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Abstract
The outflow tract myocardium and other regions corresponding to the location of the major
coronary vessels of the developing chicken heart, display a high level of hypoxia as assessed by
the hypoxia indicator EF5. The EF5 positive tissues were also specifically positive for nuclear-
localized hypoxia inducible factor-1 alpha (HIF-1α), the oxygen-sensitive component of the
hypoxia inducible factor-1 (HIF-1) heterodimer. This led to our hypothesis that there is a
“template” of hypoxic tissue that determines the stereotyped pattern of the major coronary vessels.
In this study we disturbed this template by altering ambient oxygen levels (hypoxia 15%;
hyperoxia 75-40%) during the early phases of avian coronary vessel development, in order to alter
tissue hypoxia, HIF-1α protein expression and its downstream target genes without high mortality.
We also altered HIF-1α gene expression in the embryonic outflow tract cardiomyocytes by
injecting an adenovirus containing a constitutively active form of HIF-1α (AdCA5). We assayed
for coronary anomalies using anti-alpha-smooth muscle actin immunohistology. When incubated
under abnormal oxygen levels or injected with a low titer of the AdCA5, coronary arteries
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displayed deviations from their normal proximal connections to the aorta. These deviations were
similar to known clinical anomalies of coronary arteries. These findings indicated that developing
coronary vessels may be subject to a level of regulation that is dependent on differential oxygen
levels within cardiac tissues and subsequent HIF-1 regulation of gene expression.

Introduction
The major coronary vessels form a stereotyped pattern that is consistent within a species and
across species with four chambered hearts. The major vessels travel along sulcus regions
with left and right attachments of the coronary arteries to the aorta. It was the goal of our
study to investigate the mechanisms that produce this pattern.

The bulk of cells that contribute to the coronary vasculature (endothelial, fibroblasts, smooth
muscle and pericytes) are supplied by the proepicardium, a transitional structure located
posterior to the septum transversum, and the embryonic epicardium (Mikawa and Fischman,
1992; Mikawa and Gourdie, 1996). The cells of the proepicardial organ (PEO) form the
embryonic epicardium and the mesothelial cells undergo an epithelial-mesenchymal
transition (EMT). Angioblasts delivered by the proepicardium coalesce to form vesicles
comprised of endothelial cells between stages 23–26 in chicken. These endothelial vesicles
then coalesce to form nascent coronary vessels beginning at stage 27 (~ED 11.5 in mice) and
attach to the systemic circulation by stage 32 (reviewed in Olivey et al., 2004). Angioblasts
migrate into the epicardial matrix and myocardium and assemble into vascular tubes. These
tubes form a capillary-like network (peritruncal ring) surrounding the base of the outflow
tract and portions of this network fuse and penetrate the aorta, recruit smooth muscle cells,
and the end result is two main coronary artery stems connecting the aorta to the coronary
circulation (Bogers et al., 1989; Waldo et al., 1990; Reese et al., 2002 and Tomanek et al.,
2005). The proximal segment of the coronary arteries develops by endothelial ingrowth from
the peritruncal ring rather than by endothelial outgrowth from the aorta (Bogers et al., 1989;
Waldo et al., 1990; Ando et al., 2004) and are invariably located at the same sites relative to
the aortic leaflets. What allows the coronary vessels to develop in a similar architectural
pattern from within and across species is still largely unknown.

Tissue hypoxia is a factor that has been identified as being critical to normal vascular
development. Passive diffusion of oxygen and nutrients becomes limiting due to rapid
cellular proliferation in developing embryos. These responses to decreased oxygen levels, or
hypoxia, are required for normal development and patterning of the cardiovascular system
(Ramirez-Bergeron and Simon, 2001). Hypoxia is also an essential physiological and
developmental stimulus that plays a key role in the pathophysiology of cancer, heart attack,
stroke and other major causes of mortality (Iyer et al., 1998). Hypoxia is also responsible for
the activation of a number of genes which are important for cellular and tissue adaptation to
low oxygen conditions and many of these responses are mediated through hypoxia-inducible
factor 1 (HIF-1) (Semenza, 2001 and Dery et al., 2005).

HIF-1 was originally identified by its binding to a hypoxia response element (HRE) in the
human erythropoietin (EPO) gene that was required for transcriptional activation in response
to reduced cellular O2 concentration (Semenza and Wang, 1992). HIF-1 is a heterodimer
consisting of a constitutively expressed HIF-1β subunit and an O2-regulated HIF-1α subunit
(Wang et al., 1995). Under hypoxic conditions, hydroxylation of proline residues 402 and
564 and asparagine residue 803 in HIF-1α regulates protein stability and transactivation
functions in an O2-dependent manner (Huang et al., 1998; Lando et al., 2002). HIF-1α is
then free to bind with HIF-1β in the nucleus and forms the HIF-1 transcription complex. The
heterodimer can then bind to HRE-containing promoter regions in genes that can promote
angiogenesis, glucose metabolism, cell survival and erythropoietin synthesis among other
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functions (Livingston and Shivdasani, 2001; Semenza, 2003; Dery et al., 2005). HRE’s are
functionally essential HIF-1 binding sites with the consensus sequence 5′-RCGTG-3′
(Semenza et al., 1996).

Since the discovery of HIF-1, more than 70 genes have been found to be induced by HIF-1
(Semenza, 2004). HIF-1 and its family members play crucial roles in sensing changes in
tissue oxygen tension and stimulating gene expression changes that enhance blood vessel
growth into hypoxic tissues during post-gastrulation development (Ryan et al., 1998).
HIF-1α is known to be required for normal cardiac morphogenesis (Compernolle et al.,
2003; Krishnan et al., 2008). HIF-1α−/− mice die by ED 10.5 and exhibit dilated
vasculature, hyperplastic myocardium, neural tube defects and cephalic mesenchymal
cellular death (Iyer et al., 1998; Ryan et al., 1998; Kotch et al., 1999). Conditional deletion
of HIF-1α from ventricular cardiomyocytes (MLC2v-cre) at an early stage leads to
dysmorphogenesis and early lethality (E11-12) (Krishnan et al., 2008) and a less complete
deletion in the same cells resulted in a modest but significant reduction of vessel counts in
the myocardium compared with controls (Huang et al., 2004).

We showed that when the hypoxia marker EF5 [2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3-
pentafluoropropyl) acetamide] (Koch, 2002) was injected into the vitelline vein of the
chicken embryo in ovo, highly positive hypoxic regions were identified that included areas
that corresponded to where the anastomosing peritruncal network of vessels around the base
of the outflow tract (OFT) and the major coronary vessels develop (Sugishita et al., 2004A,
B; Wikenheiser et al., 2006; Barbosky et al., 2007; Xu et al., 2007). These areas included the
OFT myocardium, atrioventricular junction (AVJ), and the anterior/posterior interventricular
sulcus where the anterior and posterior interventricular (AIV/PIV) vessels develop
respectively. Furthermore, detection of nuclear-localized HIF-1α indicated that HIF-1
transcriptional activity is likely to be upregulated at these same EF5-positive sites.
Comparison of staining patterns of the hypoxia indicator, nuclear-localized HIF-1α, vessel
markers, and HIF-1-responsive gene expression led to the hypothesis that hypoxia and the
consequent HIF-1α-regulated transcriptional responses are important for formation and
organization of vessels in the early embryo. The co-localization of EF5 and HIF-1α nuclear
staining patterns suggested that the levels of hypoxia we are detecting with EF5 within the
myocardium are physiologically significant, and the differentially hypoxic myocardium may
provide a template for coronary vessel organization by mobilizing HIF-1 transcriptional
activity (Wikenheiser et al., 2006). The hypothesis tested is that differential levels of micro-
environmental hypoxia within the embryonic myocardium regulate steps in coronary vessel
development through HIF-1 transcriptional activation and its downstream genes. Regulating
HIF-1 expression by altering ambient oxygen or through the use of an adenovirus carrying
the gene for a constitutively active form of HIF-1α, we expected to disrupt the naturally
occurring hypoxia template and downstream activity of HIF-1, resulting in altered patterns
of the coronary vasculature.

Experimental Procedures
Preparation of Chicken Embryos

Fertile White Leghorn (Gallus gallus) chicken eggs were obtained from Case Western
Reserve University’s Squire Valleevue Farm (Cleveland, OH). Eggs were incubated in a
humidified room air incubator at 38°C until the embryos reached appropriate stages for each
experiment (Hamburger and Hamilton, 1951; HH 25-35 [ED 4.5-9]). From stage 25,
embryos were either left at normoxic conditions (20.8% O2), or subjected to hypoxic (15%
O2) and hyperoxic (75-40% O2) conditions within a modified styrofoam chamber (Hova-
Bator, G.Q.F. Mfg. Co., Savannah, GA) with O2 percentage measured by an oxygen
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regulator (PROOX 360 oxygen regulator; BioSpherix, Redfield, NY) connected to a
nitrogen or oxygen tank.

We used an oxygen regulator for controlled oxygen levels and optimized conditions for
effects on HIF-1 transcription while increasing survival of the embryos. We chose the
ambient oxygen concentrations for our experiments based on preliminary and published data
from our laboratory and others. Embryos had a high mortality rate (~50%) when exposed to
7.5% oxygen or less for longer than 6 hours. In contrast, embryos incubated at 12% O2 have
a better survival rate (~90–95%) even up to 24 h of exposure. Differences in EF5 staining
within hypoxic, normoxic & hyperoxic tissue have been shown in embryonic rats from
ED9-11. Even under 45% O2, embryos stained with EF5 at these early stages were positive
(Chen et al., 1999). This is the reason we decided to expose similar staged chicken embryos
to 75% O2 during its known highest hypoxia levels (ED 4.5-6.5) and then adjust to 40%
thereafter (ED 6.5-9) to increase survival rates.

Our goal was to disturb the naturally occurring hypoxic template where coronary vessels
develop by exposing embryos from stages 25–35 to 15% ambient oxygen. These conditions
were chosen to allow survival while maximizing exposure to hypoxic conditions during
stages of coronary vascular development. Under both hypoxic and hyperoxic regimens we
had a survival rate between 95–98%. These stages span the time when a hypoxic
myocardium is first detected by EF5 (stage 25; Sugishita et al., 2004A) and where
angioblast/endothelial cells begin to coalesce and form early vessels (stage 27–32). Tissues
were harvested at stages 27, 30 and 33, and then analyzed for protein expression for HIF-1α,
VEGF-A, VEGFR2, Phosho-VEGFR2 (Tyr 1175), PDGF-B, Ang2 and Tie2 using the
Western blotting technique. Stage 30 (unless otherwise noted) was selected for detection of
proteins that are known to be HIF-1 regulated because it is the peak of hypoxia in the
embryonic heart and it is also a full day before the coronaries connect to the aorta.

Adenovirus injections
Replication-defective recombinant adenoviruses were constructed as previously described
(Kelly et al., 2003; Patel et al., 2005). AdCA5 contains a dual CMV promoter that drives
expression of enhanced green fluorescent protein (GFP) and a constitutively active form of
human HIF-1α (CA5) that contains a deletion of the oxygen-dependent domain (residues
392-520) and two missense mutations (Pro567Thr and Pro658Gln). These deletions and
substitutions inhibit degradation of the HIF-1α protein under non-hypoxic conditions.
Injection of adenovirus bearing the GFP sequence driven by the CMV promoter was used
for the negative control. A total of 0.5 μl of adenovirus (5×107 pfu/ml)/0.5 μl PBS solution
was injected into the pericardial space surrounding the heart at stage 17/18 (ED 2.5) as
previously described (Fisher and Watanabe, 1996; Fisher et al., 1997; Watanabe et al.,
1998). We used a lower titer than previously used (1014, Sugishita et al., 2004B; Liu and
Fisher, 2008) to mimic the levels achieved by mild hypoxia and to prevent gross structural
defects in the OFT. Embryos were incubated to the appropriate stages and their tissues
harvested and examined at stage 30–33 (ED 6.5-8).

Experiments involving the injection of plasmid DNA encoding a HIF-1α/VP16 fusion
protein has also been shown to upregulate multiple angiogenic factors those of which
include VEGF and angiopoietin-2 (Yamakawa et al., 2003), stimulates the recovery of blood
flow in operative models of hindlimb ischemia (Vincent et al., 2000) and enhances
angiogenesis in an acute myocardial infarction (Shyu et al., 2002). This plasmid DNA is
similar to the structure of the constitutively active HIF-1α we used where the oxygen-
dependent domain of HIF-1 is altered.
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Immunohistology
Embryos were fixed in fresh 4% paraformaldehyde at 4°C for 1 hr, prepared for cyrosection
through a series of sucrose solutions, frozen and sectioned in either the frontal or transverse
plane. The 10–12 μm thick sections were collected on treated (Plus, Fisher) slides and
immunostained. The primary antibodies anti-HIF-1α (Gift of Dr. Faton Agani), anti-α-
smooth muscle actin conjugated with Cy3 (Sigma, St Louis, MO) and anti-VEGFR2 (Gift
from Dr. Anne Eichmann) were incubated overnight at 4°C at a dilution of 1:500, 1:400 and
no dilution respectively. Anti-HIF-1α and anti-VEGFR2 were detected with goat anti-rabbit
IgG and goat anti-mouse IgG secondary antibodies respectively, conjugated with biotin
(Vector, Burlingame, CA) at 1:200 dilution, and the signal was amplified with the TSA
systems with fluorescein tyramide signal (Perkin Elmer, Boston, MA) per manufacturers
instructions. Stained sections were observed with an inverted fluorescence microscope
(Nikon Diaphot 200, Japan) or stereomicroscope (Leica MZ16F, Leica Microsystems,
Wetzlar, Germany) and images were captured with a Q-Imaging Retiga EXi FAST 1394
digital camera and Q-capture software (Q-Imaging Burnaby, BC, Canada). Digital images
were adjusted with Adobe Photoshop 7.0.1 software. Negative control images were captured
with the same exposure as experimental images at the same magnification and adjusted in
parallel.

Western blots
Staged embryonic chicken wholehearts were homogenized with a sonicator under ice within
an ice-cold lysis buffer [50 mM Tris-HCl (pH 7.4), 150mM NaCl, 1% NP-40, 1% Triton
X-100, 0.25% Na-deoxycholate, 0.1% SDS, 1 mM EDTA, and a protease inhibitor cocktail
(Complete Mini, EDTA-free tablets (Roche, Mannheim, Germany)] and stored in a −80°C
freezer until needed. Protein concentration was determined by using the DC protein assay
(Bio-Rad Laboratories Inc, Hercules, CA). A total of 100 μg (50μg for VEGFR2, PDGF-B,
Ang2 and Tie2) of the whole heart protein lysate was electrophoresed on either an 8%
(HIF-1α, VEGFR2, Ang2 and Tie2) or 12% (PDGF-B) SDS-PAGE gel and then transferred
onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, MA). Membranes
were blocked for 1 hour at room temperature with 5% nonfat milk in Tris-buffered saline
with 1% Tween (TBST) (5% BSA in 1x TBST for Phospho-VEGFR2). The primary
antibodies rabbit polyclonal anti-HIF-1α (Gift of Dr. Faton Agani), rabbit polyclonal anti-
VEGFR2 (Santa Cruz Biotechnology, Inc, Santa Cruz, CA), rabbit polyclonal anti-PDGF-B
(Santa Cruz Biotechnology, Inc), rabbit polyclonal anti-Ang2 (Santa Cruz Biotechnology,
Inc), rabbit polyclonal anti-Tie2 (Santa Cruz Biotechnology, Inc) and monoclonal mouse
anti-β-tubulin (Sigma, St Louis, MO) were incubated at a dilution of 1:500 (HIF-1α,
VEGFR2, PDGF-B and Ang2) 1:1,000 (Tie2) and 1:100,000 (β-tub) respectively overnight
at 4°C. The monoclonal antibody anti-β-tubulin was used for the loading control. After
washing, the blots were incubated with an anti-rabbit IgG (H&L) HRP-linked antibody (Cell
Signaling, Beverly, MA) for 1 hour at room temperature at a dilution of 1:5,000 (HIF-1α,
VEGFR2, PDGF-B and Ang2) and 1:15,000 (Tie2). Anti-mouse IgG (H&L) HRP-linked
antibody (Cell Signaling, Beverly, MA) was used against β-tubulin at a dilution of
1:100,000 for 1 hr at room temperature. Signals were then detected using an enhanced
chemiluminescence detection system (ECL) (Pierce Chemical Co., Rockford, IL).

Immunoprecipitation was performed for Phospho-VEGFR2. Briefly, 100 μg of total protein
lysate was incubated with 10 μl of primary antibody and 1 ml of lysis buffer containing
protease inhibitors (as above) for 2 hours at 4°C. 100 μl of sepharose-A beads (GE
Healthcare, Uppsala, Sweden) were added immediately after to the total solution and
incubated overnight at 4°C. After the overnight incubation, samples were spun, supernatant
was removed, and the remaining pellet was washed 3 times with lysis buffer. After the wash,
25 μl of 2x sample buffer (Bio-Rad Laboratories Inc, Hercules, CA) was added to each
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sample and boiled for 10 minutes at about 100°C. Standard Western blot analysis was
carried out on the boiled samples substituting BSA instead of milk for the blocking buffer.
The primary antibody anti-Phospho-VEGFR2 (Cell Signaling, Beverly, MA) was incubated
at a dilution of (1:2,500) overnight at 4°C. Anti-rabbit IgG (H&L) HRP-linked antibody
(Cell Signaling, Beverly, MA) for 1 hour at room temperature at a dilution of (1:15,000) was
used as the secondary antibody. Signals were then detected using an enhanced
chemiluminescence detection system as described above.

Enzyme-Linked Immunosorbent Assay (ELISA)
VEGF protein of stage 30 whole-hearts from control, hypoxic and hyperoxic treated
embryos (n = 4) were detected by ELISA (QuantiGlo, R&D Systems, Minneapolis, MN).
Aliquots of pooled hearts from 6 separate incubations were homogenized in the same ice-
cold lysis buffer as with the Western blot assays described above. A six-point VEGF
standard curve was used, which consisted of recombinant human VEGF165 at concentrations
of 0–20,000 pg/ml.

3D Imaging of coronary trunks
3D imaging using AMIRAR software (Visage Imaging, Carlsbad, CA) was used to confirm
what was observed earlier with stained serial sections 12 μm thick. Consecutive α-smooth
muscle actin stained sections (40–48 in total) from 10–12 slides were used to render a 3D
reconstruction in the transverse plane near the aorta. The resulting image could be rotated to
analyze the anomaly at different angles.

Statistical analysis
Data are presented as mean ± standard error of the mean. Statistical comparisons among
groups were made using a two-tailed Student-t test. A p < 0.05 was considered statistically
significant.

Results
HIF-1α nuclear localization in embryonic myocardium

The increase in the frequency of HIF-1α-positive nuclei as assayed by immunofluorescence
staining of cryosections was consistent with the increase in protein expression levels as
assessed by Western Blot analysis at all stages and oxygen regimens. An unexpected finding
was that under both hyperoxia regimens, the 75-40% O2 and 40% O2 for 4.5 days (40% only
data not shown), the immunostaining pattern consistently supported an increase in the
number of HIF-1α positive nuclei compared to normoxic levels. Nuclear-localized staining
was increased under the hypoxic regimen in regions of the outflow tract, atrioventricular
junction and interventricular septum, but only slightly increased after the hyperoxic
treatment in these same regions at stages 27 and 30. The staining of stage 33 embryo hearts
after hyperoxic treatment was near normoxic levels in these same regions (Figure 1).

Transverse sections at stage 30 (ED 6.5) near the left and right coronary attachments of the
outflow tract showed HIF-1α expression differences. Under normoxic conditions, only a
discrete group of cells that were positive for nuclear-localized HIF-1α staining were present
in the region where the left and right coronaries attach to the aorta. There was a dramatic
increase in the number of cells found in that region with HIF-1α nuclear staining under
either the hypoxic or hyperoxic regimens with the hypoxic regimen resulting in a wider
region of HIF-1α nuclear staining compared to the hyperoxic regimen at stage 30 (Figure 2).
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HIF-1α and downstream protein expression levels
When embryos were subjected to a regimen of 15% O2 for 4.5 continuous days, HIF-1α
protein expression as assessed by Western blot analysis was increased at stage 27, 30 and 33
by an average of 4.52, 3.63 and 1.65 fold respectively (n = 6). Stage 27 and 30 but not stage
33 extracts, were significantly increased in HIF-1α protein expression under hypoxia (p =
0.009; p = 0.005 respectively). Consistent with the immunohistology results, under the
hyperoxic regimen of 75% O2 for 2 days followed by 40% O2 for the remaining 2.5 days,
HIF-1α protein expression was increased by an average of 1.55, 1.80 and 0.313 fold
respectively (n = 4), with stage 30 extracts showing a significant increase (p = 0.03) (Figure
3A).

The ELISA assays indicated that VEGF-A protein expression at stage 30 increased
significantly under both hypoxic (p = 0.003; n = 4) and hyperoxic (p = 0.002; n = 4)
regimens (Figure 3B). With Western blots, we measured whole VEGFR2 and a specific
phosphorylated VEGFR2 residue that has been found to be essential for endothelial and
hematopoietic development during embryogenesis (Sakuri et al., 2005) and found both are
significantly increased under hypoxia (p = 0.01; n = 4) but not with our hyperoxia regimen
at stage 30 (Figure 3C). This tyrosine residue is phosphorylated at 1175 in human, 1173 in
mouse and 1168 in chicken. The increase in phosphorylated VEGFR2 was dependent on the
overall increase in VEGFR2 and could represent an increase in the number of EC’s,
receptors on the EC’s or both, and may be attributed to an increase in VEGFR2 expression
in cardiomyocytes of the distal OFT.

Platelet-derived growth factor-B (PDGF-B) which is specific to vascular endothelial cells is
a known mitogen for smooth muscle cells and pericytes and has been shown to be active
during chicken coronary development (Van den Akker et al., 2005). PDGF-B protein
expression levels under our hypoxia and hyperoxia regimens increased significantly at stage
30 (p = 0.02 and p = 0.01 respectively; n = 4) (Figure 3D).

Angiopoietin-2 (Ang2) and the angiopoietin receptor Tie2 at stage 30 levels increased but
not significantly under the hypoxia and hyperoxia regimens. At stage 33, just after the left
and right coronary arteries attach to the aorta, Ang2 protein levels were increased but still
not to a significant level under hypoxic conditions (n = 4) (Figure 3E, F). A significant
increase in Tie2 protein expression was observed at stage 33 (n = 4) under both the hypoxic
and hyperoxic regimens (p = 0.01 and p = 0.01 respectively) (Figure 3G). Tie2 has not been
found to be a downstream target of HIF-1α, but we chose to investigate it because it is
important for the regulation of endothelial cell differentiation during vascular remodeling
and maturation.

In summary, the expression of HIF-1 downstream target genes important in vascular
development such as VEGF-A, VEGFR2 and PDGF-B, increased to significant levels after
exposure to altered ambient oxygen levels. Ang2 levels increased but not to significant
levels. A non-HIF-1α target gene, the Tie2 receptor, increased significantly only after the
connection of the left and right coronary arteries to the aorta. These data indicate that the
hypoxic and hyperoxic regimens we used altered HIF-1α activity during the establishment
of the coronary circulation, to a level that lead to the mis-regulation of important proteins
associated with vascular differentiation and maturation.

Altered HIF-1α expression by hypoxia and hyperoxia coincides with left and right coronary
artery anomalies

Transverse sections near the coronary artery attachments of stage 35 embryos were stained
with anti-α-smooth muscle actin directly labeled with Cy3 in order to locate the larger
coronary vessels that are invested with smooth muscle cells. Under mildly hypoxic
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conditions (15% ambient oxygen) for 4.5 days (stages 25–35/ED 4.5 to 9), 90% (9/10) of the
embryos had anomalies of the proximal coronary vessels at stage 35 compared to normoxic
control samples (n = 10). The majority of the anatomical anomalies were observed in the
right coronary vessel (7/10). The left coronary variations occurred 5 out of 10 times.
Simultaneous left and right coronary variations occurred in 4 out of 10 embryos. The
anatomical anomalies resulting under hypoxic conditions included (1) double right
coronaries originating at the right cusp; (2) proximal swelling at the right coronary stem; (3)
the right coronary originating from the posterior cusp; (4) a retro-aortic coronary branch
originating from the left coronary that wrapped around the aorta to fuse with the right
coronary and posterior cusp; and (5) tortuous proximal regions of the left and right
coronaries. Under the hyperoxic (75-40% ambient oxygen) regimen, 50% (5/10) of the
embryos displayed anatomical variations and these anomalies were similar to those found in
the embryos treated with the hypoxic regimen. These included the retro-aortic left coronary
branch (4/5) and double right coronary coming off of the right cusp (Figure 4A–H and Table
1).

Three-dimensional reconstructions were used to verify the observed anomalies and revealed
altered angles at branch points as well as abnormal trajectories of anomalous branches that
were not easily detected with observations of individual stained sections (Figure 4I–L).

Over-expression of constitutively active HIF-1α (AdCA5) in the OFT myocardium resulted
in coronary anomalies

To test whether these coronary anomalies could be due to alterations in HIF-1α function
alone in local cardiomyocytes, we used engineered adenovirus infection. AdCA5 and
AdGFP (used as the control adenovirus) injected embryos displayed GFP expression
specifically within the myocardium at the base of the OFT as we observed previously using
adenoviruses with other genes driven by the CMV promoter (Watanabe et al., 1998;
Watanabe et al., 2001; Sallee et al., 2004). When embryos were injected with AdCA5 at
stage 17/18 and analyzed at stage 33, 75% (6/8) exhibited coronary anomalies. We observed
anomalies similar to that observed after exposure to hypoxic and hyperoxic regimens: retro-
aortic coronaries attaching near the posterior cusp of the aorta, additional coronary stems
lateral to the right coronary artery, a posterior cusp branch that coursed towards the main left
coronary, and finally an embryo with no right coronary artery but displaying a retro-aortic
branch off the left coronary that extended around the aorta and following the tract of the
right coronary artery (Figure 5 and Table 1). The vehicle controls, AdGFP injected embryos,
displayed no anomalies (0/8). No conotruncal defects or abnormal rotation involving the
aorta and pulmonary trunk were observed with either the control or constitutively active
HIF-1α injected embryos with a 5×107 titer. These results suggested that coronary
anomalies could arise from overactive HIF-1 in cardiomyocytes alone. AdCA5 injected
embryos also displayed more intense staining for VEGFR2 compared to AdGFP controls
near sites of the left and right coronary attachments to the aorta at stage 30 (Figure 5D–F).
The survival rates of the embryos injected with AdCA5 and AdGFP controls at stage 33 was
33% and 47% respectively.

In order to detect changes in coronary precursors at an earlier stage, we injected AdCA5 to
quail embryos and assessed the condition of Qh-1+ cells at stage 32 which is the stage when
coronary vessels begin to connect to the aortic lumen. Qh-1 is an antibody that detects
hemangioblasts and angioblasts as well as endothelial cells in quail (Kattan et al., 2004). The
numbers of individual Qh-1+ cells as well as the density of the vessel network at the base of
the OFT near the GFP+ AdCA5-infected cells was increased (Figure 6 N–P). None of the
Qh-1+ cells were GFP+, supporting the specificity of the adenovirus infection for the
underlying cardiomyocytes.
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Discussion
The tissues of the developing embryo are relatively hypoxic during normal development
and, in fact, hypoxic conditions are required for normal development. A number of studies
have demonstrated that hypoxia is required for patterning of the cardiovascular system,
embryonic blood vessel formation, remodeling of the cardiac outflow tract and maturation of
the conduction system (Chen et al., 1999; Ramirez-Bergeron and Simon, 2001; Lee et al.,
2001; Sugishita et al., 2004A, B; Lampl, 2005; Nanka et al., 2008). However, it is clear that
too high a level of hypoxia is detrimental to embryo survival and the effects of exposure to
such levels vary with the stage of exposure. The effects of even mild-hypoxia exposure
regimens can be stage dependent as well. Recently it was shown that exposure to 16% O2
from ED 2-10 resulted in a 10% survival rate and coronary artery abnormalities at ED10
(Nanka et al., 2008). Our experiments targeted the stages of coronary vessel development
ED 4.5-9 with 15% O2 which resulted in a >95% survival rate at ED 9 and multiple
coronary artery morphology abnormalities.

We observed particularly hypoxic regions of the heart under normoxic conditions using the
hypoxia marker EF5 (Sugishita et al., 2004A; Wikenheiser et al., 2006). Embryonic heart
tissue that displayed hypoxic regions of 0.1–10% O2 (the range that EF5 detects) included
the outflow tract, atrioventricular junction, and the regions that correspond to where the
major coronary vessels develop. We hypothesized that these regions may serve as a
“hypoxic template” for the patterning of the coronary arteries. In this study we altered this
hypoxic template by varying ambient oxygen concentrations and over-expressing HIF-1α in
the OFT cardiomyocytes through an adenovirus containing a constitutively active form of
human HIF-1α (AdCA5). We determined that HIF-1α expression levels along with some
important downstream vasculogenic and angiogenic factors such as VEGF-A, VEGFR2,
PDGF-B, Ang2 and Tie2, changed significantly under these conditions and are likely to
have contributed to the high frequency of coronary anomalies resulting from all three
experimental manipulations. Coronary artery anomalies have also been described when
FGF-2 and/or PDGF were inhibited (Tomanek et al., 2008).

Similar anomalies after hypoxia, hyperoxia, and constitutively active HIF-1α exposure
It has been established that proximal coronary arteries develop by endothelial ingrowth
rather than an outgrowth from the aortic lumen (Bogers et al., 1989; Waldo et al., 1990;
Ando et al., 2004). A capillary network (peritruncal ring) surrounds the base of the outflow
tract in epicardium and studies have supported that this network initially penetrates the
myocardium and connects to the aorta at multiple sites in avian embryos (Waldo et al., 1994;
Ando et al., 2004). After final remodeling only two attachments persist, recruit smooth
muscle cells some of neural crest origin, and form the two main coronary arteries. Our
findings were that hypoxic, hyperoxic, or overactive HIF-1 resulted in extra coronary
arteries and attachments some in ectopic sites. These may have arisen from the persistence
of the immature coronary endothelial strands that would normally have regressed. Their
persistence may have been due to the increase in HIF-1 activity and upregulation of
downstream genes such as VEGF (reviewed in Jiang and Liu, 2008; Witmer et al., 2003)
that may have increased precursor recruitment and/or survival to maintain nascent vessels at
ectopic sites. VEGF family members have been shown recently to play a critical role in the
formation of coronary ostia (Tomanek et al., 2006A, Tomanek et al., 2006B). VEGF and the
VEGFR/Akt signaling pathway have been proposed to serve in survival of endothelial cells
(reviewed in Breen 2007), neurons (Zachary, 2005), and OFT cardiomyocytes (reviewed in
Sugishita et al., 2004C; Liu and Fisher 2008). Alternatively, the abnormal coronary pattern
could have resulted from an earlier defect, the recruitment of epicardial vascular precursors
to ectopic sites and/or their overproliferation and survival. Our findings support this
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possibility. We observed increased numbers of Qh-1+ cells and vessels at the base of the
OFT after AdCA5 infection (Figure 5N–P).

Local myocardial paracrine control over coronary vessel patterns
Our previous studies have demonstrated that the method of application of recombinant
adenovirus by itself does not perturb cardiac morphologies and that the exogenous protein is
preferentially expressed in outflow tract cardiomyocytes adjacent to the conoventricular
junction (Fisher and Watanabe, 1996; Fisher et al., 1997; Watanabe et al., 1998). We were
able to reproduce the coronary anomalies induced by the hypoxia/hyperoxia regimens after
infection by the adenovirus containing a constitutively active form of HIF-1α (AdCA5). The
over-expression of HIF-1α through AdCA5 resulted in a high rate (75%) of proximal
coronary anomalies near the aorta. There was no other obvious heart defects likely due to
the low titer of adenovirus (5×107) used. HIF-1 has been shown to function cell-
autonomously in endothelial cells (Ramirez-Bergeron et al., 2006; Licht et al., 2006), but
our results indicate that altering HIF-1α levels in a discrete region of OFT cardiomyocytes
alone results in coronary anomalies similar to that induced by whole embryo exposure to
hypoxic and hyperoxic conditions. Therefore a non-cell autonomous effect of HIF-1
transcription in the adjacent myocardium may by itself influence coronary endothelial cell
precursor recruitment and/or survival and may be the dominant signal that causes the
anomalies when the whole embryo is exposed to hypoxic and hyperoxic conditions.

The non-cell autonomous control of HIF-1 on coronary vessel formation has some support
in studies where HIF-1α was deleted in mouse models. The conditional deletion of HIF-1α
from ventricular cardiomyocytes (MLC2v-cre) at an early stage resulted in
dysmorphogenesis and early lethality (E11-12) (Krishnan et al., 2008) and therefore had
limited use in studying coronary vessel development. A less complete deletion targeting
only the left ventricle resulted in a reduction of VEGF-A expression and a modest but
significant reduction in vessel counts in the myocardium compared with controls but
analysis of the proximal coronary vessel patterning was not undertaken in this study (Huang
et al., 2004). Interestingly PDGF increased in these hearts. In comparison to our studies, the
promoter used for this latter conditional deletion may not have allowed substantial deletion
in the outflow tract cardiomyocytes adjacent to the proximal coronary vessels.

Effects of Hyperoxia
The increase in HIF-1α protein levels and in the number of cells with nuclear localized
HIF-1α as well as increases in the level of some HIF-1 downstream genes under hyperoxic
conditions was unexpected but recent data provides an explanation. Reactive oxygen species
(ROS) that increase under hyperoxic conditions (Jamieson et al., 1986) may play a part in
stabilizing HIF-1α protein. ROS generated at the Mitochondrial Complex III, along with
cytochrome c activity have been found to help stabilize HIF-1α during hypoxia (Chandel et
al., 2000; Turcotte et al., 2003; Brunelle et al., 2005; Guzy et al., 2005; Mansfield et al.,
2005). This may explain why even a small increase in HIF-1α protein expression during
hyperoxic conditions was enough to disturb the balance of multiple factors needed to form
normal coronary attachments near the aorta. There is also accumulating evidence suggesting
that ROS derived from NAD(P)H oxidase are involved in the induction of HIF-1α (Richard
et al., 2000; Gorlach et al., 2001; Haddad and Land, 2001; Page et al., 2002; Yang et al,.
2003) and VEGF (Richard et al., 2000; Brandes et al,. 2002) in vascular cells. There are
many studies showing that ROS can mediate VEGF-induced angiogenic effects including
endothelial cell migration, proliferation and tube formation (Ushio-Fukai et al., 2002;
Colavitti et al., 2002; van Wetering et al., 2002; Lin et al., 2003; Reviewed in Ushio-Fukai
and Alexander, 2004). VEGF has been shown to be stimulated under hyperoxic conditions
(Sheikh et al., 2000) in a wound model. Recently, ROS has also been found to be a critical
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mediator of coronary collateral development in the canine model (Gu et al., 2003). These
findings suggest that hyperoxia may be able to alter HIF-1 activity transcriptionally as well
as post-transcriptionally and may directly affect VEGF expression as well. Thus, the
response of the embryonic tissues to an increase in ROS under either hypoxic or our
hyperoxic regimens may partially explain why both HIF-1α and VEGF protein expression
increased in our studies under both regimens. The combination of HIF-1α and VEGF over-
expression under either regimen may also explain the similarity in the effect on the quality
of the coronary anomalies.

3-D Analysis of Coronary Anomalies
We used 3D reconstructions of consecutive serial sections at the level of the proximal
coronary arteries stained with α-smooth muscle actin to further analyze select anomalies.
We discovered that the reconstructions allowed us to assess proximity of structures, angles
and the trajectory of the anomalous branches that were not easily detected with 2-D analysis.
For example, we discovered that some anomalous vessels observed in the experimentally
treated embryos traveled closer to the base of the pulmonary trunk than in the controls.
Although we did not measure flow in the anomalous vessels, the altered angles and
trajectories of the branches are likely to change fluid dynamics of coronary blood flow
within the heart. We found no appreciable differences in lumen diameters with the
experimental conditions except in specific sites of swellings. The coronary vessels seemed
to have achieved maturation and were not abnormally small and irregular like vessels found
in mice with elevated VEGF concentrations (Miquerol et al., 1999, 2000).

With stereomicroscopy, no significant increases or decreases were observed in the total
number of larger distal coronary vessels after exposure to any one of the three treatments.

Coronary artery anomalies and their clinical correlation
In this study, exposure of avian embryos to a mild level of ambient oxygen (15%) that is
similar to that experienced in Denver, Colorado (~17%), leads to abnormal coronary artery
patterning. While we do not know if the particular anomalies we induced have long term
consequences for the chickens after hatching, we deduced that the structure of the anomalies
have the potential to alter fluid dynamics within the proximal coronaries and may predispose
to future pathology. The anomalies included swellings, tortuosities, altered angles, extra
attachments of coronary stems at the right and left cusps, and attachments at the wrong
posterior cusp,

Human fetal oxygen tensions normally are 20 to 30 % of that of adults (Longo, 1976), and
can be reduced further by the mother smoking, living at high altitude, or being exposed to
environmental pollution such as carbon monoxide. Maternal smoking induces fetal hypoxia
and morphological changes in the placenta that increases the risks of intrauterine growth
retardation and placental abruption that in turn may cause late fetal death and possibly
neonatal mortality (Cnattingius and Nordstrom, 1996). In utero hypoxia exposure induced
by smoking and other conditions is also linked by epidemiological studies and by studies of
animal models to adult onset cardiovascular disease (Zhang, 2005). We propose that some of
the negative consequences of in utero exposure to hypoxia might be explained by the
presence of anomalous coronary vessels that may not manifest pathology until later in life.

The exposure of human embryos to mildly hypoxic conditions at a critical time during their
development may be enough to induce, as in our avian embryos, alterations in the pattern of
coronary arteries. While many coronary anomalies are believed to have no negative
consequences, certain congenital coronary anomalies such as anomalous left coronary from
the pulmonary artery (ALCAPA) or opposite sinus (ACAOS) have been associated with
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exercise-related deaths (Taylor et al., 1992; Angelini, 2007). These defects are usually not
detected until an autopsy is performed after an exercise related death (Frescura et al., 1998;
Eckart et al., 2006). Understanding how they develop and anticipating their presence is
important for clinical considerations (Angelini, 2007).

Summary
Alteration of the “hypoxic template” by manipulating HIF-1α levels may result in
maintaining coronaries at the wrong insertion point and creating the extra branches and
tracts that were induced in this study. The anomalies may be compatible with life but some
are likely to alter blood flow patterns and may increase susceptibility to coronary artery
disease later in life. Our manipulation of the levels of HIF-1α during specific stages of
embryonic development has allowed us to reveal a novel role for HIF-1α in coronary artery
pattern development.
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Figure 1. HIF-1α positive staining in the frontal plane at stage 27, 30 & 33 under altered
ambient oxygen levels
A, E and I are low-magnification normoxic controls. A–D are images at the outflow tract of
a stage 27 (ED 5.5) embryo exposed to hypoxic (15% O2), normoxic (20.8% O2) and
hyperoxic (75-40% O2) conditions (B–D respectively). E–H are images at the
interventricular septum of a stage 30 (ED 6.5) embryo exposed to hypoxic, normoxic and
hyperoxic conditions (F–H respectively). I–L are images near the interventricular septum of
a stage 33 (ED 7.5) embryo exposed to hypoxic, normoxic and hyperoxic conditions (J–L
respectively). Arrows indicate the location of HIF-1α staining. The bright green staining
within the ventricular lumens is the autofluorescence of red blood cells. Negative controls
not shown. Scale bar = 500 μm in A, E and I. The scale bar in B = 100 μm (applies to B–D,
F–H, and J–L).
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Figure 2. HIF-1α positive staining of the outflow tract in the transverse plane at stage 30 under
altered ambient oxygen levels
This specific region of the OFT is at the level of the future site of left and right coronary
attachments to the aorta. Under both hypoxia (A, B) and hyperoxia (G, H) conditions, there
was an increase in the number of cells with HIF-1α nuclear staining compared to the
normoxic controls (D, E). Arrows indicate cells with HIF-1α nuclear staining. No nuclear
staining was observed in the negative control sections from the same region (neg cont; C, F,
I) stained in parallel with no first antibody added. Scale bar = 100 μm in A (applies to A, D
and G). The scale bar in B = 50 μm (applies to B–C, E–F, and H–I). Ao, aorta; Pt,
pulmonary trunk.
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Figure 3. Protein expression of HIF-1α and select downstream targets under the hypoxic and
hyperoxic regimens
HIF-1α, PDGF-B, Ang2 and Tie2 protein expression was analyzed by Western blot. VEGF-
A was analyzed by ELISA and VEGFR2 by immunoprecipitation. A: HIF-1α protein
expression from stages 27, 30 and 33 after exposure to hypoxic and hyperoxic regimens
compared to HIF-1α basal levels detected in extracts from embryos exposed to ambient
(normoxic) oxygen control levels. HIF-1α protein expression was significantly higher than
control levels under hypoxia at both stage 27 and 30 (n = 6) (St 27 p = 0.009; St 30 p =
0.005). Unexpectedly, HIF-1α protein expression was also significantly higher under
hyperoxic conditions at stage 30 (p = 0.03). B: VEGF-A was significantly increased under
both hypoxic and hyperoxic regimens at stage 30 (n = 4) (p = 0.003, p = 0.002 respectively).
C: Phosphorylated-VEGFR2 and total VEGFR2 were significantly increased under only the
hypoxic regimen at stage 30 (n = 4) (p = 0.01; p = 0.01 respectively). The ratio of the levels
of phosphorylated VEGFR2 compared to total VEGFR2 was consistent over the 3
conditions at stage 30. D: PDGF-B was significantly increased under both hypoxic and
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hyperoxic regimens at stage 30 (n = 4) (p = 0.01, p = 0.01 respectively). E: Stage 30 Ang2
expression was upregulated under both hypoxia and hyperoxia but not to a significant level
(n = 4). F: Stage 33 Ang2 expression one-half day after the left and right coronary arteries
attached to the aorta. Similar to results from stage 30 extracts, there was no significant
increase under either the hypoxic or hyperoxic regimens (n = 4). G: Stage 33 Tie2
expression was significantly increased under both hypoxia and hyperoxia (n = 4) (p = 0.01;
p = 0.01 respectively).
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Figure 4. Diagrams and 3D imaging of stage 35 coronary artery anomalies
A and B are stage 35 (ED 9) α-smooth muscle actin stained proximal coronary arteries near
the base of the aorta in the transverse plane of an embryo exposed to normoxic conditions.
C–H are diagrams of the route of the proximal coronary arteries detected by observation of
serial transverse sections stained as in A and B of this region for α-smooth muscle actin. C
is the route of the proximal coronary arteries in a control embryo (n = 10). D–H are
anomalies observed in embryos incubated under the hypoxic regimen (n = 9/10). D has a
right coronary originating from the posterior cusp in addition to a coronary originating from
the right cusp. There is also a tortuous left coronary (LC, arrow). E and F displayed a
swelling near the right coronary attachment to the aorta. G had double right coronaries
originating from the right cusp. H displayed a retro-aortic branch originating from the left
coronary artery and connecting to the posterior cusp. Hyperoxic embryos had anomalies (n =
5/10) that included H (4/10) and G (1/10). Ao, aorta; Pt, pulmonary trunk; LC, left coronary
artery; RC, right coronary artery, RAD, right anterior descending artery (conotruncus
branch); A, P, L and R = anterior, posterior, left and right cusps. AMIRA® software was
used to 3D reconstruct stage 35 (ED 9) embryos for verification of coronary artery
morphology we noted in stained serial sections (A, B). A is a normoxic control. B is an
embryo exposed to 15% O2 from stages 25–35 (ED 4.5-9). This particular embryo displays a
tortuous left coronary and double right coronaries, one which attaches at the posterior cusp.
Note the altered angles of the right coronary and anastamosing arteries located very close to
the pulmonary trunk. C is a diagram depicting figure A. D is a diagram depicting B. Ao,
aorta; Pt, pulmonary trunk; LC, left coronary artery; RC, right coronary artery; LAD, left
anterior descending artery; RAD, right anterior descending artery (conotruncus branch); A,
P, L and R = anterior, posterior, left and right cusps.
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Figure 5. GFP expression after injection of a constitutively active form of HIF-1α (AdCA5) and
control (AdGFP) adenoviruses
Both the AdCA5 and control (AdGFP) injected embryos had green fluorescent protein
(GFP) expression at the base of the OFT in the myocardium. A–C: GFP was expressed
adjacent to the site of future attachment of the left coronary artery to the aorta at embryonic
day 6.5 (stage 30) (A, B). MF20 immunostaining indicated that GFP expression is located in
cardiomyocytes (C). D–F: Frontal plane VEGFR2 positive staining near the future
attachments of the left and right coronary arteries, with a stronger and broader region of
immunostaining after AdCA5 injection (E). Negative control for VEGFR2 staining with no
first antibody added (F). G, H, J, K: Wholemount images of AdGFP and AdCA5 infected
embryo hearts under brightfield (G, J) and fluorescence activation (H, K) near the base of
the outflow tract where the coronary arteries have attached to the aorta (arrows). (I, L)
Coronary anomalies of the left and right coronary arteries after injection of AdCA5 included
retro-aortic branches to/from the left coronary artery, retro-aortic branches that travel along
the route of the right coronary artery and extra coronary stems connected to the aorta. These
are similar to anomalies seen in embryos incubated under hypoxic and hyperoxic regimens.
M: Protein expression in whole heart extracts of HIF-1α and VEGFR2 after injection of
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AdGFP and AdCA5 adenoviruses at stage 30. The quail embryo OFT myocardium was
infected with control AdGFP adenovirus (N) or AdCA5 adenovirus (O, P) at stage 17 and
harvested at stage 32. A higher density of single Qh-1+ cells (red) were found at the base of
the OFT compared with control embryos. Qh-1+ vessels adjacent to cells expressing AdCA5
(green) differed in pattern. Qh1+ cells (red) are not the GFP+ cells transduced with
adenovirus expressing AdCA5 (overlay, P). Scale bar = 25 μm in A–F. The scale bar in B =
1000 μm (applies to G, H, J, L).

Wikenheiser et al. Page 24

Dev Dyn. Author manuscript; available in PMC 2013 July 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wikenheiser et al. Page 25

Table 1

Coronary anomalies seen under hypoxic, hyperoxic and AdCA5 treatments.

Anatomical Anomalies

Treatment Anomaly Rate of occurrence

Hypoxia n = 10

2x RC coming off R cusp 4 of 10

Retro-aortic LC fusing with post cusp region 4 of 10

Displaying both LC and RC anomalies 4 of 10

Tortuous LC 2 of 10

Formation of swellings near RC 2 of 10

RC coming off posterior cusp 1 of 10

Normoxia n = 10 no coronary anomalies 0 of 10

Hyperoxia n = 10
Retro-aortic LC fusing with post cusp region 4 of 10

2x RC coming off R cusp 1 of 10

AdCA5 n = 8

Retro-aortic LC fusing with post cusp region 3 of 8

Extra coronary stem lateral to RC 2 of 8

Retro-aortic fusing with LC (not a branch of LC) 1 of 8

AdGFP n = 8 no coronary anomalies 0 of 8

Anomalies were detected in a total of 90% (9/10) of the embryos incubated under the hypoxic regimen, 50% (5/10) under hyperoxia and 75% (6/8)
after injection of the AdCA5. No anomalies were observed in 10 embryos incubated under normoxic conditions and in 8 AdGFP-infected control
embryos. Rate of occurrence describes what anomalies were observed and how many existed under a particular treatment. LC = left coronary, RC =
right coronary.
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