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Abstract From historical studies of developing chick hearts to recent advances in regenerative injury models, the epicardium has
arisen as a key player in heart genesis and repair. The epicardium provides paracrine signals to nurture growth of the developing
heart from mid-gestation, and epicardium-derived cells act as progenitors of numerous cardiac cell types. Interference with either
process is terminal for heart development and embryogenesis. In adulthood, the dormant epicardium reinstates an embryonic gene
programme in response to injury. Furthermore, injury-induced epicardial signalling is essential for heart regeneration in zebrafish.
Given these critical roles in development, injury response and heart regeneration, the application of epicardial signals following
adult heart injury could offer therapeutic strategies for the treatment of ischaemic heart disease and heart failure.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Introduction
In 1909, Kurkiewicz observed the developing chick embryo
and declared the epicardium a secondary covering, originat-
ing from the ‘pericardial villi’ and distinct from the looping
muscular tube that would form the heart (Kurkiewicz, 1909).
More than half a century passed before electron micros-
copy confirmed this observation; until which, the prevailing
dogma of epicardium origin was from the myocardium itself
(Manasek, 1968, 1969). Following numerous descriptive studies
inmultiple systems (Ho and Shimada, 1978; Viragh andChallice,
1981; Komiyama et al., 1987; Kuhn and Liebherr, 1988; Fransen
and Lemanski, 1990) including humans (Hirakow, 1992), the
first experimental demonstration of the ‘Kurkiewicz hypothesis’
came in 1992, when Männer obstructed the migration of the
pericardial villi (now termed the proepicardial organ (PEO))
to the surface of the developing chick heart resulting in
defective epicardial formation and impaired heart devel-
opment (Manner, 1993). This early seminal work established
the basis for the transcendence of the epicardium from a
dormant mesothelium to a critical cell and signalling source
for the developing heart.

It is now established that, in all vertebrates studied, cells
from the PEO encapsulate the looping heart at mid-gestation,
forming the critical outer layer. The epicardium then en-
ters a complex ‘dialogue’ with the underlying myocardium;
secretes trophic factors essential for myocardial maturation,
and directly contributes precursors of numerous cardiac cell
types. The sequence andmechanisms of this complex interplay
are a major research focus, whilst the relative contributions
of epicardium-derived cells (EPDCs) to cardiac lineages
remain a source of debate. The relevance of understanding
epicardial potential in development is paramount given its
response to injury. Post-development, embryonic epicardial
gene programmes are shut down, at least in mammals, and in
the healthy adult heart, the epicardium is said to become
quiescent. Following heart injury, however, such ‘quiescence’
is rapidly lost as epicardial cells revert to an embryonic-like
phenotype, proliferating at the site of injury and secreting
factors to modulate wound healing. In adult mammals, this
response is characterised by mass fibrosis and scar formation,
which, whilst necessary to prevent exsanguination of the
compromised ventricle and retain contractile force, ultimately
leads to pathological remodelling and heart failure. Converse-
ly, organ-wide epicardial activation in the zebrafish heart in
response to injury is central to the regenerative capacity of
this species (Kikuchi et al., 2011; Lepilina et al., 2006).

It has long been known that the mammalian heart is very
limited in its regenerative capacity. Shortly after birth, a
majority of cardiomyocytes (CMs) exit the cell cycle, and
whilst there is evidence of limited turnover (of between 0.5
and 1% per year in adult humans during normal homeostasis
(Bergmann et al., 2009)), muscle regeneration is insufficient
to restore the billions of CMs lost post-infarction. That is,
unless the infarction occurs during the first few days of life.
Recently, Porrello and colleagues demonstrated the remark-
able regenerative capacity of the neonatal mouse heart.
Following amputation of 15–20% of the apex (Porrello et al.,
2011) or ischemia induced by chronic ligation of the lateral
anterior descending coronary artery (LAD) (Porrello et al.,
2013; Haubner et al., 2012), the neonate (one day old) was
shown to regenerate lost myocardium in a timescale that
exceeds the regenerative capacity of zebrafish. However,
this capacity was lost within the first week of life, such that
if the same injury was sustained on or after postnatal day (P)
7, default scar formation and adult-like wound healing was
observed. This first demonstration of effective mammalian
heart regeneration was again associated with organ-wide
epicardial activation, and was lost coincident with the loss
of epicardial potential (Chen et al., 2002).

Thus, the epicardium represents a critical developmental
source of cells and signals which, whilst quiescent under
normal conditions, can revert to act as a multipotent cell
source and trophic signalling centre to modulate both
pathological and regenerative wound healing. Recent ad-
vances in models of heart injury and repair have highlighted
the potential of the epicardium in promoting regeneration.
Such advances are discussed here, with a focus on myogenic
epicardial signalling events conserved in development and
the injury response, to highlight the therapeutic potential
of modulating epicardial signals to instruct heart repair in
adult mammals including humans.

The epicardium in heart development

At around Embryonic day (E) 9.75 in the mouse, Hamburger
Hamilton (HH) stage 18 in the chick, and 72 h post fer-
tilisation (hpf) in the zebrafish; the mature PEO migrates to
the myocardial surface to encapsulate the heart. After forming
a uniformepithelium (at around E11 or equivalent) a proportion
of epicardial cells undergo epithelial-to-mesenchymal transi-
tion (EMT) and populate the subepicardial space. EPDCs then
migrate into the underlying myocardium and give rise to
numerous cardiac lineages.
Cellular contributions to the developing heart

EPDCs can be detected through the expression of the tran-
scription factors Wt1, Tbx18, Tcf21 (also known as capsulin/
pod1/epicardin), as well as the retinoic acid (RA) synthesising
enzyme, Raldh2. There is consensus regarding EPDC contribu-
tion to coronary vascular smooth muscle cells and interstitial
and perivascular fibroblasts: in standard culture medium,
vascular smooth muscle cells are the default EPDC fate and
studies in chick andmouse have consistently identified EPDCs as
the major source of embryonic cardiac fibroblasts (Mikawa and
Fischman, 1992; Manner, 1999; Cai et al., 2008; Zhou et al.,
2008; Mikawa and Gourdie, 1996). Contributions to coronary
endothelium and CMs, however, remain contentious, but highly
relevant given the importance of these lineages for both
neovascularization and myogenesis. In the past, the controver-
sy surrounding the epicardial fate map has been fuelled by
divergent findings from chick andmouse studies, but more so in
recent years due to (mis-) interpretation of lineage trace data
arising from cre-loxP-based reporter lines in the mouse.

In the chick, Perez-Pomarez and colleagues described
a direct Wt1 positive contribution to endothelial cells sup-
porting an epicardial origin (Perez-Pomares et al., 2002). This
conflicted with earlier findings from Poelmann and colleagues,
who described no such differentiation following the formation
of the subepicardial mesenchyme, and instead reported
that the coronary endothelium was derived from subsequent
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sproutings of the sinus venosus at the liver primordium
(Poelmann et al., 1993). However, the argument for an EPDC
origin persisted based on evidence from Dil labelling experi-
ments, chimaera studies and retroviral analyses (Mikawa and
Fischman, 1992; Manner, 1999; Guadix et al., 2006; Gourdie et
al., 2000). Of note, none of the aforementioned studies
demonstrated an EPDC contribution to CMs in the chick,
although, two independent explant studies demonstrated that
BMP2 stimulation could drive chick PE cells towards a CM fate
in vitro (van Wijk et al., 2009; Kruithof et al., 2006).

In the mouse, little or no EPDC contribution to the
endothelial lineage was found in fatemapping studies utilising
GATA5 (Merki et al., 2005), Tbx18 (Cai et al., 2008) and Wt1
(Zhou et al., 2008) reporter lines. In contrast, Red-Horse
and colleagues described a sinus venosus origin of coronary
endothelial cells analogous to that described in chicks
(Red-Horse et al., 2010) and that these cells subsequently
populate the subepicardium and migrate to form the ventric-
ular capillary plexus (Tian et al., 2013). Wu and co-workers
further proposed an endocardial origin for coronary endothe-
lium (Wu et al., 2012). Interestingly, sub-populations of PEO
cells with endothelial potential have since been defined using
Semaphorin 3D (Sema3D) and Scleraxis (Scx) as cre-drivers in
lineage trace experiments. Distinct domains of Wt1, Tbx18,
Sema3D and Scx expression were observed in the PEO, and
whilst Sema3D and Scx expression sometimes overlapped,
both were mutually exclusive from the canonical markers
Tbx18 and Wt1. In these studies, whilst Tbx18 and Wt1 were
reported to give rise to vascular smooth muscle cells and
fibroblasts but not coronary endothelium, Sema3D and Scx
progenitors contributed to all three lineages. A modest
contribution to CMs was also reported (Katz et al., 2012).
Further, these populations were observed to contribute to the
sinus venosus and the endocardium, offering an explanation
of a potential common endothelial cell progenitor source
to reconcile the previous studies (Poelmann et al., 1993;
Red-Horse et al., 2010; Tian et al., 2013; Wu et al., 2012).

Though an epicardial contribution to the myocardial
lineage is minimal in the chick, fate mapping using Wt1 and
Tbx18 cre lines described significant epicardial contributions
to the developing myocardium in the mouse (Cai et al.,
2008; Zhou et al., 2008). However, this finding is controver-
sial: Christoffels and co-workers since demonstrated Tbx18
expression in the inter-ventricular sulcus (IVS) and left
ventricular myocardium, even in epicardium-deficient em-
bryos (Christoffels et al., 2009). Rudat and Kispert further
observed ‘leaky’ and inefficient recombination in the
Wt1 reporter lines used for the developmental myocardial
lineage trace studies, coupled to endogenous endocardial
Wt1 expression (Rudat and Kispert, 2012). Arising from these
findings, therefore, is the need to ensure the specificity of
cre-Lox based fate mapping, coupled to a requirement for
rigorous characterisation of the native expression pattern of
the gene driving the cre recombinase, alongside validation
through alternate cre drivers and parallel approaches such
as DiI-labelling and clonal analyses.
Epicardial signalling in heart development

In addition to cellular contributions to the developing heart,
the epicardium and its derivatives provide paracrine signals
which influence myocardial maturation and development of
the coronary vasculature; the latter of which is extensively
reviewed (Olivey and Svensson, 2010; Perez-Pomares and de la
Pompa, 2011). A number of key epicardial signals have arisen
as important functional mitogens during development, injury
and regeneration, which include most prominently retinoic
acid (RA), fibroblast growth factors (FGFs) and signals arising
from the extracellular matrix (ECM). These will be discussed in
more detail throughout the remainder of this review.

Retinoic acid signalling is critical for early heart morpho-
genesis. Mice carrying the null mutation for Raldh2 fail to
undergo axial rotation and the heart comprises a single dilated
chamber (Niederreither et al., 1999). Paradoxically, exposing
embryos to a teratogenic dose of RA also leads to heart defects
(D'Aniello et al., 2013), highlighting the necessity for tight
regulation of RA signalling in heart development. Interestingly,
mice lacking the retinoid X receptor α (RXRα), a critical
receptor for RA signalling, diemid-gestation due to a detached
epicardium and hypoplastic myocardium (Sucov et al., 1994).
This phenotype was shown to be epicardium specific: deletion
of myocardial RXRα led to a normally formed heart (Chen et
al., 1998), whilst Gata5-cre mediated RXRα deletion recapit-
ulated the RXRα null phenotype (Chen et al., 2002; Merki et
al., 2005). This suggested an epicardial specific response to RA
that is necessary for heart development, irrespective of a
direct myocardial RA signalling component. In this instance,
FGF2 was identified as the downstream mitogenic factor
(Merki et al., 2005). An epicardium-dependent RA effect was
also demonstrated in chick heart slice cultures: RA induced CM
proliferation in slices incorporating the epicardium, but not
in those without (Stuckmann et al., 2003). Cultured mouse
embryonic epicardial cells and stable epicardial cell lines
further secreted trophic factors in response to RA treatment,
and this conditioned medium stimulated proliferation of
cultured CMs. However, by postnatal day 4, both the potential
of cultured epicardial cells to secrete factors in response to
RA, and the ability of CMs to respond to secreted factors, were
lost. Intriguingly, this coincides with the loss of regenerative
capacity of the mouse heart in early neonatal life (Porrello
et al., 2011, 2013). Also of note, recent studies by Brade and
colleagues demonstrated parallel properties of hepatic RA-
erythropoietin (Epo) signalling in mice (Brade et al., 2011). In
response to RA, the liver secreted Epo, which then initiated
IGF2 production in the epicardium. IGF2 secretion induces CM
proliferation (Li et al., 2011). Interestingly, blocking Epo
signalling in slice culture blocked CM proliferation; which
could then be rescued by RA administration. Equally, inhibition
of RA-induced CM proliferation was rescued by addition of
Epo, suggesting that RA and Epo act synergistically on the
epicardium. Together, these epicardial signalling pathways
represent key mitogens for heart development.

Fibroblast growth factors constitute another important
class of epicardial signalling molecules which are known to
exert a number of biological effects including the regulation
of cell-survival effects (Ornitz and Itoh, 2001), and may act
downstream of RA signalling (Merki et al., 2005). Numerous
FGF family members (FGF1, 2, 4, 9, 16 and 20) are expressed
in the mammalian epicardium (Lavine et al., 2005; Pennisi and
Mikawa, 2005). Concomitantly, CMs express FGF receptors,
and in some instances, ligand and receptor cellular expression
is reversed between the two lineages, suggesting a reciprocal
interaction which functions to exert a proliferative effect on
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the myocardium (Lavine et al., 2005). This is underscored by
loss of function studies: mice lacking FGF9 die at birth due to a
poorly formed compact myocardium associated with reduced
CM cycling. An equivalent phenotype is observed following
deletion of FGFR1 and FGFR2 (Lavine et al., 2005). Epicardial–
myocardial interaction of FGF10 and FGFR1 and FGFR2b
was also shown to be critical for EPDC migration into the
myocardium, with a specific impact on fibroblast differenti-
ation, linked to decreased heart size (Vega-Hernandez et al.,
2011). Also, in zebrafish, signalling between myocardial
FGF17b and epicardial FGFR2 and FGFR4 is thought to underlie
constant myocardial homeostasis (Wills et al., 2008) and is
further implicated in the response to injury (Lepilina et al.,
2006).

A major source of FGF signalling is the cardiac fibroblast
population, which constitute upwards of two thirds of the
cells of the heart (Nag, 1980; Jugdutt, 2003). EPDCs are the
main source of cardiac fibroblasts and their emergence
during development coincides with CM proliferation and
myocardial expansion (Ieda et al., 2009). In culture, em-
bryonic fibroblasts exert proliferative signals by paracrine
secretions of extracellular matrix (ECM) components,
fibronectin, collagen, and heparin-binding EGF-like growth
factor 1 (Ieda et al., 2009). Ieda and colleagues observed
a positive correlation between CM proliferation and fibro-
blast density, which was dependent upon myocardial β1-
integrin expression. Conversely, adult cardiac fibroblast
cultures stimulated myocyte hypertrophy but not prolifer-
ation (Ieda et al., 2009). Epicardial–myocardial FGF sig-
nalling thus represents another important mitogenic pathway
during heart development.

Another molecule that has attracted attention in recent
years due to its potential roles in both the developing
epicardium and adult counterpart following injury, is
the actin monomer binding protein, thymosin beta-4 (Tβ4)
(Smart et al., 2007; Bock-Marquette et al., 2009). During
development, Tβ4 is expressed in the developing myocardi-
um. Smart and colleagues utilised short hairpin RNA (shRNA)
to knockdown Tβ4 expression in CMs and demonstrated
defective epicardial development and disrupted vascu-
logenesis, associated with diminished EPDC coronary endo-
thelial cell and vascular smooth muscle cell differentiation
and migration. These observations preceded embryonic
lethality at E15.5 in the most effected embryos, suggesting
that Tβ4 signals to the developing epicardium in a paracrine
manner to promote EPDC differentiation towards vascular
lineages. This was supported by the enhanced differentia-
tion of EPDCs to coronary endothelium and vascular smooth
muscle cell fates following addition of Tβ4 to epicardial
explant cultures; an effect that was optimised by parallel
treatment with VEGF and FGF7 (Smart et al., 2007). In
contrast to these findings, Banerjee and colleagues observed
no phenotype in global and cardiac specific Tβ4 knockout
mice, suggesting that Tβ4 is dispensable for heart develop-
ment (Banerjee et al., 2012, 2013) although this has since
been refuted (Smart and Riley, 2013).
The ‘quiescent’ epicardium

Following development, the epicardium becomes relatively
dormant. Chen and colleagues described the loss of epicardial
potential by P4 in the mouse; simultaneous with a loss of
myocardial responsiveness to epicardial paracrine secretions
(Chen et al., 2002). Early embryonic marker genes, including
Raldh2, were switched off, with low levels persisting only in
epicardium surrounding the atria and atrioventricular sulcus
(AVS) in the mouse (van Wijk et al., 2012; Zhou et al., 2011).
The role of the epicardium in adult mammalian heart homeo-
stasis is not well characterised, but in the adult zebrafish the
epicardium is suggested to regularly contribute to myocardial
homeostasis via an FGF dependent dialogue with CMs through-
out life (Wills et al., 2008), and may underpin continual CM
turnover in the zebrafish heart.
The ‘reactive’ epicardium in the
non-regenerative injury response

Following myocardial infarction (MI) in adult mammals,
billions of CMs are lost and replaced by proliferation and
activation of fibroblasts which deposit ECM (most notably
collagen) which results in scar formation. Whilst required as
an immediate and early response to prevent organ rupture,
the resulting loss in contractile function results in changes
to ventricular geometry (enlargement and dilation) which
in turn causes haemodynamic uncoupling and progressive
deterioration of pump function (Jugdutt, 2003; Jessup and
Brozena, 2003). For over a century, animal models of heart
injury have facilitated understanding of the pathophysiolog-
ical consequences of MI and heart failure. Traditionally, this
has been induced by ligation of the LAD to induce temporary
or permanent occlusion of blood flow to the left ventricle
(with or without reperfusion, respectively) and consequent
MI facilitating studies on cardiovascular wound healing and
repair.
Epicardium-derived cellular contributions to the
injured adult mammalian heart

Following MI in the adult mouse heart, a rapid and robust
epicardial response has been well documented and is char-
acterised by an initial reactivation of an embryonic gene
programme (van Wijk et al., 2012; Zhou et al., 2011; Huang et
al., 2012; Mercer et al., 2013; Wang et al., 2013; Limana et
al., 2010). Van Wijk and colleagues describe an initial loss of
the epicardium over the site of injury, followed by organ-wide
activation of Wt1, Tbx18 and Raldh2 and subsequent epicar-
dial expansion from the adjacent epicardium to ensheath
the exposed myocardium (van Wijk et al., 2012). Embryonic
epicardial gene expression was also recently reported in
hypertensive and ischemic patients in a disease specific
manner (Braitsch et al., 2013). Further lineage analyses in
mouse revealed the formation of a Wt1 positive sub-epicardial
mesenchyme, from which predominantly fibroblasts were
derived, followed by a contribution of coronary endothelium
and at later stages, a modest number of CMs (van Wijk et al.,
2012).

As during development, the contribution of EPDCs to en-
dothelial cells and CMs post-injury remains contentious. Using
an inducible Wt1-CreERT2 based reporter mouse, Pu and
colleagues report no epicardial CM or endothelial cell con-
tribution post-MI, and instead focused on the secretion of pro-
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angiogenic paracrine signals byWt1+ EPDCs. FACS isolation and
culturing of this population generated conditioned medium
containing relatively high concentrations of VEGF and FGF2
that were further shown to improve cardiac remodelling when
administered following MI (Zhou et al., 2011). Smart and
colleagues subsequently revealed that Tβ4 ‘priming’ prior to MI
induction could induce a small sub-population of Wt1+ EPDCs
towards a CM fate (Smart et al., 2011). Tβ4 administration had
no effect on EPDC fate when administered after MI, with EPDCs
contributing almost exclusively fibroblasts (Zhou et al., 2012;
Kispert, 2012). How and why the timing of administration
should affect EPDC fate requires further study, but may
reflect the need to reactivate a larger cohort of Wt1 positive
progenitors prior to injury to capture vascular and myo-
cardial cell fates. However, regardless of the potential of re-
activated EPDCs to contribute de novo vasculature and CMs to
the injured adult mammalian heart, the contribution, as it
stands, is insufficient for effective myocardial regeneration.
Epicardial signalling in the injured adult
mammalian heart

Reactivation of RA signalling following adult injury is sug-
gested by re-expression of epicardial Raldh2. A recent study
aligned the upregulation or Raldh2 with a downregulation of
RA degrading Cytochrome P450 26B1 (CYP45026B1), and
further utilised a retinoic acid response-element (RARE)-
Luciferase reporter mouse to investigate RA signalling post-
MI (Bilbija et al., 2012). Fluorescent luciferase activity was
detectable through the thorax, and ex vivo analysis identified
the heart as the major source of this signal. Furthermore,
when isolated post-MI, CMs and fibroblasts displayed robust
luciferase activity compared to sham treated controls.
Interestingly, when all-trans retinoic acid (ATRA) was added
to cardiac fibroblast cultures, proliferation was inhibited. This
suggests that RA signalling may influence cardiac remodelling
through modulating fibrosis at the level of activation and
collagen deposition, as opposed to influencing fibroblast
number in the injured heart.

Injury-induced epicardial signalling was also recently
implicated in the robust immune and inflammatory response
associated with cardiac injury. Huang and colleagues analysed
enhancer regions of epicardial genes activated during devel-
opment and in response to injury and identified exclusively
conserved CCAAT/enhancer binding protein (C/EBP) binding
sites in Wt1 and Raldh2 promoter regions. Interestingly,
inhibition of epicardial C/EBP signalling resulted in significant-
ly decreased fibrosis and improved contractile function after
ischemia–reperfusion injury, associated with reduced neutro-
phil influx to the infarct zone (Huang et al., 2012). Thus it is
possible that injury-induced epicardial RA, through Raldh2,
acts as a cue for immune cell infiltration andmodulation of the
inflammatory response.

An altered response to MI has also been reported in adult
mice with loss and gain of function for FGF2. In the FGF2-null
animals, Virag and colleagues reported decreased CM hyper-
trophy and reduced fibroblast proliferation, which was
coupled to decreased collagen density, leading to infarct
expansion and ultimately chamber dilation. Conversely,
overexpression led to increased fibroblast proliferation,
collagen deposition, and preserved ventricular wall integrity
(Virag et al., 2007). Whilst further demonstrating the
importance of epicardial signalling in the mammalian injury
response, these findings also highlight the importance of scar
formation in mammals, reflecting the mechanical stress under
which wound healing must take place.
The ‘reactive’ epicardium in
heart regeneration

In contrast to the insufficient endogenous repair mechanisms of
the adult mammalian heart, many lower vertebrates, and
recently the neonatal mouse, have been shown to retain
remarkable regenerative capacities following substantial car-
diac injury. Early seminal work revealed the first demonstra-
tions of vertebrate heart regeneration in the newt: following
amputation of 10% of the ventricle, the newt heart showed signs
of regeneration within 30 days (Oberpriller and Oberpriller,
1974). More recently, regenerative responses to heart injury
have been extrapolated to the adult zebrafish and neonatal
mouse (Porrello et al., 2011, 2013; Haubner et al., 2012; Poss et
al., 2002; Xin et al., 2013a; Gonzalez-Rosa and Mercader,
2012). The amenability of these species to both forward and
reverse genetics has facilitated investigation into the underly-
ing cellular and molecular basis for heart regeneration across
evolution. There are, however, important distinctions between
the animal model organisms, as outlined in Table 1, which all
likely contribute to the responses to cardiac injury.
The adult zebrafish as a model of heart regeneration

The adult zebrafish heart is able to regenerate following
substantial injury throughout life and comprises a two cham-
bered, single circulation, hypoxia-resistant organ (Marques et
al., 2008), which operates at a pressure that is 50 times lower
than that of the human circulation (Hu et al., 2001; Le et al.,
2012; Mattson, 2001; Laboratory, S.o.t.J., 2007) (Table 1). The
ventricular wall is thin and highly trabeculated, with a much
smaller fibroblast population than themammalian heart (Ausoni
and Sartore, 2009). Also, zebrafish CMs are smaller, mononu-
clear and retain the capacity to proliferate indefinitely (Wills et
al., 2008; Poss, 2007). Following amputation of up to 20% of the
ventricle, complete myocardial regeneration is observed after
60 days (Poss et al., 2002; Raya et al., 2003). Apical resection
constitutes tissue removal, resulting in blood clot/blastema
formation but not extensive scarring which is in contrast to
ischemic damage (Gonzalez-Rosa et al., 2011). An alternative
model is cryoinjury, which involves the application of a liquid
nitrogen-cooled cryoprobe to induce ‘ischemia-like’ necrotic
and apoptotic cell death across 25–30% of the ventricle. In this
model, the regenerative process is prolonged to more than
130 days (Gonzalez-Rosa and Mercader, 2012; Gonzalez-Rosa
et al., 2011, 2012; Chablais et al., 2011; Schnabel et al., 2011)
during which an initial scar is formed at the site of injury
and is gradually replaced as the myocardium regenerates
(Gonzalez-Rosa et al., 2011). A furthermodel for dissecting the
mechanisms of myocardial repair in zebrafish utilised inducible
CM expression of the cytotoxic diphtheria toxin-A chain to
selectively ablate up to 60% of CMs, which resulted in complete
regeneration after just 30 days (Wang et al., 2011).



Table 1 Comparison of animal models during heart injury and regeneration.

Zebrafish Neonatal (P1–P2) mouse Adult mouse

Chambers 2 4 4
Pulmonary circulation No Yes Yes
Heart rate (bpm) ≈130 ≈400 ≈600
Systolic blood pressure (mm Hg) ≈2.5 ≈30 ≈120
Cardiomyocyte Size Small Intermediate Large

Density Low High High
Nuclei Mononuclear Mostly mononuclear Mostly binuclear

Cardiac fibroblast density Low High High
Hypoxia resistant Yes Likely No
Myocardial growth Hyperplasia Hyperplasia Hypertrophy
Injury response Epicardial signalling Yes Yes Yes

CM proliferation Yes Yes Negligible
Regeneration Yes Yes No

≈: approximate parameters dependant on strain. Information sourced from references cited in The adult zebrafish as a model of heart
regeneration and The neonatal mouse as a model of heart regeneration.
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The neonatal mouse as a model of heart regeneration

Analogous to the zebrafish, the neonatal mouse heart contains
a high proportion of proliferative mononuclear CMs, which
undergo karyokinesis without cytokinesis between P4 and P6,
renderingmore than 50% of CMs binuclear by P7. This increases
to more than 80% by P14 (Ikenishi et al., 2012) at which point,
most CMs have exited the cell cycle and heart growth continues
by hypertrophy. It is also suggested that the mammalian heart
retains hypoxia resistance transiently after birth as the
newborn adapts from a reliance on glycolytic to oxidative
metabolism — a ‘switch’ that further coincides with the loss of
CM hyperplasia (Lopaschuk and Jaswal, 2010). Coincidentally,
in contrast to the life-long regenerative capacities of the
zebrafish, the neonatal mouse is capable of effective heart
regeneration for just the first few days of life. Following
resection of 20% of the apex at P1, the neonatal mouse heart
mounts a robust regenerative responsewhich is complete after
just 21 days (Porrello et al., 2011). This regenerative capacity
was also observed following MI induced by LAD ligation in the
P1 and P2 mouse (Porrello et al., 2013; Xin et al., 2013a;
Mahmoudet al., 2013). This is in contrast to the response of the
P7 heart which, when injured by either resection or MI,
invariably underwent fibrosis and scarring with adult-like
wound healing. This key period immediately after birth has,
therefore, been termed the ‘neonatal regenerative window’.
Investigation of the ‘switch’ from regeneration to scarring and
fibrosis in the neonatal mouse represents a powerful approach
for elucidating the mechanisms underpinning pathological and
reparative wound healing in mammals.

The relevance of this model is further emphasised by
anecdotal evidence of a similar phenomenon in humans.
Longitudinal studies of patients who underwent surgical
correction of congenital coronary artery defects suggested
that infants, despite having the worst preoperative heart
function, held the best potential for functional recovery
(Michielon et al., 2003). Moreover, akin to the neonatal
mouse, the newborn human heart was recently shown to
have the greatest proportion of proliferating CMs, with
reported cytokinesis rates dropping from 0.016% at birth to
0.005% by adolescence; proportionate to the 3.4-fold CM
increase in the left ventricle over the same time period
(Mollova et al., 2013). These findings support a develop-
mental loss of regenerative capacity in humans; inversely
related to increased terminally differentiated CMs with
ageing, elevating the translational relevance of the neonatal
mouse as a means to identify regenerative pathways lost in
development.
Cellular contributions of the epicardium during
heart regeneration

Despite the differences in duration of regeneration and the
nature of the specific injury insult, reactivation of embryonic
epicardial potential is conserved in zebrafish and neonatal
mouse heart regeneration (Kikuchi et al., 2010, 2011; Lepilina
et al., 2006; Porrello et al., 2011; Mercer et al., 2013;
Gonzalez-Rosa and Mercader, 2012; Gonzalez-Rosa et al.,
2011, 2012; Chablais et al., 2011; Schnabel et al., 2011; Wang
et al., 2011; Jopling et al., 2010). Analogous to the adult
mammalian response, this is characterised by immediate
global re-expression of embryonic epicardial genes, and
subsequent epicardial proliferation at the site of injury
(Kikuchi et al., 2010, 2011; Lepilina et al., 2006; Porrello et
al., 2011; Wang et al., 2011, 2013; Gonzalez-Rosa et al.,
2011, 2012; Schnabel et al., 2011; Jesty et al., 2012). Early
studies of resection injury in the zebrafish suggested that
epicardial activation and subsequent EPDC mobilisation
preceded stimulation of resident cardiac progenitor cells;
the proliferation and differentiation of which generated de
novo myocardium (Lepilina et al., 2006). An epicardial
origin for CMs was subsequently excluded by Zhou and
colleagues, who fate mapped tcf21+ cells exclusively to
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nonmyocardial lineages (Zhou et al., 2011). However, since
the epicardium in zebrafish is a mixed population it remains
to be determined whether tcf21-negative EPDCs might
contribute CMs to the myocardial regenerate. Subsequent
lineage tracing studies identified pre-existing CMs as the
apparent source of regenerated myocardium in the adult
zebrafish (Jopling et al., 2010; Kikuchi et al., 2010). Fate
mapping also identified resident CMs as the principle source
of regenerated myocardium in the neonatal mouse heart
following resection injury (Porrello et al., 2011). However,
whilst Porrello and colleagues demonstrated that most CMs
in the regenerating mouse heart derived from pre-existing
CMs, not all were labelled, suggesting the existence of an
unidentified, alternate progenitor source. This was sup-
ported by the finding that ckit+ resident progenitors can
contribute de novo CMs to the neonatal mouse heart after MI
(Jesty et al., 2012). More recently, Ellison and colleagues
reported that ckit + progenitors are essential for regener-
ation in adult rodents following isoproterenol induced
myocardial damage (Ellison et al., 2013).
Epicardial signalling during heart regeneration

As discussed, epicardial RA signalling acts as a potent and
indispensable mitogen during development. In zebrafish,
epicardial RA was further shown to be critical for heart
regeneration (Kikuchi et al., 2011) as expression of a
dominant-negative RA receptor α (RARα), or RA degrading
enzymes blocked regenerative CM proliferation. An endo-
cardial RA signalling origin was also implicated in this response.
In Polypterus senegalis (another fish species capable of heart
regeneration) a robust epicardial and endocardial signalling
following resection injury was also described (Kikuchi et al.,
2011). A global cardiac RA response is thus a critical signalling
pathway for lower vertebrate heart regeneration. A role of RA
signalling in neonatal mouse heart regeneration remains
RA
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maturation
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Figure 1 Key epicardial signals conserved in mammalian heart musc
epicardial–myocardial retinoic acid (RA), fibroblast growth factor (F
events during the formation and growth of mammalian heart muscle
regeneration (right). Curved arrows indicate reciprocal epicardial (de
unexplored, and in the adult mouse heart no equivalent
endocardial RA source has been described, suggesting the
relevant RA signal might be restricted to the epicardium via
Raldh2 up-regulation.

FGF signalling has also been implicated in zebrafish heart
regeneration. FGF17b expression is elevated in CMs follow-
ing resection injury, principally in the border zone of the
wound; whilst FGFR2 and FGFR4 are induced in activated
EPDCs. Abrogation of the FGF signalling via dominant-negative
FGFR expression blocked EMT of Tbx18+ epicardial cells,
ablating the regenerative response (Lepilina et al., 2006).
FGF17 is not, however, expressed in the developing mouse
heart and knockout mice exhibit no functional abnormalities
(Xu et al., 1999, 2000). Further investigation of FGF dependent
epicardial–myocardial signalling in the neonatal mouse heart
may uncover important downstream mediators of mammalian
heart regeneration.

Following resection injury, zebrafish heart regeneration
was shown to be dependent on organ-wide epicardial fibro-
nectin deposition, which later localised to the site of injury.
This was associated with upregulation of integrin-β3 in CMs.
Although it has been reported that fibronectin influences CM
proliferation in development (Ieda et al., 2009) no direct
proliferative influence on CM was observed in this setting, and
instead it appeared that epicardial–myocardial fibronectin–
integrin-β3 precluded CM migration potential to the regen-
erating ventricle (Wang et al., 2013). CM migration was
recently shown to be a secondary requirement of zebrafish
heart regeneration, as inhibition of epicardial–myocardial
chemokine signalling prevented migration of newly formed
CMs to the site of injury, impeding regeneration (Itou et al.,
2012). Interestingly, following resection injury in the newt,
Mercer and colleagues also report organ wide epicardial ECM
deposition, associated with global CM proliferation and organ
regeneration. Initial global epicardial ECM deposition again
became restricted to the apex as regeneration proceeded,
which led the authors to postulate that this epicardial ECM
rdial 
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signals to CMs, guiding their migration firstly towards the
epicardium, from/throughwhich theymigrate through the ECM
to the amputation site (Mercer et al., 2013). Supporting this,
EdU+ cells were observed to migrate to the ECM rich epicardial
reservoir, and potentially from there to the regenerating apex,
where fibronectin deposits persist until gradually replaced
by regenerated myocardium. The epicardium and EPDC-
derivatives may thus facilitate lower vertebrate regeneration
by depositing a tissue matrix which instructs CMmigration and
myogenesis. These reports indicate a previously unappreciat-
ed role for the epicardial ECM signalling in directing
vertebrate heart regeneration and highlight the exciting
possibility that epicardial ECM depositions could be manipu-
lated to promote wound healing in mammals.
Concluding remarks

Heart regeneration in lower vertebrates and neonatal mice is
characterised by two conserved events: organ-wide epicardial
activation and proliferation of pre-existing CMs. These events
parallel the epicardial–myocardial signalling that is crucial for
heart formation during embryonic development, as outlined in
Fig. 1. Organ-wide epicardial activation is also a hallmark of
the injury response of adult mammals; but in this setting,
cardiac fibroblasts represent the proliferative population, and
fibrotic wound healing ensues. Myogenic cues are thus an
important factor for heart regeneration. It is widely assumed
that the transient and persistent mononuclear status of CMs in
zebrafish and neonatal mouse hearts, respectively, underpins
their ability to proliferate; and thereby the capacity of these
animals to regenerate following cardiac injury (Xin et al.,
2013b; Muralidhar et al., 2013). Indeed, recent studies dem-
onstrated that manipulation of factors which influence cell-
cycle arrest hold potential in extending the regenerative
capacity of the neonatal mouse heart beyond the first week of
life (Porrello et al., 2013; Xin et al., 2013a; Mahmoud et al.,
2013). Here we highlight epicardial signals as critical myogenic
cues instructing myocardial formation and growth during both
heart development and regeneration. In particular, epicardial–
RA signalling is a potent mitogen for CMs; the loss of which
impedes myogenesis. Following MI in the adult mouse,
epicardial RA synthesis is reactivated, and activation of
RA responsive genes is observed in both CMs and cardiac
fibroblasts; though significantly more so in the latter, which is
associated with fibrosis. The divergent RA influence in these
settings likely reflects inherent differences in the CMs of the
respective model systems. The ability of mammalian CMs to
respond to epicardial–RA signalling is reportedly lost in the
first week of life in mice, whilst the proliferative capacity of
zebrafish CMs is retained throughout adulthood. The extent
and source of RA signalling in these different animal models
may be significant, given the endocardial supplement observed
in the lower vertebrate injury response. The coincident timing
of a loss of epicardial RA with the ‘switch’ in mammalian
regenerative to non-regenerative injury response, however, is
intriguing. Although a role for RA signalling during the
‘regenerative window’ in the neonatal mouse is unexplored,
it is tempting to speculate that restoration of RA–epicardial–
myocardial signalling may positively influence CM prolifer-
ation and thereby extend regeneration of the post-natal
mouse heart beyond the first week of life. Similarly, FGFs,
as potential downstream RA targets with mitogenic roles in
development and both zebrafish heart homeostasis and
regeneration, may also offer targets for promoting mam-
malian heart regeneration. Improved understanding of the
relative contributions of epicardial–myocardial FGF signal-
ling pathways across species is required to appreciate any
potential therapeutic relevance in the regenerative setting.

The epicardium is thus a dynamic tissue central to both
heart development and the injury response. Improved un-
derstanding and modulation of epicardial signals to restrict
scarring/fibrosis and promote restoration of lost muscle and
coronary vasculature hold genuine potential for translating
the regenerative capacities of lower vertebrates and
immature mammals to human patients with heart failure.
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