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A B S T R A C T

The newborn infant’s respiratory system must rapidly adapt to extra-uterine life. Neonatal rat and mouse models
have been used to investigate early development of respiratory control and reactivity in both health and disease.
This review highlights several rodent models of control of breathing and respiratory system development (in-
cluding pulmonary function), discusses their translational strengths and limitations, and underscores the im-
portance of creating clinically relevant models applicable to the human infant.

1. Background

At parturition, the newborn’s respiratory system rapidly adapts from
an intra-uterine liquid environment, where gas exchange was reliant
upon placental blood flow, to a new extra-uterine air environment. The
newborn lung must now exchange gas to achieve adequate oxygenation
and ventilation. The neonatal transition starts with peripheral and
central respiratory control centers initiating the first breaths of air,
expanding the lungs, driving further absorption of fetal lung fluid, and
increasing the partial pressures of oxygen in the bloodstream (PaO2).
When the umbilical cord is clamped, systemic vascular resistance rises
and pulmonary vascular resistance falls, thereby initiating a functional
closure of fetal pulmonary shunts (foramen ovale, ductus arteriosus)
and establishing circulation that will persist into adulthood (Goldsmith,
2015). While most infants transition without incident, up to 10% of
newborns will need some respiratory assistance following birth
(Wyckoff et al., 2015). Sustaining adequate ventilation and oxygenation
requires a central respiratory drive, adequate muscle strength and chest
wall recoil, clearance and opening of the airways, with functional gas-
exchange and blood flow now occurring in the lung (Sinha and Donn,
2006). Disruptions of any aspects of the neonatal respiratory transition
can result in insufficiency and needs for interventions such as positive
airway pressure, mandatory ventilation, and supplemental oxygen (O2).

The field of neonatology has benefitted greatly from respiratory
system discoveries made utilizing translational newborn animal
models. Investigation of premature delivery or perinatal asphyxia in
large animals, such as ovine, porcine, and primate models, have shaped

neonatal resuscitation and early respiratory practices, as well as, in-
formed upon longer term respiratory and developmental outcomes.
These models are highly specialized, labor-intensive, and costly because
they often require surgical interventions, mechanical ventilation, se-
dation, intravenous nutrition, and continuous monitoring in appro-
priately staffed and equipped animal intensive care units. This review
will focus on the more accessible and less costly term rodent models
that leverage the order’s relatively immature lung and respiratory de-
velopment at birth, and readily available immunohistochemical and
genetic techniques to investigate neonatal respiratory disease.

We will highlight several small animal models of respiratory system
development and how perturbations such as premature lung and re-
spiratory development, infection, and early respiratory exposures can
result in clinically relevant respiratory disease in human infants.

2. Neonatal breathing

Swallowing of amniotic fluid and diaphragmatic excursion are cri-
tical for the fetal development and growth of the lung. Ultrasound
detection of human fetal breathing movements is reported as early as
11 weeks of gestation, with more regular detection as the fetus matures
and phasic patterns are observed during times of rapid-eye-movement
sleep (Jansen and Chernick, 1991). Multiple transmitters have been
shown to influence fetal breathing including gamma-aminobutyric acid,
corticotrophin-releasing factor, prostaglandins, and serotonin (Abu-
Shaweesh, 2004). The human fetus is responsive to hypercapnia
showing increased fetal breathing, but a paradoxical initial depression
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of breathing during hypoxia, emphasizing the inhibitory pathways of
hypoxia sensitive centers rostral to the medullary system (Jansen and
Chernick, 1991).

Breathing maturation is on a continuum from early fetal to late
neonatal life. As such, postnatal respiratory activity can also be irre-
gular with periods of eupnea, apnea, periodic breathing, and ta-
chypnea. Respiratory control of the neonate is predominantly inhibitory
in nature from peripheral afferents to central respiratory reflex re-
sponses - manifesting a decreased response to carbon dioxide, para-
doxical responses to hypoxia, exaggerated reflex apnea, and irregula-
rities of sustained breathing patterns including periodic breathing and
central apnea (Abu-Shaweesh, 2004). Frank apneas and a distinct
amount of tonic diaphragmatic activity are more commonly observed in
the premature neonate (Beck et al., 2011) and incidence of apnea does
not equal that of a term neonate until around 43–44 weeks corrected
gestational age (Ramanathan et al., 2001). Of concern, apneas and
subsequent increased intermittent hypoxemia events in premature
neonates have been associated with numerous neonatal morbidities and
hospital mortality (Poets et al., 2015; Di Fiore et al., 2016; Fairchild
et al., 2018).

Much of animal modeling has focused on measurements of the
neonatal responses to hypoxemia and/or hypercapnia following an
exposure or insult to perturb the normal function of the developing
respiratory control centers (Table 1). In control animals, an anticipated
increase in measurements of minute ventilation would occur in re-
sponse to challenges with inhaled hypoxic or hypercarbic gases. The
hypoxic ventilatory response (HVR) is bi-phasic in nature, with neo-
nates displaying an initial increase in tidal volume and respiratory rate
that lasts 1–2min, followed by a decline in minute ventilation to below
baseline (Abu-Shaweesh, 2004). The initial acute phase of the HVR is
due to stimulation of peripheral chemoreceptors primarily in the car-
otid body, which can be eliminated by carotid body denervation in the
neonatal rat, whereas, the late phase hypoxic ventilatory depression is
central in origin (Fung et al., 1996). The hypercapnic ventilatory re-
sponse (HCR) is both peripherally (10–40% of the total HCR) and
centrally mediated (Abu-Shaweesh, 2004) and results in increased
minute ventilation and prolongation of expiratory duration (Abu-
Shaweesh et al., 1999).

2.1. Rodent model - sustained hypoxia

As described above, the fetus leaves a relatively hypoxemic (PaO2

25–30mm Hg) intrauterine environment supported by the placenta and
transitions to a relatively hyperoxic air environment (Abu-Shaweesh,
2004). Neonatal rat and mouse models have utilized exposures to sus-
tained hypoxia during early development of respiratory control to alter

this transition. Rat pups raised in hypoxia have attenuation of the HVR
(Eden and Hanson, 1987; Bavis et al., 2004; Reeves and Gozal, 2006b;
Stryker et al., 2018), mediated in-part by reduced carotid body po-
tassium-channel current density thereby preventing type 1 cell depo-
larization in response to acute hypoxia (Wyatt et al., 1995). Sustained
hypoxia models vary in the severity, duration, and timing of hypoxia
exposures with the magnitude of HVR attenuation dependent upon the
duration, intensity, and hypoxia patterns (Prabhakar and Kline, 2002;
Reeves and Gozal, 2006a). Additionally, gender and strain of the ani-
mals should be taken into account when translating discoveries (Bavis
et al., 2004; Subramanian et al., 2007).

2.2. Rodent model - sustained hyperoxia

Akin to the relative hyperoxic transition of birth and practice of
supplemental O2 use for neonatal respiratory insufficiency, rodent
models have likewise investigated the effects of early exposures to
sustained hyperoxia on the developing respiratory control centers.
Delivery room resuscitation with 100% O2 has been shown to depress
respiratory drive in the term human neonate (Vento et al., 2001), as
well as, the neonatal rat (Bookatz et al., 2007). Premature infants with
respiratory insufficiency often require some amount of supplemental O2

(Welsford et al., 2019) and may require supplemental O2 for prolonged
durations with potentially untoward effects upon respiratory control
(Katz-Salamon and Lagercrantz, 1994). In sustained hyperoxia rat
models, the carotid body is reduced in size with a decreased number of
chemoafferent neurons compared to room air raised pups (Erickson
et al., 1998; Bavis et al., 2013). Rats raised in hyperoxic conditions
show a marked attenuation of the HVR (Carroll et al., 2009; Bavis et al.,
2013; Bierman et al., 2014) and HCR (Bavis et al., 2017) with long-term
deficits in the HVR lasting well into adulthood (Ling et al., 1996; Fuller
et al., 2002). While the acute HVR is attenuated in rats raised in neo-
natal hyperoxia, the late phase of the HVR shows sustained increases in
ventilation when compared to the classical bi-phasic decline in minute
ventilation observed in control animals (Bavis et al., 2010; Hill et al.,
2013), indicating impairments in the peripheral chemoreceptors with a
compensatory increase in excitatory effects within the central nervous
system. Remarkably, intermittent hypercapnia (Bavis et al., 2007) or
intermittent hypercapnic hypoxia (Bavis et al., 2019) during sustained
hyperoxia background restores the HVR. Additionally, the HVR can be
subsequently rescued from the effects of sustained neonatal hyperoxia if
pups are later exposed to a course of sustained or intermittent hypoxia
(Fuller et al., 2001; Bisgard et al., 2005). While the mechanisms un-
derlying recovery of the HVR are still under investigation, the carotid
body size has been shown to increase in volume following the sec-
ondary exposure to hypoxia potentially conferring remediation of hy-
poxia sensing and triggering in the peripheral arterial chemoreceptors
(Wenninger et al., 2006).

2.3. Rodent model - intermittent hypoxia

Due to an immature respiratory drive and underlying pulmonary
insufficiency, premature infants may have over 100 intermittent hy-
poxemia events daily (Martin et al., 2011). These O2 desaturation
events are likely an indicator of respiratory and clinical instability and
have been associated with adverse neonatal outcomes (Poets et al.,
2015; Di Fiore et al., 2016; Fairchild et al., 2018). Rodent models have
used both prenatal and postnatal cycles of intermittent hypoxia (IH)
exposures to mimic these clinical events on the developing respiratory
control system. Pregnant rats exposed to IH during late gestation gave
birth to offspring with increased baseline ventilation and an attenuated
peak HVR (Gozal et al., 2003). Ventilatory effects of postnatal IH de-
pends greatly on the patterns and timing of exposures - displaying both
beneficial and detrimental effects on respiratory control. Short duration
exposures of the neonatal rat to IH (< 10 days) resulted in elevated
carotid body sensory response to hypoxia (Peng et al., 2004) and an

Table 1
Rodent Models of Neonatal Breathing.

Perinatal Exposure(s) Acute Response to
Inhaled Gas Challenges

Sustained Hypoxia (alone) ↓HVR
Sustained Hyperoxia (alone) ↓HVR, ↓HCR

WITH Intermittent
Hypercapnea/Hypoxia

Ø HVR

Intermittent Hypoxia Prenatal ↓HVR
<10 day duration ↑HVR
>30 day duration ↓HVR

Hypercapnea Intermittent ↑HVR, Ø HCR
Sustained ↓HCR

Lipopolysaccharide Prenatal ↑HVR, ↑HCR
<2 days of age ↓HVR
5-8 days of age Ø HVR
10 days of age ↓HVR
20 days of age Ø HVR

Hypoxic Ventilatory Response (HVR); Hypercapnic Ventilatory Response
(HCR).
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unchanged or augmented peak HVR (Peng et al., 2004; Julien et al.,
2011) with variable effects on the late phase HVR (Gozal and Gozal,
1999; Julien et al., 2011; Mayer et al., 2013). Conversely, longer-term
chronic exposure to neonatal IH for 30 days resulted in increased
baseline ventilation (Reeves and Gozal, 2006a,b; Reeves et al., 2006)
and an attenuated HVR (Reeves and Gozal, 2006b; Reeves et al., 2006).

2.4. Rodent model - hypercapnia

Disordered breathing, hypoventilation, rebreathing, and apneas
may also be associated with intermittent hypercapnia in the neonate.
There has been a trend in neonatal practice of permissive hypercapnia
to alleviate lung trauma from excessive tidal volumes during invasive
ventilation and limit the overall duration of mechanical ventilation in
the fragile premature newborn. As such, models have also investigated
exposures to intermittent and chronic hypercarbic gases in neonatal rat
pups. Intermittent hypercapnia alone elicits an enhanced HVR when
compared to room air controls, without an observed difference in the
HCR (Steggerda et al., 2010). Interestingly, combined intermittent hy-
percapnic hypoxia caused an increase in carotid body size with a
modest decrease in the HVR from baseline while reducing the HCR
(Bavis et al., 2019). Chronic hypercapnia in neonatal rats results in
transient increases in ventilation with a reduction of the acute HCR
immediately following exposure; the elevated baseline ventilation and
blunted HCR recovers following return to room air (Rezzonico and
Mortola, 1989; Bavis et al., 2006).

2.5. Rodent model - inflammatory and infectious exposures

Premature labor is often triggered by infection. Additional in-
flammatory exposures, both infectious and noninfectious, coupled with
an immature immune system and underdeveloped anti-oxidant and
anti-inflammatory defenses often leads to an unbalanced pro-in-
flammatory state that may contribute further to breathing instability in
premature neonates (Di Fiore et al., 2013) and infants at risk for sudden
infant death syndrome (SIDS) (Weber et al., 2008). Rodent models have
utilized gram-negative endotoxin, lipopolysaccharide (LPS), to produce
an inflammatory state and measure respiratory control. LPS adminis-
tered prenatally to pregnant mice to mimic systemic maternal in-
flammation and chorioamnionitis resulted in offspring with increased
apnea frequency, elevated baseline ventilation, an increased HVR, and
an increased HCR compared to aged-matched controls (Samarasinghe
et al., 2015). Conversely, postnatal systemic administration of LPS to
the newborn rat at 2 days of age resulted in attenuation and delay of the
HVR (Master et al., 2015), increased spontaneous intermittent hypox-
emia, and attenuated hypoxic chemosensitivity of the carotid nerve
sinus with an associated decrease in carotid body volume of type II cells
(Master et al., 2016). In a postnatal infection/inflammation model
utilizing LPS to create circumstances surrounding a SIDS scenario
(Weber et al., 2008), attenuations of the early and late phase of the HVR
are observed following systemic LPS administered to rat pups at 10 days
of age, with notable increases in same day mortality (Rourke et al.,
2016). Interestingly, signifying a critical window of vulnerable post-
natal respiratory development in the neonatal rat, systemic LPS at 5–8
days of age (McDonald et al., 2016a,b; Rourke et al., 2016) and 20 days
of age (Rourke et al., 2016) did not have an observed effect upon the
HVR or mortality compared to saline controls. In a separate model of
pneumonia and pulmonary infection, neonatal rat pups that received
intratracheal LPS had an attenuated HVR with no observed effect upon
the HCR (Balan et al., 2012; Ribeiro et al., 2017).

2.6. Translational aspects of rodent models of neonatal breathing

As one can appreciate, there is a diverse range of neonatal rodent
models of breathing, all providing important clues to the peripheral and
central chemoreceptors, rhythm generators, and abilities to respond to

ventilatory challenges with important translational insights to the
bedside clinician. Inherent to most animal models, an insult or ex-
perimental intervention must be introduced to perturb a system that
otherwise functions and develops normally under typical neonatal
conditions. For example, severe sustained exposure to hypoxic gas may
be necessary to develop the required disease phenotype, out of pro-
portion to the hypoxemia a newborn human would experience when
using continuous pulse oximetry monitoring.

The most premature infants may spend months of their lives on
respiratory support, including supplemental O2. Despite receiving
supplemental O2, due to their underlying respiratory insufficiency, it
would be relatively rare that their arterial PaO2 would be maintained in
sustained hyperoxemia (PaO2> 150) thus affecting the central and
peripheral chemoreceptors. Rodent models utilizing extremes of hy-
peroxic gas exposures and sustained hyperoxemia may be of less clinical
relevance in regards to control of breathing (but may still have im-
portant implications to the development of the lung itself, see discus-
sion of neonatal lung and airway disease models). Rather the premature
neonate is more likely to have episodes of hypoxemia, hypercapnia
(both intermittent and sustained), and rebound re-oxygenation and
hyperoxemia (Abu-Shaweesh, 2004; Di Fiore et al., 2013, 2016). We
speculate that mixed models, including those that induce a pro-in-
flammatory state, are the most translational to the bedside condition.
As such, it can be difficult to ascertain what aspects may be detrimental
and protective unless each condition is tested both individually and in
combination. Of note, any alteration from the control state, whether it
is attenuation or hypersensitive responses to respiratory stimuli likely
indicate unstable breathing in the neonate (Table 1).

3. Neonatal lung and airway disease

Premature infants are at risk for long-term pulmonary morbidity
from childhood into adulthood, with those born more premature ex-
periencing the highest incidence of respiratory disease (Fawke et al.,
2010; Been et al., 2014; Vollsaeter et al., 2015; Priante et al., 2016).
Bronchopulmonary Dysplasia (BPD), the most common severe re-
spiratory sequelae of premature birth, is clinically defined for those
infants who require respiratory support at 36 weeks corrected gesta-
tional age (Walsh et al., 2004). Previously, lung pathology in “Old BPD”
as first described by Northway et al. was characterized by alveolar fi-
brosis, thickened septa, and smooth muscular hyperplasia (Northway
et al., 1967). More recently with gentle ventilation strategies, surfactant
replacement therapy, and lower use of supplemental O2, chronic lung
disease of prematurity termed “New BPD” demonstrates less fibrotic
changes with emphasis upon alveolar simplification and abnormal mi-
crovasculature (Jobe, 2011). Functionally, infants with “New BPD”
experience early evidence of obstructive lung disease persisting into
adolescence, increased airway reactivity and wheezing disorders, and
reduced diffusing capacity for carbon monoxide with normal alveolar
volume (Baraldi et al., 2009; Balinotti et al., 2010; Brostrom et al.,
2010; Ahlfeld and Conway, 2014; Been et al., 2014). Though the
greatest morbidity is seen in infants with BPD, non-BPD infants re-
ceiving supplemental O2 also are at high-risk for developing sympto-
matic airway dysfunction (Stevens et al., 2010; Di Fiore et al., 2019).
Numerous risk factors contribute to the pathogenicity of airway re-
activity including neonatal O2 injury, mechanical ventilation, and in-
flammation (Reyburn et al., 2012). Taken together, premature infants
as a group are at heightened risk for developing airway hyperreactivity
(Grischkan et al., 2004; Jaakkola et al., 2006; Been et al., 2014) and
childhood wheezing (Been et al., 2014; Edwards et al., 2016). Fur-
thermore, longer-term cohorts following premature infants show ob-
structive lung disease persisting into adolescence and adulthood (Fawke
et al., 2010; Doyle et al., 2017).

The development of translational rodent animal models has been
critical in understanding normal and abnormal lung development.
During early human fetal development, airway smooth muscle
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differentiates from the mesenchyme of the primordial lung and en-
velops the emerging bronchial tree. Airway smooth muscle layers are
present by the end of the human embryonic period that extend from the
proximal trachea to the distal terminal lung sacs, and are innervated by
an extensive nerve plexus comprised of nerve trunks and ganglia
(Schaffer and Marla, 2011). The fetal lung and airways continue to
develop through the pseudoglandular and canalicular stages of differ-
entiation. Airway smooth muscle at these early stages provides phasic
rhythmic contractility with smooth muscle present in all the conducting
airways by 23 weeks gestation (canalicular stage) and autopsy evidence
of hypertrophic changes by 10 days of age in infants developing chronic
lung disease (early saccular stage) (Sward-Comunelli et al., 1997).
Though fully viable at birth, the term rodent is born in the saccular
stage of lung development and thus does not yet have differentiated
alveoli, allowing for careful modeling of prenatal and environmental
exposures (hyperoxia, hypoxia, and infection/inflammation) to de-
termine their pathogenic effects commonly associated with BPD and
airway hyperreactivity, as briefly summarized in Table 2 (Amy et al.,
1977; Berger and Bhandari, 2014, O’Reilly and Thebaud, 2014).

3.1. Rodent model - sustained hyperoxia

The most commonly used rodent models of neonatal lung disease
involves exposure to sustained hyperoxic gas in attempts to recapitulate
the pathologic features of BPD in both the airway and emerging al-
veolus (Berger and Bhandari, 2014; Silva et al., 2015). These models
utilize O2 concentrations ranging from mild (40% O2) to severe (100%
O2) hyperoxia spanning several developmental lung stages (Berger and
Bhandari, 2014, O’Reilly and Thebaud, 2014). Based on each exposure
paradigm, different effects can be seen on the developing airway and
alveolus depending on the dose and duration of O2 treatment. The
presence of so many exposure protocols in the literature has both po-
sitive and negative consequences for investigators studying neonatal O2

exposures. When aggregated together, the experimental diversity al-
lows investigators to characterize a dose response in each lung com-
partment (airway and alveolus) across several developmental windows
(saccular, primary alveolarization, and bulk alverolarization); perhaps
improving translational relevance because premature infants are ex-
posed to a variety of doses and durations of supplemental O2 with risk
for development of BPD correlated with daily O2 exposures (Wai et al.,
2016; Raffay et al., 2019). Conversely, the lack of a “gold standard”
decreases reproducibility, requiring investigators to re-characterize
their respective paradigm depending on O2 dose, O2 duration, rodent
species, environmental conditions (e.g. altitude, temperature, hu-
midity), and other factors that may affect the models’ performance.

Multiple rodent models of hyperoxia have shown structural (airway

smooth muscle proliferation or hypertrophy, diminished airway te-
thering) and functional (increased baseline resistance or airway con-
tractility) changes under hyperoxic conditions. Baseline lung function
assessments (without methacholine or ovalbumin challenge) vary based
upon severity and duration of hyperoxia exposure. The alveolar epi-
thelium in term rodents exposed to sustained hyperoxia has altered
development with decreased alveolarization and gas exchange, in-
creased fibrosis, and increased inflammation (Vogel et al., 2015).
Functionally, hyperoxia-induced changes in alveolar architecture (40%
to 100% O2 for 4 days) have effects on both baseline resistance and
compliance with a direct relationship between O2 dose, degree of al-
veolar simplification and baseline compliance (Yee et al., 2009). This
same paradigm shows changes in cellularity of the alveolar epithelium
with expansion followed by reduction in Type II pneumocytes (Yee
et al., 2014). Minimally increased baseline airway resistance and de-
creased compliance was observed in juvenile (3 week old) mice after
mild hyperoxia (40% O2 for 7 days) (Wang et al., 2014). Longer
duration severe hyperoxia (> 70% O2 for> 4 days from birth) impacts
multiple stages of rodent lung development and results in much of the
previously described “Old BPD” phenotype which includes lung fi-
brosis, increased baseline resistance and decreased compliance in ju-
venile rodents (Warner et al., 1998; Auten et al., 2007; Velten et al.,
2010; Hansmann et al., 2012; James et al., 2013). Conversely, short
duration high doses (100% O2 for 4 days) show alveolar simplification
with decreased baseline resistance and increased compliance in adult
mice (Yee et al., 2009; Regal et al., 2014). The variable differences in
baseline function, likely correlate with the balance of alveolar simpli-
fication and airway tethering, fibrotic lung changes, and resting airway
tone. Preclinical therapeutics attempting to reverse alveolar simplifi-
cation and changes in lung function show promise with concomitant
exposures of hyperoxia and various agents, such as, ethyl nitrite during
hyperoxia (> 95% O2 for 8 days) (Auten et al., 2007), interlukin-1
antagonism (65% O2 for 28 days) (Royce et al., 2016), peroxisome
proliferator-activated receptor-γ agonism (70% O2 for 10 days) (Takeda
et al., 2009), vitamin D (85% O2 up to 21 days) (Yao et al., 2017), as
well as, various cell (Augustine et al., 2017) and exosome based
therapies (Willis et al., 2018).

The study of airway resistance and hyperreactivity is of particular
interest in hyperoxic BPD rodent models because premature human
infants with and without BPD have increased wheezing and use of
bronchodilator medications associated with the intensities of neonatal
supplemental O2 exposures (Stevens et al., 2010; Di Fiore et al., 2019).
Studies describing airway hyperreactivity in rodents generally use
methacholine or allergic ovalbumin challenge; administering increasing
doses and assessing airway contraction or pulmonary function until
maximal effect is reached. Juvenile mice exposed to mild hyperoxia

Table 2
Rodent Models of Neonatal Lung and Airway Disease.

Perinatal Exposure(s) Parenchymal Changes Baseline Mechanics Airway Hyperreactivity

Alveolarization Smooth Muscle Resistance Compliance Methacholine Response

Sustained Hyperoxia
Mild (< 40% O2) ↓ ↑↑ ↑ or Ø ↓ or Ø ↑↑
Moderate (50-70% O2) > 4 days ↓ ↑ or Ø ↑ or Ø ↓ or Ø ↑
Severe (> 70% O2) < 4 days ↓↓ ↑ ↓ ↑↑ ↑ or Ø
Severe (> 70% O2) > 4 days ↓↓ ↑ ↑ ↓ ↑ or Ø
WITH Intermittent Hypoxia ↓↓ ↑ Ø Ø ↑
WITH Non-Invasive CPAP ↑ – ↓ ↑ –

Intermittent Hypoxia Ø Ø Ø Ø Ø
Positive Pressure
Invasive (Ventilation) ↓ ↑ or Ø Ø Ø ↑↑
Non-Invasive (CPAP) ↓ ↑ Ø Ø ↑↑

Prenatal Lipopolysaccharide ↓or Ø ↑ or Ø ↑ ↓ ↑
WITH Hyperoxia ↓ ↑ ↑ ↓ ↑ (but not additive)

Continuous Positive Airway Pressure (CPAP).
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(40% O2 for 7 days) have increased smooth muscle proliferation and
increased in vivo and in vitro airway hyperreactivity to methacholine
challenge, but the effect was blunted at higher levels of hyperoxia (70%
O2 for 7 days) (Wang et al., 2014; Onugha et al., 2015) – an observation
paralleled in vitro using human fetal airway smooth muscle cells
(Hartman et al., 2012). Various levels and durations of moderate hy-
peroxia (50–65% O2 for 7–28 days) in newborn mice display in vivo
airway hyperreactivity to methacholine at 3 weeks of age (Raffay et al.,
2014; Faksh et al., 2016; Raffay et al., 2016) and in vitro airway hy-
perreactivity at 4 weeks of age (Royce et al., 2016). Similarly, rats
exposed to moderate hyperoxia (60% O2 for 14 days) had increased
bronchial airway smooth muscle contractility (Belik et al., 2003). One
important consideration is that airway hyperreactivity measured by
methacholine-induced change in luminal area via a living lung slice
requires time after exposure to develop, exhibiting an evolving phe-
notype as the animals age (Onugha et al., 2015). Indeed, airway smooth
muscle proliferation persists when mice are aged (10 months) after
neonatal exposure (65% O2 for 14 days) with adult animals displaying
fewer bronchiolar-alveolar attachments (O’Reilly et al., 2014). As such,
severe hyperoxia in excess of 70% O2, results in adult hyperreactivity to
methacholine at 6 weeks (Hansmann et al., 2012) and 8 weeks (Kumar
et al., 2016) with no observed effect to ovalbumin sensitization in
adulthood (Regal et al., 2014). Finally, therapeutic studies in moderate
hyperoxia models show pups retain variable capacity for acute reversal
of airway contractility with agents such as sodium nitroprusside and
adenosine triphosphate (Belik et al., 2003), and β2-adrenergic agonist
(Raffay et al., 2014; Royce et al., 2016), as well as, attenuated hy-
perresponsiveness following inhaled S-nitrosoglutathione treatment in
juvenile (3 week) and adult (6 week) animals (Raffay et al., 2016).

The translational relevance of any particular neonatal lung injury
model is determined by the timing, dose, and duration of any given
hyperoxia exposure. To complicate matters, the phenotype of BPD has
changed as neonatal care has evolved over the years, now characterized
by airway dysfunction, alveolar simplification, microvascular simplifi-
cation, and minimal fibrosis. The heterogeneity in term rodent models
shows the wide array of phenotypic changes that can be induced by
hyperoxic exposure - with high dose and prolonged hyperoxia ex-
posures likely modeling the most severe present-day BPD or the fibrotic
and obstructive “Old BPD” while moderate and/or short courses of
hyperoxia likely better aligning with airway hyperreactivity and di-
minished alveolarization of the “New BPD” phenotype. Regardless,
modeling in term rodents can be difficult because they are able to
achieve normal saturations and oxygenation while breathing room air
despite their relatively immature stage of lung development. Therefore,
the partial pressure of blood oxygen (PaO2) in hyperoxic term rodent
models is likely supraphysiologic, and exceeds that of O2-treated pre-
mature infants. This has implications for extrapulmonary effects of
hyperoxia in the developing heart, brain, and other organs (Yee et al.,
2018). However, we speculate that the local and direct effects of hy-
peroxia on the developing rodent and human lung results in much of
the observed pathology. As such, robust rodent models of hyperoxia
should be reproducible, use concentrations and durations of supple-
mental O2 most consistent with those reported in premature infants,
and concentrate on phenotypically recapitulating the relevant changes
observed in humans.

3.2. Rodent model - sustained hyperoxia with superimposed intermittent
hypoxemia

As discussed earlier, premature infants with immature control of
breathing and apnea of prematurity often experience hypoxemic epi-
sodes that require supplemental O2. These swings in O2 exposures and
saturations are unique to premature infants, thus the rodent models
created to mimic the clinical observations on lung development are
relatively sparse. Intermittent hypoxemia in premature infants occurs
infrequently around the time of birth, then increases to> 100 daily

episodes during peak incidence at 1 month postnatal age (Di Fiore et al.,
2010). Though sustained hyperoxia is most commonly used to perturb
lung development, some investigators have superimposed intermittent
hypoxia (IH) onto these models.

There is diversity in the exposures utilizing IH, similar to those
previously discussed with sustained hyperoxia. IH episodes range from
low number/long duration to high number/short duration during the
exposure period and most outcomes concentrate on swings in oxyge-
nation exacerbating oxidative stress resulting in abnormal lung devel-
opment. One mouse model used multiple brief cycles of repeated IH
with superimposed hyperoxia (10% O2 for 1min followed by transient
increase to 50% O2 with gradual washout to room air repeating every
10min, 24 h/day) showing altered airway hyperreactivity and in-
creased oxidative stress with hypoxia/hyperoxia exposure (Dylag et al.,
2017). Other mouse models have successfully used longer cycles (2 h
12% hypoxia/2 h 50% hyperoxia/20 h room air for 6 days) or (65% O2

with 8% O2 for 10min once daily for 28 days) to show that markers of
oxidative stress and arrest of alveolarization may be exacerbated by
decreased VEGF and/or anti-oxidant capacity (Ratner et al., 2009;
Elberson et al., 2015). Another model exposed rats to sustained hy-
peroxia (60% O2 for 14 days) followed by IH (10% O2 every 10min 4
times daily during days 15–28) showing persistent alveolar simplifica-
tion and pulmonary capillary rarefication in the hypoxia/hyperoxia
animals compared to those recovered in room air (Mankouski et al.,
2017). Finally, investigators looking at reversing the harmful effects of
oxidative stress used a rat protocol (50% hyperoxia with 12% O2 for
2min, 12 times a day for 14 days) with treatment of a superoxide
dismutase mimetic partially restoring alveolarization and the micro-
vasculature (Chang et al., 2013). Taken together, these studies highlight
the significant differences in both gender, species (mouse or rat), or
strain (primarily mouse) when executing sustained hyperoxia studies,
which has implications both for translational relevance and transgenic
approaches (Whitehead et al., 2006; Leary et al., 2019; Tiono et al.,
2019).

There is translational strength in using hyperoxia with IH because it
closely mimics the conditions observed in premature infants. The most
translationally relevant protocols approximate the number and dura-
tion of intermittent hypoxemic events, which tend to be continuous
(24 h/day), high in frequency (> 100 episodes/day), and short
(1–20minutes) in duration. The clinical observations are only
scratching the surface on how magnitude, frequency, and severity of
these events impact premature infants’ pulmonary morbidity (Fairchild
et al., 2018; Di Fiore et al., 2019; Raffay et al., 2019). There are current
clinical trials capitalizing on more detailed bedside monitoring that can
also give translational insight into the animal modeling of BPD
(Dennery et al., 2019). Refinement and continued investigation in ro-
dents will be critical to elucidate the mechanisms involved in inter-
mittent hypoxemia, immature control of breathing, and respiratory
outcomes.

3.3. Rodent model - positive pressure

Respiratory support of premature infants often involves invasive
(mechanical ventilation, high frequency ventilation) or non-invasive
(non-invasive positive pressure ventilation, continuous positive airway
pressure (CPAP), nasal cannula) interfaces to deliver inspired gas. Many
studies of positive pressure ventilation are performed in large animal
models, which have limitations of cost, labor, and sample size. Until
recently, rodents undergoing positive pressure ventilation required a
non-recoverable tracheostomy, making longitudinal studies impossible
to perform. However, some investigators have developed devices that
utilize oral/nasal interfaces to deliver positive pressure ventilation to
neonatal rodents and study their effects on airway physiology and lung
development.

Rodent models of positive pressure ventilation employ either in-
vasive (intubation and ventilation) or non-invasive (CPAP) for brief
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periods (2–4 h) using normoxic or hyperoxic gases. Ventilation of nur-
sing pups makes continuous ventilation difficult and requires they be
returned to their mother for nutritional support or given short term IV
and/or gavage feeds. Invasive ventilation of the 5–6 day old mouse in
normoxia has been shown to arrest alveolar development (Mokres et al.,
2010). In an invasive ventilation rat model, 8 day old rats that were
intubated and ventilated for 4 h displayed increased airway hy-
perreactivity to methacholine at 10 days of age both in the presence and
absence of hyperoxia exposure (Iben et al., 2006). Similarly, non-in-
vasive CPAP models (3 h/day for 7 days) in normoxia showed increased
airway hyperreactivity to methacholine challenge and mild alveolar
simplification, potentially indicating distending trauma to the devel-
oping murine small airways and lungs with CPAP of 6 cmH2O (Mayer
et al., 2015). Interestingly, when the same investigative group added
hyperoxia (50% O2) to CPAP, the animals receiving the combined ex-
posures had lower baseline resistance and higher compliance compared
to hyperoxia alone with the additional benefit of attenuated alveolar
simplification (Reyburn et al., 2016).

Given the relative scarcity of positive pressure rodent ventilation
models, the techniques used in the selected studies gives promise for
their continued development. Using an occlusive mask, as employed in
the CPAP models, minimizes injury and creates a proper seal, ensuring
pressure is delivered to the lungs non-invasively. Future protocols can
be designed to capitalize and expand on these techniques, con-
centrating on the combined effects of positive pressure ventilation and
changes in O2 exposure (hyperoxia, hypoxia/hyperoxia) as discussed
above.

3.4. Rodent model - inflammatory and infectious exposures

Intrauterine infection and inflammation are triggers for premature
birth, setting off an inflammatory cascade in the premature infant that
can have wide-ranging effects upon multiple organ systems. There have
been many epidemiologic studies showing chorioamnionitis induces
premature labor and is associated with worse neonatal lung outcomes
(Hartling et al., 2012). Infectious or inflammatory stimuli often put the
infant in a compromised physiologic state, acting as a “double hit” and
are thus exacerbated by the effects of mechanical ventilation and sup-
plemental O2 therapy. Inflammation is thought to play a prominent role
in the pathogenesis of BPD suggesting anti-inflammatories may reduce
its harmful effects and minimize lung damage (Wright and Kirpalani,
2011).

Animal models of inflammation and/or infection leverage these
clinical circumstances to create a “double hit”: a perinatal in-
flammatory response with subsequent O2 exposure that exacerbates the
injurious stimulus. Investigators have induced prenatal inflammation
with systemic maternal lipopolysaccharide (LPS) injection during
pregnancy and placed offspring in either normoxia or hyperoxia, dis-
playing variable degrees of increased airway resistance and hy-
perreactivity, decreased lung compliance, increased airway smooth
muscle thickness, as well as, alveolar simplification (Velten et al., 2010;
Nold et al., 2013; Faksh et al., 2016). Similarly, rats receiving in-
traamniotic LPS followed by neonatal hyperoxia had airway hy-
perreactivity, increased airway smooth muscle actin deposition, and
alveolar remodeling (Choi et al., 2013). Another study of intraamniotic
LPS exposed rats raised in normoxia with caffeine supplementation
showed reduced inflammatory cytokines IL-1β and CD68 with partial
restoration of lung function measurements (Koroglu et al., 2014). Fi-
nally, additional treatment strategies for perinatal inflammation in-
volve either transgenic rodent models, cytokine antagonists, or neu-
tralizing antibodies to block molecules commonly implicated in BPD
(Wright and Kirpalani, 2011). These approaches have largely been ex-
trapolated from human data in infants with evolving BPD by placing
treated mice in hyperoxia and demonstrating beneficial effects ranging
from blocking polymorphonuclear cell infiltration to improving O2-in-
duced perturbations in lung morphology.

Rodent models of inflammation and infection are translationally
relevant because many of them are taken directly from observations
during pregnancy and the neonatal period. Though transgenic ap-
proaches are unlikely to result in clinical use in the near future, they
can still elucidate mechanisms of tissue injury and repair. There is an
urgent need for safe, effective, and evidence-based treatments to reduce
pulmonary morbidity in premature infants; translational animal models
can be a first step in developing such therapies.

3.5. Translational aspects of rodent models of lung and airway development

Rates of BPD over the last decade have not decreased, and alar-
mingly, may be increasing with improved survival of the most pre-
mature infants (Stoll et al., 2015). Furthermore, diagnosis and treat-
ment of obstructive lung disease and airway hyperreactivity is a major
challenge in former premature infants with and without underlying
BPD. It is vital that underlying biologic mechanisms be addressed, and
this is best realized in robust newborn animal models. Rodent data
points to multiple anatomic and neural contributors to long-term
airway hyperreactivity elicited by neonatal lung injury, particularly
exposure to hyperoxia, but emerging clinical and basic science evidence
points to an interaction of exposures to supplemental O2 with antenatal
and postnatal inflammation, as well as, positive airway pressure effects
elicited by the various ventilatory modes used to support the premature
infant. With important clinical implications, neonatal rodent data
would suggest that exposure to modest supplemental O2 and/or the
pressure effects of CPAP predispose to later airway reactivity. In con-
trast, more severe O2 and inflammatory exposures resulting in BPD
parenchymal lung injury in the form of alveolar simplification, a poorly
tethered airway, increased baseline resistance, and airway smooth
muscle hypertrophy may be implicated in airway collapse resulting in
hyperreactivity (Table 2). Identification of high-risk exposures and
mechanisms of injury may lead to better targeted therapies that will
include longer-term respiratory follow-up and testing beyond just a
patient’s initial neonatal intensive care unit hospitalization.

4. Conclusions

While there is still much to be learned about the contributors to the
normal and abnormal maturation of the newborn’s respiratory system,
neonatal rodent models have been used successfully to investigate the
early development of respiratory control, lung development, and
airway reactivity in both health and disease. As we refine the mea-
surements and importance of respiratory events, such as intermittent
hypoxemia, and our understanding of “old” and “new” BPD grows, the
newborn term rodents allow for considerable flexibility to test various
models and conditions of the developing respiratory system. Through
the use of perinatal and postnatal exposures to inflammation, inhaled
gases, and positive pressure; researches have created clinically relevant
models of neonatal respiratory disease to uncover mechanisms of injury
and test therapies that will lead to improved respiratory health in in-
fancy and beyond.
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