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Vulnerability of the Developing Heart to Oxygen Deprivation
as a Cause of Congenital Heart Defects
Doreswamy Kenchegowda, PhD; Hongbin Liu, PhD; Keyata Thompson, MS; Liping Luo, PhD; Stuart S. Martin, PhD; Steven A. Fisher, MD

Background-—The heart develops under reduced and varying oxygen concentrations, yet there is little understanding of oxygen
metabolism in the normal and mal-development of the heart. Here we used a novel reagent, the ODD-Luc hypoxia reporter mouse
(oxygen degradation domain, ODD) of Hif-1a fused to Luciferase (Luc), to assay the activity of the oxygen sensor, prolyl
hydroxylase, and oxygen reserve, in the developing heart. We tested the role of hypoxia-dependent responses in heart development
by targeted inactivation of Hif-1a.
Methods and Results-—ODD-Luciferase activity was 14-fold higher in mouse embryonic day 10.5 (E10.5) versus adult heart and
liver tissue lysates. ODD-Luc activity decreased in 2 stages, the ﬁrst corresponding with the formation of a functional
cardiovascular system for oxygen delivery at E15.5, and the second after birth consistent with complete oxygenation of the blood
and tissues. Reduction of maternal inspired oxygen to 8% for 4 hours caused minimal induction of luciferase activity in the
maternal tissues but robust induction in the embryonic tissues in proportion to the basal activity, indicating a lack of oxygen
reserve, and corresponding induction of a hypoxia-dependent gene program. Bioluminescent imaging of intact embryos
demonstrated highest activity in the outﬂow portion of the E13.5 heart. Hif-1a inactivation or prolonged hypoxia caused outﬂow
and septation defects only when targeted to this speciﬁc developmental window.
Conclusions-—Low oxygen concentrations and lack of oxygen reserve during a critical phase of heart organogenesis may provide a
basis for vulnerability to the development of common septation and conotruncal heart defects. ( J Am Heart Assoc. 2014;3:
e000841 doi: 10.1161/JAHA.114.000841)
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T

he prolyl hydroxylases (PHD; EGLN1-3) and their
substrates the hypoxia-inducible transcription factor
(HIF) function as evolutionarily conserved sensors and
respondents to O2 deprivation, ie, tissue hypoxia.1,2 Embryonic development is a prototypical hypoxic response as all of
the elements required for O2 delivery including the placenta,
blood and blood vessels, must be generated de novo.3 That an
intact hypoxia signaling system is required for mammalian
development is demonstrated by the mid-gestational lethality
that occurs when Hif or Phd family members are inactivated in
the mouse germ line.4 It has also been proposed that
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pathological O2 deprivation at these critical developmental
stages, for example due to reductions in blood ﬂow or inspired
O2, may result in congenital defects in the cardiovascular and
other systems.5 Quantifying tissue O2 concentration and O2
deprivation in normal and pathological developmental processes is problematic and usually relies on semi-quantitative
or qualitative chemical (nitroimidazoles) and biological (HIF1a) indicators. A further limitation of these indicators is that
they do not directly report on the sufﬁciency of the O2 supply
for the enzymatic reactions for which it is required.2 More
recently, a mouse model was created to serve as a novel
reagent to report on oxygen-dependent PHD activity within
tissues by incorporation of the Hif-1a ODD into the Luciferase
(Luc) coding sequence expressed from the Rosa26 locus.6
Luciferase activity can be accurately quantiﬁed over 6 logs of
activity in tissue homogenates or in vivo through bioluminescent imaging.
Our interest has been in the role of O2 deﬁciency in the
later stages of heart morphogenesis, in particular the
septation of the heart and formation of the outlet structures
that occurs at E11.5 to 15.5 of mouse development.7 These
processes are of particular interest given the relatively high
prevalence and severity of congenital septation and outlet
Journal of the American Heart Association
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Methods

with the same construct lacking ODD (stock # 005125). Both
lines were maintained on an FVB background. Tamoxifen (TM)
inducible b-actinCre (CAGGCre-ERTM; stock # 004682),13
Rosa26 containing a LacZ reporter used to trace cell lineage
(Stock # 003474) and Hif-1af/f, in which LoxP sites ﬂank exon
2 of Hif-1a (stock # 007561)14 were maintained on a C57BL/
6J background. NCC speciﬁc Wnt1Cre15 mice were maintained on a Swiss Webster background. Mice were mated and
genotyped by standard methods with primers listed at jax.org.
In the mating between b-actinCre+ males and Hif-1af/f
females, 3 mg TM (MP Biomedical) in 100 lL of sunﬂower
oil (Spectrum Chemical Corp) was injected i.p. to pregnant
mice to induce the activity of Cre recombinase as previously
described.13 To assess efﬁciency of Cre-mediated recombination at the HIf-1a locus, genomic DNA was isolated from
embryonic heart and liver, PCR ampliﬁed with primers ﬂanking
the loxP sites (Table 1) and bands separated and quantiﬁed
by gel electrophoresis and Syto60 staining (S11342,
Invitrogen).

Mice
Mice were handled in accordance with CWRU and University
of Maryland-Baltimore Institutional Animal Care and Use
Committee guidelines. All mouse strains used in this study
were obtained from Jackson Laboratory. ODD-Luc6 (stock #
006206), in which the ODD of Hif-1a is fused to ﬁreﬂy
luciferase expressed from the Rosa26 locus and WT-Luc12

Hypoxic Stress
For acute exposure to hypoxia timed pregnant mice were
placed in a hypoxia chamber (HypOxyc System, Kent Scientiﬁc). The O2 concentration was gradually decreased to 8%
and maintained for 4 hours. As a control mice were placed in
the chamber and exposed to room air. For chronic exposure

Table 1. List of Primers
Forward (50 to 30 )

Reverse (50 to 30 )

CCN1

AAGCTTCCAGCCCAACTGTA

CAAACCCACTCTTCACAGCA

CCN2

AGAGTGGAGCGCCTGTTCTA

GCAGCCAGAAAGCTCAAACT

BNIP3

GGCGTCTGACAACTTCCACT

AACACCCAAGGACCATGCTA

IGFBP1

TCGGAGATTTCCTCATCGTC

ATGTATGGGACGCAGCTTTC

GLUT1

GGATCTCTCTGGAGCACAGG

TCCTCCTGGACTTCACTGCT

b-actin

GACAGGATGCAG AAGGAG AT

GAAGCATTTGCGGTGGACGAT

GGATGAAAACATCTGCTTTGG

ACTGCCCCAACACAATACTTTT

CCN1

ATATGCGAAGTGAGGCCGTG

TTGGGGCGGTACTTCTTCAC

CCN2

ATCTCGACCAGGGTCACCAA

GGGGTGCGAATGCACTTTTT

CCN3

CCTGGGAGGCTTTGCTATGG

ACGGGTAGAAAAGCCCATTCC

BNIP3

CCAGCGTCATGAAGAAAGGG

GGCGCCTCCCAATGTAAATC

IGFBP1

AAATTGGCAAAGGCTCAGCAG

GCGGAATCTCCATCCAGTGAA

GLUT1

AAGATGACAGCTCGCCTGATG

GCTCCTCATATCGGTACAGCC

b-actin

GCCATGGATGATGATATTGCTGC

TGGCCCATACCAACCATCAC

Gene

Mouse real-time PCR

b-actinCre efficiency
Chicken real-time PCR
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defects in humans.8 At E11.5 to 15.5, prior to the formation
of a functional coronary vascular system, O2 is delivered to
the cardiac tissues by passive diffusion from red blood cells
within the chambers. We, and others,9–11 have proposed
based on the semi-quantitative indicators that the outlet
myocardium and mesenchyme and ventricular septal myocardium are relatively hypoxic at these stages due to the tissue
barrier to O2 diffusion. However, the role of O2 gradients in
the normal and defective formation of the outlet structures
has not been determined. In the current study we used ODDLuc mice as a novel quantitative indicator of O2 dependent
PHD activity in normal mouse development and during
maternal O2 deprivation, and conditional inactivation of Hif1a and maternal O2 deprivation to test the role of HIF and
hypoxia signaling targeting a speciﬁc developmental window
based on the measurements of ODD-Luc activity.
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Measurement of Luciferase Activity
Pregnant mice were euthanized by CO2 inhalation followed by
cervical dislocation and the uterine horns removed and
embryos dissected in ice cold PBS. Tissues were homogenized
in 19 Cell Culture Lysis Reagent (Promega) and clariﬁed by
centrifugation. Luciferase activity was measured in 20 lL of
lysate in a 96-well plate using the Luciferase Assay System
(Promega) and a Flex Station 3 plate reader (Molecular
Devices). Luminescence values were normalized to total
protein and expressed as luminescence units (LU)/mg
protein. Protein concentrations were measured with the
Bio-Rad Protein Assay Dye Reagent.

Bioluminescence Imaging
Fifteen minutes after a single i.p. injection of D-luciferin
(150 mg/kg; Caliper Life Sciences) mice were anesthetized
with 2.5% isoﬂuorane and euthanized by cervical dislocation.
The uterine horns were removed, individual embryos harvested
and placed in supine position in a petri dish containing ice cold
PBS. The skin between the forelimbs was gently removed to
expose the heart and the embryos were placed in a light-tight
bioluminescence imaging chamber coupled to a high-sensitivity charged coupled device camera (Xenogen IVIS-200). The
ﬁeld of view was set to A and photons were collected with an
exposure time of 30 seconds. Images were analyzed with
Living Image-3 software (Xenogen). The bioluminescence
signal intensity is expressed as photons sec1 (cm2)1 steradian1.

Quantitative RT-PCR
Total RNA was isolated from E11.5 and E15.5 embryonic
hearts and livers using RNAeasy mini kit (Qiagen). For E11.5
hearts 2 hearts were pooled for each sample. One microgram
of total RNA was reverse transcribed (SSIII, Invitrogen) and
analyzed by real-time PCR using Fast SYBR Green PCR Master
Mix (Applied Biosystems) and an Applied Biosystems StepOnePlus thermal cycler. Primers were designed with
Primer3plus software (Table 1). Data was analyzed by the
comparative Ct method, normalized to b-actin and reported as
fold-change versus normoxia.
DOI: 10.1161/JAHA.114.000841

Morphologic and Histologic Analyses
Except where noted embryos were harvested at E15.5 for
analysis. Pregnant mice were sacriﬁced by cervical dislocation and embryos dissected into ice-cold PBS with
40 mmol/L KCl to relax the heart. In most embryos the
chest was not opened so as to preserve the plane of
sectioning. Embryos were ﬁxed, sectioned in a coronal
plane with respect to the embryo and stained with
hematoxylin and eosin. In embryos in which the Rosa26LacZ reporter was used to fate map NCCs, tissues were
reacted with X-gal at 37°C overnight in whole mount or
section using standard methods. Images were captured with
a Spot RT digital camera and optimized with Adobe
Photoshop software.

Hypoxia Exposure of Chick Embryos In Ovo and
mRNA Analysis
Fertile White Leghorn (Gallus gallus) chicken eggs were
obtained from Squire Valleevue Farm (Cleveland, OH). Eggs
were incubated in a humidiﬁed room air incubator at 38°C
until Hamburger-Hamilton (HH) Stage 25 (ED 4). Eggs were
then placed in a sealed chamber (Modular Incubator Chamber,
Billups-Rothenberg, Inc) with water and ﬂushed with 7.5% O2/
92.5% N2 for 10 minutes in order to exchange the inside air
completely, and then the inlet and outlet tubes were clamped.
Control eggs were incubated in the same chamber in room air.
Embryos used for array studies were injected with DMOG
(Sigma Inc) 10 mmol/L stock with 5 lL dripped onto the
embryo after a piece of shell was removed. The eggs were
covered with Paraﬁlm prior to further incubation. After
6 hours of incubation in hypoxia the embryos were removed
and RNA puriﬁed from the apical portions of the hearts using
RNAeasy micro kit (Qiagen). Total RNA was reverse transcribed and hybridized against chicken microarrays (Affymetrix Chicken Gene 1.0 ST array). Gene expression in 3 control
and 3 DMOG+hypoxia samples was measured for a total of 9
pairwise comparisons, with a threshold for fold-change of
2-fold. In additional experiments fold change of selected
transcripts was validated by real-time PCR as described
above. In these experiments we observed no difference in
embryos treated with DMOG+hypoxia (n=4) versus hypoxia
alone (n=3) so these were combined into 1 group for
statistical analysis.

Statistical Analysis
Data are expressed as meanSEM. Differences between 2
groups were examined by Student unpaired t test. The
Shapiro-Wilk test was used to ensure that data was normally
distributed. Multiple groups were compared by 1-way
Journal of the American Heart Association
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to hypoxia mice were placed in a chamber under hypobaric
hypoxia: 0.5 atmospheres (ATM), half of the normal O2
content at sea level (1 ATM). The pressure was slowly reduced
through a servo-controlled system and a vacuum line. Except
where noted the mice were placed in the chamber at E10.5,
returned to a normal environment at E13.5, and examined at
E15.5. The mice had free access to food and water on a
circadian light/dark cycle.
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A

B

D

C

Results
ODD-Luc Activity During Normal Mouse
Development and With Maternal O2 Deprivation
Luciferase activity was measured in ODD-Luc mouse tissue
homogenates throughout development as a reporter for O2dependent PHD activity. Activity normalized to total protein
was highest in the E9.5 embryo (Figure 1A). Dissection of

Figure 1. ODD-Luc activity declines during normal development and is robustly induced by maternal O2
deprivation. Luciferase activity was measured in tissue lysates from (A) E9.5 whole embryo (B) heart and (C)
liver from E10.5 to 17.5 and in the adult mouse (8 weeks). Pregnant ODD-Luc mice from the same stages
were exposed to hypoxia (8% O2 for 4 hours) and luciferase activity measured. These mice were
homozygous for ODD-Luc in the Rosa26 locus. D, Luciferase activity was measured in E13.5 and adult heart
lysates from mice heterozygous for the wild-type (WT) Luciferase in the Rosa26 locus. Luciferase activity
was normalized to total protein and is expressed as meanSEM LU/mg protein 9103. Number of samples
in each group is indicated within the bar graph (n). Student t test was used for comparison of hypoxia (Hx)
vs normoxia (Nx) samples. *P<0.05; **P<0.01; ***P<0.001. In the developmental series (B and C) basal
luciferase activity (Nx) was analyzed by 1-way ANOVA with Bonferroni correction for multiple comparisons;
groups sharing the same symbol are not signiﬁcantly different (P>0.05). For E13.5 vs E15.5 heart, P=0.06.
Test for interaction between developmental stage and hypoxic induction of ODD-Luc was performed using
2-way ANOVA (P<0.001). LU indicates luminescence units; ODD-Luc, oxygen degradation domainluciferase.
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ANOVA followed by Student t test with Bonferroni correction. Tests for interactions between developmental stage
and hypoxic induction of ODD-Luc were performed by 2way ANOVA using Holm-Sidak method. Fisher’s exact test
was used to compare the prevalence of cardiac defects and
survival frequencies. P<0.05 were considered statistically
signiﬁcant. SigmaPlot 12 software (Systat Software Inc) was
used for these analyses.
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A

B

D

E

concentration to 8% for 4 hours. The magnitude of induction
was greatest in those tissues that had the highest basal
activity (Figure 1A through 1C; P<0.001 for interaction
between developmental stage and hypoxic induction of
ODD-Luc). Activity increased by 210-, 86-, and 139- 9103
luminescence units (LU)/mg protein in E9.5 embryo, E10.5
heart and E10.5 liver, respectively (P<0.001). In contrast, the
activity increased in the adult heart and liver by only 0.6 and
1.8 9103 LU/mg protein, respectively (P<0.05).
Bioluminescent imaging was used to determine the spatial
distribution of ODD-Luc activity in the E13.5 embryo. The
substrate luciferin was administered to the pregnant mice and
the embryos removed and imaged as described in Methods.
Robust bioluminescent signal was observed in the ODD-Luc
embryos (Figure 2) while no activity was observed in wild type
embryos or in ODD-Luc mice in the absence of luciferin. The
activity in the E13.5 heart was 200-fold above background,

C

F

Figure 2. Bioluminescent imaging of E13.5 ODD-Luc embryo. Pregnant mice were injected i.p. with D-luciferin (150 mg/kg) and embryos
removed and imaged 15 minutes later in the supine position with a high sensitivity charged coupled device camera (Xenogen IVIS-200) as
described in Methods. A representative embryo from n=6 is shown with (A) low power and (B) high power images and (C) regions of interest with
bioluminescent signal intensity shown. Scale bar shows range of signal from the ﬁeld of view in photons sec1 (cm2)1 sr1. D and E, are the
corresponding bright ﬁeld images. F, MeanSEM of signals from n=6 embryos. Within the heart the bioluminescent signal is 200-fold above
background and highest within the OFT. *P<0.001 vs ventricle. All values are signiﬁcantly above background (P<0.001; Student t test). Scale
bars 500 lm. LV indicates left ventricle; ODD-Luc, oxygen degradation domain-luciferase; OFT, outﬂow tract; RV, right ventricle.
DOI: 10.1161/JAHA.114.000841
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individual organs was not feasible at this stage due to their
small size. In the embryonic heart, activity was highest at
E10.5 and declined 3.5-fold to E15.5 (P<0.001) and further
decreased by 4.6-fold between E17.5 and maturity (P<0.001;
Figure 1B). The liver showed a similar pattern (Figure 1C);
the activity was 2.2-fold higher in E10.5 liver versus heart
(P<0.001). The decline in activity in the liver occurred
between E10.5 and 13.5. The developmental decline in
luciferase activity was speciﬁc for the ODD of the modiﬁed
Luciferase protein as there was no difference between E13.5
and adult heart (P=0.66) when wild type luciferase (WT-Luc)
was expressed from the Rosa26 locus (Figure 1D). Comparisons of WT-Luc and ODD-Luc activity suggest that 40% of
the ODD-Luc is degraded in E13.5 tissues versus 90% in adult
tissues.
Luciferase activity was robustly induced in ODD-Luc
embryonic tissues with reduction of maternal inspired O2

Oxygen Deprivation and Heart Defects

Kenchegowda et al

Conditional Inactivation of Hif-1a in Speciﬁc
Developmental Windows
Conditional inactivation of Hif-1a, guided by ODD-Luc as a
reﬂection of PHD activity, was used to test the requirement
for HIF-1a in speciﬁc developmental windows. Hif-1af/f mice
crossed with TM-inducible b-actinCre mice resulted in
efﬁcient recombination of the Hif-1a ﬂoxed allele in E11.5
and E15.5 heart and liver of TM-treated mice (Figure 3).
Embryos from pregnant mice treated with TM at E10.5 were
recovered at normal Mendelian ratios at E15.5 (Table 2). Four
of 21 Hif-1af/f; b-actinCre+ (conditional knock-out (cKO)
embryos examined at E15.5 (19%) had malposition of the
aorta overriding a ventricular septal defect (VSD; Figure 4,
Table 3). Another 3 of the 21 embryos (14%) had isolated
VSD. All of the abnormal hearts had thinning of the ventricular
myocardium. Twelve of the 21 embryos had open chest walls
(thorachoschisis). This was observed in embryos with and
without heart defects. The cKO embryos were smaller than
their Cre littermates. Littermates that were Cre were
structurally normal (Figure 4A). Embryos from mice injected
with TM at E13.5 and examined at E17.5 did not display
cardiac or extra-cardiac structural defects (Table 3). Thus,
abrogation of Hif-1a after E10.5 causes cardiac outlet defects,

Figure 3. Highly efﬁcient recombination at the Hif-1a ﬂoxed

locus with Tamoxifen (TM) induction of b-actinCre. Cre mediated
recombination results in nearly complete loss of the exon2
ﬂanked by LoxP sites (diamond) in Introns 2 and 3 (compare Cre+
and Cre lanes) in genomic DNA puriﬁed from E11.5 and E15.5
heart and liver. Shown is the average% recombination (n=2 each)
calculated as the intensity of the recombined band divided by the
combined intensity of the 2 bands and corrected for differences in
band size. Hif indicates hypoxia-inducible transcription factor.

DOI: 10.1161/JAHA.114.000841

Table 2. Frequencies of Hif-1a Conditional Knock-Out Mice
b-actinCre

Wnt1Cre
# Matings

# cKO

% cKO

# Matings

# cKO

% cKO

E15.5

12

26

25

12

21

20

PN 21

12

5

4.5

ND

ND

ND

Survival frequencies for Wnt1Cre at PN21 were signiﬁcantly different from controls
(P<0.0001; Fisher’s exact test). E15.5 indicates embryonic day 15.5; ND, not done; PN
21, post-natal day 21.

while abrogation of HIf-1a after E13.5 does not, establishing
E10.5-E13.5 as a critical window for HIF-1a activity.

Inactivation of Hif-1a in Neural Crest Cells (NCCs)
The previous experiments deﬁned the role of Hif-1a in a
critical developmental window, but because the b-actinCre is
ubiquitously active, did not deﬁne its role in speciﬁc cell types
that are required for development of the cardiac outlet. To
address this, Wnt1Cre was used to inactivate Hif-1a in NCCs
that migrate into the cardiac outlet and are required for the
formation of the aortico-pulmonic septum,7 a region that this
and a prior study10 suggested is particularly hypoxic. Embryos
were examined at E15.5 to 16.5 after NCCs have migrated
into the heart and septation of the heart and OFT are
complete. Embryos were recovered at normal Mendelian
ratios at E15.5 to 16.5 (Table 2). Six of 26 (23%) E15.5 to
16.5 Hif-1af/f; Wnt1Cre+ embryos had defects typical of NCC
deﬁciency (Figure 5, Table 3), including exencephaly and cleft
face (Figure 5B). Four of the embryos had persistent truncus
arteriosus (PTA Type 1) reﬂecting failure of septation of a
portion of the OFT (Figure 5D) and a single semi-lunar valve
separating the common arterial trunk from the ventricle
(Figure 5F). More posteriorly abnormal persistence of the AV
cushion mesenchyme is associated with ventricular and atrial
septal defects, and ventricular myocardial thinning is also
evident (Figures 5H and 5J). Two of the embryos had OFT
defects classiﬁed as double outlet right ventricle (DORV), in
which both aorta and pulmonary artery arise from the right
ventricle. All of the abnormal cKO embryos and their hearts
were smaller than their littermate controls.
Hif-1af/f mice were crossed with Rosa26-LacZ mice to fate
map NCCs migrating into the OFT using LacZ staining. In a Hif1af/f; Wnt1Cre+ embryo with PTA, LacZ+ cells populate the
great vessels and OFT, including the defective aortic-pulmonic
septum (Figures 6C and 6D; compare to control 6A and 6B).
This suggests that HIF-1a is not required within the NCCs for
their migration into the cardiac OFT.
Only 5 of 110 mice recovered at 3 weeks of age were of
the genotype Hif-1af/f; Wnt1Cre+ (4.5% versus 25% expected;
P<0.001; Table 2), indicating lethality between E16.5 and
post-natal day 21 (PN21) with incomplete penetrance. All 5 of
Journal of the American Heart Association
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similar to that measured in tissue homogenates. Within the
heart a gradient of bioluminescent signal was observed with
the outﬂow region of the heart exhibiting 50% greater signal
as compared to the ventricles (Figures 2B, 2C, and 2F;
P<0.001).

Oxygen Deprivation and Heart Defects

B

C

D

Figure 4. Temporally targeted inactivation of Hif-1a causes aorta
overriding VSD. Control (Hif-1af/f; b-actinCre) and cKO (Hif-1af/f; bactinCre+) E15.5 littermate embryos from a mouse injected with
3 mg of TM at E10.5. Embryos are shown in whole mount (A and B)
and in sections (C through J) from anterior to posterior with respect
to the heart. The cKO embryo (B) is smaller than control (A). In the
cKO the RVOT appears narrowed by mesenchyme (arrowhead) and
infundibular muscle (D), and the aorta overrides a VSD (F and H). J,
More posteriorly the atrio-ventricular valves appear normal while the
ventricular myocardium is thinned. Scale bars: 500 lm. Ao indicates
aorta; cKO, conditional knock-out; Hif, hypoxia-inducible transcription
factor; LV, left ventricle; LVOT, left ventricular outﬂow tract; pa,
pulmonary artery; RV, right ventricle; RVOT, right ventricular outﬂow
tract; TM, tamoxifen; VSD, ventricular septal defect.

Effect of Maternal O2 Deprivation on Gene
Expression

E

F

G

H

I

J

the cKO mice were severely runted and euthanized. Structural
heart defects were not detected in these mice and the cause
of their poor health was not identiﬁed. Hif-1af/f; Wnt1Cre
mice had normal survival and no apparent defects.
DOI: 10.1161/JAHA.114.000841

To determine if the stage-dependent induction of ODD-Luc
activity is reﬂective of the endogenous response to oxygen
deprivation, pregnant mice were exposed to the same hypoxia
protocol (8% O2 for 4 hours) and selected transcripts
measured by qPCR. Transcripts were selected based on prior
experiments in which Stage 25 (ED4) chicken eggs were
incubated in 7.5% O2 for 6 hours with or without DMOG, an
iron chelator that inhibits PHD activity. Hypoxia-inducible
gene expression in the embryonic chick hearts was measured
by gene array and conﬁrmed by real-time PCR (Table 4).
Ccn1+2 were most robustly induced by the hypoxic stress in
the E11.5 mouse heart (Figure 7A). Ccn3 was expressed at a
low level and not induced (data not shown). There was good
correlation between induction of ODD-Luc and Ccn1+2, Bnip3
and Glut1 in E11.5 versus E15.5 mouse heart. Igfbp1 was
induced several-fold in the embryonic mouse heart (Figure 7A) and liver (Figure 7B) with no relationship to the
induction of ODD-Luc activity. Ccn1+2 were modestly induced
in the embryonic mouse liver (Figure 7B), but the induction of
Ccn2 at E11.5 was not signiﬁcant. These genes were not
induced in the maternal tissues consistent with the minimal
increase in ODD-Luc activity.
To determine if the hypoxic induction of these transcripts
was HIF-1-dependent, transcript levels were measured in
E11.5 hearts from embryos with cKO of Hif-1a as described
above (genotype: Hif-1af/f; b-actinCre+, dam treated with
TM). Cre+ embryos that were not exposed to TM were
combined with Cre embryos that were and were not
exposed to TM to form the control group. All mice in these
experiments were exposed to hypoxia (8% O2 for 4 hours)
and the relative expression of mRNAs in cKO versus control
embryos calculated and expressed as fold-change. cKO of
Hif-1a markedly suppressed the hypoxic induction of Bnip3
and Glut1 but not Ccn1+2 in the E11.5 heart (Figure 7C). The
hypoxic induction of Igfbp1 was highly variable in the E11.5
Journal of the American Heart Association
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Defect

Wnt1Cre

b-actinCre
Early

b-actinCre
Later

WT
Hypoxia

Embryos examined

26

21

16

15

ASD*

—

—

VSD*

—

3

0

5

PTA

4

—

0

—

DORV

2

—

0

2

Aorta over VSD

—

4

0

—

2

The prevalence of cardiac defects in Wnt1Cre, b-actinCre-early and WT hypoxia groups
were signiﬁcantly different from controls (P<0.05). The prevalence of cardiac defects in
b-actinCre-early vs. WT hypoxia were not signiﬁcantly different (P=0.378). Data analyzed
by Fisher’s exact test. ASD indicates atrial septal defect; cKO, conditional knock-out;
DORV, double outlet right ventricle; Hif, hypoxia-inducible transcription factor; PTA,
persistent truncus arteriosus; VSD, ventricular septal defect; WT, wild type.
*Embryos with isolated ASD and/or VSD. b-actinCre early: Dams were given Tamoxifen
(3 mg) at E10.5 and embryos examined at E15.5. b-actinCre later: Dams were given
Tamoxifen (3 mg) at E13.5 and embryos examined at E17.5.

heart and its suppression by Hif-1a cKO was not statistically
signiﬁcant.

Effect of Maternal O2 Deprivation on Cardiac
Outlet Morphogenesis
To determine how O2 deprivation might affect heart development in this critical developmental window, pregnant mice
were subjected to O2 deprivation (0.5 atmospheres [ATM],
one-half of normal) from E10.5 to 13.5 and heart morphology
examined at E15.5 when the circulation has matured. Of 15
embryos examined the most common defect was isolated
VSD associated with increased AV cushion mesenchyme
(Table 3). Two of these embryos also had atrial septal defect
(ASD). In 2 of the 15 embryos, the VSD was associated with
mal-position of the aorta partly originating from the RVOT and
described as DORV (Figures 8B and 8D). VSD and ASD
associated with increased AV cushion mesenchyme were
present more posteriorly (Figures 8F and 8H). There was also
thinning of the ventricular myocardium. In contrast the same
regimen of O2 deprivation beginning at E13.5 resulted in no
observable structural heart defects in embryos examined at
E17.5 (n=21, Table 3), consistent with measures of ODD-Luc
activity and hypoxia-inducible gene expression, establishing
E10.5 to 13.5 as a critical developmental window for
vulnerability of the embryo to O2 deprivation.

Discussion
The mammalian embryo must generate de novo all of the
elements required for O2 delivery to the tissues, a necessary
prerequisite to its continued growth and development.3,4 Here
we have used a novel model, the ODD-Luc mouse, as a
DOI: 10.1161/JAHA.114.000841

quantitative reporter of the O2 supply to the developing
embryo and contrasted that with the mature mouse. The 40fold decline in ODD-Luc activity from E9.5 to maturity likely
reﬂects improved O2 delivery to the tissues and occurs in 2
phases. The decline from E9.5 to 15.5 is likely due to
maturation of the placenta for O2 exchange, red blood cells
for O2 transport and organ blood vessels for convective
replacing diffusional O2 delivery to the tissues.4 The decline
from E17.5 to maturity likely reﬂects the complete oxygenation of the arterial blood that occurs after birth with entry of
air into the lungs and closure of the fetal arterio-venous
shunts. That these differences in basal ODD-Luc activity
reﬂect O2 deprivation is supported by the striking differences
of the tissues to maternal O2 deprivation (8% O2 for 4 hours).
ODD-Luc was induced in proportion to resting levels, with 15to 100-fold greater induction in the embryonic versus adult
tissues, demonstrating the lack of O2 reserve in the developing embryo. In contrast the mature cardiovascular system
is able to buffer against reductions in O2 due, for example, to
the higher basal concentration of O2 in the blood and
cooperative binding of O2 to hemoglobin. The developmental
and hypoxia-induced changes in ODD-Luc activity reported
here are similar to the 7-fold induction of ODD-Luc activity
originally reported for this construct under hypoxic stress in
vitro6 though the time scales are different. ODD-Luc turnover
is a function of PHD activity,6 which is a function of the
concentration of the enzyme and co-factors (O2)16 when the
substrate (ODD-luciferase) is in excess. It is thus possible that
developmental differences in the expression and activity of
components of the PHD-dependent degradation pathway
account for some of the differences in ODD-Luc activity.
The relationship between O2 concentration and ODD-Luc
activity could be further tested in vitro; however, modeling O2
delivery to embryos in vitro is problematic.17
Inactivation of Hif-1a by administration of TM at E10.5
resulted in septation and conotruncal heart defects modeling
human defects, while inactivation of Hif-1a after E13.5 did not.
This supports the ODD-Luc measurements and suggests a
critical role for oxygen sensing and HIF-1a at this stage of
morphogenesis. This, to our knowledge, is the ﬁrst demonstration that directly interfering with the master regulator of
hypoxic transcriptional responses can cause these common
heart defects in a mouse model. Prior studies of germ
line knockout of the HIF transcriptional repressor Cited2
demonstrated similar types of defects18,19 sensitive to Hif-1a
gene dosage.11 However, Cited2 transcriptional inhibition is not
speciﬁc to HIF and perturbations of other signaling pathways
may cause the heart defects.20,21 That the defects occur in the
outlet and septal tissues is consistent with the current and prior
studies9–11 showing that these tissues are relatively hypoxic
compared to the ventricular myocardium at these stages of
development. This is likely due to the thick mesenchymal and
Journal of the American Heart Association
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Table 3. Hif-1a cKO and O2 Deprivation Cause Cardiac
Defects
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A

B

C

D

E

F

G

H

I

J

myocardial tissue in the OFT and septum forming a greater than
several hundred micron barrier to the diffusional delivery of O2,
well above the estimated 100 lm limit for diffusion of oxygen
DOI: 10.1161/JAHA.114.000841

cleft face in E15.5 mouse embryo with Hif-1a inactivation in neural
crest cells (NCC). Control (Hif-1af/f; Wnt1Cre) and cKO (Hif-1af/f;
Wnt1Cre+) littermate embryos are shown in whole mount (A and B)
and in sections (C through J) from anterior to posterior with respect
to the heart. The cKO embryo (B) is smaller than control (A). The cKO
exhibits PTA Type 1, in which the aorta (ao) and pulmonary artery (pa)
share a common lumen originating above a single semilunar valve (D
and F). H, More posteriorly is persistence of AV cushion mesenchyme
with a VSD and (J) a large ASD. The ventricular myocardium is
thinned. Scale bars: (A and B) 3000 lm (C through J) 500 lm. ASD
indicates atrial septal defect; cKO, conditional knock-out; Hif,
hypoxia-inducible transcription factor; LV, left ventricle; RV, right
ventricle; VSD, ventricular septal defect.

through tissues.22 In contrast, the ventricular chambers at
these stages are highly trabeculated facilitating O2 diffusion,
while at later stages the coronary arterial system develops for
the convective transport of oxygen throughout the cardiac
tissues. However, given that both inlet and outlet cardiac
defects are observed in these experiments, it is also possible
that hypoxia signaling through HIF plays a role earlier in
development, eg, in the second heart ﬁeld, a contributor to both
regions of the heart (reviewed in reference23). The role
proposed here for hypoxia and HIF-1 in the remodeling of the
OFT mesenchyme and myocardium has a parallel to that of
skeletal development, in which HIF-1 is required for the survival
of cells in the centrally located avascular and hypoxic
mesenchymal chondrocytes24 (reviewed in reference 25). It is
thus possible that the thoracic skeletal defects observed in the
current study are due to the ablation of Hif-1a within the
developing bones. Because b-actinCre will inactivate Hif-1a in
tissues throughout the embryo, it is also possible that the
cardiac and skeletal defects are secondary to effects on other
HIF-dependent tissues. In particular the placenta is thought to
require a hypoxic stimulus and HIF-1 for its proper development,26–29 and perturbations in placental development could
impair O2 delivery particularly affecting those cardiac and other
tissues with the least O2 reserve. Another possibility is an effect
on the liver, where Erythropoeitin transcription (and thus red
blood cell production) is proposed to be under the combinatorial control of HIF-1, GATA and RARs early in development30
when the liver is most hypoxic (references,30,31 and this study).
That HIF-1a is required in cells that directly contribute to
the heart and great vessels was demonstrated by inactivation
of Hif-1a in NCCs using Wnt1Cre. This caused conotruncal
defects the most common being PTA, along with exencephaly
and cleft face, prototypical of neural crest cell deﬁciency
(reviewed in7,8). The Type 1 PTA observed in the current study
results from failure in NCC-dependent septation of the
proximal portion of the truncus, resulting in a single semilunar valve above which is a common arterial trunk, while
Journal of the American Heart Association
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B

C

D

Figure 6. NCC fate map in an E15.5 embryo with Wnt1Cre
mediated inactivation of Hif-1a. NCC fate is mapped with
histological detection of LacZ activity from the Rosa26 locus.
Matched sections are from anterior to posterior. In control (A and
B; Hif-1af/f; Wnt1Cre) and cKO (C and D; Hif-1af/f; Wnt1Cre+)
embryos, LacZ+ cells are present in the aorta, pulmonary artery
and the semilunar valves. In the control embryo LacZ+ cells are
evident in the rostral portion of the ventricular septum below the
aortic valve (B). The outlet septum is absent in the cKO
accounting for the outlet VSD. D, LacZ+ cells are observed in
cKO in the abnormally positioned aortico-pulmonic septum
(arrow), which is incomplete resulting in PTA. Scale bars:
500 lm. Ao indicates aorta; cKO, conditional knock-out; Hif,
hypoxia-inducible transcription factor; NCC, neural crest cells; pa,
pulmonary artery; PTA, persistent truncus arteriosus; VSD,
ventricular septal defect.

Table 4. Hypoxic Induction of Genes in Stage 25 Embryonic
Chicken Heart
Fold Increase
Genes

Microarray†

qRT-PCR‡

Glut1

2.70.7

2.00.2*

BNip3

2.70.6

2.10.2*

IGFBP1

4.51.0

5.90.9*

CCN1

5.31.1

3.70.4*

CCN2

3.60.4

4.60.3*

CCN3

7.52.3

8.00.8*

MeanSEM, *P<0.05 vs control.
†
Affymetrix 1.0 ST array (n=3 control, n=3 DMOG+hypoxia; n=9 for all pair-wise
comparisons).
‡
qRT-PCR indicates quantitative real-time-PCR (HypoxiaDMOG, n=7 vs control n=6).

DOI: 10.1161/JAHA.114.000841

more distally the artery is septated into aortic and pulmonic
channels. This is the most common type of PTA in humans.
Two of the embryos had DORV, thought to represent a more
limited failure of NCC dependent fusion of the more proximal
portion of the OFT cushion mesenchyme, ie, below the level of
the forming semi-lunar valves.32 In the Wnt1Cre cross, fate
mapping with Rosa26-LacZ showed that NCCs had migrated
into the OFT in an embryo with PTA. This suggests that HIF-1a
is not required within NCCs for their migration. A prior study
of germline Hif-1a inactivated mice had inferred that it is
required for the migration of the NCCs into the OFT33; if so
the current study would suggest that this is a non-cell
autonomous function, for example signaling by hypoxic
tissues to recruit NCCs into the OFT. A study of a different
line of germline Hif-1a inactivated mice observed increased
cell death (cell type undeﬁned) in the OFT mesenchyme,34
consistent with our prior study using adenoviral mediated
forced expression of HIF-1a in the chicken OFT indicating a
pro-survival function.35 However, the precise mechanisms of
action of HIF-1 in this context requires deﬁning its gene
targets (discussed below).
The 2 different approaches to HIF-1a loss-of-function and
the one gain-of-function (hypoxic stress) each produced a
somewhat different spectrum of conotruncal defects classiﬁed
as PTA, malposition of the aorta over-riding a VSD (a cardinal
feature of Tetralogy of Fallot), and DORV, while they all had
septation defects. While the conotruncal defects are separated
into speciﬁc subtypes, they represent a continuum of defects
involving the muscular infundibulum (OFT myocardial remnant)
added from the second heart ﬁeld and NCC-dependent
septation (reviewed in reference36). Of note, the NCC septation
defect PTA type 1 was not observed in the Hif-1a cKO mice.
This could relate to the timing of Hif-1 inactivation in these
experiments after E10.5. TM-inducible inactivation of Hif-1a
prior to E10.5 caused embryonic lethality prior to septation of
the OFT, similar to germline or early myocardial inactivation of
Hif-1a,26,33,34,37 precluding use of this approach. The interplay
between the different cell types in the OFT, as for example NCC
signaling to the second heart ﬁeld and ventricular myocardium,
and dynamic tissue remodeling, creates great complexity in the
generation of these structures. Deﬁning the molecular basis of
hypoxia signaling through HIF-1 in the formation and malformation of these structures will require deﬁnition of its gene
targets in each context.
In the current study septation and contronucal heart
defects were partially penetrant with incidences of 20% to
50%, consistent with models suggesting that combinations of
genetic susceptibility and environmental stressors38 cause
human CHD at an incidence of 0.8%. The partial penetrance
of the heart defects in the current study is likely due to
compensation from other loci. It could also in part be due to
Cre inefﬁciency, though this seems unlikely as: (1) both Cre
Journal of the American Heart Association
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Figure 7. Effect of maternal O2 deprivation and Hif-1a cKO on mRNA levels. A and B, Pregnant mice were
exposed to hypoxia (8% O2 for 4 hours) or maintained in room air (21% O2, normoxia) at E11.5 or E15.5 and
mRNA measured in (A) heart and (B) Liver by qPCR as described in Methods. Fold change vs normoxia was
calculated using 2DDCt. (E11.5, n=5); E15.5, n=6). C, cKO of HIF-1a: Pregnant mice were injected with
3 mg TM or vehicle at E10.5 and exposed to 8% O2 for 4 hours on E11.5. mRNAs were measured by qPCR
in Hif-1a cKO (Hif-1af/f; b-actinCre+; n=4) E11.5 hearts and compared to values in a combined control group
(Cre- with TM or vehicle; Cre+ with vehicle; n=12) using 2DDCt. b-actin was used as the internal control
and was unchanged by hypoxia. MeanSEM. Data was analyzed by Student t test. *P<0.05; **P<0.01;
***P<0.001. cKO indicates conditional knock-out; HIF, hypoxia-inducible transcription factor; qPCR,
quantitative polymerase chain reaction; TM, tamoxifen.

drivers13,15 and the ﬂox allele14 have been extensively
validated (and Figure 3) and (2) the full penetrance of the
post-natal lethality with Wnt1Cre, the basis of which was not
deﬁned. NCCs migrate throughout the body and contribute to
the development of the thymus, thyroid and parathyroid
glands, nervous tissue, teeth, head, and neck structures.39
Effects on any of these organs could negatively impact the
growth and survival of the mice.
In this study we identiﬁed CCNs as robustly induced by
hypoxia in the E11.5 mouse heart and Stage 25 chicken
heart. These genes have been shown to be induced by
hypoxia in other cell types in vitro.40 The degree of induction
mirrored ODD-Luc activity validating each as an indicator of
hypoxic stress. Interestingly the hypoxic induction of
DOI: 10.1161/JAHA.114.000841

CCN1+2 was not affected by HIF-1 cKO, while hypoxic
induction of other classic HIF-dependent genes such as
BNip3 and Glut1 were markedly suppressed. This is
consistent with a prior in vitro study showing that hypoxic
induction of CCN1+2 is HIF-independent.41 It is also of
interest to note that there were differences between the
mouse embryonic heart and liver in hypoxic gene induction
at stages when they experienced similar hypoxic stress in
vivo as indicated by ODD-Luc activity. While the mechanistic
basis for these differences remains to be determined, it is
consistent with the premise that the induction of gene
transcription by hypoxic stress depends on cell type-speciﬁc
basal expression42 (reviewed in reference 43). In absolute
terms, CCNs were more highly expressed in the heart than
Journal of the American Heart Association
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these regions, OFT and ventricular septum, are defective
when Hif-1a is inactivated. Mice null for CCn1 have Atrioventricular septal defects (AVSD),44 while the speciﬁc
function of CCNs in heart development remains to be
deﬁned.45
A role for O2 deprivation as a contributing factor to human
congenital heart defects (CHD) has been proposed based on
their increased prevalence in humans living at high altitudes
and with other conditions that may reduce O2 supply to the
embryo such as placental insufﬁciency, drugs causing transient uterine artery constriction and anemia.5 A longstanding
hypothesis to explain CHD is the “threshold and multifactorial” model.36,46 O2 deprivation or reactive oxygen
species may condition the embryo to increase sensitivity to
chemical teratogens, environmental stressors and genetic
defects. The current study using the ODD-Luc mouse as a
novel reporter of embryonic tissue oxygenation demonstrates
the stage-dependent susceptibility of the embryo to reductions in maternal inspired O2, and should be useful for
quantifying the presumed O2-depriving effects of other animal
models of teratogenesis. Loss of HIF activity or maternal O2
deprivation in the critical window of organogenesis may cause
common septation and conotruncal heart defects, providing a
compelling rationale for examining the relationship between
O2 delivery and tissue oxygenation in human CHD.
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