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Intramyocardial administration of chimeric ephrinA1-Fc
promotes tissue salvage following myocardial infarction
in mice

Jessica L. Dries, Susan D. Kent and Jitka A. I. Virag

Department of Physiology, Brody School of Medicine, East Carolina University, Greenville, NC, USA

Non-technical summary Following a myocardial infarction, cardiac muscle becomes irreversibly
damaged and over time this may lead to heart failure. Strategies to reduce ischaemic damage,
enhance new vessel growth, and/or replace damaged heart muscle are currently being investigated.
We have identified a novel non-angiogenic role for ephrinA1, a membrane-bound ligand
receptor tyrosine kinase, in promoting myocardial tissue salvage after non reperfused myocardial
infarction. Treating the heart with this protein at the time of injury reduced infarct size and
overall damage, presumably by preventing cardiomyocyte loss after ischaemia. Further studies
are in progress to determine the cellular mechanisms by which this occurs and the extent to which
adverse remodelling is attenuated.

Abstract The purpose of this study was to investigate the role of intramyocardial administration
of chimeric ephrinA1-Fc in modulating the extent of injury and inflammation in non reperfused
myocardial infarction (MI). Our results show that intramyocardial injection of 6 μg ephrinA1-Fc
into the border zone immediately after permanent coronary artery ligation in B6129s mice
resulted in 50% reduction of infarct size, 64% less necrosis, 35% less chamber dilatation and 32%
less left ventricular free wall thinning at 4 days post-MI. In the infarct zone, Ly6G+ neutrophil
density was 57% reduced and CD45+ leukocyte density was 21% reduced. Myocyte damage
was also reduced in ephrinA1-Fc-treated hearts, as evidenced by 54% reduced serum cardiac
troponin I. Further, we observed decreased cleaved PARP, increased BAG-1 protein expression,
increased phosphorylated AKT/total AKT protein, and reduced NF-κB protein with ephrinA1-Fc
administration, indicating improved cellular survival. Of the eight EphA receptors known to
be expressed in mice (A1–A8), RT-PCR revealed that A1–A4, A6 and A7 were expressed in the
uninjured adult myocardium. Expression of EphA1–A3 and EphA7 were significantly increased
following MI while EphA6 expression decreased. Treatment with ephrinA1-Fc further increased
EphA1 and EphA2 gene expression and resulted in a 2-fold increase in EphA4. Upregulation and
combinatorial activation of these receptors may promote tissue survival. We have identified a
novel, beneficial role for ephrinA1-Fc administration at the time of MI, and propose this as a
promising new target for infarct salvage in non reperfused MI. More experiments are in progress to
identify receptor-expressing cell types as well as the functional implications of receptor activation.
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Introduction

The heart lacks an endogenous regenerative capacity
sufficient for repair after injury. Consequential left
ventricular remodelling after myocardial infarction (MI)
leads to left ventricle (LV) dilatation, ultimately leading to
heart failure (Pfeffer & Braunwald, 1991; Gaudron et al.
1993; Goldstein et al. 1998; Holmes et al. 2005). To reduce
this epidemiological and fiscal burden, it is imperative
that strategies be developed to preserve cardiomyocyte
survival, subsequently reducing myocardial infarct size,
and reducing overall LV remodelling.

Immediately after coronary occlusion, ischaemic
myocytes downstream from the occlusion become
necrotic and/or undergo apoptosis (Cheng et al. 1996;
MacLellan & Schneider, 1997; Freude et al. 1998) or auto-
phagy (Nakai et al. 2007; Dorn & Diwan, 2008; Porrello
& Delbridge, 2009). Cardiac troponin I is released, which
can be measured in plasma and correlates to the size of
injury (Bodor et al. 1995; Chapelle, 1999; Braunwald et al.
2002; Nageh et al. 2003; Oyama & Sisson, 2004; Jaffe,
2005). Neutrophils infiltrate the tissue immediately, while
leukocytes, predominantly macrophages, arrive shortly
thereafter and participate in digestion of necrotic cellular
debris. Neutrophils in the ischaemic tissue can be toxic to
the surrounding myocytes because they release reactive
oxygen species and proteolytic enzymes which further
injure the surrounding myocytes (Lefer & Granger, 2000;
Frangogiannis et al. 2002; Frangogiannis, 2008; Lambert
et al. 2008; Nah & Rhee, 2009). Once damage occurs, a
hypocellular scar forms, leading to contractile dysfunction
and heart failure (Fishbein et al. 1978; Frangogiannis et al.
2002; Virag & Murry, 2003; Dorn, 2009).

Since the discovery of the Eph (erythropoietin-
producing hepatocellular carcinoma) receptor tyrosine
kinase (RTK) in 1987 (Hirai et al. 1987), a great deal of
effort has been focused on elucidating Eph RTK and ephrin
ligand signalling in the context of numerous pathologies.
A distinguishing characteristic of Eph–ephrin inter-
actions is the ability to generate bidirectional signalling.
‘Forward’ signalling occurs in the direction of the
receptor-expressing cell, while ‘reverse’ signalling occurs in
the direction of the ligand-expressing cell (Bruckner et al.
1997; Mellitzer et al. 1999; Klein, 2001; Kullander & Klein,
2002). Upon ligand binding and receptor activation, end-
ocytic internalization of the complex occurs (Pasquale,
2010), leading to downregulation of the protein. Intra-
cellular cascades downstream of Eph/ephrin signalling are
involved in cellular survival, growth, differentiation, and
motility (Zhou, 1998; Kullander & Klein, 2002; Arvanitis
& Davy, 2008; Pasquale, 2008, 2010). The EphA1 receptor
has been linked to angiogenesis through endothelial cell
migration. Like the ephrinA1 ligand, EphA1 is induced by
tumour necrosis factor-α (TNF-α), vascular endothelial
growth factor (VEGF) and interleukin-1β (IL-1β), leading

to cellular adhesion via integrins and vessel destabilization
(Pandey et al. 1995; Cheng et al. 2002a,b; Moon et al. 2007).
Similarly, the EphA2 receptor, expressed on endothelial
cells, is widely reported as a key player in angiogenesis,
particularly in development and cancer (Ogawa et al. 2000;
Brantley-Sieders et al. 2004, 2006; Wykosky et al. 2008).

Of the five ephrinA ligands, ephrinA1 is unique in
that it is the only ligand which binds all eight EphA
receptors known to be expressed in mice. Aside from
its predominant characterization as a pro-angiogenic
factor in adult mouse tumours, (Easty et al. 1999;
Ogawa et al. 2000; Iida et al. 2005), ephrinA1 appears
to be involved in inflammation and apoptosis, two
very important facets of infarct progression. It was
reported in 2006 that Eph receptors are differentially
expressed at early and late stages of inflammation (Ivanov
& Romanovsky, 2006). For example, at earlier stages
of inflammation, EphA2 and ephrinB2 expression is
predominantly localized to epithelial and endothelial
cells, promoting disruption of the endothelial/epithelial
barrier. However, as the inflammatory process progresses,
expression of EphA1, EphA3, EphB3 and EphB4 on these
cells decreases, allowing infiltrating leukocytes to adhere
to endothelial cells by disrupting endothelial/epithelial
barriers (Ivanov & Romanovsky, 2006). EphrinA1/EphA
receptor expression changes also appear to be involved
in regulating pathways involved with apoptosis. In 2006,
Muñoz and colleagues reported that EphA4-deficient mice
exhibited both defective T cell development and increased
numbers of apoptotic cells (Muñoz et al. 2006). These two
reports suggest a role for the EphA4 receptor in mediating
cell death, and it is reasonable to suspect that activation of
this receptor is anti-apoptotic, while inhibition or removal
of this receptor is pro-apoptotic.

The present study was designed to characterize the
expression of ephrinA1/EphA RTKs in the uninjured adult
myocardium in response to ischaemia in non reperfused
myocardium, and the role of exogenous ephrinA1 in
limiting myocardial infarct injury. Specifically, we tested
the hypothesis that intramyocardial administration of
ephrinA1-Fc at the time of injury would promote myo-
cyte survival and subsequently reduce infarct size and
inflammatory cell infiltrate. Our results indicate a novel
and robust cardioprotective role for ephrinA1-Fc in
limiting excessive infarct injury in the non reperfused myo-
cardium.

Methods

Ethical approval

All procedures were approved by the East Carolina
University Institutional Animal Care and Use Committee
and the investigation conforms to the Guide for the Care
and Use of Laboratory Animals published by the US
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National Institutes of Health (NIH Publication No. 85-23,
revised 1996). The authors have read and complied with
the guidelines in ‘Reporting ethical matters in The Journal
of Physiology: standards and advice’ (Drummond, 2009).

Animals

Six-week-old B6/129S breeder pairs were obtained from
Jackson Laboratories (Bar Harbor, ME, USA) to establish
an in-house colony (strain no. 101045). Animals were
housed in 12 h/12 h light/dark cycle conditions and
received food and water ad libitum.

Surgical procedure

Male 8- to 10-week-old mice (22–28 g) were anaesthetized
(20 μl g−1 Avertin I.P.), intubated and mechanically
ventilated. The left anterior descending coronary artery
was permanently ligated using an 8-0 suture. Sham
controls, in which the suture was pulled through the
heart but not ligated and either chimeric IgG-Fc or
ephrinA1-Fc injected, were done to ensure that there
was no injury caused by the injection (data not shown).
Ischaemia was confirmed by blanching of the myocardium
distal to the site of ligation. Immediately following
coronary occlusion, using a Hamilton syringe with a
sterile 30 gauge needle, animals received a single intra-
myocardial injection of either 6 μg IgG-Fc (R&D), or 6 μg
ephrinA1-Fc (Sigma) resuspended in 6 μl sterile PBS at
the peri-infarct zone. Injections occurred within 1 min of
coronary ligation. This dose was chosen based on pre-
vious studies showing effective doses of intramyocardial
injections of Tβ4 (Bock-Marquette et al. 2004) and intra-
peritoneal injection of ephrinB2-Fc (Mansson-Broberg
et al. 2008). Additionally, this dose is within the therapeutic
range (for humans) of the maximum recommended
therapeutic dose of 0.00001 to 1000 mg (kg body wt)−1

day−1, as defined by the FDA (Contrera et al. 2004). Taking
into account heart weight, the potential for efflux of the
protein from the heart via the injection site, and that an
average mouse left ventricle weighs approximately 150 mg,
injecting 6 μg of protein intramyocardially is within
this range (approximately 40 mg kg−1). The investigator
performing the surgery was blinded as to the treatments,
which were randomized by another investigator. Once the
animals recovered, they were returned to the vivarium. The
surgical procedure is described in more detail elsewhere
(Virag & Murry, 2003; Virag et al. 2010).

Four days after surgery mice were given a 0.5 ml I.P.
injection of 5-bromodeoxyuridine, (BrdU, 5 mg ml−1) to
label proliferating endothelial cells, and anaesthetized
1 h later with an I.P. injection of 0.1 ml pentobarbital
(390 mg ml−1) (Virag & Murry, 2003). The heart was
arrested in diastole using cold KCl (30 mM), excised,

rinsed in PBS, and immersed in zinc fixative with a
segment of small intestine (used as a positive control
for BrdU+ proliferating cells). Hearts were sectioned
transversely into four slices of equal thickness and were
processed and embedded in paraffin. Routine histological
(haematoxylin and eosin) procedures and immuno-
staining were performed using 5 μm sections, as described
below (Virag & Murry, 2003).

EphrinA1-Fc distribution in the myocardium

To determine the distribution pattern and duration of
persistence of ephrinA1-Fc in the non reperfused myo-
cardium, an anti-human IgG-Fc was used to immuno-
localize the ephrinA1 chimera in hearts at 30 min, 4 h and
24 h post-injection (n = 3 per group). A representative
image (Fig. 1) shows prominent epicardial and trans-
mural staining at 30 min. Light staining was observed
in 2 of 3 hearts at 4 h but none was observed at 24 h
or 4 days post-injection in saline-injected hearts or in
tissues incubated without the primary antibody (data not
shown).

Histology and morphometry

Images of four haematoxylin and eosin-stained sections
per heart were taken at ×20 magnification using a DP70
digital camera. Two sections of infarct, approximately
1 mm apart (apical and closer to the ligation site) and two
sections of base in non-infarcted regions, also 1 mm apart,
were used. Scion imaging software (Scion Corporation,
Frederick, MD, USA) was used to trace the cross
sectional area of the left ventricular wall and chamber,
as well as the infarct zone (necrosis + granulation
tissue) and necrosis. Measurements from three to four
complete, transverse profiles per heart were averaged.
Septal and free wall thicknesses were also measured
using the average of three radial measures in each of
two sections containing infarct. The investigator was
blinded as to the treatment while obtaining morphometric
measurements. After determining that there was no
significant difference between IgG-Fc-treated hearts and
standard 4 day-infarcted hearts without any injection, we
used 4 day MI hearts for protein and RNA analysis, and this
experimental group is labelled as MI rather than IgG-Fc,
which was the group used for histological and immuno-
histochemical analysis.

Immunostaining

Similarly to the histological analysis, two sections of
infarct, approximately 1 mm apart (apical and closer to
the ligation site) and two sections of base in non-infarcted
regions, also 1 mm apart, were used. Tissue sections
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were deparaffinized in xylene and endogenous peroxidases
quenched with 3% H2O2 in methanol. Slides were rinsed
in PBS and incubated with anti-ephrinA1 (Zymed), CD45
(PharMingen; 1:2000) for leukocytes, Ly6G (PharMingen)
for neutrophils, or CD31 (PharMingen) and anti-BrdU
(Roche) for proliferating endothelial cells. Slides were
incubated with appropriate biotinylated secondary anti-
bodies and then with Avidin Biotin Complex (Vector
Labs PK-6100). The reaction product was visualized with
DAB (Vector, SK-4100), counterstained with methyl green,
dehydrated in xylene, and slides were coverslipped. For
the ephrinA1 staining, a second antibody, anti-ephrinA1
(Santa Cruz) was used to verify consistent staining pattern.
Negative controls were performed in the same manner
but without a primary antibody. For mast cell staining,
slides were sent to Histo-Scientific Research Laboratories
(Mount Jackson, VA, USA) for pinacyanol erthrosinate
staining to identify mast cells (Murray et al. 2004).
Leukocyte, neutrophil and mast cell density was measured
in three fields per section of two sections of infarcted
heart at ×400. Results were expressed as the number
of cells per 0.1 mm2. For proliferating endothelial cells
(BrdU+ + CD31+), numbers are expressed as a percentage
of 1000 endothelial cells (CD31+ only).

Cardiac troponin I (cTnI) measurements

Approximately 50–100 μl of whole blood was collected
from mice pre-surgery and at the time of sacrifice by a sub-
mandibular bleed, stored in lithium–heparin-coated tubes
on a rocker to prevent clotting, and analysed within 30 min
of collection on an i-STAT Handheld Clinical Analyzer
with cTnI cartridges (Abbott Labs). Values are expressed
as nanograms per millilitre.

Protein isolation

Whole left ventricles were snap frozen in liquid nitrogen at
the time of collection, and stored at −80◦C until use. The
whole LV was homogenized in a lysis buffer containing
50 mM Hepes, 10 mM EDTA, 100 mM NaF, 50 mM sodium
pyrophosphate, and 1% each of protease and phosphatase
inhibitors. Protein was quantified using the Bradford
Assay.

Western blotting

Western blotting was performed on a 4–12% gradient
Bis-Tris gel (BioRad) in 1× Mops running buffer. Fifty
micrograms of sample was loaded per well, and the gel
was run for 1 h at 155 V, and transferred for 55 min
(for ephrinA1, B-cell lymphoma 2 (Bcl-2)-associated
athanogene (BAG-1) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)), 1 h 20 min (for nuclear factor
κB (NF-κB)), or 1 h 30 min (for cleaved poly(ADP-ribose)
polymerase (PARP), AKT and pAKT) onto pure
nitrocellulose membranes (BioRad). The membrane
was incubated with one of the following antibodies:
cleaved PARP (89 kDa; Cell Signaling; 1:1000), ephrinA1
(28 kDa; Santa Cruz; 1:100), AKT (Cell Signaling, 1:1000),
phospho-AKT (Cell Signaling; 1:2000), NF-κB p65 (Santa
Cruz, 1:200) and GAPDH (37 kDa; Millipore; 1:100),
followed by appropriate secondary antibodies. EphrinA1
and cleaved PARP were run on the same membrane,
which was cut horizontally at 50 kDa, with the bottom
half of the membrane used for the ephrinA1 blot and the
top half used for the cleaved PARP blot. The ephrinA1
blot was then stripped/reprobed for anti-GAPDH to
confirm equal protein loading. All blots were detected with
Amersham ECL Advance (GE Healthcare) and imaged on

Figure 1. EphrinA1-Fc distribution in the infarcted
myocardium
Anti-human IgG-Fc staining to detect exogenous
ephrinA1-Fc in the myocardium 30 min after injection.
This representative image shows an abundant
concentration of ephrinA1-Fc on the epicardial surface,
as well as transmural expression of the protein. To a
lesser extent, ephrinA1-Fc was also detected 4 h
post-injection, but could not be detected 24 h or 4 days
post-injection. Scale bar, 200 μm.
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a Typhoon Imager. Densitometry was performed using
Image J software and the intensity of each protein was
normalized to GAPDH. In the case of pAKT/AKT, the
amount of phosphorylated AKT protein was normalized
to total AKT.

RNA extraction and real-time RT-PCR

The Trizol method was used for RNA isolation,
followed by the Qiagen RNeasy kit for additional
purification. cDNA was synthesized using a high capacity
cDNA kit. Real-time RT-PCR was conducted on an
Applied Biosystems thermocycler. A reaction mixture
of 10 μl containing 100 ng RNA was amplified using
recommended conditions for TaqMan primers provided
by Applied Biosciences. TaqMan primers and probes
were obtained from Applied Biosciences (ephrinA1:
Mm00438660 m1), EphA1: Mm00445804 m1, EphA2:
Mm00438726 m1, EphA3: Mm00580743 m1, EphA4:
Mm00433056 m1, EphA5: Mm00433074 m1, EphA6:
Mm00433094 m1, EphA7: Mm00833876 m1, GAPDH:
Mm99999915˙g1). In each experiment, fluorescence data
were analysed using the ��Ct method. Gene expression
was normalized to the housekeeping gene GAPDH. ‘No
template controls’ were included in each experiment, and
all samples were run in triplicate.

Statistics

Student’s t tests were used to test statistical significance
between 4 day MI and ephrinA1-Fc-treated MI for
RT-PCR, relative infarct size and necrosis. ANOVAs and
Student–Newman–Keuls post hoc analyses were used to
determine differences between control, 4 day MI and
ephrinA1-Fc-treated MI for cTnI, inflammatory cell
density, chamber area and left ventricular free wall
thickness. The number of hearts analysed for each end-
point and significance levels have been specified for each
experiment in the figure legends. Four animals were
excluded from all experiments: two from each group, based
on suboptimal cTnI and/or overall health of the animals.

Results

EphrinA1-Fc reduces infarct size, necrosis, chamber
dilatation and left ventricular free wall thinning

EphrinA1-Fc or IgG-Fc was injected into the border
zone of the infarct immediately after coronary ligation.
Four days after surgery, tissue was collected and either
fixed for histology and immunohistochemistry, or frozen
for RNA and protein isolation. Overall survival for
this study was 70%, and there was no difference
in survival between experimental groups. Histological

staining and morphometric analyses (Fig. 2) show that
ephrinA1-Fc-treated mice had a 50% reduction in the
size of the infarct (expressed as a percentage of the left
ventricle), 64% less necrotic area, a 35% reduction in
chamber dilatation, and 32% less thinning of the infarcted
left ventricular free wall in comparison to IgG-Fc-treated
mice. Of note, there was no significant difference in
chamber area between uninjured control hearts and those
treated with ephrinA1-Fc at day 4 post-MI.

Cardiac troponin I levels reduced with ephrinA1-Fc
administration

In the present study, serum cTnI levels were measured
prior to surgery and at the time of sacrifice (4 days
post-MI) in the same animals. There was an 89%
increase in cTnI levels following MI in vehicle-treated
hearts. However, cTnI levels in ephrinA1-Fc-treated
hearts were 54% lower than those from vehicle-treated
animals (Fig. 3A). Interestingly, there was no significant
difference between pre-surgery levels and those of
ephrinA1-Fc-treated animals 4 days post-surgery.

EphrinA1-Fc-treated hearts show diminished cleaved
PARP expression and increased BAG-1 expression

In the present study, cleaved PARP, the main target
of caspase-3 and an indicator of increased apoptosis
(Nicholson et al. 1995; Tewari et al. 1995; Oliver et al.
1998), increased by approximately 88% in response to
MI, but diminished with ephrinA1-Fc treatment (Fig. 3B)
below control levels. Although we did not observe a change
in the level of anti-apoptotic Bcl-2 protein expression with
ephrinA1-Fc treatment (data not shown), we did observe a
change in Bcl-2-associated athanogene-1 (BAG-1). BAG-1
is a protein that enhances the anti-apoptotic effects of Bcl-2
and has also been identified as a cardioprotective protein
through interactions with heat shock proteins (Doong
et al. 2002; Townsend et al. 2004). We report here that
ephrinA1-Fc administration upregulated the expression
of the BAG-1 protein by approximately 54% (Fig. 3C).

EphrinA1-Fc treatment reduces inflammatory cell
infiltration to infarcted myocardium

Our results indicate a 57% reduction in neutrophil density
(Fig. 4A) and a 21% reduction in leukocyte density
in ephrinA1-Fc-treated versus IgG-Fc-treated hearts at
4 days post-MI (Fig. 4B), indicating that ephrinA1-Fc
attenuates the inflammatory response. We observed no
statistical differences in the numbers of mast cells between
ephrinA1-Fc and vehicle-treated hearts, with only a few
(1–6 per section of LV) mast cells per heart (data not
shown).
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EphrinA1-Fc treatment does not influence
the angiogenic response to MI

No differences were seen in endothelial cell proliferation
(5.0 ± 1% vs. 6.1 ± 1.3%; n = 3 vehicle, n = 5
ephrinA1-Fc) or capillary density (111 ± 26.4 vs.
111 ± 26.0 vessels per ×40 high power field, n = 4 per
group) between vehicle- and ephrinA1-Fc-treated hearts,
respectively.

EphrinA1 and EphA receptor gene expression
in response to ephrinA1-Fc treatment

EphrinA1 gene expression was quantified using qRT-PCR.
mRNA levels decrease significantly by 35% following
MI, and remain unchanged with ephrinA1-Fc treatment
(Fig. 5). Of the eight receptors, EphA1, A2, A3 and A7 were
all significantly upregulated 4 days after MI (5-fold, 2-fold,
5-fold and 28%, respectively); EphA1 and A2 were further

Figure 2. EphrinA1-Fc administration reduces infarct size, chamber dilatation, necrosis, and thinning of
the left ventricular free wall
Representative histological images shown are of IgG-Fc-treated (A) and ephrinA1-Fc-treated (B) hearts 4 days
post-MI. There was a 50% reduction in infarct size (C), 64% less necrosis (D), 35% less chamber dilatation (E), and
32% less thinning of the left ventricular free wall (F) in ephrinA1-Fc-treated hearts compared to IgG-Fc-treated
hearts. n = 7 control, n = 9 IgG-Fc, n = 9 ephrinA1-Fc. P < 0.05: †different from control; ∗different from IgG-Fc.
LV, left ventricle; RV, right ventricle; N, necrosis; G, granulation tissue.
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Figure 3. Intramyocardial ephrinA1-Fc administration reduces tissue injury
Administration of ephrinA1-Fc resulted in a 54% reduction in cTnI serum levels 4 days after MI (A), (n = 8 control,
n = 13 vehicle, n = 11 ephrinA1-Fc). Cleaved PARP expression was reduced with ephrinA1-Fc administration (B).
BAG-1 protein (C) increased with ephrinA1-Fc administration by 36% when normalized to GAPDH. P < 0.05:
†different from control, ∗different from MI.

Figure 4. EphrinA1-Fc reduces inflammatory cell infiltration
EphrinA1-Fc administration significantly reduced infiltration of neutrophils (A) and leukocytes (B) at 4 days. n = 3
control, n = 9 IgG-Fc, n = 9 ephrinA1-Fc. P < 0.05: †different from control, ∗different from MI. Representative
images of Ly6G+ neutrophil infiltration (top panels) and CD45+ pan-leukocyte infiltration (bottom panels) are
shown in control (left), vehicle-treated (middle) and ephrinA1-Fc-treated (right) hearts. Scale bar in A (Control)
represents 50 μm.
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upregulated with ephrinA1-Fc treatment (10-fold and
3-fold, respectively, from control). Despite not changing
in response to MI, EphA4 was significantly upregulated
2-fold with ephrinA1-Fc treatment. EphA6 was detected
in control hearts, but significantly decreased in response to
MI, and expression in the ephrinA1-Fc-treated group was
unchanged relative to the untreated MI group (Fig. 5).
Ligands ephrinA2–A5 and ephrinB3 (the only B ligand
known to bind to an EphA receptor, specifically, EphA4)
were also detected in the heart, but their expression did not
change in response to MI or ephrinA1-Fc administration
(data not shown).

Endogenous ephrinA1 tissue expression pattern
post-MI and in response to ephrinA1-Fc treatment

In uninjured control hearts, endogenous ephrinA1 protein
expression appeared to be expressed at a low, basal
level on cardiac myocytes throughout the myocardium
(Fig. 6A and D). Four days after MI, ephrinA1 protein
expression was expressed in cardiomyocytes throughout
the uninjured regions of the hearts and was also localized
to the spared cardiac myocytes on both the epicardial

and endocardial surfaces of the myocardium, at the
border zones of the infarct (Fig. 6B and E). In the
ephrinA1-Fc-treated hearts at 4 days post-MI, endo-
genous ephrinA1 protein expression appeared to be
localized not only to the cardiomyocytes, but also to
infiltrating granulation tissue cells throughout the infarct
zone (Fig. 6C and F).

EphrinA1 protein expression post-MI and in response
to ephrinA1-Fc treatment

Western blotting was used to quantify endogenous
ephrinA1 expression. Since anti-IgG-Fc immunostaining
(Fig. 1) shows that expression of the chimeric protein
was greatly reduced by 4 h post-injection, and completely
abolished by 24 h, ephrinA1 protein expression detected
at 4 days is only the endogenous protein. In addition, the
molecular mass for the chimera is 42 kDa (not observed),
vs. 28 kDa for the native protein. Endogenous ephrinA1
protein expression decreased 50% with MI, but was
only diminished by approximately 36% with ephrinA1-Fc
treatment (Fig. 6G).

Figure 5. Altered gene expression of ephrinA1 and EphA receptors in response to MI and
MI + ephrinA1-Fc
Following MI, ephrinA1 gene expression was significantly reduced (grey bars), and remained relatively unchanged in
response to ephrinA1-Fc administration (black bars). Receptors A1, A2, A3 and A7 were significantly upregulated
in response to MI, by 5-fold, 2-fold, 5-fold and 28%, respectively, while EphA4 remained unchanged. EphA6
was detected in control hearts but dropped significantly following MI, and expression was not recovered
with ephrinA1-Fc administration. In response to ephrinA1-Fc administration, receptors A1 and A2 were further
upregulated, by approximately 2-fold each, and A4 was also upregulated by almost 2-fold. Values were calculated
using the Ct method, normalized to GAPDH, and presented here as fold changes relative to uninjured control
(white bars). n = 8 control, n = 8 MI, n = 8 ephrinA1-Fc. P < 0.05: †different from control, ∗different from MI.

C© 2011 The Authors. Journal compilation C© 2011 The Physiological Society



J Physiol 589.7 Intramyocardial ephrinA1-Fc reduces myocardial infarct injury 1733

EphrinA1-Fc administration increases pAKT/total
AKT ratio

Total and phosphorylated AKT protein was measured
using Western blotting. While total AKT remained
unchanged in the three groups (Control, 4 day MI,
and ephrinA1-Fc treated), phosphorylated AKT levels
increased with ephrinA1-Fc treatment following MI
(Fig. 7A). The pAKT/AKT ratio was significantly higher in
the MI group compared to control, and further increased
in ephrinA1-Fc-treated hearts compared to both control
and MI.

NF-κB p65 protein reduced with ephrinA1-Fc
administration

Protein levels of nuclear factor κ light-chain enhancer
of activated B cells (NF-κB) were measured with

Western blotting, and a trend for reduced expression
of this immune-modulatory protein with ephrinA1-Fc
administration was observed (Fig. 7B).

Discussion

We report here that ephrinA1, and several of its receptors,
are expressed in the adult myocardium, and their
expression profile is altered in response to ischaemia
in the non reperfused myocardium. In addition, we
have identified a novel and protective role for intra-
myocardial administration of ephrinA1-Fc at the time
of MI, leading to reduced infarct size, necrosis, chamber
dilatation, and wall thinning, as well as less inflammatory
cell infiltration. A significant decrease in cardiac troponin I
levels, coupled with reduced cleaved PARP and increased

Figure 6. EphrinA1 protein distribution in the myocardium
Representative immunostaining for ephrinA1 protein showed a low basal expression of ephrinA1 in cardiomyocytes
of control hearts (A and D), intense staining in endo- and epicardial myocytes following 4 days non reperfused
MI (B and E), and more intense staining in myocytes as well as numerous granulation tissue cells in the infarct
zone following ephrinA1-Fc treatment at 4 days post-MI (C and F). EphrinA1 total protein expression (G) was
reduced by 50% in response to MI, but only reduced 36% in response to ephrinA1-Fc administration (normalized
to GAPDH). Scale bars: 100 μm in A, 20 μm in D.
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BAG-1 protein expression, indicates less overall cell death.
This is further supported by the fact that ephrinA1-Fc
administration leads to increased phosphorylated AKT
protein, a known modulator of myocyte survival (Matsui
et al. 2003; Latronico et al. 2004; Matsui & Rosenzweig,
2005; Hausenloy & Yellon, 2006; Miyamoto et al. 2009).
In addition, we observed reduced levels of NF-κB with
administration of ephrinA1-Fc. This protein is a down-
stream target of AKT and is involved in mediating the
inflammatory response (Frangogiannis, 2008).

The heart lacks significant regenerative capacity to
overcome myocardial injury. Therefore, there has been
much investigation into a number of cell-, gene- and
protein-based therapeutic strategies aimed at augmenting
the cardiac regenerative potential and promoting tissue
salvage (Urbich et al. 2006; Laflamme et al. 2007; Dorn
& Diwan, 2008; van Rooij et al. 2008; Abbate et al. 2009;
Bartunek et al. 2010; Hwang & Kloner, 2010). To effectively
reduce injury and limit the progression of remodelling and
dysfunction, it is necessary to reduce inflammation and
cell death, and promote revascularization. Optimization of
the mode of delivery, timing and bioavailability of proteins
and growth factors has been an attractive target for infarct
salvage and regeneration. In 2002, Edelberg et al. reported
that pre-treatment of an infarcted, non reperfused rat
heart with platelet-derived growth factor-AB resulted in
a ∼50% reduction in infarct size. However, treatment at

the time of coronary occlusion did not alter infarct size
(Edelberg et al. 2002). There has also been interest in
using the thymosin β4 peptide for myocardial salvage.
A 2004 report by Bock-Marquette et al. concluded that
thymosin β4 was crucial for myocyte survival, migration
and repair (Bock-Marquette et al. 2004). In that study,
intramyocardial (400 ng in 10 μl collagen) and intra-
peritoneal (150 μg in 300 μl PBS) delivery of the thymosin
β4 peptide immediately after permanent coronary ligation
in mice reduced infarct volume by 50% and improved
contractile performance. The authors identified AKT
activation as a potential mechanism of Tβ4-mediated
protection. More work is needed to identify the factor(s)
and their mechanisms of action that will promote optimal
therapeutic efficacy (Segers & Lee, 2010).

The literature is currently limited in the number of
reports involving ephrin and/or Eph expression and
signalling in the adult heart. In 2008, Mansson-Broberg
and colleagues demonstrated a protective role for
ephrinB2/EphB4 signalling in the repair process after
MI (Mansson-Broberg et al. 2008). An intraperitoneal
injection of 100 μg ephrinB2-Fc 1 week after ligation
of the left anterior descending coronary artery in mice
resulted in increased capillary density. This study suggests
a role for Eph/ephrin signalling in the infarcted heart
and its effect on capillary density, but did not investigate
how these interactions influence infarct size or cell

Figure 7. EphrinA1-Fc increases pAKT/AKT
A, representative blot of phosphorylated and total AKT, with the average densitometric analysis of three repeated
blots. n = 3 control, n = 3 MI, n = 3 ephrinA1-Fc. P < 0.05: †different from control, ∗different from MI. B,
representative blot of NF-κB p65 protein expression, normalized to GAPDH. n = 3 control, n = 3 MI, n = 3
ephrinA1-Fc.
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behaviour, including that of cardiac myocytes, infiltrating
inflammatory cells and fibroblasts. Additionally, the
authors reported that ephrinB2-Fc treatment of cultured
human aortic endothelial cells induced proliferation
and that ephrinB2-Fc also induced increased sprouting
in murine aortic ring studies, demonstrating a
pro-angiogenic role for the EphB4/ephrinB2 signalling
cascade (Mansson-Broberg et al. 2008). More recently,
it has been proposed that downregulation of angiogenic
factors in early injury impairs performance and this can
be remediated by administration of an angiogen (Siddiqui
et al. 2010). In accordance with this notion, the results
of our study demonstrate decreased protein expression
of the angiogenic factor ephrinA1 from control levels to
4 day post-MI levels, yet implicate a non-angiogenic role
for exogenous chimeric ephrinA1-Fc-induced signalling
in the context of acute MI that has not been
previously reported. Administration of this chimera
‘rescued’ the loss of ephrinA1 protein expression observed
at 4 days. Further, Mansson-Broberg and colleagues
reported that Eph receptors A1–A4, A6, B1 and B4, as well
as ephrin ligands A1, A2, A5, B2 and B3 were expressed in
adult hearts. We have also detected the EphA receptors
mentioned above, in addition to the EphA7 receptor.
The EphA6 and EphA7 receptors have been implicated in
angiogenesis, both are expressed on vascular endothelium
(Shaut et al. 2007) and EphA7 is also expressed on mural
cells (Stadler et al. 2001), making it an attractive target to
modulate vessel integrity via cell adhesion. Pathologically,
increased expression of EphA7 correlates with increased
severity of disease outcome in glioblastoma patients (Wang
et al. 2008). Although we did not observe an angiogenic
effect in the present study, long-term studies are under-
way to examine later time points, since involvement of
these receptors could potentially mediate vessel persistence
and/or revascularization of the infarcted heart.

As in other RTKs, activation of Eph receptors by
their ephrin ligands results in autophosphorylation
of the receptors, and endocytic internalization and
degradation of the ligand–receptor complex (Pasquale,
2010), which would result in reduced protein expression.
In our study, we identified increased mRNA expression
of several receptors (A1, A2 and A4) following
ephrinA1-Fc administration. This is probably due to
a compensatory increase in mRNA following inter-
nalization and degradation of the receptors. Of particular
interest was the significant upregulation of EphA4 receptor
expression following ephrinA1-Fc administration, since
expression of this receptor was unaffected by MI alone.
EphA4 and EphA1 are both expressed on T cells. EphrinA1
stimulation of EphA4-expressing T cells resulted in cell
migration (Aasheim et al. 2005; Holen et al. 2010),
so it is possible that activation of this receptor in
our model muted the inflammatory response, reducing
necrotic debris and tissue damage, with an overall reduced

inflammatory cell population at 4 days post-MI. This
is further supported by a recent report showing that a
small subset of T cells, which express the angiotensin
AT2R, are non-cytotoxic compared to other T cells, and
their transplantation into the ischaemic myocardium
increased expression of the protective cytokine IL-10,
thus reducing injury (Curato et al. 2010). EphA4 is also
involved in apoptosis. Furne and colleagues reported that
removal of the ephrinB3 ligand from EphA4 resulted in
caspase-dependent cell death (Furne et al. 2009). We did
not see changes in ephrinB3 mRNA expression, but it
is plausible that ephrinA1-Fc stimulation of EphA4 in
our model reduced, or inhibited, apoptotic cell death.
A 2006 study by Muñoz and colleagues showed that
EphA4-deficient mice had increased numbers of apoptotic
cells, again suggesting a role for EphA4 forward signalling
in the inhibition of cellular apoptosis (Muñoz et al. 2006).
More studies are needed to determine the cell-specific
expression of EphA4 and its level of activation in response
to ephrinA1-Fc.

There is evidence that ephrinA reverse signalling results
in AKT phosphorylation and inhibition of apoptosis
(Holen et al. 2008). Since ephrinA1-Fc administration
increased the endogenous protein expression of ephrinA1
in the myocardium (Fig. 6), this may also play a role in
the observed protection. The EphA1 and EphA2 receptors
have mainly been characterized in the setting of tumour
angiogenesis (Wykosky et al. 2005; Wykosky & Debinski,
2008; Giaginis et al. 2010; Chen et al. 2010). Further
investigation into the mechanism of salvage afforded by
forward signalling by each receptor and reverse signalling
by the ligand in addition to the role that activation of these
pathways may play in promoting vessel stability and/or
angiogenesis in the infarcted heart will be determined in
future investigations by in vitro studies and examination
of later time points.

In the early stages following myocardial infarction,
cardiomyocytes are lost through regulated cell death,
or apoptosis, as well as unregulated death or necrosis.
Protein expression of cleaved PARP, a marker of cellular
apoptosis, was substantially reduced with ephrinA1-Fc
administration, as shown in Fig. 3. Self digestion, or auto-
phagy, can also occur in cardiomyocytes during MI, and
may be involved in survival mechanisms, as well as cell
death (Whelan et al. 2010). Autophagy is activated in
hibernating myocardium, an adaptive feature of cardio-
myocytes to survive limited flow and depleted oxygen
supply (Slezak et al. 2009). In addition to enhancing the
anti-apoptotic effects of the Bcl-2 protein (Reed et al.
1996; Tang, 2002), it has been previously reported that
the BAG-1 protein can induce autophagy in a rat model
of ischaemia–reperfusion by linking heat shock proteins
Hsc70/Hsp70 with the proteasome (Gurusamy et al. 2009),
leading to cardioprotection. In accordance with these
findings, in this study, we observed increased BAG-1
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expression coupled with the significant reduction in
myocardial injury following ephrinA1-Fc administration.
Although we did not observe a change in Bcl-2 protein
expression, we hypothesize that BAG-1 expression is
leading to increased cellular survival through myocyte
autophagy and studies in our laboratory are currently
underway to specifically explore the cellular mechanism
by which increased BAG-1 expression affords protection
in ephrinA1-Fc-treated hearts (Terman & Brunk, 2005).

Cardiac troponin I (cTnI) is a highly sensitive, specific
and reliable serum biomarker for cardiac injury in the
clinical setting (Chapelle, 1999; Nageh et al. 2003; Oyama
& Sisson, 2004), and there is a proportional relationship
of the extent of myocardial injury with the measured
level of cTnI (Bodor et al. 1995; Braunwald et al. 2002;
Jaffe, 2005). In our study, cTnI levels were reduced
by approximately 55% (P < 0.05) with ephrinA1-Fc
administration. Combined with the reduced cleaved PARP
and increased BAG-1 protein expression, these data
suggest reduced cardiomyocyte injury as the mechanism
for the observed salvage.

Moreover, our data demonstrate that ephrinA1-Fc
administration post-infarction leads to phosphorylation
of AKT, a protein involved in cellular survival. Our
findings are in agreement with similar studies, including
a recent paper which showed that administration of nerve
growth factor induced neovascularization and improved
cardiac function in a permanent coronary occlusion
model, which was coincident with a significant increase
in phosphorylated AKT 3 days post-MI (Meloni et al
2010). In another study by the same group, inhibition
of PI3K signalling led to reduced pAKT/AKT, increased
cardiomyocyte apoptosis in vitro and reduced infarct size
in mice 14 days following permanent coronary occlusion
(Siragusa et al. 2010). Treating swine for 7 days with sub-
cutaneous injections of granulocyte colony-stimulating
factor (G-CSF) beginning 24 h after MI led to reduced
infarct size, increased VEGF expression, and increased
pAKT/AKT (Iwanaga et al. 2004). Clearly, AKT activation
is involved in cellular survival and favours cardiac salvage.
While several other groups have identified AKT activation
as a survival mechanism in the setting of non reperfused
MI (Patten & Karas, 2006; Haider et al. 2008; Shujia et al.
2008), the downstream targets for AKT in this setting are
not fully understood. It has been proposed that three main
methods of AKT cardioprotection involve anti-apoptotic
factors, promotion of cell growth, and promotion of
survival and improved function of dysfunctional cardio-
myocytes (Matsui & Rosenzweig, 2005). Studies are
currently underway to investigate this signalling process.

NF-κB is a downstream target of AKT, and we
also observed reduced expression of this protein with
ephrinA1-Fc administration. Additionally, it has been
reported that PARP-1 may serve as a coactivator of NF-κB

(Hassa & Hottiger, 2002), which is in agreement with
our observation that ephrinA1-Fc administration reduces
cleaved PARP expression. Increased expression has been
associated with increased cardiac fibrosis and apoptosis
(Feuerstein, 1999; Hamid et al. 2011). In heart failure,
NF-κB is activated in cardiac myocytes, and its expression
was further increased with an angiotensin-converting
enzyme inhibitor (ACE) inhibitor (Frantz et al. 2003).
Thus, downregulation of this protein in our model appears
to be associated with cardioprotection.

In summary, our data provide the first evidence
that intramyocardial administration of recombinant
ephrinA1-Fc promotes myocardial tissue salvage.
Modulating ephrinA1/EphA signalling may play a
significant role in governing the repair process following
myocardial infarction, and so exogenous ephrinA1-Fc may
prove to be an attractive therapeutic target. Although
reperfusion has been the clinical standard for post-MI
therapy, approximately 25% of these patients still have an
infarct size greater than 75% of the ischaemic zone, which
is associated with an even greater incidence of mortality
and poor outcome (Miura & Miki, 2008). In addition,
reperfusion should be initiated within 2 h of the onset of
MI for the greatest success in salvaging ischaemic tissue
(Milavetz et al. 1998). Thus, reperfusion after MI may not
always be feasible, so investigating the time-dependency of
ephrinA1-Fc administration may provide new insight into
a promising treatment option. Our laboratory is currently
working to elucidate the mechanism for the considerable
degree of salvage observed by examining the effects of
ephrinA1-Fc on cell-specific receptor expression patterns,
signalling cascades activated, and isolated cell behaviour
and metabolism. Additionally, we are examining the
long-term impact that ephrinA1-Fc administration has on
remodelling and cardiac function, as well as the timing,
frequency and route of administration required to elicit
protection.
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