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Abstract

Background: The laboratory mouse is widely used in preclinical models of

bronchopulmonary dysplasia, where lung alveolarization is stunted by exposure of

pups to hyperoxia. Whether the diverse genetic backgrounds of different inbred

mouse strains impacts lung development in newborn mice exposed to hyperoxia has

not been systematically assessed.

Methods: Hyperoxia (85% O2, 14 days)‐induced perturbations to lung alveolarization

were assessed by design‐based stereology in C57BL/6J, BALB/cJ, FVB/NJ, C3H/HeJ,

and DBA/2J inbred mouse strains. The expression of components of the lung

antioxidant machinery was assessed by real‐time reverse transcriptase polymerase

chain reaction and immunoblot.

Results: Hyperoxia‐reduced lung alveolar density in all five mouse strains to different

degrees (C57BL/6J, 64.8%; FVB/NJ, 47.4%; BALB/cJ, 46.4%; DBA/2J, 45.9%; and

C3H/HeJ, 35.9%). Hyperoxia caused a 94.5% increase in mean linear intercept in the

C57BL/6J strain, whilst the C3H/HeJ strain was the least affected (31.6% increase).

In contrast, hyperoxia caused a 65.4% increase in septal thickness in the FVB/NJ

strain, where the C57BL/6J strain was the least affected (30.3% increase). The

expression of components of the lung antioxidant machinery in response to hyperoxia

was strain dependent, with the C57BL/6J strain exhibiting the most dramatic

engagement. Baseline expression levels of components of the lung antioxidant

systems were different in the five mouse strains studied, under both normoxic and

hyperoxic conditions.

Conclusion: The genetic background of laboratory mouse strains dramatically

influenced the response of the developing lung to hyperoxic insult. This might be

explained, at least in part, by differences in how antioxidant systems are engaged by

different mouse strains after hyperoxia exposure.
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1 | BACKGROUND

Bronchopulmonary dysplasia (BPD) remains a common and serious

complication of preterm birth. While first described in 1967,1 both

patient demographics and the histopathological picture of BPD have

changed over time.2,3 Today, BPD is more prevalent in the most

preterm born infants (<28 weeks of gestational age),4 and BPD lung

histopathology largely reflect stunting of lung alveolarization and

aberrant lung vascular development.5 These histopathological hall-

marks of BPD arise from a combination of oxygen toxicity and

oxidative stress,6–8 where infants receive oxygen supplementation to

manage acute respiratory failure; as well as baro‐ and volutrauma

from mechanical intervention, which may be required to manage the

most severely affected patients.5 Antenatal factors,9–11 infection and

inflammation,12 and genetic predisposition13 have also been pro-

posed as contributors to BPD pathogenesis.5,14 The persistence of

BPD in a neonatal intensive care setting has underscored a pressing

need for advances in our understanding of the pathomechanisms at

play in affected patients. Such studies are generally undertaken in

animal models, utilizing primarily term‐born mouse and rat pups,15

although available models extend to nonhuman primates.16

The term‐born mouse17 and rat18 models of BPD employ a variety

of stimuli to generate the stunted lung development seen in patients

with BPD,19 including elevated oxygen levels and/or mechanical

ventilation20; sometimes combined with a second insult, such as

antenatal or intrauterine bacterial lipopolysaccharide to mimic a

background of chorioamnionitis.19 Elevated oxygen levels are the most

widely used injurious stimuli in BPD models, and the impact of the

degree of oxygen toxicity and the window of oxygen exposure on

postnatal lung alveolarization continue to be evaluated.21

The role of the mouse and rat strains selected for preclinical

modeling of BPD has long been neglected as a potentially important

variable in studies on postnatal lung maturation. A spectrum of

mouse strains is currently used in studies on BPD, including C57BL/6,

BALB/c, A/J, C3H/He, FVB/N, and DBA/2 inbred strains. That

different strains are widely used is important, because both strain‐
independent and strain‐dependent patterns of gene expression have

been noted in the lungs of C57BL/6J, A/J, and C3H/HeJ strains in a

genome‐wide analysis of 26 time‐points between embryonic day (E)

9.5 and postnatal day (P)56.22 Thus, the dynamics of gene expression

during lung development can be strain dependent. In addition, mouse

genetic background has been documented to play a role in

determining the degree of lung inflammation provoked by exposure

of newborn mouse pups from 36 inbred mouse strains to

hyperoxia,23 a process in which Nrf2 has been implicated.24 A similar

strain‐dependent inflammatory response had also been noted in

adult mice from six25 and nine26 inbred strains exposed to hyperoxia.

These concerns extend to substrains, given demonstrable differences

in responses of the retina to 75% O2 over the period P1 to P14,

comparing C57BL/6J and C57BL/6N mouse pups.27

The issue of inbred mouse strain in studies on lung development

and BPD are also beginning to emerge, with one recent report

highlighting that pharmacological intervention with the thioredoxin

reductase‐1 inhibitor aurothioglucose prevented the deleterious

effects of hyperoxia exposure on lung alveolarization in C3H/HeN

mouse pups, but not in C57BL/6 mouse pups.28 These reports

highlight that consideration of the mouse strain used in preclinical

studies on BPD pathogenesis is essential for data interpretation, and

for the comparison of experimental outcomes reported in different

mouse strains in the literature. However, no study has provided a

side‐by‐side comparison of how lung alveolarization in inbred mouse

strains responds to oxygen toxicity. To this end, we present here a

side‐by‐side comparison of lung alveolarization and the gene

expression of key mediators of the lung antioxidant response, in five

different inbred mouse strains: C57BL/6J, BALB/cJ, FVB/NJ, C3H/

HeJ, and DBA/2J. These data support the use of specific mouse

strains in the study of hyperoxia‐induced perturbations to postnatal

lung maturation and hyperoxia‐driven engagement of redox manage-

ment pathways in the lung.

2 | OBJECTIVE

The objective of this study was to assess whether the genetic

background of five different mouse strains—C57BL/6J, BALB/cJ,

FVB/NJ, C3H/HeJ, and DBA/2J inbred strains—impacted the effect

of hyperoxia exposure on lung alveolarization and gene expression of

key mediators of the lung antioxidant response.

3 | METHODS

3.1 | Animal studies

All animal procedures were approved by the local authorities, the

Regierungspräsidium Darmstadt (approval B2/1108), which houses the

equivalent of an Institutional Animal Care and Use Committee in

Germany. The C57BL/6J, BALB/cJ, FVB/NJ, C3H/HeJ, and DBA/2J

mouse strains were purchased from The Jackson Laboratory (Bar

Harbor, MA). The 129S2/SvPasOrlRj mouse strain was purchased

from Janvier (Le Genest‐Saint‐Isle, France).
Newborn mouse pups of all strains were randomized to litter sizes

of either four or five, which are smaller than the litter sizes generally

used (a litter size of six is generally used by the investigators for

studies on C57BL/6J mice21,29,30), however, were used to match the

smaller litter sizes of the DBA/2J mouse strain. Mouse pups were

exposed to normoxic (21% O2) or hyperoxic (85% O2) conditions from

the day of birth (designated P1) to the 14th day of postnatal life (P14),

in a well‐established experimental animal model of BPD using the Pro‐
Ox oxygen control and delivery system of BioSpherix (Parish, NY).21

Litter sizes were matched at the same number, for corresponding

normoxia and hyperoxia exposures of pups of the same strain. Nursing

dams were rotated every 24 hours between normoxia‐ and hyperoxia‐
exposed litters, to avoid oxygen toxicity. Dams and pups were

maintained on a 12/12‐hour light‐dark cycle and received food ad

libitum. Mouse pups were killed on day P14 by pentobarbital overdose

(500mg/kg, intraperitoneal).
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3.2 | Design‐based stereology

Lung structure analyses were based on the American Thoracic

Society/European Respiratory Society recommendations.31 The de-

sign‐based stereology approach has been described previously.32,33

After sternotomy, mouse lungs were fixed by intratracheal instilla-

tion of 1.5% (mass/vol) paraformaldehyde, 1.5% (mass/vol) glutar-

aldehyde in 150mM 4‐(2‐hydroxyethyl)‐1‐piperazineethanesulfonic
acid, pH 7.4, for 24 hours at 4°C, at a hydrostatic pressure of

20 cm H2O.

Lung tissue blocks were collected according to the systematic

uniform random sampling.34 Lungs were embedded in toto in

2% (mass/vol) agar‐agar, and sectioned at 3mm, and lung volume

was assessed by Cavalieri’s principle.35 Lungs embedded in agar‐agar
were treated with 1% (mass/vol) osmium tetroxide (8371.3; Roth,

Karlsruhe, Germany) in 0.1M sodium cacodylate (15540.03; Serva,

Heidelberg, Germany), and 2.5% (mass/vol) uranyl acetate (77870.01;

Serva, Darmstadt, Germany) in double‐distilled water; and embedded

in glycol methacrylate (Technovit 7100; 64709003; Heraeus Kulzer,

Hanau, Germany). Blocks were sectioned exhaustively at 2 μm, and

every first and third section of a consecutive series was stained with

Richardson’s stain,36 for determination of the total number of alveoli

and alveolar density. Sections were collected for analysis of all other

stereological parameters by collecting every tenth section of a

consecutive series in the same Technovit block, which was stained

with Richardson’s stain. Images of tissue sections were captured with

a NanoZoomer‐XR C12000 Digital slide scanner (Hamamatsu

Photonics Deutschland, Herrsching am Ammersee, Germany).

Digital tissue sections were analyzed with the Visiopharm

newCAST computer‐assisted stereology system (VIS 4.5.3). Analyses

included determination of mean linear intercept (MLI), arithmetic

mean septal thickness, and total alveoli number. The coefficient of

error (CE), the coefficient of variation (CV), and the squared ratio

between both (CE2/CV2) were calculated, where CE2/CV2 < 0.5

validated precision of the measurements.

3.3 | Messenger RNA expression analysis

Steady‐state messenger RNA (mRNA) levels were assessed in total

RNA pools isolated from mouse lungs as described previously.37

Steady‐state mRNA levels were determined by real‐time reverse

transcriptase polymerase chain reaction (real‐time RT‐PCR) as

described previously,37 using the primers listed in Table 1, where

Polr2a served as a reference gene. The real‐time RT‐PCR data are

presented as the difference in cycle threshold (Ct), ΔCt , which

reflects the Ct (Polr2a)−Ct (gene of interest). Fold change in mRNA

abundance was given by fold change ΔΔ= 2 Ct .

3.4 | Protein expression analysis

Steady‐state protein levels were documented by immunoblot,

undertaken as described previously.37 Antigens were detected with

mouse anti‐superoxide dismutase 3 (SOD3; #ab80946; 1:1000;

Abcam, Berlin) and rabbit anti‐glutathione synthetase (GSS;

#ab133592; 1:1000; Abcam, Berlin). The detection of a single well‐
resolved band for target proteins of interested is presented in

uncropped immunoblots for SOD3 (Figure S1A) and GSS (Figure

S1B). Loading equivalence was documented with a rabbit anti‐mouse

β‐actin antibody (#4967; 1:1000; Cell Signaling Technology, Frank-

furt am Main). Immune complexes were detected with either goat

anti‐mouse IgG(H + L)‐horseradish peroxidase (HRPO) conjugate

(#31430; 1:5000; Thermo Fisher Scientific, Karlsruhe) or goat anti‐
rabbit IgG(H + L)‐HRPO conjugate (#31460; 1:2000; Thermo Fisher

Scientific, Karlsruhe).

3.5 | Sex genotyping

Sexes of mice were determined by screening for the male‐specific
SRY locus and the sex‐independent Il3 gene, exactly as described

previously.38

3.6 | Statistics

Data are presented in scatter plots as mean± SD. Two‐group compar-

isons were made by the unpaired Student t test. All statistical analyses

were performed with the GraphPad Prism 6.0. Statistical outliers were

screened for using the Grubbs test, and none were found.

4 | RESULTS

4.1 | Five of six mouse strains survived hyperoxia
exposure

Six mouse strains were tested for tolerance to hyperoxia. The mouse

strains were selected to provide as diverse a strain background as

possible, as illustrated in Figure 1A; where a mouse strain family tree

based on 1638 informative single‐nucleotide polymorphisms compared

in 106 inbred mouse strains39 demonstrated the genetic relatedness of

the six mouse strains investigated. Of the six mouse strains

investigated, the C57BL/6J, BALB/cJ, FVB/NJ, C3H/HeJ, and DBA/2J

strains survived exposure to 85% O2 over the first 14 days of postnatal

life, with overall survival rates of 100% (C57BL/6J and BALB/cJ), 89%

(FVB/NJ), 78% (C3H/HeJ), and 67% (DBA/2J; Figure 1B). In these

cases, no morbidity was observed in mouse pups, and mortality was

scored when a mouse pup was found dead in the cage. The 129S2/

SvPasOrlRj strain did not tolerate hyperoxia, with loss of the entire

litter within 4 days, in multiple experimental runs.

4.2 | Hyperoxia effects on lung architecture are
strain dependent

Visual inspection of the Richardson‐stained, plastic‐embedded lung

tissue sections suggested that the mean diameter of an alveolus was

larger in normoxia‐exposed C3H/HeJ mouse pups compared with the

other mouse strains used (Figure 2). Hyperoxia caused a visible

increase in the size of alveoli, as assessed by visual inspection of lung
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tissue sections with the magnitude of the enlargement of alveoli

(caused by hyperoxia exposure) being apparently greater in the

C57BL/6J, BALB/cJ, and FVB/NJ strains, and smaller in the C3H/HeJ

and DBA/2J strains.

Design‐based stereology was used to quantify changes in lung

architecture, where hyperoxia caused the most dramatic reduction in

alveoli number in C57BL/6J mouse pups (74.5%; Figure 3A). Smaller

magnitude decreases in total alveoli number were noted in other strains

TABLE 1 Primers used for real‐time RT‐PCR analysis.

Genes Primers Primer sequences, 5ʹ‐3ʹ Amplicon size, bp Tm, °C Location, bp

Txn1 Forward GGGAGTTCTCCGGTGCTAAC 128 61.4 459‐478
Reverse AGCAGTGGCTTAGGGGACTA 59.4 586‐565

Sod1 Forward GTCGGCTTCTCGTCTTGCTC 155 61.4 701‐720
Reverse CCCATGCTGGCCTTCAGTTA 59.4 855‐836

Sod2 Forward GCCTGCTCTAATCAGGACCC 138 61.4 1386‐1405
Reverse AGACTACAGCACCCCAGTCA 59.4 1523‐1504

Sod3 Forward CCTTCTTGTTCTACGGCTTGC 117 59.8 93‐113
Reverse TCGCCTATCTTCTCAACCAGG 59.4 209‐118

Cat Forward ACCGTGCTCTGTGCATCTTAT 125 57.9 91‐113
Reverse GGAAGCCCTACAGGGAAAAACT 60.3 215‐193

Nfe2l2 Forward CAGAGTGATGGTTGCCCACT 154 59.4 102‐121
Reverse GACACTGGTCACACTGGGTT 59.4 255‐234

Gpx Forward AGTCCACCGTGTATGCCTTCT 124 59.8 830‐849
Reverse GAGACGCGACATTCTCAATGA 57.9 953‐934

Gsr Forward GACACCTCTTCCTTCGACTACC 117 62.1 1302‐1322
Reverse CCCAGCTTGTGACTCTCCAC 61.4 1418‐1397

Gss Forward CAAAGCAGGCCATAGACAGGG 138 61.8 1386‐1405
Reverse AAAAGCGTGAATGGGGCATAC 57.9 1523‐ 1504

Txnrd1 Forward CATTGAAGGAGAAGCCCTGGT 117 52.4 93‐113
Reverse GAGGGCAGATACAGGGGTCA 61.4 209‐118

Txnrd2 Forward GATCCGGTGGCCTAGCTTG 125 61.0 91‐113
Reverse TCGGGGAGAAGGTTCCACAT 59.4 215‐193

Prdx1 Forward GTCTGAGCTGTGTTTTGGGC 154 59.4 102‐121
Reverse ATGGTACACATGCTGGGGAAA 57.9 255‐234

Prdx2 Forward CACCTGGCGTGGATCAATACC 124 61.8 830‐849
Reverse GACCCCTGTAAGCAATGCCC 61.4 953‐934

Prdx3 Forward GGTTGCTCGTCATGCAAGTG 155 59.4 701‐720
Reverse CCACAGTATGTCTGTCAAACAGG 60.6 855‐836

Prdx4 Forward TCCTGTTGCGGACCGAATC 138 58.8 1386‐1405
Reverse CCACCAGCGTAGAAGTGGC 61.0 1523‐1504

Prdx5 Forward GGCTGTTCTAAGACCCACCTG 117 61.8 93‐113
Reverse GGAGCCGAACCTTGCCTTC 61.0 209‐118

Prdx6 Forward CGCCAGAGTTTGCCAAGAG 125 58.8 91‐113
Reverse TCCGTGGGTGTTTCACCATTG 59.8 215‐193

Pon1 Forward CGGAAGGGAGAACAGTGCAA 154 59.4 102‐121
Reverse CAGGTCGGCTACAATATCGTC 59.8 255‐234

Pon2 Forward AGGAATCGAAACTGGAGCTGA 124 57.9 830‐849
Reverse AGTGCTAATGCCATGTGGGT 57.3 953‐934

Pon3 Forward GCACCGTGGCTTCTGTGTAT 117 59.4 1302‐ 1322
Reverse GGGTGTTGGGCACATACAGT 59.4 1418‐1397

Hmox1 Forward AAATGCAATACTGGCCCCCA 117 57.3 1302‐1322
Reverse ACAGCTGCTTTTACAGGCCA 57.3 1418‐1397

Polr2a Forward CTAAGGGGCAGCCAAAGAAAC 209 59.5 808‐828
Reverse CCATTCAGCATACAACTCTAGGC 59.2 1016‐994

Abbreviations: bp, base pair; real‐time RT‐PCR, real‐time reverse transcriptase polymerase chain reaction
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FIGURE 1 Continued.
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(27.7%‐51.5%; Figure 3A). These trends were supported by studies on

alveolar density (Figure 3B), where C57BL/6J mouse pups exhibited the

greatest reduction in alveolar density in response to hyperoxia exposure

(64.8%), followed by BALB/cJ and FVB/NJ strains, which both exhibited

a 46.6% to 47.4% decrease in alveolar density (Figure 3B). The C3H/HeJ

and DBA/2J strains were least affected, exhibiting a 35.9% and 45.9%

decrease in alveolar density, respectively, after hyperoxia exposure.

With the exception of C57BL/6J mouse pups, hyperoxia exposure did

not impact lung volume (Figure 3C).

Histopathological hallmarks of BPD include fewer and larger

alveoli (“alveolar simplification”) with some suggestion that septa are

also thicker in affected patients. Thus, arithmetic means septal

thickness (Figure 4A) and the MLI (Figure 4B) were also assessed.

Septal thickness was increased in four of five strains after hyperoxia

exposure, with the FVB/NJ strain exhibiting the largest magnitude

(a 65.4% increase) and the C57BL/6J and BALB/cJ strains exhibiting

the smallest magnitude (both with 30.3%‐34.3% increase) of change in

septal thickness (Figure 4A); whilst the DBA/2J strain was unaffected.

While MLI often serves a surrogate of the approximate diameter of an

alveolus, it is important to note that this is an oversimplification of the

alveolar architecture, because alveoli are not spherical. All five strains

examined exhibited an increased MLI after hyperoxia exposure, with

C57BL/6J mouse pups exhibiting the greater increase (94.5%) in MLI

after hyperoxia exposure (Figure 4B). Together, these data document

F IGURE 2 Strain‐dependent perturbations to the development of the alveolar architecture in five inbred mouse strains. Representative

Richardson‐stained, plastic‐embedded lung tissue sections are illustrated for C57BL/6J, BALB/cJ, FVB/NJ, C3H/HeJ, and DBA/2J mouse pups that
were exposed to either 21% O2 or 85% O2 for the first 14 days of postnatal life, at which time‐point lungs were harvested. Each section presented is
representative of sections examined from five different mouse lungs for all strains and oxygen exposure conditions, except for the DBA/2J strain

exposed to 85% O2, where the lungs of four mice were examined. The red box demarcates the area of a section presented at higher magnification in
the image to the right of the respective section. Scale bar = 200 μm [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 1 Strain‐dependent survival responses of mice to hyperoxia exposure in the postnatal period. A, Mouse strains were selected to be

as genetically diverse as possible, and representative of commonly‐used mouse strains in preclinical studies on bronchopulmonary dysplasia.
Phylogenetic relatedness of mouse strains is based on the SNP analysis of Petkov et al,39 from which the phylogenetic tree has been modified to
indicate seven groups of inbred mice commonly used in experimental studies. The mouse strains used in this study are indicated in a colored

font, which corresponds with the colors used to describe the mouse strains in the survival curve in the lower panel. B, Survival of mouse pups
from six different inbred strains during hyperoxia (85% O2) exposure over the first 14 days of postnatal life (n = 9, per group; representing at
least two litters per group). Note: the survival curve reflects either mice that were found dead or mice that were cannibalized in the cages.
Under animal ethics guidelines, mice would have been euthanized when scored for distress or lack of condition. However, no mice were scored

as being in distress or in poor condition before being found dead. SNP, single‐nucleotide polymorphism [Color figure can be viewed at
wileyonlinelibrary.com]
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that hyperoxia exposure drove changes in the postnatal maturation of

the lung architecture in all the five mouse strains investigated. The

type and magnitude of these perturbations varied, depending on the

mouse strain used. The C57BL/6J strain exhibited the greatest

magnitude of effect in alveoli number, density, and MLI; whilst the

FVB/NJ strain exhibited the greatest magnitude of increase in septal

thickness.

4.3 | Hyperoxia effects on antioxidant pathways
are strain dependent

Hyperoxia exposure causes appreciable oxidative stress in the

developing mouse lung, which is likely to result in the engagement

of the lung antioxidant response. Thus, the expression of key

participants in lung antioxidant pathways was assessed by real‐time

F IGURE 3 Quantitative analysis of
alveoli number and alveolar density by
design‐based stereology. A, Alveoli

number, (B) alveolar density, and (C) lung
volume were assessed in the lungs of
mouse pups from five different inbred
mouse strains on the 14th day of postnatal

life, after exposure to either 21% O2 or
85% O2 for the first 14 days of postnatal
life. Additional lung structure data and

analyses of these data are provided in
Table 2 and Table 3. Red symbols indicate
female animals, whilst blue symbols

indicate male animals. Data represent
mean ± SD (n = 5 per group, except for
hyperoxia‐exposed DBA/2J, where n = 4).

Each data point represents an individual
animal. Pairwise comparisons between
21% O2‐exposed and 85% O2‐exposed
animals of the same strain were made by

the unpaired Student t test. P values below
0.05 are indicated [Color figure can be
viewed at wileyonlinelibrary.com]
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RT‐PCR, with expression changes validated for selected members by

immunoblot. Using steady‐state levels of SOD3 protein as an

example, it is evident that the baseline (in mouse pups maintained

under normoxic conditions) SOD3 protein steady‐state levels varied

considerably with mouse strain (Figure S2). Turning to the hyperoxia‐
based BPD model: a pronounced increase in steady‐state levels of

mRNA encoding SOD1 and SOD2 (Figure S3A and S3B), as well as

SOD3 (Figure 5A), was noted in C57BL/6J mouse lungs after

hyperoxia exposure. The Sod1 steady‐state mRNA levels were not

influenced in other strains by hyperoxia exposure, whilst Sod2 and

Sod3 steady‐state mRNA levels were either increased or unchanged

in other mouse strains. Changes in Sod3 steady‐state mRNA levels

generally reflected in SOD3 protein levels assessed by immunoblot;

although an increase in SOD3 steady‐state protein levels (but not

Sod3 steady‐state levels mRNA; Figure 5A) was also noted in

hyperoxia‐exposed BALB/cJ mouse pups (Figure 5B).

As with SOD, the expression of glutathione metabolizing

enzymes in the lung was also impacted by hyperoxia exposure,

where increased lung steady‐state mRNA levels of Gss (encoding

GSS) were noted in C57BL/6J, BALB/cJ, and DBA/2J strains

(Figure 6A). These trends were largely validated by immunoblot

(Figure 6B), where increased steady‐state GSS levels were noted in

hyperoxia‐exposed mouse lungs from all five mouse strains.

Steady‐state mRNA levels of glutathione peroxidase 1 (encoding

GPx1) were also noted in C57BL/6J, BALB/cJ, and FVB/NJ strains

(Figure S4A), whilst steady‐state mRNA levels of glutathione

disulfide reductase (encoding Gsr) were largely unaffected by

hyperoxia exposure (Figure S4B).

Other antioxidant enzyme families were also profiled. Steady‐state
mRNA levels of thioredoxin 1 (encoding Txn1) were decreased by

hyperoxia exposure in BALB/cJ and C3H/HeJ strains (Figure S5A). The

C57BL/6J strain exhibited dramatically lower steady‐state mRNA

levels of Txn1 compared with the other mouse strains (eg, 286‐fold,
compared with the BALB/cJ strain; Figure S5A). Lung steady‐state
mRNA levels of both Txnrd1 and Txnrd2, which encode cytosolic and

mitochondrial thioredoxin reductase (TXNRD) isozymes, respectively

were stable (reflected by a ΔCt difference <1), except for the C57BL/6J

strain, where increased Txnrd1 and decreased Txnrd2 steady‐state
mRNA levels were noted (Figure S6A and S6B). Steady‐state mRNA

levels of Cat (encoding catalase) were decreased by hyperoxia exposure

in the C57BL/6J, BALB/cJ, and C3H/HeJ strains, with the greatest

magnitude of decrease, noted in the C57BL/6J strain (Figure S5B). It is

noteworthy that the C57BL/6J strain exhibited the highest steady‐
state mRNA levels of Cat under hyperoxic and normoxic conditions,

compared with the other mouse strains (eg, 7.2‐fold, compared with the

BALB/cJ strain; Figure S5B).

F IGURE 4 Quantitative analysis of
septal thickness and mean linear intercept
by design‐based stereology. A, Arithmetic

mean septal thickness and (B) mean linear
intercept (MLI) was assessed in the lungs
of mouse pups from five different inbred

mouse strains on the 14th day of postnatal
life, after exposure to either 21% O2 or
85% O2 for the first 14 days of postnatal
life. Additional lung structure data and

analyses of these data are provided in
Table 2 and Table 3. Red symbols indicate
female animals, whilst blue symbols

indicate male animals. Data represent
mean ± SD (n = 5 per group, except for
hyperoxia‐exposed DBA/2J, where n = 4).

Each data point represents an individual
animal. Pairwise comparisons between
21% O2‐exposed and 85% O2‐exposed
animals of the same strain were made by

the unpaired Student t test. P values below
0.05 are indicated [Color figure can be
viewed at wileyonlinelibrary.com]
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F IGURE 5 Expression of superoxide dismutase 3 in five different inbred mouse strains exposed to hyperoxia. A, Steady‐state levels of Sod3
mRNA were assessed in the lungs of mouse pups from five different inbred mouse strains on the 14th day of postnatal life, after exposure to
either 21% O2 or 85% O2 for the first 14 days of postnatal life, using the primers described in Table 1. Data reflect mean ΔCt ± SD (n = 5 per
group, except for hyperoxia‐exposed DBA/2J, where n = 4). Pairwise comparisons between 21% O2‐exposed and 85% O2‐exposed animals of

the same strain were made by the unpaired Student t test. P values below 0.05 are indicated. B, Steady‐state SOD3 protein levels were assessed
in the lungs of mouse pups from five different inbred mouse strains on the 14th day of postnatal life, after exposure to either 21% O2 or 85% O2

for the first 14 days of postnatal life; using steady‐state β‐actin levels to demonstrate loading equivalence. Immunoreactive bands are presented

for three different 21% O2‐exposed animals alongside bands from three different 85% O2‐exposed animals. The full uncropped blots are
presented in Figure S1A. mRNA, messenger RNA; SOD3, superoxide dismutase 3
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Nuclear factor (erythroid‐derived 2)‐like 2 (NFE2L2, also called

NRF2) is a transcription factor that regulates the expression of many

antioxidant proteins.40,41 Under normoxic conditions, the C57BL/6J

strain exhibited the highest and the DBA/2J strain the lowest Nfe2l2

steady‐state mRNA levels (4.34‐fold change difference; Figure 7A).

Hyperoxia exposure reduced Nfe2l2 steady‐state mRNA levels in the

C57BL/6J and BALB/cJ strains, with the C57BL/6J strain exhibiting

the greatest magnitude of change (Figure 7A).

Of the six‐member peroxiredoxin (PRDX) family, steady‐state
mRNA levels of Prdx1 were decreased in the C57BL/6J, BALB/cJ, and

FVB/NJ strains (Figure 7B) after hyperoxia exposure; whilst those of

Prdx6 were increased in the C57BL/6J and BALB/cJ strains (Figure 7C).

Steady‐state mRNA levels of Prdx2, Prdx3, and Prdx4were unchanged in

all strains (Figure S7A and S7C) after hyperoxia exposure. Steady‐state
mRNA levels of Prdx5 were increased by hyperoxia in the BALB/cJ and

DBA/2J strains, where the C57BL/6J strain stood out as having the

F IGURE 6 Expression of glutathione
synthetase in five different inbred mouse

strains exposed to hyperoxia. A, Steady‐
state levels of Gss mRNA were assessed in
the lungs of mouse pups from five different

inbred mouse strains on the 14th day of
postnatal life, after exposure to either 21%
O2 or 85% O2 for the first 14 days of
postnatal life, using the primers described

in Table 1. Data reflect mean ΔCt ± SD
(n = 5 per group, except for hyperoxia‐
exposed DBA/2J, where n = 4). Pairwise

comparisons between 21% O2‐exposed
and 85% O2‐exposed animals of the same
strain were made by the unpaired Student

t test. P values below 0.05 are indicated.
B, Steady‐state GSS protein levels were
assessed in the lungs of mouse pups from

five different inbred mouse strains on the
14th day of postnatal life, after exposure
to either 21% O2 or 85% O2 for the first
14 days of postnatal life; using

steady‐state β‐actin levels to demonstrate
loading equivalence. Immunoreactive
bands are presented for three different

21% O2‐exposed animals alongside bands
from three different 85% O2‐exposed
animals. The full uncropped blots are

presented in Figure S1B. Gss, glutathione
synthetase; mRNA, messenger RNA
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F IGURE 7 Expression of nuclear factor (erythroid‐derived 2)‐like 2, peroxiredoxin 1 and peroxiredoxin 6 in five different
inbred mouse strains exposed to hyperoxia. Steady‐state mRNA levels of (A) Nfe2l2 (encoding nuclear factor [erythroid‐derived 2]‐like 2;
also called Nrf2), (B) Prdx1 (encoding peroxiredoxin 1), and (C) Prdx6 (encoding peroxiredoxin 6) were assessed in the lungs of mouse

pups from five different inbred mouse strains on the 14th day of postnatal life, after exposure to either 21% O2 or 85% O2 for the
first 14 days of postnatal life, using the primers described in Table 1. Data reflect mean ΔCt ± SD (n = 5 per group, except for
hyperoxia‐exposed DBA/2J, where n = 4). Pairwise comparisons between 21% O2‐exposed and 85% O2‐exposed animals of the

same strain were made by the unpaired Student t test. P values below 0.05 are indicated. mRNA, messenger RNA
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lowest baseline steady‐state mRNA levels of Prdx5 compared with the

other mouse strains (eg, 21.3‐fold, compared with the BALB/cJ strain;

Figure S8A). Steady‐state levels mRNA levels of Hmox1, which encodes

heme oxygenase‐1, were highest in C57BL/6J mice under hyperoxic and

normoxic conditions, compared with the other mouse strains investi-

gated (Figure S8B), but Hmox1 levels were unchanged by hyperoxia

exposure in any strain, with the exception of a moderate reduction in

the BALB/cJ strain (Figure S8B). Of the paraoxonase (PON) group,

steady‐state mRNA levels for Pon1, Pon2, and Pon3were all increased in

the DBA/2J strain (Figure S9A and S9C), where increased Pon2 steady‐
state mRNA levels were also noted for C57BL/6J and BALB/cJ strains

(Figure S9B).

5 | DISCUSSION

The laboratory mouse is the most widely used experimental animal in

preclinical models of BPD.19,42 Studies to date have used a broad

spectrum of mouse strains—and thus, genetic backgrounds—for these

studies,19,43 which raises concerns about the broader translational

relevance of conclusions drawn about disease pathogenesis and

preclinical therapeutics that are based on the studies conducted with

a single mouse strain. In addition, comparisons between related

studies reported in the literature may be complicated by strain

differences. For example, two studies on the impact of periostin on

hyperoxia‐induced perturbations to lung alveolarization have re-

vealed either no impact44 or a dramatic impact45 of periostin; where

mouse strain was one of the several variables distinguishing the two

studies. More recent studies have revealed that the mouse strain

plays a key role in the evaluation of potentially useful pharmacolo-

gical interventions in preclinical mouse models, where the utility of

aurothioglucose to limit hyperoxia‐induced stunting of lung alveolar-

ization was supported using the C3H/HeN mouse strain but not the

C57BL/6J mouse strain.28 These studies highlight the importance of

considering and accurately reporting the mouse strains used in

experimental studies, and also, highlight a need for a side‐by‐side
comparison of the impact of mouse strain on lung development in

hyperoxia‐based BPD models.

To this end, we set out to perform a systematic comparison of

hyperoxia‐induced perturbations to postnatal lung maturation in six

widely used strains of the laboratory mouse. The mouse strains were

selected from five of the seven groups described in the laboratory

mouse strain family tree that was based on 1638 informative single‐
nucleotide polymorphisms, which were compared in 106 inbred

mouse strains39 (Figure 1A). Of these, the C3H/HeJ and BALB/cJ

strains are both from the Bagg albino‐derived group, although

present on divergent branches of this group; the FVB/NJ strain is

from the Swiss mouse group, the C57BL/6J strain is from the general

C57/C58 group, the 129S2/SvPasOrlRj is derived from the members

of the Castle group, and the DBA/2J strain is from C.C. Little’s DBA

and related strain group. No mice were selected from Japan and New

Zealand inbred strains group, or from the wild‐derived strain group,

as no strains within these groups are generally used in preclinical

BPD models. Newborn mouse pups were randomized to litters of

four or five pups per litter, to match the generally smaller litter sizes

of the DBA/2J strain, which did not appreciably skew the sex balance

(compare male and female animals in Figures 3 and 4).

Nursing 129S2/SvPasOrlRj dams maintained under hyperoxic

conditions were noticeably agitated, being aggressive when provoked

(when hands were placed into the cage), vocal (squeaking), and noted

outside of the nest, in contrast to nursing 129S2/SvPasOrlRj dams

maintained under normoxic conditions, who were generally observed

cohabiting the nest with pups. All pups from all litters were lost by

P4, with the pup corpses found partially consumed, without any prior

indication of morbidity (although all 129S2/SvPasOrlRj litters

maintained under normoxic conditions were unaffected). The cause

of death was not determined. As such, the 129S2/SvPasOrlRj strain

was not considered further. The 129S‐derived strains often form part

of a mixed strain background in transgenic studies, hence their

inclusion here. The remaining five stains survived hyperoxia to P14.

Considering normally developing mice maintained under normoxic

conditions: of the five mouse strains examined at 2 weeks of postnatal

age, the C57BL/6J strain exhibited the largest number of alveoli, and

the highest lung volume; whilst the DBA/2J strain exhibited the

smallest number of alveoli and the lowest lung volume. Other strain

differences in normally developing mice included the arithmetic mean

septal thickness, which was highest in the C3H/HeJ strain and was

lowest in the FVB/NJ strain. To our knowledge, these data have not

been previously reported. Using MLI as a rough surrogate for the

average diameter of an alveolus, visual inspection of lung tissue

section revealed that the C3H/HeJ strain had the largest alveoli, which

has been previously reported (using morphometry; in comparison with

C57BL/6J and A/J mouse strains),46 with BALB/cJ mice having the

smallest MLI. Given the baseline differences in the expression of

antioxidants in normally developing mouse lungs, it remains interest-

ing to assess whether the differences in antioxidant expression may be

(at least in part) responsible for the differences in lung structure in

normally developing mice, noted above.

It is generally accepted that, for a mouse model to appreciably

mimic the histopathological changes to the lung parenchyma that

occur in infants with BPD, alveolar simplification must occur, which

includes observation of fewer, larger alveoli with thickened septa.19

Given changes in lung volume between strains and hyperoxia

exposure, alveolar density represents the best measure of lung

alveolarization. Turning to the hyperoxia‐based mouse model of BPD:

hyperoxia exposure most effectively stunted lung alveolarization in

the C57BL/6J strain (64.8% reduction in alveolar density), whilst the

C3H/HeJ was least affected (35.9% reduction in alveolar density).

This trend was preserved considering the impact of hyperoxia on the

size of alveoli (using the MLI as a surrogate for alveoli diameter),

where hyperoxia exerted the most pronounced impact on MLI in the

C57BL/6J strain (94.5% increase) and the least pronounced impact

on the C3H/HeJ strain (31.6% increase). These differences are also

noted in septal thickness, where hyperoxia exposure resulted in a

65.4% increase in septal thickness in the FVB/NJ strain (representing

the largest increase), compared with the smallest effect noted in the
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C57BL/6J strain (30.3% increase). As such, there is tremendous

variation in the susceptibility of the lungs of different mouse strains

to hyperoxia‐driven effects on alveolarization. It is important to

acknowledge that the data reported here, and the interpretations of

those data, concern a single window of hyperoxia exposure (the first

14 days of postnatal life), and additional time courses of hyperoxia

exposure might suggest that time is an important variable in how

different strains respond to hyperoxia.

The authors do acknowledge that the term susceptibility may

mean different things to different people. Here, susceptibility is

defined as an intrinsic predisposition of a mouse strain to hyperoxia‐
driven alterations to the development of the lung structure: either

generation of new alveoli or the progressive thinning of the septa,

which are both components of the postnatal maturation of the lung.

Our data clarify that while hyperoxia did impact lung alveolarization

in all five mouse strains examined; the same injurious stimulus

(always 85% O2 for the first 14 postnatal days of life) provoked

different patterns of damage (considering both the nature and the

magnitude of the damage) in different mouse strains. Thus, we

concluded that the five different mouse strains had different intrinsic

susceptibility to oxygen toxicity in the postnatal period.

The C57BL/6J strain appeared to be the most severely impacted

strain in terms of alveoli number and size after hyperoxia exposure in

the postnatal period. It is likely that hyperoxia exposure, which

generates appreciable oxidative stress would engage the antioxidant

machinery of the developing lung. We speculated that more

susceptible strains might display a different expression profile of

the antioxidant machinery; or that more susceptible strains would be

unable to effectively engage the antioxidant machinery of the lungs

after hyperoxic insult. To this end, the gene and, in selected

instances, protein expression of a broad spectrum of participants in

lung antioxidant programs were profiled. It should be noted at this

junction that changes in steady‐state mRNA levels are not always

predictive of changes in steady‐state protein levels, as has been

demonstrated, for example, for lung adenocarcinomas.47

SOD, which play key roles in antioxidant defenses of living cells

exposed to oxygen, by catalyzing the dismutation of the −O2 radical,

have received attention as possible modulators of the impact of

hyperoxia on lung alveolarization, with SOD3 confirmed as being

protective,48 whilst SOD2 appeared to have no function in this

regard in mice,49 although increased expression of lung SOD2 in a

baboon model of BPD has been described.50 This idea is consistent

with SOD3 being upregulated in hyperoxia‐exposed mouse lungs.

Both the C57BL/6J, and to a lesser degree, the BALB/cJ strain,

also effectively increased the expression of glutathione metabolizing

enzymes, such as GSS and GPx1, but not glutathione disulfide

reductase, after hyperoxia exposure. This is potentially important

because disturbances to glutathione dynamics have been noted in

hyperoxia‐exposed newborn rat lungs,51 although the role of the

glutathione metabolizing machinery in aberrantly developing im-

mature lungs remains unclear. To date, genetic ablation of Gpx1, one

of six GPX enzymes, was without impact on lung alveolarization in

the hyperoxia‐based animal model of BPD,52 possibly due to

compensation by other isozymes. Similarly, overexpression of

glutathione reductase in alveolar type II cells in adult mice did not

protect against hyperoxic lung injury,53 although that study did not

address lung alveolarization in neonates. Thus, the consequence of

upregulated Gss and Gpx1 expression in the lung after hyperoxia

exposure awaits experimental clarification.

Atypical antioxidants were also considered in this study, including

the three‐member PON family, which are an emerging but poorly

understood group of antioxidants, with PON2 accredited with broad

antioxidant and cell protective effects.54 Interestingly, the DBA/2J

strain upregulated Pon1, Pon2, and Pon3 expression in response to

hyperoxia exposure, whilst the C57BL/6J and BALB/cJ strain

upregulated Pon2 expression. A role for Pon2 in arrested alveolariza-

tion has yet to be addressed experimentally.

Thioredoxin (Txn1) exerts antioxidant activity through facilitating

reduction of other proteins by cysteine thiol‐disulfide exchange and

has received much attention in preclinical BPD models,55,56 together

with two TXNRD isozymes.28,57,58 Inhibition of TXNRD with

aurothioglucose attenuated the impact of hyperoxia on lung

alveolarization, ostensibly through sustained activation of NFE2L2,

which is a key regulator of antioxidant activity in the lung.59,60

Interestingly, and pertinent to this study, this effect was mouse strain

dependent, where aurothioglucose was effective only in the C3H/

HeN and not in the C57BL/6 strain.28 Data presented here indicate

that the C57BL/6J has 5.2‐fold higher Txnrd1 baseline steady‐state
mRNA levels than does the C3H/HeJ strain, and the C3H/HeJ strain

has 155‐fold higher Txn1 baseline steady‐state mRNA levels than

does the C57BL/6J strain. Also important is that hyperoxia exposure

decreased the steady‐state mRNA levels of Txn1 in the C3H/HeJ

strain, but not in the C57BL/6J strain; whilst conversely, hyperoxia

exposure decreased steady‐state mRNA levels of Txnrd1 in the

C57BL/6J strain, but not in the C3H/HeJ strain. It is tempting to

speculate that the vastly different baseline levels of Txn1 and Txnrd1

in these two mouse strains, and the strain‐dependent impact of

hyperoxia on Txn1 and Txnrd1 expression, may—at least in part—

explain the strain‐dependent effects of aurothioglucose in the

preclinical BPD model. Along these lines, it is also noteworthy that

steady‐state Nfe2l2 mRNA levels were decreased by hyperoxia

exposure in the C57BL/6J strain, but not the C3H/HeJ strain.

Taken together, the data presented here document a spectrum

of—at times unpredictable—differences in strain‐dependent responses
of isogenic (inbred) mouse strains to hyperoxia, in the context of

postnatal lung maturation. This raises the question of whether it might

be instructive to rather employ outbred mouse strains in studies on

hyperoxia‐driven perturbations to lung development, to appropriately

account for the background genetic variation present in any patient

with BPD cohort. Indeed, one recent study61 has identified outbred

mice are being as phenotypically stable (for experimental studies) as

are inbred mice; and at the same time, outbred mice provide an

experimental system that might offer better reproducibility, because

the system is more resistant to environmental differences and

experimental conditions. Returning to inbred mice, studies on the

pathology and pathogenesis of experimental BPD in higher vertebrates
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employing preterm baboons62 or preterm lambs63 may be instructive in

guiding the choice of inbred mouse strain by investigators.

Genetic mouse models have often failed to demonstrate a close

link between antioxidants and lung disease.64 Because lung alveolar-

ization in the C57BL/6J strain was the most severely impacted by

hyperoxia exposure of any mouse strain, it is noteworthy that the

C57BL/6J strain was also most effective at upregulating the

expression of a very large spectrum of antioxidants (Sod1, Sod2,

Sod3, Gss, Gpx, Pon2, Txnrd2, and Prdx6): more so than any other

strain. This observation warrants speculation about whether the

extensive engagement of the antioxidant machinery may have also

had a deleterious impact on mouse lung alveolarization. Furthermore,

the C57BL/6J strain, and to a lesser degree, the BALB/cJ strain stood

out as exhibiting a pronounced downregulation of the expression of

genes encoding other components of lung antioxidant systems (Cat,

Txnrd1, and Prdx1) in response to hyperoxia exposure. It would be

interesting to experimentally assess whether any of these three

antioxidants play a particularly pivotal role in the response of the

developing mouse lung to hyperoxia exposure.

6 | CONCLUSION

The genetic backgrounds of the C57BL/6, BALB/c, A/J, C3H/He,

FVB/N, and DBA/2 laboratory mouse strains defines the response

of the developing mouse lungs to hyperoxic insults used in

preclinical models of BPD. These responses are different, with

alveolar density and size being most affected by hyperoxia

exposure in C57BL/6J strain, whilst septal thickness was most

impacted by hyperoxia exposure in the FVB/NJ strain. Components

of the lung antioxidant machinery were expressed at different

baseline levels in different mouse strains, and this expression was

influenced differently by hyperoxia exposure in different mouse

strains. This may account—at least in part—for the strain‐
dependent differences noted in the effects of hyperoxia exposure

on lung alveolarization.
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