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Abstract

Pulmonary hypertension (PH) frequently occurs in infants with bronchopulmonary dysplasia
(BPD), causing increased mortality and right ventricular (RV) dysfunction that persists into
adulthood. A first step in developing better therapeutic options is identifying and characterizing an
appropriate animal model. Previously, we characterized the short-term morbidities of a model in
which C57BL/6J wild-type (WT) mice were exposed to 70% O, (hyperoxia) during the neonatal
period. Here, we aimed to determine the long-term morbidities using lung morphometry,
echocardiography (Echo), and cardiac magnetic resonance imaging (cMRI). The major highlight
of this study is the use of the state-of-the art imaging technique, cMRI, in mice to characterize the
long-term cardiac effects of neonatal hyperoxia exposure. To this end, WT mice were exposed to
21% O, (normoxia) or hyperoxia for two weeks of life, followed by recovery in normoxia for six
weeks. Alveolarization, pulmonary vascularization, pulmonary hypertension, and RV function
were quantified at eight weeks. We found that hyperoxia exposure resulted in persistent alveolar
and pulmonary vascular simplification. Furthermore, the Echo and cMRI studies demonstrated that
hyperoxia-exposed mice had signs of PH and RV dysfunction as indicated by increased RV
pressure, mass, and end-systolic and -diastolic volumes, and decreased RV stroke volume and
ejection fractions. Taken together, our results demonstrate that neonatal hyperoxia exposure in
mice cause cardiopulmonary morbidities that persists into adulthood and provides evidence for the
use of this model to develop novel therapies for BPD infants with PH.
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1 Introduction

Bronchopulmonary dysplasia (BPD) is a multi-factorial chronic lung disease of preterm
infants that is characterized by interrupted lung development (Jobe, 1999). Despite improved
therapies for preterm infants with respiratory failure, BPD remains the most common
chronic morbidity in these patients (Fanaroff et al., 2007; Van Marter, 2009). The
histopathological characteristics of BPD are alveolar and pulmonary vascular simplification
(Coalson, 2003; Husain et al., 1998). Importantly, BPD-associated cardiopulmonary
morbidities persist later in life (Islam et al., 2015; Simpson et al., 2015). Moreover, BPD
infants who develop pulmonary hypertension (PH) have increased short- and long-term
mortality and respiratory morbidities (Mourani and Abman, 2015). Finally, these patients
have an increased risk of developing PH and right ventricular (RV) dysfunction later in life
(Davidson and Berkelhamer, 2017; de Wijs-Meijler et al., 2017; Kwon et al., 2016), causing
a significant health care- and economic-burden that lasts beyond the neonatal period.
Therefore, there is a need to develop improved therapies for these patients; however, these
efforts have been hindered by a lack of understanding of the molecular mechanisms
contributing to the disease pathogenesis. As such, an initial step would be to
comprehensively characterize the short- and long-term cardiopulmonary morbidities in small
animal models of BPD with PH, and validate that this is an accurate model of human BPD
with PH.

Excessive supplemental oxygen (O2) use or hyperoxia leads to BPD and PH by disrupting
growth factor signaling, extracellular matrix assembly, cell proliferation, and vasculogenesis
(Madurga et al., 2013). Several studies (Aslam et al., 2009; Chen et al., 2011; Lee et al.,
2013), including ours (Reynolds et al., 2016), have demonstrated that hyperoxia-induced
lung parenchymal and vascular injury in neonatal mice leads to a phenotype similar to that
of human BPD with PH. Moreover, preclinical studies have consistently shown that neonatal
hyperoxia exposure causes decreased alveolarization and lung vascularization that persists
into adulthood (Dauger et al., 2003; Mankouski et al., 2017; O’Reilly et al., 2014; Wilson et
al., 1985; Yee et al., 2011). However, whether this exposure similarly causes PH and RV
dysfunction in adulthood is not well studied.

The gold standard for the diagnosis of PH is cardiac catheterization. However, in neonatal
mice this is a technically challenging and terminal procedure, which precludes long-term
studies. Therefore, noninvasive imaging techniques such as transthoracic echocardiography
(Echo) and cardiac magnetic resonance imaging (cMRI) have been increasingly used to
phenotype the structure and function of the rodent heart. Echo is noninvasive, inexpensive,
quick, and ideal for follow-up studies. However, it is very operator-dependent and obtaining
an optimal acoustic window may be challenging in small animals. In addition, it relies on
geometric assumptions, which can be altered in diseased states (Reiter et al., 2004). In
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contrast, cMRI is less operator dependent, does not rely on geometric assumptions, can
reliably phenotype cardiovascular structures without interference from adjacent bone or air,
and more importantly has good reproducibility (Hung et al., 2009; Prasad et al., 2004).
However, cMRI requires specialized animal scanners, is expensive, and more time-
consuming compared with Echo. In humans, PH is diagnosed by the presence of increased
pulmonary artery and RV systolic pressure (RVSP), which is estimated indirectly from
tricuspid regurgitation (TR) peak flow velocity, using Echo (McLaughlin et al., 2009). Due
to technical limitations preventing proper flow alignment, the measurement of TR by
Doppler is inaccurate in mice. Furthermore, TR is rare in rodents and occurs only with
severe PH (Jones et al., 2002). Therefore, RV systolic time intervals such as pulmonary
acceleration time (PAT), ejection time (ET), and velocity time integral (VTI), which can be
accurately obtained by pulsed-wave doppler (PWD) Echo are used as alternative indices of
pulmonary artery pressure in rodents (Reynolds et al., 2016; Thibault et al., 2010; Urboniene
et al., 2010). Echo and cMRI are noninvasive techniques that can reliably diagnose PH,
quantify RV function, and circumvent the problems associated with catheterization in mice
(Breen et al., 2016; Cero et al., 2015; Janssen et al., 2015; Thibault et al., 2010; Urboniene et
al., 2010). Thus, the main objectives of this study were to determine the long-term cardio-
pulmonary effects of neonatal hyperoxia exposure in a mouse model of experimental BPD
with PH, and provide robust evidence that this animal model can be used to study the
molecular mechanisms contributing to BPD and PH in infants. Based on clinical data
showing that hyperoxia contributes to the development of BPD with PH and that these
infants are at an increased risk for long-term cardiopulmonary morbidities, we hypothesized
that exposure of neonatal C57BL/6J wild-type (WT) mice to 70% O, (hyperoxia) for 14 d
would lead to alveolar and pulmonary vascular simplification, along with PH and RV
dysfunction that persists into adulthood.

2 Materials and Methods

2.1 Animals

This study was approved and conducted in strict accordance with the federal guidelines for
the humane care and use of laboratory animals by the Institutional Animal Care and Use
Committee of Baylor College of Medicine. WT mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). Timed-pregnant mice raised in our animal facility were used
for the experiments.

2.2 Hyperoxia experiments

Within 24 h of birth, WT dams and their male and female pups were exposed to 70% O,
(hyperoxia, n= 12) for two weeks and then allowed to recover in 21% O, (normoxia) for an
additional six weeks. Another group of WT dams with their pups were maintained in 21%
O, (normoxia, n = 12) for eight weeks. The dams were rotated between air- and hyperoxia-
exposed litters every 24 h during the hyperoxia exposure period to prevent oxygen toxicity
in the dams and to control formaternal effects between the groups.
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2.3 Lung morphometry and analyses of pulmonary vascularization

Alveolar development on selected mice (n7= 6/exposure) was evaluated by radial alveolar
counts (RAC) and mean linear intercepts (MLI) as described previously (Shivanna et al.,
2013). Pulmonary vessel density was also determined in these animals based on
immunohistochemical staining for von Willebrand factor (vWF), which is an endothelial
specific marker (7= 6/exposure). The observers performing these measurements were
masked to the slide identity.

2.4 Transthoracic Echo

2.5cMRI

The indices of PH were assessed by performing functional Echo (Reynolds et al., 2016) at
eight weeks of life. Briefly, the mice (/7= 6/exposure) were subjected to 2-D and pulsed-
wave Doppler (PWD) Echo using the VisualSonics Vevo 2100 machine and a 40 MHz linear
transducer. PWD recording of the pulmonary blood flow was obtained at the level of the
aortic valve in the parasternal aortic valve right ventricular outflow view (Thibault et al.,
2010) to measure PAT (defined as the time from the onset of flow to peak velocity), RV ET
(the time from the onset to the termination of pulmonary flow), and pulmonary flow VTI.
Based on a previous Echo study in mice, the RVSP was calculated using the regression
formula RVSP = 64.5 — (83.5 x PAT/ET) (Thibault et al., 2010). These measurements were
done by two independent observers who were masked to the experimental conditions.

Cardiac function was assessed by cMRI at eight weeks of life (7= 6/exposure). The mice
were anesthetized with 3% isoflurane (mixed with oxygen) and maintained with 1-2%
isoflurane. Respiratory- and cardiac-gated images were acquired at end-diastole and end-
systole using a 7.0T, Bruker Pharmascan, 22-mm to center-bore horizontal scanner. The
imaging parameters to acquire cardiac- and respiratory-gated spin echo images were as
follows: repetition time: 5.7 ms; echo time: 2.8 ms; number of slices: 6; and slice thickness:
1.0 mm. The multi-slice scan was performed in the axial orientation to visualize the left and
right ventricles, and data were analyzed using Amira 3D image processing software
(Mercury Computer Systems, Chelmsford, MA). The areas representing the left and right
ventricular space in each slice were summated in the amount of pixels. The volume size of
the space was calculated by using the known volume size of each pixel. The RV mass was
determined as described previously (Redgrave et al., 2016; Urboniene et al., 2010). The
observer performing the studies and measurements was masked to the experimental
conditions.

2.6 Statistical Analyses

The results were analyzed using GraphPad Prism 5 software (La Jolla, CA, USA). The data
are expressed as mean + SD. The effects of exposure for the outcome variables, including
alveolarization, pulmonary vascularization, PH, and cardiac function were analyzed using
the two-tailed Student’s ¢-test. A p value of < 0.05 was considered significant.
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3 Results and Discussion

In this study, we investigated the long-term pulmonary and cardiovascular effects of mice
who were exposed to 70% O, for two weeks in the neonatal period. Specifically, we
assessed the effects of neonatal hyperoxia exposure on alveolarization, pulmonary
vascularization, PH, and RV function in adulthood. Previously, we demonstrated that this
exposure model mimics the lung phenotype of BPD infants with PH in the neonatal period
(Reynolds et al., 2016). Therefore, we chose the same model for this study and found that
neonatal hyperoxia exposure causes lung development abnormalities, PH, and RV
dysfunction that persists into adulthood.

Hyperoxia is known to inhibit alveolar development in preterm infants (Jobe, 1999) and
newborn mice (Warner et al., 1998) by disrupting signaling pathways critical for lung
development (Silva et al., 2015). The mouse lungs at birth are in the saccular stage of
development, which is equivalent to the developmental lung stage of a 25-26 wk preterm
infant (Zoetis and Hurtt, 2003). Therefore, mice are one of the most commonly utilized
laboratory animals to model human developmental lung disease such as BPD. We recently
showed that neonatal hyperoxia exposure-induced alveolar and pulmonary vascular
development abnormalities persists at four weeks of life (Menon et al., 2017). Because BPD
infants have anatomical lung abnormalities that persist into adulthood, we evaluated the
effects of neonatal hyperoxia exposure on alveolar and pulmonary vascular morphology in
mice at eight weeks of age (equivalent to a human age of 21.5 years; (Dutta and Sengupta,
2016)). Adult mice exposed to neonatal hyperoxia had decreased RACs (Figure 1, A, B, and
C), indicating that their alveoli were fewer in number compared with normoxia-exposed
(control) animals. In addition, hyperoxia-exposed mice had significant increases in MLIs
(Figure 1, A, B, and D), indicating that their alveoli were also larger than those of controls.
Similarly we found that adult mice exposed to neonatal hyperoxia had decreased number of
VWEF-stained lung blood vessels (Figure 1, E, F, and G) compared with controls. Our
findings indicate that neonatal hyperoxia exposure causes persistent alveolar and pulmonary
vascular simplification, and suggests that our mouse model mimics the long-term lung
phenotype of BPD infants.

Small animal models are used to discover novel therapies for many diseases because they
offer a practical approach to study the pathogenic molecular mechanisms of a disease.
Recently, we observed that neonatal mice exposed to 70% O, display echo evidence of PH
at two weeks of life (Reynolds et al., 2016). However, clinical studies indicate that BPD
infants continue to have cardio-respiratory morbidities in their adulthood (Davidson and
Berkelhamer, 2017; de Wijs-Meijler et al., 2017; Kwon et al., 2016). Therefore, we
performed two noninvasive studies, high-resolution Echo and cMRI, to investigate whether
mice with hyperoxic lung injury in the neonatal period continue to have PH and RV
dysfunction as adults. In agreement with the clinical studies, we find that adult mice exposed
to neonatal hyperoxia display indices of both PH and RV dysfunction.

In humans and rodents, PAT has shown to inversely correlate with pulmonary artery
pressures (Dabestani et al., 1987; Hansmann et al., 2012; Kitabatake et al., 1983; Urboniene
et al., 2010; Vadivel et al., 2014). Further, reductions in PAT decreases PAT/ET ratio. We
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observed that both PAT (Figure 2, A, B, and C) and the PAT/ET ratio (Figure 2, A, B, and D)
were decreased by 20%, resulting in an asymmetric flow pattern (Figure 2, A and B), in
adult mice who were exposed to neonatal hyperoxia compared with controls. Similarly, the
VTI was decreased by 20% in the hyperoxia group (Figure 2E). Consistent with a prior
murine model of PH (Thibault et al., 2010), the estimated RVSP was increased by 20% in
hyperoxia-exposed mice (Figure 2F). There was no significant difference in the heart rate
between the two groups (Figure. 2G). The interobserver variability of PAT, ET, and VTI was
5.3%, 3.3%, and 4.5%, respectively. Our Echo studies show that mice exposed to neonatal
hyperoxia continued to have signs of PH in adulthood. It is important to note that the
development of PH phenotype may be determined by the mouse strain and cumulative
oxygen exposure. For example, exposure of neonatal C57BL6J and FVB mice to 70-75%
O, for 14 d causes PH (Hansmann et al., 2012; Reynolds et al., 2016), whereas exposure of
neonatal C3H/HeN mice to 85% O, for a similar duration does not cause PH (\elten et al.,
2011).

cMRI has been increasingly used to assess RV function and PH in rodents subjected to
several insults, including hypoxia, vascular endothelial growth factor receptor antagonist,
monocrotaline, 5-hydroxytryptamine receptor antagonist, and pressure overload (Breen et
al., 2016; Cero et al., 2015; Janssen et al., 2015; Novoyatleva et al., 2013; Urboniene et al.,
2010). In early stages of PH, the RV maintains the stroke volume (SV) by enhancing
contractility. This process, wherein the RV adapts to increased pulmonary vascular pressure
to maintain the forward flow, is called ventriculoarterial coupling. In the advanced disease,
uncoupling occurs and the RV attempts to maintain the SV with ventricular dilation (Kuehne
et al., 2004; Vonk Noordegraaf et al., 2017). In a recent clinical study, Shang et al. (Shang et
al., 2017) showed that the RV end systolic volume (ESV) and end diastolic volume (EDV)
correlate positively with the severity of PH, while RV ejection fraction (EF) correlates
negatively with the PH severity when RV-pulmonary uncoupling occurs. Similarly, Breen et
al. (Breen et al., 2016) performed MRI studies on a adult mouse model of PH and
demonstrated that the RV EDV and ESV were higher, and the RV EF was lower, in the PH
group. Moreover, other preclinical studies have shown that RV EF correlates inversely with
pulmonary artery pressure (Buonincontri et al., 2014; Novoyatleva et al., 2013). Our cMRI
studies also showed that the RV ESV (Figure 3, A, B, and E), RV EDV (Figure 3, C, D, and
F), and RV mass (Figure 3, G) were increased by 40%, 30%, and 42%, respectively, in adult
mice exposed to neonatal hyperoxia, compared with controls. Additionally, the RV SV
(Figure 3H) and EF (Figure 3I) were decreased by 40% and 30%, respectively, in the
hyperoxia group compared with controls. To the best of our knowledge, this is the first study
to characterize the long-term cardiovascular morbidities by Echo and cMRI in mice exposed
to neonatal hyperoxia.

We recognize our study limitations. For one, our sample size calculation was not powered to
detect gender specific differences in our study. Further, due to technical difficulties in
obtaining electrocardiograph gated cMRI sequences, we were unable to quantify cardiac
output and cardiac index. Lastly, we did not perform lung function tests in our experimental
animals. Our future studies will address these limitations.
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In summary, our study demonstrates that the long-term cardiopulmonary morbidities
associated with this mouse model of experimental BPD and PH are similar to those observed
in BPD infants with PH. Furthermore, we demonstrated the feasibility of using Echo and
cMRI to characterize PH and RV dysfunction in mice. Therefore, this animal model may
offer an opportunity to identify the pathophysiological mechanisms that contribute to BPD
and PH in preterm infants. Additionally, our results suggest that this model could be used to
develop therapeutic strategies to prevent and/or treat BPD with PH, and its sequelae. Finally,
our findings are applicable to other PH-related research areas, such as congenital
diaphragmatic hernia and congenital lung hypoplasia.
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cMRI cardiac magnetic resonance imaging
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EDV end diastolic volume
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ESV end systolic volume

ET ejection time
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PAT pulmonary acceleration time
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PWD pulsed-wave Doppler
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Highlights

. Magnetic resonance imaging can reliably phenotype murine right ventricular
function.

. Neonatal hyperoxia exposure leads to persistent pulmonary hypertension in
mice.

. Adult mice exposed to neonatal hyperoxia also display right ventricular
dysfunction.

. Neonatal hyperoxia exposure causes persistent lung developmental defects in

mice.
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Figure 1. Alveolar and pulmonary vascular development continues to be interrupted in adult
mice exposed to hyperoxia during the neonatal period

WT mice were exposed to either 21 % O2 (normoxia) for 8 weeks, or 70 % O2 (hyperoxia)
for 2 weeks followed by normoxia for 6 weeks (n = 6 mice/group). A and B: Representative
hematoxylin and eosin-stained lung sections (100x magnification). C: Radial alveolar
counts. D: Mean linear intercepts. E and F: Representative von Willebrand Factor (VWF)-
stained lung blood vessels (200x magnification). G: Quantitative analysis of vVWF-stained
lung blood vessels per high power field (HPF). Values are presented as the mean + SD.
Significant differences between normoxia- and hyperoxia-exposed mice are indicated by *, p
< 0.05 (t-test). Scale bar = 100 uM.
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Figure 2. Echo findings of persistent PH in adult mice exposed to neonatal hyperoxia
A and B: Representative PWD Echo recordings of pulmonary artery blood flow obtained in

8-week-old mice who were exposed to normoxia (A) or hyperoxia (B) in the neonatal
period. C-E: PAT (C), PAT/ET ratio (D), VTI (E), RVSP (F), and heart rate (G) were
estimated from the PWD Echo recordings of the pulmonary artery blood flow. Values are
presented as mean + SD (7= 6 mice/group). Significant differences between normoxia and
hyperoxia groups are indicated by *, p < 0.05 (t-test).
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Figure 3. Adult mice exposed to neonatal hyperoxia have RV dysfunction
Eight-week-old mice who were exposed to normoxia or hyperoxia in the neonatal period

were analyzed by cMRI. A-D: Representative images of the heart at end systole (A-B) and
end diastole (C-D). E-I: The quantitative analyses of end systolic volume (ESV; E), end
diastolic volume (EDV; F), RV mass (G), RV stroke volume (RVSV; H), and RV ejection
fraction (RVEF; I). Values are presented as mean = SD (/7= 6 mice/group). Significant
differences between normoxia and hyperoxia groups are indicated by *, p < 0.05 (t-test).
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