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ABSTRACT: Infection/inflammation and mechanical ventilation
have both independently been shown to increase cytokine/chemokine
levels in lung tissue and blood samples of premature patients. Little
is known about the combined effect of systemic inflammation and
mechanical ventilation on cytokine expression in the lung. We tested
whether pre-existing inflammation induced by lipopolysaccharide
(LPS) exposure would modify cytokine/chemokine response in new-
born rat lungs to high tidal volume ventilation (HTVV). Newborn
rats were randomly assigned to four groups: groups I and II (saline);
groups III and IV: 3 mg/kg LPS. Groups II and IV were 24h later
subjected to 3h of ventilation with a tidal volume of 25 mL/kg.
HTVV alone increased IL-1�, IL-6 and the chemokine (C-X-C
motif) ligand 2 (CXCL2) mRNA expression. Although the cytokine
response to LPS alone had disappeared after 24 h, the combination of
LPS pretreatment and HTVV significantly increased the expression
of IL-6 and IL-1� mRNA when compared with HTVV alone. TNF-�
expression was increased neither by HTVV alone nor in combination
with LPS. IL-6 protein content in bronchoalveolar lavage increased
due to the combined treatment. Thus, a subtle pre-existing inflam-
mation combined with HTVV amplifies the proinflammatory cyto-
kine/chemokine expression in the newborn rat lung compared with
HTVV alone. (Pediatr Res 61: 191–196, 2007)

Bronchopulmonary dysplasia (BPD) remains a major
healthcare problem in neonatology (1). It affects mainly

premature babies which require mechanical ventilation and
high concentrations of oxygen early in life. Risk is enhanced
with an associated infection/inflammation, e.g., chorioamnio-
nitis or sepsis (2,3). The inflammation in BPD is characterized
by recruitment of neutrophils from blood into the injured lung

tissue that is directed by a group of proinflammatory polypep-
tides, the chemokines. A subclass of chemokines, the glu-
tamyl-leucyl-arginine (ELR) motif containing CXC chemo-
kines, incuding IL-8 and growth regulated oncogene (GRO),
has been shown to be critical for neutrophil binding and
chemotactic functions (4). Increased levels of proinflamma-
tory cytokines/chemokines such as IL-8, IL-6 and IL-1� in
amniotic fluid and bronchoalveolar lavage fluid (BALF) of
premature infants have been proposed to be prognostic indi-
cators for developing BPD (5–7). Proinflammatory cytokines/
chemokines are up-regulated by different stimuli, such as
mechanical, hyperosmotic or oxidative cellular stress, bacte-
rial or viral products, or other proinflammatory cytokines
(8–10). A few studies in adult rodents have recently investi-
gated the combined effect of pre-existing inflammation and
mechanical ventilation on pulmonary cytokine/chemokine ex-
pression and injury (11–13). The combination of mechanical
ventilation and local (lung) or systemic inflammation showed
an increased risk for lung injury. Moreover, expression of the
chemokine CXCL2 (GRO2/MIP2, macrophage inflammatory
protein 2), a functional rodent homolog of human IL-8, was
increased in lungs when mechanical ventilation was combined
with pre-existing inflammation (11,13). To date, no studies
have reported the effect of mechanical ventilation of immature
lungs superimposed on systemic inflammation. In the clinical
realm, the setting of premature babies exposed to inflamma-
tion who need positive pressure ventilation to treat respiratory
distress occurs frequently. To mimic this clinical situation we
created an in vivo newborn rat model with systemic exposure
to LPS before the induction of high tidal volume ventilation
(HTVV) 24 h later. Rat lungs at birth are in the saccular stage
of lung development which corresponds to the lung develop-
ment stage of very premature patients (14). In contrast to
humans, alveolarization in rats occurs exclusively postnatally
(between P4 and P21). Using this newborn rat model of
alveolar development, we observed that a systemic exposure
to LPS combined with HTVV amplifies the proinflammatory
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cytokine/chemokine expression seen with HTVV alone,
thereby likely enhancing the risk for ventilator-induced lung
injury and BPD.

MATERIALS AND METHODS

Animals. Newborn Wistar rats (postnatal day 3– 6) (Charles River,
Oakville, Quebec, Canada) were randomly assigned to two different pretreat-
ment strategies consisting of a single intraperitoneal injection of either 3
mg/kg body weight of lipopolysaccharide (LPS) from E. coli serotype 026:B6
(Sigma Chemical Co., Aldrich, St. Louis, MO) or the same volume of 0.9%
NaCl. All litters were reduced to 12 pups at postnatal day 1. Weight gain was
assessed by measuring weight at postnatal day 3 prior and 24h after LPS or
NaCl injection and compared with noninjected controls. The animals were
further subdivided 24h after injection of LPS or saline into ventilation and
nonventilation groups. Each of the resulting four groups consisted of 11–13
animals and were labeled: Group I) pretreatment with saline, no ventilation;
Group II) pretreatment with saline and high tidal volume ventilation (HTVV);
Group III) pretreatment with LPS and no ventilation; and Group IV) pretreat-
ment with LPS and HTVV. Before ventilation, the animals were anesthetized
by intraperitoneal injection of a mixture of ketamine (Pfizer, Kirkland,
Canada) 50 mg/kg body weight, Acepromazine (Vétoquinol Inc., Lavaltrie,
Canada) 1 mg/kg body weight, and atropine (MTC Pharmaceuticals, Cam-
bridge, Canada) 76.5 �g/kg body weight. Additional anesthetic was admin-
istered throughout the protocol as needed. A tracheotomy was performed and
a 22G cannula inserted into the trachea, firmly secured with a 4.0 silk suture
to prevent air leak and connected to a rodent ventilator (Rodent Ventilator,
Voltek Enterprises Inc, Toronto, Canada) (15). During the entire protocol, the
animals were continuously monitored by ECG (Hewlett Packard, Palo Alto,
CA) and a rectal temperature probe (B � K Precision Corp, Yorba Linda,
CA). Rectal temperature was maintained at 36–37°C by placing the animals
on a thermal blanket.

Institutional review. Approval for the study was obtained from the Animal
Care Review Committee of the Hospital for Sick Children Research Institute.
All animal procedures were conducted according to guidelines of the Cana-
dian Council for Animal Care.

Mechanical ventilation. The animals of Groups II and IV were ventilated
for 3 h with a tidal volume (VT) of 25 mL/kg body weight, a respiratory rate
of 60/min, PEEP (Positive End Expiratory Pressure) � 0 cm H2O and an
inspiratory/expiratory ratio of 1:1. Dynamic compliance of the total respira-
tory system was calculated from the ventilator VT (measured as expiratory
volume by an internal pneumotachometer) and the difference between peak
inspiratory pressure and PEEP (measured by the internal pressure transducer).
Compliance values were further normalized to body weight. Blood gases and
pH were assayed in arterial blood collected from the carotid artery at the end
of ventilation in 6 animals per ventilation group (ABL 500, Radiometer
Medical, Copenhagen, Denmark). In all animals, the left lung lobe was
isolated, excised, and snap-frozen in liquid nitrogen and stored at –70°C for
gene expression measurements. The right lung was either fixed by immersion
in 10% neutral buffered formalin for histologic processing and evaluation or
bronchoalveolar lavage was performed.

RNA isolation and realtime RT-PCR. The frozen left lobe was homoge-
nized in Trizol� (Invitrogen Canada Inc, Burlington, Canada) and total RNA
was extracted according to the manufacturer’s protocol. Total RNA was
treated with DNAse I� (Invitrogen Canada Inc, Burlington, Canada) at 37°C
to remove residual genomic DNA. Total RNA was reverse transcribed using
Superscript II reverse transcriptase� (Invitrogen Canada Inc, Burlington,
Canada) and random hexamers (Applied Biosystems, Foster City, CA). cDNA
was quantified in a 7700 Sequence Detector (Applied Biosystems, Foster
City, CA) using 40 ng of total cDNA for tenascin C (TNC), tropoelastin,
CXCL2 (GRO2/MIP2), T1�, vascular endothelial growth factor (VEGF) and
VEGF-receptor 2 (VEGFR2) and 100 ng of cDNA for IL-6 (IL-6), IL-1beta
(IL-1�) and tumor necrosis factor alpha (TNF-�). Amplification was per-
formed with Amply Taq Gold polymerase (Applied Biosystems, Foster City,
Canada), using TaqMan primers and probes (Applied Biosystems, Foster
City, Canada) for the target genes (Table 1) and Assays on Demand� for
VEGF and VEGFR2 (Applied Biosystems, Foster City, Canada) and 18S
(Applied Biosystems, Foster City, Canada) as recently described (16). For
relative quantification, PCR signals were compared between groups after
normalization using 18S as an internal reference. Fold change was calculated
according to Livak and Schmittgen (17).

Cytokine protein measurement in bronchoalveolar lavage fluid (BALF).
Bronchoalveolar lavage was performed through a 22G catheter inserted into
the trachea by a tracheotomy as recently described (18) and adapted for
newborn animals (19). Briefly, the lungs were infused with 1 mL of PBS

(PBS), followed by withdrawal and reinfusion two more times. The lavage
material recovered from each animal (0.3–0.4 mL average) did not differ
between the four groups. Cytokines/chemokines were measured in the BALF
samples using multiplex immunoassays for Luminex technology from Linco
Research Inc. (St. Charles, MO) as previously described (18).

Histology. In 3 nonlavaged animals per treatment group (control group
n � 2), the left lung was ligated and extracted for RNA measurement while
the right lung was infused with 4% paraformaldehyde (PFA) in PBS with a
constant pressure of 20 cm H2O over two minutes to equalize filling pressure
over the entire right lung. Under these constant pressure conditions the
cannula was removed and the trachea immediately ligated. The excised lung
tissue was immersed in 4% PFA in PBS overnight and then dehydrated in an
ethanol/xylene series and embedded in paraffin (25). Sections of 5 �m were
then stained with hematoxilin and eosin for light microscopic evaluation and
scoring. A semi-quantitative analysis of inflammatory cell infiltration was
assessed as previously described (20,21) using the following three param-
eters. Airspace Score: the presence of inflammatory cells in interalveolar
septa; and the presence of inflammatory cells within alveoli; and Airway
Score: peribronchiolar infiltration of inflammatory cells. Each parameter was
evaluated semi-quantitatively, using a five�grade scale (normal � 0; ques-
tionable change � 1, minimal change � 2; moderate change � 3; and marked
change � 4). All histopathological examinations were conducted by a pa-
thologist (CMK) blinded to group allocation.

Statistical analysis. Data are expressed as mean � SE (SE) or median �
quartiles (nonparametric data). T-test or analysis of variance (ANOVA)
followed by Student-Newman-Keuls testing was used. ANOVA on ranks was
used for the semi-quantitative analysis of inflammatory cell infiltration.
Significance was set at p � 0.05.

RESULTS

Lps timing. Pilot studies revealed that an intraperitoneal
injection of 3 mg/kg LPS induced cytokine (IL-6) and che-
mokine (CXCL2) expression in lungs of P3 newborn rats
without affecting survival. Administration of higher dosages
of LPS significantly increased mortality. To determine the
influence of the 3 mg/kg LPS treatment on the whole organ-
ism, weight gain was evaluated on P4, 24h after either LPS
injection (n � 6), the same volume of 0.9% NaCl (n � 5) or
no injection (n � 20). LPS injection resulted in a significantly
reduced mean weight gain in 24 h [10.7% in LPS treated rats

Table 1. Taqman primer and probe sequences of rat cytokines
and alveolarization markers

Gene probe Primer/ Sequence

IL-1� Forward CTTGTCGAGAATGGGCAGTCT
Reverse TGTGCCACGGTTTTCTTATGG
Probe AAGCCTTTGTCCTCTGCCAAGTCAGGTCT

IL-6 Forward CCCACCAGGAACGAAAGTCA
Reverse GGCAACTGGCTGGAAGTCTCT
Probe CTCCATCTGCCCTTCAGGAACAGCTATG

TNF-� Forward GCATGATCCGAGATGTGGAA
Reverse AGACACCGCCTGGAGTTCTG
Probe CAGAGGAGGCGCTCCCCAAAAAGA

CXCL2 Forward CCAACCATCAGGGTACAGGG
Reverse GGGTCGTCAGGCATTGACA
Probe TGTTGTGGCCAGTGAGCTGCGC

TNC Forward ACCGTGGATGGGACGGATA
Reverse GGCAATCACACTGACGTGGTA
Probe AGACCCGACTGGTGAGGCTCACCC

Tropoelastin Forward TGGAGCCCTGGGATATCAAG
Reverse GTTGATGAGGTCGCGAGTCA
Probe CTTTGGGAAATCTTGTGGCCGGAAG

T1� Forward GCCATCGGTGCGCTAGAA
Reverse AGACCTGGGTTCACCATGTCA
Probe TCTTGTGACCCCGGGTCCAGGA

IL, interleukin; TNF, tumor necrosis factor; CXCL2, chemokine (C-X-C
motif) ligand; TNC, tenascin C.
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versus 17.9% in NaCl treated rats (p � 0.001) versus 17.8%
in pups without any injection (p � 0.001)]. To determine the
temporal pattern of cytokine/chemokine expression we mea-
sured IL-6 and CXCL2 mRNA in lung tissue 2, 4, 8, 16, or
24h after the intraperitoneal injection of 3 mg/kg LPS and
compared it to saline-injected controls (n � 3–6 animals per
time point). IL-6 and CXCL2 mRNA levels peaked 2-4 h after
LPS injection, fell thereafter and were statistically not differ-
ent from saline controls 24h after injection (Fig. 1). To
simulate a systemically induced low-grade inflammation, we
choose for all the following experiments a time interval of
24 h between the administration of 3 mg/kg LPS and HTVV.

Ventilation. There was no significant difference between the
two ventilation groups II (NaCl; n � 6) and IV (LPS; n � 6) after
3h of HTVV regarding pH (II: 7.53 versus IV: 7.51), pCO2 (II:
29.5 mm Hg; IV: 29.8 mm Hg) and pO2 (II: 55.8 mm Hg; IV:
49.6 mm Hg). Dynamic compliance increased significantly in
both groups within the first 5–10 min of ventilation due to lung
recruitment by the high tidal volumes and then remained stable
for the rest of the experiment (Fig. 2). There was no significant
difference in dynamic compliance between the two groups.

Cytokine mRNA expression. HTVV alone increased
mRNA expression of IL-6 by 7.2-fold, CXCL2 by 7.3-fold
and IL-1� by 1.8-fold compared with controls (Fig. 3A–C,
Group II versus I). TNF-� mRNA expression remained un-
changed (Fig. 3D). LPS alone did not show a significant
change in IL-6, CXCL2, IL-1� and TNF-� mRNA expression
24 h after injection when compared with saline injected
controls (Fig. 3A–D, group I versus III). The combination of
LPS pretreatment and HTVV increased IL-6 and IL-1�
mRNA expression by a factor of 10.5 and 2.5, respectively,
compared with the HTVV alone group (Fig. 3A,C). Although
not significant, CXCL2 mRNA expression showed a similar
trend (Fig. 3B).

Expression of factors implicated in alveolarization. To
evaluate the effect of the treatments on alveolarization, we
also analyzed the mRNA expression of factors known to have
an impact on alveolar formation (22). No significant changes
were observed for the type I cell marker T1� and the extra-
cellular matrix proteins tenascin-C (TNC) and tropoelastin in
any of the four treatment groups (Fig. 4A–C). While no
change in vascular endothelial growth factor (VEGF) gene
expression was observed (Fig. 4D), its receptor (VEGFR2)
showed a trend to reduced expression by HTVV alone, but this
difference was attenuated by LPS injection (Fig. 4E).

Cytokine protein in bronchoalveolar lavage fluid (BALF).
LPS pretreatment did not influence the IL-6 protein content in
BALF (Fig. 5A: group I versus III), but its concentration was
significantly increased after 3 h of HTVV alone (group II:
34.01 pg/mL versus group I: 19.40 pg/mL; Fig. 5A). The
combination of LPS pretreatment and HTVV further increased
IL-6 concentration in BALF (Group IV: 43.72 pg/mL), al-
though the increase did not reach significance. Because of a
lack of a good rat CXCL2 (GRO2/MIP2) detection kit for the
Luminex system, a closely related chemokine, CXCL1 (GRO1/
KC), was measured. CXCL1 belongs to the ELR-CXC chemo-
kine subfamily and also has chemoattractant effect on monocytes
and neutrophils. While LPS alone did not change CXCL1 protein
content in BALF, a trend to increased concentrations was seen in
both ventilation groups (Group II and IV; Fig. 5B). No significant

Figure 1. Temporal expression pattern of (A) IL-6 (IL-6) and (B) CXCL2
mRNA in newborn rat lung tissue after intraperitoneal lipopolysaccharide
(LPS) injection of 3 mg/kg body weight. Controls were injected with saline.
Data are relative values compared with control animals. Data are mean � SE,
n � 3–6 animals per group; **p � 0.01; *p � 0.05.

Figure 2. Dynamic compliance of the respiratory system of newborn rats
ventilated in vivo with high tidal volumes after treatment with or without LPS
and a ventilator rate of 60/min. Data are mean � SE; e Group II – NaCl:
pretreatment (n � 6); ● : Group IV – LPS pretreatment (n � 5).

Figure 3. Cytokine mRNA expression in newborn rat lung tissue: (A) IL-6,
(B) CXCL2, (C) IL-1�, and (D) TNF-�. Group I: pretreatment with NaCl, no
ventilation (n � 11), Group II: pretreatment with NaCl and ventilation (n �
13), Group III: pretreatment with LPS, no ventilation (n � 12), Group IV:
pretreatment with LPS and ventilation (n � 12). Relative values compared
with control group I. All data are mean � SE (*p � 0.05).
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changes in BALF IL-1� protein concentrations were found in the
four groups (Fig. 5C).

Histologic quantification of inflammation. Although the
inflammation score was increased in both ventilation groups
(Groups II and IV) compared with the nonventilation groups
(Groups I and III), only the difference between Groups III and
IV reached significance (Fig. 6A). The histologic changes in
the lungs of Group IV animals showed a clear trend to
hyperinflation with larger airspaces and attenuated septa. Fur-
thermore, there were scattered multi-focal aggregates of in-
flammatory cells and amorphous eosinophilic material within
the airspaces suggestive of lung injury.

DISCUSSION

Mechanical ventilation and high concentrations of oxygen
applied to immature lungs of premature babies are known risk
factors for the development of BPD (23). Risk is enhanced
when inflammation/infection is associated e.g., due to acute or
chronic chorioamnionitis or postnatal infection (2,24). The
goal of this study was to use a newborn rat model of alveolar

development to test the hypothesis, that pre-existing system-
ically induced inflammation would modify the cytokine re-
sponse to high tidal volume ventilation (HTVV) in lungs
undergoing alveolarization. We first exposed the newborn rats
to LPS and 24 h later after the initial inflammatory response
has subdued the rats were subjected to HTVV. Our findings
demonstrate that newborn rat lungs which are in saccular stage
corresponding to the lung development of preterm patients
show a marked increase in proinflammatory cytokine (IL-6,
IL-1�) and chemokine (CXCL2) mRNA expression in re-
sponse to a relatively short duration of mechanical ventilation.
The combination with a systemically induced inflammation
further enhances the gene expression of IL-1� and IL-6.

Mechanical stress applied in vitro to alveolar epithelial cells
and alveolar macrophages has been shown to increase the
expression of a number of cytokines and chemokines, includ-
ing IL-6, IL-8, IL-1�, and TNF-� (25). In several adult animal
models an increased expression of proinflammatory cytokines/
chemokines was demonstrated after mechanical ventilation,
especially when high tidal volumes were used (26–29). Al-

Figure 4. Gene expression of alveolarization markers in newborn rat lung tissue after LPS treatment and HTVV: (A) T1�, (B) TNC, (C) tropoelastin, (D) VEGF
and (E) VEGFR2. Group I: pretreatment with NaCl, no ventilation (n � 11), Group II: pretreatment with NaCl and ventilation (n � 13), Group III: pretreatment
with LPS, no ventilation (n � 12), Group IV: pretreatment with LPS and ventilation (n � 12). Relative values compared with control group I. All data are mean � SE.

Figure 5. Cytokine protein content in bronchoalveolar lavage fluid of newborn rats [(A) IL-6, (B) CXCL1, (C) IL-1�]. Group I: pretreatment with NaCl, no
ventilation (n � 10); Group II: pretreatment with NaCl and ventilation (n � 11); Group III: pretreatment with LPS, no ventilation (n � 10); Group IV:
pretreatment with LPS and ventilation (n � 9). All data are mean � SE (*p � 0.05).

Figure 6. Histologic findings in newborn rat lung after LPS pretreatment and HTVV: (A) Combined airway and airspace inflammatory score related to the four
treatment groups. Group I: pretreatment with NaCl, no ventilation (n � 10); Group II: pretreatment with NaCl and ventilation (n � 11); Group III: pretreatment
with LPS, no ventilation (n � 10); Group IV: pretreatment with LPS and ventilation (n � 9). Data are median � quartiles, *p � 0.05. Newborn rat lung tissue
sections stained with hematoxilin and eosin: (B) Control lung (group I: pretreatment with NaCl, no ventilation). (C) Moderate to marked patchy inflammatory
cell aggregates within alveolar septae (arrows) and scattered cellular exudation into airspaces with concurrent hyperinflation (*), and amorphous eosinophilic
material in airspaces (arrowhead) after pretreatment with LPS and 3h of high tidal volume ventilation (group IV). Bar length: 100 �m.
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though immature lungs were shown to be less susceptible to
high tidal volumes than adult lungs (16,20), a marked increase
of proinflammatory mediator expression was observed when
newborn animals (16) and infants (30,31) were exposed to
mechanical ventilation. Bacterial products like lipopolysac-
charide (LPS) also have the ability to induce a proinflamma-
tory cytokine/chemokine response. Alveolar macrophages
stimulated by addition of LPS to the cell culture medium
express IL-8 (32). Inhalation of LPS induces a massive neu-
trophil influx together with a strong expression of proinflam-
matory cytokines/chemokines in the adult lung (33,34). Sev-
eral studies have shown that the combination of HTVV with
another lung injury amplifies the inflammatory response in the
adult lung. Gurkan et al. (12) showed that 4 h of ventilation
with an elevated tidal volume (17 mL/kg) after induction of
lung injury with hydrochloric acid resulted in massive proin-
flammatory mediator expression in adult mouse lungs. Venti-
lation alone with smaller tidal volumes (6 mL/kg) did not
change the IL-6 concentration in the adult murine lung, but
ventilation of preinjured lungs showed a 4-5-fold increase in
IL-6 content in lung tissue. Additionally, the combination of
ventilation with pre-existing lung injury induced massive lung
injury represented by pulmonary edema and an influx of inflam-
matory cells in the BALF of the mice (12). Tremblay et al. (11)
demonstrated that in healthy adult rat lungs the proinflammatory
cytokine expression was changed when HTVV was superim-
posed on a systemic inflammatory process. CXCL2 (GRO2/
MIP2) content increased significantly in BALF when HTVV was
applied with pre-existing systemic inflammation (11). In the
present study we used a relatively low dose of systemic LPS (3
mg/kg ip), Tremblay et al. created sepsis using a high dose of
systemically administered LPS (20 mg/kg IV) (11). However,
both studies suggest that the combination of pre-existing sys-
temic inflammation and HTVV increases cytokine expression in
a synergistic way. This observation is further supported by a
recent study of Altemeier et al. (13) who also found a synergistic
effect of mechanical ventilation and systemic inflammation on
cytokine expression in the lungs of adult rabbits.

Besides the increased risk for ventilator-associated lung
injury, the lungs of premature infants exposed to the combi-
nation of inflammation and mechanical ventilation are also at
higher risk of developing bronchopulmonary dysplasia (BPD)
(2,3). Histologically the lungs of these babies are character-
ized by less numerous but larger alveoli, aberrant vasculariza-
tion and increased fibrosis compared with the airspaces of
normal term babies (35). To explore potential long term
effects of HTVV and systemic inflammation on alveolariza-
tion and vascularization, we evaluated mRNA expression of
different proteins known to be associated with these develop-
mental processes (see for review (22)). However, gene expres-
sion of T1�, TNC, tropoelastin, VEGF, and VEGFR2 were
not affected by the various treatments. It is likely that the 3h
duration of injury was too short to see an effect on the
expression of any of these proteins.

There is some evidence that prolonged and increased proin-
flammatory cytokine/chemokine levels in newborn lung may
play a role in the disruption of normal alveolar and vascular
formation seen in BPD. First, high levels of intra-amniotic

IL-1 leads to prolonged pulmonary inflammation and acceler-
ated maturation (36) and injection of IL-1 in preterm lambs
resulted in BPD like lesions with fewer but enlarged alveoli
(37). Secondly, IL-8 is known to enhance angiogenesis by a
mitogenic effect on endothelial cells (38). Blocking the exces-
sive production of chemokines of the IL-8 family was shown
to inhibit aberrant tumor angiogenesis (39). Increased Toll-
like receptor signaling due to intra-amniotic LPS exposure
reduces the expression of VEGF and VEGFR2 and impairs
pulmonary vascular development (40). Thirdly, proinflamma-
tory cytokines such as IL-1� and TNF-� not only induce
pulmonary inflammation when overexpressed, but also play a
role in pulmonary fibrosis (41).

In conclusion, similar to the adult nongrowing lung, super-
imposing positive pressure ventilation on a pre-existing in-
flammation in the growing lung undergoing alveolarization
has a synergistic effect on the innate immune response. This
increased gene expression of proinflammatory cytokines/
chemokines puts the developing lung at high risk to develop
ventilator-associated lung injury.
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