone were recovered and returned to their
cages and were allowed free access to food and water for the duration
of the experimental protocol. Mice that were treated with LPS1MV
were anesthetized, intubated, and mechanically ventilated immediately
after exposure to aerosolized LPS.

Mechanical ventilation. Mechanically ventilated mice were
anesthetized with an intraperitoneal injection of ketamine (0.075 mg/
g) and xylazine (0.015 mg/g) and orotracheally intubated. In the 2-hour
studies for mRNA collection, the mice were anesthetized with 4%
isoflurane. Mice were mechanically ventilated for 2 or 3 hours with FIO2 5

0.3, 2 cm H2O positive end-expiratory pressure; VT 5 15 ml/kg, and
rate 5 80 breaths/min, providing a normal minute ventilation (22). A
lung recruitment maneuver with 5 cm H2O positive end-expiratory
pressure for 30 seconds was completed every 30 minutes for mice that
were mechanically ventilated for 3 hours (23).

Physiological Monitoring

Temperature (Mon-a-therm; Nellcor, Pleasanton, CA), airway pres-
sure, and heart rate (Animal BioAmp ML136, PowerLab 16/30;
ADInstruments, Colorado Springs, CO) were measured continuously
in all mechanically ventilated mice. Noninvasive blood pressure was
measured every 30 minutes for the first hour and then hourly (NIBP
Controller ML125, PowerLab 16/30; ADInstruments).

Sample Processing

After 3 hours, the animals were killed and exsanguinated. The tracheae
were cannulated, and the lungs were lavaged as described (details
provided in the online supplement). The lavage fluid was processed for
cell counts and differentials (n > 12 per group) and then stored in
individual aliquots at 2708C as described (details provided in the
online supplement). After the lavage procedure, the lungs were
homogenized for cytokine measurements (n 5 10 per group) as
described (details provided in the online supplement).

Histology

The excised lungs were fixed by inflation with 4% paraformaldehyde at
a transpulmonary pressure of 15 cm H2O and then processed for light
microscopy (n 5 5 per group) as described (details provided in the
online supplement).

RNA Analysis

To measure early changes in gene expression, the lungs were removed
immediately after 2 hours of treatment. Total lung mRNA was
purified, and the samples were reverse transcribed, labeled, and
hybridized on the Affymetrix mouse 430 2.0 expression array chip.

Measurements

Cell viability was assessed, and total and differential cell counts were
performed (n > 12 per group) (details provided in the online
supplement). The total protein and IgM were measured in the BALF
(n 5 10 per group) as described in the online supplement. Cytokines
and growth factors were measured in lung homogenates as described
(n 5 10 per group) in the online supplement.

Statistical Analysis

To determine the effect of each treatment in the juvenile and adult
mice, whether there were synergistic interactions between LPS com-
bined with MV in each age group, and whether age modified the
responses to each treatment, we used regression analysis with a three-
factorial model that included age, MV, and LPS using polymorphonu-
clear neutrophils (PMNs), total protein, IgM, and cytokines as the
outcome variables (SPSS 16.0.1; SPSS Inc, Chicago, IL). Synergistic
interactions between LPS and MV were identified when the difference
between untreated mice and mice treated with LPS1MV were
significantly different from the sum of the effects of each treatment
alone. Age was determined to modify the effects of treatment (MV,
LPS, or LPS1MV) when the measured outcome in the juvenile mice
was significantly different from the adults. Model residuals were
examined graphically to check for normality of the data. Dependent
variables with nonnormal distributed data were log10 transformed to
achieve a closer approximation of a normal distribution.

To determine the effect of age and treatment with MV and
LPS1MV on the physiology of the mice, we used two-way ANOVA
with the post hoc Bonferroni adjustment for P , 0.01 (Prism 4.0;
GraphPad Software, Inc., La Jolla, CA) to compare temperature,
respiratory rate, heart rate, and systolic blood pressure in the juvenile
and adult mice at 0, 0.5, 1, 2, and 3 hours. To determine the effect of
age and treatment with MV and LPS1MV on cardiorespiratory
physiology, we used one-way ANOVA with the post hoc Bonferroni
adjustment for P , 0.01 to compare normally distributed data (pH)
and the Kruskal-Wallis test with Dunn’s multiple comparisons on
nonnormally distributed data (PmvCO2

, SmvO2
, and lactate).

Microarray Data Analysis

The complete details of experimental design, hybridization procedures,
and raw microarray data in compliance with the Minimum Information
About a Microarray Experiment have been deposited at the Gene
Expression Omnibus website (www.ncbi.nlm.nih.gov/geo, query
GSE18341). Briefly, the raw gene expression array data were normal-
ized using the Robust Multichip Average algorithm (24). To determine
the variability of gene expression in the individual samples, a principal
component analysis (PCA) was performed on the entire array dataset
(MeV 4.0) (25, 26). Pairwise comparisons were performed using
Bayesian t tests with a false discovery rate (FDR) less than 0.1%,
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using the Benjamini and Hochberg method (27, 28). To identify genes
likely to be biologically significant for the acquisition of synergistic
responses to LPS combined with MV, we first used two-way ANOVA
(adjusted P 5 0.01) to identify genes with an interaction effect between
age and treatment (MeV 4.0) (25). K-median consensus (KMC)
clustering using the Pearson’s correlation with a maximum of 50
iterations was used on the genes with a significant interaction effect
between age and treatment to identify major expression patterns across
the experimental conditions (MeV 4.0) (25). Functional annotation and
functional clustering were used to explore enriched biological modules
in the KMC clusters of interest using the Database for Annotation,
Visualization and Integration Discovery. Multiple hypothesis testing
was addressed by applying a FDR cutoff of less than 5% (29).

Interaction networks were created from gene members of KMC
clusters of interest using Ingenuity System’s software and knowledge
base (details provided in the online supplement) (30). For each cluster,
an interaction network, or interactome, was built around genes with the
highest connectivity (seeds) using an iterative algorithm that system-
atically connects additional nodes to the initial seed.

Quantitative PCR

To confirm the expression array results, quantitative real-time PCR
was used to measure the expression of select candidate genes (details
provided in the online supplement). The RNA was reverse transcribed
to cDNA using a high-capacity cDNA reverse transcription kit
(#4374966; ABI, Foster City, CA), and real-time PCR was performed
on each sample in triplicate using assay-on-demand probe and primer
sets. Analysis of the amplification was performed using the delta-delta
threshold cycle method with 18 s rRNA (Hs99999901_s1; ABI) as the
endogenous control.

RESULTS

Effect of LPS and MV on Lung Inflammation and Permeability

To determine whether age modifies the inflammatory responses
in the lungs, adult and juvenile mice were treated with MV
alone, with inhaled LPS alone, or with a combination of LPS
and MV (LPS1MV) (n > 12 per group). Treatment with
LPS1MV resulted in a synergistic increase in the number of
neutrophils in the BALF of adult but not juvenile mice (P 5

2.11 3 10214), and treatment with LPS1MV resulted in greater
numbers of neutrophils in the BALF of adult as compared with
juvenile mice (P 5 8.15 3 10210) (Figure 1). LPS resulted in
significant increases in the number of neutrophils in juvenile
and adult mice (P 5 1.98 3 10210 and 3.27 3 1024, respec-
tively), and there was no effect of age on the recruitment of
neutrophils into the lungs of mice treated with LPS (P 5 0.073).

There were no significant differences in the number of neutro-
phils in the BALF of adult or juvenile mice treated with MV
alone, and age did not modify the response to MV in the
protocol that we used. The numbers of macrophages in the
BALF of adult and juvenile mice were similar in each treatment
group (data not shown).

To determine the effect of age on the alveolar permeability
responses in the lungs, total protein and IgM were measured in
the BALF (n 5 10 per group). Treatment with LPS combined
with MV did not result in a synergistic increase in the
concentration of total protein in the BALF in the lungs of
adult mice (P 5 0.132) (Figure 2A). However, treatment with
LPS1MV resulted in a significant decrease in the amount of
total protein in the BALF of juvenile mice (P 5 5.29 3 1029)
(Figure 2A). Age modified the changes in the concentration of
total protein in response to MV (P 5 1.10 3 1025) and
LPS1MV (P 5 6.01 3 1027) (Figure 2A). Treatment with
LPS1MV resulted in a synergistic increase in the concentration
of IgM in the BALF in adult mice as compared with either
treatment alone (P 5 0.030), but this synergism was not seen in
the juvenile mice, which had much higher total protein concen-
trations with MV alone. Age modified the change in the
concentration of IgM in the BALF in response to LPS1MV;

Figure 1. Effect of lipopolysaccharide (LPS) 1 mechanical ventilation
(MV) on polymorphonuclear neutrophils (PMNs) in bronchoalveolar

lavage fluid. PMNs were measured in the BALF from adult and juvenile

mice treated with inhaled LPS, MV, and LPS1MV. Values are the mean 6

SD (n > 12 per group). ‡ Synergy between LPS and MV in adult mice
(P 5 2.1 3 10214), and the horizontal bar indicates the effect of age on

the PMN responses to LPS1MV (*P 5 8.2 3 10210).

Figure 2. Effect of LPS1MV on alveolar permeability. (A) Total protein
and (B) IgM were measured in the bronchoalveolar lavage fluid from

adult and juvenile mice treated with inhaled LPS, MV, and LPS1MV.

Values are mean 6 SD (n 5 10 per group). ‡Additive effect of LPS and

MV in adult mice (P 5 0.13). xSignificant decrease in protein in juvenile
mice treated with LPS1MV as compared with the effects of LPS or MV

alone (P 5 5.3 3 1029). Asterisk and diamond indicate the effects of age

on the responses to MV and LPS1MV, respectively (P 5 6.0 3 1027 and

P 5 1.1 3 1025). †Synergism between LPS and MV in adult mice (P 5

0.030). The circle indicates the effect of age on the response to

LPS1MV (P 5 0.011).
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a synergistic effect was seen in the adult but not the juvenile
animals (P 5 0.011) (Figure 2B).

Regarding cytokine production, treatment with LPS1MV
resulted in a synergistic increase in the amount of IL-1b in the
lungs of adult but not juvenile mice (P 5 9.44 3 10210) (Figure
3A). Although treatment with LPS alone resulted in signifi-
cantly higher concentrations of IL-1b in the lungs of juvenile as
compared with adult mice (P 5 9.22 3 1026), treatment with
LPS1MV resulted in significantly higher concentrations of IL-1b

in the adult mice as compared with the juvenile mice (P 5

2.18 3 1025) (Figure 3A).
There were synergistic increases in the amount of IL-6 in the

lungs of adult and juvenile mice treated with LPS plus MV (P 5

3.97 3 1029 and P 5 9.00 3 1024, respectively) (Figure 3B).
However, age modified this response, with significantly lower
amounts of IL-6 in the lungs of juvenile as compared with adult
mice (P 5 0.023) (Figure 3B). The amounts of TNF-a, KC,
MIP-2, MCP-1, and the growth factor GM-CSF measured in the
lungs of the juvenile and adult mice differed, but the differences
were not consistently related to the observed neutrophil and
protein leak in the lungs of the different groups of animals. The
amounts of IL-2, IL-12p70, and IL-17 were below the detectable
limit of the protein assay in all treatment groups of adult and
juvenile mice.

The amounts of cytokines and growth factors measured in
whole-lung homogenates after 3 hours of treatment with LPS
and MV were compared with the expression of mRNA after 2
hours of treatment of juvenile and adult mice. The mRNA
expression of IL-1b, IL-6, TNF-a, KC/CXCL1, MIP-2/CXCL2,
MCP-1/CCL2, and the growth factor GM-CSF/Csf2 were sim-
ilar to the pattern of protein expression in the lungs (see Figures
E1–E4 in the online supplement).

Histologic comparisons did not reveal differences in alveolar
structure or edema among any of the age or treatment groups
(Figure 4). There were small increases in the perivascular
neutrophil infiltration in the adult mice treated with LPS1MV,
but these increases were not seen in the juvenile mice.

There were minor differences in physiologic parameters
among the treatment groups, but these differences could not
explain the observed differences between the adult and
juvenile animals treated with LPS1MV (Figure E8). Temper-
ature and heart rate differed only at time 5 0 hours, and
systolic blood pressure did not differ significantly among the
groups at any time. The respiratory rates were approximately 2
breaths per minute higher at 1 and 2 hours in the juvenile as
compared with adult animals. The peak inspiratory pressures
were higher at 3 hours in juvenile mice treated with LPS1MV
as compared with all other groups (Figure E8). Blood gas
tensions measured in mixed venous blood at the end of the
experiment showed that the juvenile animals had higher
PmvCO2

than the adults. The juvenile animals were slightly
more acidemic than the adults treated with MV alone, but
there were no significant differences in mixed venous pH,
lactate, or oxygen saturations between the juvenile and adult
animals treated with LPS1MV (Figure E8).

Effects of LPS and MV on Transcriptional Responses in the

Lungs of Adult and Juvenile Mice

To determine whether age affects the transcriptional responses
to LPS combined with MV, adult and juvenile mice were
treated with MV, LPS, and LPS combined with MV, and total
lung RNA was obtained at 2 hours and analyzed using the
microarray method. A total of 2,069 genes were differentially
expressed at baseline between adult and juvenile mice (Figure
5). The transcriptional response to MV was higher in the adult

as compared with the juvenile mice (3,392 versus 167 genes).
The transcriptional response of the adult mice treated with LPS
(4,573 genes) and LPS1MV (6,362 genes) was much higher
than the responses of the juvenile mice (1,970 and 2,246 genes,
respectively) (Figure 5).

The PCA evaluates the variability within and between the
different groups. The grouping of the samples is easiest to
visualize when the PCA is limited to four groups (Figure 6).
Spontaneously breathing, untreated adult and juvenile mice
were compared with age-matched mice treated with LPS1MV.
The PCA analysis showed that there was little variability among
the individual animals in each group, confirming the reproduc-
ibility of the models, whereas most of the variability occurred
between the different age and treatment groups.

The differentially expressed genes in the juvenile and adult
mice treated with LPS1MV were identified by using two-way
ANOVA (25), which yielded 3,074 probesets with an interac-
tion effect between age and treatment (post hoc Bonferroni;
adjusted P , 0.1). KMC clustering was used to explore patterns
of gene expression across the experimental conditions using the
genes for which there was an interaction effect between age and
treatment. Eight clusters showed discrete patterns of expres-
sion, and two interesting patterns were identified that could be
important to the acquisition of synergistic interactions between
LPS and MV (Figure 7). The second cluster contained 433
probe sets (387 genes), which increased expression only in adult
mice treated with LPS and LPS1MV (Figure 7A). The eighth

Figure 3. Effect of LPS1MV on cytokines in the lungs. (A) IL-1b and (B)

IL-6 were measured in whole lung homogenates of adult and juvenile
mice treated with inhaled LPS, MV, and LPS1MV. Values are the mean 6

SD (n 5 10 per group). † and ‡, Synergy between LPS and MV in adult

mice (P 5 9.4 3 10210 and P 5 4.0 3 1029). xSynergy between LPS
and MV in juvenile mice (P 5 9.0 3 1024). Asterisk and circle indicate

the effects of age on the responses to LPS1MV (P 5 2.2 3 1025 and

P 5 0.023). Diamond indicates the effect of age on the response to LPS

(P 5 9.2 3 1026).
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cluster contained 261 probe sets (248 genes) for which expres-
sion increased only in juvenile mice treated with LPS1MV
(Figure 7B).

To determine the biological functions of the genes in clusters
2 (Figure 7A) and 8 (Figure 7B), the genes in each of the
clusters were entered into the Database for Annotation, Visu-
alization and Integration Discovery (29). Functional classifica-
tion and clustering of the genes that were up-regulated only in
adult mice treated with LPS or LPS1MV (cluster 2, Figure 7A)
showed that defense responses (red) were the major biological
themes (functional cluster enrichment score 6.05; FDR ,5%)
(Figure 8A). Functional classification and clustering of the
genes that were up-regulated only in juvenile mice treated with
LPS1MV (cluster 8, Figure 7B) showed that regulation of
transcription (purple) were the major themes (functional cluster
enrichment score 2.42; FDR ,5%) (Figure 8B).

To determine the relationships between the up-regulated
genes in clusters 2 and 8, we performed network analyses using

the genes in each of these clusters. These data show that there
are multiple interconnected pathways in cluster 2 (Figure 9).
The most densely connected nodes were Kras (v-ki-ras2
Kirsten rat sarcoma viral oncogene homolog), Myc (myelocy-
tomatosis oncogene), and Cdkn1a (cyclin-dependent kinase
inhibitor 1A [p21]). Membrane components of the LPS-
sensing pathway (CD14, TLR4, and TIRAP) were included
in this network of up-regulated genes in adult mice. In contrast
to cluster 2, there were fewer pathways in cluster 8, and the
nodes were more sparsely interconnected (Figure 10). The
nodes in cluster 8 were App (amyloid b-protein precursor),
Bcl2 (B-cell leukemia/lymphoma 2), Fn1 (fibronectin 1), Stat1

Figure 4. Effect of LPS1MV on lung histopa-
thology of juvenile and adult mice. Photomi-

crographs were taken at 320 and 360 (inset) of

untreated (A) juvenile and (B) adult mice and
compared with (C) juvenile and (D) adult mice

treated with LPS1MV (n 5 5 per group).

Figure 5. Effect of LPS1MV on global gene expression in mouse lungs.

J v A 5 the number of differentially expressed genes in lungs of

untreated, spontaneously breathing (Spon) juvenile versus adult mice
(shaded bar). The effects of MV (hatched bar), LPS (solid bar), and

LPS1MV (checked bar) on gene expression in the lungs of juvenile and

adult mice were compared with age-matched untreated control mice.

Figure 6. Principal component analysis of gene expression responses

of adult and juvenile mice treated with LPS1MV. The first three

principal components of gene expression in the lungs of juvenile and
adult mice show the effect of age and treatment on the variability of

gene expression. For clarity, only four age and treatment groups are

shown. Each data point shows microarray data from one mouse.
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(signal transducer and activator of transcription 1), and Smad4
(MAD homolog 4 [Drosophila]). Quantitative real-time PCR
confirmed the results of Cd14, Bcl2, and Smad4 gene expres-
sion in adult and juvenile mice treated with LPS1MV (Figures
E5–E7).

The expression array data suggest that type 1 IFN signaling
through activation of Stat1 was strongly up-regulated only in the
juvenile mice treated with LPS1MV (cluster 8). Because the
type 1 IFN genes are regulated by the TRIF-dependent TLR4
pathway (lps2) (31, 32), these data led us to hypothesize that the
phenotypic difference in inflammation between juvenile and
adult mice could be explained in part by a relative increase in
type 1 IFN responses to LPS in juvenile mice treated with
LPS1MV. However, we treated juvenile TRIF2/2 mice with
LPS (n 5 18) and LPS1MV (n 5 11), and there was no
difference (P 5 0.4, unpaired t test; Prism 4.0) in the number of
neutrophils in the BALF of juvenile TRIF2/2 mice treated
with LPS (52,832/ml BALF 6 31,427) versus LPS1MV
(46,770 6 38,578 per ml BALF).

DISCUSSION

The goal of this study was to determine whether age modifies
the early inflammatory and injury responses to LPS1MV.
Treatment with LPS1MV resulted in a synergistic increase in
pulmonary inflammation in adult mice as compared with the
effect of either treatment alone. In contrast, the synergism
between LPS and MV was not present in the juvenile mice,
suggesting that important interactions between innate immunity
and responses to mechanical stretch in the lungs are acquired
with age. These findings are consistent with previous studies in
rodents showing that newborns have lesser inflammatory and
injury responses to hypoxia, MV, and LPS as compared with
adults (13, 18, 19, 33). These data are broadly consistent with
clinical observations suggesting that children have a lower
incidence and a better outcome from ALI than adults (1, 3).

The juvenile and adult animals had similar inflammatory
responses to inhaled LPS, as reflected by lung PMN recruitment
and cytokines, and the MV protocol did not cause inflammation

Figure 7. K-median cluster analysis of

the two-way ANOVA results in two dif-
ferent clusters. (A) Cluster 2, containing

387 genes that were increased in expres-

sion only in adult mice treated with LPS

or LPS1MV. (B) Cluster 8, containing
248 genes that were increased in expres-

sion only in juvenile mice treated with

LPS1MV. The horizontal axis represents
individual mice (also shown as colored

dots on the median line). The vertical axis

is the median expression of the genes in

the individual mice. The lower and upper
lines show the 5th and 95th percentiles,

respectively.

480 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 43 2010



in either age group (Figures 1 and 3). When treatment with LPS
and MV were combined, there was a synergistic increase in
PMN recruitment and release of IL-1b into the lungs of the
adult but not the juvenile animals (Figures 1 and 3A). The PMN
recruitment data show that MV and LPS interact to enhance the
activation of innate immunity pathways in adult but not juvenile
mice because PMN recruitment is an integrative signal that
reflects the activation of many components of innate immunity.

In contrast to the PMN and IL-1b responses, the IL-6
response was synergistic in juveniles and in adults (Figure
3B). IL-6 production is influenced by a variety of stimuli,
including TLR signaling, IL-1b, TNF-a, and others. These IL-6
data suggest that the differences between juveniles and adults
are relative and not absolute. However, IL-1b is a direct
product of LPS-dependent activation of the TLR4 pathway,
and IL-1b gene expression has been identified as a common

thread in multiple models of ventilator-induced lung injury. IL-1b

causes neutrophil recruitment and injury in the lungs of ham-
sters (34, 35), and there is evidence that early inflammatory
responses in the lungs of humans with ARDS are predomi-
nantly attributable to IL-1b and not to IL-6 or TNF-a (36, 37).

The MV protocol caused significant increases in the amounts
of total protein and IgM (900,000 kD) in juvenile and adult mice
(Figure 2). As with PMN recruitment, treatment with LPS1MV
caused a significant increase in permeability to high-molecular-
weight proteins, reflected by IgM concentrations in BALF, in
the adult but not juvenile animals (Figure 2B). These data
suggest that the juvenile animals were protected from the
increases in protein permeability induced by the combined
treatment of LPS1MV. Although MV alone caused greater
increases in the total protein concentration in the juveniles than
in the adults, age did not appear to modify the amount of IgM in

Figure 8. Gene ontology relation-

ships of functionally enriched

genes in (A) cluster 2 and (B)
cluster 8. In each panel, the color

groups show functionally related

groups of genes.
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the lungs of mechanically ventilated animals (Figure 2). Lung
total protein concentration reflects protein movement from the
plasma compartment into the lungs, protein shedding from the
lung epithelium, and alveolar fluid clearance across the intact
alveolar epithelium. It is possible that the juvenile animals
treated with MV alone had increased protein sieving through
the endothelial and epithelial barriers and increased alveolar
fluid clearance without a significant change in global protein
permeability.

The LPS inhalation protocol alone caused similar PMN
recruitment and cytokine production in the lungs of the juvenile
and adult mice. In this model of ALI, the concentration of LPS
in the nebulizer, the minute ventilation of the animal, and the
duration of exposure determine the dose of inhaled LPS. The
adult and juvenile mice had similar resting minute ventilation.
These observations suggest that the doses of LPS were similar,
that the LPS exposure was sufficient to initiate an inflammatory

response, and that the early pulmonary inflammatory responses
of juvenile and adult mice exposed to LPS are similar. In
addition, the early pulmonary responses to positive pressure
MV alone using 15 ml/kg tidal volumes were similar in juvenile
and adult mice. However, the lack of interaction between the
two stimuli in the juvenile mice suggests that downstream
signaling interactions between TLR4 and stretch-dependent
pathways are acquired with age. The acquisition of synergy
could be due to the development of positive interactions, loss of
inhibitory interactions, or a combination of the two. The
differences in response to LPS1MV between juvenile and adult
mice also could not be explained by the minor physiologic
differences in the animal groups.

To explore the differences in juvenile and adult lungs at
a more fundamental level, we measured global gene expression
in the lungs of animals in each group after 2 hours of treatment.
Gene expression was much greater in the adult lungs in

Figure 9. Network map of genes in cluster 2. The map was created using genes identified in cluster 2 and published information about gene–gene
interactions. The interactions were drawn with respect to the cellular location of the gene product.
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response to all three experimental conditions, suggesting that
the global transcriptional responses are more active in the adult
animals than in the juvenile animals (Figure 5).

The KMC cluster analysis was valuable in identifying
differences in the patterns of gene expression between the
juvenile and adult animals. Although Clusters 2 and 8 contained
only up-regulated genes, there was a cluster that contained
down-regulated genes. None of the experimental groups was
unique in this cluster, suggesting that there were no differences
between the adult and juvenile mice in the down-regulation of
genes in response to any of the treatments. Cluster 2 contains
genes that were uniquely up-regulated in adult animals treated
with LPS and LPS1MV (Figure 7A), and these genes provide
clues about mechanisms by which synergistic interactions
between LPS and MV are acquired.

The most functionally enriched groups of genes in cluster 2
were related to stress responses, including innate immunity and

inflammation (Figure 8A). Although these are expected re-
sponses to LPS and MV, these genes were not up-regulated in
the juvenile mice treated with LPS1MV. CD14, TLR4, and
TIRAP are important components of the LPS-sensing pathway,
and up-regulation of expression of these proteins is a plausible
mechanism by which MV could sensitize the lungs to LPS.
Mechanical stretch has been shown to increase CD14 expres-
sion on lung cells and to increase the responsiveness of alveolar
macrophages to LPS, and anti-TLR4 antibody therapy has been
shown to reduce the synergistic inflammatory responses to LPS
combined with MV in rabbits (38, 39). Previous studies have
also shown that immature cells, rats, and human PMNs acquire
age-dependent responsiveness to LPS in association with in-
creased expression of CD14, MyD88 (myeloid differentiation
primary response gene 88), and increased production of TNF-a
(10–12, 40). Our results show that by 21 days of life, the juvenile
and adult mice have similar responses to LPS alone but that

Figure 10. Network map of genes in cluster 8. The map was created using genes identified in cluster 8 and published information about gene–gene

interactions. The interactions were drawn with respect to the cellular location of the gene product.
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LPS1MV results in greater up-regulation of key components of
the TLR4 pathway in adult animals than in juvenile animals.

To identify other mechanisms by which the synergistic
interactions between LPS and MV might be acquired with
age, we compared the genes in cluster 2 with the results of
previously published models of lung injury. Altemeier and
colleagues performed a cross-species comparison of gene ex-
pression patterns of lung injury caused by MV and identified 32
candidate genes that could contribute to the synergistic in-
teractions between LPS and MV (41). We compared the genes
in Figure 7A with these 32 candidate genes and found eight
common genes (Table 1). In addition, pre–B-cell colony-
enhancing factor has recently been shown to be an important
mediator and biomarker in ALI (42–44). Pre–B-cell colony-
enhancing factor has been shown to be important to innate
immunity and to have cytokine-like activity (42, 45–47).

The network analysis of the genes in cluster 2 suggests that
there are three highly interconnected mediators of the biolog-
ical responses to LPS and MV. Kras is a small GTPase relevant
to cell growth and differentiation, which when inhibited has
been shown to trigger an antiinflammatory effect (48). Myc is
a nuclear phosphoprotein related to cell cycle progression,
apoptosis, and cellular transformation (49), and Myc has pre-
viously been identified as an early stress response gene in rodent
models of ALI (50). Cdkn1a is an important inhibitory regula-
tor of cell cycle progression in response to oxidative and
genotoxic stresses and has been shown to be important to the
proinflammatory responses to LPS in the lungs (41, 51). Up-
regulation of these genes provides plausible mechanisms by
which the synergistic interactions between LPS and MV are
acquired by age.

In contrast to cluster 2, the genes in cluster 8 (Figure 7B)
were uniquely up-regulated in juvenile animals treated with
LPS1MV, and these are candidates for inhibitors of the
interactions between LPS and MV. There were fewer functional
groups of genes in cluster 8 as compared with cluster 2, and the
functional importance of the genes in cluster 2 is much broader
than those in cluster 8 (Figure 8B). Also, the network of gene
interactions in cluster 8 was smaller than in cluster 2. We
identified several candidate genes in cluster 8 that might inhibit
inflammatory and injurious interactions between LPS and MV
(Table 1). Sprouty homolog 4 (Spry4), fibronectin, fibroblast
growth factor (acidic) intracellular binding protein (Fibp),
signal transducer and activator of transcription 1 (Stat1), and
MAD homolog 4 (Drosophila) (Smad4) are important in
regulating fibroblast growth factor (FGF) and transforming

growth factor (TGF)-b signaling in the lungs (14, 52–54).
Upadhyay and colleagues have shown that mitogen-activated
protein kinases mediate the protective effects of FGF-10 on
DNA damage to alveolar epithelial cells treated with mechan-
ical stretch (55). The FGF-FGFR-SPROUTY and the TGFb/
BMP-SMAD pathways have been identified as ‘‘potential
therapeutic targets for rational therapy . . . in children and
adults with intractable pulmonary insufficiency’’ (14).

We considered whether the absence of synergy in the
juvenile mice treated with LPS1MV was dependent on TRIF
signaling. We found that juvenile TRIF2/2 mice did not
develop synergy to LPS1MV. Therefore, if juvenile mice
treated with LPS1MV up-regulate type 1 IFN responses via
Stat1, these responses are likely to be dependent on IRF3 or
IRF7 (56). Apoptosis is an important process in normal lung
development as well as in lung injury and repair (57, 58). B-cell
leukemia/lymphoma 2 (Bcl2) and mitogen-activated kinases
(MAPK) have been shown to be important in mediating
antiinflammatory and antiapoptotic responses to hypo- and
hyperoxia, lipopolysaccharide, and mechanical stretch (33, 55,
59–61). Amyloid b-protein precursor (App) has been shown to
suppress FE65 (a neural adaptor protein) mediated apoptosis in
neurons (62), but the role of this pathway in the lungs is not
known.

This study has some limitations that need to be considered.
First, the tidal volume used in this model is larger than the
current standard of care for patients with ALI. However, in
a heterogeneously injured lung, a delivered tidal volume of
6 ml/kg results in low compliance regions of lung receiving
smaller tidal volumes, whereas other regions of highly compli-
ant lung receive higher tidal volumes. Although there has been
a trend toward the use of lower tidal volumes in patients with
ALI in the ARDSNet institutions, patients are still being
treated with tidal volumes in excess of 12 ml/kg before and
after ALI has been identified (63, 64).

The juvenile mice had a respiratory acidosis as compared
with the adult mice. Hypercapnia has been shown to be
immunomodulatory, but it is not clear whether it is pro- or
antiinflammatory (65–67). The juvenile mice were intubated
with the same size of catheter as the adult mice, and the peak
inspiratory pressures tended to be higher in the juvenile as
compared with the adult mice. Therefore, it is not likely that the
juvenile mice were treated with a lower effective tidal volume
than the adult mice. Although we have removed as much dead
space as possible from the ventilator circuit, it is most likely that
the ratio of physiologic dead space to tidal volume was higher in
the juvenile mice. We do not have arterial blood gases to
compare, so it is not possible to determine whether the de-
livered minute ventilation resulted in equivalent arterial blood
gas tensions in the adult and juvenile mice. However, we do not
believe that the degree of hypercapnia in the juvenile mice
treated with LPS1MV as compared with the adult mice is
sufficient to cause the significant differences in inflammation
between the mice.

We used LPS as an agonist of the innate immune system
because LPS is commonly present in the lungs of patients with
ARDS even in the absence of clinical evidence of infection (5).
Infections are the most common antecedent event for patients
with ALI, and gram-negative pathogens continue to cause up to
60% of hospital-acquired infections in adults and children (68–
70).

Finally, assays using whole-lung homogenates cannot differ-
entiate between changes in gene expression versus a change in
the population of cells in the lungs. Because we have shown that
the numbers of neutrophils recruited into the lungs are differ-
ent, the gene expression array analysis may, in part, show

TABLE 1. CANDIDATE GENES THAT DIFFER IN JUVENILE
AND ADULT LUNGS TREATED WITH LPS AND
MECHANICAL VENTILATION

Increased in Adults* Increased in Juveniles†

Cd14 Spry4

Tlr4 Fibp

Tirap Bcl2

Arg2 Map3k3

Cdkn1a App

Gch1 Fn1

Il1r2 Stat1

S100a9 Smad4

Serpine1

Gadd45

Pbef

Kras

Myc

* Genes that increase signaling through inflammatory and injury pathways.
† Genes that increase signaling through inhibitory pathways.
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differences in the expression of genes by the neutrophils
recruited to the lungs.

The data analysis identifies multiple pathways that are
strongly supported in the literature. We have not directly tested
whether the acquisition of synergy between LPS and MV is
a consequence of the loss of an inhibitory function of the
candidate genes in cluster 8 (Figure 7B) or whether it is due to
gain of function by the up-regulation of genes in cluster 2
(Figure 7A). The gene expression data suggest that several
interconnected pathways are likely to be important in the
inflammatory and injury responses to the combination of in-
fectious stimuli and MV. Inflammatory, injury, and repair
mechanisms are highly interconnected and redundant, and these
pathways overlap with the regulation of organ development.
These data also provide a road map for investigating complex
interactions between biological pathways important to the
development of ALI in mechanically ventilated patients.

In summary, our results support the conclusion that mechan-
ical stretch and activation of innate immunity have synergistic
effects on lung inflammation and permeability and suggest for
the first time that these synergistic interactions are acquired
during postnatal lung development. We have identified several
plausible mechanistic pathways, including a gain of proinflam-
matory pathway activity in the lungs of adults and down-
regulation of death pathways as well as FGF and TGF-b
pathways in the lungs of juvenile mice. These findings are
consistent with the clinical observation that ALI is less likely to
occur and is less severe in children than in adults and suggest
that this is explained in part by differences in the response of
the juvenile lung to specific stimuli and not solely by the
presence of other comorbidities in older patients.
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