nature publishing group

Translational Investigation ‘ Al‘tides

Impact of inhaled nitric oxide on white matter damage in

growth-restricted neonatal rats
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BACKGROUND: Fetal growth restriction is the second leading
cause of perinatal morbidity and mortality, and neonates with
intrauterine growth retardation (IUGR) have increased neuro-
cognitive and neuropsychiatric morbidity. These neurocogni-
tive impairments are mainly related to injury of the developing
brain associated with IUGR. Growing evidence from preclinical
models of brain injury in both adult and neonatal rodents sup-
ports the view that nitric oxide can promote neuroprotection.
METHODS: In a model of IUGR induced by protracted ges-
tational hypoxia leading to diffuse white matter injury, we
subjected neonatal rats to low dose (5 ppm) but long-lasting
(7 d) exposure to inhaled NO (iNO). We used a combination
of techniques, including immunohistochemistry, quantitative
PCR, and cognitive assessment, to assess neuroprotection.
RESULTS: Antenatal hypoxia-induced IUGR was associated
with severe neuroinflammation and delayed myelination. iNO
exposure during the first postnatal week significantly attenu-
ated cell death and microglial activation, enhanced oligo-
dendroglial proliferation and finally improved myelination.
Remarkably, INO was associated with the specific upregulation
of P27kip1, which initiates oligodendrocytic differentiation.
Finally, INO counteracted the deleterious effects of hypoxia on
learning abilities.

CONCLUSION: This study provides new evidence that iNO
could be effective in preventing brain damage and/or enhanc-
ing repair of the developing brain.

etal growth restriction is the second cause of perinatal mor-

bidity and mortality after prematurity, and occurs in 5-12%
of all pregnancies in the general population (1,2). Neonates
born after a pregnancy complicated by intrauterine growth
retardation (IUGR) have increased neurocognitive and neu-
ropsychiatric morbidity (3,4). Indeed, fetal growth restriction
has been associated with a three- to fivefold increase in cere-
bral palsy in term and near-term infants (5), and infants born
with growth restriction are more likely to display neurocog-
nitive dysfunctions and poor school performance (6,7), and
to develop behavioral and psychiatric disorders (8,9). Finally,
IUGR is associated with memory; attention, and executive defi-
cits, regardless of prematurity or socioeconomic factors (7,10).

Several of these neurocognitive impairments are associ-
ated with the TUGR-related injury of the developing brain.
Specifically, white matter damage, the most common form of
perinatal brain injury, is considered the leading cause of long-
term handicap in neonates (11). It is related to a maturation-
dependent vulnerability of the oligodendrocyte lineage to
several risk factors, including hypoxia and ischemia, maternal-
fetal infection, and TUGR (12). In addition to white matter,
gray matter has been found to be altered following fetal growth
restriction (13).

Recently, we reported that the nitric oxide pathway is able to
promote oligodendroglial maturation, myelination, and neu-
roprotection in preclinical models of neonatal stroke and white
matter damage induced by postnatal hyperoxia or excitotoxic
insult (14-18). Several other reports have demonstrated that
inhaled NO (iNO) is associated with significant neuroprotec-
tion in preclinical models of adult brain damage (19-22).

Here, we have investigated the effect of iNO in a model of
IUGR induced by protracted gestational hypoxia leading to
diffuse white matter injury (23).

RESULTS

iNO Reduces IUGR-Associated Brain Injury Induced by Antenatal
Hypoxia

Body weight and postnatal mortality were measured in pups
onP3and P10 (Supplementary Table S1 online). Combining
data from more than 10 litters, antenatal hypoxia resulted in
a pronounced restriction in body weight and increased mor-
tality. iNO exposure during delivery and within the first week
of life was able to significantly improve catch up on P3 and
P10 and led to an increased survival rate. Antenatal hypoxia-
induced TUGR was associated with a significant increase in
the density of cell death detected within the hemispheric
periventricular white matter using either cleaved caspase
3 (CC3) labeling or terminal deoxynucleotidyl transferase
nick-end labeling (TUNEL) on P3 (Figure 1a,b). Exposure
to 5 ppm iNO significantly reduced this deleterious effect
as measured by TUNEL. Interestingly, double immunolabel-
ing showed that CC3/04 double positive cells density within
the developing white matter was significantly increased in
air-exposed IUGR rat pups at P3 but was found similar to
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Figure 1. Impact of inhaled NO (iNO) on main features of brain injury associated with intrauterine growth retardation in rat pups. (a-c) Quantitative anal-
ysis of the density of cleaved caspase-3-positive cells (a) and total terminal deoxynucleotidyl transferase nick-end labeling—positive cells per hemisphere
(b) and cleaved caspase 3 (CC3)/04 double positive cell density (c) within the WM, in P3 growth-restricted rat pups with (black bars) or without (gray bars)
exposure to iNO, compared to controls (Ctl, white bars). (d-e) Representative photomicrographs (d) and quantitative analysis (e) and of ED1-positive cells
in the cingulate WM in P3 growth-restricted rat pups with (black bars) or without (gray bars) exposure to iNO, compared to controls (Ctl, white bars). LV,
lateral ventricle. Scale bar = 100 um. (f,g) Quantitative analysis of glial fibilllary acidic protein (GFAP)-positive cells (a) in P3 rat pups, and Ki67-positive cells
(b) in the cingulate WM in P3 and P10 rat pups subjected to gestational hypoxia with (black bars) or without (gray bars) exposure to iNO, compared to
controls (Ctl, white bars). For all, *P < 0.05, **P < 0.01 for comparisons between the groups indicated using one-way ANOVA with Dunnett’s correction.

control animals in iNO-exposed rat pups (Figure 1c). In
contrast, no effect has been detected in either CC3/PS100 or
CC3/NeuN double positive cells density within the develop-
ing white matter and cortex, respectively (Supplementary
Figure S1 online).

Increased microglial activation within the developing white
matter was observed in growth-restricted P3 and P10 pups
but not in pups exposed to iNO (Figure 1d,e). Similarly, the
density of glial fibilllary acidic protein-positive cells in the cin-
gulate white matter was found to be increased in IUGR pups
exposed to room air but not in those exposed to iNO (Figure
1f). Finally, IUGR pups were characterized by a reduction
in the density of proliferating cells as assessed using label-
ing for Ki67 (Figure 1g). iNO had significant effect on cell

564 Pediatric RESEARCH Volume 77 | Number 4 | April 2015

proliferation of oligodendroglial cells in P3 pups as shown in
Supplementary Figure S2 online.

iNO and Oligodendroglial Lineage in IUGR Pups

We next asked whether iNO could modify oligodendroglial
maturation in IUGR pups. Antenatal hypoxia induced a sig-
nificant decrease in the density of NG2-immunolabeled imma-
ture oligodendrocytes in the white matter at P3 (Figure 2a).
Postnatal exposure to iNO was unable to attenuate this effect.
In contrast, iNO increased the mature oligodendrocytes
density observed in growth-restricted pups subjected to ante-
natal hypoxia, as measured by immunoreactivity to adenoma-
tous polyposis Coli (APC) (Figure 2b). At P10, the density
of myelinated (myelin basic protein (MBP)-positive) fibers

Copyright © 2015 International Pediatric Research Foundation, Inc.
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Figure 2. Impact of inhaled NO (iNO) on oligodendroglial cell maturation in intrauterine growth retardation (IUGR) rat pups. (a) Quantitative analysis of
NG2-positive cells in the cingulate WM in P3 growth-restricted rat pups with (black bars) or without (gray bars) exposure to iNO, compared to controls
(Ctl, white bars). (b) Quantitative analysis of APC-positive cells in the cingulate WM in P10 growth-restricted rat pups with (black bars) or without (gray
bars) exposure to iNO, compared to controls (Ctl, white bars). (c,d) Quantitative analysis of the optical density of MBP-positive fibers in the cingulate and
lateral white matter in P10 growth-restricted rat pups with (black bars) or without (gray bars) exposure to iNO, compared to controls (Ctl, white bars).
These data demonstrate that myelin content is deficient in [IUGR-pups compared to controls (Ctl). In contrast, low dose (5 ppm) iNO exposure restored the
optical density of MBP-positive fibers to levels similar to those in controls. Scale bar = 200 um. For all, *P < 0.05, **P < 0.01 for comparisons between the

groups indicated using one-way ANOVA with Dunnett’s correction.

in IUGR pups exposed to iNO was found restored to normal
levels, in both the cingulate and lateral white matter (Figure
2¢,d). These findings were gender-independent.

Since the oligodendroglial lineage is regulated by several
transcription factors, we next used quantitative PCR analysis
to evaluate expression levels of the following factors in P3 and
P10 pups: PDGFRa, a marker of proliferating oligodendro-
cyte progenitors; P27kip1, a promaturation factor; and Sox10,
which stimulates p27kipl-induced MBP expression. [UGR
was associated with a significant reduction in the expres-
sion levels of both P27kipl and Sox10, and a nonsignificant
decrease in the expression level of PDGFRo in P3 rat pups
(Figure 3a—c). In contrast, the expression levels of PDGFRo,,
P27kipl and Sox10 were similar or higher than in controls in
IUGR pups exposed to iNO, suggesting that iNO triggered
a compensatory increase in their expression. The effects of

Copyright © 2015 International Pediatric Research Foundation, Inc.

antenatal-hypoxia-induced IUGR, however, appear to have
been transient, as most changes observed at P3 were no longer
statistically significant or were less marked at P10.

Because white matter damage could induce axonal degen-
eration, we investigated P10 rat pups using fractin immunos-
tainings. Fractin has been reported as a reliable marker for
detecting reactive astrocytes and the diffuse gliotic component
of periventricular leukoamalacia (24). We found scattered but
numerous fractin-positive astrocytic-like cells as well as fibers
in the white matter in IUGR rat pups. In contrast, almost no
reactivity was noted in iNO-treated animals (Supplementary
Figure S3 online).

iNO Prevents IUGR-Associated Behavioral Disorders
Finally, we asked whether IUGR induced by protracted ges-
tational hypoxia could have a functional impact on learning
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Figure 3. Impact of inhaled NO (iNO) on the expression of transcrip-
tion factors involved in oligodendroglial maturation and myelination in
intrauterine growth retardation rat pups. (a-c) Quantitative analysis of
gene expression levels of p27kip1 (a), PDGFoR (b) and sox10 (c) in P3 and
P10 growth-restricted rat pups with (black bars) or without (gray bars)
exposure to iINO, compared to controls (Ctl, white bars). For all, *P < 0.05,
**P < 0.01 for comparisons between the groups indicated using one-way
ANOVA with Dunnett’s correction.

abilities. Olfactory conditioning experiments, which allow the
detection of early dysfunctions in associative memory, were
performed with P3 and P10 rat pups (Figure 4a,b). These
experiments showed that [UGR pups were characterized by a
marked learning deficit, irrespective of age. iNO exposure did
not modify behavioral performance in control pups. In con-
trast, iNO exposure significantly improved associative learning
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Figure 4. Impact of inhaled NO (iNO) on odor preference conditioning
test scores. Associative learning scores at P3 (a) and P10 (b) in rat pups
subjected to antenatal hypoxia (black bars) or controls (white bars), with
or without exposure to iNO. Gestational hypoxia abolished learning ability
at both ages while iNO treatment improved learning scores in intrauterine
growth retardation rat pups to levels similar to those in controls. *P < 0.05
compared to control scores, unilateral t-test.

abilities in growth-restricted pups, to a level similar to that in
normal pups.

DISCUSSION

In this study, we explored an animal model that mimics IUGR
by exposing pregnant rats to protracted gestational hypoxia. In
this model, pups born to dams exposed to hypoxia showed sig-
nificantly reduced body weight and increased mortality, as well
as [TUGR-associated WMD, including neuroinflammation and
delayed myelination in the neonatal period. However low-dose
(5 ppm) iNO exposure during the first postnatal week signifi-
cantly attenuated these principal features. The main beneficial
effects induced by iNO were decreased cell death, reduced
microglial activation, enhancement of oligodendroglial prolif-
eration, and finally improved myelination. Remarkably, iNO
was associated with the specific upregulation of three genes
related to an increased number of proliferating Olig2 positive
cells, PDGFRa, P27kip1 and Sox10. Finally, iNO counteracted
the deleterious effects of hypoxia on learning abilities, restor-
ing associative learning scores to the normal range.

This study emphasizes the impact of antenatal growth
retardation on brain development and postnatal brain dam-
age. Fetal exposure to nutrient or oxygen restriction leads to
changes in many mechanisms involved in energy metabolism,
cell structure and neurotransmission, and thus on overall brain
development (25). The concept of disruption of the develop-
mental program may interfere with the subsequent occurrence

Copyright © 2015 International Pediatric Research Foundation, Inc.
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of multiple disabilities, behavioral changes, and brain plasticity
(26).

In our model, microglial activation following fetal growth
restriction is also consistent with recent reports demonstrat-
ing that infants with ITUGR appear to be at increased risk of
systemic inflammation postnatally (27). Thus, this two-hit
model of brain damage, combining the effects of IUGR and
systemic postnatal inflammation is clinically relevant, as TUGR
along with a synergistic effect of systemic inflammation places
very preterm human newborns at increased risk for a low
mental development index (28). The concept of inflammation-
induced sensitization is emerging in the field of perinatal brain
injury, and chronic inflammation could disrupt several devel-
opmental programs in the central nervous system, including
oligodendroglial lineage blockade, maturation disruption,
and myelination process (29). In several recent reports, oligo-
dendroglial maturation arrest has been definitively shown in
hypoxia ischemia models and in human pathology (30-32).
Although preoligodendrocytes are vulnerable to cell death
acutely, they subsequently proliferate after injury. In our study,
postnatal iNO exposure appears to restore cell proliferation
reduced after antenatal hypoxia. Despite the increased num-
bers, preoligodendroglial cells do not go on to produce myelin-
ating mature oligodendrocytes because of maturation arrest
in which chronic inflammation play a key role (33). Here we
found that iNO can prevent white matter inflammation and
its consequences on myelination, suggesting that the block-
ade of the developmental program of the white matter can be
reversed.

The effects of exposure to iNO reported here are consistent
with our previous work demonstrating that both endogenous
and exogenous (inhaled) NO affect myelination in normal
rodent pups (14). Recently, we have demonstrated that iNO
has a neuroprotective effect on white matter injury following
excitotoxic insult (15) or perinatal oxidative stress (18). These
data demonstrate that low doses of iNO act not only locally on
the pulmonary vasculature, but have a remote impact on the
normal and injured developing brain. How iNO is transported
from the lung to the brain remains to be elucidated, although
one possibility are that it could be carried by the blood in a bio-
active format in association with several potential NO carriers
including S-nitroso-hemoglobin, S-nitrosothiols, and nitrite.
Once in the brain, Terpollili et al. (21) have suggested that bio-
active NO could be released via an oxygen-tension-dependent
mechanism.

The idea that exogenous NO could be neuroprotective in
perinatal brain damage is fairly controversial. Several studies
have demonstrated the deleterious effects of reactive nitrogen
species accumulation following ischemia-reperfusion brain
injury, through mechanisms ranging from energy failure,
lipid peroxidation, protein nitrosylation, and DNA altera-
tions to increased permeability of the blood-brain barrier
(34). The immature brain is especially vulnerable to dam-
age by acute/chronic inflammation and oxidative stress. On
the other hand, growing evidence demonstrates that iNO

Copyright © 2015 International Pediatric Research Foundation, Inc.

and NO-pathway-derived molecules could have a beneficial
effect, depending on its concentration and the time-period of
exposure following the insult (16,17). In our model, oxida-
tive stress is likely not the prominent mechanism of injury
as the antenatal intervention is hypoxia. In contrast, postna-
tal inflammation potentiated by antenatal growth restriction
could be attenuated through circulating NO derivatives dur-
ing the first week of life and its vascular and cellular effects.
Recently, Akt/eNOS pathway has been shown to mediate
anti-inflammatory activity in TBI-injured brain (35). In
addition to iNO, other therapeutic strategies influencing
NO signaling, especially those that improve cerebral blood
flow or modulate inflammation using NO donors or NOS
inhibitors, have been proposed to restore NO signaling in the
mature brain. However, NOS inhibitors are not currently in
use clinically due to their deleterious side effects. In adults,
some NO-derived therapeutic approaches for stroke preven-
tion, such as the use of statins (HMG-CoA reductase inhibi-
tors), have been implemented in clinical practice (36), but
stroke treatments involving Rho-kinase (ROCK) inhibitors,
phosphodiesterase inhibitors, the PI3Kinase/Akt pathway
or NOS-3 activation are still at the experimental stage, and
require more work before a side-effect-free molecule or strat-
egy can be proposed (21). Recently, we have reported that
sildenafil citrate, a phosphodiesterase-5 inhibitor, induces
a significant increase in cerebral blood flow and reduces
hypoxic ischemic brain damage in neonatal rats (37).

In conclusion, this study provides new evidence that iNO
could be effective in preventing damage and/or enhancing
repair in a preclinical rat model of perinatal brain injury.
Further investigations are needed to explore mechanistic
aspects of the effect of exogenous NO on the oligodendroglial
lineage.

METHODS

Experimental Protocol and Gas Exposure

This study was approved by the French National Institute of Health
and Medical Research and complied with the guidelines of the
Institutional Animal Care and Use Committee of INSERM 1141,
Paris.

Pregnant Sprague-Dawley rats (Charles River Laboratories,
LArbresle, France) were placed in normoxic or hypoxic (10% O,-90%
N,) gas chambers (Biospherix, Redfield, NY) from embryonic day
(E) 5 to 19 as previously described (23). Oxygen concentration was
monitored using a Proox device (Biospherix). CO, concentration was
consistently kept under 0.1%. To investigate the impact of exogenous
NO on the developing brain and lung, low-concentration iNO (5
ppm) was introduced into the chambers 12-24h prior to delivery and
up to postnatal day (P) 7 and monitored using an iNOvent system
(INOTherapeutics, Clinton, NJ). The NO, concentration was kept
under 1 ppm. In the control group, animals were kept in room air
after delivery. From P7 up to sacrifice, rat pups and their mothers in
all experimental groups were kept in room air. Animals were housed
under controlled temperature (22+1 °C) and light conditions (12h
day/night cycle) with food and water ad libitum. Neonatal mortality
was checked daily.

Tissue Preparation
Pups were sacrificed at P3, P10, or P21 (n = 7-9/group for each histo-
logical protocol). Two distinct fixation protocols were used:

Volume 77 | Number 4 | April 2015 Pediatric RESEARCH 567
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(i) Brains were directly removed and immersed in 4% formol and
embedded in paraffin.

(ii) Pups were perfused transcardially with 4% paraformaldehyde
in phosphate buffer (0.12 M, pH 7.4). Brains were equilibrated
with 10% sucrose in phosphate buffer for 2-4 d, frozen in lig-
uid-nitrogen-cooled isopentane, stored at —80 °C and cut coro-
nally into serial 10-um-thick sections.

Immunohistochemistry

Primary antibodies used in this study are listed in Supplementary
Table S2 online. All quantification of immunoreactive cells was car-
ried out by investigators blind to the experimental groups.

For brain immunohistochemistry, coronal sections (+1.44 to
-0.48 mm from bregma) were selected and processed as previously
described (14). In each experimental group, we studied seven to eight
pups in three separate experiments. Immunolabeling was visualized
using the streptavidin-biotin-peroxidase method. Double-labeling
was performed with secondary antibodies coupled to the green fluo-
rescent marker Fluoroprobe S488 (Interchim, Montlugon, France) or
the red fluorescent marker cyanine 3 (Jackson Immunoresearch labo-
ratories, West Grove, PA).

Optical Density of Myelinated and Axonal Fibers

The optical density of MBP-stained immunoreactive fibers was mea-
sured in two different regions (cingulum and lateral corpus callosum)
as previously described (38), using a computerized image-analysis
system (Image ] 1.410, National Institutes of Health, Bethesda, MD)
that reads optical density as gray levels. Four sections per brain were
examined for each animal at P10. Nonspecific background densities
were measured at each brain level in a region devoid of MBP-positive
fibers immunolabeling, and were subtracted from values of the region
of interest.

TUNEL Assay

Apoptotic cells in the white matter at P3 were detected using the
TUNEL assay (In Situ Cell Death Detection Kit, Roche, Meylan,
France) according to the manufacturer’s instructions. Labeled cell
nuclei were counted in four sections for each hemisphere on images
captured with a 40x objective.

Western Blotting

Snap-frozen brain cortices including white matter were subjected to
different protocols to separate nuclear proteins, cytosolic proteins,
and mitochondrial proteins. Proteins (40 pg) were separated on 10%
polyacrylamide gels, using Ponceau-S staining and B-actin as the
loading standard for cytosolic proteins, and histone-3 as the loading
standard for nuclear proteins. Bands were transferred to membranes,
which were incubated in primary antibodies diluted in blocking buf-
fer (rabbit polyclonal anti-AIF, rabbit polyclonal anti-cleaved cas-
pase-3, or mouse monoclonal anti-cytochrome C) overnight at 4 °C.
They were then incubated with a secondary antibody (horseradish
peroxidase-linked anti-rabbit or anti-mouse: 1/5,000) for 1.5h at
room temperature, and positive signals visualized using WesternC
chemiluminescence (Bio-Rad, Marnes-la-Coquette, France). Western
blots were performed in triplicate using samples from 4-6 animals

per group.

RT-PCR

Total mRNA was isolated using the RNeasy Lipid Tissue kit (Qiagen,
Courtaboeuf, France) according to the manufacturer’s instruc-
tions and as previously reported (34). cDNA was produced from
600ng of total mRNA by reverse transcription with the Iscript kit
(Bio-Rad). Sequences for the forward and reverse oligonucleotide
primers, designed with the Primer Express software package (Life
Technologies SAS, Saint Aubin, France), are listed in Supplementary
Table S3 online. Each experiment was run twice with eight animals
per group, and in both cases, measurements were carried out in tripli-
cate. Values are expressed relative to the levels of housekeeping genes
(GAPDH or HPRT).

Cognitive Assessment
Associative abilities were assessed at P3 and P10 using an odor pref-
erence conditioning test. In this test, the pups learn to associate two
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artificial odors with either warm (34 °C) or cold (26 °C) temperature
(the CS+ and the CS— odor, respectively). First, during the acquisition
phase, the pups were placed in contact with one odor (either pepper-
mint, 0.5ml 97% menthyl acetate, or banana 97% butyl propionate,
Aldrich, Steinheim, Germany) for 30 s. The exposure to each odor
paired with either warm or cold temperature was carried out using
custom exposure chambers, as follows. The chambers were composed
of a small cylindrical mesh cage (diameter: 16 cm, height: 21 cm) sur-
rounding the odor-containing cotton wad and secured in a metal
box immersed in a thermoregulated water bath. To control for initial
differences in preference between the two odors, for half the pups,
banana was paired with warm temperature and peppermint with cold
temperature, and vice versa in the other half. The pups were randomly
assigned to the peppermint CS+ or to the banana CS+ group.

Immediately after acquisition, the pups underwent a two-odor
choice test in cold conditions using a previously described setup (39).
Briefly, two boxes were placed 2 cm apart, each containing an odor-
impregnated cotton wad, and covered by a 13 x 20 cm metallic mesh
floor. During each test (duration: 60 s, five tests), the pup was ini-
tially placed on the 2-cm wide neutral zone. Then, as the pup walked
around the mesh floor, the experimenter measured the time spent
over each odor (i.e., time on CS+ and time on CS-). The temperature
of the test apparatus was maintained at 24 °C to motivate the pups to
search for warmth. A pup was considered to prefer an odor when it
moved at least its snout toward the odor, beyond the edge of the neu-
tral zone. The orientation in which the pup was placed on the neutral
line was changed (i.e., 180° rotation) at the beginning of each test.
A preference score was calculated as: 100 x (time on CS+ — time on
CS-)/(time on CS+ + time on CS-). Effective learning was considered
to have occured in a given group if the mean learning score was sig-
nificantly above zero.

Statistical Analysis

Values are expressed as means + SEM. Statistical comparisons
between normoxic control and exposed groups were performed
using one-way ANOVA followed by a Dunnett’s multiple compari-
son test. Pairwise comparisons between groups with or without iNO
exposure were done using the Mann-Whitney U-test. Statistical
tests were run on Prism version 5.01 (GraphPad Software, San
Diego, CA) and StatView version 5.0 for Mac OS (Abacus Concepts,
Berkeley, CA).

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at http://
www.nature.com/pr
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