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Objective: Ischemic heart disease accounts for over 20% of all deaths world-
wide. As the global population faces a rising burden of chronic diseases, such
as hypertension, hyperlipidemia, and diabetes, the prevalence of heart failure
due to ischemic heart disease is estimated to increase. We sought to develop a
model that may more accurately identify therapeutic targets to mitigate the
development of heart failure following myocardial infarction (MI).
Approach: Having utilized fetal large mammalian models of scarless wound
healing, we proposed a fetal ovine model of myocardial regeneration after MI.
Results: Use of this model has identified critical pathways in the mammalian
response to MI, which are differentially activated in the regenerative, fetal
mammalian response to MI when compared to the reparative, scar-forming,
adult mammalian response to MI.
Innovation: While the foundation of myocardial regeneration research has
been built on zebrafish and rodent models, effective therapies derived from
these disease models have been lacking; therefore, we sought to develop a
more representative ovine model of myocardial regeneration after MI to im-
prove the identification of therapeutic targets designed to mitigate the devel-
opment of heart failure following MI.
Conclusions: To develop therapies aimed at mitigating this rising burden of
disease, it is critical that the animal models we utilize closely reflect the
physiology and pathology we observe in human disease. We encourage use
of this ovine large mammalian model to facilitate identification of therapies
designed to mitigate the growing burden of heart failure.

Keywords: heart failure, myocardial regeneration, animal models, cardiac
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INTRODUCTION

An aging global population and
the rising burden of chronic diseases
are key to the epidemiologic and
demographic transitions observed
worldwide.1 The growing incidence
of risk factors for cardiovascular
disease, including obesity, diabetes,
and hypercholesterolemia, accom-
panies a growing burden of ischemic
heart disease and heart failure.1,2

Ischemic heart disease is a leading
cause of death, and accounts for over
$320 billion per year in direct and
indirect costs.3,4 While the incidence
of acute myocardial infarction (MI)
has decreased, heart failure preva-
lence increased from 1990 to 2010,
with 25% of patients developing
heart failure following an MI.4,5 Ac-
cess to reperfusion therapy during
an MI and evidence-based medical

Maggie M. Hodges, MD, MPH

Submitted for publication November 25,

2018. Accepted in revised form May 14, 2020.

*Correspondence: The Laboratory for Fetal

and Regenerative Biology, Department of Sur-

gery, University of Colorado Anschutz Medical

Campus, Children’s Hospital Colorado, 12631 E.

17th Avenue, C302, Aurora, CO 80045, USA

(e-mail: maggie.hodges@cuanschutz.edu).

174 j ADVANCES IN WOUND CARE, VOLUME 10, NUMBER 4
Copyright ª 2021 by Mary Ann Liebert, Inc. DOI: 10.1089/wound.2018.0894



management of patients with heart failure have
improved over the last 50 years; however, follow-
ing a heart failure diagnosis, the 5-year mortality
remains 54%, highlighting the striking need to
develop effective therapies that prevent the devel-
opment of heart failure following MI.6

Following MI, the infarcted myocardium begins
the progression through the inflammatory phase
of wound healing, which is characterized by pro-
duction of reactive oxygen species and cytokines
that stimulate the synthesis of matrix metallo-
proteinases (MMPs), degradation of the extracel-
lular matrix (ECM) scaffold, and migration
of inflammatory cells into the infarct.6 During
the proliferative phase, inflammatory pathways
are downregulated, and cardiomyocytes and
epicardial-derived fibroblasts are recruited to the
infarct area (IA).6–8 During the maturation phase,
the ECM is remodeled by cross-linking, producing
a stiff, collagen-rich scar populated by mature,
differentiated fibroblasts.8,9

In an effort to understand how to mitigate the
progression from MI to the stiffened, fibrotic myo-
cardium found in heart failure, many researchers
have turned their attention to understanding how
various animal species, such as salamanders and
zebrafish, regenerate limbs and tissues following
injury. The most widely used models, as well as
some of the physiologic characteristics of the
studied species are summarized in Table 1. One
of the earliest species studied was the zebrafish
(Danio rerio), which have been noted throughout
their lifespan to fully regenerate functional myo-
cardium following apical amputation.10 In this
apical amputation model, zebrafish are noted
to regenerate functional myocardium after the
fibroblast-rich scar is repopulated by cardiomyo-

cytes thought to be derived from either epicardial
progenitor cells or dedifferentiation and prolifera-
tion of resident cardiomyocytes.11,12 However, not
only is the amputation model not truly represen-
tative of an ischemic event, but also the regenera-
tive capacity of the zebrafish heart is thought to be
strongly influenced by the relatively low-pressure
system of the two-chamber zebrafish heart, as well
as the lifelong presence of mononucleated cardio-
myocytes that possess continued proliferative
potential.13 In contrast, the four-chambered adult
mammalian hearts are required to generate much
higher pressures to maintain forward flow, and
adult mammalian cardiomyocytes are binucleated,
and therefore lack significant proliferative capac-
ity.13 These key differences minimize the utility of
the zebrafish as a model to study myocardial re-
generation after MI with the goal of identifying
therapeutic targets to improve outcomes following
MI in adult humans.

Discovery of the regenerative potential of early
neonatal mice and rats has led to the frequent
utilization of rodent models of myocardial regen-
eration after MI, in which neonatal mice or rats
undergo a more representative ligation of the left
anterior descending coronary artery, in compari-
son with the apical amputation model of zebra-
fish.14 Unlike the zebrafish model, these neonatal
rodent models facilitate evaluation of myocardial
regeneration in a four-chambered heart model and
have been widely used due to the ease of manage-
ment of rodent colonies as well as the availability of
numerous genetic models that facilitate a deeper
understanding of the mechanisms of myocardial
regeneration. However, similar to the zebrafish,
the cardiomyocytes of neonatal rats and mice are
largely mononucleated, thereby retaining their

Table 1. Animal species modeling myocardial regeneration after myocardial infarction

Species HR (bpm) Blood pressure (SBP/DBP, mmHg) aMHC% Cardiomyocytes (% mononucleate in adulthood)

Zebrafish
Danio rerio

73–152 1.51–2.16
0

12–53% 95.6%

Mouse
Mus muscularis

300–800 110–160
80–110

>94–100% <8.5%

Rat
Rattus norvegicus domesticus

250–500 80–180
55–140

>94–100% 10–14%

Sheep
Ovis aries

60–120 90–120
100

0–13% 8%

Human
Homo sapiens

60–120 90–140
60–80

5–10% 40–75%

The most widely utilized models of myocardial regeneration after MI are described above, with normal ranges for adult humans included for comparison.
Myocardial response to MI has the potential to be strongly influenced by pressure and volume dynamics; therefore, the low-pressure systems of the zebrafish
may not be ideal for predicting human physiology.15,39,40 Similarly, the percent of alpha-myosin heavy chain (aMHC) indicates the proportion of fast-twitch
versus slow-twitch muscle fibers that are present in ventricular myocardium.15,41 Furthermore, the presence of mononucleated cardiomyocytes conveys an
inherent regenerative potential that may not be maintained in adult humans; therefore, it is important to consider which species best models human
pathophysiology when choosing a model.15,42,43
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proliferative potential.15 Furthermore, the size and
function of rodent hearts mean the contractile
function and myocardial structure of rodent hearts
are quite different from that of human hearts, with
rodent hearts primarily expressing fast a myosin
heavy chain (MHC) (compared to slow b MHC
found in human hearts) and only 82% of murine
proteases having human orthologs on genome
analysis.13,16,17 These functional and genomic
differences also suggest that rodent models of
myocardial regeneration after MI may provide
limited identification of therapies successful at
mitigating the development of heart failure in
adult humans.

The limitations of the zebrafish, mouse, and rat
models discussed above call into question their
utility in developing therapies directed at suc-
cessfully mitigating the burden of ischemic heart
disease in humans. Sheep hearts are known to be
similar to human hearts with regard to contractile
function, myocardial structure, and both the pres-
ence and proportion of binucleate cardiomyocytes
throughout the animals’ lifespan.13,15,16 Due to
these similarities between the human heart and
the sheep heart, we were the first to develop a
large mammalian model of myocardial regen-
eration after MI using fetal sheep.18 While this
model still utilizes the regenerative capacity of
the fetus, comparison between the response of

the fetal sheep and the adult sheep allows iden-
tification of pathways that promote regeneration
of functional myocardium in fetal mammals,
which may, in turn, promote regeneration of func-
tional myocardium if targeted in adult mammals
following MI.

CLINICAL PROBLEM ADDRESSED

Similar to the physiologic response to dermal
injury, the heart progresses through inflamma-
tory, proliferative, and remodeling phases follow-
ing an MI (Fig. 1). The result of this reparative
wound healing response is a fibroblast-rich, poorly
contractile, fibrotic scar, leading to impaired ven-
tricular function that is a defining feature of
heart failure. Numerous animal models exist to
study the physiologic response to MI. However, few
models exist to study the phenomenon of myocar-
dial regeneration after MI.10,14 Effective therapies
derived from the few, widely used models of myo-
cardial regeneration after MI have been lacking.
The source of these translational difficulties may
be found in the physiologic differences between
large mammals, such as humans, and the study
species most commonly utilized—zebrafish and
rodents. We now describe a large mammalian
model of myocardial regeneration after MI that
may enable discovery and testing of therapies

Figure 1. Myocardial response to MI Following myocardial infarction, the heart progresses through overlapping phases of inflammation, proliferation, and
remodeling, similar to the response observed in dermal wounds. Cardiomyocyte-derived inflammatory mediators lead to increased production of ROS, release
of proinflammatory cytokines, and complement activation. Endothelial activation stimulates additional cytokine and ROS production, as well as infiltration of
neutrophils, lymphocytes, mast cells, and macrophages into the IA. MMP production leads to ECM breakdown, with collagen and fibronectin fragments
contributing to the continued inflammatory response. During the proliferative phase, the MI, proinflammatory macrophages are thought to transition to a more
reparative M2 phenotype, with secretion of anti-inflammatory and profibrotic growth factors decreasing the fibrotic response. Secretion of potent chemokines,
such as SDF1a, recruits the migration of CPCs to the IA. Infiltration of dendritic cells that secrete the anti-inflammatory cytokine IL-10 contributes to this M2
macrophage transition. Secretion of profibrotic growth factors such as TGFB1, as well as activation of the renin-angiotensin-aldosterone pathway lead to
recruitment of fibroblasts to the infarct area and subsequent activation of fibroblasts to the highly contractile, profibrotic myofibroblast phenotype. The
remodeling phase is characterized by continued ECM deposition and crosslinking, with downregulation of TGFB1 signaling, and decreased cellular infiltration
as the increased ECM crosslinking inhibits cellular migration. CPC, cardiac progenitor cell; ECM, extracellular matrix; ROS, reactive oxygen species; MMP,
matrix metalloproteinase; SDF1a, stromal-derived factor 1 a; TGFB-1, transforming growth factor beta-1; IL-10, interleukin-10; IA, infarct area.
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directed at mitigating the development of heart
failure following MI.

MATERIALS AND METHODS
Myocardial regeneration after myocardial
infarction in fetal sheep

All experiments are approved by The University
of Colorado Denver IACUC and performed in
compliance with the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85–23,
revised 1996) and the European Convention on
Animal Care.

In this model, we utilize fetal Dorset sheep
between 65 and 75 days of gestation. We recom-
mend close communication with the sheep breeders
during experimental planning, as ewes impreg-
nated during summer months have a high rate
of twinning, providing an excellent source of an
internal control.

Before surgery, the pregnant ewes are housed
socially, provided food and water ad libitum, and
kept on a standard 12-h diurnal cycle. For 8–12 h
before laparotomy, the pregnant ewes are restric-
ted in their PO intake to water alone. Immediately
before surgery, the pregnant ewes are placed into
holding carts and given an intramuscular (IM) in-
jection of Banamine at 1.1 mg/kg for preoperative
pain management. The sheep are then sedated
with 11 mg/kg of ketamine and 0.2 mg/kg of diaze-
pam through an intravenous catheter placed in
the jugular vein. After sedation, the sheep are

then moved to an operating table, where they are
endotracheally intubated and anesthetized with
5% isoflurane. Once anesthetized, Cefazolin 1g IV
is administered for antibiotic prophylaxis before
incision. The sheep are secured in a supine posi-
tion, using leg straps, and given 600,000 U (2 mls)
of penicillin G IM as perioperative prophylaxis.
The sheep are mechanically ventilated and moni-
tored throughout the surgery with a pulse oximeter
secured to either the ear or nose.

The abdomen of the pregnant ewe is shaved and
cleansed with a 70% ethanol solution followed by
two coats of Betadine. The field is sterilely draped,
and a lower midline laparotomy is performed to
expose the gravid uterus. Ultrasound and palpa-
tion are used to identify the locations of the fetuses
within the uterus. When the fetuses have been
identified, a baseline echocardiogram of each fetus
is obtained (see further details below). A hysterot-
omy is performed through which the upper torso of
the fetus is partially delivered. A left anterolateral
thoracotomy is performed using a 3 cm skin inci-
sion over the left 4th–5th intercostal space. The
subcutaneous tissues and muscles are divided with
electrocautery to insure hemostasis. The heart
is best visualized with the use of a miniature
Finochietto rib retractor. The pericardium is
opened and the heart is externalized. Polypro-
pylene sutures, between 5–0 and 8–0 in size, are
used to ligate the distal left anterior descending
coronary artery (and any necessary diagonal
vessels), to generate a 20–25% apical MI (Fig. 2).

Figure 2. Ovine model of myocardial regeneration after MI The fetal sheep undergoes left anterolateral thoracotomy (A). A miniature Finochietto rib retractor
is used to best expose the left ventricle. The LAD is created by ligating the LAD and D2 at a point 40% of the distance between the apex and the base (as
shown in B), as well as any necessary diagonals, to induce a 20–25% apical infarct. LAD, left anterior descending artery.
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Experimental therapies can be administered
through direct myocardial administration using
a Hamilton syringe (maximum recommended
volume 50 lL), or through systemic administra-
tion by injection into the umbilical vein (maxi-
mum recommended volume 3 mL). Hemostasis is
verified and the thoracotomy defect and skin in-
cisions are closed in layers with running 3–0 Vi-
cryl sutures.

The fetus is then returned to the uterine cavity
and any amniotic fluid lost during the procedure
is replaced using warmed Lactated Ringer’s (LR).
In addition to LR, the amniotic fluid is treated with
500 mg of ampicillin as prophylaxis against chor-
ioamnionitis. The hysterotomy is closed with two
layers of locking 3–0 Vicryl suture, incorporating
the amniotic membrane when possible. The fascia
of the abdominal wall is closed with running #1
prolene, the deep subcutaneous tissues are re-
approximated using interrupted 3–0 Vicryl, and
the maternal skin incision is closed with running
4–0 monocryl suture. The pregnant ewe is closely
monitored postoperatively until she is freely tak-
ing food and water. At this time, she can be re-
turned to social housing, where she will receive
2.2 mg/kg of Banamine through IM injection 24
and 48 h after the surgery for postoperative
analgesia.

Before euthanasia, the pregnant ewe is again
sedated, endotracheally intubated, and mechani-
cally ventilated, with anesthesia maintained using
isoflurane. The prior laparotomy and hysterotomy
incisions are reopened and the fetuses are identi-
fied by palpation and ultrasound. Quantitative
echocardiography is performed, to quantify both
infarct length and ejection fraction (EF, %) follow-
ing MI. The pregnant ewes are then euthanized
through IV administration of sodium pentobarbital
(1 mL/10 lbs body weight). Once euthanized, the
hysterotomy is reopened, the fetus is externalized,
and euthanasia of the fetus is ensured by injection
of 1 mL of sodium pentobarbital into the umbilical
vein. When cardiac activity has ceased, the fetal
hearts are collected and processed.

MI in adult sheep
Immediately before surgery, the adult sheep are

placed into holding carts and given an IM injection
of Banamine at 1.1 mg/kg for preoperative pain
management. The sheep are then sedated with
11 mg/kg of ketamine and 0.2 mg/kg of diazepam
through an intravenous catheter placed in the
jugular vein. After sedation, the sheep are then
moved to an operating table, where they are en-
dotracheally intubated and anesthetized with 5%

isoflurane. Once anesthetized, cefazolin 1g IV
is administered before incision and for antibi-
otic prophylaxis. The sheep are secured supine,
with a slight bump under the left chest, to pro-
vide a slight right lateral decubitus position. The
sheep are mechanically ventilated and monitored
throughout the surgery with a pulse oximeter se-
cured to either the ear or nose. Two-dimensional
transthoracic echocardiography was performed to
determine the preoperative ejection fracture (EF)
of individual sheep. The left chest wall is then
shaved and cleansed with a 70% ethanol solution
followed by two coats of Betadine. A left ante-
rolateral thoracotomy is performed along the left,
3rd intercostal space, and a self-retaining, Fi-
nochietto retractor is used to open the surgical field
and reveal the left anterior descending artery
(LAD). Polypropylene sutures, between 3–0 and
8–0 in size, are used to ligate the distal left ante-
rior descending coronary artery (and any neces-
sary diagonal vessels), to generate a 20–25% apical
MI. Successful ligation is indicated by pallor of
the left ventricular myocardium after ligation of
the LAD. Similar to the fetal model, experimental
therapies can be administered through direct
myocardial administration using a Hamilton sy-
ringe or through systemic administration by in-
jection into the internal jugular vein. Hemostasis
is verified and the thoracotomy defect and skin
incisions are closed in layers with running 0 Vicryl
sutures.

The sheep are closely monitored postoperatively
until they are freely taking food and water. At this
time, the sheep can be returned to social housing,
where they will receive 2.2 mg/kg of Banamine
through IM injection 24 and 48 h after the surgery
for postoperative analgesia.

Before euthanasia, the sheep is again sedated,
endotracheally intubated, and mechanically ven-
tilated, with anesthesia maintained using isoflu-
rane. Quantitative echocardiography is performed,
to quantify both infarct length and EF, % following
MI. The sheep are then euthanized through IV
administration of sodium pentobarbital (1 mL/10
lbs body weight). Once euthanized, the chest is
opened by median sternotomy, and the heart is col-
lected en bloc for further processing.

Echocardiographic measurements
Two-dimensional echocardiography is perfor-

med in all sheep before MI (baseline), immediately
after MI, and before euthanasia. Left ventricular
function is calculated using the modified Simpson
method by approximating left ventricular end sys-
tolic volume (LV ESV) and left ventricular end di-
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astolic volume (LV EDV) through ventricular en-
docardial area tracings in the apical 4-chamber and
2-chamber view and calculating the left ventricular
ejection fraction (LVEF) by dividing the difference
in LV ESV and LV EDV by LV EDV [LVEF(%) =
(LV ESV–LV EDV)/LV EDV · 100].19 Infarct size
was estimated as the ratio of infarct length to LV
long-axis length in diastole.18

Sample preparation
Meticulous processing of the hearts, both for

sample preparation as well as for tissue culture,
cannot be understated, as the heart is a heterog-
enous organ, with significant differences in the
behavior and response of tissues when comparing
atria to ventricles, left to right, apex to base, and
endocardial to myocardial.13

Following en bloc removal of the hearts, the atria
are removed, and the right ventricle is removed,
leaving the conical left ventricle (LV) for further
processing. The LV is divided into three longitu-
dinal slices, with each slice incorporating IA, bor-
derzone (BZ), and remote zone (RZ). One of these
slices is frozen in optimal cutting temperature
compound for histologic evaluation, and the re-
maining two slices are further subsectioned into
IA, BZ, and RZ, with the subsections flash frozen in
liquid nitrogen to process for RNA and protein
analysis (Fig. 3).

Histology
Heart subsections are subsequently fixed in 4%

paraformaldehyde for a minimum of 72 h and then
processed using a Leica 1050 histoprocessor (Leica
Microsystems, Buffalo Grove, IL). Four microme-
ters of paraffin sections is mounted on Fisher Plus
slides (Fisher Scientific, Pittsburgh, PA), before
being incubated at 52�C overnight, and depar-
affinized in xylenes for 10 min ( · 3), followed by

rehydration in graded ethanol (2 · 100%, 2 · 95%,
and 2 · 75%) to distilled water. We use either
hematoxylin and eosin or Masson trichrome
staining, as previously described, to evaluate gross
architecture of the myocardium and collagen
staining of the infarct.18

In vitro models
To obtain cardiac fibroblasts for in vitro experi-

ments, uninfarcted hearts are obtained. The hearts
are washed in 70% ethanol for 60 s before being
washed three times in ice-cold phosphate-buffered
saline (PBS) to remove blood and extraneous tis-
sue. The atria and valves are removed, and the
LV is separated from the right ventricle and sep-
tum before the pericardium is removed by sharp
dissection. The hearts are washed in room-
temperature PBS before being incubated for 18 h
in PBS with 10 mM HEPES, 0.25% trypsin (USB
22705), and 0.54 mM EDTA (pH 7.4) at 4�C. Hearts
are then incubated in PBS with 10% horse serum,
5% fetal bovine serum (FBS), 10 mM HEPES buf-
fer, and 1% penicillin/streptomycin for 30–60 min
at 37�C before being repeatedly pipetted against
the base of a tissue culture dish using a 5 mL
transfer pipette until the tissue is completely dis-
sociated. The resulting cell suspension is subse-
quently centrifuged at 35 g at 4�C for 5 min, the
supernatant is removed, and the cells are washed
with PBS containing 10% horse serum, 5% FBS,
and 1% penicillin/streptomycin before being re-
suspended in DMEM with 10% horse serum, 5%
FBS, and 1% penicillin/streptomycin. This cell so-
lution is filtered through a 70 lm mesh cell strainer
on to 12-well dishes before being incubated at 37�C
in 5% CO2. The presence of beating cardiomyocytes
was noted after 24 h of culture; however, these
beating cells were no longer present following one
passage with 0.25% trypsin-EDTA. Cardiac fibro-

Figure 3. Subsectioning of heart samples The left ventricle is sectioned into three areas (A) RZ, BZ, and IA. Each of these areas is then divided into three
parts (B) for protein, gene, and histological analysis. RZ, remote zone; BZ, border zone.
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blast identity is confirmed by evaluation of cell
morphology and vimentin staining, although DDR2
positivity has also been suggested as a strong
marker of cardiac fibroblast identity.7

Ovine specific microarray
The ovine hearts are subsectioned as described

above. To extract total RNA for microarray analysis,
subsections of IA and RZ from both adult and fetal
hearts, both 3 and 30 days after MI (n = 4 in each
group), are homogenized in TRIzol (Invitrogen and
Life Technologies, Carlsbad, CA). The High-
Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA) is used to reverse
transcribe complementary DNA (cDNA) from total
RNA. cDNA is labeled with fluorescent dCTP and
mixed probes are hybridized to the oligonucleotide
ovine-specific microarrays (Agilent Technologies,
Foster City, CA). Using the Gene Ontology Con-
sortium database, mammalian genes identified as
belonging to the gene groups ‘‘response to wound-
ing’’ (GO: 0009611), ‘‘inflammatory response’’ (GO:
0006954), ‘‘cell cycle’’ (GO:0007049), ‘‘cell migration’’
(GO: 0016477), ‘‘cell proliferation’’ (GO: 0008283),
‘‘apoptosis’’ (GO: 0006915), and ‘‘extracellular ma-
trix’’ (GO: 0031012). Gene expression in the IA is
compared to gene expression in the RZ to identify
genes altered by MI, and gene expression is con-
sidered significantly altered if a p-value of less than
0.05 is obtained after using the Statistical Analysis
of Microarray method to compare the gene expres-
sion in the IA and the RZ.20,21

Quantitative polymerase chain reaction
We evaluate mRNA, microRNA, and long non-

coding RNA in our models; therefore, we advise
the extraction of total RNA from these limited tis-
sue samples. For evaluation of mRNA, total RNA is
extracted and purified after samples are homoge-
nized in TRIzol (Invitrogen, Life Technologies).
cDNA is constructed from RNA using the Super-
Script First-Strand Synthesis System (Invitrogen,
Life Technologies). Random primers are used for
reverse transcription, and real-time quantitative
polymerase chain reaction (PCR) is performed
using the ABI 7900 real-time PCR thermal cycler
(Applied Biosystems). Samples are amplified in
triplicate using ovine-specific primers for the genes
of interest. Relative gene expression is compared
using the DDCt method.22

RESULTS

Comparing the results from the fetal MI model
to the adult MI model, we have observed marked
differences between the fetal and adult response

to MI with regard to functional outcome, ECM
deposition, inflammatory profiles, and cellular
response. When comparing the EF of adult and
fetal sheep, 3 and 30 days after MI, adult sheep
were noted to have a decreased EF 3 days post-MI
and a significant worsening of their EF 30 days
following MI, as seen in Fig. 4B. In contrast, fetal
sheep demonstrated preserved EF both 3 and
30 days post-MI. Similarly, infarct length was
noted to increase by14.5% in adult sheep 30 days
following MI, while infarct length was unmea-
surable in fetal sheep 30 days following MI, as no
wall motion abnormality could be detected
(Fig. 4C).18

The functional impairments observed in the
adult hearts 30 days following MI correspond to
grossly visible ventricular fibrosis and ventricular
wall thinning, while the fetal hearts demonstrated
no gross evidence of scar formation 30 days after
MI (Fig. 5A, B). Histologically, the adult hearts
demonstrate apical myocyte loss and replacement
of the infarct with a collagen-rich scar, while fetal
hearts demonstrate restoration of functional myo-
cardium with scant interstitial collagen deposition
observed at the site of the infarct (Fig. 5C–F).
Furthermore, we have reported that analysis of
ovine-specific microarray data demonstrated sig-
nificant upregulation of genes related to ECM
remodeling in adult hearts both 3 and 30 days after
MI, when compared to fetal hearts at the same time
points, as seen in Fig. 5G.23 More recently, we have
demonstrated that the decreased collagen deposi-
tion and ECM-related gene expression that char-
acterize the fetal response to MI are associated
with differential expression of the profibrotic
growth factor transforming growth factor beta-1
(TGFB1), while adult hearts demonstrate marked
upregulation of TGFB1 both 3 and 30 days after
MI; fetal hearts lack TGFB1 upregulation at either
time point.24

The increased fibrosis and decreased function of
the adult heart following MI are associated with
an increased inflammatory response when com-
pared to the regenerative, fetal response to MI.18,23

Adult infarcts demonstrated a robust infiltration of
CD45+ inflammatory cells post-MI, with continued
inflammation and apoptosis observed 30 days fol-
lowing MI (Fig. 6A–F). In contrast, fetal infarcts
had a markedly attenuated inflammatory cellular
response in comparison to the adult response, with
near complete resolution of the inflammatory in-
filtrate 30 days post-MI and no evidence of apo-
ptosis 30 days post-MI. These cellular changes are
accompanied by significantly reduced expression of
the proinflammatory cytokines IL-6 and IL-8 in
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the fetal infarcts compared to the adult infarcts,
both 3 and 30 days post-MI (Fig. 6H). Looking more
broadly, ovine-specific microarray also demon-
strated marked reduction in the expression of
inflammation-related genes in the fetal infarcts
3 and 30 days post-MI, when compared to the ex-

pression of inflammation-related genes in the adult
infarcts (Fig. 6G).

The regeneration of functional myocardium
observed in fetal hearts is also accompanied by
striking differences in the cellular response when
compared to the established cellular response

Figure 4. Functional restoration after MI in fetal sheep (A) Cardiac function declines in the adult hearts following MI, whereas the fetal hearts show
restoration of function. Serial end-systolic echocardiographic views show no evidence of LV dilation or infarcted myocardium at 30 days in the fetus, whereas
the adult hearts show dilation of the LV, 30 days following infarction with a large anteroapical infarct. (B) EF measured by quantitative echocardiography is
unchanged in the fetus at 3 days ( p = 0.37) and 30 days ( p = 0.31) following infarction. In the adult, the EF has significantly declined by 30 days following MI
(*p < 0.05 vs. adult pre-MI and post-MI). (C) Absolute infarct length defined as the length of akinetic myocardium measured by echocardiography is unchanged
at 3 days following infarction ( p = 0.72), but decreases to zero in the fetus at 30 days following infarction (*p < 0.05 vs. fetal post-MI). In the adult, the absolute
infarct length is also unchanged at 3 days following infarction ( p = 1.00), but increases over a period of 30 days following infarction (*p < 0.05 vs. adult post-MI).
EF, ejection fraction; LV, left ventricular.
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Figure 5. Differential regulation of ECM after MI (A–F) Fetal hearts regenerate without scar formation following MI. Four weeks after myocardial infarction,
(A) fetal hearts show no gross evidence of fibrosis, while (B) adult hearts show apical fibrosis and ventricular wall thinning. H&E staining at 4 weeks
demonstrates (C) no evidence of myocyte loss or ventricular wall thinning in the fetal heart (I) infarct or BZ and (D) significant myocyte loss and ventricular
wall thinning in the adult infarct (I) (20 · ). Masson’s trichrome staining at 4 weeks following MI confirms that there is (E) minimal fibrosis in the fetal infarct
(100 · ) and (F) an exuberant fibrotic response in the adult infarct (100 · ). (G) Adult infarcts demonstrated a persistent increase in the expression of
‘‘extracellular matrix’’ genes from day 3 to day 30, whereas the fetal infarct gene expression returned to baseline by 30 days. Violin plots for the genes related to
the gene ontology term ECM. The y-axis represents the log2 of the ratio of the infarct to remote region average gene expression. The violin shapes represent
the distribution of the log2 ratios in each group. (20 genes; p < 0.005, Student’s t test).
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Figure 6. Differential inflammatory response after MI (A–F) Decreased infiltration of inflammatory cells following myocardial infarction in fetal verses adult
hearts. Seven days following infarction, CD45 immunohistochemistry demonstrated that the fetal heart (A-100 3 , C-400 3 ) shows minimal numbers of
inflammatory cells, while the adult heart (B-100 · , D-400 · ) shows a large infiltrate, with CD45 positive cells marked by arrowheads. At 4 weeks following
infarction, the number of inflammatory cells in both the (E) fetal and (F) adult hearts has decreased, but the adult heart has persistent scattered areas of
inflammation not seen in the fetus (200 · ). (G) Adult infarcts demonstrated a persistent increase in the expression of ‘‘inflammatory response’’ genes from day
3 to day 30, whereas the fetal infarct gene expression returned to baseline by 30 days. Violin plots for the genes related to the GO term ‘‘inflammatory
response.’’ The y-axis represents the log2 of the ratio of the infarct to remote region average gene expression. The violin shapes represent the distribution of
the log2 ratios in each group. (162 genes; p < 0.005, Student’s t test). (H) High expression of proinflammatory cytokines IL-6 and IL-8 in adult infarcts versus fetal
infarcts. Real-time PCR analysis of mRNA for IL-6 and IL-8 in fetal and adult hearts at 3 and 30 days after MI. Both IL-6 and IL-8 are highly expressed in the adult
infarct 3 and 30 days after MI. However, in the fetus, 3 days after MI, IL-6 gene expression is slightly increased and completely disappears after 30 days.
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observed in adult hearts. Staining of the fetal in-
farcts with BrdU revealed that the response of the
fetus to MI is followed by robust cardiomyocyte
proliferation consistent with myocardial regener-
ation (Fig. 7A), in contrast to established literature
describing the lack of cardiomyocyte proliferation
in the adult response to MI.18,25 The regeneration
of functional myocardium in fetal sheep is also as-
sociated with restoration of microvasculature in
the IA, with increased levels of vascular endothe-
lial growth factor (VEGF); in contrast, adult in-
farcts remain fibrotic, poorly vascularized, and

without significant increase in VEGF in the IA, as
shown in Fig. 7B.26 By treating fetal infarcts with a
lentiviral construct designed to replace function-
ing SDF1a with a nonfunctional mutant SDF1a
transgene, we were able to inhibit cardiac progen-
itor cell (CPC) recruitment to the IA, as shown in
Fig. 8A.27 Using this method, inhibition of CPC
recruitment to the IA successfully impaired myo-
cardial regeneration in the fetal model, suggesting
that the lack of CPC recruitment observed in adult
mammals may be the reason adult mammalian
hearts do not regenerate following MI.27,28 In ad-

Figure 7. Differential cellular response after MI (A) Cardiac cell proliferation contributes to fetal cardiac regeneration following myocardial infarction (MI).
Representative immunohistochemistry images for 5-bromo-2-deoxyuridine (BrdU; red) and nkx2.5 (green) 3 days after MI of the borderzone region of sham and
fetal infarcts. (B) VEGF-a is upregulated in fetal infarcts. Expression of VEGF-a in the fetal and adult hearts after MI. Real-time PCR analysis of VEGF-a
expression in the IA (shaded bars) and RZ (unshaded bars) of fetal heart (day 3, n = 5; day 30, n = 5) and adult heart (day 3, n = 4; day 30, n = 4) at 3 and 30 days
after myocardial infarction. The VEGF-a gene expression was normalized to 18S gene expression. Two-way analysis of variance followed by Fisher’s least
significant difference post hoc test was used to analyze the data. *p < 0.05 comparing RZ to IA in each group. #p < 0.0001 comparing RZ on day 3 to RZ on day 30
or IA on day 3 to IA on day 30. (D = day; mRNA = messenger ribonucleic acid; ns = not significant.) VEGF, vascular endothelial growth factor.
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dition to an impaired regenerative response, fetal
infarcts treated with the SDF1a mutant mani-
fested macrophage profiles similar to that observed
in adult infarcts following MI, with an increased
presence of M1, M2a, and M2c macrophages con-

sistent with the prolonged inflammation and ECM
remodeling observed in adult infarcts(Fig. 8B).26

In vitro evaluation further suggests that base-
line differences in the function of adult and fetal
cardiac fibroblasts may be responsible for the dif-

Figure 8. Inhibition of SDF1a minimizes regenerative phenotype (A) SDF-1a inhibition blocks fetal cardiac cell repopulation after myocardial infarction (MI).
Representative images show (scale bars = 50 lm) staining with 4¢,6-diamidino-2-phenylindole (DAPI; blue), immunohistochemistry for nkx2.5 (red), and merged
DAPI and nkx2.5 of the apex of fetal sham operation and fetal infarct treated with mutant SDF-1a transgene (SDFi) at 30 days.(B) Real-time PCR analysis of the
gene expression of macrophage phenotype markers in the fetal hearts 3 and 30 days after myocardial infarction, with SDF-1a inhibition (day 3, n = 5; day 30,
n = 4) or without SDF-1a inhibition (day 3, n = 5; day 30, n = 5). Interleukin-1b (IL-1b), CD206, and CD163 gene expression were calculated after normalizing to
18S. Two-way analysis of variance followed by Fisher’s least significant difference post hoc test was used to analyze the data. *p < 0.05, ***p < 0.001, and
****p < 0.0001 comparing RZ (unshaded bars) to IA (shaded bars) in each group. #p < 0.0001 comparing RZ on day 3 to RZ on day 30 or IA on day 3 to IA on day
30. (D = day; mRNA = messenger ribonucleic acid; ns = not significant). SDF-1a, stromal-derived factor-1a.
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ferential response of ECM regulation observed in
our in vivo model (Fig. 9). Adult cardiac fibroblasts
demonstrate a significant upregulation in the ex-
pression of both collagen I (Col1a1) and collagen III
(Col3a1) mRNA at baseline, when compared to
fetal cardiac fibroblasts. Similarly, adult cardiac
fibroblasts demonstrate marked upregulation of
the potent MMP, MMP-9, when compared to fetal
cardiac fibroblasts. Adult cardiac fibroblasts also
demonstrate a significant upregulation of the tissue
inhibitor of metalloproteinases 1 (TIMP1) compared
to fetal cardiac fibroblasts. Treatment of fetal car-
diac fibroblasts with TGFB1 increased the expres-
sion of collagen I, collagen III, MMP-9, and TIMP1.24

DISCUSSION

The growing burden of ischemic heart disease
necessitates a detailed evaluation of the current
models we are using to investigate emerging ther-
apies in the treatment and mitigation of heart
failure after MI. This ovine model of myocardial
regeneration after MI is the first model to evaluate
mechanisms of myocardial regeneration in large

mammals, providing insight to the mechanisms
by which mammalian hearts can be stimulated
to regenerate following an ischemic event. This
model has demonstrated key differences in the fe-
tal, regenerative response to MI when compared to
the reparative, adult response to MI at every stage
of the wound healing response.

During the inflammatory response to MI,
the fetal, regenerative model demonstrates de-
creased infiltration of CD45-positive inflamma-
tory cells compared to the adult response. Global
inflammation-related gene expression is also re-
duced in fetal infarcts 3 and 30 days following MI,
compared to the robust upregulation observed in
adult infarcts at the same time points. More spe-
cifically, fetal infarcts demonstrate only modest
upregulation in the expression of proinflammatory
cytokines IL-6 and IL-8 3 days following MI,
without upregulation observed 30 days following
MI, compared to the persistent upregulation of
both of these proinflammatory cytokines observed
in adult infarcts both 3 and 30 days following MI.
Markers of macrophage phenotype are upregula-
ted in both the fetal and adult infarcts 3 days after

Figure 9. Baseline phenotypic differences in adult and fetal cardiac fibroblasts Adult and fetal cardiac fibroblasts were cultured in DMEM with 10% FBS and
1% antibiotic-antimycotic until 80% confluent. The fibroblasts were then serum starved in DMEM with 1% FBS and 1% antibiotic-antimycotic for 12 h before
being harvested for total RNA expression. QPCR demonstrates that adult cardiac fibroblasts have significantly higher expression of Col1a1 (A), Col3a1
(B), TIMP1 (C), and MMP9 (D) than fetal cardiac fibroblasts at baseline. *p < 0.05.
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MI, but were found to return to baseline by 30 days
after MI in fetal infarcts, consistent with the
myocardial regeneration observed in fetal hearts.
Interestingly, these findings run counter to the
results observed in zebrafish and neonatal rodent
models of myocardial regeneration, where a marked
inflammatory response has been associated with
myocardial regeneration.14 However, these results
may differ due to observation of the regenerative
response at different time points, as well as use of
dramatically different models (a ventricular ampu-
tation model vs. a LAD ligation model). Replication
of our ovine model of myocardial regeneration using
slightly older fetal sheep (105 days gestation) con-
firmed the decreased inflammatory response we
observed in the fetal infarct compared to the adult
infarct, although they interestingly noted increased
IL-6 expression in the RZ of fetal hearts, hypothe-
sizing a more mature inflammatory response asso-
ciated with the more advanced gestational age of
the sheep.29

During the proliferative phase, the fetal, re-
generative response to MI is associated with up-
regulation of VEGF 30 days after MI, whereas
VEGF is downregulated in adult infarcts 3 and
30 days after MI. The upregulation of VEGF seen
in the fetal infarct is associated with restoration of
vasculature in the fetal infarcts 30 days after MI.
In addition to the upregulation of VEGF and res-
toration of vasculature, the fetal, regenerative
response to MI is characterized by increased car-
diomyocyte proliferation and increased recruit-
ment of CPCs. These findings are supported by
studies showing that delivery of VEGF to the IA of
adult murine hearts reduced infarct size and im-
proved angiogenesis following MI.30 While Lock
et al. (2019) look at BCL-2 as an antiapoptotic
protein, BCL-2 is known to both independently
upregulate VEGF expression, while also being
induced by VEGF expression.29,31 Lock et al.
(2019) demonstrated that BCL-2 was upregulated
in both adult and fetal infarcts 3 days after MI,
while we observed decreased VEGF expression in
fetal infarcts 3 days after MI, corresponding to the
evolving IA and lack of angiogenesis seen histo-
logically at this time point.26,29 Taken together,
these results may suggest that the increased ac-
tivity of BCL-2 3 days postinfarct is predomi-
nantly antiapoptotic in nature. Our model
contributes significantly to further investigation
by enabling evaluation at a later time point
(30 days postinfarct), at which time upregulation
of VEGF gene expression in the fetal infarct is
associated with restoration of vasculature within
the IA. Further studies are needed to determine if

BCL-2 plays a VEGF-independent antiapoptotic
role at this time point.

The proliferative and remodeling phases in the
fetal, regenerative response to MI are also char-
acterized by decreased fibrosis and scar formation,
as well as attenuated upregulation of genes asso-
ciated with ECM deposition both at 3 and 30 days
post-MI, when compared to the response observed
in adults hearts. The decreased upregulation of
global ECM-related gene expression in fetal in-
farcts is associated with decreased deposition of
collagen, and decreased expression of collagen I
and collagen III 30 days post-MI. Most notably, the
differential expression of ECM-related genes is
associated with a differential expression of the
profibrotic growth factor TGFB1, with the fetal,
regenerative response to MI lacking the TGFB1
upregulation observed in the reparative, fibrotic,
adult response to MI.24 In a mouse model of myo-
cardial reperfusion after MI, TGFB1 has been
seen to peak 6–72 h after reperfusion; however our
adult ovine model demonstrated persistent upre-
gulation of TGFB1 expression 30 days after MI,
again demonstrating inconsistencies between ro-
dent models and mammalian models that suggest
utility in using a large mammalian experimental
model of disease.32 TGFB1 is known to be a pleiotro-
pic growth factor, playing a key role in inflammation,
recruitment of neutrophils, activation of fibroblasts,
and differentiation of macrophages; further studies
with this large mammalian model of myocardial re-
generation after MI may enable a more thorough
understanding of the role that TGFB1 plays in the
development of heart failure following MI.

In vitro evaluation also demonstrates differ-
ential regulation of ECM-related genes in adult
and fetal cardiac fibroblasts. While adult cardiac
fibroblasts also demonstrate a significant upregu-
lation of the TIMP1 compared to fetal cardiac
fibroblasts, the ratio of MMP9 to TIMP1 expres-
sion is consistent with adult cardiac fibroblasts
promoting a more proteolytic milieu than fetal
cardiac fibroblasts. These findings suggest that
adult cardiac fibroblasts have higher levels of
collagen I and collagen III gene expression, as well
as a MMP9:TIMP1 ratio favoring proteolysis, all
of which is consistent with the cardiac fibrosis,
inflammation, and ventricular wall thinning ob-
served in adult infarcts after MI. Further studies are
needed to evaluate the differential response of adult
and fetal cardiac fibroblasts to conditions that would
mimic the environment of infarcted myocardium

While fibroblasts are considered a hearty and
resilient cell population, it is also important to
note that variations in cell culture techniques can
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significantly affect results of in vitro analyses.
Notably, some authors have found that plating
cardiac fibroblasts on stiff substrates predisposes
fibroblasts to activation to the proinflammatory,
profibrotic myofibroblast phenotype.33 Others sug-
gest that the presence of the profibrotic growth
factor TGFB1 in most serum-enriched growth
media leads to baseline activation of fibroblasts to
a myofibroblast phenotype.24,32,34 Furthermore,
tissue culture methods as basic as selecting an
appropriate cell density for plating or passage of
cells can promote activation of fibroblasts to a
myofibroblast phenotype, with cells plated at a
low density being more likely to become activated
to the myofibroblast phenotype.35 Given these
findings, we advocate that cells be serum starved
in media containing 1% (or less) of FBS 12 h be-
fore treatment, and that treatments be performed
in media containing 1% (or less) of FBS, to mini-
mize the effect of FBS and myofibroblast activa-
tion on the experimental results. We also
recommend plating cells at densities >500/mm2 to
minimize the effect that loss of cell-cell interac-
tions may have on myofibroblast activation in the
treated cells. By following these basic tenets, we
have found that results of our in vitro analyses
are consistent for experiments performed using
cells from passages 2 to 6, with immunohisto-
chemistry demonstrating that only 2.9–5.9% of
cardiac fibroblasts become positive for the myo-
fibroblast marker a-smooth muscle actin (aSMA)
when cultured under these conditions (unpub-
lished data).

We believe that our ovine large mammalian
model of myocardial regeneration after MI is a
more physiologically representative model with
which to study the myocardial response to ische-
mia, as well as the physiology underlying the fe-
tal regenerative response. However, no model is
perfect. Compared to rodents, sheep have longer
gestations, are less fecund, and are more expensive
to house and tend to. Adult sheep also possess
less mononucleate cardiomyocytes in adulthood
than humans; however, this physiologic difference
makes sheep less likely to regenerate functional
myocardium, making it a more conservative model
than using zebrafish or rat models.15 Rodent mod-
els of myocardial regeneration following MI are
often used because of the ease of manipulating
mechanistic pathways using lentiviral transfec-
tion; this mechanistic manipulation is also feasible
in our ovine model of myocardial regeneration fol-
lowing MI, as described above. Furthermore,
technologies such as CRISPR/Cas-9 make the
development of large animal transgenic models

more feasible, broadening the applicability of large
animal models in translational research.36,37

INNOVATION

The foundation of cardiac regeneration research
was built upon use of zebrafish and rodent models.
However, animal models more representative of
human physiology may improve the identifica-
tion of therapeutic target pathways and be more
representative models to test therapies derived
from canonical zebrafish and rodent experiments.
Worldwide, over 20% of all deaths are attributable
to the effects of ischemic heart disease.38 Use of this
large mammalian model of myocardial regenera-
tion after MI may expedite identification of thera-
pies key to mitigating the growing burden of
disease attributable to ischemic heart disease and
heart failure.
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Abbreviations and Acronyms

BCL-2 ¼ B-cell lymphoma 2
BZ ¼ border zone

CPC ¼ cardiac progenitor cell
ECM ¼ extracellular matrix

EF ¼ ejection fraction
FBS ¼ fetal bovine serum

IA ¼ infarct area
IM ¼ intramuscular
IV ¼ intravenous

LAD ¼ left anterior descending artery
LR ¼ Lactated Ringer’s

LV EDV ¼ left ventricular end-diastolic volume
LVEF ¼ left ventricular ejection fraction

LV ESV ¼ left ventricular end-systolic volume
MI ¼ myocardial infarctions

MMP ¼ matrix metalloproteinase
MHC ¼ myosin heavy chain
PBS ¼ phosphate-buffered saline
PCR ¼ polymerase chain reaction
ROS ¼ reactive oxygen species

RZ ¼ remote zone
SDF1a ¼ stromal-derived factor 1a

TGFB-1 ¼ transforming growth factor beta-1
TIMP ¼ tissue inhibitor of metalloproteinase
VEGF ¼ vascular endothelial growth factor
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