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Abstract
Chronic lung injury in the neonate is termed bronchopulmonary dysplasia (BPD). These patients
generally require supplemental oxygen therapy, and hyperoxia has been implicated in the
pathogenesis of BPD. The concomitant use of oxygen and inhaled nitric oxide (iNO) may result in
the generation of reactive nitrogen species, or may have an anti-inflammatory effect in the neonatal
lung. We tested the hypothesis that exposure to >95% O2 in neonatal mice would increase trafficking
of leukocytes into the lung, and that the addition of iNO to >95% O2 would decrease this leukocyte
trafficking. Hyperoxia resulted in fewer alveoli, increased presence of neutrophils and macrophages,
and decreased number of mast cells within the lung parenchyma. Adding iNO to hyperoxia prevented
the hyperoxia-induced changes and resulted in the numbers of alveoli, neutrophils, macrophages,
and mast cells approximating those found in controls (room air exposure). Intercellular adhesion
molecule (ICAM) and monocyte chemotactic protein-1 (MCP-1), two factors responsible for
leukocyte recruitment, were upregulated by hyperoxic exposure, but the addition of iNO to the
hyperoxic exposure prevented the hyperoxia-induced upregulation of ICAM and MCP-1. These data
demonstrate that iNO alters the hyperoxia-induced recruitment of leukocytes into the lung.

Exposure to supplemental oxygen commonly results in the local production of pro-
inflammatory cytokines, recruitment of leukocytes, and oxidative tissue injury (1–4). However,
supplemental oxygen can be life saving in the intensive care unit setting. Hyperoxic exposure
in the neonatal period is associated with arrested or delayed development of postnatal lung
maturation (5). The specific mechanisms underlying hyperoxia-induced arrested lung
development are not completely defined, although increased oxidative stress and activation of
the inflammatory cascade, as well as infiltration of leukocytes into the lungs are recognized as
important contributors. These factors are also thought to contribute to the pathogenesis of
chronic neonatal lung diseases, such as bronchopulmonary dysplasia (BPD).

Inhaled nitric oxide (iNO), a selective pulmonary vasodilator, has been used in term and near-
term infants with pulmonary hypertension (6–8). Recently, the clinical use of iNO for the
prevention and/or treatment of BPD have been suggested (9). Supplemental O2 therapy is
commonly employed in combination with iNO in the intensive care unit; however, their
mechanistic and physiological interactions in vivo are not completely understood. For example,
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in biological settings NO is known to avidly interact with reactive oxygen species to generate
reactive nitrogen species such as peroxynitrite, a potent oxidizing agent that can cause cellular
injury and death. In contrast, iNO has also been shown to prevent tissue injury in the lung
(9). Thus, the interplay between supplemental O2 therapy and iNO may result in a wide range
of physiological effects, and furthermore the net effect may be either beneficial or deleterious
in any given physiological setting. A better understanding of these interactions is necessary to
improve patient outcomes, and to tailor iNO therapy for specific clinical settings. The goals of
this study, therefore, were to investigate the interactions of hyperoxia and iNO with regards to
leukocyte trafficking in vivo. Using a neonatal mouse model, we tested the hypothesis that
recruitment of leukocytes into the lungs is increased in hyperoxia and that adding a
therapeutically relevant dose of iNO to the hyperoxic exposure would prevent the recruitment
of leukocytes into the lungs.

METHODS
Animal model

Time-dated pregnant FVB mice (n = 36) were purchased from Charles River (Wilmington,
MA) and were maintained in the animal care facility of the Research Institute at Nationwide
Children’s Hospital. All animals were kept in polycarbonate cages with wire lids and 100%
aspen wood chip bedding. The animals were allowed free access to food and water, and a 12:12-
hour day:night cycle was maintained throughout the study. The Institutional Animal Care and
Use Committee of the Research Institute at Nationwide Children’s Hospital approved all
experimental protocols.

Oxygen/NO exposure
The exposures were done as previously described (5). Dams delivered naturally at term. Within
24 h of birth, the cage containing the mother and her pups was placed in a Plexiglas chamber.
The >95% O2 atmosphere was maintained with an O2 flow of ~10 L/min through the chamber.
For the iNO exposure groups 800 parts per million (ppm) iNO (Ikaria, Port Allen, LA) was
delivered at ~125 mL/min. Soda lime (Fisher Scientific, Fair Lawn, NJ) was present in the
chamber during all exposures to absorb CO2 and NO2. Each litter was exposed for 72 h to
either: 1) 21% O2 (room air, RA; n = 9), 2) 21% O2 + 10 ppm iNO, (RA + iNO; n = 9) 3) >95%
O2 (n = 7), or 4) >95% O2 + 10 ppm iNO (n = 11). The O2 and CO2 levels in the exposure
chamber were measured at least twice daily (AEI Technologies, Pittsburgh, PA). The NO and
NO2 levels in the exposure chamber were measured at least 4 times a day (Aeronox, Ikaria,
Clinton, NJ). For each exposure group, a room air control group was exposed concurrently,
and the dams were switched between the exposure group and the room air controls every 24
h. Animals were sacrificed at 24 h for mRNA and at 72 h for immunohistochemistry and tissue
morphometry. Mice were sacrificed with an injection of pentobarbital (100 mg/kg) i.v. The
small size of the lungs precluded doing multiple measures on any given lung tissue, therefore
a different time point was chosen for each methodology. We chose to perform mRNA at 24 h
since changes in mRNA would be expected to occur first.

Real time PCR
Total mRNA was isolated from the lungs of mice in the 4 exposure groups (n = 3 in each group)
using Trizol reagent. mRNA was treated with RQ1 RNase-free DNase (Promega) to eliminate
genomic DNA contamination and reverse transcription done using AMV-RT. Real-Time PCR
reactions contained 12.5 µl of JumpStart Taq ReadyMix (Sigma-Aldrich Inc.), 0.4 µM of
forward and reverse primers, and 1 µl of template cDNA. No template control and no reverse
transcription control were used as negative controls. 18S was used as the reference gene.
Intercellular adhesion molecule (ICAM)-1 was amplified using forward primer 5’-ACA CTA
TGT GGA CTG GCA GTG GTT-3’ and reverse primer 5’-TGA GGC TCG ATT GTT CAG
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CTG CTA-3’. Monocyte chemotactic protein-1 (MCP-1) was amplified using forward primer
5’- AGC AGG TGT CCC AAA GAA GCT GTA-3’ and reverse primer 5’- AAA GGT GCT
GAA GAC CTT AGG GCA -3’. 18S was amplified using forward primer 5’-CCA GAG CGA
AAG CAT TTG CCA AGA-3’ and reverse primer 5’-TCG GCA TCG TTT ATG GTC GGA
ACT-3’. The Real-Time PCR mixture was denatured at 94°C for 2 min, and then cycled at
denaturing temperature of 94°C for 15 sec, annealing temperature of 60°C for 1 min, extension
temperature of 72°C for 1 min for a total of 40 cycles. A melting curve program was run
immediately after the PCR program to make sure the desired amplicon was detected. The PCR
reaction was performed using Chromo4 System for Real-Time PCR Detection (Bio-Rad). The
ΔΔCt method was used to calculate the fold-change in mRNA expression: ΔCt = Ct (target
gene) − Ct (housekeeping gene), ΔΔCt = ΔCt (treatment) − ΔCt (control), fold change =
2(−ΔΔCt).

Tissue morphometry and immunohistochemistry
Animals were sacrificed by an intraperitoneal injection of pentobarbital sodium (100 mg/kg).
The tracheas were cannulated with a 25-gauge Silastic catheter, and 10% neutral buffered
formalin was instilled at 25 cm H2O pressure. The trachea was then tied and lungs removed
and fixed overnight in 10% neutral buffered formalin. The next day, lungs were washed in
phosphate buffered saline (PBS) 5 times, transferred to PBS, and stored at 4°C. Lungs were
serially dehydrated in increasing concentrations of ethanol and then embedded in paraffin. For
preparation of paraffin blocks, left lungs were cut transversely (perpendicular to craniocaudal
axis) at the level of the left main bronchus. The cut slices of lung tissue were identically oriented
and made into paraffin blocks. Sections of lung tissues (5 µm) were deparaffinized for
immunostaining.

Using serial sections, tissues were stained with hematoxylin and eosin (H&E) and
immunostained with antibodies against, myeloperoxidase (MPO) (1:100 dilution; 200µg/ml
antibody protein concentration, Neomarkers), CD68 (1:800; 435µg/ml, Dako), ICAM (1:2000;
200µg/ml, Santa Cruz) and MCP-1 (1:100; 200µg/ml, Santa Cruz). Staining control tissues
were exposed for the same duration to non-immune goat IgG for myeloperoxidase, non-
immune mouse IgG for CD68 and ICAM and non-immune rabbit IgG for MCP-1, in place of
primary antibody. Diaminobenzidine (0.06% w/v) was used to provide visualization of
immunoreactivity followed by methyl green counterstaining to identify nuclei. Mast cell and
eosinophil staining was achieved with Toluidine Blue O and Vital New Red solutions
respectively.

Following staining, identically oriented tissue sections, were visualized with an Olympus
Optical (New York, NY) BX-40 microscope (800× magnification) and captured under identical
lighting conditions and optical settings using an Insight digital camera. Images were analyzed
using digital image analysis software (Image Pro Plus 4.0; Media Cybernetics, Silver Spring,
MD) as previously described (5). Alveolar morphometry was performed on tissues stained with
H&E. Automated identification of alveoli was achieved by defining an alveolus as an enclosed
region of tissue with a minimal area of 400µm2. The number of alveoli was computed from
35–60 images from 4 to 8 animals per treatment group. Images were segmented to eliminate
background and nuclear counterstain while capturing tissue staining, allowing tissue area per
image to be computed. Cells with positive staining for myeloperoxidase, CD68, Toluidine Blue
O solution, Vital New Red solution, and MCP-1 were manually noted on 60–170 images taken
from 4 to 8 animals per treatment group. The investigator evaluating positively stained cells
was blinded to exposure conditions. Using this procedure, we have previously found that the
intra-observer and inter-observer variability to be <5% and <10%, respectively (5). To analyze
the ICAM-1 staining, the optical density measurements were multiplied by the total positive
stained tissue area to give an IOD, a measure of staining intensity (5).
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Statistical Analysis
All results are shown as the mean ± SEM. Comparisons between treatment groups were made
using one-way analysis of variance (ANOVA) with differences identified using a Newman-
Keuls post hoc test. Spearman’s nonparametric correlation analyses were performed to
investigate relationships between two measured variables across treatment groups. All analyses
were performed using STATA statistical software and in all cases differences were considered
significant when p < 0.05.

RESULTS
Morphometry

Shown in Figure 1A are representative H&E stained images of alveolar regions from each of
the 4 treatment groups. Alveolar numbers were determined using automated digital image
analyses, using 146 individual images. The mean values for alveolar number in each treatment
group are shown in Figure 1B. The lungs from animals exposed to RA for 72 h had an average
of ~60 alveoli per mm2. The lungs from animals exposed to RA + iNO for 72 h had significantly
more alveoli than did the lungs from animals exposed to RA alone (Figure 1B). The lungs from
animals exposed to >95% O2 for 72 h had significantly fewer alveoli than did the lungs from
RA controls. The addition of iNO to the >95% O2 exposure resulted in alveolar numbers that
were significantly greater after 72 h of exposure than those found in either the lungs from
animals exposed to >95% O2 or the lungs from the RA controls (Figure 1B).

Leukocyte prevalence
There was ~2.5-fold more neutrophils in the lungs from animals exposed to >95% O2 for 72
h than in the lungs from RA-exposed animals (Figure 2). Interestingly, in the lungs from the
RA + iNO group there were significantly fewer neutrophils than in the lungs from RA controls
(Figure 2). The addition of 10 ppm iNO to the >95% O2 exposure prevented the hyperoxia-
induced increase in neutrophil numbers, such that the iNO + >95% O2 group was not different
from RA controls.

There were macrophages identified in the lungs from room air exposed animals, and addition
of iNO to the room air exposure had no significant effect on macrophage numbers (Figure 3A).
In the lungs from animals exposed to >95% O2 for 72 h there was ~3 times as many
macrophages as in the lungs from animals exposed to room air (Figure 3A). The addition of
iNO to the >95% O2 exposure prevented the hyperoxia-induced increase in macrophage
numbers (Figure 3A). In contrast to the effects observed for MPO+ and CD68+ cells, exposure
to >95% O2 alone for 72 h resulted in significantly fewer alveolar mast cells in the lung (Figure
3B). Furthermore, the addition of iNO to either room air or >95% O2 had no significant effect
on mast cell prevalence (Figure 3B). There was greater variation in eosinophil numbers within
groups than seen with the other types of leukocytes studied, such that no significant differences
in the mean numbers of alveolar eosinophils was detected between any of the four treatment
groups (Figure 3C).

Leukocyte recruitment markers: ICAM and MCP-1
Intercellular adhesion molecule (ICAM)-1 was readily detectable in the lung sections (Figure
4A). In the lungs from animals exposed to >95% O2 there was an approximate doubling of
ICAM-1 staining in the vessels compared to lung sections from animals exposed to RA (Figure
4B). The addition of iNO to the >95% O2 exposure prevented the hyperoxia-induced increase
in ICAM-1 staining, such that the ICAM-1 staining in the vessels from animals exposed to
iNO + >95% O2 was not different from ICAM-1 staining in the vessels from animals exposed
to RA (Figure 4B). The addition of iNO to the RA exposure had no significant effect on ICAM-1
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staining in the lung vessels (Figure 4B). We found that ICAM-1 mRNA was increased by
exposure to >95% O2 and that this hyperoxia-induced increase was prevented by addition of
NO to the >95% O2 exposure (Figure 5).

A similar pattern of response was observed for MCP-1 staining (Figure 6). Exposure to
hyperoxia resulted in levels of MCP-1 staining that were ~6-fold greater than that seen in the
lungs from animals exposed to RA alone (Figure 6A). The addition of 10 ppm iNO completely
prevented the hyperoxia-induced increase in MCP-1 staining in the lung sections (Figure 6A).
The addition of iNO to the RA exposure had no significant effect on MCP-1 staining in the
lung (Figure 6A). The expression of MCP-1 mRNA in the whole lung at 24 h was significantly
increased by exposure to >95% O2 and the hyperoxia-induced increase in MCP-1 mRNA was
prevented by addition of iNO to the >95% O2 exposure (Figure 6B).

Correlation analysis
Univariate comparisons of alveolar number to the other measured variables showed that
exposure to >95% O2 and neutrophil prevalence were both significantly negatively correlated
with alveolar number, (P<0.05, r = −0.69 and −0.75, respectively) and significantly correlated
with each other (P<0.05, r = 0.77). This indicates that under hyperoxic conditions, more
neutrophils were present and both >95% O2 and neutrophils resulted in fewer alveoli. A
correlation between neutrophil numbers and alveoli was not significant when using the iNO +
>95% O2 exposure.

DISCUSSION
The main findings of this study were that: 1) exposure to >95% O2 resulted in fewer alveoli,
2) the addition of iNO to the >95% O2 exposure prevented the hyperoxia-induced decrease in
alveolar number, 3) hyperoxia resulted in the influx of neutrophils and macrophages into the
lung, 4) iNO prevented the hyperoxia-induced influx of neutrophils and macrophages into the
lung, 5) hyperoxia resulted in increased ICAM and MCP-1 expression in the lungs and 6) iNO
prevented the hyperoxia-induced increase in ICAM and MCP-1 expression. Taken together,
these results demonstrate that exposure to >95% O2 results in decreased alveolar number,
increased neutrophil and macrophage influx, and increased lung adhesion molecule protein
expression. These results are consistent with our hypothesis and demonstrate that iNO prevents
lung adhesion molecule expression and thereby attenuates neutrophil and macrophage influx
into hyperoxia-exposed lung tissue.

There are various proposed mechanisms of hyperoxia-induced lung injury, including direct
oxidative damage via the generation of free radicals, alterations in vascular endothelial growth
factor expression, regulation of chemotactic cytokines and recruitment of leukocytes (1–4).
We found that leukocytes were more prevalent in alveoli under hyperoxic conditions, and that
the presence of leukocytes in the lung tissue was inversely correlated with our measure of
alveolar number. The presence of neutrophils within tracheal effluent or bronchoalveolar
lavage fluid has been shown in patients with respiratory distress syndrome who go on to develop
BPD (10–12). Interestingly, depleting mice of neutrophils has little effect on hyperoxia-
induced lung injury as measured by bronchoalveolar lavage fluid protein concentration (13).
On the other hand, blocking neutrophil influx into the lung prevented hyperoxia-induced DNA
damage (14) and preserved alveolar development (15) in the lungs of hyperoxia exposed
neonatal rats. We showed that iNO decreased the presence of neutrophils and macrophages
within the alveoli, and preserved alveolarization in hyperoxia-exposed neonatal mice.

In our study, ICAM expression was upregulated within the lungs of the hyperoxia group. An
increase in ICAM protein levels following hyperoxic exposure has been found in adult mice
exposed to hyperoxia and correlated with an increase in MPO staining (13,16). Neonates < 29
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weeks gestation who developed BPD were shown in one study to have higher levels of soluble
ICAM-1 in the first week of life than those who did not develop BPD (17). MCP-1 protein
expression was also increased in our model. In neonatal rat lungs exposed to >95% O2 increased
influx of macrophages has been found and this was associated with an increase in MCP-1
mRNA expression in the lung (18). Similarly, MCP-1 was increased in neonatal rats exposed
to >95% O2 and inhibiting MCP-1 using a blocking antibody decreased bronchoalveolar lavage
fluid neutrophils and macrophages (19). Therapeutic interventions to reduce inflammatory cell
presence and their cytotoxic effects within the lungs, without compromising global neutrophil
function are currently being sought, and ICAM and/or MCP-1 may represent targets for this
kind of therapeutic intervention.

When iNO was added to the RA exposure, there was greater alveolar number and fewer
neutrophils in the lungs then in the lungs of animals exposed to RA alone. There was a tendency
for ICAM-1 and MCP-1 expression to decrease when iNO was added to the RA exposure,
although these changes did not reach statistically significant. It is possible that iNO has direct
effects on alveolarization in the lungs of neonatal mice that does not involve alterations in
inflammation or anti-oxidant properties. In adult rabbit lungs a 6 h exposure to iNO following
saline treatment had no effect on lung neutrophil numbers or IL-1β expression (20), suggesting
that in room air iNO had little effect on inflammatory markers. There is a paucity of studies
examining iNO and alveolarization in neonatal animals in RA; however, in a study on neonatal
rats there was no effect of iNO on alveolar number in RA (21). Thus, it remains unclear why
in our studies adding iNO to the RA exposure increased alveolar number and decreased
neutrophil influx in the lung. Furthermore, NO in the presence of hyperoxia can be metabolized
to compounds that can exert either pro-oxidant or anti-oxidant effects (22,23). It may be that
there is an advantage to adding iNO to room air, since we found a positive effect on lung growth
and there would be less chance for the production of pro-oxidant metabolites of NO, although
clinical trials are necessary.

It is important to note that there are limitations in the study design. We studied a relatively
small number of genetically inbred animals. Therefore, it is difficult to translate our findings
directly to the clinical arena, since patients are genetically diverse and have a wide variety of
diseases underlying their need for iNO therapy. We also utilized a model of hyperoxia in these
studies, whereas patients with BPD are usually intubated and receive intermittent positive
pressure ventilation for some period of time. These patients are also treated with variable
concentrations of supplemental oxygen and, in this study, we used a fixed concentration. Thus,
caution must be taken when trying to translate our study to human disease. However, our
findings do support the continued development of clinical trials examining iNO and adhesion
molecules as therapeutic targets in the prevention of BPD.

We found improvements in the hyperoxia-induced decreased alveolarization in neonatal mice
when iNO was added to the hyperoxic exposure. In human studies to date iNO has shown less
clear-cut benefit in preventing BPD (22,23). It may be that our model of hyperoxia-induced
arrested alveolarization does not capture all of the factors that underlie the pathogenesis of
BPD, such as preterm birth, mechanical ventilation, intra-uterine exposure to inflammation,
poor nutrition, etc. (24). In the clinical setting, BPD may require a more complex interaction
of these various factors than exposure to supplemental O2 alone. Alternatively, it may be that
the studies to date have failed to show consistent reductions in BPD incidence due to timing
of the initiation of iNO, the dose of iNO, and/or the duration of iNO (22,23). Finally, it is
important to note that BPD is defined by a requirement for supplemental O2 therapy following
pre-term birth (25). Thus, it may be that BPD is actually several different lung phenotypes,
including but not limited to decreased alveolarization.
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In summary, exposure to hyperoxia resulted in a decrease in alveolar number in the neonatal
mouse lung, and exposure to hyperoxia and iNO prevented the hyperoxia-induced decrease in
alveolar number. We found that hyperoxia resulted in upregulation of ICAM-1 and MCP-1 in
the neonatal lungs, which resulted in the recruitment of neutrophils and macrophages to the
lungs. This pattern of hyperoxia-induced adhesion molecule expression and neutrophil and
macrophage recruitment was prevented by adding iNO to the hyperoxic exposure. Up-
regulation of adhesion molecule expression in the lung by hyperoxia may represent a novel
site of action of iNO in vivo that could direct further clinical therapeutics to reduce the incidence
of chronic lung disease in neonates.
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Figure 1.
Hyperoxia-induced reduction in alveolar numbers in neonatal mouse lungs is prevented by the
addition of iNO. A) Representative H&E stained images (100× magnification) of alveolar
regions from the lungs of mice exposed for 72 h to each of the 4 treatment groups. B) The mean
± SEM of the alveolar numbers from all of the lung sections examined. * different from room
air, p<0.05. ‡ different from >95% O2, p<0.05.
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Figure 2.
Hyperoxia increased the numbers of neutrophils in neonatal mouse lungs, and the addition of
iNO attenuated the hyperoxia-induced increase in neutrophil numbers. A) representative MPO
stained images (800× magnification) of alveolar regions from lungs from mice from each of
the 4 treatment groups. B) The mean ± SEM of the neutrophil numbers from all of the lung
sections examined. * different from room air, p<0.05. ‡ different from >95% O2, p<0.05.
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Figure 3.
The effect of hyperoxia and iNO on numbers of macrophages, mast cells, and eosinophils in
neonatal mouse lungs. A) The mean ± SEM of the macrophage numbers from all of the sections
stained for CD68. There were substantially greater macrophage numbers in the lung sections
from >95% O2 exposed mice than in those from RA controls, and the addition of iNO to the
>95% O2 exposure prevented the hyperoxia-induced increase in macrophage numbers. *
different from room air, p<0.05. ‡ different from >95% O2, p<0.05. B) The mean ± SEM of
the mast cell numbers from all of the lung sections stained with toluidine blue. Hyperoxic
exposure significantly decreased mast cell numbers in the lung compared to room air controls,
and the addition of iNO to the >95% O2 exposure attenuated the hyperoxia-induced decrease
in mast cell numbers in the lung. * different from room air, p<0.05. ‡ different from >95%
O2, p<0.05. C) The mean ± SEM of the eosinophil numbers from all of the sections stained
with vital new red. There were no significant differences between the 4 groups in eosinophil
numbers in the lung.
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Figure 4.
Intracellular adhesion molecule (ICAM)-1 protein levels in the neonatal lung are increased by
exposure to hyperoxia, and adding iNO prevents the hyperoxia-induced upregulation of ICAM
protein levels. A) representadftive ICAM-1 stained images (800× magnification) from lungs
of mice in each of the 4 exposure groups. The arrows identify pulmonary vessels. B) The mean
± SEM of the ICAM-1 staining from the vessels from all of the lung sections examined. *
different from room air, p<0.05. ‡ different from >95% O2, p<0.05.
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Figure 5.
ICAM-1 mRNA levels are increased in the neonatal lung by exposure to hyperoxia and addition
of iNO to the hyperoxic exposure prevents the hyperoxia-induced upregulation of ICAM-1
mRNA levels. Lungs were harvested after 24 h from animals (n = 3 in each group) from each
of the 4 exposure groups. Real-time PCR was done with primers specific for ICAM-1 and
normalized to 18S rRNA using the ΔΔCt method and expressed as fold change from 21%O2.
* different from room air, p<0.05. ‡ different from >95% O2 alone, p<0.05.
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Figure 6.
Hyperoxia upregulates MCP-1 in the lung while the addition of iNO to hyperoxia prevents this
response. The mean ± SEM of the MCP-1 staining from all of the lung sections examined. *
different from room air, p<0.05. ‡ different from >95% O2, p<0.05.
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