
Neonatal oxygen exposure alters airway hyperresponsiveness
but not the response to allergen challenge in adult mice

Jean F. Regal1,*, B. Paige Lawrence2, Alex C. Johnson1, Sarah J. Lojovich1, and Michael A.
O’Reilly3

1Department of Biomedical Sciences University of Minnesota Medical School, Duluth, Minnesota,
USA
2Department of Environmental Medicine, University of Rochester, Rochester, New York, USA
3Department of Pediatrics School of Medicine and Dentistry, University of Rochester, Rochester,
New York, USA

Abstract
Background—Infants born prematurely are often treated with supplemental oxygen, which can
increase their risk for airway hyperresponsiveness (AHR), asthma, reduced lung function, and
altered responses to respiratory viral infections later in childhood. Likewise, exposure of newborn
mice to hyperoxia alters baseline pulmonary mechanics and the host response to influenza A virus
infection in adult mice. Here, we use this mouse model to test the hypothesis that neonatal
hyperoxia also promotes AHR and exacerbated allergen-induced symptoms in adult mice.

Methods—Baseline lung mechanics and AHR measured by methacholine provocation were
assessed in adult male and female mice exposed to room air or 100% oxygen (hyperoxia) between
postnatal days 0 – 4. AHR and lung inflammation were evaluated after adult female mice were
sensitized with ovalbumin (OVA) plus alum and challenged with aerosolized OVA. Results:
Baseline lung compliance increased and resistance decreased in adult female, but not male, mice
exposed to neonatal hyperoxia compared to siblings exposed to room air. Neonatal hyperoxia
significantly enhanced methacholine-induced AHR in female mice, but did not affect allergen-
induced AHR to methacholine or lung inflammation.

Conclusion—Increased incidence of AHR and asthma is reported in children born prematurely
and exposed to supplemental oxygen. Our findings in adult female mice exposed to hyperoxia as
neonates suggest that this AHR reported in children born prematurely may reflect non-atopic
wheezing due to intrinsic structural changes in airway development.
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Introduction
Preterm infants, especially those with low birth weight, are often exposed to high oxygen,
mechanical ventilation, antenatal steroids, and/or exogenous surfactant. While these
treatments have markedly reduced infant mortality, survivors of prematurity have an
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increased risk for chronic lung disease, including airway hyperresponsiveness (AHR) and
asthma (1-5). Asthma is characterized by wheezing, coughing, lung inflammation and AHR,
affects more than 7% of the US population (6) and can by triggered by a variety of
exposures including allergens, cold air and viral infections. In term born children, asthma
and AHR have a strong association with allergy and pulmonary inflammation. However, this
association is significantly weaker in children born preterm (4). Hence, the underlying cause
of asthma and AHR in children born prematurely remains unclear.

Analogous to children born prematurely, animals exposed to high oxygen as newborns often
exhibit long-term deficits in normal lung function, lung structure, and host response to
respiratory pathogens. In neonates or immature animals, oxygen-dependent changes in AHR
have been attributed in part to increased airway smooth muscle contractility, muscle
thickness, and elastin production (7-9). Oxygen-dependent changes in AHR are specific for
the developing lung because AHR is not observed in adult rats exposed to hyperoxia (10). A
study in newborn mice suggested the oxygen-dependent changes in AHR persist into
adulthood, and were mediated through inhibition of peroxisome proliferator-activated
receptor-γ signaling (11). However, whether AHR persists into adulthood is unclear, with
some studies showing persistence and other studies showing resolution (7, 11, 12). It would
therefore be ideal to use an established animal model that exhibits persistence in other
oxygen-dependent changes in lung disease to determine whether AHR persists into
adulthood following neonatal oxygen exposure and whether it exacerbates allergen induced
AHR and inflammation.

We previously demonstrated exposure of newborn mice to 100% oxygen between postnatal
days 0-4 causes alveolar simplification and altered elastin deposition in young adult mice
(13, 14). A concomitant increase in baseline pulmonary compliance was also observed. In
addition, supplemental oxygen exposure increased the sensitivity of the adult mice to
influenza virus infection with increased morbidity and an enhanced pulmonary
inflammatory response, providing further evidence that this mouse model recapitulates
childhood diseases attributed to prematurity and particularly early life oxygen exposure
(15-18). Using this model, we tested the hypothesis that neonatal hyperoxia promotes AHR
and/or exacerbates allergen-induced increases in AHR and lung inflammation in adult mice.

METHODS
Exposure of mice to hyperoxia

Within 12 hours of birth, newborn mice were exposed to either room air or 100% oxygen
until postnatal day 4 (13) and studied between 54-77 days of age. All animal experiments
conformed to NIH guidelines, and were reviewed and approved by University of Rochester
and University of Minnesota Institutional Animal Care and Use Committees. C57Bl6/J mice
(Jackson Laboratory, Bar Harbor, ME) were used in this study because their response to
neonatal hyperoxia has been extensively characterized in our laboratory (13-16) and they
have been widely used in the ovalbumin mouse model of asthma.

Measurement of lung mechanics and AHR
Mice were anesthetized with ketamine/xylazine/acepromazine, trachea and external jugular
vein cannulated, paralyzed with decamethonium and ventilated at 150 breaths per min (tidal
volume 10 ml/kg) using a computer-controlled SciReq FlexiVent (Flexivent 5.1 software,
Montreal, Canada). Initially, a step-wise volume driven inflation/deflation PV loop (PVs-V)
was used to determine static compliance, followed by a Snapshot 150 maneuver that applied
a sinusoidal signal (2.5 Hz for 2 sec) and a linear single compartment model to calculate
initial dynamic resistance (R) and compliance (C). Central airway resistance (Rn), tissue

Regal et al. Page 2

Pediatr Allergy Immunol. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



damping (G) and tissue elastance (H) in these groups of animals was also determined using a
forced oscillation technique (Quick Prime 3) prior to determination of methacholine
responsiveness. For determination of AHR, methacholine doses of 0.03 - 3 mg/kg were
delivered successively by bolus injection into external jugular vein. Maximal change in each
parameter to each methacholine dose was recorded. To standardize volume history, initial
pulmonary maneuvers as well as each dose of methacholine were preceded by two
consecutive inflations of lung to total lung capacity. The change in resistance (maximum/
initial value) and compliance (minimum/initial value) was expressed as a ratio.

Allergic sensitization of mice
Mice were sensitized twice at 5-6 wk of age by intraperitoneal administration of 5 mg/kg
ovalbumin (OVA; Sigma Chemical Co., St. Louis, MO) or saline in alum (Pierce Chemical
Co, St. Louis, MO). All animals were then challenged on 3 consecutive days with 1% OVA
aerosol for 30 min. Airway responsiveness to methacholine and lung inflammation was
determined 20-24 hours after the last OVA exposure. After assessment of methacholine
responsiveness, animals were euthanized, lungs lavaged in situ twice with 0.5 ml of
phosphate buffered saline, bled by cardiac puncture, protein in bronchoalveolar lavage
(BAL) supernatant determined and BAL cells identified and counted as previously described
(19). After lavage, the left caudal lung lobe was homogenized and processed for
measurement of eosinophil peroxidase (EPO, total OD/min) and the right caudal lung lobe
for myeloperoxidase (MPO, total units of enzyme activity), respectively, as previously
described (19). EPO and MPO values were normalized with g dry weight of lung to
approximate density of a particular cell type in the lung after removal of cells in airspace by
lavage. OVA specific IgG1 in serum was determined by a standard method using OVA
coated ELISA plates and IgG1 monoclonal antibody to OVA as standard (Thermo Scientific,
Rockford, IL, HYB 094-06-02).

Statistical analysis
All data were log transformed for statistical analysis. Figures show geometric mean + 1
standard error (SE) with 7- 9 animals per treatment group. Statistical significance was
defined as p<0.05 with one-sided or two-sided comparisons as appropriate. ANOVA
analysis and repeated measures ANOVA were conducted using JMP and SAS software
(SAS Institute Inc., Cary NC).

Results
Neonatal hyperoxia alters baseline lung function and AHR in adult mice

Baseline resistance and compliance were evaluated in adult mice exposed to room air or
hyperoxia (100% oxygen) between postnatal days 0-4. Neonatal hyperoxia significantly
decreased resistance and increased compliance in adult female but not male mice (Fig 1).
Tissue damping and elastance were also significantly decreased in females exposed to
oxygen as neonates, whereas the decrease in central airway resistance did not reach
statistical significance (Table 1). In contrast, the same effects of hyperoxia on lung
mechanics were not evident in male mice. Static compliance was calculated from the PV
loop and paralleled changes in compliance (p<0.05) in oxygen-exposed male and female
animals when compared to room air exposure (data not shown).

Airway responsiveness was measured by determining increased resistance and decreased
compliance in response to methacholine in male and female adult mice exposed to hyperoxia
or room air as neonates. Female mice exposed to hyperoxia as neonates had significantly
increased resistance to methacholine challenge (Fig 2). This increased airway
responsiveness following neonatal oxygen exposure was only evident in resistance changes
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induced by methacholine but not compliance changes. Males exposed to oxygen as neonates
had a slight reduction in methacholine responsiveness compared to air exposed neonates
with the difference in compliance being significant (Fig 2).

Neonatal oxygen exposure does not exacerbate allergen-induced AHR and lung
inflammation

Since neonatal exposure to supplemental oxygen increased methacholine responsiveness in
adult female mice, we examined its effect on allergen-induced AHR and lung inflammation
in a separate group of adult females. Adult female mice exposed to room air or hyperoxia as
neonates were sensitized with alum or OVA and challenged with OVA aerosol on three
consecutive days (Fig 3A). In this group, body weights at time of sensitization were also
different: Air 16.3 ± 0.2 g vs Oxygen 14.7 ± 0.2 g. Airway responsiveness to methacholine
of unsensitized animals (Air Ctl, O2 Ctl) is duplicated in Fig 3B for comparison and
reporting of statistical analysis. As expected, OVA sensitized mice had greater airway
reactivity to methacholine than animals treated with alum, regardless of whether they were
exposed to room air or hyperoxia as neonates. While increased methacholine reactivity was
observed at 3μg/kg in mice exposed to room air as neonates, increased methacholine
reactivity was observed at lower doses of methacholine (0.3-3μg/kg) in mice exposed to
hyperoxia as neonates. However, the maximum methacholine-induced increase in resistance
was not significantly different between allergen challenged mice exposed to room air or
hyperoxia as neonates. Likewise, methacholine-induced decrease in lung compliance was
more severe following OVA challenge, but the change was not affected by early oxygen
exposure. Alum treatment alone significantly enhanced methacholine-induced increase in
resistance in air-exposed mice, but significantly impaired methacholine-induced decrease in
compliance in oxygen-exposed mice.

As expected, OVA sensitization and challenge significantly increased eosinophil numbers in
bronchoalveolar lavage (BAL) fluid of mice exposed to room air or hyperoxia as neonates
(Fig 4). Although total number of eosinophils in BAL was less in mice exposed to
hyperoxia, it was not significantly different when compared to mice exposed to room air.
After lavage, the relative number of eosinophils and neutrophils remaining in tissue were
estimated by determining EPO and MPO activity, respectively, in lung homogenates.
Increased EPO activity was detected in both groups of mice, but significant increases were
only observed in mice exposed to room air. Allergen challenge weakly stimulated neutrophil
recruitment into airspace of mice exposed to room air, but this was not reflected in increased
neutrophils in lung tissue (Fig 4). OVA also increased BAL protein content compared to
alum, but the increase did not differ whether animals were exposed neonatally to oxygen or
room air (data not shown). OVA-specific IgG1 did not differ between OVA sensitized and
challenged groups, whether air or oxygen exposed as neonates (Fig 5). At the time
examined, OVA specific IgE was not detectable in OVA sensitized and challenged animals.

Discussion
Using a well-established adult mouse model of neonatal oxygen exposure that causes
persistent changes in lung structure, lung mechanics and the host response to influenza A
virus infection (13, 15-18), we found neonatal hyperoxia alters baseline pulmonary
mechanics, increases AHR, but does not alter the response to a model antigen. Specifically,
administration of supplemental oxygen during the neonatal period of alveolar development
resulted in increased lung compliance and decreased airway resistance. Although neonatal
hyperoxia increased AHR measured by methacholine provocation, it did not exacerbate
AHR or pulmonary inflammation triggered by sensitization and challenge with OVA. Such
findings were readily observed in female but not male mice. Our findings suggest that
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asthma diagnosed in children born preterm may reflect changes in airway structure and
differ from the asthma phenotype elicited by allergen and pharmacologically managed.

In our study, increased compliance at baseline in adult mice exposed to high oxygen at birth
likely reflects alveolar simplification and changes in elastogenic properties (20). This
alveolar simplification and increased compliance is similar to changes seen in emphysema
and chronic lung disease after premature birth (3). A decrease in baseline resistance is noted
in our mouse model but is not statistically significant in all cohorts (13, 21). In general,
decreased resistance is not a prominent finding in lung disease because normal lung
resistance is very small. However, when challenged with a bronchoconstrictor such as
methacholine, resistance readily increases and compliance decreases due to smooth muscle
contraction. One force limiting bronchoconstriction in normal lung is alveolar tethering of
airway walls. With alveolar simplification, this tethering is reduced and may result in a
greater bronchoconstrictor response to methacholine. In our study, the increased response to
methacholine in adult female mice exposed to oxygen at birth is potentially due to decreased
alveolar tethering with alveolar simplification. Altered elastin deposition seen in oxygen-
exposed mice is also consistent with elevated elastin present in asthmatics with AHR (22,
23).

A higher incidence of asthma is noted in people born prematurely, and AHR is more severe
in individuals born preterm, treated with supplemental oxygen and diagnosed with BPD (4).
Thus, we hypothesized that allergen-induced AHR in adult mice exposed neonatally to high
oxygen would be exacerbated. Our study was designed with a suboptimal sensitization and
challenge regimen to increase the likelihood that an exacerbation of airway inflammation
and AHR could be detected. Since structural differences in lung could affect aerosol
delivery of allergen or methacholine, we used the ip route for OVA sensitization and the iv
route for methacholine challenge. However, OVA challenge was done by aerosol so the
allergen dose delivered to elicit the lung inflammation and AHR might differ between air
and oxygen exposed animals with structurally different lungs. Neonatal oxygen exposure did
not alter production of OVA specific antibody or allergen-induced inflammation and AHR
in adult female mice. Overall, our results do not reflect the increased risk of asthma noted in
adults with BPD as infants.

A clear limitation of our study is the modeling of only one asthma phenotype: allergic
asthma. Atopy is a major risk factor for asthma, but not all asthma is triggered by allergens.
Recent evidence demonstrates a reduced incidence of atopy in adults born preterm with or
without BPD (4, 24, 25). Others found a weak association between allergy/airway
inflammation and asthma/AHR subsequent to premature birth indicating that asthma and
AHR in a premature population differed from typical allergic childhood asthma (4). Our
data indicate that hyperoxia in infancy does not exacerbate asthma-like symptoms triggered
by allergen in the adult female mouse. Our study only reflects the ramifications of neonatal
oxygen exposure on allergic asthma and does not address the possibility that other factors
including low birth weight or intrauterine growth restriction may be more important in
increased asthma incidence. Also, our study reflects the response of oxygen exposure in a
normal weight full term mouse whose airways are more likely to be developed than low
birth weight preterm human infant.

In addition to examining only one asthma phenotype, our studies are limited by examination
of only one model allergen, OVA. Occupational OVA exposure causes asthma in humans
(26) and the mouse OVA model of asthma has been extensively characterized. However,
studies also clearly indicate allergic mechanisms differ depending on allergen (19). Mouse
asthma models using more common allergens such as house dust mite have been developed
and result in a similar phenotype (27). Given the lack of effect of oxygen exposure on the
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intensity of the allergic inflammation and AHR induced by OVA, evaluating the response to
house dust mite is not currently warranted.

Our study also found that oxygen-dependent changes in baseline lung mechanics were
evident in female but not male C57Bl/6J mice. As adults, severe asthma occurs
predominantly in human females (6), and female mice have more severe allergic
inflammation than male mice in models of allergic asthma (27). Considering oxygen
toxicity, male mice tend to be more sensitive than females (28). Studies examining persistent
respiratory disease in former preterm humans generally examine low birth weight infants,
with clinically defined BPD being a subset of the population under consideration. BPD
comprises about 35% of very low birth weight infants (3) and when considering disease
incidence, males are more prone to develop BPD than females (29). However, when
considering respiratory symptoms in adults born preterm, females are more likely to report
respiratory symptoms (30) and there is a higher incidence of asthma, wheeze and shortness
of breath. The sex specific effect on AHR in our mouse model is consistent with the
increased respiratory symptoms in females born preterm compared to males (30). Thus, this
mouse model may provide a means to mechanistically explore how sex differences influence
health of people born prematurely.

In summary, our studies reveal neonatal hyperoxia provokes AHR but does not exacerbate
responses to allergen sensitization or inflammation in adult mice. Such knowledge suggests
future studies should investigate how neonatal hyperoxia reprograms development of the
mouse airway. For children born prematurely who present with asthma, our findings imply
that diagnosis should carefully differentiate the asthma phenotype from chronic lung disease
of the premature infant, and physicians should use caution when prescribing asthma
medications if not indicated by the evidence.
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Figure 1.
Neonatal oxygen exposure alters baseline lung mechanics in adult mice. Lung mechanics
were evaluated in adult female and male mice exposed to room air (Air) or 100% oxygen
(O2) between postnatal days 0-4. Values represent the geometric mean + SE for 7-9 animals
per group. * p<0.05 relative to Air.
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Figure 2.
Neonatal oxygen exposure increases AHR to methacholine in adult mice. Airway resistance
and lung compliance were evaluated in adult female and male mice exposed as neonates to
room air (Air Ctl) or 100% oxygen (O2 Ctl ). Values represent the geometric mean + SE for
7-9 animals administered increasing amounts of methacholine intravenously (0.03 – 3.0 μg/
kg). * p<0.05 by repeated measures ANOVA.
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Figure 3.
Neonatal oxygen exposure does not alter allergen-induced AHR in adult mice. a) Timeline
for allergic sensitization of adult mice exposed to room air or hyperoxia as neonates. AHR
was assessed in adult animals between 54-77 days of age. b) Airway resistance and lung
compliance were evaluated in adult female mice exposed to room air (Air) or 100% oxygen
(O2) as neonates. Animals were not sensitized controls (Ctl), or sensitized with Alum plus
saline (Alum) or Alum plus ovalbumin (OVA). All mice were challenged with OVA
aerosol. Values represent the geometric mean + SE of 7-9 animals administered increasing
amounts of methacholine intravenously (0.03 – 3.0 μg/kg). * p<0.05 by repeated measures
ANOVA with individual contrasts showed a significant overall effect comparing Ctl versus
Alum or Alum versus OVA. **p<0.05, OVA versus alum at individual methacholine doses.
† p<0.05, Ctl versus Alum at individual methacholine doses.
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Figure 4.
Neonatal oxygen does not alter allergen-induced lung inflammation. Adult mice exposed to
room air (Air) or 100% oxygen (O2) as neonates were sensitized with Alum plus saline
(Alum) or Alum plus ovalbumin (OVA). Values represent the geometric mean + SE of 7-9
animals. ANOVA showed a significant OVA effect for both air and oxygen exposed animals
(p<0.05) but the interaction with air or oxygen treatment was not significant. * p<0.05 for
the individual contrast of OVA versus alum in either air or oxygen exposed animals. BAL,
bronchoalveolar lavage; EPO, eosinophil peroxidase; MPO, myeloperoxidase.
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Figure 5.
Neonatal oxygen does not alter allergen-induced OVA specific IgG1 production. Adult mice
exposed to room air (Air) or 100% oxygen (O2) as neonates were sensitized with Alum plus
saline (Alum) or Alum plus ovalbumin (OVA). All mice were challenged with OVA
aerosol. Serum was collected and levels of IgG1 quantified by ELISA. Values represent the
geometric mean + SE of 6-9 animals; nd indicates no detectable OVA specific IgG1. OVA
specific IgG1 production did not differ in Alum versus OVA animals.
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Table 1

Baseline values for airway resistance (Rn), tissue damping (G), tissue elastance (H)

Female Male

Air O2 Air O2

Rn

(cm H2OXsec/ml)
0.47±0.06 0.43±0.02 0.36±0.02 0.37±0.03

G
(cm H2O/ml)

5.27±0.31 4.63±0.11* 4.16±0.11 4.51±0.18

H
(cm H2O/ml)

31.3±0.95 28.32±1.26* 25.73±0.68 26.14±0.96

*
p<0.05, Air vs O2
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