
Regulation of heart valve morphogenesis by Eph receptor
ligand, ephrin-A1

Leslie A. Frieden1, Todd A. Townsend2, David B. Vaught3, Daniel M. DeLaughter4, Yoonha
Hwang1, Joey V. Barnett2,4, and Jin Chen1,3,4,5,6
1Department of Medicine, Division of Rheumatology and Immunology, Vanderbilt University
School of Medicine, Nashville, TN, 37232 USA
2Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, TN, 37232
USA
3Veteran's Affair Medical Center, Vanderbilt University School of Medicine, Nashville, TN, 37232
USA
4Department of Cell & Developmental Biology, Vanderbilt University School of Medicine,
Nashville, TN, 37232 USA
5Department of Cancer Biology, Vanderbilt University School of Medicine, Nashville, TN, 37232
USA
6Vanderbilt-Ingram Cancer Center, Vanderbilt University School of Medicine, Nashville, TN,
37232 USA

Abstract
Disease or malformation of heart valves is one of the leading causes of morbidity and mortality in
both children and adults. These congenital anomalies can remain undetected until cardiac function
is compromised, making it important to understand the underlying nature of these disorders. Here
we show that ephrin-A1, a ligand for class A Eph receptor tyrosine kinases, regulates cardiac
valve formation. Exogenous ephrin-A1-Fc or overexpression of ephrin-A1 in the heart inhibits
epithelial-to-mesenchymal transformation (EMT) in chick atrioventricular cushion explants. In
contrast, overexpression of wild-type EphA3 receptor promotes EMT via a kinase-dependent
mechanism. To analyze ephrin-A1 in vivo, we generated an ephrin-A1 knockout mouse through
gene targeting. Ephrin-A1 null animals are viable but exhibit impaired cardiac function. Loss of
ephrin-A1 results in thickened aortic and mitral valves in newborn and adult ephrin-A1-deficient
mice. Analysis of early embryonic hearts revealed increased cellularity in outflow tract
endocardial cushions and elevated mesenchymal marker expression, suggesting that excessive
numbers of cells undergo EMT. Taken together, these data indicate that ephrin-A1 regulates
cardiac valve development, making ephrin-A1-deficient mice a novel model for congenital heart
defects.
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Introduction
Congenital heart valve malformation is a leading cause of birth defects and childhood
mortality (15,20). Valve injury also occurs in adults due to infection, drug side effects, or
tumorigenesis (8,22,24,32). Dissection of molecular mechanisms regulating heart valve
morphogenesis provides the basis for regenerating valves or repairing valvular injury from
progenitor stem cells [reviewed in (35)].

The primordia of valvuloseptal tissue in the heart are the endocardial cushions. The cushions
are localized swellings of the inner heart wall that arise due to production of extracellular
matrix by myocardial cells. In response to signals from myocardium, a subpopulation of
endocardial endothelial cells delaminates, transdifferentiates into mesenchymal cells, and
invades the cardiac jelly. This critical step is termed epithelial-to-mesenchymal
transformation (EMT). After completion of EMT, endocardial cushions undergo further
remodeling to form thin elongated valve leaflets for maintaining unidirectional blood flow.

Multiple soluble growth factors have been identified that regulate endocardial cushion
transformation, including TGF-β, EGF-related growth factors, and VEGF [reviewed in
(1,29)]. Studies using neutralizing antibodies and antisense RNA demonstrated that TGF-β
signaling is required for EMT in chick (30,31). Although EMT initiates in knockout models
of TGF-β [reviewed in (1,29)], many of these mice do not form normal endocardial cushions
(2,18). EGF-related growth factors and their receptors also regulate heart valve
morphogenesis. Loss of endocardial HB-EGF or EGFR causes abnormal hyperplasia of
cushion mesenchyme (7,17). However, ablation of endocardial neuregulin-1 or its receptor
within cushion mesenchyme, ErbB3, results in severe cushion hypoplasia (11,21). VEGF
plays a dual role in cushion transformation: low levels of VEGF are required for EMT
initiation, whereas high levels of VEGF at later stages inhibit EMT.

More recently, membrane-bound molecules that mediate cell-cell communication, such as
Notch and Eph molecules, have also been implicated in modulation of cardiac valve
morphogenesis. Embryos that have impaired Notch signaling exhibit reduced endocardial
EMT, whereas ectopic expression of activated Notch1 results in hypercellular cardiac valves
(37). Lethal defects in heart valve formation are also observed in mice lacking ephrin-B2
ligand and EphA3 receptor. Cytoplasmic truncation of ephrin-B2 leads to thickened cardiac
valves (9), but mechanisms by which ephrin-B2 regulates valve formation remain to be
elucidated. Ablation of EphA3 receptor, however, results in hypoplastic valves due to
reduced endocardial cushion transformation (36).

Ephrins are ligands for Eph receptor tyrosine kinases. Originally identified as axonal
guidance cues, it was subsequently recognized that these molecules also regulate other
biological processes, including cardiovascular development and angiogenesis (28). Although
the Eph family contains multiple ligands and receptors, the only A class ligand and receptor
pair expressed during endocardial cushion development is ephrin-A1 in the endocardium
and the EphA3 receptor in the adjacent cushion mensenchyme (36). To understand how
ephrin-A1 functions in cardiac valve development, we examined the role of ephrin-A1 in
both chick explants and ephrin-A1-null mice. We found that ephrin-A1 inhibited EMT in the
chick and loss of ephrin-A1 resulted in thickened aortic and mitral valves in mice. These
results indicate a critical role of ephrin-A1 in regulation of cardiac valve morphogenesis.

Frieden et al. Page 2

Dev Dyn. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Results
Ephrin-A1 inhibits EMT in chick AV cushion explants

To determine the role of ephrin-A1 in endocardial cushion EMT, we first tested the effect of
exogenous ephrin-A1 in an in vitro assay of early valve development. AV cushions from
chick embryos were harvested and placed on a collagen gel containing either ephrin-A1-Fc
or vehicle control. After 48 hours, in explants placed on top of control collagen gels, the
endocardial cells formed a monolayer and, under the influence of the myocardium,
underwent a specific activation, invasion of the matrix, and subsequent migration. In
contrast, explants incubated on gels containing ephrin-A1-Fc demonstrated fewer migrating
mesenchymal cells within the collagen matrix and an abundance of endocardial cells on the
gel surface (Figure 1A). Quantification of this data revealed a 29% decrease in the number
of transformed cells. These results suggest that exogenous ephrin-A1 reduces EMT in chick
AV cushion explants.

As ephrin-A1 is expressed endogenously in the endothelial lining of the endocardium, but
not cushion mesenchyme, we asked whether overexpression of ephrin-A1 in endocardial
cells could inhibit EMT. Adenoviruses expressing both ephrin-A1 and a GFP marker
controlled by separate promoters were injected into developing chick heart tubes and GFP
positive cells were scored for EMT in a cell autonomous fashion in an AV cushion collagen
gel assay. We injected viruses into the lumen of HH stage 10–12 chick hearts in order to
infect endocardial cells prior to the initiation of EMT (10). Twenty-four hours after
infection, AV cushions were harvested. AV cushion explants infected either with Ad-ephrin-
A1 or control Ad-GFP viruses were incubated for 48 hours on top of collagen gel.
Overexpression of ephrin-A1 resulted in fewer GFP positive mesenchymal cells within the
collagen matrix. In order to quantify this phenotype, GFP-expressing cells were scored
morphologically as epithelial (rounded cells that are tightly packed on the surface), activated
(elongated cells with loss of cell-cell contact), or transformed (elongated cells that invade
the matrix). By measuring the proportions of GFP expressing cells in each category as a
percentage of total GFP expressing cells (Supplemental Table 1), we confirmed that ephrin-
A1 overexpression led to a significant decrease in transformed cells with a concomitant
increase in epithelial cells (Figure 1B). Taken together, these results suggest that ephrin-A1
inhibits the ability of endocardial cells to undergo EMT.

The ephrin-A1 receptor, EphA3, is expressed in endocardial cushion mesenchyme and mice
lacking the EphA3 receptor have hypoplastic valves and reduced EMT (36). Accordingly,
we asked whether, in contrast to ephrin-A1, EphA3 could promote a gain-of-function in the
ability to undergo EMT in the endocardium. Adenoviruses overexpressing either wild-type
EphA3 or control GFP were injected into the heart tube, and AV cushions and ventricular
explants were harvested 24 hours later. Ventricular endothelial cells normally do not
undergo EMT due to the absence of both inductive signals from myocardium and a lack of
competence to respond (30). However, overexpression of EphA3 in the heart was sufficient
to promote EMT in ventricular explants (Figure 2A)(Supplemental Table 1). EMT was
unchanged by EphA3 overexpression in AV cushion explants.

Eph receptors are known to function via kinase dependent and independent mechanisms. To
determine whether EphA3 regulated EMT via a kinase dependent mechanism, we performed
parallel experiments in AV cushion and ventricular explants using an adenovirus expressing
a kinase dead mutant of EphA3 (Figure 2C). Overexpression of the kinase dead EphA3
mutant not only failed to promote EMT within ventricular explants, but also inhibited EMT
within AV cushion endocardial cells, suggesting that the EphA3 mutant inhibited EMT
through a dominant negative mechanism. (Figure 2B)(Supplemental Table 1). Taken
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together, our results indicate that while ephrin-A1 inhibits endocardial cushion EMT, EphA3
promotes EMT via a kinase dependent mechanism.

Generation of an ephrin-A1 knockout mouse
To study the role of ephrin-A1 in vivo, we generated an ephrin-A1 knock mouse by gene
targeting through homologous recombination in embryonic stem (ES) cells. To create a null
allele, exon 1 of the gene encoding ephrin-A1 (Efna1) was deleted in order to remove the
initiating methionine codon and cause a frame-shift in translation (Figure 3A). Standard
techniques were then used to produce germline homozygous mice (Figure 3B). As shown in
Figure 3C, expression of ephrin-A1 protein is absent in homozygous mice, compared to that
in wild-type or heterozygous control littermates, demonstrating that deletion of exon 1
results in a null allele. Efna1−/− mice are viable and fertile, displaying no overt phenotype
in the pathogen-free animal facility.

Cardiac dysfunction in ephrin-A1-null mice
As a first step to identify the phenotype of ephrin-A1-deficient animals, we performed M
mode echocardiography on 8-week-old wild-type and ephrin-A1 knockout mice. We found
that fractional shortening and ejection fraction ratios were significantly decreased in ephrin-
A1-deficient mice (Figure 4, A&B)(Supplemental Table 2). These results indicate that
Efna1−/− hearts perform less efficiently than wild-type hearts. To investigate whether this
phenotype is due to increased systemic resistance, we measured systolic and diastolic blood
pressure from these mice. As shown in Figure 4C, there is no significant difference in blood
pressure between ephrin-A1-deficient animals and their wild-type littermate controls,
suggesting that the abnormal heart function in ephrin-A1-deficient animals is due to cardiac
dysfunction rather than increased systemic blood pressure.

Valve defects in ephrin-A1-deficient mice
To determine the cause of heart dysfunction, we performed histological analysis on hearts
from 20-week-old adult mice. Aortic and mitral valves of Efna1−/− mice are significantly
thicker than those of wild-type controls (Figure 5). However, there was no evidence of
increased heart weight versus body weight, indicating that cardiac defects at 20 weeks were
not severe enough to cause hypertrophy (data not shown). In order to determine whether the
increased valve thickness in Efna1−/− mice was a congenital defect, newborn mice were
sacrificed and cardiac valve thickness measured (Figure 6). Histological examination
revealed that aortic valves of ephrin-A1-null mice were significantly thicker than wild-type
valves at birth. To ensure that the thickening aortic valve in ephrin-A1 knockout mice was
not due to the plane of section, we examined serial sections from wild-type and ephrin-A1-
null animals and quantified five representative sections using Image J. In addition to the
aortic valve, mitral valve leaflet area was also increased, whereas pulmonary and tricuspid
valve leaflet areas were not significantly affected (data not shown). These data suggest that
ephrin-A1 is required in regulation of heart valve development.

Increased cellularity and mesenchymal gene expression in ephrin-A1-deficient endocardial
cushions

Heart valves and septum are derived from embryonic endocardial cushions. To determine
whether thickening of heart valve in ephrin-A1-null animals was caused by increased EMT
or by later stage valve remodeling, we chose to first examine the cellularity of ephrin-A1
knockout mouse endocardial cushions. Cushion sections from E12.5 mice were stained with
DAPI and cell numbers in the endocardial cushion were quantified using Metamorph
software. Cushion cell density was calculated by dividing the total nuclei per cushion by the
area of the cushion. Outflow tract endocardial cushions of Efna1−/− mice exhibit
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significantly increased cell density in comparison to wild-type controls (Figure 7A–C). As
outflow tract endocardial cushions are also populated by cells of cardiac neural crest origin,
we performed in situ hybridization for plexinA2, a marker of cardiac neural crest (4). The
expression pattern of plexinA2 in outflow tract is not changed between wild-type and
Efna1−/− embryos (data not shown), suggesting no gross alteration in neural crest migration
into the outflow tract.

Next, we measured expression of cushion mesenchyme genes by RT- PCR at the initiation
of EMT in E9.5 embryonic hearts. Expression levels of Smad6, Msx1, and Snail1, markers
of cushion mesenchyme, are up-regulated in Efna1−/− hearts (Figure 7G). Expression of
NFATc1, a gene localized to the endothelial lining of the endocardium appears unchanged
Efna1−/− hearts. To confirm these findings, we performed real-time quantitative PCR using
selected markers of mesenchymal and endothelial genes. Smad6, a marker of cushion
mesenchyme is elevated in the hearts of E9.5 knockout mice, while VE-cadherin, a marker
of endothelium, is unchanged between wild-type and ephrin-A1-null hearts. To determine
whether changes in endocardial cushion cellularity were caused by factors other than EMT,
we measured cellular proliferation and apoptosis in E12.5 endocardial cushions. We
compared the percentage of BrdU- and TUNEL- positive cells between wild-type and
ephrin-A1 knockout endocardial cushions at E12.5, respectively. There was no significant
difference in cell proliferation and apoptosis between wild-type and Efna1−/− endocardial
cushions (data not shown). These data, together with results in chick cushion explants,
suggest that ephrin-A1 inhibits EMT in heart valve morphogenesis.

Discussion
Ephrin-A1 is a prototypic ligand for class A Eph receptor tyrosine kinases. Originally
discovered as a TNF-α-inducible gene (16), it was subsequently found that ephrin-A1
induced corneal angiogenesis and tumor neovascularization (3,26,27). During embryonic
development, ephrin-A1 is expressed in the endothelium of the developing blood vessels and
in the endocardium as early as E8.5 (13,33). At E12.5, ephrin-A1 expression is restricted in
the endothelial lining of the endocardium, whereas EphA3 receptor is expressed in a
complementary pattern within endocardial cushion mesenchyme (36). EphA3 knockout
mice are perinatal lethal and exhibit abnormal AV valves and hypoplastic septum (36). If
ephrin-A1 only functions as a ligand to activate EphA3, loss of ephrin-A1 would be
expected to result in a phenotype similar to EphA3-null mice. However, ephrin-A1 knockout
mice are viable and have thickened valves, raising the possibility that ephrin-A1 regulates
heart valve morphogenesis through independent or additional mechanisms. Interestingly,
mice homozygous for the cytoplasmic domain deletion mutant of ephrin-B2 are embryonic
lethal with thickened cardiac valves, a phenotype reminiscent of the ephrin-A1 knockout
mice (9). It remains to be determined whether the relatively mild phenotype of ephrin-A1-
null mice is due to functional compensation by ephrin-B2.

Heart valve morphogenesis initiates with endocardial cushion transformation in which
endocardial cells delaminate, transdifferentiate into mesenchymal cells, and invade into
cardiac jelly. Transformed endocardial cushions then undergo subsequent remodeling
through proliferation and apoptosis, giving rise to precisely formed cardiac valves that direct
blood flow in heart. Three lines of evidence suggest that ephrin-A1 may regulate heart valve
formation through, at least in part, inhibition of endocardial cushion transformation. First,
outflow tract endocardial cushion cellularity is significantly increased in ephrin-A1
knockout embryos in the absence of changes in neural crest cell contribution. Second,
increased cellularity in ephrin-A1-deficient endocardial cushions is accompanied by
upregulation of the expression of mesenchymal markers in the embryonic heart. Third,
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exogenous ephrin-A1-Fc or overexpression of ephrin-A1 inhibited EMT in chick explant
collagen gel assays, consistent with an inhibitory role of ephrin-A1 on EMT in vivo.

In addition to a role in inhibiting EMT, ephrin-A1 may also regulate valve morphogenesis
through other mechanisms. After completion of EMT, endocardial cushions undergo
remodeling, a process that is dependent upon proliferation and apoptosis, cellular migration
and reorganization of the extracellular matrix. We observed a moderate reduction in
apoptosis in AV cushion mesenchyme and an increase in cellularity in E14.5 Efna1−/−
animals (data not shown), suggesting an additional role of ephrin-A1 in regulation of
mesenchymal cell survival in the endocardial cushion. Furthermore, Movat's pentachrome
staining failed to reveal any gross abnormalities in the distribution of collagen, elastin and
glycoproteins within aortic and mitral valves (data not shown), indicating that valve
thickness is not due to abnormal ECM deposition or abnormal development of valve layers.

What are the molecular mechanisms of ephrin-A1 action in heart valve development? As
ephrin-A1 and EphA3 are expressed complementarily in juxtaposed tissue in endocardial
cushion and EphA-ephrin-A interactions are known to mediate repulsive signal during
neural development (39), one possibility is that the EphA3-expressing cells undergoing
EMT may be repelled by the ephrin-A1-expressing endocardial cells. However, our data
does not support this hypothesis as EphA3-null animals exhibited hypoplastic endocardial
cushion (36) whereas ephrin-A1 knockout mice display hyperplastic valves. Alternatively,
ephrin-A1 activation has been shown to increase cell adhesiveness (6). Ephrin-A1 could
positively regulate cell-cell adhesion. Therefore, loss of ephrin-A1 would decrease cell
adhesiveness and allow cell detachment from the endothelial layer. In addition, ephrin-A1
could also inhibit the expression of EphA3 receptor, as ephrin-A1 has been shown to
negatively regulate the levels of EphA2 receptor in tumor cells (19). Ablation of ephrin-A1
would then upregulate expression of EphA3, resulting in increased EMT. Our data derived
from overexpression of EphA3 in chick heart tube is consistent with this hypothesis.

In summary, we have shown that ephrin-A1 is critical in regulating proper formation of the
mammalian heart valve. As ephrin-A1 is also expressed in blood vessels, the role of ephrin-
A1 in vascular development and adult angiogenesis remains to be determined. Thus, the
ephrin-A1 knockout mouse provides a valuable animal model for studying congenital heart
defects as well as angiogenesis in adult.

Experimental Procedures
Cushion explant collagen gel assay

Atrioventricular (AV) cushions were dissected from Hamburger-Hamilton (HH) stage 14
chick embryos and cultured on collagen gels as described (31,34). Adenoviral expression
experiments were conducted by placing HH stage 10–12 embryos on Whatman paper rings.
Adenoviruses expressing GFP only, ephrin-A1, EphA3, or kinase dead EphA3 (K657M)
were injected into the lumen of the chick heart and explants were cultured for 48 hours as
described (10). AV cushion and ventricular explants were cultured on collagen and GFP
positive green cells were scored as epithelial, activated, or transformed 48 hours later. Seven
to eleven explants were scored per condition for each experiment and experiments were
repeated three times. Results from these three experiments were pooled, and data were
expressed as mean±SEM. Group comparisons were performed using unpaired, two-tailed
Student's t test. p <0.05 were considered statistically significant.

Generation of ephrin-A1 knockout mice
PCR was used to amplify genomic regions flanking exon 1 of the gene encoding ephrin-A1
(Efna1) (NM_010107). The targeting construct was electroporated into 129SV/J ES cells.
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ES cell clones were screened for homologous recombination using southern blotting and
microinjected into C57/BL6 blastocysts. Chimeric founders were crossed to C57/BL6
females. Genotyping was performed by multiplex PCR using a common forward primer
(5’CCCAACAAAAACAAACAGCCG3’) and two allele specific reverse primers, WT
(5’GAGGTGGAGGAAGGGAAAAAGAC3’) and KO
(5’TGGATGTGGAATGTGTGCGAGG3’). Mice were maintained on a mixed 129/SVJ/
C57/BL6 background.

Echocardiography analysis
Mice were placed in a left lateral decubitus position and imaged at ambient temperature with
a 15 MHz transducer. M mode imaging was used to measure left ventricular internal
dimensions. Shortening fraction was calculated using the formula 100 X (LVIDD-LVIDS)/
LVIDD. Ejection fraction was calculated as (LVIDD3-LVIDS3)/LVIDD3. The presence of
arrhythmias was determined by detecting irregularities in the intervals between recorded
heartbeats.

Histological analysis
Adult and embryonic hearts were fixed in formalin or 4% PFA overnight at 4°C, and 8–10
micron paraffin sections were stained in hematoxylin and eosin. Valve area was measured
using Image J Software, version 1.38x. Five sections per animal/embryo were analyzed.

For analysis of endocardial cushion cell density, 8 micron sections of atrioventricular and
outflow tract cushions from E12.5 embryos were stained with DAPI. Five sections per
embryo were analyzed. Nuclei were counted using Metamorph software, 7.1 (Molecular
Devices). Cushion area was measured using Image J. Cellular density was calculated by
dividing nuclear number by cushion area.

Apoptosis was assessed by TUNEL assay using the Apo Tag in situ Apoptosis detection kit
(Millipore), and counterstained with DAPI. Apoptotic indices were quantified as TUNEL
positive nuclei/total nuclei (5 sections per embryo).

Analysis of gene expression in developing heart
RNAs was isolated from E9.5 embryonic hearts using Trizol reagents (Invitrogen). cDNA
was prepared using the Superscript III 1st strand cDNA synthesis kit (Invitrogen). PCRs
were performed using published primer sequences [Msx1 and Smad6, (12); β-actin, and
Snail, (37); NFATc1, (38) and VE cadherin (25)]. Experiments were repeated three times.
Real time PCR was performed on the Biorad icycler using iQ Sybr Green supermix
(Biorad). Separate reactions were performed in duplicate for both experimental primers and
GAPDH controls (5’CCTGCACCACCAACTGCTTA, 5’TCATGAGCCCTTCCACAA).
Results were calculated using the ΔΔCT method.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of Ephrin-A1 on EMT in chick cushion explants
(A) Ephrin-A1-Fc inhibits EMT in chick cushion explants. AV cushion explants were
cultured on collagen gel in the presence of 5 µg/ml ephrin-A1 or vehicle control. AV
cushion explants were scored for the total number of transformed cells by optically
sectioning the collagen gels using Hoffman Optics. The number of explants in each group,
total numbers of transformed cells per condition, and the mean number of transformed cells
± SEM, expressed as a percentage of control, were as follows: ephrin-A1 (n=26; 1832; 71 ±
8%), control (n=24; 2370; 100 ± 5%). (B) Ephrin-A1 inhibits endocardial cushion
transformation. Adenoviruses expressing ephrin-A1 and GFP, or control GFP only, were
injected into the lumen of the chick heart tube at stage 10–12 (top left panel). Embryonic
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hearts were harvested 24 hours later and ephrin-A1 expression confirmed by western blot
analysis (top right panel). AV cushion explants were cultured on collagen gels for 48 hours.
GFP expressing cells were scored as epithelial, activated, and transformed. Results for each
category, derived from 3 independent experiments, are presented as a percentage of total
GFP positive cells ± SEM (bottom panel). Unpaired two-tailed student's t test was used to
analyze data. For total explant numbers and total numbers of GFP cells per category, see
Table S1.
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Figure 2. Effects of wild-type and kinase dead EphA3 on EMT
(A&B) Wild-type EphA3, kinase dead EphA3, or control GFP adenoviruses were injected
into the lumen of the chick heart tube at stage 10–12. AV cushions and ventricles were
harvested and subjected to collagen gel assay. Kinase dead EphA3 virus significantly
inhibited the numbers of transformed cells. Three independent experiments were conducted
and analyzed as described in Figure 1B. See Table S1 for complete results. (C) 293T cells
were infected with adenovirus carrying either wild-type or kinase dead EphA3. Cell lysates
were immunoprecipitated with anti-EphA3 and subjected to in vitro kinase assay.
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Figure 3. Targeted disruption of the Efna-1 gene
(A) Map of ephrin-A1 targeting vector, ephrin-A1 wild-type allele and ephrin-A1 knockout
(KO) allele. Black boxes represent ephrin-A1 exon sequences. HI=BamHI. (B) Tail DNA
Southern blot analysis confirmed the presence of the wild-type allele (WT) in wild-type (+/
+) and heterozygous (+/−) mice and presence of the targeted allele (KO) in heterozygous (+/
−) and null (−/−) mice. (C) Ephrin-A1 expression is abolished in ephrin-A1-null mice. Cell
lysates prepared from P0 embryonic lungs were subjected to western blot analysis. The blot
was stripped and re-probed with anti-actin for loading control.
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Figure 4. Echocardiogram and blood pressure in ephrin-A1-null mice
8-week old ephrin-A1-deficient (KO) mice and their wild-type (WT) littermate controls
were subjected to echocardiography and measurement of blood pressure. Fractional
shortening and ejection fraction (EF) ratio were significantly decreased in KO mice,
compared to WT controls (panel A&B), whereas there is no change in blood pressure
between WT and KO animals (panel C). Data were pooled from three separate experiments
and presented as mean ± SD.
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Figure 5. Valve defects in Efna1−/− adult hearts
Hearts dissected from 20-week-old wild-type (+/+) mice or knockout littermates (−/−) were
processed for histological analyses. Increased thickness of aortic (B) and mitral (E) valves in
(−/−) mice, compared to (+/+) controls (A, D). Arrows indicate mitral or aortic valve
leaflets. (C,F) Valve areas were quantified using Image J software.
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Figure 6. Valve abnormalities in ephrin-A1-deficient newborns
Hearts from P0 wild-type (+/+) mice or knockout littermates (−/−) were processed for
histological analyses. Increased thickness of mitral (B) and aortic (E) valves in (−/−) mice,
compared to (+/+) controls (A,D). Arrows indicate mitral or aortic valve leaflets. (C,F)
Valve areas were quantified using Image J software.
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Figure 7. Reduced cellularity in Efna1−/− outflow tract cushion
Endocardial cushions from E12.5 embryos were stained with DAPI to visualize nuclei.
Outflow tract (A–C) and AV (D–F) cushion cell numbers and areas were quantified using
Image J software. Cell density was calculated by dividing the number of nuclei by cushion
area. Stars indicate endocardial cushion. (G) RT-PCR of mesenchymal and endocardial
marker expression on mRNA from hearts of E9.5 mouse embryos. Expression of
mesenchymal markers is increased in the embryonic heart. Quantitative real-time PCR of a
mesenchymal and a endocardial gene, Smad6 and VE cadherin, confirm these findings.
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