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Abstract

The epicardium has recently been identified as an active and essential element of cardiac development. Recent reports have unveiled a
variety of functions performed by the embryonic epicardium, as well as the cellular and molecular mechanisms regulating them. However,
despite its developmental importance, a number of unsolved issues related to embryonic epicardial biology persist. In this review, we will
summarize our current knowledge about (/) the ontogeny and evolution of the epicardium, including a discussion on the evolutionary
origins of the proepicardium (the epicardial primordium), (/i) the nature of epicardial-myocardial interactions during development, known
to be essential for myocardial growth and maturation, and (/i) the contribution of epicardially derived cells to the vascular and connective
tissue of the heart. We will finish with a note on the relationships existing between the primordia of the viscera and their coelomic epithelial
lining. We would like to suggest that at least a part of the properties of the embryonic epicardium are shared by many other coelomic cell
types, such that the role of epicardium in cardiac development is a particular example of a more general mechanism for the contribution
of coelomic and coelomic-derived cells to the morphogenesis of organs such as the liver, kidneys, gonads or spleen.
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Introduction

Cardiac development has traditionally focused on the autonomous
genetic and molecular programs controlling the progressive mor-
phogenesis of myocardial chambers (atria and ventricles). The
understanding of the complex morphogenetic processes that
transform the primary myocardial tube into the fully formed, four-
chambered heart of the amniotes has required decades of profound
studies. Moreover, the severity of cardiac congenital malformations
due to the failure of these processes quite obviously supported the
emphasis in the study of the cellular and molecular substrata of
myocardial differentiation, growth and maturation. However, the
discovery that the valvuloseptal tissue of the heart was an embry-
onic derivative of the endocardium immediately attracted the atten-
tion of the cardiac embryologists in the late 1970s. This finding
highlighted, for the first time, the importance of non-muscular
tissues during cardiac development, a concept that gained more
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and more attention with the first description of the participation of
neural crest cells in cardiac outflow tract septation and the implica-
tion of (pro)epicardial cells in coronary development [1, 2].

The development of the epicardium has been neglected during
decades. As a matter of fact, despite the pioneering work of
Kurkiewicz on the origin of the epicardium (published in 1909),
who suggested an extracardiac origin for this tissue, the scientific
literature and the embryology textbooks continued for almost a
whole century considering the epicardium as a derivative of a
primitive embryonic cell layer called ‘epimyocardium’. This epimy-
ocardium supposedly gave rise to the contractile myocardium
and, on its outer surface, to the epicardial epithelium. This old
fashioned and out of date concept has surprisingly survived
through time in recent papers and even in the Merriam Webster
Medical Dictionary online.
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Luckily, along the last 30 years we have witnessed an increas-
ing interest for the embryonic epicardium. Today, epicardial stud-
ies are a main subject in the cardiovascular developmental field,
since investigators realized that the epicardium, instead of being a
passive enveloping of the myocardium, is an essential player in
cardiac development. The epicardium contributes cells to the vas-
cular (coronary) and connective tissue compartment of the heart,
and supplies the myocardium with soluble factors which induce
myocardial growth and maturation. We will herein review the three
most outstanding aspects that have been recently reported on the
embryonic epicardium, namely (/) its peculiar ontogenetic and
phylogenetic origin, (ii) the still poorly known nature of epicar-
dial/myocardial molecular interactions and (/i) the substantial
contribution of the epicardially derived cells (EPDC) to the vascu-
lar and connective tissue of the heart. We will finish discussing the
possibility of these new findings on epicardial development repre-
senting a more general developmental mechanism, in which
coelomic epithelial cells provide other visceral primordia with vas-
cular and connective tissue progenitors as well as with specific
paracrine signals.

Origin of the epicardium: ontogeny
and phylogeny

As stated above, the epicardium was considered for a long time as
a derivative of the outer cell layer of the primitive cardiac tube.
However, as first noted by Kurkiewicz in 1909, and later demon-
strated by a number of anatomists in the 1980s and 1990s, the
epicardium develops from a proliferation of coelomic cells located
on the pericardial side of the septum transversum or in the limit
between the sinus venosus and the liver, when the septum has not
yet developed. This cell cluster, called the proepicardium, can be
paired or not, depending on the vertebrate model considered. In
amniote vertebrates, the proepicardium is slightly more prominent
to the right side of the septum transversum (mouse) and becomes
an isolated single structure located at the right side [3, 4]. The
separation of the (pro)epicardial lineage from the precardiac
mesoderm seems to be mediated by FGF signalling transduced via
Mek1/2 (MAPK kinases), while the closely located myocardium
requires BMP signals and inhibition of the Mek1/2 pathway for its
differentiation [5].

Proepicardial cells adhere to the bare myocardial surface
through two different mechanisms, whose relative importance
varies depending on the taxonomic group. Proepicardial cellular
outgrowths called ‘proepicardial villi' can directly attach to the
inner curvature of the cardiac tube or can be released as free float-
ing cells/cell clusters into the pericardial cavity. These cell clusters
will eventually adhere to the bare myocardial surface. In both
cases, primitive epicardial cells migrate and spread over the
myocardium, enveloping the atrioventricular canal and the left
ventricle first, and then progressing towards the atrium, right ven-
tricle and the trabeculated portion of the outflow tract. The most
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distal, non-trabeculated outflow tract is covered by coelomic
epithelium through a different mechanism, namely incorporation
of the conotruncal pericardial epithelium [6]. The molecular mech-
anism of adhesion and migration of the proepicardial cells over the
myocardium seems to be mediated by the interaction of the a1
integrin (expressed by the proepicardial and epicardial cells) with
their ligands fibronectin and VCAM-1 (expressed by the
myocardium) [7], although much more research on this aspect is
necessary to understand embryonic epicardial patterns.

Thus, the heart is enveloped by a subtype of coelomic epithe-
lium through a mechanism clearly different to that of other vis-
cera, which are covered by the coelomic epithelium ab initio. This
should be interpreted in evolutionary terms. The myocardium
itself, unlike other endodermal or mesodermal viscera, is a deriv-
ative of the coelomic epithelium, the same tissue regarded as the
evolutionary origin of myoepithelial hemal pumps of invertebrates
(reviewed in [8]). This coelomic origin of the heart made neces-
sary a specific, new mechanism to externally protect the organ
with an epithelial cover. We nevertheless think that the epicardium
should not be regarded as a mere ad hoc structure ‘invented’
along the evolution of the chordate heart to supply additional
coelomic cells to the myocardium. We have suggested elsewhere
that the proepicardium is an evolutionary derivative of the ances-
tral external glomeruli of the pronephros, a structure that is still
originating the embryonic epicardium in the lampreys, a group of
phylogenetically primitive vertebrates [9]. External glomeruli filter-
ing the blood towards the coelomic cavity were the ancient excre-
tory structures of the vertebrates, and they are still present in lam-
prey and amphibian larvae. Along vertebrate evolution, these
external glomeruli became associated with the system of collect-
ing tubules draining the filtrate from the coelomic cavity to the
outside, giving rise to the characteristic renal corpuscle of the kid-
neys. According to our hypothesis, the external glomeruli of the
pronephros did not completely disappear when the glomeruli
became internal. Instead, they gave rise to the proepicardium,
which retained the embryonic function of supplying the heart with
coelomic (epicardial) cells (Fig. 1A and B).

The origin of the proepicardium from a primitive pronephric
glomerulus accounts for two peculiarities of this tissue, i.e. the
expression of genes critical to the development of the kidneys
(Wt1, Pod1/epicardin, Tbx18, podoplanin) and the high vasculo-
genic potential of the EPDC. The primary fate of the cells of the
glomerular primordium is essentially vasculogenic, a potential that
is maintained by proepicardial cells. As a result of this event, the
developing heart receives an abundant supply of vascular progen-
itors that will build a characteristic coronary vascular bed, a pre-
requisite to develop a thick cardiac wall. From the evolutionary
point of view, this allowed a substantial increase in cardiac size
and performance.

Going further in this evolutionary approach, we have also sug-
gested that the primitive association of the vertebrate embryonic
heart with a pronephric glomerulus can be related with the
heart-kidney complex described in hemichordates [8, 9]. In these
animals, an excretory glomerulus is closely associated to a ‘heart’
constituted of a myoepithelial cell layer. The contractility of this
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Fig. 1 (A) Hypothesis about the origin of the proepicardium of the gnathostomes from an ancestral pronephric external glomerulus. In agnathans,
the external glomerulus filters the blood of the vascular network and releases the filtrate (yellow arrow) into the coelomic cavity, where it is aspirated
by the nephrostome and eliminated through the pronephric tubules. Before its differentiation, the glomerular primordium from lamprey larvae originates
the epicardial cells that spread over the heart surface. In gnathostomes, the excretory glomeruli have become internal (within the renal corpuscles), the
pro and mesonephros are located caudal to the heart, but the primordium of the ancestral external glomerulus (in green), now located on the pericar-
dial side of the septum transversum, is still providing the heart with epicardial cells as the proepicardium. (B-D) Labelling of the epicardium and the
cells of the epicardial lineage in a transgenic mouse model (Wt1°®/Rosa26) that expresses p-Gal in cells that have previously expressed Wt1. We can
see in (B) the lining of the heart from an E11.5 mouse embryo. In (C), EPDC appear in the subepicardial space by E11.5 (arrows). It is still possible to
see some cells presumably released by the proepicardium and attached to the epicardium (arrowheads). In (D) we can see epicardially derived, intramy-
ocardial coronary vessels by E15.5 (arrows). (E), (F) Early endothelial differentiation of EPDC in the atrioventricular groove of a Wt1®/Rosa26 mouse
embryo. B-Gal co-localizes with the endothelial marker PECAM-1 (arrows). Epicardial cells are shown by arrowheads. (G) Contribution of coelomic-
derived cells to the liver sinusoids in a E10.5 mouse embryo. This is a different transgenic model expressing -Gal under control of a W1 promoter
(described in reference 37). Some presumptive endothelial cells are positive for this marker (arrows). (H), (1) Wt1%*/Rosa26 embryos of E11.5. Co-
localization of 3-Gal with the endothelial marker PECAM-1 is observed in organs other than the heart, such as the intestine (H) or the lung (I). (J), (K)
The endothelial differentiation of coelomic-derived cells is also shown by this experiment of staining of the visceral coelomic epithelium of quail embryos
(stage HH15) with the fluorescent tracer CCFSE. After 24 (J) and 48 hrs (K), fluorescence can be observed in cells of the stomach wall that are positive
for the endothelial marker QH1 (arrows). Note the presence of CCFSE-labelled cells that area apparently migrating within the tissue (arrowhead in J).

‘heart’ increases the blood pressure and allows filtration by the
podocytes of the glomerulus. The dorsal localization of this
heart-kidney complex traditionally ruled out any relationship of
this structure with the vertebrate heart. However, this argument
has turned out to be not valid, because the dorsoventral axis of
hemichordates is probably reversed respect to that of chordates
[10]. Thus, the epicardial-myocardial association present in verte-
brates might be regarded as an evolutionary remnant of an origi-
nal excretory/circulatory axis from deuterostomians.

Epicardial/myocardial cellular
and molecular interactions

Soon after the epicardial lining of the heart is completed, a space
constituted of amorphous extracellular matrix is produced
between the embryonic epicardial cell layer and the myocardial
surface. This space, called the subepicardium, is rapidly populated
by mesenchymal cells originated from the epicardium through an
epithelial-mesenchymal transition (EMT) event, and their subse-
quent migration into the subepicardial matrix. These mesenchy-
mal cells are known as EPDC [2, 11, 12]. The factors regulating
the transformation of epicardial epithelial cells into mesenchymal
EPDC are still subject to study and many different candidates have
been proposed. The main ones are FGFs [13], in contrast to the
reported role of transforming growth factor-g signalling in the
other major cardiac EMT (the endocardial transformation giving
rise to cardiac valve primordia). The transcription factors Snail in
mammals and Slug in avians, two main regulators of embryonic
EMTs, are strongly expressed in the embryonic epicardium, and
they probably are the most relevant transcriptional agents of the
epicardial EMT. These factors repress the expression of the epithe-
lial marker E-cadherin and other intercellular adhesion proteins
and promote the expression of mesenchymal markers such as
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vimentin and N-cadherin. In the mouse epicardium, Snail is under
transcriptional control of another zinc-finger transcription factor,
the product of the Wilms’ tumour suppressor gene Wt1, which is
an E-cadherin repressor. Wt1 is strongly expressed in the embry-
onic epicardium (Fig. 1B-D), where it probably controls epicardial
EMT, as we will discuss below [14].

A most relevant issue is that of the molecular cross-talk that
exists between epicardial/EPDC and the developing myocardium.
This exchange of signals is pivotal to the promotion of the prolif-
eration and maturation of the myocardium. In accordance with
this finding, a number of mutations affecting genes exclusively
expressed in the epicardium, or the mere delay of epicardial devel-
opment, leads to a severe hypoplasia of the neighbouring compact
myocardium [15]. This ‘thin myocardium’ frequently causes a
lethal cardiac failure by midgestation.

The identities of the factor(s) secreted by the epicardium/
EPDC, which are essential for the development of the compact
layer, are still elusive (reviewed in [15]). In the trabecular layer
proliferation is mediated by neuregulin through a heterodimer
receptor constituted by ErbB2 and ErbB4, but the epicardium
does not express neuregulin. The most promising epicardial
candidates to induce compact layer proliferation are FGFs [16].
Conditional mutation of FGFR1 and 2 in the myocardium lead to
myocardial hypoplasia, particularly in the ventricular apex [17],
but this does not demonstrate that epicardially derived FGFs must
be the mitogenic signal, because FGFs are also secreted by the
endocardium. Moreover, FGF9 and FGF16, two candidates pro-
posed to be the main signal for myocardial proliferation, are also
secreted by the endocardium [17, 18; discussed in 15]. Finally,
FGFR inhibition does not decrease the levels of phosphorylated
ERKs in the E10.5 heart [19], suggesting that FGF-independent
transduction pathways converge in this intermediate of the MAPK
proliferation pathway.

A more elaborated possibility is that the epicardial cells secrete
Wnt9b which would stabilize B-catenin in the myocardial cells
through the canonical Wnt pathway, leading to myocardial FGF
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secretion and mitogenic autocrine signalling via FGFRs [20].
Related with this observation is the fact that epicardial g-catenin
is required for coronary artery formation [21]. Other recently
reported possibilities to explain this epicardial-myocardial sig-
nalling would be PDGFs [22] and sonic hedgehog [23].

Anyhow, what seems to be well established is that the mito-
genic signal(s) produced by the epicardium are dependent on ery-
thropoietin (Epo) and retinoic acid (RA) receptor signalling [24,
25]. Epo and its receptor EpoR are expressed in the epicardium,
and their deficiency leads to myocardial thinning [26]. Epo sig-
nalling is thus required for the production of the epicardial mito-
genic signal [25]. On the other hand, in the absence of RA sig-
nalling, the myocardium differentiates prematurely and stops pro-
liferation. RALDHZ2, the main RA producer enzyme in the mesoder-
mal tissue, is highly expressed in the epicardium and EPDC.
However, RA is not directly involved in an epicardial-to myocardial
signalling mechanism, because it is probably acting on the epi-
cardium itself in an autocrine fashion [17, 20, 27]. Deletion of the
RXRa receptor in the myocardium or endocardium has no effect,
whereas the loss of function of this receptor in the epicardium
leads to thin myocardium. RA production by the epicardium could
be related with FGF signalling because RA induces epicardial
expression of FGF9 [17] and FGF2 [20].

A potentially interesting issue is the possibility that the sig-
nalling function of the embryonic epicardium on the myocardium
can extend beyond foetal life. This is supported by the observation
that myocardial cells cocultured with epicardial cells preserve bet-
ter the differentiated phenotype, suggesting some kind of physio-
logical epicardial-myocardial interaction in the adult heart [28].

EPDC contribute to coronary vessels
and cardiac connective tissue

As stated above, EPDC are mesenchymal cells that delaminate
from the surface epicardium and populate the subepicardial
matrix, first, and then invade the myocardial wall. These cells con-
tribute to the vascular tissue of the heart, including the coronary
endothelium, the smooth muscle media and the fibrous adventitia
of at least a part of coronary blood vessels [2, 11, 12, 29, 30]. The
contribution of EPDC to the coronary endothelium has been
largely debated. The use of murine lineage tracing models has
shown a relatively little number of epicardially derived endothelial
cells in the adult coronary vessels. However, early coronary
vessels of mouse and avian embryos seem to bear a significant
EPDC-derived endothelial contribution [1, 2, 29, 31; see also
Fig. 1E and F]. It is conceivable that other sources of endothelial
cells, e.g. circulating progenitors, can progressively replace the
embryonic endothelium of the coronary vessels in postnatal
stages, thus accounting for this difference between the embryonic
and the adult coronary endothelium. It is widely accepted that
EPDC contribute significantly to the media of coronary vessels.
However, epicardial lineage tracing in mouse has revealed that not
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all the smooth muscle cells of coronary walls are epicardial deriv-
atives [20], opening the possibility for the contribution of other cell
progenitors. Even more intriguing is the case of EPDC contribution
to coronary adventitial and intramyocardial fibroblasts, because it
raises a question on the developmental origin of myocardial con-
nective tissue and suggests a potential role for EPDC in the estab-
lishment of this non-muscular interstitial cardiac compartment.
Another unsolved question is that of the multipotent properties of
EPDC. Are endothelial cells, smooth muscle cells and fibroblasts all
derivatives of single multipotent epicardial progenitor cell type? Is
there any molecular heterogeneity in epicardial cells that could
explain the different developmental fates of their derivatives?

On afinal note, EPDC have also claimed to be potential progen-
itors of myocardial cells in vivo, as suggested by lineage tracing
studies [32, 33]. However, most of these results lie on the
assumption that the lineage tracing markers used (Wt1 and
Tbx18, respectively) are not expressed in myocardial progenitors,
a conclusion challenged by alternative findings and interpretations
(see [34] for a discussion of this issue).

Wt1 is a crucial gene in the regulation of the developmental fate
of the EPDC. Wt1 probably plays a role, not only for EMT promo-
tion, but also for regulation of the origin of cardiovascular lineages,
in part through the regulation of the cadherin-repressor Snail. In a
model of epicardial-specific deletion of Wt1, coronary arteries fail
to form [14]. In this paper, the authors report on the in vitro con-
struction of embryoid bodies from Wt1-null embryonic stem cells.
As expected, Snail and E-cadherin were down- and up-regulated,
respectively, in these embryoid bodies. Quite surprisingly, Wt1-
deficient embryoid bodies lacked important markers of endothelial,
haemopoietic and myocardial cells, such as VEGFR-2, VE-cadherin,
Hbb-b1, Nkx2.5, Hand1 or Isl1. However, when Snail expression
was forced in Wt1-deficient embryoid bodies, the expression of the
cardiovascular markers was rescued. These findings suggest that
a process of EMT, dependent on Wi1 and Snail, is required in this
system to give rise to cardiovascular progenitors.

Finally, a question that will deserve attention in the near future
is the possibility of using epicardial ‘rejuvenation’ to repair and
neovascularize the damaged heart, a regenerative approach that
would allow these cells for the reacquisition of their embryonic
multipotent potential. In this context, treatment of cultured adult
epicardial cells with thymosin-B4 or prokineticin apparently
results in their recovery of pluripotentiality and their ability to
transdifferentiate into endothelial or smooth muscle cells [35, 36].

Epicardium as the tip of the iceberg:
coelomic-derived cells can be essential
for vascularization, growth and
maturation of the visceral compartment
We have previously discussed EPDC involvement in early cardiac

vascularization and growth, and have also suggested that the vas-
cular fate of EPDC is probably related to the evolutionary origin of
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the epicardium from an ancestral external pronephric glomerulus.
The transcription factor Wt1 could be a master regulator of this
process by promoting EMT and modulating EPDC differentiation
into different vascular cell lineages. However, we think that these
observations might just be part of a more general mechanism of
interaction between cells derived from the embryonic coelomic
epithelium and other cell types constituting the developing viscera
such as the liver, kidneys, gonads or spleen. Interestingly, all these
viscera bear a Wt1-expressing coelomic epithelium and Wt1-null
mice display dramatic anomalies in all these tissues [37]. We think
that coelomic-derived cells can be playing a dual role in visceral
development, first providing signals for growth and maturation
and then supplying vascular progenitors. This relationship
between signalling and vascular functions in visceral development
has been already described for the liver, where vascular progeni-
tors stimulate liver growth before differentiating in vessels [38].
These vascular progenitors have been found to derive from the
coelomic epithelium [39; see also Fig. 1G]. Preliminary lineage
studies of the Wti-expressing cells and direct fluorescent
coelomic epithelium labelling seem to confirm this generalized
coelomic contribution to the visceral vascularization (unpublished
results from our laboratory, see Fig. 1H-K).

The origin of endothelial progenitors (angioblasts) could thus
be a process much more extended in time than previously sup-
posed. The origin of a wave of angioblasts from the primitive
mesoderm (somites and splanchnopleura) shortly after gastrula-
tion is a well-established embryonic phenomenon [40]. This event
also involves an EMT, and it is probably Snail- but not Wt1
dependent (Wt1 expression is initiated relatively late during devel-
opment, around E9.5 in the mouse). The main somatic vessels
(aorta, cardinal veins) and the endocardium would be derived
from this first vasculogenic wave. According to our hypothesis,
during the development of the viscera from endodermal out-
growths (e.g. liver, pancreas) or from mesenchymal condensa-
tions (e.g. spleen, kidneys and gonads), the coelomic epithelium
covering these viscera would supply them with mesenchymal cells
with a dual function, to sustain their growth and to contribute to
their vascularization. This second wave of angioblast differentia-
tion would be both, Snail- and Wt1 dependent, with Wt1 acting as
a local activator of Snail, and inducing in this way the EMT of the
coelomic epithelium. This model is consistent with the phenotype
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of Wt1-null embryos, as well as with the published data on the epi-
cardial function of Wt1 and the reported signalling activities of
endothelial progenitors. Future studies using Wt1 lineage tracing
methods will allow further research on this topic.

Concluding remarks

Epithelial-mesenchymal interactions constitute a leitmotiv of ver-
tebrate development, being involved in the morphogenesis of
organs so diverse as limbs, teeth or lungs. On the other hand, the
transformation of epithelial cells into invasive mesenchymal cells
is an essential developmental process that accounts for the forma-
tion of multiple cell populations, such as the neural crest or the
limb myoblasts and sclerotomic cells migrating from the epithelial
somite. It is surprising that both processes have not been recog-
nized in the epicardium until relatively recent times. The epi-
cardium plays a very active role in cardiac development, as prob-
ably does the coelomic epithelium lining other developing viscera.
To obtain the whole picture of these interactions will be a fascinat-
ing task for the near future, as it will be also exciting to appraise
the clinical applications that can be derived from this knowledge.
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