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Abstract

Severe fetal hypoxia poses a significant risk to lung development,
resulting in severe postnatal complications. Existing chronic
hypoxia animal models lack the ability to achieve pathologically
reduced fetal oxygen without compromising animal development,
placental blood flow, or maternal health. Using an established
model of isolated chronic hypoxia involving the Extrauterine
Environment for Neonatal Development, we are able to
investigate the direct impact of fetal hypoxia on lung
development. Oxygen delivery to preterm fetal lambs (105-110 d
gestational age) delivered by cesarean section was reduced, and
animals were supported using the Extrauterine Environment for
Neonatal Development through the canalicular or saccular stage
of lung development. Fetal lambs in hypoxic conditions showed
significant growth restriction compared with their normoxic

counterparts. We also observed modest aberrant vascular
remodeling in the saccular group after hypoxic conditions, with
decreased macrovessel numbers and microvascular endothelial
cell numbers and increased peripheral vessel muscularization.
In addition, fetal hypoxia resulted in enlarged distal airspaces
and decreased septal wall volume. Moreover, there was a
reduction in mature SFTPB (surfactant protein B) and processed
SETPC protein expression concomitant with a decrease in
alveolar type 2 cell number. These findings demonstrate

that maternally independent fetal hypoxia predominantly
affects distal airway development, alveolar type 2 cell

number, and surfactant production, with mild effects on

the vasculature.
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ORIGINAL RESEARCH

Clinical Relevance

This study answers the long-standing
question as to whether chronic
hypoxia directly affects lung
development or is a consequence of
intrauterine growth restriction,
maternal compromise, or placental
flow. Using the EXTrauterine
Environment for Neonatal
Development has the potential to
improve outcomes of prematurity.
Moreover, the system provides a
model for testing the direct effects of
oxygen toxicity or deficits on organ
development.

Oxygen tension in the fetus plays a critical
role in lung development. During a healthy
pregnancy, fetal arterial blood oxygen
saturation increases progressively to reach
60% during the second trimester (1). This
low oxygen saturation, compared with
children or adults, is an essential mediator
of lung endodermal and mesodermal
development and an important regulator of
vascular development (2, 3). However,
conditions causing decreased fetal

oxygen tension, called severe fetal

hypoxia, can also lead to important lung
complications responsible for acute
respiratory distress, such as perinatal
asphyxia, bronchopulmonary dysplasia, and
persistent pulmonary hypertension of the
newborn (PPHN) (4, 5).

A significant obstacle in studying the
consequences of severe fetal hypoxia in
animal models is the inability to attain
pathologically reduced fetal oxygen delivery
without compromising nutritional delivery,
affecting cardiac afterload, or inducing
maternal stress, which can result in
additional intrauterine growth restriction
(TUGR) complications (6). Current research
is also complicated by variation in the
timing, severity, and duration of exposure to
hypoxia as well as the animal model used
(7, 8). Thus, there is an unfulfilled need to
improve models of isolated fetal hypoxia to
understand its effect on lung development
during gestation.

Recently, an artificial womb called the
Extrauterine Environment for Neonatal
Development (EXTEND) was developed to
provide up to four weeks of physiologic
support for extreme preterm lambs (9, 10).
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This system is designed to mimic the
physiologic conditions of the womb as if

the preterm lamb were still in its mother’s
uterus (9). EXTEND consists of a closed
fluid environment called a “biobag” in
which the preterm lamb is immersed in
synthetic amniotic fluid and oxygenated

via its umbilical cord with a pumpless
arteriovenous circuit. In these initial studies,
all organs at risk of sustaining complications
due to premature birth developed normally
during the incubation period and well into
adult life (9, 11). Although this has broad
implications for the management of
prematurity, it also allows the study of toxic
oxygen tension levels on the developing fetus
independent of the potential contribution of
maternal effects. Given the vast amount of
data supporting aberrant postnatal lung
development and injury in the presence of
hypoxia, we hypothesized that isolated fetal
hypoxia contributes directly to the disruption
of lung development. Using the EXTEND
system, these studies will be the first to clarify
the role of direct hypoxia in aberrant
remodeling and injury during lung
development.

Methods

Additional details on methods and protocols
used to maintain lambs on EXTEND and to
measure all analyses listed below can be
found in the data supplement.

Animal Model

All procedures were approved by the
Institutional Animal Care and Use
Committee of the Children’s Hospital of
Philadelphia (IAC 19-01212). The methods
for surgical procedures for EXTEND have
been previously described (9, 12). Once on
EXTEND, lambs were randomly divided into
hypoxic and normoxic groups independently
of sex. The hypoxic group experienced
gradual reduction in oxygen delivery

(~14 ml/kg/min) after 24 hours on
EXTEND to mimic severe fetal hypoxia (13).
The normoxic group received physiologic
fetal oxygen delivery (~20 ml/kg/min)

and served as the control group. The length
of stay on EXTEND was either 7 days
(canalicular stage of lung development)

or 14-21 days (saccular stage of lung
development). In the canalicular stage group,
hypoxic and normoxic groups consisted of
five lambs each. In the saccular stage group,
six animals were included in the hypoxic

group and four to five animals in the
normoxic group. All 21 lambs involved in
this study successfully completed the
designated end-of-study protocols. Lambs
that were excluded from the study either
experienced premature death or underwent
highly complicated runs on EXTEND, clearly
standing out as outliers within the group.
Once end of protocol was met, animals were
weighed, and the heart and lungs were
isolated and removed for further analyses.

Histopathological Analysis

Lung morphometrical analysis (14), including
mean linear intercept, absolute volume of
alveolar septa, and vascular medial wall
thickness, was performed after hematoxylin
and eosin and Verhoeff’s elastin staining,
respectively. Immunohistochemistry (IHC)
with specific antibodies was used to measure
peripheral vascular muscularization,
macrovascular number, microvascular
endothelial cell (EC) count, and alveolar type
2 (AT?2) cell quantification.

mRNA Quantification in the

Fetal Lung

Expression of genes regulating hypoxia
signaling and surfactant maturation was
measured using quantitative PCR (qPCR).
Previously published primers are
summarized in Table E1 in the data
supplement (15-17). Results are expressed
as fold change after calculation using the
AACT method relative to the canalicular
normoxic group.

Protein Quantification and Western
Blot in the Fetal Lung

Protein identification and quantification
were done using western blotting primary
antibodies used for both western blotting and
IHC can be found in Table E2, followed by
secondary antibody incubation, developed
using 20X LumiGLO Reagent and 20X
peroxide (catalog #7003; Cell Signaling
Technology).

Fetal Lung Tissue Cortisol
Concentration

Fetal lung cortisol was extracted and
quantified according to a previously
published protocol (18).

Statistical Analysis

Hemodynamic and oxygen parameters were
averaged over 24-hour intervals. Hypoxic
animals’ size markers, vital signs, ultrasound
parameters, and lung analysis were compared
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with those of normoxic animals using
between-group analysis with the two-tailed
unpaired ¢ test or Mann-Whitney test.
Normal distribution was assessed using the
Shapiro-Wilk test (P < 0.05) for all analysis.
Significance was accepted at P < 0.05, and
data are presented as mean * SEM. Data
points were considered outliers if the point
differed by more than 2 SDs from other data
points in the same study group.

Results

EXTEND-mediated Hypoxia Affects
Physiological and Growth Parameters
To create an isolated chronic hypoxic
environment, we used the previously

published EXTEND model that allows
extrauterine survival and the ability to titrate
oxygen (Figure 1A) (9, 19-23). Day 106-111
gestational age lambs were exposed to
hypoxia and harvested at later time points
consistent with the canalicular stage (n=5)
and saccular stage (n = 6) of lamb lung
development. Control animals were placed
under normoxic conditions and harvested at
the same canalicular (n = 5) and saccular
(n=5) stages (see Table E3). There were no
major technical complications during
cannulation, and all lambs were successfully
transitioned to EXTEND. All animals were
killed at the end of protocol. While on
EXTEND, lambs underwent continuous
hemodynamic and oxygen parameter
monitoring (see Table E3). To obtain severe
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fetal hypoxia, we controlled oxygenation
parameters to decrease oxygen delivery by
25-30% in the hypoxic group compared with
normoxic counterparts. We confirmed fetal
hypoxia with decreased oxygen delivery and
decreased partial pressure of oxygen in the
hypoxic group as well increased lactic acid
(Figures 1B, 1C, and E1A). Umbilical arterial
pH was kept stable in both study groups via
the administration of buffered fluid infusion
or the intermittent administration of sodium
bicarbonate to the hypoxic cohort (see

Table E3).

To assess physiologic and functional
outcomes of isolated fetal hypoxia, we
performed measures of hemodynamics
and growth. We performed daily
echocardiographic examinations that
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Figure 1. Hypoxia in the Extrauterine Environment for Neonatal Development (EXTEND) model. (A) EXTEND system diagram, including the closed
fluid system with continuous exchange and the pumpless fetal oxygenation circulation. (B) Oxygen delivery. (C) Pao,. (D-G) Quantitative PCR (qPCR)
for Vegfa (vascular endothelial growth factor A) (D), Adora2b (adenosine A2B receptor) (E), Egin1 (egl-9 homolog 1) (F), and Egin2 (egl-9 homolog 2)
(G). gPCR data are expressed as relative fold change compared with the canalicular normoxic group. *P<0.05, **P=<0.01, and ****P=< 0.0001.

In Band C, n=9 and n= 11 sheep in the normoxia and hypoxia groups, respectively; in D-G, the number of sheep is represented by dots on the
graphs. IV =intravenous; ns = not significant (P> 0.05); Pag, = partial pressure of oxygen; UA = umbilical artery; UV = umbilical vein.

Peers de Nieuwburgh, Hunt, Chandrasekaran, et al.: Isolated Fetal Hypoxia Disrupts Lung Development

443



ORIGINAL RESEARCH

revealed increased combined cardiac output
in hypoxic conditions compared with
normoxic lambs in the canalicular group
(Table 1). Despite increased combined
cardiac output, the ratio of right ventricular
to left ventricular cardiac output remained
stable in all study groups. In terms of
somatic growth, hypoxic animals showed a
progressive decrease in animal weight,
growth rate, and femur length over time,
consistent with findings of IUGR (Table 1).

EXTEND-mediated Isolated Chronic
Hypoxia Results in Loss of
Endothelium

Hypoxia incites multiple signaling pathways
with widespread implications on developing
organs. As such, we analyzed gene expression
of several hypoxia-associated genes by qPCR
to confirm the EXTEND-derived hypoxic
environment. Although analysis of hypoxia
inducible factor 1o (Hifla) and Hif2a
revealed no change in gene expression
during chronic hypoxia, there was a
significant increase in Hif3a (P =0.009 in the
saccular stage; see Figures EIB-E1D). To
further assess hypoxic effects in the lung, we
examined direct HIF1A target genes
important for lung development and injury
responses, including Vegfa and the adenosine
signaling components Adora2b, Adk, Ada,
and Nt5e (24-26). Similar to previously
published data, we saw statistically significant
increases during the saccular stage in the
HIF1A target genes Vegfa (P=0.04) and

Adora2b (P=0.01) (Figure 1D and 1E) and
appropriate data trends in increased or
decreased adenosine signaling components
(see Figures EIE-E1G). In addition, we
observed an increase in mRNA expression of
the EGL-9 gene family members targeted by
HIFs (27) Eginl (P=0.02) and Egln2
(P=0.003), during exposure to hypoxia in
the saccular stage (Figures 1F and 1G).
Given that the major regulation of HIFs
are at the protein level, we assessed HIF1A
expression using western blotting in addition
to THC with antibodies for HIF1A and the
pan-endothelial marker ERG (ETS-related
gene) to delineate vasculature (Figures 2 and
E2). By western blotting, HIF1A protein was
significantly increased under hypoxic
conditions during the saccular stage of lung
development (P =0.049) (Figures 2D and
2E). In addition, on IHC, HIF1A was
increased in the ERG™ endothelium,
demonstrating cell-specific regulation of
HIF1A (P=0.03) (see Figures E2A-E2E).
Interestingly, a target and important
regulator of HIF1A protein stabilization,
EGLNT1 protein, was also increased with
chronic hypoxia in the saccular stage
(P=0.033) (Figures 2D and 2F), consistent
with a previously reported feedback
mechanism between HIFs and EGLNs (28).
Chronic fetal hypoxia can cause
impaired vascularization, which in turn
causes delayed alveolarization (29). We
assessed vascular remodeling by quantifying
macrovessel count and microvessel EC

number, neomuscularization of distal vessels,
and percentage medial wall thickness
(%MWT). Using double-fluorescent IHC
with antibodies to von Willebrand factor
(VWF) and ACTA2, we noted that the total
number of macroscopic vessels significantly
decreased in hypoxic conditions in the
saccular group (P =0.03; Figures 3A-3E). In
addition, the analysis of microvasculature
using a pan-endothelial antibody to ERG
combined with anti-VWF antibody to
exclude macrovasculature showed a
significant reduction in ERG " microvascular
ECs under hypoxic conditions to the
canalicular (P=0.02) and saccular (P=0.04)
stages, supporting loss of endothelium in
hypoxia (Figures 3F-3J).

We also assessed %MWT of the total
vessel diameter in vessels ranging in size
from 20 to 200 pum (Figure 4). Overall,
%MWT in the canalicular animal group was
similar in both hypoxic and normoxic
conditions (P=0.97) (Figures 4A-4D).
However, in the saccular animal group,
%MWT in all vessels combined was
modestly increased in hypoxic lambs
(P=0.03) (Figures 4E-4G). However, in
individual vessel diameter groups, there was
no statistically significant change in medial
wall thickness (Figure 4H).

Neomuscularization of peripheral
vessels was analyzed in our cohort. Fully
muscularized vessels (Figures 4I-4N) were
similar in both hypoxic and normoxic
conditions in both canalicular and saccular

Table 1. Animal Vital Signs and Echocardiographic Parameters on Extrauterine Environment for Neonatal Development

Canalicular Group

Saccular Group

Normoxia (n=4) Hypoxia(n=5) P Value Normoxia (n=4) Hypoxia (n=6) P Value
Echocardiographic parameters
CCO, ml/kg/min 530 + 35.8 655 + 28.7 0.03 543.5 £20.6 609.6 +21.4 0.07
RV output, ml/kg/min 336.6 +17.4 381.8£35 0.26 350.4 £25.9 387 +14.6 0.22
LV output, ml/kg/min 193.4+155 264.7 £15.7 0.02 191.6 9.6 222.6+12.8 0.11
RV:LV output ratio 1.8+0.3 1.5+0.1 0.15 1.9+0.2 1.8+0.1 0.6
DA flow, ml/kg/min 155.1 =25.3 193.3+18.8 0.25 193.5+ 145 216.4+12.3 0.27
DA flow:RV output ratio 0.5+0.1 0.5+0.04 0.66 0.57 =0.03 0.57 =0.04 0.87
Growth parameters
Growth rate, g/kg/J 91.4+20.7 39.2+8.1 0.047 33+4.2* 19524 0.02
Femur length, cm 7.5+0.08 72+03 0.33 8.4+04 7.3+£0.3 0.047
Weight, fold change 0.5 +0.08" 0.27 £ 0.06 0.03 0.8+0.2 0.4 +0.04" 0.03
Lung weight:animal weight 34.7+6.3 344 0.93 29.4+45 33.7+3.5 0.47
Lung volume:animal weight 21543 23.9+28 0.64 19.3+3.6 2042 0.79

Definition of abbreviations: CCO = combined cardiac output; DA = ductus arteriosus; LV =left ventricle; RV =right ventricular.

Data are expressed as mean * SEM.

Bolded values indicate data reaching statistical significance (P<0.05).

*One animal in the saccular group was excluded for growth rate because of severe ascites at the time of necropsy.

TOne animal in the canalicular normoxic group and one in the saccular hypoxic group were excluded for growth rate because of severe ascites
at the time of necropsy.
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Figure 2. Hypoxia-related protein regulation after chronic hypoxia on EXTEND. (A) Hypoxia inducing factor 1A (HIF1A), egl-9 homolog 1 (EGLN1)
and beta-actin expression (ACTB) in the canalicular group with quantification of (B) HIF1A and (C) EGLN1. Bracket with asterisks represents HIF1A.
(D) HIF1A, EGLN1 and ACTB in the saccular group with quantification of (£) HIF1A and (F) EGLN1. Bracket with asterisks represents HIF1A.
Statistical significance is expressed by ns= P>0.05, *= P<0.05. The number of sheep for each group (n) is represented on the graph.

animal groups. Nonmuscularized vessels
trended lower in both canalicular and
saccular group in hypoxic conditions.

In parallel, partially muscularized vessels
significantly increased (P = 0.03; Figure 4K)
under hypoxic conditions in the canalicular
group and showed a similar trend in the
saccular group under hypoxic condition
(Figure 4N).

Isolated Chronic Hypoxia Alters
Lung Structure

Exposure to a hypoxic environment resulted
in deficiencies in somatic growth. Thus, we
asked whether isolated hypoxia significantly
reduced the growth of fetal lung weight and
lung volume as indirect markers of lung
size. There was no difference in the ratio of
lung weight or volume to body weight,
suggesting a more global growth defect

and consistent with previous data (Table 1)
(8, 30, 31).

Oxygen tension also plays a significant
role in prenatal and postnatal lung saccule
and alveolar formation. Using the mean
linear intercept to determine distal airway
size and septal volume analyses, we assessed
the ultrastructure of the distal lung to analyze
the effects of chronic isolated hypoxia on
airspace formation (Figures 5A-5F). By
measuring the mean linear intercept, distal

Peers de Nieuwburgh, Hunt, Chandrasekaran, et al.: Isolated Fetal Hypoxia Disrupts Lung Development

airspace size increased over time in hypoxic
conditions in the saccular group (P=0.047)
(Figure 5C). In addition, septal volume was
significantly decreased in the canalicular
group under hypoxic conditions on
EXTEND (P=0.02) (Figure 5F). Despite this,
lung cellularity as measured by DAPI cell
count showed no difference between hypoxic
and normoxic conditions in the canalicular
group (P=0.4) or in the saccular group
(P=0.2) (see Figure E3A).

Isolated Chronic Hypoxia Delays
Surfactant Production

Pulmonary surfactant production plays an
important role in lung development by
reducing alveolar surface tension required
for adequate transition to air breathing. First,
we examined both SFTPB (surfactant
protein B) and SFTPC expression using
western blotting for surfactant proteins in
whole-lung lysates. Notably, there was a
significant decrease in mature SFTPB in
hypoxic conditions during the canalicular
stage (P=0.01), with a similar trend in the
saccular group (P=0.17; Figures 6A and 6B).
Similarly, processed, mature SFTPC was
reduced under hypoxic conditions in the
canalicular group (P=0.01), with a similar
trend in the saccular group (P =0.69)
(Figures 6C and 6D). However, assessment

of pro-SFTPC showed no change in protein
expression at any duration of hypoxia. To
determine whether this loss was a result of
affected translation, transcription, or
processing, we performed qPCR for Sftpb
and Sftpc and the surfactant processing genes
Abca3 and Lamp3. Although almost all
transcripts for surfactant and surfactant
processing genes trended downward with
hypoxia, there was no statistical significance
(see Figures E4A-E4D).

We further characterized whether loss
of surfactant protein production could be
due to a decrease in AT2 cells. Using THC for
SFTPB, we identified AT2 cells and
quantified them in relation to the total
number of cells. Qualitatively, there appeared
to be a marked reduction in the number of
AT2 cells under hypoxic conditions during
both the canalicular (P = 0.003) and saccular
(P=0.03) stages (Figures 7A, 7B, 7D, and
7E). These findings were confirmed by
quantifying the total number of AT2 cells
(Figures 7C and 7F). To determine if these
losses were associated with lung cortisol
changes, a hormone that can promote AT2
cell maturation and surfactant production
(32), lung cortisol quantification was
performed and demonstrated no change in
both the hypoxic canalicular (P=0.8) and
saccular (P=0.7) groups (see Figure E4E).
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Figure 3. EXTEND-mediated chronic hypoxia effects on the endothelium. (A-E) Quantification of macrovessel number. (A and B) Canalicular
stage lung tissue sections stained for anti-von Willebrand factor (VWF) and antiACTA2 in normoxic (A) and hypoxic (B) conditions. (C and D)
Saccular stage lung tissue sections stained for VWF and ACTAZ2 in normoxic (C) and hypoxic (D) conditions. (E) Quantification of the number of
macroscopic vessels. (F—J) Quantification of microvascular endothelial cell (EC) number. (F and G) Canalicular stage lung tissue sections
stained for nuclear pan-endothelial markers ERG (ETS-related gene) and VWF in normoxic (F) and hypoxic (G) conditions. (H and /) Saccular
stage lung tissue sections stained for ERG and VWF in normoxic (H) and hypoxic (/) conditions. (J) Microvascular EC quantification. *P<0.05.
The number of sheep for each group is represented on the graphs. Scale bars, 50 pm.
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staining for endothelium and smooth muscle in normoxic (/) and hypoxic (J) conditions in the canalicular stage, with quantification of percentage
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Figure 5. Chronic hypoxia in EXTEND affects distal airway growth and morphogenesis. (A-D) Canalicular (A and B) and saccular (C and D)
stage lung sections stained with hematoxylin and eosin in normoxic (A and C) and hypoxic (B and D) conditions. (£ and F) Measurements of
MLI (E) and Vgep (F). *P<0.05. The number of sheep for each group is represented on the graphs. Scale bars, 50 wm. MLI =mean linear

intercept; Vsep = absolute volume of alveolar septa.

Discussion

Previously, EXTEND has been shown to
support premature lamb development and
growth for up to four weeks in physiologic
conditions, supporting the ability to safely
manipulate environment variables for
additional studies. With EXTEND, we have
demonstrated that isolated fetal hypoxia
disrupts normal lung development in lambs,
resulting in distal airway simplification,
aberrant vascular remodeling, and delayed
surfactant maturation. To our knowledge,
this study is the first to investigate the
developmental effects of isolated fetal
hypoxia on lung development independent
of a maternal environment. Similar to

previous studies assessing this established
model on cardiac and brain development,
these findings are important for not only
outcomes associated with etiologies of
isolated fetal hypoxia but also hypoxia
associated with mixing physiology lesions in
congenital heart disease (19, 21-23).

An essential challenge in investigating
the consequences of severe fetal hypoxia is
the reliability of the animal model used. The
most commonly used method to reproduce
fetal hypoxia is by interfering with
uteroplacental blood flow (carunclectomy,
placental embolization, uterine blood flow
restriction, single umbilical artery ligation,
and compression of the umbilical cord).
However, these techniques also restrict blood

flow and thus nutrient supply, which is more
closely related to IUGR models than fetal
hypoxia itself (6). Other animal models
induce maternal hypoxia by either using
natural hypobaric hypoxia experienced at
high altitude or using isobaric hypoxic
chambers. However, the maternal response
to hypoxia can affect fetal response, which
restricts the accurate analysis of the effects of
fetal hypoxia (33). This study produces
severe fetal hypoxia by maintaining
controlled isolated chronic fetal hypoxia for
an extended period of gestation without
maternal impact.

Fetal cardiovascular response to
acute fetal hypoxia has been well described
(6, 33-35). In contrast, our understanding of

Figure 4. (Continued). nonmuscularized (NM), partially muscularized (PM), and fully muscularized (FM) peripheral vessels (K). (L-N) VWF and
ACTAZ staining of lung tissue sections in normoxic (L) and hypoxic (M) conditions in the canalicular stage, with quantification of percentage
NM, PM, and FM peripheral vessels (N). *P<0.05 and **P=<0.01. In C and G, n=10 and n= 11 sheep in the normoxia and hypoxia groups,
respectively; in D, H, K, N, the number of sheep is represented by dots on the graphs. Scale bars, 50 pum. %MWT = percentage medial wall

thickness.
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the mechanisms that mediate the fetal
hemodynamic response to chronic fetal
hypoxia is incomplete. Similar to acute

fetal hypoxia, it is widely believed that
chronically hypoxic fetuses experience a
redistribution of the blood flow away from
the periphery, which contributes significantly
to the commonly observed growth restriction
in hypoxic conditions (6, 33-35). In our
cohort, animal growth, defined by weight
fold change, growth rate, and femur length,
was significantly reduced in hypoxic
conditions, as expected.

Hemodynamically, acute fetal hypoxia is
responsible for decreased heart rate (36) and
peripheral vasoconstriction. However,
response to hypoxia has been believed to be
blunted in chronic setting of fetal hypoxia
compared with acute episodes (37). Several
studies of chronic fetal hypoxia showed no
differences in heart rate and blood pressure
during prolonged hypoxia (33, 35). In our
cohort, fetal hypoxia was maintained for up
to 21 days. Animal vitals (heart rate, circuit
blood flow, and circuit mean arterial
pressures) were similar in both study groups.

At the cellular level, fetal hypoxia
triggers the activation of the hypoxia
signaling cascade regulated by the HIFs. This
paradigm was also present in our results:
HIF1A was increased under hypoxic
conditions in the saccular stage. Importantly,
we also demonstrated endothelium-specific
regulation of HIF1A in our model, and we
observed statistically significant increases and
trends for several direct target genes of
HIF1A, including Vegfa and the adenosine
signaling component Adora2b (24). Both
VEGFA and adenosine signaling have
significant implications in not only vascular
development and abnormal remodeling but
also severe airspace defects in development
and developmental injury (25, 26). Our study
also confirmed increased mRNA and protein
expression of some of the EGL-9 family
members that are associated with chronic
fetal hypoxia and potential transcriptional
targets of HIF proteins (38). These findings
are consistent with induced pulmonary
hypoxia signaling pathways in chronic
hypoxia on EXTEND.

During fetal development, the
pulmonary circulation exhibits elevated
vasomotor tone due to muscularization,
causing increased pulmonary vascular
resistance. Severe fetal hypoxia has been
associated with failed transition of the fetal
circulation at birth, leading to PPHN
(37, 39). Factors such as inadequate vascular
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relaxation, excessive muscularization
(increased vascular wall thickness and distal
extension of muscle in vessels normally
devoid of muscularization), and reduced
vascular density contribute to PPHN
(39-41). These findings have been
demonstrated in previous studies done on
lambs born at high altitude, indicating a
PPHN-like disease (42). In our isolated
hypoxia model, lambs showed only modest
aberrant vascular remodeling, which may
reflect a shorter period of exposure to
hypoxia. Alternatively, the lower severity of
vascular remodeling in our study may
suggest that changes in fetal pulmonary
blood flow play an additional role in
remodeling. Prior studies of fetal hypoxia
with more severe remodeling may reflect
both flow and hypoxia. Importantly, most
patients with cyanotic/mixed physiology
lesions of congenital heart disease do not
exhibit PPHN associated with vascular
remodeling, suggesting that severe vascular
remodeling is compounded by both flow and
oxygen tension (43, 44). Furthermore,
persistent cyanosis after delivery or surgery
may indicate a need to explore findings of
delayed maturation of the distal lung.

The effects of hypoxia on lung
development depend on the timing and
duration of hypoxia. In our model, hypoxia
was induced during midcanalicular stage of
lung development, which is when gas
exchange is possible (~22 wk of human
gestation). Studies on severe chronic fetal
hypoxia induced at similar gestational ages
showed preserved lung growth on the basis
of the ratio of lung weight to body weight
(8, 31). However, lamb models inducing
hypoxia during the early canalicular stage
exhibited an increased proportion of airspace
parenchymal volume and reduced tissue
elements in this gas-exchange region (31).
In contrast, hypoxia induced during the
saccular stage resulted in fewer alveoli,
thicker intraalveolar septa, and persistent
thickening of the basement membrane (45).
Another study conducted on pregnant rats
exposed to hypoxia throughout pregnancy
revealed decreased septation, reduced alveoli,
and increased volume of alveolar saccules. In
our isolated chronic fetal hypoxia model, the
results showed a simplification of the distal
airways, as seen in several other hypoxia
animal models (31, 45).

Another important aspect of lung
development for adequate transition to air
breathing is pulmonary surfactant, which
reduces lung surface tension at the air-liquid

interface and prevents alveolar collapse.
Surfactant maturation occurs during the
saccular stage of lung development,
corresponding to a 25-week gestation human
fetus or a 120-day gestation lamb fetus (46).
The effect of fetal hypoxia on surfactant
production has been shown to be dependent
on the duration and timing of exposure

(7, 8). Specifically, chronic hypoxia induced
later in gestation resulted in increased
surfactant protein production (18, 47),

while exposure to chronic hypoxia earlier in
pregnancy led to decreased surfactant
protein regulation (8, 38, 48). In our study,
direct induction of chronic fetal hypoxia in
the midcanalicular stage caused reductions in
SFTPB and SFTPC total protein expression,
likely most consistent with a reduction in the
number of AT2 cells. Previous research
indicated a correlation between decreased
AT?2 cells and lower surfactant production, as
evidenced by reduced proliferation markers
(38). However, contrary to expectations,
sheep models experiencing chronic fetal
hypoxia show no significant decline in AT2
cell density, suggesting a molecular basis for
the variation in surfactant protein gene
expression (18, 48). Yet comparing these
findings with those of other groups is
complex because of the unique nature of the
EXTEND hypoxia model, which presents
isolated chronic fetal hypoxia. Moreover,
epithelial cell numbers in developing lambs
vary significantly with gestational age.
Therefore, it is crucial to compare studies
involving lambs at the same gestational age,
subjected to similar hypoxia timing, to draw
accurate conclusions. This discrepancy
underscores the critical role of the chosen
model in describing severe fetal hypoxia.
Interestingly, there was no significant effect
of chronic fetal hypoxia on lung cortisol
concentrations, consistent with previous
findings (18). These data suggest that delayed
surfactant maturation without altered
cortisol signaling was caused by isolated
chronic fetal hypoxia.

Limitations

Our animal model showed some variability
in the outcomes, as the response to the new
environment could have slightly differed
among animals maintained on EXTEND for
up to 21 days. In addition, our study was
limited to small sample sizes because of the
resource-intensive nature of maintaining
fetal lambs on EXTEND. A preexperimental
power analysis for this study is difficult, as it
is a new model in which effect size would be
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difficult to calculate because of the
novelty/unknown effect. In addition, the
model was costly and labor intensive given
U.S. Food and Drug Administration
regulations guiding its potential use in
humans. A post hoc power analysis was
performed and showed that some of the
experiments in the present study did not
reach significant numbers, indicating an
inability to address whether sex differences
exist (see Table E4). However, additional
studies involving increased animal numbers
with equal numbers of male and female
preterm lambs will be key to addressing this
important issue.

The maximum duration of hypoxia was
limited to 21 days for technical reasons,
potentially underestimating the complications
of chronic fetal hypoxia in human pathology
with prolonged fetal hypoxia. Similarly, the
timing of hypoxia induction differs from
some of the previously published research
inducing chronic fetal hypoxia earlier or later
in the pregnancy. Comparing the EXTEND
model with previously published fetal hypoxia
models is challenging because of its unique
isolated chronic fetal hypoxia. Therefore,
interpreting comparisons with other [IUGR
models requires caution. In addition, lung
development can be influenced by various
factors, such as amniotic fluid pressure, head

and neck position, modified pulmonary blood
flow, and others. In our animal model, both
study groups were treated similarly to
minimize additional confounding factors.

Last, the previously published (14)
methods used to quantify lung structure
made use of paraffin-embedded tissue, and
despite showing increased reproducibility
compared with manual counting techniques,
it did not include all the components of
design-based stereology. Design-based
stereology is the standard for quantification,
as it eliminates bias using three-dimensional
imaging, improves the accuracy of cell type
localization, and allows more rigorous
assessment of volume density measurements
(49, 50). Nevertheless, despite reduced model
variability, reduced sample size, duration of
hypoxia, and possible confounding factors,
we were able to identify significant
differences between groups, with clear
molecular and histological impact of chronic
fetal hypoxia on lung development.

Conclusions

We used a previously described model of
chronic isolated fetal hypoxia for lung
development analysis. Animals maintained
in hypoxic conditions on EXTEND for
prolonged periods of time showed significant
growth restriction and increased combined

cardiac output at daily cardiac ultrasound.
Lungs showed arrested development with
distal airway simplification. Vascular
remodeling was present in hypoxic conditions,
including mildly increased vessel wall
thickness, some increased muscularization,
and reduced macrovessel count and
microvessel EC number. In parallel, SFTPB
and SFTPC were reduced, and lungs exhibited
a decrease in AT2 cells. These findings provide
clarity regarding the effects of hypoxia on lung
development and demonstrate that isolated
hypoxia directly affects distal airway
development. Further studies on our isolated
fetal hypoxia animal model are necessary

to assess vascular contractility, further
mechanisms of vascular remodeling, distal
airway growth, and surfactant lipid
metabolism to depict a clearer picture of the
impact of hypoxia on lung development. ll
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